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Thi~ document provides the health effects basis to be considered in-establishing
the MCLG. To achieve this objective. data on pharmacokinetics. human exposure.
acute and chronic toxicity to animals and humans. epidemiology and mechanisms
of toxicity are evaluated.' Specific emphasis is placed on literature data pro­
viding dose-response information.- Thus. while the literature search and evalua­
tion performed in support of this document has been comprehensive. ·only the
reports considered most pertinent in the derivation of the MCLG are cited in
the document. The comprehensive literature data base in support of this docu­
ment includes information published up to 1985; however. more recent data may
have been added during the review process.
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mental ProtectIon Agency's peer and adm\nlstratlve revIew polIcIes and
approved for publIcation. MentIon of trade names or conrnerclal products
does not constltute endorsement or recommendatIon for use.
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FOREWORD

Sect10n 1412 (b)(3)(A) of the Safe Dr\nk\ng Water Act, as amended 1n
1986, requ\res the Adm\n\strator of the Env\ronmenta1 Protect\on Agency to
pub1\sh max\mum contam\nant level goals (MClGs) and promulgate Nat\ona1
Pr\mary Dr\nk\ng Water Regulat\ons for each contam\nant, wh\ch, \n the
JUdgment of the Adm\n\strator, may have an adverse effect on pub1\c health
and wh\ch \s known or ant1c\pated to occur \n pub1\c water systems. The
MClG \s nonenforceable and \s set at a level at wh\ch no known or ant\c\­
pated adverse health effects 1n humans occur and wh\ch allows for an
adequate marg\n of safety. Factors cons\dered \n settlng the MClG \nclude
health effects data and sources of exposure other than dr\nk\ng water.

Th\s document prov\des the health effects bas\s to be cons\dered \n
estab1\shlng the MClG. To ach\eve th\s obJect\ve, d~ta on pharmacok\net\cs,
human exposure, acute and chron\c tox\c\ty to anlma1s and humans, ep\dem1­
ology and mechan\sms of tox\c\ty are evaluated. Spec\f\c emphas\s \s placed
on lHerature data prov\d\ng dose-response \nformat\on. Thus, whlle the
1Heratul'e search and eva1uat\on performed ln support of th\s "document has
been comprehens\ve, only the reports cons\dered most pert\nent \n the der\­
vatlon of the MClG are c\ted \n the document. The comprehens\ve l\terature
data base ln support of thls document \nc1udes \nformat1on pub1fshed up to
1985; however, more recent data may have been added dur\ng the rev\ew
process.

When adequate health effects data ex\st, Health Adv\sory values for less
than l\fet\me exposures (l-day, la-day and longer-term, -10% of an
\ndlv\dua1's 1\fet1me) are 1ncluded 1n thls document. These values are not
used 1n sett1ng the MClG, but serve as 1nforma1 gu1dance to munlc\pa1H\es
and other organ1zat\ons when emergency sp1l1s or contam1nat\on sHuat\ons
occur.

Tudor Dav\es, D\rector
Off\ce of Sc1ence and Technology

James Elder, D1rector
Offlce of Ground Water and Drlnk\ng
Water
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I. SUMMARY

Th1s document tncludes tnformatton on 15 polycy.cltc aromaUc hydro­

carbons (PAHs) tncluded among those compounds tdenttfted as pr'orHy (water")

pollutants by the U.S. EPA.

PAHs are a class of d'verse compounds that are formed dur'ng the

tncomplete combustton of organtc mater'al. Th.ey are ubtquHous and enter

the env'ronment from many sources. Generally PAHs are not very soluble 'n

water. SolubllHy decreases greatly wtth 'ncreas'ng molecular we'ght. The

log of the octanol/water partH'on coeff'c'ent (P) also 'ncreases rap'dly

wtth 'ncreas'ng molecular wetght. Th's 'ncreases adsorpt'on to pirt'culate

matter and exposure of the compounds to m'crob'al degradatton. However, tt

has been found that PAHs w'th more than four aromattc r\ngs are less amen­

able to m\crob\al act\on. The larger P values also \ncreas~ the probab\l\ty

of btoaccumulatton. Volat\l\zat'on does not appear to be a s'gn\f\cant

route of ex\t from aquat\c systems due to the low vapor pressures of PAHs.

As they are h\gh1y l\p\d soluble. PAHs readlly pass through cellular

membranes. However. the rate of absorpt\on \s \ncreased when the PAHs are

present \n an on carr1er veh\c1e. Th1s;s part1cu1ar1y true for oral and

dermal routes of exposure.

The h\ghly l\p\d soluble nature of PAH compounds results 1n the1r

d1str\but1on throughout the body \n fatty t1ssues. The pr1mary sHes of

storage 1n the body have been found to be s\m11ar \n a var1ety of mamma11an

spec\es. These 1nc1ude the k1dneys. l\ver and fat wtth some accumu1atton

occOrr\ng 1n the spleen. adrena1s and ovartes.
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PAH compounds are metabol1zed by the MFO system of enzymes assoc'ated

wHh cytochrome P-4S0. The l1ver has the h1ghest act'vHy for th1ssystem

although MFO act1vHy 15 found 1n other organs such as k1dneys. lungs and

sk1n. PAH coumpounds have been found·to 1nduce 1ncreased levels of act1v1ty

as well as synthes1s of 1sozymes of cytochrome P-4S0-assoc1ated enzymes.

The major routes of excret10n for PAH compounds are hepatob"'ary and

ur1nary. Some ev1dence for mammary gland excreUo~ also ex1sts. Although

PAHs present 1n the body tend to be present 1n fatty t15sues. avanable

ev1dence. does not 1nd1cate extens he b10accumulat 10n of PAHs. 1n these or

other t1ssues.

The pr1mary focus of research on b10log1c effects of PAHs has been on

the1r carc1nogen1cHy. There 1s generally a lack of research data 'on the

noncarc1nogen1c tox1c effects of oral exposures to PAH compounds. What

lHtle research has been conducted has centered on three or four compounds

1n th15 large class. Target organs are d1verse. probably due to the w1de

d1str1but10n of PAH compounds throughout the body. Tox1c1ty centers

pr1mar1ly on hematop01et1c"and lymph01d systems. Immunosuppress10n measured

1n var10us exper1mental systems has been observed follow1ng exposure to a

number of PAHs. Nonoral exposure to PAHs has also been observed to effect

changes 1n lymph01d and hematop01et1c systems.

There 1s an extens1ve data base on the carc1nogen1c1ty of selected

PAHs. Most stud1es, however, employed dermal, 1nhalat10nor subcutaneous

rather than oral exposure. Overall there 1s a great deal of var1at10n 1n

carc1nogen1c potent 1al among th1 s class of compounds. PAHs may produce
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tumors 1n the v1c1nity where they are 1ntroduced; that 1s, oral exposure

produces stomach tumors and 1nhalat1on produces lung and upper stomach

tumors. D1stant" s1te tumors may form dependent on system1c d1str\but1on of

metabo11tes and/or metabo11sm at target t1ssues removed from s1te of 1ntro­

duct10n. Most PAHs have been ob$erved to produce genotox1c effects 1n one

or more test systems. There are data 1nd1cat1ng that some PAHs can serve as

promoters or cocarc1nogens.

Reproduct1ve and teratogen1c effects have not been well stud1ed 1n these

compounds. There's ev1dence, however, that 1ngest'on of benzo[a]pyrene by

pregnant m'ce results 1n reproduct1ve def1c\ts 'n the Fl generat'on and

that th's compound produces ootox'c'ty.

Wh1le very l1ttle 'nformat10n ex1sts on the effects of spec'f'c PAHs on

humans. there are numerous reports l'nk'ng exposure to env'ronmental and

occupat'onally generated PAH-conta'n'ng m1xtures to human health effects.

These m1xtures 1nclude coal tar. soots. coke oven em1ss 10ns and c1garette

smoke.

The abn 11y of a PAH to 1nduce carc1nogen'c responses depends on 11s

d'str'but'on to target organs. the presence of potent1ally react've areas 'n

11s structure and 11s potent 'al for trans format 'on to react he electro­

ph1les. Th's last factor 1s spec1es and t'ssue dependent. and also. to some

extent. a funct10n of 1nduc1b1l,ty of the cytochrome P-450-assoc1ated

enzymes.
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Target t1ssues for PAH tox1c1ty other than carc1nogenes1s are generally

those engaged 1n act1veDNA synthes1s. Mechan1sms 1nvolv1ng PAH-med1ated

DNA-damage or suppress10n of DNA synthes1s have been proposed for some

target organs. Naphthalene exposure ~s associated w1th anemias and cataract

formation; this latter effect is not seen with other PAHs.

There were no data suitable for calculation of 1- or 10-day health

advisories for any PAH described in this document. For all PAHs in this

document c1ass1fied as 82, probable human carcinogen, data were insuff1cient

for ca1cu1at1on of DWELs.Subchron1c studies (90-day gavage. exposure 1n

CD-1 m1ce) were used as the bases for the following DWEls: anthracene, 10.5

mg/i; f1uoranthene, 1.4 mg/t; fluorene, 1.4 mg/t; pyrene, 1.0 mg/t.

Although there 1s a 90-day study on acenaphthy1ene, only frank effects were

reported; data were, thus, not appropr1ate for der1vation of criter1a.

Several stud1es have been evaluated as the bas1s for a DWEl for naphthalene;

consensus, however, has not been reached as to the cr1t1cal study.

Eva1u~tion of carcinogenicity data prompted the following class1f1cation

of these PAHs: Group 0, not c1ass1f1able as to human carc1nogenicity -­

acenaphthylene, anthracene, benzo[g,h,1]perylene, f1uoranthene, fluorene,

naphthalene, phenanthrene and pyrene; Group 82, probable human carcinogen -­

benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene; benzo[a]­

pyrene, chrysene, d1benz[a,h]anthracene and 1ndeno[l,2,3-cd]pyrene.

Dose-response data for benzo[a]pyrene carc1nogenicity were used to

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

low doses. Th1s evaluation, based on the l1near1zed multistage procedure,
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resulted \n an upper-bound slope factor of 11.5 mg/kg/day. Th's use of the

mu1t1stage model was 'nadequate because the exper'menta1 h1gh-dose data were

excluded from the analysis and a s1ng1e exposure t 1me was assumed. Other

exper1menta1 data and mode11ng techn1ques were used. N1ne risk estimates

were calculated from three d1fferent stud1es 1n two spec1es of outbred

rodents. Several different models and data sets were selected. All n1ne

slope factors spanned less than one order 'of magnHude; four estimates were

selected from these n1ne. The data, from wh1ch' these est1mates are der1ved,

are cons1dered to be 1ess-than-opt1ma1, but acceptable. These selected

stud1es have several cORlllona1H1es, 1nc1ud1ng mode of adm1n1strat10n, tumor

sHes, tumor types and the presumed mechan1 sms of act10n. The data sets

could not be comb1ned pr10r to mode11ng (the preferred approach) because

they employed s1gnif1cant1y d1ss1ml1ar protocols. The range of these four

est1mates 1s 4.5-9.0. Each est1mate 1s based on a low-dose extrapo.1at10n

procedure and ental1s the use of mult1p1e assumptions and' default

procedures. The geometr'c mean from four slope factors, each cons1dered to

be of equal merlt, was used to calculate a slng1e oral slope factor of 5.8

per (~g/day). Us1ng standard assumpt10ns for human body we1ght and water

consumpt10n, a dr1nking water unH r1sk of 1.7E-4 per mg/l was derived.

Concentrat10ns of benzo[a)pyrene corresponding to lifetime risks of 10- 5 ,

10-6 and 10- 7 were determined to be &xlO- 2 , &x10- 3 and &x10-·

~g/t, respectively.

An ana1ys1s of the relative carc1nogen1c potency of 12 PAH compounds,

using benzo[a)pyrene as the basis of comparison, was made using the

two-stage model applied to a recl!nt comp'lation of an\ma1 carcinogenesis

data \n which each experiment tested both benzo[a)pyrene and one or more of

the other compounds. A peer review panel suggested that different criteria

.J
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be used to select data for a f1na1 re1aUve potency de1erm1naUon and that

add1t10na1 stud1es be analyzed 1n order to extend the 1151 of PAH compounds

for wh1ch potenc1es are evaluated. Untll th1s 1s done, no recolll1lendat\ons

can be made concern1ng the quant1tat1ve cancer r1sk of the other PAH

compounds.
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II. PHYSICAL AND CHEMICAL PROPERTIES

Po1ycyc11c aromat1c hydrocarbons (PAHs) are a class of d1verse compounds

that are formed dur1ng the 1ncomp1ete combusUon of organ1c mater1a1. A

large number of PAHs have been 1d~nt1f1ed 1n the env1ronment, most of wh1ch

der1ve from anthropogen1c sources (Santodonato et al., 1980). As a group,

PAHs are ub1quHous 1n the atmosphere, water and so11. They enter aquaUc

systems from wastewater, urban stormwater run9ff, 1each1ng from s011, and

wet and dry depos1t10n from the atmosphere (Kveseth et a1., 1982; Andren and

Strand, 1981). Some PAHs have been found 1n surface and groundwater as well

as f1n1shed dr1nk1ng water. Th1s document focuses on those PAHs 1dent1f1ed

as pr10rHy (water) pollutants by the U.S. EPA (U.S. EPA, 1980a-d). Table

1I-1 11sts these PAHs; some of the1r phys1ca1 and chem1ca1 character1st1cs

are g1ven 1n Table 11-2. The structural formulas are shown schemat1ca11y 1n

F1gures 11-1 and 11-2.

The pers1stence of PAHs 1n the aquat1c env1ronment 1s a d1rect funct10n

of the1r phys1ca1 and chem1cal propert1es. These govern the suscept1b111ty

of the compounds to var10us degradat10n processes, 1nc1ud1ng photo1ys1s,

vo1at111zat10n, and sed1mentat10n and m1crob1a1 degradat10n (Callahan et

a1., 1979). To beg1n w1th, many of the PAHs have low vapor pressures and,

thus, low vo1at11Hy. Consequently, vo1aUl1zaUon may not be 1mportant 1n

the removal of PAHs from water. Second, the solubllHy of PAHs 1n water

tends to be low, wh1ch 1ncreases the1r suscep11bllHy to adsorpt10n onto

aquat1c part1culate matter. Th1s, 1n turn, suggests that sed1mentat10n and

ult1mately. m1crob1al degradat10n. const1tutes the pr1mary removal process.
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TABLE 11-1

Pr\or\ty Pollutant Po1ycycl\c Aromat\c Hydrocarbons
Found \n the Env\ronment*

Acenaphthylene Chrysene -I

Anthracene D\benz[a,h]anthracene

Benz[a]anthracene Fluoranthene

Benzo[a]pyrene Fluorene

Benzo[b]fluoranthene Indeno[l,2,3-cd]pyrene

Benzo[k]fluoranthene Naphthalene

Benzo[g,h,\]perylene Phenanthrene,

Pyrene

.,.
*Source: U.S. EPA, 1980d
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Those PAHs composed of four or more aromat 1c r 1ngs (therefore, hav1ng h1gh

molecular we1ght) are less amenable to m1crob1al degradaUon; they are

env1ronmenta11y more stable compounds. Th1rd, the log octanol/water

partH10n coeff1chnts of the PAHs also tend to be h1gh, and there 1s a

posH1ve corre1at10n between these coeff1c1ents and b10concentraUon

potent1al. Therefore, H PAH concentrat10ns 1ncrease qu1ckly enough,

tox1c1ty could occur 1n aquat1c 11fe. PAHs, however, do tend to be rap1dly

metabo11zed and excreted. Fourth, the prev10us character1st1cs seem to be

most representat1ve of the so-called carc1nogen1c PAHs (see Chapter VIII),

wh1ch 1mp11es that such PAHs are more 11ke1y to pers1st 1n the aquaUc

env1ronment, y1eld1ng longer-term exposures 1n compar1son wHh less potent

PAHs. The produc t1 on, use and occur renee 1n water for each of the 15 PAHs

descr1bed 1n th1s document follows.

AcenaphthY1ene

Pert1n~nt data regard1ng the product1on, use and occurrence of acenaph­

thylene could not be located 'n the ava11ab1e l1terature.

Anthracene

Product10n and Use. In 1981, U.S. 1mports of anthracene totalled

21,000 kg, down sharply from 510,000 kg 1mported 1n 1919. Separate data on

U.S. exports were not ava11able (IARC, 1913). Anthracene has been used as

an 1ntermed1ate 1n dye product10n. It has also been used 1n smoke screens,

sc1nt1l1at10n counter crystals and organ1c sem1conductor research.

Occurrence. Anthracene occurs ub1quHous ly as a product_ of 1ncomplete

combust10n; H also occurs 1n foss" fuels. It has been 1dentH1ed 1n
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surface water, tap water (1.1-59.7 ng/l), wastewater (1.6-7.0 ~g/l)

and dr1ed sed1ment of lakes (30-650 ~g/kg) (IARC, 1973).

Benzfalanthracene

Product1on and Use. There 15. no conmerc1al producUon or known use of

th1s compound.

Occurrence. Benz[a]anthracene occurs ub.1quHously 1n products of

tncomplete combusUon; H 1s also found 1n fosstl fuels. It has been

tdent"'ed 1n surface water, tap water (0.4-10.7 ng/l), ratnfall (3.2-12.3

ng/l), subterranean water (0-1.3 ng/l), wastewater (0.5-4.9. ~g/l),

sludge (230-1760 ~g/kg) and freeze-dr1ed sewage sludge (0.62~19 mg/kg)

(IARC, 1973).

Benzofalpyrene

Product10n and Use. There 1s no conmerc1al producUon or known use of

th1s compound.

Occurrence. Benzo[a]pyrene occurs ubtquHous1y 1n products of 1ncom­

p1ete combust\on; 1t also occurs 1n foss11 fuels. It has been 1dent1f1ed tn

surface water (0.2-13,000 ng/l), tap water (0.2-1000 ng/l), ratn water

(2.2-7.3 ng/l), subterranean water (0.4-7 ng/l), wastewater (0.001-6000

pg/l), sludge (3-1330 pg/kg) and freeze-dr1ed sewage sludge

(540-13,300 pg/kg) (IARC, 1973, 1983).

Benzo[blfluoranthene

Product1on and Use. There 1s no conmerc1al product1on or known use of

th1's compound.
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Occurrence. Benzo(b]fluoranthene occurs ub1qu1tously 1n products of

1ncomplete combust1on; ,t also occurs 1n foss'l fuels. It has been 1dent1­

fled \n surface water (0.6-1.1 ng/l), tap water (0.4-5.4 ng/l), ra1n

water (4.4-14.6 ng/l), subterranean water (0.6-9.0 ng/l), wastewater

(0.04-23.7 ~g/l) and sludge (510-21~0 ~g/kg) (IARC, 1973).

Benzo[k]f1uoranthene

Productlon and Use. There 1s no conmerc'a1 product'on or known use of

th1s compound.

Occurrence. Benzo[k]f1uoranthene occurs ub\quHous1y as a" product of

1ncomp1ete combust10n; H also occurs 1n foss" fuels. It has been 1dent1­

fled ln surface water (0.2-0.8 ng/l), tap water (1-3.4 ng/l), ra'n water

(1.6-10.1 ng/l), subterranean water (1-3.5 ng/l), effluent d1scharge

(0.01-8 ~g/l) and sludge (150-1270 ~g/kg) (IARC, 1973).

Benzo[g,h,l1pery1ene

Productlon and Use. There \s no conmerc1a1 product'on or known use of

th1s compound.

Occurrence. Benzo[g,h.l]pery1ene occurs ub'qu\tous1y 1n products of

\ncomp1ete combust10n; 11 also occurs 1n conslderab1e amounts ln coal tar

and 15 an important component of gaso1 'ne eng'ne exhaust. It has been

\dent'f'ed ln surface water (0.3-28.5 ng/l), tap water (0.8-7.1 ng/l),

ra'n water (2.3-10.8 ng/t). subterranean water (0.7-6.4 ng/t). waste­

water (0.4-2.8 ~g/l). sludge (200-1220 ~g/kg), freeze-drled sewage

slUdge samples (400-8700 ~g/kg) and dr\ed sedlments from lakes (1~1930

~g/kg) (IARC. 1973).
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Chrysene

Product10n and Use. There 1s no cOl'll1lerc1a1 producUon or known use of

th1s compound.

Occurrence. Chrysene occurs' ub1qu1tous1y and 1n approx1mate1y the

same concentrat10n as benzo[a]pyrene 1n products of 1ncomp1ete combust10n.

In add1t10n. chrysene and. preferenUa11y'. related structures (methy1-sub­

st1tuted and part1a11y hydrogenated chrysenes) occur 1n h1gher concentra­

t10ns than most of the PAHs 1n fossl1 fuels such as crude 011 and 11gn1te.

Chrysene. has been 1dentH1ed 1n surface water (7.9-62.0 ng/l".. wastewater

(0.732-6.44 ng/t). freeze-dr1ed sewage sludge (780-23.700 llg/kg) and

sed1ments (40-240 119/kg) (IARC. 1983).

D1benz[a,hlanthracene

Product1on and Use. There 1s no cOl'll1lerc1a1 product1on- or known use of

th1s compound.

Occurrence. D1benz[a.h]anthracene occurs ub1qu1tous1y as a product of

1ncomp1ete combust1on; 1t also occurs 1n foss11 fuels. It has been

1dent1f1ed 1n wastewater (IARC. 1983).

Fluoranthene

Production and Use. There 1s no cOl'll1lerc1a1 product1on or known use of

th1s compound.

Occurrence. F1uoranthene occurs ub1qu1tous1y 1n products of

1ncomp1ete combust10n; 1t also occurs 1n foss11 fuels. It has been
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\dentH1ed 1n surface water (4.7-6.5 ng/t), tap water (2.6-132.6 ng/t),

ra1n water (5.6-1460 ng/t), subterranean water (9.9-100.0 ng/t),

wastewater (0.1-45 pg/t), sludge (580-4090 ~g/kg), freeze-dr\ed sewage

sludge (610-5160 pg/kg) and dr\ed sed1ment of lakes (13-5870 ~g/kg)

(IARC, 1983).

Fluorene

Product\on and Use. There ts no conmerc\al product\on or known use of

thts compound.

Occurrence. Fluorene occurs ub\qu\tous1y \n products of \ncomplete

combust\on; H also occurs \n foss\l fuels. It has been \dent1f\ed \n sur­

face water (4.1-102.1 nglt), tap water (4-16 nglt) and sewage sludge

(0.61-51.60 mg/kg) (IARC, 1973).

Indeno[1,2,3-cdJpyrene

Production and Use. There ts no conmerc1a1 production or known use of

th1s co~ound.

Occurrence. Indeno[1,2,3-cd]pyrene occurs ub1quHous1y in products of

incomplete combustion; H also occurs 'n foss'1 fuels. It has been 'dent\­

fied \n surface water (0.2-0.5 nglt), tap water (0.3-4.8 nglt), ra'nfal1

(0.2-8.7 ngll), subterranean water (0.2-5.0 ngll), wastewater (0.01-15

~g/l), sludge (470-1200 ~g/kg), freeze-dr\ed sewage sludge samples

(300-7400 ~g/kg) and dried sediment from lakes (1-2070 pg/kg) (IARC,

1913).

.J
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Naphthalene

Production and Use. DomesUc production capacHy of naphthalene was

esUmated to be 660 m1l110n pounds annually as of January 1, 1984. Total

domesUc consumpUon of naphthalene for 1985 has been estimated to be 540

m1lllon pounds; this amount lnc1udes lmports of 8 mll110n pounds.

ExportaUon volumes are be1leved to be ln the range of 5 mll110n pounds

annually. Major app1lcatlons of naphthalene lnc1ude use as an lntermedlate

ln the producUon of phtha11c anhydrlde .(55% of consumpUon), the

lnsecUclde carbaryl (20%), B-naphtho1 (8%), syntheUc tannlng agents (6%).

surfactanls (5%), miscellaneous organlc lntermedlates (2%), and use as a

moth repe11ant (2%) (Chemical Economics Handbook. 1981).

Occurrence. Naphthalene is the most abundant single constituent of

coal tar (Schmeltz et al., 1978). It 15 released ln the environment via

industrial gaseous and part1culate em1ss10ns, aqueous waste streams, and

through consumer uses.

Naphthalene has been detected in 1ndustrlal effluents (up to 32 mg/l).

munlclpal wastewater treatment plant effluents (22 pg/l), amblent rlver

water (2.0 pg/l), seawater, drlnklng water (1.4 pg/l). well water,

and groundwater (U.S. EPA, 1980c; Shackelford and Keith, 1976; Eganhouse and

Kaplan, 1982; Deslder1 et al., 1984). Stuermer et al. (1982) detected

naphthalene ln groundwater samples collected near underground coal

gaslf1catlon sltes at concentratlons of 380-1800 pg/l 15 months after

gas1flcat1on actlvlty had ended. Pankow et a1. (1984) reported mean

dlss01vednaphtha1ene concentratlons of 11 and 72 ng/l ln ralnwater

samples collected in semlrura1 and residential locations, respectively, in

Oregon.
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Phenanthrene

Product10n and Use. There 1s no cOlmlerc1al product1on or known use of

th\s compound.Ils der\vat\ve. cyclopentenaphenanlhrene. has been used as a

start1ng mater1al for synlhes1z\ng b11e ac\ds. cholesterol and other

ster01ds.

Occurrence. Phenanthrene \s present. \n products of 1ncomplele combus­

l10n; H also occurs 1n fossll fuels. It has been 1dent1f1ed \n surface

water (0-1300 ng/l), tap water (3.1-90 lIg/l) .. wastewater (10 lIg/l)

and dr1ed sed\menl 1n lakes (140-214 lIg/kg) (IARC, 1913).

pyrene

Product10n and Use. There 1s no commerc1al producl10n or known use of

th1s compound. pyrene from coal-tar has been used as the start1ng maler1al

for the synlhes1s of benzo(a)pyrene.

Occurrence. Pyrene occurs ub1qu1tously \n products of \ncomplete

combusl1on; \l also occurs 1n fossll fuels. It \s found \n relat\vely h\gh

quant1l\es \n coal-tar. Pyrene has been 1dent1f1ed \n surface water

(2.0-3.1 ng/l), tap water (1.1 ng/l), ra1n water (5.8-27.8 ng/l), sub­

terranean waler (1.6-2.5 ng/l), wastewater (0.00023-11.8 lIg/ l) , sludge

(900-41,200 lIg/kg) and dr1ed sed1ment from lakes (1-3940 lIg/kg) (IARC,

1913) .

Sunmary

PAHs are a class of d1verse compounds result1ng from 1ncomplele

combusl1on. They are ub1quHous pollutants and are found 1n amb1ent a1r,

so11 and aquat1c systems.
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PAHs are characterhed by low vo1atllHy. very sl1ght water solubnHy

and a propens1ty for adsorpt10n to part1cu1ates 1n aquat1c systems. PAHs of

four or more r1ngs (character1st1c of the carc1nogen1c PAHs) are less

amenable to m1crob1a1 degradat10n than are smaller compounds. mak1ng th'em

env1ronmenta11y stable and, t~erefore. 1ncreas1ng the potent1a1 for

longer-term exposure. The h1gh log octano1/water part1tion coefficients of

PAHs indicate a propensity for bioaccumu1ation. However. an1ma1 data

ind1cate that PAHs tend to be rap1d1y metabo11zed and excreted.

With the except10ns of anthracene and naphthalene there are no reported

cOlMlerc1a1 productions of anyPAH described in this document .

.-

.J
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III. TOXICOKINETICS

Essent1a11y no human pharmacoklnet1c data areava1lab1e from wh1ch to

develop a coherent plcture of PAH absorptlon. dlstrlbutlon and e1lminatlon.

The exper1menta1 data base cons1~ts almost ent lre1y of studies ln rodents

(m1ce. rats and hamsters) w1th occas10na1 stud1es ln larger mammals. Whl1e

there are certa1n1y quantHative differences among these spec1es (In the

relative 1mportance of b11e and ur1ne as routes of excretion. for example)

the qua1Hat tve p1cture that emerges appears to be much the same across

spec1es. PAH kinet1cs are characterhed by rap1d. capacHy-11mHed

metabolism to both b1010glca11y actlve and 1nactive metabolites. Both

1ncreased levels of enzymes respons1b1e for the metabolism o( PAHs and

l50zymes of these metabolic enzymes are induc1b1e by chem1ca1 lnducers of

the 3-methy1cho1anthrene class. Excretlon of chemlca11y stable metabo1ltes

1nto urlne and b1le 15 rapld. Differences ln d15posH10n among different

PAHs are assoclated at least ln part wHh differences. ln the1r

11poph11ic1ties.

Absorpt1on

Oral. Fract10na1 absorpt1on of PAHs from the GI tract 1s dependent on

the spec1fic hydrocarbon 1ngested. In general. the more l1poph11ic members

of th1 s class must be solubllhed ln water before they can be absorbed.

PAHs w1th some 1ntr1nsic hydroph111c character may be absorbed to some

degree even 1n the absence of emu1s1f1ers such as b11e salts. Absorpt1on of

all PAHs. however. 1s expected to be 1nf1uenced by the propert1es of other

chem1ca1s coadm1n1stered or coabsorbed. These 1nc1ude. of course. the

const1tuents of the d1et (Chang. 1943; Mod1ca et al .• 1983).
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Chang's early (1943) work l11ustrates the dependence of fract10nal

absorpt10n on the compound 1ngested. Whl1e absorptlon of naphthalene by the

rat was complete. and that of acenaphthene and phenanthrene nearly so.

anthracene. chrysene. dlbenz[a.h]anthracene. benzo[a]pyrene and 3-methy1­

cholanthrene were only 5-50% absorbed elther from the dlet or from a suspen­

s\on \n starch solut\on. Absorpt\on of benzo[a]pyrene was -60% from a stock

d\et conta\n\ng 1% benzo[a]pyrene. and --40% when the benzo[a]pyrene was

-g\ven as the starch suspens\on. Mod\ca et al. (1983) s\mtlar1y observed

that chrysene was much less eff\clently absorbed than elther benzanthracene

or tr\pheny1ene by young fasted rats glven the compounds orally as emu1s10ns.

The dependence of PAH absorptlon on the veh\c1e \n whlch \t ts adm\n\s­

tered has been well documented. A group of coord\nated stud\es conducted \n

the early 1950s (Seta1a and Ekwa11. 1950; Erma1a et al.. 1951; Ekwa11 et

a1 .• 1951; Seta1a. 1954) exam\ned the effects of s\ng1e sol~ents. Benzo[a]­

pyrene was adm\n\stered to m\ce and cats by stomach tube. \n solut\on or \n

a suspens\on of natural fats- (ol\ve 0\1. arach\d\s 0\1); natural fats

emu1s\f\ed \n btle; btle alone; 10ng-cha\n fatty ac\ds and alcohols (oleyl

alcohol. ole\c ac\d); polyethylene glycols; and synthet\c emu1s\f\ers such

as the TrHon ethers. among other veh\c1es. An\mals were fasted for at

least 12 hours prlor to benzo[a]pyrene adm\n\strat\on and throughout the

exper\ment. so that the effect of the solvents could be stud\ed \n the

absence of food. Benzo[a]pyrene was absorbed well \n the forestomach lrre­

spectlve of the veh1cle. Benzo[a]pyrene \n natural fats or other 11poph\1\c

solvents d\d not penetrate the stomach wall. wh\ch 1s notsurpr\s1ng s1nce
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fat Hself 15 not absorbed 1n the stomach under normal condH 10ns, Hydro­

phob1c solvents. as well as the hydrophob1c PAHs. are unable to penetrate

the protect1ve mucous layer 11nlng the stomach.

01elc acld and oleyl alcohol; predom1nantly 11poph1l1c but wHh hydro­

ph111c groups, effected a s11ght penetrat10n of benzo[a]pyrene lnto the

glandular stomach wall. Greater penetrat10n was assoc1ated w1th admlnlstra­

t10n ,of benzo[a]pyrene 1n vehlcles w1th both hydrophl11c and 11pophl1lc

propert les; penetrat 10n was greatest when the hydroph1l 1c character of the

solvent was domlnant (Ekwall et al.. 1951). Thus, a solvent capable of

solub111z1ng benzo[a]pyrene 1n aqueous solut10n is required for its

absorption in the stomach.

The effective solub1lizers studied by this group of investlgators are

not present naturally ln foods to any significant extent, and it is unlikely

that much PAH absorption occurs 1n the stomach at all under normal condi­

t 10ns. However, once the PAHs have entered the small intest lne, they are

solub1lized by the bile salts in concert wHh fatty acid anions and mono­

glycerides (Laher and Barrowman, 1983), and are absorbed in both the small

and large 1ntest1nes (Ermala et al., 1951).

Working with a group of PAHs of lncreas 1ng r1ng number and correlated

decreasing aqueous solubility, Rahman et al. (1986) showed that the presence

of blle salts in the rat 1ntest1ne 1s essentlal for opt1mum absorpt10n of

anthracene, 1,12-d1methylbenzanthracene, and benzo[a]pyrene but not for

absoi'pt i on of 2, 6-d1methyl naphtha lene or phenanthrene, whose aqueous

solubilit1es are 2-3 orders of magnitude greater than those of the other

three hydrocarbons. When the b11e was dlverted from the 1ntest1ne by
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blle duct cannulat10n, benzo[a]pyrene was absorbed only 23% as well as H

was 1n the presence of normal amounts of blle. In addH'on, fract10nal

absorpt10n of the 4- and 5-r1nged compounds 7,12-d1methylbenzanthracene and

benzo[a]pyrene was not as great as that of the smaller hydrocarbons,

part1cularly 1n the absence of blle. Thus, coadm'n1strat'on of benzo[a]­

pyrene w,th food's expected to enhance 1ts absorpt10n as a result of

act'vat'on of the natural mechan1sms for absorpt'on of d'etary l'p'ds.

There's no conv'nc'ng ev'dence that the absorpt'on of PAHs occurs by

mechan'sms other than pass've uptake. Rees et al. (1971) proposed the

poss'b'l,ty that uptake m'ght 'ncrease exponent,al1y as the amount of

benzo[a]pyrene 'n the Gl tract 'ncreases. Th's suggest'on was' based on

stud'es of the entry of benzo[a]pyrene 'nto everted sacs of rat small

'ntest'ne. Transfer of benzo[a]pyrene from sac t'ssue to the enclosed

med'um was proport'onal to the concentrat'on 'n the sac t1ssue. Uptake by

the sac t lssue was not affected by metabo11c 1nh'bHors. 'nd1catfng that

uptake was not an energy-requ1r'ng process. However. the amount bound to

the sac t'ssue 'ncreased exponent'ally wHh ,ncreas'ng 1ncubat10n med'um

concentrat10n >200 ~M. suggest'ng mult11ayer adsorpt10n to the t1ssue

surface at h1gh concentrat10ns. That such an adsorpt10n/absorpt10n process

m1ght be relevant to absorpt 10n l!!. v1vo was suggested by the observat 10n

that the amount of benzo[a]pyrene found 'n retroper1toneal fat and mammary

t1ssue of young female rats g1ven benzo[a]pyrene 1ntragastr1cally 1n sesame

011 18 hours ear11er appeared to be exponent1al1y related to the dose. The

l!!. vHrocondH10ns employed by Rees et al. (1971). however. were grossly

unphys10log'c, and ·mult11ayer adsorpt10n· cannot be a s1gn1f1cant component

of benzo[a]pyrene absorpt10n l!!. v1vo. Furthermore, the l!!. v1vo observat10n

of· exponent1ally 1ncreas1ng t1ssue concentrat10ns 15 not
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substanUated by the results of other stud\es. BOCk and Dao (1961) found

that the concentrat10n of 3-methy1cho1anthrene 1n mammary t1ssue and mammary

fat of female rats was proport10na1 to the 1ntubat1on,dose, wh11e Mod1ca et

a1. (1983) calculated that the area under the t1ssue concentrat10n curve for

chrysene was less than proporUon~l fo the dose 1n blood, 11ver, bra1n and

parametr1a1 ad1pose t15sue, and roughly proporUona1 to the dose 1n mammary

t1ssue. Thus, there 15 no ev1dence for gr~ater than proport10na1 absorpt10n

wHh dose.

Uptake of PAHs 15 partly 1nto thorac1c duct lymph but pr1nc1pa11y 1nto

portal venous blood (Laher et' a1., 1984). Accord1ng to Rees e( a1. (1911),

10-20% of a 10 mg 1ntragastr1c dose of benzo[a]pyrene entered the thorac1c

duct lymph of rats. Dan1e1 et a1. (1961) found 5% of the rad101abe1 from an

1ntragastr1c dose of 8.4 ~g of 14C-1abe1ed d1benz[a,h]anthracene 1n

thorac1c lymph dur1ng the f1rst 24 hours after adm1n1strat1on to rats. Re1d

(1911) recovered 18% of an absorbed dose of benzo[a]pyrene 1n 011ve 011 from

thorac1c lymph of rats g1ven benzo[a]pyrene 1ntraduodena11y.

Gastr01ntest1na1 absorpt10n of PAHs 15 rap1d, as would be ant1c1pated

for compounds ut111z1ng absorpt10n mechan1sms des1gned for uptake of

nutr1ents. The concentrat10n of benzo[a]pyrene peaked 1n the 11ver -1 hour

after dos1ng 1n female rats 1ntubated w1th 22.8 mg of benzo[a]pyrene, wh11e

the blood concentrat1on peaked at 1.5-2 hours, the lag ref1ect1ng passage

from 11ver to blood (Mod1ca et a1., 1983). Excret10n of metabo11tes 1n b11e

also follows rap1d1y, the rate generally peak1ng by 2 hours 1rrespect1ve of

the PAH adm1n1stered (Rahman et a1., 1986). It 1s 1nterest1ng to note that

1n general the fract10n of total metabo11tes excreted 1n b1le rather than 1n

urtne 1ncreases as the PAHs 1ncrease 1n she and decrease 1n solub111ty.

04400 I II-5 09/26/90



Rad10label from 14C-d1benz[a.h]anthracene g1ven by 1ntubat10n cont1nued to

appear 'n thorac1c lymph of two rats for at least 24 hours. peak1ng at

around 3-4 hours (Dan'e1 et al.. 1967). That some of th15 rad101abel was

probably assoc1ated w1th metabo11te reabsorpt10n 1s suggested by the

observat 'ons that rad101abe1 d1d ·not peak 1n the blood plasma of these two

rats unt11 -7 hours after d1benzanthracene adm1n1strat1on. and that much of

the rad101abe1ed mater1al extracted from plasma. ur1ne. and blle was

metabo11zed d1benz[a,h]anthracene. Rees et a1. (1971) reported that

benzo[a]pyrene peaked 1n the thorac1c lymph of rats 3-4 hours after

adm1n1strat10n of 10 mg by 1ntubat10n, but the fluorescence-based ana1yt1ca1

techn1que used by these 1nvest1gators would not have d15t1ngu1shed between

benzo[a]pyrene and 1ts metabo11tes.

Inha1at1on

The absorpt10n of PAHs from the lung has been 1nvest1gated 1n both

1nha1at1on stud1es and 1n exper1ments 1n wh1ch the PAHs were ghen by 1ntra­

tracheal adm1n1strat10n. Both pure PAHs and PAHs adsorbed on part1c1es of

var10us s1zes and chem1ca1 compos1t10n have been used. Adsorpt10n of a PAH

onto u1traf1ne part1c1es· «1~) from wh1ch 1t can be released 1nto

b1010g1c f1u1ds has been shown to 1ncrease both the lung retent10n t1me of

the PAH and Hs carc1nogen1cHy. The nature of the adsorbent part 1c1e 15

cr1t1ca1: adsorbents that do not read1ly release adsorbed chem1ca1s are not

as 11ke1y to enhance tumor y1e1d and other b101og1C effects 1n exper1­

mental an1mals as are ads orbents wHh lower aff1nHy for the carc1nogen

(Bevan and Worrell, 1985). In addH10n to adsorpt1on onto part1cu1ates.

factors such as part1c1e or aerosol she and she dhtr1but1on, the test

spec1es' a1rway anatomy, metabo11sm and defense mechan1sms, as well as
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propert\es of the PAH \tself, w\ll \nfluence the penetrat\on, depos\t\on and

retent\on of an \nhaled PAH and the probab\l\ty and routes .of \ts subsequent

absorpt1on. Other chem\cals, \nclud\ng those adsorbed to parUculates, may

also \nfluence the d\spos\t10n and b10log\c act1v1ty of PAHs taken 1nto the

lung.

Kot\n et al. (1959) reported a veh\cle effect on 1ntratracheally

lnst11led benzo[a]pyrene. Radlolabeled-14C~benzo[a]pyrene (25 pg/O.3

mt veh1cle) was adm1nlstered to W1star male rats e1ther as an aqueous

suspens\on wHh d1st1l1ed .water or 1n a solut\on wHh tr1ethylene glycol.

The esophagus was llgated 1n each to prevent benzo[a]pyrene from enter\ng

the GI tract by mucoc\l1ary escalator clearance and' swallow1ng. At 24

hours, 38% of the adm1n1stered aqueous suspens10n dose pers1sted 1n the

lung, whereas only 17% could be recovered at 4 hours 1n the lungs when

adm1n1stered 1n tr1ethylene glycol. The rap1d mobll1zat1on was attr1buted

to the greater speed of solub1l1zat\on of the flne partlcles from

tr\ethylene glyc01 vs. the slower speed of soiubll1zat10n of the larger

crystals that form 1n an aqueous suspens10n.

The role of part1cles as carrlers of PAHs and enhancers of thelr pulmo­

nary act1vlty has been the subject of a number of 1nvest1gat10ns. Coadm\n­

1strat10n of PAHs wHh f1ne adsorbent part1cles was shown nearly 30 years

ago to result 1n a h1gher 1nc\dence of lung tumors 1n rats than

adm1n1strat10n of the PAH alone (Pylev et al., 1969; Saff10tt1 et al., 1965,

1968). Coadm1n1strat10n by 1ntratracheal 1nst1l1at10n of a suspens10n of

uC-benzo[a]pyrene wHh carbon black or asbestos (Pylev et al., 1969) or

by 1ntratracheal 1nst111at10n of part1cles of ferr1c ox1de, alum1num ox1de,
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or carbon coated wHh benzo[a]pyrene (Henry and Kaufman, 1973) resulted 'n

prolongat'on of rad101abel retent10n 1n the hamster lung. However, an

1ncrease 1n benzo[a]pyrene retent10n was not necessarily correlated with an

increase 1n tumorlgenicHy. Farrell and Davis (1974) showed that carbon

black was a more effect1ve tumor .promoter than ferric oxlde in the golden

hamster lung; aluminum oxlde was only mln1mally act1ve as a promoter in this

system. In general, the probab111ty of" tumor occurrence was shown to

increase as particle slze range decreased when either carbon black or ferr1c

oxide was used as the adsorbent (Farrell and Davis, 1974; Henry et al.,

1974). In the absence of carrier particles, large (77% <42 lAm, 0% <10

~) benzo[a]pyrene particles were cleared less rap1dly from the lung and

were more tumor1gen1c than small (77% <5.2 lAm, 3% <1.3 ~). part1cles

(Feron et al., 1980). Henry et al. (1975) showed that benzo[a]pyrene had to

be physlcally adsorbed on the ferr1c oxide to be most effectlve. as a

promoter.

