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FOREWORD

Section 1412 (b)(3}(A) of the Safe Drinking Water Act, as amended in
1986, requires the Administrator of the Environmental Protection Agency to
publish maximum contaminant level goals (MCLGs) and promulgate National
Primary Drinking Water Regulations for each contaminant, which, in the
Judgment of the Administrator, may have an adverse effect on public health
and which 1s known or anticipated to occur in public water systems. The
MCLG 1s nonenforceable and ts set at a level at which no known or antici-
pated adverse health effects In humans occur and which allows for an
adequate margin of safety. Factors considered in setting the MCLG include
health effects data and sources of exposure other than drinking water.

This document provides the health effects basls to be considered in
establishing the MCLG. 7To achieve this objective, data on pharmacokinetics,
human exposure, acute and chronic toxicity to animals and humans, epidemi-
ology and mechanisms of toxicity are evaluated. Specific emphasis 1s placed
on 1iterature data providing dose-response information. Thus, while the
Titerature search and evaluation performed ¥n support of this document has
been comprehensive, only the reports considered most pertinent in the deri--
vation of the MCLG are cited in the document. The comprehensive literature:
data base !n support of this document includes information published up to
1985; however, more recent data may have been added during the review
process, ;

When adequate health effects data exist, Health Advisory values for less
than 1ifetime exposures (l1-day, 10-day and 1longer-term, ~10% of an
individual's i1ifetime} are included in this document. These values are not
used in setting the MCLS, but serve as informal guidance to municipalities
and other organizations when emergency spills or contamination situations
occur. :

- Tudor Davies, Director
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James tlder, Director

Office of Ground Water and Drinking
Water
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I. SUMMARY

This document 1includes information on 15 polycyclic aromatic hydro-
carbons (PAHs) Included among those compounds identified as priority (water)

pollutants by the ﬁ.s. EPA.

PAHs are a class of d1ver§e compounds that are formed during the
incomplete combustion of organic material. They are ubiquitous and enter
the environment from many sources. Gehera11y PAHs are not very soluble in
water. Solubility decreases greatly with 1ncréas\ng molecular weight. The
log of the octanol/water bartttion coefficient (P) also increases rapidly
with increasing molecular weight. This increases adsorption to particulate
matter and exposure of the compounds to microbial degradation. However, it
has been found that PAHs with more than four aromatic rings are less amen-
able to microbial action. The larger P values also increase the prob36111ty
of bloaccumuylation, Volatilization does not appear to be a significant
route of exit from aquatic systems due to the low vapor pressures of PAHs.
As they‘are highly 11pid soluble, PAHs readily pass through cellular
membranes. However, the rate of absorption 3s increased when the PAHs are
present in an o1l carrier vehicle. This is particularly true for oral and

dermal routes of exposure.

The highly 1ipid soluble nature of PAH compounds results in their
distribution throughout the body in fatty tissues. The primary sites of
storage in the body have been found to be similar in a variety of mammalian
species. These include the kidneys, liver and fat with some accumulation

occurring in the spleen, adrenals and ovaries,
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PAH compounds are metabolized by the MFD system of enzymes associated
with cytochrome P-450. The liver has the highest activity for this system
although MFO activity is found in other organs such as kidneys, lungs and
skin. PAH coumpounds have been found to induce Increased levels of activity

as well as synthesis of isozymes of cytochrome P-450-associated enzymes.

The major routes of excretion for PAH compounds are hepatobiliary and
urinary. Some evidence for mammary gland excfetion also exists. Although
PAHs present in the body tend to be present in Ffatty tissues, available
evidence. does not 1nd1catg extensive bioaccumulation of PAHs .in these or

other tissues.

The primary focus of research oﬁ biologic effects of PAHs has been on
their carcinogenicity. There fis génera]]y a lack of research data on the
noncarcinogenic toxic effects of oral exposures to PAH_-compounds. What
19ttle research has been conducted has centered on three or four compounds
in this large class. Target organs are diverse, probably due to the wide
distribution of PAH compounds throughout the body. Toxicity centers
primarily on hematopoietic and lymphoid systems. Immunosuppression measured
in various experimental systems has been observed following exposure to a
number of PAHs. Nonoral exposure to PAHs has also been observed to effect

changes in lymphoid and hematopolietic systems.

There 1s an extensive data base on the carcinogenicity of selected
PAHs. Most studies, however, employed dermal, inhalation or subcutaneous
rather than oral exposure. Overall there 1s a great deal of varilation In

carcinogenic potential among this class of compounds. PAHs may produce
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tumors 1in the vicinity where they are introduced; that 1s, oral exposure

produces stomach tumors and 1inhalation produces lung and upper stomach
tumors. Distant site tumbrs may form dependent on systemic distribution of
metabolites and/or metabolism at target tissues removed from site of intro-
duction. Most PAHs have been observéd to produce genotoxic effects iIn one
or more test systems, There are data indicating that some PAHs can serve as

promoters or cocarcinogens.

Réproductive and teratogenic effects have not been well studied in these
compounds. There is evidence, however, that ingestion of benzo[alpyrene by
pregnant‘ mice results In rebroduct1ve deficits 1in the F1 géﬁeration and

that this compound produces odtoxicity. . .

While very 1ittle information exists on the effects of specific PAHs on
humans, there are numerous reports 1inking exposure to environmentﬁ] and
occupationally generated PAH-containing mixtures to human health effects.
These mixtures 1include coal tar, soots, coke oven emissions and cigarette

smoke.

The ability of a PAH to induce carcinogenic responses depends on fits
distribution to target organs, the presence of potentially reactive areas in '
1ts structure and 1its potential for transformation to reactive electro-
philes. This last faétor is species and tissue dependent, and also, to some
extent, a function of 1inducibility of the cytochrome P-450-assoc1aied

enzymes.
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Target tissues for PAH toxicity other than carcinogenesis are generally
those engaged in active -ONA sjnthesis. Mechanisms 1invalying PAH-mediated
DNA-damage or suppression of ODONA synthesis have been proposed for some
target organs. Naphthalene exposure 3s associated with anemias and cataract

formation; this latter effect 1s ﬁot seen with other PAHs.

There were no data suitable for caicu]at1on of 1- or 10-day health
advisories for any PAH described 1in this docﬁment: For all PAHs in this
document classified as B2, probable human carcinogen, data were insufficient
for calculation of DWELs. Subchronic studies (90-day gavage exposure n
CD-1 mice) were used as the bases for the following DWELs: anthr?cene.'10.5
mg/e; fluoranthene, 1.4 mg/%; fluorene, 1.4 mg/%; pyrene, 1.0 mg/:.
Although there s a 90-day study on acenaphthylene, only frank effects were
reported; data were, thus, not appropriate for derivation of criteria.
Several studies have been evaluated as the basis for a DWEL for naphthalene;

consensus,. however, has not been reached as to the critical study.

éva1ua§jon of carcinogenicity data prompted the following classification
of these PAHs: Group D, not classifiable as to human carcinogenicity --
acenaphthylene, anthracene, benzo[g,h,i]perylene, fluoranthene, fluorene,
naphthalene, phenanthrene and pyrene; Group B2, probable human carcinogen --
benz[a])anthracene, benzo[b]}fluoranthene, benzo[k]fluoranthene; benzo[a]-

pyrene, chrysene, dibenz[a,h]anthracene and indeno[1,2,3-cd]pyrene.
Dose¥response data for benzo[a]pyrene carcinogenicity were used to

derive an upper bound estimate of the slope of the dose-response curve at

low doses. This evaluation, based on the linearized multistage procedure,
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resulted in an upper-bound slope factor of 11.5 mg/kg/day. This use of the
mu}ilstage model was inadequate because tﬁe experimental high-dose data were
excluded from thé analysis and a single exposure time was assumed. Other
experimental data and modeling techn?ques were used. Nine risk estimates
were calculated from three different studies in two species of outbred
rodents. Several different models and data sets were selected. A1l nine
slope factors spanned less than one order 'of magnitude; four estimates were
selected from these nine. The data, from which these estimates are derived,
are considered to be less-than-optimal, but acceﬁtable. These selected
studies have several commonaltties, including mode of adm\nistr;ttoh, tumor
sites, tumor types and the presumed mechanisms of action. The data sets
could not be combined prior to modeling (the preferred approach) because
they employed significantly dissimilar protocols. The range of these four
estimates is 4.5-9.0. Each estimate is based on a low-dose extrapolation
procedure and entatls the use of multiple assumptions and - default
procedures. The geometric mean from four slope factors, each coﬁsidered to
be of equal merit, was used to calculate a single oral slope factor of 5.8
per (mgskg/day). Using standard assumptions for human body weight and water
consumption, a drinking water unit risk of‘ 1.76-4 per mg/L was derived.
Concentrations of benzo[a]pyrene corresponding to lifetime risks of 107s,
107 and 1077 were determined to be 6x1072, 6x107® and 6x107¢

ug/%, respectively.

An analysis of the relative carcinogenic potency of 12 PAH compounds,
using benzo[a]pyrene as the basis of comparison, was made using the
two-stage mode)l applied to a recent compilation of animal carcinogenesis
data 1n which each experiment tested both benzo[a]pyrene and one or more of

thé other compounds. A peer review panel suggested that different criteria
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be used to select data for a final relative potency determination and that
additional studies pe analyzed in order to extend the 1ist of PAH compounds
for which potencies are evaluated. Until this is done, no recommendations
can be made concerning the quantitative cancer risk of the other PAH

compounds.
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II. PHYSICAL AND CHEMICAL PROPERTIES

Polycyclic aromatic hjdrocarbons {PAHs) are a class of diverse combounds
that are formed during the fincomplete combustion of organic material. ‘A
large number of PAHs have been 1dgnt1?1ed in the environment, most of which
derive from anthrapogenic sources (Santodonato et al., 198¢). As a group,
PAHs are ubiquitous in the atmosphere, water and soil. They enter aquatic
éystems from wastewater, urban stormwater runoff, leaching from soil, and
wet aﬁd dry deposition from the atmosphere (Kveseth et al., 1982; Andren and
Strand, 1981). Some PAHs have been found In surface and groundwater as well
as f1n1shed drinking water; This document Focuses on those PAHs tidentified
as priority (water) poliutants by the U.S. EPA (U.S. EPA, 19B0a-d}. Table
II-1 1ists these PAHs; some of their physical and chemical characteristics
are given in Table 11-2. The structural formulas are shown schematically in

figures I1-1 and 11-2.

The persistence of PAHs in the aquatic environment s a direct function
of their physical and chemical properties. These govern the susceptibility
of the compounds to various degradation processes, 1including photolysts,
volatiiization, and sedimentation and microblal degradation (Callahan et
al., 1979). 7o begin with, many of the PAHs have low vapor pressures and,
thus, low volatility. Consequently, volatilization may not be important in
the removal of PAHs from water. Second, the §o1ub111ty of PAHs in water
tends to be low, whilch 1increases their susceptibility to adsorption onto
aquatic particulate matter. This, in turn, suggests that sedimentation and

ultimately, microbial degradation, constitutes the primary removal process.
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TABLE II-]

Priority Pollutant Po1ycyc11c'Aromat1c Hydrocarbons
Found %n the Environment*

AcenaphthyTene_
Anthracene
Benz[a]aﬁthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Benzo[k]fluoranthene

Benzo[g,h,1]perylene

Chrysene
Dibenz[a,h]anthracene
Fluoranthene

Fluorene
Indeno[1,2,3-cd]}pyrene
Naphthalene “
Phenanthrene

Pyrene

Lo

*Source: U.S. EPA, 1980d
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FIGURE II-1
Chemical Structure of Selected PAHs
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Those PAHs composed of four or more aromatic rings (therefore, having high
molecular weight) are 1less amenable to microblal degradation; they are
environmentally ‘more stéb]e compounds. Third, the 1laog octanof/uater
partition coefficients of the PAHs also tend to be high, and there 1s.a
positive correlation between these coefficients and bioconcentration
poténtia]. Therefore, 1I1f PAH concentrations 1increase quickly enough,
toxicity could occur in aquatic 1ife.  PAHs, however, do tend to be rapidly
metabolized and excreted. Fourth, the previous characteristics seem to be
most representative of the so-called carcinogenic PAHs (see Chapter VIII),
which implies that such PAHs are more 11ke1y to persist in the aquatic
envtronmént, yielding Ionger;term exposures in comparison witﬁ less potent
PAHs. The production, use and occurrence in water for each of the 15 PAHs

described in this document follows.

Acenaphthylene

Pertinent data regarding the production, use and occurrence of acenaph-
thylene could not be located in the available 1iterature.
Anthracene

Production and Use. In 1981, U.S. imports of anthracene totalled

21,000 kg, down sharply from 510,000 kg imported in 1979. Separate data on
U.S. exports were not available (IARC, 1973). Anthracene has been used as
an intermediate in dye production. It has also been used in smoke screens,

scintillation counter ¢rystals and organic semiconductor research.

Occurrence. Anthracene occurs ubiguitously as a producti_of Iincomplete

combustion; it also occurs in fossil fuels. It has been identifled 1in
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surface water, tap water (1.1-59.7 ng/t), wastewater (1.6-7.0 ug/i)

and dried sediment of lakes (30-650 ug/kg) (IARC, 1973).

Benz[alanthracene

Production and Use. There 1s.no commercial production or known use of

this compound.

Occurrence. Benz{a]anthracene occurs wubiquitously 1in products of
incomplete combustion; 1t 1is also found in fossil Ffuels. It has been
jdentified in surface water, tap water (0.4-10.7 ngrst), rainfall (3.2-12.3
ng/v}, Subterranean uatér .(0-1.3 ng/e), wastewater (0.5;4.9. wg/L),
studge (230-1760 ug/kg) and freeze-dried sewage sludge (0.62-19 mg/kg)
(IARC, 1973).

Benzo[a]pyrene

Production and Use. There 1s no commercial productioh or known use of

this compound.

Qccurrence. Benzo[a]pyrene occurs ubiquitously in products of incom-
plete combustion; it also occurs in fossil fuels. It has been identified in
surface water (0.2-13,000 ng/e), tap water (0.2-1000 ng/t), rain water
(2.2-7.3 ng/L), subterranean water (0.4-7 ng/L), wastewater {0.001-6000
ug/L), 's1udge (3-1330 ug/kqg) and freeze-dried sewage sludge
(540-13,300 ng/kg)} (IARC, 1973, 1983). - “

Benzo[b]fluoranthene

Production and Use. There is no commercial production or known use of

this compound.
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Occurrence. Benzo[b]fluoranthene occurs ubiquitously in products of
incomplete combustton; 1t also occurs in fossil fuels. It has been identi-
fied in surface - water (0.6-1.1 ng/t), tap water (0.4-5.4 ng/e), rain
water (4.4-14.6 ng/1), subterranean water (0.6-9.0 ng/t), wastewater

(0.04-23.7 wg/%) and sludge (510-2160 wg/kg) (IARC, 1973).

Benzo[k]fluoranthene

Production and Use. There is no commercial production or known use of

this compound.

Occurrence. Benzo[k]f1ﬁoranthene occurs ubiqu1toﬁs1y as a product of
incomplete combustion; it also occurs In fossil fuels. It has been identi-
fied in surface water {0.2-0.8 ng/t), tap water (1-3.4 ng/t), rain water
{(1.6-10.1 ng/e), subterranean water (1-3.5 ng/t), effluent discharge
(0.01-8 wg/e) and sludge {150-1270 wug/kg) (IARC, 1973). '

Benzofg.h,1lperylene

Production and Use. There is no commercial production or known use of

this compound.

Qccurrence. Benzo[g,h,Vlperylene occurs ubiquitously 1in products of
incomplete combustion; it also occurs in considerable amounts in coal tar
and 1s an ‘important component of gasoline engine exhayst. It has been
identified in surface water (0.3-28.5 ng/t), tap water (0.8-7.1 ng/s),
rain water (2.3-10.8 ng/t), subterranean water (0.7-6.4 ng/t), waste-
water (0.4-2.8 ug/%), sludge (200-1220 wg/kg), freeze-dried sewage
sludge samples (400-8700 wug/kg) and dried sediments from lakes {1-1930
ug/kg) {IARC, 1973).
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Chrysene

Production and Use. There is no commercial production or known use of

this compound.

Occurrence. Chrysene occturs ubiquitously and 1in approximately the
same concentration as benzo[a]pyrene in products of incomplete combustion.
In addition, chrysene and, preferentially, related structures (methyl-sub-
stituted and partialiy hydrogenated chrysenes) occur in higher concentra-
tions than most of the PAHs in fossil fuels such a§ crude oil1 and lignite.
Chrysene_has been 1d;nt1f1eq in surface water (7.9-62.0 ng/n{, wastewater
{0.732-6.44 ng/r), freezé-dr1ed sewage sludge {780-23,700 wg/kg) and

sediments (40-240 ug/kg) (1ARC, 1983).

Dibenz[a,hlanthracene

Production and Use. There is no commercial production or known use of

this compound.

Qccurrence. Dibenz[a,h)anthracene occurs ubjquitously as a product of
incompiete ﬂcombustion; 1t also occurs 1in fossil fuels. It has been

identified in wastewater (IARC, 1983).
Fluoranthene
Production and Use. There is no commercial production or known use of

this compound.

Qccurrence. Fluoranthene occurs ubiquitously In  products of

incomplete combustion; it also occurs in fossil fuels. It has been
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identified in surface water (4.7-6.5 ng/t), tap water (2.6-132.6 ng/u),
rain  water {5.6-1460 ng/t), subterranean water (9.9-100.0 ng/),
wastewater (0.1-45 ug/!); sludge (580-4090 u.g/kg), freeze-dried sewage
sludge (610-5160 ug/kg) and dried sediment of lakes (13-5870 pg/kd)
(IARC, 1983). '

Fluorene
Production and Use. There is no commercial production or known use of

this compound.

Occurrence. Fluorene »océurs ubiquitously 1in products of incomplete
combustion; 1t also occurs in fossil fuels. It has been identified in sur-
facé water (4.1-102.1 ng/L), tap water (4-16 ng/v) and sewage sludge
(0.61-51.60 mg/kg) (IARC, 1973). |

Indeno[1,2,3-cd]pyrene

Production and Use. There 1s no commerclal production or known use of

this coQEound.

Occurrence. Indeno[1,2,3-cd]pyrene occurs ubiquitously 1n products of
incomplete combustion; it also occurs 1in fossi1 fuels. It has been identi-
fied In surface water {0.2-0.5 ngs/L), tap water (0.3-4.8 ngs/t), rainfall
(0.2-8.7 ng/L), subterranean water (0.2-5.0 ng/t), wastewater (0.01-15
ug/t), sludge (470-1200 ng/kg), freeze-dried sewage sludge samples
(300-7400 wug/kg) and dried sediment from lakes (1-2070 wug/kg) (IARC,
1973}.
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Naphthalene

Production and Use. Domestic production capacity of naphthalene was

estimated to be 560 m111$on pounds annually as of January 1, 1984. rTotal
domestic consumption of naphthalene for 1985 has been estimated to be 540
miliion pounds; this amount 1nclddes tmports of 8 miliion pounds.
Exportation volumes are believed to be in the range of 5 million pounds
annually. Major applications of naphthalene include use as an intermediate
in the production of phthalic anhydride . {55% of consumption}, the
insecticide carbaryl {20%), B-naphthol (8%), synthefic tanning agents (6%),
' surfactants (5%), miscellaneous organic 1intermediates {2%), and use as a
moth repél]ant (2%) (Chem1ca1'Econom1cs Handbook, 19815. '
QOccurrence. Naphthalene 1is the most abundani single constituent of
coal tar (Schmeltz et atl., 1978). It is re]eﬁsed in the environment via
industrial gaseous and particulate emissions, aqueous waste streams, and

through consumer uses.

Naphthaiene has been detected in industrial effluenls (up to 32 mg/t),
municipal wastewater treatment plant effiuents {22 wg/t), ambient river
water (2.0 ug/t), seawater, drinking water (1.4 ug/t), well water,
and groundwater {(U.S. EPA, 1980c; Shackelford and Keith, 1976: Eganhouse and
Kaplan, 1982; Desider1‘ et al., 1984). Stuermer et al. (1982) detected
naphthalene in groundwater samples collected near underground coal
gasification sites at concentrations of 380-1800 ug/t 15 months after
gasification activity had ended. Pankow et al. (1984) reported mean
dissolved naphthalene concentrations of 11 and 72 ng/t 1in rainwater
samples collected in semirural and residential locations, respectively, in

Oregon.
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Phenanthrene

Production and Use. There 1s no commercial production or known use of
this compound. ‘Its deriéative, cyclopentenaphenanthrene, has been used as a
starting material for synthesizing bile acids, cholesterol and other

sterotds.

gccurrence. Phenanthrene 3is present in products of incomplete combus-
tion; 1t also occurs in fossil fuels. It has been identified in surface
water (0-1300 ng/t), tap water (3.1-90 ug/t), wastewater (70 ug/%)
and dried sediment 1n lakes (140-274 ug/kg) (IARC, 1973}.

Pyrene .

Production and Use. There 1s no commercial production or known use of
this compound. Pyrene from coal-tar has been used as the starting material

for the synthesis of benzo{a)pyrene.

Occurrence. Pyrene occurs ubiquitously 1in products of incomplete
combustion; it also occurs in fossil fuels. It 1is found in relatively high
quantities 1in coal-tar. Pyrene has been 1identified 1in surface water
{2.0-3.7 ng/t)}, tap water (1.1 ng/t), rain water {5.8-27.8 ng/t}, sub-
terranean water (1.5-2.5 ng/t), wastewater {0.00023-11.8 wg/1), $ludge
{900-47,200 ug/kg) and dried sediment from lakes {7-3940 ug/kg) {IARC,
1973). |

Summary

PAHs are a <class of diverse compounds resulting from incompiete
combustion. They are ubiquitous pollutants and are found in ambient air,

soll and aquatic systems.
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PAHs are characterized by low volatility, very slight water solubility
and a propensity for adsorption to particulates in aquatic systems. PAHs of
four or more rings (characteristic of the carc1nogen1c' PAHS) are less
amenable to microbial degradation than are smaller compounds, making them
environmentally stable and, tnerefore. increasing the potential for
longer-term exposure. The high log octanol/water partition coefficients of
PAHs 1indicate a propensity fof bioaccumulatton. However, animal data

indicate that PAHs tend to be rapidly metabolized and excreted.

With the exceptions of anthracene and naphthalene ihere are no reported

commercial productions of any PAH described in this document.
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ITT. TOXICOKINETICS

Essent1ally no human'pharmacok1net1c data arerava11aﬁle from which to
develop a coherent picture of PAH absorption, distribution and elimination.
The experimental data base consists almost entirely of studies in rodents
(mice, rats and hamsters) with occasional studies in larger mammals. While
there are certainly quantitative differences among these speclies (in the
relative Importance of bile and urine as routes of excretion, for example)
the qualitative picture that emerges appears to be much the same across
species. PAH kinetics are characterized by rapid, capacity-limited
metabolism to both b1o1o§1cally active and 1nactive metabolites. Both
Increased 1levels of enzymes responsiblie Ffor the metabolism of PAHs and
isozymes of these metabolic enzymes are inducible by chemical inducers of
the 3-methylcholanthrene class. Excretion of chemically stable metabolites
into urine and bile 1s rapid. Differences in disposition among d1fferent
PAHs are assoclated at least 1in part with differences  in their

Tipophilicities.,

Absorpticn

Oral. Fract1ona] absorption of PAHs from the Gl tract is dependent on
the specific hydrocarbon ingested. In general, the more 1lipophilic members
of this class must be solubilized in water before they can be absorbed.
PAHs with some intrinsic hydrophilic character may be absorbed to some
degree even in the absence of emulsifiers such as bile salts. Absorption of
all PAHs, however, Is expected to be infliuenced by the properties of other
chemicals coadministered or coabsorbed. These 1include, of course, the

constituents of the diet (Chang, 1943; Modica et al., 1983).
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Chang's early (1943) work 41llustrates the dependence of fractional
absorption on the compound ingested. While absorption of naphthalene by the
rat was complete, and fhat of acenaphthene and phenanthrene neariy so,
anthracene, chrysene, dibenz{a,hlanthracene, benzo{a]pyrene and 3-methy}-
cholanthrene were only 5-50% absorbed.either from the diet or from a suspen-
sioh in starch selutlon. Absorption of benzo[a]pyrene was ~60% from a stock
diet containing 1% benzo[alpyrene, and '~40% when the benzo[alpyrene was
‘given as the starch suspension. Modica et al. (1983) similarly observed
that chrysene was much less efficiently absorbed than elther benzanthracene

or triphenylene by young fasted rats given the compounds oraily as emulisions.

The dependence of PAH absorption on the vehicle in which it s adminis-
tered has been well documented. A gfoup of coordinated studies conducted in
the early 19505 (Setd1d and Ekwall, 1950; Ermala et al., 1951; Ekwall et
al., 1951; Setdld, 1954) examined the effects of single solvents. Benzo[al-
pyrene was administered to mice and cats by stomach tube, in solution or in
a suspension of natural fats. (olive oi1l, arach1d1s 0il1); natural fats
emulsifted in bile; bile along; long-chain fatty acids and alcohols (oley]
alcohol, oleic acid); polyethylene glycols; and synthetic emulsifiers such
as the Triton ethers, among other vehicles. Animals were fasted for at
least 12 hours prior to benzo[a]pyrene administration and throughout the
experiment, so that the effect of the solvents could be studied in the
absence of food. Benzo[alpyrene was absorbed well in the forestomach irre-
spective of the vehicle. Benzo[a]pyrene in natural fats or other 1ipophilic

solvents did not penetrate the stomach wall, which 1s not surprising since
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fat itself is not absorbed in the stomach under normal conditions. Hydro-
phobic soivents, as well as the hydrophobic PAHs, are unable to penetrate

the protective mucous layer 11ning the stomach.

0Teic acid and oleyl alcohol;, predominantly lipophilic but with hydro-
phiitc groups, effected a slight penetration of benzo[a]pyrene into the
glandular stomach wall. Greater penetration was associated with administra-
tion of benzo[alpyrene 1n vehicles with both hydrophilic and 1fpophilic
properties; penetration was greatest when the hydrophilic character of the
solvent was dominant (Ekwall et al., 1951). Thus, a solvent capable of
solubi1izing benzo[a]pyrene i1n aqueous solution 1is requ1;ed for its

.

absorption in the stomach.

The effective solubilizers stud1ed by tﬁ1s group of 1investigators are
not present naturally in foods to any significant extent, and ¥t 1s unlikely
that much PAH absorption occurs in the stomach at alt under normal condi-
tions. However, once the PAHs have entered the small intestine, they are
solubilized by the bile salts in concert with fatty acid anions and mono-
glycerides (Laher and Barrowman, 1983}, and are absorbed in both the smalil

and large intestines (Ermala et al., 1951).

Working with a group of PAHs of 1increasing ring number and correlated
decreasing aqueous sblubtl\ty. Rahman et al. (1986) showed that the presence
of bile salts in the rat intestine is essential for optimum absorption of
anthracene, 7,12-dimethyibenzanthracene, and benzo[a]pyrene but not for
absorption of 2,6-dimethylnaphthalene or phenanthfene. whose aqueous
solubitities are 2-3 orders of magnitude greater than those of the other

three hydrocarbons. When the bile was diverted from the intestine Dy
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bile duct cannulatton, benzola]pyrene was absorbed only 23% as well as it
was In the presence of nornw1 amounts of bile. In addition, fractiona)
absorption of thé 4. and S5-ringed compounds 7,12-dimethylbenzanthracene and
benzo[a]pyrene was not as great as that of the smaller hydrocarbons,
particularly in the absence of bile. Thus, coadministration of benzo[a]-
pyréne with food s expected to enhance 1ts absorption as a result of

activation of the natural mechanisms for absorption of dietary 1ipids.

There is no convincing evidence that the absorbt1on of PAHs occurs by
mechanisms other than passive uptake. Rees et al. (1971) qroposed the
possibility that uptake might 1increase exponentially as the amount of
benzo[a)pyrene in the GI tract increases. This suggestion was based on
studies of the entry of benzo[alpyrene into everted sacs of rat small
Iintestine. Transfer of benzo[a]pyrene froh sac tissue to the enclosed
medium was proportional to the concentration in the sac tissue. Uptake by
the sac tissue was not affected by metabolic inhibitors, indicating that
uptake was not an energy-requiring process. However, the amount bound ta
the sac tissue increased exponentially with increasing incubation medium
concentration >200 uM, suggesting multilayer adsorption to the tissue
surface at high concentrations. That such an adsorption/absorption process
might be relevant to absorption jin vivo was suggested by the observation
that the amount of benzo[a]pyrene found in retroperitoneal fat and mammary
tissue of young female rats given benzo[a]pyrene intragastrically 1n sesame
oi1 18 hours earlier appeared to be exponentially related to the dose. The

in vitro conditions employed by Rees et ai. (1971), however, were grossly

unphysiologic, and "multilayer adsorption® cannot be a significant component
of benzo[a]pyrene absorption in vivo. Furthermore, the in vivo observation

of exponentially Increasing tissue concentrations is not
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substantiated by the results of other studies. Bock and Dao {1961) found
that the concentration of 3-methylcholanthrene in mammary tissue and mammary
fat of female rats was proportional to the intubation dose, while Hﬁdica et
al. (1983) calculated that the area under the tissue concentration curve for
chrysene was less than proportional to the dose in blood, liver, brain and
parametrial adipose tissue, and roughly proportional to the dose in mammary
tissue. Thus, there is no evidence for greater than proportional absorption
with dose.

Uptake of PAHs 1s partly into thoracic duct 1lymph but principally intoe
portal venous blood (Laher'et‘a1‘. 1984). According to Rees et al. (1971),
10-20% of a 10 mg intragastric dose of benzo[alpyrene entered the thoracic
duct lymph of rats. Daniel et al. (1967) found 5% of the radiolabel from an
intragastric dose of 8.4 ug of 234C-labeled dibenz[a,h]anthracene 1in
thoracic lymph during the first 24 hours after administration to rats; Reid
(1977) recovered 18% of an absorbed dose of benzo[a]pyrene in olive o1l from

thoracic lymph of rats given benzo[a]pyrene intraduodenally.

Gastro};test1na1 absorption of PAHs 1s rapid, as would be anticipated
for compounds utilizing absorption mechanisms designed for uptake of
nutrients. The concentration of benzo[a]lpyrene peaked in the liver ~1 hour
after dosing in female rats intubated with 22.8 mg of benzo[a]pyrene, while
the blood concentration peaked at 1.5-2 hours, the Tag reflecting passage
from Yiver to blood (Modica et al., 1983). Excretion of metabolites in bile
also follows rapidly, the rate generally peaking by 2 hours irrespective of
the PAH administered (Rabhman et al., 1986). It is interesting to note that
in general the fraction of total metabolites excreted in bile rather than in

urine Increases as the PAHs increase in size and decrease in solubility.
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Radiolabel from 24C-dibenz[a,h]anthracene given by intubation continued to
appear in thoracic iymph of two rats for at least 24 hours, peaking at
around 3-4 hours (DanielAet al.,, 1967). That some of this rad1olab§1 was
probably associated with metabolite reabsorption 1s suggested by tﬁe
observations that radiolabel did -not peak in the blood plasma of these two
raté until ~7 hours after dibenzanthracene administration, and that much of
the radiolabeled matertal extracted from plasma. urine, and bile was
metaboltzed dibenzfa,hlanthracene. Rees et al. (1971} reported that
benzo[a]pyrene peaked 1in the thoracic lymph of rats 3-4 hours after
administration of 10 mg by intubation, but the flucrescence-based analytical
techniqué used by these 16ve§t1gators would not have distinguished between

benzo[alpyrene and its metabolites.

Inhalation

The absorption of PAHs from the lung has been investigated in both
inhalation studies and in experiments in which the PAHs uefe given by intra-
tracheal administration. Both pure PAHs and PAHs adsorbed on particles of
various sizes and chemical composition have been used. Adsorption of a PAH
onto ultrafine particles (<1 ym) from which 1t can be released into
bio1og1c fluids has been shown to increase both the lung retention time of
the PAH and 1ts carcinogenicity. The nature of the adsorbent particle is
critical: adsorbents that do not readily release adsorbed chemicals are not
as Iike]& to enhance tumor yield and other biologic effects in experi-
mental animals as are adsorbents with lower aff1n1£y for the carcinogen
{Bevan and Worrell, 1985). In addition to adsorption onto particulates,
factors such as particle or aerosol slze and size distributton, the test

species' airway anatomy, metabolism and defense mechanisms, as well as

04400 I11-6 09/26/90



properties of the PAH itself, will Influence the penetration, deposition and
retention of an inhaled PAH and the probability and routes of its subsequent
absorption. Othér chemicals, including those adsorbed to particulates, may
also influence the disposition and biclogic activity of PAHs taken 1into the

lung.

Kotin et al. (1959) reported a vehicle effect on intratracheally
instilled benzo[a]pyrene. Radiolabeled-14C-benzo[alpyrene {25 ug/0.3
- m% vehicle} was administered to Wistar male rats elther as an aqueous
suspension with distilled water or in a solution with triethylene glycol.
The esophagus was 1ligated 1n.each to prevent benzo[a]pyrene from entering
the GI tract by mucoc111$ry escalator clearance and- swallowing. At 24
hours, 38X of the administered aqueous suspension dose persisted in the
lung, whereas only 17% could be recovered at 4 hours in the lungs when
administered in triethylene glycol. The rapid mobilization was attributed
to the greater speed of soclubilization of the fine particles from
triethylene glycol vs. the slower speed of solubilization of the larger

crystals that form in an aqueous suspension.

The role of particles as carriers of PAHs and enhancers of their pulmo-
nary activity has been the subject of 3 number of investigations. Coadmin-
istration of PAHs with fipe adsorbent particles was shown nearly 30 years
ago to result 1n a higher 1incidence of 1lung tumors 1in rats tpan
administration of the PAH alone (Pylev et al., 1969; Saffiotty et al., 1965,
1968). Coadministration by intratracheal instillation of a suspension of
isC.benzola]pyrene with carbon black or asbestos (Pylev et al., 1989) or

by intratracheal instillation of particles of ferric oxide, aluminum oxide,
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or carbonh coated with benzof[a)pyrene (Henry and Kaufman, 1973} resulted in
prolongation of rad1o1abe1 retention in the hamster 1lung. Houever. an
increase in benzd[a]pyrene retention was not necessarily correlated with an
increase in tumorigenicity. Farrell and Davis (1974) showed that carbon
black was a more effective tumor "promoter than ferric oxide in the golden
hamster lung; aluminum oxide was only minimally active as a promoter in this
system. In general, the probability of tumor occurrence was shown to
Yncrease as particle size range decreased when either carbon black or ferric
oxide was used as the adsorbent (Farrell and Davié, 1974; Henry et al.,
1974). }n the absence of cgrr1er particles, large (77% <42 wm, 0% <10
um} benzo[a]pyrene particles were cleared less rapidly from the lung and
were more tumorigenic than small (77X <5.2 um, 3IX <1.3 um) particles
(Feron et al., 1980). Henry et al. (1975) showed that benzo[a]pyrene had to
be physically adsorbed on the ferric oxide to be most effective as a

promoter,

Henry and Kaufman (1973) suggested that the ability of the hydrocarbon
to be eluted from its particulate adsorption sites might be an important
determinan{~of its biologic activity. Creasia et al. (197¢) demonstrated
that the rate of elution of benzo[alpyrene from 1ts adsorption sites on
carbon particles in the mouse jung was greater for small (0.5-1.0 wm)
particles than for large (15-30 um) particles. Benzo[alpyrene adsorbed to
the larger particles ‘was cleared with the particies themselves, with a
half-time for elimination of 4-5 days. However, while the smaller particles
themselves were cleared more siowly (t]/2-7 days), the benzo[a]pyrene

adsorbed to these particles was cleared more quickly (t1,2=36 hours).
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This indicates that the benzo[alpyrene was being eluted from the smaller
carbon particles at a rate of 15% per day. Thus, for at least 4 days, 15%
of the initial ddse of benzo{a]pyrene was free to interact with the respira-
tory tissue. In the absence of carbon particles, 50% of a benzo[a]pyrene
dose was ¢leared from the Jung within 1.5 hours and >95% was cleared within
24 hours. These results establiished that a combination of prolonged
retention time and biologic availability of the adsorbate are involved in
the cocarcinogenic effect observed for particulate and benzofalpyrene in the

Tung.

Based on their studies with model phospholipid bilayer membranes
(Lakowicz and Hylden, 1978; Lakowicz et al., 1980) and with microsomal
preparations (Lakowicz and Bevan, 1979), the authors suggested that cocar-
cinogenic particles facilitate the uptake of adsorbed chemical carcinogens
by cell membranes. Later work by the same group of investigators (Bevan et
al., 1981; Bevan and Worrell, 1985) supports this mechanistic hypothesis.
Chang and Hart {1983), who demonstrated that the chrysotile form of asbestos
enhanced uptake of benzolalpyrene 1into human dermal fibroblasts in vitro,
proposed that cocarcinogenicity is mediated in part by enhanced celiular
proliferation. It should be noted that binding to celiular DNA was also
enhanced by the presence of asbestos in this study, so that the proposed
mechanisms of enhance§ uptake and enhanced cellular proliferation are fully
compatible and not mutually exclusive. Other in vitro studies (Eastman et
al., 1983), using hamster tracheal epithelial c¢ells incubated with benzo[a]-
pyrene and asbestos, showed enhanced benzo[alpyrene uptake and DNA alkyla-

tion 4 days post-treatment, which was attributed to the presence of asbestos.
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Absorption and distribution of benzo[a]pyrene following 1inhalation
exposure of rats to the compound alone or after adsorption onto particles
has been studied by 1investigators at the Inhalation Toxicology Research
Institute (Mitchell and Tu, 17979; Mitchell, 1982, 1983; Sun et al., 1983,
1984). Mitchell (1982, 1983) reported the disposition of an aerosol of 500
ug 3H-benzo[a]}pyrenest, 1-2 um mass median diameter, 1inhaled by rats
for <1 hour. Clearance of radiolabel from the respiratory tract was
biphasic. Fifty percent of the radiolabel wds cleared within 2-3 hours;
radiolabel remaining after this time was 'cleared' much more slowly, the
4ha1f-11fg being 25-50 hours, depending on location in the lung. The stomach
and small intestine conta{ned higher concentrations of benzo[a]lpyrene 0.5
hour after termination of exposure than any other tissue,'and }eces con-
tained ~10 times the amount of radiolabe) found in urine during the first
day following exposure. The observation that the amount of radiolabel in
the stomach and small intestine was at its maximum immediately following
termination of exposure suggests mucociliary clearance and swallowing of
inhaled material.- The presence of radfoactivity in other soft tissues
{e.g., kidney and liver) 0.5 hour after exposure indicates rapid absorption

and distribution of the benzo[alpyrene from its Initial site of deposition.

The contentrations of organic-soluble radiolabel, water-seluble radio- ‘
label and covalentiy-bound radiolabel were determined in the lung at 0.5, &
and 24 hours postexpdsure {Mitchell, 1982, 1983). The 2-3-hours clearance
half-11fe appeared to represent loss of organic-soluble radiolabel; after'24
hours, 80X of total lung radiolabel was covalently bound to macromolecules,
inviting the speculation that it is this bound radiolabel that persists in
the Tung with a half-1ife of 25-50 hours.
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Similar inh¢lation studies demonstrated that pyrene was also cleared
from the rat 1lung rapidiy, although not as rapidly as benzo[alpyrene
(Mitchell and Tu, 1979). = The pyrene aerosol ﬁad a mass median dlameter of
0.45 um. The amount of pyrene left in the lung 24 hours after exposure
was B9% of that remaining 0.5 hour after exposure; at 2 days, 1%t was 5%,

Covalent binding was not measured.'

Sun et al., (1983) examined the depbsition. retention and excretion
patterns of the radlolabel associated with 3%H-benzo[a]pyrene coated on

ultrafine (0.1 um median diameter) particles of ¢alllum oxide, Ga,0

3,0,.
- The purpose of this study was to determine whether association with ultra-
fine particles affects the disposition of organic air pollutants. Rats were
exposed by Inhalation to the aéroso1s {3500 ng/L) for 30 miﬁutes. and
tissues and excreta were collected for 16 days after the exposures. Studtes
with pure aerosols (600 ng/t) of 3H-benzo[alpyrene of the same medlan
diameter were also conducted for comparison, with the _exposure period
extended to 50 minutes in order to insure that total deposition was similar
to that observed in the particle inhalation experiments. About 28% of each
aerosc)l had been deposited in the respiratory tract at the end of the

exposure period.

Initial clearance from the Jung was rapid, with half-lives of <1 hour
for both aerosols. During the subsequent slow excretion phase, lung levels
of radiolabel resulting from exposure to benzo{a]pyrene-coated particles
were 4-10 times higher than those resulting from exposure to pure benzo[a]-
pyrene aerosocils, a1though-the hatf-1ives, had they been calculated, would

probably not have been greatly different. Lung <¢learance of the pure
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benzo[a]pyrene aerosol was also very similar to that reported by Mitchel
(1982) for aerosol concentrations 800 times higher. Of particular interest
s that levels of radiolabel in the stomach increased with time after
exposure to coated particles. Thirty-five percent of the benzo[a]pyrehe
initially deposited in the lung was reﬁovered from the stomach 2 hours after
exposure to benzo[a]pyrene-coated particles, while no more than ~D.5% of the
amount of pure aerosolized benzo[a]pyrene (initially) deposited in the Tung
uas.fnund in the stomach at any time following exposure. Thus, exposure to
a benzo[a]lpyrene-coated particle rather than to -a pure benzo[a]pyrene
aerosol resulted in a very marked shift in the pattern of iung clearance,
from direct absorption into blood to clearance by mucoc1T1ary action
followed by ingestion. Consequently, of the total radiolabel excreted in
ﬁrine and feces through day 16, ~15% was recovered from the urtne of animals
exposed to the pure aerosols and only ~8% from the urine of animals exposed

to the coated aerosols.

It should be noted that pure aerosols of 3H-nitropyrene, as well as
gallium oxide aerosols coated with 3H-nitropyrene, were studied 1in a
. K
parallel set of experiments, with results that were different from the
benzo{alpyrene results. Thus, it 1s not advisable to generalize retention
and absorption data for a particular PAH to predict the gquantitative

behavior of other PAHs or nitropyrenes under similar conditions.

A possible effect of diesel exhaust particles on retention of PAHs by
the 1lung 1s currently of some concern {Tyrer et al., 1981). A study
reported by Sun et al. (1984) showed that the fetent\on and excretion

patterns of 2H-benzo[a]pyrene-coated diesel engine exhaust particles with
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8 mass median diameter of ~0.14 um (4-6 ug/t) were qualitatively
similar to those recorded for the gallium oxide study. However, the amounts
of radiolabel feta1ned in the 1lung during the second, slow ph&se of
tlearance were much higher in the d1¢5e1 exhaust study than in the ga]1{um

oxide study. Most of this radiolabel was present as unchanged compound.

Dermal. PAHs can be absorbed percutdneously. The rate and extent of
absorption are strongly dependent on the size and configuration of the
hydrocarbon molecule, and are also dependent on the concentration of the

hydrocarbon applied to the skin.

Heidelberger and Weiss {1951) ghowed that 4C-benzo[alpyrené dissolved
in benzene was absorbed from a single app11cation site on the shaved back
skin of mice and excreted principally in the feces. Fifty percent of the
radiolabel from a 63.7 ug/cm2 dose of benzo[alpyrene was 1lost from the
stte of application by 1 hour; only &% remained after 7 days. Dibenz[a,h]-
anthracene was only very slowly lost from the application site and was not
detected in the feces. By contrast, Bock and Burnham (1961} showed that
7,12-dimethylbenzanthracene and benzo[alpyrene in a 99:1 mixture of benzene
and mineral oll reached similar concentrations in shaved back skin of mice 2

hours after cutaneous application of ~400 pg/cm2.

Sanders et al. (1984) confirmed that benzo[alpyrene and 7,12-dimethyl-
benzanthracene are rapidly absorbed across the skin of mice. $ix percent of
a dose of 125 ug benzo[a]pyrene/cm? in acetone had disappeared from the
application site by 1 hour and 40% by 24 hours, with 7% remaining at the
site after 7 days. Eighty percent of a 5.4 ug 7,12-dimethylbenzanthra-
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cene/cm? dose had disappeared by 24 hours, and 96% by 1 week. Absorptton
was dose-dependent; increasing the 7,12-dimethylbenzanthracene dose from 5.4
to 56 and to 515 ug/cm? reduced absorption during the first 24 hours
from 82% to 71%'and to 33%, respectively; decreasing the benzo[a]pyrene dose
from 125 to 12.5 and to 1.25' wg/cm?  increased absorption during the
first 24 hours from 41X to 83% and to 82%, respectively. Use of muzzles to
prevent groaming of the treated area reduﬁed the fraction of the dose found
in the stomach and its contents to one-third of_ the amount found Qhen
muzzles were not used; this fraction, 0.5-1.5% of the administered dose, was
so small that 1t had no significant 1impact on measurement of etther

absorption or excretion.

Molecular size (number of rings) .and structure affected the
concentrations of 12 different hydrocarbons, 1including phenanthrene,
anthracene, benz[a)anthracene and 3-methylcholanthrene, ;tudied in mouse
skin under the conditions used by Bock and- Burnham (1961). While this
measurement reflects both rate of uptake by the skin and rate of transfer
into the systemtc circulation, 1t does indicate that skin penetration occurs
and that the rate of the overall dermal absorptlion process 1s dependent on
molecular size and configuration. It was also determined that the nature of
the solvent makes a difference in the absorption of PAHs. Small amounts
(<5%) of mineral o1l added to benzene resulted 1in greater dermal
absorption. However, the absorption was not as great when a mixture of 50%

mineral o}l was used as the solvent.

Fifty percent of a single application of 9.3 wug anthracene/cm?

{dissolved in 71 ut of a 1:7 mixture of hexane:acetone) to the shaved
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back skin of female Sprague-Dawley rats was absorbed in 5 days, as measured

by the appearance in urine, feces and other tissues (Yang et al., 1986).

Distribution

| Elimination of benzo[alpyrene and of 7,12-dimethylbenzanthracene from
b1ooﬁ s biphasic, the first phase being extremely rapid. About 90% of
elther chemical was lost in the first 10-30 minutes foilowing administration
of an intravenous dose to mice or rats {Heldelberger and Welss, 1951; Kotin
et al., 1959; Lo, 1964; Igbal et al., 1979). The remainder was lost more

slowly.

Clearance of metabolites accounts for the second, slower " phase of
decline of radiolabel in the blood. Excretion of metabolites in bile and
urine s preceded by a period during which the l1iver and kidney cgntain
relatively large fractions of the dose. This period is brief. By 90
minutes following intravenous injection of 2*4C-benzo[a]pyrene in mice, the
liver contained only 1.36% of the radiolabel, and 72% had already entered
the bite (Heldelberger and Weiss, 1951). Dibenz[a,h}janthracene was 1less
rapidly metabolized; 90 minutes after an intravenous dose was given to mice,

89% of the radiolabel was sti11 in the liver (Heidelberger and Weiss, 1951).

Selective accumulation does not occur in target tissues of PAH carcino-
genic action. Depending on the lipophilicity of the PAH, significant
accumulation in body fat 1s 1ikely to occur; early authors attributed the
induction of mammary tumors by PAHs to the fact that the mammary gland s in
intimate assoclation with fat (Bock and Dao, 1961; Daniel et al., 1967).

Bock and Dao (1961) found 11ttle phenanthrene in the perirenal and mammary
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fat of rats given the hydrocarbon by stomach tube 24 hours earlier. Concen-
trations of 7,12-dimethylbenzanthracene and 3-methyicholanthrene were some-
what higher, and benzo[alpyrene was present in the grestest concentrat1op.
These concentrations correlate with the relative lipophilicity of phenan-
threne, 7,12-dimethylibenzanthracene, and benzo[a]pyrene (Rahman et al.,

1986).

- Qral. When radiolabeled PAHs are administered into the GI tract by
gastric intubation or by feeding, first-pass metabolism destroys the sharp
initial _drop in radiolabel characteristic of 1intravenous adm1n1strat1on.
Instead, radiolabel peaks éfter several hours; this radiolabel is associated
with metabolites. The timing of the peak depends on the part1cu1ér PAH, and
is expected to depend on the dose as well. lIt has been seen to cccur at ~7
hours for dibenz[a.h]anfhracene and 15 hours for 7,12-dimethylbenzanthracene

n rats (Daniel et al., 1967).

When a specific analytical technique (cyclohexane extraction of adipose
tissue followed by gas 1iquid chromatography) 1s used for the determination
of unchanged PAH, the peak time occurs earlier: at ~1.5 hour for benz[a]-
anthracene in rats (Modica et al., 1983), and at -1 hour for benz{a]anthra-
cene and chrysene and 2.5-3 hours for triphenylene in rats {Bartosek et al.,
1984). The concentrations of these PAHs in the liver peak shortly before
their peaks in the blood {Modica et al., 19B3; Bartosek et al., 1984). For
this reason, the rate of appearance in the bile also tends to peak early
(1-2 hours) for most PAHs (Kotin et al., 1959; Rahman et al., 1986). As far
aﬁ can be determined from published data, distribution from the dlood into

peripheral tissues follows established principles: well-perfused tissues
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establish a dynamic steady state with the bleod early, while adipose tissue
exchanges more slowly. Peak adipose tissue concentratilons occurred at 2.5
hours for chrysene, ~4 hours for benz[a]lanthracene and 8 hou}s for
triphenylene (Bartosek et al., 1984}, and at 3 hours for benz[a]anthracéne

in another study (Modica et al., 1983}.

No kinetic evidence for this peripheral distribution 1s found in the
concentrations of PAHs in the blood after a single dose, which can be fit by
a blexponential equation with one term representing uptake and the other
loss (Modica et al., 1983; Bartosek et al., 1984). Half-lives 1in rat
tissuesvappear to be about fhe same for benz[aJanthracene an& chrysene: 1
hour 1in blood, 0.8 hour in 1iver, 2.5 hours in brain, 5 hours*in mammary
tissue, and 14 hours in adlpose tissue (Modica et al., 1983; Bartosek et

al., 1984).

Inhalation. As has been discussed earller (see Absorption Section),
the pattern of distribution following a pulmonary exposure could resemble
the 'pattg[n assoclated with 1intravenous administration or the pattern
associated with oral exposure, or could be intermediate between the two.
Kotin et al. (1959) 1instilled 2*C-benzo[a]pyrene intratracheally in tri-
ethylene glycol into rats whose esophagi had been 1igated to prevent entry
of benzo[a]pyrene into the GI tract. Except for the high initial pulmonary
concentration, the pattern of tissue radloiabel was similar to that seen
after subcutanecus or intravenous administration. One hour after instilla-
tion, 37% of the radiolabel was in the intestine, 1.3% in the liver, and

43.2% remained in the lung.
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The study of Kotin et al. (1959) demonstrates that pulmonary absorption
is rapid. Mitchell (1982) found radiolabel in soft tissues by 0.5 hour
after a 1-hour .1nha1ation exposure of rats to ‘=H-benzo[a]pyrene. Radio-
Tabel in testis, brain and kidney peaked at ~b hours and was generally
cleared from these tissues in ~1 day. At the 0.5-hour time point, the
rad{o1abe1 in liver and kidney was largely polar metabolites of benzo[a]-
pyrene (Mitchell, 1983). In every salient point, this distribution pattern
and timing resemble the pattern and timing of distribution of an intravenous
dose. It can be concluded that an inhaled aerosol of pure benzo[a]pyrene is
distribuFed essentially like a comparable intravenous dose save for the
inittal high pulmonary conﬁeﬁtration. Inhaled pyrene aerosol also behaved
much 1ike an intravenous dose 1in rats, although a substantial amount of
pyrene was found in the stomach 0.5 hour after exposure (Mitchell and Tu,

1879).

Clearance from the lung into the GI tract 1s not as rapid a process as
absorption into blsod. Only when PAHs are i1nhaled adsorbed tc particulates
does their residence time in the lung allow significant transfer to the Gl
tract. Sun et al. (1983) showed that during the first 2 hours after an
inhalation exposure to *H-benzo[a]pyrene adsorbed onto gallium oxide
particles, radioactivity iIn the stomach increased. 1In addition, radiolabel
in the 11vers and kidneys of these rats was 5-6 times higher at 0.5 and 24
hours than radioTabeT in the liver and kidneys of the rats finhaling pure
benzo[a]lpyrene aerosol. Although other tissue measurements were not made,
these observations strongly suggest that the distribution pattern of an
inhaled PAH adsorbed onto particulate material will have some of the

characteristics of distribution associated with oral exposure. Inhalation
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studies 1in rats exposed to benzo[a]pyrene adsorbed onto diesel engine

exhaust particles (Sun et al., 1984) led to the same conclusion.

Tyrer et al. (1981) examined the effect of diesel exhaust exposure on
the disposition of 1‘C—benzo[a;pyréne administered 1intratracheally 1in
gelatin solution (20 nt of 0.2% gelatin and 0.5 wug/wt of benzo[a]l-
pyrene) to A/J mice. Mice were exposed to raw diesel exhaust (6 mg/m? of
particles) 8 hours/day, 7 days/week for 9 mqnths prior to 1intratracheal
instillation of benzo[a]pyrene. Autoradiography éections were processed
| “from mice killed at 2.24 and 48 hours post-instillation. Qualitatively
there were no obvious différgnces between mice exposed to both ‘diesel fumes
and benzo[alpyrene or to benzo[a]lpyrene only, possibly yecause of the large
interindividual variance 1In expectorate ingestion. WMWithin 2 hours after
placement in the lungs, benzof{alpyrene was found circulating in the b1ood;
stream and may have entered the esophagus and stomach by swallowing of
material cleared by the mucociliary escalator. 24C-benzo[alpyrene was
cleared from the blood by the kidneys and then excreted. By 24 hours,
IH.radioactivity accumulated in the stomach, lower GI tract, kidneys,

bladder and slightly in the lung.

Dermal. Mitchell and Tu (1979) found ¢trace amounts of pyrene-
equivalent fluorescence in kidney, liver and trachea of rats 24 hours after
a single application of pyrene to the unshaved back. No pyrene or metabo-

lites were detectable in the lung. The GI tract contained 1.4% of the dose.

Six days after application of anthracene to the shaved back skin of

rats, Yang et al. {1586) recovered a total of 1.3% of the applied dose from
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15 (unspecified) selected tissues. At this time, 29.1% of the applied dose

had been recovered in the urine and 21.9% in the feces.

To summarize, a number of studies with distribution data indicate that
1) detectable levels of PAHs can be observed in most internal organs from
minutes to hours after various routes of administration; 2} adipose and
mammary tissues are significant distribution sites where PAHs may be accumu-
lated, stored and slowly released; and 3) after inhalation exposure, the Gl
tract contains re]atiye]y high levels of PAH or metabolites as the result of
swallowing unmetabolized PAH from mucociliary clearance, or ¢ertved from

hepatobiliary excretion of metabolites,

Metabolism

In the past, the relative lack of chemical reactivity for tumorigenic
PAHs has been puzzling in 1ight of their dramatic b101og1& effects. Early
attempts to explain the carcinogenicity of various PAHs utilized physico-
chemical calculations (Puilman and Puliman, 1955). These early hypotheses
were based on the assumption that those regions of the molecule favoring
substitut1éﬁ or addition reactions would preferentially react with critical

cellular target sites to initiate a carcinogenic transformation. This

concept, however, did not prove successful for PAHS.

More recently 1t has been shown that PAHs are metabolized by enzyme-
mediated oxidative mechanisms to form reactive electrophiles {(reviewed 1in
Conney, 1982; Gelboin, 1980; IARC, 1983; Pelkonen and Nebert, 1982;
Santodonato et al., 1981; Zedeck, 1980). For many of the PAHs, certain

*bioactivated” metabolites are formed having the capability for covalent
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interaction with cellylar constituents {i.e., RNA, ONA, proteins) and

ultimately leading to tumor formation.

The obligatory involvement of metqbolic activation for the expression 6f
PAH-Induced carclinogenesis has prompted the investigation of PAH metabolism
in ﬁumerous animal models and human tissues. From these studies has emerged
an understanding of the general mechanisms involved in PAH biotransformation.
It 1s now known that PAHs are metabolized by the cytochrome P-450-dependent
microsomal mixed-function oxidase (MFO) system, often designated aryl hydro-
carbon hydroxylase. The acttvity of this enzyme system is readily inducible
by exposure to PAH and 15. found in most mammalian tissués, although
predominantly in the 1iver. The MFO system is involved in the mefabolism of
endogenous substrates (e.g., steroids} and the detoxification of many
xenoblotics (Nebert et ai., 1981). Paradoxically, however, the MFQO system
also catalyzes the formation of reactive epoxide metabolftes from-certatn

PAHs, possibly leading to carcinogenesis in experimental mammals.

Thesoute by which PAHs and other xenobiotics enter the body may deter-
mine their fate and organ specificity. A compound absorbed from the lungs
may bypass the "first pass® effect in the 1iver and reach the peripheral
tissues in high concentrations. The unique enzymes in these extra-hepatic
tissues may differ in terms of activity and specificity, from those in the
Tiver. Thus, extra-hepatic metabolism may be extremely important in the
bioavailability of a chemical to different parts of the body and in target
tissue variability. Enzymes capable of metabolizing PAHs are found in the
1iver, 1lung, kidney, adrenals, testes, thyroid, skin, small intestine and

sebaceous gland in a' variety of species including human, baboon, monkey,
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rat, mouse, hamster, gqguinea pig, rabbit and dog. Embryonic tissue of rat,

mouse, hamster and chick also possess activity (Zedeck, 1980).

