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F O R E W O R D

The Department of Energy's Office of Health and Environmental Research
(OHER) held its first Annual Contractor's Maating on the health and environ-
mental effects of energy-related complex chemical mixtures on June 17-18,
1985. Representatives from four laboratories, namely, Argonne National
Laboratory, Pacific Northwest Laboratory, Oak Ridge National Laboratory, and
the Lovelace Inhalation Toxicology Research Institute, presented recent
research results and discussed future research directions.

The OHER program on complex chemical mixtures is a long-term research effort
devoted to developing predictive capabilities related to the health and
environmental effects of human exposure to complex mixtures. Major thrusts
of the current program are directed towards a better understanding of:
synergistic and antagonistic toxicological behavior of chemicals in
mixtures; the effect of mixtures en metabolism and fate of toxic components
in human or animal tissue; the inhalation toxicology of complex mixtures;
and the transportation and fate of complex mixtures through the environment
to man.

OHER recognizes that toxicological evaluations have in the past, by and
large, primarily addressed pure chemicals* Nevertheless, from an energy
perspective most human and environmental exposures are to complex chemical
mixtures rather than pure compounds. OHER's extensive experience in
evaluating the health and environmental effects of synthetic fuels (complex
chemical mixtures) over the past several years has led to considerable
insight into the more generic long-term issues related to the health and
environmental effects of such mixtures. In this respect, a detailed program
plan has been prepared describing the strategy and goals of the OHER Complex
Chemical Mixtures Program. This report presents technical progress on this
program and discusses future research directions.

J. W. Thiessan, M.D.
Acting Associate Director for Health
and Environmental Research

Office of Energy Research
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EXECUTIVE SUMttRY

The Office of Health and Environmental Research (OHER) of the Department

of Energy (DOE) supports a broad long-term research program on human health

and environmental effects from potential exposure to energy-related complex

chemical mixtures. The program has two major goals: F i rs t , i t seeks basic

mechanistic data on the effects of complex mixtures at the cel lular,

molecular, and whole animal levels to aid in predicting human health

effects. Second, i t seeks ecological data on biological and physical

transformations in the mixtures, concentrations of the mixtures in various

compartments of the environment, and potential routes for human exposure to

thsse mixtures (e.g. , food chain).

On June 17-18, 1985, OHER held i t s First Annual Technical Meeting on the

Complex Chemical Mixtures Program in Chicago, IL. The primary purpose of the

meeting was to enable principal investigators to report the research status

and accomplishments of ongoing complex chemical mixture studies supported by

OHERo To help focus future research directions round table discussions were

conducted. This meeting (and i ts formal and information discussions) w i l l be

held annually. I t is essential for the effective and expeditious

accomplishment of the program's research goals and objectives.

The 1985 meeting was organized into six topical sessions: Environmental

Research, Cellular Studies, Animal Studies (Non-Dermal), Animal Studies

(Dermal), Metabolism and Physiology, and Chemistry. Investigators represented

four laboratories: Argonne National Laboratory, Battelle Pacific Northwest

Laboratory, the Lovelace Inhalation Toxicology Research Inst i tute, and Oak

Ridge National Laboratory. In addition to the investigators, staff members

from DOE/OHER and DOE/FE (Fossil Energy) attended.



A synopsis of research accomplishments follows. For each session a more

detailed summary of recent research accomplishments and the Identif ication of

future directions for necessary research that arose from the discussions are

presented in the body of this report, along with extended abstracts of each

presentation.

During the past year, a number of significant observations were made. A

process-driven ecosystem simulation model that Incorporates both fate and

effects for an aquatic ecosystem has been developed for polycyclic aromatic

hydrocarbons (PAH). Ongoing ecological research wi l l provide data to Improve

this model, and ultimately allow better predictions of r isk. This effort is

supported by research to provide a basic understanding of the chemical and

metabolic constraints (e .g. , bioaccumulation, biotransformation, excretion,

storage) affecting transport of complex organic mixtures in "water-fish-

animal" and "soil-plant-animal" pathways. For example, metabolism plays an

Important roJe in modifying the constituents of complex mixtures as they move

along these pathways, a«d the by-products formed may result In a reduction

and/or elimination of potential risks to humans. Alternatively, some of the

by-products may be of greater environmental concern than the constituents of

complex mixtures from which they were formed. Other research has shown that

the route of uptake of contaminants 1s of major Importance, with sediment-

derived food chains providing higher levels of exposure to higher-molecular-

weight PAH (to humans) than direct water-uptake food chains. Uptake of some

water-borne high-molecular-weight PAH was also found to be diminished to near

zero by association of the PAH with naturally occurring organic matter.

Evidence was presented for a synergistic effect 1n cellular assays of a

complex mixture (coal l iquid) on the mutagenic activity of ami no PAH. I t was

suggested that the synergism Involved the enzymatic activation system.



Identification of potential synergisms In mixtures coupled with an

understanding of the mechanisms of action should provide a foundation for

defining principles of action. Improvements In mammalian cell mutagenicity

assays were reported. Several approaches were shown to be effective In

minimizing the cytotoxic effects, a major obstacle to mutagenesis studies with

complex mixtures. These approaches included the assay of low concentrations

of test material, removal of cytotoxic, nonmutagenic phenolic compounds by

alkaline extraction prior to testing, and addition of enzymes and cofactors

that modify the cytotoxic compounds. In addition, a unique in vitro system

has been developed to study mutagenicity and cytotoxicity of toxic gases and

vapors. Cells are grown on collagen gels in a system that allows an a1r/cell

interface for vapor phase exposure. This system has made it possible to

predict the effective dose of a variety of materials for cell killing in vivo.

A number of observations have been made and new procedures developed for

whole animal studies. A recently developed "flow-through" tracheal Implant

model permits repeated treatments with solids, liquids or gases. This system

can be used to evaluate the development and progression of the carcinogenic

process under well-controlled exposure. Direct effects of Inhaled mixtures

(e.g., coal liquids, diesei exhaust, and diesel exhaust combined with shale

oil) are being studied in rodents to evaluate both carcinogenic responses and

systemic toxicity. Initial results indicate that hydrocarbons «.re removed

rapidly from the lung. When the hydrocarbons are associated with particles,

such as diesel exhaust particles, clearance 1s impaired.

Several lines of evidence were presented showing that the expression of

dermal carcinogenic activity is significantly Influenced by the composition of

the mixturfe in which carcinogens are present. Direct evidence for a

suppressive effect of the complex mixture on carcinogenic activity was



provided by a study in which the expression of the in i t ia t ing activi ty of

benzo(a)pyrene was evaluated in the presence of coal liquefaction

d is t i l l a tes , A study was performed with Syrian hamsters to determine whether

dermal exposure to aromatic amines (mutagenic components present in a variety

of coal-conversion materials) could result in bladder carcinogsnesis. Results

show that the animals treated dermally with the known bladder carcinogen,

3,2a-d1methy1-4-aminobiphenyl, developed tumors. Some animals receiving a

defined mixture of four aromatic amines present in gasifier tars developed

hyperplastic changes in the bladder. In a study in which the neonatal rat

hepatic foci assay was usedB several complex energy-related mixtures w*»re

shown to have very low in i t ia t ing activity alone; however, when these mixtures

were coadministrated with known carcinogens, they inhibited the in i t ia t ing

activi ty of the carcinogens. In addition, dermal application of two different

mixtures resulted in the production of hepatic foci in animals in i t iated with

benzo(a)pyrene or diethy1nitresamine. These data indicate that the l iver or

other organs may be affected by mixtures following dermal exposure.

Study of the modifying effects of mixtures on metabolism and physiology

has shown that the amount of selected marker substances taken up into the body

may be determined to a great extent by the mixture or particles with which

they are associated. The data emphasize the need to identify the target of

the material under study and indicate the importance of determining the exact

chemical nature of the active compound at the target s i te . Analytical tools

needed for these chemical identifications are being developed. Further

assessment of data together with a refinement of analytical tools w i l l help to

better define levels and possible consequences of exposure.

In the chemical research area, a compilation of appropriate model

compounds for study in the complex mixture program and a summary of the



SESSION I . ENVIRONMENTAL RESEARCH

SUMMARY OF ACCOMPLISHMENTS

Research related to the environmental f a te and ef fects of complex

chemical mixtures has two goals: (1) pred ic t ing the environmental pathways

and potent ia l concentration of contaminants to which humans might be exposed

and (2) providing an a p r i o r i estimate of the ecological responses to these

released contaminants. Emphasis during the past year has been on the f i r s t

goal9 w i th a cont inuing residual a c t i v i t y in evaluat ing ecosystem e f f ec t s .

Environmental pathway research aims to develop a bet ter understanding of

the physical-chemical-b io logical in teract ions of complex mixtures. Research

concerning s ingle processes, food chains, and f u l l ecosystems has been

conducted. A process-driven ecosystem simulat ion model (perhaps the f i r s t of

i t s kind) tha t incorporates both fa te and ef fects fo r an aquatic ecosystem has

been developed fo r po lycyc l ic aromatic hydrocarbons (PAH). The model

incorporates chemical character is t ics of mater ia ls and provides an estimate of

the fate and concentration of PAHs in d i f f e ren t environmental compartments

(such as f i s h ) . The route of uptake of contaminants i s of primary importance,

wi th sediment-derived food chains providing higher levels of exposure to man

t o the higher-molecular-weight PAH than d i rec t water-uptake food chains.

The potent ia l bi©accumulation of PAH, N-containing heterocycles, and

amines has been found to be affected by na tu ra l l y occurr ing dissolved organic

materials i n both sediment and in the water column and by the a b i l i t y of

organisms to metabolize the chemical. Organisms may i n i t i a l l y take up high

c o n e i t r a t i o n s of a chemical, but through metaoolic a c t i v i t y , reduce the

quant i ty of chemical stored i n the organism. The uptake of some water-borne

high-molecular-weight PAH has been found to be diminished to near zero by the



association of the PAH with natural ly occurring organic matter. Consequently,

contaminants released to the aquatic environment may not be accumulated wi th in

the food chain and reach humans. Al ternat ively selected byproducts that are

conjugated t o , or otherwise sequestered i n , edible tissues are potent ia l ly

available for t ransfer to humans. Such types of information are currently

being incorporated in to simulation models to improve predictions of human

exposure and ecological e f fec ts .

Terrestr ia l pathway research has emphasized the uptake of PAH, lower

molecular weight amines, and aromatic N-heterocycles by vegetation. Although

lower-molecular-weight aromatic amines and azaarenes are prone to

accumulation, metabolism and environmental degradation decrease the

probab i l i t of high accumulation of these materials in vegetation, Higher-

molecular-weight organics are taken up by vegetation to a lesser extent than

lower-molecular-weight organics. I n i t i a l data show that the higher-molecular-

weight organics or t he i r rcetabolites appear to concentrate in speci f ic parts

of tha p lant , such as seeds.

Ecosystem modeling and process-level research in aquatic environments

(detai led in the attached abstracts) provides an i n i t i a l vehicle for

evaluating the importance of th i s environmental pathway and potential r isk of

exposures for humans. Process-level studies in t e r r e s t r i a l (plant) systems

suggest that s imi lar mechanisms (uptake, degradation, e tc . ) operate in that

environment.

FUTURE DIRECTION IN RESEARCH

Past research has provided an i n i t i a l framework for estimating both the

potent ia l exposure to humans and the ecological consequences of releases of

complex material as they move through the environment. The paragraphs that

8



follow br ief ly describe the research tasks necessary to continue to move

forward towards the two identif ied research goals.

An understanding of the physical, chemical, and biological

characteristics of complex mixtures that control their distributions, fateB and

accumulation as they move along environmental pathways towards humans is

needed. Reduction of the uncertainty currently associated with environmental

transport w i l l require increased emphasis on experiments to further study

terrestr ial systems or aquatic-sediment systems, naturally occurring dissolved

organic matter, and other environmental properties that may affect contaminant

avai labi l i ty and accumulation. Focusing on microbial and metabolic

degradation (as removal processes) studies and ingestion experiments with

animals w i l l provide data that is currently lacking. Data from these and

experimental food-chain studies wi l l be used in models that are currently

being refined, both to improve predictions of risk to humans and to assist

investigators in f i l l i n g the most important data gaps.

Conducting research that wi l l lead to a better understanding of the

physical, chemical and biological mechanisms that control ecosystem-level

response to long-term, sublethal exposures to organic chemicals and mixtures

is a distinct need. Fundamental research has been completed on the

bioaccumulation and metabolism of organic chemicals in single^ representative

terrestr ial and aquatic organisms and on the physiochemical processes that

fractionate, distr ibute, concentrate, degrade, or otherwise transform organic

mixtures in the environment. Much less attention has been given to

integrating these data and focusing them on estimating and understanding fu l l

ecosystem response, Field-scale research, with i ts inherent complexities, is

premature. Whole ecosystem research using aquatic and terrestr ial microcosms,

in which physical-chemical-toxicological interactions can be experimentally



controlled is necessary so that changes to ecosystem structure and function

can be understood.

Also necessary is integrated research investigating the toxicokinetics of

complex mixtures in the various species contained within an intact

ecosystem. Data developed from such research wi l l enable incorporation of

either species- or family-specific metabolism into fate and effects simulation

models to provide more real ist ic estimates of potential hazards from energy-

related complex mixtures to humans and the ecosystem.

10



Research Concerning Indirect Environmental Pathways

Robert 6. Riley

Earth Sciences Department, Pacific Northwest Laboratory (PNL)

Complex organic chemical mixtures produced from energy-related activi-
ties can reach human populations by direct routes (occupations, drinking
water) and indirect routes (aquatic and terrestrial pathways). Total
exposure to these complex mixtures of chemicals cannot be completely
assessed without taking into account the long-term chronic exposure
resulting from the release and subsequent movement of such mixtures through
aquatic and terrestrial pathways to humans. Complex mixtures are modified
as they move along the pathways, and the by-products of these changes may
reduce or eliminate risks to humans.

Over the past several years, research at PNL on environmental pathways
for complex mixtures has focused on developing a basic understanding of the
chemical and metabolic constraints affecting transport of complex organic
mixtures in "water-fish-animal" and "soil-piant-animal" pathways. The
approach focuses on evaluating processes (chemical, biochemical and
physiological) that influence transport and form of complex-mixture
constituents released to these pathways. These processes include bioaccu-
mulation, biotransformation, excretion and storage. They are studied in a
simple aquatic ecosystem consisting of food animals important to humans
(e.g., fish). In the terrestrial pathway, processes of interest include
bioaccumulation, biotransformation (in plants and soils), plant tissue
deposition, and respiration/volatilization from the plant leaf and soil.
Data generated from PNL research in these areas will be used to aid In the
construction of models to improve our understanding and ability to predict
distribution of complex-mixture constituents in aquatic and terrestrial
ecosystems.

Several conclusions have been drawn from PNL aquatic pathway research
for selected compounds. These conclusions are listed below.

e Octanol/water partition coefficients do not apply to energy-
related chemicals; for example, bioaccumulation of energy-
related chemicals cannot readily be predicted from octanol/water
partition coefficients because of metabolism.

9 The route of uptake is important; different tissue/organ
distributions and different metabolic products of a complex-
mixture constituent are produced during uptake from water than
during uptake from food.

• Compounds are readily metabolized in organs (e.g., gall bladder
in fish) and readily eliminated.

t Compounds stored in muscle are not readily eliminated.

- Quinoline forms conjugates containing hydroxylated quinolines
and quinoline thiols.

11



- The Implications are Important, since muscle 1s the edible
portion of fish.

e Competitive reactions Influence bioaccumulation.

- The presence of a complex mixture (WSF of coal liquid)
reduced the bioaccumulation of phencl by a factor of 2 in
Daphnia roagna.

- The effect would more than likely be enhanced with more
complex chemical mixtures.

• Mechanisms of storage, metabolism and elimination of nitrogen
heterocycies differ among aquatic species:

- The gall bladder and liver are important organs in fish.

- The green gland and hepatopancreas are important in crayfish.

Terrestrial pathway research at PNL, for selected compounds, has
produced the results listed below.

t Lower molecular weight amines and aromatic N heterocyc"'es are
adsorbed/accumulated by plants.

• Plant mobility varies; for example, quinoline exhibits greatest
accumulation in leaves.

• Metabolism alters compound accumulation and chemical form.

e Exposure alters metabolic processes, and induces synthesis of
similar compounds.

t Degradation/volatilization processes reduce accumulation.

• Lower molecular weight amines and N-heterocycles are degraded by
soil microorganisms.

Directions for future research at PNL are outlined below.

For Aquatic Pathways:

• Extend our understanding of those processes that influence the
accumulation and fate of complex mixture in fish and crayfish.

c Extend laboratory studies to include other food animals.

• Extend research to examine the behavior of other classes of
compounds in complex mixtures.

• Study competitive Interactions of constituents of complex
mixtures.

12



criteria leading to their selection has been prepared in cooperation with

researchers dealing with health effects and the environment. (Publication Is

expected late 1n 1985.) Laboratory experiments 1n which desorption chemical

ionization mass spectrometry was used have shown this method to be effective

in Identifying adducts between DNA and carcinogens. Supercritical fluid

chromatography and Fourier transform Infrared spectroscopy have also proven to

be useful analytical approaches. A range of previously unreported polycyclic

aromatic compounds that are likely to contribute to the mutagenidty of coal

combustion fly ash extracts have been Identified. Fractionation of complex

mixtures continues to be essential for supporting toxicological research. In

the future, significant efforts will be needed for analysis of parent

compounds, metabolites, and adducts in biological materials.



Perform ingestion experiments with aquatic animals and surrogate
•uraiRiile

0 Conduct research to gain a better understanding of the physical,
chemical and biological mechanisms that control ecosystem-lave1
responses to long-term, sublethai exposures to organic chemicals
in the aquatic ecosystem.

For Terrestrial Pathways:

• Extend our understanding of those processes that Influence the
accumulation and fate of complex mixtures 1n soybean.

• Extend laboratory studies to include other edible plant types.

• Extend research to examine the behavior of other classes of
compounds in complex mixtures.

• Study competitive interactions of constituents of complex
mixtures.

« Extend research to further understand the microbiological
degradation of complex-mixture constituents In soils.

• Perform ingestion experiments with food animals and surrogate
mammals.

• Conduct research to gain a better understanding of the physical,
chemical and biological mechanisms that control ecosystem-level
responses to lo.y-term, sublethal exposures to organic chemicals
in the terrestrial ecosystem.

13



Approaches to Forecasting the Fate and Effects of Toxic Chemicals in
Aquatic Ecosystems

Steven M. Bar-tell

Environmental Sciences Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37831

The Fates of Aromatics Model (FOAM) /as developed to forecast the

transport, degradation, and accumulation of polycyclie aromatic

hydrocarbons (PAHs) in aquatic ecosystems. FOAM was designed to

evaluate the hypothesis that the fate of PAHs could be predicted from

fundamental chemical characteristics of individual compounds:

structure-activity relations are used to estimate compound-specific

rates of photolysis, volatilization, sorption, and bioaccumuiation.

The model simulates accumulation of PAHs by sediments, suspended

particulate matter, primary producers, (macrophytes, periphyton,

phytoplankton), and consumers (zooplawkton, benthic invertebrates,

fish). FOAM has been implemented to forecast the fate of anthracene in

large, outdoor artificial streams. The model is currently being used

to examine the accumulation of phenanthrene by sediments and biological

compounds of the Hersey River, located in west centra] Michigan.

Monte Carlo simulation has been used to determine the sensitivity

of FOAM predictions to uncertainties associated with parameters

estimated from the structure-activity relations. The rank order of

importance of model parameters with regard to prediction error depends

upon the component of interest, the particular PAH, and the period of

simulation. Results of the sensitivity analysis can be used to

economically refine estimates of a parameters and judiciously allocate

experimental resources for model testing.

