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FOREWORD

Section 304 (a)(l) of the Clean Water Act of 1977 (P.L. 95-217),
requires the Administrator of the Environmental Protection Agency to
publish criteria for water quality accurately reflecting the latest
scientific knowledge on the kind and extent of all identifiable effects
on health and welfare which may be expected from the presence of
pollutants in any body of water, including ground water. Proposed water
quality criteria for the 65 toxic pollutants listed under section 307
(a)(1) of the Clean Water Act were developed and a notice of their
availability was published for public comment on March 15, 1979 (44 FR
15926), July 25, 1979 (44 FR 43660), and October 1, 1979 (44 FR 56628).
This document is a revision of those proposed criteria based upon a
consideration of comments received from other Federal Agencies, State
agencies, special interest groups, and individual scientists. The
criteria contained in this document replace any previously published EPA
criteria for the 65 pollutants. This criterion document is also
published in satisifaction of paragraph 11 of the Settlement Agreement
Zn Natural Resources Defense Council, et. al. vs. Train, 8 ERC 2120

D.D.C. ,» modified, .D.C. .

The term “"water quality criteria" is used in two sections of the
Clean Water Act, section 304 (a)(1) and section 303 (c)(2). The term has
a different program impact in each section. In section 304, the term
represents a non-regulatory, scientific assessment of ecological ef-
fects. The criteria presented in this publication are such scientific
assessments.  Such water quality criteria associated with specific
stream uses when adopted as State water quality standards under section
303 become enforceable maximum acceptable levels of a pollutant in
ambient waters. The water quality criteria adopted in the State water
quality standards could have the same numerical limits as the criteria
developed under section 304. However, in many situations States may want
to adjust water quality criteria developed under section 304 to reflect
local environmental conditions and human exposure patterns before
incorporation into water quality standards. It is not until their
adoption as part of the State water quality standards that the criteria
become regulatory.

Guidelines to assist the States in the modification of criteria
presented in this document, 1in the development of water quality
standards, and in other water-related programs of this Agency, are being
developed by EPA.

STEVEN SCHATZOW
Deputy Assistant Administrator
Office of Water Regulations and Standards
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CRITERIA DOCUMENT
POLYCHLORINATED BIPHENYLS
CRITERIA

Aquatic Life

For polychlorinated biphenyls the criterion to protect fresh-
water aquatic life as derived using the Guidelines is 0.014 ug/l as
a 24~-hour average. The concentration of 0.014 ug/l is probably too
high because it is based on bioconcentration factors measured in
laboratory studies, but field studies apparently produce factors at
least ten times higher for fishes. The available data indicate
that acute toxicity to freshwater aquatic life probably will only
occur at concentrations above 2.0 ug/l and that the 24-hour average
should provide adequate protection against acute toxicity.

For polychlorinated biphenyls the criterion to protect salt-
water aquatic life as derived using the Guidelines is 0.030 ug/l as
a 24-hour average. The concentration of 0.030 ug/l is probably too
high because it is based on bioconcentration factors measured in
laboratory studies, but field studies apparently produce factors at
least ten times higher for fishes. .The available data indicate
that acute toxicity to saltwater aquatic life probably will only
occur at concentrations above 10 ug/l1 and that the 24-hour average
criterion should provide adequate protection against acute tox-

icity.
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Human Health

For the maximum protection of human health from the potential
carcinogenic effects due to exposure of polychlorinated biphenyls
through ingestion of contaminated water and contaminated aquatic
organisms, the ambient water concentration should be zero based on
the non-threshold assumption for this chemical. However, zero
level may not be attainable at the present time. Therefore, the
levels which may result in incremental increase of cancer risk over
the lifetime are estimated at 107>, 10°%, and 10~7. The corre-
sponding recommended criteria are 0.79 ng/1, 0.079 ng/1, and 0.0079
ng/l, respectively. If the above estimates are made for consump-
tion of aquatic organisms only, exluding consumption of water, the

levels are 0.79 ng/1, 0.079 ng/l, and 0.0079 ng/l, respectively.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are the chlorinated deriva-
tives of a class of aromatic organic compounds called biphenyls and
are manufactured by the direct chlorination of the bipheyl ring
system. The commercial products are complex mixtures of chlorobi-
phenyls and are marketed for various uses according to the percent-
age of chlorine in the mixture. Currently there is no production
of PCBs in the United States but the sole producer of PCBs in the
United States previously marketed four mixtures containing 21 per-
cent, 41 percent, 42 percent, and 54 percent chlorine for use only
in closed electrical systems under the registered trademark Aro-
clor. Prior to 1971, mixtures containing up to 68 percent chlorine
were used in a number of other applications, including plasticiz-
ers, heat transfer fluids, hydraulic fluids, fluids in vacuum pumps
and compressors, lubricants, and wax extenders.

In 1974 approximately 65 to 70 percent of domestic sales were
to manufacturers of capacitors and the.remainder to manufacturers
of transformers while approximately 450,000 pounds of PCBs were
imported primarily for use in non-closed systems. Production in
the United States appeared to be one-half of the world total.

As a result of the long life of many products containing PCBs,
it is believed that a substantial portion of the PCBs manufactured
before 1971 are still in service and thus represent potential pol-
lution through possible future discharge into the environment.

During the period 1972 to 1974, domestic production of PCBs

averaged approximately 40 million pounds per year with 33 million



pounds representing the annual domestic marketed consumption during
that period.

Although the environmental behavior and biological activity of
a number of individual chlorobiphenyl isomers have been studied in
recent years, it is still difficult to evaluate the potential tox-
icity of the complex mixtures actually found in the environment
since their composition often changes. 1In making this evaluation
it is necessary to weigh carefully the results of studies of indi-
vidual compounds, and to compare critically the environmental and
toxicological properties of the commercial mixtures.

A further complication is that several commercial PCB mixtures
have been reported to contain small quantities of highly toxic con-
taminants, polychlorinated dibenzofurans (PCDFs). Certain of the
toxic effects observed in animals and humans exposed to PCBs appear
to be attributable to PCDFs, while others appear to be caused by
PCBs themselves. There is also some evidence that small quantities
of PCDFs may be formed from PCBs while in service or as a result of
metabolic changes in certain organismé.

PCBs consist of a mixture of chlorinated biphenyls which con-
tain a varying number of substituted chlorine atoms on the aromatic
rings. The biphenyl molecule has a total of ten sites where chlo-

rine substitution can be accommodated as shown in the following

structure:
5 6 a 3
32 ¢ S
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The potential positions for chlorine substitution are numbered
according to the American Chemical Society standard notation.
Chlorinated biphenyls having the same number of chlorine atoms per
molecule are referred to as a specific class of chlorobiphenyls,
with a suitable numerical prefix to define the number of substi-
tuted chlorines. Hence, there are classes varying from monochloro-
biphenyls to decachlorobiphenyls. All compounds within the same
class have the same molecular weight and are structural isomers of
each other. They differ only in terms of the location of the chlo-
rine atoms in the biphenyl ring. The ten classes of chlorobi-
phenyls, comprising 209 possible isomers, are summarized in
Table L.

Chlorobiphenyls with five or more chlorine atoms are referred
to as "higher chlorobiphenyls."” This distinction is made in recog-
nition of the fact that the former group of compounds is much more
persistent in the environment than the latter group. The tetra-
chlorobiphenyls are intermediate in persistence.

The physical properties of indiﬁidual chlorinated biphenyls
are known (Cook, 1972). The physical properties of the Aroclor
mixtures are summarized in Table 2. Lower chlorinated Aroclors
(1221, 1232, 1016, 1242, and 1248) are colorless mobile oils. In-
creasing chlorine content results in mixtures taking on the consis-
tency of viscous liquids (Aroclor 1254) or sticky resins (Aroclors
1260 and 1262). Aroclors 1268 and 1270 are of white powders. With
the exception of Aroclors 1221 and 1268, Aroclors do not crystal-
lize upon heating or cooling but at a specific temperature, defined

as a "pour point," change into a resinous state.



TABLE 1

Empirical Formulation, Molecular Weights,
and Chlorine Percentage in PCBs?

Empiricg; Formula Molgculgr Percgntb No. of
Chlorobiphenyls Weight Chlorine Isomers
ClZHlﬂ 154 0 1
CleQCl 188 i8.6 3
chHBClz 222 31.5 12
C12H7C13 256 41.0 24
C12H6014 290 48.3 42
Clzﬂscls 324 54.0 46
C12H,Clg 358 58.7 42
C;oHCL, 392 62.5 24
012H2C13 426 65.7 12
Cl2H1C19 460 68.5 3
C12C1l0 490 79.9 1

aSource: Hutzinger, et al. 1974
bBased on Cl
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It is known from the studies of pesticides that soil moisture
and evaporation of water have a strong influence on the rate of
chlorinated hydrocarbon volatilization from soils and sand. Haque,
et al. (1974) demonstrated that the periodic evaporation of water
from Ottawa sand enhanced the total volatilization of Aroclor 1254
but reduced the degree of differentiation in the volatility of the
higher chlorinated biphenyls (7, 6, and 5 chlorine aroms) from the
tetrachlorobiphenyls. However, when Aroclor 1254 was heated in
water at 100°C the total volatilization of this Aroclor was reduced
compared to equivalent dry isothermal conditions, but the differen-
tiation in volatility between the higher and lower chlorinated
biphenyls was increased (Bowes, et al. 1975).

Mackay and Wolkoff (1973) calculated theoretical evaporation
rates for various Aroclors from water and predicted very rapid
volatilization rates. Under laboratory conditions, PCBs appear to
volatilize fairly rapidly from water in aquaria (Uhlken, et al.
1973) and even from flasks plugged with glass wool (Oloffs, et al.
1972) » Under the same conditions, volatilization was markedly
reduced in the presence of sediments (Oloffs, et al. 1973). Hence
in natural waters, it would seem likely that absorption to sedi-
ments would limit the rate of volatilization.

Solubilities of the individual chlorinated biphenyls in water
have been studied by several workers and an inverse correlation
between solubility and degree of chlorination has been reported
(Wollnofer, et al. 1973; Haque and Schmedding, 1975; Metcalf, et
al. 1975). The problem in obtaining true solution equilibria data

for PCBs in water has been explained by Schoor (1975) who has given

A=l



evidence that solutions of PCBs in water are in fact stable emul-
sions of PCB aggregates and that the true solubility of Aroclor
1254 is less than 0.1 ug/1l in fresh water and 0.04 Hg/1l in marine
water.

Chlorobiphenyls are freely soluble in relatively nonpolar
organic solvents (Hutzinger, et al. 1974) and lipids in biological
systems (Metcalf, et al. 1975). Metcalf, et al. have reported
octanol/water partition coefficients in the range of 10,000 to
20,000 for representative tri-, tetra-, and pentachlorobiphenyls.
Partition coefficients with this biphasic solvent system have been
found to correlate well with ecological magnification factors in
aquatic organisms (Metcalf, et al. 1975).

PCBs are strongly adsorbed on solid surfaces, including glass
and metal surfaces in laboratory apparatus (Schoor, 1975) and
soils, sediments, and particulates in the environment (Haque, et
al. 1974; Oloffs, et al. 1973; Crump-Wiesner, et al. 1974; Dennis,
1976; Munson, et al. 1976; Pfister, et al. 1969).

In aquatic environments, PCBs are associated with sediments
and are usually found at much higher concentrations in sediments
than in water in contact with them (Young, et al. 1976; Crump-
Weisner, et al. 1974; Dennis, 1976). As with other chlorinated
hydrocarbons, PCBs are probably associated particularly strongly
with micro-particulates of 0.15 um diameter or less (Pfister, et
al. 1969).

PCBs are commercially produced by the chlorination of the
biphenyl ring with anhydrous chlorine in the presence of iron fil-

ings or ferric chloride as the catalyst. The crude product is



purified to remove the color and traces of the by-product hydrogen
chloride, and the catalyst by treatment with alkali and subsequent
distillation. The purified product is a complex mixture of the
chlorobiphenyls, the precise composition depending on the condi-
tions under which the chlorination occurred.

It has been reported that foreign PCB mixtures are similar in
composition to one of the 10 Aroclor products previously manufac-
tured in the U.S. Gas 1liquid chromatograms of Phenoclor DP6
(France), Clopen A60 (Germany), and Aroclor 1260 (U.S.), all mix-
tures containing 60 percent chlorine, show that these mixtures are
virtually identical (Tas and de Vos, 1971). Jensen and Sundstron
(1974) have shown that Clophen A60 and A50 (Germany) are very simi-
lar in isomer composition to Aroclors 1260 and 1254 (U.S.), respec-
tively. Table 3 lists the distribution of the various classes of
chlorobiphenyls in seven major Aroclor mixtures as reported by
Mieure, et al. (1976), Webb and McCall (1973), and Hirwe, et al.
(1974). The small differences in analytical results reported for
Aroclors 1242 and 1254 may reflect either differences in analytical
methods or variations in sample constitution.

Certain substitution patterns are believed to influence the
biological activities of chlorobiphenyls. The presence of two
adjacent carbon atoms without chlorine substitution in one or both
rings is believed to facilitate metabolism because it permits the
formation of arene oxide intermediates (Safe, et al. 1975). Essen-
tially all chlorobiphenyls with five or fewer chlorine atoms have
at least one pair of adjacent unsubstituted carbon atoms because of

the rarity of 3,5-substitution in the natural mixtures.
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Jensen and Sundstrom (1974) presented evidence that chlorobi-
phenyls with three or four chlorine atoms in the ortho- positions
(2- and o- positions) are more easily metabolizea by humans than
those with only one or two ortho-chlorines. Compounds with three
or four ortho- substituted chlorines are virtually absent from Aro-
clors 1016 and 1242 but are fairly well represented in Aroclors
1254 and 1260 (Clopens A50 and AoQO, respectively).

McKinney (1976) has suggested that chlorobiphenyl isomers with
chlorine substitution in both the 4- and 4' positions tend to Dbe
biologically active and well retained in tissues. The number and
proportion of these isomers increase with increasing chlorination.

McKinney, et al. (1976) have shown an association between bio-
logical activity and substitutions in the 3,4- or 3,4,5- positions
on one or both rings. The first pattern is frequently found in PCB
mixtures but the second is found only as part of the 2,3,4,>-pat-
tern which is found in only trace amounts in PCBs.

Toxic materials other than chlorinated biphenyls have been
found in commercial PCB mixtures. Vos, et al. (lY70), Bowes, et
al. (1975), Roach and Pomerantz (1974), Nagayama, et al. (1376),
and Kuratsune, et al. (1976) have detected polychlorinated dibenzo-
furans (PCDFs) in a number of domestic and foreign PCB mixtures at
levels of 0.8 to 33 mg/kg. While 119 structurally different PCDF
isomers are possible, only two have been precisely identified to
date, the 2,3,7,8-tetrachloro- and the 2,3,4,7,8-pentachlorodi-

benzofurans (Bowes, et al. 1975).
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Polychlorinated naphthalenes (PCNs) have also been identified
in small quantities in Clopen A60 and Phenochlor DP 6 (both corre-
sponding to Aroclor 1260), Aroclor 1254, and KRC-400 (corresponding
to Aroclor 1248) (Vos, et al. 1970; Roach and Pomerantz, 1974;
Bowes, et al. 1975).

There appear to be no authenticated reports of polychlorinated
dibenzo-p-dioxins (PCDDs) in commercial PCBs (Bowes, et al. 1975).
The presence of potentially toxic compounds other than polychlori-
nated biphenyls in commercial PCB mixtures complicates both analyt-
ical and toxicological evaluation of such mixtures.

PCBs are considered to be inert to almost all of the typical
chemical reactions. PCBs do not undergo oxidation, reduction,
addition, elimination, or electrophilic substitution reactions
except under extreme conditions. Chlorines can be replaced by
reductive dechlorination with any metal hydride such as 1lithium
aluminum hydride but temperatures of 245°C or greater are required
to effect chlorine displacement.

The reactions of environmental importance that PCBs appear to
undergo include alkali- and photochemically-catalyzed nucleo-
philic substitutions and photochemical free radical substitutions,
all of which occur with alkali and water.

Photolysis generally has been found to give one type of pro-
duct under environmental conditions (Hutzinger, et al. 1972, 1974;
Ruzo, et al. 1972, 1974:; Ruzo and Zabik, 1975; Herring, et al.
1972). Chlorine is replaced by hydroxy groups in aqueous systems.

A marked increase in rate of PCB photolysis was observed when

solvents were degassed prior to irradiation (Ruzo, et al. 1974).
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Oxygen is known to act as a free radical quencher by accepting
energy from free radicals before any chemical change can occur.
This increase in rate therefore implies that a free radical process
is occurring and in the environment these photochemical transforma-
tions will be enhanced under anaerobic conditions.

The photochemical behavior of higher chlorobiphenyls appears
similar to that of the tetrachlorobiphenyls (Futzinger, et al.
1972; Herring, et al. 1972). Irradiation of Aroclor 1254 in aque-
ous solution gave rise to dechlorinated and hydroxylated products
(Hutzinger, et al. 1972). Hexa- and octachlorobiphenyls are more
photochemically reactive than tetrachlorobiphenyls, so that under
irradiation the higher components of Aroclor 1254 are selectively
degraded (Hutzinger, et al. 1972; Herring, et al. 1972).

The creation of free radicals by sunlight allows the environ-
mental replacement of chlorines by hydroxy groups from water with-
out the intervention of alkali. When this occurs at the ortho-
position (found to be the most preferred for chlorine loss) the
resulting 2-hydroxychlorobiphenyl is perfectly positioned to allow
oxygen to bond to an ortho- position of the other ring. This re-
sults in the creation of potentially the most important class of
contaminant in commercial mixtures of PCBs, the chlorodibenzofurans
(CDFs) .

Irradiation studies on either Aroclor 1254 or 2,5,2',5'-tetra-
chlorobiphenyl (Hutzinger, et al. 1972) in hydroxylic solvents have
shown the formation of phenolic compounds, carboxylic compounds,
and polymers along with dechlorination. Activation of the phenyl

rings by metals or metallic salts make them more susceptible to



hydroxylation. Thus, in the environment, either heat, light, or
metals and metal salts in water could theoretically accelerate the
transformation of PCBs to PCDFs. The ultraviolet component of sun-
light is sufficiently energetic to generate free radicals from both
pPhenols and PCBs. The energies requirea to break the Ar-Cl bond to
form hydroxy-PCBs in a hydroxylic solvent and ArO-H bond to form
CDFs correspond to wavelengths near 360 to 320 nm, respectively.
These wave lengths are clearly within the sunlight region.

‘Irradiation experiments with five pure 2-chlorinated bi-
Phenyls as 5 mg/1 aqueous suspensions, showed that traces of
2-chlorodibenzofuran were detectable although only the 2,5-di-
chloro- and the 2,5,2',5'—tetrachlorobiphenyls provided identifi-
able amounts or approximately a 0.2 percent yield during a seven-
day irradiation (Crosby, et al. 1973; Crosby and Moilanen, 1973).
The environmental significance of this is fourfold: (1) ortho-
chlorobiphenyls can be hydroxylated by radiation similar to sun-
light when they are suspended in aqueous media; (2) the product(s)
are converted to CDFs; (3) rates of CDF formation by this process
are approximately the same as their rates of degradation, leading
to an approximately steady concentration; and (4) decomposition of
2,8-dichlorobenzofuran was found to pe very slow in agueous suspen-
sion but dehalogenation did not take place to form the relatively
photolytically stable 2-chlorodibenzofuran (Crosby ana Moilanen,
1973) .

In addition to photochemical and metallic salt formations of
PCDFs from PCBs, a third route of formation has been suggested.