Benzo[alpyrene as a Model of PAH Metabolism, A discussion of the

metabolism of PAHs in mammalian species, including humans, may be approached
by examining in deta’ll the chemical fate of the most representative and
well-studied compound 1in the alternant PAH class, namely benzo[a]pyrene.
The metabolism of benzo[alpyrene, subject of voluminous research, 1is shown

schematically in Figure III-1. Only the most 1mp6rtant pathways will be
ypresented in this discussion that correlates with Figure III-2. This 1s a
summary and the reader 1s referred to Gelboln (1980), Pelkonen and Nebert
(1982), Yang et al. (1978), Zedeck (1980) and Thakker et al., (1@85. 1988)

for primary sources.

A monooxygenase first introduces an oxygen atom into any of several
positions of the molecule to produce oxides or primary "simple" epoxides.
This initial oxygenation is catalyzed by one of a number of different forms
of P-450 (MF0). The epoxides then undergo spontaneous réarrangement to
phenols. Another pathway for the epoxides s the reduction back to parent
benzo[a]pyrene. The formation of quinones through the 6-phenol and 6-oxo
radical is less well characterized and 1s discussed briefly in the Other
Toxification Pathways Section. Quinones can also be produced nonenzymatic-
ally by 1ipid peroxidat?on and aerobic oxidation. The enzyme epoxide
hydrolase can further metabolize epoxides to dihydrodiols. The g1utath16ne

transferases catalyze conjugation of epoxides with glutathione.
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(Endoplasmic Cytochrome P-450

Reticulum) | Mixed-Function Oxidase (MFO)
Glutathione :
BaP — SG —ag———— BaP OXIDES —p»- BaP PHENOLS —#» Sylfates
(Detoxification ~ Transferase glucuronides
Products (Cytosol) . \
) Epoxide
Hydrase
(Endoplasmic
Reticulum)

BaP Quinones

|

BaP DIHYDRODIOLS (Proposed Proximate Carcinogens)

MFO UDP Glucoronosyl Transferase
(Endoplasmic Reticulum)
BaP DIOL EPOXIDES HZO-SqubIe Conjugates
(Proposed ultimate (Detoxification Products)
Carcinogens)

FIGURE I11-1
Metabolism Schematic for PAMs

Source: U.S. EPA, 1980d
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Epoxides, dihydrodiols, phenols and quincnes are generally regarded as

"primary" metabolites of benzo[a]pyrene, which undergo further metabolism.
Dihydrodiols and phenols can be substrates for the MFQ, and another position
bf the molecule can become epoxtdated (see following discussion of pathway).
Dihydrodiols, phenols and quinones can also be conjugated with glucurenic
acid in reactions catalyzed by UDP-glucuronosyltransferase or with sulfate
in reactions catalzyed by sulfotransferase. Dihydrodiols can be dehydro-

genated to catechols by a soluble dehydrogenase.

The metabolites of benzo[a]pyrene and other PAHs (both aiternant and
nonalternant} are often categorized on the basis of solubility in various
1aboratory extraction protocols (U.S. EPA, 1980d). Those uwtabalites that
can be extracted from an aqueous incubation mixture using an organic solvent
include the phenols, dihydrodiols, quinones and hydroxymethyl derivatives of
PAHs having aliphatic side chains. Epoxides are included 1n this group
although these are rather labile. The conjugation products, including those
of glutathione, glucuronides and sulfates, remain in the water phase after
extraction, Identification and quantification of metabolites 1in these
fractions provide researchers with insight on the predominant pathways 1in

the metabolism of a particular PAH.

The pathways 1leading to the 7,8-d101-9,10-epoxides of benzo[a]pyrene
have been a focus of research since 1t was suggested that these are the
predominant DNA;btnd1ng speclies 1n cell culture (Sims and Grover, 1974).
For example the major adduct fidentified in human, hamster, rat and mouse

endometrial DNA, exposed in vitro to benzo{a)pyrene, was anti-benzo{a)-

pyrene-7,8-d101-9,10-epoxide (Kulkarni et al., 1986). The amount of this
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adduct formed in hamster and mouse DNA was similar; human levels were 3-4
times higher and rat leyeTs ~5-7 times lower. The quantity of B{a]P bound
in humans was 7't1mes the amount bound in hamsters, while rats and mice were
4 and 2 times higher than hamstersn respectively. This study also showed
that differences exist 1n the proportions and types of other adducts formed

by these species.

Although the 4,5-oxtde is the most mutagenic metabolite 1in bacterial
systems relative to the 7,B8-and 9,10-oxides, other data from assays such as
DNA bipd1ng studies, cell transformation assays and cqrcinogenicity
bloassays . support the 7,8-d101-9,10-epoxides as ultimate carcinogenic forms
of benzo[a]pyrene (Pelkonen and Nebert, 1982; IARC, 1983; Conney, 1982;
Kulkarnt et al., 1986; Thakker et al., 1988). The metabolic activation
scheme for the formation of the 7,8-di01-9,10-epoxide 1s shown 1in Figure
111-3. The 7,8-dio1 formed from benzo[a]pyrene is the trans {somer and
there are four possible stgreo1somer1c 9,10-epoxides derived from this. The
structure and nomenclature of these diol-epoxides are also shown in Figure
I11-3. The two tsomers (antl and syn), atso referred to as diol-epoxides I
and 11, are racemic and have been synthesized in order io study their
stereochemistry. Diol-epoxide II (syn-isomer} has been found to Dbe more
chemically reactive than the diol-epoxide 1 {(Gelboin, 1980), Both are
unstable in aqueous media and are hydrolyzed nonenzymatically to tetrols,

In the presence of NADPH or NADH they are nonenzymatically reduced to triols.
The 1dea that 7,8-d%01-9,10-epoxide metabolite 1s the most probable

ultimate carcinogen gave rise to the 'bay-fegion“ hypothesis {Jerina et al.,

1978) for the metabolic toxification of PAHs. The theory was based on the
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assumptton that the unusually high chemical reactivity of such diol-epoxides
and their high susceptibtlity te attack by nucleophiles can be attributed to
their electronic properties. The bay-reglons of four PAHs, benz[a]anthra-
cene, benzo[alpyrene, chrysene and phenanthrene, are shown in Figure 111-4,
The 1implications of the bay-reéton hypothesis for the mechanisms whereby
PAHs may produce cancer are discussed In Chapter VII. Table III-1 1Jists
examples of the enzymes involved in the toxification of PAHs from the

prbduction of dtols, phenols and quinones, and diol-epoxides.

Metabolism of Nonalternant PAHs. The carcinogenicity of the alternant

PAHs may be related to .the intrinsic carcinogenicity of the_ bay-region
diol-epoxides and the extent to which the parent compounds are metabolic-
ally converted to the »bay-region diol epoxides (Thakker et al., 1988i.
However, 1t should be noted that there 1is 1increasing evidence that the
bay-region theory of activation does not appear to be the principal route of
activation for nonalternate PAHs such as benzo[b]fluoranthene and benzo{k]-
fluoranthene and that other mechanisms of activation are involved for those
PAHs that are devoid of a bay-region, such as indeno[1,2,3-cd]pyrene and
benzo[k]fluoranthene {(Amin et al., 1982; Geddie et al., 1982; Hecht et al.,
1980; Lavoie et al., 1980; Rice et al., 1985a, 1986, 1987a,b).

Other Toxification Pathways. In additon to the MFO mediated formation
of dicl-epoxides and other oxygenated products, other routes of metabolism

have been shown for PAHs.

One-electron oxidation of PAHs can also form electrophilic metabolites

that can bind to macromolecules (Cavaliert and Rogan, 1983). The inter-
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CHRYSENE PHENANTHRENE

FIGURE I11I-4
The Positions of Bay-Regions

Source: Jerina et al., 1978
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TABLE 11I-1

Examples of Metabolism of PAHs to-Blologically Active Forms
by vartous Enzyme Systems*

PAH Toxification Biologically Active
. Enzymes Intermediate
Benzo[a]lpyrene monooxygenase 4,5-0x1de .
monooxygenase, 7,8-d101-9,10-epoxide
epoxide hydrolase
MONOOXygenase 6-oxoradical
Benz{alanthracene monooxygenase, 3,4-dio1-1,2-epoxide

epoxide hydrolase B,9-d101-10,11-epoxide

Chrysene honooxygenase, 1,2-d101-3,4-epoxide
epoxide hydrolase

Dibenz[a,h]anthracene monooxygenase, 3,4-di01-1,2-epoxide
epoxide hydrolase

monooxygenase, [10,171])-dY01-{12,13]-epoxide
epoxide hydrolase

*Source: Adapted from Pelkonen and Nebert, 1982
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mediates in these pathways are radical catlons. Benzo[a]pyrene toxification
by free-radical metabo11sm (see Figure III-2) occurs at position 6. The
6-hydroxybenzo[a]pyrene 1s unstable in solution and Eap1d1y undergoes
radical formation to the 64oxobenzo[a]pyrene. This radical may Iinteract
with macromolecules or be conver}ed'to quinones (Jeftic and Adams, 1970).
PAH quinones have been proposed to be biologically active because of
activity in oxidation/reduction cycles involving quinone, hydroxyquincne and
molecular oxygen (Lesko et al., 1978). The peroxides and oxygen radicals
formed during these cycles may be responsible for the ultimate cellular
injury. This oxidation/reduction cycle 1is shown 1in Figure III1-5. PAHs,
being photoreactive, can ‘absorb visible 11ght and become photooxidized.
This photooxidation can result in the formation of quinones, dihydrodiels

and phenols (see Chapter 7).

Marnett et al. (1978) and Marnett and Reed (1979) demonstrated ¢xygena-
tion of benzo[alpyrene catalzyed by prostaglandin H synthes1s-&ependent
oxidation of arachidpnic acid metabolism pathway. Benzo[a])pyrene thus
activated has been shown to form covalent bonds with DNA and is mutagenic.

‘Afachig;n1c acid has been shown to be released upon membrane pertubation.
This metabolic pathway 1s particularly intriquing for 1n§tances such as
occur in the lung with co-exposure to PAHs and irritants or particulates.
These irritant chemicals may affect membrane phystology such that the
metabolism of the PAH by prostaglandin synthetase could be enhanced locally
in the extrahepatic tissue. For example, Warshawsky et al. (1984) examined
the effects of Fezo3 on the rate of metabolism of benzo[a]pyrene 1n the
lungs of male white New Zealand rabbits. Benzo[a]pyrene was adminjstered

intratrachea1ly to an 1solated perfused lung preparation with and without
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NAD NADH

Bla]P HYDROQUINONE .B[a] P. QUINONE
¥ H,0,(0;, OH™ )
DNA, CELLS DNA BREAKAGE

CELL DAMAGE

FIGURE I1I-5

Cyclic Scheme of Benzo[a]pyrene Dione/Diol Involvement in Redox Coupling
Source: Lesko et al.. 1978
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F9203. After 180 minytes the Fe203 pretreated rabbit lungs showed
an increase of benzo[a]lpyrene metabolism over the benzo[a]pyrene-only
treated rabblt lungs. The benzo[a]pyrene metabolites, naﬁe]y d1hydf0d101s.
were particularly enhanced by pretreatment with Fe203.

Hydroperoxide-dependent epoxidation of the 7,8-dto1 has been
characterized 1in several other systems. such as microsomal 1ipid
-peroxidation (Dix and Marnett, 1983}, hematin catalyzed decomposition of
fatty acid hydroepoxides (Dix et al., 1985} and 1ipoxygenase catalyzed
epoxidation (Hughes et al., 1989).

The toxification of benzo[a]lpyrene by hydroxjmethy]ation catalyzed by
*hydroxymethyl synthetase" has also been suggested, but the presence of this

pathway has not been confirmed (Rogan et al., 1980).

Both <y-radiation and UV-light convert- benzo[a]pyrene to reactive
forms, which bind covalently to macromolecules and are mutagenic, but the
significance of these mechanisms in mammallan species is not known (Pelkonen
and Nebert, 1982). Hetabo]iies could also disturb DBNA structure without
binding covalently by slipping 1in between the planes of the helix

{intercalation). PAH tetraols have been shown to do this vitro

(Geacintov et al., 1980).

Comparative Metabolism. One factor that affects the delicate balance
of toxification/detoxification is the tissue site that catalyzes the
formation of chemically reactive metabolites. The degree of induction or

inhibition of enzyme systems by exogenous chemicals 1s known to vary for
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spec1f1c organs; for example, liver ¥s generally more inducible than 1is
lung. The stability of reactive metabolites s also an important factor.
If the biologic half-1ife 1s sufficiently loné. the metabolite ﬁay be
transported to other tissues for action or further metabolism, Severé]
reactive metabolites 1in one tissue méy compete for sites. Differences in

site of administration will a1so_affect metabolism.

Freudenthal et al. (1978) examined the metabolism of benzo[a]pyrene by
lung microsomes 1Ysolated from humans, rhesus monkeys and Sprague-Dawley
~rats. Human samples were normal lung tissues of subjects with pulmonary
tumors. ' The metabolites 'of 14(-benzo[a]pyrene were ana]yzéd by HPLC.
Large individual variation In amounts of metabolites produced among monkey
and human samples were seen, probably due to the genet1c heterogenicity of
the test subjects. Human subjects also had a wide range of age, were of
both sexes and had dissimilar environmental contacts. Qualiitative d1ffer-
ences between the types of metabolites produced by humans as Eompared with
those produced by the other animal species were less dramatic. This study
demonstrated that the validity of comparison across specles may not be
compromised 1f caution is pald to the considerations of age, gender,

exposure to inducing agents and other factors (U.S. EPA, 1980d).

That species differences Iin metabolism must be considered in carcino-
genic poiency, however, is demonstrated for chrysene by the work of Weston
et al. (1985). They used short-term cultures of rat skin (in which chrysene
s not a strong carcinogen), mouse skin {in which chrysene does cause a
carcinogenic response) and human skin. For each skin type a major pathway

leading to DNA adduct formation involved formation of chrysene bay-region
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diol-epoxides {chrysene-1,2-d107-3,4-epoxide). Mouse skin, however,
released larger quantitites of free dihydrodiols to the medium than etther
rats or humans.- Moreover, there was greater chrysene adduct formation in

mouse skin.

Excretion

Hepatobiliary excretion and elimination in the feces 1is the principal
route by which metabolites of PAHs are excrgted. Early work by Peacock
{1936}, Chalmers (1940), and Chaimers and Kirby (1940} established that the
fluorescent material appearing in the bile of rabbits, guinea pigs, rats and
fowl following 1ntravenous‘1nject10n of either colloidal benzo[alpyrene or
celloidal anthracene was not the administered hydrocarbon but a derivative.
Excretion in the bile was well established within 15 minutes of 1njection,
and only a small amount of fluorescence appeared In the urine of rabbits aﬁd
rats. Almost none of the excreted material was unchanged benzo[a]pyrene.
Chalmers and Kirby (1940) and Berenblum and Schoental (1942) found that only
1% of a subcutaneous dose of 60 mg benzo[alpyrene was eliminated unchanged
in the feces of rats or mice. Kotin et al. (1959) confirmed this fraction,
and noied in addition that all elimination of unchanged benzo[a]pyrene

occurred within the first 10-15 minutes following an intravenous dose.

Metabolism is the rate-determining step for excretion intec the bile.
Induction of metabolism with 3-methylcholanthrene enhanced the rate and
extent of excretion of metabolites of benzo[a]pyrene in rat bile (Igbal et
al., 1979). Pre-treatment of rats with either 3-methylcholanthrene or
benzo[a]lpyrene itself also increased the rate of excretion Into the bile of

metabolites of subﬁequentTy administered benzo[a]pyrene. There was,
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however, no such pretreatment effect on excretion when the metabolites
themselves were given intravenously, demonstrating that the effect of the
inducers s on métabo11te'formation and not on metabolite transfer to bile

{Schlede et al., 1970).

Enterohepatic circulation of metabolites occurs, and a portion of
urinary excretion of metabolites can be attributed to this source. Kotin et
al. (1959) observed that in rats with biliary fistulas, urinary excretion of
benzo[a]pyrene metabolites was reduced from 7-14X to 2-4% of the dose. The
existence of an enterohepatic circulation suggested by this observation was
confirmed by Chipman et ai.'(1982). who collected biliary meiabo11tes of
_benzo[a]pyrene and introduced them into the duodena of bile-cannulated rats,

following which the metabolites appeared in both bile and urine.

A very small fractlon 1s excreted in pancreatic 1u1;e. Igbal ét al.
{1979) observed that during the initial 2-hour period following intravenous
administration of benzo[a]pyrene to rats, 0.03% of the dose was excreted in
pancreatic juice while 3I9% was excreted in the bile. In view of the low
'métabdi?c potential of pancreatic microsomes in vitro, the authors suggested
that metabolites of benzo[a]pyrene in the pancreas may have originated in

the 1iver and been transferred to the pancreas by the systemic circulation.

Systemically absorbed benzo[a]lpyrene or 1its metabolites (Heidelberger
and Weiss, 1951; Kotin et al., 1959; Sanders et al., 1984) and systemically
absorbed 7,12-dimethylbenzanthracene or 1ts metabolites are also not

eliminated in expired air {Lo, 1964; Sanders et al., 1984).
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The fractions of 3i4C-benzo[a]pyrene and :4(C-7,12-dimethylbenzanthra-
cene-associated radiolabel excreted by rats in urine and bile have been
quantitated. Thirty-eight percent qf an intravenous dose éf benzo[ajbyrene
of unspecified size was excreted in bile by 2 hours; urine was not monitored
In this study (Igbal et al.., 1979). Kotin et al. (1959} found 39% of
1ntr§venous doses <134 ug in the bile at 3 hours, and as much as 96% in
the bile by 14 hours. 1In rats with biliary fistulas, a maximum of only 3-4%
of radioactivity was recovered in the urine after a 24-hour period. Intact
rats had a urinary excretion of 7-14% of the administered dose, suggesting
that entercohepatic circulation serves as a secondary source of radioactivity
that 1s excreted in the urine} The amount in the bile was not proportional
to dose at doses of >150 ug; only 32% of a 400 ug dose was recovered in
the bile at 24 hours. This amount (0.32x400 ug = 128 wg) 15 equal to
that found in the bile 14 hours after the 134 ug dose (0.96x134 ug = 129
ug), 1llustrating the limited capacity of the rat to metabolize

benzo[a]pyrene.

Lo ({1964) administered 3 mg doses of 24C-7,12-dimethylbenzanthracene
intravencusly to three rats, and reported that 10-16X of the radiolabel had
been recovered in the urine and 18-44% in the feces by 17 days. Sanders et
al. (1984) found 38% of recovered radlolabel from an intravenous dose of
1.08 ug in rat feces by 7 days, and 26% in wurine. These observations
indicate that the urine s a more important route of excretion for metabo-

lites of 7,12-dimethylbenzanthracene than for metabolites of benzo[a]pyrene.

Additional data on relative utillzation of urine and feces as routes of

excretion are summarized in the following Dermal Section.
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Qral. Because most of an absorbed oral dose of a PAH reaches the

i1ver directly via the portal circulation before reaching the systemic
ctrculation, hepatic metéboltsm and biltary excretion may determ1he the
relationship between administered dose and systemic dose. It is to Be
expected that at reasonable doses a g}eater fraction of an oral dose than of
an intravenous dose would be excreted in the feces. In fact, low doses of
orally administered PAHs could, 1in principle, be fully metabolized and
excreted in the bile without reaching the systemic ctirculation at aill.
Twenty-four hours after administration of 50 ug pyrene to rats, 24 ug
was found in the GI tract and none in the liver, kidney, lung or trachea
(Mitchell and Tu, 1979). However, controlied studles of elimination
following oral doses of PAHs have generally utilized large amounts of the
hydrocarbons, so that substantial fractions are not metabolized in the f{rst
pass. Interpretation of biliary excretion data following an oral dose fis
further compTicated by enterohepatic circulation. |
Rahman et al. (1986)‘ administered five radiolabeled PAHs 1including
benzo[a]lpyrene and 7,12-dimethylbenzanthracene 1In 1.0 mg doses to rats
intraduodenally, and cumulative excretion of radiolabel in bile and urine
after 24 hours was measured and expressed as a fraction of administered
radiolabel. For benzo[a]pyrene these f&gures were 6% for urine and 25% for
bile, for 7,12-dimethylbenzanthracene they were 3% for urine and 25% for
bite. These data for benzo[a]pyrene are consistent with the corresponding
values obtained following fintravenous administration of high doses (see
preceding discussion), suggesting that hepatic capacity to.mmtabo1ize the

absorbed PAHs on the first pass had been greatly exceeded.
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Modica et al. (1983) gave emulsions of benz[a]anthracene, chrysene and
triphenylene to rats by stomach tube. Seventy-two hours later, cumulative
fecal elimination was B%vof the benzanthracene dose of 22.8 mg, 3% bf the
triphenylene dose of 22.8 mg; 38X of the chrysene dose of 22.8 mg, and Ai%
of the chrysene dose of 11.4 mg, ;nd1cat1ng that even these relatively

masﬁive doses are absorbed surprisingly well.

Eisele {1985) examined the uptake and distribution of tracer levels of
isC_naphthalene in laying puilets, swine and dairy cattle. Each group of
animals received either a §1ng1e oral dose or daily oral doses of naphtha-
lene for'31 days. The d1strfbut1on of naphthalene and/or its métabo11tes in
various tissues was measured 24 hours after the last dose. Considerable
speclies differences In the distribﬁt1on of naphtha]ene and/or its metabo-
Tites were observed. However, in each of the exposed animals naphthalene
and/or its metabolites reached the systemic system and distributed to aill

tissues examined.

Inhalation. Elimination of an inhaled dose of a PAH follows its lung
clearance pattern, that is, the fraction that 1s systemically absorbed from
the lung s excreted in bile and urine, while the fraction that 1s cleared
from the lung by mucociliary action and swallowed 15 subject to GI absorp-
tion. In this case, however, the amounts reaching the duodenum may be too
Tow to approach the éapac\ty of the liver to metabolize them on the first
pass. In support of this supposition, Pylev et al. (1969) observed that
excretion of radiclabel in feces and urine of hamsters given intratracheal
Instillations of 3H-benzo[a)pyrene alone, or 3H-benzo[a]pyrene-coated

carbon or asbestos particles, followed the same general time course as loss
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from the 1lung, and that for a period of 36 days elimination via urine

remained at ~B0¥% of that 1n feces.

The most detajled and precise studies in which excretion was measur;d
following 1inhalation exposure are those from the Inhalation Toxicology
Reseérch Institute, 1In which rats were exposed by 1inhalation to pure
3H-benzo[a]pyrene aerosols and to 3H-benzo[a]pyrene adsorbed on ¢gallium
oxide particles, and excretion of radiolabel was followed for time periods
<16 days. Using pure aerosols of 3H-benzo[a]lpyrene (500 wng/t) with a
mass median diameter of 1-2 wm, Mitchell (1982) observed that radiolabel
was excréted both in the fecés and in the urine, with rad1oact{v1ty in the
feces ~10 times that in the urlne during the first 24 hours after exposure.
Subsequently (Sun et al., 1983), this experiment was repeated with a lower
concentration of 3H-benzo[alpyrene, 600 .ng/!. and was extended by
exposures to gallium oxide particles coated with 3H-benzofalpyrene. Both
aerosols had the same mass median dilameter, ~0.1 wm as in the previous
study. The pure aerosol was, as before, eIiminatéd in urine and feces, with
the total amount of radiolabel eliminated in feces through the sixteenth day
after exposure about & times the amount eliminated in the urine. Since the
aerosol concentration in this study was 1/800 that used in the previous
study, it must be concluded that the elimination pattern is independent of
aerosol concentration at least up to ~500 ug/t. That 1is, these aerosol
concentrations do not stress hepatobiliary metabolism and excretion mecha-
nisms. Based on a comparison with the work of Kotin et al. (1959), this 1is
a reasonable conclusion, Kotin et al. (1959) found that oral doses <134

nug/rat did not exceed the maximum metabolic capacity of the animals.
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When benzo[a]pyrene adsorbed to gallium oxide particles (3500 ng/e)
was inhaled, the total amount of radioclabel eliminated in the feces through
the sixteenth déy following exposure was ~12 times the amount eliminated n
urine, demonstrating the shift in excretlon pattern caused by the presence

of the particles.

When benzof{a]pyrene was presented to rats as an aerosol coated on diesel

exhaust particles (Sun et al., 1984). the amount excreted in feces by the

- twenty-sixth day following exposure was -5 times thé amount excreted in the

urine.

Dermal. Since only an insignificant amount of radiolabel “appears in
the GI tract as a result of grooming by rats whose back skin was painted
with PAHs (Mitchell and Tu, 1979; Sanders et al., 1984), the cumulative
fractions of an absorbed cutaneous dose eliminated In urine and in feces
should be comparable with the cumulative fractions found after intravenous
administration.  Excretion of radislabel from 14C_benzofa]pyrene,
14C-7,12-dimethylbenzanthracene and i1sC.anthracene, absorbed
percutaneously, has been examined. The results are similar to the results

of the intravenous studies discussed above.

Thirty-five percgnt of the radiolabel associated with a cutaneous dose
of 12.5 wg 24C-benzo[a]pyrene/cm? (22.5 wuqg total dose) was found. in
the feces at 24 hours and 80X at 7 days, with ~10X in the urine at 7 days,
by which time nearly all the benzo[a]pyrene had been absorbed (Sanders et
al., 1984). 17,12-dimethylbenzanthracene metabolites were excreted to a

greater extent in thé urine than benzo[a)pyrene metabolites. After 7 days,
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30% of the radiolabel assoclated with a cutaneous dose of 5.4 g
14C-7,12-dimethyibenzanthracene/cm? (1.1 yug total dose) was recovered
in the urine andAon1y 62% in the feces (Sanders et al., 1984). Yang et al.
{1986) found that of the 52% of the absorbed radiolabel from a cutaneous
dose of 9.3 ug 2¢C-anthracene/cm?, 29% had been excreted in the urine

and 21% in the feces after & days.

Interestingly, these fractions appear {o bée dose-dependent. Increasing
the benzo[a]pyrene dose from 1.25 to 12.5 to 125 ug/cm?® resulted in a
shift in the excretion pattgrn at 24 hours in favor of thq feces. In
contrast, fincreasing the 7;12-d1methy1benzanthracene dose from 5.4 to 56 to
515 wg/cm? decreased the fraction of the dose excreted 1in both feces and
urine, although fecal excretion was less markedly affected than urinary
excretion (Sanders et al., 1984). These shifts were greater than could be
accounted for by the reduction in percentage absorbed at the higher doses,
encouraging the speculation that differential capacity 1imitations of the
enzyme systems responsible for the formation of different metabolites might
result in a relative decrease in production at high doses of metabolites for

which the urine ¥s the favored route of excretion.

Summary
The PAHs are a 1ipophilic class of xenobiotics that are readily absorbed

across cé11u1ar membranes. Major routes of environmental exposure to PAHs
are the following: the GI tract by contaminated food or water; the lungs by
jnhalation of aerosols or by hydrocarbon-adsorbed particles; and the skin by
direct contact. Once absorbed, +the PAHs are rapidly and widely

distributed. The differing availability of the PAHs may depend on the
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chemical form 1in which exposure occurs (for example, hydrophilic or
Tipophilic solution}, varying intestinal absorption, metabolic
transformation or removal rates. PAHs can be observed in most internal
organs from minutes to hours after administration by various routés.
Adipose and mammary tissues are s1gn1?1cant distribution sites tin which PAHs

may be stored and slowly released.

PAH metabolism is affected by the route of administration. PAHs
administered through the lungs or through 1.p. or i.v. injection may avoid
first pass metabolism in the 1iver. The blood will distribute the PAHs into
periphefal tissues. Th\sr distribution will rapidly regult in the
-establishment of a steady-state concentration between the -blood and
well-perfused tissues. Adipose tissues, hoUeQer. will exchange the
deposited PAHs more slowly and will accumulate and slowly release PAHs, On
the other hand, oral administration of PAHsS results in metabo\\smrby the
1iver before systematic distribution can occur via the bloodstream;
consequently, PAH metabolites will appear in the bloodsiream several hours

after administration.

PAHs can be metabolized by enzyme-mediated oxidative mechanisms to form
reactive electrophiles. The cytochrome P-450 dependent microsomal mixed
funct1on_ox1dase {MFO) system (aryihydrocarbon hydrolaﬁe) is 1inducible by
PAH exposure. These‘ enzymes are found in many mammalian tissues; MFO
enzymes of the liver are the best studied and have been found to be the most
abundant. Similar types of metabolites are produced by mammalian tissues;
however, the proportions of the phenols, diols and epoxides produced may

differ among the various tissues. The mechanism of the diolepoxide
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metabolic pathway for PAH toxification and the bay-region hypothesis are
accepted. React1ve epoxides, formed by MF0 mediated PAH metabolism, have
the ability to interact with and thereby alter DNA, RNA and proteins. PAH
metabolites are most commonly conjugated with glucuronic acid, glutathione
or sulfate. They are excreted by the GI tract after hepatobil1ary excretion
or the swallowing of mucus material cleared from the respiratory tract.

Nonenzymatic mechanisms of biologic PAH alteration also occur.
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IV. HUMAN EXPOSURE

Text to be provided by the 0ffice of Drinking Water.
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V. HEALTH EFFECTS IN ANIMALS

The general "and specific health effects assdciated with PAH ingestion,
and to a lesser degree, inhalation, peritoneal and dermal exposures, ére
examined In this chapter. Much of ihe research on the health effects of
selected PAHs has focused on thelr potential as skin carcinogens, genotoxic
agents and on their inhalation effects (IARC, 1983}, Studies of Individual

PAHs administered by the oral route are generally lacking.

- Acute Oral Toxicity

Acenaphthylene. An English abstract of a paper by Knoblock et al.

(1969) reported that acenaphthylene administration "to the stomach” resulied

in an LD, of 3 g/kg for rats and 2.2 g/kg for mice.

50

Anthracene. The abstract of a Russian study 1indicated that ‘sing1e
oral doses of 1.47 or 2.44 g/kg of commercial grade anthracene'or 17 g/kg of
pure anthracene were not Jethal to mice (Nagornyi, 1969). Toxic effects
reportedly 1nc1u&ed fatigability; adynamia; histologic hyperemia In the
kidney, liver, heart and lungs; "lipid dystrophy" in the liver; and leuko-

cytoesis with neutrophilia.

Systemically administered anthracene (50 mg/m¢ corn o1l by gavage)
followed by UV i{rradiation of the skin for 1 hour, 2 hours after dosing,
produced keratitis of the exposed skin in mice (Dayhau-Barker et aft.,
1985). This effect reportedly was less pronounced in mice exposed to UV

1ight only and was not evident in vehicle controls.
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Daily intragastric administration to five male Wistar rats of 100 mg/kg
anthracene 1in olive .011 for 4 days produced a nonsignificant (3-fold)
increase in mean liver cytosolic aldehyde dehydrogenase 5ct1v1ty.;I6rr5nen
et al., 1981). Neither treatment-related effects on aldehyde dehydrogendse
activity in the liver microsomes or postmitochondrial fractions of small

intestinal mucosa nor effects on liver/body weight ratios were observed.

Benz[alanthracene. Pertinent data regarding the acute oral toxicity

of benz[a]anthracene could not be located in the available 1iterature.

Benzio[a]pyrene. Pertinent data regarding the acute oral” toxicity of

benzo{a]pyrene could not be located in the available Titerature.

Benzo[bjfluoranthene. Pertinent data regarding the acute oral
toxicity of benzo[bJfluoranthene could not be located in the available

literature.

Benzofk]fluoranthene. Pertinent data regarding the acute oral
toxicity of benzo[k]fluoranthene could not be 1located in the available

Titerature.

Benzo[g.h,i]perylene. Pertinent data regarding the acute oral
toxic\ty' of benzo[g,h,1])perylene could not be located in the avallable

Titerature,

Chrysene. Pertinent data regarding the acute oral toxicity of

chrysene could not be located in the avatlable 1iterature.
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Dibenmz[a,h]lanthracene. Pertinent data regarding the acute oral
toxicity of dibenz[a,h]anthracene could not be Tlocated in the available

Titerature.

Fluoranthene. The oral LD50 for male Carworth-Wistar rats exposed

to fluoranthene is ~2000 mg/kg (Smyth et al., 1962).

fluorene. Kizer et al. {1985), 1in an effort to 1identify enzyme
changes as early indicators of hepatocarcinogenesis, examined the effect of
several xenobiotics, Including fluorene, on both the activity and amount of‘
hepatic microsomal epoxide hydrotase. As part of this study, male Holtzman
rats were fed a diet containing 0.06% (10.5 mg/kg/day) fluorene for 3 weeks,
" No hepatotoxicity, as measured by SGOT activity, was observed. Furthermore,
fluorene exposure falled to result 1in an appreciable elevation of the
activity of microsomal epoxide hydrolase. However, a #-fold increase over
controls of epoxide hydrolase antigen was detected by Immunoassay. After
comparing the acttvity and amount of hepatic microsomal epoxide hydrolase
induced by feeding the various xenoblotics with their reported carcinogenic
. potent®al, the authors concluded that Induction of microsomal epoxide

hydrolase ¥s not a8 "key change" leading to malignancy.

Indeno[1,2,3-cd]pyrene. Pertinent data regarding the acute oral
toxicity of 1indeno[1,2,3-cd]pyrene could not be located in the avallable

1iterature.

Naphthalene. The LD50 for oral exposure to naphthalene has been

determined for several species. The I.D50 values for naphthalene dissolved
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In peanut o011 for male and female Sherman rats were 2200 and 2400 mg/kg,
respectively (Galnes, 1969). In two other studies, the LD50 values for
rats were 1780 (Toxicology Data Bank, n.d.) and 9430 mg/kg (U.S. EPA,

1980c); the strain and sex of the animails was not specified. For male and

femqle €D-1 mice, the acute oral LD values of naphthalene 1in corn o011

50
were 533 and 710 mg/kg, respectively (Shopp et al., 1984). In a recent
study (unpubiished) conducted by Mallory et al. (1985a), the acute LDSD
values of naphthalene in corn oil for male and female Sprague-Dawley rats
were reported to be 2009 and 3310 mg/kg, respectively. An LD50 of 1353
mg/kg was determined for CD-1 mice in a study in which Plasterer et ai.
(1985) t}eated mice at doses ranging from 125-2000 mg/kg/day for'B days.
Although cataract formation 1n— rats following oral administration of
naphthalene has been known for many years' (Fitzhugh and Buschke, 1949),
recent studies have shown that ocular changes can result from a sing{e dose
of naphthalene. van Heyningen and Pirie (1967) found that 1lens changes
developed in the eyes of rabbits after a single gavage dose of 1000 mg/kg.
In CD-1 mice, oral doses of >400 mg/kg for males and >600 mg/kg for females

resulted in ptosis with clear, red secretions around the eyes within 1 hour

of dosing {Shopp et al., 1984).

Ikemoto and Iwata (1978) reported that oral administration of naphtha-
lene (1 g/kg) to maie and female albino rabbits for 2 consecutive days
resulted 1n cataract formation. Occurrence of cataracts was accompanied by

a decrease in sufhydryl content in both soluble and insoluble lens protein.
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Rao and Pandya (1981} orally administered male BHD and AR albine rats
1000 mg/kg naphthalene each day for 10 days. Significant jncreésesvin the
relative liver uéight (p<0.01}, and in liver aniline hydroxylase activity
and 1ipid peroxidation (p<0.001) uere‘observed in the treated animals. A
moderate {nonsignificant) increase in 1ipid peroxidation was also observed
in the eyes. No treatment-related changes in sulfhydryl content or alkaline

phosphatase activity were observed in the liver, kidneys or eyes.

Yamauchi et al. (1986) reported that a single oral dose of napthalene
(1000 mg/kg) to male Wistar rats resulted in a significant increase in serum
1ipid pefox1de levels (p<0;05f beginning on the 4th day after adﬁ1nistrat10n
and continuing through the 20-day observation period. This Indrease was
paraileled by a significant (p<0.05) decrease in GSH content in the lens of
the exposed animals. Zuelzer and Apt (]945) reported a hemolytic gffect
when naphthalene was administered tc dogs in their diets.

Phenanthrene. Pertinenf data regarding the acute oral toxicity of

phenanthrene could not be located in the avajlable literature.

Pyrene. Pertinent data regarding the acute oral toxicity of pyrene

could not be located in the available liiterature.

Acute Toxicity By Other Routes
Acenaphthylene. In a study published in Russian (Rotenberg and

Mashbits, 1965), acenaphthylene was administered to white rats intratra-
cheally in a sunflower o%] solution or by blowing acenaphthylene powder into
the trachea. The dosing schedule used was not pfovided. The pulmenary

tracts of animals sacrificed 1 month after the experiment began showed signs
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of tracheobronchitis and hyperemia, edema and necrosts of the epithelium in
the trachea and broncht with the formation of ulcers. No further details of

this study were avallable.

In a corn 011 gavage study acenaphthylene was administered datly te 10
€D-1 mice/sex/group at 0, 125, 250, 500, 750 and 1000 mg/kg/day. 1In the
1000 mg/kg/day group the mean body weights were significantly reduced in
both sexes at the end of the first week. [Dose-retated clinical) symptomologQy
was noted in groups-receiving 500, 750 and 1000 mg/kg/day; these symptoms
included languid behavior, prostration, decrease in body temperature (cold
to touéh) and toxic effecis to the eyes. These eye effécts included
enlargement, drying out and eventual crusting over. In the 1000 mg/kg/day
group eyes were adversely affected in 40% of the males and 50% of the
females. The survival rate in the 750 mg)kg/day group was 90% among the
males and 80% among the females; in the 1000 mg/kg/day group survival was
significantly reduced in both sexes at 40X. Gross pathology from the 750
and 1000 mg/kg/day groups indicate¢ that the 1iver, stomach, eyes and
subéutanepys tissues were affected by the treatment {Hazelton Laboratories

America Inc., 1989a).

Anthracene. Mice treated 1.p. with anthracene were found to have an

LD of >430 mg/kg bw (Salamone, 1981). In a study by Gerarde (1980),

50
mice were given i.p. injections of 500 mg/kg bdbw/day for 7 days. Of the 10
mice treated, 9 survived. The ID50 {skin irritant dose) for the mouse was

found to be 6.6x10"¢ mmol/ear (Brune et al., 1978).

In a corn o011 gavage study anthracene was administered daily for 14 days

to 10 CD-1 mice/sex/group at 0, 125, 250, 500, 750 and 1000 mg/kg/day. No
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treatment-related differences were observed between the groups in body
weight gain, mortality and gross pathologic examination (Hazelton

Laboratories America, Inc., 1989b).

Benz[alanthracene. Pertinent data regarding the acute nonoral toxic-

1ty of benz[a)anthracene could not be located in the available literature.

Benzo[a]pyrene. The mouse LD50 (1.p.) Ffor benzo[alpyrene is ~250
mg/kg (Salamone, 1981). The ID50 for skin irritation tn mice 1s
5.6x10"% mmol/ear {Brune et al., 1978).

A single i.p. dose of 10 mg benzo[a]pyrene produced a reduc}1on in the
growth rate of immature rats (Haddow et al., 1937). Hellman et al. (1984)
studied the acute tdxfc1ty of injections of benzo[a]pyrene in C5781 male
mice. Groups of 7-10 animals were 1injected 1.p. uith' 1.12x107¢ mol/kg
benzo[a]pyrene in corn 011. Two hours before sacrifice animals were inject-
ed with JH-thymidine to determine the rate of DNA turnover. A significant
decrease (40%) 1in ?*H-thymidine ‘incorporation into the thymus, spleen,
small intestine and testis occurred 48 hours after benzo[alpyrene treatment,
which was indicative of decreased DNA synthesis 1n those organs. There was
a stimulatory effect on thymidine incorporation in the ltver 48 hours after

the 1njection of benzo[a]pyrene.

Robinson et al. (1975) showed that "responsive" mice (those capable of
producing increased levels of cytochrome P-450 med1a£ed enzymes as a conse-
quence of PAH exposure) had reduced survival time follewing a single %.p.

dose of 500 mg/kg bw benzo[a]pyrene.
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Wojdan) et al. (1984) reported that target cell ki111ing by lymphocytes
from two mouse strains was decreased following a single 1.p. injection of 5
or 50 mg benzo[a]lpyrene/kg. This study is described in the Targét»Organ
Toxicity Section.

Subcutaneous injections of beﬁzo[a]pyrene in corn oil1 at doses of 5, 20
or 40 mg/kg in female B6C3F1 mice produced a dose-related suppression of
antibody production to both T-cell 1ndepen&ent and T-cell dependent antigens
(White and Holsapple, 1984). ‘

Benzo[b]fluoranthene. Pertinent data regarding the acute nonoral

-

toxicity of benzo[b}fluoranthene could not be 1located in the available

literature.

Benzo[k]fluoranthene. Pertinent data regarding the acute nonoral

toxicity of benzo{k]fluoranthene could not be 1located in the avatlable

Titerature.

Benzo[g.h,i[perylene. Pertinent data regarding the acute nonoral
toxicity of benzo[g,h,i]perylene could not be located in the available

Titerature;

Chrysene. The LOSO {}.p.) for chrysene was found to be >320 mg/kg
bw in mice (Stmmon et al., 1979). A single 1.p. injection of 7.5 -mg
chrysene in sesame 011 produced no toxic effects in AKR/J or C57B1/6J mice

during a 20-day observation period or upon necropsy.
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Dibenz[a,hlanthracene. One or two intraperitoneal administrations of

3-90 mg/kg bw dibenz[a,h]Janthracene in sesame o1l produced & reduction in
the growth rate of young Lister strain hooded rats. This persisted for at

least 15 weeks {Haddow et al., 1937}.

'F1uoranthene. The 24-hour LD50 value after dermal exposure to
fluoranthene was found to be 3180 mg/kg in rabbits (Smyth et al., 1962). No
information was reported concerning target ergans or specific cause of
death. As part of the same study, Smyth et al. (1962) observed no mortality
tn six male and six female albino rats exposed to concentrated vapors of

fluoranthene for 8 hours.

Haddow et al. (1937} examined the effect of various PAHs, including
fluoranthene, on body growth in hooded rats of the Lister strain. A single
1.p. injection of 10 mg/kg fluoranthene dissolved in sesame o1l had no

adverse effect on body weight gain over a 24-day observation period.

Asokan et al. (1986) examined the induction of cutaneous and hepatic
monoxygenase activities by fluoranthene. Twenty-four hours after a single
topical application of 10 mg/kg fluoranthene to the backs of Sprague-Dawley
rats, significant increases 1in aryl hydrocarbon hydroxylase, 7-ethoxyreso-
rufin Q-deethylase and 7-ethoxycoumarin O-deethylase activities were

observed in the skin and liver.

Fluorene. Pertinent data regarding the acute nonoral toxicity of

fluorene could not be located in the available literature.
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Indeno[1,2,3-cd]pyrene., Pertinent data regarding the acute nonoral

toxicity of 1indeno[1,2,3-cd]pyrene could not be located in the avallable

Titerature.

| Naphthalene. 1Irie et al. (1973) studied the effects of naphthalene 1in
micé (straln not specified) following s1ng1e subcutaneous injections at
doses of 650-1348 mg/kg. Vigorous tremors were noted in the mice for 3-4
days following dosing. The LD ., value was calculated to be 969 (891-1053)

mg/kg.

The .24-hour LD50 value Ef naphthalene in Swiss-Webster ﬁice was 380
'{350-413) mg/kg following %.p. Injection (Warren et‘ai., 1982; Shdnk et al.,
1980). Those mice that died did so within 24 hours; survivors were observed
for an additional 6 days. The target organ was identified by Warren gt al.
{1962) as the lungs, in which naphthalene caused a ﬁose-dependent ncrease
In bronchjolar epithelial necrosis at doses >200 mg/kg. The pulmonary
damage and tethality resulting from naphthalene administration were markedly
inhibitgd by prior treatment with piperony]l butoxide and enhanced by prior
treétment with diethyl maleate. This supports the view that P-450-dependent
metabolism of naphthalene is responsible for the observed toxicity and that

glutathione plays an important role in the detoxification of the 1lung-

damaging metabolite(s).

Reid et al. {1973) gave napthalene dissolved in sesame o1 to C57B1/6J
mice by the intraperitoneal route and found coagulative necrosis of the
bronchiolar and bronchial epithelium at a dose of 600 mg/kg. Controls
recejved sesame o1l alone, and no adverse effects were reported for this

group. The size of the treatment groups was not stated.
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Mahvi et al. (1977) administered naphthalene in corn o1l intraperito-
neally to C5781/6J) mice. Two groups of 63 mice received corn oil alone or
remained untreated. Groups of 21 mice each were given 67.4, 128 or 256
mg/kg. Three animals from each dosage group were sacfificed at 10 m1nutés,
1 hour, 6 hours, 12 hours, 24 hoﬁrs. 48 hours, and 7 days following
treatment. Lung tissue was rapldly fixed and examined by 1ight, scanning
electron, and transmission electron microscopy. No changes were noted in
either control group. Minor bronchiolar epithelial changes were noted in
the group receiving 67.4 mg/kg. Hice'in the higher dose groups developed
necrosis of secretory nonciliated bronchiolar <cells and the adjacent
cillated cells. Epithelial structure returned to normal within 7 days in

all cases. .

Tong et al. {1982) found Ristologic changes in the lungs of C57B1/6&J
mice treated 1.p. with 225 mg/kg naphthalene. One day after dosiﬁg. the
Clara cells in the terminal bronchlioles were pyknotic, and hypereosinophilic
nuclel appeared to be detaching from the bronchiolar wall. Three days after
dosing, some surfaces appeared to be completely denuded of Clara cells,
whereas other surfaces appeared to have immature Clara cells scattered
circumferentialiy. Filve days after treatment, there was sti11 evidence of
incomplete recovery; by B8 days, most of the terminal bronchioles were
reepithelialized; and by 15 days, mature Clara cells were common, but

recovery was evidently not complete.
0'Brien et al. (1985) investigated differences -in naphthalene-induced

toxicity subsequent to 3.p. treatment of male Swiss T.0. mice and male

Wistar-derived rats. In mice doses >200 mg/kg resulted in damage to the
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nonciliated bronchiolar epithelial cells, and doses >400 mg/kg resulted in
damage to cells 1in the proximal tubules of the kidney. Rats were more
resistant to the cytotoxic effects of naphthalene, as doses of naphthalene
as high as 1600 mg/kg caused no detectable pulmonary or renal damage. TH1s
species difference 1in toxicity -uasV reflected by a larger depletion of
nonbro£e1n sulfhydryls in the lung and kidney of the mouse than in those
organs in the rat.

It previously had been reported that the B-hour inhalation LC value

50
for naphthalene was 100 ppm (Unlon Carbide, 1968). However, Buckpitt (1985)
suggestéd that this value may be too low. He estimated that 16 B hours the
body burden would be <30 mgs/rat, or ~150-200 mg/kg. This concentration is-
less than the oral or 1.p. LD50 values for rats. Fait and Nachreiner
{1985) reported that exposure of male and female Wistar rats to 78 ppm
naphthalene for 4 hours resulted In no mortalities, nor-any 1ung.‘11ver,
kidney, or nasal pagsage abnormalities. In an unpublished inhalation study
with male Swiss-Wesbster mice, no deaths were noted following nose-only

exposures to 90 ppm for 4 .hours. Lung lesions however, were reported

(Buckpitt, 1985).

van Heyningen and Pirte (1967) treated one rabbit intravenously with 300
mg of a dihydrodiol metabolite of naphthalene in divided doses over 3 days
and noted retinal 1e§1ons. They also noted lens changes in four rabbits
dosed externzlly with eye drops of the same compound (1% dissolved in water)

over a perlod of 2-5 days for a total of 40-70 mg per rabbit.

Acute ocular irritation was noted ‘n 2/6 New Zealand white rabbits

receiving no postdose eye rinse after 24 and 48 hours of exposure to 0.1 mg
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naphthalene (Mallory et al., 1985¢). This response included slight iritis,
moderate redness and slight swelling and discharge. A1l -animals appeared
normal by 72 hours postdosing. No positive response was noted in rabbits

(three) receiving a postdose rinse.

No deaths occurred when 2500 mg/kg of naphthalene was applied to the
skin of male and female Sherman rats (Gaines, 1969). The application of
2000 mg naphthalene/kg (dissolved in acetone) to the skin of New Zealand

white rabbits did not cause mortality; the LD was, thus, >2000 mg/kg

50
(Ha]]ory.et al., 1985b). The;e studies suggest that naphthalene may not be
as readily absorbed through the skin as i1t is through the intestinal mucosa.

Naphthalene (moistened with 2 mi of acetone) was found to be slightly
to moderately irritating to the skin of male and female New Zealand white
rabbits 30-60 minutes postdosing (Mallory et al., 1985d). Dermal irritation
was stil)l evident up to 5 days after test material application. Fissuring
of the skin was also noted.

E . ]

Naphthalene (100%) did not cause delayed hypersensitivity in Hartley
guinea pigs (Mallory et al., 1985e).

Phenanthrene. The LD50 for mice {i.p.}) s 700 mg/kg bw (Simmon et
al., 1979). '

Yoshikawa et al. {1985) investigated effects of 1.p. exposure to phenan-

threne, pyrene and some of their oxidized products in Sprague-Dawley rats.

As part of this experiment, groups of three males each were injected with
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either 3.0 mt/kg saline, 3.0 me/kg DMSO or 150 mg/kg phenanthrene 1in
DMSO. An additional set of animals was similarly treated on a second
occasion. Blood was obtained at 24 or 72 hours post-treatment by cardiac
puncture and the following measurements taken: aspartate aminotransferase
(AST), alanine am1notransferase; v-glutamyl transpeptidase {GGTP), 1lactic
dehydrogenase, glucose, bilirubin, BUN and creatinine. Gross observation
was made of organs. Phenanthrene treatment resulted in a significant
elevation of serum AST and GGTP by comparison with both controls. GGTP
returned to control levels by 72 hours. Livers of-antma1s k$lled at either
24 or 72 hours were described as congested with a distinct lobular pattern.

Kidneys were reported to be somewhat smailer in size and congested.

.

Pyrene. The 1intraperitoneal (dose lethal to half the

s0(7)
animals in 7 days) for B6C3F1 mice was found to be 514 mg/kg pyrene and the

intraperitoneal LD (dose 1lethal to half the anima1§ in 4 days) was

50(4)
678 mg/kg bw {Salamone, 1981). The growth rate of young (46-48 days old)
Lister rats was not affected by intraperitoneal administration of 10 mg of

pyrene in sesame ol1 (Haddow et al., 1937).

Yoshikawa et al. (1985) administered 150 mg/kg pyrene to male Sprague-
Dawley rats as described in the preceding section. This resuited in a small
but significant elevation in both serum AST and bilirubin. At both 24 and
72 hours sacrificed rats were observed to have minimal congestion and swell-

ing of livers.

Yoshikawa, T., W. Flory, L.P. Ruhr et al. (1987) treated male

Sprague-Dawley rats with a single 1.p. injection of 150 mg/kg pyrene in DMSO
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and evaluated serum chemistry at 24 and 72 hours for 3indications of
hepatotoxicity. No statistically significant differences were found for
AST, alanine aminotransferase, sorbitol dehydrogenase, GGTP, 1lactate
dehydrogenase, glucose, BUN or creatine between control rats receiving DMSO
and rats adminlstered pyrene. furthermore. no histopathologic alterations

were ndted in animals necropsted 72 hours after treatment with pyrene,

Subchronic and Chronic Oral Toxicity

Bioassays for carcinogenicity are reported in this section only when’

they refer to health endpoints other than tumor incidence.

Acenaphthylene. Knobloch et al. (1963) reported on the effects asso-

clated with ingestion of both acenaphthylene and acenaphthene. One group of
seven rats was given an oral dose of 0.6 g/kg bw of acenaphthylene in olive
011 for 40 days. A second group of seven rats was given aﬁ oral dose of 2.0
g/kg bw of acenaphthene in olive o!l for 321days. Both PAHs ylelded the
following physiologic effects: “considerable* body weight loss, changes in
the peripheral blood pattern, -changes in renal funciion, and increased serum
aminotransferase activities. Addittonal effects assoclated with acenaph-
thene only included milg morphologic damage to the 1iver and kidney, lung
changes consisting of mild bronchitis, and localized 1nf1ammation of peri.-
bronchial tissue. Since the source of this information s an abstract, more

precise quantification of the health effects is not possiblie.
In a Russian study (Rotenberg and Mashbits, 1965), acenaphthylene in oil

was administered oralily to white mice at a dose 1/10 the LD50 [L050-1760
(range of 1100-2800) mg/kg] every other day for 2 months. Treated mice
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showed a stgnificant lag in weight gain as compared with controls. Histo-
pathologic examination of organs showed signs of stasis in the parenchyma-
tous organs and albuminoid degeneration of the liver. The most .severe
thanges were observed in the lungs, which showed hemorrhage with destruct{on
of the 1interalveolar septa and focal bronchtal pneumonia. Purulent foci
were observed in isolated cases, and bronchogenic lung cancer was diagnosed

in pne mouse, Further details of this study were not provided.

In a study conducted by Hazelton Laboratories America, Inc. (1989C) for
U.S. EPA acenaphthylene was administered to CD-1 mice {20/sex/group) by
gavage ;t dosage levels of 6, 100, 200, or 400 mg/kg/day for-at Teast 90
days. Effects examined included mortality, clinical signs, body weights,
food consumption, opthalmolegy, hematology, <¢linical chemistry, organ
weights, and gross and h1stopath016gy. Thefe was no increase in mortality
among males tested; however, the incldences of treatment-releated deaths in
females were 15, 25 and 40% for low-, mid- and high-dose groups, respec-
tively, compared with no deaihs in female controls. No significant changes
in mean body weights, body welght gains, or food consumption were found.
Statistically significant (p<0.05) treatment-related hematologic effects
included decredsed erythrocyte count in all male dose groups and high-dose
females; decreased hemoglobin and hematocrit in mid- and high-dose males and
high-dose females; 1pcreased platelet counts in mid- and high-dose males;
and increased leucocyte and segmented neutrophil counts in high-dose
females. Treatment-related clinical findings Included significantly
increased cholesterol and albumin in high-dose males and all groups of
treated females, and increased total protein In mid- and high-dose males and

a1l three female treatment groups. Mean absolute and relative liver weights
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were significantly increased in all treatment groups of both sexes, accom-
panied by a dose-related increase in gross pathologic findings, including

enlarged, dark, MOtt]ed, prominent reticular pattern or pale areas.

An increase in the incidence -and severity of centrilobular hepatocellu-
lar hypertrophy was seen in all female treatment groups and in high-dose
males. Individual cell necrosis was observed in high-dose femaies. No
signtficant changes in mean &bsolute or relative kidney weights were found,
but gross examination revealed a treatment-related increase in the occur-
rence of granular, pitted, rough, mottled, or sma]] appearance, Nephro-
pathy, {ncreased 1nc1dence;and severity of renal tubular dilata£1on, epithe-
1181 hyperplasia of the collecting ducts, slight hyperplasia of the transi-
tional epithelium in the repal pelvis, and renal tubule microconcretions
were observed in the kidneys of ail treatéd females. An 1Increase jn the
inctdence of renal tubule regeneration was seen  in high-dose males. Mean
absolute and relative ovary weight decreases in mid- and high-dose females
were accompanied by a slight iIncrease in incidence and degree of ipactivity,
and fewer and smaller corpora lutea in the high-dose group. A small
increase in the number of grossly observed ocular opacities was observed,
but opthalmoscopic examination revealed no treatment-related ocular lestons.
Based on liver and kidney changes and deaths in females the LOAEL was deter-
mined to be 100 mg/kg/day; no NOAEL could be determined since 100 mg/kg/day

was the lowest dose given.
Anthracene. In a chronic bloassay for carcinogenic effects (Schmdhl,

1955}, @ group of 28 BDI and BDIII rats received anthracene in the diet,

starting when the rats were ~100 days old. The daily dosage was 5-15

04420 v-17 03720/



mg/rat, and the experiment was terminated when a total dose of 4.5 g/rat was
achieved on the SSUth experimental day. The rats were observed until they
died, with some living more than 1000 days. No treatment-fe1ated effects on
1ifespan or gross and histologic appearance of tissues were observed. Body
welghts were not mentioned, and hematologic parameters were not measured.

No chronic LOAEL could be determined from this study.

In & 90-day subchronic toxicity study, the U.S. EPA (1989a) administered
anthracene to groups of 20 male and female bD-1 (ICR)BR mice by gavage.
Dose Tlevels were 0.-250, 500 and 1000 mg/kg/day. Criteria evaluated for
compound-related effects were mortality, clintcal signs, body weights, food
consumption, opthalmology, hematology, clinical chemistry, organ weights,
organ-to-body weight ratios, gross pathology and histopathology. No

treatment-related effects were noted; therefore, the NOAEL determined froﬁ

this study ts 1000 mg/kg/day.

Benz[alanthracene. Pertinent data regarding the subchronic and
chronic oral toxicity of benz[alanthracene could not be located in the

avai]ab]e’ftterature.

Benzo[a]lpyrene. Aplastic anemia, and wultimately death, have been
linked to subchronic oral exposures to benzo[a]pyrene {Robinson et al.,
1975). Strains of mice used in the experiment had been classified as either
“responsive® or “*nonresponsive”, based on the strain's susceptibility to
Induction of cytochrome P-450 and assoclated enzymes by PAHs. Treatment
groups, consisting of 30 animals/strain, were fed a laboratory diet ad

1ibitum that vhad been soaked in corn o1l containing benzo[alpyrene; the
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estimated oral dose was ~120 mg/kg/day. Responsive and nonresponsive
control groups, each consisting of 30 animals, were fed the same diet that
had been soaked in unadulterated corn oil. In three responsive strains
(C5781/6, C3H/HeN, BALB/cAnN} fed bepzo[a]pyrene, the following numbers of
mice/group died over a 180-day period: 2/30, 3/30 and 1/30, respectively,
Thié was by comparison with one mouse in the responsive strain (C57B1/6)
control group. Among the nonresponsive strains (AKR/N, DBA/2), all of the
mice in the treatment groups died with at Teast half the deaths occurring
within 15 days. Only two mice died In the nonresponsive (DBA/2) control
group over the same period of time. The high mortality among the treated
nonrespeﬁsive mice was attfiﬁuted to pancytopenia, which led to death from
hemorrhaging or overwhelming infection. The nonresponsive benzo[a]pyrene-
treated mice also experienced a significant increase in relative liver-to-

body wetght ratioes.