Henry and Kaufman (1973) suggested that the abl1Hy of the hydrocarbon

to be eluted from Hs part1culate adsorptlon sHes mlght be an 1mportant

determ1nant of Hs biologic act1vHy. Creasia et al. (1976) demonstrated

that the rate of elution of benzo[a]pyrene from Hs adsorption sHes on

carbon part1cles in the mouse lung was greater for small (0.5-1.0 ~)

particles than for large (15-30 ~) particles. Benzo[a]pyrene adsorbed to

the larger particles was cleared with the particles themselves, with a

half-time for e11mination of 4-5 days. However, while the smaller part1c1es

themselves were cleared more slowly (t l12=7 days), the benzo[a]pyrene

adsorbed to these particles was cleared more quickly (t1/2=36 hours).
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Th1s 1nd1cates that the benzo[a)pyrene was be1ng eluted from the smaller

carbon part1cles at a rate of 15% per day. Thus, for at least 4 days, 15%

of the 1n1t1a1 dose of benzo[a]pyrene was free to 1nteract w1th the resp1ra­

tory t1ssue. In the absence of carb.on part 1c1es, 50% of a benzo[a]pyrene

dose was cleared from the lung wHh1n 1.5 hours and >95% was cleared w1 th1n

24 hours. These results estab11shed that a comb1nat10n of prolonged

retent10n t1me and b1010g1c ava1lab1lHy 'of the adsorbate are 1nvolved 1n

the cocarc1nogen1c effect observed for part1culate and benzo[a]pyrene 1n the

lung.

Based on the1r stud1es w1th model phospho11p1d b11ayer membranes

"(lakow1cz and Hylden, 1978; lakow1cz et a1., 1980) and wHh 'm1crosoma1

preparat10ns (lakow1cz and Bevan, 1979), the authors suggested that cocar­

c1nogen1c part1c1es fac1lHate the uptake of adsorbed chem1cal carc1nogens

by cell membranes. later work by the same group of 1nvest\gators tBevan et

al., 1981; Bevan and Worrell, 1985) supports th1s mechan1st1c hypothes1s.

Chang and Hart (1983), who demonstrated that the chrysot11e form of asbestos

.enhancK uptake of benzo[a]pyrene 1nto human dermal f1broblasts .!!l vHro,

proposed that cocarc1nogen1cHy 1s med1ated 1n part by enhanced cellular

prol1ferat10n. It should be noted that b1nd1ng to cellular DNA was also

enhanced by the presence of asbestos 1n th1s study, so that the proposed

mechan1sms of enhanced uptake and enhanced cellular pro11ferat10n are fully

compat1b1e and not mutually exc1us1ve. Other 1n v1tro stud1es (Eastman et

a1" 1983), us1ng hamster tracheal ep1the11a1 cells 1ncubated w1th benzo[a]­

pyrene and asbestos, showed enhanced benzo[a]pyrene uptake and DNA alkyla­

t10n 4 days post-treatment, wh1ch was attr1buted to the presence of asbestos.

"'
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Absorptton and dtstrtbutton of benzo[a]pyrene followtng 1nhalat10n

exposure of rats to the compound alone or aft-er adsorpUon onto parUcles

has been stud1ed by tnvest1gators at the Inhalation Toxtcology Resear~h

Institute (Mitchell and Tu. 1979; M1.tchell. 1982. 1983; Sun et al.. 1983.

1984). Mitchell (1982. 1983) reported the disposition of an aerosol of 500

pg IH-benzo[a]pyrene/t. 1-2 pm mass median diameter, inhaled by rats

for ~1 hour. Clearance of rad1olabe1 from the respiratory tract was

btphas1c. Ftfty percent of the rad1olabe1 was cleared within 2-3 hours;

radto1abel remaining after this t1me was· cleared much more slowly. the

ha1f-11f~ be1ng 25-50 hours. depending on 10cat10n 1n the lung. The stomach

and small 1ntesUne contained h1gher concentrat10ns of benzo[a]pyrene 0.5
.

hour after term1nat10n of exposure than any other Ussue, and feces con-

ta1ned -10 t1mes the amount of rad101abe1 found 1n ur1ne during the first

day fo1low1ng exposure. The observation that the amount of rad101abe1 in

the stomach and small 1ntest1ne was at its max1mum 1nmed1ate1y following

term1nat10n of exposure suggests mucoc\l1ary clearance and swa1low1ng of

1nha1ed matertal.- The presence of rad1oact1vity 1n other soft tissues

(e.g .• k1dney and 11ver) 0.5 hour after exposure 1nd1cates rap1d absorption

and d1str1but10n of the benzo[a]pyrene from 1ts 1n1t1a1 s1te of depos1t10n.

The concentrat 1ons of organ1c -so1ub1e rad101abe1, water -so1ub1e rad 10­

label and covalently-bound rad101abe1 were determ1ned in the lung at 0.5, 6

and 24 hours postexposure (Mitchell. 1982, 1983). The 2-3-hours clearance

ha1f-11fe appeared to represent loss of organ1c-so1ub1e rad101abe1; after 24

hours. 80% of total lung rad101abe1 was covalently bound to macromolecules,

1nvit1ng the specu1at10n that 1t 15 th1s bound rad101abe1 that pers1sts 1n

the lung w1th a ha1f-11fe of 25-50 hours.
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S1ml1ar 1nh,lat1on stud1es demonstrated that pyrene was also cleared

from the rat lung rap1dly. although not as rap1dly as benzo[a]pyrene

(MHchell and Tu. 1979) .. The pyrene aerosol had a mass med1an d1ameter of

0.45 lIm. The amount of pyrene left 1n the lung 24 hours after exposur.e

was 69% of that rema1n1ng 0.5 hour after exposure; at 2 days. H was 5%.

Covalent b1nd1ng was not measured.

Sun et al. (1983) exam1ned the depos1t10n. retent10n and excret10n

patterns of the rad101abel assoc1ated w1th ·'H-benzo[a]pyrene coated on

ultraf1ne (0.1 lIm med1an d1ameter) part1cles of gal11um ox1de. Ga 203.

The purpose of th1s study ·was to determ1ne whether assoc1aUon. wHh uHra­

f1ne part1cles affects the d1spos1t10n of organ1c a1r pollutants. Rats were

exposed by 1nhalat10n to the aerosols (3500 ng/l) for 30 m1nutes. and

t1ssues and excreta were collected for 16 days after the exposures. Stud1es

w1th pure aerosols (600 ng/l) of 'H-benzo[a]pyrene of the same med1an

d1ameter were also conducted for compar1so~. w1th the exposure per10d

extended to 50 m1nutes 1n order to 1nsure that total depos1t10n was s1m11ar

to that observed 1n the part1cle 1nhalat10n exper1ments. About 28% of each

aerosol had been depos1ted '" the resp1ratory tract at the end of the

exposure per10d.

InH1al clearance from the lung was rap1d. wHh half-l1Ves of <1 hour

for both aerosols. Dur1ng the subsequent slow excret10n phase. lung levels

of rad101abel result1ng from exposure to benzo[a]pyrene-coated part1cles

were 4-10 t1mes h1gher than those result1ng from exposure to pure benzo[a]­

pyrene aerosols. although the half-l1ves. had they been calculated. would

probably not have been greatly d1fferent. Lung clearance of the pure
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benzo[a]pyrene aerosol was also very s'ml1ar to that reported by MHchell

(1982) for aerosol concentrations 800 t'mes h\gher. Of particular 'nterest

15 that levels of rad\olabel \n the stomach 'ncreased wHh time after

exposure to coated part'cles. Th\rty-f\ve percent of the benzo[a]pyrene

\n\t\ally depos\ted \n the lung wa~ recovered from the stomach 2 hours after

exposure to benzo[a]pyrene-coated part\cles, wh\le no more than -0.5% of the

amount of pure aerosolhed benzo[a]pyrene .(\nH\ally) deposHed \n the lung

was found 'n the stomach at any t'me follow\ng.exposure. Thus, exposure to

a benzo[a]pyrene-coated part1cle rather than to -a pure benzo[a]pyrene

aerosol resulted 'n a very marked shHt 'n the pattern of lung clearance,

from d'rect absorpt'on 'nto blood to clearance by mucoc'11ary act'on

followed by 1ngest10n. Consequently, of the total rad'01abe1 Ncreted 1n

ur'ne and feces through day 16, -15%·was recovered from the ur'ne of an'ma1s

exposed to the pure aerosols and only -8% from the ur1ne of an'ma1s exposed

to the coated aerosols.

It should be noted that pure aerosols of 3H-nHropyrene, as well as

ga111um ox'de aerosols coated w1th 3H-n1tropyrene, were stud1ed 1n a
.~

parallel set of exper1ments, w1th results that were d1fferent from the

benzo[a]pyrene results. Thus, H 's not adv'sab1e to genera11ze retent'on

and absorpt10n data for a part1cu1ar PAH to pred1ct the quant1tat1ve

behav\or of other PAHs or n\tropyrenes under s1m\lar cond\t10ns.

A poss1ble effect of d1ese1 exhaust part1cles on retent10n of PAHs by

the lung \s currently of some concern (Tyrer etal., 1981). A stUdy

reported by Sun et al. (1984) showed that the retent10n and excret\on

patterns of 'H-benzo[a]pyrene-coated d\esel eng\ne exhaust part\cles wHh
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a mass med1an d1ameter of -0.14 ),1m (4-6 ),Ig/I.) were qualHat1vely

s1m11ar to those recorded for the gal11um ox1de study. However, the amounts

of rad101abel reta1ned 1n the lung dur1ng the second, slow phase of

clearance were much h1gher 1n the d1esel exhaust study than 1n the ga1l1um

ox1de study. Most of th1s rad101ate1 was present as unchanged compound.

Dermal. PAHs can be absorbed percutaneously. The rate and extent of

absorpt10n are strongly dependent on the s1ze and conf1gurat10n of the

hydrocarbon molecule, and are also dependent on the concentrat10n of the

hydrocarbon app11ed to the,sk1n.

He1de1berger and Wehs (1951) showed that uC-benzo[a]pyrene d1ss01ved

1n benzene was absorbed from a s1ngle app11cat10n sHe on the shaved back

sk1n of m1ce and excreted pr1nc1pally 1n the feces. Fifty percent of the

rad101abe1 from a 63.1 "g/cm2 dose of benzo[a]pyrene was lost from the

s1te of app11cat10n by 1 hour; only 6% rema1ned after 1 days. D1benz[a,h]­

anthracene was only very slowly lost from the app11cat10n s1te and was not

detected 1n the feces. By contrast, Bock and Burnham (1961) showed that

1,12-dlmethy1benzanthracene and benzo[a]pyrene 1n a ~:1 m1xture of benzene

and m1nera1 011 reached s1m11ar concentrat10ns 1n shaved back sk1n of m1ce 2

hours after cutaneous app11cat10n of -400 "g/cm2 •

Sanders et ale (1984) confIrmed that benzo[a]pyrene and 1,12-d1methy1­

benzanthracene are rapld1y absorbed across the sk1n of mlce. S1x percent of

a dose of 125 lAg benzo[a]pyrene/cm2 In acetone had d1 sappeared from the

app11catlon sHe by 1 hour and 40" by 24 hours, wHh .,,, remaln1ng at the

sHe after 1 days. 'E1ghty percent of a 5.4 lAg 1,12-dlmethy1benzanthra-
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cene/cm2 dose had d1sappeared by 24 hours, and 96" by 1 week. Absorpt10n

was dose-dependent; 1ncreas1ng the 7,12-d1methylbenzanthratene dose from 5.4

to 56 and to 515 ~g/cm2 reduced absorpt10n dur1ng the f1rst 24 hours

from 82% to 71% and to 33%, respect1vely; decreas1ng the benzo[a]pyrene dose

from 125 to 12.5 and to 1.25 ~g/cml 1ncreased absorptIon dur1ng the

f1rst 24 hours from 41% to 83% and to 82%. respect1vely. Use of muzzles to

prevent groom1ng of the treated area reduced the fract10n of the dose found

1n the stomach and Hs contents to one-th1rd of the amount found when

muzzles were not used; th1s fract10n, 0.5-1.5% of the adm1n1stered dose. was

so small that 1t had no s1gn1f1cant 1mpact on measurement of e1ther

absorpt10n or excret10n.

Molecular s1ze (number of r1ngs) and structure affected the

concentrat10ns of 12 different hydrocarbons. 1nclud1ng phenanthrene,

anthracene, benz[a]anthracene and 3-methylcholanthrene, studted In mouse

sk1n under the condH10ns used by Bock and Burnham (1961). Wh11e th1s

measurement reflects both rate of uptake by the sk1n and rate of transfer

1nto the system1c c1rculat10n,' H does 1nd1cate that sk1n penetrat10n occurs

and that the rate of the overall dermal absorpt10n process 1s dependent on

molecular s1ze and conf1gurat10n. It was also determ1ned that the nature of

the solvent makes a difference In the absorpt10n of PAHs. Small amounts

(~5%) of m1neral 011 added to benzene resulted 1n greater dermal

absorpt10n. However, the absorpt10n was not as great when a m1xture of 50%

m1neral 011 was used as the solvent.

F1fty percent of a s1ngle app11cat10n of 9.3 ~g anthracene/cm2

(d1ss01ved 1n 71 ~l of a 1:7 m1xture of hexane:acetone) to the shaved
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back sk1n of female Sprague-Dawley rats was absorbed 1n 5 days, as measured

by the appearance ln urlne, feces and other t1ssues (Yang et. al., 1986).

D15tr1but10n

E11mlnat10n of benzo[a]pyrene- and of 7,12-d1methylbenzanthracene from

blood 15 blphaslc, the flrst phase be1ng extremely rapld. About 90" of

elther chemlcal was lost 1n the flrst 10-30 mlnutes fo110wlng admln1stratlon

of an 1ntravenous dose to mlce or rats (Helde1berger and Welss, 1951; Kotln

et al., 1959; Lo, 19f14; Iqbal et al., 1979). The remalnder was lost more

slowly.

Clearance of metabolHes accounts for the second, slower' phase of

decl1ne of radl01abel ln the blood. ExcreUon of metabo1 Hes ln btle and

ur1ne 15 preceded by a perlod durlng whlch the l\ver and kldney contaln

re1athely large fractlons of the dose. Thts perlod '.s brlef. By 90

mlnutes followlng lntravenous lnjecUon of uC-benzo[a]pyrene ln mlce, the

lher contalned only1.3fl" of the radl01abel, and 72% had already entered

the bl1e (Heldelberger and Welss, 1951). Dlbenz[a,h]anthracene was less

rapld1y metabollzed; 90 m1nutes after an lntravenous dose was glven to mlce,

89" of the radl01abe1 was stl11 in the 11ver (He1delberger and Weiss, 1951).

Select1ve accumulation does not occur ln target tlssues of PAH carclno­

genlc actlon. Depend1ng on the 11pophl1lclty of the PAH, slgn1ficant

accumulat ion in body fat 15 l1kely to occur; early authors attributed the

inductlon of mammary tumors by PAHs to the fact that the mammary gland's in

lntimate assoclation wHh fat (Bock and Dao, 1961; Daniel et al., 19(7).

Bock and Dao (1961) found 1lttle phenanthrene 'n the perirenal and mammary
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fat of rats g1ven the hydrocarbon by stomach tube 24 hours ear11er. Concen­

trations of 7,12-d1methylbenzanthracene and 3-methylcholanthrene were some­

what h1gher, and benzo[a]pyrene was present 1n the grestest concentration.

These concentrat10ns correlate wHh .the relathe 11poph111cHy of phenan­

threne, 7,12-d1methylbenzanthracene, and benzo[a]pyrene (Rahman et al.,

1986) .

. Oral. When rad101abeled PAHs are admtn1stered tnto the GI tract by

gastr1c 1ntubatton or by feedtng, f1rst-pass metabolhm destroys the sharp

tnH 1al drop tn radtolabel characterht 1c of 1ntravenous adm1n1 strat10n.

Instead, rad101abel peaks after several hours; thts rad101abel 1s assoc1ated

w1th metabo11tes. The t1m1ng of the peak depends on the parttcular PAH, and

1s expected to depend on the dose as well. It has been seen to occur at -7

hours for d1benz[a,h]anthracene and 15 hours for 7,12-d1methylbenzanthracene

tn rats (Dan1el et al., 1967).

When a specH1c analyt1cal techn1que (cyclohexane extract10n of adtpose

ttssue followed by gas 11qu1d chromatography) 1s used for the determ1nat10n

of unchanged PAH, the peak t1me occurs ear11er: at -1.5 hour for benz[a]­

anthracene tn rats (Mod1ca et al., 1983), and at -1 hour for benz[a]anthra­

cene and chrysene and 2.5-3 hours for tr1phenylene tn rats (Bartosek et al.,

1984). The concentrattons of these PAHs 1n the lher peak shortly before

the1r peaks 1n the blood (Mod1ca et al., 1983; Bartosek et al., 1984). For

thh reason, the rate of appearance 1n the b11e also tends to peak early

(1-2 hours) for most PAHs (kottn et a1., 1959; Rahman et al., 1986). As far

as can be determtned from publ1shed data, d1strtbut1on from the blood tnto

pertpheral ttssues follows establtshed pr1nctples: well-perfused ttssues
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estab11sh a dynam1c steady state w1th the blood early, wh11e ad1pose t1ssue

exchanges more slowly. Peak ad1pose t1ssue concentrat1ons occurred at 2.5

hours for chrysene, -4 hours for benz[a]anthracene and 8 hours for

tr1pheny1ene (Bartosek et al., 1984), and at 3 hours for benz[a]anthracene

in another study (Modica et a1., ~9S3).

No k1netic evidence for this peripheral distribut10n is found 1n the

concentrations of PAHs in the blood after a single dose, wh1ch can be fit by

a biexponent1a1 equapon with one term representfng uptake and the other

loss (Modica et al.. 19S.3; Bartosek et al., 1984). Half-lives in rat

tissues appear to be about the same for benz[a]anthracene and chrysene: 1

hour in blood, O.S hour in liver, 2.5 hours in brain, 5 hours'in manwnary

tissue, and 14 hours in adipose t1ssue (Modica et al.. 19S3; Bartosek et

al.. 19S4).

Inhalation. As has been discussed ear11er (see Absorption Section),

the pattern of distribution following a pulmonary exposure could resemble

the pattern associated with intravenous administration or the pattern. ~
associated with oral exposure, or could be intermediate between the two.

Kotin et al. (1959) instilled 14C-benzo[a]pyrene intratracheally in tri­

ethylene glycol into rats whose esophagi had been ligated to prevent entry

of benzo[a]pyrene into the GI tract. Except for the ~igh initial pulmonary

concentration. the pattern of tissue rad'01abe1 was similar to that seen

after subcutaneous or intravenous administration. One hour after 'nst'11a-

t'on. 31" of the rad'olabel was 'n the intestine. 1.3% in the liver, and

43.2% remained 'n the lung.
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The study of Kot1n et al. (1959) demonstrates that pUlmonary absorpt 'on

1s rap1d. HHche" (1982) found rad101abel 1n soft t1ssues by 0.5 hour

after a l-hour 1nhalat10n exposure of rats to 3H-benzo[a]pyrene. Rad10­

label 1n testh. bra1n and k1dney peaked at -6 hours and was generally

cleared from these t1ssues 1n -1 day. At the 0.5-hour t1me p01nt. the

rad101abe1 1n 11ver and k1dney was largely polar metabo1Hes of benzo[a]­

pyrene (HHchel1. 1983). In every sa11ent p01nt. thh d1str1but1on pattern

andt1m1ng resemble the pattern and t1m1ng of d1str1but10n of an 1ntravenous

dose. It can be concluded that an 1nhaled aerosol of pure benzo[a]pyrene 1s

d1str\buted essent1a11y 11ke a comparable 1ntravenous dose save for the
. .

1nH1a1 h1gh pulmonary concentrat10n. Inhaled pyrene aerosol also behaved

much 11ke an 1ntravenous dose 1n rats. although a substant \a1' amount of

pyrene was found 1n the stomach 0.5 hour after exposure (HHchel1 and Tu",

1979) •

Clearance from the lung 1nto the GI tract 1s not as rap1d a process as

absorpt10n 1nto blood. Only when PAHs are 1nha1ed adsorbed to part1culates

does the1r res1dence t1me 1n the lung allow s1gn\f1cant transfer to the GI

tract. Sun et al. (1983) showed that dur1ng the f1rst 2 hours after an

1nha1at\on exposure to 3H-benzo[a]pyrene adsorbed onto ga111um ox1de

part1cles. rad10act1vHy 1n the stomach 1ncreased. In addH10n. rad101abe1

1n the 11vers and k1dneys of these rats was 5-6 t1mes h1gher at 0.5 and 24

hours than rad101abe1 1n the 11ver and k1dneys of the rats 1nhal1ng pure

benzo[a]pyrene aerosol. Although other t 1ssue measurements were not made.

these observat10ns strongly suggest that the d1str1but10n pattern of an

1nha1ed PAH adsorbed onto part1cu1ate mater1a1 w111 have some of the

character1st1cs of d1str1but10n assoc1ated wHh oral exposure. Inha1at10n
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stud'es 'n rats exposed to benzo[a]pyrene adsorbed onto d'esel eng'ne

exhaust part'cles (Sun et al., 1984) led to the same conclus'on.

Tyrer et al. (1981) exam1ned the effect of d1esel exhaust exposure on

the d1sposH10n of 14C-benzo[a]pYrEme adm1n1stered 1ntratracheally 1n

ge1at1n solut10n (20 ~l of 0.2% gelat1n and 0.5 ~g/~l of benzo[a]­

pyrene) to A/J m1ce. "'ce were exposed ~o raw dhsel exhaust (6 mg/m3 of

parUc1es) 8 hours/day, 7 days/week for 9 months pr10r to 1ntratracheal

1nst111at10n of benzo[a]pyrene. Autorad10graphy sect10ns were processed

from m1ce k111ed at 2.24 and 48 hours post-1nst111at10n. Qua11tat1ve1y

there were no obv10us d1fferences between m1ce exposed to both 'd1esel fumes

and benzo[a]pyrene or to benzo[a]pyrene only, poss1bly because of. the large

1nter1nd1v1dua1 var1ance 1n expectorate 1ngest1on. WHh1n 2 hours after

placement 1n the lungs, benzo[a]pyrene was found c1rcu1at 1ng 1n the blood­

stream and may have entered the esophagus and stomach ~y swa110w1ng of

mater1al cleared by the mucoc111ary escalator. ~4C-benzo[a]pyrene was

cleared from the. blood by the k1dneys and then excreted. By 24 hours,

3H-rad10act1vHy accumulated 1n the stomach, lower 61 tract, kldneys,

bladder and s11ght1y 1n the lung.

Dermal. "'tche11 and Tu (1979) found trace amounts of pyrene­

equ1va1ent fluorescence 1n k1dney, 11ver and trachea of rats 24 hours after

a s1ng1e appllcat10n of pyrene to the unshaved back. No pyrene or metabo­

11tes were detectable 1n the lung. The 61 tract conta1ned 1.4% of the dose.

Sh days after app11cat1on of anthracene to the shaved back sk1n of

rats. Yang et al. (1986) recovered a total of 1.3% of the app11ed dose from
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15 (unspec1f1ed) selected t1ssues. At th1s t1me. 29.1% of the appl1ed dose

had been recovered 1n the ur1ne and 21.9% 1n the feces.

To sunrnar1ze. a number of stud1es. wHh d1str1but10n data 1nd1cate that

1) detectable levels of PAHs can' be observed 1n most 1nternal organs from

m1nutes to hours after var10us routes of adm1n1strat10n; 2) ad1pose and

manrnary t1ssues are s1gn1f1cant d1str1but10n s1tes where PAHs may be accumu­

lated. stored and slowly released; and 3) after 1nha1at10n exposure. the GI

tract conta1ns relat1vely h1gh levels of PAH or metabo11tes as the result of

swal10w1ng unmetabo11zed PAH. from mucoc1l1ary clearance. or der1ved from

hepatob111ary excret10n of metabo11tes.

Metabo11sm

In the past. the relat1ve lack of chem1cal react1vHy for tumor.1gen1c
-

PAHs has been puzz11ng 1n 11ght of the1r dramatic b1010g1c effects. Early

attempts to expla1n the carc1nogen1cHy of var10us PAHs util1zed phys1co­

chem1ca1 calculat10ns (Pullman and Pullman. 1955). These early hypotheses

were' based on the assumpt10n that those reg10ns of the molecule favor1ng

subst1tut10n or add1t10n react10ns would preferent1ally react w1th cr1t1cal

cellular target s1tes to 1n1t1ate a carc1nogen1c transformat10n. Th1s

concept. however, d1d not prove successful for PAHs.

More recently H has been shown that PAHs are metabol1zed by enzyme­

med1ated ox1dat 1ve mechan1sms to form react he electrophlles (rev1ewed 1n

Conney, 1982; Gelb01n, 1980; IARC, 1983; Pelkonen and Hebert, 1982;

Santodonato et al., 1981; Zedeck, 1980). For many of the PAHs, certa1n

"b1oact 1vated" metabo1Hes are formed hav1ng the capabllHy for covalent
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\nteract\on w\th cellular const\tuents (\.e., RNA, DNA, prote\ns) and

u1t\mate1y 1ead\ng to tumor format\on.

The ob1\gatory \nvo1vement of metabo1\c act1vat10n for the express10n of

PAH~\nduced carc\nogenes1s has prompted the \nvest\gat\on of PAH metabo11sm

\n numerous an1ma1 models and human t\ssues. From these stud1es has emerged

an understand1ng of the general mechan1sms '1nvo1ved 1n PAH b\otransformat\on.

It \s now known that PAHs are metabo11zed by the cytochrome P-450-dependent

m\crosoma1 m1xed-funct10n ox\dase (MFD) system, often des\gnated aryl hydro­

carbon hydroxylase. The act1v1ty of th\s enzyme system \s read\ly \nduc\b1e

by exposure to PAH and \s found \n most mamma11an t1ssues, although

predom\nant1y \n the 11ver. The MFO system 1s \nvo1ved 1n the mefabo11sm of

endogenous substrates (e.g., ster01ds) and the detox\f1cat10n of many

xenob\ot1cs (Hebert et al., 1981). Paradox\ca11y, however, the MFO system

also catalyzes the format10n of react\ve epox1de metabolttes from, certa1n

PAHs, poss1b1y 1ead1ng to carc\nogenes1s 1n exper1menta1 mammals.

_ ' Thwoute by wh\ch PAHs and other xenob10t \cs enter the body may deter­

m\ne the\r fate and organ spec\f\c\ty. A compound absorbed from the lungs

may bypass the ·f1rst pass· effect \n the l\ver and reach the per\phera1

t\ssues \n h\gh concentrat10ns. The un\que enzymes \n these extra-hepat\c

t\ssues may d\ffer \n terms of act\vHy and specH\cHy, from those \n the

1\ver. Thus, extra-hepat1c metabo1\sm may be extremely \mportant \n the

b\oava11ab\11ty of a chem\ca1 to d1fferent parts of the body and \n target

t\ssue var1ab\lHy. Enzymes capable of metabo11z\ng PAHs are found \n the

1\ver. lung, k1dney, adrenals, testes, thyro\d, sk1n, small 1ntest\ne and

sebaceous gland 1n a var1ety of spec1es \nclud\ng human, baboon, monkey,

"
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rat, mouse, hamster, gu1nea p1g, rabbH and dog. Embryon1c t1ssue of rat,

mouse, hamster and ch1ck also possess act1vHy (Zedeck, 1980).

Benzo[aJpyrene as a Model of PAH Metabo11sm. A d1scuss1on of the

metabo11sm of PAHs 1n mamma11an spec1es, 1nclud1ng humans, may be approached

by exam1n1ng 1n deta11 the chem1cal fate of the most representat1ve and

well-stud1ed compound 1n the alternant PAH class, namely benzo[a]pyrene.

The metabo11sm of benzo[a]pyrene, subject of volum1nous research, 15 shown

schemat1cally 1n F1gure III-l. Only the most 1mportant pathways w1l1 be

presente~ 1n th1s d1scuss1.on .that correlates wHh F1gure 1II-2. Th1s 1s a

summary and the reader 1s referred to Gelbo1n (1980), Pelkonen and Hebert.
(1982), Yang et al. (1918), Zedeck (1980) and Thakker et al., (1985, 1988)

for pr1mary sources.

-
A monooxygenase f1rst 1ntroduces an oxygen atom 1nto any of several

posH1ons of the molecule to produce ox1des or pr1mary ·s1mple· epox1des.

Th1s 1n1t1al oxygenat1on 1s catalyzed by one of a number of d1fferent forms

of P-450 (MFO). The epox1des then undergo spontaneous rearrangement to

phenols. Another pathway for the epox1des 1s the reduct10n back to parent

benzo[a]pyrene. The format1on of qu1nones through the 6-phenol and 6-oxo

rad1cal 15 less well character1zed and 1s d1scussed br1efly 1n the Other

Tox1f1cat1on Pathways Sect1on. Qu1nones can also be produced nonenzymat1c-

ally by l1p1d perox1dat1on and aerob1c ox1dat1on. The enzyme epox1de

hydrolase can further metabo11ze epox1des to d1hydrod1ols. The glutath10ne

transferases catalyze conjugat1on of epox1des w1th glutath1one.
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Epox1des. d1hydrod1ols, phenols and qu1nones are generally regarded as

·pr1mary· metabo1Hes of benzo[a]pyrene. wh1ch undergo further metabonsm.

D1hydrod101s and phenols can be substrates for the MFO. and another pos1t~on

of the molecule can become epox1dated. (see fo110w1ng d1scuss1on of pathway).

D1hydrod101s, phenols and qU1nOnes can also be conjugated wHh glucuron1c

ac 1d 1n react 10ns catalyzed byUDP-g1ucuronosyltransferase or wHh sulfate

1n react10ns cata1zyed by sulfotransferase. D1hydrod101s can be dehydro­

genated to catechols by a soluble dehydrogenase:

The metabolHes of benzo[a]pyrene and other PAHs (both ~lternant and

nonalternant) are often categor1zed on the bas1s of solubl1Hy 1n var10us

laboratory extract10n protocols (U.S. EPA, 1980d). Those metabo1Hes that

can be extracted from an aqueous 1ncubat10n m1xture us1ng an organ1c solvent

1nclude the phenols. d1hydrod101s, qu1nones and hydroxymethyl der1vat1ves of
-

PAHs hav1ng a11phat1c s1de cha1ns. Epox1des are 1ncluded 1n th1s group

although these are rather lab11e. The conjugat10n products, 1nc1ud1ng those

of glutath10ne. glucuron1des and sulfates, rema1n 1n the water phase after

extract10n. Ident1f1cat10n and quant1f1cat10n of metabo11tes 1n these

fract10ns prov1de researchers wHh 1ns1ght on the predom1nant pathways 1n

the metabo11sm of a part1cular PAH.

The pathways lead1ng to the 7.8-d101-9.10-epox1des of benzo[a]pyrene

have been a focus of research s1nce H was suggested that these are the

predom1nant DNA-b1nd1ng spec1es 1n cell culture (S1ms and Grover, 1974).

For example the major adduct 1dentif1ed 1n human. hamster, rat and mouse

endometr1al DNA, exposed in vitro to benzo(a)pyrene. was ant1-benzo(a)­

pyrene-7,8-d101-9,lO-epox1de (Kulkarn1 et al., 1986). The amount of th1s
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adduct formed 1n hamster and mouse DNA was s1m1lar; human levels were 3-4

t1mes h1gher and rat levels -5-7 t1mes lower. The quantHy of B[a]P bound

1n humans was 7 t1mes the amount bound 1n hamsters, wh1le rats and m1ce were

4 and 2 t1mes h1gher than hamsters, respect1vely. Th1s study also showed

that d1fferences ex1st 1n the proport10ns and types of other adducts formed

by these spec1es.

Although the 4,5-ox1de 1s the most mutagen1c metabolHe 1n bacter1al

systems relat1ve to the 7,8-and 9,10-ox1des, other data from assays such as

DNA b1nd1ng stud1es, cell transformat10n assays and carc1nogen1cHy

b10assays support the 7,8-d101-9,10-epox1des as u1t1mate carc1nogen1c forms

of benzo[a]pyrene (Pe1konen and Nebert, 1982; IARC, 1983; Conney, 1982;

Ku1karn1 et al., 1986; Thakker et al., 1988). The metabo11c act1vat10n

scheme for the format10n of the 7,8-d101-9,10-epox1de 1s shown 1n _F1gure

111-3. The 7,8-d101 formed from benzo[a]pyrene 1s the -trans 1somer and

there are four poss1b1e stere01somer1c 9,10-epox1des der1ved from th1s. The

structure and nomenclature of these d101-epox1des are also shown 1n F1gure

111-3. The two 1somers (ant1 and llrr), also referred to as d101-epox1des I

and II, are racem1c and have been synthes1zed 1n order to study the1r

stereochem1 stry. D101-epox1de II (ill-1 somer) has been found to be more

chem1ca11y react1ve than the d101-epox1de I (Ge1b01n, 1980J. Both are

unstable 1n aqueous med1a and are hydrolyzed nonenzymat1ca11y to tetro1s.

In the presence of NADPH or NADH they are nonenzymat1ca11y reduced to tr101s.

The 1dea that 7.8-d101-9.10-epox1de metabo11te 1s the most probable

u1t1mate carc1nogen gave r1se to the -bay-reg10n- hypothes1s (Jer1na et a1.,

1978) for the metabol1c tox"1cat10n of PAHs. The theory was based on the
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assumpt'on that the unusually h1gh chem1ca1 react1v1ty of such d10l-epox1des

and the1r h1gh suscept1btl1ty to attack by nuc1eoph11es can be attr'buted to

their electron1c propert'es. The bay-reg'ons of four PAHs, benz[a]anthra­

cene, benzo[a]pyrene, chrysene and phenanthrene, are shown in F1gure 111-4.

The 'mp11cat10ns of the bay-reg'on hypothes1s for the mechan\sms whereby

PAHs may produce cancer are d\scussed 'n Chapter VII. Table III-l lists

examples of the enzymes 'nvolved 1n the tox1f1cat10n of PAHs from the

product10n of d101s, phenols and qu1nones. and d101-~pox1des.

Metabol\sm of Nonalter.nant PAHs. The carc1nogen1cHy of -the alternant

PAHs may be related to the 1ntr1ns1c carc1nogen1c1ty of the bay-reg10n.
d101-epox'des and the extent to wh1ch the parent compounds are metabo11c­

ally converted to the bay-reg10n d101 epox1des (Thakker et al., 1988).

However. 1t should be noted that there 1s 1ncreas1ng ev1dence that the

bay-reg10n theory of act1vat10n does not appear to be the pr1nc1pal route of

act1vat10n for nona1ternate PAHs such as benzo[b]f1uoranthene and benzo[k]­

f1uoranthene and that other mechan1sms of act1vat10n are 1nvo1ved for those

PAHs that are dev01d of a bay-reg10n, such as 1ndeno[1,2,3-cd]pyrene and

benzo[k]fluoranthene (Am1n et a1., 1982; Gedd1e et a1 •• 1982; Hecht et a1.,

1980; LaV01e et a1., 1980; R1ce et a1., 1985a, 1986, 1987a,b).

Other Tox1f1cat1on Pathways. In addHon to the MFO med1ated format10n

of d1 01-epox1des and other oxygena ted products, other routes of metabo11 sm

have been shown for PAHs.

One-electron oX1dat10n of PAHs can also form e1ectroph111c metabolites

that can b1nd to macromolecules (Cava11er1 and Rogan, 1983). The 1nter-
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FIGURE 111-4

The Pos1t10ns of Bay-Reg10ns

Source: Jer1na et a1., 1978
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TABLE III-l

Examples of Metabo11sm of PAHs to·B1olog1cally Act1ve Forms
by Var10us Enzyme Systems*

PAH

Benzo[a]pyrene

Benz[a]anthracene

Chrysene

01benz[a,h]anthracene

Tox1f1cat1on
Enzymes

monooxygenase

monooxygenase,
epox1de hydrolase

monooxygenase

monooxygenase,
epox1de hydrolase

monooxygenase,
epox1de hydrolase

monooxygenase,
epox1de hydrolase

monooxygenase,
epox1de hydrolase

B101og1ca11y Act1ve
Intermed1ate

4,5-ox1de

7,8-d'ol-9,lO-epox1de

6-oxorad1cal

3,4-d1ol-l,2-epox1de
8,9-d1ol-l0,ll-epox1de

l,2-d101-3,4-epox1de

3,4-d1ol-1,2-epox'de

[lO,ll]-d1ol-[12,13]-epox1de

*Source: Adapted from Pelkonen and Hebert, 1982

04400 III-30 05/13/91



med1ates 1n these pathways are rad1cal cat1ons. Benzo[a]pyrene tox1f'cat'on

by free-rad1cal metabol1sm (see F1gure III-2) occurs at pos1t'on 6. The

6-hydroxybenzo[aJpyrene 1s unstable 1n solut1on and rap1dly undergoes

rad1cal format1on to the 6-oxobenzo[a]pyrene. Th1s rad1cal may 1ntera'ct

wHh macromolecules or be converted 'to qu1nones (Jeft1c and A~ams, 1970).

PAH qu1nones have been proposed to be b1~10g1cally act1ve because of

act1v1ty 1n ox1dat10n/reduct10n cycles 1n~01v1ng qu1none, hydroxyqu1none and

molecular oxygen (Lesko et al., 1978). The perox1des and oxygen rad1cals

formed dur tng these cycles may be respons tble for the ult 1mate cellular

1njury. Th1s ox1dat1on/reduct10n cycle 1s shown 1n Ftgure III-5. PAHs,

betng photoreact1ve, can 'absorb v1stble l1ght and become photoox1d1zed.

Th1s photoox1dat10n can result 1n the format10n of qu1nones, d~hydrod10ls

and phenols (see Chapter 7).

Marnett et a1. (1978) and Marnett and Reed (1979) demonstrated o~ygena­

t10n of benzo[a]pyrene cata1zyed by prostag1and1n H synthes1s-dependent

ox1dat10n of arach1don1c actd metabo11sm pathway. Benzo[a]pyrene thus

act1vated has been shown to form covalent bonds w1th DNA and 1s mutagentc.
, ;-

Arach1donic ac1d has been shown to be released upon membrane pertubat10n.

Thts metabolic pathway is particularly intriguing for instances such as

occur in the lung wHh co-exposure to PAHs and 1rrHants or particulates.

These irritant chemicals may affect membrane phystology such that the

metabolism of the PAH by prostagland1n synthetase could be enhanced locally

in the extrahepatic tissue. For example, Warshawsky et a1. (1984) examined

the effects of Fe
2
0
3

on the rate of metabol1sm of benzo[a]pyrene in the

lungs of male whHe New Zealand rabbHs. 8enzo[a]pyrene was adm1n1stered

tntratrachea1ly to an 1s01ated perfused lung preparatton with and without

,J
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Fe203· After 180 m'nutes the Fe 203 pretreated rabbH lungs showed

an 'ncrease of benzo[a]pyrene metabo11sm over the benzo[a]pyrene-only

treated rabbH lungs. The benzo[a]pyrene metabolHes, namely d1hydrod101s,

were part1cular1y enhanced by pretreatment w1th Fe
2
0

3
•

Hydroperox1de-dependent

character1zed 1n several

epox1dat10n of the 7.8-d101 has been

other systems. such as m1crosoma1 11p1d

-perox1dat1on (D1x and Marnett, 1983). hemat1n catalyzed decomposH10n of

fatty ac1d hydroepox1des (D1x et al., 1985) and. l'poxygenase catalyzed

epox1dat10n (Hughes et a1 •• 1989).

The tox1f1cat1on of benzo[a]pyrene by hydroxymethy1at1on ca.ta1yzed by

-hydroxymethy1 synthetase- has also been suggested.' but the presence of th1s

pathway has not been conf1rmed (Rogan et a1., 1980).

Both y-rad1at10n and UV-11ght convert- benzo[a]pyrene to react've

forms. wh1ch b1nd covalently to macromolecules and are mutagen1c, but the

s1gn1f1cance of these mechan1sms 1n mammalIan spec1es 1s not known (Pe1konen

and Nebert. 1982). Metabo1Hes could also d1sturb DNA structure wHhout

b1nd1ng covalently by s11pp1ng 1n between the planes of the he11x

(1nterca1at1on). PAH tetraols have been shown to do th1s .1n. vHro

(Geac1ntov et a1 •• 1980).

Comparathe Metabol1 sm. One factor that affects the de11cate balance

of tox1f1cat10n/detox1f\cat\on 1s the t1ssue site that catalyzes the

formation of chem1ca11y react he metabo1 Hes. The degree of 1nduct10n or

inhibition of enzyme. systems by exogenous chem1ca1s 15 known to vary for
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specH1c organs; for example, l1ver 15 generally more 1nduc1ble than 1s

lung. The stabllHy of react1ve metabo1Hes 1s also an1mportant factor.

If the b1010g1c ha1f-11fe 1s suff1c1ent1y long, the metabo11te may be

transported to other t1ssues for act10n or further metabo11sm. Several

reacUve metabo1Hes \n one t\ssue may compete for sHes. DHferences 1n

s\te of adm\n\strat\on w\ll also affect metabo1\sm.

Freudenthal et al. (1978) exam1ned the metabol15m of benzo[a]pyrene by

lung m\crosomes \solated from humans, rhesus monkeys and Sprague-Dawley

rats. Human samples were normal lung t15sues of sUbjects wHh pulmonary

tumors. The metabo11tes of 14C-benzo[a]pyrene were analyzed by HPLC.

Large \nd1v\dual var\atlon \n amounts of metabolHes produced among monkey

and human samples were seen, probably due to the genet\c heterogen\cHy of

the test subjects. Human sUbjects also had a w\de range of age, were of

both sexes and had d15s1mllar env\ronmental contacts. QualHat1ve dHfer­

ences between the types of metabol\tes produced by humans as compared w\th

those produced by. the other an\mal spec\es were less dramat\c. Th15 study

demonstrated that the val\d\ty of compar1son across spec\es may not be

comprom\sed \f caut\on 1s pa1d to the cons\derat\ons of age, gender,

exposure to 1nduc\ng agents and other factors (U.S. EPA, 1980d).

That spec\es dHferences \n metabol15m must be cons\dered 1n carc1no­

gen1c potency, however, 1s demonstrated for chrysene by the work of Weston

et a1. (1985). They used short-term cultures of rat sk1n (1n wh1ch chrysene

1s not a strong carc1nogen), mouse sk1n (1n wh1ch chrysene does cause a

carc1nogen1c response) and human sk1n. For each sk1n type a major pathway

1ead1ng to DNA adduct format 10n 1nvo1ved formaUon of chrysene bay-reg1on
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d101-epox1des (chrysene-l,2-d101-3,4-epox1de). Mouse sk1n, however,

released larger quantHHes of free d1hydrod101s to the med1um than eHher

rats or humans. Moreover, there was greater chrysene adduct formaUon 1n

mouse sk1n.

Excret10n

Hepatob111ary excreUon and e11m1naUon 1n the feces 15 the pr1nc1pal

route by wh1ch metabolHes of PAHs are excreted. Early work by Peacock

(1936), Chalmers (1940), and Chalmers and K1rby (1940) estab11shed that the

fluorescent mater1a1 appear1ng 1n the b11e of rabb1ts, gu1nea p1gs, rats and

fowl fo110w1ng 1ntravenou~ 1nJecUon of eHher coll01dal benz6[a]pyrene or

coll01dal anthracene was not the adm1n1stered hydrocarbon but a ~er1vat1ve.