Kanechlor KC-400 (analogous to Aroclor 1248) having an intitial

A-14



PCDF content of 20 mg/kg, was shown to undergo conversion as the
heat transfer fluid in a heat exchanger to give PCBs with a PCDF
content of 4,975 to 11,765 mg/kg (Nagayma, et al. 1l970; Kuratsune,
et al. 1976). This material was identified as the agent which poi-
soned a large number of Japanese in 1968. A general disadvantage
of PCBs in many of their applications including electrical capaci-
tor and transformer uses as well as heat transfer uses is their
tendency to decompose under the action of heat or electrical arcing

to form potentially more toxic products (Broadhurst, 1972).
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Aquatic Life Toxicology*

INTRODUCTION

Most data for polychlorinated biphenyls (PCBs) found in the literature
are from studies concerned with tissue levels in fish, mammals, and birds,
without correlation with source or exposure concentrations. Many studies
dealing with various physiological parameters are also available but, again,
are such that they are of little use here. Also, PCBs often do not appear
to be very acutely toxic to juvenile and adult freshwater fish and inverte-
brate species in static tests due to low solubility, and this can lead to
erroneous judgments as to the actual toxicity of the compounds.

PCBs occur as mixtures of chemical isomers that differ in the amount of
chlorination of the biphenyl structure; they have been treated herein as a
single entity. Polychlorinated biphenyls were manufactured by the direct
chlorination of biphenyl; production in the United States has now ceased.
These mixtures were identified under the trade names Aroc]or(ED and capaci-
to;:l and sold on the basis of percentage chlorine (e.g., 21, 42, 54, and
60 percent). Because each component of the mixtures differs slightly in its
physical, chemical, and biological properties, and because a possible 209
different chlorobiphenyls may be produced, the evaluation of the potential
impact of the various mixtures on the environment is complicated.

PCBs are highly lipophilic and bioconcentrate to high concentrations in

tissue from concentrations in water that are often below the wusual

*The reader is referred to the Guidelines for Deriving Water Quality Cri-
teria for the Protection of Aquatic Life and Its Uses in order to better un-
derstand the following discussion and recommendation. The following tables
contain the appropriate data that were found in the Tliterature, and at the
bottom of each table are calculations for deriving various measures of tox-
icity as described in the Guidelines.



detection limits. When an evaluation qf the impact of PCBs on the environ-
ment is performed, it is necessary to relate the data gathered in laboratory
experiments with relatively pure mixtures to what happens to the mixtures in
nature. There is evidence that percentages of chlorine change with time and
Tocation as the mixtures are transported through the environment. For exam-
ple, the proportion of major peaks of ArocloﬁE) 1254 in shrimp and fish
captured from Escambia Bay, Florida, differed from each other (Nimmo, et al.
1971). The major peaks in these organisms and in organisms from laboratory
studies (Hansen, et al. 1971) also differed from the standard used to calcu-
late the amounts of the chemical in tissues. Results of environmental moni-
toring by Butler and Schultzmann (1978) showed that PCBs identified in
fishes, Pacific staghorn sculpin and English sole from the Duwamish River in
the state of Washington, during the period of fall 1972 to spring 1976,
changed from those resembling Aroc1o£:> 1254 to those resembling Aroc]o#g)
1260 and, later, ArocTor® 1242,
EFFECTS

Acute Toxicity

The acute toxicity data base for freshwater invertebrate species con-
tains 12 values for three species. These values were from both static and
flow-through tests: the flow-through tests showed an LC50 range from 10

ug/1 for scud, Gammarus fasciatus, to 400 ug/1 for the damselfly, Ischnura

verticalis.

Six 96-hour LC50 values (Table 1) are available for four freshwater
fish species; all of these are from flow-through tests with measured concen—
trations. Newly hatched rainbow trout were the most sensitive species
tested, with a 96-hour LC50 of 2.0 ug/1 for Capacitoé:) 21 (21 percent

chlorine); largemouth bass were almost equally sensitive with a 96-hour
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LC50 of 2.3 ug/1 (Birge, et al. 1979). The fathead minnow had a similar
LCsO of 7.7 wug/1 for Aroc]o#:) 1254 (Nebeker, et al. 1974). A1l of the
acute values for fish species are for newly hatched fishes, reflecting their
much greater sensitivity as compared to the other fish life stages.

The toxicity of PCBs appears to be similar for both fish and inverte-
brate freshwater species if test methods are considered. The lowest species
mean acute value is 2.0 ug/1 for rainbow trout (Table 3).

The LC50 or ECgy values for saltwater invertebrate species range
from 10.2 to 60 ug/1 (Table 1). The available data show little difference
in the acute toxicity of different Aroc]org:l This low variability in
species sensitivity and small difference in acute toxicity of the Aro-
cloréE) tested could be real. However, it is likely that this is a func-
tion of the small number of species tested and that the solubilities of PCBs
are less than their acute toxicities.

Acute toxicity tests of PCB mixtures to saltwater fish species have not
produced data that can be used to obtain 96-hour LC50 values because con-
centrations tested were not sufficiently high (Table 6). Pinfish were not
affected in 48 hours by 100 ug/l Arocloﬁé) 1254 (Duke, et al. 1970).
Eighteen percent of the pinfish died after 96 hours in water to which 100
ug/1 ﬁroc1o#E)1016 was added, compared to 2 percent of the control fish,
(Hansen, et al. 1974a). Additional tests with saltwater fish species at
slightly higher concentrations might have given data sufficient to calculate
96-hour LCSO values. However, possible problems could exist in validity
of acute tests with PCBs because of their low solubility in water (Schoor,
1975; Wiese and Griffin, 1978).

There are too few data for PCBs and freshwater or saltwater species to

calculate a Freshwater or Saltwater Final Acute Value according to the pro-
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cedures described in the Guidelines. Species mean acute values are
summarized in Table 3.

Chronic Toxicity

Results from six chronic tests with three freshwater invertebrate spe-

cies, Daphnia magna, Gammarus pseudolimnaeus, and the midge, Tanytarsus dis-

similis, are shown in Table 2. The chronic values for Daphnia magna of 4.3
ug/1 for Aroclor® 1248 and 2.1 ug/1 for Aroclor® 1254, were from flow-
through tests with measured concentrations (Nebeker and Puglisi, 1974). The
value of 0.8 ug/1 for the midge with Ar'oclor® 1254, and the two chronic
values of 4.9 ug/1 for Aroc]or® 1242 and 3.3 ug/1 for Aroc10r® 1248 for

Gammarus pseudolimnaeus, were also from flow-through tests with measured

concentrations.

Five freshwater flow-through tests with measured concentrations have
been conducted with two fish species, four with fathead minnows and one with
brook trout (Table 2). The most toxic Aroc10r® to fathead minnows was
Aroclor® 1248 which gave a chronic value of 0.2 ug/1 (Defoe, et al. 1978);
chronic values for Aroc]or® 1242, Aroc]or® 1254, and Aroc10r® 1260
were 9.0, 2.9, and 2.3 ug/1, respectively (Nebeker, et al. 1974; DeFoe, et
al. 1978). A chronic value of 1.0 ug/1 for Aroclor® 1254 was obtained by
Mauck, et al. (1978) for the brook trout.

Two geometric mean acute-chronic ratios are calculable; these are 6.4

for the fathead minnow and 11 for the scud, Gammarus pseudolimnaeus (Table

2).

No chronic tests have been reported in which saltwater invertebrate spe-
cies were exposed to PCBs.

In an early-life-stage test (Table 2) with the sheepshead minnow, fer-

tilization was not affected by Aroc]or® 1254, but significantly fewer em-
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bryos survived to hatching in a measured concentration of 3.48 ug/1 (Schim-
mel, et al. 1974). Survival of fish during the two weeks following hatching
was significantly less in 0.16 ug/1, but not different from controls in 0.06
ug/1.

In a study to determine the effect of PCBs in fish embryos on survival,
Hansen, et al. (1973) exposed adult sheepshead minnows for four weeks to
Amoc1o$:)1254 (Table 6). Adult fish exposed to 5.6 ug/1 died, but those
in 1.1 ug/1 or lower apparently were not affected. Embryos from adult fish
exposed to concentrations as low as 0.14 ug/1 were placed in PCB-free flow-
ing saltwater and observed for four weeks. Fertilization success was not
affected by PCBs in embryos, but survival of embryos and the resulting fry
was reduced (Table 6). Fry from embryos containing 7.0 ug/g or more of PCB
began dying a few hours after hatching. The concentration in embryos calcu-
lated to be lethal to 50 percent of the fish was 6.1 ug/g. If PCB affects
other species similarly, then other fish species with equally high concen-
trations of Aroc'lon® 1254 in their embryos may be endangered.

The effect of another PCB, Aroclol® 1016, in water on fry, juvenile,
or adult sheepshead minnows was determined in a 4-week exposure (Hansen, et
al. 1975)(Table 2). Survival of all three life stages was reduced in 15
ug/1 but not in 3.4 ug/l or less. Unlike AroclaSE)1254, as much as 77
ug/g of Aroc]ogﬁ) 1016 in embryos apparently did not affect survival of
embryos and fry in water free of this PCB.

Concentrations of Aroc'lor@ 1016 and 1254 affecting sheepshead minnows
in chronic exposures differed markedly (7.14 and 0.098 ug/1); similarly,
life-cycle tests with the fathead minnow and .lmr'c:)(:h:nr'g:-ED 1242, 1248, 1254,
and 1260 yielded chronic values of 0.2 to 9.0 ug/l1 (Table 2). Degree of
chlorination in these tests using a freshwater fish species appears

unrelated to extent of chronic toxicity and suggests that additional chronic
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data on saltwater species for other Aroclors® may be needed to demonstrate
adequately the presence of a relationship between degree of chlorination and
chronic toxicity.

Chronic exposure of saltwater fish species to Aroclorég} produced
pathological effects not observed in acute tests. Hansen, et al. (1971) re-
ported signs of poisoning in pinfish exposed to 5 ug/l ArocloIE)1254, such
as fungus-like lesions on the body, hemorrhagic areas around the mouth,
ragged fins etc.: and 41 to 66 percent mortality occurred. Signs of poison-
ing in adult sheepshead minnows exposed to 10 ug/1 Aroc1o#3)1254 and juve-
nile sheepshead minnows exposed to 0.16 ug/1 or greater included lethargy,
fin rot, and reduced feeding (Hansen, et al. 1973; Schimmel, et al. 1974);
decreased survival occurred at concentrations where these signs of poisoning
were observed (Table 6).

Spot exposed to 5 ug/l Aroclos:) 1254 for two weeks or Tlonger showed
fatty changes in their livers (Nimmo, et al. 1975). In intermediate stages
of liver pathogenesis in fish species exposed to Arocio#g)1254, there were
extreme fatty changes characterized by the presence of large vacuoles within
hepatocytes and disorientation of liver cord distribution. In advanced
stages of pathogenesis in moribund fish, there were intracellular PAS-posi-
tive bodies (ceroid), congestion of blood sinuses, and severe vacuolation
(Table 6).

Chronic toxicity tests, including early-life-stage tests with fishes,
demonstrate that the toxicity of PCBs increases with increased duration of
exposure. Because data on the acute toxicity of PCBs to saltwater organisms
are limited, the relationship between acute and chronic toxicity is poorly

understood. Available data (Tables 2 and 6) from chronic tests demonstrate
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that Aroclo;:)1254 affects saltwater organisms at concentrations as low as
0.14 ug/1 and Aroc?o;:DIOIG affects pinfish at 15 ug/1. No effects have
been observed at 0.06 ug/1 for Aroclor® 1254 and at 3.4 ug/1 for Aro-
c]oﬁB)IOIS.

Plant Effects

No appropriate freshwater plant effects data are available, but informa-
tion which has been found for plants is given in Table 6. Information con-
cerning the sensitivity of saltwater plant species is restricted to unicel-
lular algae (Table 4). Fisher and Wurster (1973) found that the growth of

the diatom, Rhizosolenia setigera, was reduced in a medium to which 0.1 ug/l

Aroclo‘E) 1254 was added. Likewise, Fisher, et al. (1974) demonstrated
that 0.1 wug/1 Aroc104531254 added per liter of water changed the species

ratio of the alga, Dunaliella tertiolecta, and the diatom, Thalassiosira

pseudonana. Fisher, et al. (1974) also showed a decrease in species diver-
sity and species ratio change in natural phytoplankton communities at 0.1
ug/1 Aroclo‘g)1254. In summary, some data suggest that unicellular plants
are affected by concentrations of PCBs similar to concentrations that are
chronically toxic to animals. Unfortunately, no data using measured concen-
trations were presented, and it is difficult to interpret the ecological
significance of these studies.
Residues

Table 5 contains the results of 21 appropriate freshwater residue
studies as defined by the Guidelines. The studies include only laboratory
data for invertebrate and fish species and show a wide range of bioconcen-
tration factors (BCF). Freshwater field studies were placed in Table 6
rather than Table 5 because it could not be shown that the PCB concentration

in water was constant for a long period of time over the range of territory
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inhabited by the organism. Freshwater invertebrate BCF values in Table 5
range from 2,700 for the phantom midge exposed for 14 days to 108,000 for

the scud, Gammarus pseudolimnaeus, exposed for 60 days. BCF values for ex-—

posures of fish species (Table 5) range from 3,000 for brook trout (fillets)
exposed to ArocToS:) 1254 for 500 days to 274,000 for fathead minnows
(whole body) exposed to Aroc]o£:)1242 for 255 days.

The BCF values of PCBs in saltwater species in laboratory tests are also

shown in Table 5. The diatom, Cylindrotheca closterium, had a BCF of 1,000

(Keil, et al. 1971); Eastern oyster, up to 101,000 (Lowe, et al. 1972; Par-

rish, et al. 1974); grass shrimp, Palaemonetes pugio, 27,000 (Nimmo, et al.

1974); and in the three fish species listed, Leiostomus xanthurus, Cyprino-

don variegatus, and Lagodon rhomboides, as high as 43,100 (Hansen, et al.

1971, 1973, 1974a, 1975). Bioconcentration factors for PCBs in five of six
species of freshwater fishes in laboratory tests were generally similar to
BCF values for saltwater species. Variation in BCF values among species is
greater than the variation in BCF values when one species is exposed to var-
jous Aroc1or432- For example, BCF values in adult sheepshead minnows ex-
posed under similar conditions averaged 25,000 for Aroc1o#3) 1016 and
30,000 for Aroc1o#§>1254.

Bioconcentration factors calculated from data from Escambia Bay, Flori-
da, were greater than 230,000 for blue crab, greater than 100,000 for oy-
sters, and greater than 670,000 for speckled trout (Duke, et al. 1970;
Nimmo, et al. 1975). These data,_and field data on freshwater fish species,
suggest that either BCF from laboratory studies underestimate bioconcentra-
tion potentials of PCBs in the environment or that water samples from field
studies inadequately characterized ambient concentrations of PCBs (Hansen,

1975).
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The bioaccumulation of PCBs into aquatic organisms from PCBs in food and
in water and the effects of PCBs on mammals that feed on fish and shellfish
are important. The lowest maximum permissible tissue concentration (0.64
ug/1) is based on the effect of dietary PCBs on mink (Platonow and Karstad,
1973). Significant effects on reproduction of mink were observed at this
concentration but a safe concentration was not determined.

Dividing a BCF value by the percent lipid value for the same species
provides a BCF value based on 1 percent lipid content; this resultant BCF
value is referred to as the normalized BCF. FEach of the BCF values for
which percent 1ipid data are available was normalized by dividing the BCF
value by its corresponding percent lipid value. The geometric mean of the
normalized BCF values was then calculated to be 10,400 (Table 5). The ac-
tion level for marketability for human consumption established by the U.S.
Food and Drug Administration (FDA) for PCBs in edible fish and shellfish is
5.0 mg/kg. Dividing the FDA action level of 5.0 mg/kg by the geometric mean
of normalized BCF values (10,400) and by a percent 1lipid value of 15 for
freshwater species (see Guidelines) gives a freshwater residue value of
0.032 ug/1. Similarly, dividing the FDA action level of 5.0 mg/kg by the
geometric mean of normalized BCF values (10,400), and by a percent lipid
value of 16 for saltwater species (see Guidelines) gives a saltwater residue
value of 0.030 ug/1. The highest BCF value for edible portion of a consumed
freshwater species is 9,550 for rainbow trout (Branson, et al. 1975).
Dividing this value into the FDA action level of 5.0 mg/kg gives a fresh-
water residue value of 0.52 ug/1. The highest BCF value for edible portion
of a consumed saltwater species is the value of 101,000 for Eastern oyster
(Lowe, et al. 1972). Dividing this value into the FDA action level of 5.0

mg/kg gives a saltwater residue value of 0.050 ug/1. These concentrations
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are probably too high because the average concentration in some edible spe-
cies would be at the FDA action level.

For wildlife protection, the lowest maximum permissible tissue concen-
tration is 0.64 mg/kg for mink (Plantonow and Karstad, 1973), but this level
adversely affected mink. Dividing this value by the geometric mean (45,000)
of whole-body BCF values for salmonids (rainbow trout, 46,000; brook trout,
42,000 and 47,000) gives a residual value for freshwater of 0.014 ug/1. The
mean BCF of 45,000 for salmonids is based only on laboratory data. Eleven
BCF values for salmonids are available from field studies (Table 6). The
highest is for the siscowet, but the other 10 range from 119,000 to
2,333,000 with a geometric mean of 456,000. Even if the concentrations of
PCBs in water in these field studies are not documented as well as desired,
the total available information strongly indicates that field BCF values for
PCBs are probably a factor at 10 higher than the available laboratory BCF
values. The data from Escambia Bay indicate that similar effects occur with
saltwater fishes (Table 5). The model developed by Weiniger (1978) provides
a possible explanation for this difference between laboratory and field
data. Thus the freshwater and saltwater Final Residue Values of 0.014 and
0.030 ug/1, respectively, are probably at least a factor of 10 too high.

Miscellaneous

Table 6 contains data for other effects not listed in Tables 1 through
5. The tests conducted by Birge, et al. (1979) with Capaciton® 21 are
flow-through early-life-stage tests with measured concentrations, where em-
bryos were tested from just after fertilization until 4 days post-hatch

(Table 6). Test LCsq values for redear sunfish were 8 ug/l; for large-
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mouth bass 1.5 ug/1; and for rainbow trout 2.0 ug/1. These low values are
very close to the data of Nebeker, et al. (1974) and Defoe, et al. (1978)
for fathead minnows (Table 2).

Several studies have shown that tests for PCBs lasting longer than 96
hours (Table 6) provide a better estimate of long-term adverse effects (mor-
tality, growth, pathology) than lethality in 96-hour tests. Ar0c1o‘5)1254
killed pink shrimp at a concentration of 0.94 ug/1 within 15 days (Nimmo, et
al. 1971). Pink shrimp exposed to 3.0 ug/1 for 7 days were sensitive
changes in salinity (Nimmo and Bahner, 1974). This species also appeared
more susceptible to a viral infection after exposure to Aroclo$:> 1254
(Couch and Nimmo, 1974a,b).

The growth rate (height and in-water weight) of Eastern oysters was sig-
nificantly reduced by exposure to 5.0 ug/l Aroclo‘E) 1254 for 24 weeks
(Lowe, et al. 1972). These oysters also displayed general tissue altera-
tions in the vesilcular connective tissue (parenchyma) around the digestive
diverticula of the hepatopancreas.

ArocIo;:)1254 was toxic to the saltwater amphipod, Gammarus oceanicus,

at a nominal concentration of 10.0 ug/1 (Table 6). Molting animals were
particularly vulnerable to the PCB. Necrotic branchia were found in some
animals exposed for about 6 days to nominal concentration of 1.0 ug/1.
Aroc]oﬁg) 1254 affected the species composition of communities of es-
tuarine animals that developed from planktonic larvae in saltwater that
flowed for four months through small aquaria (Table 6; Hansen, 1974). The
number of arthropods decreased while the number of chordates increased in
aquaria receiving 0.6 ug/1 of the PCB. Numbers of phyla, species and in-
dividuals were decreased by this PCB, but there was no apparent effect on

the abundance of annelids, brachiopods, coelenterates, echiniderms, or
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nemerteans. This study showed that a PCB can have marked effects on com-
munity structure at concentrations not much different from those that
produced chronic effects on single species.