Benzofb]fliuoranthene. Pertinent data regarding thé subchronic and
chronic oral toxicity of benzo[b)fluoranthene could not be located in the

available literature.

Benzo[k]fluoranthene. Pertinent data regarding the subchronic and
chronic oral toxicity of benzo[k]fluoranthene could not be located in the

avallable 1iterature.
Benzofg,h,i]peryiene. Pertinent data regarding the subchronic and

chronic oral toxicity of benzo[g,h,1]perylene could not be located in the

available literature.
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Chrysene. Pertinent data regarding the subchronic and chronic oral

toxicity of chrysene could not be located in the available Titerature.

Dibenz[a,h]lanthracene. Pertinent data regarding the subchronic and
chronic oral toxicity of dibenz[a,h]aﬁthracene could not be located in the

available literature.

Fluoranthene. The U.S. EPA {1988) eva]qated the oral toxicity of
fluoranthene in a subchronic bigassay. For 13 weeks male and female (CD-]
“mice (20/sex/group) received either 0, 125, 250 or 500 mg/kg/day of fluoran-

thene dissolved in corn 611; Baseiine blood evaluations weré determined

during the first week of study from an additional Sp animals/sex/group. .-

Body weights, food consumption and c1inical signs of toxicity were monitored
at reqular 1intervals during the experimental period. At the end of the
study period the animals were sacrificed, submitted for autopsy, and

hematologic and serum chemistry evaluations were performed.

A1l treatment groups exhibited increased salivation (never exceeding 10%
of the population of any tireatment group). There were dose-dependent
increases in pigment accumulation in the liver and mild nephropathy charac-
terized by the presence of multiple foci of tubular regeneration. A small,
but statistically significant {p<0.01}, increase in relative Tlver weight
was observed in mice recelving 125 mg/kg/day of fluoranthene, Statistically
significant (p<0.05) changes in mice receiving 250 mg/kg/day included
increases In SGPT and absolute and relative 1liver weights, as well as
decreases in packed cell volume and red blood cell numbers (females only)

and albumin/globulin .ratios. Statistically significant (p<0.05) observa-
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tions in mice receiving 500 mg/kg/day included Increases in SGPT, serum
globulin and absolute and relative liver weights, as well as decreases 1in
packed cell volume (females only) and albumin/globulin raties. Since there
was no dose-related increase in clinical signs {i.e., salivation) and the
changes 1n kidney and 1liver hisiopath01ogy observed at 125 mg/kg/day were
not considered adverse by the U.S. EPA (1991a), this dose 1level 1is
considered the NOAEL. Based on hematdIogic alterattons, fincreased SGPT
levels, and changes 1n kidney and liver h1stobatho1ogy in animals recelving

250 mg/kg/day, the U.S. EPA (19913) considered this dose level as the LOAEL.

Fluorene. MWilson et al. (1947) provided anecdotal reports on gross
and histologic appearance of organs of rats exposgd to quorene‘1n the diet
as part of an oncology study. They observed significant decreases in the
rate of growth among albino rats consuming 0.5 and 1.0% fluorene in the diet
for 105 days. Furthermore, liver welghts were 1ncreased‘1n rats receiving
>0.25% fluorene, spleen welghts were decreased in a1l treated animals and

testes weights were decreased in the high-dose rats. Neither numbers of

animals nor any organ weights were published.

The U.S. EPA (1989a) conducted a subchronic toxicity study in which CD-1
mice (25/sex/group) were exposed for 13 weeks via gavage to 0, 125, 250 or
500 mg/kg/day fluorene suspended in corn o0i1. Parameters used to assess
toxicity tncluded foﬁd intake, body weight, clintcal observations, hemato-
logy and serum chemistry and gross and histopathologic examinations.
Increased salivation, hypoactivity and urine-wet abdomens in males were
observed in all treated animals. The percentage of mice exhibiting hypo-

activity was dose-retated. In mice exposed at 500 mg/kg/day, labored
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respiration, ptosis (drooping eyelids) and unkempt appearance were also

observed. A significant decrease in erythrocyte count and hematocrit was
observed in females treated with 250 mg/kg/day fluorene and in malés and
females exposed to 500 mg/kg/day. Decreased hemoglobin concentration aﬁd
increased total serum bilirubin levels were also observed in the 500
mg/kg/day group. Decreases in erythrocyte count, hematocrii and hemoglobin
concentration were all observed at 125 mg/kg. These effects, although
apparently dose dependent, were not statistically significant at 125 mg/kg
by comparison with controls. A significant decreasing trend in BUN and a
significant increasing trgnd in total! serum bilirubin were observed for
h1gh-doséd males and fema]eé. A dose-related increase In rélat1ve liver
weight was observed in treated mice; a significant increase ih absolute
liver weight was also observed in the mice tre&ted with >250 mg/kg/day
fluorene. A significant increase in absolute and relative spleen and‘k1dney
weight was observed in males and females exposed to 500 mg7kg/day and males
at 500 mg/kg/day, respectively. Increases 1in the absolute and relative
Tiver and spleen weights in the high-dose males and females were accompanied
by 1incpgased amounts of hemosiderin in the spleen and increased numbers of
Kupffer cells of the 1liver. No other histopathologic lesions were
observed. Using the data from U.S. EPA {1989a), the U.S. EPA (1991a)
identified a LOAEL of 250 mg/kg/day for hematologic effects; the

corresponding NOAEL 1s 125 mg/kg/day.
Indeno[1,2,3-cd]pyrene. Pertinent data regarding the subchronic and

chronic oral toxicity of ‘indeno[1,2,3-cdlpyrene could not be located in the

available literature.
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Naphthalene. Shopp et al. (1984) conducted a l4-day and a 90-day
study on groups of male and female CD-1 mice administered naphthalene in
corn ol by gavaﬁe. In the 14-day study, six groups of male and female m\ge
(40-112/group} were given doses of 0, 27, 53 or 267 mg/kg/day; the highest
dose was one-half the LD50 for ‘male mice. Male mice demonsirated lower
survival rates than females, apparently due to the aggressive behavior of
group-housed male mice; however, the mortality in the high-dose groups of
both male and female mice was 5-10% higher ‘than in the control groups.
There was a significant decrease (7-13%) in body ué\ght in male and female
.m1ce receiving the high dose. The high-dose males exhibited aA30% decrease
in thymus weight, while feﬁa1es exhibited a decrease in spleen weight and an
increase in lung weight. Gross pathology but not histopathology was
performed. No bioclogically relevant changés were noted in treated animals
for the following measures: hematology, cf1n1ca1 chemistry, hexabarbital
sleeping time, or immune function {humoral Iimmune response, lymphocyte

responsiveness, popliteal lymph node response, and bone marrow function).

For the $0-day study, five groups of 112 male and 112 female mice were
given doses of 0, 5.3, 53 or 133 mg/kg/day. A high mortality was seen among
all groups of male mice, but appeared to be due tc the aggressive behavior

of group-housed male mice.

No significant effects on body weight were noted for males or females.
A significant decrease in the absolute weight of the brala, spleen and Tiver
was noted for females receiving 133 mg/kg; however, organ-to-body weight
ratios were significantly different only for the spleen., Of the changes
noted in the clinical chemistry data, the increase in blood protein content

in males and females recelving 53 or 133 mg/kg, the decrease in BUN in all
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treated female groups, and the decrease In calcium Yon concentratiens 1in
males recelving 53 or 133 mg/kg were considered to be treatment related. No
significant changes were noted in hematology, in MFO activ{ty. or in immune
function for elther sex. Histopathology data were not presented and it is

not known 1f naphthalene caused bronchjolar lesions.

In a subchronic oral toxicity study performed for the NTP (1980b),
naphthalene in corn oil was administered by gavage to male and female F344
rats {10/sex/dose) at dose levels of 0, 25, 50, 100,.200 or 400 mg/kg/day, 5
days/week for 13 weeks. At 400 mg/kg, two males died during the first week;
this treatment dose caused diarrhea, lethargy, hunched posture and roughened
haircoats in rats of both sexes. A significant (3.e., >10%) decrease in
body weight gain was observed among males and females at 200 and 400 mg/kg

and in females at 100 mg/kg. Food consumption was not affected.

A1l the rats in the study were necropsied -and comprehensive histopatho-
logic examinations were performed on rats from the 0 and 400 mg/kg groups.
Histopathologic examinations of the kidneys and thymus were performed on
rats from the 200 mg/kg groupvtaccording to the histoﬁatho1ogy tables; the
100 mg/kg group according to the text). The authors stated that lesions of
the kidney in males and thymus in females of the 400 mg/kg group may have
been compound-induced, and that no eye lesions were found. The incidences
of lesions of kidney and thymus were, however, very low. The renal leslons,
which did not occur in females, were observed at incidences of 0/10 in
controils, 2710 1h the 200 mg/kg group and 1/10 in the 400 mg/kg group.
These renal lesions consisted of focal cortical lymphocytic infiltration or
focal tubular regeneration in the two 200 mg/kg males and diffuse tubular

degeneration in the one 400 mg/kg male. Lymphoid depletion of the thymus
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qccurred tn 2/10 females of the 400 mg/kg group, 'n none of the control or
200 mg/kg females, and in none of the males of these groups. Hematologic
analyses revealed marginal decreases in hemoglobin and hematocrit in males
and females of the 400 mg/kg group, and a moderate increase in the number Af
mature neutrophils and a decrease in the number of lymphocytes in males of
the 400 mg/kg group, relative to controls. No hematelogic changes were

observed at the lower dosages.

In a similar study, naphthalene was administered in corn oll by gavage
at 0, 12.5, 25, 50, 100 or 200 mg/kg/day, 5 days/week, to B6C3IF1 mice
(]Olsex/&ose) for 13 week§ (NTP. 1980a). Seven mice {three ﬁales and two
females of the 200 mg/kg group, one female of the 25 mg/kg group and one
control male) died during the second, third and fourth weeks of the study
from gavage trauma or accident. Trans1en£ signs of toxicity (lethargy,
rough hailrcoats and decreased food consumption) occurred at-weeks 3-5 in the
200 mg/kg groups. All treated groups of male mice gained somewhat more
weight than did control maies. Dose-related decreases in body weight gain
were seen In females, but were not statistically significant. A1l the mice
were J;;cropsied and comprehensive histopathologic examinations were
performed on the mice from the 0 and 200 mg/kg groups. No compound-related
lesions were observed in any organs, including kidneys, thymus, eyes and
Tungs. Hematologic analyses, performed on all groups, revealed no

significant, compound-related changes.
Fitzhugh and Buschke (194%) noted the formation of cataracts, within 3

weeks of treatment, in rats fed diets containing 2% naphthalene or one of

several naphthalene derivatives. The effects of pigmentation on cataract
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formation in rats and rabbits have been summarized by van Heyningen (1979):
Albinc rats do not readily convert naphthalene to 1,2-dihydroxynaphthalene,
which auto-oxidizes to form 1,2-naphthoquinone {the naphtﬁa1ene mefabo]tte
known to bind to the lens of the eye), possibly because polypheno) oxidase
\s- found only in pigmented tissues. Secondary effects occur in the retinas
of both albino and pigmented rats. Ffor rabbits, pigmentation 1s not as
important as a modifier of toxicity. Rather, the depletion of antioxldants
1s a critical step in rabbits since the reserve of ascorbic acid and other

antioxidants 1s considerably less than in the rat.

The critical nature of the depletion of antioxidants 1in rabbits, as
compared with the importance of pigmentation, was demonstrated by van
Heyningen and Pirie (1967) in a gavage study in which naphthalene (1
mg/kg/day) was administered to Dutch and two strains of albino rabbits. In
more than half of the treated rabbits, lens opacitiles and degeneration of
the retina were observed. This occurred concomitantly with a depletion of
ascorbic acid in the aqueous and vitreous humours. Some of those rabbits
that received 10 or more doses of naphthalene showed a general yellowing of
the eye fiuids and yellow or brown cortical areas in the cataractous lens,
suggesting the presence of 1,2-naphthaquinone and 1,2-dihydroxynaphthalene,
respectively., Considerable variation exists among rabbits in their response
to naphthalene. Cataract formation in rabbits was not noted following
topicai application of a 10% solution of naphthalene 1in o011 or 19.p.
injection of 500 mg/day for 60 days (Ghettt and Mariani, 1956).

The effect of pigmentation on the development of cataracts 1in rats

exposed to naphthalene was substantiated by Koch et al. (1976) using five
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strains of Rattus norvegicus of different pigmentation. . Groups of six

animals of each strain were gavaged with either 0 or 1000 mg/kg napitihaiene,
dissolved in 1liquid paraffine, every second déy for 75 days. Mo opacities
or lens abnormalities were observed in any of ihe control groups. Al
animals of the pigmented strains (E3, BDE, DA) developed zonular cataracts
between 16 and 28 days. Among the albino strains (Wistar, Sprague-Dawley)
only some of the animals developed changes 1in the eyes. These changes were

less pronounced in the albino strains and occurred after longer latencies of

32-61 days.

Cataract formation in CH7B1/6J and DBA/2N mice was evaluated by Shichi
et al. (1980) and Shichi and Nebert (1982), The C57B1/6) mice are
"responsive" to the 'mdrucﬂon of AHH .act‘lv‘ity while the DBA/2N mice are
"nonresponsive” to the induclion Bf AHH act‘lv‘lt)f (pr_1mar11y P.l-450 enzyme
activity that 1s belleved to be involved in the toxification of PAHs).
Groups of 15 mice were fed laboratory chow ad 1ibitum that had been soaked
for at Tleast 24 hours in corn oil contain?ngzs .6r’>’1-0 mg/mt naphthalene.
The feeding regimen was continued for 60 days. 0ally ingestion was not
calculated by the authors. A concomitant dose of B-naphthof]avone was given
twice uéemy as an"'inducer éf AHH activity. '.A‘_‘6.7'% 1n"c‘ldencev tn cataract
formation was observed in C5781/6) mice at each dose. In addition to
cataract formation, tisssue deg'e'hlerat‘lor‘n in thechoro‘\d, ¢iliary body, and
A\rié nccurrad  Tn <unnart of the thenrv that the rﬁé’éhé"‘ﬁ&sm‘of naphthalene-
1nducéd cataract formahon tnvolves iis metabolism by P]-450 enzymes to
toi‘lc intermediates with subsequent binding to lens tissue, no cataractls

were dbSe'rv.ed in DBA/2N mice.
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Phenanthrene. Pertinent data regarding the subchronic g Gk
oral toxicity of phenanthrene could not be located in the available litera-

ture.

~Pyrene. Pyrene was fed at a concentration of 2000 mg/kg diet to young
male rats for 100 days. An inhibition of growth was observed, which was
reversible upon addition of cystine or methionine. The authors noted that
Mvers of treated animals (including rats consuming benzo[alpyrene or
3-methylcholanthrene in the diet) were enlarged and had a fatly appearance
(White and white, 1939),

The U.S. EPA (1989b) conducted af90-day subchronic toxicity study 1n
which groups of male and female CD-] mice (20/sex/§roup) were gavaged with
either 0, 75, 125 or 250 mg/kg/day pyrene in corn oil for 13 weeks.
Parameters used to assess toxicity 1nc)uded quy and_qrgan weights, food
consumpt1on, mortality, hematology and  serum ';hemistfy and gross and
h1stopaihoiogy. Statistically stgnificant (pgd.ﬂi) décreases in gbso1ute
kjdney welghts were observed in males of all treatment groups and in females
rgceiving 250 mg/kg/day. Statistically significant (ng.O]) decreases 1in
relative iver yeﬁghts were observed in ma1e;'ré£;1v1ng'e1ther 125 or 250
mg/kg/day and in females receiving 250 mg/kg/day. Héphropa;hy, character-
ized by the presence of multiple focl of renal thﬁi{f;regeneraticn. often
accompanied by 1ntef5t1t1a1 lymphocytic Infiltrates and/or foci of intersti-
- t1al fibrosis, was observed in 4, 1, 1 and 9 male mice in the control, Tow,
:mgdjum_gnd‘h1gh.ddsage groups, respectively. “Similiar lesions were seen in
2, 3, 7 and 10 female mice in the 0, 75, 125 and 250 mg/kg/day treatment

groups, respectively. The kidney lesions were described as minimal or mild
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tn a11 instances. Statistically significant (p<0.01) decreases in erythro-
cyte numbers, hematocrits and hemoglobin Jevels were observed in male wmic.
receiving 250 mg/kg/day. Statistically significant (p<0.01) increases in
absolute Yiver weights were observed in females recelving 250 mg/kg/day ang
in relative 1ﬁver weights of females receiving efther 125 or 250 mg/kg/day
‘and in males receiving 250 mg/kg/day. Based on nephropathy, accompanied by
changes in absolute and relative kidney weights, the U.S. EPA (1991a)
Ydenti- fied 125 mg/kg/day as the LOAEL; the correspoending NCAEL 1s 75

mg/kg/day.

Subchronic and Chronic Toxicity By Other Routes

Acenaphthylene. 1In a study reported by Rotenberg and Mashbits (1965),

white rats were exposed. to atenaphthyiene dust at 0.5-1.25 mg/m® for 4
hours/day for 4 months. After 3 weeks of gxposufé, a delay in weight gain
and a tendency toward decreased b]ood pressure were observed. Histopatho-
Togic examination revealed various degrees of malignancy in the 1lungs of
almost all treated rats. Focal bronchitis and peribrenchitis with bronchio-
1ization of the alveolar and metaplasia of the bronchial epithelium were
observed in the mildest cases. Advanced cases showed desquamation of the
hronch1a1\and alveolar epithelium, papillar growths in the epithelium and,
in three rats, isolated regions of carcinoma in the’ form of strands of

epitheltal cells. Fukthef details of this study were not provided.

In a study by Reshetyuk et al. (1970) published in Russian, ~100 white
male rais werc exposed to vapors of acenaphthylene at a concentration of
1842.5 mg/m5. "4 hours/day, 6 exposures/week for § -months. In exposed
rats, ref]éxes"of the upper a1ruay§ were altered 'and' an increase in the

concentration of nucleic acids in the liver was observed. Histopathologic
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examination of the lungs revealed aspecific pneumonia as the pajor paihology
of 1inhalation exposure to acenaphthylene. Changes observed in the lung:
included desquamation of the cells in the alveolar epithelium and focal
bronchitis accompanied by hyperplasia and metaplasta of the bronchial

epithelium. No signs of malignant growth were observed in this study. No

further details of this study were avallable.

Anthracene. Pertinent data regarding the subchronic and chronic non-

oral toxicity of anthracene could not be located in the avatlable literature.

Benz[alanthracene. An early study (Hoch-Ligeti, 1947) demonsirated

1ymphojd system effects as a consequence of behz[a]anthracene injection.
Mice received a total dose of 10 mg in weekly s.c. treatments for 40 weeks.
Lymph glands removed ai weekly intervals showed treatment-relaled increases

in reticulum cells and_!ron accumulation. -

Benib[a]pyrene. Male white carneau p1gepn;_ were glven .gcgkly injec-
tions in the pectoraf muscle of 0.1, 10 qr:loolmg/kg bgnzo[é]pyrene in corn
011 {Revis et an. 1984}. Controls were e1ther‘not‘tr§aieq‘or were injected
with corn oil. Four pigeons/group were cannulated at 3_nmnlhs,and at b
months for re;prd1pg of blood pressure and samé]ing of blodd f§r determina -
tion of plasma cholesterol and lipoproteins. . Atheroscierotic plaques were
counted and sizes measured. By 6 moﬁths piéeoni'{réated with 10 or 100
mg/kg/week benzo[ajpyrene were observed to have increased LOL protein and
cholesterol (p<0.01), HDL protein and . cholesierol (p<0.01) and plasma

cho]esterq] (p{D.OS). This was by comparison with corn ofil-lreated

conlrols, — Benzu[a]p}rene ireatment did not produce changes 1n ‘various
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cardiovascular parameters including systolic and diastolic blood pressure,

arterial pulse, left ar right veniricular or central venous pressure, hear:

rate or relative heart weight.

Among pigeons treated with benzo{a]lpyrene coronary artery plaques
ranging in size from 0.6-0.85 mm were observed. Incidence of caronary
artery plagues was 5/24 for benzofalpyrene-ireated birds by comparison with
1/24 for combined corn o011 and untrealed controls. It was noted in this
§tudy that benzo[e]pyrene adminisiered 1in the same fashion as was

benzofalpyrene did not induce plaque formation.

Penn and Snyder (1988) dlested benzo[a]pyrene; anthracene and dibengz-
[a.h]aﬁthracene to determine whether aftherosc]erot%; plaque formation 1is
related to mutagenicity or carcinogenic potency 1ﬁbth1ckens. In their study
maie White Leghorn chickens recelived weekly 1ntramuséu1ar injections with
one of the test compounds for 16 weeks. The dosage and number of each group
varied as follows: benzofalpyrene al 40 mg/kg with 6 chickens, anthracene
at 20 mgskg wilh 6 chickens, and dibenz[a,hjanthracene ai 20 mg/kg with §
chickens. At the end of the injection period, the cockerels were killed and
the aortas isolated. The number of p]aque-contéin1ng aorta segments/chicken
was 6.8, 4.3 and 6.2 for the beﬁzo[a]pyréne-; anthracene- and
dibenz[a.h]anthracéne-treated‘ groups, respectjve]yfr The Yarges;v plaque

volumes were noted in the animals treated with dibenz[a,h)anthracene.

Benzo[blfluoranthene. Pertinent data regarding the subchronic and

“chronic nonoral toxicity of benzo[b}fluoranthene could nol be located in the

available literature.
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Benzo[k]fluoranthene. Pertinent data regarding the subchronic and

chronic neonoral toxicity of benzo[k]fluoranthene could not be Tocated in ihe

available literature.

Benzo[a,h,i]lperviene. Pertinent data regarding the subchronic and

chronic nonoral toxicity of benzo[g,h,i]perylene could not be located in the

available literature.

Chrysene. Pertinent data regarding the subchronic and chronic nonoral

toxicity of chrysene could nol be located in the available Titerature.

Dibenz[a,hlanthracene. Chronic exposure to dibenz{a,h]anthracene has

been associated with gross changes in the Tympﬁoid system {Hoch-Ligeti,
1941). Weekly s.c. 1njeét1ons of dibenz[a;h]anth}acene {0.5 my of a 0.05%
colloida)l solution in 1% gelatine) were g1vén to a total of 40 albinc male
aﬁd female mice for 40 weeks. The Tymph glands were removed for examination
from 2 mice/week over the study period. Sp1énectom1es were done during
weeks 21-30. Among the effects noted we}e an increase in reticulum (stem)
cells, accumulation of 4ron, reduced lymphoid cells and d11éted 1ymph
-§1nuses. Reduction of lymphoid cells was more pronounced among dibenz[a,h]-
anthracene-treated m1ce-by comparison with anthracene and benz[alanthracene
treated ah1mais. Moreover, the‘ueight of the spleens in the treated mice
wére s1gn1fi§énliy.iowef than e spieel weigihis rin Lhg Conuidis.

H1§tolqg1c examination of spleens from dibenz[a.h]énthracéne-treated
'ah1mals showed diminishment of lymphoid and retichlar elements. Livers were

pale and soft and ‘showed evidence of fatty degenerat1on'and deposition of
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iron 1in Kupfer cells. Adrenals were marked by 1iron deposition in the
cortical zone reticularis, and kidneys showed signs of degeneraifon uf
tubules and Malphigian bodtes. There was some degeneration of spermatogenic

cells and two female mice had "many big corpora Tutea in the ovaries"

(Hoch-Ligety, 1941).

Lasnitzki and Woodhouse (1944) conducted a more detailed study of the
effects on the lymphatic system of long-term exposure to dibenz{a,h)anthra-
cene. Subcutaneous tnjections (0.278 mg/injection) were given to male rats
5 times weekly for several weeks. The l1ymph nodes " in the treated rats
underwent hemolymphatic changes, including the appearance of extravascular

red blood cells in the lymph spaces and large pigmented celis.

Maimgren et al. {1952} reported that 2- to G-hdnthfold homozygous strain
C mice (3-4 mice/group) receiving three subcutaneous injections of elther
50, 100 or 400 mg/kg/injection of dibenz[a,h]anthracene spread evenly over a
12-day period, which included the 5 days following antigen challenge, had

reduced serum antibody levels.

Fluoranthene. Limited data are available concerning the toxic effects
of fluoranthene produced by repeatéd administration. These consist of
reports of mortality produced in mice by repeated dermal application or
o2 nloction,

Shear (1938) administered four doses, each cons1st1ng' of 10 mg of

fluoranthene in glycerol, by subcutaneous injection to strain A mice. Six

of 14 mice survived for 18 months.
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Barry et al. (1935) applied a 0.3% solution of fluoranthene in benzesne

twice weekly to the interscapuiar region of mice. Mortalily ranged from

60-70% after 6 months and 70-90% after 1 year.

Hoffman et al. (1972) applied 50 w2 of a 1% fluoranthene solution 1in
acetone 3 times weekly for 12 months to the backs of Swiss albino mice. No

mortality had resulted after 15 months.

Fluorene. Pertinent data regarding the subchronic and chronic nonoral

toxicity of fluorene could not be located in the available literature.

Indenocf1,2,3-cd]pyrene. Pertinent data regarding the subchronic and

chronic nenoral toxicity of indeno[1,2,3-cd]pyrene could not be located in

the available literature.

Naphthalene. A chronic inhalation study of naphthalene in mice has
recently been conducted by the National Toxicology Program (NTP, 1991}. The
exposure phase of the 2-year inhalation study has been completed, but the
histopathology data and the final report are not yet available. No other

chronic toxicity data were found.

Phenanthrene. Pertinent data regarding the subchronic and chronic

e bomsmlbhenma ~nuld nat ha laratad in the available
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literature.

Pyrene. Pertinent data regarding the subchrontc and chronic nonoral

toxicity of pyrene could not be located in the available literature.

04420 V-34 10/08/91



Taraet Organ Toxicity

The target, or preferred, organs for the toxic action of'PAHs tend to .
diverse. This is a consequence of two propensities of the PAHs. Firsti,
there ts the preferential association for normally proliferating tissues
such as bone marrow, tymphoid organs, gonads and intestinal epithelium (U.S.

EPA, 1980d). Second. PAHs are distributed extensively throughout the body in

general.

The toxicity of various PAHs seems to center on the hematopoietic and
lymphoid systems of different animal species, Robinson et al. (1975)
observed hemopoietic and lymphold effects of benzo[alpyrene in mice {of
cefta1n strains), and Lasnitzk! and Woodhouse (1944) found dibenz-
[a.h]aﬁthracene to affect the lymph nodes of rats. While the hematopoietic
and lymphoid systems were also shown to be affected in dogs treated with
naphthalene (Zuelzer and Apt, 1949), the two major target organs for this
PAH are nonciliated bronchiolar epithelial cells (Clara cells) and eye
tissue. Cataracts have been shown to déve?op fn several species of
laboratory animals following exposure to naphthalene by routes other than

inhalation (Fitzhugh and Buschke, 1949; Shichi et al., 1980; Shichl and

Nebert, 1982).

Immunotoxic effects as a consequence of PAH exposure have been studied
by a number of researchers. Malmgren et al. {1952) first reported reduced
hemolysin titres to sheep red blood cells (SRBC) in mice exposed to dibenz-
[a,h)anthracene and benz[a]anthracene. Subseﬁuent]y, 1t was reported that
exposure to carcinogenic levels of benzo[a]pyrenelresu1ted in a depressed

immune response to SRBC that persisted for 90 days (Stjernsward, 1966,
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1969}. Both humoral and cell mediated immunity have been shown i5 be
depressed 1in C3H/ANF(H-2%%) mice injected with 150 wug benzo[alpyrenest
bw during days 11-17 of gestation. Production of plaque-forming colonies

against SRBC (as measured by the Jerne plaque assay) was depressed severely

from 1-4 weeks of age and persisted from 5-18 months of age. An in vitre
graft vs. host assay also showed immunodepressive effects. Lymphocytes from
immature mice exposed to benzo[a]pyrene {1-4 weeks) were severely limited in

their ability to show mixed lymphocyte responses (Urso and Gengozian, 1984).

B6C3F1 mice were treated s.c. daily for 14 days with 5, 20 or 40 mg/kg
benzo[a]pyrene (Blanton et al., 1986). Polyclonal antibody responses to
lipopoTysacchar1de (LPS) and purified protein derivative (PPD) measured by
Jerne plaque assay were decreased 50566% after 7 dayg‘exposure. Exposure of
B6C3FT mice to s.c. injections of 40 mg)kg for 7 or 14 days resulted in a 73
and 98% suppression of the T-cell-dependent-ant1body fesponse; respectively,

as measured in a similar fashion. .

Similar results were reported by Dean et al, (1983) for female B6C3F]
mice injected s.c. for 14 days with 5, 20 or 40 mg/kg bw. Exposure to
benzo[a]pyrene resulted in decreased numbers of IgM and IgG plaque-forming
cells in response to SRBC antigen and reduct}on in IgM pléque-forming cells
in response to tLPS. 1In this assay cell-mediated immunity (as .measured by
delaved rintaneous hvoersensitivity to keyhole limpet hemocyﬁnin), allograft

rejection and susceptibility to Listeria monocytogenes was unaffected in

benzo[a]pyrene treated mice,
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A comparative study of the ability of PAHs to depress antibody response
was undertaken by White et al. (1985). PAHs uere. admﬁnésiered s.c,
é?ther single or multiple doses to B6C3F1 and DBA/2 mice, IgM response to
SRBC was measured in a hemolytic plaque assay.‘ Single exposures of B6C3F}
mice to 1 mmol/kg dibenz[a,h]anthracene and benzo[a]lpyrene resulted in
depress15n of antibody response. Fourteen days of exposure to a dajly dose
of 160 umol/kg of the following PAHs also resulted in suppression (~&0%)
of the IgM response: benz[alanthracene, dibenz[a,h]lanthracene and
benzo[a)pyrene. Neither anthracene nor chrysene exposure significantly
affected response. Immunosuppression by benzo[a]pyrene was observed 1o a
greater extent in DBA/2 mice. The BﬁCéF] mouse strain is highly inducible
for aryl hydrocarbon hydroxylase; the DBA/2 mouse strain is not.

The 1mmdnocytotox1c effects of benzo[a]pyrene were studied by Wojdani et
al. (1984). Eight-week-0ld, inbred C3H/FCUM and C5781/6CUM mice in groups
of 512 animals were injected 1.p. with P-815 tumorAtarget cells. This was
followed 10 days later by 1.p. injection with eitheflb,'O.S. 5 or 50 mg/kg
bw df benzo[a]byrene in corn 011: After 24 hours sﬁ]en1c 1ymphocytes and
peritoneal exudate lymphocytes were'co11ected and assayed for target cell
b1nd1ng'and‘target'ce11 k111ing effects. A consistently decreasing rela-
tiﬁnshib'Qas/ndiea'bgtwéen the dose of beﬁi&[a]py?ene?and both the binding
and k§111hg'of target cells for splenic and perffoﬁéaT:lyﬁphdcytes. At the
two highest dosages of benzo[ajpyrene (5 and 50 ma/kg bw), ~significant
decreases in the percent of lymphocytes binding {o'{ﬁféet ceils or ki1ling
target cells extsted as compared with the controls. This study a1§o

compared Jyhpﬁdtyte function of anima]s'freated‘u1th 3-meihy1cholanthrene
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and the weak carcinogen benzafelpyrene. Lymphocytes from bzazele"pyrenc
treated animals were essentially similar to those from control animals
regarding target cell binding and cytotoxic effects. The authors indicated
that lymphocyte mediated fimmunity may be 1inhibited by PAHs and that this

immunosuppressent effect can contribute to their carcinogenicity.

The effect of PAH exposure on interferon production in vivo was studied
by Griffin et al. {1986). Female C3H mice were treated 1.p. with 0.046,
0.46 or 4.6 mg benzo[a]pyrene in corn oil. At 12, 24, 48, 72 or 120 hours
animals were injected with Senda1 virus to {induce interferan productien.
Eight hours after the virus was introduced mice were bled by cardiac punc-
ture and serum was titred for interferon by a cytopathic effect inhibition
assay in mouse L1929 cells. H1cg receiving 4.6 mg (180 mg/kg bw} were
significantly depressed in their ability to producé jnterferon at 12, 48 and
120 hours after benzo[a]pyrene treétment. At the 48-hour challenge mice
recefv1ng the 1quer_ 0.46 mg dose .were also sjgn1f1cant1y~ 1mp§1red with

respect to their interferon prodpctioﬁ.

Carcinogenicity, Oral

Acenaphthylene. _Pert1nent data regarding the oral carcinogenicity of

acenaphthylene could not be Tlocated in the available. 1iterature. In an
ab#tract“Knoblqghz et al. (1969} reported on thgileffécts as;oci;ted wjth
1nge511bn éf écenépnlny]ene. Al ﬁra? duse U7 v.o g;QQI;. vt eiciigphitiy e
in olive oil administered for 40 days to a group of seven fats ylelded the
fo11ou1ng physiologic effects: “considerable® body weight loss, changes 1n
the'peripheraT blood pattern, changes in renal function, and 1ncreased serum
aminotransferase activities. No carcinogenic effects -wére reported; the

mice were dosed for a short period of time.
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‘ Anthracene. Studies of orally administered anthracene have been
negative for carc#nogenic effects. Druckrey and Schmdhl (1955) adminjstered
a2 diet containing anthracene in o011, 6 days/week to 28 BDI or BDIII rats of
unspecified sex for a period of 78 weeks. The total dose was 4.5 g
anthracene/rat. No tumors as a consequence of treatment were found to have
developed. Similarly, in an unpublished report, Schmdhl and Reiter {n.d.)
administered a total dose of 4.4 g of anthracene orally to 31 rats during a

‘33;month study. Again, no tumors were reported to have occurred.

Benz[alanthracene. Klein (1963) 1n a study of male B6AF1/J mice
provides evidence of the carcinogenic potential of fingested benz{a)anthra-
cene. A 3% solution of the compound in Methocel-Aeroso) O.T.‘was admin-
istered by gavage at the rate of 3 doses/week for 5 weeks. Control animaTs
received oral doses of Methocel-Aerosol 0.T. alone. After 340-440 days and
at 547-600 days, the animals were assessed for tumor deve]dpment. The inci-
dence of pulmonary adenomas and hepatomas was 3npreased at both assessments;
the hepatoma 1incidences at 547 days were higher than at 437 days. No
statistical treatment of the data was reported. The findings are summarized

in Table V-1.

The Klein (1963) paper cites an earlier study by White and Eschenbrenner
{1945) wherein 2/6 rats receiving benz[iaJanthracene 1n the diet developed

multiple hepatomas.
A single gavage dose of 0.5 mg benz[aJanthracene in mineral o1} produced

no tumors in 13 mice after 16 months. Multiple gavage administration, 8 or

16 treatments at 3-7 day Intervals resulted in forestomach papillomas in
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TABLE v-1

Oral Carcinogenicity Testing of Benz[a]anthracene Administered by Gavage

to Male BHAFT Miced

Duration Target Tumor Tumor
Administered DoseP of Study Organ Type Incidence
(days) {%)
0.5 my of vehicle 444 1ung adenoma 10738 (26)
Tiver hepatoma 0738 (0)
0.5 me 437 lung adenoma 37739 (95)
3% solution liver hepatoma 18733  (46)
0.5 mt of vehicle 547 lung adenoma 7720 (35}
Tiver hepatoma 2/20 (10)
0.5 m 547 Tung adenoma - 19720 (95)
3% solution Tiver hepatoma 20/20 (100}

4Source: Adapted from Klein, 1963

bBenz[a]anthracene in Methocel-Aerosol or vehicle only. A1l animatls
treated 15 times {3 treatments/week for 5 weeks}.

were

04420 ' V-40 , 05/14/91



2/27 treated mice compared with 0/16 mineral oil-treated controls {Bock and
King, 1959).

Benzo]alg!rgne. A relationship between the 1ingestion of benzo[a]-
pyrene and the development of tumprs has been documented in several studies
in mice. Both benign and malignant tumors of the forestomach as a conse-
quence of oral benzo[a]pyrene tfeatment have been reported by a number of
authors {Hartwell, 1951; Shubik and Hartwell, ]957, 1969; Thompson and Co.,
1971; Tracor/Jitco, 1973a,b; Wattenberg, 1972, 1974)..

Berenblum and Haran {1955) examined tumor induction in the'forestomach_
of maje C3H and Swiss $1ce using a number of carcinogenic substances,
tncluding benzo[a]pyrene. Mice were starved for 18 hours prior to
treatment, which consisted of 0.3 mt of a 0.5% benzo[a]lpyrene solution in
PEG-400 administered by stomach tube on a weekly basis. No concurrent
controls were reported. In one part of this study, treatmeni was for 30
weeks to C3H mice, resulting in the formation of one papilloma and 16
carcinomas of the forestomach. In a second experiment, Swiss mice were fed
only mitk and water for 3 days prior to the customary 18-hour fasting period
to eliminate the effects of undigested food in the stomach at the time of
dosing. Under these conditions, 85% (17/20) of the animals had tumors of

the forestomach. In neither experiment was any tumor of the glandular

mucosa of the stomach found.
As part of an experiment finvestigating tumor promotion by citrus oils,

albino mice (sex not stated) were administered a single oral gavage of

either 0, 12.5, 50 or 200 ug benzo{a)pyrene in polyethylene glycel 400
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after food had been withheld overnight. The intestinal tracts of one-half
of the surviving mice in each group were examined 280 days post-treatment.
The incidences of bentgn forestomach tumors were 0/9, 2/10; 0/9 and 5/11 1in
the control, low-, mid- and>high—dose groups, respeét1ve1y {Pierce, 1961).
The remaining mice were exam1ngd upon natural death or 569 days after
treatment. The incidences of benign forestomach tumors were 0/17, 3/17,
0/19 and B8/17 1n the control, 1low-, mid- and high-dose groups,
respectively. The total number of tumors found in each group was 0, 3, 0
and 27, respectively. No carcinomas were observed. and no tumors at other

sites were noted by the authors {Fleld and Roe, 1965).

As part of a study on the effect of hormonal state on PAH tumor
induction, virgin female BALB/c/Ch/Se mice were gavaged twice weekly with
almond o011 solutions of benzo[alpyrene ({Biancififori et al., 1967).
Treatment was for 15 weeks resulting in a total dose of 15 mg. Treatment
groups consisted of ~25 each intact and ovariectomized animals receiving
benzo[a]pjrene alone or 1in conjunction with 500-1000 wug/t esterone In
the drinking water., No concurrent untreated controls were reported. Among
intacf animals receiving benzo[alpyrene alone forestomach tumors (5/25),

mammary tumors (2/25) and lung tumors (no incidence reported) were observed.

Fedorenko and Yansheva (1967) administered benzo[a]pyrene in triethylene
glycol by gavage to the "antium of the stomach" éf CCS7 mice (sex not
specified). The authors used this solvent based on 1ts purported ability to
enhance the carcinogenic effects of hydrocarbons. The experimental period
was stated to be 19 months. As it was also stated that the mice were kept

until natural death, there 1s some confusion as to the length of exposure
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and observation perlods. Gavage doses of 100, 0.01, 0.1, 1 and 10 mg/animal

were given 10 times. Incidence data were not reported for solvent

controls. Tumors were found in the liver, mesentery, perifoneum and stomach

(Table V-2).

.Roe et al. (1970) 1nvest1gateﬁ the use of sodium cyclamide saccharin and
sucrose on the carcinogenic activity of benzo[a]lpyrene in female Swiss
mice. A single gavage dose of 50 ug benzo[alpyrene in poiyethylene glycol
(PfG) was given and the animals were kilfed after 18 months. Tumor

Incidence is given in Table V-3.

As part of a study on the effects of caffeine in tumor induction 1in
rats, Brune et a&l. (1981) administered 0.15 mg/kg/treatment of
benzo[a]lpyrene to Sprague-Dawley ‘rats for 2 years. Benzo[alpyrene was
administered to three groups by 1.5% caffetne gavage and to two other groups
through diet. Untreated and caffeine gavage (5 times/week} groups were used
as controls ({32 rats/sex/group). Three different gavage treatments were
administered to 32 rats/sex/group; in the first treatment rats were gavaged
with benzo[alpyrene 5 times/week for a total annual dose of 39 mg/kg
benze[alpyrene, in the second rats were gavaged every third day for a total
annyal dose of 18 mg/kg benzo[a]pyrene and in the final every ninth day for
a total annual dose of 6 mg/kg benzo[alpyrene. Rats that died spontaneously
or were -killed when moribund underwent histologic examination of varilous
organs. The combined 1incidences of benign and malignant tumors were
significantly different from controls (p<0.05, test) for the 5 times/week
and the every third day gavage groups and at p<0.10 for the every ninth day

gavage group. (For other results see Table V-4.)
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Tumor Incidence in "Atrium of Stomach" Following Gavage
Administration of Benzo[a]pyrene*

TABLE V-2

Total Benzo[a]pyrene Dose (mg)

Tumor Incidence

Carcinoma Pap11loma
0.01 0/16 0/16
0.10 0/26 2/26
1.00 0/24 5/24
10.00 11730 12/30
100.00 16/27 1721

*Adapted from Fedorenko and Yansheva, 1967
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.TABLE V-3

Incidence of Tumors Observed After a Single Gavage Treatment

of Mice with Benzo[a]pyrene in Polyethylene Glycol*

Tumor Incidence

Treatment Foresiomach '
Lung Liver Malignant

Papilloma Carcinoma : Lymphoma

PEG 2/65 0/65 15765 5/65 3/65

PEG + 20/61 1761 18/61 9/61 0/61

0.25 mg

benzo[a]

pyrene

*Adapted from Roe et al., 1970
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Two other groups of 32 rats/sex were fed benzo[a]pyrene efither 5
times/week [total annual dose 39 mg/kg benzo[a]lpyrene or every ninth day
{total annual dose of & mg/kg benzo[a]pyrene. Rats that died spontaneously
or were killed when moribund underwent histologic examination of various
organs. The combined 1incidences of benign and malignant tumors were
significantly different only in the group fed benzo[a]pyrene 5 times/week
(p<0.05) (see Table V-4}.

Deml et al. (1983) dosed five groups of four female Spraque-Dawliey rats
" with various combinations of benzo[a]lpyrene and polychlorinated biphenyls
{PCBs) dissolived in o11ve.011 by means of gastric intubation for 12 weeks.
After 12 weeks, the livers were examined to delermine thg number and area of
enzyme-altered fislands. Rats treated with PCBs before intubation with
benzo[alpyrene and promoied afterwards with PCBs showed a 3-fold increase in
the number of enzyme-altered islands present. The total area of these
{slands was also 3 times larger than those found in the other test groups.
PCB or benzo[a]pyrene alone appeared to produce no significant changes, but
the pretreatment with PCB along with the administration of benzo{a]pyrene
followed by PCB caused an aiteration in benzo[a]pyrene metabolism that Ted

to the formation of enzyme-altered foc).

As part of a study of inhibition of tumor formation by organoselenium
compounds, CD-1 mice (25/group) were gavaged with benzo[a]pyrene. Corn oil
solutions delivering 1 mg benzo[a]pyrene/0.2 mi were administered twice
geek]y for 4 weeks. Controls were treated with corn o1l only. Mice began
treatment at 9 weeks of age and were k11ied at 28 weeks. At this time no

control animals had developed forestomach papillomas, whereas 85% (17/20) of
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benzola]pyrene treated animals develiped an average of 3.3+2.9 tumors/mouse

(E1-Bayoumy, 1985).

Robinson et al. (1987) administered benzo[a]pyrene to A/J) mice by gavage
as a positive control on a study of coal tar paints. Forty female mice were
gavaged with 0.25 mg benzo[a]pyrene itn 2.2 mi 2% emulphor twice weekly for
8 weeks (total dose 6 mg). Animals were killed at B weeks and were examined
for lung adenomas and forestomach tumors. Benzo[alpyrene treatment produced
.}ung adenomas 1n 61% (22/36) of mice with an average of 1.42:0.40 tumérs/
mouse that was significantly increased by comparisioq with controls (29% or
11738 1incidence, 0.32+0.09 tumors/mouse}. No forestomach tumors were
observed in controls. Benzo[a]pyrene treatment resulted in 92% incidence;

67% of animals had papillomas and 61% carcinomas.

As part of a dietary carcinogenesis study, benzo[alpyrene (1.5 mg, iwice
weekly for 4 weeks) was administered by gastric intubation to 25-30 female
ICR mice/group {Benjamin et al., 1988). *Three groups Iintubated with
benzo[a]pyrene had different feeding regimens. The first two groups were
administered a basal diet supplemented with 20% soy sauce and +0.05%
nitrite. The third group recelved only the basal diet and water. The
feeding regimens were started 1 week before. the initial gastric intubation
and were continued throughout the experiment. After 21 weeks 6n study all
mice were sacrificed. The tumor incidences of the mice in the three groups
were similar (91%); houever. mice receiving the soy supplemented diet and
nitrite supplemented water had a significantly lower number of neoplasms per
mouse (3.4} than the other two groups (5.2 and 4.0 for the group receiving
no supplementation and the group receiving only the soy supplemented diet,

respectively).  In a follow-up experiment, a fourth group was added; this
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group was fed the basal diet and received nitrite supplemented water. Afier
the 4-week benzo[a]- pyrene dosing, the feed and water of some groups were
changed to allow further evaluation of the effects. This experiment
indicated that the inhibition of neoplasia by soy sauce and nitrite probably
occurred during tumor promotion, In a subsequent study soy sauce at a
dietary concentration of 20% was found to produce a significant reduction in
forestomach neoplasms in benzo[a]pyrene-dosed female ICR mice {Benjamin et

al., 1991; see also Benjamin et al1., 1989).

Dietary benzo[a]lpyrene at various doses was administered to mice (Neal
and Rigdon, 1967; Rigdon and Neal, 1966, 1969). These findings are summa-
rized in Tables V-5 and V-6.

Using male and female CFW-Swiss mice, 17-180 days old, Neal and Rigdon
{1967) found that & dose-response relationship existed between the 1pc1dence
of stomach tumors (papillomas and carcinomas) and long-term, oral exposure
to benzo{a]lpyrene in the diet. Animals were fed a diet containing 0-250 ppm
of benzo[a]pyrene for <197 days. No tumors were found in the control group
‘of 285’:n1mals or in the groups treated with 1, 10 or 30 ppm benzo[a]pyrene.
The 1incidence of tumors, however, increased between the 40 ppm and 250 ppm
benzo[a])pyrene dosages (see Table V-5). In a second experiment by Neal and
Rigdon {1967), mice were fed 100 or 250 ppm benzo[a]pyrene for 1 day with no
gastric tumors developing within 105 days. However, 50% of mice fed 5000
ppm benzo[alpyrene for 1 day did have gastric tumors upon examination ~113
days 1aterf Groups of mice were also gtﬁen food containing 250 ppm benzo-
[alpyrene for 1, 2, 4 or 30 days. Upon ﬁacrifice 77-104 days later, the
tumor incidences were 0/10 {1 day), 1/9 (2 days), 1/10 (4 days) and 26/26

(30 days). It was concluded that the development of gastric tumors in these
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TABLE V-5

Incidence of Forestomach Papiliomas and Carcinomas in Male and
Female CFW Mice Administered Benzo[a]pyrene in the Diet*

Dose in Total Duration of Duration Tumor
Diet Consumed Treatment of Study Incidence
(ppm) (mg) {days) (days) (%)

0 70-300 0/289 (0)

1 0.48 : 110 140 06/25 (0}
0 4.48 ‘ 110 140 0724 (0)
20 ' 8.88 110 226 1723 (5)
30 13.32 110 143-1717 0/31 (0)
40 17.76 110 143-211 1740 (3)
45 19.8 110 141-183 4/40 (10)
50 é1.4-29.4 107-197 124-219 24734 (11)
100 39.2-48.8 98-122 118-146 19/23 (83}
250 70-165 70-165 88-185 66/73 (90)

*Source: Adapted from Neal and Rigdon, 1967
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TABLE v-6

Carcinogenicity of Benzo[a]pyrene Administered
in the Diet to Male and Female Swiss Miced

Duration of Tumor
Dose Treatmentb Target Organ Tumor Type Incidence
(ppm) (days) {%) .
o+t 38-210+  stomach papilloma/carcinoma  2/175 (1)
Tung adenoma 337151 (19)
hematopoietic Teukemia 0/175 (0)
system
250t 80-140 stomach papilloma/carcinoma 69/108 (64)
Tung : adenoma 527108 (48)
hematopoletic Teukemia 40,708 (37)
system
250* 72-99 stomach papilioma/carc inoma 12752 {23)
lung adenoma 26/52 (50)
250* 147-196 stomach papillomas/carcinoma 9/13 (69)
lung adenoma 10713 (77}
1000* 73-83 stomach papitloma/carcinoma 5/9 (56)
Tung adenoma 1/9 (718)
1000* 127-187 stomach papilloma/carcinoma 13/13 (100)
lung adenoma 3713 {23)
3Source: Adapted from Rigdon and Neal, 1966*, 1969t
DThe duration of the treatment is equdl to the duration of the study.
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mice is influenced both by the amount of benzo[a]pyrene consumed per day and

the number of days it 1s fed.

In another set of studles, Rigdon and Neal (1966, 1969) also found
evidence of dn association between chronic dietaryb exposure to benzo[a]-
pyrene and tumor fincidence in the stomach and lung, as well as the develop-
ment of leukemia in mice (see Table V-6). Rigdon and Neal (1966) fed male
and female Swiss mice dietary concentrations of benzo[a]pyrene of 0, 250 and
1000 ppm for different periods of time. The incidence of stomach tumors
{papillomas and carcinomas) was related to both dose and length of exposure.
A11 the mice in the 1000 ppm group were found to have gastric tumors after
86 days of benzo[a]lpyrene consumption. A similar set of relationships
between tumor incidence, dose and time held fairly well for lung adenomas as
well. Rigdon and Neal (1969) also found that the occurrence of leukemia was
related to ingestion of benzo[a]pyrene. OFf mice fed 250 ppm benzo[a]pyrene
in their diet over an 80-140 déy period, 69/108 (63.9%) developed papillomas
or carcinomas of the stomach. Similarly, lung adenomas occurred in 52/108
(48.1%) mice fed diets with 250 ppm benzo[a]pyrene. Finally, 40/108 (37%)
of the treated mice developed leukemias. The ability of dletary benzo[a]-
pyrene to produce mouse lung adenomas was also confirmed by the work of

Wattenberg and Leong (1970) and Wattenberg (1974).

Prev%ousiy, a single oral dose of 100 mg benzo[alpyrene in the diet was
shown to produce mammary tumors in 8/9 female Sprague-Dawley rats (Huggins
and Yang, 1962}. Sprague-Dawley rats of both sexes were treated daily with
2.5 mg benzo{a]pyrene. Forestomach and esophageaI papillomas developed in

3/40 rats (Gibel, 1964).
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Chouroulinkov et al. (1967) administered diets containing benzo[a]pyrene
dissclved in oltve o)1 to two groups of ~B0 ma?g albino mice for a period of
14 months. Based on an assumed food consumption of 5 g/day, the authors
caiculated a total dietary dose to be 8 mg. One group of treated animals
was permitted water ad 1ibitum while the second drank a 3X ethanol solution.
Controls consisted of 40 mice given the standard diet supplemented with
olive o)1 and a group of 81 fed the untreated diet only. Forestomach tumors
(papillomas) were found in 5/81 surviving animals receiving benzo[a]pyrene
and water and in 8/81 treated mice given the 3X ethanol solution. No
gastric tumors were observed among controls.

As part of a study of the effects of phenolic antioxidants and ethoxy-
quin on PAH carcinogenicity, benzo[alpyrene in sesame oll was administered
in the diet to female Ha/ICR and A/Hel mice (Wattenberg, 1972). The Ha/ICR
mice recelved 0.4 mg/day for 28 days before being returned to a normal diet
for 27 weeks or 1.26 mg/day for 28 days before betng returned to a normal
diet for 14 weeks. Foresiomach tumors were observed in 11/20 low-dose and
13/19 high-dose animals. Data on untreated control Ha/ICR mice were not
reported. The A/Hel] mice consumed 0 or 4.8 mg benzo[a]pyrene/day for 2
weeks, beginning at age 9 weeks, and were killed 10 weeks after the Tast
treatmerit. A)1 treated (12712} but no cohtro] {0/12) animals developed

forestomach tumors.

In a similar study of sulfur-containing compounds, female Ha/ICR and
A/Hed mice cbnsumed diets containing 300 ppm benzo[a]pyrene in sesame oill
(Hattenberg. 1974). The Ha/ICR mice were maintained on the diet from'age 9
weeks to 15 weeks and observed until 29 weeks at which time they were killed

and examined for forestomach tumors. These were observed in 8/20 animals;
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no untreated controls were reported. A/Hel mice started on treatment at 9
weeks of age and remained on the diet for 25 days. On days 7 and 21 of
treatment animals were gavaged with 3 mg benzo[a]pyrene in 0.5 mi sesame
0i1. At 31 weeks the mice were killed and evaluated for pulmonary adenomas.
These were present in 100% {12/12) of the animals with a mean number of 7.8

tumors/mouse. No untreated controls were reported.

Triolo et al. (1977) studied production of forestomach tumors in mice as
related to inducibitity of aryl hydrocarbon hydroxylase. Female Ha/ICR mice
9 weeks of age were’fed diets containing 5% corn o0%1 or 5% corn o011 with
benzo[alpyrene to constitute 0.2 or 0.3 mg/g diet. Treatment was continued
for 12 weeks at which point the animals were killed and stomachs only were
examined histologically for tumors. Results are summarized in Table V-7.
Tumors were of the squamous papilloma type. Gross observation of glandular
stomach, Tlung and 1iver revealed no tumors in elther control or treated

animals.

_Further evidence of carcinogenicity associated with 1ingestion of
beniofa}dj}ene is found in the work of McCormick et al. (1981). A group of
20 inbred virgin female LEW/Mal rats recelived a single intragastric dose of
50 mg benio[a]pyrene tn sesame o011, while d second group received the same
total dose 1n 8 weekly fractions of 6.25 mg. Hammgry carcinoma incidence
after 90 weeks was 77% in the 50 mg benzo[a]pyrene single dose group and 67%
in the fractionated dose group. Mammary tumors were observed in 30% of

untreated rats.

Adriaenssens et al. (1983) 1nve§tigated the effect of dietary butylated

hydroxyanisole, a phenclic antioxidant, on the formation of benzo[a]lpyrene
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TABLE v-7

Induction of Forestomach Tumors in Ha/ICR Mice Fed Dietary Benzo[a]pyrened

Dose Tumor Incidence Tumors/Mouse ‘Carcinogenic
(mg/g diet) IndexP

0 0/9 0.0 0.0

0.2 6/9 1.8 121.9

0.3 3/9 4.0  400.0

4source: Triolo et al., 1977

bPercentage of tumor-bearing mice x mean number of tumors/mouse
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metabolite-DNA and -protein adducts 1n the lung, liver and forestomach of

female A/Hel mice. The mice were fed benzo[a]pyrene (from 2-1351 umol/kg)

in 1identical diets to which butylated hydroxyanisole (5 mg/g diet, =~1
g/kg/day) was or was not added. Adduct formation, thought by the authors to
be a necessary, but not a sufficient, step in the development of
benzo[a]pyrene induced tumors, was examined 48 hours after ingestion of
benzo[a])pyrene. The major DNA adduct identified in each tissue at each dose
was the {+)-7,8-dihydroxy-9,10-epoxy 7,8,9,70-tetrahydrobenzoa)pyrene:
deoxyguanosine; other adducts, fincluding 7,8-dihydroxy-9,10-epoxy 7,8,9,10-
tetrahydrobenzo(a)pyrene:deoxyguanosine and (-)-7,8- dihydroxy-9,10-epoxy

7,8,9,10-tetrahydrobenzo(ajpyrene:deoxyguanosine, were identified.

Formation kinetics of the major adduct in lung and liver DNA from
animals on the control diet showed a sigmoidal curve; forestomach adduct-DNA
complexes exhibited no saturation over the levels tested. As the benzo[a]-
pyrene dose approached 0, the dose-response curves became 1ltnear; however,
in the three organs examined, no threshold dose appeared to exist below

which benzo[a]pyrene metabolite adducts were not observed.

Dietary butylated hydroxyanisole treatment inhibited the formattion
benzo[a]pjrene metabolite adducts to forestdmach. lung and 1iver DNA over a-
wide dietary benzo[a]pyrene range. Adduct formation in DNA from the fore-
stomach of butylated hydroxyanisole-treated animals was 45% lower than the
control group, but demonstrated the same binding kinetics as the animals in
the control diet. The maximum inhibition of lung and Tiver DNA adduct
formation in butylated hydroxyanisole-treated animals was 68 and 822 Tower

than the control group, respect1velj. As the benzo[a]pyrene dose approached
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‘these values declined to 40 and 55%.‘fespect1ve1y. Butylated hydroxyanisole

treatment also diminished the curvilinear nature of the dose-response curve.