Excret10n 1n the b11e was well estab11shed w1th1n15 m1nutes of 1nJect10n,

and only a small amount of fluorescence appeared 1n the ur1ne of rabb1ts and

rats. Almost none of the excreted mater1al was unchange~ benzo[a]pyrene.

Chalmers and K1rby (1940) and Berenb1um and Schoental (1942) found that only

1% of a subcutaneous dose of 60 mg benzo[a]pyrene was e11m1nated unchanged

1n the feces of rats or m1ce. Kot1n et al. (1959) conf1rmed th1S fracUon,

and noted 1n add1t10n that all e11m1nat10n of unchanged benzo[a]pyrene

occurred w1th1n the f1rst 10-15 m1nutes fol10w1ng an 1ntravenous dose.

Metabo11sm 15 the rate-determ1n1ng step for excret10n 1nto the blle.

Induct10n of metabo11sm w1th 3-methy1cholanthrene enhanced the rate and

extent of excret'on of metabo11tes of benzo[a]pyrene 'n rat b'le (Iqbal et

al., 1979). Pre-treatment of rats w,th e,ther 3-methy1cholanthrene or

benzo[a]pyrene 1tself also 'ncreased the rate of excret'on 1nto the b'le of

metabolHes of subsequently adm1n1stered benzo[a]pyrene. There was,
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however. no such pretreatment effect on excret'on when the metabol'tes

themselves were g1ven 1ntravenously. demonstrat1ng that the effect of the

1nducers 1s on lIietabolHe format10n and not on metabolHe transfer to bl1e

(Sch1ede et al .• 1970).

Enterohepat1c c1rculat10n of metabo11tes occurs. and a port10n of

ur1nary excret10n of metabo11tes can be attr1buted to th1s source. Kot1n et

al.. (1959) observed that 1n rats wHh b111ary Ostu1as. ur1nary excret10n of

benzo[a]pyrene metabo1Hes was reduced from 7-14" to' 2-4" of the dose. The

ex1stence of an enterohepat1c c1rcu1at10n suggested by th1s observat10n was

conf1rmed by Ch1pman et al. (1982). who collected b111ary metabo1Hes of

benzo[a]pyrene and 1ntroduced them 1nto the duodena of b11e-cannulated rats.

fo110w1ng wh1ch the metabo11tes appeared 1n both b11e and ur1ne.

A very small fract10n 15 excreted 1n pancreat1c ju1ce. Iqbal et a1.

(1979) observed that dur1ng the 1n1t1a1 2-hour per10d fo1low1ng 1ntravenous

adm1n1strat10n of benzo[a]pyrene to rats. 0.03" of the dose was excreted 1n

pancreat1c ju1ce whlle 39" was excreted 1n the bl1e. In v1ew of the low.-metabo11c potent1a1 of pancreat1c m1crosomes In v1tro. the authors suggested

that metabo1Hes of benzo[a]pyrene 1n the pancreas may have or1g1nated 1n

the 11ver and been transferred to the pancreas by the system1c c1rcu1at10n.

System1ca11y absorbed benzo[a]pyrene or 1ts metabo11tes (He1de1berger

and We1ss. 1951; Kot1n et a1., 1959; Sanders et a1 .• 1984) and system1ca1ly

absorbed 7.12-d1methy1benzanthracene or Hs metabo1Hes are also not

e11m1nated 1n exp1red a1r (lo, 1964; Sanders et a1., 1984).

.J
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The fract10ns of 1cC-benzo[a]pyrene and 1cC-7,l2-d1methylbenzanthra­

cene-assoc1ated rad101abel excreted by rats tn ur1ne and blle have been

quant1tated. Thtrty-etght percent of an tntravenous dose of benzo[a]pyrene

of unspec1fted stze was excreted 1n b11e by 2 hours; ur1ne was not mon1tored

1n th1s study (Iqbal et al., 1~79). Koltn et al. (1959) found 39% of

tntravenous doses ~134 ",g tn the btle at 3 hours, and as much as 96% 1n

the b11e by 14 hours. In rats w1th btltary ftstulas, a max1mum of only 3-4%

of radtoact1vtty was recovered tn the ur1ne after a 24-hour pertod. Intact

rats had a ur1nary excret10n of 7-14% of the adm1n1·stered dose, suggesltng

that enterohepattc c1rculat10n serves as a secondary source of radtoact1v1ty

that 15 excreted 1n the ur1ne". The amount 1n the btle was not ·proport10nal

to dose at doses of ~150 ",g; only 32% of a 400 ",g dose was recovered tn

the blle at 24 hours. Th1s amount (0.32x400 ",g = 128 ",g) 1s equal to

that found 1n the btle 14 hours after the 134 ",g dose (0.96x134 ",g = 129

",g), tllustrat1ng the 1tmtted capacHy of the rat to metaboltze

benzo[a]pyrene.

Lo (1964) adm1ntstered 3 mg doses of 1cC-7.12-dtmethylbenzanthracene

tntravenously to three rats. and reported that 10-16% of the rad101abe1 had

been recovered tn the urtne and 18-44% 1n the feces by 17 days. Sanders et

al. (1984) found 38% of recovered rad101abe1 from an tntravenous dose of

1.04 ",g tn rat feces by 7 days, and 26% 1n urtne. These observattons

tndtcate that the urtne 1s a more tmportant route of excretton for metabo­

11tes of 7.12-dtmethy1benzanthracene than for metabo1ttes of benzo[a]pyrene.

Addtttonal data on re1attve utt11zat1on of urtne and feces as routes of

excret10n are summartzed tn the fo11ow1ng Dermal Sectton.
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Oral. Because most of an absorbed oral dose of a PAH reaches the

l1ver d1rectly v1a the portal c1rculat1on before reaching the system1c

c1rculat1on, hepat1c metabo11sm and b1l1ary excret10n may determ1ne th~

relat10nsh1p between adm1n1stered dose and system1c dose. It 1s to be

expected that at reasonable doses.a greater fract10n of an oral dose than of

an 1ntravenous dose would be excreted 1n the feces. In fact, low doses of

orally adm1n1stered PAHs could, 1n pr1nc1ple, be fully metabol1zed and

·excreted 1n the blle without reach1ng the system1c c1rculat10n at all.

Twenty-four hours after adm1n1strat1on of 50 ~g 'pyrene to rats, 24 ~g

was found 1n the GI tract and none 1n the liver, k1dney, lung or trachea

(M1tchell and Tu, 1979). However, controlled stud1es of e11m1nat10n

follow1ng oral doses of PAHs have generally ut1l1zed large amouAts of the

hydrocarbons, so that substant1al fract10ns are not metabol1zed 1n the f1rst

pass. Interpretat10n of b1l1ary excret10n data follow1ng an oral dose 1s

further comp11cated by enterohepat1c c1rculat10n.

Rahman et al. (1986) adm1n1stered f1ve rad101abeled PAHs 1nclud1ng

benzo[a]pyrene and 7,l2-d1methylbenzanthracene 1n 1.0 mg doses to rats

1ntraduodenally, and cumulative excret10n of rad10label 1n b11e and ur1ne

after 24 hours was measured and expressed as a fract10n of adm1n1stered

rad10label. For benzo[a]pyrene these f1gures were 6% for ur1ne and 25% for

blle, for 7,12-d1methylbenzanthracene they were 3% for ur1ne and 25% for

blle. These data for benzo[a]pyrene are cons1stent wHh the correspond1ng

values obta1ned follow1ng 1ntravenous adm1n1strat10n of h1gh doses (see

preced1ng d1scuss10n), suggest1ng that hepat1c capacHy to metabol1ze the

absorbed PAHs on the f1rst pass had been greatly exceeded.
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Modica et al. (1983) gave emuls10ns of benz[a]anthracene. chrysene and

tr1phenylene to rats by stomach tube. Seventy-two hours .later. cumulat he

fecal e11m1nat1on was 6% of the benzanthracene dose of 22.8 mg. 3% of the

tr1phenylene dose of 22.8 mg. 38% of the chrysene dose of 22.8 mg. and 41%

of the chrysene dose of 11.4 IIIg, 1nd1cat1ng that even these relat1vely

mass1ve doses are absorbed surpr1s1ngly well.

E1se1e (1985) exam1ned the uptake and d1str1but1on of tracer levels of

HC-naphthalene 1n la.Y'ng pullets, sw1ne and da1ry" cattle. Each group of

an1mals rece1ved e1ther a s1ng1e oral dose or da11y oral doses of naphtha­

lene for 31 days. The d1str1but10n of naphthalene and/or 1ts metabo11tes 1n

var10us t1ssues was measured 24 hours after the last dose. Cons1derable

spec1es dHferences 1n the dhtr1but10n of naphthalene and/or its metabo,:",

lites were observed. However, 1n each of the exposed an1mals naphthalene

and/or its metabolites reached the system1c system and d1-str1buted to all

t1ssues exam1ned.

inhalat10n. E11m1nat10n of an 1nhaled dose of a PAH follows its lung

clea~ance pattern, that 1s, the fract10n that 1s system1cally absorbed from

the lung 1s excreted 1n b1le and ur1ne, wh1le the fract10n that 1s cleared

from the lung by mucoc1l1ary act10n and swallowed 1s subject to GI absorp­

t10n. In th1s case, however, the amounts reach1ng the duodenum may be too

low to approach the capac ity of the liver to metabolize them on the f 1r st

pass. In support of th1s supposit10n, Pylev et al. (1969) observed that

excret10n of rad10label 1n feces and ur1ne of hamsters given 1ntratracheal

1nst111at10ns of aH-benzo[a]pyrene alone, or aH-benzo[a]pyrene-coated

carbon or asbestos part1cles, followed the same general t1me course as loss
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from the lung. and that for a perlod of 3b days ellmlnaUon v'a ur'ne

rema'ned at -80% of that 'n feces.

The most deta1led and prec\se stud1es 1n wh'ch excret10n was measured

fo110w1ng 1nha1at10n exposure are those from the Inha1at10n Toxlco10gy

Research Inst'tute, 1n wh1ch rats were exposed by 1nha1at10n to pure

3H-benzo[a]pyrene aerosols and to IH-ben·zo[a]pyrene adsorbed on ga11'um

ox'de part1c1es. and excret'on of rad101abe1 was followed for Ume per'ods

~16 days. Us'ng pure aerosols of IH-benzo[a]pyrene (500 ~g/l) w1th a

mass med1an d1ameter of 1-2 .,m. MHche11 (1982) observed that rad101abe1

was excreted both 1n the feces and 'n the ur1ne. w1th rad10act1v1ty 1n the

feces -10 t'mes that 1n the ur1ne dur1ng the f1rst 24 hours afte~ exposure.

Subsequently (Sun et aL. 1983). th1s exper1ment was repeated wHh a lower

concentraUon of IH-benzo[a]pyrene. 600 ng/t. and was extended by

exposures to ga111um ox1de part 1c1es coated wHh IH-benzo[a]pyrene. Both

aerosols had the same mass med1an d1ameter. -0.1 ~m as 1n the prev10us

study. The pure aerosol was. as before. e11m1nated 1n ur1ne and feces. w1th

the total amount of rad101abe1 e11m1nated 1n feces through the s1xteenth day

after exposure about 6 t1mes the amount e11m1nated 1n the ur1ne. S1nce the

aerosol concentrat 10n 1n th\s study was 1/800 that used 1n the prev10us

study. H must be concluded that the e11m1naUon pattern 1s 1ndependent of

aerosol concentrat10n at least up to -500 ~g/t. That 1s, these aerosol

concentrat 10ns do not stress hepatob1l 1ary metabol15m and excret 10n mecha­

n1sms. Based on a compar1son w1th the work of Kot1n et a1. (1959). th1s 1s

a reasonable conc1us10n. Kot1n et aL (1959) found that oral doses ~134

~g/rat d1d not exceed the max1mum metabo11c capac1ty of the an1ma1s.
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When benzo[a]pyrene adsorbed to gal11um ox1de part1cles (3500 ng/l)

was 1nhaled, the total amount of rad10label e11m1nated 1nthe feces through

the s1xteenth day follow1ng exposure was -12 t1mes the amount e11m1nated 1n

ur1ne, demonstrat1ng the sh1ft 1n excret10n pattern caused by the presence

of the part1cles.

When benzo[a]pyrene was presented to ~ats as an aerosol coated on d1esel

exhaust part1c1es (Sun et a1., 1984), the amount excreted 1n feces by the

twenty-s1xth day fo110w1ng exposure was -5 t1mes the amount excreted 1n the

ur1ne.

Dermal. S1nce only an 1ns1gn1f1cant amount of r-ad101abe1 'appears 1n

the GI tract as a result of groom1ng by rats whose back sk1n was pa1nted

wHh PAHs (MUche11 and Tu, 1979; Sanders et a1., 1984), the cumu1athe

fract 10ns of an absorbed cutaneous dose e11m1nated 1n ur1ne and 1n feces

should be comparable wHh the cumu1at1ve fract10ns found after 1ntravenous

adm1n1strat10n. Excret10n of rad101abe1 from 14C-benzo[a]pyrene,

14C-7,12-d1methy1benzanthracene and HC-anthracene, absorbed
•percutaneously, has been exam1ned. The results are s1ml1ar to the results

of the 1ntravenous stud1es d1scussed above.

Th1rty-fhe percent of the rad101abe1 assoc1ated wHh a cutaneous dose

of 12.5 ~g 14C-benzo[a]pyrenelcm2 (22.5 ~g total dose) was found 1n

the feces at 24 hours and 80% at 7 days, w1th -10% 1n the ur1ne at 7 days,

by wh1ch t1me nearly all the benzo[a]pyrene had been absorbed (Sanders et

a1., 1984). 7,12-d1methy1benzanthracene metabo11tes were excreted to a

greater extent 1n the ur1ne than benzo[a]pyrene metabo11tes. After 7 days,

04400 II I -41 05123/91



30% of the rad101abe1 assoc1ated w1th a cutaneous dose of 5.4 ~g

HC-7.12-d1methy1benzanthracenelcm2 (1.1 lAg total dose) was recovered

1n the ur1ne and only 62% 1n the feces (Sanders et a1 .• 1984). Yang et a~.

(1986) found that of the 52% of the. absorbed rad101abe1 from a cutaneous

dose of 9.3 lAg 14C-anthracenelcm2 • 29% had been excreted 1n the ur1ne

and 21% 1n the feces after 6 days.

Interestingly. these fract10ns appear to be dose-dependent. Increas1ng

the benzo[a]pyrene dose from 1.25 to 12.5 to 125 lA9/cm3 resulted 1n a

shift 1n the excretion pattern at 24 hours ln favor of the feces. In

contrast. lncreas1ng the 7.12-dlmethylbenzanthracene dose from 5.4 to 56 to
.

515 lI9/cm2 decreased the fractlon of the dose excreted 1n both feces and

ur1ne. although fecal excret10n was less markedly affected than ur1nary

excretion (Sanders et al .• 1984). These shifts were greater than could be

accounted for by the reductlon ln percentage absorbed at {he hlgher doses.

encouraglng the speculation that differential capacHy limHatlons of the

enzyme systems responslble for the formatlon of dlfferent metabo1ltes mlght

result 1n a relatlve decrease 1n product10n at hlgh doses of metabo1ltes for

whlch the urlne 1s the favored route of excret1on.

SUlIIIIary

The PAHs are a l1poph111c class of xenob1ot1cs that are readl1y absorbed

across cellular membranes. Major routes of env1ronmental exposure to PAHs

are the follow1ng: the GI tract by contam1nated food or water; the lungs by

1nhalat10n of aerosols or by hydrocarbon-adsorbed part1cles; and the sk1n by

d1rect contact. Once absorbed. the PAHs are rap1dly and w1dely

d1str1buted. The d1ffer1ng ava11ab1l1ty of the PAHs may depend on the
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chem1ca1 form 1n wh1ch exposure occurs (for example, hydroph111c or

11pophi11c solut1on) , vary1ng intest1na1 absorpt1on, metabo11c

transformation or removal rates. PAHs can be observed in most internal

organs from m1nutes to hours after administrat10n by various routes.

Adipose and manmary tissues are s.ign1f1cant d15tribution sHes in which PAHs

may be stored and slowly released.

PAH metabolism 15 affected by the route of admin15trat1on. PAHs

adm1n15tered through the lungs or through i.p. or ·i.v. 1njection may avo1d

f1rst pass metabolism in the liver. The blood will distribute the PAHs 1nto ·1

peripheral tissues. Th15 distribut10n w111 rapidly result in the

.estab1ishment of a steady-state concentration between the 'blood and

well-perfused tissues. Adipose tissues, however, will exchange t~e

deposited PAHs more slowly and will accumulate and slowly release PAHs. On

the other hand, oral administration of PAHs results in metabol1511l by the

liver before systematic distribution can occur via the bloodstream;

consequently, PAH metabo1Hes will appear in the bloodstream several hours

after administration .
.-

PAHs can be metabolized by enzyme-mediated oxidative mechanisms to form

reactive electrophiles. The cytochrome P-450 dependent microsomal mixed

function oxidase (MFO) system (aryl hydrocarbon hydrolase) 15 inducible by

PAH exposure. These enzymes are found 1n many mammalian tissues; MFO

enzymes of the liver are the best studied and have been found to be the most

abundant. Siml1ar types of metabolites are produced by mammalian tissues;

however, theproport1ons of the phenols, diols and epoxides produced may

differ among the various tissues. The mechanism of the d1olepoxide
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metabo11c pathway for PAH tox1f1cat1on and the bay-reg1on hypothes's are

accepted. React1ve epox1des, formed by MFO med1ated PAH metabo11sm, have

the abll1ty to 1nteract wHh and thereby alter DNA, .RNA and prote1ns. P.AH

metabol1tes are most conmonly conjugated wHh glucuron1c ac1d, glutath10ne

or sulfate. They are excreted by the GI tract after hepatob1l1ary excret10n

or the swa1low1ng of mucus mater1a1 cleared from the resp1ratory tract.

Nonenzymat1c mechan1sms of b101og1c PAH a1terat1on also occur.
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IV. HUMAN EXPOSURE

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

The general and specHic health effects associated with PAH 'ngestion,

and to a lesser degree, inhalat ion, peri toneal and dermal exposures, are

examined in this chapter. Much ,of the research on the health effects of

selected PAHs has focused on their potential as sk'n carcinogens, genotoxic

agents and on their inhalation effects (IARC, 1983). Stud'es of Individual

PAHs administered by the oral route are generallY lacking.

Acute Oral Toxicity

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

(1969) reported that acenaphthy1ene administration "to the stomach" resulted

in an LO SO of 3 g/kg for rats and 2.2 g/kg for mite;

Anthracene. The abstract of a Russian stUdy indic~ted that single

oral doses of 1.47 or 2.44 g/kg of commercial grade anthracene or 17 g/kg of

pure anthracene were not lethal to mice (Nagornyl, 1969). Toxic effects

reportedly included fatlgabl1lty; adynamia; histologic hyperemia in the

kidney. liver. heart and lungs; "lipid dystrophy" ln the liver; and leuko­

cytosls wlth neutrophl1la.

Systemlcally admlnlstered anthracene (50 mg/ml corn 011 by gavage)

followed by UV lrradiation of the sk'n for 1 hour, 2 hours after dosing,

produced keratitis of the exposed sk'n 'n mice (Dayhaw-Barker et a~.,

1985). Thl s effect reportedly was less pronounced in mlce exposed to UV

11ght only and was not evldent ln vehlcle controls.
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Da11y 1ntragastr1c adm1n1strat1on to f1ve male W1star rats of 100 mg/kg

anthracene 1n 011ve 011 for 4 days produced a nons1gn1f1cant (3-fo1d)

\ncrease 1n mean 11ver cytoso11c aldehyde dehydrogenase act1v1ty ~Torronen

et a1., 1981). Ne\ther treatment-related effects on aldehyde dehydrogenase

act1v1ty 1n the liver m1crosomes or' postm1tochondr1a1 fract10ns of small

1ntest1na1 mucosa nor effects on 11ver/body we1ght rat10s were observed.

Benz[aJanthracene. Pert1nent data regard1ng the acute oral tox1c1ty

of benz[a]anthracene could not be located 1n the avatlable 11terature.

Benio[aJpyrene. Pert\nent data regard1ng the acute oral' tox1c1ty of

benzo[a]pyrene could not be located 1n the ava11able 11terature.

Benzo[bJf1uoranthene. Pert1nent data regard1ng the acute oral

tox1c1ty of benzo[b]fluoranthene could not be located 1n the ava1lab1e

11terature.

Benzo[kJf1uoranthene. Pert1nent data regard1ng the acute oral

toxlc1ty of benzo[k]f1uoranthene could not be located 1n the ava1lab1e

l1terature.

Benzo[q,h,11perYlene. Pert1nent data regard1ng the acute oral

tox1c1ty of benzo[g,h,1]pery1ene could not be located 1n the ava11ab1e

l1terature.

Chrysene. Pert1nent data regard1ng the acute oral tox1c1ty of

chrysene could not be located \n the ava1lab1e l1terature.
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01berrzfa.hJanthracene. Pert1nent data regard1ng the acute oral

tox1city of d1benz[a.h]anthracene could not be located 1n the ava11able

literature.

Fluoranthene. The oral LO SO for male Carworth-W1star rats exposed

tof1uoranthene is -2000 mg/kg (Smyth et a1., 1962).

Fluorene. K1zer et a1. (1985), 1n an effort to 1dent1fy enzyme

changes as early 1nd1cators of hepatocarc1nogenes1s, exam1ned the effect of

several xenob10t1cs, 1nc1ud1ng fluorene, on both the act1v1ty and amount of

hepat1c- m1crosoma1 epox1de- hydrolase. As part of th1s study, 'ma1e Holtzman

rats were fed a d1et conta1n1ng 0.06% (10.5 mg/kg/day) fluorene tor 3 weeks.

No hepatotox1c1ty, as measured by SGOT activ1ty, was observed. Furthermore,

fluorene exposure fa11~d to result 1n an apprec1ab1e e1evat10n of the

act1vity of m1crosoma1 epox1de hydrolase. However, a 4-fo1d 1ncrease over

controls of epox1de hydrolase ant1gen was detected by 1nrnunoassaY. After

compar1ng the act1vity and amount of hepat1c m1crosoma1 epox1de hydrolase

1nduced by feed1ng the var10us xenob10t1cs w1th the1r reported carc1nogen1c

. poten-t"t81, the authors concluded that 1nduct10n of m1crosomal epox1de

hydrolase 1s not a -key change- 1ead1ng to ma11gnancy.

Indeno[l.2.3-cdlpxrene. Pertlnent data regard1ng the acute oral

tox1city of lndeno[1,2,3-cd]pyrene could not be located 1n the avallab1e

literature.

Naphthalene. The LDSO for oral exposure to naphthalene has been

determ1ned for several specles. The L050 values for naphthalene d1ss01ved

.,
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1n peanut 011 for male and female Sherman rats were 2200 and 2400 mg/kg.

respect1ve1y (Ga1nes. 1969). In two other stud1es. the LD
SO

values for

rats were 1780· (Tox1co10gy Data Bank. n.d.) and 9430 mg/kg (U.S. EPA.

1980c); the stra1n and sex of the an1ma1s was not spec1f1ed. For male and

female CD-1 m1ce. the acute ora] LD
SO

values of naphthalene 1n corn 011

were 533 and 710 mg/kg. respect1ve1y (Shopp et al.. 1984). In a recent

study (unpub11shed) conducted by Mallory. et al. (198Sa). the acute LD
SO

values of naphthalene 1n corn 011 for male and female Sprague-Dawley rats

were reported to be 2009 and 3310 mg/kg. respecf1ve1y. An LO
SO

of 353

mg/kg was determ1ned for CO-1 m1ce 1n a study 1n wh1ch Plasterer et al.

(1985) treated m1ce at doses rang1ng from 125-2000 mg/kg/day for 8 days.

Although cataract format10n 1n rats follow1ng oral adm1n1strat10n of

naphthalene has been known for many years (FHzhugh and Buschke. 1949).

recent stud1es have shown that ocular changes can result from a s1ng1e dose

of naphthalene. van Heyn1ngen and P1r1e (1967) found that lens changes

developed 1n the eyes of rabb1ts after a s1ng1e gavage dose of 1000 mg/kg.

In CO-1 m1ce. oral doses of ~400 mg/kg for males and ~600 mg/kg for females

resulted 1n ptos1s w1th clear. red secret10ns around the eyes w1th1n 1 hour

of dos1ng (Shopp et a1 •• 1984).

Ikemoto and Iwata (1978) reported that oral adm1n1strat10n of naphtha­

lene (1 g/kg) to male and female a1b1no rabbHs for 2 consecuthe days

resulted 1n cataract format10n. Occurrence of cataracts was accompan1ed by

a decrease 1n sufhydry1 content 1n both soluble and 1nso1ub1e lens prote1n.
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Rao and Pandya (1981) orally adm1nhtered male BHD and AR alb\no rats

1000 mg/kg naphthalene each day for 10 days. S1gnH1cant1ncreases \n the

re1athe 1her we1ght (p<O.Ol). and \n l\ver an\l\ne hydroxylase acUvHy

and l\p\d perox\dat\on (p<O.OOl) were observed \n the treated an\mals. A

moderate (nons\gnH\cant) \ncrease \n l\p\d perox\daUon was also observed

\n the eyes. No treatment-related changes \n sulfhydryl content or a1ka11ne

phosphatase act\v\ty were observed \n the l\ver. k\dneys or eyes.

Yamauch\ et al. (1986) reported that a s1ng1e oral dose of naptha1ene

(1000 mg/kg) to male W1star rats resulted \n a s1gn1f1cant \ncrease \n serum

11p1d perox1de levels (p<0.05) beg\nn\ng on the 4th day after adm1n\strat10n

and conUnu1ng through the 20-day observat\on per\od. Th1s \n(rease was

paralleled by a s1gn1f\cant (p<0.05) decrease 1n GSH content 1n the lens of

the exposed an1ma1s. Zue1zer and Apt (1949) reported a hemo1yUc effect

when naphthalene was adm\n\stered to dogs \n the\r d\ets.

Phenanthrene. Pert1nent data regard\ng the acute oral tox\c1ty of

phenanthrene could not be located \n the ava\lab1e l\terature.

Pyrene. PerUnent data regard1ng the acute oral tox1cHy of pyrene

could not be located \n the ava\lab1e 11terature.

Acute Tox1c1ty By Other Routes

AcenaDhthY1ene. In a study pub11shed 1n Russ1an (Rotenberg and

MashbHs. 1965). acenaphthylene was adm\n1stered to whUe rats 1ntratra­

cheally 1n a sunflower 011 solut1on or by blow\ng acenaphthylene powder 1nto

the trachea. The dos1ng schedule used was not prov1ded. The pulmonary

tracts of an1ma1s sacr1f1ced 1 month after the exper1ment began showed s1gns
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of tracheobronch1t1sand hyperem1a. edema and necros1s of the ep1thel1um 1n

the trachea and bronch1 w1th the format1on of ulcers. No further deta11s of

th1s study were ava11able.

In a corn 011 gavage stUdy acenaphthylene was adm'n1stered dally to 10

CO-l m1ce/sex/group at O. 125. 250. 500. 150 and 1000 mg/kg/day. In the

1000 mg/kg/day group the mean body we1ghts were s19n1f1cant ly reduced 'n

both sexes at the end of the f1rst week. Dose-related cl'n'cal symptomology

was noted 'n groups -rece1v'ng 500. 150 and 1000 nig/kg/day; these symptoms

'nc1uded langu1d behav'or, prostrat'on. decrease 'n body temperature (cold

to touch) and tox1c effects to the eyes. These eye effects 'nc1uded

enlargement. dry'ng out and eventual crust1ng over. In the 1000 mg/kg/day

group eyes were adversely affected 1n 40% of the males and 50% of tbe

females. The surv1va1 rate 1n the 150 mg/kg/day group was 90% among the

males and 80% among the females; 'n the 1000 mg/kg/day group surv1val was

s'gn1f'cantly reduced 1n both sexes at 40%. Gross pathology from the 750

and 1000 mg/kg/day groups 1nd1cated that the 11ver. stomach. eyes and

sUbcutane.o~s tissues were affected by the treatment (Hazelton laborator1es

Amer1ca Inc., 1989a).

Anthracene. M1ce treated 1.p. with anthracene were found to have an

l050 of >430 mg/kg bw (Salamone. 1981). In a study by Gerarde (1960).

m1ce were g1ven 1.p. 1nject10ns of 500 mg/kg bw/day for 1 days. Of the 10

m1ce treated, 9 surv1ved. The 10
50

(sk1n 1rr1tant dose) for the mouse was

found to be 6.6x10-· mmo1/ear (Brune et a1 •• 1918).

In a corn 011 gavage study anthracene was adm1n1stered da11y for 14 days

to 10 CO-1 m1ce/sex/group at 0, 125, 250. 500. 150 and 1000 mg/kg/day. No
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treatment-related d1fferences were observed between the groups 1n body

we1ght ga1n, morta11ty and gross patho10g1c exam1nat10n (Hazelton

Laborator1es Amer1ca, Inc., 1989b).

Benz[a]anthracene. Pertinent data regarding the acute nonora1 tox1c­

ity of benz[a]anthracene could not be located 1n the available literature.

Benzofalpyrene. The mouse LoSO (1.p.) for benzo[a]pyrene is -250

mg/kg (Salamone, 1981). The 1050 for skin irritat 'on tn m1ce 1s

S.6xlO-~ mmol/ear (Brune et al., 1978) .

A single l.p. dose of 10 mg benzo[a]pyrene produced a reduction 1n the

growth rate of immature rats (Haddow et al., 1937). Hellman et al. (1984)

studied the acute toxicity of lnjections of benzo[a]pyrene ln CS781 male

mice. Groups of 7-10 anlmals were injected i.p. wlth 1.12xlO-4 mol/kg

benzo[a]pyrene ln corn oil. Two hours before sacrifice anlmals were lnject­

ed with IH-thymldlne to determine the rate of DNA turnover. A s19n1flcant

decrease (40%) 'n IH-thymldlne incorporation into the thymus, spleen,

small intestlne and test's occurred 48 hours afte~ benzo[a]pyrene treatment,

whlch was indlcatlve of decreased DNA synthesls ln those organs. There was

a stlmulatory effect on thymidine incorporatlon ln the llver 48 hours after

the lnject10n of benzo[a]pyrene.

Rob1nson et al. (1975) showed that -responsive- mice (those capable of

producing increased levels of cytochrome P-4S0 med1ated enzymes as a conse­

quence of PAH exposure) had reduced survival time followlng a slngle l.p.

dose of 500 mg/kg bw benzo[a]pyrene.
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WoJdan1 et al. (1984) reported that target cell k1111ng by lymphocytes

from two mouse stra1ns was decreased follow1ng a s1ngle 1.p. 1nJect10n of 5

or 50 mg benzo[a]pyrene/kg. Th1s study 1s descr1bed 1nthe Target Organ

Tox1c1ty Sect10n.

Subcutaneous 1nJect10ns of benzo[a]pyrene 1n corn 011 at doses of 5, 20

or 40 mg/kg 1n female B6C3Fl m1ce produced a dose-related suppress10n of

ant1body product10n to both T-cell 1ndependent and T-cell dependent ant1gens

(Wh1te and Holsapple, 1984).

Benzo[blf1uoranthene. Pert1nent data regard1ng the acute nonora1

tox1c1ty of benzo[b]f1uoranthene could not be located tn the ava11ab1e

literature.

Benzo[klf1uoranthene. Pert1nent data regard1ng the acute nonoral

tox1c1ty of benzo[k]f1uoranthene could not be located 1n the ava1lable

literature.

Benzo[q,h.1[pery1ene. PerUnent data regard1ng the acute nonora 1

tox1c1ty of benzo[g,h,1]pery1ene could not be located 1n the ava1lable

literature.

Chrysene. The LO SO (1.p.) for chrysene was found to be >320 mg/kg

bw 1n m1ce (S1mmon et aL, 1979). A s1ng1e 1.p. 1n.1ect10n of 7.5 ·mg

chrysene 1n sesame 011 produced no tox1c effects 1n AKR/J or CS7Bl/6J m1ce

dur1ng a 20-day observat10n per10d or upon necropsy.
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Ofbenz[a,hlanthracene. One or two 1ntraperftoneal adm1n1strat10ns of

3-90 mg/kg bw d1benz[a.h]anthracene fn sesame 011 produced a reducUon 1n

the growth rate of young Lfster strafn hooded rats. Th1s pers1sted for at

least 15 weeks {Haddow et a1 .• 1937).

Fluoranthene. The 24-hour LOSO value after dermal exposure to

fluoranthene was found to be 3180 mg/kg fn rabbfts (Smyth et al .• 1962). No

1nformatfon was reported concernfng target organs or specfffc cause of

death. As part of the same study. Smyth et al. (1962) observed no morta1fty

fn sfx male and sfx female albfno rats exposed to concentrated vapors of

f1uoranthene for 8 hours.

Haddow et al. (1937) exam1ned the effect of var10us PAHs. 1ncludfng

f1uoranthene. on body growth \n hooded rats of the L1ster stra1n. A s1ngle

1.p. fnject\on of 10 mg/kg fluoranthene d1ssolved \n sesame 011 had no

adverse effect on body we\ght ga\n over a 24-day observatfon perfod.

Asokan et al. (1986) exam1ned the \nduct10n of cutaneous and hepat1c

monoxygenase act1vafes by fluoranthene. Twenty-four hours after a s1ngle

top\cal applfcat10n of 10 mg/kg fluoranthene to the backs of Sprague-Dawley

rats. s1gnHfcant \ncreases \n aryl hydrocarbon hydroxylase. 7-ethoxyreso­

ruf\n O-deethylase and 1-ethoxycoumar\n O-deethylase act1vafes were

observed 1n the sk1n and 11ver.

Fluorene, Pert1nent data regard1ng the acute nonoral tox\c1ty of

fluorene could not be located 1n the ava\lable 11terature.
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Indenofl,2,3-cdJpyrene. Pert1nent data regard'ng the acute nonoral

tox1city of 1ndeno[l,2,3-cd]pyrene could not be located .1n the available

literature.

Naphthalene. Ir1e et a1. (1973) stud1ed the effects of naphthalene 1n

m1ce (stra1n not specHled) fo11ow1ng s1ng1e subcutaneous 1nJect1ons at

doses of 650-1348 mg/kg. V1 gorous tremors were noted 1n the m1 ce for 3-4

days follow1ng dos1ng. The LO SO value was calculated to be 969 (891-1053)

mg/kg.

The 24-hour LO SO value of naphthalene 1n Sw1ss-Webster m1ce was 380

·(350-413) mg/kg fo11ow1ng 1.p. 1nJect10n (Warren et a1., 1982; Shtnk et al.,

1980). Those m1ce that d1ed d1d so w1th1n 24 hours; surv1vors were observed

for an add1t10na1 6 days. The target organ was 1dent1f1ed by Warren et a1.

(1982) as the lungs, 1n wh1ch naphthalene caused a dose-dependent ,1ncrease

1n bronch101ar ep1the1la1 necros1s at doses ~200 mg/kg. The pulmonary

damage and letha11ty resu1t1ng from naphthalene adm1n1strat10n were markedly

.1~h1b1.~d by pr10r treatment with p1perony1 butox1de and enhanced by pr10r

treatment w1th d1ethy1 maleate. Th1s supports the v1ew that P-450-dependent

metabo11sm of naphthalene 1s respons1b1e for the observed tox1c1ty and that

glutath10ne plays an 1mportant role 1n the detox1f1cat10n of the 1ung­

damag1ng metabo11te(s).

Reld et al. (1973) gave naptha1ene dissolved 1n sesame 011 to C5781/6J

m1ce by the 1ntraperHonea1 route and found coagu1atlve necros1s of the

bronch101ar and br~nchla1 ep1the11um at a dose of 600 mg/kg. Controls

recetved sesame 011 alone, and no adverse effects were reported for th1 s

group. The s1ze of the treatment groups was not stated.

·1
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Hahv1 et al. (1977) adm1n1stered naphthalene 1n corn on 1ntraperHo­

nea11y to C57B1/6J m1ce. Two groups of 63 m1~e rece1ved corn on alone or

rema1ned untreated. Groups of 21 m1ce each were g1ven 67.4, 128 or 256

mg/kg. Three an1ma1s from each dosage group were sacr1flced at 10 m1nutes,

1 hour. 6 hours. 12 hours. 2~ hours. 48 hours. and 1 days follow1ng

treatment. lung t 1ssue was rapldly fhed and exam1ned by 11ght. scannlng

electron. and transm1sSlon electron mlcroscopy. No changes were noted 1n

el~her control group. H1nor bronch101ar epHhe11a1 changes were noted 1n

the group rece1v1ng 67.4 mg/kg. Hlce tn the h1gher dose groups developed

necros1s of secretory nonc111ated bronch101ar cells and the adjacent

clllated cells. EpHhe11aistructure returned to normal wHh1n 7 days 1n

all cases.

Tong et al. (1982) found h1sto10g1c changes 1n the lungs of C57B1/6J

m1ce treated 1.p. wHh 225 mg/kg naphthalene. One day after doslng, the

Clara cells 1n the term1nal bronch101es were pyknotlc. and hypereos1noph111c

nuc1e1 appeared to be detach1ng from the bronch101ar wall. Three days after

dos 1ng, some surfaces appeared to be completely denuded of Clara cells.

whereas other surfaces appeared to have 1mmature Clara cells scattered

c1rcumferent1a11y. Fhe days after treatment. there was stll1 ev1dence of

lncomp1ete recovery; by 8 days. most of the term1nal bronch101es were

reep1the11a11zed; and by 15 days, mature Clara cells were common, but

recovery was ev1dent1y not complete.

O'Brien et al. (1985) lnvestlgated dHferences 1n naphthalene-1nduced

tox1cHy subsequent to Lp. treatment of male Swiss T.O. mice and male

W1star-derhed rats. In mice doses ~200 mg/kg resulted 1n damage to the
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nonc1l1ated bronch101ar epHhe11al cells, and doses ~400 mg/kg resulted 1n

damage to cells 1n the prox1mal tubules of· the k1dney. Rats were more

resistant to the cytotoxic effects of naphthalene, as doses of naphthalene

as high as 1600 mg/kg caused no detectable pulmonary or renal damage. Th1s

spec1es difference in toxicity ·was reflected by a larger deplet10n of

nonprote1n sulfhydryls in the lung and kidney of the mouse than 1n those

organs in the rat.

It previously had been reported that the 8-hour inhalation LC SO value

for naphthalene was 100 ppm (Union Carbide, 1968). However, Buckp1tt (1985)

suggested that this value may be too low. He est1mated that 1n 8 hours the

body burden would be <30 mg/rat, or -150-200 mg/kg. Th1 s concentrat 10n 1s

less than the oral or 1.p. LO SO values for rats. FaH and Nachreiner

(1985) reported that exposure of male and female W1star rats to 78 ppm

naphthalene for 4 hours resulted 1n no mortalities, nor -any lung, liver,
-

k1dney, or nasal passage abnormalities. In an unpub11shed 1nhalat1on study

with male SW1ss-Wesbster mice, no deaths were noted following nose-only

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

(Buckp1tt, 1985).

van Heyn1ngen and P1r1e (1967) treated one rabbit intravenously w1th 300

mg of a d1hydrod101 metabolite of naphthalene in d1v1ded doses over 3 days

and noted ret1nal les10ns. They also noted lens changes 1n four rabbHs

dosed externally w1th eye drops of the same compound (1% d1ss01ved in water)

over a per10d of 2-5 days for a total of 40-70 mg per rabbit.

Acute ocular irritation was noted 1n 2/6 New Zealand white rabbits

receiving no postdose eye rinse after 24 and 48 hours of exposure to 0.1 mg
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naphthalene (Mallory et al., 1985c). Th1s response 1ncluded s11ght 1rH1s,

moderate redness and sllght swell1ng and d1scharge. Allan1mals appeared

normal by 12 hours postdos1ng. No pos1t1ve response was noted 1n rabbHs

(three) rece\v\ng a postdose r\nse.

No deaths occurred when 2500 mg/kg of naphthalene was appl led to the

sk1n of male and female Sherman rats (Ga1nes, 19(9). The appl1cat1on of

2000 mg naphthalene/kg (d\ssolved \n acetone) to the skin of New Zealand

whHe rabbHs d1d not cause mortalHy; the lOSO was, thus, >2000 mg/kg

(Mallory. et al., 1985b). The.se stud\es suggest thatnaphthalen.e may not be

as read1ly absorbed through the sk\n as \t \s through the \ntest1nal mucosa.

Naphthalene (mo1stened wHh 2 ml of acetone) was found to be sl\ghtly

to moderately \rrHat1ng to the skin of male and female New Zealand. whHe

rabb1ts 30-60 m1nutes postdos\ng (Mallory et al., 1985d). Dermal lrrltat\on

was st111 evldent up to 5 days after test materlal appllcatlon. F\ssur1ng

of the skin was also noted •

.-
Naphthalene (100%) dld not cause delayed hypersensHlvHy 1n Hartley

guinea plgs (Mallory et al., 1985e).

Phenanthrene. The lOSO for m\ ce ( L p.) 1s 700 mg/kg bw (S lnmon et

al., 1979).

Yoshlkawa et al. (1985) lnvestlgated effects of 1.p. exposure to phenan­

threne, pyrene and some of the\r oxldlzed products ln Sprague-Dawley rats.

As part of thls exper\ment, groups of three males each were lnjected wHh

..
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either 3.0 ml/kg saline, 3.0 ml/kg DHSO or 150 mg/kg phenanthrene in

DHSO. An additional set of an'ma1s was similarly treated on a. second

occasion. Blood was obtained at 24 or 12 hours post-treatment by cardtac

puncture and the following measurements taken: aspartate aminotransferase

(AST), alanine aminotransferase, y-g1utamy1 transpeptidase (GGTP), lactic

dehydrogenase, glucose, bilirubin, BUN and creat'nine. Gross observation

was made of organs. Phenanthrene treatment resulted in a significant

elevation of serum AST and GGTP by comparis·on with both controls. GGTP

returned to control levels by 72 hours. Livers of animals killed at either

24 or 72 hours were described as congested with a distinct 10~u1ar pattern.

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

Pyrene. The intraperitoneal LD50 (1) (dose lethal to half the

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

intraperitoneal LD50 (4) (dose lethal to half the animals in 4 days) was

678 mg/kg bw (Salamone, 1981). The growth rate of young (46-48 days old)

Lister rats was not affected by intraperitoneal administration of 10 mg of

pyrene in sesame oil (Haddow et a1., 1937).

Yoshikawa et a1. (1985) admln'stered 150 mg/kg pyrene to male Sprague­

Dawley rats as described in the preced'ng section. Th's resulted in a small

but significant elevation in both serum AST and bilirubin. At both 24 and

72 hours sacrificed rats were observed to have minimal congestion and swell­

ing of Hvers.

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

Sprague-Dawley rats with a single i.p. injection of 150 mg/kg pyrene in DHSO
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and evaluated serum chemistry at 24 and 72 hours for 1nd1cat10ns of

hepatotoxicity. No statistically s1gn1f1cant differences were found for

AST, alanine am1notransferase, sorbitol dehydrogenase, GGTP, 1acta·te

dehydrogenase, glucose, BUN or creatine between control rats rece1v1ng OMSO

and rats adm1n1stered pyrene. Furthermore, no h1stopatho10g1c alterations

were noted 1n an1ma1s necrops1ed 72 hours after treatment w1th pyrene.