15



FOAM has recently been modified to simulataneously consider toxic

effects and environmental fate of PAHs. Through simulation of

bioassays, dose:response functions have been derived that characterize

changes in rates of physiological processes (e.g., photosynthesis,

respiration, feeding rates) in relation to body burden of individual

PAHs. The combined fates/effects model has baen implemented for

napthalene in a hypothetical aquatic system. The combined model

permits examination of the implications of differential toxicity among

populations on overall effects and ultimate distribution of long-term,

chronic PAH exposures. The model facilitates identification of

conditions where the fate of PAHs is determined primarily by

physical-chemical processes or primarily by biological interactions in

the hypothetical aquatic ecosystem.

Research sponsored by the Office of Health and Environmental

Research, U.S. Department of Energy,, under Contract No.

DE-AC05-84GR21400 with Martin Marietta Energy Systems, Inc.
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Environmental, Physiological, and Molecular Mechanisms Controlling Food
Chain Transfer of Organic Contaminants in Aquatic Systems

John F. McCarthy,1 Braulio D. Jimenez,2 and Marcia C. Black3

^Environmental Sciences Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37831; Postdoctoral Fellow, National Research
Council; and ^Graduate Student, The University of Tennessee

In order to understand the long-term health and environmental

consequences associated with releases of energy-related contaminants,

it is necessary to understand the orocesses that control the fate of

the contaminants in the environment, the uptake of contaminants by

aquatic organisms, and the metabolic fate of contaminants accumulated

within organisms. Physico-chemical partitioning within the environment

controls the transport and fate of contaminants. There is a positive

correlation between the hydrophobicity of organic contaminants and the

affinity of the contaminant for binding to sediment or to suspend

particles. Association of contaminants with particles can lead to

sequestration of the contaminant in the sediment, and can also affect

the potential of a compound for uptake by aquatic organisms. Earlier

work in this laboratory has demonstrated that contaminants bound to

particles are taken up by filter-feeding invertebrates (Daplinia magna)

at a rate that is ten-fold slower than are contaminants remaining in

solution in the water. Once contaminants are incorporated by

organisms, metabolic transformation can convert the parent contaminant

to less toxic, more readily eliminated compounds, or may lead to the

retention of more reactive and toxic compounds within the organisms.

Bi©transformation can thus alter the nature and amounts of contaminants

that might be transferred to man via aquatic food chains.

17



An holistic approach is being used to examine how these factors

influence the fate and bioavailability of polycyclic aromatic

hydrocarbons (PAHs) in the aquatic environment. PAHs were used as

model compounds because they are ubiquitous products of energy-related

technologies that pose a potential health risk to man due to uptake via

the aquatic food chains, and because their chemical properties are

useful in development of structure-activity relationships (SARs) that

permit extrapolation to a wider spectrum of potential contaminants.

Recent research has concentrated in two areas: the effect of naturally

occurring dissolved organic material (DOM) on the environmental fate

and bioava*lability of PAH, and the role of environmental variables

such as feeding regime and seasonal temperature changes on the

metabolic fate of PAH in fish.

Effect of POM on Fate and Bioavailability of PAHs

Research has demonstrated that the presence of naturally occurring

DOM in aquatic systems will affect the transport and fate of

energy-related organic contaminants and will greatly reduce their

availability for uptake by aquatic organisms and their potential for

transfer to man via food chains. The larger and more hydrophobic

contaminants, which are more environmentally persistent and which raise

the greatest concern in terms of human health, are known to have a high

affinity for binding to sediment or to suspended particles. This new

research demonstrated the existence of another, previously unrecognized

sorbent, DOM. OGM competes with the sediment for binding of these

contaminants; furthermore, contaminants bound to DOM is essentially

unavailable for accumulation by aquatic organisms.

18



Research demonstrated that PAH bind rapidly and reversibly to DOM

and that the affinity for binding Is related to, and can be predicted

from, the hydropnebicity of the PAH. Environmentally realistic

concentrations of DOM will bind a substantial fraction of more

hydrophobic compounds, such as the carcinogen, benzo(a)pyrene, and will

reduce the bidding of this PAH to the sediment. This interaction will

reduce the expected sequestration of contaminant in sediment and

stabilize the compound in the water column. However, compound bound to

DOM in the water column was shown to be unavailable for uptake by fish

or aquatic invertebrates. SARs were developed to predict the

interactions among the hydrophobicity of contaminants, their affinity

for binding to D0M9 and their potential for bioaccumulation.

These more hydrophobic compounds are known to have the greatest

potential for bioaccumulation; however, they also have the greatest

affinity for binding to DOM. This high affinity for binding to DOM,

and the resultant decrease in bioavailability could, therefore,

mitigate the biological impact of those contaminants having the

greatest potential for bioaccumulation and transfer to man via aquatic

food chains.

Effect of Temperature and Feeding on the Metabolic Fate of PAH

Bluegill sunfish, Lepomis macrochirus. were exposed to the

carcinogenic PAH, benzo(a)pyrene (BaP), to examine the effect of

temperature and feeding regime on the uptake and elimination rates,

extent of biotransformation, and chemical nature of the metabolites

within the fish. The rate of uptake of BaP at 23°C twice as fast in

animals fed during exposure than In those denied food; however, the
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rate of elimination of radioactivity was ten times greater in the fed

fish. 8aP was rapidly metabolized to polar and nonpolar metabolites,

although 60% to 70S of the radioactivity in the fish was covalently

bound to cellular constituents. The rate of conversion of BaP to polar

metabolites was also accelerated by feeding. The bioaccumulation

factor (calculated from the ratio of the uptake to the elimination

rates) would therefore be predicted to decrease five-fold if fish are

provided food during exposure to BaP. Since animals in nature usually

have food available, care must be exercised in interpreting results of

laboratory experiments in which food is withheld.

Temperature is a seasonal environmental variable that has a

significant effect on the uptake, elimination, and metabolic fate cf

organic contaminants. Fish were acclimated to 13°C for three weeks and
14. i<

exposed to C-BaP at this temperature with feeding. Both uptake and

elimination rates at 13°C were approximately seven-fold lower than in

fed fish exposed at 23°C. The metabolic profiles suggest that

biotransformation of BaP is also much slower at the colder temperature.

The underlying molecular mechanisms regulating these changes in

biotransformation are also being examined. Preliminary evidence

indicates that the total abound and the enzymatic activity of the mixed

function oxidase (MFO) system, the enzyme complex responsible for

xenobiotic metabolism, increases in fish acclimated to higher

environmental temperatures if the fish are fed; there is little change

with temperature in fish deprived of food. Ongoing work will examine

induction of the MFO system resulting from prolonged exposure to PAH,

and the effect of induction on the biotransformation and elimination of

BaP.
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SESSION I I . CELLULAR STUDIES

SUMMARY OF ACCOMPLISHMENTS

Evidence was presented for a synergism between coal liquids as

representative complex mixtures and ami no polycyclic aromatic hydrocarbons on

mutagenic act iv i ty . The bacterial mutagent ci ty of mixtures of 6-am1nochrysene

( -AC) and coal liquids was dramatically higher than the mutagenicity of

either material .Hone, This result was found under three assay conditions:

standard Ames incorporation assay, preincubation Ames assay, or microtiter

fluctuation assay. Aromatic, but not al iphatic, components of the coal

liquids were responsible for the synergistic effect. The nitro analog of

6-AC, 5-nitrochrysene (6-NC)t does not require P-450 activation. Because the

coal liquids did not affect the mutagenic act iv i ty of 6-NC, i t was suggested

that the synergism for 6AC involved the P-450 activation system.

Substantive improvements in the CHO/HGPRT mammalian cell mutagenicity

assay were reported. One of the chief obstacles in working with chemical

mixtures in this or similar assays is that, generally, mutagenicity is

expressed only at sample concentrations for which cytotoxicity is high, thus

compromising the val idi ty of the mutagenic response. Several alternatives

were shown to be effective in minimizing the cytotoxic effects, including

running the assay at low concentrations of test material, removing cytotoxic,

ncnmutagenic phenolic compounds by alkaline extraction prior to testing, and

adding of enzymes and cofactors that modify the cytotoxic compounds. For

example, naphthalenes, phenanthrenes, fluoranthenes, and isomeric compounds

present in coal-derived materials are eytotoxic but have l i t t l e or no

mutagenic act iv i ty . In contrast, the larger 4- and 5-ring PAH (e.g.

benzoanthracenes and benzofluoranthenes) are mutagenic but have relatively
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l i t t l e cytotoxicity. The PAH required metabolic activation for expression of

their cytotoxieity. The addition of uridine disphosphoglucuronic acid

decreased the cytotoxicity of nonmutagenic two- and three-ring polycylic

aromatic hydrocarbons by conjugating phenolic metabolites, forming the

corresponding glucuronide conjugates. Addition of DT-diaphorase decreased

cytotoxicity by reducing quinone metabolites, thus decreasing the production

of cytotoxic reactive oxygen species.

In another study, cellular responses to chemical treatment j j ^ v i t ro or iji

vivo were compared. Induction of sistar chromatic exchange (SCE) was compared

in primary cultures of Chinese hamster lung cells following in vivo exposure

by inhalation or exposure in culture. The intact lung was capable of clearing

most of the toxic chemical, resulting in l i t t l e induction of SCE even after

repeated exposure. The cells exposed j ^ v i t ro showed a strong dose-response

relationship, clearly demonstrating differences between exposure conditions

and indicating d i f f icu l t ies in extrapolating in vi tro results to potential j[n_

vivo effects.

A unique in v i t ro system has been developed to study mutagenicity and

cytotoxicity of toxic gases and vapors. Cells are grown on collagen gels in a

system that allows an a i r /ce l l interface for vapor phase exposure. This

system has made i t possible to predict the effective dose for cell k i l l ing J_n_

vivo by such agents as NO2, formaldehyde, diesel exhaust, and gasifier tar

vapor.

The formation of benzo{a)pyrene DNA adducts in mouse lung both in vivo

and _jn_ vi t ro was enhanced by pre-exposure to a variety of complex mixtures.

This result was attributed to induction of metabolic activation enzymes. Many

of the adducts persisted for as long as a week after exposure.
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FUTURE DIRECTIONS IN RESEARCH

Pr io r i t y areas of research on delayed effects on ce l ls from exposure to

complex chemical mixtures are mutagenesis/carcinogenesis and teratogenesis.

Increasingly, the program 1s turning to fundamental studies that stress

mechanisms by which cel ls respond to damage Induced by complex chemical

mixtures. A major objective of t h i s research w i l l be to develop biological

(pr imar i ly molecular) markers that indicate potential genetic or carcinogenic

damage to somatic and germ ce l ls in tissues/organs of the intact animal.

Continued support w i l l be needed fo r studies to ident i fy DNA adducts

(source of primary DMA damage) as most genetic/carcinogenic damage from

complex chemical mixtures probably resul ts from lack of repair or misrepair of

DMA adducts, Because i t i s d i f f i c u l t to re late molecular change in DNA

( i ,e o » mutat ion/ in i t iat ion/carcinogenesis) to speci f ic DNA adducts or classes

of DNA adducts, ef fect ive experimental approaches w i l l need to be developed.

Addi t ional ly , due to the large number of aromatic and polycycl ic compounds

normally found in these mater ia ls , the problem w i l l be compounded because i t

i s l i k e l y that many types of DNA adducts w i l l be formed in ce l ls exposed to

energy-related complex chemical mixtures. Bioactive DNA adducts w i l l probably

be a small subset of the to ta l adduct population. Thus, analyt ical procedures

capable of rapidly ident i fy ing and quant i tat ing an array of DNA adducts w i l l

have to be developed,,

In para l le l w i th the analyt ical work, sophisticated molecular biological

measurements w i l l be required to determine which DNA adducts are bioact ive.

An important question w i l l be the effect of nonmutagenic/noncarcinogenic DNA

adducts on repair mutagenesis and i n i t i a t i o n induced by active DNA adducts.
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One promising approach w i l l be to determine i f mutational spectra

generated by complex chemical mixtures are unique, and 1f they may be used,

retrospectively,,, to indicate the source of the mutations induced. Such

one-to-one mapping relationships (which appear to be true for pure chemicals)

would be invaluable in demonstrating both the source and the existence of

genotoxicity and potential carcinogenicity in animals exposed to complex

chemical mixtures. Several general approaches involving techniques from

molecular genetics and recombinant DNA technology are available for use on

this problem.

In addition, molecular studies are needed to see i f unique oncogene or

oncogene families are activated by exposure of animals to complex chemical

mixtures. Such work is related to the mutational spectra and DNA adduct work

described above, since al l of these end points are indicators of carcinogenic

potential in mammalian cel ls.

Increased emphasis should be given to "multilevel" studies that relate

molecular/cellular changes to the intact animal. Animal models for heritable

mutations leading to skin, lung, and organ carcinogenesis are being used in

the complex chemical mixture program in the multilevel approach.
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Evidence That High Boiling Coal Liquids Enhance the Mutagenicity
of Aromatic Amines.

R. A. Pelroy, D. L. Stewart, and E. L. Chess

Biology Department, Pacific Northwest Laboratory, Richland,
Washington 99352

Based on biodirected analysis of complex chemical class

fractions, considerable evidence has been obtained that the

determinant mutagens in the basic fractions of coal liquids and

coal tars are amino polycyclic aromatic hydrocarbons (amino PAH)

cf 3-5 condensed rings. Evidence obtained in the initiation

promotion mouse skin painting assay suggests that amino PAH in

these basic fractions are also the major contributors of the

initiation of skin tumors.

Chemical analysis of basic fractions from several coal liquids

revealed that a fairly limited number of compound types compose

most of the amino PAH in these materials. For 800+°F coal

distillates, whicn are active as mouse skin carcinogens, the

aminochrysenes appear to be the major amino PAH, although other

3, 4 and 5 ring amino PAH were also detected. Overall, however,

the amino PAH are a minor constituent of these coal derived basic

chemical fractions. The high mutagenicity of these basic

fractions raises the question of whether there are synergistic

interactions between constituent components that enhance the

mutagenic potency of the amino PAH. Described are experiments

that attempt to chow if the composition of various coal liquids

enhances the expression of mutagenicity by amino PAH.
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Methods

Mutagenesis was measured with the frameshift tester strain,

Salmonella typhirmurlum TA 98 as described by Ames, et al. The

standard plate incorporation, preincubation and fluctuation

bioassays, were used to measure mutagenesis.

Coal liquids were obtained from the repository at PNL and 6-

aminochrysene (6AC) and other chemicals used in this study were

the highest grade available.

Results

The combination of 6AC plus high boiling coal liquid appeared to

be more mutagenic in the standard plate incorporation bioassay

with S. typhirmurium TA 98 than either 6AC alone or coal liquid

alone. (Table 1) Enhanced mutagenic activity was observed for

all the coal liquids examined.

Similar results for 6AC were obtained with the preincubation

bioassay (data not shown) and with the microtitre fluctuation

bioassay (Table 2). Also shown in Table 2 are mutagenicity data

for benzo(a)pyrene (BaP) and the 6AC nitro analog of 6AC, 6-

nitrochrysene (6NC).

These data show a strong enhancement of total mutagenicity over

several orders of magnitude relative to the mutagenicity of 6AC

alone or EDS 850+ alone. This effect was strictly dependent on
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S-9 catalyzed metabolic activation. It is noteworthy that

neither 6AC (at a concentration of .005 ug/ail exposure medium) or

EDS 800+ (5 ug/ml exposure medium) were mutagenic in the

fluctuation bioassay system.

The combination of 6NC and EDS 800+ did not show the same

enhanced mutagenicity relative to 6NC alone and EDS 850+ alone

demonstrated by 6AC + EDS 800+. In the presence of S-9, 6NC and

6NC + EDS 800+ were approximately equally mutsgenic. In the

absence of S-9 the mixture 6NC plus EDS 800+ was less active than

6NC alone, showing background mutation frequencies. Evidently

the complex mixture, EDS 800+, inhibited the bacterial (S-9

independent) activation of 6NC to a mutagen, possibly by

competing for nitro reductases that are thought, to catalyze these

reactions.

The mutagenicity the indirect mutagen, benzo(a)pyrene (BaP) was

unaffected by the presence of EDS 800+ at the concentration of

this mixture that gave rise to a strongly enhanced mutagenic

response with 6AC.

Table 3 presents evidence that only the polycyclic aromntic

components in EDS 800+ were capable of interacting 6AC to produce

an enhanced mutagenic response with TA98 relative to 6AC or
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EDS 800+ above. Ths nutagenicity of the aliphatic plus 6AC

mixture was nearly equal to that of the 6AC alone» The aliphatic

mixture, alone, had no nutagenic activity.

Conclusions

Combinations of 6AC and high boiling coal liquids showed much

greater mutagenic activity than either of these components

assayed alone. These data suggest that constituents in these

complex mixtures were acting in some unspecified way to produce

synergistic response of the system to the amino PAH.

It is not clear from the data presented whether tha synergism

between the amino PAH and the coal liquids was at the level of

the P450 activating enzymes (external to the cell) or at the

level of the target cell (internal), e.g. on DNA repair processes

or at both levels. However, the data for 6NC vs. 6AC suggests

that interactions between the P4S0 enzymes and the components of

the coal liquids were responsible for the mutagenic synergism,

and that little, if any, of the synergism was at the level of the

target cells.

6AC requires metabolic activation, through PA50 oridation of the

amino group to the corresponding hydroxamate. The hydroxamate

then attacks DNA directly to induce frameshift mutations.

Synergism involving only P450 enzymes would show with 6AC. On
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the other hand, 6NC is directly converted to the sane active

hydroxanstic formed by 6AC, by the target cells (TA 98),

bypassing the PA50 enzymes steps on the way to induced nutation.

Thus, synergism totally at the level of the cell would be seen

with 6NC. Since 6NC was not subject to mutational synergism, the

effect of the EDS 800+ appears to be external to the cell, i.e.,

at the level of the P450 enzymes. This points to the P450

reactions of metabolic activation as the key steps in the

process.

All of the polycyclic aromatic chemical classes (i.e. PAH, NPAC,

and hydroxy PAH) induced strong mutational synergisra with 6AC.

However, the alphatic class fractions did not induce such an

effect. Thus, it is probably aromatic!ty of the coal liquid, per

se, rather than heteroatomic composition, that is the common

requirement for mutational synergism with j> typhlrmurium TA98.
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Table 1

Mutagenicity in the plate incorporation test with S*_ typhirmurium

TA98, of coal liquids plus 6AC vs. 6AC alone or coal liquid

alone* All assays done with metabolic activation by Aroclor

Induced rat liver hemogenates (S-9).

(0.2-1 ug/plate)
Coal Liquid (100 ug/plate) 6AC Revertants TA 98/ug

None + 7,800

EDS 800+ + 15,000

6a

ITSL 800+ + 32,000
0

SKC I 800+ + 33,480
0

SKC II 800-850 + 38,000
0

SKC II 830+ + 50,840
0

o indicates mutagenic response was less than two fold above
background
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Table 2

Hutagenicity of 6AC, 6NC, and BaP Alone, and Mixed With EOS 800+

Raeio of
Compound Cone, (ug/ml) S9 Mutation Frequency Frequencies +/-

6AC .005 + 1.7, 1.5, 160b, 38

824, 281, 94, 32

.005 plus + 1400, 422. 1500, 1200
5 EDS 800+

.005 - 2,8, 7.9, 2.4, N.D.

1.7, .32, 9.2, N.D

.005 plus - 4.8, 2.5, 2£, N.D.
5 EDS 800+

6NC .005 + _100

1.5

.005 plus + 1501
5 EDS 850+

.005 - _100

.001
.005 plus
5 EDS 800+ - 8.5

BaP 10 + 620, 490, 280
.9, .6, .6

10 plus
5 EDS 800+ + 550, 310, 170

a Average number of revertants, S. typhirmurium TA98 per 10
surviving cells after 2 hour exposure in fluctuation bioassay.

Underlined values indicate that mutagenic response was
significant above background, P < 0.01.
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Table 3

Effect of Mixing Chemical Classes from EDS 800+ with 6AC on

Mutagenicity of the Combination vs. 6AC Alone or the Chemical

Class Alone.