The 1eve1'of benzo[alpyrene metabolites binding to DNA was ~7%X of the
amount of binding to proteins 1in the three organs examined. The
dose-response curves for benzo[a]pyrene metabolites binding to lung and
Tiver proteins was parallel for both the <control and butylated
hydroxyanisole-treated groups. Inhtbition of metabolite binding was not
dose dependant 1in these organs. No fonsistent effects of buty]atéd
hydroxyanisole were notedl in benzo[a])pyrene metabolite-forestomach protein

binding kinetics.,

Hamsters have also been observe& to develop papillomas and carcinomas of
the alimentary tract in response to gavage or dietary exposure to benzo[a]-
pyrene (Dontenwill and Mohr, 1962; Chu and Maimgren, 1965). Chu and
Malimgren j1965)'fed male Syrtan hamsters diets containing 500 mg benzo[a]-
pyrene/kqg food or 500 mg benzo[a]pyrene plus 5 g vitamin A palmitate or 5 g
v1tam}n A palmitate only. This diet was provided 4 days/week and standard
diet the';emaining 3 days. Animals consumed ~5 g food/day, thus receiving
~10 mg benzo[alpyrene and/or 100 mg vitamin A palmitate/week. A1l 10
animals fed vitamin A free diet died 1-4 weeks after the beginning of the
assay, whereas those consuming vitamin A survived <5 months. Hamsters
consuming benzo[alpyrene with vitamin A lived longer {that 1s, from 6-14
months) than animals fed benzo[a]pyrene and no vitamin A. " Nine of 13
treated animals developed tumors described by the authors as “cancer® .in the
forestomach (9) and 1intestine (2). 'Vitamin A in the diet eliminated

intestinal tumors and decreased the severity of the forestomach lesions to
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lesions described as paplllomas and dyskeratoses. Tumor jncidence in the
group receiving only vitamin A was 0/27 for esophageal 1lesions; the

incidence of forestomach tumors was not described.

Benzo[b]fluoranthene. Pertinent data regarding the oral carcinogenic-

ity of benzo[b]}fluoranthene could not be located in the avallable literature.

Benzo[k]fluoranthene. Pertinent data regarding the oral carcinogenic-

- Yty of benzo[k]fluoranthene could not be located in the available 1iterature.

Benzo[q,h,1]perylene. Pertinent data regarding the oral carcinogenic-

"ty of benzo[g,h,}]perylene could not be located in the available literature.

Chrysene. Pertinent data regarding the oral carcinogenicity of

chrysene could not be located in the available Titerature.

Dibenz[a,hlanthracene. Mice {strain not specified) were fed a diet
~with .added dibenz[a,h]anthracene. After 5-7 months exposure the total
received doses of 9-19 mg resulted In the induction of forestomach tumors in

7/22 survivors at 1 year (Larinov and Soboleva, 1938).

Lorenz and Stewart (7948) administered strain A mice 0.4 mg dibenz[a,h]-
anthracene/day in an Qqueous mineral oil suspension given in place of drink-
ing water. At 406 days exposufe, 2 squamous cell carcinomas and 11 papil-
lomas of the forestomach were observed (lLorenz and Stewart, 1948). The

authors also tonductéd experiments 1in which C57B1, C3H, DBA/2 and A strain
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mice were exposed to dibenz[a,h]anthracene in an o0live o1l water emulsion
provided to the animals in 1ieu of drinking water (Lorenz and Stewart,
1947). The DBA/? mice developed tumors 3including pulmonary adenomatosis,
that Snell and Stewart (1962a3) concluded were similar to adenomatous lesions
found 'n humans. Snell and Stewart (19623, 1962b} were thus prompted to
undertake a similar experiment in mice, Groups of 21 male and female mice
of the DBA/2 strain were given 0.2 mg/mi dibenz[a,h]anthracene tn an

agueous olive oi1 emulsion ad 1ibltum in place of drinking water. Twenty-

five male and 10 female control animals recelved the olive oil emulsion in
. 1feu of drinking water. 'Neﬁther treated nor control mice tolerated the
clive o011 wvehicle. Animals lost welght after a few weeks exposure,
eventually becoming emaclated and dehydrated. Males were estimated to
receive a daily dose of 0.85 mg/day while females received 0.76 mg/day of
dibenz[a,hlanthracene. ODuration of the experiment was 279 and 237 days for
male and female mice 1n the experimental group and 351 and 226 days for
controls, Treated mice developed pulmonary adenomatosis, alveologenic
carcinomas, mammary tumors (females only), precancerous growths of the small
intestine and hemangioendotheliomas of the pancreas, mesentery and abdominal
Tymph nodes. A pulmonary adenomatosis in a male mouse was the oniy lesion
observed in elther male or female control animals. Tumor incidences from
the Snell and Stewart (1962a) study are compared with those of the Lorenz ’
and Stewart {1947) study in Table V-8.

A series of assays was done whereln mice of several strains were gavaged
twice weekly with preparations of 0.5% dibenz[a,h]anthracene in almond oil.
After a 15-week treatment period, the total dose was 15 mg/animal. Mammary

carcinomas were observed in 1/20 BALB/c females and in 13/24 pseudo-pregnant
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BALB/c females (Biancifiort et al., 1976}. A single 1.5 mg dose of
dibenzf{a,h]anthracene in PEG-400 produced forestomach papiliomas $n 2/42

male Swiss mice after 30 weeks {Berenblum and Haran, 1955).

Fluoranthene. Pertinent data regarding the oral carcinogenicity of

fluoranthene could not be located in the available literature.

Fluorene. The carcinogenic potential of fluorene was studied by
Wilson et al. (1947) and Morris et al. (1960}. 1In the Morris et al. (1960)
study, female buffalo rats were administered G.05% fluorene in their diets
containing either 3% added'corn 011 or propylene glycol. This resulted in
the consumption of either 4.3 mg/day of fluorene for ~b months or 4.6 mg/day
for ~18 months. The incidence of tumors in the treatment and control groups
was essentially the same (Table V-9). The authors of the study described

fluorene as *slightly carcinogenic.”

Wilson et al. (1947) studied the effect on tumor development in albino
rats of exposure to various concentrations of fluorene in the diet over
.vér1od:‘per10ds of time., One set of rats was exposed to several concentra-
tions (number not specified) ranging from 0.062-1.0% fluorene in the diet
for 104 days while a second set received either 0.125, 0.25 or 0.5% fluorene
in the diet for 453 days. Animals of the short-term group maintained on
diets with fluorene concentrations of 0.5 and 1.0X experienced significant
decreases in their rate of growth. In other aspects they appeared normal.
The "internal organs of rats exposed for 104 days were essentially normal in

appearance and histology. Livers of rats consuming the 0.25% and higher

dose diets in .the longer study were significantly heavier than normal.
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Spleens of all treated animals weighed less than normal as did testes of the
higheét dosed rats. In the longer-term exposure Qroup. squamous metaplasia
of the bronchial epitheiium was noted in three rats while one rat exposed to
0.125% fluorene in the diet had developed a small benign kidney tubular
adenoma. Total number of animals treated was not 1indicated, nor was a

control group described.

Indeno[1,2,3-cd]lpyrene. Pertinent data regarding the oral carcino-
genicity of 1Indeno{1,2,3-cd]lpyrene could not be located in the available

Titerature,

Naphthalene. There s only very limited information available on the
carcinogenic potential of naphthalene following oral administration to

laboratory animals.

Schmdhl (1955) reported.that naphthalene administered in food was not
carcinogenic in rats (in-house strains BDI and BDIII). Naphthalene was
dissolved in o011 and given 6 times/week in food. The dadly dose was between
10 and 20 mg. After reaching a total dose of 10 g/rat (food intake was not
reported), treatment was stopped and animals observed unti)l death, between

700 and 800 days of age.

Tsuda et al. (1980) administered a single gavage dose of 100 mg/kg
naphthalene 1n corn o1l to a.group of 10 young adult F344 rats (sex not
specified) at 12 hours after partial hepatectomy. A vehicle control group
of 10 rats was Included. At 2 weeks after surgery, 2-acetylaminofluorene

was added to the diet at 200 ppm to inhibit proliferation of "nonresistant”
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hepatocytes. After 1 week of dietary 2-acetylam1nof1uorene; a sing]& 2.0
me/kg dose of carbon tetrachloride was given to necrotize "nonresistant"
hepatocytes and permit proliferation of "resistant" hepatocytes. Ffeeding of
2-acetylaminofluorene continued for 1 week, followed by a basa]Idiet for 1
week. The rats were then sacrificed and livers were sectioned and histo-
chemically examined for the number and size of y-glutamyl transpeptidase
(GGT)positive foct, These focl contain cells that are "resistant" to the
necrotizing effects of carbon tetrachloride and to the proliferation-
inhibiting effects of 2-acetylaminofluorene and are considered to represent
an early stage in the process of neoplastic transformation. Netther the
number nor the size of GGT focl appeared to be incredsed 1n naphthalene-
treated rats compared with vehicle controls. The use of GGT as a blochemi-
cal marker of preneoplastic focl is generai]y accepted {Hendrich and Pitot,

1987).

Phenanthrene. A single oral dose of 200 mg phenanthrene dissolved in
sesame o1l was administered to ten, 50-day-old, female Sprague-Dawley rats.
No mammary tumors were produced within 60 days. In a positive control group
of 700 animals given 20 mg of 7,12-dimethylbenz[a]anthracene administered
under the same conditions, mammary tumor incidence was 100% (Huggins and

Yang, 1962).

Pyrene. Pertinent data regarding the oral carcinogenicity of pyrene

could not be located in the available 1iterature.

Carcinogenicity, Other Routes
Acenaphthylene. Hartwell {1951) cited a study wherein 20 mice (strain

not specified) were skin painted with 0.25% acenaphthylene in benzene. At 6
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months 13 animals were alive; 7 were alive at 1 year. No tumors were

observed.

Rotenberg and Mashbits (1965) reported “various degrees of malignancy"
in the Tungs of almost all of an unspecifled number of rats exposed to
acenaphthylene dust at 0.5-1.25 mg/m® for 4 hours/day for 4 months.
Further details were not provided. In another study (published in Russian)
with male white rats, histopathologic 7Jesions 1including hyperplasta and
metaplasia of the bronchial epitheltum, but no signs of malignancy, were
reported following 1nhalation of acenaphthylene vapors at 18 mg/m?, 4

hours/day, b6 days/week for 5 months (Reshetyuk et al., 1970).

Anthracene. The carcinogenic potentid] of anthracene has been tested
by skin application with and without UV radlation in mice, in skin initia-
tton-promotion assays H1Fh mice, by s.c. or 1.p. routes in rats, by implan-
tation into the lungs of rats, and by ‘mplantation into the brain or eyes in
rabbits. These studies are summarized in Table V-10. The results of the
skin painting bioassays for both complete carcinogenicity and for initlating
activity do not provide evidence of carcinogenicity, but contradictoery
results were obtained when anthracene was: applied to skin together with
exposure to UV radiation. The injection and implantation studies do not
provide evidence of carcinogenicity, but these results cannot be regarded as
conclusive due to 1nadequacies in experimental deﬁign (e.g., small number of

animals, limited number of exposures, inadequate controls}.

Benz[alanthracene. Shimkin and Stoner (1975) demonstrated negative

resylts in the strain A mouse lung adenoma assay after a single 1.v. injec-

tion of 0.25 mg benz[alanthracene and an observation period of 6 months.
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As part of a large study of PAHs and their nitrated derivatives, newborn
£D-1 mice were treated 1.p. with a total of 2800 umol benz[a]anthracene in
DMSO0. Liver tumors were not observed in treated female mice, but 31/39
males developed liver tumors of which 25/39 were carcinomas. Thls was a
stgnificant increase compared witth controls. By contrast, female mice were
observed to have a significantly 1increased incidence of Tung tumors (6/32
compared with 0/31) while the males did not (6/39 compared with 1/28)
(H1siock1 et al., 1986).

Benz[alanthracene 1is a well-documented complete skin carcinogen. Boath
the parent compound and the 3,4-dihydrodiol and the 3,4-diol-1,2-epoxide
have produced tumors on mouse skin (IARC, 1973; Santodonato et al., 1981}).
By contrast neither Donryu rats nor Syr1an'go1den‘hamsters developed tumors
after topical benz{[alanthracene application (Tawfic, 1965; Shubik et al.,
1960).

Subcutaneous administration of benz[alanthracene in tricaprylin to mice
resulted in in)Jection site sarcomas. Incidences of sarcomas in C57B1 mice
observed 9 months after being given graded doses of benz[alanthracene were
as follows; 0.05 mg, 5/43; 0.2 mg, 11/43; 1.0 mg, 15/31; 5.0 mg, 49/145; 10
mg, 5/16 (Steiner and Falk, 1951; Steiner and Edgecomb, 1952). Klein (1952)
showed that intramuscular 1injection of albino mice derived from strain A
with benz[a)anthracene in & 1 or 3% combination with croton o311 produced

injection site fibrosarcomas and hemangioendotheliomas.

Benzo[alpyrene. Benzo[a]pyrene 1s known to produce tumors when admin-

istered by inhalation or intratracheal instillation. It is generally more
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effective as a lung carcinogen when accompanied by a respirable particulate
or a cocarcinogenic gas. Laskin et al. (7970) exposed 21 rats to 10 mg/m?
benzo{a]pyrene for 1 hour/day for 1 year. Two animals developed squamous

cell carcinomas in this group. When rats were exposed to 10 ppm SG, for

2
anA additional & hours/day, carcinoma incidence was 5/27. No animals
recelving SO2 only developed tumors. Intratracheal instiilation of
benzo[a]lpyrene accompanied by India 1nk resulted in a dose-dependent
increase in lung tumors 1in rats (Yanisheva, 1971). Rats that recelved
140_benzo(a)pyrene adlong with carbon black or asbestos through
tntratracheal Instillation had a higher incidence of lung tumors than those

receiving only this PAH (Pylev et al., 1969).

Intratracheal instillation studies of barticulate and benzo[a]pyrene in
hamsters have also shown Iincreased incidences of respiratory tumors. An
Increased 1incidence of respiratory tract tumors was reported 1in Syrian
golden hamsters that ha& been administered benzo[alpyrene along with ferric
oxide particles (Saffiotty et al., 1965, 1968). In a similar experiment,
Farrell and Davis (1974) showed that carbon black and ferric oxide were more
effective tumor promoters than aluminum oxide when these three types of
particles .were bound to benzo[alpyrene. The percentage of respiratory tract
tumor-bearing hamsters 1in each group was 49, 49 and 22% for the carbon
black, ferric oxide and aluminum oxide groups, respectively. Intratracheal
instillation of radiolabeled benzo[a]lpyrene-coated carbon, aluminum oxide
and ferric oxide resulted in an increase in the retention time of the
radiolabel in the hamster lung when compared with administration of only the

radiolabeled benzo[a]pyrene {Henry and Kaufman, 1973).

04420 v-70 10/08/91



Hamsters have provided a useful model for the stydy of benzolalpyrene
lung carcinogenicity. Concurrent exposure with sesame o011 resulted 1in
tracheal paptllomas and carcinomas (Mohr, 1971). Safflottl et al. (1972)
conducted several assays wherein a saline suspension of benzo[a]pyrene
coated Fe203 particles were repeatedly instilled 1in hamster treacheas.
‘In one assay the lowest dose employed, 0.25 mg benzo[a]pyrene/week, induced
respiratory tumors in 10/88 hamsters. At the high-dose, 3 mg/week, the
incidence was 34/57 with multiple tumors observed in some animals (Saffiotti
et al., 1972). Using the same model, Se11akdmar and Shubik (1972) reported
a 30% incidence of respiratory tract tumors in animals receiving 20 weekly

treatments of 0.5 mg benzo[a]lpyrene.

In research by Thyssen et al. (1981), groups of 24 hamsters inhaled
benzo[alpyrene at concentrations of 2.2, 9.5 or 46.5 mg/m?, 4.5 hours/day,
71 days/week for 10 weeks followed by an exposure for 3 hours/day, 7 days/
week for a maximum of 675 days. Nelther control animals nor animals receiv-
ing the Towest dose developed respiratory or upper digestive tract tumors.
Above 2.2 mg/m?® benzo[a]pyrene, the incidence of respiratory and upper
digestive system tumors increased with dose. Table V-11 summarizes the

findings. .

A later report indicated that concurrent exposure of Syrian golden
hamsters to 802 and benzo[alpyrene-coated sodium chloride resulted 1n an
enhancement of tumor response‘and a decreased latency period (Pauluhn et

at., 1985).

Feron and Kruysse (1978) and Ketkar et al. (1978) also studied the

incidence of respiratory tract neoplasms in male and female hamsters
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TABLE v-11

Carcinogenicity of Benzo[a]pyrene to
Male Syrian Golden Hamsters By Inhalationd.b

, Duration of Tumor d
Dose mg/Hamster TreatmentC Target Organ Incidence
({mg/m3) (weeks ) (%)
0.0 0 96.4 respiratory tract 0/27 (0)

upper digestive tract 0727 (0}

2.2 29 95.2 respiratory tract 0/27 (0)
upper digestive tract 0/27 (0)

9.5 127 96.4  respiratory tract 9/268 (35)
upper digestive tract 77268 (27}

46.5 383 '59.5 respiratory tract 13725F (52)
upper digestive tract 14725F (56)

dgource: Thyssen et al., 1981

bExposure was for 4.5 hours/day for the first 10 weeks, 3 hours/day there-
after for 7 days/week as NaCl vapor (>99% of the particles had diameters
between 0.2 and 0.5 uM) in air.

CThe duration of the study is equal to the duration of the treatment

dTumors were papillomas, papillary polyps, and squamous cell carcinomas

©3 nasal cavity, 8 laryngeal, 1 tracheal, 6 pharyngeal and 1 forestomach
tumor

fi nasal cavity, 13 laryngeal, 3 tracheal, 14 pharyngeal, 2 esophageal and
1 forestomach tumor
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assoclated with intratracheal administratton of benzola)pyrene. Ketkar et
al. (1978) found the mean survival time of both male and female hamsters was
positively related to the dose of benzo[a]pyrene administered as weekly
instillations in bovine serum albumin {Table V-12). For male hamsters, the
incidence of respiratory tract tumors tended to Increase with dose except at
the highest level where the tumor incidence rate declined slightly. For the
female hamsters, tumor incidence was also increased by benze[a]lpyrene, but
an inverse relationship held between dosage and tumor incidence. Why this

inverse relationship was observed is not readily apparent.

Kobayashy (1975) treated 32 male and 28 female Syrian golden hamsters
with intratracheal instillations of 1 mg of benzo[a]pyrene in saline weekly
for 30 weeks. The control group (20' mice/sex) was administered an
equivalent dose of saline. After 60 weeks the mice were sacrificed and
complete necropsies performed. Survival rates appeared to be equivalent in
the benzo[a]pyrene-treated and control groups (both sexes combined). The
incidences of respiratory tract tumors were 11/26 in treated males and 14/26
in treated females. The majority of these tumors were found 1in the
peripheral areas of the lung. No incidences of respiratory tract tumors

were found in the control mice.

Stenback and Rowland {1978) studied the role of talc and benzo[a]pyrene
in respiratory tumor formation. Two groups of 24 Syrian golden hamsters/sex
received either 18 1ntratracheal instillations of 3 mg of talc in saline or
3 mg benzo[a]pyrene and 3 mg talc in saline weekly. Control groups feceived
saline or remained untreated. Hémsters were autopsied upon spontaneous

death. Animals treated with talc and benzo[a]pyrene had a shorter lifespan
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TABLE V-2

Carcinogenicity of Benzo[alpyrene Administered
by Intratracheal Instillation to Syrian Hamstersd

Duration of Incidence of Respiratory Tract Neop]asmsd
Doseb Treatment¢ (%)
{mg/week) {weeks)
Males Females

g 41 v 0/29 (0) 0/30 (Q)
0.10 40 5/26 {19) 12730 (40)
0.33 24 7/29 {24) 10728 {36)
1.0 10 6/21 (22) 6/20 (30)

agource: Ketkar et al., 1978

bBenzo[a]pyrene (97% pure) was delivered 1In bovine serum albumin.
Controls recetived vehicle only.

CMean survival time. Survival time was also equal to study duration.

dCarcinomas, adenomas, adenocarcipomas and papillomas were reported.
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(52 weeks) than the untreated controls (55 weeks), and these deaths were
primarily attributed to pulmonary dysfunctions caused by elther interstitial
fibrosis or neaplastic involvement of the respiratory system. Only the
hamsters treated with the talc and benzo[alpyrene mixture displayed
papillomas, squamous cell carcinomas, and undifferentiated tumors of the
lung, larynx and trachea (incidence 33/48). Talc appeared to have no
carcinogenic activity alone, but increased the carcinogenicity of benzofa]-

pyrene.

In an intratracheal instillation study, male Syrian golden hamsters were
administered benzo[alpyrene, arsenic (as arsenic trioxide} or arsenic and
benzo[a]pyrene together. They were introduced with 3 mg of charcoal carbon
dust carrier. The control group received only the carrier dust. The
animals were dosed weekly. The benzo[a]pyrene group {50 hamsters) received
0.44 mg/exposure {~6 mg/kg), and the arsenic group (67 hamsters) received
0.25 mg/exposure (~3 mg/kg). The group recelving both chemicals (90
hamsters) received 0.45 mg and 0.23 mg of benzo[a]pyrene and arsenic,
respectively. The 50-week survival rates of the control, benzo[a]pyrene,
arsenic and combined groups were 40, 54, 52 and 41X, respectively. The
100-week survival rates of the control; benzo[a]pyrene, arsenic, and arsenic
and benzo[a}pgfene combined groups were 13, 14, 25 and 13%, respectively.
The incidences of carcinomas of the larynx, trachea, bronchii or lungs were
0/53, 3/41, 17/40 and 25/54 in the control, arsenic, benzo[a]pyrene, and
arsenic and benzo{a]pyrene combined groups, respectively (Pershagen et al.,

1984).

Male Sprague-Dawley rats were exposed to etther [3H])-benzo[a]pyrene

microcrystals, [?HM]-benzo[alpyrene microcrystals in. 1lron oxide or
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thrysotile asbestos, or {3H]-benzo{a]lpyrene absorbed to iron oxide or
chrysotile asbestos particulates by intratracheal 5nst111at1on. Rats were
sacriffced at times ranging from 2 minutes to 72 hours after administration
and the distribution of the radionuclide examined. Absorption of
benzo[a]pyrene administered as microcrystals was rapid. Addition of
asbestos decreased the absorption rate of the microcrystals, and addition of
iron oxide had 1ittle or no effect on absorption. Particulates did not
appear to Increase the carcinogenicity of benzo[a]pyrene by particle
enhanced uptake or increased retentton time in the lungs (Bevan et al.,

1988).

Two studles by Feron and co-workers showed benzo[a]pyrene instilled in
saline suspension produced respiratory tumors in hamsters. Ferdn et al.
(1973) reported that male Syrian golden hamsters recetving a total adminis-
tered dose of 0, 3.25, 6.5, 13, 26 or 52 mg benzo[a]pyrene had the following
incidences of respiratory tract tumors: 0/29, 3/30, 4/30, 9/30, 25/29 and
26/28, respectively. Feron and Kruysse (1978) found a positive dose-
response relatienship for tumor incidence in male and female hamsters given
a -total dose of 0, 18.2 or 36.4 mg of benzo[a]pyrene in saline intra-
tracheally for 52 weeks. The 1incidence of respiratory ¢tract tumors
corresponding to these doses was 0, 13.8 and 63.3% In males, while in
females the ;Eoirespondiﬁg tumor incidences were ‘0, 11.1 and 29.2%.
Papiliomas and carcinomas of the trachea and pulmonary adenomas were most

often observed.

Benzo[a]pyrene, 1 mg/ma in phosphate buffer solution, was administered

1ntratrachea11y once a week for 15 weeks to 8-week-o1d female Syrian golden
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hamsters. Treated animals and controls survived 443 and 614 days, respec-
tively, after the initial instillatlion. No contro) animals were observed to
develop lung or tracheal tumors whereas 6/13 treated animals had tracheal

tumors (2 matignant, 4 benign)} (Yamamoto et al., 1985).

Benzo{a]pyrene has been shown to produce tumors at vartous sites by a
number of modes of administration. Intraperitoneal 1injection of newborn
BLU:Ha(ICR) mice with benzo[a]lpyrene produced lung adenomas. A dose of 280
ug/mouse resulted In a 94% tumor incidence (Busby et al., 1984). Individ-
ual Swiss mouse fetuses were treated with a single 1.p. injection of benzo-
[a]pyrene or derivatives 'in 1 w2 trioctanoin and acetone. Doses of O,
0.4, 4.0, 9.9 or 19.8 umol/fetus were given on day 15 of tntrauterine
growth and animals were carried to term, weaned and kept unti? 12 weeks of
age. At this time they were ki1led and examined for lung adenomas. Incil-
dence of adenomas in the control group was 4/37 and in the treated groups at
the stated dosages were 1/39, 10/42, 10/38 and 12/31. A racemic mixture of
benzo[{al}pyrene 7,8-di01-9,10-epoxides was more tumorigenic producing an

incidence of 27/37 at a dose of 4.0 umole/fetus (Rossi et al., 1983).

Male Wistar rats were given an BO mg/kg bw intraperitoneal injection of
benzo[a]pyrene']é‘hours after partial hepatectomy (Dock et al., 1988). The
rats were then placed on a specific diet schedule that consisted of 2 weeks
of a basal diet, followed by 2 weeks of a diet supplemented with 0.02%
2-acetylaminofluorene (Z-AAF).‘ A single injection of carbon tetrachloride
{2 mt/kg bw) was administered midway Fhrough the 2 weeks. The rats were

then administered a basal diet for 2 weeks. Thé benzo[a]lpyrene and 2-AAF
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produced a significant number of enzyme-altered foci in the regenerating
1iver. There was a 50% reduction in the metabolism of benzo[a]pyrene in the

proliferating liver.

Benzo[a]pyrene 1s carcinogenic when administered s.c. to mice, rats,
hamsters, guinea pigs and some primates (IARC, 1983). Bryan and Shimkin
(1943) attempted to establish dose-response curves for induction of tumors
following s;c. admintstration in mice, Tricaprylin solutions (0.25 or 0.5
my) were injected once only into the right axilla of male C3H mice, and
animals were observed throughout their 1ifetime. No controls were reported,
but several no effect doses were observed (Table V-13}. In addition to
injection site sarcomas, newborn mice administered benzo[a]pyrene s.c.
developed hepatomas or lung adenomas (Pietra et al., 1961; Roe and Waters,

1967, Toth and Shubik, 1967; Grant et al., 1968).

Peraino et al. (1984) treated newborn (day 1) Sprague-Dawley rats by a
single 1.p. 1ﬁjection of 0.59 umole benzo[a]pyrene/kg bw. At day 21 the
animals were weaned and placed on a 30X casein diet containing 0.05% pheno-
barbital, a known promoter of hepatic neoplasms. Animals were killed at
intervals up to ~500 days, and their livers were examined for histochemi-
cally detectable foci of altered hepatocytes as well as for hepatic tumors.
Hepatic fumor; 1hc1dence in females was ~57% and ~37% in males. Focus

incidence had reached 100X in both males and females by day 200.
Benzo[a]pyrene is among the most potent and best documented of skin car-

cinogens. It is routinely used as a positive control 1n skin painting bio-

assays'of other materials. Skin tumors have been produced by benzo[a]pyrene
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TABLE v-13

Sarcomagenic Activity of Benzo[a]pyrene in Male C3H Mice
Following a Single Subcutaneous Injection*

Tumor Incidence

Dose (mg) Number Tumor -Bearing Percentage
Animals/Number
Effective Animals

0.00195 2/81 2
0.0078 0/40 0
0.0156 0/19 0
0.031 0/16 0
0.062 4/20 | 20
0.125 15/19 79
0.25 | 14721 67
0.5 19/19 | 100
1.0 18720 90
2.0 19/19 100
4.0 16719 84
8.0 20/21 95

*Source: Bryan and Shimkin, 1943
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in mice, rats, rabbits and to a lesser extent In guinea pigs. In mice the
tumofigen1c dose s dependent upon the solvent used for delivery and on the
strain of mice (IARC, 1973). Benzo[a]pyrene is beoth an inittator and a
complete carcinogen. For example, Nesnow et ;1. (1986) studied the effects
of dermal treatment with benzo[alpyrene on 7- to 9-week-old SENCAR mice.
The benzo{a]pyrene was applied as a single topical treatment in 0.2 my of
acetone and as five dally doses of 2 mg each. One week after treatment, 2.0
wg of the tumor promoter TPA was administered topically twice weekly. The

results are presented in Table V-14.

Pereira et a1. (1979) app11ed [3H]benzo[a]pyrene to shaved female HA/ICR
mice; the mice were sacrificed 7  hours later, [3H]Benzo[a]pyrene
metaboltte conjugated epidermal DNA, 1isoilated from these treated mice, was
found to contain two major benzo[a]py}ene-DNA adducts. The maximum
concentrations of both aducts occurred 7 hours after a single derma)l
applicatton. Benzo[a]pyrene-DNA adduct formation occurred 1n proportion to
dose at doses several oéders of magnitude below doses that normally yleld a

carcinogenic response.

In an analysis of two separate skin-painting experiments using benzo[a]-
pyrene in acetone, Lee and 0'Neill {1971} showed that the incidence rate of
both tumors anﬁ ﬁnfiltrating carcinomas could be described by the equation
a2 (t-w) where t 1s time Ffrom first application, w and k are dose
independent constants and d 1s the appiied dose. In the first experiment 75
female albino mice/group (16 éotal groups) received either 6, 12, 24 or 48
ug of benzo[a]pyrene/week 1in elther 2 applications/week, 4 applications/

week and 2 groups that were administered 3 applications/week. One group was
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dosed on MWF and the second on TWF. In the second experiment, four groups
of 40 albtno female mice were treated with either 1, 3, 9 or 27 ug of

benzo[a]lpyrene every fourth day.

Several electrophilic metabolites of benzo[a]pyrene are skin carcino-

gens. These include dihydrodiols, dicl-epoxides and some phenolic deriva-

tives (Gelboin, 1980).

Benzo[a]pyrene has also been reported to be carcinsgenic when adminis-
tered by the following routes: 1i.v.; transplacentally; implantation in the
stomach wall, renal parenchyma, and braln; injection into the renal pelvis;

and vaginal painting (IARC, 1983).

Groups of partially hepatectomized male Sprague-Dawley rats were given
etther a single 30 mg benzo[alpyrene 1.p. injection 24 hours after the
partial hepatectomy (10 rats), repeated Iintragastric injections of 4 mg
benzo[a]pyrene for 6 days (15 rats) or a single olive oil injection 24 hours
after the partial hepatectomy (10 rats in the control group) (K1tagaw§ et
al., 7980). A1l groups were fed a diet containing 0.05% phenobarbital
beginning 2 weeks after the parttal hepatectomy. The animals were
sacrificed at 52 weeks and were examined for hepatic tumors. In both groups
recelving benzb[#jpyrene. many rats died of abdominal wall sarcomas prior to
52 weeks. In fact 0/10 rats injected with benzo[alpyrene survived until
week 52. Of the rats that received intragastric injections, 6/7 had hepatic
tumors and 0/9 in the control group had hepatic tumors. It was reported
that there were many enzyme-altered foci in the livers of rats recelving

\ntragastric benzo[a]pyrene injections.
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active as the parent compound, whereas the 39,10-d1o1 of benzo[j]fluoranthene
was less active than its parent compound (see Table V-15). The 8,9-djol of
benzofk]fluoranthene was not tumorigenic. The 9,10-dtol of benzo[b]lfluor-
anthene is a potential precursor to a bay reglon dthydrodiclepoxide. The
benzo[}]fluoranthene 9,10-d101 could be metabolized to diol-epoxide with the
epoxide ring in a four-sided *“pseudo bay region." Taken together, these
results suggest that the Fformation of bay regton dihydrodiol epoxides may

not be the major activation mechanism in benzofluoranthene tumorigenesis.

This work 1is corroborated by the reports of Amin et al. (1985a,b).
Initiation/promotion protocols using benzo[b]fluoranthene and benzo[k]-
fluoranthene were carried out in Cr1:CD-1({ICR)BR albino female mice. Each
initiating compound was applied every other day in 10 doses as acetone
solutions to the shaved backs of 20 mice/treatment group. Ten days after
completion of the initiating treatment promotion was begun using thrice
weekly applications of 2.5 ug of TPA (dissolved in 0.1 me acetone).
Thts was continued for 30 weeks. Results summarized in Table V-18 indicate
that both benzo{b]fluoranthene and benzo{k]fluoranthene can serve as
inttiators of carcinogenesis. Benzo[b]fluoranthene, however, is more potent
producing the same incidence of tumors Qith 1/100 the dose necessary to

initlate tumors with benzo[k]Ffluoranthene.

Injection site sarcomas were observed in 18/24 survivors of a total
group of 16 male and 14 female Etrain XVIInc/Z mice given three s.c. injec-
tions of 2.6 mg benzo[b]fluoranthene over a pericd of 2 months (lLacassagne

et al., 1963).
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TABLE V-15

Carcinogenicity of Benzofluoranthenes by Implantation in Rat Lungs?

Dose Median '
Treatment {mg) Survival Epidermotd Tumor
Total Time Carcinomas Sarcomas Incidence
{weeks)
Untreated -—- 118 0/35 0/35 0/35
Pelletd -- 104 - 0/35 0/35 0/35
Benzo{b]- 0.1 110 0/35 1/35 1/35
fluoranthene 0.3 113 1735 2/35 3/35
1.0 112 9/35 4735 13/35
Benzo[k]- 0.16 114 0/35 0/35 0/35
fluoranthene 0.83 95 3/31 0/31 3/31
4.15 98 12727 021 12727
Benzo[g,h,1,]- 0.16 109 0735 0/35 0/35%
perylene - 0.83 114 1/35 0/35 1735
4.15 106 4734 0/34 4/34
aSource:'Deutscthenzel et al., 1983
bRefers to beéswax and trioctanoin implanatation medium
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contrals were run (Wynder and Hoffman, 1953b). As part of the same study,
20 Swiss mice were treated with benzo[k]fluoranthene. No tumors developed
in animals painted with the 0.1% solution, but skin papiliomas were observed
in 2/20 mice treated with 0.5% benzo[k]fluoranthene. By contrast to this
study, no significant 1Increase in tumor 1incidence was observed when 40
female NMRI mice were given skin applications of 3.4, 5.6 or 9.2 yug
benzo[k]fluoranthene 2 times/week for their 1lifetime. No effect on

mortality was noted as a consequence of this treatment (Habs et al., 1980).

A single application of 11 mg benzo[k]fluoranthene did not induce tumors
in 20 Swlss mice in a 63 week study. When this initiating dose was followed
by promoting treatments with croton resin, 18/20 animals developed papil-

lomas and 5/20 carcinomas (Van Dddren et al., 1966).

The tumor 1inittating activities of benzo[b}fluoranthene, benzo[)]}fluor-
anthene and benzo[k]fluoranthene and three of their dihydrodilols (9,10-di-
hydro-9,10-dihydroxybenzo[b]fluoranthene, 9,10-dihydro-9,10-dthydroxybenzo-
[(J]fluoranthene and 8,9-dihydro-8,9-dihydroxybenzo[k]fluoranthene) were
evaluated after application to the shaved backs of Cr1:CD-1 mice {LaVole et
al., 1982a). tach compound was applied in acetone solutfon (0.1 me) to
the backs of ‘20 animals/group. Controls- received acetone alone. Three
inittating dose ieve1s, 10, 30 and 100 ug for benzo[b]fluoranthene and 30,
100 and 1000 ug for the other two compounds ({10 doses, every other day},
were used followed by 2.5 ug TPA (3 times weekly for 20 weeks) (Table
V-17). This study demonstrafed that of the compounds tested, benzo(b]-
fluoranthene was the most potent tumor initiator followed by benzo[}]fluor-
anthene. Benzo[k]fluoranthene also sho;ed tumor 1nitiating activity but was

not a complete carcinogen. The 9,10-dio1 of benzo[b]fluoranthene was as
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TABLE V-17

Tumor In1f1at1ng Activity of Benzofluoranthenes in Cr1:CD-1 Miced

Total Percent Skin
Compound Initiating Skin Tumor- Tumors/ Other
Dose Bearing Antmal Tumors
(ug) AnimalsP
Benzo[b]fluoranthene 100 80 7.1 0
30 60 2.3 ¢
10 45 0.9 1d
B[b]F-9,10-d10ol ' 100 95 8.8 0
30 63 3.8 0
10 26 1.0 14
Benzo[j]fluoranthene 1000 - - 9§ .2 1¢
100 55 .9 0
‘ 30 30 .6 0
B[J]F-9,10-d101 1000 84 4.5 0
. 100 20 0.3 1€
30 5 0.1 0
Benzo[k]fluoranthene 1000 ‘75 2.8 1d
100 25 0.4 0
30 5 0.1 0
B8fk]F-8,9-dio]l 1000 10 0.4 0
100 ' 10 0.1 0
30 - 15 0.1 0
Acetone . - 0 0 0

4gource: LaVole et al., 1982a. Promoting treatment was 2.5 wg TPA, 3
times/week for 20 weeks.

bSkin tumors were predominantly squamous cell paptllomas
CMalignant Jymphoma
dEndometrial carcinoma of uterus

®Lung adenoma
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active as tﬁe parent compound, whereas the 9,10-dio] of benzo[}]fluoranthene
wds less active than 1ts parent compound (see Table V-17). The 8,9-d1o) of
benzo{k]fluoranthene was not tumorigenic. The 9,10-d'01 of benzo[b]fluor-
anthene ts a potential precursor to a bay region dihydrodiolepoxide. The
benzo[])]fluoranthene 3,10-dicl could be metabolized to diol-epoxide with the
epoxide ring in a four-sided "pseudo bay region.® Taken together, these
results suggest that the formation of bay region dihydrodiol epoxides may

not be the major activation mechanism in benzofluoranthene tumorigenesis.

In another skin painting assay benzo[b]fluoranthene 1in acetone was
applied to the skins of 20 femaie CD-1 mice/group for a total dose of either
0, 1.0 or 4.0 umol (a total of 10 subdoses were applied every other day)
(Weyand et al., 1990)}. Ten days afte} the final dose, 2.5 ug of
tetradecanoyliphorbol acetate was applied 3 times/week for 20 weeks. In the
acetone control group, 2720 mice developed skin tumors; the average number
of skin tumors/mouse was 0.1. In both benzo[b]fluoranthene groups 20/20
mice developed skin tumors; the average number of skin tumors/mouse was 8.5

and 11.0 in the low- and high-dose groups, respectively.

This -work _1s corroborated by the reports of Amin et al. (7985a,b).
In1t1at1on/promotion protbco1s using benzo{b]fluoranthene and benzo[k]-
fluoranthene were carried out n Crl:CD-T1(ICR)BR albino female mice. Each
initiating compound was applied every other day in 10 doses as acetone
solutions to the shaved back§ of 20 mice/treatment group. Ten days after
completion of the initiating treatment promotion was begun using thrice
weekly applications of 2.5 ug of fPA (dissolved in 0.1 ms acetone}.

This was continued for 30 weeks. Results summarized in Table V-18 indicate
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TABLE v-18
Tumor Initlating Activity of Benzofluoranthenes in Cr1:CO-1(ICR)BR Miced

' : Total Percent
Compound? Inttiating Animals $kin Tumors/
Dose with Tumarsg Animal
{umo1)
Acetone -- 10 0.2
Benzo[b]fluoranthene ‘ 40 45 0.9
100 95 3.3
Acetone -- : 5 0.1
Benzo[b]}fluoranthene 40 42 0.5
100 53 0.9
Acetone ' -- 0 0
Benzo[k]fluoranthene 4000 37 0.7

dSource: Amin et al., 1985a,b
DEach treatment s presented with 1its concurrent control. Promoting

treatment consisted of thrice weekly applications of 2.5 ug TPA for 30
weeks. oL -
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that both benzo[b]fluoranthene and benzo[k]fluoranthene can serve as
inittators of carcinogenesis. Benzo[blfluoranthene, however, 1s more potent
producing the same incidence of tumors with 1/100 the dose necessary to

initiate tumors with benzo[k]fluoranthene,

Injection site sarcomas were observed in 18/24 survivors of a total
group of 16 maie and 14 female strain XVIInc/Z mice given three s.c. injec-
tions of 2.6 mg benzo[b]fluoranthene over a period of 2 months (Lacassagne

et al., 1963).

Benzo[g,h,1,]perylene.. Benzo[g,h,i]perylene did not produce a sig-

nificant Increase 1in tumor incidence (see Table V-15) when implanted as
beeswax trioctanoin pellets in lungs of female OM rats (Deutsch-Wenzel et
al., 1983). Although a few pulmonary tuﬁors were observed in rats after
intrapulmonary injection, the data were considered inadequate for evaluation

(IARC, 1983).

No increased incidence of tumors was reported from two skin-painting
bioassays of benzo[g,h,i]perylene conducted in female Swiss or Ha/ICR/mi)
Swiss mice (Hoffman and Wynder, 1966; Wynder and Hoffman, 1959b). Three
initlation ﬁromotion assays for skin tumorigenesis in mice were likewise
negative. Behzékg,h.i]pery]ene d¢id -not produce injection site tumors 1In

either of two studies wherein mice were exposed subcutaneously (IARC, 1983).
Van Dddren et al. (1973) reported some evidence that benzo[g,h,1]-

perylene served as a cocarcinogen uith_benzd[a]pyrene when both were applied

simultaneously to the skin of ICR/Ha Swiss mice,
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Chrysene. As part of a study of hﬁtrated PAHs, chrysene in DMSO was
administered 1.p. to C0-) mice on days !, 8 and 15 of age. Tumor incidences
were recorded after 1 year. A total dose of 2800 nmol/mouse resulted in
hepatic and 1un§ tumors in 41 and 2% of the males, respectively. A total
dose of 700 nmol induced liver tumors in 29X of the males; females were

unaffected (Wislocki et al., 1986}.

A sertes of early skin painting assays conducted tn mice produced
variable results. It was noted that n these biocassays the chrysene wa§
likely to be contaminated with methylchrysene or other materials not

detectable by the technology then avallable (IARC, 1983).

As part of a study of tobacco constituents, female Swiss mice were
treated by brushing a 1% acetone solution of chrysene on the skin 3
times/week. No solvent control was reported, but 45% of the treated animals
developed papillomas and 40X were observed to have carcinomas (Wynder and

Hoffman, 1959a).

*Specially purified” chrysene was applted topically to 20 male C3H mice
as e1ther.a decahydronaphthalene solution or as a 50:50 mix with n-dodecane.
Appiied alone, chrysene induced a papilloma in 1/12 mice at 76 weeks. In
combination uith n-dodecane 5/19 mice were observed ta have papillomas and

12719 bore carcinomas at 49 weeks (Horton and Christtan, 1974}).

Chrysene was assayed In a mouse skin initiation/promotion assay using
ICR/Ha Swiss mice. Papillomas were 1induced In 5/20 animals treated witth
croton resin only and in 16/20 mice receiving croton oll preceded by a

single applicatidn of 1 mg chrysene in acetone (Van Dddren et al., 1966). A
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second study using pure TPA as the promoter yielded similar results. Female
CD-1 mice recelved a single topical application of 1 mg of' chrysene 1in
acetone, followed by 25 wg TPA (in 0.) me acetone) 2 times/week. At 30
weeks, 3% of the promoter-only mice were observed to have papiliomas,
whereas 73X of the chrysene-treated animals developed these growths

(Scribner, 1973).

Further evidence of chrysene's potential as an Initiator of skin
carcinogenesis comes froﬁ studies by Hecht et al. (1974) and Levin et al.
{1978). 1In the first study, 20 female Swiss mice (Ha/ICR/M11) were given 10
daily treatments with 100. ug chrysene in acetone. After a 10-day resting
period, 2.5 wg TPA 1In acetone was applied 3 times/week for 20 weeks. A
group receiving chrysene only was 9bserveq at 72 weeks to have a carcinoma
Incidence of 4/11 as compared with an incidence of 11/18 (carcinomas and

papillomas) in the chrysene plus TPA group (Hecht et al., 1974).

Levin et ai. (1978) used female CB-1 mice, 30/group, In an assay wherein
a single topical application of a 0.4, 1.25 or 4.0 umol so1ut1on‘ of
chfysene in tetrahydrofuran:DMSO (95:5) was followed by twice weekly appii-
cations of TPA (200 ut of a 16 umol solution in acetone). A second
group reéeiving TPA 2lone had a papilioma incidence of 7% (0.07 tumors/
mouse). Tumor 1ﬁc1dence for the low, medium and high chrysene dose groups
recelving TPA were the following: 25, 43 and 52X with 0.32, 0.97 and 1.45

tumors/mouse, respectively.

Three 1intt1ation promotion studies in female CD-1 mice also were
positive for chrysene initiating activity. Wood et al. (1979) reported an

incidence of 21/30 for observation of papillomas in mice given a single
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application of 200 ut of a 2 umoel chrysene solution 3In acetcne:DMSO:
ammonium hydroxide (1000:100:1), followed by twlice weekiy applications TPA
{200 w2 of 16 umol In acetone). Equivalent doses of the bay region
3,4-epoxy-1,2,3,4-tetrahydrochrysene and 1Its precursor metabolite 1,2-di-
hydrochrysene produced essentially the same papilloma incidence. Control
animals treated with acetone followed by TPA had a tumor incidence of 1/30.
These data support the bay-region theory of carcinogenesis that suggests
epo;1des on saturated angular benzo rings which form part of a bay-region
are particularly susceptible to undergoing ring opening to an electrophilic

carbonium ion,

A second experiment by Wood et al. (1980) employed chrysene of higher
purity (98%). Thirty mice were treated u{th 200 u2 of an acetone solution
of this chrysene preparation and subsequently with TPA (200 ut of 16
umol solution) 2 times/week for 25 weeks. The acetone plus TPA controls
were observed to have a tumor Incidence of 4X (0.04 papillomas/mouse); the

chrysene plus TPA group incidence was 80% (2.16 tumors/mouse).

In a third study, Rice et al. (1985b) inittated 25 CD-1 mice by appli-
cation of_IOD ug chrysene in acetone every other day for a total of 10
times (1.6 mg total dose).  This was followed by thrice weekly appiications
of TPA beqinﬁing 10 days after completion of the 1initiation phase and
continuing for 20 weeks. A1l animals thus treated survived, and 92% were

observed to bear tumors.

Sencar mice were likewise sensitivé to chrysene initiation. Papiliomas

were observed in 21/29 mice treated once with 2 umol chrysene followed by
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twice weekly TPA treatments (2 ug/treatment). TPA only animals had a

papilioma incidence of 3/30 (Slaga et al., 1980).

Early studies with chrysene reported no injection site tumors as a
consequence of i.m. or s.c. administration (Bottomly and Twort, 1934; Barry
ang Cook, 1934; Shear and Leiter, 19471). Small numbers of sarcomas at the
site of chrysene Injection were reported for C5781 male and female mice when
tricaprylin or arachis o1l was used as the vehicle (Stetner and Falk, 1957;
" Stetner, 1955; Boyland and Sims, 1967). Pollia (1941) reported no tumors to
be induced in rats recelving repeated injections of chrysene 'n water or
sesame o011, while Barry and Cook (1934) reported four sarcomas in 10 rats
repeatedly injected with 2-6 mg chrysene compared with two sarcomas 1in

solvent control rats.

Perinatal exposure of mice to chrysene has resulted in tumor induction.
~ Male and female Swiss mice were injected s.c. with 100 ug chrysene in PEG
on the day of birth and the next 2 days. After 70 weeks tumor incidences
were the following: one injection of PEG caused liver tumors in 5/20 males
and 3/21 females and lung tumors in 2/20 males and 3/21 females; three
injections of PEG caused 1liver tumors in }0/30 males and 0/15 females and
Tung tumors in 4/30 males and 1/15 females; chrysene caused liver tumors 1in
13727 males aﬁd 0/21 females and lung tumors in 2/27 males and 1/21 females
(Grover et al., 1975).

In a similar experiment, Swiss Webster BLU/Ha{ICR) mice rece1vgd i.p.

injections of a DMSO solution of chrysene on days 1, 8 and 15 of life.

Total administered dose was 1.4 umol. By 38-40 weeks treated animals had
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developed lung tumors (5/24 males, 2/11 females} and hepatic tumors {6/24
mates), and one lymphosarcoma was observed in a male mouse. DMSO-treated
animals developed only lung tumors (2/21 males, 7/38 females) (Buening et
al., 1979a). The same protocol was applied in a graded dose bloassay
wherein the three 1.p, injections were of 0.2, 0.4 and 0.8 umol repurified
chrysene. There was no increase in pulmonary tumors, but 22% of the treated
male mice develeoped hepatic tumors compared with no hepatic tumors observed

in the DMSO contralc (Chang et al, 1983).

Dibenz[a,hlanthracene. Pulmonary administration of dibenz{a,hlanthra-
cene has induced lung adenomas in mice (Andervont, 1937; Rask-Nielson, 1950,
Kuschner et alY,, 1956). Intratracheal instillation of a dibenz[a,h]anthra-
cene suspension In protein blood substitute with powdered India ink resulted
in the development of squamous cell carcinomas (Yanishiva apd Balenko,
1966). Single Y.v. injectlons of a colloidal dispersion of this matertial
were also tumof1gen1c in" a dose-dependent fashion in strain A mice (Heston

and Schnelderman, 1953).

Kennaway (1930) was the first of many researchers to report induction of
skin tumors by dibenz[a,h]anthracene. In another study, a 0.2X solution of
dibenz{a,h]anthra;ene in acetone/benzene was painted twice weekly on the
skin of Swiss mice (38 ug/dose). Skin tumors were observed in 16/20
animals (L1)insky et al., 1965). Van Dddren et al. {1967) toplically exposed
ICR/Ha Swiss mice 3 times/week to acetone dibenz{a,h]anthracene solutions at
the following concentrations: 0.001, 0.01 and 0.1%. Tumor incidences were
1730 (1 carcinoma), 43/50 ({39 carcinomas) and 39/40 (32 carcinomas),

respectively. The authors noted that latency was also dose related.
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Dibenz[a,h]anthracene was compared with benzo{a]pyrene as to potency in
1hduc1n§ skin tumors in Swiss mice. Repeated skin exposure to a 0.001%
acetone solution of benzo[a]pyrene induced papillomas in 43% of the mice and
carcinomas in 3IX. The same dibenz[a,h]anthracene exposure resulted in a
papitioma incidence of 30% and a carcinoma incidence of 30%. Exposure of
mice to a 0.01% solutton of either compound resuited in papilloma and
carcinoma development in >90% of the animals. Latent periods for induction

were similar for both carcinogens (Wynder and Hoffman, 1959a).

Dibenz[a,h]anthracene has been reported to initiate skin tumor develop-
ment in mice at doses as low as 0.02 ug given once (Klein, 1960). Other
tumors such as papillomas and pulmonary tumors may also arise as a conse-
quence of skin exposure to dibenz[a,h]anthracene (Buening et atl., 1979b).
Virgin C3H (Jax) mice were painted twice weekly with 0.25% dibenz(a,h]-
anthracene in benzene (thiophene-free) for their l1ifetime. A 50X incidence
of mammary tumors was observed 1n the control animals as compared with 10/11

in the treated mice {Ranadive and Karande, 1963).

In ocne study hamsters appeared to be somewhat more resistant to the skin
tumorigenic properties of dibenz[a,h]anthracene. A grﬁup of 10 Syrian
golden hamsters Trecelved 20 applications of 0.2X dibenz[a,h]anthracene 1in
mineral o)l over a 10 week period. At 50 weeks, 5 animals survived, but no

tumors were observed (Shubik et al., 1960}.

Several assays have been reported wherein dibenz[a,h]anthracene has been
administered s.c. or 1.m. Tumors at inject1on sites have been reported in
rats, guinea pigs (low incidence), pigeons and unspecified fowl (Roussy et

al., 1942; Shabad, 1938; Shabad and Urinson, 1938; Prichard et al., 1964;
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Peacock, 1935). Mice are the animals most studied in this regard. Reports
included those by Hartwell (1951}, Shubtk and Hartwell (1957, 1969) and
Thompson and Co. (1971).

The fective dose for s.c. induction of tumors was established by Bryan
and Shimkin (1943), Tricaprylin solutions of dibenz[a,hjanthracene were
administered once to groups of >19 C3H mice so as to deliver the following
doses: ©0.0019, 0.0078, 0.016, 0.03, 0.06, 0.12, 0.25, 0.5, 1, 2, 4 ofr 8
mg. Incidences of inJection site sarcomas were as follows: 2/79, 6/40,
6/19, 16/2%, 20/20, 21/23, 19/21, 20/21, 22722, 19/19, 11/20 and 16/21,
respectively. It was noted that the lowest effective dose for dibenz(a,h]-
anthracene was 0.0019 mg while that for 3.methylcholanthrene was >0.0039 mg.
The authors also observed that the ‘average latent period for dibenz[a,h]-
anthracene sarcoma development was 3.7 months as compared with 2-5 months
for 3-methylcholanthrene and 3 months for benzo{a]pyrene. Similar results

were reported by Dobrovelskala-Zavadskaia (1938) and Lettinga (1937).

In an abstract, Platt et al. {(1983) reported that dibenz[a,h]anthracene
showed stronger carcinogyenic responses when administered s.c. to NMRI mice
than did the following metabolites: 3,4-dtol, S-phenol, 5,6-oxide. The
1,2-d1ol and S.b:diols of dibenzta,h]anthracene were reported to be non-

carcinogenic by this treatment regimen,

Newborn mice (general purpose/NIH) were exposed by s.c. injections of
dibenz[a,h]anthracene doses between 0.003 and 6.7‘ pg/mouse. A dose-
related increase in sarcoma Incidence was noted for doses of >0.08 wug, and
an increase in lung adenomas was observed for doses 30.2 ug (0'Gara et

al., 1965}.
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Female NMRI mice were observed to develop injection site sarcomas after
one s.c. treatment of as littie as 2.35 ug dibenzo[a,h)anthracene in
tricaprylin (Pfeiffer, 1977). No vehicle controls were reported but a group
of "non-carcinogenic” PAHs tested concurrently were observed to have sarcoma
incidences of 4-13%. Table V-19 compares sarcoma induction for dibenzo-

[a,h]anthracene and benzo[a]pyrene.

Lubet et al. (1983a) found that s.c. injections of dibenz[a,h]anthracene
were assoclated with flbrosarcoma development 1in mice, but only for some
strains. Four strains of mice used included two, C3H/Hel and CS7B1/6J, that
respond to 3-methylcholanthrene treatment by increased levels and types of
hepatic enzymes including AHH. Two strains, AKR/J} and 0BA/2], were non-
responders. Groups of 30 animals were inJected with a single dose of 150
ug dibenz[a,h]anthracene in 0.05 m trioctanoin and observed for 9
months. A control group for each strain, consisting of 10 animals each,
rece1veq a s.c. injection of D0.05 my trtoctanoin alone. A summary of the
findings 1is givén in Table V-20. The tumor incidence in the treated animals
varied between 0 and B0%, depending on the strain. Tumor incidences were
higher in the C3H and C57B1 mice, which also were readily inducible for AHH.
Likewise, the average latency period {in days) for fibrosarcoma development
varied with the ﬁtrain and tended to be inversely correlated with the tumor
incidence'raté; .fhe authors concluded that, as for benzo[a]pyrene, the Ah
receptor was Involved in the process of tumor inductlon by s.c. 1injection

for dibenz{a,h)anthracene,

Fluoranthene. Fluoranthene was first tested for carcinogenic aét1v1ty

more than 5 decades ago (Barry et al., 1935). The results from that
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TABLE V-19

Sarcomagenic Activity of Subcutaneously Injected Dibenzo[a,h]anthracene
and Benzo[a]pyrene in Female NMRI Mice*

Compound Dose {ug) Tumor Incidence
Dibenzo{a,h]anthracene 2.35 37/100
4.7 39/100
9.3 44/1Q0
18.7 56/100
37.5 65/100
715.0 69/100
Benzo[a]pyrene 3.12 9/100
6.25 35/100
12.5 - 51/100
25.0 57/100
50.0 71/100
100.0 83/100

*Source: Pfetffer, 1977
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TABLE v-20

Incidence of Fibrosarcomas in Mice Assocliated with Subcutaneous
Injecttons of Dibenz[a,h)anthracened

Tumor Average

Strain TreatmentD Incidence % Latency
‘ {days)
C3H/Hel Dibenz[a,h]anthracene 24/30 80 165
Control 0/10 0 0
€5781/63 Dibenz[a,h]anthracene 16/30 33 242
Control 0/10 0 o]
AKR/3 Dibenz[a,h]Janthracene 0/30 0 0
Control 0/10 0 0
DBA/2] " Dibenz[a,h]anthracene 1/30 3 230
Control 0/10 o b

dsource: Lubet et al., 1983a
bAnimals in the dibenz[a,hjanthracene group recelved a single injection of

150 wug of dibenz[a,h]anthracene in 0.05 me of trioctanoin. Conirol
animals received an injection of 0.05 me trioctanoin alone.
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tnvestigation, and from several studies conducted since that time, indicated

that fluoranthene had virtually no activity as a complete carcinogen.

Suntzeff et al., {1957} administered a 10% solution of fluoranthene in
acetone 3 times weekly by topical application to CAF, Jackson, Swiss and

Millerton mice. No tumors were found by 13 months,

Wynder and Hoffmann (195%3) administered a 0.1% solution of fluoranthene
in acetone to the backs of 20 female Swiss {Millerton) mice 3 times/week for

1ife. No tumors were found.

Hoffmann et al. (1972) administered 50 w2 of a 1% fluoranthene
solution to the backs of 20 female Swiss-Albino Ha/ICR/M111 mice 3 times/
week for 12 months. All treated mice survived, and no tumors were
observed. As part of the same study, 30 mice received 0.1 mg fluoranthene
fn 50 wt acetoﬁe every second day for a total of 10 doses; 10 days later
promotion Qith 2.5% croton oil in acetone was started and continued for 20

weeks. A single papilloma was noted in 29 surviving mice.

Hortonm and Christian {1974) administered 50 mg fluoranthene in decalin
or in decalin:n-dddecane (50:50) to the backs of 15 male C3H mice. The mice

were treated 2 times/week for 82 weeks. No skin tumors were observed.
van Didren and Goldschmidt (1976) administered 40 ug fluoranthene 1in

acetone 3 times weekly for 440 days to femaie ICR/Ha Swiss mice. No skin

tumors were observed.