Summary

The acute toxicity of polychlorinated biphenyls (PCBs) to freshwater an-
imals has been measured with three invertebrate and four fish species, and
the species mean acute values range from 2.0 to 283 ug/1. The data from
flow-through tests with measured concentrations are similar for fish and in-
vertebrate species, and probably accurately reflect the toxicity of the com-
pounds. The data from static tests are more variable, and many may not re-
flect actual toxicity, due to volatility, solubility, bioconcentration, and
adsorption characteristics of the various PCB compounds. Eleven life-cycle
or partial life-cycle tests were completed with three invertebrate and two
fish species; the chronic values range from 0.2 to 15 ug/1.

Species mean acute values for PCBs and saltwater animals range from 10.5
to 20 ug/1 from six tests on three invertebrate species. Two chronic tests
have been conducted on the sheepshead minnow, providing chronic values for
this species of 7.14 and 0.098 ug/1.

The freshwater residue data show that PCBs accumulate to relatively high
levels in fish and invertebrate tissues, and that for most species PCBs are
not rapidly depurated when exposure is discontinued. Bioconcentration fac-
tors for invertebrate species range from 2,700 to 108,000. Bioconcentration
factors for PCB exposures of fish species range from 3,000 to 274,000.

Bioconcentration data for PCBs in saltwater fish and invertebrate spe-
cies show bioconcentration factors ranging from 800 to >230,000 for inverte-

brate species and from 14,400 to >670,000 for fish species.
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The BCF values obtained from field data are generally apreciably higher
than laboratory-derived BCF values, so Final Residue Values based on labora-
tory-derived BCF values are probably at least a factor of 10 too high.

Data available for freshwater plant species generally indicate that they
are less sensitive to PCBs than are invertebrates or fish species. Data
available for saltwater plant species indicate that unicellular plants are
affected by concentrations of PCBs similar to concentrations that are
chronically toxic to animals.

CRITERIA

For polychlorinated biphenyls the criterion to protect freshwater
aquatic life as derived using the Guidelines is 0.014 ug/1 as a 24-hour
average. The concentration of 0.014 ug/1 is probably too high because it is
based on bioconcentration factors measured in laboratory studies, but field
studies apparently produce factors at least 10 times higher for fishes. The
available data indicate that acute toxicity to freshwater aquatic life prob-
ably will only occur at concentrations above 2.0 ug/1 and that the 24-~hour
average, should provide adequate protection aganist acute toxicity.

For polychlorinated biphenyls the criterion to protect saltwater aquatic
life as derived using the Guidelines is 0.030 ug/1 as a 24-hour average.
The concentration at 0.030 wg/1 is probably too high because it is based on
bioconcentration factors measured in laboratory studies, but field studies
apparently produce factors at least 10 times higher for fishes. The avail-
able data indicate that acute toxicity to saltwater aquatic 1life probably
will only occur at concentrations above 10 ug/1 and that the 24-hour average

should provide adequate protection against acute toxicity.
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Mammalian Toxicology and Human Health Effects

SUMMARY

Polychlorinated biphenyls (PCBs) have been used commercially
since 1929 as dielectric and heat exchange fluids and in a variety
of other applications. They have become widely disseminated in the
environment worldwide. Like many organochlorine pesticides, they
are highly persistent and accumulate in food webs. Human exposure
to PCBs has resulted largely from the consumption of contaminated
food but also from inhalation and skin absorption in work environ-
ments. PCBs accumulate in the fatty tissues and skin of man and
other mammals. Metabolism occurs Dy hydroxylation and dihydrodiol
formation with arene oxides as probable intermediates. The rate of
metabolism and excretion slows dramatically as the chlorination of
the biphenyl nucleus increases. Arrangement of chlorines which
eliminate adjacent unsubstituted carbons greatly increase resis-
tance to metabolism. PCBs have caused profound toxic effects in
man and animals, particularly if repeated exXposures occur. The
skin and liver are major sites of pathology, with the gastrointes-
tinal tract and nervous systems also being targets. Polychlorodi-
benzofurans which contaminate commercial PCB mixtures may contrib-
ute significantly to their toxicity. Several studies in rodents
suggest strongly that some PCBs are carcinogenic and that they can
enhance the carcinogenicity of other chemicals. A linear model for
risk assessment has been used to estimate maximum safe levels in
water and fish which will establish a level of risk for the human

population from cancer. A maximum level of PCBs in water projected
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to result in no more than one cancer in 10° individuals with 1ife-
time exposure of 0.79 ng/l is suggested by the analysis.
EXPOSURE

The magnitude of the dispersal of these chemicals is revealed
by their detection in the tissues of pPlants and animals in all
parts of the world. PCB residues have been observed in wildlife in
Sweden, North America, Great Britain, the Netherlands, and even the
Arctic (Risebrough and deLappe, 1972). Because PCBs are not natu-
rally occurring substances, their dissemination is entirely the
result of human activity. Their entry into the environment has
occurred by vaporization into the atmosphere, and by spilling or
dumping into water or onto land. It has been estimated that of the
1970 sales of PCBs in North America, only 20 percent represented a
net increase in the total amount in service. Estimated sources of
loss for that year were 1 - 2 x 103 tons for evaporation; 4 - 5 x
103 tons for leaks and disposal of fluids; and 22 x 103 tons for
disposal by incineration and burial (Nisbet and Sarofim, 1972).
The cumulative input to the environment between 1930 and 1970 was
estimated to be 3 x 104 tons to air, 6 x 10% tons to fresh and
coastal waters, and 3 x 105 tons to dumps and landfills. 1In that
time, up to one-third of the PCBs released to air and one-half of
that released 'ma-water were probably degraded. Degradation in
landfills is more difficult to estimate (Nisbet and Sarofim, 1972).
PCBs have been found repeatedly to be widespread in analyses of
human tissues. For example, detectable levels of PCBs have been
reported in adipose tissue samples of up to 91 vercent of indivi-

duals sampled in a survey of the United States population (Rutz and



Strassman, 1976; see Table 13). This finding suggests that envi-
ronmental contamination may be a significant source of human expo-
sure. Likely routes of exposure for the general population are
water and particularly food, while inhalation and dermal contact
are likely to be more significant routes in occupational exposure.

Ingestion from Water

The solubility of PCBs in water is very low, decreasing as the
percent chlorination is raised. Solubilities of Aroclors in water
at 20°C vary from 200 ug/1 for 1242 to about 25 ug/l1 for 1260
(Nisbet and Sarofim, 1972) . The major factors in the dynamics of
PCB distribution in water are its low solubility, high specific
gravity, and its high affinity for solids. Most PCBs discharged
into water are found in bottom sediments near the site of discharge
(Nisbet and Sarofim, 1972). Evaluation of PCB levels in surface
waters and bottom sediments of the major drainage basins of the
United States was conducted between 1971 and 1974 (Dennis, 1976).
The data were derived from the U.S. Geological Survey (USGS) study
of 1971-72 (Crump-Weisner, et al. 1974) and from additional data
collected by the USGS between 1972 and 1975 (PCB data base
1972-75). It is summarized in detail in the Criteria Document for
PCBs (U.S. EPA, 1976a). The highest concentrations in both water
and sediment were found in the basins east of the Mississippi
River. The highest levels were found in 1971 in the lower Missis-
sippi basin, with a median concentration for the region of 3.0 ug/1
and positive detections at 100 percent of stations tested. Over
the time period of the study the concentrations and incidences of

PCBs detected in all basins have decreased substantially. By 1974
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the median level in the lower Mississippi basin had dropped to 0.1
ug/l and the incidence of detection to 2.6 pPercent of stations
tested. The levels in sediments, however, have persisted at much
higher levels over this period of time. In 1971 median sediment
levels for the Mississippi basin were 30 ug/kg and the incidence of
detection 100 percent. By 1974 the incidence had dropped to 9.9
percent, and the median level was 10.5 ug/kg.

Although PCBs are widespread in aquatic environments (Peakall,
1975), their 1low solubility generally pPrevents them from reaching
high concentrations in drinking water supplies. The persistence of
PCBs and their accumulation in sediments, however, increase the
significance of water as a source of human exposure by providing a
reservoir of matefial which can continue to contaminate water long
after the addition of PCBs has ceased. In combination with these
factors, the lipophilicity of PCBs results in their continued in-
troduction to, and accumulation in, the food chain. As a conse-
quence, fish and other foods obtained from aquatic environments may
become important sources of éxposure even if PCB levels in the
water are low.

The ability of PCBs discharged from a manufacturing facility
to contaminate a drinking water system has recently been highlight-
ed. Billings, et al. (1978) determined the levels of PCBs in the
Easley-Central Wwater District, Pickens County, South Carolina.
They observed that PCBs discharged by a capacitor manufacturing
facility 12 km upstream from the water district's treatment plant
were entering the water system. Finished potable water supplies

were contaminated to levels as high as 818 ng/1.
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Ingestion from Food

Contamination of food with PCBs occurs primarily by three
mechanisms. The first is contamination of human food as a conse-
quence of accumulation in the food chain. The contamination of
freshwater fish as a consequence of the contamination of the aqua-
tic environment is a particularly significant route of PCB entry
into the human diet which will be discussed in more detail below.
The second mechanism occurs by the direct contamination of feeds or
foodstuffs with PCBs. This may occur as a result of accidental
spills or equipment malfunctions as was the case in the episode of
rice oil contamination in Japan which led to the outbreak of Yusho
or rice oil disease in 1968 (Kuratsune, et al. 1976). In this
instance leaks in a heat exchanger used to process rice bran oil
resulted in the contamination of the oil by the exchanger fluid
(Kanechlor 400). Discovery of the contamination was made only
after numerous cases of chlorinated hydrocarbon intoxication in
Fukuoka prefecture, Japan. The oil was found to contain 2,000 to
3,000 ppm Kanechlor 400 which was contaminated with polychlorodi-
benzofurans (1.6 to 5 ppm). Average consumption of PCBs among
affected individuals was estimated to be 2 g (Kuratsune, et al.
1972). By 1975 the total number of known individuals affected was
1,291. Elevated PCB levels in fat were still observed four years
after the exposure, and dermatological symptoms were found in up to
89 percent of a group of 72 patients examined in 1973 or 1974. An
example of accidental PCBs contamination in animal feed occurred as
a result of the use of PCBs in silo coatings (Willétt and Hess,

1975) . The third significant source of PCBs in foodstuffs was food
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Packaging made from recycled paper containing PCBs (Jelinek and
Corneliussen, 1976).

A special case of human exposure via food which must be con-
sidered is human breast milk. Adverse effects have been observed
in breast fed infants of women with Yusho (Kuratsune, et al. 1976)
and in infant Rhesus monkeys ingesting breast milk containing 7 to
16 ppm PCBs (fat basis) (Allen, 1975; Allen and Barsotti, 1978).
Preliminary survey data indicate average PCB levels in human breast
milk of 1.8 ppm (fat basis) (42 FR 17487), and a study of PCB ex-
Posed nursing mothers in ‘Germany indicated average PCB levels of
3.5 ppm (Tombergs, 1972). The proximity of these values to the
toxic levels in infant monkeys (7 to 16 pPpm) suggests that human
breast milk must be considered a significant source of PCB expo-
sure.

The extent of contamination of the U.S. food supply has been
the subject of Food and Drug Administration (FDA) and Department of
Agriculture (USDA) monitoring programs since 1969. Results of
these studies have been summarized by Jelinek and Corneliussen
(1976). The initial analysis of 15,000 food samples between 1969
and 1971 is summarized in Table 1. The results of monitoring pro-
grams in fiscal years 1973, 1974, and 1975 are summarized in
Table 2. Over the monitored period the incidence and levels of
PCBs have dropped in all food classes. By 19f5 the only signifi-
cant food sources were fish, meat, and dairy products. Fish were
by far the most significant source. The findings for the 1969-71
period led to the establishment of regulations for PCB levels in

food (38 FR 18096). The temporary tolerances established at that
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TABLE 1

Summary of PCBs in Food*
Nov., 1969 - June, 19712

Sl Avg. of

conmaing Fiadinge  Positives  Max: Level
Finfish 317 2aL 35.3
Oysters 12 Trace Trace
Fish by-products 6 1.8 5.0
Cheese 44 0.3b 1.0b
Milk 60 2.5 22.8°
Eggs Ly Trace 0.5
Potato 12 1.1 4,2

by-products
Miscellaneous 1l 1.9 6.5

aApproximately 15,000 samples examined

bFat basis

“betection limits: fish 0.5 pom, other foods 0.05 ppm
(P.E. Corneliussen, personal communication)

*Source: Jelinek and Corneliussen, 1976
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time and new tolerances recommended in 1977 (42 FR 17487) are given
in Table 3. The enforcement of those tolerances and restriction of
PCB use in open systems after 1970 probably account for the general
decline of PCB levels in foodstuffs.

Comprehensive fish surveys conducted by the FDA in fiscal
years 1973 and 1974 indicated a drop in the incidence of PCB detec-
tion in fish from less than 30 percent in 1973 to less than 20 per-
cent in 1974. 1In 1973, 3 percent contained over 1 ppm and 0.5 per-
cent contained over 5 ppm PCBs. The data from all FDA studies in
the fiscal years 1973, 1974, an® 1975 are summarized in Figure 1.
While the incidence of PCBs in fish dropped over the period, the
fraction of positive fish containing over 5 ppm PCBs increased from
less than 5 percent to over 10 percent. The samples containing
more than 5 ppm were from the Great Lakes. Because the study in-
volved different sources and objectives from year to year, no con-
clusion as to whether a significant trend existed was drawn. 1t
should be noted that these surveys were conducted with fish in com-
merce and provide no information about sport fish per se. The
studies indicated that significant levels of PCBs generally do not
occur in saltwater fish.

The impact of sport fish consumption was examined in a study
of a group of sports fishermen who consumed an average of 24 to 25
pounds of fish annually (highest individual exposure 180 lbs/year
over a two-year period). PCB residues in cooked fish ranged from
0.35 - 5.38 ppm. Plasma PCB levels ranged from a high of 0.366 ppm
in the exposed group to control levels of 0.007 ppm (less than six

1bs consumed per year) (42 FR 17487).
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TABLE 3

FDA Regulations for PCBs*

I. Temporary tolerances

Commodity PC?pg;?c. Propose?g?gidelines

Milk (fat basis) 2.5 1.5

Dairy products (fat basis) 2.5 1.5

Poultry (fat basis) 5.0 3.0

Eggs 0.5 0.3
Finished animal feed 0.2 0.2

Animal feed components 2.0 2.0

Fish (edible portion) 5.0 2.0

Infant and junior foods 0.2 pending

Paper food-packaging material 10.02

without PCB-impermeable barrier

aAdministrative guideline, pending hearing

*Source: Jelinek and Corneliussen, 1976
42 FR 17487
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A bioconcentration factor (BCF) relates the concentration of a
chemical in aquatic animals to the concentration in the water in
which they live. The steady-state BCFs for a lipid-soluble com-
pound in the tissues of various aquatic animals seem to be propor-
tional to the percent lipid in the tissue. Thus, the per capita
ingestion of a lipid-soluble chemical can be estimated from the per
capita consumption of fish and shellfish, the weighted average ver-
cent lipids of consumed fish and shellfish, and a steady-state BCF
for the chemical.

Data from a recent survey on fish and shellfish consumption in
the United States were analyzed by SRI International (U.S. EPA,
1980). These data were used to estimate that the per capita con-
sumption of freshwater and estuarine fish and shellfish ‘in the
United States is 6.5 g/day (Stephan, 1980). 1In addition, these
data were used with data on the fat content of the edible portion of
the same species to estimate that the weiqhtéd average percent
lipids for consumed freshwater and estuarine fish and shellfish is
3.0 percent.

Several laboratory studies, in which percent lipids and a
steady-state BCF were measured, have been conducted on polychlori-
nated biphenyls. The mean of the BCF values, after normalization
to one percent lipids, is 10,385‘{see Table 5 in Aquatic Life Toxi-
cology section). An adjustment factor of 3 can be used to adijust
the mean normalized BCF to the 3.0 percent lipids that is the
weighted average for consumed fish and shellfish. Thus, the
weighted average bioconcentration factor for polychlorinated bi-
phenyls and the edible vortion of all freshwater and estuarine

aquatic organisms consumed by Americans is calculated to be 31,200.
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Higher BCF values apparently can be achieved in field expo-
sures (Haile, et al. 1975; Norstrom, et al. 1976; Duke, et al.
1970; Nimmo, et al. 1975; veith, 1975; Veith, et al. 1977), but
those values cannot be considered quantitative because the exposure
of the organism cannot be adequately documented and integrated over
a long enough period of time.

In order to estimate human dietary PCB intake, the FDA con-
ducts a continuing survey of the total diet. Composites of 12 dif-
ferent food categories are analyzed for PCB content. Table 4 sum-
marizes the results of the survey from 1971 through the first half
of 1975. While contamination was observed in most categories in
1972, the number of positive categories had dropped by 1973. In
1974 and 1975 only meat, fish, and poultry were observed to contain
PCBs; fish was almost always the contributor of positive results in
that category (Jelinek and Corneliussen, 1976). Most of the con-
tamination noted in the other categories in earlier years was
thought to result from exposure during processing or packaging
because the raw foods were rarely found to contain PCBs. Total
daily intake, calculated from the composite figures for a young
adult male over the period 1971-75, is summarized in Table 5.
Total daily intake dropped by almost 50 percent over the period,
but intake in the meat-fish-poultry category changed very little.
By 1974, almost all of the dietary intake resulted from the inges-
tion of PCB-contaminated fish. The measures taken in the early
1970's to limit the release of PCBs into the environment and to
remove them from food processing environments effectively reduced

direct contamination of foodstuffs to a minimum level. The persis-
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TABLE 5

Estimates of Daily PCB Intakes*
(Total Diet Study - Teenage Male)

Average Daily Intake of PCBs®

Fiscal Total Diet Meat-fish-poultry
Year (ng/day) Food Class (pg/day)
1971 15.0 9.5
1972 12.6 9.1
1973 k3.1 8:7
1974 8.8 8.8
1975 (1st half) 8.7 8.7

qLower limit of quantitative reporting = 0.05 ppm with analyt-
ical method employed

*Source: Jelinek and Corneliussen, 1976
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tence of PCBs in aquatic environments and in fish has maintained a
residual dietary exposure level. Further reduction of PCB levels
in the diet will require that éntry of PCBs into waterways be more
tightly controlled and that monitoring of fish and other foods for
PCB contamination be continued (Jelinek and Corneliussen, 1976).
The recently recommended reduction of allowable PCB levels in fish
to 2.0 ppm may further reduce dietary intake (42 FR 17487).

Two special situations which must be avoided to prevent un-
necessary PCB ingestion should be mentioned. First, accidental
contamination of foodstuffs or feeds with PCBs must be avoided.
Although PCB manufacture is now stopping and distribution will
Cease in the near future, many PCB-containing products remain in
service. Failure to exercise care in the maintenance and disposal
of these units could result in the contamination of food or water.
The tragic results of the episode of rice oil contamination in
Japan (Kuratsune, 1972) provides ample evidence of the need Ffor
care and continued surveillance of foods. Second, although occupa-
tional exposure to PCBs will decline over the next several years,
the possibility of food contamination as a consequence of transfer
from workers' tools or clothing must be considered as a possible
route of dietary exposure.