218

215

oa

3037

0

2419

0

2346

0

2582

6AC (ug/plate)

.02

.02

0

.02

0

.02

0

.02

0

.02

0

Fraction (ug/pl

None

Aliphatic

it

PAH

••

NPAC

»

hydroxy PAH

tt

unf ractionatei

II

o in this column indicates mutagenic response less than two
fold above background
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Measurement of Kutagenesfs by Complex Kfxtures In the CHO/HGPRT System:
Selection of Parameters for Optimum Mutation Frequency

Michael L. Cunningham, David A. Haugen, and Christopher A. Reil ly, Jr.

Division of Biological and Medical Research, Argonne National Laboratory

The Chinese hamster ovary-hypoxanthine-guanine phosphoribosyi

transferase (CHO/HGPRT) assay has been validated for testing the mutagenic

potential of numerous Individual compounds.1 I ts usefulness for testing the

mutagenesis of complex mixtures Is limited by the toxicity of the mixtures

and by Interactions that mask their true mutagenic potential. We report

here modifications of the assay conditions that we found enabled us to

better evaluate the toxicity and mutagenicity of complex mixtures.

CHO-K1 cells were grown in antibiotic-free Ham's F12 medium

supplemented with 5% fetal bovine serum in a humidified-COg (5%) incubator

at 37°C (doubling time approximately 14 hours; plating efficiency >75X).

Before a mutagenesis assay, cells were plated at a density of 5 x 105

cells per 25 cm2 flask and Incubated for 24 hours. The growth medium was

removed and replaced with serum-free medium supplemented with an NADPH-

generating system, rat l iver nvicf osomes (0.05 mg protein/mL, optimal for

benzo[a.1pyrene) from animals pretreated with Aroclor 1254, phosphate buffer,

KC1, CaCl2 (2 mM), MgCl2 (2 mM), plus either test material, benzo[a]pyrene

(BaP, 10 uM as positive control), or DMSO as a vehicle control (50 ML, 1%

v/v). After 3 hours of incubation at 37°C, the medium was removed from the

flask, and the cells were washed, trypsinized and replated at 200 cells per

dish for cytotoxicity evaluation. After subculturing the remainder of the

cells thrice weekly for 7 days, mutants were selected by plating 106 cells

at 2 x 10s cells per 75 cm2 area in growth medium containing 20 uiA

6-thioguanine (6-TG). Concurrently, 200 cells were plated in t r ip l icate 1n
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growth medium for determination of cloning efficiency. After 7 to 10 days,

the cells were stained with Glems*-methanol and counted. Cytotoxicity Is

expressed as percent surv1v?'i relative to solvent-treated controls.

Mutation frequency Is calculated as the number of 6-thioguanine-resistant

mutants per 106 cells plated corrected for cloning efficiency.

Results and Discussion

Sample concentration. The results 1n Table 1 Indicate application of

the CHO/HGPRT assay for the Isolation and Identification of mutagens and

potential carcinogens from complex mixtures. Fractions D (benzanthracene

isomers and alkyl homologs) and E (benzopyrene Isomers and alkyl homologs)

were the most mutagenic, while the naphthalenes (2-Hng) and phenanthrenes

(3-r1ng) fractions had negligible activity. Relatively l i t t l e mutagenic

activity was observed for the fluoranthene (3-4 ring) fraction.

Table 1. Mutation Induction by Neutral Subfractions of
Coal Gasification Tara

Fraction

A

B

C

D

E

Ring
No.

2

3

3-4

4

5

Wt %

22

10

4

3

2

Mutation

0.1 ug/ml 0.25

3

8

4

15

20

Frequency1*

ug/ml 0.

2

3

7

18

42

5 Mg/ml

2

3

9

40

67

Slope
(correlation
coefficient)0

2 (0.38)

0.5 (0.03)

17 (0.94)

74 (0.97)

131 (0.99)

aGrand Forks, ND gasifier. Preparation of subfractions described 1n Swansen
et a l . , these proceedings,

bMutants per 106 surviving cells; background frequency subtracted,

determined by linear regression.
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As reported by Swanson et a i . (these proceedings), fractions A, B, and

C were cytotoxic (dependent on metabolic activation) when examined In the

concentration range 10 to 40 iig/tnL, while fractions D and E were much less

cytotoxic. Attempts to measure mutagenesis of fractions D and E In the

concentration range 2 to 10 ug/mL (appropriate for BaP) resulted in positive

responses, but with slopes of concentration-mutation relationships that were

£ 0 , When the concentration range was decreased to 0.1-0.5 ug/ml (Table 1),

linear concentration-mutation relationships were observed. Thus, meaningful

mutation-concentration relationships for complex mixtures appear best

obtained by using unusually low sample concentrations. This relationship

could be related to inhibition of metabolic activation as we described

earlier for the Salmonella/microsome mutagenesis assay.

Effects of calcium and magnesium salts. Inclusion of 2 mM calcium and

2 mK magnesium also resulted In severalfold higher mutation frequencies for

benzo[a]pyrene in the CHO/HGPRT assay. The reason for this effect does not

appear to be related to metabolic activation, because Increased calcium and

magnesium concentrations do not increase overall BaP metabolism. In

addition, Ca+2 and Mg+2 had no effect on the mutagenicity of N-methyl-N'-

nitro-N-nitrosoguanidine, a direct-acting mutagen. The basis for the

Increased mutagenicities 1n the presence of these two cations is currently

under investigation.

Extraction of phenols. Figure 1 shows the mutagenic response to a coal

gasification tar (Morgantown) before and after extraction with 2 N NaOH to

remove cytotoxic phenolic components. The crude sample appeared only weakly

mutagenic, whereas the response to the alkali-extracted sample was greater

and more nearly linear.
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Figure 2. Mutation induction by gasification tar before and after
extraction with 2N NaOH.
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Procedures for mammalian mutagenesfs assays such as the CHO/HGPRT

system continue to improve in their sensitivity to chemical mutagens.

However, several modifications to the standard CHO/HGPRT assay are necessary

to produce optimum response to complex mixtures. These include (a) low

concentration of test sample (0.1-5.0 ug/mL) to give linear dose-mutation

curves, (b) inclusion of 2 mM Ca+2 and 2 mM Mg+2 in the activation medium,

and (c) removal of cytotoxic, nonmutagenic phenolic compounds by base

extraction prior to testing. Overall, these modifications In the standard

CHO/HGPRT assay protocol have allowed better quantitative estimation of the

mutagenic potential of complex mixtures,,
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Comparative Cytotaxidty of Poiycyclic Aromatic Hydrocarbons In Chinese
Hamster Ovary Cells; Mechanism of and Protection Against Gyfcotoxicity

»%rk S. Swanson, David A. Haugen, Michael L. Cunningham, and Vassilis C.
Stamoudis

Division of Biological and Medical Research and Energy and Environmental
Systems Division, Argonne National Laboratory

Generally accepted procedures have been developed for estimating the

genotoxicity of Individual chemicals by using bacteria or mammalian cen§ 0

However, responses of these cellular systems to energy-related! mixtures that

contain carcinogens are often less than expected frow knowledge of the

activities of the Individual carcinogens present 1n the mixtures. Similarly,

results of some experiments with animals have demonstrated that carcinogenic

responses to energy-related mixtures are less than predicted from the known

responses to Individual components or fractions. The present study is aimed

at (a) developing and improving current approaches for using mammalian cells

for meaningful measurements of the genotoxicity of mixtures and (b)

understanding the mechanisms and significance of inhibitory interactions that

occur in cellular and animal systems. Polycyclic aromatic hydrocarbons (PAH)

ware chosen for the initial studies because of their abundance in energy-

related mixtures and because of their recognized Importance as energy-related

carcinogens.

We and others have observed only relatively small, nonsystematic

responses of mammalian cell systems to carcinogens in mixtures, possibly due

to toxidty, competition for metabolic activation, or other factors. In the

present study we are exploring the role of cytotoxidty 1n the attenuation of

liutagenic responses. This approach was selected because we had observed that

cell survival appeared to be a limiting factor in measurement of mutagenic

responses to PAH-conta1n1ng mixtures.
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In the present study the neutral fraction (35-40 wt % of nonvolatile

components) of a coal gasifier tar (Grand Porks, ND) was prepared by liquid-

liquid partitioning. The aliphatic and aromatic hydrocarbons were isolated by

preparative silica high-performance liquid chromatography (HPLC). Preparative

and semi preparative bonded-amino HPLC was used to isolate PAH subfractions

according to their aromatic carbon number. Representative components of the

five fractions (each containing unsubstituted and alkylated PAH) were As

naphthalenes; 8, phenanthracenes/anthracenes; C, fluoranthenes/aceanthrylenes;

D, benzanthracenes/chrysenes; and E, benzopyrenes/benzofluoranthenes.

Analysis by gas chromatography and gas chromatography-mass spectrometry showed

that the content of the fractions ranged from 80 to 95 wt % of the indicated

PAH subclasses,

The mutagenicity and cytotoxicity of the fractions and related mixtures

and individual compounds were measured in Chinese hamster ovary (CHO) cells,

with 6-thioguanine resistance as a measure of mutagenesis. Results and

procedures for mutagenesis assays are described by Cunningham et al. in these

proceedings. For cytotoxicity measurements, cells were incubated in serum-

free medium containing the test materials added in dimethyl sulfoxide (DMSO),

an NADPH-generating system, and rat liver microsomes (0.05 mg protein/mL) from

animals pretreated with Aroclor 1254 to induce increase the level of

monooxygenases. After three hours, the cells were washed with fresh medium,

then detached with trypsin-EDTA, and 200 cells were plated for measurement of

cloning efficiency relative to OMSO-treated control cultures.

Fractions D and E, containing 4- and 5-ring PAH, were the most mutagenic

(Cunningham et al., these proceedings). However, as shown in Table 1, the

relatively abundant fractions A, Bs and C were cytotox1c9 while the less

abundant mutagenic fractions 0 and E were relatively nontoxic. We are
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exploring the role of the relatively abundant cytotoxic PAH on mutagenic

responses to less abundant carcinogenic PAH.

We report here Initial results from that study in which we determined the

basis for the cytotoxicity and used biochemical approaches to attenuate it.

Metabolic activation of PAH, including naphthalene, was necessary for

expression of their cytotoxicity. The cytotoxicity of 1-naphthol, a major

metabolite of naphthalene, was also dependent on secondary metabolism,

evidentally leading to formation of naphthoquinone,, The metabolism-dependent

cytotoxicities for naphthalene, methyl naphthalenes, and 1-naphthol (but not

menadione) were decreased by adding uridine diphosphoglucuronic acid (UDPGA,

2 mM) to the activation medium. This decrease was attributed to the formation

of the glucuronide conjugate of naphthol catalyzed by microsomal UDP6A-

glucuronyl transferases. The cytotoxidties of naphthalene, methyl

naphthalenes, and menadione were also diminished by adding rat liver cytosol

or semi purified rat liver DT-diaphorase.

In biological systems, quinones undergo one-electron redox cycling

whereby their NADPH-dependent reduction to semiquinone radicals is

enzymatically mediated by microsomal NADPH-cytochrome P-450 reductase. The

radicals react nonenzymatically with molecular oxygen, generating superoxide

anion radical and other cytotoxic oxygen species, and regenerating the

quinone. The presence of cytosolic DT-d1aphorase limits semiquinone radicals

formation by competitively catalyzing the two-electron reduction of quinones

to the corresponding hydroquinones, thus limiting their participation in the

one-electron redox cycle.

The results in Table 1 show that the cytotoxicities of the PAH fractions

from the gasifier tar were also diminished to various degrees In the presence

of UDPGA and DT-diaphorase, presumably via the same mechanism as determined

for naphthalene and its metabolites.
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Table 1. Effects of UOPGA and DT-D1aphorase on the Cytotoxicity of PAH

Fraction

A

B

C

D

E

A*Ea

Ut %

22

10

4

3

2

Ring
Number

2

3

3-4

4

5

2-5

Activation
System

Microsomes
+ DT-di aphorase
+ UDPGA

Microsomes
+ DT-di aphorase
+ UDGPA

Microsomes
+ DT-di aphorase
+ UDPGA

Microsomes

Microsomes

Microsomes
+ DT-di aphorase
+ UDPGA

10

48
100
94

92
96
89

100
100
100

83

96

"

Concentration (yg-mT1)

20

Relative

47
93
92

19
22
29

68
85
87

100

98

32
91
100

30

Survival, (

32
90
96

7.4
9.8
14

23
47
33

—

--

""

40

%

4.4
11
15

" b

19
25
24

97

100

30
33
48

aA mixture of fractions A through E in proportion to the indicated wt %,
bNot tested.

Our results are consistent with the conclusion that the cytotoxicity of

energy-related PAH In the CHO mutagenesis assay depends primarily on metabolic

conversion of the PAH to quinones, thus leading to production of reactive

oxygen species. Experiments are in progress to determine the effects of UDPGA

and DT-diaphorase on mutagenic responses to defined and complex mixtures of

PAH. The results will lead to a better understanding of the importance of

cytotoxicity in estimating the genotoxicity of energy-related mixtures, and to

a better understanding of toxicologic interactions.
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Correlation of In V1tro-In Vivo Genotoxicity of Organic Compounds

A. L. Brooks and C. E. Mitchell

Lovelace Inhalation Toxicology Research Institute, Albuquerque, NH 8718S

This research 1s directed toward gaining a better understanding of

the cellular and molecular mechanisms that link exposure and dose from

complex chemical mixtures to the development of mutations and disease. The

first objective 1s to develop an understanding of response of biological

systems to exposure to single chemicals and simple mixtures that are

selected for their importance and mode of action. This understanding forms

the scientific basis on which the study of more complex chemical mixtures

by fraction, ^constitution and comparative methods 1s based. With these

methods it is possible to address such questions as: "What 1s the

potential interaction between chemicals to produce addative, synergistk or

antagonistic genotoxic responses?" Short-tern tests are used to answer

specific questions about exposure-dose-response relationships. We have

defined the exposure parameters associated with Injury of critical lung

cells. We are also conducting research to help understand the biologically

significant cellular dose and factors such as enzyme induction, DNA damage

and repair, and the localized dose to chromosomes which may alter

response. Finally, we are measuring a wide range of biological responses

(mutations, sister chromatid exchanges (SCE), chromosome aberrations, cell

transformation and cancer induction) induced by a range of complex mixtures

and individual compounds. These responses are used in a matrix to provide

a first estimate of relative genotoxic potency.

The results of this research are summerized by using the data to

address some Important questions. The first question 1s: "What 1s the
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relationship betwesn the dose and biological response of cells exposed In.

vitro to that observed after In, vivo Inhalation exposure?" This question

was addressed by measuring the frequency of SCE 1n primary cultures of

Chinese hamster lungs after Inhalation exposure or exposure in tissue

culture. There was a good exposure-response relationship derived for cells

In vitro. Indicating that the chemical was capable of producing changes In

the frequency of SCE 1f the exposure level was adequate. However, the SCE

response following Inhalation exposure was very small and could not be

Increased by repeated Inhalation exposure. This suggests that the

effective dose to the lung following Inhalation exposure was low and that

clearance of the chemical from the lung and cellular repair minimized

damage 1n lung cells In vivo.

The concentration of vapors and gases 1n the respiratory tract change

as a function of the distance down the respiratory tract. This makes it

difficult to estimate or measure the cellular dose in the deep lung after

an exposure to gases or vapors. By using a model exposure system, which

combined measures of cell killing and mutation Induction with direct

exposure of the cells on a air collagen Interface, it was possible to

provide information on exposure-dose-response relations and help answer the

question: "What 1s the cellular dose to vapors and gases in the lung

during Inhalation exposure?" Cells were grown on collagen gels and exposed

to materials ranging from single known toxic gases and vapors (NO.,

formaldehyde, ethylene oxide, propyiene oxide and 1,2-dichloroethane) or to

complex chemical mixtures (vapor phase material from diesel exhaust and

gasifier). Kutagens like ethylene and propylene oxide produced both

mutation and cell killing in this system 1n a very predictable way. Cell

killing was greater 1n the lung epithelial cells than In CHO cells. This
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was related to the surface to volume ratio for the two different cell

types. Predictions of effective dose as related to cell killing in vivo

were made from these studies.

To better define effective dose, studies have been conducted both In

vitro and 1n mouse lung in vivo that evaluate the amount of DMA binding,

ONA adduct formation and DNA breakage as a function of exposure level. It

was observed that following enzyme activation by a range of materials

(diesel exhaust extract, coal gasifier tar and B(a)P), the level of

Interaction with the DNA for several mutagen/cardnogens was greatly

Increased and that the ONA adducts formed with some chemicals remained over

a long time period. In addition, the distribution of dose along the

chromosome was evaluated to answer the question: "Is the differential

chromosome breakage and mutation frequency Induced by certain

mutagen/cardnogens related to differential sensitivity of certain regions

of the chromosome or related to an increase In the local dose due to

preferential binding of the chemical to localized regions of the

chromosome?" The data suggest that the exposure of CHO cells to B(a)P

dioiepoxide results in binding of the chemical to the chromosome. The

carcinogen was eliminated from the chromosomes with a half life of about 5

hours and that the material was uniformly distributed along each

chromosome. A non-random distribution of the chemical was detected between

the different chromatids. This appeared to be related to differential

removal of the adducts from the chromatids.

Research using genotoxic responses, to generate relative genotoxicity

ratios, 1s being conducted using a number of different complex mixtures

(extracts from diesel, spark Ignition and environmental participate

materials, coke oven extracts and coal gasifier effluents). Damage 1s
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detected with a range of genotoxidty endpoints (Ames test, CKO/HGPRT, SCE,

cell killing and chromosome aberration Induction). For materials produced

under similar environmental conditions (1n oxidizing environments) a

relative genotoxidty ranking was generated using both mammalian and

bacterial systems that was similar for both mammalian and bacterial

systems. However, when materials that were produced under different

conditions were compared there was little correlation between endpoints

measured in the mammalian cells and those derived from bacterial assays.

The mammalian assays did, however, correlate well with each other for the

range of complex mixtures evaluated. As our understanding of the

mechanisms of action Increases, data like that generated under this project

will aid 1n predicting the health risk to it. n from exposure to complex

chemical mixtures. (Research performed under DOE Contract No.

DE-AC04-76E01013.)
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SESSION III. MIINIU. STUDIES (NOM-DERMM.)

SUMMARY OF ACCOMPLISHMENTS

In this session-, three presentations described research on effects in

whole animal systems in which routes of exposure other than through dermal

tissue were used. These studies form an Important bridge between data from

studies at the cellular and molecular level and an understanding of health

effects as they are likely to occur In man. The approaches that were

described are similar In that the Initial Impact of the materials studied is

on respiratory tract tissue, although different end points were evaluated.

A tracheal implant model was developed, in which tracheas from donor

animals are implanted subcutaneously into the backs of host animals. The

implants provide an accessible test system lined with respiratory epithelium

that is maintained as an intact "organ" for a prolonged period by the host. A

"flow-through" implant having each end of the tracheal section open to the

skin surface allows repeated treatments with solids, liquids, or gases.

Effects are evaluated by histopathologic examination of tracheal sections and

exfoliated cells. Explants of treated tracheas can be cultured in vitro for

further study.

Implant models like the one described above, allow the study of

csrcinogenesis in target tissue following application of known amounts of test

material. Useful future applications Include the study of relationships

between (1) the nature and treatment pattern of test compounds, (2) the dose

of active molecular species to critical sites in genetic material, and (3) the

resulting pattern of carcinogenesis, as well as the differential carcinogenic

sensitivity of target tissues between species.
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Inhalation studies in whole animals are being conducted with selected

energy-related complex chemical mixtures. This approach provides a link

between information from in v i t ro , short-term in vivo, and mechanistic studies

and an understanding of health effects as they are l ikely to occur in man. A

major expected route of human exposures to complex, energy-related materials

is by repeated inhalation of particles, vapors, gases, and their

combinations. In humans, as in intact experimental animals, health effects

w i l l be determined not only by the dose and nature of material inhaled, but

also by interactions among defense, metabolic, and repair processes. These

processes can not real is t ical ly function in concert in less than whole-animal

systems. On the other hand, these studies are longterm; thus, the hypotheses

addressed and the numbers and types of test materials studied must be

carefully selected*

Rodents have been or are being exposed repeatedly by inhalation (up to

life-span exposures) to (a) complex mixtures including whole diesel exhaust

and oi l shale dust (raw and spent, either alone or in combination with diesel

exhaust), and (b) combinations of single materials selected as representative

energy-related organic carcinogens combined with carrier particles and

i r r i t an t gases. Relationships between histopathology and changes in

respiratory function, pulmonary immune function, particle clearance defenses,

and biochemical indicators of injury are being studied. Studies with

representative materials are testing hypotheses about cocarcinogenic

interactions between organics, particles, and gases.