04420 v-101 10/08/9)



Barry et al. (1935) administered four doses of 10 mg fiuoranthene 1in
glycerol by subcutaneouys injection to stratn A mice. Six out of 14 mice

survived for 18 months; no tumors were found by 19 months.

- Shear (1938) administered four doses of 10 mg fluoranthene in glycerol
by subcutaneous injection to strain A mice. Six out of 14 mice survived for

18 months; no tumars were found by 19 months.

Fluoranthene was tested by Busby et al. (1984) in a mouse lung adenuma
assay. Newborn male and female mice of Swiss-Webster BLU:Ha strain were
injected intraperitoneally with a total dose of 700 ug (163 mg/kg) or 3.5
mg (815 mg/kg) fluoranthene in three installments on days 1, 8 and 15 (1/7,
2/1 and 4/7 of the dose, respectively). Histopathologic examination of the
lungs of the mice sacrificed at 24 weeks showed a significant increase in
the high-dose group in the total incidence and number/mouse (2B8/48 or 58%,
1.08 tumors/mouse) of lung tumors compared with vehicle controls (5/55 or
9%, 0.09 tumors/mouse). Tumor response in the low-dose group (10/51 or 20%,
0.24 tumors/mouse) was not statistically significant. A positive response
in a lung adenoma assay in the absence of corroborating studies is generally

considered insufficient evidence of carcinogenicity.

Flugrene. Studies of fluorene as a complete mouse skin carcinogen and
as a cocarcinogen with 3-methylcholanthrene were negative or inconclusive
(Kennaway, 1924&; Riegel et al., 1951). IARC ({1983) considered both reports

inadequate for evaluation,
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Fluorene was also found to be inactive both 4s a tumor Initiator {with
TPA as a promoter) and a complete carcinogen 1in skin-painting bioassays
performed 1in female Has/ICR mice by LaVoie et al. (1979, 1981b}). No
injection site tumors were produced in 10 strain A mice after seven s.c.
injections of 10 mg fluorene in gliycol. The study was terminated at 18

months {Shear, 1938).

Indeno[1,2,3-cd]pyrene. indeno[1,2,3-cd]pyrene was administered to

female OM rats by implantation in the Tung of beeswax-trioctanoin peilets
containing 0.16, 0.83 or 4.15 mg of the compound. Results summarized in
Table V-21 indicate a ddse-dependent Increase in keratinized epidermoid
carcinomas capable of invading the extrapulmonary chest wall., There was no
increase in pletomorphic sarcomas. A calculated potency from this assay
relative to that of benzo[a]pyrene (=1.00) was 0.08 (Deutsch-Wenzel et al.,
1983).

By contrast to these results, indeno[1,2,3-cd]lpyrene was net tumorigenic
in newborn CD-1 mice treated 1.p. on days 1, 8 and 15 of 1ife {total dose

2.1 umol, see Table V-16) (LaVoie et al., 1987).

Groups of- 2df female Swiss albino Has/ICR/Mi1 mice were given topical
applications of indeno[1,2,3-cd]pyrene prepared as dioxane or acetone soju-
tions. Dioxane preparations of indeno[1,2,3-cd]pyrene at concentrations of
0.05 or 0.1% did not induce skin tumors whereas benzo[a]lpyrene at the same
concentratioﬁ produced tumors in 90% of the treated mice in 7 months. By
contrast, acetone solutions of indeno[1,2,3-cd]pyrene produced skin tumors

in a dose-related fashion. No tumors were observed in animals painted with
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TABLE V-21

Carcinogenicity of Indeno[1,2,3-cd]pyrene upon Implantation in Rat Lungs?

Median Tumor Incidence
Treatment Dase Survival
{mg) Time Epidermoid Sarcomas Total
(Weeks) Carcinomas
Untreated -- 118 0735 0/35 0/35
Pelletd -- 104 10/35 0/35 0/35
Indeno{1,2,3-c¢d]- 0.16 116 -3/35 1/35 4/35
pyrene 0.83 109 8/35 0/3% 8/35
4.15 92 21735 0/35 21/35
4Source: Deutsch-Wenzel et al., 1983
DRefers to beeswax and trioctanoin implantation medium
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the 0.01 and 0.05% solutions. The 0.1% treatment induced six papillomas and
three carcinomas beginning at 9 months; the 0.5% concentration of indeno-
{1,2,3-cd]lpyrene resulted in seven papillomas and five carcinomas with the
first tumor appearing at 3 months. This paper also reported that a total
dose of 250 wug indeno[1,2,3-cd]pyrene delivered in 10 applications was a
suffictent Initlating dose when followed by croton otl promoting treatment

(Hoffman and Wynder, 1966).

Indeno [1,2,3-cd]pyrene was not shown to be a complete carcinogen when
applied to the skin of female NMRI mice twice a week for thetr 1ifetime.
Total doses applted in acetone were 0, 3.4, 5.6 or 9.2 mg/animal {Habs et

al., 1980).

Solutions of 4.0 umol 1indenoc[1,2,3-cd]pyrene and two fluoridated
mefabolites, 2-fluoroindeno{1,2,3-cd]pyrene and 8,9-difluoroindeno-
{1.2.3-cd]pyrehe, were applled to the shaved backs of 30 Ffemale CD-1
mice/group every other day for & total of 10 doses. Mice treated with
benzo{alpyrene and acetone served as positive and negative controls. Ten
days after the 1last initiating dose 12-0-tetradecanoylphorbol-13-acetate
(TPA) was-appljed to the backs of the mice as a promoter 3 times/week for 20
weeks. At the énd of the promotion period indeno[1,2,3-cd]pyrene and TPA
treatments induced tumors In 72% of the mice (2.1 tumors/mouse), the
2-fluoroindeno{1,2,3-cd]lpyrene and TPA treatments induced tumors in 76% of
the mice (3.9 tumors/mouse) aﬁd the 8,9-d1fluoroindena[1,2,3-cd])pyrene and
TPA treatments induced tumors in 40% of the treated mice (0.6 tumors/mouse).
At the end of the initlation period, DNA from the'sk1ns of 5 mice/group was

isolated.. [32]P-postlabeling analysis of the hydrolyzed DNA showed that
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indeno[1,2,3-cd]pyrene and 2-fluoroindeno[1,2,3-cd]pyrene each form a single
méjor DNA adduct when analyzed by thin-layer chromatography. These adducts
have different retention behaviors. 8,9-Difluoroindenco[l,2,3-cd]pyrene does
not have thts adduct; the authors speculated that this could be one factor
tn the variance of the tumor Incidences of the thfee compounds (Rice et al.,

1990}.

As part of a study of initiating capabtlity of its major metabolites in
mouse skin, indenof1,2,3-cd]pyrene was applied to the shaved backs of 20
Cr1:CD-T(ICR)BR female mice. Acetone solutions were applied every other day
for 10 days for a total 1nﬁt1at1ng dose of 1 mg. This was followed 10 days
later by thrice weekly TPA applicatlons (0.0025% in 100 uk acetone) for 20
weeks. Tumor incidence was essentially 100%. Indeno[1,2,3-cd]pyrene-1,2-
diol and -1,2-oxide treatment both resulted in 80X tumor incidence by
comparison with B-hydroxy {~25%} and the acetone-treated controls (~5%)
(Rice et al., 1986).

An earlier 1initiation-promotion biocassay performed by Rice et al.
(1985¢c) showed a pronounced dose-response relationship. Following the same
protocol described above, there was an 80% tumor incidence in mice receiving
a total 1n1t1§i1ng dose of 1 mg indeno(1,2,3-cd]pyrene with an average of
about four tumors/mouse after 22 weeks of promotion. However, when the
total 1inittating dose was decreased to 100 or 300 ng, the number of

tumor -bear ing mice was below statistical stgnificance.

Injection site sarcomas were (eporled in 10/14 male and 1/14 female
XViInc/Z mice administered three injections at 1 month intervals of 0.6 mg

indeno[1,2,3-cd]pyrene in olive 011 (Lacassagne et al., 1963}.
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Naphthalene. In an inhalation study, naphthalene (scintillation
grade, purity >99%) vapor was administered at 0 and 10 ppm to 75 B6C3IFI
mice/sex/dose for 6 hourssday, 5 days/week for 103 weeks [NTP, 1991b). Two
groups of 75 B6C3F1 mice/sex were administered 30 ppm naphthalene for the
same amount of time as the 0 and 10 ppm groups. In each group 25 mice/sex
were designated for hematology evaluation; 5 mice/sex were to be sacrificed
after 14 days and 3, &, 12 and 18 months. Only the 14-day hematology mice
were sacrifiveu in the control male mice because of high mortality. When
compared with survival in exposed male groups, survival was decreased in the
male control group; the decrease was the result of wound trauma from
fighting among animais céged together. Survival was equivalent in all
female groups. Final body weights were equivalent in all groups and no

¢linicatl observations could be attributed directly to naphthalene.

There was a significant 1increase 1in the 1incidence of alveolar or
bronchtolar adenomas in the high-dose females by pairwise comparison with
controis. The incidences were 5/68 (7%), 2/64 (3%) and 28/134 {21%] in the
control, low- and high-dose groups, respectively, The recent historical
control incidence for females in this laboratory 1is 9171166 (7.8%, range
0-16%) and the. recent historical control incidence for females specifically
in 1nhalat!on'§tu61es 1s 39/466 (8.4%, range 0-12%). The first Incidence of
alveolar or bronchiclar adenomas was reported on experiment day 714, 736 and
656 'in the control, 1low- and high-dose groups, respectively. In the
high-dose females there was a single incidence of alveolar or bronchiolar
carcinoma; this was not observed in the other groups. There was also a
statistically significant 1increase in the incidence of respiratory

epithelial ce]i hyperplasia in the naphthalene-treated groups. Because the
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Incidence of alveolar or bronchiolar adenomas was statistically significant
and above historical <control ranges, NTP judged the increased adenoma

incidence to be directly related to naphthalene exposure,

There was a statistically significant increase in the incidence of
respiratory epithelial cell hyperplasia In the naphthalene-treated male
groups. There was no significant increase in the Incidence of alveolar or
bronchiolar adenomas or carcinomas (either separately or combined). The
incidences of alveolar or bronchiolar adenomas or carcinomas (combined} were
1/69 (10%), 17/69 (25%) and 31/135 (23%) in the control, low- and high-dose
groups, respectively. The‘ma]e control incidences were 94/478 (19.7%, range
10-30%) in recent inhalation studies and 229/1172 (19.5%, range 6-42%X) in
all carcinogen studies conducted recently tn this laboratory. As of this

writing the U.S. EPA has not evaluated this study.

Adkins et al. (1986) exposed groups of 30 six- to elght-week-o0ld female
A/] strain mice by inhalation to naphthalene at concentrations of 0, 10 or
30 ppm, 6 hours/day, 5 days/week for 6 months. After the 6-month exposure
period, excised lungs were examined for tumors. Naphthalene exposure did
not sign1f1cant?y increase tumor incidence, but did cause a stattstically
significant increase (p<0.05) 1in the number of adenomas per tumer-bearing

mouse lung. There was no dose-response,

Schmdhl {1955) adminjstered'naphthaiene by i.p. injection to a group of
10 rats {in-house sirains BDI and BDIII) with another group of 10 rats
serving as controls. The dally dose was 20 mg/rat and injections uefe given
weekly For 40 weeks. Animals were observed until spontaneous death.

Histologic examination offered no evidence of carcinogenic effects.
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Boyland et al. (1964) implanted naphthalene into the bladder of stock
Chester Beatty m&cé (23) in an effort to determine the suitability of
naphthalene as a potential vehicle for carcinogenicity testing. The mice
were observed for 30 weeks. Tumor incidence was as low as when paraffin wax
was used and lower than with cholesteral. Naphthalene was judged to be
inert but to have no advantage over cholesterol as a base for ‘implantation

peliets.

Coal tar-derived naphthalene that contained ~10% unidentified impurities
was tested for carcinogenicity by Knake {1956). White rats (40, sex
unspecified) were given seven subcutaneous injections of 500 mg/kg naphtha-
lene in sesame otl at 2-week intervals. Lymphosarcomas were found in 5/34
surviving rats at 1B months (14.7%), whereas vehicle controls had a 2%
tncidence of these tumors. Mice (25, inbred black) were painted with 0.5%
naphthalene in benzene 5 days/week for 1ife. Four treated mice developed
leukemias in cbntrast to 0/21 vehicle controls; the untreated control inci-
dence was 0.4%. The value of these studles for assessing carcinogeniclity is
very limited due to the presence of potentially carcinogenic impurities.
Moreover, the vehicle in the mouse study has been shown to cause leukemias,
and the site ﬁf injection in the rats study was painted, prior to injection,

with carbofuchéﬁn. a known carcinogen.

Kennaway (1930) reported that naphthalene was not carcinogenic in skin
painting studies in mice. The concentration, purity, dosing regimen, and
other detalls were not provided. The reaction product of naphthaTéne and
aluminum trichloride was reported to be carcinogenic, but the product was

not 1dent1f1ed.
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Schmeltz et al. (1978) tested the carcinegenic activity of benzo[a]-
pyrene and naphthalene in female ICR/HA (Sprague-Dawley) mice. A 100 %
solution containing 0.25% naphthalene and 0.003% benzo[a]pyrene was painted
on the shaved backs of 30 mice 3 times/week for 78 weeks. Naphthalene
inhibited benzo[a]pyrene-induced tumors; ~42% of the mice treated with
benzo[a]pyrene alone had skin tumors whereas -20% of mice had skin tumors

when naphthalene ahd benzo[a]pyrene were administered together.

Phenanthrene. Data on phenanthrene's potentlal as a skin carctinogen
have been summarized by IARC (1983). Phenanthrene did not serve as a
complete carcinogen in two‘studﬁes in mice that were incompletely reported
(Kennaway, 1924b; Roe and Grant, 1964). Phenanthrene was reported to be
active as an initiator in female CD-1 mice In one study (Scribner, 1973).
Thirty-five weeks after 1initlation with 10 umol phenanthrene and twice
weekly treatments with 5 umol TPA, 12/30 mice developed papilliomas as
compared with 0/30 TPA-treated contrels. Phenanthrene, however, was
ineffective as an.initiator of skin tumorigenesis In Swiss Ha/ICR, aibino, S
and CD-1 mice (LaVole et al., 19813; Roe, 1962; Salaman and Roe, 1956; Wood
et al., 1979) and inactive as a promoter in mice of unspecified strain (Roe
and Grant, 1964). It was noted by Wood et al. (1979) that 30 female CD-}
mice gtveﬁ.onejtqp1ca1 abp11cation of 10 ;mol phenanthrene or the 1,2- or
3.4-d1hydrod10i followed by twice weekly applications of 16 wmol TPA (in
200 u% acetone) were observed to have papilloma incidences 2-4 times that
- of background. These inclidences were not significantly increased by
comparison with controls because of the small number of animals tested and

the spontaneous tumor 1ncidence.
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Subcutaneous administration of phenanthrene to mice did not result 1in
treatment-related increases in tumor incidence {(Steiner, 1955; Roe, 1962).
Likewise, netther s.c. nor 1.p. treatment of neonatal mice resulted in
significant tumor induction (Grant and Roe, 1963; Buening et al., 1979a).
While the 1,2-dto1-3,4-epoxides of phenanthrene are mutagenic to Salmonella
typhimurtum and to mammalian {V79) cells, they did not induce pulmonary

tumors in newborn mice (Wood et &l., 1979; Buening et al., 197%a).

Pyrene. Intratracheal 1instillation of pyrene with Fe203 particles
did not result in iIncreased numbers of respiratory tumors in male Syrian

golden hamsters (Sellakumar and Shubik, 1374).

As part of a study of nitrated PAHs (His1ock1 et al., 1986), a dimethyl
sulfoxide solution of pyrene was administered i.p. to newborn CD-1 mice on
days 1, 8 and 15 of age. Total administered doses were 200, 700 or 2800
nmole. Animals were weaned, separated by sex and observed without further
treatment to 1 year. A small but significant increase tn liver carcinomas
wds observed in the mid-dose male mice only (Table Y¥-22). The incidences of
total Tiver tumors (adenomas and carcinomas), lung tumors or malignant

lymphomas were not significantly elevated in treated animals.

Tests of pyrene as a complete skin carcinogen and as an tinitiator of
carcinogenicity in mice have been negative or inconclusive (Badger et ai.,
1940; Roe and Grant, 1964; Horton and Christian, 1974; van Didren and
Goldschmidt, 17976; Salaman and Roe, 4956;. Scribner, 1973). Co-adminis-
tration of pyrene and benzo[a]pyrené to the backs of ICR/Ha mice resulted in
an enhancement of the benzo[a]pyrene tumorigenicity (Van Diddren and

Goldschmidt, 1976; Goldschmidt et al., 1973).
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TABLE v-22

Assay of Pyrene in Newborn Miced

Tumor Incidence

Total
Dose Liver Liver Lung Lung
Sex {nmol) Adenomas Carcinomas Adenomas Carcinomas
M 0 1773 0/13 3/13 2/13
F 0 0/65 0/65 1/65 1765
M 200 0/29 0/29 ‘ 1729 0/29
F 200 0/31 /N 1731 o/N
M 700 0/25 3/25P 2/25 0/25
F 700 0/49 0/49 5749 0/49
N 2800 2/14 114 VAT R V2 1}
F 2800 0/18 0/18 1718 0/18

3Source: Wislocki et al., 1986

bsignificantly different from controls {p<0.05), Fisher exact test

04420 v-112 10/08/91



Pyrene did not produce tumors in Jackson A mice injected s.c. and

observed 18 months (Shear and Lelter, 1941),

Reproductive/Teratogenic Effects

Evidence of deleterious reproductive effects, documented for PAHs in
general and benzo[alpyrene in particular, has been equivocal. This evidence

Is considered here.

Anthracene. A total of 8 mg anthracene/mouse was administered as
daily s.c. doses or in & single oral dose during the last week of gestation
to dams of the following‘ strains: BALB/C, C3H/A and C57B1 X CBA FI.
Fetuses were removed and the kidney cells established in culture. These
cells exhibited enhanced plating e?f1ctenéy as well as some hyperplastic
changes by comparison with fetal cells obtained from untreated animals
indicating the ability of anthracene to pass through the placenta (Shabad et
al., 1972}.

Benzfajanthracene, Wolfe and Bryan {1939) reported fetal death and
resorption In two pregnant rats as a consequence of s.c. injection of 5 mg

benz[a]-anthracene beginning with day 1 of gestation.

Benzo[alpyrene. Rigdon and Rennels (1964) conducted two series of
experiments in rats (strain not specified) to ascertain possible reproduc-
tive consequences of dietary benzo{a]pyrene. In series one, eight females
and an unspecified number of males were fed iaboratory chow to which 1 mg/kg
benzo[alpyrene had been added, and a control group of six females and an

unspecified number of males were fed a standard diet. Treated females were
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mated with control males, and control females were mated to benzo[a]pyrene-
treated males. Vaginal smears were taken during a 28-day period beginning
with the first day of benzo[a]pyrene feeding. The authors observed no
treatment-related effects on the estrus cycle. Three normal pregnancies
were reported for the control females, and five benzo[a]pyrene-treated
females also became pregnant. Of the treated females, only one delivered a
total of four pups at day 23. Two of the four pups were stillborn, one of
which was gqrossly malformed. One pup left with the dam died 3 days
postpartum, presumably of starvation. Of the dams not delivering, one was

found upon autopsy to carry four dead fetuses.

In the second series 6 control male and female rats were mated as were
males and 7 females fed benzo[a]pyrene as described above. The pregnant
controt rats had apparently normal pregnancies. Two benzo[a]pyrene-fed
females of seven mated became pregnant. On autopsy, 1t was found that one
dam carried four dead fetuses and that fetal resorption had occurred in the
other. While these data suggest a reproductive effect of benzo[a]pyrene,
the report was uncliear as to specifics of experimental design and length and
timing of'the feeding perlod for treated males and females. In this study
the 1 mg/kg dose appears to be the LOAEL .with no NOAEL for reproductive

effects in rats.

Rigdon and Neal (1965) conducted a series of four experiments on repro-
ductive effects in Swiss mice fed diets ;ontatning benzo[a]pyrene at concen-
trations of 0, 250, 500 or 1000 ppm. The animals were given the dietary
benzo{ajpyrene for wvartous time spans 'dur\ng mating, gestation and post-

partum. Blue fluorescence, indicative of the presence of benzo[alpyrene or
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Yts metabolites, was demonstrated in the internal organs of treéted mice.
No teratoéen1c, embryotoxic, fetotoxic or other reproductive effects were
observed in the treated animals. Fertility of male mice was apparently
unaffected. Males fed the 500 ppm diet for 30 days were shown to have sperm

present tn the lumen of testicular tubules.

In a study of CD-1 strain pregnant mice, however, MacKenzie and Angevine
{1981) found adverse reproductive effects in the offspring of animals dosed
with benzo[a]pyrene. Benzo[a]pyrene in corn oll1 at doses of O, 10, 40 or
160 mg/kg bw was administered by gavage on days 7-16 of gestation to groups
of 30 or 60 dams. At thege doses benzo[alpyrene was not toxic to dams or
fetuses. Pregnancies were carried to term and pups permitted to nurse until
weaning. Number of pups and gross abnormalities were scored on day 1
postpartum, and on day 4 pups were weighed and sexed. At this time 1itters
were culled to B pups for breeding studies. At & weeks of age 10 F1 males
and 10 51 females were 'sacr1f1ced for histologic examination of repro-
ductive organs. At 7 or B8 weeks the remaining F] mice were bred with

untreated animals. Females, both those treated in utero and those mated

with F] males, were sacrificed on days 14-19 of gestation, and numbers of
implants, fetusesrand resorptions were recorded. G%oss abnormalities were

also noted.

Reduced fertility and reproductive capacity were also observed in the

F] mice. The Fl males exposed to 10 mg/kg bw in utero showed a marked
reduction 1n.gonaca1 weight, although no effect on body weight was found.
A1l control males (45/45) were fertile (sired at least one litter) and as a

group impregnaied 80% of the females to which they were exposed. Fertility
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rates were 20/25, 3/45 and 0/20 for the 10, 40 and 160 mg/kg male dose
gfoups, respectively, and the percent of impregnated females was 52, 7 and

0%, respectively.

In the control females the pregnancy rate was 35/35; the pregnancy rate

for the female groups exposed in utero was 23/35, 0/55 and 0/20 for the 10,

0 and 160 mg/kg dose groups, respectively. 1In this study a 10 mg/kg dose 1is

the LOAEL with no NOAEL for a reproductive effects in mice.

To examine embryotoxicity, fetal Swiss mice were microinjected in utero
on day 10, 12 or 14 of géstat1on with benzo[a]pyrene, benzo[a]pyrene-4,5-
oxide, a racemic mixture of 18,8a-dihydroxy-9«,10a-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene (compounds'thoughf to be carcinogenic metabolites
of benzo[a]pyrene) or b6-methylbenzof[a]pyrene (Barbiert et al., 1986}. The
vehicle was 1:1 trioctanonin:acetone and the mice were administered the test
compounds at doses of 0.4-15 nmol/embrye. An additional group was treated
transplacentally with 47.5 nmole benzo[a]pyrene on day 10, 12 or 14, On day
18, the dams were sacrificed and inspected for implantation sites, as well
as the number of dead and live fetuses; llve Fetuses were further examined
for gross malformations. Results, given in Table V-23, show that intra-
embryonal administration of benzo[a]pyrene and benzo[a]pyrene-4,5-oxide did
not signiftcantly increase the incidence of fetal maiformations; however,
the 7,8-d101-9,10-epoxide caused significant increases in the incidence of
fetal malformations. . Specific malformations included exencephaly,
thoracoschistis, gastroschisis, phocomeiia and edema. 6-Methylbenzo[a]pyrene
also 1ncrea§ed the‘ incidence of teraia; transplacental administration of

benzo{a]pyrene, however, did not.
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TABLE v-23

Embryotoxicity and Malformations in Swiss Mice Exposed by
Intraembryonal Injection of Benzo[alpyrene and Derivattvesd

Treatment Viability Malformations
Dose No. Live/ No. Matformed/
Compound Day nmole/Embryo No. Treated Total No. Alive

Controlb 10 0.5 {(uk) 53/69 11/53

12 T (wt) 30736 2/30

14 2 {ut) 59/82 4/59
Benzo[a]pyrene 10 4 18/41¢ 6/18

12 8 42/78¢ 6/42

14 16 28/45 4/28
Benzo{a]pyrene-4,5- 10 4 25728 8/25
oxide 12 8 21/743¢ /21

14 16 51766 [sic] 5/51
Benzo[a]pyrene-7,8- 10 0.4 77464 7/79
d101-9,10-epoxide 12 2 59/111¢ 36/594

14 4 37/58 10/37#®
6-Methylbenzo[a]lpyrene 10 4 20/36%° 10/20°

12 8 13/21¢ 6/13¢C

14 16 39/65 12/39¢

dSource: Barbierid et al., 1986
PAcetone and £rtoctan01n {1:1)
Cp<0.01
dp<0.00)
€p<0.05
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LeGraverand et al. (1984) found the extent of embryotoxicity and terato-
genicity of benzo[a]lpyrene to be related both to the route of administration
and to the affinity of a receptor (AHH)} for agents that induce hepatic
cytochrome P-450 response. Benzo[a]pyrene ({120 mg/kg/day) was orally
administered to pregnant mice from day 2 to day 10 of gestation. The mice
were elther heterozygous or homozygous for the low-affinity receptor for
tnducers of cytochrome P-450 (the high-affinity receptor 1is dominant).
Pharmacokinetic studies indicated that embryos developing in dams homozygous
for the Tlow-affininty receptors were exposed to higher levels of
benzo[a]pyrene, Within this group of embryos, receptor homozygotes had an
increased incidence of 1nt?auter1ne toxicity and maiformation when compareﬁ
with receptor heterozygotes. Heterozygous dams exhibit an enhanced ability
to metabolize benzo[alpyrene 1n their fintestines and 1iver; therefore, the
developing embryos receive less benzo[a]pyrene. Consequently, less
intrauterine toxicity and fewer malformations were seen. Intraperitonial
administratton -of benzo[alpyrene caused the exact opposite effects,
indicating the importance of both the administration route and genotype of

the exposed animal in the potential for a toxic response.

Swartz and Mattison (1985) showed that acute exposure to benzof[a]pyrene
had an adversg; albeit transient, effect on oocyte follicle growth, ovula-
tion and formation of corpora lutea. Five female C57B1/6N mice/group were
treated with a single 1.p. injection of 0, 1, 5, 10, 50, 100 or 500 mg/kg bw
benzo[alpyrene in corn oll. 0One week post-treatment numbers of corpora
lutea were significantly reduced in mice treated with 5-500 mg/kg benzofa]-

pyrene. By week 4 this depression was evident only in the mice 1n the two
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highest treatment groups. Ovarlan toxicity in the highest dose group was
indicated not only by absences of corpora lutea but also by lack of signs of

folliculogenesis.

Taktzawa et‘ al. {1984) established EDSD doses for small oocyte
destruction by benzo[a]pyrene in several mouse strains. Treatment was by
intraovartan injection of 0, 0.1, 1.0, 10 or 30 yug/ovary. Two weeks post-
treatment mice were killed and ovartan tissue examined histologically. The
EDsos for various strains were the following: (5781/6N, ED = 3.38

50
ug/ovary; DBA/2N = 36.14; C5781/6J x DBA/2JF) = 8.27.

Pregnant C3H/Anf mice were treated i.p. at either 11-13 or 16-18 days of
gestation with 100 or 150 mg benzo[a]pyrene/kg bw. Body welghts of progeny
were comparable between control and treated groups. Offspring of treated
animals, however, were observed to have a severe supressioﬁ of immune
function as measured by the abi1ity to elicit an antibody response to sheep
red blood cells. This supression of response persisted into adulthood
indtcating permanent immunosuppression when prenatal exposures occur {lUrso

and Gengozian, 1980).

Benzo[a]pyreﬁe has been shown to De a transplacental carcinogen
producing tiver tumors in HA/ICR, strain A and C5781 mice and lung tumors 1In

the Ha/ICR mice (Bulay, 13970; Bulay and Wattenberg 1971; Nikonova, 1977).
Female A strain mice were subcutaneously administered 150 mg/bw benzo-

[a)pyrene in sunflower 011 on the }8th and 19th day of pregnancy (Turusov et

al., 1990}. The offspring were mated in a brother-sister system to create
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the F2-F5 generations. Controls receiving only sunflower 011 \were
matntained. The offspring were sacrificed at 1 year of age. When compared
with controls, there was a statistically significant Increase in the lung
adenoma 1incidence 1in both the males and females of the first generation,
fhe Tung tumor incidences in F1 females were 42/78 and 12/78 in the exposed
and control mice, respectively, and in Fl males the incidences were 52/67
and 6/75 in the exposed and control mice, respectively. The F2 females
exhibited a statistically significant 1increase tin 1lung tumor incldences
also; these were 20/91 and 10/95 in the female F2 descendants of the treated
dams and 'n the controls, respecttvely. This increased incidence of lung
tumors was not seen in the F2 males or in 1later generations, but a
statistically significant tncrease in tumor multiplicity was seen in the

F2-F5 generations.

Rabbit progeny have also been shown to develop tumors after
transplacental exposure to benzo[alpyrene during the last third of

preganancy (Beniashvili, 1978).

Chrysene. Mallard duck eggs were painted with 10 ut of a 0.1%
solution of chrysene in an unspecified petroleum hydrocarbon reported to be
of "relatively low embryotoxicity* (IARC, 1983). Embryotoxicity and terato-

genic effects among ducklings were observed (Hoffman and Gay, 1981).

Fluoranthene. Irvin and -Martin (1987) reported, 1n an abstract, a
developmental study in which a single 1.p.71nject10n of fluoranthene (dose
unspecified) was given to pregnant C57/B6 mice on gestational days 6, 7, 8
ar 9. A ggstation-dependent 1néreased rate of embryo resorption was

observed.
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Naphthalene. In what appears to be two reports of the same study
{(Plasterer et al., 1985; Booth et atl., 1983), single oral doses (300 mg/kg)

of naphthalene were administered dailly for 8 consecutive days to 50 pregnant
CD-1 mice beginning on day 7 of gestation. This dose was estimated to be at
or just below the maximum tolerated dose for acute lethality. A significant
tncrease in maternal lethality {p<0.05) and a decrease in mean maternal body
weights as well as the number of live pups per litter (p<0.05) on postpartum
day 1 were noted when compared with the controls. There was not a concomi-
tant increase in dead pups. There were no effects on pup survival and mean
body weights. No gross congenital abnormaltties were detected in the pups

although the method used to examine the pups was not reported.

Hardin et al. (1981) administered naphthalene 1.p. (395 mg/kg) 1n corn
o1l to pregnant Sprague-Dawley rats on day 1 of gestation. Datly injections
continued through day 15. No treatment-related effects on maternal

toxicity, fetal toxicity, or teratogenesis were reported.

In a pilot range-finding study, 20 artificially inseminated New lealand
white rabbits (at least 24 weeks of age and weighing 4-5 kg) were orally
dosed u1tﬁ naphtppiene {in 1% methy]celluloée vehicle) at 50-1000 mg/kg from
gestational days 6-18. Maternal lethality and/or aborticn were increased at
doses of >630 mg/kg, but no data were collected. No differences 1in
reproductive parameters were noted, and no malformations or fetal death

occurred at the lower dose levels (Naismith and Matthews, 1985).

In the main study by Najsmith and Matthews (1986), 18 artificlally
inseminated New Zealand white rabbits per group were orally dosed with

nAphthalene (1% methylicellulose vehicle) at 0, 40, 200 or 400 mg/kg/day from
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gestation days 6-18. Dams were at least 24 weeks of age {exact ages were
not specified). Maternal body weights and body weight gains were comparable
among all test groups and controls. Ffood consumption of high-dose {400
mg/kg) animals was significantly greater (p<0.05) than controls during
gestation days 7-15, 23-25 and 27-29. Pharmacotoxic signs observed during
the study included decreased activity, dyspnea, weight loss, cyanosis,
salivation, and Tloose stools or diarrhea; these signs occurred in an
apparent dose-related manner. Gross examination of dams and controls
indicated no differences in the following reproductive measures: number of
corporda lutea, total number of implantations, viable or nonviable fetuses,
pre- or postimplantation | loss, fetal body weights, and fetal sex
distribution. The maiformations and variations were equally distributed
among groups, and no dose-related trends were apparent. These malformations
included 2 1incidences of fused sternebrae and an fincidence of umbilical
herniation from 3 different 1itters in the control group, an incidence of
viceral malformations in the mid-dose group and 3 incidences of fused
sternebrae from 3 different 1lttters 1in the high-dose group. The study
authors concluded that oral administration of naphthalene to pregnant
rabbits did not evoke a teratogenic effect. The U.S. EPA (1987a) concluded
that the teratogenic potential could not be adequately assessed. The data
were consideregAincomp1ete because of lack of information on the methods of

fetal sacrifice and of visceral and skeletal examinations.

Matorova (1982) reported that naphthalene administered by gavage (0.015,
0.15 and 1.5 mg/kg) on a chronic basts (duration not reported) to pregnant
female aibino rats was assoctated with adverse effects on reproductive
funﬁtion and development of progeny. These effects included slow fetal

development, an increase in number of hemorrhages and bleeding of internal
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fetal organs, and a reduced viability. The reported threshold for effects
was 0.075 mg/kg. A 1lack of information on protocol design, tests for
significance, and experimental data renders these results difficult to

interpret.

Mutagenicity/Genotoxicity

The PAHs have long been recognized as having mutagenic and other geno-
toxic effects. The literature contains many reports of short-term } itro

and In vivo tests of the genotoxicity of these compounds and of their

metabolites. Because of the extensive scope of these reports, thelr results

are presented in tabular form (Table V-24).

Synergism and/or Antagonism

Because PAHs rarely occur in tsolation from each other in the environ-
ment, it s important to un@erstand the potential health effects associated
with mixtures of PAHs. Much research has faocused on the promoting or
inhibitory effect of noncarcinogenic PAHs, such 4as pyrene, on the
carcinogeni¢c potential of known carcinogens, often benzo[a]pyrene. The
route of administration s typically nonoral (dermal, subcutaneous injection
or ﬁnha]étion].( Some of the reports dn cocarcinogenic activity are

considered in this section.

Falk et al. (1964) conducted a series of experiments with C57B1 male
mice (3-4 months old) to assess the potential inhibitory effects of phenan-
threne and other PAHs considered noncarcinogenic on the tumor1gen1é1ty of
d1benz[a.ﬁ]anthracene. Groups of 30 animals received single s.c. injections

of various dosages of dibenz[a,h]anthracene alone and in combination with

04420 V-123 ' 10/08/91
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other PAHs in an ethylene glycol, tricaprylin or ethyl laurate vehicle.
The mice were then observed for 18 months to determine the {incidence of
sarcomas. Survival was 90-100% during the crttical perlod of tumor
formation, the 4th to 11th month. The authors found that both dose and
interval between administration of the carcinogen and noncarcinogen affected
the degree of observed inhibitory response. Phenanthrene had substantial
inhibitory effects on the production of sarcomas by dibenz[a,h]anthracene,
particularly at lower dosages. AiL-275 ug of the carcinogen, concomitant
administration of a 24:1 melar ratio of phenanthrene to dibenz[a,h]-
anthracene {in ethy! laurate) ylelded ~50X reduction in the percentage of
tumor-bearing animals as compared with administration of dibenz[a,h]-
anthracene alone. When the dosage was decreased to 60 wug of the
carcinogen, a similar molar ratio of phenanthrene to dibenz[a,h]anthracene
was shown to yield a comparable reduction in tumor development. It was
found that elther concqmitant administration of carcinogenic and
noncarcinogeniﬁ PAHs or administration of the noncarcinogen either 2 days
prior to or after the carcinogen administratton resulted in maximum
reduction in the percentage of tumor-bearing animals. When the vehicle was
changed to triethylene glycol, phenanthrene In combination with
dibenz{a,hlanthracene had a substantial promoting effect, approximately

doubling the pércéntage of tumor-bearing animals.

In the same study benzo[alpyrene was also tested for carcinogenic
effects in combination with other noncarcinogenic, weakly carcinogenic and
potent carcinogenic hydrocarbons in a tricaprylin vehicle (Fé1k et al.,
1964). The chosen rattos of putative anticarcinogen to carcinogen approxi-
mated those that occur in the environment. PAHs, including benzo[a]-

fluorene, chrysene, benzo[k]fluoranthene, perylene, and a mixture of

04420 v-151 ’ 10/08/91



anthracene, phenanthrene and pyrene, had substantial 1inhibiting effects on
the ability of benzo[alpyrene to produce tnjection site sarcomas. Other
PAHs, including acenaphthy1éne, fluorene, anthracene, benzo[g,h,1]perylene,

indeno[1,2,3-cd]pyrene and coronene, had no such inhibiting effects.

By contrast, Pfeiffer (1973, 1977} found no inhibitory effects of 10
noncarcinogenic PAHs on benzo{a]pyrene or dibenz{a,h]anthracene carcinogen-
jcity. Groups of 100 NRMI female mice were given single subcutaneous 1njec-
tions of varjous dosages of benzo[a]pyrene and dibenz[a,h]anthracene, and 10
noncarcinogenic PAHs, separately and in combination, in 0.5 me tricapry-
1in. The PAHs, which the authors considered noncarcinogenic, included
benzo[a}anthracene, phenanthrene, anthracene, pyrene, fluoranthene,
chrysene, benzo[g,h,i]perylene, perylene, benzo[e]pyrene and coronene. The
animals were examined weekly for the development of sarcomas for 114 weeks.
Relationships were found to exist between 1increasing dose and tumor
development for benzo[a]pyrene, dibenz{a,hlanthracene, benzo[a]pyrene plus
dibenz[a,h)anthracene, and all 12 PAHs administered as mixtures. No
treatment-related increases in sarcoma development were observed for any of
the 10 noncarcinogenic PAHs when administered‘ separately. Interestingly,
the noted dose-response curves for combinations of PAHs most closely
resembled the curve for dibenz[a,h]anthracene atone. Upon further
statistical analysts to determine the relative effectiveness of the
treatments 1in producing tumors, it was found that the mixture or
benzo[a]pyrene and dibenz[a,h]énthracene alone, or in combination with the
10 noncarcinogenic PAHs, was slightly less potent in inducing tumors than

was dibenz[a,h]anthracene alone.
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Pott et al. {1977) conducted comparable expertménts on the carcinogenic
effects of automobile exhaust condensates {AEC) in mice. Femdle NRMI mice
in groups of ~B88 animals were administered single subcutaneous injections of
various dosages of AEC and benzo[a)pyrene, separately and in combination,
which had been dissolved or suspended in tricaprylin. AEC contained both
PAHs and non-PAH substances. When AEC was present with benzo[a]pyrene, the
incidence of tumors (most of which were sarcomas) was less than when benzo-
[a]ﬁyrene was administered qTone. This tnhibitory effect of AEC was par-
ticularly obvious at the higher dosages of benzo[alpyrene, but a decreasing
relationship between tumor incidence and Tevel of AEC was observed at all
dosages of benzo[a]lpyrene. In a second series of experiments, Pott et al.
{1977) sought to assess the effects of a PAH fractien and non-PAH substances
prepared from the AEC. These were- injected separately and in combination
with benzo[a]pyrene. Mice injected in this set of experiments were observed
for a year. The PAH-contalning fraction of AEC was tumorigenic. When

assayed in combination with other AEC fractions, tumorigenicity was reduced.

The relative proportions of PAHs found in automobile exhaust gas
condensates were determined in relation to benzo[a]pyrene. The PAHs were
divided into two groups; the first group was composed of benzo[a]pyrene,
dibenz[a.h]an;hrécene. benz[a]anthracene and benzo[b]fluoranthene and the
second Qroup phenanthrene, anthracene, fluoranthene, pyrene, chrysene,
benzo[e]pyrene and benzo{g,h,i)perylene. The concéntrations used in each
dose group were determined by the relative concentration of benzo[alpyrene.
The benzo{alpyrene concentrations selected for the first dose group
{benzo[alpyrene, dibenzta.b]anthrqcené. benz[a]anthracene and benzo[b]-

fluoranthene) were 1, 1.7 and 3.0 ug benzo[a]pyrene and the benzo[a]pyrene
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concentrations selected for the second dose group {phenanthrene, anthracene,
fluoranthene, pyrene, chrysene, benzo[e]pyrene and benzof[g,h,i]perylene)
were 1, 3, 9 and 27 ug benzo[alpyrene {benzo[a]pyrene was not included 1n
the group). A third dose group was created by combining the compounds in
groups one and two; the relative benzo[a]pyrene concentrations selected for
this dose group were 1, 1.7 and 3.0 ug benzo[a]pyrene. All compounds were
dissolved in acetone. Four control groups that recelved anly benzo[a]pyrene
at doses of 1, 1.7 or 3.0 ug in acetone and a solvent control group were
also employed. The shaved skins of 100 female NMRI mice/group were treated
twice/week until natural death or development of an application site

carcinoma (Schmahl et al., 1977).

The incidence of application site sarcemas in the solvent control group
was 1/81; no other tumors were reported. In the benzo[a]pyrene control
groups the carcinoma incidences were 10/77, 25/88 and 43/81 1in the 1, 1.7
and 3 ug benzo{a]pyrene groups, respectively. The carcinoma incidences
for the first dose group {benzo[a]pyrene, dibenz{alanthracene,
benzfalanthracene and benzo[b]fluoranthene) were 25/81, 53/88 and 63/90 1in
the 1, 1.7 and 3 ug benzo[alpyrene groups, respectively. The carcinoma
incidences for the second dose group (phenanthrene, anthracene,
fluoranthene, pyrene, chrysene, benzo[e]pyrene and benzo[g,h,1]perylene)
were 1/85, 0/84, 1/88 and 15/86 in the 1, 3, 9 and 27 wug benzo[alpyrene
groups, respectively. In the third group {combination of groups one and
twof the carcinoma incidences were $4/89, 54/93 and 64/93 in the 1, 1.7 and
3 ug benzo[a]pyrene groups, respectively. The reported papilioma and

sarcoma incidences of all groups did nof exceed 5% {Schmahl et al., 1977).
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The cocarcinegenic potential of varfous substances Ffound in clgarette
smoke was studied by Van DOdren et al. (1973) and ¥an Diiren and Goldschmidt
(1978). In the 1973 study, female ICR/Ha Swiss mice in groups of 50 were
given repeated ‘derma] applications of 5 yug benzo[alpyrene in 0.1 m
acetone 3 times/week elther alone or with pyrene, benzo[g,h,1]perylene or
benzo(e]pyrene. Control groups received either no treatment or treatments
of acetone, benzo[g,h,i]perylene, pyrene or benzo[e]lpyrene alone. The
experiment ran for 52 weeks. Cocarcinogenic activity was shown by the three
PAHs (Table v-25). No skin tumors were found in the contral groups. When
benzo[a]pyrene was applied with the individual noncarcinogens, the number of
mice with papillomas increased 1.5-2.6 times over the number observed when
benzo[a]pyrene was applied alone., Likewise, the total number of papillomas
was 2-6 times higher when the noncarcinogens were present as compared with
benzo[a]pyrene alone. Moreover, the number of days from first application
to appearance of the first tumor 1in the multiple treatment groups was

similar to that in the benzo[a]pyrene group alone.

In a second study, Van Diddren and Goldschmidt (1376) assessed both . the
cocarcinogenic and tumor-promoting activity of benzo[g,h,1]perylene,
fluoranthene, benzo[e]pyrene and pyrene in-conjunction with benzo[a]pyrene.
Again, fgmale:ICk/Ha Swiss mice 1n groups of 50 were used. Various dosages
of the above noncarcinogenic PAHs alone and fin conjunction with 5 g
benzo{a]pyrene were appiled in 0.1 me of acetone or tn DMSO 3 times/week
for <440 days. Pyrene, fluo?&nthene and benzo[e]pyrene were found to be
potent cocarcinogens for benzo[a]pyrene, while benzo[g,h,1]perylene was
determined to be "moderately cocarctnoéentc“. Pyrene and fluoranthene also
proved to be weak tumor-promoting agents when an initlating dose of benzo-

[a]pyrene was used. The results of the study are presented in Table V-26.
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TABLE V-25

Cocarcinogenic Activity of Various PAHs with Benzo[a]pyrene in Mouse Skind

{1 Year Exposure)

No. of Mice with

Carcinogenb Cocarcinogen Dose of Papi1lomas/No.
Cocarcinogend of Survivors
(ug) at 52 Weeks
Benzo[a]pyrene .- ' -- o 13/82
Benzo[a]pyrene Benzo[e]pyrene 15 - 34/39
Benzo[a]pyrene Benzo[g,h,1]perylene 21 20/37
Benzo[a]lpyrene  Pyrene 12 21/4

dgource: Van Dddren et al., 1973

bBénzo[a]pyrene (5 ug) and/or cocarcinogen was applled as acetone solu-
ttons 3 times/week for 52 weeks. There were no tumors in the groups

treated only with acetone, benzo[e)pyrene, benzo[g,h,i]perylene or pyrene.
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Rice et al. (1984} also found fluoranthene and pyrene to have cocarcino-
genic potential when combined with benzo[ajpyrene. When female CD-1 mice
were given dermal applications of 150 ut [?H] benzo[a]pyrene and either
flupranthene or pyrene, the occurrence of DNA adduct formation (after 24
hours) was 66 and 56%, respectively, above the level found for benzafa]-
pyrene alone. Phenanthrene co-application resulted In an average 17%

decrease and formation of [®H)benzo[a)pyrene-DNA adducts.

Slaga et al. (1979) examined the effects of several PAHs on skin tumor
initiation by 7,12-dimethylbenz{a]anthracene (DMBA} and Dbenzo[a)pyrene.
Either benzo[elpyrene, pyrene or fluoranthene 1n acetone was applied to the
backs of female CD-1 mice (30/group) 5 minutes before initiation with DMBA
or benzo[alpyrene. Beginning 1 week after initiation mice recetved 10 wug
of 12-0-tetradecanoylphorbol-13-acetate (TPA) in acetone twice weekly for 30
weeks. The Incidences of both papiliomas and. carcinomas were observed
weekly and removed at random for histologlc verification. When applied
before initlation, pyrene  and benzo[e]pyrene slightly  enhanced
benzo[a]pyrene Inittation whereas fluoranthene had a margina) effect. These
same PAHs had an inhibitory effect on 7,12-dimethylbenz[alanthracene skin
tumor 1n1t1at1on. When pyrene and flqcranthene were applied after

benzo{a}pyrene inttiation, they had no tumor promoting effects.

Huang et al. (1986) investigated the ability of benzo{alpyrene phenolic
metabolites to interfere with the mutagenicity and tumorigenicity of benzo-
(alpyrene or the putative ultimate carcinogen, benzo[a])pyrene-7,8-d101-9,10-
epoxide. Of 12 isomeric phenolic meta&olites. 3-hydroxy-benzo[a]pyrene was

the most potent antagonist of 7,8-d101-9,10-epoxide mutagenicity for

04420 v-158 10/08/91



Salmonella typhimurium stratn TAT00; 3 umol reduced mutagenicity by 50%.

The 3-hydroxy-benzo[a]pyrene also decreased microsome-mediated mutagenicity
of benzofa]pyrene and benzofa]pyrene-?,a-dio1 for TAT00. Likewise, mutagen-
icity of the 7,8-di01-9,10-epoxide for mammalian cells (V79) was decreased
by 50% upen addition of 8 M 3-hydroxybenzo[a]pyrene. A 2500 umocle dose
of J3-hydroxybenzo[a]pyrene was applted topically to the shaved backs of
female CD-1 mice 5 minutes before addition of a tumor-initiating dose of 200
umole of benzo[a]pyrene-7,8-d101-9,10-epoxide. This was followed by 16-20
weeks of ﬁromot1ng treatment with TPA. At the end of this time a 72-78%
reduction in numbers of tumors/mouse and a 42-55% decrease in incidence was
observed by comparison with animals treated with the 7,8-d901-9,10-epoxide
and TPA alone. A less dramatic reduction (35-41% decrease 1n incidence,
40-52% inhibition in number of tumors/an1ha1) was observed when benzo[a]-

pyrene was the initlating agent.

The enhancing or inhibiting action of non-PAH materials on PAH carcino-
genicity has also been a sublect of study. El1-Bayoumy (1985) showed that
two synthetic organoselenium compounds, p-methoxybenzeneselenol and benzyl-
selenocyanate, inhihited forestomach tumors in mice treated with-benzo[a]-
pyrene. As described in the oral carc1nogén1c1ty section, 9-week-01d female
CD-1 mice uefé féd a3 standard diet for 1 week. At the beginning of week 2,
25 mice/group were fed diets containing varying levels of the above two
compounds or their nonselenium-containing congeners. A third pair of com-
pounds, phenothtazine and phenoselenazine, were also tested. Beginning with
week 3, mice were gavaged twice weekly for 4 weeks with 1 mg benzo[a]pyrene
in corn otl. The test dlets were continued for 1 week post-treatment and

then standard diets were fed unt]) week 28 when the mice were kilied. Mice
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receiving benzo[a]pyrene and standard diet had a forestomach tumor incidence
of 85%. This was decreased to 25% in the high-dose p-methoxyphenol-treated
group. Benzylse1enocyanate‘and methoxybenzeneselenol produced insignificant
reductions in tumor incidence but significant reductions in the number of

tumors/mouse,

As noted in the nonoral carcinogenicity section, the pulmanary carcino-
genicity of benzo[alpyrene can be greatly gnhanced by co-administration of
particulate matertal, Pershagen et a].' (1984) studied the pulmonary
carcinogenicity of benzo[a]pyrene alone and in combination with arsenic
trioxide (ASZO3) in maie Syrian golden hamsters. The animals were
divided 1into four groups: A5203' benzo[a]pyrene, A5203 plus benzo-
[a]pyrene, and vehicle controls. At eacﬁ of 15 weekly instillations, 3
mg/kg of arsenic and/or 6 mg/kg of benzo[alpyrene was administered. AN
groups recelved a carrier dust (charcoal carbon), which increased the lung
retention of arsenic. Carcinomas of the larynx, trachea, bronchi or 1lungs
were found in 3/47, 17/40 and 25/54 animals examined 1in the A5203.
benzo[a]pyrene and A5203 plus benzo[alpyrene groups, respectively. 'No
respiratory tract carcinomas were found in the 53 controls. The incidences
of pulmonary adenomas, papillomas and adenomatoid lesions were markedly
higher in the arsenic group than in the control group'(p<0.01). There was
also some evidence of a positive interaction between arsenic and benzo[a]-
pyrene 1n relation to adenomatosis lung tumérs. The authors noted that the.
presence of the carrier dust prevented rapid lung clearance of the
As203. They‘proposgd that the arsenic may have had an adverse effect on
repair of benzo[alpyrene-induced ONA damsge (Pershagen et al., 1984).
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Metivier et al. (1984) studied the effects of different levels of
plutonium oxide (Puoz) and benzo[a]pyrene on 1lung carcinogenesis 1in SPF
Wistar rats in an effort to determine the cocarctnogenic effects of lonizing
radiatton and benzo[a]pyrene. Eight different experimental groups Inhaled
PuD2 at four dose levels with and without benzo[a]pyrene (given in two
doses of 5 mg by intratracheal instillation). The results are summarized 1in
Table Vv-27. They show that the tincidence of lung tumors increased as a
functton of both Pul

5 dose and benzo[a]pyrene exposure. The authors felt

that a meltiplicative relative risk model fit the observed effects.

Jones et al. (1984) .1nvest1gated the effect of 1a,25-dihydroxychole-
calciferol [1.25-(0H)203] on the transformation of cells pretreated with
benzo{a]pyrene and benzo[e]pyrene. Treatment of Syrian hamster embryo cells
with benzo[a]pyrene for 3 days followed by treatment with 1,25-(0H)2D3
for 4 days Increased transformaticn of the cells. Benzo[e]lpyrene, not a
complete carcinogen by itself, induced cell transformation when followed by

1,25-(01-!)203 appiication.

Rahimtula et al. (1977) examined the capabilities of nine antioxidants
{ascorbate, buty1§ted hydroxyanisole, butyIéted hydroxytoluene, ethoxyquin,
glutathione, Nﬁﬂ'ﬁ'-tetramethy]«p-phenylenediamine dihydrochtoride, nordihy-
droguariarotic acid, propyl gallate and pyrogallol) to affect benzo[a]pyrene
hydroxylation by rat 1iver microsomal MFOs. A1l of the antloxidants tested
reduced the bacterial mutagenicity of benzo[a]pyrene in the presence of rat
1iver microsomes and cofactors. They also fbund that several synthe£1c and
naturally occurring flavones, when incorporated in the dlet {3-5 mg/g) or

applied to the skin, caused an ‘increase in benzo[alpyrene hydroxylase
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activity 1In the small intestine and skin, respectively. In addition,
pulmonary adenoma formation resulting from oral administration of
benzo[a]lpyrene was totally prevented, and skin tumors 1initiated by
benzo[a]pyrene application to mice were significantly reduced (>50%) by
treatment with the synthetic flavone, B-naphthoflavone. Pulmonary tumor
formation was also reduced 50% by incorporation of the naturally occurring
flavone, guercetin pentamgthy] ether, into the diet. Sullivan et atl. (1978)
demonstrated that BHA, BHT, phenothrazine, phenothrazine methosulfate and.
ethoxyquin all can reduce the quantitative yleld of benzo[a]pyrene

metabolites in tncubations with rat iiver microsomes.

Summary

Studies of the general and spec1?1c heé]th effects In animals associated
with exposure to PAHs tend to be l1imited in the number of PAHs considered
and the route_of administration. A wide variety of general toxic effects
have been linked to exposures. Effects on the hematopoietic and lymphoid
systems seem to predominate, such as anemla, hemolysis, leukemia and lympho-
cyte toxicity. Equally important to the nature of effects, the dosage
elciting such effects appears to vary by route of administrattion; for
example, for ¢ompounds Tike fluoranthene, ﬁcute toxicity (LDSO) occurs at

a lower dosage for oral versus other routes of exposure.

Some PAHs are known to be carcinogens for animals. In terms of specific
health effects, relatively potent carcinocgens )ike benzo[a]pyrene and
dibenzia,h]ahthrqcene as well as moderate-to-strong cocarcinogens 1ike
fluoranthene and pyrene are found émong the PAHs. Dose-response relation-

ships for oral exposures have been documented for some_of the carcinogenic
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PAHs. The carcinogenic effect of some PAHs when administered to animals by
other routes such as subcutaneous and intraperitoneal injections, inhalation

and skin-painting has also been documented.

Environmental PAH exposures are thought to occur to mixtures rather than
individual compounds. Experimental PAH mixtures research assessing
carcinogenic activity has Ffocussed on nonoral routes of administration;
these 1include subcutaneous 1injection, dermal application and inhalatton.
When studied 1in combinations, 1inhibition, promotion and cocarcinogenic
effects have been reported for PAHs. PAHs have also been reported to act as
initiators of carcinogenés1s when followed by repeated treatments with
non-PAHs such as plutonium oxide. Mixtures, such as automobile exhaust
condensate, that contain a variety cof PAHs as well as other compounds, have

also been shown to be carcinogenic in animals,

Reproductive/teratogenic effects have not been evaluated for most PAHs.
However, there s some evidence suggesting that ingestion of benzo[a]pyrene
reduces fertility and reproductive capacity and has deleterious effects on

the offspring of mice so exposed.

Several PAH? have been extensively studied for genotoxic effects.
Benzo[alpyrene seems clearly to be mutagenic 1in both prokaryotic and
mammalian cells in the presence of an activation system and causes various
chromosomal effects in mammalian cells. Benzo[g,h,i]perylene, chrysene and
dibenz[a,h]lanthracene are mutagens In several systems, and the latter alse
damages the 'DNA of‘ both prokaryotic énd eukaryotic cells. Benz[a]anthra-

cene, normally a weak carcinogen, can be acttvated to exhibit mutagenic
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activities comparable to benzo[a]pyrene. For the remainder of the compounds
under review, there are either too few data to draw firm conclusions, or the

results have been mixed. Most of these compounds have exhiblted

genotoxicity in some systems,
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VI. HEALTH EFFECTS IN HUMANS

Introductton

Human beings are likely to be exposed on a daily basis to vartous levels
of PAHs in the ambilent environment. Primary vehicles of exposure among the
general population include 1inhalation of mainstream and sidestream tobacco
smoke and exhaust products from the combustion of commonly used fuels.
Certain occupational groups have the additional burden of exposure to
extremely high levels of complex mixtures that contain PAHs as well as other
toxic and tumorigenic compounds. Those considered at high risk for these
exposures 1include steelworkers, coke oven workers, gas workers, foundry
workers, aluminum reduction plant workers, roofers, chimney sweeps, and
possibly auto mechanics. Scrotal cancer among chimney sweeps 1s considered
to be the first and oldest identified oécupat1ona1 cancer (Pott, 1775).
These occupattional exposures occur almost exclusively via inhalation or
direct dermal contact. It 1s from this body of sclentific evidence that a
causal reTatiohship has been clearly established between PAH-containing
mixtures and several specific cancer sites (IARC, 1984, 1985; WHO, 1988).
These studies are briefly summarized at the end of this chapter, although
their direct relevance to oral ingestion of PAHs 1in drinking water s

unclear.

PAHs do occur in ingested media such as water and foods, but these
exposures have not been well-characterized or evaluated. PAHs have been
identified 1n smoked foods, cﬁarbro1led meats, raw vegetables, shellfish,
and refined fats and olls. To studx epidemiologicaily the relationship
between any specific nutrient and a specific adverse event 1is very

difficult, however, and extreme caution must always be exercised 1In
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Inferring causaltty. Howson et al. (1986) point out that, although an early
study implicated ingestion of PAHs via charcoal broiled and smoked foods
with an increased risk of gastric cancer, subsequent experimental research
showed that PAHs were not good candidates for carcinogens of the glandular
stomach and therefore probably were only indirectly assoclated with gastric

cancer.