Inhalation

PCBs can enter the atmosphere by vaporization and may be found
in either gaseous form or adsorbed to airborne particulates. Prior
to the restriction of PCB use, substantial losses to the atmosphere
resulted from evaporation of plasticizers and from improper incin-

eration. 1In 1972, terrestrial input from fallout was estimated to
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be 1,000 to 2,000 tons/year. Annual emission rates were estimated
at 1,500 to 2,500 tons (Nisbet and Sarofim, 1972). 1In 1975, a study
of PCB content in air in suburban areas in Florida and Colorado
indicated that average atmospheric levels were approximately 100
ng/m3 (Kutz and Yang, 1976). Rates of fallout along the southern
California coast were estimated to average 1,800 kg/year over a
50,000 km2 area (Young, et al. 1976). The distribution of PCBs in
air is nonuniform, being more highly concentrated in urban areas.
The aerial fallout survey in southern California indicated that
sectors in the urban areas around Los Angeles had fallout rates of
up to 180 kg/yr, while less industrialized sectors had rates as low
as 30 kg/yr. A stu@y of PCB levels in soil samples showed that they
were rarely detectable in agricultural soils but were found in 63
percent of urban samples from 19 cities (Carey and Gowan, 1976).
General human exposure to inhaled PCBs probably varies with the
local conditions. In relation to the 9 ug/day intake estimated
from the diet (Jelinek and Corneliussen, 1976), nonoccupational
exposures by inhalation are probably small.

While inhalation of PCBs is not and most likely will not be a
major route of general human exposure, it is a highly significant
route of occupational exposure. Early in its commercial use an
association was observed between occupational exposure to PCB
vapors and chloracne (Jones and Alden, 1936; Schwartz, 1936). The
benefits of controlling leaks from closed systems into work envi-
ronments were noted by Meigs, et al. (1954).

A study of occupational exposure in Japan found PCB vapors at

levels between 13 and 540 ug/m3 and airborne particulates between 4



and 650 ug/m3 in a survey of six industrial plants. An additional
finding of 6,270 ug/m3 PCB particulates was associated with a
spill. Blood PCB levels of 99 exposed workers averaged 370 ppb as
compared to levels in 32 controls of 20 ppb (Hasegawa, et al.
1972) . Ouw, et al. (1976) observed Aroclor 1242 levels between
2.22 and 0.32 mg/rn3 in different areas of an electrical equipment
manufacturing facility in Australia. Blood Aroclor levels were
analyzed by gas chromatography, and fractions with several reten-
tion times standardized against Aroclor 1242 were detected in ex-
posed workers. Workers in an impregnation room where inhalation
was a major mode of exposure had higher 1levels of PCBs than did
workers in another area where exposure was primarily dermal. A
series of 30 control individuals was not found to have detectable
PCB levels. The limit of detection in this study was not reported;
however, Finklea, et al. (1972) reports American control population
blood levels of 0.3 to 3 ppb.

It is difficult to differentiate between industrial exposure
by inhalation and dermal absorption (see Dermal section). Animal
studies do indicate that animals exposed to PCB aerosols show rapid
increases in liver PCB levels. Exposure to Pydranl A 200 for 15
minutes resulted in the accumulation in the liver of 50 percent of
the PCBs accumulated after two hours (Benthe, et al. 1972). The
lung appears to be a good site of absorption, and certain occupa-
tional environments contain significant levels of airborne PCBs.
The National Institute for Occupational Safety and Health has re-
cently proposed an occupational exposure limit of 1.0 ug/m3 on a

time weighted average 10-hour day, 40-hour week basis (NIOSH,
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1977). Assuming a tidal air volume of 10 m3

in an eight-hour day
and 100 percent absorption, the resulting dose at this exposure
level would be 10 ug/day.

Dermal

Dermal exposure, like inhalation exposure, is a particularly
significant route in the occupational setting. With the restric-
tion of PCB uses to sealed systems, the use of PCBs in products to
which the public might be exposed has declined markedly, reducing
opportunities for general exposure. Past uses of PCBs in carbon-
less copy paper, printer's inks, and other products oprobably con-
tributed to general PCB exposures. Documented exposures are large-
ly occupational as exemplified by the results of Ouw, et al.
(1976) . The authors noted that one group of employees was largely
exposed through skin contact and had significantly elevated blood
PCB levels.

In a variety of animal studies dermal application of several
PCB-containing materials has produced both local and systemic ef-
fects including liver degeneration and death (Miller, 1944; Pari-
bok, 1954; Vos and Beems, 1971). 1In neonatal rats treated by skin
application with PCBs, a 5- to 10-fold increase in aryl hydrocar-
bonhydroxylase activity occurred in liver, skin, lung, and kidney,
indicating significant distribution to these tissues after exposure
by this route (Bickers, 1976; Bickers, et al. 1975).

The relative contributions of various routes of exposure can
be expected to vary widely. Occupational exposures are by far the
most severe with inhalation and skin contact being the major routes

of absorption. A noteworthy by-product of occupational PCB expo-
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sure is the elevated risk of exposure among other members of work-
ers' families. An epidemiological study in Bloomington, Indiana
revealed significantly elevated serum PCB levels among a group of
18 occupationally exposed workers (mean 71.7 pPpb) and a slight ele-
vation among 19 members of their families (near 33.6 ppb) as com-
pared to background levels (5 to 20 ppb) (McCloskey, et al. 1978).
The general public is widely exposed to PCBs but at much lower
levels and primarily through the diet. Fish living in contaminated
waters are by far the largest contributors to dietary PCBs (Jelinek
and Corneliussen, 1976).

PHARMACOKINETICS

Absorption

The efficiency of PCB absorption in the gut of rats was shown
to be between 92 to 98.9 percent (Albro and Fishbein, 1972). Nei-
ther the degree of chlorination (mono-hexachlorobiphenyl) nor the
dose ingested (5 to 100 mg/kg) markedly affected the efficiency of
the uptake. Matthews and Anderson (1975b) observed a reduced accu-
mulation of PCBs in adipose tissues of rats exposed orally as com-
pared to intravenous (i.v.) injection. The differences were more
pronounced with biphenyls of low chlorine content and were thought
to be related to route of absorption and metabolic rates, rather
than to the overall efficiency of transport across the gut. Ab-
sorption via the gut was also very efficient in adult Rhesus mon-
keys, 90 percent of a single dose of 1.5 or 3.0 g/kg Aroclor 1248
being absorbed from the gastrointestinal tract (Allen, et al.

1974a).
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Efficient absorption via inhalation has been demonstrated in
rats by Benthe, et al. (1972).

In humans, absorption via the intestine has been best illus-
trated by the Yusho Japan incident in 1968. Among individuals
ingesting less than 720 ml of contaminated rice bran oil (equiva-
lent to 1.5 to 2.2 g Kanechlor 400), 39 percent developed severe
symptoms and an additional 49 percent developed moderate symptoms
of PCB intoxication. The lowest level of PCB ingestion in an af-
fected individual was estimated to be 0.5 g (KRuratsune, et al.
1972) . Absorption via the respiratory tract and skin is also effi-
cient as indicated by occupational exposures where effects of PCB
exposure can be detected even at doses too low to produce pathology
(Alvares, et al. 1977).

Distribution

PCBs given to rats by i.v. injection are removed from the
blood rapidly and stored initially in the liver and muscle. With
time they are redistributed primarily to skin and adipose tissue
(Matthews and Anderson, 1975b). The degree to which PCBs are
stored or excreted depends on their susceptibility to metabolism
and, therefore, on the degree of chlorination and availability of
adjacent unsubstituted carbons. Tissue levels of mono-, di-,
penta- and hexachlorobiphenyls in rats given a single injected dose
at 0.6 mg/kg were determined by Matthews and Anderson (1975b). The
maximum doses accumulated in each tissue increased with degree of
chlorination as did the half-life in each tissue. The proportion
of total PCBs present in tissues as metabolites was greatest for

the mono- and dichlorobiphenyls. Hexachlorobiphenyls in tissues
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were largely unmetabolized. The distribution_of PCBs in adipose
tissue provides a useful example of the relative accumulation of
different isomers. Tissues were examined for up to 42 days; a sum-
mary of the results is presented in Table 6.

A similar pattern was observed in skin, with up to 22 percent
of the hexachlorobiphenyl dose being accumulated there at 1 day and
residual levels around 15 percent remaining at 42 days.

Single intravenous doses of 0.6 or 6.0 mg/kg of 2,4,5,2',5'-
pentachlorobiphenyl were cleared from the blood in ten minutes and
initially deposited in liver and muscle. They were subsequently
translocated to adipose tissue and skin as depositories (Matthews
and Anderson, 1975a).

A single administration of approximately 500 mg/kg of
2,5,2',5'-tetrachlorobiphenyl to rats resulted in a similar distri-
bution with adipose, skin, and blood being the significant storage
depots after 24 hours (Van Miller, et al. 1975).

The significance of chlorine position as well as number was
addressed in a study of the pharmacokinetics of 3,5,3',5'-tetra-
chlorobiphenyl (TCB) by Tuey and Matthews (1977). The arrangement
of chlorines on this molecule results in the absence of adjacent
unsubstituted sites. The pattern of distribution of the compound
following a single i.v. injection of 0.6 mg/kg was similar to that
observed in earlier studies (Matthews and Anderson, 1975a,b) with
adipose tissue and skin becoming the major long term storage sites.
However, loss of 3,5,3',5'-TCB was slower than earlier observed for
2,4,5,2',5'-pentachlorobipheny1 (see Table 6) with the maximum adi-

pose tissue load reaching 52.9 percent of total dose on
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day 4 and the residual on day 7 remaining at 45.4 percent. The
‘distribution of several tetrachlorobiphenyl isomers in mice -~was
analyzed by Mizutani, et al. (1977). In all cases the accumulation
of the compound was greater in the carcass than in the liver. A
tendency for those isomers with adjacent unsubstituted carbons to
be rapidly cleared was observed. 2,6,2',6"-TCB was very rapidly
cleared from carcass and liver, and 2,3,2',3'-TCB was cleared fair-
ly rapidly. However, 2,4,2',4'-TCB was more resistant to removal
than 3,5,3',5'-TCB, which might not be anticipated on structural
grounds. The half-life in the carcass of the former was 9.2 days
but only 2.1 days for the latter. The degree of accumulation of the
isomers was assessed by the introduction of an index referred to as
a storage ratio (the daily amount entering storage/daily oral in-
gestion). By this measure 3,5,3',5'-TCB and 2,4,2',4'-TCB were
similar with indices of 0.7 and 0.6, respectively, while the more
readily metabolized 2,3,2',3'-TCB had an index of 0.06.

The distribution of 2,5,2',5'-TCB in infant Rhesus monkeys was
determined after a single dose of tritiated TCB (500 mg/kg). At 72
hours the distribution differed from that in rats in that the label
was more widely dispersed in the monkeys. Blood levels were lower
than observed in rats, and the major storage depots were bone mar-
row, adrenal glands, and skin. Most of the labeled material was
associated with macromolecules, although it was largely extractable
and not covalently bound (Hsu, et al. 1975a).

Distribution of PCBs in the human body has not been the sub-
ject of systematic experimentation. Data available from general

population surveys indicate that general patterns of distribution



are consistent with those found in other animals. When detected in
the adipose tissue of the general populace, PCB levels are around 1
mg/kg (Yobs, 1972; Kutz and Strassman, 1976; Grant, et al. 1976).
Plasma levels detected in the general populace are two to three
orders of magnitude lower than adipose levels (Finklea, et al.
1972). Similarly, Yusho patients exhibited a 100- to 1,000-fold
greater concentration in the fat of skin, liver and in adipose tis-
sue than in plasma. Over séveral years both the fat and plasma
levels were observed to decline to near normal levels (Kuratsune,
et al. 1976). The PCBs found in human adipose tissues in the U.S.
chromatographically resemble Aroclor 1254 and 1260, suggesting that
less chlorinated isomers found in Aroclor 1248 are preferentially
excreted (Kutz and Strassman, 1976).
Metabolism

The metabolism of PCBs has been studied extensively in several
organisms. A detailed review of PCB metabolism was written by
Sundstrom, et al. (1976a). Rather than attempt to treat the sub-
ject exhaustively, this section will summarize the major character-
istics of PCB metabolism which relate to their distribution, accu-
mulation, toxicity, and possible mechanisms of carcinogenicity.

The metabolism of PCBs depends on their chlorine content and
the sites of chlorination on the biphenyl (Sundstrom, et al. 1976a;
Lutz, et al. 1977). While the overall mechanisms of metabolism
appear to be similar in most vertebrates examined, the capacity to
metabolize PCBs declines from mammals to birds to fish (Hutzinger,
et al. 1972). Elucidation of PCB metabolism has been made possible

by the use of individual purified isomers. Predominantly, the pro-
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ducts of PCB metabolism at all levels of chlorination are biphenyl-
ols, biphenyldiols, and dihydrodihydroxybiphenyls, although the
types and proportions of specific metabolites vary in different
species. A few biphenyltriols and methoxy derivatives have also
been observed (Sundstrom, et al. 1976a).

The structures of several PCB metabolites support the forma-
tion of arene oxides as intermediates. The first evidence for the
formation of arene oxide intermediates was obtained by Gardener, et
al. {1973). They isolated trans-3,4-dihydroxy-3,4-dihydro-
2,2',5,5'-tetrachlorobiphenyl as a metabolite of 2,2',5,5'-tetra-
chlorobiphenyl in rabbits. More direct evidence for the formation
of arene oxides was obtained by Safe, et al. (1975, 1976). 1In rab-
bits and frogs the biohydroxylation of 4-chlorobiphenyl was inves-
tigated using 4'-2H-4—chlorobiphenyl. The major metabolite,
4'-chloro—4-biphenylol, retained 79 percent of the label which is
consistent with arene oxide formation (Daly, et al. 1972) The sub-
sequent isomerization of the arene oxide results in the migration
of the deuterium atom from the ultimate site of hydroxylation to
the adjacent carbon, an NIH shift. Daly, et al. (1972) consider
the NIH shift of labeled hydrogens, halogéns or alkyl substituents
to be indicative of enzymatic arene oxide formation. A subsequent
hydroxylation to 4'-chloro-3,4-biphenyldiol resulted in the loss of
half the remaining deuterium, suggesting a direct hydroxylation
rather than a second arene oxide formation (safe, et al. 1975).
4,4'-Dichlorobiphenyl produced three metabolites in the rabbit:
4,4'-dichloro-3-biphenylol, 3,4'-dichloro-4-biphenylol, and

4'-chloro-4-biphenylol. These products are consistent with a mech-
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anism involving 3,4-arene oxide formation followed by epoxide ring
opening; Either a 1,2-halogen shift, with or without halogen elim-
ination upon tautomerization, or 3-ol formation after arene ring
cleavage would produce the ultimate products (Safe, et al. 1976;
Sundstrom, et al. 1976a). The reactions are diagrammed in Fig-
ure 2. Other examples of PCBs for which metabolic pathways are
consistent with arene oxide formation include 2,2',4,4',5,5"'-hexa-
chlorobiphenyl in rabbits (Sundstrom, et al. 1976b) and 4-chlorobi-
phenyl ané 4,4'-dichlorobiphenyl in rats (Hass, et al. 1977). 1In-
fant Rhesus monkeys fed 2,5,2',5-tetrachlorobiphenyl excreted
dihydroxy, dihydrodihydroxy, and dihydrotrihydroxy derivatives in
urine (Hsu, et al. 1975b).

The K region epoxides of polyaromatic hydrocarbons are known
to bind to nucleic acids in vitro (Grover and Sims, 1970) and in
cultured mammalian cells (Grover, et al. 1975). Furthermore, they
are capable of transforming cells in culture (Huberman, et al.
1972) although their significance in tumor induction in animals is
in doubt (Grover, et al. 1975). It ﬁas been suggested that arene
oxide metabolites of PCBs may react with nucleophilic sites in DNA
and other macromolecules and that alkylation of critical sites may
be involved in the induction of tumors (Allen and Norback, 1977).
Excretion

The primary routes of PCB excretion are bile (observed in
feces) and urine. Excretion is closely coupled to metabolism. In
rats less than ten percent of excreted PCBs were unmetaboclized
(Matthews and Anderson, 1975b). The rate and efficiency of excre-

tion were highly dependent upon the degree of chlorination and
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FIGURE 2
Metabolic Pathways for 4,4'-dichlorobiphenyl in the Rabbit

Source: Sundstrom, et al. 1976a



structure. Urinary excretion of PCBs accounted for the removal of
59.8, 33.9, 7.6, and 0.7 percent of total dose of mono-, di-,
penta-, and hexachlorobiphenyl, respectively. Over 60 percent of
urinary excretion occurred within the first 24 hours and all uri-
nary excretion ceased by the ninth and fourth days, respectively,
for penta- and hexachlorobiphenyl (Matthews and Anderson, 1975b).
All the 2,4,5,2',5'-pentachlorobiphenyl excreted in urine by rats
was in the form of a glucuronide conjugate of a metabolite (Chen
and Matthews, 1974). While urinary excretion usually ceases within
a few days, biliary excretion continues for an extended period.
The relative contribution of biliary excretion to the elimination
of PCBs increases with chlorination. The kinetics of excretion of
mono- and dichlorobiphenyl are monophasic while the elimination of
penta- and hexachlorobiphenyl is biphasic. While 90 percent of
PCBs up to pentachlorobiphenyl were excreted in 42 days or less,
hexachlorobiphenyl was largely retained in the tissues of the ani-
mal. Extrapolation of the excretion data indicated that only 20
percent of 2,4,5,2',4',5'-hexachlorobiphenyl would ever be excret-
ed (Matthews and Anderson, L975b); The absence of adjacent unsub-
stituted carbons greatly decreased excretion as would be expected
from the effects of structure on storage and metabolism.
3,5,3',5'-Tetrachlorobiphenyl (TCB) is excreted at about the same
rate as 2,4,5,2',5"'-pentachlorobiphenyl (Tuey and Matthews, 1977;
Matthews and Anderson, 1975a). While the half-life in fat for
2,5,2',5'-TCB was about 33 hours at 500 mg/kg dose in rats (Van
Miller, et al. 1975), the half-life for 3,5,3',5'-TCB was 12 to 15

days at dose levels of 0.6 mg/kg in rats (Tuey and Matthews, 1977).
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The half-lives of the individual PCB isomers in the rat may be
approximated by the fecal half-lives, which are 15.7 and 22.2 hours
for mono- and dichlorobiphenyl, respectively. Penta- and hexachlo-
robiphenyls elimination is biphasic, with first and second compo-
nent half-lives of 39.2 and 211 hours for pentachlorobiphenyl and
49 and 642 hours for hexachlorobiphenyl (Anderson, et al. 1977) .
Because only 20 percent of the hexachlorobiphenyl is ultimately ex-
creted, its half-life is indefinite.

Rates of elimination of a series of tetrachlorobiphenyls (TCB)
in mice were determined by Mizutani, et al. (1977). Half-lives for
TCB isomers in liver and the carcass ranged from 0.9 days for
2,3,2',3'-TCB to 9.2 and 7.8 days for the loss of 2,4,2',4' from
carcass and liver, respectively. Structure did not influence elim-
ination as markedly as in the rat. 3,5,3',5'-TCB had half-lives of
2.1 and 2.2 days in carcass and liver. However, stimulation of
metabolism by the addition of phenobarbitol did increase the rate
of elimination of 2,4,2',4'-TCB more than 3,5,3',5'-TCB. The auth-
ors concluded that the rate-limiting step in the elimination of the
isomers was release from storage in the tissues of the mouse rather
than metabolism.