Subchron1c and Chronic Oral Toxicity

B10assays for carcinogen1city are reported 1n this sect10n only when

they refer to health endp01nts other than tumor 1ncidence.

Acenaphthylene. Knobloch et al. (1969) reported on the effects asso­

c1ated with 1ngest1on of both acenaphthylene and acenaphthene. One group of

seven rats was g1ven an oral dose of 0.6 g/kg bw of acenaphthylene 1n olive

oil for 40 days. A second group of seven rats was g1ven an oral dose of 2.0

g/kg bw of acenaphthene 1n olive 011 for 32 days. Both PAHs y1e1ded the

follow1ng phys1010g1c effects: ·cons1derable· body weight loss, changes 1n

the peripheral blood pattern, ·changes in renal funct10n, and increased serum

aminotransferase activ1t1es. Add1t10nal effects associated w1th acenaph­

thene only 1ncluded m11d morpholog1c damage to the liver and kidney, lung

changes cons1st1ng of m11d bronchitis, and localized 1nflammat10n of per1­

bronch1al tissue. S1nce the source of th1s 1nformat10n 1s an abstract, more

precise quantificat10n of the health effects is not possible.

In a Russian study (Rotenberg and Mashb1ts, 1965), acenaphthylene 1n 011

was adm1n1stered orally to white m1ce at a dose 1/10 the LOSO [L050.1760

(range of 1100-2800) mg/kg] every other day for 2 months. Treated mice
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showed a s1gnif1cant lag 1n we1ght ga1n as compared wHh controls. H1sto­

patholog1c exam1nat10n of organs showed s1gns of stas1s 1n the parenchyma­

tous organs and album1n01d degenerat10n of the l1ver. The most severe

changes were observed in the lungs, wh1ch showed hemorrhage w1th destruction

of the interalveolar septa and focal bronchial pneumonia. Purulent foc1

were observed in isolated cases, and bronchogenic lung cancer was diagnosed

in one mouse. Further details of this study were not prov1ded.

In a study conducted by Hazelton laboratories America, Inc. (1989C) for

U.S. EPA acenaphthy1ene ~as adm1n1stered to CO-1 m1ce (20/sex/group) by

gavage at dosage levels of 0, 100, 200, or 400 mg/kg/day for at least 90

days. Effects exam1ned 1nc1uded mortality, c1in1ca1 signs, body we1ghts,

food consumption, opthalmology, hematology, c11n1ca1 chemistry, organ

we1ghts, and gross and h1 stopatho10gy. There was no increase in mortality

among males tested; however, the inc1dences of treatment-re1eated deaths 1n

females were 15, 25 and 40" for 10w-, m1d- and h1gh-dose groups, respec­

tively, compared w1th no deaths 1n female controls. No sign1f1cant changes

1n mean body we1ghts, body we1ght ga1ns, or food consumption were found.

Stat1st1ca11y significant (p~0.05) treatment-related hematologic effects

included decreased erythrocyte count 1n all male dose groups and h1gh-dose

females; decreased hemoglobin and hematocr1t in m1d- and high-dose males and

high-dose females; increased platelet counts 1n m1d- and high-dose males;

and increased leucocyte and segmented neutrophil counts in high-dose

females. Treatment-related clinical findings included significantly

increased cholesterol and albumin in high-dose males and all groups of

treated females, and increased total proteIn 1n mid- and high-dose males and

all three female treatment groups. Mean absolute and relative liver we1ghts
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were s1gn1f1cantly 1ncreased 1n all treatment groups of both sexes, accom­

pan1ed by a dose-related 1ncrease 1n gross patholog1c f1nd1ngs, 1nclud1ng

enlarged, dark, mottled, prom1nent ret1cular pattern or pale areas.

An \ncrease \n the \nc\dence 'and severHy of centr\lobular hepatocellu­

lar hypertrophy was seen \n all female treatment groups and 1n h\gh-dose

males. Ind\v\dual cell necros\s was observed 1n h'gh-dose females. No

s\gn\f\cant changes 1n mean absolute or re1at\ve k\dney we1ghts were found,

but gross exam\nat\on revealed a treatment-related 1ncrease 1n the occur­

rence of granular, pHted, rough, mottled, or small appearance. Nephro­

pathy, 1ncreased \nc\dence. and sever\ty of renal tubular d\latat\on, ep\the­

1\a1 hyperp1as\a of the co11ect\ng ducts, sl\ght hyperp1as\a of the trans\­

t\ona1 epHhe1\um 1n the renal pelv\s, and renal tubule m\croconcret\ons

were observed 1n the k\dneys of all treated females. An \ncrease \n the

1nc\dence of renal tubule regenerat\on was seen' 1n h\gh-dose .ma1es. Mean

absolute and re1at\ve ovary we1ght decreases 1n m\d- and h1gh-dose females

were accompan\ed by a sl\ght \ncrease \n \nc\dence and degree of \nact\v\ty,

and fewer and smaller corpora 1utea \n the h\gh-dose group. A small

\ncrease 1n the number of grossly observed ocular opacH\es was observed,

but optha1moscop\c exam\nat\on revealed. no treatment-related ocular 1es\ons.

Based on l\ver and k\dney changes and deaths \n females the LOAEL was deter­

m\ned to be 100 mg/kg/day; no NOAEL could be determ\ned s1nce 100 mg/kg/day

was the lowest dose g1ven.

Anthracene. In a chron1c b10assay for carc1nogen1c effects (Schmahl,

1955), a group of 28 BDI and BDIl I rats received anthracene 1n the d\et,

start\ng when the rats were -100 days old. The da11y dosage was 5-15
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mg/rat. and the exper1ment was term1nated when a total dose of 4.5 g/rat was

ach1eved on the 550th exper1mental day. The rats were observed unUl they

d1ed, w1th some.1\v\ng more than 1000 days. No treatment-related effects on

l\fespan or gross and h\sto10g\c appearance of t1ssues were observed. Bo~y

we\ghts were not ment1oned, and hemato10g\c parameters were not measured.

Nochron\c LOAEL could be determ\ned from th\s study.

In a 90-day subchron\c tox\c\ty study, the U.S. EPA (1989a) adm\n\stered

anthracene to groups of 20 male and female CD-1 .(ICR)BR m\ce by gavage.

Dose levels were 0, 250, 500 and 1000 mg/kg/day. CrHer\a evaluated for

compound-related effects were mortal\ty, c1\n\ca1 s\gns, body ~e\ghts, food

consumpt\on, opthalmology, hematology, c1\n\ca1 chem\stry, orga.n we\ghts,

organ-to-body we1ght rat1os, gross pathology and h\stopathology. No

treatment-related effects were noted; therefore, the NOAH determ1ned from

th\s study \s 1000 mg/kg/day.

Benz[aJanthracene. Pert\nent data regard\ng the subchron\c and

chron\c oral tox\c\ty of benz[a]anthracene could not be located \n the

ava\lable l\terature.

Benzo[aJpyrene. Aplast\c anem\a, and u1t\mate1y death, have been

l\nked to subchron\c oral exposures to benzo[a]pyrene (Rob\nson et al.,

1915). Stra\ns of m1ce used \n the exper\ment had been class\f1ed as e1ther

·respons\ve· or Hnonrespons\ve·, based on the stra\n's suscepUb\1Hy to

1nduct1on of cytochrome P-450 and assoc\ated enzymes by PAHs. Treatment

groups, cons\st\ng of 30 an1ma1s/stra\n, were fed a laboratory d\et ad

l\bHum that had been soaked \n corn 0\1 conta1n\ng benzo[a]pyrene; the
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est1mated oral dose was -120 mg/kg/day. Respons1ve and nonrespons1ve

control groups, each cons1st1ng of 30 anlmals, were fed the same d1et that

had been soaked 1n unadulterated corn 011. In three respons1ve stra1ns

(C57Bl/6, C3H/HeN, BALB/cAnN) fed benzo[a]pyrene, the followlng numbers of

mlce/group dled over a lBO-day perlod: 2/30, 3/30 and 1/30, respecUvely.

Th1s was by compar1son wHh one mouse In the respons1ve straln (C57Bl/6)

control group. Among the nonrespons1ve s"tralns (AKR/N, DBAI2) , all of the

m1ce In the treatment groups dled wHh at least half the deaths occurr1ng

wHhln 15 days. Only two mlce d1ed 1n the nonresponslve (DBAI2) control

group over the same perlod of t1me. The hlgh mortalHy among the treated

nonresponslve m1ce was attr1buted to pancytopenla, wh1ch led to death from

hemorrhag1ng or overwhelm1ng 1nfect1on. The nonrespons1ve benzola]pyrene­

treated m1ce also exper1enced a s1gnHlcant 1ncrease 1n relat1ve 11ver-to.

body we1ght rat1os.

Benzo[blfluoranthene. Pert1nent data regard1ng the subchronlc and

chronlc oral toxlcHy of benzo[b]fluoranthene could not be located 1n the

ava11able 11terature.

Benzo[k]fluoranthene. Pert1nent data regard1ng the subchron1c and

chronlc oral tox1cHy of benzo[k]fluoranthene could not be located 1n the

ava11able 11terature.

Benzo[q,h,11perxlene. Pert1nent data regardlng the subchron1c and

chronlc oral toxlcHy of benzo[g,h,1]perylene could not be located 1n the

ava11able 11terature.
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Chrysene. Pert1nent data regard1ng the subchron1c and chron1c oral

tox1c1ty of chrysene could not be located 1n the ava11able l1terature.

Oibenz£a.hlanthracene. Pert1nent data regard1ng the subchron1c and

chronic oral toxicity of dibenz[a.h]anthracene could not be located 1n the

available literature.

Fluoranthene. The U.S. EPA (1988) evaluated the oral tox1city of

fluoranthene in a subchronic bioassay. For 13 weeks male and female CO-l

mice (20/sex/group) received either O. 125. 250 or 500 mg/kg/day of fluoran­

thene dfssolved \n corn 011. Baseline blood evaluations were determ1ned

during the first week of study from an additional 3.0 animals~sex/group.

Body weights. food consumption and clinical signs of toxicity were monitored

at regular intervals during the experimental period. At the end of the

study period the animals were sacrif1ced, submitted for autopsy. and

hematologic and serum chemistry evaluations were performed.

All treatment groups exh1bited increased sa11vation (never exceed1ng 10%

of the populat1on of any treatment group). There were dose-dependent

1ncreases 1n pigment accumulat10n 1n the liver and m11d nephropathy charac­

terized by the presence of multiple foci of tubular regeneration. A small,

but statist1cally significant (p~O.Ol). 1ncrease in relative liver we1ght

was observed in mice rece1ving 125 mg/kg/day of fluoranthene. Stat1st1cally

s1gn1f1cant (p~0.05) changes 1n mice receiv1ng 250 mg/kg/day 1ncluded

increases 1n SGPT and absolute and relative liver weights. as well as

decreases in packed cell volume and red blood cell numbers (females only)

and albumin/globu11n .ratios. Statist1cally significant (p~0.05) observa-
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t10ns 1n m1ce rece1v1ng 500 mg/kg/day 1ncluded 1ncreases 1n SGPT, serum

globu11n and absolute and relat1ve l1ver we1ghts, as well as decreases 1n

packed cell volume (females only) and a1bum1n/g10bu11n rat10s. S1nce there

was no dose-related 1ncrease 1n c11n1ca1 s1gns (Le., sa11vat10n) and the

changes 1n k1dney and 11ver h1stopatho10gy observed at 125 mg/kg/day were

not cons1dered adverse by the U.S. EPA (1991a), th1s dose level 1s

cons1dered the NOAEL. Based on hemato10g1c alterat10ns, 1ncreased SGPT

levels, and changes 1n k1dney and l1ver h1stopathology 1n an1mals rece1v1ng

250 mg/kg/day, the U...S. EPA (l991a) cons1dered th1s dose level as the LOAEL

Fluorene. W11son et a1. (1947) prov1ded anecdotal reports on gross

and h1sto10g1c appearance of organs of rats exposed to fluorene 1n the d1et

as part of an oncology study. They observed s1gn1f1cant decreases 1n the

rate of growth among a1b1no rats consum1ng 0.5 and 1.0% fluorene 1n the d1et

for 105 days. Furthermore, l1ver we1ghts were 1ncreased 1n r.ats rece1v1ng

~0.25% fluorene, spleen we1ghts were decreased 1n all treated an1ma1s and

testes we1ghts were decreased 1n the h1gh-dose rats. NeHher numbers of

an1mals nor any organ we1ghts were pub11shed .. ~

The U.S. EPA (1989a) conducted a subchron1c tox1c1ty study 1n wh1ch CD-1

m1ce (25/sex/group) were exposed for 13 weeks v1a gavage to 0, 125, 250 or

500 mg/kg/day fluorene suspended 1n corn 011. Parameters used to assess

tox1cHy included food 1ntake, body we1ght, cl1n1ca1 observat10ns, hemato­

logy and serum chem1stry and gross and h1stopatholog1c exam1nat10ns.

Increased sa11vat10n, hypoact1v1ty and ur1ne-wet abdomens 1n males were

observed 1n all treated an1mals. The percentage of m1ce exh1bH 1ng hypo­

act1v1ty was dose-related. In m1ce exposed at 500 mg/kg/day, labored
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respiration, ptosis (drooping eyel1ds) and unkempt appearance were also

observed. A significant decrease in erythroc'yte count and hematocrit was

observed in females treated with 250 mg/kg/day fluorene and 1n males and

females exposed to 500 mg/kg/day. Decreased hemoglobin concentration and

increased total serum bilirubin- levels were also observed in the 500

mg/kg/day group. Decreases 1n erythrocyte count, hematocrit and hemog10b1n

concentration were all observed at 125" mg/kg. These effects, although

apparently dose dependent. were not statist1cally significant at 125 mg/kg

by comparison with controls. A signif1cant decreasing trend 1n BUN and a

significant increas1ng trend in total serum bilirubin were observed for

high-dosed males and females. A dose-related increase in relative l1ver

-weight was observed in treated mice; a s1gnificant increase 1h absolute

liver weight was also observed in the mice treated with ~250 mg/kg/day

fluorene. A significant increase in absolute and relative spleen and kidney

weight was observed in males and females exposed to 500 mg1kg/day and males

at 500 mg/kg/day. respectively. Increases in the absolute and relative

liver and spleen weights 1n the high-dose males and females were accompanied

by in~~ased amounts of hemosiderin 1n the spleen and increased numbers of

Kupffer cells of the liver. No other histopathologic lesions were

observed. Using the data from U.S. EPA (1ge9a). the U.S. EPA (1991a)

ident ified a LOAEL of 250 mg/kg/day for hematologic effects; the

corresponding NOAEL is 125 mg/kg/day.

Indeno[1,2,3-cdlpyrene. Pertinent data regarding the subchronic and

chronic oral toxic'ty of ·'ndeno[1.2.3-cd]pyrene could not be located 'n the

available literature.

·1
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Naphthalene. Shopp et al. (1984) conducted a 14-day and a 90-day

study on groups of male and female CO-1 m1ce adm1n1stered naphthalene 1n

corn 011 by gavage. In the 14-day study, s1x groups of male and female m1ce

(40-112lgroup) were g1ven doses of O~ 27, 53 or 267 mg/kg/day; the h1ghest

dose was one-half the L050 for "male m1ce. Male m1ce demonstrated lower

surv1val rates than females, apparently due to the aggress1ve behav10r of

group-housed male m1ce; however, the mortal Hy 1n the h1gh-dose groups of

both male and female m1ce was 5-10% h1gher -than 1n the control groups.

There was a s1gnH1cant decrease (7-13") 1n body we1ght 1n male and female

m1ce rece1v1ng the h1gh dose. The h1gh-dose males exh1b1ted a 30% decrease

1n thymus we1ght, wh11e females exh1b1ted a decrease 1n spleen we1ght and an

1ncrease 1n lung we1ght. Gross pathology but not h1stopathology was

performed. No b1010g1cally relevant" changes were noted 1n treated an1ma1s

for the follow1ng measures: hematology, c11n1ca1 chem1stry, hexabarb1tal

sleep1ng t1me, or 1mmune funct10n (humoral 1mmune response, lymphocyte

respons1veness, popl1teal lymph node response, and bone marrow funct10n).

For the 90-day study, fhe groups of 112 male and 112 female m1ce were

g1ven doses of 0, 5.3, 53 or 133 mg/kg/day. A h1gh morta11ty was seen among

all groups of male m1ce, but appeared to be due to the aggress1ve behav10r

of group-housed male m1ce.

No s1gn1f1cant effects on body we1ght were noted for males or females.

A s1gn1f1cant decrease 1n the absolute we1ght of the bra1n. spleen and 11ver

was noted for females receh1ng 133 mg/kg; however. organ-to-body we1ght

rat10s were s1gn1f1cant1y d1fferent only for the spleen. Of the changes

noted 1n the c11n1ca1 chem1stry data. the 1ncrease 1n blood prote1n content

1n males and females rece1v1ng 53 or 133 mg/kg. the decrease 1n BUN 1n all
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treated female groups, and the decrease 1n calc1um 10n concentraUons 1n

males rece1v1ng 53 or 133 mg/kg were cons1dered to be treatment related. No

s1gn1f1cant changes were noted 1n hematology, 1n MFO activity, or 1n 1nmune

funct10n for either sex. H1stopatho10gy data were not presented and it 1s

not known 1f naphthalene caused bronchiolar les10ns.

In a subchron1c oral tox1c1ty study _performed for the HlP (1980b),

-naphthalene 1n corn 011 was adm1n1stered by gavage to male and female F344

rats (lO/sex/dose) at dose levels of 0. 25. 50. 100 •. 200 or 400 mg/kg/day. 5

days/week for 13 weeks. At 400 mg/kg, two males d1ed dur1ng the f1rst week;

th1s treatment dose caused d1arrhea. lethargy. hunched posture and roughened

ha1rcoats 1n rats of both sexes. A s1gn1f1cant (1.e., >10%) d~crease 1n

body we1ght ga1n was observed among-males and females at 200 and 400 mg/kg

and 1n females at 100 mg/kg. Food consumpt10n was not affected.

All the rats 1n the study were necrops1ed -and comprehens1ve h1stopatho­

10g1c exam1nat 10ns were performed on rats from the 0 and 400 mg/kg groups.

H1stopatholog1c exam1nat10ns of the k1dneys and thymus were performed on

rats from the 200 mg/kg group (accord1ng to the histopathology tables; the

100 mg/kg group according to the text). The authors stated that lesions of

the k1dney 1n males and thymus \n females of the 400 mg/kg group may have

been compound-induced. and that no eye les10ns were found. The incidences

of lesions ofk1dney and thymus were. however. very low. The renal lesions.

which did not occur 1n females. were observed at \nc1dences of 0/10 \n

controls. 2110 \n the 200 mg/kg group and 1/10 \n the 400 mg/kg group.

These renal lesions consisted of focal cortical lymphocytic infiltration or

focal tubular regener~t\on \n the two 200 mg/kg males and diffuse tubular

degenerat\on \n the one 400 mg/kg male. lymph01d depletion of the thymus
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occurred 1n 2110 females of the 400 mg/kg group. 1n none of the control or

200 mg/kg females. and 1n none of the males of these groups. Hemato1og1c

analyses revealed marg1na1 decreases 1n hemog10b1n and hematocrH 1n males

and females of the 400 mg/kg group. and a moderate 1ncrease 1n the number of

mature neutroph11s and a decrease 1n the number of lymphocytes 1n males of

the 400 mg/kg group, re1at he to controls. No hemato10g1c changes were

observed at the lower dosages.

In a s1m11ar stUdy, naphthalene was adm1n1stered 1n corn 011 by gavage

at 0. 12.5, 25. 50, 100 or 200 mg/kg/day, 5 days/week, to 86C3F1 m1ce

(10/sex/dose) for 13 weeks (NTP, 1980a). Seven m1ce (three males and two

females of the 200 mg/kg group, one female of the 25 mg/kg grobp and one

control male) d1ed dur1ng the second, th1rd and fourth weeks of the stUdy

from gavage trauma or acc1dent. Trans1ent s1gns of tox1cHy (lethargy,

rough ha1rcoats and decreased food consumpt10n) occurred at-weeks 3-5 1n the

200 mg/kg groups. All treated groups of male m1ce ga1ned somewhat more

we1ght than d1d control males. Dose-related decreases 1n body we1ght ga1n

were seen 1n females, but were not stat1st1ca11y s1gn1f1cant. All the m1ce.-were necrops1ed and comprehens1ve h1stopatholog1c exam1nat10ns were

performed on the m1ce from the 0 and 200 mg/kg groups. No compound-related

les10ns were observed 1n any organs. 1nclud1ng k1dneys, thymus, eyes and

·1

lungs. Hematolog1c analyses, performed on all groups, revealed no

s1gn1f1cant. compound-related changes.

FHzhugh and Buschke (1949) noted the format 10n of cataracts, wHh1n 3

weeks of treatment, 1n rats fed d1ets conta 1n1ng 2% naphthalene or one of

several naphthalene der1vat1ves. The effects of p1gmentat10n on cataract
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format10n 1n rats and rabb1ts have been summar1zed by van Heyn1ngen (1979):

Alb1no rats do not read11y convert naphthalene to l,2-d1hydroxynaphtha1ene,

wh1ch auto-ox1d1zes to form l,2-naphthoqu1none (the naphthalene metabol He

known to b\nd to the lens of the eye), poss\bly because po1yphenol oX\dase

\s found only \n p\gmented t\ssues. 'Secondary effects occur \n the ret\nas

of both alb\no and p\gmented rats. For rabbHs, p\gmentat\on \s not as

\mportant as a mod\f\er of tox\c\ty. Rat~er, the dep1et\on of ant\ox\dants

\s a crH\ca1 step \n rabbHs s\nce the reserve of ascorb\c ac\d and other

ant\ox\dants \s cons\derab1y less than \n the rat.

The 'crH\ca1 nature of the dep1et\on of ant\ox\dants \n' rabbHs, as

compared w\th the \mportance of p\gmentat\on, was demonstrated by van

Heyn\ngen and P\rie (1967) \n a gavage study \n wh\ch naphthalene (1

mg/kg/day) was adm\nistered to Dutch and two strains of albino rabbits. In

more than half of the treated rabbHs, lens opacHies and_ degenerat\on of

the ret1na were observed. Th\s occurred concomHant1y wHh a dep1et\on of

ascorb\c ac\d \n the aqueous and vHreous humours. Some of those rabbHs

that received 10 or more doses of naphthalene showed a general yellowing of

the eye fluids and yellow or brown cortical areas \n the cataractous lens,

suggest\ng the presence of l,2-naphthaqu\none and l,2-dihydroxynaphtha1ene,

respectively. Cons\derab1e variation exists among rabbits in the\r response

to naphthalene. Cataract formation \n rabbits was not noted following

topical application of a 10% solut'on of naphthalene 'n 0'1 or '.p.

injection of 500 mg/day for 60 days (GheU' and Marian', 1956).

The effect of p\gmentation on the development of cataracts in rats

exposed to naphthalene was substantiated by Koch et al. (1976) using fhe
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stra1ns of Rattus norveg1cus of d1fferent p1gmentation. Groups of s1x

an1mals of each strain were gavaged with either 0 or 1000 mg/kg naphthalene,

dlsso1ved in liquid paraffine, every second day for 75 days. No apacHles

or lens abnormalHies were observed in any of the control groups. All

animals of the pigmented strains (E3, BDE, DA) developed zonular cataracts

between 16 and 28 days. Among the albino stralns (Wistar, Sprague-Dawley)

only some of the animals developed changes in the eyes. These changes were

less pronounced in the albino strains and occurred after longer 1atencles of

32-61 days.

Cataract format 10n ln C57Bl/6J and DBAI2N mice was evaluated by Shieh;

et al. (1980) and Shlchi and Nebert (1982). The C57Bl/6J mice are

"responsive" to the induct 10n of AHH act lvHy while the DBAI2N mice are

"nonresponsive" to the induction of AHH activity (p~imar11y Pl -450 enzyme

acti vity that is bel ieved to be involved in the toxif1cation of PAHs).

Groups of 15 mice were fed laboratory chow ad libitum that had been soaked

for at least 24 hours in corn 011 containing 5 or 10 mg/m2. naphthalene.

The feedlng regimen was continued for 60 days. Daily ingestion was not

calculated by the authors. A concomitant dose of B-naphthof1avone was given

twice weekly as an inducer of AHH activity. A 6.7% incidence in cataract

format 10n was observed in C57Bl/6J mice at· each dose. In addit 10n to

cataract formation, tlsssue degeneration in the choro'd, tl1iary body, and

\r\li nrrllrrl'lrl Tn (,i~flnd nf thp thpnry th.:lt th~ ~~t:hanlsm of naohtha1ene-

lnduced cataract formation lnvolves its metabolism by P,-450 enzymes to

toxic intermediates with subsequent blndlng to lens t issue, no cataracts

were observed 1n DBA/2N mice.
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Phenanthrene. Pertinent data regarding the :;UbC~W(lf;'i(~ t-,6 :.:i

oral toxicity of phenanthrene could not be located in the available l1tera­

ture.

Pyrene. pyrene was fed at a concentration of 2000 mg/kg diet to young

male rats for 100 days. An inh1bHion of growth was observed, which was

reversible upon addHion of cystine or methionine. The authors noted that

livers of treated .animals (including rats consuming benzo[a]pyrene or

3-methylcholanthrene in the diet) were enlarged and had a fatty appearance

(White and White, 1939).

The U.S. EPA (1989b) conducted a 'gO-day subchron1c toxicHy study in

which groups of male and female CO-l mice (20/sex/group) were gavaged wHh

eHher 0, 75, 125 or 250 mg/kg/day pyrene in corn 011 for 13 weeks.

Parameters used to assess toxicHy included body and organ weights, food

consumption, mortality, hemat010gy and. serum chemistry and gross and

histopathology. Statistically significant (p~O.01) decreases in absolute

kidney weights were observed in males of all treatment groups and in females

receiving 250 mg/kg/day. Statistically significant (.p~O.Ol) decreases in

relative liver weights were observed in males receiving eHher 125 or 250

mg/kg/day .andin females receiving 250 mg/kg/day. Nephropathy, character­

izedby the presence of multiple foci of renal tubular regeneration, often
", ..~.

accompanied by interstitial lymphocytic infiltrates and/or foci of intersti­

tial fibrosis, was observed in 4, 1, 1 and 9 male mice in the control, low,

med.1umand high dosage groups, respectively .. Simlliar lesions were seen in

2, 3,7 and 10 female mice in the 0, 75, 125 and 250 ~g/kg/day treatment

groups, respectively. The kidney lesions were described as minimal or mild

04420 V-28 10/08/91



1n all 1nstances. Statistically s1gnH1cant (p<O.Ol) decreases 1n erythro­

cyte numbers, hematocrHs and hemoglob1n levels were observed 1n male mi;:;

rece1v1ng 250 mg/kg/day. Stat1st1cally s1gnH1cant (p<O.Ol) 1ncreases ~fl

absolute 11ver we1ghts were observed 1n females rece1vlng 250 mg/kg/day and

in relat1ve 11ver we1ghts of females rece1v1ng e1ther 125 or 250 mg/kg/day

and 1n males rece1v1ng 250mg/kg/day. Based on nephropathy, accompan1ed by

changes 1n absolute and relative k1dney we1ghts, the U.S. EPA (l99la)

1dent1- f1ed 125 mg/kg/day as the LOAH; the correspond1ng NOAH 1s 75

mg/kg/day.

Subchron1c and Chronic Toxicity By Other Routes

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

whHe rats were exposed to acenaphthylene dust at. 0.5-1.25 mg/m 3 for 4

hours/day for 4 months. After 3 weeks of exposure, a delay 1n we1ght ga1n

and a tendency toward decreased b~ood pressure were observed. H1stopatho­

log1c exam1nat1on revealed var10usdegrees of ma11gnancy 1n the lungs of

almost all treated rats. Focal bronch1t1s and per1bronch1t1s w1th bronch1o­

l1zat1on of the alveolar and metaplas'a of the bronch'al epHhe11um were

observed in the mlldest cases. Advanced cases showed desquamat'on of lhe

bronch'al and alveolar epHhel'um, pap'llar growths 'n the epHhe11um and,

'n three rats, 'solated reg'ons of carc1noma 1n the form of strands of

ep1the11al cells.· Further deta1ls of th1s studiwere not prov1ded.

In a study by Reshelyuk et al. (1970) publ1shed 1n Russ1an, -100 whHe

male rats were exposed to vapors of acenaphthylene at a concentrat 10n of

18,:t2.5 mg/m3 ,4 hours/day, 6 exposures/week for 5 'months. In exposed

rats, reflexes of the upper a1rways were altered and - an 1ncrease in the

concentrat 'on of nucle'c acIds 'n the liver was observed. H1stopatholog1c
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examination of the lungs revealed aspecific pneumonia as the major pathology

of lnhalat 10n exposure to acenaphthylene. Changes observed 11il the hlrH;J2

included desquamaUon of the cells ln the alveolar epHhelium and focal

bronchitls accompanled by hyperplasla and metaplasla of the bronchial

epHhelium. No slgns of malignant growth were observed ln thls study. No

further detal1s of thls study were aval1able.

Anthracene. Pert lnent data regardlng the subchronlc and chron'c oon­

oral tox1clty of anthracene could not be located in the ava1lable l'terature.

Benz[a]anthracene. An early study (Hoch-Llgetl, 1941) demonstrated

lympho.\d system effects as a consequence of benz[a]anthracene lnjectlon.

Mice rece\ved a total dose of 10 mg ln weekly s.c. treatments for 40 weeks.

~ Lymph glands removed at weekly lnt~rvals showed treatment-related lncreases

ln retlculum cells and lron accumulatlon.

Benzo[alpyrene. Male whHe carneau plgeons were, glven "f~ekly lnjec­

tlons ln the pectoral muscle of 0.1. 10 or 100 mg/kg benzo[a]pyrene \n corn

011 (Revls et al .• 1984). Controls were elther not treated or were 'njected

wHh corn oU. Four plgeons/group were cannulated at3 months and at 6

months for recordlng of blood pressure and sampllng of blood for determlna­

t 10n of plasma cholesterol and llpoprotelns. At~~rosclerotlc plaques were

counted and shes measured. By £> months plgeons treated wHh 10 or 100

mg/kg/week benzo[a]pyrene were observed to have lncreased lOL prole'n and

choleslerol (p<O.Ol). HDL prole'n and. cholesterol (p<O.Ol) and plasma

cholesterol (p<O.OS). Thls was by. comparlson wlth corn oll-treated

controls. Benzo[a]pyrene treatment dld not produce changes 1n varlous
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card10vascular parameters includ1ng systol1c and d1astol1c blood pressure,

arterial pulse, left or right ventr\cular or central venous (:lreSs~;c~D L1ear

rate or relative heart weight.

Among p1geons treated with benzo[a]pyrene coronary artery plaques

ranging in size from 0.0-0.85 Jm1 were observed. Inddence of coronary

artery plaques was 5/24 for benzo[a]pyrene-treated b1rds by comparison w1th

1/24 for combined corn on and untreated controls. It was noted In this

study that benzo[e]pyrene administered In the same fashion as ....as

benzo[a]pyrene did not induce plaque formation.

Penn and Snyder (1988) tested benzo[a]pyrene, anthracene and d\benz­

[a,h]anthracene to determine whether artherosclerot ic plaque format ion is

related to mutagenicity or carcinogenic potency in chickens. In their study

male WhHe leghorn ch\ckens recehed weekly intramuscular injections ....Hh

one of the test compounds for 10 weeks. The dosage and number of each group

varied as follows: benzo[a]pyrene at 40 mg/kg wHh 6 chickens, anthracene

at 20 mg/kg wHh 6 chickens, and dibenz[a,h]anthracene at 20 mg/kg wHh 5

chickens. At the end of the injection period, the cockerels were killed and

the aortas isolated. The number of plaque-containing aorta segments/chicken

was 6.8, 4.3 and 6.2 for the benzo[a)pyrene-, anthracene- and

dibenz[a,h)anthracene-treated groups~ respectively. The largest plaque

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

Benzo[b]fluoranthene. Pertinent data regarding the subchronlc and

chronic nonoral toxicity of benzo[b)fluoranthene could not be located in the

available literature.
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Benzo[kJfluoranthene. Pert1nent data regard1n~ the· subchron1c and

chron'c nonoral tox1c1ty of benzo[k]fluoranthene could not be located 11) the

ava11able 11terature.

Benzo[g,h,i]perylene. Pert1nent data regarding the subchronic and

chron1c nonoral toxic1ty of benzo[g,h,i]perylene could not be located in the

available 11terature.

Chrysene. Pert 'nent data regard1ng the subchron'c and chron1c nonoral

tox1c1ty of chrysene could not be located 1n the ava11able 11terature.

Dibenz[a,h]anthracene. Chron1c exposure to d1benz[a,h]anthracene has

been assoc1ated with gross changes in the 1ympho1d system (Hoch-L 1geti,

1941). Weekly s.c. injections of dibenz[a,.h]anthracene (0.5 m2. of a 0.05%

collo1dal soluUon in 1% gelatine) were given to a total of 40 alb'no male

and female mice for 40 weeks. The lymph glands were removed for exam1nat1on

from 2 m1ce/week over the study per1od. Splenectom1es were done dur1ng

weeks 21-30. Among the effects noted were an increase in reticulum (stem)

cells, accumulation of iron, reduced 1ympho1d cells and d11ated lymph

. sinuses. Reduction of lympho1d cells was more pronounced among dibenz[a,h]­

anthracene-treated mice by compar1son with anthracene and benz[a]anthracene

treated animals. Moreover, the weight of the spleens in the treated m1ce
•. IL .1 __ ,_

'If "lie ~UII""\I''''.

H1stolog1c examinat10n of spleens from dibenz[a,h]anthracene-treated

animals showed diminishment of lymphoid and reticular elements. livers were

pale and soft and showed ev1dence of fatty degeneration and depos it ton of
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1ron 1n Kupfer cells. Adrenals were marked by 1ron deposH10n 1n the

cort1cal zone ret1cular1s, and k1dneys showed s1gns of degeneration 0r

tubules and Malph1g1an bod1es. There was some degenerat10n of spermatogen1c

cells and two female m1ce had "many b1g corpora lutea 1n the ovar1es"

(Hoch-L1get1, 1941).

LasnHzk1 and Woodhouse (1944) conducted a more detal1ed study of the

effects on the lymphat1c system of long-term exposure to d1benz[a,h]anthra­

cene. Subcutaneous 1njecUons (0.278 mg/1njecUon) were g1ven to male rats

5 Urnes weekly for several weeks. The lymph nodes' 1n the treated rats

underwent hemolymphat1c changes, 1nclud1ng the appearance of extravascular

red blood cells 1n the lymph spaces and large p1gmented cells.

Malmgren et al. (1952) reported that 2- to 6-month-old homozygous stra1n

C m1ce (3-4 m1ce/group) rece1v1ng three subcutaneous 1njecUons of eHher

50, 100 or 400 mg/kg/1nject1on of d1benz(a,h]anthracene spread evenly over a

12-day per10d, wh1ch 1ncluded the 5 days fol10w1ng anUgen challenge, had

reduced serumant1body levels.

F1uoranthene. L1mHed data are ava11ab1e concern1ng the tox1c effects

of f1uoranthene produced by repeated adm1n1strat10n. These cons1st of

reports of mortalHy produced 1n m1ce by repeated dermal app11cat1on or

Shear (1938) adm1n1stered four doses, each cons1st1ng of 10 mg of

f1uoranthene 1n glycerol, by subcutaneous- 1njecUon to stra1n A m1ce. Six

of 14 m1ce surv1ved for 18 months.
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Barry et a1. (1935) appl1ed a 0.3% soluUon of fluoranthene 1n benzerr;>

tw1ce weekly to the 1nterscapular reg10n of m'ce. HorialHy ranged frOfll

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

Hoffman et a1. (1972) app11ed 50 lAi. of a 1% fluoranthene solution 1n

acetone 3 t1mes weekly for 12 months to the backs of Sw1ss alb1no m1ce. No

morta11ty had resulted after 15 months.

Fluorene. Pert 'nent data regard1ng the subchron'c and chron1c nonoral

tox1c1ty of fluorene could not be located 1n the ava1lable 11terature.

Indeno(l,2,3-cdJpyrene. Pert1nent data regard1ng the subchron\c and

ehron1c nonoral tox1cHy of 1ndeno[l,2,3-cd]pyrene could not be located 1n

the ava11able l1terature.

Naphthalene. A ehron1c 1nhalation study of naphthalene 1n m1ce has

recently been conducted by the Nat10nal Toxicology Program (NTP, 1991'>. The

exposure phase of the 2-year inhalation stUdy has been completed, but the

histopathology data and the f1nal report are not yet avallable. No other

chronic tox1citi data were found.

Phenanthrene. Pert1nent data regarding the subchron1c and chron1c

1Herature.

Pyrene. Pertinent data regarding the subchronic and ehron1c nonoral

tox1c1ty of pyrene could not be located 1n the ava11able l1terature.
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Taroet Organ Toxicity

The target, or preferred, organs for the tox'c act'on of PAHs tend to ~

diverse. This is a consequence of two propensities of the PAHs. First,

there is the preferential association for normally proliferating tissues

such as bone marrow, lympho1d organs, gonads and intestinal ep~thelium (U.S.

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

genera 1.

The toxicity of var10us PAHs seems to center on the hematopo'etic and

lymphoid systems of d1fferent animal spec1es. Rob1nson et al. (1975)

observed hemop01et 1c and lymphoid effects of benzo[a]pyrene in m1ce (of

certa1n stra1ns), and LasnHzki and Woodhouse (1944) found dibenz­

[a,h]anthracene to affect the lymph nodes of rats. While the hematopoietic

and lymphoid systems were also shown to be affected in dogs treated wHh

naphthalene (Zuelzer and Apt, 1949), the two major target organs for this

PAH are nonci1iated bronchiolar epithelial cells (Clara cells) and eye

tissue. Cataracts have been shown to develop in several species of

laboratory animals following exposure to naphthalene by routes other than

inhalation (Fitzhugh and Buschke, 1949; Shichi et al., 1980; Shich1 and

Nebert, 1982).

Imnunotoxic effects as a consequence of PAH exposure have been studied

by a number of researchers. Malmgren et a1. (1952) first reported reduced

hemolysin titres to sheep red blood cells (SRBC) in mice exposed to dibenz­

[a,h]anthracene and benz[a]anthracene. Subsequently, it was reported that

exposure to carcinogenic levels of benzo[a]pyrene resulted in a depressed

lmnune response to SRBC that persisted for 90 days (Stjernsward, 1966,

04420 V-35 10/08/91



1969). Both humoral and cell mediated illlTlunHy have been shown to b0

k/kdepressed in C3H/Anf(H-2 ) mice injected wHh 150 'lAg bel'lzo[a]pyrene!k

bw during days 11-17 of gestat1on. Production of plaque-forming colonie:;;

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

from 1-4 weeks of age and persisted from 5-18 months of age. An.!.D. varo

graft vs. host assay also showed illlTlunodepress1ve effects. lymphocytes from

1mmGture mice exposed to benzo[a]pyrene (1-4 weeks) were severely limited in

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

B6C3Fl mice were treated s.c. daily for 14 days with 5, 20 or 40 rng/kg

benzo[a]pyrene (Blanton et al., 1986). Polyclonal ant1body responses to

lipopolysaccharide (LPS) and purHied protein derivative (PPD) measured by

Jerne plaque assay were decreased 50-66% after 7 days exposure. Exposure of

B6C3Fl mice to s.C. injections of 40 mg/kg for 7 or 14 days resulted in a 73

and 98% suppression of the T-ce1l-dependent antibody response, respectively,

as measured in a similar fashion ..

Simllar results were reported by Dean et al. (1983) for female B6C3Fl

mice injected s.c. for 14 days wHh 5, 20 or 40 mg/kg bw. Exposure to

benzo[a]pyrene resulted in decreased numbers of IgM and IgG plaque-formIng

cells in response to SRBC antigen and reduction in IgM plaque-forming cells

in response to lPS. In this assay cell-mediated ilTlllunHy (as .measured by

ttP'.:l~Prf rllt;lnpouC\ hyoersensH1vHv to keyhole limpet hemocyanin). allograft

reject10n and susceptibl1Hy to listeria monocytogenes was unaffected in

benzo[a]pyrene treated mice.
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A comparat1ve study of the ab111ty of PAHs to depress antlbody response

was undertaken by WhHe et al. (1985). PAHs were adm1n~stered ::.C.

eHher s1ngle or mult1ple doses to B6C3Fl and DBAI2 m1ce. 19M response to

SRBC was measured in a hemolytic plaque assay. Single exposures of B6C3F 1

mice to 1 mmol/kg d1benz[a.h]anthracene and benzo[a)pyrene resulted 1n

depress10n of ant1body response. Fourteen days of exposure to a da11y dose

of 160 l1mol/kg of the following PAHs also resulted 1n suppress'on (-6010)

of the IgM response: benz[a)anthracene. dibenz[a.h]anthracene and

benzo[a]pyrene. Ne'ther anthracene nor chrysene exposure s1gn1f1cantly

affected response. Immunosuppression bybenzo[a]pyrene was observed to a

greater extent 1n DBAI2 m1ce. The B6C3Fl mouse straln 1s h1ghly 1nduc1ble

for aryl hydrocarbon hydroxylase; the DBA/2 mouse stra1n 1s not.

The 1nvnunocytotox1c effects of .benzo[a]pyrene were stud1ed by Wojdani et

al. (1984). E1ght-week-old. inbred C3H/FCUM and CS7Bl/6CUM m1ce in groups

of six animals were injected l.p. wHh P-81S tumor target cells. ThIs was

followed 10 days iater by l.p. injection wHh either 0. 0.5. 5 or 50 mg/kg

bw of benzo[a]pyrene in corn oil. After 24 hours splenic lymphocytes and

peritoneal exudate lymphocytes were collected and assayed for target cell

binding and target cell k1111ng effects. A consistently decreasing re1a­

tionsh1p was noted between the dose of benzo[a]pyrene and both the b1nd1ng

and k1111ng of taig~t cells for splen1~ an~ per~fon~a1 lymph6cytes. At the

two h1ghest dosages: of benzo[a]pyrene (5 and 50 nig/kgbw).·· signif1cant

decreases in the percent of lymphocytes binding to target ceils or k1111ng

target cells ex1sted as compared w1th the controls. This study also

compared lymphocyte function of an1mals· treated with 3-methylcholanthrene
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and the weak carc1nogen benzo[e]pyrene. Lymphocytes from h'JHizr;'[f; e'12

treated anImals were essentially s1m11ar to those from control an1mals

regarding target cell binding and cytotox1c effects. The authors lnd1cated

that lymphocyte mediated 1nmunHy may be 1nh1bHed by PAHs and that this

immunosuppressent effect can contribute to the1r carcinogenicity.

The effect of PAH exposure on interferon production ~ v1vo was stud1ed

by GrHfln et a1. (1986). Female C3H mice were treated 1.p. wHh 0.046,

0.46 or 4.6 mg benzo[a]pyrene in corn oil. At 12, 24, 48, 72 or 120 hours

animals were injected wHh Sendai v1rus to induce interferon production.

Eight hours after the virus was introduced mice were bled by cardiac punc-

tureand serum was t Hred for interfer.on by a cytopathic effect inhibH ion

assay in mouse 1929 cells. Mice receiving 4.6 mg (180 mg/kg bw) were

significantly depressed in their ability to produce interferon at 12, 48 and

120 hours after benzo[a)pyrene treatment. At the 48-hour challenge mice

receiving the lower 0.46 mg dose. were also significantly· impaired with

respect to their interferon production.