Rodents have been exposed to aerosols of sol vent-refined coal liquids for

periods up to 12 weeks with subsequent l i f e span observation. These studies

evaluate the effects on cardiovascular function, morbidity, and

card nogeni c i ty .
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Biological Effects of Chemicals in the Open-Ended Tracheal Implant Model:
Applications to Complex Mixtures

Ann C. Marcbok, Biology Division, Oak Ridge National Laboratory*

An open-ended, flow-through tracheal implant (FTTI) model was recently

developed (Shiba, Marchok and Elein-Szanto, Toxicol. Lett. !£.: 241, 1983),

to study the induction and pathogenesis of lung cancer. In this model a

well-rjeflned target site can be exposed to unlimited numbers of exposures

of single or multiple test agents of any physical form, e.g., solutions,

gases, particles. The FTTI have the added advantage that the cells which

exfoliate into the lumens can be periodically collected for diagnostic

cytopathology. In this way the appearance and progression of lesions in

the tracheas can be followed without sacrificing animals. The sensitivity

of the exfoliated-cell cytopathology for following the progression of

earcinogenesis was first demonstrated in an initiation-promotion study in

which conventional rat tracheal implants were exposed for ona month to 468

Vig benzc(ajpyrene (BaJ) released from besswax pellets. The implants were

then made into FTTI and exposed 2x/wk for 30 wks to 0.1$ formaldehyde

(HCHO) in PBS. The cytopathology indicated marked atypia or carcinoma in

situ in 9 of 20 FTTI exposed to the Bap + HCHO. Histology sections of the

FTTI taken at 30 weeks showed a correlation with the severe atypias in 5

cases. All of the trachea is not sectioned, thus, all of the lesions are

not detected by histology. FTTI exposed to only Bap or HCHO exhibited at

most mild atypia in the cytopathology and histopathology.

FTTI have also been exposed to humidified HCHO gas (2-12 ppm) which

induces hyperplasia and squamous metaplasia (Shiba, Marchok and
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Klein-Szanto, Toxicol. 30_: 317, 1964). HCHO gas Is being given alone and

in various exposure regimens with Bap-gelatin pellets to study the

carcinogenicity, cocarclnogenicity and promotability of the KCHO gas. FTTI

are also being exposed to different doses of Bap in gelatin pellets,
•so

usually given 2x/wk for different lengths of time, and the induction and

progression of cancer followed. B&p is the reference carcinogen for all

these and the subsequent experiments. Exposure conditions for long-term

study of B^p and the test agents are determined from short-term (2-8 wk)

toxicity studies in which the extent of morphological changes (hyperplasia,

metaplasia, inflammation, etc.) induced in the traoheaal mucosa by

different concentrations of the biohazard are quantitated, The induction

of cancer in the FTTI is quantitated using an in v^vo-in vitro approach

developed by us (Marchok et al., Cancer Res. 32.: 1811, 1977; 3&: 2030,

1978; Carcinogenesis 5.: 789, 1984) in which the numbers of carcinogen-

altered oell populations, identified by their survival in a selective

medium, are counted. The selection medium lacks exogenous pyruvat©,, which

is required for survival of normal tracheal cells in culture (fJasilenko and

Marchok, Exper. Cell Res. 155r 507, 1984). FTTI exposed to 160 yg Bap,

2x/wk for 1 wks (total dose = 1440 yg) had 0.66 selected cell populations

(SPO/FTTI while FTTI exposed to 40 yg Bjp/2x/wk for 4-1/2 months (total

dose 1440 yg) had 2.5 SPC/FTTI demonstrating the greater efficiency of long-

term low doses for inducing cancer.

This fiscal year experiments were initiated in collaboration with the

Analytical Chemistry Division to study more complex substances in the FTTI.

Since many environmental hazards are believed to reside on and may act as
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FUTURE DIRECTIONS IN RESEARCH

Carefully targeted whole-animal Inhalat ion exposures w i l l continue to

play a key role i n the study of complex mixtiirer tlnily by t reat ing and

observing in tact animals can results predicted by in v i t r o tests be

confirmed. Although, these studies skoylld not be done for every material of

in te res t , t h i s procedure is necessary for representatives of d i f fe rent classes

of mater ia ls . In inhalat ion studies, the use of assays of health ef fects

s imi lar to those applied to man ( I . e . , respiratory and cardiovascular funct ion

tests) is necessary. Information needed includes (1) d i f f e ren t i a t i ng between

the effect of to ta l par t i c le loading vs. the speci f ic nature of the par t ic les

inhaled and (2) elucidating the re la t ive ef fects of inhaling complex chemical

mixtures versus the effects of inhal ing the individual chemicals in the

mixture. Long-term inhalat ion studies are needed to test current hypotheses

about carcinogenesis enhancement by association of organics with par t ic les and

hypotheses about in i t ia t ion-promot ion interact ions where the target organ is

respiratory t rac t rather than sk in .
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cocarcinogena with particles, several classes (based on size, physical

properties, etc.) of carbon particles are being studied for their effects

on, 1) the bioavailability of radioactive Bap, 2) the induction of SPC in

FTTI, and ultimately, 3) the development of tumors. The particles now

under study are an industrial carbon black N351 (0.2 ym) and ultrapure

graphite (1,5,35 Urn). All the experiments described here form the

foundation of our study of additional model compounds and complex mixtures

in FTTI. The FTTI appear to provide an experimental model in which the

effects of hazardous agents on the respiratory system can be assessed in a

quantitative fashion not previously possible. There is a great need for

test systems which will bridge the gap between intact animal studies and

short-term in vitro tests. He believe the FTTI will go a long way in

providing this need.

•Research sponsored by NCI Grants CA-30529, CA-34137 and the Office of

Health and Environmental Research, U.S. Department of Energy, under

contract DE-AC05-840R21400 with the Martin Marietta Energy Systems, Inc.
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Toxicology of Inhaled Particles and Associated Organics

Joe L. Mauderly, David E. Bice, Nancy A. Giliett, Ray L. Hanson, Rogene F.
Henderson, Robert K. Jones, Roger 0. McClellan, John A. Pickrill, and

Ronald K. Wolff

Lovelace Inhalation Toxicology Research Institute, Albuquerque, NM 87185

This project addresses the human health effects likely to result from

repeated inhalation of complex energy-related materials. It is intended to

enhance extrapolation of information from chemical, in vit?os and short-tenn

in vivo studies to prediction of long-term health effects in man. The strat-

egy is to expose animals repeatedly by inhalation for a major portion of

their life span and to evaluate effects using assays of respiratory function,

pulmonary defense mechanisms, biochemistry, histopathology, cytokinetics, and

morphometryo Relationships between the effects observed and dosimetric param-

eters are used with comparative dosimetry models to predict effects in man.

Endpoints such as respiratory function are used to place the natures and mag-

nitudes of health effects in contexts which can be readily extrapolated in

terms of human health.

Exposure atmospheres include both materials of current environmental or

occupational concern and materials selected as representatives of physical or

chemical classes. The goal is to understand not only the effects of mixtures

of chemicals, but also mixtures of relatively insoluble particles, particle-

associated organics, vapors, and gases.

Rats were exposed 7 hrs/day9 5 days/wk for up to 30 months to whole die-

sel exhaust diluted to soot concentrations of 0.35, 3.5, or 7.0 mg/m , or to

air as controls. Detailed health effects endpoints were evaluated at 6-month

intervals. Soot particles accumulated progressively, concurrent with an im-

pairment of particle clearance, in lungs of rats at the higher exposure levels.

Dose-related chronic inflammation, epithelial changes, and progressive focal
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fibrosis resulted. Respiratory function reflected a restrictive impairment

which was well-correlated with morphometric data. Soot did not accumulate

progressively in lungs at the lowest level, and no adverse effects were ob-

served. Current effort is focused on detailed evaluation of lungs to deter-

mine tumor incidence.

Rats were exposed 7 hr/day, 5 days/wk for 4 weeks to raw or retorted

(spent) Paraho oil shale dust at 10 mg/m , alone, or in combination with die-

sel exhaust at 3.5 mg/m soot. The goals were to test the complex system

used for exposure to these combined complex materials, to examine early health

effects, and to evaluate recovery. A mild inflammatory response was observed,

which resolved within weeks after cessation of exposure. No statistically

significant changes occurred in particle clearance or respiratory function.

A life span study of inhaled oil shale dust and diesel exhaust is now at

the 13-month point. Rats are being exposed as in the short-term study to raw
3

or spent shale dust at 5 mg/m , alone, or in combination with diesel exhaust

at 3.5 mg/m soot. Detailed health effect endpoints are evaluated at 6-montfi

intervals. The only significant changes at 6 months were indications of in-

flammation, cytotoxicity, and phagocytosis in airway fluids of rats exposed

to shale-diesel combinations. These changes had intensified at 1 year.

Clearance of Fe203 particles, measured between 6 and 12 months, was signif-

icantly retarded in groups exposed to spent shale and shale-diesel combina-

tion. Respiratory function was not significantly altered at 1 year. Analyses

of lung burdens, lung tissue chemistry, and histopathology are not yet com-

pleted.

Carcinogenic interactions among single, representative organic carcino-

gens, insoluble particles, and irritant gases are being studied by a series

of experiments. The focus is on whether association with respirable particles
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and/or inhalation with i r r i t an t gases potentiate lung tumor induction by

organic materials- Rats have been exposed nose-only in carcinogen Isolation

units, 2 hr/day, 5 days/wk for 4 weeks to various combinations of either 1-
3 3

nitropyrene or benzo(a)pyrene (7.5 mg/m), gallium oxide particles (27 mg/m ),

and sulfur dioxide gas (5 ppm). These short-term exposures have addressed

the distr ibut ion, excretion, and DNA binding of radiolabeled organics, histo-

pathology, and cytokinetics. The goal is to design and in i t ia te a l i f e span

carcinogenesis study.

Results to date have shown that association with gallium oxide particles

or sulfur dioxide gas has l i t t l e effect on lung retention of organics. The

clearance of C-labeled benzo(a)pyrene given on the last day of a 4-week ex-

posure was not slower than when given with no previous exposure. A very small

amount (less than \% of the total retained in the lung) of C-labeled 1-

nitropyrene was bound to DNA when given on the last day of a 4-week exposure.

Histopathology and cytokinetics results are not yet available. Since gallium

oxide particles did not signif icantly prolong lung retention of organics,

carbon black is being investigated for use in the l i f e span study.

This project has improved our understanding of relationships among accum-

ulation of particles in the lung9 impaired particle clearance, progressive,

noncarcinogenic lung disease and altered lung function. Studies under way

and completion of histological evaluations of diesel-exposed rats w i l l show

relationships between carcinogenic and non-carcinogenic responses. Studies

under way and to be in i t iated w i l l test theories of potentiation of organic

carcinogenesis by particles and gases. (Research supported by the U.S.

Department of Energy Contract No. DE-AC04-76EV01013.)
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Effects of Inhalation Exposure to SRC-II Heavy Distillate

D.L. Springer, L.B. Sasser, R.C. Zangar, D.D. Mahlum

Biology and Chemistry Department, Pacific Northwest Laboratory, Richland, WA

In previous studies we demonstrated that inhalation exposure to SRC-II

heavy distillate (HD: boiling range 550-850°F) resulted in several toxic

responses. To extend these studies additional rats and mice were exposed

6 hours/day, 5 days/week, at a doses of 0.7, 0.14, 0.03 or 0.0 mg HD/L of air

for either 1, 4 or 12 weeks and observed for the remainder of their

lifespans. Results indicate that both growth and median survival age were

decreased for rats (Fischer-344) exposed for 12 weeks to the highest aerosol

concentration. For mice (CD-I) median survival age decreased with increasing

length of exposure and in a dose dependent manner. In addition, skin and

lung tumors were observed in exposed mice. Currently, tissue samples from

these animals are being evaluated for histopathological changes attributable

to the exposure.

Since results from the subchronic study demonstrated changes in serum

cholesterol and triglyceride levels and since there is evidence in the

literature suggesting that polynuclear aromatic hydrocarbons may be involved

in some aspects of cardiovascular disease, we evaluated HD exposed rats for

changes in blood pressure and other cardiovascular effects. Male Fischer-344

rats were exposed 6 hours/day, 5 days/week for 6 weeks to aerosols of SRC-II

HD at concentrations of 0.7, 0.24 or 0.0 mg/L of air. After a 2-week

recovery period the animals were evaluated for changes in blood pressures,

heart rates, cardiac outputs and blood volumes. The most striking

observation was a dose dependent elevation in arterial blood pressure for HD

exposed rats compared to control animals; in addition, heart rates, plasma
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and blood volumes were increased and blood P02 was decreased. To determine

wbccher these effects represent permanent changes in the cardiovascular

system, other animals were evaluated 6 weeks after the end of the exposure.

Preliminary data suggest that blood pressure and other cardiovascular effects

were reversible. Plasma samples are currently being evaluated for changes in

aldosterone and angiotensin concentrations. These results suggest that the

cardiovascular system could be detrimentally affected by exposure to complex

mixtures, but it is too early to conclude that a health problem exists.

Work supported by U.S. Department of Energy under Contract Number

DE-AC06-76RL0-1830.
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SESSION IV . /WltfU. STUDIES (DERHAL)

SUMMARY OF ACCOMPLISHMENTS

Complex mixtures derived from coal gas i f i ca t i on and l ique fac t ion are

known to contain potent dermal carcinogens. Reports presented in t h i s session

described the i d e n t i f i c a t i o n of const i tuents responsible for the

carc inogenic i ty and observations of in teract ions among components that

inf luence expression of carcinogenic a c t i v i t y . Results from other studies

showed tha t other organs may be affected by dermal exposure to complex coa l -

derived mixtures.

Chronic dermal studies showed that coal l iqu ids bo i l i ng below 700°F were

i n a c t i v e ; however, above 700°F, increased as the d i s t i l l a t i o n temperature of

the mixture increased, the carcinogenic a c t i v i t y increased. Simi lar resul ts

were obtained with a different set of d is t i l la tes tested as in i t iators of skin

tumorigenes i s . Both chronic and initiation-promotion skin tumorigenesis

studies showed that the highest act iv i ty was associated with the neutral PAH

fract ion, with lesser activi ty in the nitrogen-containing polycyclic aromatic

compound (NPAC; basic) fraction. Nitrosation of the NPAC fraction provided

suggestive evidence that most of i ts carcinogenicity may be due to i ts

aromatic amine content.

Several lines of evidence were presented showing that the expression of

dermal carcinogenic act ivi ty is signif icantly influenced by the composition of

the mixture being examined. Thus, the neutral PAH fraction prepared from a

gasifier tar was found to be more carcinogenic than the parent material.

Similar results were obtained with fractions prepared from a coal l iquid

d i s t i l l a t e . Direct evidence of a suppressive effect of the complex mixture on

carcinogenic activity was provided by a study in which the expression of the
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in i t ia t ing act ivi ty of benzo(a)pyrene (BaP) was evaluated in the presence of

d is t i l la tes with different boiling ranges. I t was found that d is t i l la tes

boiling above 700°F substantially reduced the in i t ia t ing act ivi ty of BaP.

Although the basic fractions from gasifier tar and NPAC fractions from

high boiling coal liquids were known to be highly mutagenic in rnicrobial

mutagenesis assays, they were only moderately active in mouse skin

cardnogenicity tests. However, other data have implicated aromatic amines as

important bladder carcinogens in the human. Therefore, a study was performed

with Syrian hamsters (which are susceptible to amine-induced bladder cancer)

to determine whether the basic fraction from gasifier tar is carcinogenic for

the bladder. Results showed that the animals treated dermally with the known

bladder carcinogen, 3,2'-dimethyl-4-aminobiphenyl, developed tumors after a

year. Animals that received the basic fraction did not develop no tumors but

a few animals receiving a higher concentration of a defined mixture of four

aromatic amines present in gasifier tars showed hyperplastic changes in the

bladder.

Another study made use of the neonatal rat-gamma glutamyltranspeptidase

(GGT) model to determine i f coal-derived mixtures would (a) in i t ia te G6T foc i ;

(b) promote (by dermal application) GGT foci in i t iated by BaP or

diethylnitrosamine (DEN) which are known in i t i a to rs ; or (c) suppress

in i t ia t ion of GGT foci when co-administered with BaP or DEN, It was found

that the several complex mixtures tested had very low in i t ia t ing act iv i ty .

Moreover, co-administration of the mixture inhibited the in i t ia t ing act ivi ty

of the known in i t ia tors BaP and DEN. Final ly, dermal application of two

different mixtures resulted in the production of GGT foci in livers of animals

in i t iated with BaP or DEN. These data indicate that l iver tumorigenesis may

be affected by mixtures that contact the skin.
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FUTURE DIRECTIONS IN RESEARCH

The current data base needs to be expanded to determine whether the data

obtained thus fa r wi th materials from coal-conversion and o i l -shale processes

can be extended to other energy-related complex mixtures. Additional research

i s thus needed to (1) fur ther ident i fy toxicologic consti tuents, 2) fur ther

analyze interact ions between const i tuents, which influence the expression of

b io logical a c t i v i t y ; (3) analyze the d i s t r i b u t i o n , metabolism and fate of the

bioactive components in experimental animals; (4) develop addit ional

analyt ical methods to analyze for metabolic products and the i r in teract ion

with important biological molecules, and (5) val idate in v i t r o methods with

selected animal experiments.
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Health Effects of Complex Mixtures

Roger A. Renne1, and Ray L. Buschbom2

biology and Chemistry Department and 2Energy Systems Department, Battelle
Pacific Northwest Laboratory

1. Problem Addressed: This project 1s examining the acute and chronic
toxic effects of exposure to complex hydrocarbon mixtures, using
dermal exposure in mice. Emphasis has been on assaying the dermal
carcinogenicity of selected crude materials and chemical or
distillate fractions from synthetic fossil fuel technologies, on a
comparative basis with materials from other fossil fuel
technologies and known aromatic hydrocarbon carcinogens. Studies
currently underway are assaying selected chemical class
subfractions of boiling-point distillates from a solvent-refined
coal (SRC) technology.

2. Experimental System: The dermal carcinogenicity assay system
utilizes groups of 25 male and 25 female C3H/He mice. A known
quantity of -he test material, diluted in an organic solvent, is
applied to the shaved interscapular skin three times weekly for up
to two years. Animals are observed periodically for lesions at the
application site, and undergo complete necropsy at death. Tumor
masses and other lesions observed at necropsy are examined
microscopically and classified. Tumor incidence and latency data
are analyzed statistically and comparative carcinogenic potency of
the test materials is estimated using an adaptation of the Weibull
model.

3. Results:

Data from initial studies indicated that the heavy distillate (HD)
from the SRC-II technology was a potent dermal carcinogen when
compared with other crude fossil fuel materials, and that the basic
tar, neutral tar, and polycyclic aromatic hydrocarbon (PAH)
fractions were the most carcinogenically potent solvent fractions
of HD. Assay of rjcombined PAH and basic fractions did not
indicate an increase in carcinogenicity compared with the PAH
fraction alone. Assay of nitrosated basic tar fraction of HD had
no effect on its carcinogenicity.