Two differences between the elimination of 2,5,2',5'-TCB in
infant Rhesus monkeys and rats may be of interest in evaluating
human metabolism. Single doses of 500 mg/kg to rats resulted in
total elimination of about 76 percent (66 percent feces, 10 percent
urine) in 72 hours (Van Miller, et al. 1975). In primates only one
percent of the same dose was eliminated in feces and two percent in
urine after 72 hours (Hsu, et al. 1975a). In addition, the major

excreted metabolite in rats appeared to be 3-hydroxy TCB, while a
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dihydrodiol TCB predominated in monkeys (Van Miller, et al. 1975;
Hsu, et al. 1975b).

A final comment on the pharmacokinetics of PCBs must be ad-
dressed to transplacental and transmammary movement. Transplacent-
al uptake of PCBs by a fetus has been documented in mice (Masuda, et
al. 1978), rats (Curley, et al. 1973), Rhesus monkeys (Allen and
Barsotti, 1976), and humans (Yoshimura, 1974). 1In mice, transpla-
cental and transmammary uptake of PCBs were approximately 0.1 to
0.2 and 20 to 35 percent of total dose, respectively (Masuda, et
al. 1978). sSimilar values were observed in rats (Mizunoya, et al.
1974). Female monkeys consuming 2.5 ppm Aroclor 1254 transferred
enough via breast milk to produce severe hyperplastic gastritis in
nursing infants (Allen and Barsotti, 1976). Recently, a prelimi-
nary mathematical model of PCB distribution in rats has been pro-
posed (Lutz, et al. 1977; Anderson, et al. 1977).

It should be noted that most of the laboratory studies dis-
cussed above have been performed with pure isomers, while toxicity
studies and environmental exposures involve commercial mixtures
with possible dibenzofuran contamination. In addition, commercial
mixtures tend to contain asymmetrical polychlorinated biphenyls
(NIOSH, 1977).

The pharmacokinetics of PCBs can be summarized with the fol-
lowing points:

L They are readily absorbed through the gut, respiratory system,
and skin.

2 They may initially concentrate in the liver, blood, and muscle
mass; but long-term storage in mammals is primarily in adipose

tissue and skin.



The major metabolic products of PCBs are phenolic derivatives
or dihydrodiols which may be formed through pathways with
arene oxide intermediates or by direct hydroxylation. The
susceptibility of individual PCB isomers to metabolism is a
function of the number of chlorines present on the biphenyl
and their arrangement. Biphenyls which have one or more pairs
of adjacent unsubstituted carbons are more rapidly metabolized
than those which do not.

PCBs which are readily metabolized are also rapidly excreted
in the urine and bile. Excretion in urine is most prominent
for the least chlorinated, while bile becomes the more signif-
icant route of excretion for more highly chlorinated isomers.
Those isomers which are most refractory to metabolism accumu-
late for increasing periods of time in fatty tissues. Highly
chlorinated isomers are accumulated almost indefinitely.

PCBs can be transferred either transplacentally or in breast
milk.

Nonhuman primates may retain PCBs more efficiently than
rodents.

EFFECTS

Acute, Subacute, and Chronic Toxicity

Several reviews of the toxic effects of PCBs in animals and

man have appeared in recent years [Kimbrough, 1974; Fishbein, 1974;

Peakall, 1975; Kimbrough, et al. 1978; Cordle, et al. 1978; NIOSH,

1977 (which is particularly recommended for human effects)]. This

section will attempt to highlight the most significant toxic ef-

fects observed in animals and man, but will not seek to be compre-

hensive.
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The acute oral and dermal LDg,ys for PCBs in rats, mice, and
rabbits are given in Tables 7, 8, and 9. 1In the classification by
the American Industrial Hygiene Association, the PCBs are slightly
toxic or almost nontoxic (Hodge and Sterner, 1949). In rats,
Bruckner, et al. (1973) observed a l4-day LD50 of 4.25 g/kg. Toxic
effects of high doses of Aroclor 1242 included diarrhea, chromo-
acryorrhea, loss of body weight, unusual stance and gait, lack of
response to pain stimuli, and terminal ataxia. CNS deterioration
and dehydration were thought to be contributing factors. Histo-
pathologic changes were observed only in liver and kidney. Miller
(1944) found the guinea pig most sensitive to Aroclor 1242 followed
by the rabbit and rat. In the rat, toxicity decreased with in-
creasing degree of chlorination; however, the effect was not ob-
served with rabbits (Fishbein, 1972).

The more significant toxic effects of PCBs are observed on
repeated exposure over a period of time. Aroclor 1254 at 1,000 ppm
in the diet was fatal to 75 percent of male rats in 43 days with
total intakes of 500 to 2,000 mg/kg being lethal (Tucker and Crab-
tree, 1970). Phenoclor DP6 fed at 2,000 ppm to rats resulted in
marked weight loss and death between 12 and 56 days after the ini-
tiation of treatment (Vos and Koeman, 1970). Guinea pigs treated
dermally for 11 days with a total of 379.5 mg of a PCB with 42 per-
cent average chlorine content died at intervals up to 21 days fol-
lowing the first application (Miller, 1944). Aroclor 1254 at 1,000
ppm in the diet killed 5/10 male rats and 8/10 female rats. At 500
ppm over eight months two males and one female died while no

lethality was observed at 100 or 20 ppm. Aroclor 1260 was less
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TABLE 8

Oral LDg, (rat)2rP

LD50

g/kg body weight

Compound Tested

Aroclor 1221 (Undiluted) 2.000 - 3.169
Aroclor 1232 (Undiluted) 1.26 - 2.0
Aroclor 1242 (Undiluted) 0.794 - 1.269
Aroclor 1248 (Undiluted) 0.794 - 1.269
Aroclor 1260 (50% soln in corn oil) 1.26 - 2.0
Aroclor 1262 (50% soln in corn oil) 1.26 - 3.16
Aroclor 1268 (33.3% soln in corn oil) 245

8pata of Panel on Hazardous Substances (6)
bSource: Kimbrough, et al. 1978



TABLE 9

Skin LDg, (rabbits)?’P

)

Compound Tested g/kg body weight

Aroclor 1221 (Undiluted) 3.98
Aroclor 1232 (Undiluted) 4.47
Aroclor 1242 (Undiluted) 8.65
Aroclor 1248 (Undiluted) 11.0
Aroclor 1260 (50% soln in corn oil) 10.0
Aroclor 1262 (50% soln in corn oil) Ll.3
Aroclor 1268 (50% soln in corn oil) 10.9

%pata of Panel on Hazardous Substances (6)
bSource: RKimbrough, et al. 1978
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toxic, with 8/10 females, but no males, dying at 1,000 ppm. No
males died at lower doses, and 1/10 and 2/10 females died at 100 and
500 ppm, respectively. Substantial weight losses were observed at
100 and 500 ppm in both males and females (Kimbrough, et al. 1972).
Mink have been shown to be unusually sensitive to PCBs. A mixture
of Aroclors 1242, 1248 and 1254 at 30 ppm in the diet for 6 months
was 100 percent lethal (Aulerich, et al. 1973), as was 3.6 ppm Aro-
clor 1254 over 105 days in another study (Plantonow and Karstad,

19..). Adult Rhesus monkeys (Macaca mulatta) were particularly

sensitive to PCBs. Aroclor 1248 at 100 or 300 ppm in the diet for
two to three months resulted in extreme morbidity within one month
and almost 100 percent mortality within three months. Total in-
takes for the two groups were 0.8 to 1.0 g for 100 ppm and 3.6 to
5.4 g for 300 ppm (Allen, 1975).

The most consistent pathological changes occurring in mammals
after PCB exposure are in the liver. 1In rats, rabbits, and guinea
pigs, Miller (1944) observed fatty deposits after acute injections
and similar changes in rabbits and guinea pigs after dermal appli-
cation. In feeding experiments, marked fatty metamorphosis was
noted in guinea pig liver with intracellular hyaline bodies being
observed in rats. Less striking changes were noted in the kidneys,
lungs, adrenals, and heart of guinea pigs. Rats exposed repeatedly
to dietary PCBs show increased liver weights (Kimbrough, et al.
1972; Bruckner, et al. 1973). Kimbrough, et al. (1972) fed rats
Aroclor 1254 or 1260 at levels between 20 and 1,000 ppm for eight
months. Light microscopic changes observed included hypertrophy of

liver cells, cytoplasmic inclusions, brown pigment in Kupffer
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cells, lipid accumulation and, at higher doses, adenofibrosis.
Ultrastructural examination revealed an increase in smooth endo-
Plasmic reticulum. The effect of Aroclor 1254 was more pronounced
than that of 1260. Porphyria was observed in the livers and, occa-
sionally, other tissues of animals exposed to either mixture.

Rats fed 2,000 ppm Phenoclor DP6 also had enlarged livers with
vacuolated foamy cells containing pycnotic nuclei (Vos and Koeman,
1970). Vacuolization of liver cells was also noted by Bruckner, et
al. (1973) after dosing rats with 100 mg/kg Aroclor for three
weeks, although no overt toxicity was manifest.

Rats fed 100 ppm Aroclor 1242 (6.6 to 3.89 mg/kg/day) or Aro-
clor 1016 (6.9 to 3.5 mg/kg/day) for periods of up to ten months
showed no signs of overt intoxication or gross liver changes. En-
larged hepatocytes with vacuolated cytoplasms and inclusions were
noted. Aroclor 1242 seemed to produce more pronounced changes than
1016. Four and six months after the discontinuation of exposure
hepatocytes were still enlarged but cytoplasmic vacuoles and inclu-
sions had diminished, suggesting a degree of reversibility of ef-
fect. Significant residual levels of PCBs remained in adipose tis-
sue. Using electron microscopy, increased smooth endoplasmic reti-
culum and lipid vacuoles as well as atypical mitochondria were ob-
served. No significant gross changes in other organs were noted
(Burse, et al. 1974).

Allen and Abrahamson (1973) fed rats 1,000 ppm of either Aro-
clor 1248, 1254, or 1262 for 1, 3, 7, 14, 21, or 28 days or 6 weeks.
Overt toxicity was not observed, although weight gain was retarded

in all treated groups. The effect was inversely proportional to



percent chlorination. Increased liver size, protein, and RNA con-
tent were observed. The magnitude of changes increased with the
percent chlorination. Hypertrophy was associated with prolifera-
tion of the smooth endoplasmic reticulum, formation of membranous
arrays, and increased lipid droplets.

The effect of metabolism on toxicity was explored by giving
rats large (1.5 g/kg) single doses of 2,5,2',5'-tetrachlorobi-
phenyl which produced high mortality within two to three days
(Allen, et al. 1975). Pretreatment with phenobarbitol to induce
metabolic enzymes allowed survival without obvious ill effects fol-
lowing a 1.25 g/kg dose, while treatment with the microsomal enzyme
inhibitor SKF 525A lead to 100 percent mortality in four days. The
ability to metabolize and eliminate 2,5,2',5'-TCB appears to pro-
tect the animal. Dietary administration of 100 pom 2,5,2',5'-TCB
for three weeks produced less liver hypertrophy than Aroclor 1248.

Liver pathology in mice exposed to 1.5 mg PCB/day was essen-
tially the same as seen in rats, including increased smooth endo-
plasmic reticulum and increased lipid droplets (Nishizumi, 1970).

Rabbits receiving 300 mg orally of Aroclor 1221, 1242, or 1254
for 14 weeks were examined (Koller and Zinkl, 1973). Aroclor 1221
and 1242 treated rabbits gained weight at control rates while 1254
treated rabbits did not gain as much. Livers of 1254 and 1242
treated animals were enlarged while livers of 1221 treated animals
were smaller than controls. Gross liver lesions and small uteri
were apparent in the 1254 treated animals but not the others.
Liver pathology in 1254 treated animals included enlarged hepato-
cytes with foamy to aranular cytoplasms and subcapsular midzonal
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necrosis. Aroclor 1242 produced a liver pathology similar to 1254.
Aroclor 1221 treated animals were free of histologic changes.
Dermal studies with rabbits using Clophen A60, Phenoclor DP6,
and Aroclor 1260 indicated that the last was the least toxic (Vos
and Beems, 1971). The former two mixtures had been shown to be con-
taminated with tetra- and pentachlorodibenzofuran (Vos, et al.
1970). Skin lesions produced included hyperplasia and hyperkerato-
sis of the epidermal and follicular epithelium and were accompanied
by pathological changes in the liver and kidney. The chlorodiben-
zofuran impurities in the PCBs were thought to be responsible for
the skin lesions. A comparison of the toxic effects of dermally
applied 2,4,5,2',4',5'—hexachlorobiphenyl and Aroclor 1260 demon-
strated that the skin lesions appeared sooner and were more severe
after treatment with the commercial mixture. Liver changes were
found in both treatment groups with the pure isomer inducing the
more severe effects. From this study it was concluded that the
chlorodibenzofuran contaminants in commercial mixtures probably
contribute to the skin lesions (chloracne), edema formation, and
liver damage. PCBs contribute in lesser degrees to chloracne and
liver damage but are primarily responsible for the hepatic porphy-
ria observed in PCB intoxication (Vos and Notenboom-Ram, 1972).
Nonhuman primates are rather sensitive to PCBs. Male Rhesus
monkeys were fed 300 ppm Aroclor 1248 for three months. Effects
which began to appear within a month included hair loss, subcuta-
neous edema, purulent discharge from the eyes, acneform eruptions,
and liver hypertrophy caused by smooth endoplasmic reticulum pro-

liferation. Marked hypertrophy of the gastric mucosa was a signif-
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icant finding not usually seen in rodents. Invasion of the submu-
cosa by the mucosal epithelium with increased cellularity and dys-
plasia occurred in the stomach. The dietary levels used were about
10-fold greater than the contamination levels in foods during the
early 1970's, and the gastric changes observed were considered to
be of particular significance to human risk (Allen and Norback,
1973). Wwhen fed low levels (2.5 and 5 ppm) of Aroclor 1248 for 52
weeks female monkeys developed periorbital edema, alopecia, erythe-
ma and acneform lesions. Effects in males were less pronounced
(Barsotti and Allen, 1975). The high sensitivity of monkeys to
PCBs has been confirmed and the evaluation of the toxic effects,
particularly in the gastric mucosa, has been extended (McNulty,
1976; Bell, 1976). The pathologic effects of PCBs in nonhuman pri-
mates have been reviewed by Allen and coworkers (Allen, 1975; Allen
and Norback, 1976).

The ability of PCBs to induce liver microsomal enzymes was
demonstrated by Street, et al. (1969). Enzyme induction by commer-
cial PCBs has been shown in rabbits (Villeneuve, et al. 1971la),
rats (Litterst and VanLoon, 1972), and primates (Allen, et al.
1974b). In rats induction is observed following intraperitoneal
injection (Bickers, et al. 1972) or skin application (Bickers, et
al. 1975). Dietary threshold values for enzyme induction vary be-
tween 0.5 and 25 ppm (Villenueve, et al. 197la; Litterst, et al.
1972; Turner and Green, 1974). The induction of demethylating
activity in rats by Aroclor 1254 was maximum in seven days while
cytochrome P450 and nitroreductase activities continued to rise

over four weeks of treatment. Activities declined slowly after



discontinuation of treatment, reaching control levels in about ten
days (Litterst and VanLoon, 1974). Cutaneous exposure to PCBs re-
sulted in a maximum induction within two to six days (Bickers, et
al. 1972, 1975). Degree of induction of enzyme activities was
found to correspond to increasing chlorine content of Aroclors
(Litterst, et al. 1972) and of di~, tetra-, and hexachlorobiphenyl
mixtures (Schmoldt, et al. 1974). The effects of chlorine content
and position of pure isomers were examined by Johnstone, et al.
(1974) , Ecobichon (1975), and Ecobichon and Comeau (1975). More
highly chlorinated isomers and those substituted at the 4 and 4°'
positions were most active in inducing enzymes associated with the
endoplasmic reticulum. For less localized enzymes, position was
less critical, although chlorinated compounds were more effective
than biphenyl.

The effects of dietary exposure to Aroclor 1254 on enzyme
induction were investigated in rats by Bruckner, et al. (1977).
Aroclor 1254 at 5 or 25 ppm induced dose-dependent increases in the
metabolism of pentobarbitol, aminopyrine, and acetanilide after 35,
70, and 140 days of exposure. Exposure to 1 ppm had little effect
on metabolism. Liver weight and serum triglyceride levels were
elevated only in animals exposed to 25 ppm. In 15-day experiments
induction of aminopyrine N-demethylation was observed after the
first day of exposure at 5 and 25 ppm, and acetanilide hydroxyla-
tion was induced after two days. Aminopyrine N-demethylation re-
turned to normal 15 days after the termination of exposure. Con-
sumption of as little as 1 to 2 mg of PCBs in 24 hours was suffi-

cient to stimulate acetanilide hydroxylation.
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Commercial PCBs have been shown to induce cytochrome P450
(phenobarbitol type) and cytochrome P448 (3-methylcholanthrene
type) (Alvares, et al. 1973). More recent studies with purified
isomers indicated that ortho-para-substituted PCBs induce P450
while meta-para-substituted PCBs induce P448. Substitution in the
ortho-position dominates over meta-, and no isomers were found Eo
induce both activities (Goldstein, et al. 1977). The induction of
both systems by commercial preparations and some purified isomers
has recently been shown to result from contamination with dibenzo-
furans. Even "99 percent pure" isomeric PCBs containing 44 ppm
tetrachlorodibenzofuran effectively induces P448 while more rigor-
ously purified material does not (Goldstein, et al. 1978). This
observation serves as a reminder that the effects of trace contami-
nants must be kept in mind when evaluating the toxic effects of
PCBs.

Enzyme inducing effects of PCBs have also been examined in
vivo by the observation of shortened phenobarbitol sleeping times
in PCB-treated animals (Bickers, et al. 1972; Johnstone, et al.
1974; Villeneuve, et al. 1972). PCB induction of enzyme activities
in other tissues has included skin (Bickers, et al. 1975), placenta
and fetus (Alvares and Kappas, 1975), neonatal liver during lacta-
tion (Alvares and Kappas, 1975), and 1lung and kidnevy (Vainio,
1974).

Other systemic effects of PCBs in mammals include porphyria
(Bruckner, et al. 1974), increased thyroxin metabolism (Bastomsky,
1974) and ultrastructural changes in the thyroid (Collins, et al.

1977), inhibition of ATPases (LaRocca and "arlson, 1975), and
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interference with oxidative phosphorylation (Sivalingan, et al.
1973). Alterations in steroid hormone metabolism are produced by
PCBs in rats (Bitman and Cecil, 1970) , mice (Orberg and Kihlstrom,
1973), and other animals. Aroclor 1254 appears to reduce liver
vitamin A concentrations in pregnant rabbits (Villeneuve, et al.
1971b). A more complete review of these effects can be found in
Matthews, et al. (1978).

PCBs have been shown to have immunosuppressive effects in rab-
bits (Vos and Beems, 1971; Street and Sharma, 1975), guinea pigs
(Vos and van Genderen, 1973: Vos and DeRoij, 1972), monkeys, mice
(Thomas and Hinsdill, 1978), and several birds. Significant ef-
fects were observed in Rhesus monkeys exposed to dietary levels of
Aroclor 1248 as low as 5.0 ppm.

Effects of Aroclor 1254 and 1260 on reproduction in Sherman
strain rats were investigated (Linder, et al. 1974). Dietary lev-
els of 5 ppm Aroclor 1254 had no effect on reproduction in rats
exposed through two generations. Liver weights were increased in
male and female offspring of the F, and F, generations. At 1 ppm,
Aroclor 1254 caused increased liver weights in F, male weanlings.
With Aroclor 1254 at 20 ppm, the number of pups in the Flb and F,
generations was reduced, while 100 ppm resulted in increased mor-
tality in Fip offspring and decreased the mating performance of Fip
adults. Aroclor 1260 produced increased liver weights in F, off-
spring at 5 ppm but did not affect reproduction at 100 ppm. At 500
ppm litter sizes were reduced and survival was decreased in Fy lit-
ters. Pregnant rats given 100 mg/kg/day Aroclor 1254 on days 7 to

15 had grossly normal litters but only 30.1 percent survived to
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weaning. Dosage rates of 50 mg/kg/day Aroclor 1254 or 100 mg/kg/
day Aroclor 1260 did not affect reproduction or pup survival.