Carcinogenicity, Oral

Acenaphthylene. Pertinent data regarding the .oral carcinogenicHy of

acenaphthylene could not be located in the available lHerature. In an

abstract Knobloch et al. (1969) reported on the. effects associated with

lngeStlOn of acendpntny,ene. •• • r •• I ~

1\11 urdl UUH~ ur \J.t) !F"\:I UW VI OI.I::IIO",IHIII'CIIC

in olive 011 administered for 40 days to a group of seven rats yielded the

following physiologic effects: ·cons1derable- body weight loss, changes in

the peripheral blood pattern, changes in renal function, and increased serum

aminotransferase activities. No carcinogenic effects were reported~ the

mice were dosed for a short period of time.
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Anthracene. Studies of orally adm1n1stered anthracene have been

negat1ve for carc1nogen1c effects. Druckrey and Schmahl (1955) adm1n1stered

a d1et conta1n1ng anthracene in 011, 6 days/week to 28 BOI or BOllI rats .of

unspec1f1ed sex for a period of 78 weeks. The total dose was 4.5 9

anthracene/rat. No tumors as a consequence of treatment were found to have

developed. S1ml1arly, in an unpublished report, Schmahl and ReHer (n.d.)

administered a total dose of 4.4 g of anthracene orally to 31 rats during a

33'-month study. Again, no tumors were reported to have occurred.

Benz[aJanthracene. Klein (1963) in a study of male .B6AFlIJ mice

provides evidence of the carcinogenic potential of ingested benz[a]anthra­

cene. A 3% solution of the compound in Methoce1-Aerosol O.T. was admin­

istered by gavage at the rate of 3 doses/week for 5 weeks. Control animals

received oral doses of Methocel-Aerosol O.T. alone. After 340-440 days and
.

at 547-600 days, the animals were assessed for tumor development. The inci-

dence of pulmonary adenomas and hepatomas was ;ncreased at both assessments;

the hepatoma incidences at 547 days were higher than at 437 days. No

statistical treatment of the d.ata was reported. The findings are sunmar1zed

in Table V-l.

The Klein (1963) paper cites an earlier study by White and Eschenbrenner

(1945) where1n 2/6 rats receiving benz[a]anthracene in the diet developed

mult1ple hepatomas.

A s1ngle gavage dose of 0.5 mg benz[a]anthracene 1n mineral 011 produced

no tumors ,n 13 mice after 16 months. Multiple gavage adm1n1strat1on, 8 or

16 treatments at 3-7 day 1ntervals resulted 1n forestomach papl1 lomas in
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TABLE V-l

Oral Carc1nogen1c1ty Test1ng of Benz[a]anthracene Adm1n'stered by Gavage
to Male B6AFl M1cea

Durat10n Target Tumor Tumor
Adm'n'stered Doseb of Study Organ lype Inc1dence

(days) (,,)

0.5 ml of veh'cle 444 lung adenoma 10138 (26)
l'ver hepatoma 0138 (0)

0.5 ml 437 lung adenoma 37/39 (95)
3" soluUon l1Ver hepatoma 18/39 (46)

0.5 ml of veh1cle 547 lung adenoma 7120 (35)
1'ver hepatoma 2120 (10)

0.5 ml 547 lung adenoma . 19120 (95)
3% solut'on l1Ver hepatoma 20120 (100 )

aSource: Adapted from Kle1n. 1963

bBenz[a]anthracene 1n Methocel-Aerosol or veh1cle only. All an'mals were
treated 15 t'mes (3 treatments/week for 5 weeks).
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2/27 treated m1ce compared w1th 0/16 m1nera1 011-treated controls (Bo~k and

K1ng, 1959).

Benzo[aJpyrene. A re1at10nsh1p between the 1ngest10n of benzo[a]-

pyrene and the development of tumors has been documented 1n several stud1es

1n m1ce. Both ben1gn and ma1'gnant tumors of the forestomach as a conse­

quence of oral benzo[a]pyrene treatment h~ve been reported by a number of

authors (Hartwell, 1951; Shub1k and Hartwell, 1957, 1969; Thompson and Co.,

1971; Tracor/J1tco, 1973a,b; Wattenberg, 1972, 1974) ..

Berenb1um and Haran (1955) exam1ned tumor 1nduct10n in the" forestomach

of male C3H and Sw1ss m1ce us1ng a number of carc1nogen1c substances,

1nc1ud1ng benzo[a]pyrene. Mice were starved for 18 hours prior to

treatment, which consisted of 0.3 rna. of a 0.5" benzo[a]pyrene solution in

PEG-400 administered by stomach tube on a weekly basis. No concurrent

controls were reported. In one part of this study, treatment was for 30

weeks to C3H mice, resulting in the formation of one papl1loma and 16

carcinomas of the forestomach. In a second experiment, Swiss mice were fed

only milk and water for 3 days prior to the customary 18-hour fasting period

to eliminate the effects of undigested food in the stomach at the time of

dosing. Under these conditions, 85" (17120) of the animals had tumors of

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

mucosa of the stomach. found.

As part of an experiment 1nvest1gating tumor promot10n by citrus oils,

albino m1ce (sex not stated) were administered a s1ngle oral gavage of

e1ther 0, 12.5, 50 or 200 pg benzo(a)pyrene 1n polyethylene glycol 400
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after food had been wHhheld overn1ght. The 1ntest1nal tracts of one-half

of the surv1v1ng m1ce 1n each group were exam1ned 280 days post-treatment.

The 1nc1dences of ben1gnforestomach tumors were 0/9, 2/10; 0/9 and 5111 1n

the control, 10w-, m1d- and h1gh-dose groups, respect1vely (P1erce, 19(1).

The rema1n1ng m1ce were exam1ned upon natural death or 569 days after

treatment. The 1nc1dences of ben1gn forestomach tumors were 0/17, 3/17,

0/19 and 8/17 1n the control, 10w-, m1d- and h1gh-dose groups,

respect 1vely. The total number of tumors found 1n each group was 0, 3, 0

and 21, respect1ve1y. No carc1nomas were observed. and no tumors at other

s1tes were noted by the authors (F1e1d and Roe, 1965).

As part of a study on the effect of hormonal state on PAH tumor

1nduct10n, v1rg1n female BALB/c/Ch/Se m1ce were gavaged tw1ce weekly wHh

almond 011 solut10ns of benzo[a]pyrene (B1anc1f10r1 et al., 19(1).

Treatment was for 15 weeks result1ng 1n a total dose of 15 mg. Treatment

groups cons1sted of -25 each 1ntact and ovar1ectomized an1mals rece1v1ng

benzo[a]pyrene alone or 1n conJunct10n w1th 500-1000 pg/l esterone 1n

the.dr1nk1ng water. No concurrent untreated controls were reported. Among

1ntact anlma1s rece1v1ng benzo[a]pyrene alone forestomach tumors (5/25),

mammary tumors (2/25) and lung tumors (no 1nc1dence reported) were observed.

Fedorenko and Yansheva (1961) adm1n1stered benzo[a]pyrene 1n tr1ethy1ene

glycol by gavage to the Mant1um of the stomach II of CC
51

m1ce (sex not

spec1f1ed). The authors used th1s solvent based on 1ts purported ab111ty to

enhance the carc1nogen1c effects of hydrocarbons. The exper1menta1 per10d

was stated to be 19 months. As 1t was also stated that the m1ce were kept

untl1 natural death, there 1s some confus10n as to the length of exposure
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and observat10n per10ds. Gavage doses of 100, 0.01, 0.1, 1 and 10 mg/an1mal

were g1ven 10 t1mes. Inc1dence data were not reported for solvent

controls. Tumors were found 1n the 11ver, mesentery, per1toneum and ~tomach

(Table V-2).

Roe et al. (1970) 1nvest1gated the use of sod1um cyclam1de sacchar1n and

sucrose on the carc1nogen1c act1v1ty of benzo[a]pyrene 1n female Sw1ss

m1ce. A s1ngle gavage dose of 50 )lg benzo[a]pyrene 1n polyethylene glycol

(PEG) was g1ven and the an1mals were k111ed after 18 months. Tumor

1nc1dence 1s g1ven 1n Table V-3.

As part of a study on the effects of caffe1ne 1n tumor 1nduct10n 1n

rats, Brune et al. (1981) adm1n1stered 0.15 mg/kg/treatment of

benzo[a]pyrene to Sprague-Dawley rats for 2 years. Benzo[a]pyrene was

adm1n1stered to three groups by 1.5% caffe1ne gavage and to two other groups

through d1et. Untreated and caffe1ne gavage (5 t1mes/weekj groups were used

as controls (32 rats/sex/group). Three d1fferent gavage treatments were

adm1n1stered to 32 rats/sex/group; 1n the f1rst treatment rats were gavaged

w1th benzo[a]pyrene 5 t1mes/week for a total annual dose of 39 mg/kg

benzo[a]pyrene, 1n the second rats were gavaged every th1rd day for a total

annual dose of 18 mg/kg benzo[a]pyrene and 1n the f1nal every n1nth day for

a total annual dose of 6 mg/kg benzo[a]pyrene. Rats that d1ed spontaneously

or were ·k1lled when mor1bund underwent hhtolog1c exam1nat10n of var10us

organs. The comb1ned 1nc1dences of ben1gn and ma11gnant tumors were

s1gn1f1cantly d1fferent from controls (p<0.05, test) for the 5 t1mes/week

and the every th1rd day gavage groups and at p<0.10 for the every n1nth day

gavage group. (For other results see Table V-4.)
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TABL:E V-2

Tumor Inc1dence 1n -Atr1um of Stomach" Fo11ow1ng Gavage
Adm1n1strat1on of Benzo[a]pyrene*

Total Benzo[a]pyrene Dose (mg)

0.01

0.10

1.00

10.00

100.00

*Adapted from Fedorenko and Yansheva. 1961

Tumor Inc1dence

Ca'rc 1noma Papil 10ma

0/16 0/16

0126 2126

0124 5124

11/30 12130

16121 1121
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·TABLE V-3

Inc1dence of Tumors Observed After a S1ngle Gavage Treatment
of M1ce w1th Benzo[a]pyrene 1n Polyethylene Glycol*

Tumor Inc1dence

Treatment Fores tomach

Pap1110ma Carc1noma
Lung Lher Mal'gnant

Lymphoma

PEG

PEG +
0.25 mg
benzo[a]
pyrene

2/65

20/61

0/65

1/61

15/65

18/61

5/65

9/61

3/65

0/61

*Adapted from Roe et a1 •• 1970

. ~
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Two other groups of 32 rats/sex were fed benzo[a]pyrene e1ther 5

Umes/week (total annual dose 39 mg/kg benzo(a]pyrene or every ninth day

(total annual dose of 6 mg/kg benzo(a]pyrene. Rats that died spontaneously

or were k1l1ed when moribund underwent histologic examinaUon of various

organs. The comb1ned incidences of benign and malignant tumors were

significantly different only in the group fed benzo[a]pyrene 5 times/week

(p<0.05) (see Table V-4).

Deml et al. (1983) dosed fhe groups of four female Sprague-Dawley rats

with various combinaUons of benzo[a]pyrene and polychlorinated biphenyls

(PCBs) dissolved in olive 011 by means of gastric intubation for 12 weeks.

After 12 weeks, the livers were examined to determine the number and area of
.'.

enzyme-altered islands. Rats trealed with PCBs before intubation with

benzo(a]pyrene and promoted afterwards with PCBs showed a 3-fold increase in

the number of enzyme-altered islands present. The total area of these

islands was also 3 t1mes larger than those found in the other test groups.

PCB or benzo(a]pyrene alone appeared to produce no significant changes, but

the pretreatment with PCB along with the administration of benzo[a]pyrene

followed by PCB caused an alteration in benzo[a]pyrene metabolism that led

to the formation of enzyme-altered foci.

As part of a stUdy of inhibition of tumor formation by organoselenium

compounds, CD-l mice 125/group) were gavaged with benzo[a]pyrene. Corn oil

solutions delivering 1 mg benio[a]pyrene/0.2 mt were administered twice

weekly for 4 weeks. Controls were treated with corn oil only. Mice began

treatment at 9 weeks of age and were killed at 28 weeks. At this time no

control animals had developed forestomach papillomas, whereas 85% (17/20) of
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benzo[a]pyrene treated animals deve"IJ"ed an average of 3.3.!.2.9 tumors/mouse

(El-Bayoumy. 1985).

Robinson et a1. (1987) adm1nistered benzo[a]pyrene to A/J mice by gavage

as a positive control on a study of coal tar paints. Forty female mice were

gavaged with 0.25 mg benzo[a]pyrene in 2.2 mt 2% emu1phor twice weekly for

8 weeks (total dose 6 mg). Animals were killed at 8 weeks and were examined

for lung adenomas and forestomach tumors. Benzo[a]pyrene treatment produced

lung adenomas in 61" (22/36) of mice with an average of 1.42.'!:.0.40 tumors/

mouse that was significantly increased by comparisionwith controls (29" or

11/38 incidence. O.32.'!:.0.09 tumors/mouse). No forestomach tumors were

observed in controls. Benzo[a]pyrene treatment resulted in 92" incidence;

67" of animals had papillomas and 61" carcinomas.

As part of a dietary carcinogenesis study. benzo[a]pyrene (1.5 mg. twice

weekly for 4 weeks) was administered by gastric intubation to 25-30 female

ICR mice/group· (Benjamin et a1 .• 1988). Three groups intubated with

benzo[a]pyrene had different feeding regimens. The flrst two groups were

adminlstered a basal diet supplemented wlth 20% soy sauce and .'!:.0.05"

nitrite. The third group received only the basal dlet and water. The

feeding re.gimens were started 1 week before. the lnitla1 gastrlc intubation

and were contlnued throughout the experlment. After 21 weeks on study all

mlce were sacrlflced. The tumor lncldences of the mlce ln the three groups

were slmilar (91"); however. mlce receiving the soy supplemented diet and

nitrite supplemented water had a signiflcantly lower number of neoplasms per

mouse (3.4) than the other two groups (5.2 and 4.0 for the group recelvlng

no supplementatlon and the group retelvlng only the soy supplemented dlet.

respectlvely). In a follow-up experlment. a fourth group was added; this
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group was fed the basal d1et and recetved nttrtte supplemented water. After

the 4-week benzo[a]- pyrene dostng, the feed and water of some groups were

changed to allow further eva1uat1on of the effects. Thts exper1ment

1nd1cated that the 1nh1b1tton of neop1asta by soy sauce and nttrtte probably

occurred dur1ng tumor promotton. In a subsequent study soy sauce at a

dtetary concentrat1on of 20% was found to produce a stgntf1cant reductton tn

forestomach neoplasms tn benzo[a]pyrene-dosed female ICR mtce (Benjamtn et

al., 1991; see also Benjamtn et al., 1989).

Otetary benzo[a]pyrene at vartous doses was admtntstered to mtce (Neal

and Rtgdon, 1967; Rtgdon and Neal, 1966, 1969). These ftndtngs are sunma­

rtzed tn Tables V-5 and V-6.

Ustng male and female CFW-Sw1ss mtce, 17-180 days old, Neal and Rtgdon

(1967) found that a dose-response re1attonshtp extsted between the tnctdence

of stomach tumors (pap111omas and carctnomas) and long-term, oral exposure

to benzo[a]pyrene tn the dtet. Antma1s were fed a dtet contatntng 0-250 ppm

of benzo[a]pyrene for ~197 days. No tumors were found tn the control group
:-

of 289 antma1s or tn the groups treated wtth 1, 10 or 30 ppm benzo[a]pyrene.

The tnctdence of tumors, however, tncreased between the 40 ppm and 250 ppm

benzo[a]pyrene dosages (see Table V-5). In a second expertment by Neal and

Rtgdon (1967), mtce were fed 100 or 250 ppm benzo[a]pyrene for 1 day wtth no

gastrtc tumors deve10ptng wHhtn 105 days. However, 50" of mtce fed 5000

ppm benzo[a]pyrene for 1 day dtd have gas tr tc tumors upon examtnatton -113

days later. Groups of mtce were also gtven food contatntng 250 ppm benzo­

[a]pyrene for 1, 2, 4 or 30 days. Upon sacr\ftce 77-104 days later, the

tumor tnctdences were 0/10 (1 day), 1/9 (2 days), 1/10 (4 days) and 26126

(30 days). It was concluded that the development of gastr1c tumors tn these

.>
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TABLE V-5

Incldence of Forestomach Papl110mas and Carc1nomas 1n Hale and
Female CFW Hlce Adm1n1stered Benzo[a]pyrene 1n the Dlet*

Dose 1n Total Durat10n of Durat10n Tumor
D1et Consumed Treatment of Study Incldence
(ppm) (mg) (days) (days) (" )

0 70-300 01289 (0)

1 0.48 110 140 0125 (0)

10 4.48 110 140 0124 (0)

20 8.88 110 226 1123 (5 )

30 13.32 110 143-177 0/37 (0)

40 17.76 110 143-211 1/40 (3)

45 19.8 110 141-183 4/40 (10)

50 21.4-29.4 107-197 124-219 24/34 (71)

100 39.2-48.8 98-122 118-146 19123 (83)

250 70-165 70-165 88-185 66/73 (90)

*Source: Adapted from Neal and Rlgdon. 1967

04420 V-50 10/08/91



TABLE V-6

Carc1nogen1c1ty of Benzo[a]pyrene Adm1n1stered
1n the D1et to Male and Female Sw1ss M1cea

Dose
(ppm)

Durat10n of
Treatmentb Target Organ

(days)
Tumor Type

Tumor
Inc1dence

(" )

250+

250*

250*

1000*

1000*

38-210+

80-140

72-99

147-196

73-83

127-187

stomach
lung
hematopo1et1c
system

stomach
lung
hematopo1et1c
system

stomach
lung

stomach
lung

stomach
lung

stomach
lung

pap111oma/carc1noma
adenoma
1eukem1a

pap111oma/carc1noma
adenoma
1eukem1a

pap111oma/carc1noma
adenoma

pap111omas/carc1noma
aden-oma

pap111oma/carc1noma
adenoma

pap111oma/carc1noma
adenoma

2/175 (1 )
33/151 (19)
0/175 (0)

69/108 (64)
52/108 (48)
40/108 (37)

12/52 (23)
26/52 (50)

9/13 (69)
10/13 (77)

5/9 (56)
7/9 (78)

13/13 (100)
3/13 (23)

aSource: Adapted from R1gdon and Neal, 1966*, 1969+

bThe durat10n of the treatment 1s equal to the durat10n of the study.

04420 V-51 10/08/91



mice 1s influenced both by the amount of benzo[a]pyrene consumed per day and

the number of days it is fed.

In another set of stud1es, Rigdon and Neal (1966, 1969) also found

evidence of an association between chronic dietary exposure to benzo[a]­

pyrene and tumor inc1dence in the stomach and lung, as well as the develop­

ment of 1eukem1a 1n mice (see Table V-6). Rigdon and Neal (1966) fed male

and. female Sw1ss mice dietary concentrat10ns of benzo[a]pyrene of 0, 250 and

1000 ppm for dHferent periods of time. The incidence of stomach tumors

(papillomas and carcinomas) was related to both dose and length of exposure.

All the mice in the 1000 ppm group were found to have gastric tumors after

86 days of benzo[a]pyrene consumption. A s1mi1ar set of relationships

between tumor incldence, dose and t'me held falr1y well for lung adenomas as

well. Rigdon and Neal (1969) also found that the occurrence of leukemia was

related to lngestion of benzo[a]pyrene. Of mlce fed 250 ppm benzo[a]pyrene

ln their dlet over an 80-140 day period, 69/108 (63.9%) developed pap1110mas

or carcinomas of the stomach. S1milar1y, lung adenomas occurred in 521108

(48.1%) mice fed dlets with 250 ppm benzo[a]pyrene. Finally, 40/108 (37%)

of the treated mice developed 1eukemlas. The abl1ity of dletary benzo[a]­

pyrene to produce mouse lung adenomas was also conflrmed by the work of

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

Prev;ously, a slng1e oral dose of 100 mg benzo[a]pyrene ln the dlet was

shown to produce marmJary tumor~ ln 8/9 female Sprague-Dawley rats (Huggins

and Yang, 1962). Sprague-Dawley rats of both sexes were treated dally wlth

2.5 mg benzo[a]pyrene. Forestomach and esophageal papillomas developed ln

3/40 rats (Glbe1, -1964).
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ChoJrou11nkov et a1. (1967) adm1n1stered d1ets conta1n1ng benzo[a]pyrene

d1ss01ved 1n 011ve 011 to two groups of -80 male a1b1no m1ce for a per10d of

14 months. Based on an assumed food consumpt 1on of 5 g/day, the author s

calculated a total d1etary dose to be 8 mg. One group of treated an1ma1s

was perm1tted water ad 11b1tum wh11e the second drank a 3% ethanol solut10n.

Controls conshted of 40 m1ce ghen the standard d1et supplemented wHh

011ve 011 and a group of 81 fed the untreated d1et only. Forestomach tumors

(pap111omas) were found 1n 5/81 surv1v1ng an1ma1s rece1v1ng benzo[a]pyrene

and water and 1n 8/81 treated m1ce g1ven the 3% ethanol solut10n. No

gastr1c tumors were observed among controls.

As part of a study of the effects of pheno11c ant10x1dants and ethoxy­

qu1n on PAH carc1nogen1cHy, benzo[a]pyrene 1n sesame 011 was adm1n1stered

1n the d1et to female Ha/lCR and A/HeJ m1ce (Wattenberg, 1972). The Ha/lCR

m1ce rece1ved 0.4 mg/day for 28 days before be1ng returned to. a normal d1et

for 27 weeks or 1.26 mg/day for 28 days before be1ng returned to a normal

d1et for 14 weeks. Forestomach tumors were observed 1n 11/20 low-dose and

13/19 h1gh-dose an1ma1s. Data on untreated control HallCR m1ce were not

reported. The A/HeJ m1ce consumed 0 or 4.8 mg benzo[a]pyrene/day for 2

weeks, beg1nn1ng at age 9 weeks, and were k111ed 10 weeks after the last

treatment. All treated (12/12) but no control (0112) an1ma1s developed

forestomach tumors.

In a s1m11ar study of su1fur-conta1n1ng compounds, female HallCR and

A/HeJ m1ce consumed d1ets conta1n1ng 300 ppm benzo[a]pyrene 1n sesame 011

(Wattenberg, 1974). The Ha/lCR m1ce wer~ ma1nta1ned on the d1et from age 9

weeks to 15 weeks and observed unt11 29 weeks at wh1ch t1me they were k111ed

and exam1ned for forestomach tumors. These were observed 1n 8120 an1ma1s;
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no untreated controls were reported. A/HeJ mice started on treatment at 9

weeks of age and remained on the diet for 25 days. On days 7 and 21 of

treatment an1mals were gavaged wHh 3 mg benzo[a]pyrene1n 0.5 mt sesame

011. At 31 weeks the mice were k111ed and evaluated for pulmonary adenomas.

These were present 1n 100% (12/12) of the animals w1th a mean number of 7.8

tumors/mouse. No untreated controls were reported.

Tr1010 et al. (1977) stud1ed production of forestomach tumors 1n mice as

related to 1nduc1bi1ity of aryl hydrocarbon hydroxylase. Female Ha/ICR mice

9 weeks of age were fed diets containing 5% corn 011 or 5% corn 011 with

benzo[a]pyrene to constitute 0.2 or 0.3 mg/g diet. Treatment was cont1nued

for 12 weeks at wh1ch p01nt the an1mals were k111ed and stomachs only were

exam1ned h1stolog1cally for tumors. Results are sunmar1zed 1n Table V-7.

Tumors were of the squamous pap1110ma type. Gross observat10n of glandular

stomach, lung and liver revealed no tumors 1n either control or treated

an1mals .

.Further ev1dence of carc1nogen1c1ty assoc1ated w1th 1ngest10n of

benzo[a]pyrene 15 found 1n the work of McCorm1ck et al. (1981). A group of

20 1nbred v1rg1n female lEW/Ma1 rats rece1ved a s1ngle 1ntragastr1c dose of

50 mg benzo[a]pyrene 1n sesame 011, wh11e a second group rece1ved the same

total dose 1n 8 weekly fract10ns of 6.25 mg. Mammary carc1noma 1nc1dence

after 90 weeks was 77% 1n the 50 mg benzo[a]pyrene s1ngle dose group and 67%

1n the fract10nated dose group. Mammary tumors were observed 1n 30% of

untreated rats.

Adr1aenssens et al. (1983) 1nvest1gated the effect of d1etary butylated

hydroxyan1s01e, a phenolic ant10x1dant, on the format10n of benzo[a]pyrene
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TABLE V-7

lnduct10n of Forestomach Tumors 1n Ha/lCR M1ce Fed D1etary Benzo[a]pyrenea

Dose Tumor lnc1dence Tumors/Mouse Carc1nogen1c
(mg/g d1et) lndexb

0 0/9 0.0 0.0

0.2 6/9 1.8 121.9

0.3 9/9 4.0 400.0

aSource: Tr1010 et a1., 1977

bpercentage of tumor-bear1ng m1ce x mean number of tumors/mouse
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metabolHe-DNA and -prote'n adducts 1n the lung, 11ver and forestomach of

female A/HeJ m1ce. The m1ce were fed benzo[a]pyrene (from 2-1351 lImol/kg)

1n 1dent1cal d1ets to wh1ch buty1ated hydroxyan1so1e (5 mg/g d1et, -1

g/kg/day) was or was not added. Adduct format10n, thought by the authors to

be a necessary, but not a suff1c1ent, step 1n the development of

benzo[a]pyrene 1nduced tumors, was exam1ned 48 hours after 1ngest1on of

benzo[a]pyrene. The major DNA adduct 1dent1f1ed 1n each t'ssue at each dose

was the (+) -7 ,8-d1 hydroxy-9, 10-epoxy 7,8,9,1 O-tetrahydrobenzoa) pyrene:

deoxyguanos1ne; other adducts, 1nclud1ng 7,8-d1hydroxy-9 ,lO-epoxy 7,8,9,10­

tetrahydrobenzo(a)pyrene:deoxyguanos1ne and (-)-7,8- d1hydroxy-9,lO-epoxy

7,8,9,lO-tetrahydrobenzo(a)pyrene:deoxyguanos1ne, were 1dent1f1ed.

Format10n k1net1cs of the major adduct 1n lung and 11ver DNA from

an1mals on the control d1et showed a s1gmo1dal curve; forestomach adduct-DNA

complexes exh1b1ted no saturat10n over the levels tested. As the benzo[a]­

pyrene dose approached 0, the dose-response curves became l1near; however,

1n the three organs exam1ned, no threshold dose appeared to ex1st below

wh1ch benzo[a]pyrene metabo11te adducts were not observed.

D1etary butylated hydroxyan1s01e treatment 1nh1b1ted the format10n

benzo[a]pyrene metabolHe adducts to forestomach, lung and 11ver DNA over a'

w1de d1etary benzo[a]pyrene range. Adduct format1on 1n DNA from the fore­

stomach of butylated hydroxyan1sole-treated an1mals was 45" lower than the

control group, but demonstrated, the same b1nd1ng k1net1cs as the an1mals 1n

the control d1et. The max1mum 1nh1b1t10n of lung and l1ver DNA adduct

format10n 1n butylated hydroxyanhole-treated an1mals was 68 and 82% lower

than the control group. respect1vely. As the benzo[a]pyrene dose approached
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these values dec11ned to 40 and 55%, respect1vely. Butylated hydroxyan1sole

treatment also d1m1n1shed the curv1l1near nature of the dose-response curve.

The level of benzo[a]pyrene metabolites b1nd1ng to DNA was -7% of the

amount of b1nd1ng to prote1ns 1n the three organs exam1ned. The

dose-response curves for benzo[a]pyrene metabo11tes b1nd1ng to lung and

l1ver prote'ns was parallel for both the control and butylated

hydroxyan1sole-treated groups. Inh1b1t10n of metabo11te b1nd1ng was not

dose dependant 1n these organs. No cons1stent effects of butylated

hydroxyan1sole were noted 1n benzo[a]pyrene metabolite-forestomach prote1n

b1nd1ng k1net1cs.

Hamsters have also been observed to develop pap11lomas and carc1nomas of

the a11mentary tract 1n response to gavage or d1etary exposure to benzo[a]­

pyrene (Dontenw1l1 and Mohr, 1962; Chu and Malmgren, 1965). Chu and

Malmgren (1965) fed ma1eSyr1an hamsters d1ets conta1n1ng 500 mg benzo[a]­

pyrene/kg food or 500 mg benzo[a]pyrene plus 5 g v1tam1n A pa1m1tate or 5 g

vitam1n A palmitate only. Th15 d1et was prov1ded 4 days/week and standard

d1et the rema1n1ng 3 days. An1ma1s consumed -5 g food/day, thus rece1v1ng

-10 mg b~nzo[a]pyrene and/or 100 mg v1tam1n A pa1m1tate/week. All 10

an1mals fed vitam1n A free d1et d1ed 1-4 weeks after the beg1nn1ng of the

assay. whereas those consum1ng v1tam1n A surv1ved. ~5 months. Hamsters

consum1ng benzo[a]pyrene with vitam1n A lived longer (that 15, from 6-14

months) than an1ma1s fed benio[a]pyrene and no v1tam1n A. N1ne of 13

treated an1mals developed tumors descr1bed by the authors as ·cancer· .1n the

forestomach (9) and 1ntest1ne (2). V1tam1n A 1n the d1et e11m1nated

1ntest1nal tumors and decreased the severity of the forestomach 1es10ns to
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lesions described as papillomas and dyskeratoses. Tumor incidence in the

group receiving only vitamin A was 0/27 for esophageal lesions; the

incidence of forestomach tumors was not descr1bed.

Benzo[bJfluoranthene. PerUnent data regard1ng the oral carc1nogenic­

1ty of benzo[b]f1uoranthene could not be located 1n the ava11able l1terature.

Benzo[kJfluoranthene. PerUnent data regard1ng the oral carc1nogen'c­

1ty of benzo[k]fluoranthene could not be located in the available literature.

Benzo[g,h,1]perylene. PerUnent data regard'ng the oral carc1nogen1c­

. lty of benzo[g.h.l]pery1ene could not be located In the aval1ab1e 11terature.

Chrysene. Pertlnent data regard'ng the oral carclnogen1city of

chrysene could not be located 1n the aval1ab1e 11terature.

Dlbenz[a,hJanthracene. Mlce (stra'n not speclf1ed) were fed a diet

w,thAdded d1benz[a.h]anthracene. After 5-7 months exposure the total

rece1ved doses of 9-19 mg resulted 1n the lnduct10n of forestomach tumors 1n

7/22 surv1vors at 1 year (Lar1nov and Sobo1eva. 1938).

Lorenz and Stewart (1948) adm1n1stered stra1n A m1ce 0.4 mg d1benz[a.h]­

anthracene/day 1n an aqueous m1neral 011 suspens10n glven 1n place of drlnk­

lng water. At 406 days exposure. 2 squamous cell carc1nomas and 11 papl1­

lomas of the forestomach were observed (Lorenz and Stewart. 1948). The

authors also conducted experlments ,n wh1ch C57B1. C3H. DBA/2 and A stra1n

·2
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m1ce were exposed to d1benz[a,h)anthracene 1n an 011ve 011 water emu1s10n

prov1ded to the an1ma1s 1n l\eu of dr1nk1ng water (Lorenz and Stewart,

1947). The DBA/2 m1ce developed tumors 1nclud1ng pulmonary adenomatos1s,

that Snell and Stewart (1962a) concluded were s1ml1ar to adenomatous 1es10ns

found 1n humans. Snell and Stewart (1962a, 1962b) were thus prompted to

undertake a sIml1ar exper Iment In m1 ce. Groups of 21 ma 1e and fema 1e m1 ce

of the DBA/2 stra1n were g1ven 0.2 mg/ml d1benz[a,h)anthracene 1n an

aqueous 011ve 011 emu1s10n ad 11bHum 1n place of drInkIng water. Twenty­

f1ve male and 10 female control an1ma1s rece1ved the 011ve 011 emulsIon 1n

11eu of dr1nklng water. NeHher treated nor control m1ce tolerated the

011ve 011 veh1cle. An1mals lost we1ght after a few weeks exposure,

eventually becom1ng emac1ated and dehydrated. Ma1e~ were est1mated to

rece1ve a dal1y dose of 0.85 mg/day whl1e females rece1ved 0.76 mg/day of

d1benz[a,h)anthracene. Duratlon of the exper1ment was 279 and 237 days for

male and female m1ce 1n the exper1mental group and 351 and 226 days for

controls. Treated m1ce developed pulmonary adenomatos1s, a1veologen1c

carc1nomas, mamma~y tumors (females only), precancerous growths of the small

1ntest1ne and hemang10endothe110mas of the pancreas, mesentery and abdom1nal

lymph nodes. A pulmonary adenomatos1s 1n a male mouse was the only les10n

observed 1.n eHher male or female control an1mals. Tumor 1nc1dences from

the Snell and Stewart (1962a) study are compared wHh those of the Lorenz'

and Stewart (1941) study 1n Table V-B.

A ser1es of assays was done'where1n m1ce of several stra1ns were gavaged

tw1ce weekly w1th preparat10ns of 0.5% d1benz[a,h)anthracene 1n almond 011.

After a 15-week treatment per10d, t~e total dose was 15 mg/an1mal. Mammary

carc1nomas were observed 1n 1/20 BALB/c females and 1n 13/24 pseudo-pregnant
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BALBlc females (Bianc1fiori et a1., 1976). A single 1.5 mg dose of

dibenz[a,h]anthracene \n PEG-400 produced forestomach papillomas \n 2/42

male Swiss mice after 30 weeks (Berenb1um and Haran. 1955).

Fluoranthene. Pertinent data regarding the oral carcinogenicity of

fluoranthene could not be located in the available literature.

Fluorene. The carcinogenic potential of fluorene was studied by

Wllson et al. (1947) and Horris et al. (1960). In the Horris et al. (1960)

study, female buffalo rats were adminlstered 0.05% fluorene in their diets

containing either 3% added corn 011 or propylene glycol. This resulted in

the consumption of either 4.3 mg/day of fluorene for -6 months or 4.6 mglday

for -18 months. The \ncidence of tumors in the treatment and control groups

was essent ially the same (Table V-9). The authors of the study described

fluorene as "slightly carcinogenic."

Wllson et al. (1941) studied the effect on tumor development in albino

rats of exposure to various concentrations of fluorene in the diet over.-
various periods of time. One set of rats was exposed to several concentra-

tions (number not spec1fied) ranging from 0.062-1.0% fluorene in the diet

for 104 days while a second set received either 0.125, 0.25 or 0.5% fluorene

in the diet for 453 days. Animals of the short-term group maintained on

d1ets with fluorene concentrat10ns of 0.5 and 1.0% experienced sign1f1cant

decreases 1n their rate of growth. In other aspects they appeared normal.

The 1nternal organs of rats exposed for 104 days were essentially normal in

appearance and h\stology. Livers Of rats consuming the 0.25% and higher

dose diets in the longer study were s1gnificantly heavier than normal.

·1
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Spleens of all treated an'mals we1ghed less than normal as d1d testes of the

h1ghest dosed rats. In the longer-term exposure group, squamous metaplas1a

of the bronch1alep1the11um was noted 1n three rats wh11e one rat exposed to

0.125% fluorene 'n the d1et had developed a small ben1gn k1dney tubular

adenoma. Total number of an1mals treated was not 1nd1cated, nor was a

control group descr'bed.

Indeno(l,2,3-cdJpyrene. Pert1nent data regard1ng the oral carc1no­

genlcHy of lndeno[1,2,3-cd]pyrene could not be located ln the avallable

1Herature.

Naphthalene. There 15 only very 11mHed lnformatlon avallab1e on the

carclnogenlc potent1a1 of naphthalene fo1lowlng oral adm1nlstrat1on to

laboratory anlma1s.

Schmahl (1955) reported that naphthalene adm1n1stered ln food was not

carc1nogen1c ln rats (In-house stra1ns BOI and BOIl!). Naphthalene was

d1ss01ved ln 011 and glven 6 t1mes/week 1n food. The dally dose was between

10 and 20 mg. After reach1ng a total dose of 10 glrat (food 1ntake was not

reported),· treatment was stopped and an1mals observed untl1 death, between

700 and 800 days of age.

Tsuda et al. (1980) adm1n1stered a s1ng1e gavage dose of 100 mg/kg

naphthalene 1n corn 011 to a group of 10 young adult F344 rats (sex not

spec1f1ed) at 12 hours after part1a1 hepatectomy. A veh1c1e control group

of 10 rats was 1nc1uded. At 2 weeks after surgery, 2-acety1am1nof1uorene

was added to the d1et at 200 ppm to 1nh1b1t pro11ferat10n of "nonres1stant"
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hepatocytes. After 1 week' of dietary 2-acetylamlnofluorene. a sIngle 2.0

mt/kg dose of carbon tetrachloride was given to necrotize "nonresIstant"

hepatocytes and permit proliferation of IIresistant ll hepatocytes. Feeding of

2-acetylamlnofluorene continued for 1 week. followed by a basal diet for 1

week. The rats were then sacriflced and l1vers were sect10ned and histo­

chemically examlned for the number and she of y-glutamyl transpept1dase

(GGT)posit1ve foc1. These focl contain cells that are "reslstant" to the

necrotizing effects of carbon tetrachloride and to the prollferation­

inhibltlng effects of 2-acetylamlnofluorene and are cons1dered to represent

an early stage 1n the process of neoplastlc transformatlon. Neither the

number nor the she of GGT focl appeared to be lncreased ln naphthalene­

treated rats compared w1th vehlc1e controls. The use of GGT as a blocheml­

cal marker of preneop1astlc focl ls generally accepted (Hendrlch and Pltot.

1987) .

Phenanthrene. A s1ng1e oral dose of 200 mg phenanthrene dissolved In

sesame 011 was admlnlstered to ten. SO-day-01d. female Sprague-Dawley rats.

Nomanmary tumors were produced withln 60 days. In a posit1ve control group

of 700 anlma1s g1ven 20 mg of 7.12-dlmethy1benz[a]anthracene admlnlstered

under the' same conditlons. manmary tumor '1ncldence was 100% (Hugglns and

Yang.. 1962).

Pyrene. Pertlnent data regardlng the oral carclnogenlcity of pyrene

could not be located 1n the ava11ab1e l1terature.

Carc1nogen1c1ty, Other Routes

Acenaphthy1ene. Hartwell (1951) cited a study whereln 20 mlce (strain

not speclfled) were skln palnted wlth 0.25% acenaphthy1ene ln benzene. At &
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months 13 an'mals were alive; 7 were allve at 1 year. No tumors were

observed.

Rotenberg and HashbHs (1965) reported "var10us degrees of mangnancy"

1n the lungs of almost all of an unspecHled number of rats exposed to

acenaphthy1ene dust at 0.5-1.25 mg/m3 for 4 hours/day for 4 months.

Further detalls were not prov1ded. In another study (pubnshed 'n Russ'an)

with male wh1te rats, h1stopatho10g1c 1es10ns 'nclud1ng hyperp1as'a and

metap1as1a of the bronch1a1 epithe11um, but no s1gns of malignancy, were

reported fo110w1ng inhalat10n of acenaphthy1ene vapors at 18 mg/m 3 , 4

hours/day, 6 days/week for 5 months (Reshetyuk et a1., 1970).

Anthracene. The carcinogen1c potent1a1 of anthracene has been tested

by skin app11cat10n with and without UV rad1at10n 1n m1ce, 1n skin 1nitia­

tion-promot10n assays with m1ce, by s.c. or 1.p. routes in rats, by implan­

tation 1nto th~ lungs of rats, and by implantat10n 1nto the brain or eyes 1n

rabbits. These studies are sunmar1zed in Table V-10. The results of the

skin pa1nting bioassays for both complete carcinogenicity and for initiating

activity do not provide evidence of carcinogenic1ty, but contrad1ctory

results were obta1ned when anthracene was· app11ed to skin together with

exposure to UV radiation. The injection and implantation studies do not

provide evidence of carcinogenic1ty, but these results cannot be regarded as

conclusive due to 1nadequac1es 1n experimental design (e.g., small number of

animals, lImited number of exposures, inadequate controls).

Benzralanthracene. Shimkin and Stoner (1975) demonstrated negative

results in the stra1n A mouse lung adenoma assay after a single 1.v. 1njec­

t10n of 0.25 mg benz[a]anthracene and an observation per10d of 6 months.
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As part of a large study of PAHs and the1r n1trated der1vat1ves, newborn

CD-l m1ce were treated 1.p. w1th a total of 2800 ~mol benz[a]anthracene 1n

DHSO. L1ver tumors were not observed 1n treated female m1ce, but 31/39

males developed l1ver tumors of wh1ch 25/39 were carc1nomas. Th1 s was a

s1gn1f1cant 1ncrease compared w1th controls. By contrast, female m1ce were

observed to have a s1gn1f1cantly 1ncreased 1nc1dence of lung tumors (6/32

compared w1th 0/31) wh11e the males d1d not (6/39 compared w1th 1/28)

(W1s10ck1 et a1., 1986).

Benz[a]anthracene 1s a well-documented complete sk\n carc1nogen. Both

the parent compound and the 3,4-d1hydrod101 and the 3,4-d101-1,2-epox1de

have produced tumors on mouse sk1n (IARC, 1973; Santodonato et al., 1981).

By contrast ne1ther Donryu rats nor Syr1an golden hamsters developed tumors

after top1ca1 benz[a]anthracene app11cat10n (Tawf1c, 1965; Shub1k et al.,

1960) •

Subcutaneous adm1n1strat10n of benz[a]anthracene 1n tr1capry11n to m1ce

resulted 1n 1nject10n sHe sarcomas. Inc1dences of sarcomas 1n C57B1 m1ce

observed 9 months after be1ng g1ven graded doses of benz[a]anthracene were

as follows; 0.05 mg, 5/43; 0.2 mg, 11/43; LO mg, 15/31; 5.0 mg, 49/145; 10

mg, 5/16 (Ste1ner and Fa1k, 1951; Ste1ner and Edgecomb, 1952). K1e1n (1952)

showed that 1ntramuscu1ar 1nject10n of a1b1no m1ce der1ved from stra1n A

wHh benz[a]anthracene In a 1 or 3% comblnat 10n wHh croton 011 produced

lnject10n s1te f1brosarcomas and hemangloendothe110mas.

BenzofaJpyrene. Benzo[a]pyrene .1s known to produce tumors when adm1n-

\stered by 1nha1atlon or lntratrachea1 1nstll1atlon. It \s generally more
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effect1ve as a lung carc1nogen when accompan1ed by a resp1rable part1culate

or a cocarc'nogen1c gas. Lask1n et al. (1970) exposed 21 rats to 10 mg/m3

benzo[a]pyrene for 1 hour/day for 1 year. Two an1mals developed squamous

cell carc1nomas 1n th1s group. When rats were exposed to 10 ppm S02 for

an add1t10na1 6 hours/day, carc1noma 1nc1dence was 5/21. No an1ma1s

rece1v1ng S02 only developed tumors. Intratracheal 1nst'11at'on of

benzo[a]pyrene accompan1ed by Ind1a 1nk resulted 'n a dose-dependent

1ncrease 'n lung tumors 1n rats (Yan1sheva, 1971). Rats that rece1ved

~4C-benzo(a)pyrene along w1th carbon black or asbestos through

1ntratrachea1 1nst111at10n had a h1gher 1nc1dence of lung tumors than those

rece1v1ng only th1s PAH (Py1ev et a1., 1969).