Assays of fractionally distilled boiling-point cuts of Harmarville
Process solved (HPS), another SRC-II coal liquid, indicated that the
dermal carcinogenicity of this material is due to that portion
boiling above 700°F, and that the carcinogenic potency of this
material increases with boiling point. A recently completed study
assayed the carcinogenicity of a nitrosated sample of the 750-800°F
boiling point cut of HPS. Nitrosation, which destroys the primary
aromatic amines present in this material, did not significantly alter
the carcinogenicity of this material in the chronic skin painting
assay system.
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Recently completed chronic skin painting studies assayed the
careinogenicity of chemical-class subfractions of the 750-800°F BP
cut of HPS. These subfractions were obtained by adsorption-column
chromatography using neutral alumina as an adsorbent. Results of
these studies indicate that both the PAH subfraction and the
nitrogen-containing polycyclic aromatic (N-PAC) subfraction have
significant carcinogenic activity in mouse skin.

4. Conclusions:

Results to date indicate that coal-derived liquids are more potent
carcinogens than other fossil-fuel materials, and that the dermal
carcinogenicity of these materials is due largely to the
constituents boiling above 700°F. The data also indicate that the
majority of the carcinogenicity of these materials is due to PAH
components of the complex mixture. However, recent results with
alumina-derived chemical class subfractions indicate that the N-PAC
component is capable of inducing a dermal carcinogenic response in
mouse skin,

Possible explanations for the lack of a decrease in carcinogenicity
of the 750-800°BP cut following nitrosation include: (1) the
carcinogenicity of other reaction products formed during nitrosation
was approximately equal to the carcinogenicity of the N-PAC
constituents (primary aromatic amines) destroyed. This seems
unlikely on a quantitative basis. We are currently performing
analyses of the nitrosated samples to resolve this question. (2) The
carcinogenicity of the PAH portion of the 750-800° BP cut is so much
greater than the carcinogenicity of the N-PAC portion that the loss
of the N-PAC component does not influence the observed carcinogenic
response to the crude BP cut. (3) The carcinogenic response to the
N-PAC fraction is due not to primary aromatic amines but to
aza-arenes and/or carbazoles, neither of which are destroyed by
nitrosation.

Recently begun chronic skin painting studies are assaying the
PAH, N-PAC, and hydroxylated-PAH (HPAH) alumina subfractions of the
800-850°F BP cut, as well as a nitrosated sample of the N-PAC
fraction of this cut. These studies are being performed to answer
some of the questions raised earlier in this discussion, and to
attempt to resolve some notable differences between results in the
chronic skin painting studies, mouse skin initiation/promotion
(I/P) assays, and CHO cell mutagenesis assays of this boiling-point
cut. In the I/P assays, the 800-850° BP cut was only slightly more
potent than the whole boiling range HPS material and the 750-800°
BP cut was less active than the whole-boiling range material. In
the chronic skin painting assay, the 800-850° BP cut was four times
as potent and the 750-800° BP cut was 1.5 times as potent as the
whole-boiling range material. These data suggest that the
potential for complete carcinogenesis with repeated exposure may be
much greater than the tumor-initiating activity of those fractions
boiling between 750 and 850°F. The HPAH alumina fraction of the
800-850° BP cut, although essentially negative in the I/P assay in
mouse skin, had significant mutagenic activity in the CHO cell
assay. Activity of the crude BP cut in the CHO assay was similar
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Toxicoiogic Interaction of Neutral Components of a Coal Gasification Tar as
Measured by Their Mouse Dermal Tumor-In1t1at1ng Activity

Mark S. Swanson, David A. Haugen, Frederick R. Kirchner, and Christopher A.
Reilly, Jr.

Division of 81olog1cal and Medical Research, Argonne National Laboratory

We previously obtained indirect evidence that the dermal careinogenicity

of the neutral fraction of a coal gasifier tar was diminished by the presence

of the remaining components, as determined by chronic dermal treatment of SKH

hairless mice. On the basis of our understanding of the composition and

toxicologic responses to individual components, we suggested that the

carcinogenic response to the neutral fraction was probably due in large part

to polycyclic aromatic hydrocarbons (PAH). However, carcinogenic responses to

chronic treatment with complex energy-related mixtures undoubtedly involves

both initiation and promotion of tumorigenesis, as well as other types of

toxicologic interactions.

The purpose of our present study is to better define toxicologic

interactions between major classes of chemicals by using a dermal intiation-

promotion model to obtain results more amenable to interpretation. To that

end, we are evaluating the tumor-initiating activities of fractions of coal

gasification tar, alone and in combination. We report here the results for

two fractions: (1) aliphatic/aromatic hydrocarbons and (2) polar neutral

components.

The neutral fraction of a coal gasifier tar was prepared by liquid-liquid

partitioning, Two fractions, S-l (aliphatic and aromatic hydrocarbons) and

S-2 (polar neutral components) were prepared by preparative silica high-

performance liquid chromatography and analyzed by gas chromatography and gas

chromatography-mass spectrometry. Fractions S-l contained aliphatie

hydrocarbons (up to C35) and two- to six-ring PAH and their alkyl homologs.
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fraction S-2 contained indoles, carbazoles, alicyclic keto compounds, and

other polar compounds.

To test for initiating activity, we dermally treated of 30 SKH hairless

mice per group at two dose levels (Table 1) with one of the following

materials in cyclohexane/acetone: fraction S-1, fraction S-2, or a recombined

mixture of the two fractions. The relative amounts of fractions S-1 and S-2

were the same as the weight per cent of these components in the neutral

fraction.

For each group9 the mice were treated on five consecutive days with the

fractions indicated in Table 1. Beginning two weeks after the final

initiating doses,, the mice (including vehicle-treated controls) received

twice-weekly applications of 5 ug of TPA in acetone for 26 we^ks. Tumor

incidence was observed weekly for 37 weeks.

Table 1. Tumor-Initiating Activities of Neutral Tar Subfractions

S-1

S-2

S-1

Fraction

(aliphatic/PAH)

(polar)

plus S-2

Oose (mg/
treatment)

1.2
6.0

0.67
3.3

1.9
9.3

Total
Tumors

14
30

0
5

16
23

Tumor
Incidence8

(%)

33
60

0
10

33
46

Slopeb

0.44
1.1

0
0.15

0.28
0.61

Latency0

19
11

>3S
19

12
10

aPercent of animals with tumors (n = 30).

^Slope of the most linear region of the graphical relationship between the
time (weeks) and the cumulative number of tumors.

cTime to appearance of the first tumor (weeks).
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The data 1n Table 1 clearly Indicate that at both dose levels fraction

S=l (aliphatic/PAH) was considerably more active than fraction S-2 (polar).

This difference was determined by measuring the proportion of animals with

tumors (tumor incidence), the total number of tumors, and the rate of tumor

Induction. This observation is consistent with the presumed principal role of

PAH in the initiation of dermal carcinogenesis by energy-related mixtures.

However, as shown in Figure 1 and Table 1, components in fraction S-2 also

contributed to initiating activity.

The relative responses to the two dose levels of each material indicated

a dose-response relationship (Table 1). This relationship was evident in all

data (incidence, the total number of tumors, and the slopes for the graphical

tumor progression data). This observation provides a measure of confidence in

our ability to meaningfully interpret the results with regard to toxicologic

interactions that may occur.

Figure 1 illustrates the results for the higher levels of fractions S-l,

S-2, and a recombined mixture of the fractions. If the initiating activities

of fractions S-l and S-2 had been additive, the response to the mixture would

have been greater than to fraction S-l alone. Because this was clearly not

the case, we conclude that under the conditions of the experiment, some

components in fractions S-l and S-2 interacted, thus decreasing the initiating

activity of the individual fractions. Although this interference was evident

from the data in Figure 1 (see also Table 1), interference was not evident

when comparisons were made at the lower dose levels.

Thus, under certain conditions, we have observed toxicologic interaction

for two neutral subfractions of a coal gasification tar. The significance of

the nature and extent of this Interaction will become more evident at the

completion of related experiments in progress. In these experiments, the
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Figure 1. Tumor-initiating activities of neutral subfractions.
are for the higher dose levels indicated in Table 1,

The results

init iating activities of gasification tar and i ts acidic, basic, and neutral

fractions are being compared individually and in combination. The results are

expected to contribute to a better understanding of toxicologic interactions

in dermal carcinogenesis induced by energy-related mixtures. Use of the

Initiation-promotion model 1s advantageous because potential promoting

activity of the material does not limit interpretation of the results. Use of

more than one dose level in experiments of this nature improves their

validity.
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(relative to percent of maximum response) to the potency of this
material in the chronic skin painting assay; I/P activity was much
less. These recently begun chronic skin painting assays will help
clarify the roles of the N-PAC and HPAK chemical classes in the
dermal carcinogenicity of complex hydrocarbon mixtures.
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Factors Influencing Skin Tumor Initiating Activity of Complex Mixtures

D.D. Mahlum, C.W. Wright, D.W. Later, and B.W. Wilson

Biology and Chemistry Department, Pacific Northwest Laboratory, Richland,
Washington 99352

Studies have provided evidence that the tumorigem"city of complex

mixtures derived from coal is primarily due to neutral PAH and nitrogen-

containing polycyclic aromatic compounds. Moreover, the activity increases

with increasing boiling point between 700 and 850°F. Since it is not known

whether the tumorigenic activity of shale oil shows a similar segregation

according to boiling point, we distilled Paraho shale oil into 50°F fractions

and evaluated their initiating activity. We have shown that the expression

of the biological activity of the tumorigenic constituents is highly

dependent on the composition of the mixture in which they are found. In

most instances, expression of the activity of known carcinogens was inhibited

when they were administered to the animal in a complex mixture. The data

indicated that the degree of inhibition might be a function of the

distillation temperature of the complex mixture. We have, thereforet

examined the skin tumor initiating activity of benzo[a]pyrene (BaP) when

administered in coal liquids with different boiling point ranges. It has

also been suggested that hydroaromatic species might contribute to the

inhibition of carcinogenic expression since hydrotreatment has been shown to

lower the careinogenicity of both coal- and shale-derived materials. To

assess this suggestion, we have tested the skin tumor initiating activity of

hydrogenated species of BaP and the effect of these hydrogenated derivatives

on the initiating activity of BaP. Lastly, comparison of data obtained From

chronic skin painting assays suggested that differences in activity among

distillates with different boiling points might be less than with the

initiation-promotion assay. Since the multiple dosings used in the chronic
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assay could result in multiple initiations, it seemed possible that

differences between the two assays might be minimized. We have by using

multiple initiating doses, therefore, evaluated the tumorigenic response In

the initiation-promotion assay after single and multiple Initiating doses of

a complex mixture.

Shale oil distillates boiling from ambient -650°, 650-700°, 700-750°,

and > 750° were tested for their initiating activity. There was activity for

all distillates although the highest boiling distillate had slightly higher

activity than the others. The shale oil from which the distillates were

prepared had the highest amount of activity. These results differ from those

for coal-derived liquids where there is distinct segregation of biological

activity in the higher boiling range distillates.

We directly examined the effect of different boiling range distillates

on the initiating activity of BaP by applying the BaP (25 pg) in methylene

chloride containing 5 mg of the test distillate. The results were compared

to those obtained with BaP alone in the solvent. The results show that the

300-700°F distillate inhibited the expression slightly while the 700-750, the

750-800, and the 800-850°F distillates produced marked depression in the

tumor initiating activity of BaP.

The role of hydroaromatic species in skin tumorigenicity was evaluated

by using a new method of fractionating complex mixtures on an alumina column

treated with picric acid to separate aromatic species from hydroaromatic

species. When the initiating activities were assessed, the results showed

that the hydroaromatics were inactive; the activity was associated with the

neutral PAH fraction. In another experiment, we examined the effect of

hydrogenation of PAH on tumorigenicity by testing hydrogenated derivatives of

BaP for initiating activity and for their effect on the expression of BaP
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initiating activity. These studies showed that the addition of two hydrogens

to the BaP molecule at the 4,5-positions decreased the initiating activity

but did not eliminate it. However, the addition of four hydrogens at the

7,8,9, and 10 positions essentially eliminated initiating activity. There

did not appear to be any major effect of the dihydro- or tetrahydro-BaP on

th« expression of BaP activity when the derivatives were applied to the skin

simultaneously with BaP in a ratio of 5:1.

We also performed an experiment to examine the effect of applying

multiple doses of a complex mixture as a skin tumor initiator. We chose a

complex mixture that had previously been shown to have moderate activity, but

which appeared to have more activity in chronic skin painting tests relative

to other materials tested than it did in the initiation-promotion assay.

Groups of mice received either 5 doses of 5 mg, 1 dose of 25 mg, 3 doses of

25 mg, or 9 doses of 25 mg with at least 1 day between doses. They were then

promoted with 5 yg of TPA twice weekly. The highest response was seen in the

groups receiving either 5 doses of 5 mg or 9 doses of 25 mg. The higher

response seen with the 5 doses of 5 mg relative to the 1 dose of 25 mg

suggest that toxicity might be influencing the response. However, animals

that received the 9 doses of 25 mg gave a similar response to those that

received the 5 doses of 5 mg showing that, toxicity or not, the animals still

retained the ability to respond.

Earlier we had shown that the tumor initiating activity of the NPAC

fraction of a distillate boiling above 850°F was significantly lowered

following nitrous acid treatment. This result suggested that the primry

aromatic amines were responsible for much of the activity of the NPAC

fraction. Me extended our observations to a lower boiling distillate, one

boiling from 700-750°F to determine if the aromatic amines were contributing
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to the Initiating activity of the NPAC fraction of this material. As with

the NPAC from the higher boiling distillate studied previously, nitrosation

reduced the Initiating activity of the 700-750°F NPAC; the aromatic amines

again are Implicated In Initiation by the NPAC.

Work supported by U.S. Department of Energy under Contract Number

DE-ACG6-76RL0-183G.
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Bladder Tumors Resulting from Dermal Exposure to Aromatic Amines

Christopher A. Reilly, Jr., Vernon A. Pahnke, Jr., Frederick R. Kirchner,
Kuiwant Duggai, and Thomas E. Fritz

Division of Biological and Medical Research, Argonne National Laboratory

Since 1895, when Rehn demonstrated an increased risk of bladder cancer

in dye industry employees, several industrially used aromatic amines (e.g.

4-aminobiphenyl, benzidine, and 2-aminonaphthalene) have been identified as

carcinogens. Workers in a variety of industries (e.g., textile, printing,

plastic, rubber, coal, etc.) have elevated risks for bladder cancer,

although specific chemical carcinogens responsible have not always been

fully determined. More recent toxicologic evaluations of coal-derived

synthetic fuel products and byproducts, iii which bacterial mutagenesis

assays were used, detected high specific mutagenic activity in basic

fractions, with most of the activity ascribed to aromatic amines. These

basic components, although less than 5% by weight, often were responsible

for greater mutagenic activity than the neutral components many of which are

known carcinogens. Subsequent assays of these products and byproducts for

mouse dermal carcinogenicity showed that the neutral components were the

dominant carcinogens, suggesting that the in vitro bacterial mutagenicity

assays were only qualitative indicators of carcinogenic potency of energy-

related mixtures. Because the bladder and not skin is the primary organ at

risk from aromatic amines, and because mice are not generally susceptible to

bladder carcinogensis, we tested the potential of representative topically

applied aromatic amines to induce bladder tumors in a more responsive

animal, the Syrian hamster.

A number of aromatic amines have been shown to induce bladder

carcinomas in hamsters following subcutaneous injection or oral ingestion.
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A weekly dose of 100 mg/kg of 3,2'-d1methyl-4-am1nob1phenyl (DMAB) caused

bladder tumors in 75% of the animals (So and Wynder, 1972). In the present

experiment, we treated seven groups of twenty 6- to 8-week-old hamsters (10

of each sex) as described 1n Table 1. All animals were caged individually

in rooms illuminated on a 12-hour light-dark cycle by yellow fluorescent

Tamps to prevent photodecopposition of the test materials. The hamsters

were fed a commercial hamster diet and allowed water ad l ibi tum.

Table 1. Treatment Schedule and Histopathological Results

Treatment Group
Frequency of No. of

Dose Application Animals Bladder Pathology

3,2'-dimethyl-4-aminobiphenyl 100 mg/kg 1/wk (injected) 18

3>2'-dimethyl-4-aminobiphenyl 33.3 mg/kg 3/wk (dermally) 18

6 carcinoma
9 hyperplasia

7 carcinoma
6 hyperplasia

Aromatic amine mixturea

Coal gasification tar
base fraction"

Acetone control

Corn oil control

Untreated control

33.3 mg/kg

33.3 mg/kg

0.15 ml

0.15 ml

«

3/wk (dermally)

3/wk (dermally)

3/wk (dermally)

1/wk (Injected)

—

17

17

17

17

17

3 hyperplasia

None

None

None

None

aA mixture of 2-aminofluorene, 2-aminoanthracene, 4-amiriobiphenyl, and 2-amincnaphthalene
mixed in equal amounts to give a total dose of 33.3 mg/kg.

produced by the slagging-fixed bed gasif ier at the University of North Dakota Energy
Research Center.

DMAB was administered either dermally or by inject ion. A mixture of

aromatic amines or a base fraction of a coal gasification tar was applied

dermally. Treatment for a l l groups was continued for 52 weeks. Animals

were observed weekly and sacrificed when moribund or at one year after the

76



last exposure. Detailed histopathological examinations were performed on

all major organs with particular attention paid to the urinary bladder.

As reported in the literature, subcutaneous injections of DMAB induced

bladder tumors. Of the eighteen animals that survived at least 180 days and

for which tissues were obtained, 6 developed bladder carcinomas and 9 had

preneoplastic hyperplasia (Table 1). Tumor pathology varied from mild

hyperplasia to overt invasive squamous carcinoma; even the hyperplastic

changes tended to be diffuse.

Topically applied DMAB also induced bladder tumors. In this group, 7

hamsters developed carcinomas, 6 had hyperplastic changes, and 5 had no

demonstrable changes. Histopathological examination showed a range of

changes similar to those found in the injected group but with a lesser

degree of anaplasia and invasiveness and a greater degree of epithileal

involvement in the form of foci. No bladder carcinomas developed in the

hamsters dermally exposed to the aromatic amine mixture, but the bladders of

these animals did have hyperplastic changes. These changes were largely

focal and mild in their degree of involvement of the epithilium. However,

many animals in this latter treatment group showed a severe liver

degeneration (cystic biliary hyperplasia) not present in other groups and

characteristic of chemical toxicity. Unexposed animals or animals exposed

to the coal tar base fraction or corn oil or acetone solvents showed no

bladder pathology over the course of the study.

This study has demonstrated that exposure to an aromatic amine by the

dermal oute, an occupationally relevant route of exposure, can result in

the induction of bladder tumors. Although no bladder tumors were seen in

animals treated with the base fraction of the coal gasification tar, the

dose of any single aromatic amine in that mixture was significantly lower
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than that for any of the other anvfne treatment groups. The results support

the potential of coal-derived materials as bladder carcinogens.

REFERENCES

1. So, B. T . f and E. L. Wynder. Induction of hamster tumors of the urinary

bladder by S^'-dimethyl-A-aminobiphenyl. J . Nat. Cancer Inst . 48:
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Promotion of Preneopiastic Changes In Liver by Coal-Derived Organic Mixtures
Applied to Skin

Christopher A. Reilly, J r . , * Carl Peraino,* David A. Haugen,* D.
Mah1ucna

T and David L. Springer*
Dennis

•Division of Biological and Medical Research, Argonne National Laboratory,
and 'Biology and Chemistry Department, Batteile Pacific Northwest Laboratory

Energy-related complex mixtures contain a multitude of chemical classes

and subclasses, as well as closely related homologous and Isomeric

chemicals. I t Is generally accepted that some of these mixtures are

carcinogenic, most commonly determined by Induction of dermal tumorigenesis.