Cigarette smoking 1s strongly and consistently assoctated with cancer at
several sittes including the Tung, larynx, oral cavity, esophagus and bladder
(Schottenfeld and Fraumen1f 1982; Maclure and MacMahon, 1980). In additton
to nitrosamines and other chemicals, 34 PAHs, some of which are recognized
as carcinogens, have been 1dentified in mainstream and sidestream cigarette
smoke (IARC, 1983; Wynder, 1988; Appel et ai.. 7990). Inhalation of tobacco
smoke 15 also considered to be a major risk factor for cardiovascular
disease. Houevgr. the specific relationship of any of the compounds 1In
tobacco smoke to the complex etlology of this disease 15 unclear. Albert et
al. (1977) demonstrated in chickens that direct injection of PAHs [DMBA and
B{a]P] into the aorta could induce atherosclerotic lesions. In humans, 1t
ts 1ikely that other constituents of tobacco smoke, primarily carbon
monoxide and nicotine, also are involved fn the disease process and may
possibly be the main culprits, not PAHs {Wynder, 1988). This will be
briefly addressed later 1In the review of more recently published
occupational studies (Hansen, 1983, 1989; Gustavsson et al., 1988), but a
complete review of the smoking and human health literature 1s well beyond

the scope of this document.
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Clinical Case Studies

QOral. The only available case reports of oral ingestion of tsolated
PAHs are concerned with accldental 1ingestion of naphthalene. Acute
hemolytic anemia 1s the most frequent manifestation of naphthalene poisoning
in humans. Case reports have described the appearance of acute hemolytic
anemia after naphthalene ingestion by children {Jacobziner and Raybin, 1964;
Athreya et al., 1961; Gross et al., 195B; Zinkham and Childs, 1957, 1958;
Haggerty, 1956; Chusid and Fried, 1985; B8regman, 1954; MacGregor, 1954;
Abelson and Henderson, 1951; Mackell et al., 1951; Zuelzer and Apt, 19439)
and adults (Anziulewicz et al., 1959; Zinkham and Childs, 1957, 1958; Gidron
and Leurer, 1956).

The reported mechanisms and range of éxpOSure to naphthalene in these
case studies were: 1) chewing, sucking, cor swallowing of mothballs (one to
numerous) as a single incident or for perlods up to 3 months; 2} ingestion
of tollet bow1'deodorant'cakes (pure naphthalene) by a child over a period
of a year; and 3) ngestion of naphthalene-containing deodorant in a diaper
pall for an unspecified period. Doses of naphthalene were not generally
reported in these case studies because of the poorly defined nature of the
exposure. Tests to detect naphthalene derivatives 1in the urine of the

anemic individuals were negative in some cases and positive in others.

Symptoms of naphthalene toxicity that frequently precede the diagnosis
of acute hemolytic anemia 1n persons of all ages include mild to severe
Jaundice, dark urine {(red, orange, or port wine colored), pallor, and
lethargy (U.S. EPA; 1987a). Severe 'Jaund1ce is often the reason for

hospitalization, since the Jaundice often develops before severe anemia
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becomes manifest. However, 1t is clear that anemia and jaundice can develop
in parallel as shown by a time-course study of hematologic changes in a
16-year-01d ¢irl who had ingested about 6 g of naphthalene in a suicide
attempt (Gidron and Leurer, 1956). Vomiting and tachycardia are occasion-
dally observed as preclinical signs of naphthalene polsoning in persons of
all ages. Preclinical signs of naphthalene toxicity observed primarily in
neonates or children include anorexia, cyanosls, shallow respiration or
apnea, convulsions, and diarrhea. Preciinical symptoms of naphthalene
poisoning reported by children or adutts include fever, confusion, pain in
abdominal or kidney regtion, pain at urination, nausea, headache, falnting,

and vertigo (U.S. EPA, 1987a}).

Frequent laboratory findings indicative of severe hemoliytic anemia after
naphthalene poisoning in persons of all ages Include depressed hemoglabin,
hematocrit, and erythrocyte count; elevated 1leukocyte and reticulocyte
counts; erythrocyte anisocytosis, polychromatophi]ia. fragmentation, sphero-
cytosis, and microspherocytosis; and occasional hemoglobinuria (U.S. EPA,
1987a). Additional laboratory findings 1indicative of severe hemolytic
anemia after exposure of neonates or chiidren to naphthalene include the
following: erythrocyte poikilocytosis and microcytosis; elevated serum
bilirubin; occasfona] obsérvat1on of Heinz bodies, nucleated erythrocytes,
and Howell-Jolly bodies; and occasional observation of methemoglobinuria

{(U.S. EPA, 1987a).
In most studies of persons who have developed severe hemolytic anemia

after exposure to naphthalene, treatment with blood transfusions, treatment

with blood transfusions plus alkalt therapy, or observation without either

04430 vi-4 05/15/91



of these treatments has led to complete patient recovery with no observed
complications. However, deaths have been observed after naphthé1ene-1nduced
hemolytic anemla (U.S. EPA, 19B7a), but 1t 1s unknown whether they were

directly related to the expasure,

Other Routes. In additlon to the cases of acute naphithalene poisoning
following oral exposure, similar effects have been reported following
exposure to naphthalene by other routes: . combined dermal absorption and
inhalation of naphthalene vapor by neonates'(Grigor et al., 1966, Naiman and
Kosoy, 1964; valaes et al., 1963; Dawson et al., 1958; Cock, 1957; Schafer,
1951) and adults (Younis ét al., 1957); tnnhalation of naphthalene vapor by
neonates (Hanssler, 1964; Irle, 1964}; inhalation of naphthalene vapor by a
child and adults (Linick, 1983); and transpiacenta1 exposure of the fetus to
naphthalene that had been Ingested by the mother (Anzlulewicz et al,, 1959;
Zinkham and Childs, 1957, 1958). These exposures occurred via combined
dermal absorption and Inhalation for a few days of naphthalene vapor from
apparel and bed clothing that had been stored n mothballs; inhalatton of
vapor from a naphthalene-containing medication; 1inhalation of naphthalene
vapor for several years from excessive numbers of mothballs kept throughout
the home;.- and transplacental exposure, for about 3 months, of fetuses to

naphthalene 1ngesied by the mother.

Two groups of 1ndividuals have been shown to be especially susceptible

to naphthalene-induced hemolytic anemia:

1. Persons whose erythrocytes are deficient in glucose b&-phosphate
dehydrogenase (G6PDH) or persons in whom erythrocyte GSH 1is
rapidiy depleted by certain oxidant chemicals (U.S. EPA, 1987a).
The precise mechanism by which GSH 1s depleted or a deficiency
of G6PDH leads to naphthalene-induced hemolysis in these cases
¥s not clear. : '
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2. Neonates (U.S, EPA, 1987a}. The sensitivity of neonates to
naphthalene is explained in part by the same factors that confer
sensitivity to children and adults; namely, GO6PDH deficiency
and/or diminished levels of GSH as described above. Additional
naphthalene sensitivity in newborns may be conferred by the
immaturity of pathways necessary for the conjugation and
excretion of naphthalene metabolites (Valaes et al., 1963).
Evidence for the latter hypothesis is suggested by the finding
that glucuronide excretion by human newborn 1Infants increased
gradualily during the first week of 1ife and that the initial
levels and the rate of Iincrease were lower in the premature
infant than in the full-term infant {Brown and Burnett, 1957).

Fanburg (1940) described the cdse of a man who had devsloped an allergic
reaction to naphthalene from clothing that had been stored in mothbalis.
The reaction was an exfollative dermatitis resembling mycosis fungoides.
The elimination of naphthalene from the patient’s environment resulted in
prompt recovery, which lasted uninterruptedly during a 7-year period of

observation,

Lase studies that describe the presence of cataracts in persons exposed
to naphthalene by the oral, dermal or inhalation routes have been summarized
in an ambient water quality criteria documnt for naphthalene (U.S. EPA,
1980c). Ghetti and Mariani (1956) assoclated the occurrence of cataracts in
8/21 woarkers with naphthalene exposure vtn a manufacturing plant. Other
cases of occupational instances of cataract formation have been described by

Hollwich et al. (197S).

Possible preneoplastic epidermal changes in humans have been assoclated
with dermal exposures to benzota}pyrene (Cottinl and Mazzone, 1939; Klar,
1938; Rhoads et al., 1954). A group of 26 patients was given daily applica-
tions of a 1% solution of benzo[a]pyrene.on protected (thigh) or unprotected

(upper extremity) skin. These individuals were hospitalized for a varlety
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of conditions Including pemphigus vulgaris, mycosis fungoides, prokeratosis,
psorilasts, xeroderma pigmentosum, bdasal cell cancer, squamous cell cancer,
Tupus erythematosis, syphi11is (In various stages) or ringworm. Treatment
was for ~4 months and resulted In a serles of progressive alterations in the
skin proceeding from erythema and pigmentation to the development of lestions
described by the authors as verrucae. The skin changes and lesions
regressed within 2-3 months after cessation of treatment. The authors noted
that the individual with xeroderma pigmentosum d1d not respond differently
from the other sublects (Cott\ﬁ1 and Mazzoni, 1939). Klar (1938) and Rhoads
et al. (1954) reported potentially deleterious epidermal changes in men who

had experienced accidental dermal exposures to benzo[a]pyrene,

Epidemiologic Studies

Oral. There are no studies of oral exposures to identified PAHs 1in
the literature. PAHs are known to occur in some foods as by-products of the
preparation process and 1in others as a consequence of environmental
pollution, but thelr role as diletary causes or contributors to cancer can
only be assessed indirectly in epidemiclogic studies of nutrition. This

body of data is not specific for PAHs and beyond the scope of this document.

Other Routes- tpidemiologic. studies 1inking PAHs to human health

effects have studled human exposures as they actually occurred. These
studies can, therefore, be evaluated to determine the health effects of
exposure only to mixtures of PAHs by inhalatlon and dermal contact. Occupa-
tional exposures to PAH-containing cdmplex mixtures and 70 industrial
processes that generate PAHs have peen'evaluated by the IARC Working Group.

It is not possible to determine from these studies the effect of individual
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PAHs. Toxic effects include a variety of skin lesions and noncancer lung

diseases such as bronchitis.

The complled case reports and large cohort studies of exposures to
complex mixtures of PAHs have shown strong cause-effect relationships 1in
that high rates of cancer can be associated with exposure, dose-response
gradients can be demonstrated and results are consistent across time and
geographic location. The‘data include thousands of case reports spanning
over 200 years and cohort studies of cancer incidence and mortality from
several countries. Data summarized in IARC (1984) monographs of polynuclear
aromatic compounds demonsirate carcinogenicity to humans from Iindustrial
exposures to mixtures of PAHs in aluminum production, coal gasification,
coke production and iron and steel founding. Bitumens, coal tars and
derived products, shale oils and socots have also been evaluated for their
human health effects (IARC, 1985). A detalled evaluatlton of PAH mixtures
can be found 1nvthe document, "Carcinogen Assessmeht of Coke Oven Emissions"
(U.S. EPA, 19B4b). Evidence of human carcinogenicity based largely on the
IARC review mentioned s summarized in Table VI-1. The extent to which the
data derived from these types of exposure will be applicable to drinking
water exposures 1s unknown and creates the major difficulty for the risk

assessment,

Despite the high levels and.1arge proportion of PAHs, other exposures to
gases and metals are always present in these occupat1qna1 environments. For
example, coke oven emissions contain pther‘ carcinogenic agents including
arsenic, bery]ltum; chromium, nickel, 2-naphthy1am1he and benzene, Asbestos

ts 3 possible exposure for chimney sweeps (soot). Cocarcinogens (compounds
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that enhance tumor producttion In experimental animals when applied
concurrently with carcinogens} and tumor promoters, both PAH and non-PaH,

may 3also be components of the mixtures.

Data published since the IARC summary continue to provide evidence of
the carcinogenicity of PAH mixtures from inhalation and dermal exposures.
Hansen (1983) conducted a 5-year mortality follow-up ameng Danish chimney
sweeps and noted a 2-fold overall excess compared with males employed in
other occupations. When the excess was examined by age and cause, 1t was
found that the high mortality of the sweeps in the older age group (45-74
years) was exclusively due to an excess number of deaths from cancer and
ischemic heart disease, whereas the excess among the younger sweeps (15-44
years) was due to other causes. Those suéeps dying of cancer or 1ischemic

heart disease had been occupationally exposed for an average of 30 years.

Auto mechanics are considered to be another group at risk of
occupational exposure to PAH mixtures but have not been as thoroughly
studied as chimney sweeps. The recent work of Hansen (198%} reports on the
10-year mortality among a cohort of Danish auto mechanics. Overall, a 21%
increase ‘in total mortality was observed in relation to a comparable
population of skilled workers presumed to be unexposed to PAH mixtures. In
addition to the moderate increase in cancer mortaltfy. attributed primarily
to an excess of pancreatic cancer, a statistically significant Increase In

ischemic heart disease deaths was found.

Gustavsson et al. (1988) conducted a study of cancer Incidence in a

cohort that comprised nearly all Swedish chimney sweeps employed any time
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between 1918 and 1980. Earlier mortality analyses among the cohort had
shown excess mortality from cancers of the lung, esophagus, l1iver, and from
leukemia. Increased mortality from ischemic heart disease was also found.
This study of incident tumors found 3 significant excess of cancers of the
lung, esophagus, and bladder, which contributed to anm overall excess
incidence in the cohort. A nearly significant tincrease of hematopoetic
malignancies that included both multiple myeloma and leukemia was also
observed. Histologic eramination attributed the lung cancer increase to an
excess of squamous cell and undifferentliated/small cell carcinomas. The
excess risk for the solid tumors depended mainly on an excess dur1ng‘

followup for more than 30 years from start of exposure.

Stemiatyckl et al. (1988) explored potential occupational exposures as
risk factors for about 20 cancer sites 1in a population-based incident
case-control study 1in Montreal. The study was designed to generate
hypotheses for. further analytic study. This particular report examined
associations with occupational exposures to 10 types of exhaust and
combustion products and the cancer sites of interest. The 10 exposures were
c1assif1ed as follows: four were exhaust products of internal combustion
engines, distingu1shed by the type of engine fuel used (gasoline, diesel,
jet fuel or -bro}ane). and the remaining six were products derived from
"nonéngine' combustion of coal, coke, wood, 1iquid fuels (heating oil,
kerosene, naphtha and lamp 011). natural gas and propane. Among the many
relationships examined in the study, several are of,barticu]ar importance.
A major finding was the association bqtueen’squampus-cell lung cancer and
both diesel and gasoline exhaust. "Five other relatlonships were noted and

considered by the investigators to warrant further study regarding the role
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of PAH-containing mixtures in the etlology of human cancer, The most
promising leads were the following: 1)} the effects of exposure to gasoline
and diesel exhaust on the occurrence of colorectal cancers; 2) the effects
of exposure to gasoline exhaust on the occurrence of kidney cancer; 3) the
effects of exposure to cocal combustion products on the occurrence of
pancreatic cancer and possibly on nonadenoma lung cancer; 4) the effects of
exposure to combustion products of liquid fuels on the occurrence of
prostatic cancer; and 5) the effects of exposure to natural-gas combustion

products on the occurrence of bladder cancer (Siemiatyckt et al., 1988).

The findings from these four studies provide further important evidence
that occupational exposure to complex PAH mixtures, which occurs primarily
via 1nhalation or dermal contact, may also-resu1t in cancers at sites other
than those 1logically expected, 1.e., lung and skin. It 1s unclear at this
time as to what the mgchanism of exposure to the target organs might
involve. Gustavsson et al. (1988) propose that, for chimney sweeps, PAHs
probably enter the body through direct resorption in the bronchl, or are
expectorated, swallowed and absorbed through the gastric and intestinal

mucosa. It ¥s Tikely that both routes of uptake are relevant.

The reporfedq‘increase' in 1ischemic heart disease in three of these
studies (Hanﬁen. 1983, 1989; Gustavsson et al., 1988) is quite striking when
viewed in Tight of the normal expectation of a “healthy worker effect". The
usual expectation in an occupatﬂonal study of morbidity and/or mortality is
that there will be a depression of the standardized morbldity ratio (SMR)
for cafd1ovascu1ar diseases. This occurs due to pre-selection of the

workforce for fitness for physical labor. Further studies specifically
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designed to address the issue must be carried out to determine 1f this is

indeed a true disease excess and not an artifact of the study methods.

Sensttive Populations

Data to determine what individuals within the general population may be
more susceptible to PAH-induced toxicity are generally lacking. One factor
that increases an 1individual's risk for lung cancer 1s cigarette smoking,
which is suspected to act synergisticaliy with other occupational exposures
such as asbestos and uranium mine atmospheres., Although high exposure to
sunlight and low level of skin pigmentation are well documented risk factors
for skin cancer, no data éxtst to determine whether individuals with these

Tisk factors are more susceptible to PAH-induced skin lestions.

Aryl hydrocarbon hydroxylase (AHH) is the term given to the enzyme or
enzyme systems 1involved In the oxidative metabolism of PAHs, ‘especially
benzo[a]lpyrene. Genetically determined individual differences in the
abiiity to 1induce both increased levels and 1isozymes of AHH have been
proposed as a possible reason for differences among humans in susceptibility
to lung cancer (for further d\scu§s\on see Chapters III and VII). Some
early studies claimed that persons with iung cancer had higher inducibility
of AHH in qﬁlfured lymphocytes, bui subsequent studies have not all
supported this claim (Perera, 1990). Busbee et al. (1980) present evidence
supporting the need to analyze AHH in more than one tissue and recommend
measuring inducibility in alveolar macrophages and lung tissue és well as
lymphocytes. More research will be required to determine the sensitivity
and specificity of this enzyme system a§ a predictor of human susceptibility

to lung cancer.
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Carcinogen-DNA adducts may ultimately prove to be helpful in identifying
those persons at high risk of adverse outcome following exposures to PAH
mixtures. [t 1s current]j possible to detect PAH-DNA adducts in several
types of human tissue and sera In those known to be elther occupationally or
environmentally exposed (Herbert et al., 1990; Hemminkl et al., 1990;
Perera, 1990). However, the role of adducts in 1inducing cancer or other
adverse outcomes s still a matter of much scientific discussion. Long-term
validation studies are required in appropriate human populations before
wide-scale monitoring for these b1omarker§ can be considered as a more
refined and specific way of predicting who may or may not be at higher risk

{i.e., more susceptible) of'a particular outcome.

Summary

With the exception of naphthalene, which most commonly causes acute
hemolytic anemia, no data were located directly pertaining to PAH toxicity
to humans by the oral route of exposure. A large body of literature exists
on toxicity and carcinogenicity to humans of a vartety of mixtures contain-
ing PAHs. The summarized 1ARC data clearly demonstrate that inhalation and
dermal exposures to complex mixtures containing PAHs result in lung, skin
and other- cancers. The most recent occupational studies continue tc provide
compelling evidefice regarding the carcinogenicity of PAH mixtures. The
increased risk of cardiovascular disease is noteworthy and must be studied
further. In the occupational environments studied, some airborne PAHs may
be cleared by mucocillary ac£1on and swallowed. This information may be
useful for determining the potential carcinogenicity to humans of ingested

PAHs .
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One must be cautioned that using these data to predict the effects of
exposure to any single PAH is inappropriate. Furthermore, most if not all
PAH exposures occurring to humans are in the form of a complex mixture of
the compounds, 1t seems both unreaiistic and unnecessary to attempt to
assess the potential role of each individual compound. Studies to date
clearly impi1cate this chemical family as human carcinogens at relatively
intense, high level exposures. Recent work has also more clearly delineated
the role of PAHs and benzo[a]pyrene in particular as causal carcinogenic
constituents in the highly compiex m1xture»knoun as tobacco smoke {Wynder,
1988). While all the 1nfqrmat10n summarized in this chapter is important
for evaluating and clarifying the role of PAH mixtures and their relatlon-
ship to cancer and cardiovascular disease 1n humans, the direct relevance of
the information to the assessment of aﬁy adverse effect arising from

ingestion of PAHs in drinking water remains to be determined.
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VII. MECHANISMS Of TOXICITY

The carcinogenic potential of PAHs has been a subject of study for >50
years. They were among the first chemical agents shown to be tumorigenic,
and thelr role 1in the causation of human cancers has been a sublect of
speculation almost since Pott's (1775) first description of “soot wart" in
chimney sweeps in the 18th century. Noncarcinogenic health effects of PAHs
have not been studied extensively; mechanisms of PAH toxicity apart from

their ability to induce neoplasia are, thus, not well eluctdated.

Mechanisms Involved in PAH Carcinogenicity

Structure Activity Relationships. Many physico-chemical and enzy-

matic parameters must be considered with respect to PAH carcinogenicity.
Solubility and intracellular localizattion proximate to metabolic enzymes are
1ikely to be important determinants of the carcinogenicity of a particular

PAH.

Following the identification of the first carcinogenic hydrocarbon from
soot, benio[a]pyrene, an intensive effort was mounted to isolate the varigus
active components of carcinogenic tars (IARC, 1973). It became apparent
that carcinogénié PAHs are structurally derived from the simpie angular
phenanthrene nucleus (Pullman and Pullman, 1955; Arcos and Argus, 1974).
Unsubstituted PAHs with fewer than four condensed rings that have been
tested have so far not shown tumorigenic activity. Furthermore, of the six
possible PAHs with arrangements with four benzene rings, only three of these

compounds  are active as carcinogens, namely benzo[c]phenanthrene,

benz[aJanthracene and chrysene. The unsubstituted penta- and hexacyclic
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afomatic hydrocarbons are generally the mo;t potent carcinogens of the
series. These include benzo[a]pyrene, dibenzta,h]anthracene, dibenzo-
{a.h]pyrene, dibenzo[a,i]pyrene, dibenzo[a,l]pyrene, dibenzo[a,e]pyrene,
benzo[b]fluoranthene, and benzo[]j]fluoranthene. Less potent carcinogens are
the d1benzantnfacenes and dibenzophenanthrenes. Only a few heptacyciic
hydrocarbons show carcinogenic activity, including phenanthrof2',3':3,4']-
pyrene, peropyrene, and dibenzo[h,rst]pentaphene. There are very few known
carcinogenic hydrocarbons with more than seven unsubstituted aromatic rings

(Santodonato et al., 1981}).

Active carcinogens are.a1so found among those PAHs containing a non-
aromatic ring. Examples of this type of compound are cholanthrene,
1,12-ace-benz[a]anthracene, 8.9-cyc1opentanbbenz[alanthracene, 6,7-acebenz-
[a]anthracene, acenaphthanthracene, 1,2,5,6-tetrahydraobenzo[}]cyclo-
pent{f,glaceanthrylene, and "angular® steranthrene. Al1] of the;e compounds

contain an intact conjugated phenanthrene molety.

Alkyl substitution at certain positions in the ring system of a fully
aromatic hydrocarbon has been observed to confer carcinogenic activity or to
enhance carcinogenic potency. Arcos and-Argus {1974) noted that monomethyl
substitution Qf ﬁénz[a]anthracene makes these dervatives potent carcinogens
in mice. Potency depends on the position of substitution in the decreasing
order position 7 > 6 > 8«12 > 9. A further enhancement of carcinogenic
activity 1s produced by appropi1ate dimethyl substitution of benz[a]anthra-
cene, Carcinogenic compounds are produced by 6,8-dimethyl-, B8,9-dimethyl-

8,12-dimethyl-, 7,8-dimethyl-, and, 7,i2-dimethy1-subst1tut10n. The 1last
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compound 1s among the most potent PAH carcfnogens identified in
carcinogenesis bloaisays. It has not been shown, however, to occur as a
product of fossil fuel pyrolysis or to be a major environmental
contaminant. <Carcinogenic trimethyl- and tetramethyl-benz[alanthracenes are
known, and thelr relative potencies are comparable with the parent
7,12-dimethyibenz[ajanthracene. Methyl substitution in the angutar ring of
benz{alanthracene tends to reduce the carcinogenic potential of the

molecule; 4,5-dimethylbenz[a]anthracene may be an exception in this reqard.

Alkyl substitution of partially aromatic condensed ring systems may aliso
enhance the carcinogenicity of a compound. 3-Methylcholanthrene, a highly

potent carcinogen, 1s the best example of this type.

Data derived largely from skin painting studies have shown that the
carcinogenicity of PAHs tends to decrease with alkyl substituents longer
than methyl, possibly due to a decrease in transport through cel)
membranes. Benz[alanthracene is especially sensitive to decreased carcino-
genicity caused by the addition of bulky substituents at the 7-position.
This observation lent credence to the view for most polycyclics that high
reactivity of _the mesophenanthrenic region (called the "K-reglon™) was a
¢critical qetermidént‘for carcinogenicity. Other studles, however, show that
the K-region may not be involved in binding to DNA, a step considered
important in the carcinogenic process (Blobstein et al., 1976; Welnstein et

al., 1976; Moore et al., 1977).

Partial hydrogenation of the - polycyclic aromatic skeleton has been

observed to decrease the carcinogenic potency of some PAHs. This was noted
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for hydrogenated derivatives of benzo[a]pyrene, benz[alanthracene, and.
J-methylcholanthrene. By constrast, the carcinogenicity of dibenz{a,hjanth-
racene, dibenzo[a,i}pyrene, and dibenzo[a,h]pyrene is not significantly
altered by mesohydrogenatton, probably because extensive resonance 1is
preserved in the molecule. Moreover, §5,b-dYhydrodibenz[a,h]anthracene
dctually displayed a 4-fold increase in carcinogenicity by comparison with
the parent unsaturated hydrocarbon (Arcos and Argus, 1974), possibly due to
the hydrophilicity and ease of intracellylar transport of ts dihydrodiol

derivative.

For many years, 1nve§t1gators have sought a common molecular feature
among PAH carcinogens that would serve to explain their biologic activity.
The "electronic theory of carcinogenesis" has relfed upon an analysis of the
influence of electron density at specific molecular regions to explain
unique reactivity with cellular constituents. A basic assumption arising
from the work of the Pullmans and others (Pullman and Pullman, 1955) was
that a mesophenanthrenic reglon ("K-region") of high w«-electron density
and with a propensity for addition reactions was a critical structural
feature for polycyclic carcinogens. In an expansion of this hypothesis,
further biologic significance was attributed to the concomitant presence of
a rather unreaftive meso-anthracenic region (“L-reglon®*) for high carcino-
genicity. In addition, a region of comparatively low reactivity, which
characteristically undergoes metabolic perhydroxylation (corresponding to
the 3,4-positions of benz[alanthracene), had been designated the M-region.
Aécord1ng to the theory, only binding of the K-region to c¢ritical cellular
s1tgs would initiate tumor formation. 'Binding at the L-region could cause

no tumorigenic effect, while inactivation would be produced by metabolic
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perhydroxylation in the M-region. The three regions of reactivity are

11lustrated below in the benz[a]anthracene skeleton:

M-region of metabolic

/perhydroxyht\on

!
L-regionF"~" s <X =T £ 1 ON

r

The electronic K-L theory of carcinogenic reactivity has encountered numer-
ous Inconsistencies, primarily because these re1at10nsh1'ps were derived from
physico-chemical properties of the parent hydrocarbon and gave no considera-

tion to the biclogic effects of metabolites.

That many chemical carcinogens require metabolism to reactive electro-
philic forms for their activity 1s generally accepted. PAHs are certatnly
in the class of those carcinogens requiring so-called "metabolic activation”
for binding to c¢ritical macromolecules. The realization that this metabolic
activation to reactive Imtermediates was a necessary first step has made
possible an understanding of some of the inconsistencies encountered 1n
structure;act1v1§_y theorles, such as K-regibn binding, that are based solely

on a consideration of the parent compound.

‘The metabolic proecesses undertaken by mammals exposed to PAHs are
descrided In Chapter III. In general, they consist of oxidation steps
catalyzed by cytochrome P-450-assoctated eniymes. Products iInclude epoxide
intermediates, dihydrodiols, phenois. quinones and combinations of these.

These oxidized forms of PAHs have been shown to exhibit various biologic
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activities. For example, various benzo[a]pyrene' epoxides {including the
K-region epoxide), phenols, quinones, diols and diol-epoxides have been
shown to be mutagenic 1in several mammalian cell and bacterial assays

(Gelboin, 1980; IARC, 1973; Schoeny et al., 1985; Chesis et al., 1984).

Research in recent years has focused attention on the potential reactiv-
ity of diol-epoxide metabolites of PAHs, and their ease of conversion to
trtol carbonium tons. The "bay-region” théory propeses that diol-epoxides,
which are more readily converted to carbonium ions, will be better alkylat-
ing agents and thus mutagens and initlators of carcincgenests (Jerina and
Lehr, 1977; Wood et al,, 1979). Examples of a bay-region in a polycyclic
hydrocarbon are the regions between the 10 and 11 positions of benzo[a]-

pyrene and the 1 and 12 positions of benz{alanthracene:

Bay-region 8ay-region

: 2
12 i
11 2 1 3
10 11 12
4
9 3 10O®
'8 4 9 5

: 6
Benzo[a]pyrene . Benz[a]anthracene

The theory préd\bts that diol-epoxides in which the oxirane oxygen forms
part’of a bay-region {such as benzo{a]pyrene 7,8-d101-9,10-epoxide} will be
more reactive and hence more carcinogenic than diol-epoxides in which the
oxirane oxygen 1is not sttuated in a _bay-reg1on. The unique structural
feature of the dlol-epoxides appears to be that the epoxide is on a
saturated angular benzo-ring, which fofms part of a bay-reglion on the PAH.
Perturbational molecular orbital calculations, which predict w-electron
energy changes, indicate that the epoxides on saturated benzo-rings (which

form part of the bay-region of a hydrocarbon) undergo ring opening to form a
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carbonium ton much more easily than do nonbay-reglion epoxides {Pelkxonen and
Nebert, 1982}. Synthetic bay-region diol-epoxides of benz[a]Janthracene,

benzo[a]pyrene, and chrysene have been shown to be more mytagenic in vitro

and/or tumorigenic than other diol-epoxide metabolites, their precursor
dihydrodicls, the parent hydrocarbons, or other oxidative metabolites.
Moreover, quantum mechanical calcylations provide support for the concept
that reactivity at the bay-region 1is highest for all the diol epoxtdes

derived from polycyclic hydrocarbons.

The bay-region concept has received enough confirmation to lead to
suggestions that an analysis of theoretical reactivity in this manner may be
useful in screening PAHs 4as potential carcinogens (Smith et al., 1978).
Among several indices of theoretical reactivity examined, the presence of a
bay-reglon for a serles of PAHs displayed a high degree of correlation with
positive carcinogenic activity (Table VII-1).

It s possible to predict what would be an ultimate carcinogenic form
from the bay-region theory and a consideration of a PAH structure. There
is, however, no way at the present time to predict whether a particular PAH
will, in fact, be metabolized to a bay-region dicl-epoxide in any given
mammaiian t\;éue; For example, benzo{elpyrene 1s generally considered
noncarcinogenic. Neither the parent compound nor the 9,10-dihydrodiol, the
presumed bay-regton dilol-epoxide precursor, has significant 1initiating
potency in mouse skin {IARC, 1983). It has been shown that nelther cultured
mammalian cells nor rat liver microsomes metabolize benzo[e]pyrene to the
9,10-dthydrodiol; furthermore, 9.1Q-d1h§drodio1 s not metabolized in these
systems to the expected diol-epoxide. When synthetic benzo[e]pyrene

9,10-dlhydrodiol was injected 1n newborn mice, hepatic tumors were observed,
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suggesting that the neonatal liver possessed some metabolic capacity not
extant in mouse skin or in vitro systems (Buening et al., 1980). Synthetic
trans and ¢is 9,10-dlo1-11,12-epoxides produced hepatic and pulmonary
tumors, respectively, 1in newborn mice (Chang et al., 1981}. Thus, a
bay-region diol-epoxide of benzo[e]pyrene appears to be carcinogenic, but s

not formed in vivo under normal circumstances.

Various researchers have attempted to refine and extend the K- or bay-
region theories to allow for predictivity of carcinogenic potential from a
consideration of PAH structure. For example, the reactivity index used by
Mohammed (1983) established a correlation between the K-region reactivity
and the bay-regton theory to determine PAH metabolic products. A 1later
development considered contribution of both sigma and pi-electronic systems
when calculating bond superdelocalizability (Mohammed, 1985). The potential
of PAHs for one-electron oxidation, as discussed by Cavalleri and Rogan
(1983) 1s Tikely to be a factor in carcinogenicity and needs Inclusion in a

predictive quantitative structure activity scheme.

Tissue Specificity of PAH Metabolism. The capacity of mammalian liver

to metabolize PAHs 1s well-documented. Other tissues may also be ‘nvolved
in the mgtabqi1sm of 3 specific PAH to reactive forms. AHH, the primary
benzo[a)pyrene metabolizing system, has been found in human liver, placenta,

lymphocytes, monocytes and lung macrophages (Gelboin, 1980).

Cytochromes P-450 and associated enzymes .are known to be present in mam-
malian lungs at lower concentrations tﬁan are generally found in the 1lver.
Studies us1ng‘]ung microsomal preparations, cultured trachea and alveolar

macrophages and !solated perfused lungs have shown that benzo[a]pyrene is
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métabo]ized to the same oxidized forms‘as are produced by the 1iver. What
differs is the proportion of classes of metabol1te§, the rate of metabolism

and the ultimate tissue distrtbution of metabolites {Moore and Cohen, 1978;
Santodonato et al., 1981). Co-administered particles or gases may also
influence the measures (Warshawsky et al., 1981; Schoeny and Warshawsky,

1983).

Intestinal mucpsa‘has*been shown to haye MFO activity and presumably to
have the capacity to metabollze PAHs. It has also been observed that thé
susceptibiltty of mice to induction of forestomach tumors can be correlated
with these enzymatic activities. Generally, levels of benzo[a]pyrene
metabolizing enzymes in rodent small intestine and colon are rather low and

not readily inducible to higher Jevels (Santodonato et al., 1981).

Genetic Control of PAH Metabolism. As noted in the preceding sections

and in Chapter III, oxidative metabolism of PAHs 1s generally accomplished
through a series of enzymes assoclated with cytochrome P-450. Both guanti-
tative and qualitative changes in these enzymes can be induted in response
to exposure to a variety of agents, including the PAHs themselves. PAHs
can, thus, be responsible for 1nduc1n§ enzymes for their own metabolism,
including actJQaiion to mutagenic and carcinogenic forms. The degree of
inducibility as well as the spectrum of enzymes produced In response to a
particular agent are not only tissue-specific, but also species/strain
specific. In particular the 'enzyme system, loosely called AHH, that 1is
involved in PAH metabolism (especially benzo[a]pyrene) has been shown to be
under genetic control. The genetics of AHH 1nduction has been well-charac-

terized in mouse strains observed to be “responders™ or "nonresponders® to
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induction by PAH (usually 3-methylchelanthrene) (Nebert et al., 1981). The
expression of the responsive trait is due to inheritance of an allele of the
Ah locus, which codes for a cytosolic receptor. This receptor regulates
eipression of a set of cytochrome P-450 and associated enzymes. When PAH,
2,3,7,8-tetrachlorodibenzo-p-dioxin or other compounds are bound to the
receptor, the sets of genes coding for the varlous metabolic enzymes are
induced to higher levels of synthesis, Responsive mice have a high-affintty
receptor that readily binds to a number of PAHs and is thus more easily
induced 1In responders than In nonresponders, which have a Tlow affinity
receptor (Nebert et al., 1982; Elsen et al., 1983). A number of biologic
effects observed in test énimals as a consequence of PAH exposure can be
shown to be affected by the responsiveness or nonresponsiveness of the
strain. For examplie, mouse strains C3H/Hel and (5781/61, both responsive to
dibenz[a,hjanthracene tinduction of AHH, werev more susceptible to
carcincgenesis after s.c. exposure to that compound than were two
nonresponsive 5tra1ns, AKR/J and DBA/2J. Incidences were 24/30 for C3H/Hel
and 16/30 for C57B1/6) by comparison with 0/30 and 1/30 for AKR/1 and
DBA/2J), respectively (Lubet et al., 1983a). Similar results were reported
by Kouri et al. (1983), who also showed that among progeny of a heterozygous
responder~ (B6D2F1) x a homozygous nonresponder (D2) backcross, that
susceptib111ty' iﬁ subcutaneous tumor formation by dibenz{a,h)anthracene

segregated with responsiveness.

Route of exposure plays a part in the extent of blologlc effects
produced by PAHs in responsive and nonresponsive mice. When benzo[a]pyrene
{s administered topically, s.c., 1.p. or intratracheally, responsive mice
are more l\keiy than nonresponders to develop tumors or toxic responses at

the site of application. When benzo[alpyrene exposure is through the oral
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route, nonresponsive mice are more likely to develop leukemia or bone marrow
toxtcity {Nebert, 1981; Legraverend et al., 1983). This is due to the
effects of first pass metabolism and excretion of the PAH. Nebert et al.
(1980) showed, for 1instance, that after oral exposure 10-20 times more
[3®H] Dbenzo[a]pyrene reaches the bane marrow and spleens of noaresponders

than of responsive mice.

When fetal toxiclity is-being assessed there is the additional complica-
tion of the dam's responsiveness. This will determine to some extent the
dose of maternally administered compound that is delivered te the fetuses.l
which will themselves be responders or nonresponders. For instance, when
nonresponder dams received oral benzo[a]pyrene on days 2 and 10 of gesta-
tion, nonresponder fetuses showed a gréater toxic response and more
malformations than did responders. When heterozygous responder dams were
similarly exposed, therg was no segregation of toxic response with the
nonresponder aT1e1e; that is, both nonresponder and responder fetuses were
equally affected. In the case of the nonresponder dam, no Induction of
benzo[a]pyrene metabo]ism took place and the fetuses recelved a larger dose
of the PAH. This allowed the genetic differences in the embryos to be
detected; "in ih1s instance, greater amounts of toxic benzo[a]pyrene metabo-
Tites have been ﬂ\so\ated "from nonresponder fetuses than from responders.
When the responsive dam was exposed, intestinal and hepatic metabolism of
benzo[alpyrene was increased. Fetuses received less PAH than in the above
instance; thus there was 1es§ overall fetal toxicity, and the genetic
differences among individual fetuses was not seen. The reverse gf these
effects was observed when dams were treated intraperitoneally (Legraverend

et al., 1983).
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It has been shown that ovarian AHH 1s inducible in responsive (e.g.,
€C57816/N) but not in nonresponder {e.qg., DBA/2N) mouse strains. Responders
have Tlkewise been observed to be more sensitive to oocyte destruction by
PAHs than nonresponders. The susceptibility to oocyte killing by PAHs,
however, 1s not 1inherited as a simple autosomal dominant tratt as is
responsiveness. This suggests that other factors in addition ito ovarian PAH

metaboiism are involved in oocyte destruction by PAH (Mattison et al., 1983).

An area of cons1derab]e uncertainty with regard to the carcinogenic
hazard of PAHs to humans involves the relattionship between AHH activity and
cancer ritsk. Genetic variation in AHH inducibility has been Implicated as a
determining factor for susceptibility io Tung and laryngeal cancer
{Kellerman et al., 1973). It was suggested that the extent of AHH induci-
b1ty in lymphocytes was correlated with increasing susceptibility to lung

cancer formation.

Patgen et al. (1977, 1978a,b) examined the question of genetic suscepti-
bility to cancer and concluded that epidemiologic evidence supports this
hypothesii. Moreover, they were able to' show that AHH inducibility 1in
lymphocytes ségreéates in the human population as a genetic tralt. However,
their studies falled to find a correlation between this inducibility and
presumed cancer susceptibility, elther among healthy progeny of cancer
patients or in patients who had their cancer surgically removed. It 1is
noteworthy that previous investigations on AHH inducibility were cohducted

in persons with active cancer.
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In an attempt to elucidate sources.of variabi1ity in human AHH induci-
bi1ity, a study was undertaken using culfured mdnocytes obtained from 10
sets of monozygotic twins and 17 sets of dizygotic twins. Both benz{a]-
anthracene-induced and basal levels of AHH were determined. Genetic factors
were found to account for 50-66% of observed interindividual differences in
AHH 1inducibility. The authors felt that a relatively few number of genes
were involved in regulation of AHH induction (Okuda et al., 1977). It would
seem that susceptibility to carcinogenesis by PAHs could be a genetically
determined trait at the level of metabolism. The contradictory nature of
studies in this area, however, point to the fact that many factors regarding
PAH activation and subsequent steps in the carcinegenic process need to be

elucidated.

Other Pathways Involved in Activation of PAH. PAHs are photoreactive

compounds. Visible 1ight can be absorbed by several PAHs af sufficient
energy levels "to result in photooxidation. Benzo[a]pyrene can be photo-
oxidized to the 1,3-, 6,12- and 3,6-quinones as well as to dihydrodiols and
phenols (Katz et ail., 1979; Gibson and Smith, 1979). It 1s likely that
quinone formation 1is through a phenoxy radical and that phenol and
dihydrodicl formation may alse proceed‘through radical formation (Inomata
and Nagata, 1972; Jeftic and Adams, 1970; Greenstock and Wiebe, 1978).
Benz[alanthracene 1s also known to form quinones as & consequence of light

exposure in aqueous media (Mi11 et al., 1981).
Cavalter) et al, (1985) described a 1-electron PAH oxidation pathway as

opposed to the 2-electron mono-oxygenase pathway. This produces radtcal

cations or radicals depending on the PAH. 1In addition to cytochrome P-450,
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hydroperoxidases, peroxidases and prostaglandin synthetase can participate
in these types of reactions. PAH free radicals (for example, 6-oxy-
benzo[a]pyrene free radical) have been implicated in PAH binding to DNA
{Santodonato et al., 1981).

Cobalt y-irradiation of PAHs, 1including benz[a]anthracene, benzo[a]-
pyrene and chrysene, has resulted in formation of mutagenic compounds.
Likewise UV-irradiated benzo[a]pyrene was shown to be mutagenic for Saimo-

nella typhimurium (Gibson et al., 1978). The potential for visible 1light

and other electromagnetic radlation tc activate PAHs has implications for

mechanisms Involved in PAH skin carcinogenesis.

PAH Involvement 1in Carcinogenic Processes. A description of the

hypothetical mechanisms purported to be 1involved 1in the carcinogenic
processes 1s beyond the scope of this document. Suffice it to say that PAHs
may participate'tn many proposed carcinogenic steps. The majJority of PAHs
described in this document are mutagenic in one or more test systems as
described in Chapter V. Many have been shown to be initlators in mouse skin
initiation-promotion assays. PAHs can, thus, generally be described as
capable of ‘DNA-binding, or of causing DNA damage leading to mutations, which

could be involved in the initiation phase of carcinogenesis.

Consideration must also be given to the fact that, in addition to the
initiation of resting cells b& a chemical carcinogen, a promotion phase
involving cell proiiferation 1s also inyolved in skin carcinogenesis (Yuspa
et al., 1976). Promotion 1s likely to be a phase common in the carcino-
genic process for most tissues. Certain PAHs may function only as

inttiators and have no promoting ability. It would apbear. however, that
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the mere potent complete carcinogens also serve as promoters by interacting
with celluyiar membranes, altering genetic expression, or in some other
fashion causing cell proliferation. It should be noted, also, that as PAHs
have been shown to have various immunosuppressive effects, they may ‘impair
the Dody's capacity for 1immune survelllance of neoplastic growihs. PAHs

may, thus, play a part in all steps of a carclinogenic process.

Mechanisms Involved in Noncarcinogenic Endpoints

The preferred target sites of PAHs appear te be rapidly proliferating
tissues such as intestinal epithelium, bone marrow, lymphoid tissue and
gonads. This has led investigators to the hypothesis that the toxic effects
of PAHs are due to a specific attack on DNA of cells in the DNA synthesis or
S phase of the cell cycle. Alterations in enzyme activity resulting from
the direct attack on DNA may also have important significance to the adverse
effects resulting from PAH exposure. Information on certaln PAHs not
considered in the rest of the document 1is presented here for 1llustrative

purposes.

Hemolgmghatic System. 7.12-Dimethylbenz[alanthracene is well known
for its effects on the hematopoietic systemt Female Sprague-Dawiey rats fed
112 or ]53 mg/kg 7,12-dimethylbenz[alanthracene developed pancytopenta due
to a severe dépression of hematopoietic and lymphoid precursors (Cawein and
Sydnor, 1968). Maturation arrest occurred at the proerythroblast, promylo-
blaﬁt and promegakaryocytoblast levels; no injury occurred to stem cells or'
circulating formed elements. In another study, rats receiving 300 mg/kg
{orally) and 50 mg/kg (i.v.) of 7,12-dimethylbenz[a]anthracene displayed

extreme atrophy of hematopotetic elements, shrinkage of lymphoid organs,
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agranulocytosis, lymphopenta and progressive anemia (Philips et al., 1973).
Similar results have been noted in mice and rats given repeated injecttions
of dibenz[a,h]anthracene. Dibenz[a,h]anthracene administered to mice 1In
weekly subcutaneous injections for 40 weeks caused an increase in the number
of- lymph gland stem cells, an overall decrease in 1lymphoid cells, and
dilation of Ilymphoid sinuses. The weights of the spleens of mice treated
with dibenz{alanthracene were also significantly less than those of both
controls and animals treated with anthracene or benz[alanthracene (Hoch-

Ligeti, 1941).

In a simi:ar study, rats given subcutaneous finjections 5 times weekly
for several weeks underwent changes in lymphold tissue characterized by the
presence of extravascular red bicod cells in the 1lymph spaces and the
presence of abnormal large pigmented cells (Lasnitsk) and Woodhouse, 1944).
The noncarcinogen, anthracene, did not produce as dramatic a change 1in
lymphoid tissue. These  studies led investigators to belleve that inhibi-
tion of DNA replication may be involved since only very rapidly proliferat-

Ing hematopoletic elements were affected.

Acute hemolytic anemita is the most frequent manifestation of naphthalene
poisoning in hﬁm&ns and has been described in newborn infants, children and
adults (U.S. EPA, 1980c, 1987a). Pertinent information regarding the
mechanism of naphthalene-induced hemotoxicity has been obtained by examining
two groups of Individuals tha{'have been shown toc be espectally susceptible

to naphthalene-induced hemolytic anemia.
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The first group of naphthalene sensitive individuals comprises persons
whose erythrocytes are deficient 1in glucose - b-phosphate dehydrogenase
(G6PDH) or persons in whom erythrocyte GSH 1is rapidly depleted by certain
oxidant chemicals (Grigor et al., 1966; Naiman and Kosoy, 1964; Valaes et
al., 1963; Athreya et al., 1961; Dawson et al., 1958; Gross et al., 1958;
Zinkham and Childs, 1958}. The precise mechanism by which GSH 1s depleted
or a deficiency of G6PDH leads to naphthalene-induced hemolysis n these
cases is not clear. A deficiency of G6PDH will decrease the rate of conver-
sion of nicotinamide adenine dinuclegtide phbsphate from its oxidized (NADP)
to 1ts reduced form (NADPH). One hypothesis for increased naphthalene
sensitivity in G6PDH-deficlient individuals 1is that the decreased avail-
ability of NADPH will decrease the conversion of oxidized glutathione to
GSH, reduce the rate of conjugation and excretion of naphthalene metabalites
and increase the accumulation of naphthalene metabolites in the body. A
similar hypothesis may explain increased naphthalene sensitivity in indi-
viduals in which erythrocyte GSH can be rapidly depleted by certaln oxidant
chemicals {Naiman and Kosoy, 1964; Kellermeyer et al., 1962; Dawson et al.,
1958; Gross et al., 1958; Zinkham and Childs, 1958). Gross et al. (1958)
demonstrated a quantitative correlation between GO6PDH deficiency and dimin-
ished levels of GSH in 1infants beyond 55 hours of age; however, diminished
levels of erythracyte GSH were opserved 1n.infants of less tham 55 hours of
age despite 'high levels of GO6PDH activity. A second hypothesis For
increased naphthalene sensitivity in G6PDH-deficient individuals 1s that the
decreased availability of NADPH will, in the presence of oxidant metabolites
of naphthalene, allow the accumulation of methemoglobin and products of its

further irreversible oxidation (Kellermeyer et al., 1962).
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The second group of naphthalene-sensitive 1nd1v1dua1s comprises neonates
(Grigor et al., 1966; Naiman and Kosoy, 1964; Valaes et al., 1963; Dawson et
al., 1958; Gross et al., 1958; Zinkham and Childs, 1958). The sensitivity
of neonates Lo naphthalene is explained in part by the same factors that
confer sensitivity to children and adults; namely, G6PDH deficliency and/or
diminished levels of GSH as described above. Additional naphthalene sensi-
tivity In newborns may be conferred by the immaturity of pathways necessary
for the conjugatibn and excretion of naphthalene metabolites (Valaes et al.,
1963). Evidence of the latter hypothesis is suggested by the finding that
glucuronide excretion by human newborn infants increased gradually during
the first week of 1ife and that the initial levels and the rate of increase
were lower in the premature infant than in the fyll-term infant (Brown and

Burnett, 1957).

Cardiovascular System. Smoking 1s a known risk factor in athero-
sclerosis, and PAHs are a major component of cigareite smoke (McGill, 1977;
Wald et ail., 1973). In)ections {1.m.) of pure PAHs into chickens has
resulted in development of proliferative leslons bearing a close resemblance
to human atherosclerotic plaques (Albert et al., 1977, Bond et al., 1981).
It has been proposed that human atherosclerotic plaques are in fact benign
hyperplastic lestons of mdtagen1c origin (Hartman, 1983). Majesky et al.
(1983) undertook a study of PAH metabolism in two pigeon strains: athero-
sclerosls susceptible White Careneau (WC-2) and atherosclerosis resistant
Show Racer (SR-38). After treatment with an enzyme inducer (3-methyl-
cholanthrene) hepatic homogenates from the susceptible strain were more
capable of benzo[a]pyrene metabolism .than those from SR-39; furthermore
7.8;d101. a mutagenic/carcinogenic precursor, was increased. Assays of

aortic homogenates showed that this tissue had an even greater capacity for
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benzo[a]pyrene metabolism inducibility as a function of strain. It would
appear that the responsive/nonresponsive concept may be applicable to

nonrodent specles and to noncancer endpoints.

Pulmonary System. Various Investigators have observed that 1.p.
administration of naphthalene to rodents results in selective pulmonary
bronchto]ar epithetlal cell (Clara) necrosis, but not hepatic or renal
necrosis (Tong et al., 1981c, 1982; Warren et al., 1982; Manhvi et al., 1977;
Reid et al., 1973). In an effort to deferm!ne the mechanism of action,
numerous studies have focused on the biochemistry of naphthalene and the

covalent binding charactertstic of 1ts metabolites.

Shank et al. (1980) found that mice pretreated with diethyl maleate
prior to i.p. injection of naphthalene had three times the 1level of
covalently-bound naphthatene metabolites 1n lung, 1iver, kidney and spleen.
Studies with 24C-paphthalene injected into mice revealed a similar binding
pattern: binding was highest in the lung but Tow in the spleen. Increased
binding corresponded to rapid and significant depletion of GSH in lung and
1iver, and to a Tlesser extent in the kidney. Covalent binding was dose-
dependent and exhibited a threshold at dosages between 200 and 400 mg/kg.
Warren et al. (1982) suggested that lung damage may be mediated by P-450

dependent metabolism and GSH depletion.

Buckpitt and Warren (1983) extended these studies, utilizing a varijety
of metabolic inhibitors. The results suﬁgested that some of the metabolttes
involved in GSH depletion and covalent binding in extrahepatic tissues
originated in the liver. Buckpitt et al. (1985, 1987) suggested that the

difference in the rates of formation of specific metabolites between target
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and nontarget tissues, and in different species, may reflect the stereo-
chemistry of epoxidation by the tissue-specific P-450 jsozymes. This may,

in turn, relate to the selective pulmonary necrosis observed in mice.

Confirmation that P-450 was invoived in pulmonary necrosts was obtalned
in the studies -of Buckpitt et al. (1986). Liver microsomes from
phenobarbitol-induced mice administered 300 mg naphthalenes/kg 1.p. exhibited
73% less covalent binding 1in the presence of piperonyl butoxide, a P-450
inhibitor, than controls. A similar degreé of inhibition also was observed
with SKF 525A. It was reported that piperonyl butoxide also blocked the

pulmonary injury exhibited by naphthalene in controls.

Gastrointestinal System. Male and female rats were observed with

injury to their fintestinal epithelium after oral and intravenous administra-
tion of 7,12-dimethylbenz[a)anthracene (Philips et al., 1973). Further
andlysis demonstrated that the incorporation of 24C-labeled thymidine into
ONA of small and large intestine, spleen, cervical lymph nodes and other
lymphatic structures was finhibited as much as 90% within & hours after
dimethylbenz[a)anthracene administration. This finding indicates a strong
inhibition of DNA synthesis and led the authors to believe that ONA in S
phase cells jﬁ “particu1af1y susceptible to 7,12-dimethylbenz{a]anthracene
and presumably to other PAH compounds as well. It has been proposed that
somatic cell mutations, such as can be Induced by PAH metabolites, may play
a role in the formation of gastric polyps and chronic gastric wulcers

{Hartman, 1983).

Gonads. Testicles and ovaries contain rapidly proliferating cells and

thus, may be especially susceptible to damage by PAHs. Severe testicular
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damage was Induced in adolescent rats by a single intravenous Injection of
1,12-dimethylbenz[a]anthracene (0.5-2.0 mg). Similar effects were produced
In adult rats given 7,12-dimethylbenz{alanthracene orally (20 mg) and
intravenously (5 mg). Lesjons involved destruction of spermatogonia and
resting spermatocytes, both of which are the only testicular cells actively
synthesizing ONA. The remalning germinal cells and Leydig cells were not
damaged by 7.12-d1methy1benz[é]anthracene. No testicular damage was pro-

duced by a single feeding of 100 mg benzo[alpyrene {Ford and Huggins, 1963).

In female mice, 7,12-dimethylbenz[a)anthracene was shown to cause
destruction of small oocytes and a reduction in numbers of growing and large
oocytes after oral administration. Mattison and Thorgeirsson (1977} have
shown that destruction of primordial oocytes in mice following treatment
with 3-methylcholanthrene was correlated with the genetic capability for
PAH-induced incredases in ovarian AHH activity. This indicates an apparent
1ink between ovarian metabolism of PAH and ovatoxicity. This Tink 1is
strengthened by the observation that the effective dose to kill 50% of small

oocytes (ED was less for responsive CS57B1/6N mice (3.38 ug/ovary)

50/
than for nonresponders DBA/2N (36.14 ug/ovary). An F] generation from
mating of these two strains had an intgrmediate fntraovarian injection

ED50 of 8.27 ug/ovary.

Endocrine System. Few data are available concerning the mechanism of
toxicity and the effect of PAHs on the endocrine system. Selective destruc-
tion of the adrenal cortex and induction of adrenal apoplexy by 7,12-di-
methylbenz[a]anthracene has been dgmon§trated in rats after a single intra-
gastric dose pf 30 mg. The same amount of adrenal damage could be produced

by a 5 mg dose of 7-hydroxymethol-12-methylbenz[alanthracene, the principal
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7,12-dimethyibenz[alanthracene oxidative metabolite. No adrenal damage was
noted with other 7,12-dimethylbenz{alanthracene metabolites, thus indicating
that a specific reactive intermediate may be responsible for this phenomencn

(Santodonato et al., 1981).

Intequmentary System. The integument is highly susceptible to agents
that inhibit DNA synthesis as is evident in cancer patients receiving radia-
tion treatment or chemotherapy. Such individuals show signs of alopecia,
dermatitis and skin sloughing. MWorkers exbosed to PAH-containing materials
such as coal tar, mineral o011 and petroleum waxes are known to develop
chronic dermatitis and hyperkeratosis (Heuper, 1963; NAS, 1972a). It 1is
well documented that the application of carcinegenic PAHs Lo mouse skin
leads to destruction of sebaceous glands, skin ulcerations, hyperplasia and
hyperkeratosis (Bock, 1964). Sebaceous glands undergo rapid cell turnover

and are the most sensitive structures of the skin to PAH-induced toxicity.

Visual System. Ocular toxicity, particularly cataract formation, has

tong been associated with naphthalene administration in rodents and other

laboratory animals as well as in humans (U.S. EPA, 1980c, 1987a).

Oral adminisfration of naphthalene is believed to result in 1ts metabo-
1ism in the liver and the metabolites then travel through the blaodstream to
the eye where further metabolism takes place (van Heyningen, 1979},
Evidence 1n rats and rabbits suggest that 1,2-dihydroxy naphthalene 1is
enzymatically converted to 1,2-naphthoquinone which then reacts with eye
proteins, resulting in damage (Pirie 'and van Heyningen, 1966; Rees and

Pirie, 1967).
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van Heyningen (1979), in her review of the literature, hypothesized that

susceptibiiity to naphthalene-induced cataracts is more pronounced in rat
and rabbit strains with 1ightly pigmented or dark eyes, due to the presence
of polyphenol oxidase. This nonspecific enzyme, found only in pigmented

tissues, catalyzes the formation of melanin from tyrosine.

van Heyningen and Pirie (1967} suggested that the toxic metabolite 1is
1.2;d1hydroxy naphthalene, In gavage studies 1in which naphthalene was
administered daily to 39 rabbits at 1 g/kqg, they detected 1,2-dihydroxy
naphthalene and 1,2-naphthoguinone 1in the eyes and three metabolites 1in
blood that could be converted by different enzymes in the eye to
1,2-dthydroxynaphthalene. In more than half the rabbits, lens opacities and
degeneration of the retina were observed.- 1In add1f1on, 1,2-naphthogquinone
can oxitdize ascorbic acid present in the agqueous and vitreous humors,
resulting in oxalic acid formation as the ascorbic actd concentration
decreases ({van Heyningen, 1970a,b).  Although ascorblic acid decreases in
aqueous and vitreous humors, the level is maintatned or increases in the eye
lens ittself ({van Heynigen, 1970a). Presumably dehydroascorbic acid, formed
by oxidation by naphthoquinones, penetrates the lens and is reduced to
ascorbic acid. Ascorbic acid diffuses only slowly from the lens. Excessive
depletion of ascerbic acid may account for the appearance of calcium oxalate
crystals (Pirte and van Heyningen, 1966). GSH appears to be maintained at
high levels in eye Tens 1in spite of extensive oxidative reactions (van

Heyningen,>1970a).

van Heyningen (1970b) found that the albino Wistar rat has only about 3%
of the concentration of catechol reductase (an enzyme that catalyzes the

interconversion of quinones and diols) found in the rabbit lens. The rat
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also has less ascorbic acid in aqueous humor than the rabbtt (van Heyningen,
1979}. This would result in a higher level of 1,2-naphthogquinone. Thus,
polyphene? oxidase may be the most important factor in the rat eye while

catechol reductase may play a crucial role in ocular toxicity in the rabbit.