Intratracheal 1nst1l1at10n stud1es of part1cu1ate and benzo[a]pyrene 1n

hamsters have also shown 1ncreased 1nc1dences of resp1ratory tumors. An

1ncreased 1nc1dence of resp1ratory tract tumors was reported 1n Syr1an

golden hamsterl that had been admin1stered benzo[a]pyrene along w1th ferr1c

ox1de part1c1es (Saff10tt1 et al., 1965, 1968). In a s1mllar exper1ment,

Farrell and Dav1s (1974) showed that carbon black and ferr1c ox1de were more

effect1ve tumor promoters than a1um1num ox1de when these three types of

part1c1es .were bound to benzo[a]pyrene. The percentage of resp1ratory tract

tumor-bear1ng hamsters 1n each group was 49, 49 and 22% for the carbon

black, ferr1c ox1de and a1um1num ox'de groups, respect1ve1y. Intratracheal

1nst111at10n of rad101abe1ed benzo[a]pyrene-coated carbon, a1um1num ox1de

and ferr1c ox1de resulted 1n an 1ncrease ·'n the retent10n t 1me of the

rad101abe1 1n the hamster lung when compared w1th adm1n1strat10n of only the

rad101abe1ed benzo[a]pyrene (Henry a.nd Kaufman, 1973).
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Hamsters ~ave provlded a useful model for the study of benzo[a]pyrene

lung carclnogenlc1ty. Concurrent exposure wlth sesame 011 resulted In

tracheal pap1llomas and carclnomas (Mohr, 1971). SafflotU et a1. (1972)

conducted several assays where1n a sa11ne suspenslon of benzo[a]pyrene

coated Fe
2
0

3
pa~t1cles were repeatedly lnst1l1ed ln hamster treacheas.

In one assay the lowest dose employed, 0.25 mg benzo[a]pyrene/week, Induced

resplratory tumors 1n 10/88 hamsters. At the h1gh-dose, 3 mg/week, the

IncIdence was 34/57 w1th mu1t1ple tumors observed ln some an1mals (Saff1ott1

et a1.. 1972). UsIng the same model, Sellakumar and Shublk (1972) reported

a 30% 1ncldence of resp1ratory tract tumors ln an1ma1s rece1v1ng 20 weekly

treatments of 0.5 mg benzo[a]pyrene.

In research by Thyssen et al. (1981). groups of 24 hamsters 1nhaled

benzo[a]pyrene at concentrat1ons of 2.2, 9.5 or 46.5 mg/m3 , 4.5 hours/day,

7 days/week for 10 weeks followed by an exposure for 3 hours/day, 7 days/

week for a max1mum of 675 days. NeHher control an1mals nor an1ma1s recelv­

lng the lowest dose developed resplratory or upper d1gest1ve tract tumors.

Above 2.2 mg/m3 benzo[a]pyrene. the 1nc1dence of resp1ratory and upper

d1gest1ve system tumors 1ncreased w1th dose. Table V-11 summar1zes the

f1nd1ngs •.

A later report 1nd1cated that concurrent exposure of Syr1an golden

hamsters to S02 and benzo[a]pyrene-coated sod1um ch1or1de resulted 1n an

enhancement of tumor response and a decreased latency per10d (Pauluhn et

aL. 1985).

Feron and Kruysse (1978) and Ketkar et al. (1978) also stud1ed the

1nc1dence of resp1ratory tract neoplasms 1n male and female hamsters
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TABLE V-ll

Carcinogenicity of Benzo[a]pyrene to
Male Syrian Golden Hamsters By Inhalat1ona ,b

Duration of Tumor d
Dose mg/Hamster TreatmentC Target Organ Incidence

(mg/m3 ) (weeks) (" )

0.0 0 96.4 respiratory tract 0127 (0)
upper digestive tract 0127 (0)

2.2 29 95.2 respiratory tract 0127 (0)
upper digestive tract 0127 (0)

9.5 127 96.4 resp1ratory tract 9126e (35)
upper digestive tract 7126e (27)

46.5 383 . 59.5 respiratory tract 13125f (52)
upper digestive tract 14125f (56)

aSource: Thyssen et al., 1981

bExposure was for 4.5 hours/day for the first 10 weeks, 3 hours/day there­
after for 7 days/week as NaCl vapor (>99" of the particles had diameters
between 0.2 and 0.5 pM) 1n air.

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

dTumors w~re papillomas, papillary polyps, and squamous cell carcinomas

e3 nasal cavity, 8 laryngeal,
tumor

tracheal, 6 pharyngeal and 1 forestomach

fl nasal cavity, 13 laryngeal, 3 tracheal, 14 pharyngeal, 2 esophageal and
1 forest~ch tumor
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assoc1ated wHh 1ntratrachea1 adm'nhtrat1on of benzo[a]pyrene. Ketkar et

a1. (1978) found the mean survha1 Ume of both male and female hamsters was

posHhe1y related to the dose of benzo[a]pyrene adm1n1stered as weekly

'nsullatlons 1n bov1ne serum a1bum1n (Table V-12). For male hamsters, the

'nc'dence of resp1ratory tract tumors tended to 1ncrease w1th dose except at

the h1ghest level where the tumor 1nc1dence rate decl1ned s11ght1y. For the

fema"le hamsters, tumor 1nc1dence was also 1ncreased by benzo[a]pyrene, but

an 1nverse re1at1onsh1p held between dosage and tumor 1nc1dence. Why th1s

Inverse re1at1onsh1p was observed 1s not read11y apparent.

Kobayash1 (1975) treated 32 male and 28 female Syr1an golden hamsters

wHh Intratracheal 1nst111atlons of 1 mg of benzo[a]pyrene 1n sal1ne weekly

for 30 weeks. The control group (20 m1ce/sex) was adm1n1stered an

equ1valent dose of salIne. After 60 weeks the m1ce were sacr1f1ced and

complete necrops1es performed. Surv1va1 rates appeared to be equ1va1ent 1n

the benzo[a]pyrene-treated and control groups (both sexes comb1ned). The

1nc1dences of resp1ratory tract tumors were 11/26 1n treated males and 14/26

In treated females. The major1ty of these tumors were found 1n the

per1phera1 areas of the lung. No 1nc1dences of resp1ratory tract tumors

were found 1n th~ control m1ce.

Stenback and Rowland (1978) stud1ed the role of talc and benzo[a]pyrene

1n resp1ratory tumor format1on. Two groups of 24 Syr1an golden hamsters/sex

rece1ved e1ther 18 1ntratrachea1 1nst1l1at1ons of 3 mg of talc 1n sa11ne or

3 mg benzo[a]pyrene and 3 mg talc 1n sa11ne weekly. Control groups rece1ved

sa11ne or rema1ned untreated. Hamsters were autops1ed upon spontaneous

death. An1mals treated w1th talc and benzo[a]pyrene had a shorter 11fespan
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TABLE V-12

Carcinogenicity of Benzo[a]pyrene Administered
by Intratracheal Instillation to Syrian Hamstersa

Duration of Incidence of Respiratory Tract Neoplasms d
Doseb TreatmentC (" )

(mg/week) (weeks)
Males Females

0 41 0/29 {OJ 0/30 {OJ

0.10 40 5/26 (19 ) 12130 (40)

0.33 24 7/29 (24) 10/28 (36)

1.0 10 6/27 (22) 6/20 (30)

aSource: Ketkar et a1 .• 1978

bBenzo[a]pyrene (97" pure) was delivered in bovine serum albumin.
Controls received vehicle only.

cMean survival time. Survival t1me was also equal to study durat1on.

dcarc1nomas. adenomas. adenocarcinomas and papillomas were reported.
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(52 weeks) than the untreated controls (55 weeks), and these deaths were

prlmarlly attrlbuted to pulmonary dysfunctlons caused by elther lnterstltlal

flbrosls or neop1astlc lnvolvement of the resplratory system. Only the

hamsters treated wlth the talc and benzo[a]pyrene mlxture dlsp1ayed

pap' llomas, squamous cell care 'nomas, and und1fferent lated tumors of the

lung, larynx and trachea (lncldence 33/48). Talc appeared to have no

carclnogenlc actlvlty alone, but 'ncreased the carc'nogenlcHy of benzo[a]­

pyrene.

In an Intratracheal lnstl11at'on study, male SyrIan golden hamsters were

adm1n1stered benzo[a]pyrene, arsen'c (as arsen1c tr10x1de) or arsen1c and

benzo[a]pyrene together. They were 1ntroduced w1th 3 mg of charcoal carbon

dust carr1er. The control group receiv~d only the carr1er dust. The

an1ma1s were dosed weekly. The benzo[a]pyrene group (50 hamsters) rece1ved

0.44 mg/exposure (-6 mg/kg), and the arsen1c group (67 hamsterS) rece1ved

0.25 mg/exposure (-3 mg/kg). The group rece1v1ng both chem\ca1s (90

hamsters) rece1ved 0.45 mg and 0.23 mg of benzo[a]pyrene and arsen1c,

respectively. The 50-week survival rates of the control, benzo[a]pyrene,

arsen1c and combined groups were 40, 54, 52 and 41", respectively. The

100-week survival rates of the contro1~ benzo[a]pyrene, arsenic, and arsen1c

and benzo[a]pyrerte comb1ned groups were 13, 14, 25 and 13", respect1vely.

The 1nc\dences of carcinomas of the larynx, trachea. bronch1\ or lungs were

0/53, 3/41 t 11140 and 25/54 1n the control, arsen1c. benzo[a]pyrene, and

arsen1c and benzo[a]pyrene comb1ned groups, respectively (Pershagen et al..

1984) .

Male Sprague-Dawley rats were

microcrystals, [3H]-benzo[a]pyrene

exposed to either [3H]-benzo[a]pyrene

m1crocrysta1s 1n. 1ron ox1de or
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chrysot11e asbestos, or [3H]-benzo[a]pyrene absorbed to 'ron ox1de or

chrysot11e asbestos part1culates by 1ntratracheal 1nst111at1on. Rats were

sacr1f1ced at t1mes rang1ng from 2 m1nutes to 72 hours after adm1n1strat10n

and the dhtr1but10n of the rad10nuc11de exam1ned. Absorpt10n of

benzo[a]pyrene adm1n1stered as m1crocrystals was rap1d. Add1t10n of

asbestos decreased the absorpt10n rate of the m1crocrystals, and add1t10n of

1ron ox1de had lHtle or no effect on absorpt10n. Part1culates d1d not

appear to 1ncrease the carc1nogen1c1ty of benzo[a]pyrene by part1cle

enhanced uptake or 1ncreased retent10n t1me 1n the lungs (Bevan et al .•

1988) .

Two stud1es by Feron and co-workers showed benzo[a]pyrene 1nst 111ed 1n

sal1ne suspens10n produced resp1ratory tumors 1n hamsters. Feron et al.

(1973) reported that male Syr1an golden hamsters rece1v1ng a total adm1n1s­

tered dose of O. 3.25. 6.5. 13. 26 or 52 mg benzo[a]pyrene had the follow1ng

1nc1dences of resp1ratory tract tumors: 0/29. 3/30. 4/30. 9/30. 25/29 and

26/28. respect1ve1y. Feron and Kruysse (1978) found a pos1t1ve dose­

response re1at10nsh1p for tumor 1nc1dence 1n male and female hamsters g1ven

a . total dose of O. 18.2 or 36.4 mg of benzo[a]pyrene 1n sal1ne 1ntra­

trachea11y for 52 weeks. The 1nc1dence of resp1ratory tract tumors

correspond1ng to these doses was O. 13.8 and 63.3% 1n males. wh11e 1n

females the _correspond1ng tumor 1nc1dences were O. 11.1 and 29.2%.

Papll10mas and carc1nomas of the trachea and pulmonary adenomas were most

often observed.

Benzo[a]pyrene. 1 mg/mt 1n phosphate buffer solut10n. was adm1n1stered

1ntratrachea11y once a week for 1~ weeks to 8-week-01d female Syr1an golden
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hamsters. Treated anImals and controls survlved 443 and 614 days, respec­

t1ve1y, after the 1n1t1a1 lnst111atlon. No control anlma1s were observed to

develop lung or tracheal tumors whereas 6/13 treated anlma1s had tracheal

tumors (2 ma11gnant, 4 ben1gn) (Yamamoto et a1., 1985).

Benzo[a]pyrene has been shown to produce tumors at var10us sHes by a

nu"!ber of modes of admlnlstratlon. IntraperHonea1 lnjectlon of newborn

BlU:Ha(ICR) mlce wlth benzo[a]pyrene produced lung adenomas. A dose of 280

~g/mouse resulted 1n a 94" tumor lncldence (Busby et a1., 1984). Ind1vld­

ua1 Swlss mouse fetuses were treated wlth a slng1e 1.p. lnjectlon of benzo­

[a]pyrene or derlvatlves 'In 1 ~t trloctanoln and acetone. Doses of 0,

0.4, 4.0, 9.9 or 19.8 ~mo1/fetus were glven on day 15 of lntrauterlne

growth and anlma1s were carrled to ~erm, weaned and kept untl1 12 weeks of

age. At thlS t1me they were kll1ed and examlned for lung adenomas. Incl­

dence of adenomas 1n the control group was 4/31 and 1n the treated groups at

the stated dosages were 1/39, 10/42, 10/38 and 12/31. A racem1c mlxture of

benzo[a]pyrene 7,8-dl01-9,10-epoxldes was more tumor1genlc produc1ng an

lnc1dence of 27/31 at a dose of 4.0 ~mo1e/fetus (Rossl et a1., 1983).

Male Wlstar rats were glven an 80 mg/kg bw lntraperltonea1 1njectlon of

benzo[a]pyrene 18' hours after partla1 hepatectomy (Dock et al., 1988). The

rats were then placed on a speclflc d1et schedule that conslsted of 2 weeks

of a basal dlet, followed by 2 weeks of a dlet supplemented wHh 0.02%

2-acety1amlnofluorene (2-AAF). A s1ng1e lnjectlon of carbon tetrach10rlde

(2 mt/kg bw) was admln1stered mldway through the 2 weeks. The rats were

then admln1stered a basal d1et for 2 weeks. The benzo[a]pyrene and 2-AAF
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produced a s1gn1f1cant number of enzyme-altered foc1 In the regeneratlng

11ver. There was a 50% reduct10n 1n the metabo11sm of benzo[a]pyrene 1n the

pro11ferat1ng 11ver.

Benzo[a]pyrene 1s carc1nogen1c when adm1n1stered s.c. to m1ce, rats,

hamsters, gu1nea p1gs and some pr1mates (IARC, 1983). Bryan and Sh1mk1n

(1943) attempted to establ1sh dose-response curves for 1nduct10n of tumors

follow1ng s.c. adm1nhtrat10n 1n m1ce. Tr1capry11n solut10ns (0.25 or 0.5

mI.) were 1njected once only 1nto the r1ght aX1lla of male C3H m1ce, and

an1mals were observed throughout the1r 11fet1me. No controls were reported,

but several no effect doses were observed (Table V-13). In addH10n to

1nject1on s1te sarcomas, newborn m1ce adm1n1stered benzo[a]pyrene s.c.

developed hepatomas or lung adenomas (P1etra et a1., 1961; Roe and Waters,

1967, Toth and Shub1k, 1967; Grant et a1., 1968).

Pera1no et a1. (1984) treated newborn (day 1) Sprague-Dawley rats by a

s1ng1e 1.p. 1nject10n of 0.59 "mole benzo[a]pyrene/kg bw. At day 21 the

an1ma1s were weaned and placed on a 30% case1n d1et conta1n1ng 0.05% pheno­

barbHa1, a known promoter of hepat1c neoplasms. An1ma1s were k1lled at

1ntervals up to -500 days, and the1r Hvers were exam1ned for hhtochem1­

cally det"ectab1e foc1 of altered hepatocytes as well as for hepat 1c tumors.

Hepat1c tumor- 1nc1dence 1n females was -57% and -31% 1n males. Focus

1nc1dence had reached 100% 1n both males and females by day 200.

Benzo[a]pyrene 1s among the most potent and best documented of sk1n car­

c1nogens. It 1S rout1ne1y used as a p'os1t1ve control 1n sk1n pa1nt1ng b10­

assays of other mater1a1s. Sk1n tumors have been produced by benzo[a]pyrene
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TABLE V-13

Sarcomagen1c Act1v1ty of Benzo[a]pyrene 1n Male C3H M1ce
Follow1ng a S1ng1e Subcutaneous InJect1on*

Tumor Inc1dence

Dose (mg) Number Tumor-Bear1ng Percentage
An 1ma ls/Number

Effect1ve An1ma1s

0.00195 2/81 2

0.0078 0/40 0

0.0156 0/19 0

0.031 0/16 0

0.062 4120 20

0.125 15/19 79

0.25 14121 67

0.5 19/19 100

1.0 18120 90

2.0 19/19 100

4.0 16/19 84

8.0 20/21 95

·Source: Bryan and Sh1mk1n, 1943
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In m1ce, rats, rabbits and to a lesser extent In guInea p1gs. In m1ce the

tumor1gen1c dose 1s dependent upon the solvent used for de11very and on the

stra1n of m1ce (IARC, 1973). Benzo[a]pyrene 1s both an 1n1t1ator and a

complete carc1nogen. For example, Nesnow et a1. (1986) stud1ed the effects

of dermal treatment wHh benzo[a]pyrene on 7- to 9-week-01d SENCAR m1ce.

The benzo[a]pyrene was app11ed as a s1ng1e top1ca1 treatment 1n 0.2 mt of

acetone and as f1ve da11y doses of 2 mg each. One week after treatment. 2.0

.,g of the tumor promoter TPA was adm1n1stered top1cally tw1ce weekly. The

results are presented 1n Table V-14.

Pere1ra et a1. (1979) app11ed [3H]benzo[a]pyrene to shaved female HA/ICR

m1ce; the m1ce were sacr1f1ced 7 hours later. [3H]Benzo[a]pyrene

metabo1He conjugated ep1derma1 DNA, 1s01ated from these treated m1ce, was

found to conta1n two major benzo[a]pyrene-DNA adducts. The max1mum

concentrat10ns of both aducts occurred 7 hours after a s1ng1e dermal

app11cat1on. Benzo[a]pyrene-DNA adduct format10n occurred 1n proport10n to

dose at doses several orders of magnHude below doses that normally y1e1d a

carc1nogen1c response.

In an ana1ys1s of two separate sk1n-pa1nt1ng exper1ments us1ng benzo[a]­

pyrene 1n acetone. Lee and OlNe111 (1971) showed that the 1nc1dence rate of

both tumors and 1nf1ltrat1ng carc1nomas could be descr1bed by the equat10n

d2 (t_W)k where t 1s t1me from f1rst app11cat10n. wand k are dose

1ndependent constants and d 1S the app11ed dose. In the f1rst exper1ment 75

female a1b1no m1ce/group (16 total groups) rece1ved e1ther 6. 12. 24 or 48

.,g of benzo[a]pyrene/week 1n eHher 2 appl1cat10ns/week. 4 app11cat10nsl

week and 2 groups that were adm1n1s·tered 3 app11cat10ns/week. One group was
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dosed on MWF and the second on TWF. In the second exper lment, four groups

of 40 albino female mice were treated with either 1, 3, 9 or 27 J,lg of

benzo[a]pyrene every fourth day.

Several e1ectrophllic metabolites of benzo[a]pyrene are skin carcino­

gens. These lnclude dihydrodio1s, dio1-epoxldes and some phenolic deriva­

tlves (Ge1boin, 1980).

Benzo[a]pyrene has also been reported to be carclnogeii'c when adminis­

tered by the following routes: 1.v.; transp1acentally; implantation \n the

stomach wall, renal parenchyma, and braln; inJectlon lnto the renal pelvis;

and vaginal paintlng (IARe, 1983).

Groups of partially hepatectomlzed male Sprague-Dawley rats were glven

either a single 30 mg benzo[a]pyrene l.p. injectlon 24 hours after the

partla1 hepatectomy (10 rats), repeated intragastric lnjections of 4 mg

benzo[a]pyrene for 6 days (15 rats) or a single 011ve oil injection 24 hours

after the partla1 hepatectomy (10 rats ln the control group) (Kitagawa et

al., 1980). All groups were fed a diet contalning 0.05" phenobarbital

beginning 2 weeks after the partial hepatectomy. The anlma1s were

sacrifice~ at 52 weeks and were examined for hepatic tumors. In both groups

receiving benzo[a]pyrene, many rats died of abdominal wall sarcomas prior to

52 weeks. In fact 0/10 rats injected with benzo[a]pyrene survived until

week 52. Of the rats that received intragastric injections, 6/7 had hepatic

tumors and 0/9 in the control group had hepatic tumors. It was reported

that there were many. enzyme-altered f~ci 'n the Hvers of rats receiving

intragastric benzo[aJpyrene lnJect 'o·ns.
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act1ve as the parent compound, whereas the 9,lO-d'ol of benzo[J]fluoranthene

was less acUve than its parent compound (see Table V-15). The 8,9-d'ol of

benzo[k]fluoranthene was not tumor1gen1c. The 9,lO-d101 of benzo[b]fluor­

anthene 1s a potent 1a1 precursor to a bay reg10n d1hydrod1olepox1de. The

benzo[J]fluoranthene 9,lO-d101 could be metabo11zed to d1ol-epox1de w1th the

epox1de r1ng 1n a four-s1ded "pseudo bay reg1on." Taken together, these

results suggest that lhe formaUon of bay reg10n d1hydrod101 epox1des may

not be the major act1vat1on mechan1sm 1n benzof1uoranthene tumor1genes1s.

Th1s work 1s corroborated by the reports of Am1n el aL (1985a,b).

Init1al1on/promot1on protocols using benzo[b]f1uoranthene and benzo[k]­

fluoranthene were carried out 1n Cr1:CD-1(ICR)BR albino female mice. Each

init 1aUng compound was app11ed every other day in 10 doses as acetone

solut ions to the shaved backs of 20 mice/treatment group. Ten days after

completion of the 1nitiating treatment promot10n was begun using thr1ce

weekly applications of 2.5 ~g of TPA (dissolved in 0.1 mt acetone).

This was continued for 30 weeks. Results summarized 1n Table V-18 indicate

that both benzo[b]fluoranthene and benzo[k]fluoranthene can serve as

initiators of carcinogenesis. Benzo[b]fluoranthene, however, is more potent

produc1ng the same incidence of tumors with 1/100 the dose necessary to

initiate tumors wfth benzo[k]fluoranthene.

Injection sHe sarcomas were observed in 18/24 survivors of a total

group of 16 male and 14 female strain XVIlnc/Z mice given three s.c. injec­

tions of 2.6 mg benzo[b]fluoranthene over a period of 2 months (Lacassagne

et aL. 1963).
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TABLE V-15

Carc1nogen1c1ty of Benzofluoranthenes by Implantat10n 1n Rat Lungs a

Dose Hed1an
Treatment (mg) Surv1val Ep1derm01d Tumor

Total 11 me Carc1nomas Sarcomas Inc1dence
(weeks)

Untreated 118 0/35 0/35 0/35

Pe11etb 104 0/35 0/35 0/35

Benzo[b]- 0.1 110 0/35 1/35 1/35
fluoranthene 0.3 113 1/35 2/35 3/35

1.0 112 9/35 4/35 13/35

Benzo[k]- 0.16 114 0/35 0/35 0/35
fluoranthene 0.83 95 3/31 0/31 3/31

4.15 98 12127 0127 12/27

Benzo[g,h,1,]- 0.16 109 0/35 0/35 0135
perylene 0.83 114 1/35 0/35 1/35

4.15 106 4/34 0/34 4/34

aSource: Deutsch-Wenzel et.a1., 1983

bRefers to beeswax and tr1octano1n 1mp1anatat1on med1um
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controls were run PolyMer and Hoffman, 1959b). As part of the same study,

20 Sw1ss m1ce were treated with benzo[k]f1uoranthene. No tumors developed

1n an1mals pa1nted w1th the 0.1% solut1on, but sk1n pap11lomas were observed

1n 2120 m1ce treated with 0.5% benzo[k]f1uoranthene. By contrast to th1s

study, no s1gn1f1cant 1ncrease 1n tumor 1nc1dence was observed when 40

female NMRI m1ce were g1ven sk1n app11cat10ns of 3.4, 5.6 or 9.2 ~g

benzo[k]fluoranthene 2 times/week for the1r l1feUme. No effec t on

morta11ty was noted as a consequence of th1s treatment (Habs et al., 1980).

A s1ngle app11cat10n of 11 mg benzo[k]fluoranthene d1d not 1nduce tumors

1n 20 Sw1ss m1ce 1n a 63 week study. When th1s 1n1t1at1ng dose was followed

by promot1ng treatments wHh croton res1n, 18120 an1mals developed papn­

lomas and 5/20 carc1nomas (Van DOOren et al., 1966).

The tumor 1nH1at1ng act1vH1es of benzo[b]fluoranthene, benzo[j]fluor­

anthene and benzo[k]fluoranthene and three of the1r d1hydrod10ls (9,lO-d1­

hydro-9,lO-d1hydroxybenzo[b]f1uoranthene, 9,lO-d1hydro-9,lO-d1hydroxybenzo­

[j]fluoranthene and 8,9-d1hydro-8,9-d1hydroxybenzo[k]fluoranthene) were

evaluated after app11cat10n to the shaved backs of Crl:CD-l m1ce (laV01e et

al., 1982a). Each compound was app11ed 1n acetone solut10n (0.1 mI.) to

the backs of 20 an1malslgroup. Controls- rece1ved acetone alone. Three
--

1nH1at1ng dose levels, 10, 30 and 100 ~g for benzo[b]fluoranthene and 30,

100 and 1000 1&9 for the other two compounds (10 doses, every other day),

were. used followed by 2.5 1&g TPA (3 t 1mes weekly for 20 weeks) (Table

V-17). Th1s study demonstrated that of the compounds tested, benzo[b]­

f1uoranthene was the most potent tumor 1n1t1ator followed by benzo[j]f1uor­

anthene. Benzo[k]fluoranthene als~ showed tumor 1n1t1at1ng act1v1ty but was

not a complete carc1nogen. The 9,10-d101 of benzo[b]f1uoranthene was as

04420 V-86 10/08/91



TABLE V-17

Tumor In1t1at1ng Act1vlty of Benzofluoranthenes 1n Crl:CO-l Mlcea

Total Percent Sk1n
Compound InHlatlng Sk1n Tumor- Tumors/ Other

Dose Bear1ng Anlma 1 Tumors
(lIg) Anlmals b

Benzo[b]fluoranthene 100 80 7.1 0
30 60 2.3 1c
10 45 0.9 1d

B[b]F-9.10-d101 100 95 8.8 0
30 63 3.8 0
10 26 1.0 l d

Benzo[J]fluoranthene 1000 95 7.2 l c
100 55 1.9 0

30 30 0.6 0

B(J]F-9.10-d101 1000 84 4.5 0
100 20 0.3 le

30 5 0.1 0

Benzo[k]f1uoranthene 1000 '75 2.8 1d
100 25 0.4 0

30 5 0.1 0

B[k]F-8.9-d101 1000 10 0.4 0
100 10 0.1 0

30 15 0.1 0

Acetone 0 0 0

aSource: LaYo1e et a1.. 1982a. Promot'ng treatment was 2.5 lIg TPA. 3
t1mes/week for 20 weeks.

bSk1n tumors were predom1nant1y squamous cell pap1110mas

CMa11gnant lymphoma

dEndometr1a1 carc1noma of uterus

eLung adenoma
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act've as the parent compound, whereas the 9,10-d'ol of benzo[j]fluoranthene

was less active than its parent compound (see Table V-17). The 8,9-d101 of

benzo[k]fluoranthene was not tumorigenic. The 9,lO-d101 of benzo[b]fluor­

anthene 'S a potential precursor to a bay region d1hydrod101epox1de. The

benzo[j]fluoranthene 9,10-d1ol could be metabolized to d1ol.epox1de with the

epox1de ring 'n a four-sided "pseudo bay region." Taken together, these

results suggest that the formation of bay region d1hydrod1ol epox1des may

not be the major activation mechanIsm in benzofluoranthene tumorigenesis.

In another skin painting assay benzo[b]fluoranthene in acetone was

applied to the skins of 20 female CO-l mice/group for a total dose of either

0, 1.0 or 4.0 "mol (a total of 10 subdoses were applied every other day)

(Weyand et al .• 1990). Ten days after the final dose, 2.5 lAg of

tetradecanoylphorbol acetate was appl1ed 3 times/week for 20 weeks. In the

acetone control group. 2/20 mice developed skin tumors; the average number

of skin tumors/mouse was 0.1. In both benzo[b]fluoranthene groups 20/20

mice developed sk In tumors; the average number of skin tumors/mouse was 8.5

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

This ·work is corroborated by the reports of Am1n et al. (1985a.b) .
."

In1t1at1on/promot;on protocols us1ng benzo[b]f1uoranthene and benzo[k]-

fluoranthene were carried out 1n Crl:CO-1(ICR)BR a1b1no female mice. Each

1nit1at1ng compound was appl1ed every other day 1n 10 doses as acetone

solut 10ns to the shaved backs of 20 m1ce/treatment group. Ten days after

completion of the 1n1t1at1ng treatment promot10n was begun us1ng thrice

weekly appl1cat10ns of 2.5 lAg af TPA (d1ss01ved 1n 0.1 mt acetone).

Th1s was cont1nued for 30 weeks. Results summar1zed in Table V-18 1nd1cate
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TABLE V-18

Tumor In1t1at1ng Act1v1ty of Benzofluoranthenes 'n Crl:CD-l(ICR)BR H1cea

. Compoundb
Total

Intt 1at 1ng
Dose

().Imol)

Percent
An1mals

",!i~~ T~~~!'s

Sk1n Tumors/
An 'ma 1

Acetone 10 0.2

Benzo[b]fluoranthene 40 45 0.9
100 95 3.3

Acetone 5 0.1

Benzo[b]fluoranthene 40 42 0.5
100 53 0.9

Acetone 0 0

Benzo[k]fluoranthene 4000 31 0.1

aSource: Am1n et al., 1985a.b

bEach treatment 1s presented w1th 1ts concurrent control. Promot'ng
treatment cons1sted of thr1ce weekly appl1cat10ns of 2.5 ).19 TPA for 30
weeks.
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that both benzo[bJfluoranthene and benzo[k]fluoranthene can serve as

'n1t1ators of carc1nogenes1s. Benzo[b]fluoranthene, however, 'S more potent

produc1ng the same 1nc1dence of tumors wHh 1/100 the dose necessary to

1n1t1ate tumors w1th benzo[k]f1uoranthene.

Inject'on sHe sarcomas were observed 1n 1B/24 surv1vors of a total

group of 16 male and 14 female stra1n XVllnc/Z m1ce g1ven three s.c. 1njec­

t10ns of 2.6 mg benzo[b]f1uoranthene over a per10d of 2 months (lacassagne

et al., 1963).

Benzofg,h,l,Jperylene •. Benzo[g,h,1]perylene d1d not produce a s1g­

n1f'cant 1ncrease 1n tumor 1nc1dence (see Table V-15) when 1mplanted as

beeswax tr1octanoln pellets In lungs of female OM rats (Deutsch-Wenzel et

a1., 1983). Although a few pulmonary tumors were observed In rats after

lntrapu1monary lnjectlon, the data were consldered lnadequate for eva1uatlon

(IARC, 1983).

No lncreased lncldence of tumors was reported from two skln-palnt1ng

bloassays of benzo[g,h,1lpery1ene conducted 1n female Swlss or Ha/ICR/mll

Swlss mlce (Hoffman and Wynder, 1966; Wynder and Hoffman, 1959b). Three

lna lat 10n promot 10n assays for sk'n tumor 1genes 15 In mlce were 11kewhe

negat1ve. Benzo[g,h,l]pery1ene dld not produce lnjectlon sHe tumors In

elther of two studles whereln mlce were exposed subcutaneously (IARC, 1983).

Van DQQren et a1. (1973) reported some ev1dence that benzo[g,h,l]­

pery1ene served as a cocarclnogen w1th. benzo[a]pyrene when both were app11ed

slmultaneous1y to the skln of ICR/Ha Sw'ss mlce.
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Chrysene. As part of a study of nHrated PAHs, chrysene In DMSO WdS

adm1n1stered 1.p. to CO-l m1ce on days 1, 8 and 15 of age. Tumor Inc1dences

were recorded after 1 year. A tota 1 dose of 2800 nmol/mouse resu1 ted In

hepat1c and lung tumors 1n 41 and 21" of the males, respect1vely. A total

dose of 700 nmol 1nduced l1ver tumors 'n 29" of the males; females were

unaffected (W1s10ck1 et al., 1986).

A ser1es of early sk1n palnt'ng assays conducted In m1ce produced

var 1able results. It was noted that 'n these b10assays the chrysene was

1lkely to be contam1nated w1th methylchrysene or other mater1als not

detectable by the technology then ava11able (IARC, 1983).

As part of a study of tobacco constituents, female Swlss mlce were

treated by brushlng a 1% acetone solutlon of chrysene on the skln 3

tlmes/week. No solvent control was reported, but 45% of the treated anlmals

developed papillomas and 40% were observed to have carclnomas (Wynder and

Hoffman, 1959a).

-Speclally purlfled- chrysene was applled toplca11y to 20 male C3H m'ce

as elther a decahydronaphtha1ene solutlon or as a 50:50 mlx wlth n-dodecane.

App1led alone,· chrysene 1nduced a papllloma 1n 1/12 mlce at 76 weeks. In

comblnatlon with n-dodecane 5/19 mlce were observed to have papl110mas and

12/19 bore carc1nomas at 49 weeks (Horton and Chrlstlan, 1974).

Chrysene was assayed ln a mouse skln lnitlatlon/promotlon assay us1ng

ICR/Ha Sw1ss m1ce. Pap1llomas were 1nduced ln 5120 anlma1s treated with

croton resln only and ln 16120 m1ce receivlng croton 011 preceded by a

slng1e app1lcatlon of 1 mg chrysene 1n acetone (Van DOOren et a1., 1966). A

04420 V-91 10/08/91



second study usIng pure TPA as the promoter y1elded s1m1lar results. Female

CO-1 m1ce rece1ved a s1ng1e top1ca1 appl1cat1on of mg of chrysene In

acetone, followed by 25 lIg TPA (1n 0.1 mt acetone) 2 t1mes/week. At 30

weeks, 3% of the promoter-only m1ce were observed to have pap11lomas,

whereas 73% of the chrysene-treated an1ma1s developed these growths

(Scr1bner, 1973).

Further ev1dence of chrysene1s potent1a1 as an In1tlator of skIn

carc1nogen~5is comes from stud1es by Hecht et al. (1974) and Lev1n et al.

(1978). In the f1rst study, 20 female Sw1ss m1ce (Ha/ICR/M11) were g1ven 10

dal1y treatments wHh 100. lIg chrysene 1n acetone. After a 10-day rest1ng

per10d, 2.5 lIg TPA 1n acetone was app11ed 3 t1mes/week for 20 weeks. A

group rece1v1ng chrysene only was observed at 72 weeks to have a carc1noma

1nc1dence of 4/11 as compared wHh an lnc1dence of 11/18 (carc1nomas and

pap1110mas) 1n the chrysene plus TPA group (Hecht et a1., 1974).

Lev1n et a1. (1978) used female CO-1 m1ce, 30/group, 1n an assay where1n

a s1ng1e top1ca1 app11cat10n of a 0.4, 1.25 or 4.0 limo1 solut10n of

chrysene 1n tetrahydrofuran:OMSO (95:5) was followed by tw1ce weekly app1,­

cat10ns of TPA (200 ~l of a 16 ~01 solutlon 1n acetone). A second

group rece1v1ng TPA alone had a pap1110ma 1nc1dence of 7% (0.07 tumorsl

mouse). Tumor 1nc1dence for the low, medlum and h1gh chrysene dose groups

rece1v1ng TPA were the fo110w1ng: 25, 43 and 52% w1th 0.32, 0.97 and 1.45

tumors/mouse. respect1vely.

Three lnHlat10n promot10n studtes 1n female CO-1 mlce also were

posH1ve for chrysene 1nHlat1ng act1vHy. Wood et al. (1979) reported an

1ncldence of 21/30 for observatlon of pap1110mas 1n mlce glven a s1ng1e
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application of 200 ~1 of a 2 ~mol chrysene solution in acetone:DMSO:

al1l1lon1um hydroxide (1000:100:1), followed by twlce weekly app11cat10ns TPA

(200 ~1 of 16 ~mo1 ln acetone). Equlva1ent doses of the bay region

3,4-epoxy-1.2,3,4-tetrahydrochrysene and lts precursor metabo11te l,2-dl­

hydrochrysene produced essentlally the same pap1l10ma incldence. Control

animals treated wlth acetone followed by TPA had a tumor incldence of 1/30.

These data support the bay-reglon theory of carcinogenesis that suggests

epoxldes on saturated angular benzo rings whlch form part of a bay-region

are partlcularly susceptlble to undergolng rlng openlng to an electrophl11c

carbonlum 10n.

A second experlment by Wood et a1. (1980) employed chrysene of higher

purity (98%). Thirty mice were treated with 200 )II. of an acetone solutlon

of thls chrysene preparation and subsequently with TPA (200 )II. of 16

~mo1 solutlon) 2 times/week for 25 weeks. The acetone plus TPA controls

were observed to have a tumor lncldence of 4% (0.04 pap1l10mas/mouse); the

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

In a third study. Rice et a1. (1985b) lnitiated 25 CO-1 mice by appli­

cation of 100 )lg chrysene in acetone every other day for a total of 10

times (1.0 mg total dose). This was followed by thrice weekly applications

of TPA beginning 10 days after completion of the lnitiatlon phase and

contlnulng for 20 weeks. All anlma1s thus treated survived. and 92% were

observed to bear tumors.

Sencar mlce were 1lkewise sensitive to chrysene lnitlatlon. Pap1l10mas

were observed In 21/29 mlce treated once with 2 )lmo1 chrysene followed by
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tw1ce weekly TPA treatments (2 ~g/treatment). TPA only an1mals had a

pap1lloma ,1nc1dence of 3/30 (Slaga et al., 1980).

Early stud1es w1th chrysene reported no 1nject1on s1te tumors as a

consequence of 10m. or s.c. adm1n1strat10n (Bottomly and Twort, 1934; Barry

and Cook, 1934; Shear and leiter, 1941). , Small numbers of sarcomas at the

s1te of chrysene 1nject10n were reported for C57B1 male and female m1ce when

tr1capry11n or arach1s 011 was used as the veh1c1e (Ste1ner and Fa1k, 1951;

Ste1ner, 1955; Boyland and S1ms, 1967). Po111a (1941) reported no tumors to

be 1nduced 1n rats rece1v1ng repeated 1nject10ns of chrysene In water or

sesame 011, wh11e Barry and Cook (1934) reported four sarcomas 1n 10 rats

repeatedly 1njected w1th 2-6 mg chrysene compared w1th two sarcomas 1n

solvent control rats.

Per1nata1 exposure of m1ce to chrysene has resulted 1n tumor 1nduct10n.

Male and femal.e Swiss m1ce were 1njected s.c. with 100 ),Ig chrysene 1n PEG

on the day of b1rth and the next 2 days. After 10 weeks tumor 1nc1dences

were the fo110w1ng: one 1nject10n of PEG caused 11ver tumors 1n 5/20 males

and 3/21 females and lung tumors 1n 2120 males and 3/21 females; three

1nject10ns of PEG caused 11ver tumors 1n 10/30 males and 0/15 females and

lung tumors 1n' 4-,130 males and 1/15 females; chrysene caused 11ver tumors In

13/27 males and 0/21 females and lung tumors 1n 2/21 males and 1/21 females

(Grover et a1., 1975).

In a s1m11ar exper1ment, Swiss Webster BLU/Ha(ICR) m1ce rece1ved 1.p.

1nject10ns of a DMSO solut10n of chrysene on days 1, 8 and 15 of l1fe.

Total adm1n1stered dose was 1.4 ),Imo1. By 38-40 weeks treated an1ma1s had
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developed lung tumors (5/24 males, 2/11 females) and hepatlc tumors (6124

males), and one lymphosarcoma was observed 1n a male mouse. DMSO-treated

an1ma1s developed only lung tumors (2/21 males, 7/38 females) (Buen1ng et

a1.,1979a). The same protocol was app11ed 1n a graded dose b10assay

where1n the three 1.p. lnjectlons were of 0.2, 0.4 and 0.8 ~mo1 repurH1ed

chrysene. There was no 1ncrease In pulmonary tumors, but 22% of the treated

male mlce developed hepat1c tumors compared wlth no hepat1c tumors observed

1n the DHSO contr~lc !Ch~ng et a1, 1983).

D1benzra,hlanthracene. Pulmonary admlnlstratlon of dlbenz[a,h]anthra­

cene has 1nduced lung adenomas \n mlce (Andervont, 1937; Rask-Nle1son, 1950,

KuscMer et al., 1956). Intratracheal 'nst'l1at1on of a d'benz[a,h]anthra­

cene suspens10n In proteln blood subst1tut~ wlth powdered Ind1a lnk resulted

'n the development of squamous cell carc'nomas (Yan1sh'va and Ba1enko,

1966). S'ng1e 1.v. lnject10ns of a collo'da1 d1sperslon of th1s mater'a1

were also tumor'gen1c 1n a dose-dependent fash'on 1n stra'n A mlce (Heston

and Schnelderman, 1953).

Kennaway (1930) was the flrst of many researchers to report 'nduct'on of

sk'n tumors by d1benz[a,h]anthracene. In another study, a 0.2% solutlon of

d1benz[a,h]anthracene 1n acetone/benzene was pa1nted twlce weekly on the

sk1n of Sw1ss m1ce (38 ~g/dose). Skln tumors were observed 'n 16/20

an1ma1s (L1j1nsky et a1., 1965). Van DOOren et a1. (1967) top1ca11y exposed

ICR/Ha Sw1ss m1ce 3 t1mes/week to acetone d'benz[a,h]anthracene solut1ons at

the fo11ow1ng concentrat1ons: 0.001, 0.01 and 0.1%. Tumor 'nc1dences were

1/30 (1 carc1noma), 43/50 (39 carc'nomas) and 39/40 (32 carclnomas),

respect1ve1y. "The authors noted that latency was also dose related.
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D'benz[a,h]anthracene was compared wHh benzo[a]pyrene as to potency in

'nduc\ng sk\n tumors In Sw\ss mice. Repeated sk'n exposure to a 0.001%

acetone solution of benzo[a]pyrene 'nduced papillomas 'n 43% of the mice and

carcinomas in 3%. The same d\benz[a.h]anthracene exposure resulted \n a

papilloma 'ncidence of 30% and a carcinoma 'nc'dence of 30%. Exposure of

mice to a 0.01% solution of e\ther compound resulted \n papilloma and

carcinoma development In >90% of the animals. latent per\ods for InducUon

were s\mi1ar for both carcinogens (Wynder and Hoffman. 1959a).

D'benz[a.h]anthracene has been reported to initiate skin tumor develop­

ment \n mice at doses as low as 0.02 lAg given once (Kle\n. 19(0). Other

tumors such as papillomas and pulmonary tumors may also ar\se as a conse­

quence of skin exposure to dibenz[a.h]antliracene (Buening et al .• 1979b).