Dermal carcinogenes*s resulting from chronic dermal treatment of rodents

with energy-related mixtures may arise because of the presence of both

Init iators and promoters of carcinogenesis. "Init iation" and "promotion"

denote, respectively, (a) the production of potentially tumorifjenic cells by

limited exposure to a carcinogen and (b) the completion cf the neoplastic

transformation by subsequent repeated treatments with appropriate agents

that are not intrinsically carcinogenic

This multistage initiation-promotion concept of carcinogenesis was

f i r s t demonstrated for skin tumor formation and has more recently been

demonstrated in a wide variety of nonepidermal tissues in vivo, by moans of

brief systemic carcinogen treatstent followed by prolonged systemic treatment

with promoters such as dietary phenobarbital. These results have

strengthened the multistage concept as an underlying mechanism of neoplasia

and broadened the range of possible tumorigenic risk factors to Include

Internally acting promoters, as well as carcinogens.

Potent tumor Initiators (e .g . , poiycyclic aromatic hydrocarbons) have

been Identified in energy-related mixtures. The purpose of the present

study is to assess the tumor-promoting activities of energy-related mixtures
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In a system In which In i t ia t ing and promoting activities can be clearly

distinguished.

In an adaptation of a recently developed experimental hepato-

carciiiogenasis system, newborn Spr&gue-Dawley female rats (10 g) received,

within one day after b i r th , single l iver-tumor-init iat ing I.p. injections of

either disthylnitrosamine (DEN) (0.15 mg, 0.15 umol/g body wt) or

benzo[a]pyrene (SP) (1.5 mg, 0.59 wmol/g body wtj, each In 0.1 mi. sesame

seed o i l . At weaning (3 weeks of age), rats from each treated group, as

well as vehicle-injected controls, were placed on a semi synthetic diet with

or without phenobarbetal supplementation (0.051, w/w), For the subsequent

eight weeks, rats en the unsupplemented diet were exposed either to an

SRC-II heavy d is t i l la te (bp 550-850T) or a coal gasification tar by twice-

weekly applications to the shaved dorsal epidermis. The heavy d is t i l l a te

was produced from Biacksvilie coal in the SRC-II p i lo t plant, Ft. Lewis,

WA. The coal gasification tar was a by-product formed during gasification

of l igni te coal in a slagging fixed-bed gasifier at the University of North

Dakota Energy Technology Center.

Al l rats were ki l led at 11 weeks of age and their l ivers were analyzed

histochemically for the presence of altered hepatocyte foci exhibiting

elevated levels of gamma giutamyl transpeptidase act iv i ty . Because hepatic

tumor formation Is invariably preceded by the appearance of such foc i , these

lesions are reliable Indicators of incipient neopiasia.

As shown In Table 1, there was no significant response to dietary

phenobarbital or to epidermally applied gasifier tar or heavy d is t i l la te

when each was administered to animals not treated with in i t ia tors (Groups 1-

4). In i t iat ion with BP or DEN without subsequent treatment produced

detectable but low foci incidences (Groups 5 and 9). Promotion with dietary
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phenobarbital increased several f o l d the frequency of foc i produced in

animals t reated wi th i n i t i a t o r s (Groups 6 and 10) , conf irming the

responsiveness of t h i s experimental model to systemic tumor promoters and

diverse i n i t i a t o r s . The coal-der ived mater ia ls , when appl ied on the skin of

BP- or DEN-ini t iated r a t s , also promoted the appearance of hepatic f o c i ,

although to a smaller degree than did d ie tary phenobarbital (Groups 7, 8,

1 1 , and 12). In a l l cases, promotion involved increases in both the numbers

and sizes of the f o c i .

Table 1 . Effect of Dermal Treatment on the Appearance of Hepatic Foc i a

No. No. Focid No. Focie Volume of
Group I n i t i a t o r " Promoter0 rats per Section per cm3 Foci (mnr)e

Vehicle 18 0 0 0
Phenobarbital 20 0 0 0
Gasifier tar 18 0.05 + 0.05 1 + 1 0.001 + 0.001

Heavy d i s t i l l a t e 14 0 0 0

Vehicle 16 0.7 t 0.2 1 4 + 5 0.002 + 0.001
Phenobarbital 16 19.8 + 2.8 259 + 36 0.017 ± 0.002
Gasifier tar 16 5.4 + 0.9 84 ± 15 0.009 ± 0.001

Heavy d i s t i l l a t e 15 10.1 + 1,8 155 + 25 0.013 + 0.003

Vehicle 17 0.8 + 0.4 1 4 + 6 0.003 ± 0.001
Phenobarbital 17 14.8 ± 2.1 186 + 23 0.026 + 0.003
Gasifier tar 17 8.2 ± 1.2 123 ± 18 0.012 ± 0.001

Heavy d i s t i l l a t e 14 7.3 i 1.4 103 ± 16 0.016 ± 0.004

aValues are means ± SE.

bSeasame seed o i l was the vehicle for the i . p . i n i t i a t o r s .

cPhenobarbital was present in the diet at a level of 0.05%; gasi f ier tar and heavy
d i s t i l l a t e were applied to the shaved dorsal epidermis (0.8 mg per gram body
weight, in 0.05 mL acetone) on Mondays and Thursdays of eignt successive weeks
af ter weaning.

determined by microscopic inspection of a 1.6-cm dicimeter frozen section from the
l e f t lateral hepatic lobe.

eComputed by quanti tat ive stereology.
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The observation that promotion was obtained with a l l the In i t ia tor -

promoter combinations used In this study Indicates the general

responsiveness of this experimental system to Ini t iat ing and promoting

s t imu l i , Irrespective of their structural and metabolic diversity. With

regard to the mechanism by which the topically applied mixtures promoted

hepatocyte foci , we suggest that the hepatic response was produced by

components that were absorbed and subsequently transported to the l iver .

This Interpretation Is supported by studies In our laboratories and others

documenting the percutaneous absorption of topically applied coal tar, heavy

d is t i l l a te , and their constituents, and the subsequent rapid Induction of

hepatic enzymes, Including microsomal monooxygenases and ornithine

decarboxylase.

With the mouse skin carcinogenesis assay i t Is d i f f i cu l t to detect the

presence of promoters in these unresolved coal-derived mixtures because the

mixtures exert complete carcinogenic act iv i ty . In contrast, we have shown

that the l iver system readily allows the specific detection of promoting

act iv i ty in these mixtures because their topical application occurs after

the early postpartum interval of rapid hepatocyte proliferation associated

with optimum hepatic sensitivity to in i t ia t ion .

In conclusion, the results suggest that (a) a major contributor to

tumorigenic risk from fossil-fuel-derived mixtures Is their systemic

promoting act iv i ty and (b) such systemic effects can result from external

exposure to the mixtures. Experiments are In progress to detect tumor

promotion in addition to promotion of preneopiastic foc i , to identify the

promoting agents in the coal-derived mixtures, to examine the promoting

act iv i t ies of other agents and environmental mixtures In this system, and to

better understand the mode of action of the promoters.
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SESSION V . METABOLISM AND PHYSIOLOGY

SUMMARY OF ACCOMPLISHMENTS

In t h i s session, discussion focused on how to assess and measure exposure

to complex chemical mixtures. To assess exposure co r rec t l y , we need both

q u a l i t a t i v e and quan t i ta t i ve data on the chemicals of concern. Such data can

be obtained i n studies on (1) the uptake, d i s t r i b u t i o n , and excret ion of

chemicals i n whole organisms; (?.) the fa te of chemicals in c e l l s ; and (3) the

impact of in te rac t ions wi th c r i t i c a l molecular t a rge ts .

Accordingly, a wide var iety of techniques has been used. In studies wi th

whole animals, i t i s appropriate to fo l low the route taken by radiolabeled

compounds from t h e i r point of entry (mostly v ia skin or respi ratory t r a c t )

through t h e i r d i s t r i b u t i o n i n in terna l organs (such as the l i v e r ) to t h e i r

excret ion ( i n feces or u r i ne ) . Two important concepts emerged from such

stud ies . F i r s t , the amount of selected marker substances taken up may be

affected by the mixture or pa r t i c l es they are associated w i t h . For example,

an i n e r t para f f in appears to be more easi ly taken up and el iminated i f i t i s

associated w i th a noncarcinogenic mixture: however, benzo(a)pyrene is more

slowly cleared from the respiratory tract i f i t is associated with certain

particles. Second, i t w i l l eventually be necessary to identify the exact

chemical nature of the compounds at their c r i t ica l targets.

Tools to accomplish this second goal are being developed. The

interaction of benzo(a)pyrene with macromolecules can now be quantitated by

using methods of chemical analysis rather than relying on measurements with

radiolabeled compounds. This accomplishment opens the possibil i ty for

measuring molecular dosimetry in man. The role of skin in the uptake and

metabolism of foreign agents can be analyzed in detail in several new systems
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that allow study of living tissue under closely controlled conditions, The

nasal mucosa plays an important role in the disposition of foreign

compounds. For skin, investigators are beginning to link the formation of

specific DNA adducts to the carcinogenic process.

Data on interactions between the different ingredients of complex

mixtures are far from conclusive. We know at present that the biological

effects of a carcinogen (benzo[a]pyrene) can be mitigated in the presence of a

complex mixture. Presumably the mixture (a coal liquid) alters metabolism of

the carcinogen. It is also known that the same carcinogen in the presence of

carbonaceous particles disappears slowly from the respiratory tract. Skin

appears to be less of a barrier to molecules in the presence of a

noncarcinogenic fossil fuel than in the presence of a carcinogenic mixture.

These isolated observations need to be expanded to enable us to develop

hypotheses to predict the influence of complex mixtures on defined chemicals.

In summary i, some initial observations have been made on the

toxicokinetics of selected compounds and how they may be affected by complex

mixtures. Further development of such data together with a refinement of

analytical tools will help to better define levels and possible consequences

of exposure.

FUTURE DIRECTIONS IN RESEARCH

Work done so far has provided some initial clues as to which research

areas need to be further developed, and a number of research goals can be

identified. Understanding the toxicokinetics of selected and possibly harmful

chemicals in the presence of complex mixtures under conditions of acute and

chronic exposure is a distinct need. Past research has identified several

classes of compounds with mutagenic or carcinogenic potential. Currently,
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research is needed to establish the extent that such compounds are taken up,

accumulate in critical organs, metabolized (and induce cell damage), or

detoxified and excreted. It will be of particular importance to establish

whether under conditions of chronic or low-level exposure the chemicals

continue to accumulate at their presumptive sites of action or whether there

is an equilibrium state between toxification and detoxification.

Understanding how complex mixtures may alter the biotrans format ion of

chemicals is another important goal. Evidence now available has shown that

complex mixtures may enhance or mitigate the reaction of certain chemicals

with their targets. Principles underlying such interactions need to be

defined and molecular and chemical mechanisms of toxicological interactions

must be studied.

Indices of exposure need to be established. Many chemicals interact with

specific target molecules, and methods need to be further developed to allow

identification and quantification of the binding of such agents to specific

tissue sites or macromolecules. Development of chemical methods must be

stressed because it will not be possible to measure molecular dosimetry in man

using radiolabeled agents. Techniques of chemical analysis should be further

refined.

A better understanding of processes that determine detoxification and

elimination is needed. Exposure to complex mixtures often occurs over long

periods of time. It will be necessary to obtain information on the ultimate

fate and elimination from the body of constituents of such mixtures.

Finally, there is a need to develop in vitro models to allow study of

biotransformat ion. I metabolic capabilities of in vitro systems (isolated

cells and their organelles to organs and tissues maintained for prolonged

times in culture) need to be studied further. Both qualitative a:
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quantitative observations need to be correlated with and corroborated by

observations made of whole animals.
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Molecular Dosimetry: Technical Development, Skin and Transplacental
Exposure

Lee Shugart

Biology Division, Oak Ridge National Laboratory*

Carcinogen-DMA adduets

Polycyclic aromatic hydrocarbons (PAHs) are an important class of

carcinogenic chemicals because of their prevalence in the environment and

the implication that they are the primary agents in a significant

percentage of human cancer (Am.. Scientist 70:386 f 1982).

It is known that chemical carcinogens are electrophilic agents that

readily alkylate nucleophilic sites within the cell. Many chemicals become

carcinogenic only after they have been metabolized to such a compound. The

interaction with cellular molecules of a carcinogen, or a chemical after

conversion to the carcinogenic metabolite, is determined by the

pharmacokinetic parameters within the cell, and it is thought that the

crucial step in the development of carcinogenesls is the eventual formation

of a DNA adduct (covalent interaction) with the carcinogen. Thus, the

determination of the cellular concentration of the careinogen-DNA adduct

approximates most closely the "biologically effective" dose of a

carcinogenic chemical, and provides a measure of exposure to specific

carcinogens (Saience 21Q; 1032,, 1983).

The cellular eetabolism of benzo[a]pyrene (3aP), a prototype of

PAHs, to the chemically reactive diolepoxides BaPDE I and BaPDE II (often

referred to, respectively, as anti-BaPDE and syn-BaPDE) results in the

formation of covalent BePDE-adducts with DNA which may be tha initiating
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events responsible for the observed carcinogenic properties of BaP.

However, in those instances in which the souroes of BaP are substanoas

found in the environnent, it is not possible to use radioaetric detection

because the BaP is unlabeled. Recently, iasunoassays and post-

derivatizational procedures for BaP-DNA adduots have been introduced;

nevertheless, only aoager estimates exist of the burden in human tissue of

BaP derivatives (fiancfiT. Ban* 42.: 5236» 1982 and S&lfiABfi 226.: 1183, 1984).

ffloureseence/HPL.C. SflflBV

Previous flourescenoe studies of the intact BaPDE complex have

utilized photon counting, or lot? temperature fluorimetry or a combination

of these methods to detect as little as one molecule of BaPDE bound per 10

DNA nucleotides. However, in order to analyze the minute amounts of BaP

derivatives bound to DNA of animals exposed to PAHs in the environment,

more sensitive detection methods are necessary. Other workers have pointed

out that the interaction of the bases in DNA with covalently bound BaPDE

strongly quenches the fluorescence of the pyrene moiety. On the other

hand, when the pyrene moiety is in the form of the free tetrol, the

fluorescence quantum yield in deoxygenated solution is similar to that of

pyrene itself. In addition, tetrols are easily separated by HPLC and this

method establishes the stereochemlcal origin of the diolepoxide involved in

adduct formation. These resuls suggest the use of HPLC coupled with

fluorescence detection to analyze the pyrenyl content of BaPDE-DNA

following acid hydrolysis to release the tetrols.

Our initial investigations have been involved in the development of

a fluorescence/HPLC assay for the quantitation of BaPDE-DNA adducts

(Biochem. Biophva. figs.. Common. 10Q;262f 1982). The data from these
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studies have established that with conventional instrumentation, a lower

limit of about 5 Pg of BaPDE-DNA adducts as tetrols is detectable. This is

7equivalent to approximately one molecule of BaPDE bound per 10 DNA

nuclectides in 100 ug of DNA.

finimjfll studies

Our laboratory has been interested in the problem of chemical

induction of carcinogenesis as a result of dermal exposure for some time

(Toxicology 21;47, 1981}. Since the metabolism of carcinogens may be

influenced by the interference and/or interactions of all compounds

present, our approach has been to measure the covalent interaction of the

carcinogen with cellular DNA in the target tissue. The rationale for this

approach is based on the hypotheses (i) that adduct formation at the site

of tumor formation represents the critical step in carcinogenesis, and;

(ii) the adduct concentration in the tissue represents the "biologically

effective" dose of the carcinogen. Thus, the fluorescence/HPLC technique

appeared to be well suited toward and analysis of adduct formation by the

model carcinogen, benzo[a]pyrene.

Analysis of DNA isolated from mouse akin after topical application

of BaP demonstrated that adduct formation occured via the metabolic

activation of the carcinogen to the diolepoxides (Biochem. Biophys. Res.

£ojajBUH> 1M:262, 1962, and Caroinoenesls U;1QSf 1983) which is similar to

results of those who used radiolabeled BaP.

The sensitivity of our method is such that parallel studies

(Carclnogenesia 4:1Q5. 1983 and lafc. J.. Biochem. ifL: 571, 1984) could be
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performed with BaPDE-DNA isolated froa rouse skin Maintained in organ

culture where BaP-exposure approached 1 ug/5 ea of slcin.

In subsequent experiments we were able to demonstrate that (1)

ellagic acid, a plant phenolic compound known to exhibit an inhibitory

effect on BaP-mutagenicity and cytotoxicity, interfered specifically with

the covalent binding of aufci-BaPDE with cellular DNA (Ink. il. Bioeeha. Ifi.:

571, 1984); (ii) prior treatment of mice with 2,3s7,8-tetrachlorodibenzo-p-

uioxin, a known inducer of microsomal aryl hydrocarbon hydroxylase and

glucuronyl transferase activities, caused differences in the degree of

covalent binding of BaPDE to DNA of mouse skin, most probably as a

consequence of an induced change in the pathway of cellular metabolism of

BaP (Toxiool. Appl. PJiaCBl. 25_:289, 1981); (iii) BaPDE-DNA adducts persist

in skin cells long after their disappearance by DNA turnover would predict

(A. Toxicol. Environ. HpalthT in press, 1985). In the first week after

topical application of a single dose of BaF, the t1/2 of BAPDE-DNA adducts

and of DNA were approximately 5 days. At 30 days post treatment, less than

15$ of these adducts are detectable in the skin; however, their t1/2 has

increased to 30 days.

BaPDE-hemoglobln adduot formation

The observation that exposure of animals of different species to

BaP results in covalent binding of BaP metabolites to DMA and protein of

most tissue (Qhsa.. SXsL- Interact. 51:151, 1984) prompted us to examine the

concomitant adduct formation in tissue other than the skin. We found

(XQXl&filfigx. 3i:211, 1985) that mild acid hydrolysis of hemoglobin

preparations from erythrocytes of mice, previously exposed topically to
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BaPy released tetrols which were detectable by fiuorescence/HPLC analysis,

and it was concluded that prior to acid hydrolysis the tetrols were

covalently attached to the hemoglobin as a result of the metabolic

conversion of the applied carcinogen to the chemically reactive aoii-BaPDE.

Furthermore, there was a dose response relationship between the amount of

BaP applied to the skin of the mouse and occurrence, 2t hr later, of BaP

adducts to hemoglobin, while the adduct, once formed, disappeared with a

t1/2 of 6 days. The amount of jgn&l-BaPDE bound to hemoglobin and DNA of

the skin at the site of exposure, at various doses of BaP, appeared to be

qualitatively similar.

The administration of BaP topically to pregnant mice during days

13-17 of gestation results in the adductive modification of the hemoglobin

in the mother and progeny (Toxicology, submitted, 1985). Concomitant

adductive modification of the DNA of the skin with BaP in the progeny was

not observed and was probably due to the small amount of carcinogen applied

to the mother. These data indicate that BaP administered externally to the

mother passed across the placental membrane, either as BaP or some

metabolite, and was present in the fetal tissue as anti-BaPDEf the

carcinogenic form of BaP, before binding to hemoglobin.

Conclusion

BaPBE-DNA adduct formation is a well-documented chemical reaction

which occurs intracellularly and is thought to be an important event in the

carcinogenicity of benzo[a]pyrene.

We have demonstrated a new alternative analytical method for the

analysis of BaP binding to DNA. Essentially, the technique consists of the
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facile reaoval, by acid hydrolysis, of BsPDE-adduot froa DMA or protein, c*

the free tetrola which are then separated and quintltated by

fluorescence/HFLC. The teohnique not only allows featomole amounts of

EaPDE associted with DHA from a single mouse skin to be detected using

conventional instrumentation, but also establishes the stereochesioal

origin of the adduct. As a result we have successfully used this technique

to evaluate not only BaPDE-DNA adduct formation in the whole mouse, but

also the responsiveness of mouse skin in organ culture as a suitable

biological system for screening potential chemical carcinogens.