Rao and Pandya (1981) reported Increased lipid peroxidation in the eyes
of male albino rats administered 1 g napthalene daily for 10 days. Alkaline
phosphatase showed a slight increase and aniline hydroxylase activity was
not detected. Liver peroxide levels were eievated but serum 1ipid peroxides

were not measured.

Lipid peroxides have beeh suggested as a causal factor tn cataract
formation. Yamauchi et al. (1986) tnvestigated thts aspect in relation to
naphthalene. Naphthalene {1 g/kg) in acacta o1l was adm1n15tered to male
Wistar rats datly for up to 18 days. GSH content 1in lens and serum and
liver 1ipid peroxide levels were measured durting interim sacrifice. Serum
peroxide 1levels 1increased significantly on the fourth day and reached a
maximum on the seventh day. Liver peroxide levels had & similar pattern.
GSH content in lenses decreased to about 64% on the fourth day and remained
depressed.- The authors suggested that 1i1pid peroxides are stable enough to
reach *~2 lens and cause bcular damage. Microscopic observation indicated
s1ight cataractous changes in some rats on the 14th day when serum 1ipid
peroxide levels were elevated (Yamauchi et al., 1986). It was suggested
that peroxides may play a rolé tn cataract formation, in addition to the
role played by 1,2-naphthaquinone. A decrease in nonprotein sulfhydryl
content in lens has previously been .assoclated with naphthalene-1nduced

cataracts in rabbits (Ikemoto and Iwata, 1978).
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PAH-Induced Immunotoxicity

Numerous 1investigators have demonstrated that carcinogenic PAHs can
produce an immunosuppressive effect. This effect was Ffirst observed by
Malmgren et al. (1952) wusing high doses of 3-methylcholanthrene and
dibenz[a,hjanthracene tn mice. Subsequent studies established that single
carcinogenic doses of 3-methyicholanthrene, 7,12-dimethylbenz{alanthracene,
and benzo[a]pyrene caused a prolonged depression of the immune response to
sheep red blood cells (St)lernswdrd, 1966, 1969). Noncarcinogenic hydro-
carbens such as benzo[e]pyrene and anthracene reportedly had no immuno--
suppressive activity. In a8 review on Iimmunosuppression and chemical
carcinogenesis, substantial evidence was presented to indicate that the
degree of Iimmunosuppression was correlated with carcinogenic potency for
PAHs (Baldwin, 1973). Both cell-mediated and humoral fimmune reactions are

affected by PAHs.

The effects of three PAHs, 3-methyicholanthrene, dibenzo[a,h]anthracene
and dibenzo[a,clanthracene on the immune response was investigated in mice
in relation to tumorigenesis (Lubet et al., 1984). The subcutaneous and
oral routes were used in two strains of mice, C57B1/6 (B6N) and DBA/2N
(D2N). The BBN strain is an AHH inducible species, and was more susceptible
to tumor }ormagiqp than was the non1nduc1b1é 02N strain. Dibenz{a,h]anthra-
cene’ at doses of 25 or 50 mg/kg produced an immunosuppression effect as mea-
sured by a modification of the Jerne plaque assay. Thls effect was more
pronounced in the AHH inducible B6N mice than in the D2N mice. In contrast,
dibenz[a,c]anthracene caused minimal effects in elther strain, In general,
it was noted that the more potent ca&c\nogéns produced greater 1mﬁunosup-

pression than the noncarcinogens. .The route of administration also influ-
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enced the immunosuppressive effects. Following 1.p. administration of htgh
concentrations of PAHs striking 1immunosuppression was observed in both
stralns of mice. When the oral route was employed, the noninducible AHH
mice (D2N) showed greater susceptibility than did the B6N mice. The authors
suggested that in AHH inducible mice, ora]iy administered PAHs are rapidly
metabolized and are rapidly excreted. In the noninducible mice the 1ipo-
philic PAHs are absorbed and distributed to target organs. They concluded
that AHH inducibility 1is an Jimportant Ffactor in the Immunosuppressive

activity of PAHs.

A study by White et al. (1985) showed that suppression of an IgM
response to SRBC in mice exposed to PAH was a function of the strain respon-
siveness. Responsive BG6C3F] mice did not experience the degree of {immuno-
suppression following subcutaneous exposure as did DBA/2 nonresponsive mice.
This study further showed a correlation between a PAH's capacity for immunoc-
suppression and 1ts carcinogenicity. Anthracene, chrysene, benzo[e]pyrene
and perylene had no significant effect on immune response while benz[a]-
anthracene, benzo[a]pyrene, dibenz[a,c]anthracene and dibenz[a,h]anthracene
exposure resulted in 55-91% suppression. Even greater immunosuppression was

caused by 3-methylcholanthrene and 7,12-dimethylbenz{alanthracene.

These results were contradicted to some extent in in vitro studies using

the weak or noncarcinogen/carcinogen pa'r benzo[e]pyrene and benzo[a]pyrene
{Blanton et al., 1986). These workers found that benzo[elpyrene did
suppress certain immune Ffunction but required higher doses than did benzo-
[alpyrene. B} contrast to the White et al. (1985} study, anthracene in this
instance caused 1n vitro immunosuppressive effects. These studies also

demonstrated that the immunosuppression by benzopyrenes is due to effects on
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various cell types and is not attributable only to cytotoxicity. It has
been shown that - benzo[alpyrene has potent effects on production of

interleukin 1 by macrophages in vitro (Lyte and Bfck, 1986).

Summary

The carclinogenesis-initiating potential of a PAH i35 dependent upon a
number of factors: 1ts 1ipid solubility and distribution to target organs,
the‘presence of potentially reactive areas of fits structure and its poten-
t1al for metabolism to reactive electrophilic forms. This latter factor 1is
tissue and specles dependent and is related to some extent to the inducibil-
1ty of higher levels and particular isozymes of cytochrome P-450-associated
enzymes. Carcinogenic PAHs are generally mutagenic and can damage DNA.
These activities are very likely to be involved in the compound's activity
as an initiator of carcinogentc processes. Many PAHs are complete skin
carcinogens, serving as their own promoters. Some are active as promoters

or cocarctinogens for other inttiating agents.

Target tissues for PAH-mediated toxicity other than carcinogenesis are
generally actively engaged in DNA synthesis. These tissues include hemato-
poietic qnd immune systems, gonadal tissues and the lens of the eye. Mech-
anisms 1nvolv1hgtsuppress1on of DNA synthesis or DNA damage have been pro-
posed for PAH-induced toxicity to hematopoietic elements, the GI system and
the cardiovascular system. In addition to the organ systems covered,
PAH-induced lesions have been demonstrated in the lungs, liver and kidney.
No evidence concerning precise mechanisms of toxicity has been found, but
many toxic endpoints are linked to the species or strains capability for

ready induction of PAH metabolizing enzymes.
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Naphthalene appears to be metabolized in a different manner than other
PAHs. Studies 1indlicate that naphthalene is metabolized in tﬁe liver to
1,2-naphthaquingne, Administration of paphthalene cduses an elevation in
serum 1ipid peroxide and liver peroxide levels. It has been suggested that
1,2-naphthaquinone and elevated serum 1ipid peroxide levels may play a role
in naphthalene induced cataract formation in rodents. Naphthalene injection
has also caused bronchical epithelial cell necrosis 1in rodents and has

caused acute hemo?ytic' anemia in  tnstances of human polisoning.
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VIII. QUANTIFICATION OF TOXICOLOGIC EFFECTS

Introduction

The quantification of toxicolegic effects of a chemical consists of
separate assessments of noncarcinogenic and carcinogenic health effects.
Chemicals that do not produce carcinogenic effects are believed to have a
threshold dose below which no adverse, noncarctinogenic health effects occur,

while carcinogens are assumed to act without a threshold.

In the quantification of noncarcinogenic effects, a Reference Dose
(RfD), [formerly termed the Acceptable Daily Intake (ADI}] is calculated.
The RfD is an estimate (with uncertainty spanning perhaps an order magni-
tude) of a dally exposure to the -human population (including sensitive
subgroups) that is likely to be without an appreciable risk of deleterious
health effects during a lifetime. The RfD is derived from a no-observed-
adverse-effect _ Tevel (NDAEL), or lowest-observed-adverse-effect level
(LOAEL), 1dentified from a subchronic or chronic study, and divided by an
uncertainty factor(s) times a modifying Factor. The RfD 1s calculated as

follows:

- (NOAEL or LOAEL) .
[Uncertainty Factor(s) x Modifying Factor]

RfD mg/kg bw/day

Selection of the uncertainty factor to be employed in the calculation of
the RfD 1s based upon professional judgment, while considering the entire
data base of toxicologic effects For the chemical. In order to ensure that

uncertainty factors are selected "and applied 1In a consistent manner,
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the U.S. EPA (1991a) employs a modification to the guidelines proposed by
the National Academy of Sclences (NAS, 1977, 1980) as fo]iows:

Standard Uncertainty Factors (UFs)

+ Use a 10-fold factor when extrapolating from valid experimental
results from studies using prolonged exposure to average healthy
humans. This factor is intended to account for the vartation
in sensitivity among the members of the human population. [10H]

« Use an additional 10-fold factor when extrapolating from valid
results of long-term studies on experimental animals when
results of studies of human exposure are not available or are
tnadequate. This factor s intended to account for the uncer-
tainty 1n extrapolating animal data to the case of humans.
[10A]

« Use an additional 10-fold factor when extrapolating from less
than chronic results on experimental animals when there is no
useful long-term human data. This Ffactor s 1intended to
account for the uncertainty in extrapolating from less than
chronic NOAELs to chronic NOAELs. [108]

« Use an addittonal 10-fold factor when deriving an RfD Ffrom a
LOAEL instead of a NOAEL. This factor s intended to account
for the uncertainty in extrapolating from LOAELs to NOAELs.
[ioL]

Modifying Factar (MF)

« Use professtonal Jjudgment to determine another uncertainty
factor (MF) that is greater than zero and less than or equal to
10. The magnitude of the MF depends upon the professional
assessment of sclentific uncertainties of the study and data
base not explicitly treated above, e.g., the completeness of
the overall data base and the number of species tested. The
default value for the MF is 1,

The uncertainty factor used for a specific risk assessment 3is based
principally upon scientific Jjudgment rather than scientific fact and
accounts for possible intra- and interspecies differences. Additional
considerations not incorporated in the NAS/00W guidelines for selection of
an uncertainty factor 1include the_usé of a less than lifetime study for
deriving an RfD, the significance of the adverse health effects and the

counterbalancing of beneficlial effects.
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From the RfD, a Drinking Water Equivalent Level (OWEL) can be calcy-
Tated. The DWEL represents a medium specific (i.e., drinking water)
1ifetime exposure at which adverse, noncarcinogenic health effects are not
anticipated to occur. The DWEL assumes 100% exposure from drinking water,
The OWEL provides the noncarcinogenic health effects basis for establishing
a drinking water standard. For 1Ingestion data, the DWEL s derived as
fo}1ows:

OWEL - —LRFD) x {Body weight in kg) _
Drinking Water Volume in t/day

mg/L

wnere: Body weight = assumed to be 70 kg for an adult
Drinking water volume = assumed to be 2 t/day for an adult

In addition to the RFD and the DWEL, Health Advisories (HAs) for expo-
sures of shorter duration (1-day, 10-day and longer-term) are determined,
The HA values are used as 1informal guldance to municipalities and other
organizations when emeréency spills or contamination situations occur. The
HAs are calculated using an equation similar to the RFD and OWEL; however,
the NOAELs or LOAELs are identified from acute or subchronic studies. The

HAs are derived as follows:

{NOAEL or LOAEL) x (bw)
HA = - mg/L
(UF) x { 1/day)

Using the above equation, the following drinking water HAs are developed

for noncarcinogenic effects:
1. 1-day HA for a 10 kg child ingesting 1 t water per day.
2. 10-day HA for a 10 kg child ingesting 1 L water per day.

3. Longer-term HA for a 10 kg child ingesting 1 t water per day.
4. Longer-term HA for a 70 kg adult ingesting 2 & water per day.
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The 1-day HA calculated for a 10 kg child assumes a single acute
exposure to the chemical and is generally derived from a study of <7 days
duration. The 10-day HA assumes a 1imited exposure period of 1-2 weeks and
s generally derived from a study of <30 days duration. The longer-term HA
's dertved for both the 10 kg child and a 70 kg adult and assumes an
exposure period of ~7 years (or 10X of an individual‘s 1ifetime). The
longer-term HA 1s generally derived from a study of subchronic duration

{exposure for 10% of animal's 1ifetime).

The U.S. EPA categorizes the carcinogenic potential of a chemical, based

on the overall welght-of-e#idence, according to the following scheme:

Group A: Human Carcinogen. Suffictent evidence exists from
epidemiology studies to support a causal association between
exposure to the chemical and human cancer.

Group B: Probable Human Carcinogen. Sufficient evidence of
carcinogenicity In animals with limited (Group B81) or inade-
quate (Group BZ2) evidence in humans.

Group C: Possible Human Carcinogen. Limited evidence of
carcinogenicity in animals in the absence of human data.

Group D: Not Classified as to Human Carcinogenicity. Inade-
quate human and animal evidence of carcinogenicity or for which

no data are avallable.

Group E: Evidence of Noncarcinogenicity for Humans. No
evidenée. of carcinogenicity in at least two adequate animal

tests in different species or In both adequate epidemiologic
and animal studies.
If toxicologic evidence leads to the classification of the contaminant
as a known, probable or possible human carcinogen, mathematical models are
used to calculate the estimated excess cancer risk associated with the

ingestion of the contaminant in drinking water. The data used in these

estimates wusually come from Tifetime exposure studies wusing animals.
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In order to predict the risk for humans from animal data, animal doses must
be converted to equivalent human doses. This conversion includes correction
for noncontinuous exposure, less than 1ifetime studies and for differences
in stze. The factor that compensates for the size difference 1s the cube
root of the ratio of the animal and human body weights. It is assumed that
the average adult human body weight 1s 70 kg and that the average water

consumption of an adult human 1s 2 o of water per day.

for contaminants with a carcinogenic potential, chemical levels are
correlated with a carcinogenic risk estimate by employing a cancer potency
{unit risk) value togethef with the assumption for 1ifetime exposure from
ingestion of water. The cancer unit risk 3is usually derived from a.linear-
Yzed multistage model with a 95% upper confidence 1imit providing a low dose
estimate; that 1s, the true risk to humans, while not identifiable, is not
1ikely to exceed the upper 1imit estimate and, in fact, may be 1lower.
Excess cancer risk estimates may also be calculated using other models such
as the one-htt, Weibull, logit and probit. There is 1ittle basis in the
current understanding of the bilological mechanisms involved in cancer. to
suggest that any one of these models 1s able to predict risk more accurately
than any other. Because each model is based upon differing assumptions, the

estimates derived for each model can differ by several orders of magnitude.

The sclentific data base used to calculate and support the setting of
cancer risk rate levels has an 1inherent uncertainty that s due to the
systematic and random errors in scientific measurement. In most cases, only
studies using experimental animals have been performed. Thus, there 1is

uncertainty when the data are extrapolated to humans. When developing
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cancer risk rate levels, several other areas of uncertalnty exist, such as
the 1incomplete knowledge concerning the health effects of contaminants in
drinking water, the 1impact of the experimental animal's age, sex and
species, the nature of the target organ system(s) examined and the actual
rate of exposure of the internal targets in experimental animals or humans.
Coseeresponse data usually are avatlable only for high levels of exposure
and not for the lower lcvels of exposure closer to where a standard may be
set. When there s exposure to more than one contaminant, additional
uncertatnty results from a lack of information about possible synergistic or
antagonistic effects. Since PAH occur only as mixtures in the environment,

no epidemiologic data are found for individual PAH.

Noncarcinogenic Effects

For many of the PAHs experimental data on noncarclnogenic effects are
ejther nonex1stent or provide insuffictent information on which to base
criteria for drinking water exposure. In general, existing data are not

suitable for criteria derivation for one or more of these reasons:

+ Studics were designed to assess only carcinogenic potential
+ Studics were designed to determine only lethal dose (LDsg)
. Stud\gé do not give dose/response data

+ Studies contain only one dose level, at which severe health
effects occurred

'« Studies do not measure chronic exposure
o Studies were byléther than oral exposure
« Measure of dose Is not known

» Sample stze 15 too small

+« Test animals used do not provide relevant models for human
health assessment. .
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Recently, the U.S. EPA (1988, 1989a,b,c) and Hazelten Laboratories
America, Inc. (1989c, 1989d) conducted 90-day subchronic bloassays Ffor
acenaphthylene, anthracene, fluoranthene, fluorene and pyrene. These
studies examined a variety of toxicologic endpoints and were of adequate
design, thereby providing sufficient Information on which to base criteria
for drinking water exposure. These studies were insufficient to evaluate

potential carcinogenicity of the above PAHs.

Short-term Studies in Animals

There were short-term studies wherein animals were treated by the oral
route reported for on1y' acenaphthylene, anthracene, Ffluoranthene and
fluorene. For acenaphthylene there 1is an oral LD50 for rats and mice
reported in abstract form {Knobloch et al., 1969)}. For anthracene there is
a report in abstract fofm stating that a single oral dose of 17 g/kg of
anthracene 1s not lethal to mice (Nagornyi, 1969). For fluoranthene the
only data are from a range-finding study on more than 300 compounds; the
study reported the oral LD50 for rats as 2000 mgs/kg/day (Smyth et al.,
1962). For fluorene, Kizer et al. (1985) reported that in rats fed 10.5
mg/kg/day in the diet For 3 weeks, no increases in either S$GOT or hepatic
microsomal epoxide hydrolase activity were observed. Thus, there are no

data suitable for derivation of 1- or 10-déy HAs for any PAH discussed in

this document.

Longer-term Studies in Animals .

~ No longer-term exposures of animals by the oral route were reported for
the Ffollowing: benzo[bjfluoranthene, . benza[k]fluoranthene, benzo[g,h,1]-

perylene, chrysene, 1ndeno[1.2.3-cd]byrene. phenanthrene and pyrene.
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Acenaphthylene. Acenaphthylene was administered to groups of seven

rats in doses of 600 mgs/kg bw for 40 days or 2000 mg/kg bw for 32 days.
Effects were reported on body Qe1ght. peripheral blood, renal function,
kidney and liver morphology, and bronchitis was induced (Knobloch et al.,
1969). The report is 1in abstract form; data are, thus, insufficient for

derivation of criteria.

JIn a subchronic toxicity bicassay conducted by Hazelton Laboratories
America, Inc. (1989c) acenaphthylene was administered to groups of 20 male
and female CD-1 mice by gavage. Dose levels were 0, 100, 200 and 400
mg/kg/day. Criteria eva1udted for compound-related effects were mortality,
clinical signs, body weight, food consumption, opthalmology, hematology,
clinical chemistry, organ weights, gross pathology and histopatholgy. Based
on liver and kidney changes and deaths in females the LOAEL determined from
this study 1s 100 mg/kg/day; no NOAEL was determined. ODue to the high
mortality observed in females receiving 110G mg/kg/day the data provided are

considered insufficient for derivation of criteria.

Anthracene. Two bloassays for carcinogenicity of ingested anthracene
have been-condqcted (Oruckry and Schmdhl, 1955; Schmdhl and Reiter, n.d.).
Neither study-'méhtlons nﬁncancer health effects, nor were any tumors
reported. The 1latter study has not been published. In a subchronic
toxicity study, the U.S. EPA (1989e) administered anthracene to groups of 20
male'and female CD-1 (ICR)BR mﬁce by gavage. Dose levels were 0, 250, 500
and 1000 mg/kg/day. Criterla evaluated for compound-related effects were
mortality, clinical signs, body weights, food consumption, opthaimology,

hematology, clinical chemistry, organ weights, organ-to-body weight ratios,
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gfoss pathology and histopathology. No treatment-related effects were

noted; therefore, the NOAEL determined from this study s 1000 mg/kg/day.

Benz[alanthracene. Klein {1963) published a report of benz{a]anthra-
cene carcinogenicity for mice treated by gavage. Only one concentration was
administered, and noncancer endpoints were not described. Thus, data are

Insufficient to derive criterta for benz[a]anthracene.

Benzo[alpyrene. Benzo[a]pyrene was adﬁin1stered to mice at multiple
concentratioens in the diet in order to assess 1ts carcinogenic potential
{Rigdon and Neal, 1966, f969; Neal and Rigdon, 1967). Treatment-related
incidences of tumors of the forestomach and lung, and Tleukemias were
observed. No noncancer health effects were reported, however. Rigdon and
Neal (1965) also conducted a serles of assays to determine if dietary benzo-
[alpyrene produced deleterious reproductive effects. Oral benzo[alpyrene
concentrations of 250, 500 or 1000 ppm over various time periods up to
1ifetime showed no treatment-related effects, except lack of welght gain

related to feed unpalatability.

Hachnz?e and Angevine {1981) dosed groups of 30 or 60 pregnant CD-1
mice with gavage preparations of benzo[a]pyrene to deliver 0, 10, 40 or 160
mg/kg bu/day; This was done only on days 7-16 of gestation. No maternal
toxicity was noted, nor were there signs of fetal toxicity. Pups were

culled to 8/11tter and used "‘In an F. mating study. By days‘zo and 42,

1

F1 animals. exposed to benzo[alpyrene in utero were observed to have

decreased body weights 1in comparison with controls. Gonadal weights of

treated animals were also significantly reduced. The testes from animals
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exposed in utero to the Jow benzo[a]pyrene dose weighed ~60% those of

controls; testes from the 40 mg (middle dose) group welghed ~18% of

.controls. As most F] in utero exposed females had no ovariles or only

remnants of ovarian tissues, weights were generally not recorded. Fertility
was reduced among FI treated animals. Of control males 100% were fertile,
20725 from the group exposed to 10 mg, 3/45 from the 40 mg group, and none

of the males treated in utero with 160 mg benzo[alpyrene/kg/day were

fertile. .0f treated femaﬁes. 34% of the low-dose group produced a litter;
none of the middle- and high-dose females produced a litter. This study,
thus, demonstrates a LOAEL for gonadal welght decrease and loss of fertiltty

of 10 mg/kg/day for benzo[a]pyrene.

Dibenz[a,h]anthracene. D1benz[a.h]antﬁracene was carcinogenic to mice
receiving the compound in an olive oil/drinking water emulsion (Lorenz and
Stewart, 1947; Snell and Stewart, 1962a). Only one concentration of
treatment suspénsion ua; administered. The only noncancer health effect
reported was dehydration and emaciatton of animals due to poor tolerance of

the vehicle. There are, thus, no data suitable for derivation of criteria.

Fluoranthene. In a 13-week bioassay in mice, the U.S. EPA (1988)
administered iitﬁer 0, 125, 250 or 500 mg/kg/day of fluoranthene to groups
of 20 male or female CD-1 mice by gavage. Body weights, food consumption
and clinical signs of toxicity were monitored at regular intervals during
the experimental period{ At the end of the study period the animals were
sacrificed and submitted for autopsy and hematologic and serum chemistry
evaluations. A LOAEL of 250 mg/kg/day based on statistically significant

{p<0.05) changes in SGPT and absolute and relative liver weights, as well as
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decreases In packed cell volume and red blood cell nymbers (females only)
and albumin/globulin rattos, was Identified by the U.S. EPA (1991a); the

corresponding NOAEL s 125 mg/kg/day.

Fluorene. Neither of two reports of bioassays for oral carclnogenic
potential of fluorene gave 1indication of an increased tumor Incidence
{Morris et al., 1960; Wilson et al., 1947). The former study reported no
effects related to treatment. In the Tlatter study one set of rats was
exposed to dietary concentrations of 0.062 or i.O% fluorene for 104 days and
a8 second set to 0,125, 0.25 or 0.5% fluorene for 453 days. The animals of
the short-term group appeared normal in all respects except for treatment-
related decreases in growth rate. The Jlonger-term treated animals were
observed to have significantly increased 1iver welights {two highest dose
groups) and decreased spleen weights (all treated animals). While these
changes were described as "significant", no numerical data were presented.

This study 1s, therefore, unsuitable for criteria derivation.

In 2 13-week subchronic bjoassay in mice, the U.S. EPA (1989a) admin-
fstered either 0, 125, 250 or 500 mg/kg/day fluorene, suspended in corn oil,
to groups of 25 male and female CD-1 mice by gavage. Measures used to
assess tox1cttj “included food intake, body weight, clinical observations,
hematology and serum chemistry, and gross and h1stopatho]ogic changes.
Using the data from U.S. EPA (1989a), the U.S. EPA (1991a) 1dentified a
LOAEL of 250 mg/kg/day for heméto1ogic effects; the NOAEL is 125 mg/kg/day.

Pyrene. In a 13-.week subchronié bicassay - in mice, the U.S. £PA
(1989b) administered either 0, 75, 125 or 250 mg/kg/day of pyrene to groups
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of 20 male and 20 female COD-1 mice by gqavage. Criteria used to assess
toxicity included body and organ welghts, food consumption, mortality,
hematology amd serum chemistry, and gross and histopathology. Based on
nephropdthy, accompanied by statistically significant (p<0.01) changes in
dbsolute and relative kidney weights, the U.S. EPA (1997a) tidentifled 125
mg/kg/day as the LOAEL; the NOAEL is 75 mg/kg/day.

Quantification of Noncarcinogenic Effects

Derivation of 1- and 10-Day Health Advisories. There were no data

suitable for calculation of 1-day or 10-day HAs for children for any PAH

covered in this document.

A number of short-term exposure studies have been reported wherein
vartous immunologic endpoints have been measured. These are summarized 1in
Tables VIII-1 and VIII-2. While it is important to constder immune deficits
as 1indicators 'of early toxicity, it 1s not appropriate to base health
advisories on the data presented in these two tables. First, none of the
studies employed an oral route of administration, thereby decreasing 'the
relevance of the data to drinking water health advisories. Secondly, it 1s
not c1ear‘uhéther the immune deficits observed are, in fact, indicators of

toxicity or are normal adaptive responses to stress.

For benzofalpyrene the datg of MacKenzie and Angivine (1981) could also
be considered as an indicator of noncancer toxic effects resulting from
short-term exposure in utero. In view of the fact that this exposure
encompéssed an entire critical phase of the animal's lifespan, namely the
fetal developmental phase, the data may be more suitable for derivation of a

1ifetime health advisory.
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TABLE VIII-1

Immunotoxicity of Benzo[a]pyrene in Mice after Short-Term Exposure

Days Strain Route LOAEL/NOEL Effect* Reference
Exposure {mg/kg)
1 CBA i.m. 33.3/ND PFC Stjernsward,
1966
] C3H/ANF in utero 150/ND PFC Urso and
GvH Gengozian,
mixed lymph 1984
1 B6C3F ] s.c. 252/ND number of  wWhite
spleen cells et al., 1985
1 Cs7 t.p. 5.0/0.5 target cell Wodjant
C3H 1.p. 5.0/0.5° ki1ling et al., 1984
1 C3H i.p. 18.0/1.8 INF Griffin
et al., 1986
1 C57B1/6 i.p. 25/- PFC Lubet
DBA/2 f.p. 50/25 PFC et al., 1984
10 B&C3F1 s.c. 5.0/- AbTH Dean et al.,
CPLPS 1983
14 B6C3F1 s.C. 40.4/ND spleen White
weight et atl., 1985
PFU

*A11 effects -noted were decreases by comparison with controls in the
measurements = indicated. PFC = plaque-forming spleen cells; PFU =
plague-forming units; GvH = graft vs. host response; mixed lymph = mixed
Tymphocyte response; INF = 1interferon production; AbTY = antibody
production to a T-independent antigen; CPLPS = cell proliferation in
response to lipopoly-saccharide mitogen.

ND = Not determined as only one dose was tested

- = No NOEL reported
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TABLE VIII-2

Comparative Effects of PAH on Immune Functions in B6C3F1 Miced

Compound Dosed Effect
{mg/kg/day)

Anthracene ' 28.5 None

Benz{a]anthracene 36.5 Decreased antibody
forming cells

Benzo[a]pyrene 40.4 Decreased antibody
forming cells;
decreased spleen
weight

Chrysene ' 36.5 None

Dibenz[a,h}anthracene 42.7 Decreased antibody

forming cells;
decreased spleen
weight

dpata from White et al. (1985)

DAnimals were treated s.c. with 160 umole/kg/day
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Derivatton of Longer-Term HA. There were no data suitable for calcu-

lation of Tlonger-term HAs for children or adults for any PAH covered in this

document .

Assessment of Lifetime Exposure and Derivation of DWELS. There were

no data suttable for calculation of RfDs for the following: benz[a]anthra-
cene, benzo[b]fluoranthene, benzo[k])fluoranthene, benzo[g,h,i]perylene,

chrysene, dibenz[a,h]anthracene, indens[1,2,3-cd]pyrene or phenanthrene.

Acenaphthylene -- Quantitative data on the subchronic oral toxicity of
acenaphthylene has been ﬁrov1ded by Hazelton Laboratories America, Inc.
(1989¢c). Acenaphthylene was administered to CD-1 mice (20/sex/group) at
dosage levels of 0, 100, 200 or 400 mg/kg/day for at least 90 days. Effects
examined included mortality, clinical s1gns,.body weights, food consumption,
optha]mo1ogy.'c11n1cal'chemistry. organ weights, gross pathology and histo-
pathology. Treatment-related effects were observed in all dosage groups.
Due to the high mortality observed in all groups of treated females, the Tow
dose 1is considered an FEL. Therefore, this study is insufficlient for
deriving criteria since the choice of mortality as the critical effect is

not appropriate-as the basis for an RfD.

Additionally, four subchronic studies on the toxicity of acenaphthylene
were located in the literature: two oral studies (Rotenberg and Mashbits,
1965; Knobloch et al., 1969) and two‘ jnhalatton studies (Rotenberg and
Mashbits, 1965; Reshetyuk et al., 1970}. However, d§f1c1enc1es (no experi-
mental controls, short duration and 1hcomp1ete reporting of study design
and/or results) preclude the use of any of these studies as a basis for an

oral RfD.
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Anthracene -- Quantitative data on the oral exposure to anthracene
reported in U.S. EPA (1989e) failed to demonstrate treatment-related effects
to male or female CD-1 (ICR)BR mice at doses up to 1000 mg/kg/day for at
least 90 days. From these results, a NOAEL of 1000 mg/kg/day was identi-
fled. Using this NOAEL, the DWEL is derived as follows.

Step 1 - RfD Derivation

{1000 mg/kg/day) -
rep - (1000 ma/kg/day) _ g 3,90-1 maskg/day
3000 (rounded to 3x1072 mg/kg/day)

where:

1000 mg/kg/day = NOAEL reflecting no treatment-related effects 1in

mice (U.S. EPA, 1989e)

3000 = combined uncertainty factors: 100 to account for
intra- and 1Interspecies extrapolation, 10 for the
use of a subchronic study for RfD derivation, and
3 for the lack of reproductive/developmental and
supporting chronic toxicity data

Step 2 - DWEL Derivation

OWEL = 3x10"* mg/kq/da 10 k - 10.5 mg/t

(2 L/day)
where:
3x107* mg/kg/day = RfD
70 kg . = assumed body weight of an adult
2 v/day _; - = assumed volume of water consumed by an adult

Benzo[a]pyrene -- For benzo[a]pyrene an indicator of a noncancer toxic
effect was the decrease in fertility and gonadal welght in mice exposed in

utero. Dams were gavaged with 10 mg/kg/day benzo{alpyrene in corn oil on

days 7-16 of gestation (MacKenzie and Angevine, 1981). While this does not
constitute a subchronic or chron1c4exposure it does cover the entire period
of development most sensitive to Insult of the test population. The study

cou1d. thus, be considered for use 1n-est1mat1ng‘a tonger -term risk.
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For benzo[a]pyrene, available déta show that the appearance of
neoplagtic effects occurs at lower doses than do Indicators of systemic
toxtcity. For gxampTe a LOAEL based on the MacKenzie and Angevine {1981)
data s 10 mg/kg/day, while significant increases in tumor incidence have
been observed in mice receliving 6.5 mg/kg/day benzo[a]pyrene in the diet
(Neal and Rigden, 1967). It, thus, seems 1inadvisable at this time to

propose any health advisories for benzo[a]pyrene based on noncancer effects.

Fluoranthene -- In a 13-week subchronic Sioassay in mice the U.S. EPA
(1988) identifted a LOAEL of 125 mg/kg/day of fluoranthene. This LOAEL was
based on statistically nonsignificant 1Increases 1n c¢l1intcal signs, serum
chemistry and changes in liver and kidney pathology as well as significant
increases 1n relative liver weights of male mice. In a reevaluation of U.S.
EPA (1988), the U.S, EPA {1997a) identifted the 125 mg/kg/day dose level as
the NOAEL and the 250 mg/kg/day dose level as the LOAEL. The Jow dose was
considered the NOAEL a§ c¢linical signs (i.e., salivation) were not dose-
related effects, and changes in serum enzymes and kidney and liver histo-
pathology were not considered adverse at 125 mg/kg/day. The 250 mg/kg/day
dose 1s considered the LDAEL based on significant reductions in packed cell
volume and red blood cell numbers in females. and albumin/globulin ratios
and signtficani fncreases in SGPT and absolute and relative liver weights in
both sexes. Based on a NOAEL of 125 mg/kg/day, the DWEL 1s derived as

follows:

Step 1 - RfD Derivation

RfD = 125 36;0/da = 4.17x1072 mg/kg/day
{rounded to 4x1072 mg/kg/day)
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where:

125 mg/kg/day = NOAEL reflecting the absence of ' dose-related

effects in mice (U.S. EPA, 1988)
3000 combined uncertainty factors: 100 to account for
intra- and interspecies extrapolation, 10 for the
use of a subchronic study for RFD derivation, and 3
for the lack of reproductive/developmental and
supporting chrontc toxicity data

Step 2 - DWEL Derivation

4x10°2 /kg/da 70 k
DHE*. = L—.—mL—g._-_lLL.__gl = ]‘4 /&
(2 1/day) ™

where:

4x1072 mg/kg/day = RfD

70 kg

assumed body weight of an adult

2 v/day assumed volume of water consumed by an adult

Fluorene -- In a 13-week subchronic bicassay in CD-1 mice (U.S. EPA,
19893}, quantitative data were reported on the adverse health effects
associated with oral exposure to fluorene. From these results, the U.S. EPA
(19§1a) identified a LOAEL of 250 mg/kg/day for hematologic effects; the
corresponding NOAEL 1s 125 mg/kg/day. Using this NOAEL, the DWEL is derived
as follows. '

Step 1 - RfD Derivation

RFp - (123-ma/ke/day) _ 4 49,10-2 mg/kg/day

3000 (rounded to 4x1072 mg/kg/day)

where:

125 mg/kg/day = NOAEL reflecting the absence of hematologic effects
in mice (VU.S. EPA, 1989a)
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3000 = combined uncertainty factors: 100 to account Ffor
intra- and interspecies vartability, 10 for the use
of a subchronic study for RfD derivation, and 3 for
the lack of reproductive/developmental and
supporting chronic toxictity data

Step 2 - DWEL Derivation

(4x1072 mq/kg/day) (70 kq)
(2 1/day) = 1.4 mg/e

DWEL =

where:

4x1072 mg/kg/day = RfD

70 kg assumed body weight of an adult

2 1/day assumed volume of water consumed by an adult

Naphthalene -- Quantitative results on the chronic oral toxicity of
naphthalene have been provided by Schmahl (1955). Groups of 28 BD I and
BD II rats recelved naphthalene (estimated datly dose 10-20 mg) in the dtet,
starting when the rats were ~100 days old; the experiment was terminated on
the 700th expeflmental day when a total dose of 10 g/rat was achieved. No
treatment-related effects were observed. The use of this study to derive an
oral RfD has been questioned by the U.S. EPA (1989c) because this study was
designed to assess the carcinogenicity of naphthalene, small numbers of
animals were useg. and there 1is uncerta\niy about the actual dose admin-

istered.

Subchronic studies with mice and rats by NTP {1980a,b) and Shopp et al.
(1984) support a lower chronic NOEL determined by the Schmahl (1955) study.
In the NTP {1980a) study, mice were treated by gavage with 0, 12.5, 25, S0,
100 or 200 mg/kg/day naphthalene, 5 days/week for 13 weeks. Comprehensive

| histologic exém!nation of the high-dose and control groups revealed no
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treatment-related leslons. Clinical signs of toxicity occurred at or above
the 100 mg/kg/day dose, but no effects were observed at or below the 50
mg/kg/day dose. No adversc effects on mortality, weight gain, immunologic
effects, clinical chemistry and hematologic parameters or organ weights were
observed in mice given a 53 mg/kg/day dose by gavage for 90 days (Shopp et
al., 1984). Histologic examinations were not performed in thts study. Sub-
chronic NOELs from these studies were 35.7 mg/kg/day (NTP, 1880a) and 53
mg/kg/day (Shopp et al., 1584).

Dertvation of quantitative data on the oral toxlcity of naphthalene are
not derived because concurrence on the most appropriate study on which to

base the calculation has not been reached (U.5. EPA, 1989c¢).

Pyrene —- In a 13-week subchronic biocassay in CD-1 mice (U.S. EPA,
1989b), quant1;at1ve da}a were reported on the adverse health effects
associated with oral exposure to pyrene. From these results, the U.S. EPA
(1991a) identified a LOAEL of 125 mg/kg/day for nephropathy accompanted by
changes in absolute and relative kidney weights; the corresponding NOAEL 1is
75 mg/kg/day. Using this NOAEL, the DWEL is derived as follows.

Step 1 - RFD Derivation

{15 ma/kg/day)
Rep - {13M/KA/AY) _ 5 oq0-2 mg/kg/day
. 3000 {rounded to 3x1072 mg/kg/day)

where:

75 mg/kg/day = NOAEL reflecting the absence of nephropathy in mice
- (U.S. EPA, 1983%b)

3000 combined uncertainty factors: 100 to account for

intra- and interspecies variability, 10 for the use

of a subchronic study for RfD derivation, and 3 for

the lack of reproductive/developmental and support-

ing chronic toxicity data.
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Step 2 - DWEL Derivation

{3x10°* mq/kg/day) (70 kq}
(2 v/day)

DWEL = = 1.05 mg/e

{rounded to 1 mg/3)
where:

0.025 mg/kg/day = RFD

70 kg assumed body weight of an adult

2 4/day

assumed volume of water consumed by an adult

Carcinogenic Effects

The majority of health effects data for individual PAHs concerns their
potential as carcinogens. The data base for these compounds consists
entirely of animal studies. There are numerous case reports and epidemio-
logic investigations on human health effécts of PAH-containing materials.
These, however, have been reports on exposures to environmental or to
occupattionally generated mixtures containing PAHs and othef compounds.
There are no réports of expdsures to individual PAHs with the exception of a
case study of skin palnting of benzo[a]pyrene. The exposed subjects
developed verrucde, wart-like benign lestons that regressed upon cessation
of treatment (Cottini and Mazzone, 1939). This observation is significant
In that it 1s not unlike the process oﬁserved in animals skin painted with
PAMs. 1In response to a carclnogenic PAH, animals generally develop non-
malignant lesions {papillomas) that may regress upon cessation of treatment
or may progress to carcinomas 1f treatment 1s continued or followed by a

promoting treatment.

As reviewed in Chapter V, much-of the data on PAH carcinogenicity comes

from skin-painting bloassays, subcutaneous injection studies and to a lesser
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extent from experiments wherein PAHs were administered intratracheally or by
inhalation. There are comparatively few oral bloassays. The relevance of
data from skin painting bioassays to evaluate the potenttal for Induction of
nonskin cancer in humans has been a subject of discussion. The example of
benzo[a]pyrene may be instructive 1in this context. This PAH causes
injection site sarcomas upon subcutaneous administration, skin tumors when
applied toplcally, Tlung neoplasms when delivered Iintratracheally or by
inhalation and forestomach tumors 1in rats when given orally. It appears
that benzo[a]pyrene produces neoplastic growth at the site of delivery when
at least two conditions are met: that the tissue 1s capable of metabolism
of benzo[a]pyrene to reactive forms, and that the tissue is of a type that
normally undergoes some dedree of proliferation. The requirement for
metabolism of benzo[a]pyrene 1is not a 1imiting factor for formation of
distant site tumors; many. metabolites can be transported in the blood and

the majortty of tissues assayed show some capacity for PAH metabolism.

The other PAHs in this document have been studied to a lesser extent and
by‘fewer exposure routes than has benzo[alpyrene. There are a few examples,
however, to Indicate that when a PAH 1s positive in skin painting bloassays,
it will produce tumers when administered by other routes. Benz[alanthracene
and dlbenz[a.h]aﬁihracene. which produce skin tumors when applied topically,
also produce neoplasms when delivered orally (Klein, 1963; Bock and King,
1959; Larinov and Soboleva, 1938; Lorenz and Stewart, 1947, 1948; Snell and
Stewart, 1962a, 1962b). It appears Justifled to say that evidence of
carcinc- genicity ffom a PAH skin-painting bioassay Is a cause for concern
and should not be 1gnored when ‘evaluating a PAH as a potential human

carcinogen,
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Classification of PAHs as to Potential for Human Carcinogenicity

Assignment of compounds to & classification based on their likelthood of
producing carcinogentic effects in humans was done according to the U.S. EPA
Guidelines for Carcinogen Risk Assessment (U.S. EPA, 1986). Using these
criterta the PAHs described in this document may be c¢lassified in the

following two groups.
Group D. Not classifiable as to human carcinogenicity. This is due to
a lack of specific human evidence and inadequate animal data for carcino-

genictty,

Acenaphthylene. 0One skin painting biassay in mice showed no fincrease

in tumor incidence. One assay for mutagenicity 1in Salmonella was not

posttive,

Anthracene. Studies wherein rats were administered anthracene orally
did not result in tumor 1induction. Lung implantation and skin painting
bloassays, and subcutaneous, ‘intraperitoneal and Intracerebral 1injection
1ikewise have not shown a tumorigenic effect. Mutagenicity for Salmonella

strain TA97 has been reported.

Benzo[g,h,t]perylene. A bioassay by tintrapulmonary 1injJection of rats
was considered inadequate for evaluation of this PAH due to the presence of
impurities. Two skin-painting studies for complete carc1nqgen1c1ty and
three initiation-promotion assays in miﬁe were negative. There are data to
suggest that this compound may act as a co-carcinogen for benzo[a]pyrene

applied to mouse skin. Benzo[g,h,i]lperylene was mutagenic for §.

typhimurium.
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Fluoranthene. Skin painting biocassays for complete carcinogenicity
have not shown posttive results. Inttiation/promotion protocols wherein
fluoranthene was used as the inttlator, as well as a subcutaneous injection
study, were negative. There 1s some evidence that fluoranthene served as a
cocarcinogen for benzo[a]pyrene., Fluoranthene produced an Increase 1in
incidence in lung adenomas for males and females combined in a short-term in
vivo bioassay generally considered not adequate for evaluatton of carcino-

genicity. Evidence for genetic toxicity of fluoranthene s equivocal,

Fluorene. Two oral pioassays reported no increase in tumors 4s a
consegquence of fluorene treatment. Both assays had deficiencles 1imiting
thelr usefulness. IARC considered two apparently negative skin-painting
bloassays to be 1inadequate for evaiuat1on£ a more recent 1nitilation/promo-
tion assay was not positive. Two subcutaneous administration studies were

negative. Genetic toxicology data are limited but negative.-

Naphthalene. Bloassays of naphthalene by the oral route and as a skin
tumorigen were negative or inadequate for evaluation. An tnhalation and an
intraperitoneal injection study were negative, and a subcutaneous injection
study was 1nadequate for evaluation. Supporting data for genetic toxlicity

are negative but Timited.

Phenanthrene. An assay 1q which rats recelved a single oral treatment
showed no Increase in tumor incidence. Treatment of mice topically,
subcutaneously and Intraperitoneally has not resulted 1n tumor inductton.
One stddy reported bhenanthrene to be an initiator of skin tumorigenesis 1in

CD-1 mice when followed by high concentrations of TPA. This was countered
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by negative studtes In three other mouse strains. Phenanthrene and a diol-

epoxide derivative were mutagenic for Salmonella typhimurium and human

iymphoblast cells. Other genetic toxicology testing has not shown positive

results.

Pyrene. Intratracheal 1instillatton of pyrene and Fe203 particles
did not 1Induce tumors 1in hamsters. Skin painting assays in mice for
complete carcinogenesis or initlating capacity have been negative or incon-
clusive. Mice 1injected either subcutaneous]y'or intraperitoneally did not
develop tumors, but there 1s evidence that pyrene enhances tumorigenicity of
topically applied benzo[a)pyrene in mice. Both positive and negative

results have been reported for assays of mutagenic effect; pyrene was not

shown to transform mammalian cells.

Group B2. Probable human carcinogen. These Jjudgments were based on

sufficient animail evidence in the absence of human data for individual PAHs.

Benzfalanthracene. Benz[a]anthracene produced tumors 1in mice treated

orally, and in various mouse strains treated intraperitoneally, intrave-
nously, topically, subcutaneously and 1n£ramuscu1ar1y. It was mutagenic for

Salmonella, Drosophila and mammalian cells and produced DNA damage, SCE and

morphologic transformation in cultured cell. Benz[a]anthracene was positive

in a mouse Tung adenoma assay.
Benzo[a]pyrene. Orally administered benzo[a]pyrene was carcinogenic

to three mouse strains. It produced tumors when administered intratrache-

ally to rats and hamsters. Benzo[ajpyrene delivered intraperitoneally has

04450 VIII-25 11/15/91



induced tumors 1in mice and rats. It s the best documented experimental
skin carcinogen producing tumors in mice, rats, rabbits and gquinea pigs. It
was carcinogenic when administered subcutaneously to mice, rats, hamsters,
guinea pigs and some primates. Benzo[a]pyrene has produced positive
responses in a number of genetic toxiology assays in bacterial and mammalian

cells,

Benzo[b]fluoranthene. Exposure of rats by 7lYung 1implantation resulted
in tumor formation as did intraperitoneal exposure of newborn mice. A total
of three skin painting and inttiation/promotion studies in mice were posi-
tive as was an assay by §ubcutaneous injection of mice. Benzo[b]fluoran-

thene was mutagenic in a forward assay in Salmonella.

Benzo[k]fluoranthene. tLung Implantation proddced tumors in rats, and
inttiation/promotion protocols in two mouse stralns resulted in increased
tumor 1nc?den§e. Intraperttoneal injectton 1in newborn mice produced
equivocal results. Benzo[k]fluoranthene was mutagenic in a forward assay in

Saimonella.

Chrysene. Chrysene produced tumors in several mouse strains when
applied topicéII; In assays for complete skin carcinogenicity or in initia-
tion/promotion protocols. Several early studies employing intramuscular or
subcutaneous 1njectlon of mipe and rats produced negative or equivocal
results. Three studies wherein neonatal mice of two strains were exposed
intraperitoneally reported increased tumor 1Incidence in liver and other
sites. Chrysene produced mutations in Salmonella and chromosome aberratiens

and morphologic transformation in mammalian cells.
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Dibenz[a,hlanthracene. Mice of various stratns have been shown to

develop tumors as a consequence of oral exposure to dibenz[a,h]anthracene.
Mice were also reported to develop tumors after pulmonary, intratracheal,
tntravenous or topical treatment. Injection site tumors {intramuscular or
subcutaneous) have been observed in mice, rats, guinea pigs, plgeons and
unspecified fowl. Results of ONA damage, mutation and morphologic trans-

formation assays have been positive.

Indeno[1,2,3,-cd]pyrene. Lung implantation of ‘indeno[},2,3-cd]pyrene '

produced tumors in rats. Skin painting assays for complete carcinogenicity
and initiating ability were positive in two mouse strains, and injection
site tumors were reported after subcutaneous exposure of a third strain.

Limited data indicate mutagenicity for Salmonella.

Quantification of Carcinogenic Effects

Compounds 'class1f1e& as Group A, B and C carcinogens are generally
regarded as sultable for quantitative risk assessment. There are studies
sufficient to classify seven PAHs in this document in group B2. Many of
these studies, however, do not provide a sultable basis for dose-response
assessment for the following reasons:

«  Studies do not give dose/response data.

« Studies contain only one dose level.

_e Studies use exposure other than oral exposure {such as skin
painting). )

« Sample size is toe small.

No carcinogenicity bioassays using the oral route of exposure have been
reported for benzo[b]fluoranthene, benzo(k)fluoranthene, chrysene and

tndeno[1,2,3-cd]pyrene.
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Benz[alanthracene. In a study by Klein (1963), male B6AF] mice were
gavaged with a 3% solution of benz[a)anthracene 3 times/week for 5 weeks and
observed for either 437 or 547 days. Incidences of both lung adenomas and
1iver tumors were increased at both observations. As there was only one
dose of compound administered, and exposure was of short duration, deriva-

tion of a quantitative risk estimate based on this study ts inappropriate.

Benzo{alpyrene. Several studies have reported increased incidence of

alimentary tract tumors in rodents as a consequence of oral benzo{a]lpyrene
exposure. In the majority of these, there was a single gavage exposure
(e.g., Huggins and Yang, 1962; McCormick et al., 1981), or only one gavage
or dietary dose was employed (Berenblum and Haran, 1955; Gibel, 1964; Chu
and Malmgren 1965; Blancifiort et a1.,' 1967; Wattenberg, 1972, 1974;
E1-Bayoumy, 1985}. Triolo et al. (1977) observed forestomach tumor induc-
tion in female mice {9/group) fed 200 and 300 ppm benzo[a]lpyrene in the
diet. Treatmenf was for a relatively small percentage of the animals' usual
1ifespan; that is, 12 weeks. Effective numbers of animals were not
reported. In part of the Wattenberg (1972) study, mice recelving two
dietary doses of benze[a]pyrene were observed to develop forestomach tumors.
Treatment has‘for <1 year, and no concurrent controls were reported.

A guantitative assessment for oral exposure to benzo[alpyrene regarding
its carcinogenic effects can be based on the experiments reported by Neal
and Rigdon (1967), In which benzo[a]pyrene at doses ranging between 1 and
250 ppm in the diet was fed to strain CFW mice for <197 days. No tumors
were found fn the control group nor in the groups treated with 1, 10 or 30

ppm benzo[a]pyrene. The incidence of tumors, however, Increased between the
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40 and 250 ppm benzo[a]pyrene dosages; Stomach tumors, which were mostly
squamous ¢ell papillomas but alsc some carcinomas, appeared with an inci-
dence stignificantly higher than controls (p<0.007, Fisher Exact Test) at
several doses. vOuantitat%ve risk estimates for human cancer incidence were
developed by U.S., EPA (1980d) using the linearized multistage procedure and
more recently by Clement Associates (1988, 1990a) using a two-stage model.
Krewsk! and Murdock (1990) also applied the Armitage-Doll and a two-stage

model to these data. These approaches appear below.

U.S. EPA (1980d) Approach. The Neal and Rigdon (1967) data, with

adjustments to approximate datly lifetime doses (Table VIII-3), were used in
calculation of a quantitative risk estimate for human 1ifetime cancer
tncidence by use of the linearized muTtiétage procedure. Tumor incidence
data at the highest three doses were not used In the extrapolation due to
lack of fit to the multistage model. [A discussion of the fit of data to
the multistage model appears in Human Health Methodology Appendix to the
October 1980 Federal Register (45 FR 79379).]

A carcinogenic potency factor for humans (q]*) was determined to be
11.53 (mg/kg/day)™*. An estimate of the cancer risk from consuming 1 wg

benzo[alpyrene/t water (unit risk} could be calculated as follows:

11.53 (mg/kg/day)~* x 2 a/day x 0.001 mq/uq
70 kg

Unit risk = 3.29x1074/ug/2

where:
70 kg = assumed weight of adult human

21 assumed water consumption of adult human
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TABLE VIII-3

Incidence of Tumors in Mice Treated Intragastrically with Benzo[a]pyrened.D

Experimental Dose Transformed Dose Incidence®
{ppm diet) _ (mg/kg/day) No. Responding/No. Tested

0 0.0 | 0/289
1 0.1 0/25

10 | 1.3 0/24

20 2.6 1/23

30 3.9 0/37

40 5.2 1/40

45 5.9 4/40

50 5 24/34

100 13.0 19/23

250 32.5 66/73

3gource: Neal and Rigdon, 1967

bLength of exposure = 110 days; length of the experiment = 183 days;
1ifespan of mouse = 630 days; average weight of mouse = 0.034 kg

-

CThe 1incidences at the highest thrce doses were not used in the extrapo-
lation due to lack of fit of the multistage model,
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There are substantial difficulties with the procedure used to derive a
risk estimate from the Neal and Rigdon (1967} data as given in Table VIII-3.
Among the factors that render this data set problematic are the following:

1. Exposure time was variable in the higher dose groups (Table

VIII-4). The exposure time was reported as a range, and
individual animal data are now unavatlable.

2. Animals were started on test at differing ages.

3. A very sharp increase in tumor incidence was noted in those
animals fed 50 ppm by comparison with those fed 45 ppm.

4. There was an apparent leveling off of iumor incidence among the

highest dose groups.

In the U.S. EPA (1980d) use of the multistage model the peculiarities of
the data set were handled by using one estimate of exposure time {110 days)
and by discarding data at the highest thrée doses as they did not fit the
model. This precluded use of the highest incidence data and resulted in the
odd situation of eliminating a dose group (50 ppm) essentially equivalent to

one (45 ppm) that was used in the modeiing procedure.

Clement Associates (1988). An alternate approach was proposed by
Clement Associates (1988) in which the Neal and Rigdon (1987} data were fit

to 3 two-stage dose-response model, This two-stage model 1s a speclal case
of the Hoolga§ka} and Knudson (1981) and Moolgavkar (1986} cancer risk model
as adapted by Thorslund et al. (1987) to account for exposure to known
Tevels of carcinogens. According to the two-stage model, the population of
cells at risk for induction of cancer consists of stem cells. These cells
can dtvide, undergo differentiation to terminal, nondividing cells, die, or
undergo changes that result 1In a.preﬁeopiastic state. It 1s assumed that

this last option includes a mutation or heritable change at a critical site.
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The preneoplastic cell then has the .options of division, differentiation,
death, or further change to a fully transformed or cancer cell. This cancer
cell, if permitted to proliferate, will form the basis of a tumor. In the
Moolgavkar and. Knudson (1981) model, these processes are described mathe-
matically by postulating specific exposure-dependent rates for cell changes.

A simplified version of the model can be expressed In the following manner:
t
I(t) = ”o"lj’ Colv) [exp(B-D){t-v)Idv (8-1)
(o}

where
I(t) = age-specific cancer incidence at age t

Mo = transition rate from stem to preneoplastic cell

M = transition rate from preneoplastic to cancerous cell

Colv) = number of susceptible stem cells per individual target
organ at age v :

B = birth rate or rate of cell proliferation of preneoplastic
cells

D = death rate of preneoplastic cells

It 1s 1ikely that at least some of the increased Incidence 1s attributable
to the fact that the 50 ppm dosed animals were younger when exposure was
begun. It 1s, nevertheless, appropriate to use as much of the data as
feasible _1n calculating the quantitative rest1mate. It 1s reasonable to
assume that the<biolog1c processes described by the above equation can be
affected by exposure to carcinogens and that the 1ikelthood of thelr
occurrence 1s a function of exposure time. Thorslund et al. (1987) thus
developed a version of the model that incorporated time and exposure

dependence.

04450 ‘ | VIII-33 1/15/9



In applying the two-stage model to the Neal and Rigdon (1967) data in
Table VIII-5, some modifications were made by Clement Associates (1988) and
some parameters were estiméted. In the absence of experimental information
about cell stages and differences in exposure over time, it was not possibie
to estimate the individual background and exposure-induced mutation rates
for preneoplastic and transformed cells using tumor rate data. Nor could
the relative transition rates that correspond to each.stage be identifled.
Two exposure-induced relative transition rates and a background transittion
rate were estimated from bioassay data. | If these transition rates are
Tinear functions of dose (which is 1likely at 1low doses), they may be
expressed as M = |

1}
the background transition rate and B s the PAH-induced transition rate per

) ¢ Bux and H1 = @ o+ B1x where o {5

unit of exposure for each stage. It was assumed that the Ffactors
influencing the background transition rates and the PAH-induced transition
rates have the same reilative effectiveness for each stage. Under this

assumption, B./a. = B./a S, the relative transition rate, so

0"%0 | et
that H0H1 = aoa](1+5x)2 = M(1+5x)2, where M = agsy -

In this application of the model 1t was assumed that promotional effects
result from multiple molecular 1interactions. Thus, the growth rate of
preneop]ast1c~'cei1s G q} low doses 1s virtually independent of exposure
Tevel so that 6 = 8 - 0. If this assumption 1s violated at higher doses,
the shape of the curve will have greater curvature than quadratic, and the

quadratic model will be rejected.