Virgin C3H (Jax) mice were painted twice weekly with 0.25% dibenz[a.h]­

anthracene \n benzene (thiophene-free) for their lifetime. A 50% incidence

of mammary tumors was observed in the control animals as compared with 10/11

\n the treated mice (Ranadive and Karande. 19(3).

In one stUdy hamsters appeared to be somewhat more res\stant to the sk\n

tumorigenic properties of dibenz[a.h]anthracene. A group of 10 Syrian

golden hamste.rs'·received 20 applicaUons of 0.2% dibenz[a.h]anthracene \n

mineral 011 over a 10 week period. At 50 weeks. 5 an1mals survived. but no

tumors were observed (Shub1k et al •• 19(0).

Several assays have been reported wherein d\benz[a.h]anthracene has been

administered s.c. or \.m. Tumors .at 'njection sites have been reported In

rats. guinea pigs (low incidence). p1geons and unspecified fowl (Roussy et

al •• 1942; Shabad. 1938; Shabad and Urinson. 1938; Prichard et al •• 1964;

04420 V-9& 10/08/91



Peacock, 1935). MIce are the an1ma1s most stud'ed In thIs regard. Reports

included those by Hartwell (1951), Shubik and Hartwell (1957, 1969) and

Thompson and Co. (1971).

The Fective dose for s.c. induction of tumors was established by Bryan

and Shimk'n (1943). Tricapryl'n solutions of dibenz[a,h]anthracene were

administered once to groups of ~19 C3H mice so as to denver the follow'ng

doses: C.CC1C3; 0.0078, 0.01&, 0.03, 0.06, 0.12, 0.25, 0.5,1,2,4 or 8

mg. Incidences of injecUon sHe sarcomas were as follows: 2179, &/40,

6/19, 1&/21, 20/20. 21/23. 19/21. 20/21, 22122. 19/19. 17/20 and 1&/21,

respectively. It was noted that the lowest effective dose for dibenz[a,h]­

anthracene was 0.0019 mg while that for 3-methylcholanthrene was >0.0039 mg.

The authors also observed that the "average latent period for dibenz[a.h]­

anthracene sarcoma development was 3.7 months as compared wHh 2-5 months

for 3-methylcholanthrene and 3 months for benzo[a]pyrene. S'ml1ar results

were reported by Oobrovolskaia-Zavadskaia (1938) and Lett'nga (1937).

In an abstract. Platt et al. (1983) reported that d'benz[a.h]anthracene

showed stronger carclnv',jenic responses when admin'stered s.c. to NMRI mice

than did "the follow'ng metabolites: 3.4-diol. 5-phenol. 5.&-oxide. The

1.2-diol and 5.&-diols of dibenz[a.h]anthracene were reported to be non­

carcinogen1c by this treatment reg1men.

Newborn m1ce (general purpose/NIH) were exposed by s.c. inJecUons of

d1benz[a.h]anthracene doses between 0.003 and 6.7 ~g/mouse. A dose­

related increase in sarcoma 1ncidence was noted for doses of ~0.08 ~g. and

an increase in lung adenomas was observed for doses ~0.2 loIg (O'Gara et

al.; 1965).
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Female NMRI m1ce were observed to develop lnjecUon sHe sarcomas after

one s.c. treatment of as 11ttle as 2.35 pg d1benzo[a,h]anthracene In

tr1capry11n (Pfe1ffer, 1977). No veh1cle controls were reported but a group

of "non-carcinogen1c· PAHs tested concurrently were observed to have sarcoma

1nc1dences of 4-13". Table Y-19 compares sarcoma 1nduct10n for d1benzo­

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

lubet et al. (1983a) found that s.c. 1nject10ns of d1benz[a,h]anthracene

were assoc1ated with f1brosarcoma development 1n m1ce, but only for some

stra1ns. Four stra1ns of m1ce used 1ncluded two, C3H/HeJ and C57Bl/6J, that

respond to 3-methylcholanthrene treatment by 1ncreased level s and types of

hepat1c enzymes 1nclud1ng AHH. Two stra1ns, AKR/J and DBAI2J, were non­

responders. Groups of 30 an1mals were 1nJected with a s1ngle dose of 150

pg d1benz[a,h]anthracene 1n 0.05 mt trioctan01n and observed for 9

months. A control group for each strain, consist1ng of 10 an1mals each,

rece1ved a s.c. 1nJect10n of 0.05 mt trioctan01n alone. A sunrnary of the

f1nd1ngs 1s g1ven 1n Table V-20. The tumor 1nc1dence 1n the treated an1mals

var1ed between 0 and 80", depend1ng on the stra1n. Tumor 1nc1dences were

h1gher 1n the C3H and C57B1 m1ce, wh1ch also were read1ly 1nduc1b1e for AHH.

l1kewise, the average latency per10d (1n days) for f1brosarcoma development

varied w1th the stra1n and tended to be 1nversely correlated w1th the tumor

1nc1dence rate. The authors concluded that, as for benzo[a]pyrene, the Ah

receptor was 1nvo1ved 1n the process of tumor 1nduct10n by s.c. 1nJect10n

for d1benz[a.h]anthracene.

F1uoranthene. F1uoranthene was f1r.st tested for carc1nogen1c act 1vity

more than 5 decades ago (Barry et a1., 1935). The results from that
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TA8LE V-19

Sarcomagen1c Act1v1ty of SUbcutaneously Injected D1benzo[a,h]anthracene
and 8enzo[a]pyrene 1n Female NMRI M1ce*

Compound Dose (llg) Tumor Inc1dence

D1benzo[a,h]anthracene 2.35 371100
4.7 39/100
9.3 44/100

18.7 56/100
37.5 65/100
75.0 69/100

8enzo[a]pyrene 3.12 9/100
6.25 35/100

12.5 . 51/100
25.0 57/100
50.0 77/100

100.0 83/100

·Source: Pfe1ffer, 1977
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TABLE V-20

Inc\dence of F1brosarcomas 1n M1ce Assoc\ated w1th Subcutaneous
Inject\ons of D1benz[a.h]anthracenea

Tumor Average
Stra\n Treatmentb Inc1dence " Latency

(days)

C3H/HeJ D1benz[a.h]anthracene 24130 80 165
Control 0/10 0 0

C57B1/6J D1benz[a.h]anthracene 16/30 33 242
Control 0/10 0 0

AKR/J D1benz[a.h]anthracene 0/30 0 0
Control 0/10 0 0

DBAI2J D1benz[a.h]anthracene 1/30 3 230
Control 0/10 0 0

aSource: Lubet et al., 1983a

bAn\mals \n the d\benz[a,h]anthracene group rece1ved a s1ngle 1nJect\on of
150 pg of dlbenz[a.h]anthracene \n 0.05 ml of trloctano\n. Control
an1mals recelved an lnjectlon of 0.05 ml tr\octanoln alone.
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investigation, and from several studies conducted since that time, Indicated

that fluoranthene had vlrtually no actlvlty as a complete carcinogen.

Suntzeff et al. (1957) admlnistered a 10% soluUon of fluoranthene in

acetone 3 tlmes weekly by toplcal appl\cation to CAF, Jackson, Swiss and

Ml11erton mlce. No tumors were found by 13 months.

Wynder and Hoffmann (1959a) admlnistered a 0.1% solution of f1uoranthene

in acetone to the backs of 20 female Swiss (Millerton) mice 3 times/week for

life. No tumors were found.

Hoffmann et a1. (1972) administered 50 pi of a 1% fluoranthene

solution to the backs of 20 female Swiss-Albino Ha/ICR/Mil1 mice 3 Umes/

week for 12 months. All treated mice survived, and no tumors were

observed. As part of the same study, 30 mice received 0.1 mg f1uoranthene

in 50 pi acetone every second day for a total of 10 doses; 10 days later

promoUon with 2.5% croton oil in acetone was started and continued for 20

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

Horton- and Christian (1974) administered 50 mg f1uoranthene in decal\n

or in deca1in:n-dodecane (50:50) to the backs of 15 male C3H mice. The mice

were treated 2 times/week for 82 weeks. No skin tumors were observed.

Van Duuren and Goldschmidt (1976) c1dmlnistered40 pg fluoranthene in

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

tumors were observed.
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Barry et al. (1935) adminIstered four doses of 10 mg fluoranthene ln

glycerol by subcutaneous Injectlon to straIn A mIce. Six out of 14 mIce

surv'ved for 18 months; no tumors were found by 19 months.

Shear (1938) admln'stered four doses of 10 mg fluoranthene In glycerol

by subcutaneous 'nject'on to stra'n A m'ce. Six out of 14 m1ce survIved for

18 months; no tumors were found by 19 months.

F1uoranthene was tested by 8usby et a1. (1984) In a mouse lung adenoma

assay. Newborn male and female mIce of Swiss-Webster BlU:Ha strain were

'njected lntraperHoneally wHh a total dose of 700 llg (163 mg/kg) or 3.5

mg (815 mg/kg) fluoranthene 'n three 'nstallments on days 1. Band 15 (1/7.

2/7 and 4/7 of the dose. respect hely). Hl-stopatholog'c exam'natlon of the

lungs of the m'ce sacrlf'ced at 24 weeks showed a s'gnlf1cant Increase 1n

the hIgh-dose group In the total IncIdence and number/mouse (2B/48 or 58%.

1.08 tumors/mouse) of lung tumors compared wHh veh'cle controls (5/55 or

9%. 0.09 tumors/mouse). Tumor response In the low-dose group (10/51 or 20%.

0.24 tumors/mouse) was not statlstlcally sIgnifIcant. A posHlve response

In a lung adenoma assay In the absence of corroboratIng studIes Is generally

consIdered InsuffIcIent evIdence of carcInogenIcIty.

Fluorene. StudIes of fluorene as a complete mouse skIn carcInogen and

as a cocarc'nogen wHh 3-methylcholanthrene were negat he or lnconclus he

(Kennaway. 1924a; R'ege1 et al.~ 1951). IARe (1983) cons1dered both reports

'nadequate for evaluat'on.
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Fluorene was also found to be inactlve both as a tumor lnitiator (with

TPA as a promoter) and a complete carcinogen In skin-paintlng bloassays

performed ln female HallCR mlce by LaVole et al. (1979, 1981b). No

\njectlon sHe tumors were produced \n 10 strain A mice after seven s.c.

injections of 10 mg fluorene \n glycol. The study was terminated at 18

months (Shear, 1938).

Indeno[1,2,3-cdJpyrene. Indeno[ 1,2,3-cd]pyrene was admln\stered to

female OM rats by \mplantat jon ln the lung of beeswax-tr\octano\n pellets

contalnlng O.lb, 0.83 or 4.15 mg of the compound. Results sUJmlar1zed \n

Table V-21 lndlcate a dose-dependent Increase ln keratlnlzed epldermo\d

carclnomas capable of invading the extrapulmonary chest wall. There was no

increase \n plelomorphlc sarcomas. A calculated potency from th1s assay

relative to that of benzo[a]pyrene (=1.00) was 0.08 (Deutsch-Wenzel et al.,

1983) .

By contrast to these results, lndeno[l,2,3-cd]pyrene was not tumorigenic

In newborn CD-l mlce treated 1.p. on days 1, 8 and 15 of 11fe (total dose

2.1 limo1, see Table V-16) (LaVole et al.,1987).

Groups of- 20 female Sw1ss albino HaIlCR/M" mlce were given toplcal

appllcatlons of lndeno[l,2,3-cd]pyrene prepared as dloxane or acetone solu­

11ons. Dloxane preparat 10ns o~ lndeno[ 1,2 ,3-cd]pyrene at concentrat 10ns of

0.05 or 0.1% dld not lnduce skin tumors whereas benzo[a]pyrene at the same

concentrat Ion produced tumors \n 90% of the treated mice in 7 months. By

contrast, acetone solutions of lndeno[l,2,3-cd]pyrene produced skin tumors

In a dose-related fashlon. No tumors were observed In animals painted with
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TABLE V-21

Carc1nogen1c1ty of Indeno[1.2.3-cd]pyrene upon Imp1antallon 1n Rat Lungs a

Med1an Tumor Incldence
Treatmenl Dose Surv1va1

(mg) Time Ep1dermo1d Sarcomas Total
(Weeks) Carc1nomas

Untreated 118 0/35 0/35 0/35

Pe11elb 104 0/35 0/35 0/35

Indeno[1.2.3-cd]- 0.16 116 3/35 1/35 4/35
pyrene 0.83 109 8/35 0/35 8/35

4.15 92 21/35 0/35 21135

aSource: Deutsch-Wenzel et a1 .• 1983

bRefers to beeswax and tr1octanoln lmp1antatlon med1um
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the 0.01 and 0.05% solut10ns. The 0.1% treatment 1nduced s1x pap1110mas and

three carc1nomas beg1nn1ng at 9 months; the 0.5% concentrat10n of lndeno­

[l,2,3-cd]pyrene resulted 1n seven pap1llomas and five carc1nomas with the

f1rst tumor appear1ng at 3 months. Th1s paper also reported that a total

dose of 250 lAg 1ndeno[l,2,3-cd]pyrene de11vered 10 10 app11caUons was a

suff1c1ent ln1t1at1ng dose when followed by croton 011 promoting treatment

(Hoffman and Wynder, 1966).

Indeno [l,2,3-cd]pyrene was not shown to be a complete carc1nogen when

appl1ed to the skln of female NMRI m1ce tw1ce a week for the1r 11feUme.

Total doses appl1ed 1n acetone were 0, 3.4, 5.6 or 9.2 mg/an1mal (Habs et

a1., 1980).

Solut10ns of 4.0 lAmol lndeno[l,2,3-cd]pyrene and two fluor1dated

metabo11tes, 2-fluor01ndeno[l,2,3-cd]pyrene and 8,9-d1f1uorolndeno­

[l,2,3-cd]pyrene, were app11ed to the shaved backs of 30 female CD-l

m1ce/group every other day for a total of 10 doses. M1ce treated with

benzo[a]pyrene and acetone served as pos1t1ve and negat1ve controls. Ten

days after the last initiat1ng dose l2-0-tetradecanoy1phorbol-13-acetate

(TPA) was-applied to the backs of the m1ce as a promoter 3 times/week for 20

weeks. At the end of the promot10n per10d 1ndeno[l,2,3-cd]pyrene and TPA

treatments induced tumors 1n 72% of the mice (2.1 tumors/mouse), the

2-f1uoroindeno[l,2,3-cd]pyrene and TPA treatments induced tumors 1n 76% of

the mice (3.9 tumors/mouse) and the 8,9-d1f1uor01ndeno[l,2,3-cd]pyrene and

TPA treatments induced tumors 1n 40% of the treated mice (0.6 tumors/mouse).

At the end of the 1nitiation period, DNA from the sk1ns of 5 mice/group was

isolated. [32]P-post1abe11ng ana1ys1s of the hydrolyzed DNA showed that

04420 V-lOS 10/08/91



lndeno[l,2,3-cd]pyrene and 2-fluorolndeno[l,2,3-cd]pyrene each form a sIngle

major DNA adduct when analyzed by thln-layer chromatography. These adducts

have d1fferent retent10n behavlors. 8,9-Dlfluoro1ndeno[l,2,3-cd]pyrene does

not have th1s adduct; the authors speculated that thls could be one factor

1n the var1ance of the tumor lnc1dences of the three compounds (Rlce et al.,

1990) .

As part of a study of ln1tlatlng capabl1lty of lts major metabolltes 1n

mouse sk1n, 1ndeno[l,2,3-cd]pyrene was appl1ed to the shaved backs of 20

Crl:CD-l(ICR)BR female mlce. Acetone solutlons were applled every other day

for 10 days for a total lnH lat lng dose of 1 mg. Th1s was followed 10 days

later by thrlce weekly TPA appllcat10ns (0.0025% In 100 loll acetone) for 20

weeks. Tumor 1ncldence was essentfally 100%. Indeno[l,2,3-cd]pyrene-1,2­

dl01 and -1,2-ox1de treatment both resulted In 80% tumor lncldence by

comparlson wlth 8-hydroxy (-25%) and the acetone-treated controls (-5%)

(Rlce et al., 1986).

An earl1er lnlt1atlon-promotlon b10assay performed by Rlce et al.

(1985c) showed a pronounced dose-response relat1onshlp. Followlng the same

protocol d~scrlbed above, there was an 80% tumor 1ncldence In m1ce rece1vlng

a total lnHl~.tln:g dose of 1 mg lndeno[l,2,3-cd]pyrene wHh an average of

about four tumors/mouse after 22 weeks of promot1on. However, when the

total ln1t1at1ng dose was decreased to 100 or 300 loIg, the number of

tumor-bearlng m1ce was below statlstlca1 slgn\f\cance.

Inject\on sHe sarcomas were r.eported In 10/14 male and 1/14 female

XVIInclZ mlce admln1stered three lnject10ns at 1 month \nterva1s of 0.6 mg

lndeno[l,2,3-cd]pyrene In ollve 011 (Lacassagne et a1., 1963).
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Naphthalene. In an 'nha1atlon study, naphthalene (sclntlllat'on

grade, purHy >99%) vapor was admln'stered at 0 and 10 ppm to 75 B£>C3Fl

m'ce/sex/dose for £> hours/day. 5 days/week for 103 weeks (HTP, 1991b). Two

groups of 75 B£>C3Fl m'ce/sex were adm'nlstered 30 ppm naphthalene for the

same amount of tlme as the 0 and 10 ppm groups. In each group 25 m'ce/sex

were deslgnated for hematology eva1uatlon; 5 mlce/sex were to be sacr'flced

after 14 days and 3, 6, 12 and 18 months. Only the 14-day hematology m'ce

were sacrHi\.t:u ill the control male mtce because of htgh mortalHy. When

compared w'th survlval In exposed male groups, survtval was decreased tn the

male control group; the decrease was the result of wound trauma from

ftghtlng among antmals caged together. Survtval was equlva1ent In all

female groups. Ftna1 body welghts were equhalent In all groups and no

c1tnlca1 observatlons could be attrlbuted d'rect1y to naphthalene.

There was a stgnlflcant lncrease In the lncldence of alveolar or

bronchtolar adenomas tn the htgh-dose females by palrwlse comparlson wHh

controls. The lncldences were 5/68 (7%), 2/64 (3%) and 28/134 (21%) In the

control, 10w- and htgh-dose groups, respect\ve1y. The recent htstorlca1

control lnc ldence for females In thls laboratory 15 91/1166 (1.8%, range

0-16%) and" the. recent hlstorlca1 control lncldence for females specHlcally

In lnhalatlon"studles 1s 39/466 (8.4%, range 0-12%). The f1rst lnctdence of

alveolar or bronch101ar adenomas was reported on exper1ment day 114, 736 and

656 . In the control, low- an~ hlgh-dose groups, respect1ve1y. In the

hlgh-dose females there was a slng1e lncldence of alveolar or bronch101ar

carclnoma; thh was not observed In tl)e other groups. There was also a

statlstlcally stgnHlcant lncrease tn the tncldence of resplratory

eptthella1 cell hyperplasla In the naphthalene-treated groups. Because the
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IncIdence of alveolar or bronchIolar adenomas was statlstlcally slgnlflcant

and above hIstorIcal control ranges, NTP judged the Increased adenoma

Inc1dence to be d1rectly related to naphthalene exposure.

There was a staUsUcally s1gn1f1cant Increase In the 1ncldence of

resp1ratory epIthelIal cell hyperplasIa In the naphthalene-treated male

groups. There was no slgn1flcant Increase In the IncIdence of alveolar or

bronchIolar adenomas or carcInomas (eIther separately or combIned). The

IncIdences of alveolar or bronchIolar adenomas or carcInomas (combIned) were

7/69 (10%), 17/69 (25%) and 31/135 (23%) In the control, low- and h1gh-dose

groups, respect1vely. The male control 1ncldences were 94/478 (19.7%, range

10-30%) In recent InhalaUon studIes and 229/1172 (19.5%, range 6-42%) In

all carcInogen studIes conducted recently 'n thIs laboratory. As of thIs

wrItIng the U.S. EPA has not evaluated thIs stUdy.

Adk1ns et al. (1986) exposed groups of 30 slx- to elght-week-old female

A/J stra1n m1ce by Inhalat10n to naphthalene at concentraUons of 0, 10 or

30 ppm, 6 hours/day, 5 days/week for 6 months. After the 6-month exposure

perIod, excIsed lungs were examIned for tumors. Naphthalene exposure dId

not slgn1flcantly Increase tumor 1ncldence, but dId cause a statlsUcally

slgn1f1cant Incre-ase (p<0.05) In the number of adenomas per tumor-bearIng

mouse lung. There was no dose-response.

Schmahl (1955) admlnhteredo naphthalene by I.p. InjectIon to a group of

10 rats nn-house straIns BOI and BOllI) with another group of 10 rats

servIng as controls. The dally dose was 20 mg/rat and InjectIons were gIven

weekly for 40 weeks. AnImals were observed untIl spontaneous death.

HIstologIc examInatIon offered no ev1dence of carcInogenIc effects.
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Boyland et al. (19&4) implanted naphthalene into the bladder of stock

Chester Beatty mice (23) In an effort to determine the suHabilHy of

naphthalene as a potenUal vehicle for carcinogenicHy tesUng. The mice

were observed for 30 weeks. Tumor incidence was as low as when paraffin wax

was used and lower than with cholesterol. Naphthalene was judged to be

inert but to have no advantage over cholesterol as a base for lmplantaUon

pell'ets.

Coal tar-derived naphthalene that contained -10% unidentified impuritIes

was tested for carcinogenicity by Knake (J95&). White rats (40, sex

unspecified) were given seven subcutaneous injections of 500 mg/kg naphtha­

lene in sesame oil at 2-week intervals. Lymphosarcomas were found in 5/34

surv1ving rats at 18 months (14.7%), whereas vehicle controls had a 2%

incidence of these tumors. Mice (25, inbred black) were painted wHh 0.5%

naphthalene ln benzene 5 days/week for life. Four treated mlce developed

leukemias in contrast to 0/21 vehicle controls; the untreated control inci­

dence was 0.4%. The value of these studies for assessing carclnogenicity is

very 11mHed due to the presence of potentially carclnogenic lmpurHies.

Moreover, the vehicle ln the mouse study has been shown to cause leukemias,

and the s'te of inJectlon in the rats stUdy was palnted, prior to injection,

with carbofuchsin, a known carclnogen.

Kennaway (1930) reported ~hat naphthalene was not carcinogenic ln skln

painting studles in mice. The concentration, purHy, dosing regimen, and

other detalls were not provided. The" react 10n product of naphthalene and

aluminum trichloride was reported "to be carcinogenlc, but the product was

not ldent Hied.
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Schmeltz et al. (1978) tested the carc'nogen'c acUvHy of benzo[a]­

pyrene and naphthalene In female ICR/HA (Sprague-Dawley) mlce. A 100 ).Ii

solutlon contalnlng 0.25% naphthalene and 0.003% benzo[a]pyrene was paInted

on the shaved backs of 30 mlce 3 Umes/week for 78 weeks. Naphthalene

'nh'blted benzo[a]pyrene-lnduced tumors; -42% of the mlce treated w'th

benzo[a]pyrene alone had skln tumors whereas -20% of mlce had skln tumors

when naphthalene and benzo[a]pyrene were admln1stered together.

Phenanthrene. Data on phenanthrene's potent1al as a skln carclnogen

have been summarlzed by IARC (1983). Phenanthrene dld not serve as a

complete carclnogen 1n two studles In mlce that were lncompletely reported

(Kennaway, 1924b; Roe and Grant, 19(4). Phenanthrene was reported to be

acUve as an lnHlator 1n female CO-l m'ce 1n one study (Scr'bner, 1913).

Th1rty-f've weeks after 'n,t'at'on w,th 10 ~mol phenanthrene and tw1ce

weekly treatments w,th 5 ~mo1 TPA, 12/30 m1ce developed pap'11omas as

compared wlth 0/30 TPA-treated controls. Phenanthrene, however, was

lneffect've as an 1nltlator of skln tumorlgenesls ln Sw1ss Ha/ICR, a1blno, S

and CO-1 m'ce (LaVole et a1., 1981a; Roe, 1962; Salaman and Roe, 1956; Wood

et al., 1919) and 1nact1ve as a promoter In mlce of unspec'f1ed straln (Roe

and Grant, 19(4). It was noted by Wood et al. (1919) that 30 female CO-1

mlce g1ven one - to.P1ca1 appl\cat Ion of 10 ~ol phenanthrene or the 1,2- or

3.4-d'hydrod'ol followed by twlce weekly appl lcat 10ns of 16 ~mol TPA (1n

200 ~1. acetone) were observed to have papllloma 1ncldences 2-4 t lmes that

of background. These 'nc'dences were not s1gn1f1cantly 1ncreased by

compar'son w,th controls because of the small number of an'mals tested and

the spontaneous tumor lnc1dence.
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Subcutaneous adm1nlstratlon of phenanthrene to m1ce dId not result In

treatment-related Increases 1n tumor Inc1dence (Ste1ner, 1955; Roe, 1962).

Llkew1se, ne\ther s.c. nor Lp. treatment of neonatal mIce resulted In

slgnHlcant tumor Induction (Grant and Roe, 1963; Buen1ng et al., 1979a).

WhIle the 1,2-dlol-3,4-epoxldes of phenanthrene are mutagenIc to Salmonella

typhlmurlum and to malll1lallan (V79) cells, they dId not 1nduce pulmonary

tumors In newborn m1ce (Wood et a1., 1979; BuenIng et a1., 1979a).

Pyrene. Intratracheal 1nst111atlon of pyrene wIth Fe 203 partIcles

d1d not result In Increased numbers of respIratory tumors In male Syr ian

golden hamsters (Se11akumar and Shublk, 1974).

As part of a study of nItrated PAHs (Wls10ckl et a1., 1986), a dImethyl

sulfoxIde solutIon of pyrene was admlnhtered 1.p. to newborn CD-1 mIce on

days 1, Band 15 of age. Total admInIstered doses were 200, 700 or 2800

nmole. AnImals were weaned, separated by sex and observed w\thout further

treatment to 1 year. A small but slgnHlcant Increase In liver carcInomas

was observed In the mId-dose male mIce only (Table V-22). The IncIdences of

total lIver tumors (adenomas and carclnomas), lung tumors or malIgnant

lymphomas were -not sIgnIfIcantly elevated 1n treated anImals.

Tests of pyrene as a complete skIn carcInogen and as an ln\tlator of

carcInogenIcity In mIce have been negatlve or 'nconc1uslve (Badger et al.,

1940; Roe and Grant, 1964; Horton and Chrhtlan, 1974; Van OiiOren and

GoldschmIdt, 1976; Sa1aman and Roe, ·195&; ScrIbner, 1973). Co-admInIs­

tratIon of pyrene and benzo[a]pyrene to the backs of ICR/Ha mIce resulted In

an enhancement of the benzo[a]pyrene tumorIgenIcIty (Van DOOren and

GoldschmIdt, 1976; GoldschmIdt et a1., 1973).
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TABLE V-22

Assay of Pyrene \n Newborn H\cea

Tumor Inc\dence
Total

Dose L\ver Lher Lung Lung
Sex (nmol) Adenomas Carc\nomas Adenomas Carc\nomas

H 0 7/73 0/73 3/73 2/73

F 0 0/65 0/65' 1/65 1/65

H 200 0129 0129 1129 0/29

F 200 0/31 0/31 1/31 0/31

H 700 0125 3/25b 2125 0125

F 700 0/49 0/49 5/49 0/49

M 2BOO 2/14 1/14 1/14 0/14'

F 2800 0/18 0/18 1/18 0/18

aSource: W"\slock\ et al.. 1986

bS\gn\f\cant ly'dH'ferent from control s (p<0.05). F\sher exact test
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Pyrene d1d not produce tumors in Jackson A m1ce 1njected s.c. and

observed 18 months (Shear and Le1ter, 1941).

Reproductlve/Teratogenlc Effects

Evldence of deleterlous reproducUvc effects, documented for PAHs 1n

general and benzo[a]pyrene 1n partlcular, has been equlvocal. This evidence

Is consldered here.

Anthracene. A total of 8 mg anthracene/mouse was admlnlstered as

dally s.c. doses or In a slngle oral dose durlng the last week of gestation

to dams of the followIng stralns: BAlB/C, C3H/A and C57Bl X CBA FI.

Fetuses were removed and the kidney cells estab11shed ln culture. These

cells exhlbHed enhanced p1aUng e"fflclency as well as some hyperp1asUc

changes by comparlson with fetal cells obtained from untreated animals

1ndlcat1ng the abl11ty of anthracene to pass through the placenta (Shabad et

al., 1972).

Benz[alanthracene. Wolfe and Bryan (1939) reported fetal death and

resorpt jon \n two pregnant rats as a consequence of s.c. Inject 10n of 5 mg

benz[a]-anthracene beglnnlng with day 1 of gestatlon.

Benzo[alpyrene. Rigdon and Rennels (1964) conducted two serles of

experlments In rats (straln not spec\fled) to ascertaIn possible reproduc­

the consequences of dietary benzo[a]pyrene. In serles one, eIght females

and an unspeclfled number of males were. fed laboratory chow to which 1 mg/kg

benzo[a]pyrene had been added, and' a control group of sh females and an

unspeclfled number of males were fed a standard dlet. Treated females were
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mated w1th control males, and control females were mated to benzo[a]pyrene­

treated males. Vag'nal smears were taken durtng a 28-day perIod begInnIng

w'th the f'rst day of benzo[a]pyrene feed'ng. The authors observed no

treatment-related effects on the estrus cycle. Three normal pregnanc1es

were reported for the control females, and f've benzo[a]pyrene-treated

females also became pregnant. Of the treated females. only one del'vered a

total of four pups at day 23. Two of the four pups were sUl1born, one of

whIch was grossly malformed. One pup left wIth the dam d1ed 3 days

postpartum. presumably of starvaUon. Of the dams not del1ver1ng. one was

found upon autopsy to carry four dead fetuses.

In the second ser'es 6 control male and female rats were mated as were

males and 7 females fed benzo[a]pyrene as· descrlbed above. The pregnant

control rats had apparently normal pregnanc'es. Two benzo[a)pyrene-fed

females of seven mated became pregnant. On autopsy. H was found that one

dam carr'ed four dead fetuses and that fetal resorpt'on had occurred 'n the

other. Whne these data suggest a reproducthe effect of benzo[a)pyrene,

the report was unclear as to spec'flcs of experlmental deslgn and length and

tlmlng of the feedlng perlod for treated males and females. In th's study

the 1 mg/kg dose appears to be the LOAH.wHh no NOAEL for reproducUve

effects , n rats.

Rlgdon and Neal (1965) conducted a ser'es of four experlmenls on repro­

ductlve effects In Sw'ss mlce fed d'els conta'n'ng benzo[a]pyrene at concen­

trat 10ns of O. 250. 500 or 1000 ppm. The anlmals were g1ven the d'etary

benzo[a)pyrene for var'ous Ume spans dur'ng mat'ng. gestat\on and post,..

par tum. Blue fluorescence. \ndlcaUve of the presence of benzo[a]pyrene or
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its metabolites, was demonstrated In the Internal. organs of treated mIce.

No teratogen1c. embryotox1c, fetotoxlc or other reproductlve effects were

observed 1n the treated anImals. FerUlity of male m1ce was apparently

unaffected. Males fed the 500 ppm d1et for 30 days were shown to have sperm

present 1n the lumen of test1cular tubules.

In a study of CO-l stra1n pregnant m1ce, however. MacKenz1e and Angev1ne

(1981) found adverse reproducUve effects 1n the offspr1ng of anImals dosed

with benzo[a]pyrene. Benzo[a]pyrene 1n corn 011 at doses of 0, 10. 40 or

160 mg/kg bw was adm1n1stered by gavage on days 7-16 of gestat10n to groups

of 30 or 60 dams. At these doses benzo[a]pyrene was not tox'c to dams or

fetuses. Pregnanc1es were carr1ed to term and pups perm1tted to nurse unt11

wean'ng. Number of pups and gross abnorma11t'es were scored on day 1

postpartum. and on day 4 pups were we1ghed and sexed. At th's t'me 11tters

were culled to 8 pups for breed1ng stud1es. At 6 weeks of age 10 F
l

males

and 10 F
l

females were sacrH'ced for h'sto10g1c exam1natlon of repro­

ducl1ve organs. At 7 or B weeks the rema1n'ng F1 m1ce were bred with

untreated an'mals. Females, both those treated .1!!. utero and those mated

wHh F
1

males, were sacrHlced on days 14-19 of gestat10n, and numbers of

'mp1ants. fetus.es and resorpt 10ns were recorded. Gross abnormal 1l1es were

also noted.

Reduced fertllHy and repq)ducl1ve capacHy were also observed 'n the

F
1

m1ee. The F
1

males exposed to 10 mg/kg bw .1!!. utero showed a marked

reduct10n 1n gonadal we1ght. although 00 effect on body we1ght was found.

All control males (45/45) were fert'le (s1red at least one 11tter) and as a

group 1mpregnated 80% of the females to wh1ch they were exposed. FertllHy
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rates were 20125. 3/45 and 0/20 for the 10. 40 and 160 mg/kg male dose

groups, respecthe1y, and the percent of \mpregnated females was 52. 7 and

0%, respect1ve1y.

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

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

o and 160 mg/kg dose groups, respect1ve1y. In th\s study a 10 mg/kg dose \s

the LOAEL w1th no NOAEL for a reproduct1ve effects \n mlce.

To exam1ne embryotox1clty, fetal Sw1ss mlce were m1crolnjected lfr utero

on day 10, 12 or 14 of gestat10n wHh benzo[a]pyrene, benzo[a]pyrene-4,5­

oXlde, a racemlc m1xture of 7B,8a-dlhydroxy-9a,10a-epoxy-7,8.9.10­

tetrahydrobenzo[a]pyrene (compounds ·thought" to be carclnogen\c metabo1Hes

of benzo[a]pyrene) or 6-methy1benzo[a]pyrene (Barb1er1 et al., 1986). The

vehlc1e was 1:1 trloctanonln:acetone and the m\ce were adm\n1stered the test

compounds at doses of 0.4-16 nmo1/embryo. An addltlona1 group was treated

transp1acenta11y wlth 47.5 nmo1e benzo[a]pyrene on day 10, 12 or 14. On day

18, the dams were sacrH1ced and 1nspected for lmp1antat1on sHes, as well

as the number of dead and 11ve fetuses; 11ve fetuses were further exam\ned

for gross. malformat1ons. Results, glven \n Table V-23, show that 1ntra­

embryonal adm1h1slrat1on of benzo[a]pyrene and benzo[a]pyrene-4.5-ox1de d1d

not s1gnH1cant1y lncrease the 1nc\dence of fetal malformat1ons; however,

the 7.8-d101-9.l0-epox1de caused s1gnH1cant 1ncreases 1n the 1nc1dence of

fetal malformat1ons. Spec1f1c ma1format1ons 1nc1uded exencepha1y,

thoracosch1s1s. gastrosch1s1s. phocomella and edema. 6-Methylbenzo[a]pyrene

also 1ncreased the 1nc1dence of terata; transplacental adm1n1strat10n of

benzo[a]pyrene. however, d1d not.
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TABLE V-23

Embryotox1c'ty and Ma1format'ons 'n Sw'ss M'ce Exposed by
Intraembryona1 InJect\on of Benzo[a]pyrene and Der\vat'vesa

Treatment V'abl1Hy MalformaUons
Dose No. L1vel No. Malformedl

Compound Day nmo1e/Embryo No. Treated Total No. A1 \ve

Contro1 b 10 0.5 hAl. ) 53/69 11/53
12 1 (~I.) 30/36 2130
14 2 (~I.) 59/82 4159

Benzo[a]pyrene 10 4 18/41 c 6118
12 8 42178c 6142
14 16 28/45 4128

Benzo[a]pyrene-4.5- 10 4 25128 8125
ox1de 12 8 21/43c 4121

14 16 51/66 [s'c] 5/51

Benzo[a]pyrene-7.8- 10 0.4 7/46d 711 d
d'ol-9.10-epox'de 12 2 59/111 c 36/59d

14 4 37/58 10/37e

6-Methy1benzo[a]pyrene 10 4 20136e 10120e
12 8 13127c 6/13c
14 16 39/65 12139c

aSource : Barb,er1·· et a1 .• 1986

bAcetone and tr1octano1n (1:1)

cp<0.01

dp<O.OOl

ep<0.05
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LeGraverand et al. (1984) found the extent of embryotox'c'ty and terato­

gen1c'ty of benzo[a]pyrene to be related both to the route of adm1n1strat'on

and to the aff1nHy of a receptor (AHH) for agents that 'nduce hepaUc

cytochrome P-450 response. Benzo[a]pyrene (120 mg/kg/day) was orally

adm1n'stered to pregnant m'ce from day 2 to day 10 of gestaUon. The m1ce

were eHher heterozygous or homozygous for the 10w-aff1nHy receptor for

'nducers of cytochrome P-450 (the h'gh-aff'n1ty receptor's dom'nant).

Pharmacok'net'c stud1es 1nd1cated that embryos developlng In dams homozygous

for the 10w-aff1n1nty receptors were exposed to h1gher levels of

benzo[a]pyrene. WHhln thl s group of embryos, receptor homozygotes had an

'ncreased 1ncldence of lntrauter1ne tox1cHy and malformaUon when compared

wlth receptor heterozygotes. Heterozygous dams exh1b1t an enhanced ab1l1ty

to metabol1ze benzo[a]pyrene 1n thelr \ntest 1nes and l1ver; therefore, the

developlng embryos receive less benzo[a]pyrene. Consequently, less

lntrauterlne tox1cHy and fewer malformat\ons were seen. IntraperHon1al

admln1strat1onof benzo[a]pyrene caused the exact oppos\te effects,

lnd1catlng the lmportance of both the adm1n1strat\on route and genotype of

the exposed an1mal In the potent1al for a tox1c response.

Swartz. and Matt1son (1985) showed that acute exposure to benzo[a]pyrene

had an adverse._ a·lbe\t trans1ent, effect on oocyte fo111c1e growth, ovu1a­

t10n and formation of corpora 1utea. F\ve female C57B1/6N m1ce/group were

treated wHh a s1ng1e 1.p. 1nJect1on of 0, 1, 5, 10, 50, 100 or 500 mg/kg bw

benzo[a]pyrene 1n corn 011. One week post-treatment numbers of corpora

1utea were s1gn\f\cant1y reduced \n mlce treated with 5-500 mg/kg benzo[a]­

pyrene. By week 4 this depresslon ~as eVldent only \n the m\ce In the two
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h1ghest treatment groups. Ovarlan toxlcHy In the hlghest dose group lias

lnd1cated not only by absences of corpora lutea but also by lack of slgns of

fol11culogenes1s.

Tak1zawa et al. (1984) estab11shed E0 50 doses for small oocyte

destruction by benzo[a]pyrene In several mouse stra1ns. Treatment was by

1ntraovar1an 1nject1on of 0, 0.1, 1.0, 10 or 30 ).Ig/ovary. Two weeks post­

treatment m1ce were k111ed and ovar1an t1ssue examlned h1stolog1cally_ Th~

E050s for var10us stra1ns were the fo11ow1ng: C57Bl/6N, E0 50 = 3.38

).Ig/ovary; OBA/2N = 36.14; C57B1/6J x OBA/2JFl = 8.27.

Pregnant C3H/Anf mlce were treated l.p. at elther 11-13 or 16-18 days of

gestatlon wlth 100 or 150 mg benzo[a]pyrene/kg bw. Body welghts of progeny

were comparable between control and treated groups. Offsprlng of treated

an1ma1s, however, were observed to have a severe supresslon of lmmune

functlon as measured by the abl1lty to e1lclt an antlbody response to sheep

red blood cells. Thls supress10n of response perslsted 1nto adulthood

lnd1cat1ng permanent lmmunosuppresslon when prenatal exposures occur (Urso

and Gengozlan, 1980).

~

Benzo[a]pyrene has been shown to be a transplacental carclnogen

produclng 11ver tumors 1n HA/ICR, stra1n A and C57Bl mlce and lung tumors ln

the Ha/lCR .1ce (Bu1ay, 1970; Bu1ay and Wattenberg 1971; N1konova, 1977).

Female A stra1n m1ce were sUbcutaneously adm1n1stered 150 mg/bw benzo­

[a]pyrene 1n sunflower 011 on the l8th and 19th day of pregnancy (Turusov et

a1.,1990). The offspr1ng were mated 1n a brother-s1ster system to create
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the F2-F5 generaUons. Controls rece1v1ng only sun,flower 011 were

ma1nta1ned. The offspr1ng were sacr1f1ced at 1 year of age. When compared

wHh controls, there was a stat1st1cally s1gn1f1cant 1ncrease 1n the lung

adenoma 1nc1dence 1n both the males and females of the f1rst generaUon.

The lung tumor 1nc1dences 1n F1 females were 42/78 and 12118 1n the exposed

and control m1ce, respect1ve1y, and 1n F1 males the 1nc1dences were 52/67

and 6115 1n the exposed and control m1ce, respect1ve1y. The F2 females

exh1bHed a stat1st1call.y s1gnH1cant 1ncrease 1n lung tumor 1nc1dences

also; these were 20/91 and 10/95 1n the female F2 descendants of the treated

dams and 1n the controls, respect1ve1y. Th1s 1ncreased 1nc1dence of lung

tumors was not seen 1n the F2 males or 1n later generat10ns, but a

stat1st1cally s1gnH1cant 1ncrease 1n tumor mult1pl1cHy was seen 1n the

F2-F5 generat10ns.

Rabb1t progeny have also been shown

transplacental, exposure' to benzo[a]pyrene

preganancy (Ben1ashv11', 1978).

to develop tumors after

dur1ng the last th1rd of

Chrysene. Mallard duck eggs were pa1nted w1th 10 pi of a 0.1%

solut10n of chrysene 1n an unspec1f1ed petroleum hydrocarbon reported to be

of I re1at1ve1y low embryotox1cHy l (IARC, 1983). Embryotox1cHy and terato­

gen1c effects among duckl1ngs were observed (Hoffman and Gay, 1981).

Fluoranthene. Irv1n and' Mart1n (1987) reported. 1n an abstract. a

developmental study 1n wh1ch a s1ng1e 1.p. 1nject1on of f1uoranthene (dose

unspecH1ed) was given to pregnant C511B6 m1ce on gestat10na1 days 6, 7, 8

or 9. A gestat10n-dependent 1ncreased rate of embryo resorpt10n was

observed.
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Naphthalene. In what appears to be two reports of the same study

(Plasterer et al .• 1985; Booth et al .• 1983), sIngle oral doses (300 mg/kg)

of naphthalene were administered dally for 8 consecutIve days to 50 pregnant

CD-l mIce beginnIng on day 7 of gestatIon. ThIs dose was estImated to be at

or just below the maxImum tolerated dose for acute lethalIty. A sIgnIfIcant

Increase In maternal lethality (p<0.05) and a decrease In mean maternal body

weights as well as the number of live pups per litter (p<0.05) on postpartum

day 1 were noted when compared with the controls. There was not a concomi­

tant increase in dead pups. There were no effects on pup survival and mean

body weIghts. No gross congenital abnormalities were detected In the pups

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

Hardin et al. (1981) administered naphthalene I.p. (395 mg/kg) in corn

oil to pregnant Sprague-Dawley rats on day 1 of gestation. Dally Injections

continued through day 15. No treatment-related effects on maternal

toxicity. fetal toxicity. or teratogenesIs were reported.