Under controlled experimental conditions* we have shown that the

binding of BaPDE to DNA can be modulated by other chemicals. For example,

both ellagic acid and 2,3,7,8-tetrachloroibenzo-p-dioxin reduce adduct

formation, but for different reasons. Furthermore, we have commenced the

evaluation of hemoglobin as p. molecular dosimeter for estimating

carcinogenic risk of BaP exposure using the sensitive fluorscence/HPLC

technique developed for BaPDE-DNA adduct detection,

•Operated by Martin Marietta Energy Systems, Inc. under contract DE-AC05-

840R21400 with the U. S. Department of Energy.
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Skin Metabolism in Percutaneous Absorption: New Approaches and Concepts*

John Y. Kao

Biology Division, Oak Ridge National Laboratory

The importance of percutaneous absorption of chemicals in

toxicology as well as pharmacology is reflected by the extensive literature

on the subject. In the past, skin permeability investigations have

generally concentrated on the physiochemical factors which influence the

skin penetration of chemicals. From these studies the rate limiting

barrier to skin aborption was generally considered to be the outermost

layer of the skin, the stratum corneum. The stratum corneum is composed

essentially of dead cells containing keratin; consequently, in percutaneous

absorption, the skin has frequently been thought of as a passive, inert

barrier covering the body, and skin penetration of chemicals was thought to

be dominated by the laws of mass action and physical diffusion. This idea

has resulted in the belief that biochemical processes of the skin have

little or no importance in the translocation of surface applied chemicals

through the skin; and in turn, has led many investigators to use skin

exoised from cadavers and stored frozen or lyophilized as acceptable tissue

preparations for in. vitro skin penetration studies. This past

preoccupation with the physiochemical factors regulating skin permeability

has necessarily overshadowed any concepts concerning the possible

contribution of biochemical processes of the skin to the percutaneous fate

of topically applied substances. In general, the diffusional approach, and

the consideration of the skin as merely a physical barrier to percutaneous

absorption, persists despite the fact that the skin is an organ active in
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•any essential bloohemioftl and physiological functions; including those

involved in the metaboliaa of zeoobiotios. Sinoe the skin contains the

enzymes which are capable of aetabolizing xenobiotlos, the relevance of

cutaneous metabolism and its relationship to precutaneous aborption and

cutaneous tozicity and therapeutics needs to be considered. Cheaioals

applied to the surface of the skin arc necessarily exposed to any available

biotraneformation systems that exist in the skin, thereby allowing

inactivation or activation, and interaction with tissue macromolecules to

occur during the process of transloca&ion of the chemical across the skin.

While a great deal is known regarding the physiochemical factors wMch

influence skin penetration of chemicals, there appears to be little or no

information dealing with the possible role of cutaneous metabolism in the

percutaneous fate of topically applied chemicals in the skin as an

integrated organ system. Indaed, to what extent biochemical determinants

may be involved in skin absorption remains to be systematically

investigated.

As part of our research program in skin toxicology we have

developed in £l&£& approaches to study the percutaneous penetration of

chemicals in metabolically viable and structurally Intact mammalian skin.

Two systems for maintaining full thickness mammalian skin as short-term

organ cultures (24-48 hrs) are being used. A "dynamic" culture system

(Toxicol. Appl. Pharmacol. 72, 272, 1984) for studies on the kinetics of la

vitro akin absorption and a "static" culture system (Toxicol. Appl.

Pharmacol. 75, 289, 1984} for studies on cutaneous metabolism of topically

applied chemicals. Briefly, in the "static" system, individual skin doses,

supported on filter paper circles, are placed onto a stainless steel
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supporting ring in a culture dish containing culture medium. The

supporting filter paper is saturated with culture medium and in contact

with the nedius throughout the culture period; also, the surface of -be

skin remains above the level of the culture medium. In the "dynamic"

system, the skin disc form the upper seal of wells of a compact, water

Jacketed multisample skin penetration chamber. Fresh oxygenated culture

medium is continuously perfused through the wells and the well effluents

collected at timed Intervals via a fraction collector. An important

property of these culture systems is that the skin discs are supported over

the culture medium, so that their epidermal surfaces are not covered. This

allows for material of interest to be applied topically in a manner similar

to exposure An vj,yp and the material reaches the culture media by passage

through various strata of the skin. Metabolic viability and structural

integrity of the cultured skin are evaluated based on histological

examination, An slhCQ. incorporation of radiolabelled precursors into

cellular uacronolecules and the ability of the culture tissue to metabolize
in
C-glucose.

Studies in our laboratory using these culture systems with model

compounds such as benzo(a)pyrene and testosterone have shown that in all

speoies studied, including man, the metabolic viability of the tissue was a

major determinant in the In ilira skin permeation of surface-applied

chemicals. Permeation was accompanied by extensive cutaneous "first pass"

metabolism; both parent compounds and a full spectrum of metabolites
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were found in tbe culture aediua frea vi&ble skin preparations. However,

in previously frozen nonviable skin preparations, essentially only

unchanged parent compounds were detected in the receptor fluid.

Signlfioant species variations in the metabolite profile were also

observed. Studies with souse skin also demonstrated that induction of

cutaneous drug aetabolising ensynes can result in a 2-3 fold increase ir>

the In vitro peraeation of topical benso(a)pyrene, and significant

reduction In peraeatlon was observed when metabolic inhibitors such as ICN

was added to the perfusion medium.

Taken together these results demonstated that, in addition to

tissue viability, the aetabolic status and capabilities of the skin are

important determining factors in modulating skin absorption. This is

contrary to the currently accepted view that diffusion through the stratum

corneum dictates percutaneous absorption and determines the systemic

bioavailability of topically applied chemicals. Our results support the

oonoept that both dlffusional and aetabolic prooeses are directly involved

in percutaneous absorption of chemicals. The relative importance of these

processes is a function of the phyBiochemical properties of the compounds

and tbe ability of the epidermal cells to metabolize the compound in

question. Furthermore, it is evident that meaningful jja. vitro studies of

the cutaneous fate of topically applied chemicals should include not only a

measure of the diffusion of the compound through the skin, but also an

assessment of the cutaneous biotransformation of the applied compound.

'Operated by Martin Marietta Energy Systems, Inc. under contract DE»AC05-
840R21400 with the U. S. Department of Energy.
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Metabolism and DNA Binding of BaP in the Presence of Complex Mixtures

D.L. Springer, B.W. Wilson, R.E. Schirmer, D.W. Later, D.D. Mahium

Biology and Chemistry Department, Pacific Northwest Laboratory, Richland, WA

In previous studies we found that the carcinogenic activities of complex

mixtures are substantially different from those predicted from data for

individual compounds. In addition the mutagenic and carcinogenic activities

of BaP were decreased when BaP was co-administered with complex mixtures.

The purpose of the present study was to determine the degree of DNA binding

and rates (and routes) of metabolism of a marker compound (BaP) in the

presence of complex organic mixtures. For the present study the 800-850°F

(CL-1) and the > 850°F (CL-2) distillates from the solvent refined coal

(SRC-II) process were selected because skin tumor initiating activity for

CL-2 was 2.5 times greater than for CL-1 even though both CL contained about

1700 ppm benzo(a)pyrene (BaP). When radio-labelled BaP was applied to mouse

skin in the presence of Cl-1 or Cl-2 at doses identical to those used in

initiation studies (50 vg BaP and 25 mg CL), binding to DNA in the presence

of CL was negligible . When the amount of CL was reduced to 500 ug, the

binding of BaP to DNA was reduced by 77 and 68% respectively for CL-1 and

CL-2, relative to the binding of BaP (50 vg) alone; there were no significant

differences in BaP binding between the CL. These data indicate that binding

of BaP to DNA is substantially reduced in the presence of the CL suggesting

that the carcinogenic activities of these complex mixtures are determined not

only by BaP but also by several other components within the mixtures.

In an effort to determine the mechanism responsible for this inhibition,

metabolism studies were conducted under in vitro conditions similar to that

of the microbial mutagenesis assay. For these studies 5.5 or 50 ug/ml of
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3H-BaP or 50 pg/ml of a complex mixture (H-l containing 5.5 yg/ml 3H-BaP and

several polyrjuclear aromatic hydrocarbons) were incubated with rat liver S9

and the appropriate cofactors. Samples were taken between zero and 60

minutes and extracted first with hexane and then with ethylacetate and the

amount of radioactivity In each extract was determined. The results

indicated that at low BaP concentrations the effective rate of disappearance

of BaP was rapid. In preparations with H-l, which contained the same

concentration of BaP (5.5 ug/ml), the effective rate of disappearance of BaP

was slower than with BaP (5.5 vg/ml) alone. However, at higher

concentrations of BaP (50 yg/ml) the effective rate of disappearance of BaP

was slowest. There were also large differences in the rates of disappearance

of components of H-l, with the order of disappearance as follows:

dibenz(a,c)anthracene > BaP > perylene j> BeP _> benzo(ghi)perylene _> chrysene

Radioactive BaP metabolites extracted in ethylacetate and remaining in the

aqueous phase increased with increasing incubation time.

Since the dermal careinogenicity of BaP was also decreased in the

presence of complex mixtures, DNA was isolated from mouse skin treated with

labeled 3H-BaP or 3H-BaP co-administered with H-l. The results indicated

that binding of BaP to DNA either was unaffected or was slightly decreased

(12%) in the presence of H-l. These data suggest that the differences in

mutagenic, and presumably carcinogenic activities, for BaP, when it was

co-administered with the complex mixture, were probably d~d to decreased

rates of metabolism.

Work supported by U.S. Department of Energy under Contract Number

DE-AC06-76RL0-1830.
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Effective Dose of Inhaled Complex Mixtures

•I. A. Bond, J. D. Sun, C. E. Mitchell, R. K. Wolff, and R. 0. McClellan

Lovelace Inhalation Toxicology Research Institute, Albuquerque, NM 87185

Classes of organic compounds such as polycyclic aromatic hydrocarbons

(PAH), n1tro-PAH, aromatic amines, and aza-arenes have been detected and,

1n many Instances, quantitated 1n emissions, products, and by-products

associated with energy production and use. Typically, these chemicals are

associated with respirable particles that can be either organic, Inorganic,

or Inert 1n nature. Several of the compounds that have been Identified

have known mutagenic, carcinogenic, and/or toxic properties in both

experimental animals and man. However, there 1s a paucity of data on the

fate, target organs, and potential human health risks associated with

Inhalation exposure of these chemicals.

The large number of compounds within each chemical class detected in

effljents precludes intensive Investigation of the potential toxidty of

each chemical. Therefore, research at the Inhalation Toxicology Research

Institute has focused on studying selected chemicals within different

important chemical classes to gain representative Information in laboratory

animals on the inhalation toxicokinetics of the different types of

compounds. The term toxicokinetics is applied to the rate constants

describing distribution, metabolism, and elimination of chemicals from the

body. The data provided from toxicokinetic studies in animals allows for

predictions of the levels of toxicants 1n target tissues after repeated or

continuous exposure.

Toxicokinetic data have been obtained for inhaled benzo(a)pyrene

(BaP), 1-nitropyrens (HP), 2-aminoanthracene (2-AA), and phenanthridone

(PNDO) both in pure forms and associated with carbonaceous (diesel
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exhaust), organic (coal tar) and Inorganic (gallium oxide) particles. The

data obtained for the different chemicals have been used to predict lung

concentrations of the Inhaled chemicals 1n humans.

F344 rats were exposed by nose-only Inhalation to aerosols of the

different chemicals either 1n their pure forms or associated with

particles. Following each exposure, rats were sacrificed at various times

after termination of exposure and tissues were removed for analysis of

parent compound and metabolites. In all cases, the rate of clearance of

material from the respiratory tract occurred 1n two phases, an Initial

rapid phase and a subsequent slower phase. In general, when the chemical

was Inhaled in pure form, over 99% of the Inhaled material was rapidly

cleared with a half-time of less than 1 day. However, when the chemical

was Inhaled on diesel exhaust soot a significant fraction of the Inhaled

chemical was retained 1n the lungs (up to 50%) and this fraction cleared

with a half-time of > 1 day (I.e. 1-30 days). The Initial rapid rate of

clearance for all chemicals suggests that the different chemical functional

groups represented by these compounds do not alter the rates of pulmonary

absorption and clearance of the Inhaled chemicals to any great extent.

Qur data also suggest that the composition of the carrier particles

has an effect on the rate of lung clearance of the Inhaled chemicals when

associated with particles. The observation that lung retention of

chemicals adsorbed onto diesel exhaust particles 1s greater than when they

are coated on gallium oxide particles suggests that the various physical

and chemical Interactions between the chemical and carrier particles may be

a factor that Influences the rate at which the adsorbed chemical 1s removed

from these particles in vivo.
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Results from the metabolism studies Indicate that lung and nasal

tissue metabotism can play a significant role 1n the overall metabolic fate

of Inhaled chemicals. These studies Indicate that lung and nasal tissue

can oxidize, reduce, and conjugate Inhaled chemicals.

The data from these studies show that under some conditions, lungs

accumulate a significant amount of Inhaled PAH. Equilibrium lung burdens

were predicted for humans using the animal toxicokinetk data and

hypothetical exposure conditions (3.S ng particles/L air, 8 hr/day, 0.1%

PAH coating). The rate constants and fractions used for each calculation

were taken from animal exposures Involving exposure to pure chemicals,

exposure to chemicals coated on diesel exhaust soot, and exposure to

chemicals coated on gallium oxide. The data Indicate that using rate

constants derived from exposures to chemicals coated on organic or

Inorganic matrices yields equilibrium lung burdens up to 1000 times higher

than those obtained using rate constants from exposure to pure aerosols.

In summary, the results from these series of studies have clearly

shown that particle association of chemicals Influences the rate of

clearance of those chemicals. The data predict that under some conditions

(e.g. particle association) lungs can accumulate significant quantities of

Inhaled chemicals. In addition, the data demonstrate that lungs and nasal

tissue can metabolize Inhaled chemicals to several biologically active

metabolites. Additional studies are currently underway to Investigate

variables other than partkle association of Inhaled organic compounds that

may Influence the retention and fate of inhaled chemicals Including complex

mixtures. (Research performed under DOE Contract No. DE-AC04-76EV01013.)
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Toxlcokinctics of Complex Mixtures

K. P. Witsebi and L. H. Smith

Biology Division, Oak Ridge National Laboratory*

The purpose of the experiments reported in this abstract was to

obtain data on the toxicokinetics of two deraally applied couples mix-

tures. The following Mixtures were chosen: fuel oil blend No. 931» which

produces within one year a 1009 incidence of skin tumors in C3R sice, and

the same fuel oil blend following low severity hydrotreatment (to 2650 ppa

N); this mixture has, within the first year, no carcinogenic activity. To

14both oixtures waa added a sample of C-labelled dotriacontane, a paraffin

with 32 carbons.

Male BALB/c nice were shaved on the back and 50 Hi of the spiked

sample (4.5 x 10 dpra C) was painted onto the skin. The animals were

kept in metabolism cages for collection of feces and urine. One, 6 and 24

hours later 3 animals per group were killed for determination of radioac-

tivity (liquid scintillation counting) in blood and various internal

organs.

Radioactivity in blood rose steadily over the entire 24 hour

period; in the animals exposed to the non-carcinogenic mixture, diffusion

of the marker substance into the blood appeared to occur at a faster rate

than in the animals painted with the carcinogenic oil. Accumulation of

label in internal organs followed a similar pattern: at 6 hours after expo-

sure to the mixtures, more of the marked compound originating from the non-

carcinogenic mixture (compared to the marker compound originating from the

carcinogenic fuel oil blend) was found in fat, testes, brain, kidney, liver
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and gastrointestinal tract. After 24 hours, however, the differences

between radioactivity measured in the various organs were 3tatlsticaly no

longer significant, with the exception of the kidney. At this tine, the

total amount of the administered doses in individual organs was found to

be: liver 11-"12$ of total dose; kidneys 0.2-0.49; brain 0.1* and testes

0.01-0.021.

Initially, the same amount of radioactivity Has administered in

each of the two mixtures. If uptake and elimination kinetics of the marker

compound were identical for the two mixtures, then the ratios of tissue

specific activities should have stayed close to unity at all time points.

This was not the case. Six hours after exposure the ratio of dpm/g tissue

for the non-carcinogenic vs. the carcinogenic mixture was around 6.6 in the

teates, around 5.0 in liver and kidney, and 2.5 to 3.0 in blood, GI tract

and ear (a measure of skin not directly exposed) whereas it remained close

to the theoretical value of 1.0 in the exposed skin. In the feces, the

ratio was 9.3 and in urine 2.1. After 24 hours, the ratios in all tissues

examined had fallen below 2.0, including urine and feces.

The marker substance used in the present experiment was a largely

inert long-chain paraffin. The pharmacodynamic behavior was largely deter-

mined by the complex mixture in which it was dissolved. Within the first 6

hours, the hydrotreated mixture provided for a much faster and better

absorption of the marker from its site of application. This was accom-

panied by a higher accumulation of the marker in kidney, liver and 61 tract

and a considerably larger excretion, predominantly through the feces. The

salient feature thus is that after application of the carcinogenic mixture
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SESSION V I . CHEMISTRY

SUMMARY OF ACCOMPLISHMENTS

The principal role of efforts in chemical research is currently to serve

as a resource in support of biological research. Continuing research on

chemical separations, analytical methods, and organic synthesis is directed

primarily toward providing test materials and chemical measurements needed by

collaborating health ai.d environmental effects researchers. Most attention Is

given to preparing and characterizing complex coal-, shale-, and petroleum-

derived mixtures and individual model compounds used to probe biological

mechanisms and effects. lexicologically important constituents of these

mixtures are isolated and identified. The chemical compositions of energy-

related crude mixtures are systemicaily determined to Identify suitable model

chemicals for fundamental toxicological research. Recent accomplishments are

summarized as follows:

a. The chemical composition of polycyclic aromatic hydrocarbon dermal

tumorigens in energy-related mixtures has been cataloged as a resource

for selecting model compounds to use in toxicologic studies.

b. A compilation of appropriate model compounds and a summary of the

cri teria leading to their selection has been prepared in cooperation

with health effects and environmental researchers.

c. Methods of chemical alteration, especially for deamination,

hydrogenation, and nitrosation, have been developed and applied to the

Identification of toxicologically active compounds.

d. Desorption chemical ionization mass spectrometry has been validated as

a promising method for the identification of adducts between DNA and

carcinogens. Supercritical fluid chromatography and Fourier transform
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Infrared spectroscopy have also proven to be useful analyt ical

approaches.

e. The neutral components of gas i f ie r tars have been systemically

separated and characterized in support of biological t es t i ng .

f . A range o r previously unreported polyeyelie aromatic compounds that

are l i k e l y to contr ibute to the mutagenicity of coal combustion f l y

ash extracts have been Iden t i f i ed .

g. Hydroaromatic compounds have been systematically isolated and

characterized, and hydrogenated PAH have been synthesized to support

studies on the iden t i t y of toxic chemicals and toxicologic

In teract ions.

h. Oxygen-containing compounds (hydroxy polycycl ic aromatic hydrocarbons

and keto compounds) have been isolated and iden t i f ied in coal l iqu ids

and gas i f ica t ion t a r s .

FUTURE DIRECTIONS IN RESEARCH

Future e f fo r ts w i l l focus on developing and applying analyt ical

approaches and methods required fo r col laborative research aimed at

ident i fy ing chemicals d i rec t l y and ind i rec t l y responsible for toxicologic

ef fects in humans or ecosystems. These e f for ts include iden t i f i ca t ion of

speci f ic isomers of tox ico log ica l ly important compounds in complex mixtures,

and preparation of well-defined and characterized f ract ions of complex

mixtures for toxicologic studies. In addi t ion, the research on the effects of

complex mixtures in ce l l u l a r , animal, and ecological studies w i l l require

preparation of radiolabeled compounds and analysis of the fate and metabolism

of chemicals 1n these systems.

I OS



PREPARATION OF SPECIFIC CHEMICAL CLASS FRACTIONS AND ANALYTICAL SUPPORT FOR
TOXICOLOGIC STUDIES OF ENERGY RELATED COMPLEX MIXTURES

Bary W. Wilson, Cherylyn W. Wright, Edward K. Chess, Douglas W. Later and Roger
M. Bean

Chemical Methods and Kinetics Section, Battelle Pacific Northwest Laboratory,
P.O. Box 999, Richland, MA 99352

Progress in understating effects of exposure to organic complex mixtures Is
dependent upon the availability of their well defined chemical class fractions.
Development of methods to obtain and chemically analyze such fractions has been
a major component of the OHER complex mixtures chemistry component at PNL.
Several of these methods, including those for functional group-specific chemi-
cal class fractions using alumina, and an integrated scheme using distillation,
alumina, and HPLC techniques, have been published/1*2' The latter scheme
yields subfractions having from 4 to 10 compounds or Isomers, and has been used
in the study of matrix effects in conjunction with the Initiation/promotion
assay as a toxicologic endpoint.