Rabbits fed 0.1 or 1.0 mg/kg body weight Aroclors 1221 or 1254
showed no significant decrease in number of pregnancies or number
of fetuses per litter (Villeneuve, et al. 197la). No induction of
fetal liver enzymes could be detected. However, administration
during gestation of 600 to 2,500 ppm Aroclor 1254 in the diet re-
sulted in resorptions, abortions, maternal death, and asymmetric
skulls in two fetuses (Villeneuve, et al. 1971b).

Reproductive effects in mice were investigated in animals
treated for ten weeks with 0.025 mg/day Clophen A60 (Orberg and
Kihlstrom, 1973). The length of the estrus cycle was increased
from 6.6 days in controls to 8.7 days in experimental animals.
Also, the percentage of implanted ova was reduced from 87.0 to
79.5. 1In a second study the reproductive effects of neonatal expo-
sure to PCBs in milk were examined by injecting lactating female
mice with Clophen A60. On the day of parturition and at weekly
intervals for three weeks, the females were injected with 50 mg of
PCB. When treated male and female offspring were mated with each
other, the percent implantation dropped from a control level of 94
percent to 75 percent (Kihlstrom, et al. 1975).

In female Rhesus monkeys exposure to 25 ppm Aroclor 1248 in
the diet for two months lead to the typical effects of PCB intoxi-
cation for monkeys including edema, alopecia, and acne. One animal
ingesting a total of 450 mg PCB died two months after exposure
ended and was found to have hyperplastic gastritis and bone marrow

hypoplasia. The remaining five animals were bred three months



after treatment. Three were thought to have conceived but resorbed
or aborted the embryos in the first two months of Pregnancy. One
delivered a fully developed but small infant (Allen, et al. 1974b).

In a more developed study both male and female Rhesus monkeys
were fed either 2.5 or 5.0 ppm Aroclor 1248 in the diet (Barsotti
and Allen, 1975; Barsotti, et al. 1976) . The total intake in the
first six months for the females was 180 and 364 mg for the 2.5 and
5.0 ppm diets, respectively. Untreated females bred to treated
males had normal rates of conception (Barsotti and Allen, 1975).
Treated females bred to normal males pProduced the following rates
of conception: control, 12/12; 2.5 ppm, 8/8; 5.0 ppm, 6/8. Live
births resulting from the conceptions were: control, 12/12; 2.5
ppm, 5/8; 5.0 ppm, 1/6. In the 2.5 ppm group, three fetuses were
resorbed shortly after conception. In the 5.0 ppm group, three
pPregnancies aborted at 46, 67, and 107 days of gestation, one fetus
was resorbed, one was stillborn, and one normal birth occurred.
The two females who failed to conceive were subsequently bred five
times without conception. The live born infants were of low birth
weight and showed signs of PCB intoxication after nursing their
mothers for less than two months. Three infants died 44 to 112 days
after birth (Barsotti, et al. 1976). The mothers' breast milk con-
tained 0.154 to 0.397 ppm PCBs and one contained 16.44 ppm (fat
basis) (Allen and Barsotti, 1976). It should be noted that the
dose levels producing these rather striking effects are within the
range of contamination of the human diet observed until the mid-

1970's.



Recently, adipose tissue levels of PCBs in infant Rhesus mon-
keys exposed in utero and via breast milk have been correlated with
behavioral effects (Bowman, et al. 1978). Three of five infanté
born to mothers exposed to 2.5 pPpm Aroclor 1248 in the diet during
pPregnancy and lactation survived over four months. PCB levels in
fat tissue in the infants declined with a first order rate constant
over a period of 8 to 23 months of age. Extrapolated maximum PCB
levels were 21, 114, and 123 pg/g fat. A battery of 1l behavioral
tests was conducted with the three exposed animals and four con-
trols over this time period and a positive correlation between
reduced performance and PCB body burden was observed for seven
tests.

Minks have been found to be exceedingly sensitive to PCB-
induced reproductive failure. A marked increase in kid mortality
was observed in commercial mink in the mid-1960's after fish meal
derived from spawning Great Lakes Coho salmon was incorporated into
the diet. Laboratory studies confirmed that the reproductive
losses were related to the ingestion of Great Lakes fish (Aulerich,
et al. 1971), and subsequent investigation showed that PCBs con-
taminating the fish meal were the probable toxic agents (Ringer, et
al. 1972). When fed 10 ppm each of Aroclors 1242, 1248, and 1254
(30 ppm total), all 11 adult female mink died prior to the end of
the normal whelping (delivery) period (Ringer, et al. 1972). Aro-
clor 1254 fed at 10 ppm resulted in no offspring among six females.
At 5 ppm, Aroclor 1254 fed for four months prior to whelping de-
pressed reproduction with only 3 of 12 females whelping and 3 of 9

kits born alive. At 1 ppm Aroclor 1254, 8 of 10 females whelped and
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35 of 43 kits were born alive. Among control animals all 11 whelped
and 56 of 66 pups were alive at birth. The reproductive toxicity of
Aroclor 1254 becomes pronounced between 1 and 5 ppm in the diet
(Ringer, et al. 1972). At 2 Ppm in a nine month feeding trial,
Aroclor 1254 significantly reduced reproduction while Aroclors
1016, 1221, and 1242 did not (Aulerich and Ringer, 1977). Assuming
a food intake of 150 gm/day (Schaible, 1970), the total PCB intake
in the two trials would have been 90 mg at 5 ppm for four months or
61 mg at 2 pﬁm for nine months (Aulerich and Ringer, 1977).

Human exposures to PCBs resulting in toxic effects have almost
all resulted from the ingestion of rice oil contaminated with Rane-
chlor 400 in Japan or from industrial exposure. While absorption
through the gut was the route of exposure in the former case, occu-
pational exposures occur largely by inhalation or absorption
through the skin.

Yusho, the disease resulting from the ingestion of contaminat-
ed rice oil in Japan, has been the subject of continuing study
since the episode of exposure in 1968. Periodically, special re-
ports on these continuing studies have been published in Fukuoka
Acta Medica. These results, largely published in Japanese, have
been reviewed in English by the Japanese investigators both early
in the study (Ruratsune, et al. 1972; Ruratsune, 1972) and more
recently (Kuratsune, et al. 1976). The cause and scope of the
exposure of the Japanese public has been described above (see In-
gestion from Food section). The initial symptoms of Yusho included
increased eye discharge and swelling of upper eyelids, acneform

eruptions and follicular accentuation, and pigmentation of the
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skin. Other symptoms including dermatologic problems, swelling,
jaundice, numbness of limbs, spasms, hearing and vision problems,
and gastrointestinal disturbances were prominent among the com-
plaints of patients seen within the first eight months after expo-
sure (Kuratsune, et al. 1972). The first-patients were seen al-
most immediately after the release of the contaminated oil in Feb-
ruary 1968. Of a group of patients seen between October 1968 and
January 1969, 55 percent became ill between June and August. Ik
was ultimately determined that as many as 63.9 percent of those who
consumed contaminated oil became ill. Among a group of 146 known
users of the o0il, 80 consumed less than 720 ml, and 88 percent of
these users were affected. Among those who used more than 720 ml,
100 percent were affected. The clinical severity of symptoms did
not differ by sex, but the age group 13 to 29 was more affected than
others (Kuratsune, et al. 1972).

The analysis of the o0il indicated that it contained between 2
and 3 mg/kg of Kanechlor 400 (Kuratsune, et al. 1972). It was later
discovered that Kanechlor 400 contained 18 ppm of polychlorinated
dibenzofurans (PCDFs) and that the PCDF concentration in "Yusho
Oil" was about 5 ppm (Nagayama, et al. 1975). The PCDF level in the
0il was 250 times greater than would be expected based on the level
in fresh Kanechlor 400, leading Kuratsune, et al. (1976) to suggest
that the concentration increased with PCB use as a heat transfer
medium.

The amounts of Kanechlor 400 ingested were estimated for the
original 146 person study group. The average amoqnt ingested was
estimated to be 2 g while the minimum amount ingested by a patient

was about 0.5 g (Kuratsune, et al. 1972).
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Laboratory evaluations of patients during the early period
were summarized by Kuratsune (1972). Several changes in blood were
noted, including decrease in erythrocyte count, increase in leuko-
Ccyte count, and increase in serum lipids, particularly triglycer-
ides. Blood proteins, electrolytes, and enzyme activities were
normal in most instances. Some increases in urinary ketosteroid
excretion were observed. The "cheesy" material from Yusho acne
contained more steric and oleic acids than did "normal acne," but
less myristic palmitic and palmitoleic acid. Linoleic acid was
present in Yusho acne but not "normal acne." Liver biopsy indi-
cated hypertrophy of the smooth endoplasmic reticulum, reduction of
the rough endoplasmic reticulum, filamentous inclusions, and mito-
chondrial abnormalities. Skin changes included hyperkeratosis,
cystic dilatation of the hair follicles, and marked increase of
melanine in basal cells of the epidermis. Decreased sensory nerve
conduction velocities were observed in 9 of 23 patients. Abnormal-
ities of the eyes included hypersecretion of the meibomian gland
and abnormal pigmentation of the conjunctiva.

Thirteen women, 11 with Yusho and 2 without, but married to
men with Yusho, delivered 10 live and 2 stillborn infants between
February 15 and December 31, 1968. Nine of the 10 had grayish-dark
stained skin, and 5 had similar pigmentation of the gingiva and
nails. Eye discharge was common. A stillborn fetus had marked
hyperkeratosis, atrophy of the epidermis, and cystic dilatation of
the hair follicle. 1Increased melanin pigment in the blood cells
and the epidermis was also noted. Twelve of the 13 fetuses were

small for date of birth. The growth of children affected by Yusho
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was significantly lower than Japanese national standards. A de-
tailed clinical study of four Yusho babies showed that they were
small for their age, had dark pigmentation on skin and mucous mem-—
branes, and gingival hyperplasia. Teeth were erupted at birth;
spotted calcification of the parieto-occipital skull, wide fonta-
nels, and saggital suture were present, along with facial edema and
exophthalmic eyes (Yamashita, 1977).

By three years after the episode about half the patients were
improving while 40 percent were essentially unchanged and 10 per-
cent were becoming more severely affected. Even among those said
to be improving, many still complained of persistant headaches,
general fatigue, weakness and numbness of limbs, weight loss, and
other problems (Kuratsune, et al. 1972).

An evaluation of the longer term effects of Yusho has been
summarized by Kuratsune, et al. (1976). TIn 1972 Masuda noted a
pPeculiar gas chromatographic pattern of PCB fractions which was
common to blood, tissues and breast milk of Yusho patients (Koda
and Masuda, 1975). A pattern seen in about 60 percent of Yusho
patients contained a larger amount of a late eluting peak than PCB-
containing tissues resulting from other types of exposures. This
pattern was referred to as type A. A similar pattern seen in about
37 percent of Yusho patients was referred to as type B. These two
patterns (types A and B) have never been observed in individuals
(human or animal) exposed to PCBs in other situations. These types
appear unique to Yusho. Tissue levels of PCBs in patients undergo-
ing surgery or who died and were autopsied were followed over sev-

eral years. Adipose tissue levels were high (13 to 76 ppm) shortly
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after the end of exposure but were substantially lower by the next
year. By 1970 and beyond, tissue levels were within the normal
range in the cases studied. Blood levels were not determined until
1972 by which time they were in the normal range. Patients whose
plasma PCB pattern was type A had higher levels than those with
type B.

The discovery of substantial levels of PCDF in Yusho oil has
been discussed. Levels of PCDFs in control individuals and Yusho
patients were determined. No detectable (0.1 ppb) PCDFs were found
in controls while tissues of patients who died in 1969 and 1972
contained 0.009 and 0.013 ppm in adipose and liver respectively.
Ratios of PCB/PCDF were 144 and 4 for adipose tissue and liver,
respectively. PCDF levels were higher in liver than adipose on a
fat basis. Although the sample was small, the levels in whole adi-
pose tissue appeared to have dropped to about one-third of the 1969
level by 1972.

By 1972, the dermal and mucosal signs which were most marked
in the initial stages of toxicity were gradually improving. Symp-
toms considered to be due to internal disturbances, such as fa-
tigue, poor appetite, abdominal pain, headache, pain and numbness
in the limbs, and cough and expectoration of sputum, have become
more prominent. Between March 1973 and April 1974, 79 patients
were examined and blood PCBs evaluated (Koda and Masuda, 1975). Of
patients with type A or B plasma PCB chromatographic patterns, a
majority exhibited some or all of the typical spectrum of dermato-
logical symptoms, with frequencies in type A patients being higher

than in type B patients. Because PCB levels in type A patients were



higher thar in type B, the severity of symptoms was correlated with
blood PCB levels.

Serum triglyceride levels in males did not decline signifi-
cantly between 1969 and 1974 (Okumura, et al. 1974). Levels in
female patients declined but were still above normal. The eleva-
tion of triglycerides correlated with increased blood PCB levels
and the type A pattern.

Serum bilirubin in patients was lower in 121 patients than in
257 controls, indicating an accelerated rate of disposal (Hirayama,
et al. 1974).

Long-term effects continued to be observed in children born to
Yusho mothers. Nine infants with dark brown skin pigmentation were
born to Yusho mothers between 1969 and 1972, three of them to a
patient between 1969 and 1971 (Yoshimura, 1974). The plasma PCB
levels of 30 children born to 18 Yusho mothers were significantly
above control levels but lower than maternal levels (Abe, et a;.
1975). Children nursed by their mothers had higher levels than
children who were not breast fed. One case was reported by Yoshi-
mura (1974) in which a baby was thought to have acquired Yusho
solely as a result of breast milk intake.

Masuda, et al. (1974) found PCB levels in breast milk of five
Yusho women between 0.03 and 0.06 ppm, which was just within the
normal range. A recent study of PCB levels in the breast milk in
400 Japanese women detected average levels of 0.033, 0.026, and
0.029 ppm in three measurements made at two month intervals (Yaku-
shiji, et al. 1977). Based on these levels, they calculated that

daily intake by a nursing infant would be 24 ug/day. This can be
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perhydroxylation in the Miregion. The three regions of reactivity

are readily distinguished in the benz (a)anthracene skeleton:

i N - P
- .' \ . . 'f- -::"
=d N
L-region G—="-K-region

.M-region of metabolic
ﬁ’//‘perhydroxylation

The electronic K-L theory of carcinogenic reactivity has encoun-
téred numerous inconsistencies, primarily because these relation-
ships were derived from physico-chemical préperties of the parent
hydrocarbon and gave no consideration to the biological effects of
activated metabolites.

Advances in recent years have focused attention on the poten-
tial reactivity of diol epoxide metabolites of PAH, and their ease
of conversion to triol carbonium ions. Under the assumption that
diol epoxides, which are more readily converted to carbonium ions,
will bé better alkylating agents to ‘produce carcinogenesis and
mutagenesis, the "bay region" theory has been proposed (Lehr, et
al. 1978; Wood, et al. 1977b). Examples of a "bay region" in a
polycyclic hydrocarbon are the regions between the 10 and 11 posi-

tions of BaP and the 1 and 12 positions of benz(a)anthracene:

Bay region Bay region
|\'3 - -~
3 B =/ . |-
v ; T
- - ~ 1 H
t L -~
e -
Benzo(a)pyrene ' Benz(a) anthracene

The theory predicts that.diol epoxides in which the oxirane oxygen
forms part of a "bay region" (e.g., BaP 7,8-diol-9,10-epoxide)
will be more reactive and hence more carcinogenic than diol epox-
ides in which the oxirane oxygen is not situated in a "bay region."
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Experimentally, the "bay region" diol epoxides of benz(a)anthra-
cene, BaP, and chrysene were more mutagenic in vitro and/or tumori-
genic than other diol epoxide metabolites, their ﬁrecursor dihydro-
diols, the parent hydrocarbons, or other oxidative metabolites.
Moreover, quantum mechanical calculations were in accord with the
concept that react1v1ty at the "bay region" is hlghest for all the
dlol epoxides derived from polycyclic hydrocarbons.

The bay region concept has recelved enough confirmation to
lead to suggestions that an analysis of theoretical reactivity in
this manner may be useful in screening PAH as potential carcinogens
(Smith, et al. 1978). Among several indices of theoretical reac-
tivity examined, the presence of a bay region for a series of PAH
displayed a high degree of correlation with positive éarcinogenic
activity (Table 19).

The carcinogenic activity of BaP has been studied extensively
in various animal model systems. In recent years, research on BaP
has been expanded to include an examination of thé tumorigenic
activity of various BaP metabolites. These efforts were directed
at the objective of identifying a BaP derivative which acts as the
principal ultimate carcinogen resulting from metabolic activation
(Levin, et al. 1976a,b, 1977a,b; Slaga, et al. 1976, 1977; Rapitul-
nik, et al. 1976a,b; Wislocki, et al. 1977; Conney, et al.
1977a,b). /

Studies on the activity of BaP and its.derivatives as complete
carcinogens on mouse skin (Table 20) and as tumor initiators (Table
21l) revealed that.marked differences in tumorigenic ovotency exist.

The apparent lack of activity for the BaP 7,8-diol-9,10~-epoxides,
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déspite their exceptional mutagenicity, may.be due to poor skin
penetration of adult mouse skin because oflhigh chemical reactiv-
ity. Indeed, as a carcihogen in newborn mice the (-) enantiomer of
BaP, 7,8-dihydrodiol, and the 7,8-diol-9,l10-epoxide derived there-
from are far more active than the parent hydrocarbon (Kapitulnik,
et al. 1977a,b,c,d, 1978a,b). These studies on the newborn mouse
clearly indicate the role of a BaP 7,8-diol-9,10-epoxide as an
qltimate carcinogenic metabolite of BaP.

Further dose-response information on the sarcomagenic activ-
ity of BaP by subcutaneous injection to rat$ and mice is summarized
in Table 22. |

Temporal relationships for the development of BaP-induced skin
cancers in mice have been examined by Albert, et al. (1978). Their
results showed that increasing weekly doses of BaP caused a short-
ening of the latency period for carcinoma formation. -Furthermore,
it was determined that the development of papillomas as a precursor
lesion to carcinoﬁa formation occurred only at higher BaP doses
(e.g., 32 and 64 ug/week). At the lower dose levels (8- and 16
ug/week), carcinomas appeared de novo without precursor papilloma
formation.

The carcinogenicity of BaP by oral intake has not been studied
as throughly as for other routes of administration. Nevertheless,
tumors of various sités result when BaP is administered orally to
rodents (Table 23). .

With oral, intratracheal, and intravenous routes of adminis—
tration, BaP is less effective than other PAH (e.g., DMBA, MCA,

dibenz(a,h)anthracene) in producing carcinomas. On the other hand,
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BaP has remarkable poténcy for the induction of skin tumors in
mice. Therefore, caution must be exercised in considering the car-
cinogenicity of PAH as a class, and in extrapolating data derived
frﬁm studies with BaP to the effects of PAH mixtures.

An examination of comparative carcinogenicities within the
same tumor model system can provide valuable insight concerning
relative risks of various PAH. By siﬁgle intravenous injection of.
about 0.25 mg of aqueous dispersions of PAH to mice, a direct com=-
parison of carcinogenic potency was possible (Table 24). 1In this
test system, MCA displayed the greatest lung tumor-forming capabil-
ity; dibenz(a,h)anthracene followed closely in activity with BaP
being considerably less potent.