Finally, as a first approximation 1t was assumed that the number of stem
cells post-maturity, Co(v). is relatively constant and may be taken to be

unity {t.e., Colv) = C0 = 1).
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TABLE VIII-S

Vartable Exposure Data Used to Estimate Parameters in the Ingestion
Dose-Response Model for Benzo[a]pyrened

Dose Age First Age Sacrificed Number of Number of
{ppm) Exposed {days) (last exposed) Animals Forestomach Tumors
X’ ts {days) Exposed
t n Observed  ExpectedD
0 - 300 289 0 0.000
1 30 140 25 0 0.002
10 30 140 24 0 0.232
20 116 226 : 23 ] 0.875
30 33 143 37 0 3.091
67 177
40 33 143 40 1 5.746
101 21
45 K 141 40 4 7.560
1 13
50 17 124 34 24 19.692
22 219
100 .20 118 23 19 14.220
. 24 146 :
250 a8 88 73 66 64.259
20 185

35ource: Neal and Ridgon (1967) as adapted by Clement Associates {1988)
DIt was assumed that one-half the animals in each group were exposed

during each of the intervals reported, t; to t. x2 = 17.12, d.f. = 8,
p=0.03
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Substituting these expressions [G, M, S, Co(v)] into equation 8-1 and
integrating yields a cumulative hazard function H({x,t), so that the prob-
abiltty that a tumor will develop by time t as a result of exposure to a

level of genotoxic agent x can be expressed as:

P(x,t) = 1 - exp [-H{x,t})] = 1 - exp [-M(1+Sx)2][exp (Gt) - 1 - Gt]/62

(8-2)
where

M = background tumor rate parameter

S = fractional 1increase 1In the transition rate between cel)
stages per unit dose, assumed to be the same for each stage

G =8 -0 and is the exposure-independent growth rate of preneo-
plastic cells

t = the time (or age) at which risk ts evaluated

The level of agent at the target tissue was assumed to be directly
related to the administered dose. This was based on observations of experi-
ments discussed earller in which the rate of formation of the major benzo-
[alpyrene disl epoxide-DNA adduct was found to be linearly related with
respect to dose in the Fforestomach, lung, and skin {Pereira et al., 1979;

Adrlaenssens et al., 1983).

The §pec1f1c“ dose-response model derived for benzo{alpyrene (equation
8.2) uas'thus:a ;estrictpd form of the model developed by Armitage and Dol}
{1957), Moolgavkar and Knudson {1981), and Thorslund et al. (1987). It was
restricted by assuming that G )s independent of treatment (x} and that the
two transition rates are 1linear functions of x with proportional coeffi-
cients. The consequence of these assumptibns Is that at' constant t the
dose-response functibn has only two‘parameters:

P(x) =1 - exp-A(] + Sx)2 (8-3)

where A = M [e’xp(Gt)-l-Gt]/G2 and t = age at last observation.
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Use of this modification of the two-stage model for quantitative risk
estimation for benzo[a]pyrene has several advantages.
1. At Jow doses, the model converges to a ltnear, nonthreshold
form.
2. Only tub'parameters need to be estimated.
3. A stable point estimate of risk could be obtained directly.

4. The mathematical form of the two-stage model is based on an
acceptable theory of cancer induction.

5. The model 1s consistent with what s known regarding the
mechanism of tumor inductton by PAHs, including benzo[alpyrene
(e.qg., exposure to cigarette smoke).

6. Data from all dose groups reported in Neal and Rigdon (1967)

could be used in the risk estimation.

As indicated earlier, the animals 1in the Neal and Rigdon (1967) study
were exposed at various ages and for varying times. In order to describe
the dose-response relationship for the ingestion of benzo[a]pyrene and tumor
tncidence for each exposure group, estimates for each of the exposure
variables were made as indicated in Table VIII-5. As a first approximation,
each mouse was assumed to be exposed to one of two exposure patterns:

(1) those that were youngest at first exposure and were sacrificed

at the earliest age (e.g., for the group exposed to 0.04 mg
benzo[a])pyrene in Table VIII-4, were first exposed at age 33
days and last exposed at age 143 days), and

(2) those that were oldest at first exposure and were sacrificed

at the oldest age (e.g., for the 0.04 mg/group, were first
exposed at 67 days and last exposed at 177 days).

One-half of the mice in each exposure group were assumed to have been
exposed to each exposure pattern. Using the maximum likelihood method, the

data in Table VIII-5, and the assumptton that the tumors are incidental, the

parameters in the hypothesized risk equation were estimated as outltned in
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Gart et al. (1986). The resulting best-fitting mode] has the parameters
estimates -yazao. G = 0.194, and YBZ = 0.2142. This mathematical
model gives a statistically adequate fit (1.e., the resulting x2 has a p
value >0.01, which is the criterton used for the multistage model by the

U.S. EPA). This fit 1s shown in Table VIII-S.

The resulting model 1s a quadratic function bf dtetary concentration at
high exposure levels, This model ts assumed to be valid over the longest
exposure duratton employed for a group of 5n1ma1s; that 1is, t-ts=(219-22)/
7=28.143 weeks. The parameter value for G (0.194), however, 1s incompatible
with increases 1in age-spe£1f1c cancer death rates that have been observed.
This value for G implies that the rates increased at about the 15th to 16th

powers of age (since h(t}=exp Gt-1 ~ o t]s's

}. This 1s greater than the
highest reported rate, which 1s that for human prostate cancer (k=13}.
Values for k are usually between 4 and 8. This large value of G suggested
to the authors of Clement Associates (1988) that benzo[a]pyrene exerts a

promotional effect, which was not incorporated into the model.

To calculate a lifetime risk estimate for humans 1t was assumed that a
mouse consumes 13% of 1ts weight/day as .food, a standard surface area
adjustment was‘méde forrd1fferences between species and 70 kg was assumed
for human body weight. The low dose 1inear term for humans was calculated

to be 3.22 per(mg/kg)/day.
Krewski and Murdoch {1990). Krewski! and Murdoch (1990) also made an

attempt to make greater use of the_avai1ab1e data in Neal and Rigdon (1967)

shown in Table VIII-4. Appropriate adjustments were made for start and
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duration of exposure and age at sacrifice. Both the Armitage-Doll and a
two-stage model adapted from Moolgavkar (1986) with exponential expansion of
preneoplastic cells, were fit to the data. As 1is shown in Table VIII-6,
however, netther model was very successful in predicting the observed tumor
incidences. The authors suggested that this fatlure to fit the data may be
due %o an underlying devtation of the theoretical basis of the models from
reality, but may also represent 1inadequate experimental technique in the
generation of data or the use of the approximate mathematical forms of the
model. Alternative explanations for the fallure of the model to fit the
data are the following:

. use of an Inappropriate method of adjusting for differences in
the exposure interval within an exposure group;

. lack of an appropriate exposure-dependent growth rate of
preneoplastic cell growth rate expression;

« background tumor rates poorly defined by the data;

» lack of data on whether observed tumors are papillomas or
carctnomas.

Clement Associates (1990a}. More recently a model was developed

incorporating a different assumption as to how to treat the exposure groups
containing animals with different durations of exposure. This model differs
from the earlier Clement Associates (1988) report in that both transition
rates and the growth rate of prenecplastic cells were considered to be
exposure-depen&eﬁt. To this end ‘a3 simple saturation assumption was used to
define the functional form for the dose-dependence of the preneoplastic

growth rate.

The cumulative hazard function for the two-stége model for exposure
constant at level x over the 1ntervé] t0 to tf for t=tf js discussed

by Thorslund et al. (1987).

04450 ' VIII-39 11/15/9



ssoyne Aq uaa|b (anjea papunos) G0 0 wouy pajdasio]g
(0661) yoopiny pue {ysmaty woiaj pajdepy :334noSe

s_0LX6 s 01X d

Gl 91 3P

L vy 6°09 zX
6 L2 6" L1 Lt 1 % 52 ovL-6¢l 000$ 6l
9°G 8's 4 gt 961 gL-8Y 001 81
Lt 01l 0 01 28t 18-%L 00l Lt
561 1°91 92 92 g6l 12L-16 05¢ 91
52 22 t ol 561 96-6¥ 05¢ .St
Lt | 1] 6 891 19-29 0s¢ 121
91 £l | . 0l 6S1 £5-6b 062 £l
8'0 9°0 L 6 291 86-95 05¢ 4|
0 (1] 0 0l 561 05-6% 08¢ it
9°499 0°L9 99 €L Lel LeL-o6t 06¢ ol
Lot g°el 6l 1 4 cet ceL-22 00l 6
8°¢€e 88l ¥e 1% 2Ll cL1-0¢ 0§ 8
b0t 0°¢ttL ¥ (1] €91t L9L-1s qsh L
8'8 | 28 R L oy Lt LeL-e9 1 9
£'9 £'8 0 LE 091 09L-0$ 0ot S
e 9'¢c . L €l 9¢¢ 922911 (114 1]
bl 61 0 | 24 okt o¥1-0€ ot 1
c'0 2’0 0 T4 orL ovt-02 L 4
0°0 0°0 0 68¢ oot -- 0. L

LoPOW N-A-W  |3POW -V : . _ :
PaAIasSqQ pasodx] stewiuy skep | skep ¢3-1y {wdd) dnoug
pajdLpald J0 Jaquny 321414985 P Bwy| po{ Jad p asog asog
' ainsodx)

SIOWN] YyjiM S|ewjuy jo Jaquny

paudJhd[e]ozuag jo sainsodx3 aiqeysep 0 pajdrafqns asyy uy SJown} YIPWO)SaLoy

9-11IA 378VI

n1/27/490

ARG N 1]

naasn



To fit the model 1t was assumed that the exposdre groups are macde up of
two subpopulations with different exposure durations of one of two ranges as
shown in Table VII[-4, It was also assumed that the first and second sub-
populations in ény exposure group ) are a proportion of the total of yj
and 1—71; Yj may be considered as an unknown parameter. The propor-

tion of animals responding in exposure group j is:

P{x,t) = yy[1-exp-Hix,tgy.te1,t1) 10 (1-vy)[1-exp-H{tgo, tep, tp)]

When vy=1 (animals exposed under uniform condittons),

Pix,t)=1-exp-H{x,t ., ¢t

or+terehy)-

The data in Table VIII-4 were fit to the model with the addition of two
zero dose gqroups. The control groups reported by Neal and Rigdon {1967)
showed no incidence of forestomach tumors. Using zero incidence data in the
model may result in some cases in unstable parameter estimates; 1t was thus
decided to include some nonzero historical control data. Mice used by Neal
and Rigdon (1967} were described as *an inbred CFW strain kept in this
laboratory for B years®". The CFW mouse‘153 in fact, an outbred strain from
Caruorth'Farm'(C?) and ua§ derived from Swiss Webster. The outbred stock tis
st111 maintained by Charles River Breeding Laboratories (Crl1). It 1s
belleved that the inbred mice from the testing laboratory are not 1ikely to
be genetically identical to ‘other inbred CFW colonies or to other Swiss
Webster mice. However, forestomach tumor inclidences for untreated animals

considered to be similar to the test population are given in Table VIII-7.
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TABLE VIII-7

Histor1cal Control Incidence DBata for Forsctomach Tumors 1in
Strains of Swiss (Webster) Bred Mice

Strain Sex ' Age Tumor Type Incidence Reference
(days)
Swiss M -- paptlloma 1/99 Toth et al.,
random-bred f - 0/99 1976
CFW M - -- 0/100 Sher, 1974
f - - 0/203
SPF Swiss M . - 0/28 Prejean
(Webster) F -- - 0/38 et al., 1973
SWR/J) Swill M 700 squamous cell 2/268 Rabstein
carcinoma et al., 1973
F 608 squamous cell 1/402
carcinoma
CFW unknown 300 - 0/28% Neal and
Texas colony - : Rigdon, 1967
04450 VIII-42 09/23/9



These data 1indicate that forestomach tumer Incidence was quite low in
Swiss-derived mice in the 1970s. The data chosen for inclusion were those
for SWR/J mice reported by Rabstein et al. {1973). These data have the
advantages of being from mice of a known average age and of having a nonzero
incidence of squamous cell carcinomas in both males and females. The SWR/J
incidence data are consistent with those reported for the test population at

300 days of age.

Two forms of the model were used. The first used the simplifying
assumption that each of the two subpopulations of the exposure groups
contained half the an!méls (71-]/2). The second assumption made was
that the prepeoplastic cell growth rate reverts to background after

exposure; 1n other words, G*{x)=G{0). The growth rate was defined to be of

m
S

where m is a given integer, here taken to be 1 as a conservative assumption;

a general functional form:

b and C are unknown parameters to be estimated from the data.

To obtain maximum likelihood estimates of the unknown parameters, the
general aﬁproqchidiscussed by Gart et a1.>(1985) was used (Table VIII-8).
No adequate f1t to the full data set was obtalned. If, however, the data
were restricted to the lower dose, longer exposure groups (presumably those
most relevant for low-dose continuous human exposure estimates) a reasonable
fit was obtained. Table VIII-9 presents comparisons of estimates derived by

Clement Associates (1988, 1990a}, and Krewsk} and Murdoch (1990).
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TABLE VIII-B

Maximum LikeTihood Parameter Estimates for Two-Stage Model with
Saturation of Growth Rate Function

Estimated Numerical

Parameter Physical Meaning Values for ATl
Continuous Exposure
Data

A product of background 2.4569x107 20
transition rates :

G(0) background growth rate of 1.1995x10°2
preneoplastic cells

s relative cell transitlon rates 845.56
per unit of exposure (mg/qg in
food)

b relative increase of prenec- 159.32
plastic cell growth rate per
untt of target dose equiva-
Tent exposure from mg/g in
food

C saturation coefficient 16.303
exposure (mg/g food)

u{x,t)=P(x,t)-P{o,t) Tow-dose risk

t=730 ]
x=1x107% 3.00x1074
1x107¢ 2.97x107s
Model

04450

. p(x,t)=1-exp-H(x,t)

2
H{x,t) = “—%‘%‘J— {exp[B(x)t]-6(x)t-1}

) » bx
G{x) = G(0) [] * 1+Cx]

VIIT-44 , 09/23/91



Lapow :omwacx-com=o>-b~x>ma—oo:u

Lapow __oa-omeu.eb<a

(e0661) S31120$Sy JuUawWa|) :334n0s
¥e0'0  26L°0 _ d
6 L wopaasy jo saasbap
80°8L ¥6°6 X
0t o -- - - i oy 0 4|
02 92 == - - 4 89¢ -0 u
t°99 619 [ L] 9°99 0°19 99 €L 05 oL
6°81 2t <t it £°el 6l 1 X4 oot 6
88l ¥'6l L6l 8°¢ge g°8l ¥ 1 1 0s 8
L'e PN 91 ¥ ol 0°¢t 1 ] oy Sh L
| A4 L Ls 8's { AN t ob or 9
Lo L€ L€ £'9 £'8 0 e , o¢ S
¢'0 6°0 60 e 9'¢t L €e 0c 1]
00 2’0 ¢'0 Pt 61 1] ¥ U] €
0'0 00 0°0 ¢'0 2'0 0 s¢ L. P4
0°0 0°0 00 0°0 00 0 682 0 |
uo|jowoid pue 0661 8861 A
uoijeitu] .
NAW UOLIBLILULN-A-M 3L3PON X-A-W ql2POW Q-V
$3)1P{I0SSY JUMWA[ ) YJopiny pue |)SMaLy pasodx] (wdd) dnouy
PaAl1asSqQ, s|eujuy p asoq 3s0(
PaYdLpaig V Jo "oN

siown] gjiM spewjuy Jo Jaguny

esheq 0L 1sea| je oy auaskd{elozuag jo saunsodx] 0)

6-111A 178Vl

pajdafqgng ad|| U} SJOWN) YIPWO)}SIJO0]

11/15/9

VITT_ AR

NAARN



A difficulty with the previous estimate by (lement Associates {1988} was
that the value of G was unrealistically 1large. This difficulty was

addressed by Clement Associates (1990a) by deriving a 6 for humans. It

(0)
was assumed that the human GO ¥s equal to the mouse GO

equal to the mouse 1ifespan of 2 years divided by a human 1ifespan of 76

times a constant

years, The result is G0=0.1152. To relate this valde to a power of age,
they solved for the value of k (the number of stages in a multistage model)
that will cause the same relative increase in the age-specific risk for an
tndividual at one-half 1ifespan compared uﬁth full 1ifespan. For Ge0.1152
and 1ifespan =76, Clement Assoclates (1990) found that k=7.33. As indicated
in an earlier section, most human values for k fall between 4 and 8; for the
U.S. population the value for k for stomach cancer is -7. They concluded
that the value of G(O) for humans of 0.1152 1s in a reasonable range.

A maximum 1ikelthood estimate for humans was obtained. Under an addi-
tive risk model the risks become a linear function of dose as x approaches
0. The additional risk over background was expressed as u(x,t}=P(x,t)-
P(o,t), where P(x,t) 1s the probabiiity of cancer by age t given an exposure
level of x, As the exposure x becomes small, one can derive the approxi-
mation u{x,)~L{t).x, where L(t} 1is the low-dose Tinear term. Extensive
application of;tﬁe cha\q rule of derivatives for the model 1n Table VIII-B
resylted in the following equation:

A
6(0)2

L{t) = exp[6{0)t] « [2(S-b)+bG(0O)t]1[1-P(0,t)]

Substituting the maximum likelihood parameter estimates in Table VIII-8
into this formula provides a value of [(t)}=29.63 for ts730 days. To change
the estimate into units of mg/kg/day, the assumption was made that a mouse

consumes 13% of its body weight per day.
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Thus, the low-dose linear term for mice

29.63 x 0.001/0.13

H

0.2278 per(mg/kg)/day

To obtaln the low-dose 1inear term for humans a standard assumption of
surface area equivalence between mice and humans was made and the resulting

maximum-1ikelihood estimate of the low dose linear was found:

"0 kq

0.2278 —=Xd__ _ 2.90 per(mg/kg)/da

\/ooau per (mg/kg)/day

An approximate c:c . -iona) upper bound was then calculated by Clement

Associates (1990a). The low-dose linear term was considered to be a linear
combination of exposure-rélated parameters b and S. By assuming that the
age specific rate functton for controls was known (that 1s, the parameters A
and G(0) were fixed at their maximum 1ikelihood estimates), the Jow-dose

Tinear term c¢ould be expressed as
L{t)=H(o,t) « [1-P(0,t)] {2S+b}[G(0)t-2]}

where P(o,t) = 1-exp-H{o,t)

A
and H{o,t) = —  {exp[G(0}t]-G(0)t-1}
6{0)2

The equation .Qaé‘ solved using t=730, A-2.4599x107®* and G{0)=0.11992 from
Table VIII-8. An upper 95% bound on L(t) was cbtalned by substituting
values for S (relative transition rate) and b {promotional effect) that
"maximized L{t), sublect to certéin constraints. In this procedure the dbper
bound on the promotion parameter, b, was reduced from.its maximum 1ikelthood
valye by about 2-fold. The human-uppér bound of the low-dose linear term

thus obtained was 5.88 per(mg/kg)/day.
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In U.S. EPA (1991b) issue was taken with the manner in which the linear
slope and the upper bound were calculated. The authors' Interpretation of
the above slope factor 3s that it represents an lower bound rather than an
upper bound; it is the slope or tangent at dose 0. They further objected to
the Ffollowing: (1) not all parameters were included in the process of
obiaining the upper bound, but rather only two of the dose-dependent
parameters; (2) 1t was not considered bioTogically reasonable to require a
more than 50% reduction in the cell growth rate in order to obtain an upper
bound; and (3) the historical background tumor incidence used was from a

mouse strain not used in the bloassay.

To these authors the fnability to derive an upper bound by starting from
the parameter values assoclated with the point estimate of dose response
suggests a pecultlarity of the model. It cin be shown that a 50% decrease 1in
the cell growth rate vaiue can significantly alter the shape of the dose

response mode?.

As an alternative, they provided an upper bound by extrapolating
11near1y from the 10X response point to the background of an empirically
fitted dose-response curve. It was noted 1in cases wherein the fitted
dose-respanse curve is not linear at JTow doses that the potency slope or
upper bound can be def{ned as a secant from a point on the dose-response
curve to the zero dose point. Simtlar concepts and approaches have been
proposed by nguski et al. (1986, 1991) and Gaylor and Kodell (1980}. Their
results indicate that potency §lopes thus calculated are comparable to those
obtained from a 1linearized multistage procedure for the majority of

compounds investigated.
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The upper bound calculated in U.S. EPA (1991b) on the Neal and Rigdon

{1967) data as modeled by Clement Associates (1930) s 9.3 per(mg/kg)/day.

U.S. EPA (71991b). The authors of this report chose a model to reflect

the exposure pattern in the Neal and Rigdon (1967) study; that is, partial
Tifetime exposure over different (presumably developmentally varied)
portions of their lifetime. To this end they used a Weibull-type dose-
response model that could accomodate partial lifetime exposure. To derive
this model it was asssumed that the hazard rate for tumor occurrence induced

by benzo[a]lpyrene can be given by

| t
hy(t) =/ (t-s)k-20(s)ds
0

where D(s) = f(d)
= ajd+azd?+...+and™ for some positive Integer m
if t. <s < t, and
"o 1
D(s) = O otherwise
and d = dose given to animal at time s.

The dose-related hazard function hl(t) implies that the early benzo[a]-
pyrene exposure contributes more to tﬁe hazard rate than does the later
exposure. This éssumpt1on ¥s consistent with the observation that a single
dose of benzo[a)pyrene of a certain magnitude is sufficient to 1Induce

papillomas after a sufficlently Tengthy observation period.
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The cumulative hazard by time T for background can be given by

.
Ho(T) = / atk-dt
0

= (1/k)aTk

The cumulative hazard for T>t for the hazard induced by benzo[a]pyrene can
then be expressed as
f(d)
H T-tg)k-(T-ty)k
1°UT) = PRI [ n) (T-t1)K].
Thus, the probability of tumor observation by time t {given that animals are

exposed only to benzo{a]lpyrene during the time 1interval [to. t]]) has

the form

P{d,t) = 1-exp{-(q0+q1d+...+qmdm)[(t-to)k-(t-tl)k]}.

This model was considered to be equivatent to the multistage model that
would be used when animals are exposed to benzo[alpyrene faor their entire
lifetimes. A quadratic mode]l with m=2 was found to be adequate toc fit the
Neal and Rigdon (1967) data, The results of the modeling are given in Table
VIII-10. U.S. EPA (1991b) reported that data fit was adequate for all
points excepp;th%se from the 50 and 100 ppm treatment groups. They point
out that the poor fit may be attributable to biologic factors rather than to
statisitical reasons; they note that the animals in these dose groups were
started on test at a younger age (<20 days) than were animals in other

groups.
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TABLE VIII-10

Pred1ctéd vs. Observed Tumor Incidence and Data Used
to Calculate the Dose-Response Modeld.D

Dose to t3 t Observed® Predicted
{mg/g diet) {day) (day) (day) Incidence Rate

0..000 0 300 300 0/289 (0.00) 0.00
0.001 30 140 140 0/25 (0.00) g.00
0.0l 30 140 140 0724 (0.00) 0.00
0.02 116 228 226 1/23 (D.05) 0.02
0.03 50 160 160 - 0/37 (0.00) 0.04
0.04 67 177 1717 1/40 (0.03) 0.08
0.045 50 160 162 - 4/40 (0.10) 0.11
0.05 20 172 172 24734 (0.70) 0.304
0.10 22 132 132 19723 {0.82) 0.404
0.25 | 19 137 137 66/73' (0.90) 0.98

4Source: U.S. EPA, 1991b

bto = age of mice (in days) when exposure began, t7 = age of mice (in
days) when exposure was terminated, t = age of mice {1n days) when the
study was terminated. O0ata on the control and the first nine low-dose
groups wére taken from Table 1 of Neil and Rigdon (1967). Data from other
groups were not. included because animals in these groups were exposed to
high doses of B[a]P for only very short periods.

c0b§erved number of animals with tumors (incidence rate)
dThe predicted value lies outside the 95% confidence 1interval calculated

from the observed response. This crude test Js used to determine whether
or not the model reasonably predicts the observed response.
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Parameters were estimated by the maximum 1ikellhood method as follows:

q0=q1=0
qz = 2.]!10_5
k = 3.13.

A slope factor at the 10% point (d= 2.4 ppm or 0.3 mg/kg/day) was

0 3
bound thus obtained was 4.5 per(mg/kg)/day.'

calculated by setting t. = 0, t., = 730, and t = 730. The human upper

Brune et a1. (1981). The study by Brune et al (1981) 1s the only

reported benzo[a]pyrene ingestion study of 2 years duration. Benzo[a]pyrene
was administered to Sprague-Dawley rats 1n either the diet or by gavage 'n a
solution of 1.5% caffeine. Effective numbers were not reported; it was
assumed that the number of animals started on test (32 males and 32 females)
constituted the group examined for tumors. Incidence rates for males and

females combined are given in Table VIII-11.

A linearized multistage procedurc was used to calculate an upper bound
slope factor (q1*) for benzo[a)pyrene from these data. A body surface
equivalence assumption was used for interpecies conversion; that 1is, the

animal slope was myltiplied by a factor equal to

(uh/ua)1/3
where
th = 70 kg {assumed adult human ueighf)
W, = 0.4 kg (assumed rat welght)

and dose 1s expressed in mg/kg/day
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TABLE VIII-N

Incidence to Forestomach Only and Total Contact Site Tumers 1in
Sprague-Dawley Rats Exposed to Benzo[a]pyrene by Gavage
or in the Dietd

Tumor Incidence

Dose Median Survival Time
{mg/year)} (days) forestomach Only Total Contact Sitel
Gavage
0 102 3/64 6/64
& 12 11/64 13/64
18 113 25/64 26/64
39 87 14/64C 14/64¢
Diet
0 129 2/64 3/644
) 128 1764 37644
39 3N 9/64 10/649

2Source: Adapted from Brune et al., 198)

bInc1ude5‘forestomach. larynx and esophagus -

Cpata from this group were not used In calculation due to the shorter
survival time. No adjustment was done as time-to-death data were not
avatlable.

dThe incidence of total tumors in males for the control, low- and high-dose
groyps was 3/32, 3/32 and 8/32, respectively. .
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Higher slope factors were obtained by U.S. EPA (1991b) from the gavage
data (27:.1 per{mg/kg)/day based on total contact-site tumors and 27.5
per(mg/kg}/day for forestomach tumors only) than were calculated from the
dietary 1intake study [4.7 per{mg/kg)/day based on total tumors and 3.8
per(mg/kg}/day for forestomach tumors]. It 1is not possible to determine
from the Brune et al. (1981) paper whether the enhanced tumor response is
due to the effects of gavage {potential irritation), to the co-carcinogenic

activity of caffeine, or to some combination of both factors.

In the dietary, but not in the gavage component of the study, more total
contact-site tumors (1aryni, esophagus and forestomach) were observed in the
maies than in the females. Although 1t was possible to separate total
contact-site tumors into incidences for males and females, information in
the paper was not adequate for the same adjustment for forestomach tumor
incidence. In brder to derive a potency estimate based on male rat data
only, the slope factor calculated by U.S. EPA (1991b) on the combined male
and female data was multiplied by a factor of 1.5. The 50% increase was
used to édJust for the risk 1in cancer risk for male-only total tumors.
Slope factors based on male rat total contact-site tumors or forestomach

tumors only were 7.1 and 5.7 per{mg/kg)/day respectively.

Chouroulinkov et at. (1967). Chouroulinkov et al. (1967) was another

relatively long-term study (14 months) wherein albino mice of unspecified
strain were administered a téta? estimated dose of 8 mg of benzo[a]pyrene
mixed with olive o1l 1n the diet. The incidence of forestomach tqmors was

0/81 for the controls and 5/81 for the treated animals. As there was only
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one non-zero dose the slope factor was calculated tn U,S. EPA (1991b) by
direct extrapolation from the observed response of 0.062 at 0.63 mg/kg/day

to the background rate of 0:

(0.062/063) x (70 kg/0.03 kg) /> x (24 months/14 months)®

= 6.5 per(mg/kg)/day
where (24/14)3 1s a factor to adjust for less-than-1ifetime observation.

Choice of a Quantitative Estimate for Benzo[a]pyrene

Slope factors described 1in the Fforegoing text are presented for
comparison in Table VIII-12. Note that the slope factors obtained from the
gavage portions of the Brune et al. (1981) study are not included. This ts
because of the wuncertainty as to magnitude of co-carcinogenic effect
presented by the caffeine vehicle and the potential irritation component of
gavage. Only }esu1ts of dietary studles are considered in this instance for
basis of the quantitative risk estimate. Also eliminated from consideratton
at this point s the slope factor at dose 0 (maximum l1ikelihood estimate)
derived 1in Clement Assoclates (1988), in order to facilitate comparison

among like estimates (upper bounds).

As indicated in Table VIII-12, these estimates span less than an order
of magnitude. Each is based on a less-than-optimal but acceptable data set
from studles in two species of outbred rodents. Each‘estimate is based on a
16w dose extrapolation procedure that entalls the use of multiple

assumptions and default procedures.
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TABLE VIII-12

Slope Factors for Humans Based on Benzo[alpyrene Feeding Studies

Study Slope Factor Comments
per(mg/kg)/day
Ne1l and 11.5 Linearized multistage, highest
Rigdon, 1967 points dropped (U.S. EPA, 1980d)
5.9 Two-stage, conditional upper bound
(Clement Assoctates, 1990)
9.0 Clement two-stage, slope from 10%
response (U.S. EPA, 1991b)
4.5 We'tbull-type model (U.S. EPA,
1991b)
Brune et al., 4.7 Larynx, esophagus, forestomach
1981 tumors, male and female rats
7. Larynx, esophagus, forestomach
tumors, males only
3.8 Forestomach tumors only, male and
female rats
5.7 Forestomach tumors only, male rats
' only
Chouroulinkov 6.5 Extrapolated from the observed
et al., 1967 response.
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The least acceptable of the estiﬁates }s that presented by U.S. EPA
{1980d) of 11.53 per(mg/kg)/day based on the Neal and Rigdon (1967) data.
This app11cat10n'of the Tinearized multistage model does not account for the
variable times of exposure or the varying ages of exposure of the dose
groups. In fitting the model a1l data from exposures >45 ppm were dropped.
In 1987 an Agency work group, the Carcinogen Risk Assessment Verification
Endeavor {CRAVE), found sufficient reason to revise this estimate in the
Tight of Improved risk quantitatton procedures. It was decided at this time
not to finclude the 1980 quantitative estimate on the Integrated Risk
Information System (IRIS).

The use of simplified two-stage Moclgavkar-Venson-Knudsen models, has
permitted the use of more of the data reported by Neal and Rigdon (1967).
The two-stage model 1s described as belng biologically based. It 1s
consistent with current thinking that PAHs act as carciﬁogens by a
multistage process with a small number of stages and allows for
incorporation of terms that may model other than 1initiating activity. In
the form of the model presented by Clement Associates (1990a), a term to
permit modeling data for benzo[alpyrene acting as 1ts own promoter was
Included. This 1s not inconsistent with the observation of benzo[a]pyrene's
activity as a'céﬁp1ete carcinogen in skin. The modified two-stage model 1s
relatively simple requiring the estimation of a 1imited number of
parameters. As applied 1t 1s linear at Tow doses as long as the background
incidence 1s not zerc. This application has, however, necessitated th; use
of control data of a historical nature from related but not identical

strains of mice.
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The simplified two-stage model does not accurately predict tumor
incidence from high-dose short-term exposures. It may be that exposure of
this sort results in tumor induction by mechanisms sufficiently different
from chronic low-dose exposure that similar models could not be expected to
apply. A potential problem discussed by Clement Associates (1990a) ts that
the approximation for the exact hazard function used to generate
mathematical expressions may not be sufficlently accurate. They suggested
that improved accuracy would be possible using the exact model if both birth

and death rates of pre-neoplastic cells were available.

The use of available forms of the two-.stage model for generating risk
assessments has come under some criticism. It would appear that this type
of model is best defined as blologically based when the several parameters
given biologic meaning can be estimated from specific data. In the case of
the Neal and Rigdon (1967) study, the data are 1nadequate to this
applicatton. A proposed future direction is to investigate the use of human
epidemiologic data for the calculation of estimates of parameters dealing
with background transition rates and Dbackground growth rates of

prenegplastic cells.

For the Neal and Rigdon ({1967) data 1t can only be said that the
two-stage model provides a convenient curve fitting tool, and that its use
is not contraindicated by information on potential carcinogenic mechanisms

for benzo[a]pyrene.
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The use of the Weibull type model in a curve-fitting procedure also
allows for the consideration of the variable exposure time of the animals in
Neal and Rigdon (1967). A difficulty 3s the lack of fit to the 50 and 100
ppm dose group data. In a test of this model to several other benzolal-
pyrene data sets it was shown that 1t accurately predicted the tumor
response in mice in many dietary studies but not In those wherein adminis-
tration was by gavage. There are two plausible explanations for this
discrepancy: (1) benzo[a]pyrene given by gavage induces greater incidences
of gastric tumors than does ingestion; {2) or the effect of PAH continues
after exposure. The latter hypothesis s supported by observation of tumor

Induction as a consequence of a single dose of benzo[a]pyrene.

The Brune et al. (1981) dietary expoéure data provide a more limited
dose range than do those of Neal and Rigdon (1967). For the Tower dose of
the two treated groups the 1incidence of both total contact-site and
forestomach tuﬁors are equal to or less than the controls. The data are not
reported as single sex incidences for forestomach tumors. This adds some
additional uncertainty, as 1t appears from inspection of the report that
there was essentially no effect in the females. 1Tt should be noted that

this study was.done in rats.

The Weibull model, with parameters that fit the Neal and Rigden {1967)
dietary exposure data, tends to underestimate the tumor tincidence observed

in the gavage studies.

_ The Chouroulinkov (1967) study offers the twin disadvantages of only one

non-zero dose'and less-than-1ifetime exposure and observation.

04450 VIII-59 11/15/91



There 1s 1ittle basis on which to make a recommendation of 43 single
slope factor from those 1ljsted in Table VIII-12. One way to present a
quantitative risk estimate for benzo[a]pyrene 1s as a range, excluding those
estimates considered inappropriate. As discussed previously, use of the
11.5 per{mg/kg)/day estimate based on Nea)l and Rigdon (1967) is not recom-
mended as the higher doses {and tumor incidences) were excluded from the
modeling procedure nor were duration differences inclyded. The three upper
bound estimates from two different modeling procedures applied to these data
a1l have both pros and cons, and represent reasonable estimates from

problematic data.

It is reasonable to exclude the slope factor of 6.5 per(mg/kg)/day as
this was obtalned from direct extrapolation from the observed data
(Chouroulinkov et al., 1967). This is a réther unusual &pproach and is not
directly comparable with the other calculations. Furthermore, there are no
special circumstances thqt dictate the desirability of choosing this unusual
approach. There is considerable uncertainty in applying a 1inearized multi-
stage procedure to this data set: there is only one non-zero dose point and
there ts uncertainty regarding the duration extrapolation factor. The Brune
et al. (1981) and other data indicate that for benzo[a]pyrene gavage and

dietary exposure may not be strictly comparable.

For the Brune et al. {1981) data, the most appropriate approach is to
use the majority of the data. Total contact site tumors, including
esophagus, pharynx, etc., are'a reasonable basis for comparison with the
data obtained for mice, which developed only forestomach tumors. The

estimate derived by applying the linearized multistage procedure to the data
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for total contact site tumor for . both males and females s 4.7

per{mg/kg)/day.

The range of the most acceptable data sets ts, thus, 4.5-9.0 per(mg/kg)/

day. The median s 6.25 per(mg/kg)/day.

There 1is also precedent for recommending a combined risk estimate by
using a geometric mean (or other combination technique) to calculate a
single number from several slope factors of equal merit. As discussed by
Stiteler and Schoeny (1991} the use of a geometric mean offers some
advantages over other central tendency calculations for values derived from
Tinearized multistage models. They further recommend that, when possible,
data sets be combined before a modeling procedure when a combined estimate
is desired. For the data sets 1in question this latter approach seems
impractical in view of the very dissimilar experimental protocols employed.
Vater and Schoeny (1991) have set out a series of biologic considerations to
be weighed when evaluating data sets for combination. These criteria
include judgments as to study quality, common mechanisms of action,
similarity of tumor types and sites. Among commonalities of the data sets
for benzo[a]pyrene are the following: mode of administration, tumor site,

tumor types, and presumed mechanisms of action.

There are precedents for using multiple data sets from different studies
using more than one sex, strain and species; for example, quantitative risk
estimates for DDT (U.S. EPA, 1985) and carbon tetrachloride (U.S. EPA,
1984d).
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There 1s less precedent Ffor use of combined r1§k estimates based on a
mean of siope factors obtained by differing model1hg procedures. In the
Interest of using more of the avatlable data, the slope factor of 5.79
per(mg/kg)/day, which is the geometric mean of the four estimates chosen for
the range, is recommended. A unit risk for drinking water 1s calculated as

fFollows:

2.78 per{mg/kg)/day x 2 8/day x 0.001 mg/uq

= 1.65x107* per ug/t

70 kg
where:
70 kg = assumed weight of adult human and
2 L/day = assumed water consumption pf adult human

Concentrations of benzo[alpyrene coresponding to 1ifetime risks of
107, 107¢ and 1077 calculated from the above wunit risk are
6.0x1072, 6.0x1072 and 6.0x107¢ ng/t, respectively.

' Dibenz[a,h]anthracene. Two studies involving oral exposure to dibenz-
(a,h]anthracene have been reported (Lorenz and Stewart, 1947; Snell and
Stewart, 1962a). The former study was designed to compare tumor
susceptibil- ftyjof various mouse strains and to test the suitability of the

olive oil-water emulsions as a vehicle.

The Snell and Stewart (19623) study reports four sets of tumor 1inci-
dences; alveolar carcinoma in male and female mice, hemangicendothelioma for
males and mammary carcinoma for Tfemales. Exposure duration was reported
only as a range for each group, presenting a difficulty in thé use of these

data for calculation of quantitative risk estimates,
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In the Errata: PAH Ambient Water Quality Criterion for the Protection of
Human Health {U.S. EPA, 1982), a midpoint of the exposure duration range was
used to calculate quantitative risk estimates using the linearized multi-
stage procedure. These are presented in Table VIII-13. It should be
emphasized that the estimates in this table were prepared for purposes of
comparison with riﬁk estimates for other PAHs and were not considered

suttable for calculation of criteria.

Spectal Considerations

Joxicity Equivalence Factor Approach for PAHs in Group B2. It would

be very useful in the hazard assessment of a diverse but related group of
compounds such as PAHs to be able to prepare quantitative estimates of
biologic effects by comparison with a well-studied type compound. Various
attempts have been made, for example, to compare carclinogenic activity of
individual PAHs with that of benzo[alpyrene. If such comparisons were
proven valid then 1t would become feasible, for example, to estimate
carcinogenic potency of a mixture of identified PAHs by‘app1y1ng a suitable
model 1f all activities were additive. Another potential use would be in
regulating less well-studied compounds by comparison with the standard. The
authors of the Errata: PAH Ambient Water Quality Criterion for the
Protection of’Hu;an Health {U.S. EPA, 1982) used data sets for several PAHs
ddministered in skin bioassays to generate comparative potency estimates.
Results of these calculations pased on skin painting bicassays are shown in

Table VIII-14.
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TABLE VIII-13

fancer Potency Estimates for Excess Risk of 1073 from Lifetime Exposure
Based on Oral Exposure Data for Dibenz{a,h]anthracene*

Species/Sex Slope Factor Tumor Type
per{mg/kg}/day
Mouse/M 0.57 hemangioendothelioma
Mouse/M 0.75 alveolar carcinoma
Mouse/F 1.24 alveolar carctinoma
Mouse/F 2.36 mammary carcinoma

*Source: U.S. EPA, 1982
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For a complete discussion of the caveats and assumptions involved in the
generation of these estimates, refer to U.S. EPA (1982). The authors note
that the potency estimates in Table VIII-14 are not directly comparabile.
The ql* value is the slope of 95% upper 1imit on the linear coefficlient in
the muttistage model (as revised by Howe and Crump, 1982) when tumor inct-
dence data are used. By contrast the Q]* is the 95% confidence upper-bound
for the 1lnear coefficlient In the multistage model developed by Daffer et
) al. {1980) and evaluated at t=12 months. This model 1ncorborates time-to-
tumor data for Iindividual animals dying in the course of the study., The
ed]O is the dose level corresponding to the 10% incremental tumor response
when tncidence data are .used; EDIU Is similarly defined for wuse with
time-to-tumor data. The 0]* and q]* reflect estimates of carcinogenic
potency at low doses outside the experimental range. By contrast, the

5910 and ed reflect carcinogenic potency within the experimental

10
range, and presumably are not as model-dependent as the other two indices.
The authors of U.S. EPA ({1982) ranked the PAHs based on the potencies

computed by the four methods as given in Table VIII-15.

It is interesting to compare these rankings with a set of rankings based
on unmodeled data. The data in Table VIII-16 were prepared by Santodonato
{19686) from pﬁhTﬁshcd data of Conney {1982). As can be seen from both
tables, the rank assigned to a carcinogenic PAH depends on the type of
model-based procedure applied, the carcinogenic endpoint measured, and
whether nonmodeled data are used. What is not apparent, but 15 discussed in
U.S. EPA (1982), is that variatlons in study protocol for a given route and

endpoint change the overall outcome of the test and, thus, potency estimates
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TABLE VIII-16

The Carcinogenic Potency of Various PAHs Measured in Two Different
Animal Bloassay Systemsd

Skin Studyb Rank Newborn Study® Rank

{tumors/umo1l) (tumors/umol)
Benzo[a]pyrene 22.5 ! 4.4 ?
Benz[a]anthracene 0.15 4 0.57 3
Chrysene 0.36 3 0.26 4
Dibenz[a,h]anthracene 13.4 2 11.7 1
Phenanthrene 0.03 5 0.14 5

4Source: Santodonato, 1986

bMice recetved a single topical apptication of compound followed 7 days
later by twice weekly applications of TPA for 16-25 weeks {Conney, 1982).

CMice were given 1.p. Injections of 1/7, 2/7 and &/1 of the total dose of

compound on the first, Bth and 15th days of life, respectively. The animais
were killed at 22-42 weeks of age (Conney, 1982)
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and ranks. Variations in use of solvents, animals of varying susceptibil-
tty, and both length of exposure and overall study duration further compli-

cate attempts to compare carcinogenic potency.

While the absolute rank will vary as a functton of the constderations
outlined above, certain commonaiities can be seen. In general, three groups
of PAHs can be distinguished. The most potent carclinogens are invariably
benzo[a]pyrene and dibenz[a,h]anthracene. A second group of carcinogens
having intermediate potency consists of benzo[b]lfluoranthene and generally
(but not invartably) benz[a}anthracene, chrysene and 1indeno[1,2,3-cd]-
pyrene. The third group eonslsts of weak carcinogens or PAHs that have not
shown significant carcinogenicity 1Including phenanthrene, pyrene and

benzo[k]- fluoranthene.

An alternative, more quantitative approach to risk estimation for PAHs
has been proposed by Clement Associates (1988, 1990b) and other authors.
This entails deriving a numerical estimate of the carcinogenic potency of a
particular PAH by comparison with that of benzo[alpyrene. This method s
not unlike the generation of toxicity equivalence factors proposed for risk
estimation of chlorinated d1benzod1ox\ns.and dibenzofurans proposed by U.S.

EPA (1987¢) and recently revised (U.S. EPA, 19894).

What 1s done in this approach 1s to calculate a ben;o[a]pyrene-
equivalent dose using data from studies {(such as skin painting biloassays)
generally not considered sultable for quantitative risk estimation. In the
Clement Assoctates (1988, 1990b) reports only those data sets were included

wherein benzota]pyrene was tested concurrently with one or more PAH. This
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was done In order - to account for 1inter-laboratory wvariations, varying
susceptibllity to carcinogenic activity of the different test animals, vary-
ing metabolic capacity of these animals, and d1FFcrence§ tn protocols and
endpoints measured. For each report considered, the comparison was made
bétween benzo[a]pyrene activity and the activity of a particular PAH In that

same report.

In the Clement Associates (1988) report all risk estiﬁates were gene-
rated using the two-stage model. The low-dose terms or maximum likelihood
estimates are amenable to comparison whereas 1t is felt that comparison of
upper bounds has less méantng. In calculating the estimated transition
rates from the two-stage model on which comparisons were based, the assump-
tion was made that papillomas and other behign tumors are observable clones
of first stage cells. It was further assumed that carcinomas can develoé
from papiliomas, and thus the observation of either a paptlloma or carcinoma
serves as evidence of 'at least one transformation or stage. In those

tnstances wherein beﬁ\gn and malignant tumors were combined, the simple form

of the model equation was used:
P{x) = 1 - exp - A(1+5x)

The form of the model employing two stages was used for data in which

maiignant tumors were reported separafely:

Pix) = 1 - exp - A(1+8x)°
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To derive the potency for each PAH relative to benzo[a]pyrene, 1t was
assumed that the PAH and benzo[a)pyrene have similar dose-response curves,
but that 1t takes a proporttonately larger concentration  of
nonbenzo[a]pyrene materials to tnduce the same response. The relative
potency, R), s simply the ratio of estimated transition rates, with that of

benzg[a]pyrene taken as 1.0,

The result of 2 ceries of calculations was a range of relative potency
estimates. For example, for benzo[b]Jfluoranthene 1individual relative
potencies from the three data sets were 1.067, 0.874 and 0.232. In a
similar fashion the range§ of relative potencies presented in Table VIII-17
were generated using data from studies described in Chapter V. Using benzo-
[b]fluoranthene as an i3lustration, a range of relative potencies spanning

an order of magnitude was obtained.

Clement Associates (1988) proposed that selection of the most appro-
priate relative potency be based on a3 consideration of the gqualitative
differences among the studies. Criteria used in selection of the most
suitable studies included the following:

1. Relevance of route of administration 1in the biocassay to
presumed-human exposure

2. Duration of exposure approximating natural lifespan
3. Sample size
4. Inclusion of a concurrent vehicle control

5. Observance of a dose-response relationship consistent with the
model (linear-quadratic)

6. Extent to which observed responses cover the possible response:
range

7. Absence of complicating varlables such as administration of
promoting agents
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Based on application of these criteria single relative potency estimates
uefe proposed as given in Table VIII-1§. Only those PAHs classified as B2,
probable human carcinogen, are included in this listing as it ts inappro-
priate to calcu1gte a quantitative risk estimate for those in group D, not

classiftable,

Other approache§ for obtaining a single estimate are also feasible. A
weighted average or some other numerical combination procedure could be used
tn those instances wherein a range of relative potencles 1s avatlable.
Other criterta than those described above {or different emphasis on certatﬁ
criteria) could result in choices other than those in Table VIII-18. It
should be noted in this context that the Deutsch-Wenzel et al. (1983) study
was thought to be less reljable than more standard skin painrting studies
because of the unuysual route of exposure (iung implantation of wax pellets).
This experimental protocol also may entall confounding vartables such as
trauma or firritation {which could have promoting effecis) or' changes in
metabolism of the implanted PAH. It is worthy to note that this is the only
assay wherein indeno[1,2,3-cd]pyrene had an elevated response by compariscn
with the generally more carcinogenic PAH benzo[b]fluoranthene. A more
appropriate method of study and relative potency selection may be to employ

an objective method such as that described by DuMouchel and Harris (1983).

In 1990 a modified TEF approach was propesed (Clement Assoctates,
1390b). In order to increase the precision of the relative potency
estimates, the analysis incorporated time-to-tumor Iinformation, vehicle
controls from multiple experiments and historical controls. A form of the

two-stage model was used that was extended to accomodate possible saturation
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TABLE VIII-18

Summary of PAHs Relative P-tencies

Compound Relative Reference
Potency

Benzo[a]pyrene 1.0
Benzo[e]lpyrene Deutsch-Wenzel et al., 1983
Benz[a]anthracene 0.145 Bingham and Falk, 1969
Benzo[b]lfluoranthene 0.140 Deutsch-Wenzel et al., 1983
Benzo[)]fluoranthene 0.061
Benzo[k]fluoranthene 0.066 Deutsch-Wenzel et al., 1983
Chrysene 0.0042 Wynder and Hoffman, 1959a
Dibenz[a,h]anthracene 1.1 Wynder and Hoffman, 195%a
Indeno[1,2,3-¢cd]pyrene 0.232 Deutsch-Wenzel et al., 7983
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of processes for converting PAH to reactive metabolites. Data recommended
for this approach were exclusively from a series of experimentslon induction
of lung epldermoid carcinomas by implantation of PAH in the lungs of female
Osborne-Mendel rats. These data were collected by a single group of
investigators. Published data on background rates of lung carcinomas 1In
female Osborne-Mendél rats were used in addition to assay vehicle controls
to provide a non-zero incidence for the 2ero dose used in the two-stage
_model. The relative potencies obtained by comﬁar!son of maximum likelihood
estimates are given in Table VIII-19. Relative potencies for PAH-contalning

mixtures were used to test additivity assumptions.

Rugen et al. (1989) assessed relative carcinogenic potencies of PAH as a
basis for proposing acceptable exposure levels (AEL)} In drinking water,
They used  the publiished siope factor of 11.53 per{mg/kg)/day for benzo-
[alpyrene (U.S. EPA, 1980d) and a 107% risk level to determine a 0.028
ug/L concentration as the AEL. Relative potencies or relative tumor

doses (RTD) were determined as follows:

RTD = (d]/n])/(dzlnz)
r - (d1n2/d2n])
= (d1/d2) X (n2/n])

where:

dosage of chemical 1

>
-y
L]

tumor frequency after m months of exposure to d]

dosage of chemical 2

Q.
[y
]

tumor frequency after m months of exposure to d2

3
no
L]
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TABLE VIII-19

Relative Potencies for PAH and PAH-Containing Mixturesd.D

Matertal Relative Potency

Benzo[a]pyrene 1.0

Benzo[b]fluoranthene 0.1228
Benzo[}]fluoranthene 0.0523
Benzo[k]fluoranthene 0.0532
Benzo[e]pyrene 0.0070
Indeno[1,2,3-c,d]pyrene 0.2780
Benzo[g,h,1]perylene 0.0212
Anthanthrene 0.3160
Flue gas from coal-fired furnace 0.0542
Diesel engine exhaust 0.0028
Gasoline engine exhaust g.0217
‘Sidestream cigarette smoke 0.0030

dRelative potencies based on maximum likelihood estimates from lung
implantation data.

bTable adapted from Clement Associates (1990b)
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Direct comparisons of dose and tumor Frequency were made for several skin-
painting assays. No model was applied to the data but rather single doses
were chosen as the basis for comparison. Table VIII-20 1ists the RTD va'ues

and data on which they were based.

One end use of a series of relative potency would be in the evaluatton
of PAH-containing mixtures (a TEF approach)}. This 1s an alternative to
assuming that all carcinogenic PAHs are equipotent with benzo[a]pyrene. A1l
the means of comparing PAHs described in tﬁis chapter indicate that benzo-
[alpyrene and dibenz[a,h)anthracene are of comparable potency as carcinogens
and the other PAHs descriSed in this document Tess active. In the absence
of synergistic interactions risk estimates of PAH mixtures based on

one-to-one benzo[a]pyrene equivalency will be overestimates.

A critical review and analysis of the above has not yet been done by
U.S. tPA. This will be.necessary before a TEF or other comparative approach
to the derivation of quantitative estimates for PAH can be recormended. At
this time 1t ts thus recommended that a quantitative cancer risk :5timate be

proposed only for benzo[a]pyrene.

Interactiﬁnsh With Other Chem1cglg. As reviewed 1in the Synergism

and/or Antagonism Section in Chapter V, several of the PAHs have been deter-
mined to be affected by the presence of other PAHs or other substances.
Much of the research in this area has focused on the promotion or inhibitory
effect of noncarcinogens such as pyrene on -a known animal carcinogen, often
benzo[alpyrene. The route of administration is typically nonoral (dermal,

subcutaneous injection or inhalation). There are data for both enhancement
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and inhibition of blologic activity when PAHs are tested as simple mixtyres .

and as components of complex mixtures. The outcomes are dependent upon such
variables as strain and species, whether the PAHsS are given concurrently
{tests for cocarcinogenesis) or applied sequentially ({tests for tnitlation

and promotion) and the route employed.

It has been postulated that PAHs act by similar mechanisms as initiators
of carcinogenicity, which allows an assumption of simple similar action and

dose additivity. This assumption, however, does not take Into account the

data, albeit 1imited, on both PAH promotional and 1inhibitary effects.

Presentation of any PAH risk assessment based on additivity must, therefore,
be qualified; theoretically both under- and aver-estimation of risk could

result from an assumption of additivity,

Existing Guidelines, Recommendations and Standards
A drinking water standard for PAHs as a class has been developed (U.S.

EPA, 1980d). The World Health Organization European Standards for Drinking
Water recommends a concentration of PAHs not to exceed 0.2 ug/t (WHO,
1970). This recomendation 1s based on ithe composite analysis of six PAHs in
drinking water. JF]uoranthene. benzo[a]pyréne. benzo[g,h,1]perylene, benzo-
[b]fluorantheh;,‘benzo[k]f1uoranthene and 1indeno[1,2,3-cd]pyrene were used.
These six were not chosen on the basis of potential health effects, but
because they were considered useful indicators of the presence of PAH
pollutants (Borneff and Knute, 1969). A quantitative.f1sk estimate of 11.53
{mg/kg/day)”* based on the data of Neal an& Rigdon ({1967) was derived 1In
U.S. EPA (1980d). From this, the criterion for the ambient water quality
for PAHs assoctated with human 1i1fetime cancer risk of 1073 was estimated

to be 28 ng/y (U.S. EPA, 1982).
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In the occupational environment, & Federal standard has been promuigated
for coke oven emissions, based primarily on the presumed effects of the
carcinogenic PAHs contatned In the mixtyre &s measyred by the benzene
soluble fraction of total particulate matter {(U.S. EPA, 1984b). Similarly,
thg ACGIH {1988) recommends a workplace exposure Timit for coal tar pitch
volatiles, based on the benzene-soluble fraction containing carcinogenic
PAHs. NIOSH has also recommended a workplace c¢riterion for coal tar
products {coal tar, creosote and cocal tar pitch), based on measurements of

the cyclohexane extractable fraction. Thesw criteria are summarized below:

Substance Exposure Limit Agency

Coke oven emissions  0.15 mg/m® {soluble NIOSH (1973b)
fraction), 8-hour 0SHA (1985)
time-weighted average

Coal tar products 0.1 mg/m3, 10-hour NIOSH {1%973a,

) time-weighted average 1977)
Coal tar pitch 0.2 mg/m?, (benzene ACGIH (1988)
Volatiles sotuble fraction), 8-hour

time-weighted average

Special Groups at Risk

There arc several human subpopulations that are considered to be at
Increased risks from exposure to PAHs, The largest subpopulation comprises
those who are occupationally exposed to one or more of the PAHs. C(oke oven
emissions. and;'cﬁaI tar pitch volatiles include PAHs such as naphthalene,
acenaphthene and fluoranthene. Industries that expose workers to pesti-
cides, coal tar, creosote and fossil fuel oils (i.e., steelworkers, roofers
and auto mechahics) appear to be at higher risk. Persons 1iving in 1indus-
trtal areas, or where exposure to auto exhaust 1is greater and smokers are

also considered to be at an increased risk from PAH exposure.
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It s known that PAHs are dependent upon metabalism to reactive
electrophiles for thelr activity and that individuals of a spectes, humans
included, vary in their capacity to undertake this metabolﬁsm; It ts also
known that the Iinducibility of AHH in human tissues 1s genetically
determined. The degree to which inducibility or noninducibility of AHH

figures as a risk factor Ffor human carcinogenesis, however, 1s not clear,

Another genetic predisposing factor.may be the individual's capacity to
repalr certain types of DNA damage--that can be caused by PAH metabolites in
a fashion that 13s error-free and does not lead to fixation of mutagenic

events.

Summary

There were no data reported suitable for calcuylation of 1-day, 10-day or
tonger-term health advisories. DWELs for several PAHs were determined on
the basis of 90-day studies. They are the following: antﬁracene. 10.5

mg/%; fluoranthene, 1.4 mg/%; fluorene, 1.4 mg/e; pyrene, 1.0 mg/t.

Weight-of-evidence determinations for 1ikelihood of human carcinogenic-
ity were these: Group D, not c1ass1f1ab1e as to human carcinogenicity --
acenaphthylene, anthracene, benzo[g.h,1]perylene, fluoranthene, fluorene,
napbthaTéne.*bh;nanthrene and pyrene; group Bz. probable human carcinogen
-- benz[a)anthracene, benzo[blfluoranthene, benzo[k]fluoranthene, benzo[a]-

pyrene, chrysene, dibenz[a, h]anthracene and indeno[1,2,3-cd]pyrene.
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Data from three studies wherein benzo[a]pyrene was given orally were
modeled by several procedures. Both a two-stage and the‘11near1zed multi-
stage procedures were used toc calculate upper bound risk estimates from the
data of Neal and Rigdon (1967). Data from both male and female rats as well
as vartous subsets of the published data from the dietary portion of the
study by Brune et al. {1981) were used. An extrapolation was also done from
the observed response in Chouroulinkov et al. (1967). The upper bounds
Judged tc be most acceptable range from 4.5 per{mg/kg)/day to 9.0
per(mg/kg)/day. A geometric mean of the acceptable upper bound estimates is
5.8 per{mg/kg)/day or 1.65x10" per wug/%L. Concentrations of benzo-
[alpyrene corresponding to lifetime risks of 107%, 107¢ and 1077 were

determined to be 6.0x1072, 6.0x107% and 6.0x167+ ug/%, respectively,
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