This report will be concerned primarily with preparation and analysis of the
hydroaromatic and nitrogen-containing polycyclic aromatic compound (NPAC)
fractions that are currently being used in initiation/promotion and chronic
skin painting studies to determine dermal carcinogenicity 1n mice. Drs. Mahlum
and Renne have reported on these results In the proceedings of this meeting.

We will also report briefly on development of methods for determination of DNA
adducts formed from exposure to certain chemical class fractions, as well as on
recent efforts to synthesize and characterize, both chemically and toxicoiogi-
cally, certain nitro-PAC formed during combustion of coal.

Preparation of Hydroaromatic and Nitrosated NPAC Fraction

We have demonstrated that nitrosation of NPAC fractions to selectively remove
amino-PAH decreases carcinogenic activity by more than 601 as determined by the
initiation/promotion assay. However, nitrosation of a crude coal liquid did
not decrease Its activity in chronic skin painting assays. These results,
along with reports from AMI regarding the formation of nitro compounds from PAH
during nitrosation have prompted a closer study of this reaction. Of the three
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main types of NPAC found In the coal liquids, the amino-PAH react most readily
to form phenols at reaction temperatures above about 20°C. Carbazoies may
react with nitrous add to form N-nitroso compounds,, whereas the aza compounds
present are Inert to reaction at the N position, but may form ring-substituted
nitro compounds If strong electron donating groups are present. (Neutral PAH
are not present In the NPAC fractions.)

Figure 1 shows GCMS data which indicate that primary aromatic amines are
effectively removed, whereas the secondary and tertiary compounds in the coal
liquid matrix are essentially left intact by the nitrous acid treatment as
carried out at PNL.
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FIGURE 1. Selected Ion Chromatogram of the m/z 207 ion From a Coal Liquid
Showing Elimination of the Signal Arising from Methyamino-
phenanthrene, While the Secondary and Tertiary NPAC isomers at
this Mass Remain Intact.

Mass spectromatric data obtained from perfluoroproprionic anhydride (PFP)
derivatized NPAC fractions examined both before and after nitrosation, Indicate
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more material appears to be staying at the site of application. Whether

this is related to the carcinogenic process remains to be established.

If dpm/g tissue in several organs are averaged it can be calculated

that following one 3ingle exposure up to 80% of the applied doses are token

up within the body. In a conventional mouse skin painting study, where 3 x

100 i& of mixture are applied over a two year period, this could mea» that

the final concentration of the mixture in the animal would be 1 kg/g of

body weight; obviously an impossibility. The equilibrium kinetics must be

different from this calculation and it will be important, in future stu-

dies, to understand better the pharmacokinetics of dermally applied complex

mixtures, particularly after repeated exposure.

•Operated by Martin Marietta Energy Systems, Inc. under contract DE-AC05-
840R21400 with the U. S. Department of Energy.
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that amino-PAH are largely eliminated (data not shown), but cannot be

interpreted to rule out formation of N-nitroso compounds from carbazoles

present In the mixtures.

Hydrogen content is an important factor in determining the toxici ty of coal-

derived fuels, (3 ) and, indeed, hydrotreatment has been shown to reduce or

eliminate both mutagenicity and carcinogenicity in many of these materials.

order to study the effects of hydrogen incorporation, we have supported the

development of a separations scheme which yields fractions enriched in hydro-

aromatic compounds.(4) These fractions have been used in initiation/promotion

studies and show decreased act iv i ty in these assays as well as in microbial

mutagenicity tests, as compared to analogous crude materials.

In addition, we have hydrogenated carcinogenic PAH such as B(a)P and have
examined the chemistry and toxicology of the resultant products. Figure 2

In

BENZOIalPYRENE
MILD HYOROGENATE

FIGURE 2. Gas Chromatogram of Products Have Hydrogenation of B(a)P
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shows a gas chromatogram of B(a)P hydrogenation products. Figure 3 reports
microbial mutagenicity for several hydroaromatic analogs of B(a)P.
(Initiation/promotion data on hydroaromatic fractions are presented by
D. D. Mahlum elsewhere in these proceedings.)
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FIGURE 3. Microbial Mutagenicity of Hydrogenated B(a)P Products

Methods Development for DMA Adducts Studies

Identification by mass spectrometry (MS) of DMA adducts formed from exposure to
complex mixtures will require that the molecular ion as well as structurally
important fragment ions be generated and detected. We are currently developing
methods based on desorption chemical ionization (DCI) MS. This approach
appears to yield more stable ion currents than those obtained from field
desorption, yet provides molecular ions as well as some fragmentation for
standards run as components of adducts. Figure 4a and 4b show DCI spectra of
the two components which comprise adducts of the type expected to be formed
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FIGURE 4a & 4b. a) Desorption Chemical Ionization Spectra of the B(a)P
Metabolite and b) 2'deoxy Adenosine Using Methane or
Isobutane CI Gas Base

from the complex mixtures of interest. Note the increased spectral quality
with isobuutane compared with methane as a CI gas. These methods will be
applied to analysis of adducts arising from the treatment of in vivo text
systems to complex mixtures.

Combustion Studies

Finally, in order to better understand the chemical basis for toxicologic
response to coal combustion product complex mixtures, we have synthesized a few
of the nitro derivatives for certain oxygenated species to form isomers of
several compounds recently characterized in organic extracts of coal fly ash.
The resulting reaction mixtures have been separated by supercritical fluid
ehromatography, and certain compounds are slated for mutagenicity testing.
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Figure 5 shows a chrowatograra of the products from one such experiment. The
compounds formed are typical of those In mutagenic polar fractions of fly ash
extracts.

100

80

60-

% i

40-

20-

Nitratton of 9-Hydroxyfluorene,

Product Mixture,

152

I . • • • • I I I . . 1 JMk
100 140

180

OH H

195

180

227

220
mIZ

FIGURE 5. Gas Chromatogram of Nitrosated Products from Oxygenated PAC
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Dermal Tumorigen PAH and Complex Mixtures for Biological Research*

W. H. Grleet, H. R. Guerin, and C.-h. Ho

Analytical Chemistry Division, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831

Complex mixtures research benefits from the availability of well-

characterized complex mixtures. Equally important is the careful selection

and preparation of model compounds allowing the fundamental chemical and

toxicological interactions associated with the complex mixtures to be

studied.

It has been necessary to review the scientific literature and

generate certain data on the distribution of PAH tumorigens in order to

select proper chemicals for fundamental research. An extensive review iden-

tified HD-jre than thirty PAH, ranging in ring size from naphthalene to benzo-

[ghijperylene, as most commonly reported in complex mixtures. Several trends

noted in PAH distribution included predominance of isomers with pericondensed

vs catacondensed ring systems (e.g., phenanthrene > anthracene), more compact

ring arrangements (e.g., chrysene > benzIa]anthracene, benzo[e]pyrene >

benzo[a]pyrene), and ring systems with all six-membered rings vs those

including a five-membered ring (e.g., pyrene > fluoranthene). Positional

isomers with 2- or 3-substitution also were more concentrated than those with

1-substitution (e.g., 2-methyl naphthalene > 1-methyl naphthalene). The most

commonly reported dermal tumorigen PAH were chrysene, benz[a]anthracene,

benzo[a]pyrene, benzo[b,j, and kjfluoranthenes, dibenz[a,c; a,h; and a,j]-

anthracenes, dibenzo[a,e; a,h; a,i; a,l; and cd,jk]pyrenes, benzo[ghi]pery-

lene, indeno[1,2,3-cd]pyrene, and sometimes 3-methylcholanthrene and 7,12-

dimethylbenz[a]anthracene. Although these trends must reflect relative

thermodynamic stabilities, the specific PAH isomers quantified in the litera-

ture reports seem strongly dependent on the particular PAH isomers available

as standards to the investigators. The need for a more consistent data set

is obvious.

•Research sponsored by the Office of Health and Environmental Research, U.S.
Department of Energy under contract DE-AC05-84OR21400 with Martin Marietta
Energy Systems, Inc.
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Thus, thirteen commercially available, commonly reported four-five ring

dermal tumorigen PAH were determined In a set of complex mixtures consisting

of crude and upgraded coal liquids, and petroleum crude oils and their dis-

tillate fractions. Semi-preparative scale, normal phase high performance

liquid chromatographic (HPLC) fractionation followed by capillary column gas

chromatography (GC) or gas chromatography-mass spectroscopy (GCMS) were used

for the measurements. Deuterated or carbon-14 labeled PAH served as internal

standards or allowed recovery corrections. Crude coal liquids were found to

have remarkably similar distributions of these four-five ring dermal tumori-

gen PAH, despite different feed coals and liquefaction processes. Major

species were benz[a]anthracene, chrysene (and triphenylene), benzo[b/jjfluor-

anthenes, benzo[e and a]pyrenes, indeno[l,2,3cd]pyrene, and benzo[ghi]pery-

lene. In contrast, partially upgraded coal liquids and petroleum crude oil

distillate fractions had considerably different distributions. In both of

these categories chrysene predominated considerably over benz[a]anthracene,

and benzo[e]pyrene and benzo[b/j]fluoranthenes predominated greatly over the

other MW 252 PAH isomers. Such differences in composition must be considered

in the selection of model compounds for fundamental study.

The presence of the occasionally reported but highly tumorigenie PAH,

3-methyl cholanthrene (3-MCA) and 7,12-dimethylbenz[a]anthracene (DMBA) was

examined for two coal liquids from two liquefaction processes. Extensive

HPLC subfractionation of samples into portions representing less than ca. 0.1

mass percent of the crude liquids and very high resolution capillary column

(60 m) GC-MS examination indicated that 3-MCA was not present at levels

typically reported (ca. 300 ™g/g). A component was found which almost co-

eluted (within a few seconds of retention time) with 3-MCA and also exhibited

a molecular weight of 268. This component may be easily mistaken for 3-MCA,

particularly when lower resolution (packed column or even 30 m capillary

column) GC conditions are employed. No evidence was found for the presence

of DMBA in the two samples. These results suggest that the previous identif-

ication of these two PAH in complex mixtures is ambiguous, at best. They are

not considered to be good candidates for models.

The properties of and background biological data on complex mixtures

currently available for research also have been examined. A considerable

body of data has been generated in studies for the Offices of Health and
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Environmental Research and Fossil Energy, and many of the samples are avail-

able through the DOE Synthetic Fuels Repository. Data include physical

properties (e.g., boiling range, density, viscosity), composition (primarily

benzo[a]pyrene and other dermal tumorigen PAH), and biological activity

(particularly mutagenicity and tumorigenicity). Complex mixture samples with

particularly good pedigree and characterization include suites of crude and

upgraded blends of H-Coal and SRC-II oils. An interesting and possibly

unique opportunity to examine the effects of subtle compositional differences

among a series of cooplex mixture samples having a very similar makeup of

major organic compounds arises in the case of home heating oils and diesel

fuels. A set of samples derived from petroleum and shale is found to differ

in ratios of components among a generic group (i.e., petroleum or shale) and

in some classes of components between generic groups. Long term dermal

testing of shale- and petroleum-derived jet fuels have shown long latencies

and subtle differences in biological effects.

The availability of such well-examined complex mixtures allows the

exploration of the chemical and toxicological relationships associated with

complex mixtures without requiring additional biological testing. For

example, correlations can be made of various properties, constituents, and

biological end points. For the limited number of samples tested, mutagen-

icity is found to be only a slighly better prediction of tumorigenicity than

is benzo[a]pyrene content.

Approaches for the preparation and measurement of radiolabeled PAH are

being examined to provide chemical probes for biological study. Synthetic

routes for production of carbon-14 (l^C) labeled dihydrobenzo[a]pyrene

and 1*C- or tritium-labeled (̂ H) 10-azabenzo[a]pyrene are receiving

first attention, to provide tracers for fundamental studies in tracheal

transplant and skin penetration systems. The "convertible" compounds concept

will be employed where feasible for economy and efficiency. This approach

utilizes those compounds which can easily be converted from one form of

interest to another, such as a nitro-PAH which can be reduced to the corre-

sponding amino-PAH. A single purchase of a model compound or its precursor

provides that compound, and after micro-scale reactions, additional model

compounds without considerable added expense. The practicality of preparing
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dual-label compounds (i.e., compounds labeled with both 1*C and 3 H ) , is

being examined.. Such tracers would allow the fidelity of the ouch-employed

H-label to be established for the compounds tested. Methods for the

determination of radiotracers in physiological fluid and tissue specimens are

being set up and evaluated to support the biological studies utilizing

tracers.
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Chemical and Toxicoiogical Characterization of Neutral Components 1n Coal-
Gasification Condensates

Yassilis C. Stamoudis,1 David A. Haugen,2 Phil in D. Heffley,1 Kurt C.
Pi ee l , 1 David I . Elkens,1 and Jack C. Demirgian1

1Energy and Environmental Systems Division and 2D1v1s1on of Biological and
Medical Research, Argonne National Laboratory

Introduction. Products and by-products of energy conversion processes

are generally very complex mixtures that contain numerous classes of organic

chemicals, including polynuclear aromatic hydrocarbons (PAH); oxygen-,

nitrogen-, and sulfur-heterocyclic PAH (O-PAH, N-PAH, and S-PAH); hydroxy-

PAH; amino-PAH; keto-PAH; cyano-PAH; alicyclic-PAH; and aliphatic

hydrocarbons. The neutral components of these mixtures generally account

for the greatest mass and Include well-known carcinogenic and

noncarcinogen1c chemicals, as well as components about which l i t t l e Is known

regarding their structure, origin, or toxic i ty. During our studies of the

toxicoiogical interactions of chemicals in complex mixtures, we have

characterized the neutral components in a variety of energy-related

materials. In this paper, we present data for two coal-gasification

condensates, one from the Grand Forks Energy Technology Center (GFETC)

slagging, fixed-bed gasifier and the other from the Morgantown Energy

Technology Center (METC) fixed-bed gasifier.

Methods. The neutral fraction of each condensate was Isolated using a

well-established, pH-based, l iquid-l iquid partitioning procedure. A

carefully developed silica-column chromatography procedure was then used to

isolate four neutral subfractions, which were eluted with the volume % of

solvent given In parenthesis: aliphatic hydrocarbons (pentane), aromatic

hydrocarbons (20* methylene chloride In pentane), indoles and carbazoles

(40% methylene chloride in pentane), and polar neutral components (50$ ethyl
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ether and SOS •ethanol). The subtractions were analyzed using coMputer-

assisted, capillary-column gas chromatography (GC), GC/mass spectronetry

(GC/MS), and GC/Four1er transform Infrared spectroscope (GC/FTIR). The

fractionations and GC analyses were both done In duplicate. The Mass

balances were based on gravimetric determinations. Microbiai nutagenicity

assays were performed using Salmonella strain TA98 In the presence and

absence of rat l iver S9 for metabolic activation.

Results. The mass balances for the si l ica subfractionation of the

neutral fraction for the two gasifier samples and the mutagenicity balances

for the NETC gasifier sample are presented In Table 1. For the METC

gasffier sample, the aromatic subfraction (PAH, S-PAH, and 0-PAH) represents

the largest mass and also contains almost a l l of the Indirect

mutagenicity. The recovery of greater than 100% of mutagenicity In the

aromatic subfraction Indicates that the mutagenicity of the aromatic

hydrocarbons 1n the neutral fraction was masked by the other components.

The aliphatic (n-alkanes/alkenes) and Indoie/carbazole fractions are not

mutagenic, and the METC polar neutral fraction 1s directly mutagenic. As

determined by GC/MS and GC/FTIR, the major components Identified In the

polar neutral fractions are eye1opentenones, Indanones, acetophenones,

cyano-PAH, and small amounts of highly alkylated phenols. Analysis of a

polar-neutral fraction obtained Independently using si l ica column high-

performance l iquid chromatography revealed the same composition.

The chemical compositions for the respective neutral subfractions from

the METC and GFETC gasifier samples were qualitatively similar. However,

Table 1 shows that the quantitative differences were considerable.

Representative analytical results for the four subfractions from each
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Table 1 . Recovery of Mass and Mutagenicity

Sample Components

Neutral Fraction

Aiiphatics

Aromatics

Indoles/Carbazoles

Polar NeutraVs

Total

Mass,

GFETC

100.0

9.3

34.9

3.9

34.2

82.3

METC

100.0

2.1

46.5

8.2

18.1

74.9

Mutagenicity

rev/ng

0.7

0

5.0c

0

0,5d

—

(METC)b

(X)

100

0

332

0

13

345

aAverage from duplicate fract ionat ions and mult iple gravimetric
determinations.

bThe GFETC data are not yet complete.

€Sevenfold Increase 1n specif ic mutagenidty.

dW1thout the addition of S9.

sample are shown In Table 2. The concentrations of more than 150 components

were determined, with an average standard deviation of less than 102, except

for the GFETC polar neutrals.

Conclusions. A methodology for Isolat ing classes of chemicals in the

neutral f ract ion Isolated from coal-gasi f icat ion by-product condensates was

developed and standardized. More than 150 components were qua l i ta t i ve ly and

quant i ta t ive ly analyzed. The data suggest that the mutagenicity of the

aromatic hydrocarbons in the neutral f ract ion was masked by the other

components. Evidence for the presence of d i rect mutagens was also

obtained. The presence of cyclopentenones, indanones, and acetophenones was

confirmed with the complimentary aid of GC/MS and GC/FTIR.
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Table 2. Representative Components In Neutral Subtractions

Concentration,3 mg/g Neutral Fraction

Compound Name

Aliphatics
n-Cij-alkene
n-Cji-alkane
n-Cio~alk@ne
n-Cjg-alkane
n~C24~alkene
n-Cg^-alkane

Aromatics
naphthalene
biphenyl
dibenzofuran
fluorene
phenanthrene
pyrene
chrysene
benz(a)pyrene

Indoles and Carbazolesb

methylIndole
carbazole
methylcarbazole
C2-carbazole

Polar Neutrals
cyanobenzene
Cg'cyclopentenone
acetophenone
Indanone
cyanonaphthalene

0
0
0
0
0
1,

44,
3,
7.
10,
14,
3.
1.
1.

0,
0.
0.
0.

0.
0.
0.
1.
0.

GFETC

.60 * 0

.77 * 0

.85 * 0

.89 ± 0

.77 ± 0

.00 ± 0

.9 ± 1.

.45 * 0

.75 * 0,

.7 * 0,

.5 ± 1,

.61 * 0,
,58 ± 0,
.07 * 0.

05 ± 0.
37 ± 0.
08 ± 0.
02 ± 0.

18 4 0.
88 ± 0.
85 t 0.
06 * 0.
28 4 0.

.06

.08

.04

.05

.27

.24

.9

.12

.44

.31

.30

.22

.13

.05

,003
,06
,008
002

08
23
28
28
08

0
0
0
0
0
0

18
1
4,
5
7,
1,
1,
0,

0.
0,
0,
0.

0.
0.
0.
0.
0.

METC

.13 ± 0

.21 * 0

.12 * 0
«25 * 0
.07 * 0
.13 * 0

.4 * 1,

.40 ± 0

.02 ± 0,

.58 * 0,

.74 ± 1,

.95 * 0,

.44 * 0,

.79 * 0.

,03 1 0,
66 ± 0.
,20 ± 0.
07 ± 0.

14 * 0.
09 ± 0.
22 ± 0.
16 * 0.
23 ± 0.

.01

.01

.02

.02

.04

.04

.6

.13

.45

.85

.11

.51

.09

.14

.006
02
05
003

01
01
01
01
02

aFour determinations from duplicate f ract ional on s and
duplicate GC runs.

bMethoxy-PAH are also present In the GFETC sample.

*U.S. GOVERNMENT PRINTING OPFICEt

122