Intratracheal instillation of éAH to Syrian golden hamsters
hag been widely utilized for the conduct of studies on pulmonary
carcinogenesis (Saffiotti, et al. 1968,1972; Henr?, et al. 1975).
- Several studies are summarized in Table 25 and indicate that:
(1) dose-response relationships are clearly evident, and (2) the
co-administration of Earrier particles such as Fe,03 (i.e., with
BaP) can markedly increase tumor incidence, devending on the condi-
tions of the experiment and physical characteristics of the parti-
cle. Since environmental exposures to PAH océur in ‘conjunction
- with particulate material in air, this effect may be particularly
relevant to human situation.

- In addition to the hamster model system, respiratory tract
tumors have been feadily induced by PAH in rats and mice. The re-

sults of several representative studies are summarized in Table 26.
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The published literature regarding chemical carcinogenesis in
cell cultures is vast, despite the fact that systematic studies
were not begun until the early 1960's due to the lack of a reproduc-
ible transformation assay. Berwald and Sachs (1963) first demon-
strated that polycyclic hydrocarbons (MCA, BaP) could cause the
direct malignant transformation of hamster embryo cells in culture.
Transformed colonies have g:oﬁth characteristics visually distinct
from normal colonies and are readily seen above a background of
normal cells. This assay can thereforg be easily used as a screen
to compare cércinogenic'activity of suspect compounds. A common
feature of these, and nearly all, transformed cells is that they
give rise to fibrosarcomas upon inoculation into immunosuppressed
animals. In addition to hamster embryo cells, malignant transfor-
mation has been demonstrated in organ cultures, liver cell cul=-
tures, fibroblastic cells derived from mouse veﬁtral prostate, 3TC
cell iines derived from mouse embryo cells, and various types of
_epithelial cells from humans and other animals (Heidelberger, 1973,
1975; Heidelberger and Boshell, 1975).

Early reports by Berwald and Sachs (1965) and Dipaolo and
Donovan (1967) described alterations in hamster embryo cells in-
duced by BaP, DMBA, and MCA which could be used as indicators of a
- change from normal to neoplastic state. The compounds were applied
to cells in culture either disSolved‘in paraffin and impregnated on
filter disks or as a colloidal suspension in growth medium. Fol-
lowing marked cytotoxicity, foci of transformed cells developed
which displayed chromosomal abnormalities aﬁd.the ability'to grow

indefinitely in culture. 1In addition, these transformed mass cul-
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tures, when transplanted to four- to six-week-old hamsters, contip-
ued to grow and form tumors. A good correlation was obtained be-
tween in vitro carcinogenicity of a polycyclic hydrocarbon and the ‘
number of transformed clones they produced. -The maximum rate of
cell transformation in these studies was 25.6 percent in surviving
cells, obtained by treatment with 10 ug/ml of BaP for six days. BaP
treatment at 1 ug/ml for six days produced 19.9 percent transforma-
tion in surviving cells. Further data indicating the activity of
several bolycyclic carcinogens and their derivatives are summarized
in Table 27. The K-region epoxides of DBahA and MCA are more active
in the production of malignant transformation in hamster embryo
cells than the parent hydrocarbons or the corresponding K-region
phenols (Grover, et al. 1971; Huberman, et al. 1972). Althdugh
these results confifm the view that metabolism is necessary for
cafcinogenic activity, they conflict with data generated iﬁ vivo
which indicate that K-region epoxides of polycyclic carcinogens are
less active than the parent compound in various species.. A possi-
ble reason for the lack of correlation is the relative instability
of K-region epoxides as compared to the parent hydrocarbon when

applied to the ‘skin. It is likely that in vivo far less of the
reactive K-region epoxide can supvive passage through the skin to
reach the basal cell layer. Furthermbre, it has become apparent
that the non-K-region diol-epoxide is 1likely to be the ultimate
carcinogenic metabolite for most PAH. Several investigators have
also made it evident that the toxicity and transforming activity of
PAH are dissociablé and occur by different processes (Landolph, et

al. 1976; DiPaolo, et al. 1971a,b), with the toxicity being due to
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random alkylation of nucleophilic regions within the cell. How-
ever, when hamster embryo cells are pretreated with weak chemical .
carcinogens which can induce microsomal enzyme adtivity [e.q.,
benz(ajanthracene, methyl methanesulfonate, ethyl methanesulfo-
naEeI before the dddition of a potent cércinogén (e.g., MCA, BaP,
DMBA) , transformation may_be considerably enhanced (DiPaolo, et al.
1971a,b, 1974).

As a prescreen for chemical carcinogens, cell tranéformation
in vitro may be one of the most sensitive techniques available.
Pienta and coworkers (1977) reported that 90 percent (54/60) of the
carcinogens they tested transformed hamster embryo cells in vitro,
whereas none of the noncarcinogens teéted showed any activity.
Moreover, many of the carcinogens which have not been shown to be

mutagenic toward S. tymphimurium in vitro (e.g., chrysene) were

capable of transforming the hamster cells. It is noteworthy, how-
ever, that large differences exist in dosage requirements for

transformation among those various test systems. Calculations have

been made which show that a battery of tests using S] typhimurium
(Ames assay), polymerase A-deficient E. coli, and hamster embryo
cell traﬁ%formafion is capable of detecting nearly all carcinogens
tested, both PAH and non-PAH types.

The alteration of microsomal enzyme activity either in vitro
or in vivo is known to havela marked effect on the carcinogenic re-
sponse to PAH. Nesnow and Heidelberget f19?6) reported that in
lOTi/ZCLS cells, a line of contact-sensitive C3H mouse embryo
fibroblasts, transformation in culture was altered by chemical mod-

ifiers of microsomal enzymes. Pretreatment of 10T1/2C18 cells with
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benz(a)anthracene, a microsomal enzyme inducer, caused a doubling
in MCA-mediated transformation. Similarly, treatment with inhibi-
tors of epoxide hydrase (e.g., cyclohexene oxide; styrene oxide;
1,2,3,4-tetra~-hydronaphthalene-1,2-oxide)caused an increase in
transformation over that obtained with MCA treatment alone. Thus,
treatments which can induce epoxide-—forming‘ enzymes and/or lower
the activity of epoxide-degrading enzymes seemed to enhance the
degree of transformation in cultured cells by altering steady-state
levels of oncogenic epoxides.

" Chen and Heidelberger (19693,b) developed a system using C3H
mouse ventral prostate cells to examine transformatibn by carcino-
genic hydrocarbons under conditions in which no spontaneous malig-
nant transformation occurred. Cells treated with MCA (1 ug/ml) for
six days in culture produced fibrosarcomas in 100 percent of mice
into: which they were subcuténeously injected. When treated for
only one, day with MCA at the single cell stage, transformed foci
were found in all clones grown to confluency. A good quantitative
correiation was obtained between the in vivo oncogenic activity of
eight hydrocarbons (including BaP, MCA, DMBA, and DBahA) and- the
number of transformed colonies produced in this systém. In con-
trast to the enhanced transforming ability of K-region epoxides
relative to the parent hydrocarbon in hamster embryo cells, the
K-region epoxide derived from DMBA was less active and the K-region
epoxides from MCA, DBahA, and benz(a)anthracene were more active
than the parent compound in mouse prostrate cells (Marquardt, et
al. 1972, 1974). Moreover, thg epoxide derived from DMBA was more

toxic than DMBA itself. The anomalous behavior of DMBA may have



been due, however, to a decreased intracellular half-life of the
epoxide because of its greater Chemicél reactivity. |
Attempts to transform human cells in culture with PAH (e.g.,
BaP, MCA, DMBA) have generally met with failure (Leith and Hay-
flick, 1974). However, Rhim and coworkers (1975) reported that a
human osteosarcoma clonal cell line could be further transformed in
vitro with DMBA. Morphologic alterations and abnormal growth pat-
terns became evident in cells treated with DMBA at 2.5 and 1.0
ug/ml in the fifth subculture 52 to 57 days after exposure. One of
the altered cell lines obtained from the 1 ug/ml treatment was
tumorigenic in nude mice by subcutaneous and intracerebral injec-
tion. Interpretation of the significance-of these results is made
difficult by the fact that an aneuploid sarcomatous cell line had
to be employed in order to demonstrate successful transformation.
The use of organ cultures for the assessment of chemical car-
cinogenicity suffers from the lack of reliable biochemical and mor-
phological parametérs for measuring early neoplastic changes.
Nevertheless, pioneering work in the application of organ cultufe
to chemical carcinogenesis was performed by Lasnitzki (1963).
Microgram quantities of MCA added to organ cultures of rat and
mouse prostate fragments caused extensive hyperplasia and squamous
metaplasia. However, these preneoplastic morphological effects are
generally not associated with subsequent tumor development when
carcinogen-treated pieces of tissue are implanted into host animals
(Heidelberger, 1973). Liﬁitéd success has been achieved.with organ
cultures of rat tracheas, which éhowed characteristic morphologic

alterations when treated with DMBA, BaP, and MCA (Heidelberger,
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1973). In addition, Crocker (1970} has exposed respiratory epithe-
lia from the hamster, rat, dog, and monkey to BaP at 7 to 15 nug/ml
and observed occasional squamous metéplasia. More commonly, pleo-
morphic ceils in a dysplastic epithelium were evident as a result
of the treatment. Rat tracheas maintained in organ culture have
~ been suggestéd as a useful systém for the predictive screening of
potential car&inogens (Lindsay, et al. 1974).

A unique organ culture technique has recently been reported in
which BaP (4 or 12 mg) was administered to pregnant mice (strain A'.
and C57Bl), and lung tissue of their 19- to 20-day-old embryos was
subsequently explanted in culture (Shabad, et al. 1974). A trans-
placental influence of BaP was manifested és a proliferative stimu-
Ilus in embryonic lung tissue. Hyperplasia arising in the bronchial
epithelium led té the development of adenomas in a large percentage
of the explants.

In the environment, man is unlikely to come in contact with
only a single PAH, regardless of the route of exposure. Instead,
PAH occur as complex mixtu:és in all environmental media. Despite
this generélly accepted fact, very few studies have been conducted
on the '‘carcinogenicity of defined PAH mixtures.

Among the most relevant stu&ies conducted on the effects of
PAH mixtures were those concerned with the carcinogenic components
of automotive engine exhaust. Pfeiffer (1973, 1977) treated groups
of 100 female NMRI mice with single subcutaneous injections of a
mixture containing 10 noncarcinogenic PAH, in addition to BaP
and/or dibenz(a,h)anthracene. The treatment combinations and dos-

ages are summarized in Table 28. As the results deoicted in
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Table 29 indicate, increases in tumor incidence could be attributed
‘to the presence of increased amounts of BaP and of dibenz(a,h)an-
thracene. It is noteworthy that, at the loﬁer dosages, dibenz-
(a,h) anthracene was more effective in producing tumors at the in-
jection site than was BaP. Moreover, no effect of the 10 noncarci-
nogens on tumorigenic response was evident. .Probit analysis of tu-
mor incidence data indicated that the tumorigenic response from ap-
plication of all 12 PAH was attributable solely to dibenz(a,h)an-
thracene.

Similar studies intended to reveal carcinogenic interactions
among PAH found in automobile exhaust were conducted by Schmahl, et
al. (1977). Eleven PAH were selected for their experiments, and
various combinations were applied to the skin of NMRI mice in a
proportion based on their respective weights in automobile exhaust
(Table 30). Animals received twice weekly treatments for life (or
until a carcinoma developed). Their résults (Table 31) indicated
that a mixture of carcinogehic PAH was moré effective than BaP
alone, and that the whole.mixture'(carcinogenic‘plus noncarcinogen-
ic PAH) was not significantly more effective than the carcinogenic
PAH group ‘alone. Thus, the carcinogenic effects-obsérved were
solély attributable t6 the carcinégenic components of the mixture.

Human data: Although exposure to PAH occurs predominantly by
direct ingestion (i;e., in food and in.drinkihg water) there are no
studies to document the possible carcinogenic risk to humans by
this route of exposure. It is known only that significant quanti-
ties of PAH can be ingested by humans, and that in animals such ex-

posures are known to cause cancers at various sites in the body.
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TABLE 30

Doses (ug) Applied in Dermal Administration
Experiments, in Relation to Benzo(a)pyrene* .

Controls
Acetone as solvent
Benzo(a)pyrene 1.0 1.7 2.0
C PAH
Benzo(a) pyrene 1.0 LT 3.0
__________________________________ e s ol e i
Dibenz (a,h)anthracene 0.7 le2 7. 25
Benzo(a) anthracene 1.4 2.4 4,2
Benzo (b) fluoranthene - 0.9 1.5 2
total 4.0 : 6.8 12.0
NC PAH
(Benzo(a) pyrene 1.0 3.0 9.0 27.0)
Phenanthrene ; 27.0 81.0 243.0 729.0
Anthracene : 8.5 25.5 76.5 229.5
Fluoranthene 10.8 32.4 97.2 291.6
Pyrene 13,8 41.4 124.2. 372.6
Chrysene - 1:2 3.6 10.8 32.4
Benzo(e)pyrene - 0.6 1.8 5.4 16.2
~Benzo(ghi)perylene 3.l 9.3 27.9 837
total 65.0 195.0 585.0 1,755.0
C PAH + NC PAH |
(Benzo(a)pyrene 1,0 ' 1.7 3.0)
Total C PAH 4.0 6.8 12.0
Total NC PAH 65.0 110.:5 195.0
Total C PAH + NC PAH _ 69.0 117%3 207.0

Relation of C PAH:NC PAH is constantly 1:16.25

*Source: Schmahl, et al. 1977
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Convincing evidence from air pollution studies indicates 3an
excess of lung cancer mortality among workers exposed to large
amounts of PAH-containing materials such as coal gas, tars, soot,
and coke-oven emissions (Kennaway, 1925; Kennaway and Kennaway,
1936, 1947; Henry, et al. 1931; Kuroda, 1937; Reid and Buck, 1956;
Doll, 1952; Doll, et al. 1965, 1972; Rédmond, et al. 1972, 1976;
Mazumdar, et al. 1975; Hammond, et al. 1976; Kawai, et al. 1967).
However, no definite proof exists that the PAH present in these
materials are responsible for the cancers observed. Nevertheless,
our understanding of the characteristics of PAH-induced tumors in
animals, and their close resemblance to human carcinomas of the
same target orgﬁns, strongly suggests that PAH pose a carcinogenic
threat to man, regardless of the route o? exposure (Santodona;o, et
al. 1980).

The magnitude of the carcinogenic risk of PAH to man remains
obscure in the community setting. Ambient levels of PAH in air are
much lower than afe encountered in occupational situations, and
populations exposed are much more heterogeneoué with regard to age,
sex, and health status. ﬁowever, the current state of knowledge
regérding chemical carcinogenesis would lead to the conclusion that
the number of cancers produced is directly proportional to the dose
received by ény route. One must assume, therefore, that the small
amounts of PAH present in the environment (air, food, and water)
under ambient conditions contribute in some degree to the observed

incidence of lung cancer in most populations.

C-107



CRITERION FORMULATION

Existing Guidelines and Standards

There have been few attempts to develop exposure standards for
PAHs, either individually or as a class. In the occqpational set-
ting, a Federal standard has been promulgated for coke oven emis-
sions, based p;imarily on the presumed effects of the carcinogenic
PAH contained_in the mixture as measured by the benzene soluble
fraction of total particulate matter. Similarly, the American Con-
ference of Governmental Industrial Hygienists recommends a work-
place exposure limit for coal tar pitch volatiles, based on the
benzene-soluble fraction containing carcinogenic PAH. The National
Institute for Occupational Safety and Health has also recommended a
workplace standard for coal tar products (coal tar, creosote, and
coal tar pitch), based on measurements of the ¢yclohexané extract-

able fraction. These standards are summarized below:

Substance Exposure Limit Agency

Coke Oven ' 150 ug/m3, 8=hr. U.S. Occupational Safety

Emissions time-weighted and Health Administration
average

Coal Tar Pro- 0.1 mg/m3, 10-hr. U.S. National Institute

ducts ® time-weighted for Occupational Safety
average and Health .

Coal Tar Pitch 0.2 mg/m3 (benzene American Conference of

of Volatiles soluble fraction) Governmental Industrial
8-hr. time- Hygienists

weighted average

A drinking water standard for PAH as a class has been devel-
oped. The 1970 World Health Organization European Standards for
Drinking Water recommends a concentration of PAH not to exceed 0.2

ug/l. This recommended standard is based on the composite analysis
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of six PAH in drinking water: 1) fluoranthene, (2) benzo(a)pyrene,
(3) benzo(g,h,i) perylene, (4) benzo(b)fluoranthene, (5) benzo (k) -
fluoranthene, and (6) indeno(l,3,-cd)pyrene.

The designatioh of these six PAH for anélytical monitoring of
drinking water was not ﬁade on the basis of potential health ef-
fects or biocassay data on these compounds (Borneff and Kunte,
1969). Thus, it ;hould not be assumed tﬁat these six compounds
have special significance in determining the likelihood of adverse
health effects resulting from absorption of any particular PAH.
They are, instead, considered to be useful indicators for the pre-
sence of PAH pollutants. Borneff and Kunte (1969) found that PAH
were present in ground water at concentrations up to 50 ng/l, and
in drinking water at concent;ations up to 100 ng/l. Based on these
data they suggested that water containing more than 200 ng/l1 should
be rejected. However, as data from a number of U.S. cities indi-
cate (see Exposure section), levels of PAH in raw and finished
waters are typically much less than the 0.2 pg/l criterion.

Current Levels of Exposure

This report presents considerable data which may be used to
calculate,ah estimate of human exposure to PAH by all routes of
entry to the body. However, quantitative estimates of human expo-
sure to PAH require numerous assumptions concerning principal
routes of exposure, extent of absorption, conformity of human life-
style, and lack of geographic-, sex-, and age-specific variables.
.Nevertheless, by working with estimates developed for PAH as a
class, it is possible through certain extrapolations to arrive at

an admittedly crude estimate of PAH exposure.
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Unfortunately, there are no environmental monitoring data
available fOr_most of the PAH which are specified under the Consent .
Decree in NRDC v. Train. By far the most widely monitored PAH in
the environment is BaP; data on BaP levels in food, air, and water
are often used as a measure of total PAH. Among the PAH routinely
monitored in water, four compounds afe included in the Consent
Decree list: BaP, IP, BbFL, and BjFL. In addition, levels of FIL
ahd BPR have been routinely determined in water, as recommended by
the World Health Organization. |

The reported estimated average concentrations of BaP, carcino-
genic PAH (BaP, BjFL, and IP), and total PAH in drinking water are
0.55 ng/l, 2.1 ng/1, and 13.5 ng/l, respectively (see Exposure sec-
tion; Basu and Saxena, 1977). Thus, asSuming that a human consumes
2 liters of water per day, the daily intake of PAH via q:inkinq'

water would be;

0.55 ng/l x 2 liters/day 1.1 ng/day (BaP)

2.1 ng/l x 2 liters/day 4.2 ng/day (carcinogenic PAH)

13.5 ng/l % 2 liters/day = 27.0 ng/day (total PAH)

Borneff (1977) estimates that the daily dietary intake of PAH
is about 8 to 11 ug/day. As a check on this estimate, PAH intake
may be calculated based on reported concentrations in various foods
(see Exposure section) and the per capita estimates of food con-
sumption by the International Commission on Radiological Protection
(1974). Taking a range of 1.0 to 10.0 ppb as a typical concentra-
tion for PAH in various foods, and 1,600'g/day as the total daily

food consumption by man from all types of foods (i.e., fruits,

vegetables, cereals, dairy products, etc.), the intake of PAH from
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the diet would be in the range of 1.6 to 16.0 pg/day. An estimate
of BaP ingestion from the diet may be similarly derived. Using 0.1
to 1.0 ppb as the range.of BaP concentration in various foods,
total daily BaP intake would be 0.16 to 1.6 ug/day.

Ambient air is reported to contain average levels of 0.5
ng/m3, 2.0 ng/m3, and 10.9 ng/m3 for BaP, carcinogenic PAH, and
total PAH, respectivély (see Exposure section, Table 15). Taking

: 3 as the average amount of air inhaled by

- the range of 15 m~ to 23 m
a humaﬁ each day resﬁlts in an estimated intake -of 0.005 to 0.0115
ng/day, 0.03 to 0.046 ng/day, and 0.164 to 0.251 ng/day for BaP,
carcinogenic PAH, and total PAH, respectively. '

In summary, a érude estimate of total daily exposure to PAH
would be as shown in Table 32.

Two important factors are not taken into account in this esti-
mate. First, it is known that tobacco smoking can contribute
greatly to PAH exposure in man. Exposure to BaP from smoking one
pack of cigarettes per day was shown to be 0.4 pg/day (WAS, 1972).
Second, the possibility for dermal absorption of PAH is assumed to
contribute only a negligible amount to the total exposure. Only in
certain occupational situations'is dermal exposure expected to be

quantitatively important.

Special Groups at Risk

An area of considerable uncertainty with regard to the carci-
nogenic hazard of ﬁAH to man involves the relationship between aryl
hydrocarbon hydroxyiase (AHH) activity and cancer risk. Genetic
variation in AHH inducibility has been implicated as a determining

factor for susceptibility to lung and laryngeal cancer (Kellerman,
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et al. 1973a,b). It was suggested that the extent of AHH induci-
bility in lymphocytes was correlated with increasing susceptibility
to lung cancer formation.

Paigen, et al. (1978) have examined the question of genetic
susceptibility to cancer, and concluded that epidemiclogic evidence
supports this hypothesis. Moreover, they were able to show that
AHH inducibility in lymphocytes segregates in the human pooulation
as a genetic trait. However, theif studies failed to find a corre-
lation between this inducibility and presumed cancer susceptibil-
ity, either among healthy relatives of cancer patients or in pa-
tients who had their cancer surgically removed. It is notewor thy
that previous investigations on AHH indﬁcibility were conducted in
persons with active cancer.

Recent studies with other human tissues (liver and placenta)
have provided important new data concerning the carcinogen-metabo-
lizing capacity of man and its implications for cancer susceptibil-
ity. Conney, et al. (1976) examined individual differences in the
metabolism of'drugs and carcinogens in human tissues, and have
identified drugs which may serve as model substrates to provide an
indirect index of carcinogen metabolism for man. The rates for
antipyrene, hexobarbital, and zoxazolamine hydroxylation in human
autopsy livers were highly, but not perfectly, correlated with the
rates:of BaP metabolism. In human placenta, an almost ﬁerfect-cor-
relation was found between zoxazolamine hydroxylase activity and
BaP hydroxylase activity (Kapitulnik, et al. 1976a). Thus, metab-
olism of BaP and zoxazolamine by human placenta occurs by the same

enzyme system(s) or by different enzyme systems under the same reg-
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ulatory control (Kapitulnik, et al. 1977a). BaP and zoxazolamine
hydroxylase activities were also shown to be significantly enhanceé
in placentas obtained from women who smoked cigérettes.

The lack of perfect éorrelatious forlthe hepatic metabolism 6f
BaP and certain drugs in many subjects indicated the presence of
several monooxygenases in human liver which catalyze the oxidative
metabolism of these compounds. Furthermore, large inter-individual
differences exist in the capacity of humans to metabolize foreign
chemicals both in vitro and in vivo. Further studies showed that
7,8-benzoflavone markedly stimulated the hydroxylation of BapP,
adtipyrene; and zoxazolamine in human liver samples, but with a
wide variation in magnitude among different samples. These results
suggested the presence of multiple monooxygenases or cytochrome
P-450 in the different liver samples (Kapitulnik, et al. 1977b).
Moreover, 7,8-benzoflavone did not affect the hydroxylation of
coumar in or hexobarbital, thereby indicating the existence of dif-
ferent moﬁooxygenases for metabolism of these substrates.

Multiple forms of cytochrome P-450 have been shown in the
livers of rats, rabbits, and mice, but not thus far in humans
(Rapitulnik, et al. 1977a). More important, however, MCA is a
potent inducer of BaP hydroxylase activity in rats but does not
stimulate antipyrene hydroxylase, clearly suggesting that metabo-
lism of PAH in rodents may be regulated by different enzyme systems
than in humans (Kapitulnik, et al. 1977a).

In contrast to the apparent multiplicity of cytochrome P-450
dependent enzyme systems for the oxidative metabolism of PAH in

man, a single epoxide hydrase with broad substrate spvecificity may
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be present in human liver (Conney, et al. lé?S:IRapitulnik, et al.
1977¢c). Because the hydration of aéene oxides may lead to the for-
mation of dihydrodiol‘carcinogen precursors, the capacity of dif-
ferent humans to metabolize epoxides may affect cancer susceptibil-
ity. It is not known, however, if enhanced dihydrodiol formation
would increase cancer risk or decrease cancer risk. |

Thomson and Slaga (1976) did not obtain a correlation of AHH
induction with.skin—tumor—inducing ability in mice for a series of
unsubstituted hydrocarbons. Nevertheless, the highest AHH enzyme
activity was found in the epidermal layer of the skin, which is the
major point of contact with many environmental chemicals. These
results may be interpreted to indicate that a chemical carcinogen
may not necessarily induce its own bioactivation, but instead can
be transformed into a reactive intermediate by virtue of increased
AHH activity stimulated by other noncarcinqgenic compounds.

Due consideration must also be given to the fact that, in
addition to the initiation of resting cells by a chemical carcino-
gen, a promotion phase involving cell proliferation is also in-
volbed in skin carcinogenesis (Yuspa, et al. 1976). Therefore,
although certain aromatic hydrocarbons are effective enzyme induc-
ers, their biocactivated metabolites may function only as initiators
~having no promoting ability. A potent complete carcinogen, how-
ever, will be transformed not only into a powerful tumor initiator
but will also be able to interact with cellular membranes, alter
genetic expression, and ultimately cause irreversible cell prolif-
eration. These obéervations raise certain doubts concerning the

validity and/or reliability of eqdating enzyme inducibility with
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carcinogenic potential for chemical agents. Further reinforcemenﬁ
of this opinion has been provided by Shulte-Hermann '(1977) who
showed that cell proliferation is not a direct result of enzyme
induction, even though both processes are normally coupled.

The.further possibility that the genetics of AHH inducibility
is organ-dependent rather than strain-dependent in animals has
important implications for evaluating susceptibilitv tb PAH-
induced cancefs (Kouri, et al. 1976).. Most significant is the
demonstration that pulmonary AHH may be inducible in all strains of.
mice, regardless of the inducibility of hepatic AHH. Since the
respiratory epithelium represents a primary portal of entry for
PAH, AHH activity which is induced in this tissue méy bear impor-
tanEly on susceptibility to malignancy.

Enzyme induction by PAH is not limited to AHH. Owens (1977)
recently demonstrated that MCA can inducé hepatic UDP-glucuronosyl-
transferase activity in certain inbred strains of mice. This en-
zyme catalyzes the conjugation and excretion of PAH substrates
after they have first been oxygenated by AHH. The induction of
this transferase activity and that of AHH was apparently regulated
by a single genetic locus. However, transferase inducibility does
not depend on AHH levels, but rather is stoichiometrically related
to the concentration of a specifiéland common cytosolic feceptor
regulating both enzyme induction processes. Owens further demon-
strated that AHH activity can be fully induced in certain mouse
strains (e.g., by 2,3,7,8-tetrachlorodibenzo-p-dioxin) without
greatly enhancing the transferase activity. Earlier studies had

established that chrysene and chlororomazine were potent inducers
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of AHH activity while having little effect on transferase activity
(Aitio, 1974a,b). Subsequent exposure to carcinogenic PAH (i.e.,
MCA) could lead to maximal oxidative metabolism but little trans-
ferase-catalyzed removal of metabolites by glucufonic acid conijuga-
tion. This situation would be exacerbated by the fact that metabo-
lites of MCA are incapable of further inducing the transferase
activity; This effect may have considerable toxicologic signifi-
canée in that the highly reactive epoxides of PAH formed by the
action of AHH under these circumstances may not be adequately re-
moved by glucuronidation. Thus, one must consider the total expo-
sure of all environmental agents and their possible effect on crit-
ical enzymatic processes before'attempting to assess the toxicolog-
ic impact of exposure to a specific PAH. 1In summary, there is a
need to further explore the relative effects of enzyme induction on
the metabolic activation of chemicals to toxic products, versus
metabolism of chemicals via detoxification pathways, when consider-
ing the possibility of special groups at risk.

Basis and Derivation of Criterion

The presently available data base is inadequate to support the
derivation eof individual criteria for each of the PAH as specified
under the Consent Decree. This problem arises primarily from the
diversity of test systems and bioasssay conditions employed for
determining carcinogenic éotential of individual PAH in experiment-
al animals. Furthermore, it is not possible to estimate the intake
via water of individual PAH, except for those compounds which have
been selected by the World Health Organization for environmental

monitoring. Therefore, an approach to criterion development is
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adopted in this report with the objective of deriving criteria for
individual carcinogenic PAH, which will lead to effective confroi
| of PAH as a class. This approach is attractive in that it recog-
nizes the fact that environmental exposures to PAH invariably occur
by contact with-complex, undefined, PAH mixtures.

The attempt to develop a drinking water criterion for PAHIas a
class is hindered by several gaps in the scientific data base:

(1) The PAH class is composed of numerous compounds having
diverse biological effects and varying carcinogenic
potential. A "representative" PAH mixture, has not been
defined.

(2) The common practice of using data derived from studies
with BaP to make generalizations concerning the effects
of environmental PAH may not be scientifically sound.

(3) No chronic animal toxicity studies involving oral expo-
sure to PAH mixtures exist.

(4) No direct human data concerning the effects of exvosure
to defined PAH mixtures exist.

However, assuming that the development of a criterion must
proceed+<despite these obstacles, certain approaches may be taken to
circumvent deficiencies in the data base. The choice of an appro-
priate animal bioassay from which to derive data for application to
the human cancer risk assessment should be guided by seéeral con-
siderations. Primary emphasis must be placed on appropriate animal
studies which: (1) include sufficient numbers of animals for sta-
tistically reliable results; i2) involvé long=-term low-level expo-
sures to PAH:; (3) include a proper control group; and (4) achieve

positive dose-related carcinogenic response.
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Because there are no studies available regarding chronic oral
exposure to PAH mixtures, it is necessary.to derive a criterion
based upon data involving exposure to a single compound. Two stud-
ies can be selected, one involving BaP ingestion (Neal and Rigdon,
1967) and one involving DBA ingestion (Snell and Stewart, 1962).
Both compounds are recognized as animal carcinogens, and both are
known to be environmental contaminants to which humans are exposed.

Presentiy, there is no way to quantitate the potential human
health risks incurred by the interaction df.PAH, either among them-
selves or with other agents (e.g., tumor initiators, promoters,
inhibitors) in the environment. In addition, it is known that PAH
commonly produce tumors at the site of contact (i.e., forestomach
tumors by oral exposure to BaP; lung tﬁmors by intratracheal admin-
istration; skin tumors be dermal application). Thus, consideration
of the exteht of absorption may not always be necessary in the caée
of carcinogenic PAH, and will in fact result in underestimation of
~actual risk if only distant target sites are considered. Calcula-
tion of the waﬁer quality criterion based upon bioassay data for
BaP is_presented in the Appendix.

The water quality criterion for BaP derived using the linear-
ized multistage model, as described in the Human Health Methodology
Appendices to the October 1980 Federal Register notice which an-
nounced the availability of this document, is 28 ng/1l. For the
sake of comparison, a water quality criterion for DBA was calculat-
ed using the procedure developed by Mantel and Bryan (1961). As
opposed to the linearized multistage model, which is logistic and

defines acceptable risk as 1/100,000, the Mantel and Bryan (1961)
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model is probablistic énd defines acceptable risk as 1/100,000,000.
Furthermore, the Mantel and Bryan model (1961) is concerned with
the maximum tumor incidence in treated animals at the 99 percent
confidence level versus the 95 vercent confidence level in the lin-
earized multistage model. Using the Mantel and Brvan (1961) ap-
proach with DBA, the resultant water gquality criterion is
13.3 ng/1. |

Under the Consent Decree in NRDC v. Train, criteria are to
state "recommended maximum permissible concentrations (including
where appropriate, zero) consistent with the protection of aquatic
organisms, human health, and recreational activities." BaP is a
known animal carcinogen. Because there is no recognized safe con-
centration for a human carcinogen, the recommended concentration in
water for maximum protection of human health is zero.

Because attaining a zero concentration levei may be infeasible
in some cases and in order to assist the Agency and states in the
possible future development of water quality regulations, the con-
centrations of BaP corresponding to several incremental lifetime
cancer risk levels have been estimated. A cancer risk level pro-
vides an estimate of the additional incidence of cancer that may be
expected in an exposed population. A risk of 10-5 for exémple,
indiéates a probability of one additional case of cancer for every
100,000 people exposed, a risk of 10;6 indicates one additional
case of cancer for every million peoole exposed, and so forth.

PAH are widely distributed in the environment as evidenced by
their detection in sediments, soils, air, surface waters, and plant

and animal tissues. The ecological impact of these chemicals, how-



ever, is uncertain. Numerous studies show that despite their high
lipid solubility, PAH show little tendency for bioconcentration in
the fatty tissues of animals or man. ‘This observation is not unex-
pected, in light of convincing evidence to show that PAH are rapid-
‘ly and extensively metabolized.

Lu, et al. (1977) have published the only available study re-
garding the bioconcentration and biomagnification of a PAH in model
ecosystem environments. They reported that the bioconcentfation of
BaP, expressed as concentrétion in mosquitofish/concentration in
water was zero. This was apparently due to the fact that the fish
metabolized the BaP about as rapidly as it was absorbed. On the
other hand, in a 33-day terreStnial—aquatic model ecosystem study,
BaP showed a small degree of biomagnification which probably re-
sulted from food chain transfer. In this case the biomagnification
factor for mosquitofish was 30. Based on the results of Lu, et al.
(1977) a bioconcentration (BCF) factor of 30 was emploved for the
purpose of calculating a water qualit? criterion.

In the Federal Register notice of availability of draft ambi-
ent water quality criteria, E?A stated that it is considering set-
ting criteria for BaP at an interim target risk level of 10 5

10 6, or 10~ S as shown in the following table.



BaP

Exposure Assumptions Risk Levels and Corresponding Criteria (1)

(per day) ng/1
o 1077 1076 7

— — e—

2 liters of drinking

water and consumption -

of 6.5 grams fish 0 0.28 2.8 5.0
and shellfish (2)

Consumption of fish
and shellfish only. 3.11 Ak Akl

(1)

(2)

Calculated by applying a linearized multistage model as pre-
viously discussed. Appropriate biocoassay data used in the cal-
culation of the model are presented in the Apoendixf Since
the extrapolation model is linear at lo& doses, the additional
lifetime risk is directly proportional to the water ooncentraQ
tion. 'Therefore, water concentrations corresponding to other
risk levels can be derived by multiplying or dividing one of
the risk levels and corresponding water concentrations shown
in the table by factors such as 10, 100, 1,000, and so forth.
Approximately 9 percent of the PAH exposure, assumed to be
BaP, results from the consumption of aqﬁatic organisms which
exhibit an average bioconcentration potential of 30-fold based
on the work of Lu, et al. (1977). The remaining 91 percent of
PAH exposure results from drinking water.

Concentration levels were derived assuming a lifetime exposure

to various amounts of PAH (1) occurring from the consumption of

both drinking water and aquatic life grown in water containing the

corresponding PAH concentrations and, (2) occurring solely from the

consumption of aquatic life grown in the waters containing the cor-
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responding PAH concentrations. Because data indicating other
sources of exposure and the concentration to total body burden are
inadequate for quantitative use, the criterion reflects the incre-

ment to risks associated with ambient water exposure only.
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APPENDIX

- Summary and Conclusion Regarding the Carcinogenicity
of Polynuclear Aromatic Hydrocarbons (PAH)

Polynuclear aromatic hydroca;bons (PAH) comprise a diverse
class of compounds consisting of substituted and unsubstituted
polycyclic and heterocyclic aromatic rings. They are formed as a
result of incomﬁlete combustion of organic compounds and appear in
food as well as ambient air and water.'

Numerous studies of workers exposed to coal gas, coal tars,
and coke oven emissions, all of which have large amounts of PAH,
have demonstrated a positive association between the exposures and
lung cancer.

Several PAH are well-known animal carcinogens, others are not
carcinogenic alone but can enhance or inhibit the response of the
carcinogenic PAH and some induce no tumors iﬁ experimental animals.
Most of the information about the combined carcinogenic effects of
several PAH come from skin painting and subcutaneous injection
experiments in mice whereas oral administration, intratrachael
instillation, and inhalation have been shown to induce carcinogenic
responses to single compounds. In one subcutaneous injection study
in mice it was shown that a combination of several noncarcinogenic
PAH compounds, mixed according to the proportion occurring in auto
exhaust, does not enhance or inhibit the action of two potent PAH

carcinogens, benzo(a)pyrene (BaP) and dibenz (a,h)anthracene.

The mutagenicity of PAH in the Salmonella typhimurium assay
correlates well with their carcinogenicity in animal systems. PAH

compounds have damaged chromosomes in cytogenetic tests, have
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induced mutations in mammalian cell culture systems and have in-
duced DNA repair synthesis in human fibroblast cultures.

The water quality criterion for carcinogenic PAH compounds is
based on the assumption that each compound is as potent as BaP and
that the carcinogenic effect of the compounds is provortional to
the sum of their concentrations. Based on an oral feeding study of
BaP in mice, the concentration of BaP estimated to result in a
lifetime risk of 10-5.is,28 ng/l. Therefore, with the assumption
above, the sum of the concentrations of all carcinogenic PAH com-
pounds should be less than 28 ng/l in order to'keep the' lifetime

cancer risk below 107>,
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Summary of Pertinent Data
The Qater quality criterion for BaP is based on the experiment
reported by Neal and Rigdon (1967), in which benzo(a)pyrene at
doses ranging between 1 and 250 opm in the diet wés fed to strain
CFW mice for approximately 110 days. Stomach tumors, which were
mostly squamous cell papillomas.but some carcinomas, appeared with
an incidence statistically higher thén controls at several doses.

The extrapolation was based on the following parameters:

Dose Incidence?
(mg/kg/day) (No. responding/No. tested)
0.0 0/289
0.13 0/25
£ 0/24
2+ 6 : 1/23
3.9 0/37
52 1/40
5.85" © 4740
6.5 24/34
13.0 19/23
32.5 66/73
le = 110 days w = 0.034 kg
~Le = 183 days R = 30 1/kg
L = 630 days

With these parameters, the carcinogenic potency factor for humans,

ql*, is 11.53 (mg/kg/day)-l. The result is that the water concen-

tration of BaP should be less than 28 ng/l in order to keep the

individual lifetime risk below 10-5. It is recognized that numer-

ous carcinogenic PAH other than BaP are found in water. However,
there is probably little need to derive criteria for all such PAH,
_since efforts to reduce BaP levels to within acceptable limits will

result in the reduction of all PAH.

3phe incidences at the highest three doses were not used in the
extrapolation due to lack of fit of the multistage model. See the
Human Health Methodology Appendices to the October 1980 Federal
Register notice which announced the availability of this document
for a discussion on the fit of data to the multistage model.
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