In a pilot range-fInding study, 20 artificially inseminated New Zealand

white rabbits (at least 24 weeks of age and weighing 4-5 kg) were orally

dosed with naphthalene (In 1% methylcellulose vehicle) at 50-1000 mg/kg from

gestational days 6-18. Maternal lethality and/or abortion were Increased at

doses of ~630 mg/kg, but no data were collected. No differences in

reproductive parameters were ~oted, and no malformations or fetal death

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

In the main stUdy by Naismith and Matthews (1986), 18 artificially

Inseminated New Zealand white rabbits per group were orally dosed with

naphthalene (1% methylcellulose vehicle) at O. 40, 200 or 400 mg/kg/day from
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gestation days 6-18. Dams were at least 24 week.s of age (exact ages were

not specified). Maternal body weights and body weight gains were comparable

among all test groups and controls. Food consumption of high-dose (400

mg/kg) animals was significantly greater (p~0.05) than controls during

gestation days 7-15, 23-25 and 27-29. Pharmacotoxic signs observed during

the stUdy Included decreased activity, dyspnea, weight loss, cyanosis,

salivation, and loose stools or diarrhea; these signs occurred In an

apparent dose-related manner. Gross examination of dams and controls

indicated no di fferences In the following reproductive measures: number of

corpora 1utea, total number of lmplantat1ons, viable or nonviable fetuses,

pre- or postimp1antation loss, fetal body weights, and fetal sex

distribution. The malformations and variations were equally distributed

among groups, and no dose-related trends were apparent. These malformations

Included 2 incidences of fused sternebrae and an incidence of umbilical

herniation from 3 different litters in the control group, an incidence of

vicera1 malformations in the mid-dose group and 3 incidences of fused

sternebrae from 3 different litters in the high-dose group. The stUdy

authors concluded that oral adminIstration of naphthalene to pregnant

rabbits did not evoke a teratogenic effect. The U.S. EPA (1987a) concluded

that the ~eratogenic potential could not be adequately assessed. The data

were considered incomplete because of lack of information on the methods of

fetal sacrifice and of visceral and skeletal examinations.

Matorova (1982) reported that naphthalene administered by gavage (0.015,

0.15 and 1.5 mg/kg) on a chronic basis (duration not reported) to pregnant

female albino rats was associated with adverse effects on reproductive

function and development of progeny. These effects included slow fetal

development, an increase In number of hemorrhages and bleeding of Internal
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fetal organs. and a reduced v1abl1lty. The reported threshold for effects

was 0.075 mg/kg. A lack of lnformatlon on protocol deslgn. tests for

slgnlflcance, and experlmenta1 data renders these results dlfflcu1t to

lnterpret.

Mutagenlclty/Genotoxlclty

The PAHs have long been recognlzed as havlng mutagenlc and other geno­

tox1c effects. The llterature contalns many reports of short-term lrr yjtro

and l!!. vlvo tests of the genotox1cHy of these compounds and of thelr

metabo11tes. Because of the extenslve scope of these reports, the\r results

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

Synerglsm and/or Antagonlsm

Because PAHs rarely occur In 1501atlon from each other In .the envlron­

ment, lt ls lmportant to understand the potent'al health effects assoc1ated

wlth m1xtures of PAHs. Much research has focused on the promot'ng or

lnhlbHory effect of noncarclnogenlc PAHs, such as pyrene, on the

carc'nogenlc potentlal of known carclnogens, often benzo[a]pyrene. The

route of admlnlstratlon 's typ'cally nonoral (dermal, subcutaneous lnjectlon

or lnhalatlon). Some of the reports on cocarclnogenlc actlvHy are

consldered 'n thls sectlon.

Falk et al. (1964) conduc.ted a serles of experlments wHh C57Bl male

mlce (3-4 months old) to assess the potentlal lnhlbltory effects of phenan­

threne and other PAHs consldered noncarclnogenlc on the tumorlgenlcHy of

d'benz[a,h]anthracene. Groups of 30 anlma1s recelved slngle s.c. 'nJect'ons

of varlous dosages of dlbenz[a,h]anthracene alone and \n comb'nat'on wHh
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other PAHs \n an ethylene glycol, tr1capry11n or ethyl laurate veh1cle.

The m1ce were then observed for 18 months to determ1ne the \nc1dence of

sarcomas. Surv1va1 was 90-100% dur1ng the crH1ca1 per10d of tumor

format10n, the 4th to 11th month. The authors found that both dose and

1nterva1 between adm1n1strat10n of the carc1nogen and noncarc1nogen affected

the degree of observed 1nh1bHory response. Phenanthrene had substant 1a1

1nh1bHory effects on the product10n of sarcomas by d\benz[a,h]anthracene,

part \cu1ar1y at lower dosages. Ai.·· 275 lAg of the carc\nogen, concomHant

adm\n1strat10n of a 24:1 molar rat10 of phenanthrene to d\benz[a,h]­

anthracene (1n ethyl 1aurate) y\e1ded -50% reduct 10n 1n the percentage of

tumor-bear\ng an1ma1s as compared w\th adm1n\strat10n of d\benz[a,h]-

anthracene alone. When the dosage was decreased to 60 lAg of the

carc\nogen, a s\m\lar molar rat10 of phenanthrene to d1benz[a,h]anthracene

was shown to y\e1d a comparable reduct\on 1n tumor development. It was

found that e\ther concom\tant adm\n\strat\on of carc1nogen\c and

noncarc\nogen\c PAHs or adm\n\strat\on of the noncarc\nogen eHher 2 days

pr\or to or after the carc\nogen adm\n\strat\on resulted \n max\mum

reduct\on 'n the percentage of tumor-bear'ng an'ma1s. When the veh\c1e was

changed to tr\ethy1ene glycol, phenanthrene \n comb'nat10n w\th

d\benz[a,h]anth.racene had. a substant\a1 promot'ng effect, approx'mate1y

doub1\ng the percentage of tumor-bear\ng an\ma1s.

In the sue study benzo(a]pyrene was also tested for carc\nogen\c

effects \n c0llb1nat10n wHh other noncarc'nogen\c. weakly carc\nogen\c and

potent carc1nogen\c hydrocarbons \n a. tr\capryl\n veh\cle (Falk et a1.,

1964). The chosen rat,os of putat;ve ant'carc\nogen to carc\nogen approx\­

mated those that occur 'n the env1ronment. PAHs. \nclud'ng benzo[a]­

fluorene. chrysene. benzo[k]f1uoranthene, perylene, and a m\xture of

04420 V-151 10/08/91



anthracene, phenanthrene and pyrene, had substanUal 1nh1bH1ng effects on

the abll Hy of benzo[a]pyrene to produce lnject 10n sHe sarcomas. Other

PAHs, lnc1ud1ng acenaphthylene, fluorene, anthracene, benzo[g,h,l]perylene,

1ndeno[l,2,3-cd]pyrene and coronene, had no such lnhlbltlng effects.

By contrast, PfeHfer (1973, 1971) found no 1nhlbHory effects of 10

noncarc1nogenic PAHs on benzo[a]pyrene or dlbenz[a,h]anthracene carclnogen­

lcity. Groups of 100 NRMI female mlce were g1ven slngle subcutaneous lnjec­

tlons of varlous dosages of benzo[a]pyrene and dlbenz[a,h]anthracene, and 10

noncarc1nogenic PAHs, separately and ln comb1nat1on, ln 0.5 mt tr1capry­

lin. The PAHs, whlch the authors cons1dered noncarc1nogenlc, 1nc1uded

benzo[a]anthracene, phenanthrene, anthracene, pyrene, fluoranthene,

chrysene, benzo[g,h,1 ]pery1ene, pery1ene, benzo[e]pyrene and coronene. The

an1ma1 s were examined weekly for the development of sarcomas for 114 weeks.

Re1at10nsh1ps were found to ex1st between 1ncreas1ng dose and tumor

development for benzo[a]pyrene, d1benz[a,h]anthracene, benzo[a]pyrene plus

d1benz[a,h]anthracene, and all 12 PAHs adm1n1stered as m1xtures. No

treatment-related 1ncreases 1n sarcoma development were observed for any of

the 10 noncarc1nogen1c PAHs when adm1n1stered separately. Interest1ng1y,

the noted dose-response curves for comb1nat1ons of PAHs most closely

resembled the curve for d1benz[a,h]anthracene alone. Upon further

stat1st1ca1 ana1ys1s to determ1ne the relatiVe effectiveness of the

treatments 1n produc1ng tumors, H was found that the mixture or

benzo[a)pyrene and d1benz[a,h)anthracene alone, or 1n comb1nat10n wHh the

10 noncarc1nogen1c PAHs, was s11ght1y less potent 1n 1nduc1ng tumors than

was d1benz[a,h)anthracene alone.
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Pott et al. (1977) conducted comparable exper1ments on the carc1nogen1c

effects of automob1le exhaust condensates (AEC) 1n m1ce. Female NRMI m1ce

1n groups of -88 an1mals were adm1n1stered s1ngle subcutaneous 1nJect10ns of

var10us dosages of AEC and benzo[a]pyrene, separately and 1n comb1nat10n,

wh1ch had been d1ss01ved or suspended 1n tr1capry11n. AEC conta1ned both

PAHs and non-PAH substances. When AEC was present w1th benzo[a]pyrene, the

1nc1dence of tumors (most of wh1ch were sarcomas) was less than when benzo­

[a]pyrene was adm1n1stered alone. Th1s 1nh1bHory effect of AEC was par­

t1cularly obv10us at the h1gher dosages of benzo[a]pyrene, but a decreas1ng

relat10nsh1p between tumor 1nc1dence and level of AEC was observed at all

dosages of benzo[a]pyrene. In a second ser1es of exper1ments, Pott et al.

(1977) sought to assess the effects of a PAH fract10n and non-PAH substances

prepared from the AEC. These were- 1nject.ed separately and 1n comb1nat10n

w1th benzo[a]pyrene. "'ce 1njected 1n th1s set of exper1ments were observed

for a year. The PAH-conta1n1ng fract10n of AEC was tumor1gen1c. When

assayed 1n comb1nat10n w1th other AEC fract10ns, tumor1gen1c1ty was reduced.

The relat1ve proport10ns of PAHs found 1n automob11e exhaust gas

condensates were determ1ned 1n relat10n to benzo[a]pyrene. The PAHs were

d1Y1ded ~nto two groups; the f1rst group _was composed of benzo[a]pyrene,

d1benz[a,h]an~hr~cene, benz[a]anthracene and benzo[b]fluoranthene and the

second group phenanthrene, anthracene, fluoranthene, pyrene, chrysene,

benzo[e]pyrene and benzo[g,h,1 ]perylene. The concentrat1ons used 1n each

dose group were determ1ned by· the relat1ve concentrat1on of benzo[a]pyrene.

The benzo[a]pyrene concentrat1ons selected for the f1rst doU group

(benzo[a]pyrene, d1benz[a,b]anthr~cene, benz[a]anthracene and benzo[b]­

fluoranthene) were 1, 1.7 and 3.0 1Jg benzo[a]pyrene and the benzo[a]pyrene
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concentrat1ons selected for the second dose group (phenanthrene, anthracene.

fluoranthene, pyrene, chrysene, benzo[e]pyrene and benzo[g,h,1]perylene)

were 1, 3, 9 and 27 l'g benzo[a]pyrene (benzo[a]pyrene was not 1ncluded 1n

the group). A th1rd dose group was created by comb1n1ng the compounds 1n

groups one and two; the relat1ve benzo[a]pyrene concentrat1ons selected for

th1s dose group were 1, 1. 7 and 3.0 l'g benzo[a]pyrene. All compounds were

d1sso1ved 1n acetone. Four control groups that rece1ved only benzo[a]pyrene

at doses of 1, 1.7 or 3.0 l'g 1n acetone and a solvent control group were

also employed. The shaved sk1ns of 100 female NMRI m1ce/group were treated

tw1ce/week unt11 natural death or development of an app11cat10n s1te

carc1noma (Schmahl et al., 1977).

The 1nc1dence of app11cat1on s1te sarcomas 1n the solvent control group

was 1/81; no other tumors were reported. In the benzo[a]pyrene control

groups the carc1noma 1nc1dences were 10/77, 25/88 and 43/81 1n the 1, 1.7

and 3 l'g benzo[a]pyrene groups. respect1vely. The carc1noma 1nc1dences

for the f1rst dose group (benzo[a]pyrene, d1benz[a]anthracene,

benz[a]anthracene and benzo[b]fluoranthene) were 25/81, 53/88 and 63/90 1n

the 1. 1.7 and 3 ~g benzo[a]pyrene groups, respect1vely. The carc1noma

1nc1dences for the second dose group (phenanthrene, anthracene,

fluoranthene, pyrene, chrysene, benzo[e]pyrene and benzo[g,h.1]perylene)

were' 1/85,0/84. 1/88 and 15/86 1n the 1, 3, 9 and 21 ~g benzo[a]pyrene

groups, respect1vely. In the th1rd group (comb1nat1on of groups one and

two) the carc1noma 1nc1dences were 44/89, 54/93 and 64/93 1n the 1, 1.7 and

3 ~g benzo[a]pyrene groups, respect1vely. The reported papilloma and

sarcoma 1nc1dences of all groups d1d nof exceed 5% (Schmahl et al., 1917).
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The cocarc1nogen1c potenUa1 of var10us substances found 'n c1garette

smoke wa' stud1ed by Van DOOren et a1. (1973) and Van DOOren and Go1dschm1dt

(1976). In the 1973 study, female ICR/Ha Sw1ss m1ce 'n groups of 50 were

g1ven repeated dermal app11cat10ns of 5 pg benzo[a]pyrene 1n 0.1 ml

acetone 3 t1mes/week eHher alone or wHh pyrene, benzo[g,h,1)pery1ene or

benzo[e]pyrene. Control groups rece1ved eHher no treatment or treatments

of acetone, benzo[g,h,1]pery1ene, pyrene or benzo[e]pyrene alone. The

exper1ment ran for 52 weeks. Cocarc1nogen1c act1v1ty was shown by the three

PAHs (Table V-25). No sk1n tumors were found 1n the control groups. When

benzo[a]pyrene was app11ed w1th the 1nd1v1dua1 noncarc1nogens, the number of

m1ce wHh papll10mas 1ncreased 1.5-2.6 t 1mes over the number observed when

benzo[a]pyrene was app11ed alone. L1kew1se, the total number of pap1110mas

was 2-6 t1mes h1gher when the noncarc1nogens were present as compared with

benzo[a]pyrene alone. Moreover, the number of days from f1rst appl1cat10n

to appearance of the f1rst tumor 1n the mu1t1p1e treatment' groups was

s1m11ar to that 1n the benzo[a]pyrene group alone.

In a second study, Van Diiiiren and Go1dschm1dt (1976) assessed both, the

cocarc1nogen1c and tumor-promot1ng act1v1ty of benzo[g,h,1]pery1ene,

f1uoranthene, benzo[e]pyrene and pyrene '1n, conjunct10n w1th benzo[a]pyrene.

Aga1n, female ICR/Ha Sw1ss m1ce ln groups of 50 were used. Var10us dosages

of the above noncarc1nogen1c PAHs alone and 1n conjunct10n w1th 5 pg

benzo[a]pyrene were app11ed 1n 0.1 mt of acetone or 1n OMSO 3 t1mes/week

for ~440 days. Pyrene, f1uoranthene and benzo[e]pyrene were found to be

potent cocarc1nogens for benzo[a]pyrene, wh11e benzo[g,h,1]pery1ene was

determ1ned to be -moderately cocar~1nogen1c-. Pyrene and f1uoranthene also

proved to be weak tumor-promot1ng agents when an 1n1t1at1ng dose of benzo­

[a]pyrene was ,used. The results of the study are presented 1n Table V-26.
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TABLE V-25

Cocarc1nogen1c Act1v1ty of Var10us PAHs w1th Benzo[a]pyrene 1n Mouse Sk1na
(1 Year Exposure)

No. of M1ce wHh
Carc1nogenb Cocarc1nogen Dose of Pap1110mas/No.

Cocarc1nogenb of Surv1vors
h,g) at 52 Weeks

Benzo[a]pyrene 13/42

Benzo[a]pyrene Benzo[e]pyrene 15 34/39

Benzo[a]pyrene Benzo[g,h,1]perylene 21 20/37

Benzo[a]pyrene Pyrene 12 27/41

aSource: Van DOOren et a1., 1973

bBenzo[a]pyrene (5 ~g) and/or cocarc1nogen was app11ed as acetone solu­
t10ns 3 t1mes/week for 52 weeks. There were no tumors 1n the groups
treated only w1th acetone, benzo[e]pyrene, benzo[g,h,1]pery1ene or pyrene.
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R1ce et al. (1984) also found fluoranthene and pyrene to have cocarclno­

gen1c potenUal when comb1ned wHh benzo[a)pyrene. When female CD-l m1ce

were g1ven dermal app"caUons of 150 1I1. [JH) benzo[a)pyrene and eHher

f1uoranthene or pyrene, the occurrence of DNA adduct formaUon (after 24

hours) was 66 and 56%, respecthely, above the level found for benzo[a)­

pyrene alone. Phenanthrene co-app11cat10n resulted 1n an average 17%

decrease and format10n of ['H)benzo[a)pyrene-ONA adducts.

Slaga et al. (1979) exam1ned the effects of several PAHs on sk1n tumor

1n1t1at10n by 7,12-d1methy1benz[a)anthracene (OMBA) and benzo[a)pyrene.

E1ther benzo[e]pyrene, pyrene or f1uoranthene 1n acetone was app11ed to the

backs of female CO-1 m1ce (30/group) 5 m1nutes before 1nH1at10n wHh OMBA

or benzo[a]pyrene. Beg1nn1ng 1 week after 1nH1at10n m1ce recehed 10 lIg

of 12-0-tetradecanoy1phorbol-13-acetate (TPA) 1n acetone tw1ce weekly for 30

weeks. The 1nc1dences of both pap11lomas and carc1nomas were observed

weekly and removed at random for h1stolog1c ver1f1cat10n. When appl1ed

before 1nH1at10n, pyrene and benzo[e]pyrene s11ghtly enhanced

benzo[a]pyrene 1n1t1at10n whereas f1uoranthene had a marg1na1 effect. These

same PAHs had an 1nh1bHory effect on 7,12-d1methy1benz[a]anthracene sk1n

tumor 1nH1at10n. When pyrene and f1uoranthene were app11ed after

benzo[a]pyrene 1n1t1at'on, they had no tumor promot1ng effects.

Huang et a1. (1986) 'nvest'gated the abllHyof benzo[a]pyrene pheno11c

metabo1'tes to 'nterfere w,th the mutagen1c,ty and tumor'gen'c1ty of benzo­

[a]pyrene or the putat've ult1mate carc'nogen, benzo[a]pyrene-7,8-d101-9,10­

epox'de. Of 12 1so~r'c phenol'c metabo1,tes, 3-hydroxy-benzo[a]pyrene was

the most potent antagon'st of 7,8-d101-9,10-epox1de mutagen'c,ty for
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Salmonella typhimurium strain TA100; 3 limo 1 reduced mutagenicity by 50%.

The 3-hydroxy-benzo(a)pyrene also decreased m1crosome-med1ated mutagenicHy

of benzo(a]pyrene and benzo(a]pyrene-7,8-d10l for TA100. Likewise, mutagen­

icHy of the7,8-d101-9,10-epox1de for manma11an cells (V79) was decreased

by 50% upon addHion of 8 liM 3-hydroxybenzo(a]pyrene. A 2500 llmo1e dose

of 3-hydroxybenzo(a)pyrene was applied topically to the shaved backs of

female CD-1 m1ce 5 m1nutes before add1t10n of a tumor-in1tiating dose of 200

llmo1e of benzo(a)pyrene-7,8-d101-9,10-epox1de. This was followed by 16-20

weeks of promoting treatment wHh TPA. At the end of this t1me a 72-78"

reduction 1n numbers of tumors/mouse and a 42-55% decrease in 1nc1dence was

observed by compar1son with animals treated with the 7,8-d101-9,10-epoxide

and TPA alone. A less dramat1c reduct10n (35-41" decrease 1n 1nc1dence,

40-52% 1nh1bit10n 1n number of tumors/an1ma1) was observed when benzo(a]­

pyrene was the 1n1t1at1ng agent.

The enhanc1ng or 1nh1b1t1ng act10n of non-PAH mater1a1s on PAH carc1no­

gen1city has also been a subject of study. El-Bayoumy (1985) showed that

two synthet1c organose1en1um compounds, p-methoxybenzenese1enol and benzyl­

selenocyanate, 1nh1bited forestomach tumors 1n m1ce treated wHh-- benzo[a)­

pyrene. As descr1bed 1n the oral carc1nogen1cHy sect10n, 9-week-old female

CD-l m1ce were fed a standard d1et for 1 week. At the beg1nn1ng of week 2,

25 m1ce/group were fed d1ets conta1n1ng vary1ng levels of the above two

compounds or the1r nonse1en1um-conta1n1ng congeners. A th1rd pa1r of com­

pounds, phenoth1az1ne and phenose1enaz1ne, were also tested. Beglnn1ng wlth

week 3, mlce were gavaged twlce weekly for 4 weeks w1th 1 mg benzo(a]pyrene

1n corn 011. The test d1ets were contlnued for 1 week post-treatment and

then standard d1ets were fed unt11 week 28 when the m1ce were k111ed. Mlce
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rece1v1ng benzo[a]pyrene and standard d1et had a forestomach tumor lncldence

of 85". Th1s was decreased to 25" In the h1gh-dose p-methoxyphenol-treated

group. Benzy1se1enocyanate and methoxybenzenese1eno1 produced 1ns1gn1f1cant

reduct10ns 1n tumor 1nc1dence but s1gn1f1cant reduct10ns 1n the number of

tumors/mouse.

As noted 1n the nonora1 carc1nogen1c1ty sect10n, the pulmonary carc1no­

gen1c1ty of benzo[a]pyrene can be greatly enhanced by co-adm1n\strat10n of

part1cu1ate mater1a1. Pershagen et a1. (1984) stud1ed the pulmonary

carc1nogen1c1ty of benzo[a]pyrene alone and 1n comb1nat10n w1th arsen1c

tr10xlde (AS203) 1n male Syr1an golden hamsters. The an1ma1s were

d1v1ded 1nto four groups: As 203, benzo[a]pyrene, As 203 plus benzo­

[a]pyrene, and Yeh1c1e controls. At each of 15 weekly 1nstll1at10ns, 3

mg/kg of arsen1c and/or 6 mg/kg of benzo[a]pyrene was adm1n1stered. All

groups rece1ved a carr1er dust (charcoal carbon), wh1ch 1ncreased the lung

retent10n of arsen1c. Carc1nomas of the larynx, trachea, bronch1 or lungs

were found 1n 3/47, 17/40 and 25/54 an1ma1s exam1ned 1n the As 203,

benzo[a]pyrene and AS 203 plus benzo[a]pyrene groups, respect1Ye1y. No

resp1ratory tract carc1nomas were found 1n the 53 controls. The 1nc1dences

of pulmonary adenomas, pap1110mas and adenomat01d 1es10ns were markedly

h1gher 1n the- arsen1c group than 1n the control group (p<O.Ol). There was

also some ev1dence of a pos1t1ye 1nteractlon between arsen1c and benzo[a]­

pyrene 1n relat10n to adenomatos1s lung tumors. The authors noted that the

presence of the carr1er dust prevented rap1d lung clearance of the

As
2
0
3

. They proposed that the arsen1c may have had an adverse effect on

repa1r of benzo[a]pyrene-1nduced DNA damage (Pershagen et a1., 1984).
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Met1v1er et al. (1984) stud1ed the effects of d1fferent levels of

pluton1um ox1de (Pu02) and benzo[a]pyrene on lung carc1nogenes1s 1n SPF

W1star rats ln an effort to determ1ne the cocarc1nogenlc effects of lonlz1ng

rad1at10n and benzo[a]pyrene. E1ght d1fferent experlmental groups 1nhaled

PU02 at four dose levels w1th and w1thout benzo[a]pyrene (g1ven 1n two

doses of 5 mg by 1ntratracheal lnst1llat10n). The results are summar1zed 1n

Table V-27. They show that the 1ncldence of lung tumors 1ncreased as a

funct10n of both PU02 dose and benzo[a]pyrene exposure. The authors felt

that a mult1plicat1ve relative r1sk model f1t the observed effects.

Jones et al. (1984) 1nvest1gated the effect of lcs.25-d1hydroxychole­

calc1ferol [l.25-(OH)2D3] on the transformat10n of cells pretreated wHh

benzo[a]pyrene and benzo[e]pyrene. Treatment of Syr1an hamster embryo cells

wlth benzo[a]pyrene for 3 days followed by treatment w1th l.25-(OH)2D3

for 4 days 1ncreased transformatlon of the cells. Benzo[e]pyrene. not a

complete carc1nogen by 1tself. 1nduced cell transformat10n when followed by

1.25-(OH)2D3 app11cat10n.

Rah1mtula et al. (1977) exam1ned the capabll1t1es of n1ne antloxidants

(ascorbate. butylated hydroxyanlsole. butylated hydroxytoluene. ethoxyqu1n.

glutath10ne. NNN ' N'-tetramethyl-p-phenylened1am1ne d1hydrochlor1de. nordihy­

droguar1arot1c ac1d. propyl gallate and pyrogallol) to affect benzo[a]pyrene

hydroxylat1on by rat l1ver m1c~osomal MFOs. All of the ant10x1dants tested

reduced the bacterial mutagen1c1ty of benzo[a]pyrene 1n the presence of rat

l1ver microsomes and cofactors. They also found that several synthetic and

naturally occurring flavones. when incorporated 1n the d1et (3-5 mg/g) or

app11ed to the skin. caused an 1ncrease ln benzo[a]pyrene hydroxylase
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activity In the small intestine and skin, respectively. In add1t1on,

pulmonary adenoma formation resulting from oral administration of

benzo[a]pyrene was totally prevented, and skin tumors initiated by

benzo[a]pyrene application to mice were significantly reduced (>50%) by

treatment with the synthetic flavone, B-naphthof1avone. Pulmonary tumor

formation was also reduced 50% by incorporation of the naturally occurring

flavone, quercetin pentamethy1 ether, into the diet. Sullivan et al. (1978)

demonstrated that BHA, BHT, phenothrazine,phenothrazine methosulfate and

ethoxyqu1n all can reduce the quantitative yield of benzo[a]pyrene

metabolites in incubations with rat liver m1crosomes.

Sunman

Studies of the general and specific health effects in animals associated

with exposure to PAHs tend to be llmited in the number of PAHs considered

and the route of admin1stration. A wide variety of general toxic effects

have been linked to exposures. Effects on the hematopoietic and lymphoid

systems seem to predominate, such as anemia. hemolysis. leukemia and lympho­

cyte toxicity. Equally important to the nature of effects. the dosage

e11cit1ng such effects appears to vary by route of adm1nistratton; for

example, for compounds like f1uoranthene. acute toxicity (lDSO ) occurs at

a lower dosage for oral versus other routes of exposure.

Some PAMs are known to be carc1nogens for animals. In terms of specific

health effects. relatively potent carcinogens 11ke benzo[a]pyrene and

d1benz[a.h]anthracene as well as moderate-to-strong cocarc1nogens 11ke

fluoranthene and pyrene are found among the PAHs. Dose-response relation­

sh1ps for oral exposures have been documented for some of the carc1nogen1c
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PAHs. The carc1nogen1c effect of some PAHs when adm1n1stered to anImals by

other routes such as subcutaneous and 1ntraper1toneal 1nject10ns. 1nhalatlon

and sk1n-palnt1ng has also been documented.

Env1ronmental PAH exposures are thought to occur to m1xtures rather than

1nd1v1dual compounds. Exper1mental PAH m1xtures research assess1ng

carc1nogen1c act1v1ty has focussed on nonoral routes of adm1n1strat10n;

these 1nclude subcutaneous 1nject10n, dermal app11cat10n and 1nhalatlon.

When stud1ed 1n comb1nat10ns, 1nh1b1t10n, promot10n and cocarc1nogen1c

effects have been reported for PAHs. PAHs have also been reported to act as

1n1t1ators of carc1nogenes1s when followed by repeated treatments w1th

non-PAHs such as pluton1um oxlde. Mixtures, such as automobile exhaust

condensate, that conta1n a var1ety of PAHs as well as other compounds, have

also been shown to be carc1nogen1c ln an1mals.

Reproduct1ve/teratogen1c effects have not been evaluated for most PAHs.

However, there 1s some eV1dence suggest1ng that 1ngest10n of benzo[a]pyrene

reduces fertilHy and reproductive capacHy and has de1eter10us effects on

the offsprlng of mlce so exposed.

Several PAH~ have been extens1vely studled for genotox1c effects.

Benzo[a]pyrene seems clearly to be mutagen1c 1n both prokaryot1c and

mammallan cells ln the presence of an act1vat10n system and causes var10us

chromosomal effects 1n mamma11an cells. Benzo[g,h,1]pery1ene, chrysene and

d1benz[a,h]anthracene are mutagens 1n several systems, and the latter also

damages the DNA of both prokaryot.1c and eukaryot 1c cells. Benz[a]anthra­

cene, normally a weak carc1nogen, can be activated to exhlbH mutagen1c
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act1vit1es comparable to benzo[a]pyrene. For the remaInder of the compounds

under review, there are either too few data to draw fIrm conclus1ons, or the

results have been m1xed. Most of these compounds have exh1bited

genotox1c1ty 1n some systems.
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VI. HEALTH EFFECTS IN HUMANS

Introduct10n

Human be1ngs are 11kely to be exposed on a da11y bas1s to var10us levels

of PAHs \n the amb1ent env1ronment. Pr1mary veh1cles of exposure among the

general populat1on 1nclude 1nhalat1on of ma1nstream and s1destream tobacco

smoke and exhaust products from the combust10n of commonly used fuels.

Certa\n occupat10nal groups have the add1t\onal burden of exposure to

extremely h1gh levels of complex m1xtures that conta1n PAHs as well as other

tox1c and tumor1gen1c compounds. Those cons1dered at h1gh rhk for these

exposures 1nclude steelworkers, coke oven workers. gas workers. foundry

workers. alum1num reduct10n plant workers, roofers, ch1mney sweeps, and

poss1b1y auto mechan1cs. Scrotal cancer among ch1mney sweeps 1s cons1dered

to be the f1rst and oldest 1dentH1ed occupat1onal cancer (Pott, 1175).

These occupat10nal exposures occur almost exclus1vely v1a 1nhalat10n or

d1rect dermal contact. It 15 from th1s body of sc1entH1c ev1dence that a

causal relat10nsh1p has been clearly estab11shed between PAH-conta1n1ng

m1xtures and several specH1c cancer sHes (IARe, 1984, 1985; WHO, 1988).

These stud1es are br1efly summarhed at the end of thh chapter. although

the1r d1rect relevance to oral 1ngest1on of PAHs 1n dr1nk1ng water 15

unclear. .

PAHs do occur 1n 1ngested med1a such as water and foods. but these

exposures have not been well-characterhed or evaluated. PAHs have been

1dentH1ed 1n smoked foods. charbrolled meats. raw vegetables. shel1f15h.

and ref1ned fats and o11s. To study ep1dem1010g1cally the relat10nsh1p

between any spec1f'c nutr1ent and a spec1f1c adverse event 1s very

d1ff1cult. however. and extreme caut10n must always be exerc1sed 1n
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1nferr1ng causa11ty. Howson et al. (1986) po1nt out that, although an early

study 1mp11cated 1ngest1on of PAHs v1a charcoal brolled and smoked foods

wHh an 1ncreased risk of gastr1c cancer, subsequent experimental research

showed that PAHs were not good candidates for carc1nogens of the glandular

stomach and therefore probably were only indirectly assoc1ated w1th gastr1c

cancer.

C1garette smoking 1s strongly and consistently assoc1ated w1th cancer at

several sites including the lung, larynx, oral cavity, esophagus and bladder

(SchoUenfeld and Fraumen1, 1982; Maclure and MacMahon, 1980). In addit10n

to nHrosamines and other chemicals. 34 PAHs. some of which are recognized

as carc1nogens. have been 1dent1f1ed 1n ma1nstream and s1destream c1garette

smoke (IARC. 1983; Wynder. 1988; Appel et al .• 1990). Inhalation of tobacco

smoke 1s also cons1dered to be a major r1sk factor for car~10vascular

disease. However. the specH1c relat10nsh1p of any of the compounds 1n

tobacco smoke to the complex et1010gy of th1s d1sease 1s unclear. Albert et

al. (1977) demonstrated 1n ch1ckens that d1rect 1nJection of PAHs [OMBA and

B[a]P] 1nto the ~orta could 1nduce atherosclerot1c les10ns. In humans. 1t

15 11kely that other constituents of. tobacco smoke. pr1marily carbon

monox1de and nic~t1ne. also are 1nvolved 1n the d1sease process and may

posS1,bly be the ma1n culprits. not PAHs (Wynder. 1988). Th1s will be

br1efly addressed later 1n the rev1ew of more recently published

occupat1onal stud1es (Hansen. 1.983. 1989; Gustavsson et al.. 1988). but a

complete review of the smoking and human health literature is well beyond

the scope of this document.
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C11n1ca1 Case Stud1es

Oral. The only ava11ab1e case reports of oral 1ngest10n of 1s01ated

PAHs are concerned wHh acc1denta1 1ngesUon of naphthalene. Acute

hemo1yt1c anem1a 1s the most frequent man1festat10n of naphthalene p01son1ng

1n humans. Case reports have descr1bed the appearance of acute hemo1yt 1c

anem1a after naphthalene 1ngest10n by ch11dren (Jacobz1ner and Rayb1n, 1964;

Athreya et al., 1961~ Gross et al., 1958; Z1nkham and Chllds, 1957, 1958;

Haggerty, 1956; Chus1d and Fr1ed, 1985; Bregman, 1954; MacGregor, 1954;

Abelson and Henderson, 1951; Macke11 et al., 1951 ~ Zue1zer and Apt, 1949)

and adults (Anz1u1ew1cz et al., 1959; Z1nkham and Ch11ds, 1957, 1958; G1dron

and Leurer, 1956).

The reported mechan1sms and range of exposure to naphthalene 1n these

case stud1es were: 1) chew1ng, suck1ng, or swa110w1ng of mothballs (one to

numerous) as a s1ng1e 1nc1dent or for per10ds up to 3 months; 2) 1ngesUon

of tollet bowl deodorant cakes (pure naphthalene) by a chlld over a per10d

of a year; and 3) 1ngest10n of naphtha1ene-conta1n1ng deodorant 1n a d1aper

pan for an unspec1f1ed per10d. Doses of naphthalene were not generally

reported 1n these case stud1es because of the poorly def1ned nature of the

exposure •. Tests to detect naphthalene der1vat1ves 1n the ur1ne of the

anem1c 1nd1v1dua1s were negat1ve 1n some cases and pos1t1ve 1n others.

SymptOllS of naphthalene tox1cHy that frequently precede the d1agnos1s

of acute hemolyt1c anemia 1n ·persons of all ages 1nc1ude ml1d to severe

jaund1ce, dark ur1ne (red, orange. or port w1ne colored), pallor. and

lethargy (U.S. EPA, 1987a). Sev~re jaund1ce 1s often the reason for

hosp1ta11zat10n, s1nce the jaund1ce often develops before severe anem1a

04430 VI-3 08/09/91



becomes manlfest. However, lt 1s clear that anemla and jaund1ce can develop

ln parallel as shown by a t1me-course study of hematolog1c changes In a

1()-year-old g1rl who had 1ngested about 6 9 of naphthalene In a sulc1de

attempt (G\dron and Leurer, 1956). VomH\ng and tachycard\a are occaslon­

ally observed as prec11n1ca1 s1gns of naphthalene polsonlng ln persons of

all ages. Precl1n1ca1 s1gns of naphthalene tox\cHy observed prlmarl1y In

neonates or eh11dren 1ne1ude anorex1a, eyanos1s, shallow resp\ratlon or

apnea, eonvu1s1ons, and d1arrhea. Prec1\n\ca1 symptoms cf naphthalene

polsonlng reported by chl1dren or adults \ne1ude fever, confus1on, paln \n

abdom\na1 or k\dney reg\on, pa\n at ur\nat\on, nausea, headache, fa\nt1ng,

and vert\go (U.S. EPA, 1987a).

Frequent laboratory f1nd1ngs 1nd1cat1ve·of severe hemo1yt1c anem\a after

naphthalene po\son\ng 1n persons of all ages \nelude depressed hemog1ob\n,

hematocr1t, and erythrocyte count; elevated leukocyte and ret1cu1oeyte

counts; erythrocyte an\soeytos1s, po1yehromatoph\1\a, fragmentat\on. sphero­

cytos\s. and m1crospherocytos1s; and oecas\ona1 hemog1ob\nur1a. (U.S. EPA.

1987a). Add\t\ona1 laboratory f\nd\ngs \nd\eat\ve of severe hemo1yt1e

anem\a after exposure of neonates or ch\ 1dren to naphthalene \nc1ude the

fo1low\ng: erythrocyte po1k1locytos\s and m1crocytos1s; elevated serum
..

bl1\rub\n;. occas1ona1 observat1on of He\nz bOd1es. nucleated erythrocytes.

and Howell-Jolly bodles; and occas1onal observat\on of methemoglob\nur\a

(U.S. EPA. 1981a).

In most studles of persons who have developed severe hemolytlc anemla

after exposure to naphthalene. treatment wHh blood transfus\ons. treatment

with blood transfus\ons plus a1ka1\ therapy. or observat\on without either
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of these treatments has led to complete pat 'ent recovery w'th no observed

comp11cat'ons. However, deaths have been observed after naphtha1ene-'nduced

hemo1yt1c anem1a (U.S. EPA, 1967a), but H 15 unknown whether they were

d1rect1y related to the exposure.

Other Routes. In add1t10n to the cases of acute naphthalene poisoning

fo110w1ng oral exposure, similar effects have been reported following

exposure to naphthalene by other routes: combined dermal absorpt ion and

inhalation of naphthalene vapor by neonates (Grigor et al., 19&&; Na'man and

Kosoy, 19&4: Valaes et al., 1963; Dawson et al., 1958; Cock, 1957; Schafer,

1951) and adults (Younis et al., 1957); inhalation of naphthalene vapor by

neonates (Hanssler, 1964; Irle, 1(64); inhalation of naphthalene vapor by a

child and adults (linick, 1(83): and transplacental exposure of the fetus to

naphthalene that had been lngested by the mother (Anziulewicz et al., 1959;

Zinkham and Childs, 1957, 1958). These exposures occurred via combined

dermal absorption and inhalation for a few days of naphthalene vapor from

apparel and bed clothing that had been stored in mothballs: inhalation of

vapor from a naphthalene-containing medication: inhalation of naphthalene

vapor for several years from excessive numbers of mothballs kept throughout

the home:. and transplacental exposure, for- about 3 months, of fetuses to
--

naphthalene ingested by the mother.

Two groups of individuals have been shown to be especially susceptible

to naphthalene-induced hemolytic anemia:

1. Persons whose erythrocytes are deficient in glucose 6-phosphate
dehydrogenase- (G6PDH) or persons in whom erythrocyte GSH 'S
rapidly depleted by certain oxidant chemicals (U.S. EPA, 1987a).
The prec15e mechanism by which GSH is depleted or a deficiency
of G6PDH leads to naphtha1ene-1nduced hemolysis in these cases
1s not clear.
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2. Neonates (U.S. EPA, 1987a). The sens1t1vUy of neonates to
naphthalene 1s expla1ned 'n part by the same factors that confer
senslt1vlty to ch1ldren and adults; namely, G6PDH def'clency
and/or dlmlnlshed levels of GSH as descrlbed above. Add1tlonal
naphthalene sensltlv1ty 'n newborns may be conferred by the
lnmaturHy of pathways necessary for the conjugaUon and
excretlon of naphthalene metabolltes (Valaes et al., 1963).
Evldence for the latter hypothesls 's suggested by the flndlng
that glucuronlde excret10n by human newborn lnfants lncreased
gradually durlng the flrst week of 11fe and that the 'n1tlal
levels and the rate of lncrease were lower In the premature
lnfant than ln the full-term lnfant (Brown and Burnett, 1957).

Fanburg (1940) descrlbed the case of a man who harl ~ev~loped an a1lerg'c

reactlon to naphthalene from clothlng that had been stored 'n mothballs.

The reacUon was an exfo11atlve dermatH1s resemb11ng mycosls fungoldes.

The el1mlnat 10n of naphthalene from the pat1ent I s env1ronment resulted In

prompt recovery, wh1ch lasted un'nterrupted1y dur'ng a 7-year per10d of

observat10n.

Case stud1es that descr1be the presence of cataracts In persons exposed

to naphthalene by the oral, dermal or lnha1at10n routes have been sumrnarlzed

In an amb1ent water qua1Hy crHer1a documnt for naphthalene (U.S. EPA,

1980c). Ghettl and Mar1anl (1956) assoc1ated the occurrence of cataracts 1n

8/21 workers wlth naphthalene exposure 1n a manufactur1ng plant. Other

cases of occupat10nal 1nstances of cataract format10n have been descr1bed by

Hollw1ch et ala (1975).

Posslb1e preneoplast1c ep1derma1 changes 1n humans have been assoc1ated

wHh dermal exposures to benzo[a]pyrene (Cott1n1 and Mazzone. 1939; l<lar.

1938; Rhoadset a1 •• 1954). A group of 26 pat1ents was g1ven dally app11ca­

t10ns of a 1% solut10n of benzo[a]pyrene on protected (th1gh) or unprotected

(upper extremHy) sk1n. These 1nd1vldua1s were hospHal1zed for a var1ety
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of cond't'ons lnclud'ng pemph'gus vulgar's, mycos's fungo1des, prokeratos's,

psor'as1s,- xeroderma p'gmentosum, basal cell cancer, squamous cell cancer,

lupus erythematos1s, syph1ll1s (1n var10us stages) or r'ngworm. Treatment

was for -4 months and resulted 1n a ser1es of progress1ve alterat10ns 1n the

sk1n proceed1ng from erythema and p1gmentatton to the development of les10ns

descr1bed by the authors as verrucae. The sk1n changes and les'ons

regressed w1th1n 2-3 months after cessat10n of treatment. The authors noted

that the 'nd1v1dual wHh xeroderma p1gmentosum d1d not respond dHferenlly

from the other subjects (CotUn1 and Mazzon" 1939). Klar (1938) and Rhoads

et al. (1954) reported potent'ally deleter10us ep'dermal changes 'n men who

had exper'enced acc1dental dermal exposures to benzo[a]pyrene.

Ep1dem10log1c Stud1es

Oral. There are no stud1es of oral exposures to 1dentH1ed PAHs 1n

the 11terature. PAHs are known to occur 1n some foods as by-products of the

preparat10n process and 1n others as a consequence of env1ronmenlal

pollut10n, but the1r role as d1etary causes or contr1butors to cancer can

only be assessed 1nd1rectly 1n ep1dem1010g1c stud1es of nutrH10n. Th's

body of data 1s not spec1f1c for PAHs and beyond the scope of th1s document.

Other Routes~ Ep1dem10log1c. stud1es 11nk1ng PAHs to human health

effects have stud1ed human exposures as they actually occurred. These

stud1es can, therefore, be evaluated to determ1ne the health effects of

exposure only to m1xtures of PAHs by 1nhalaUon and dermal contact. Occupa­

t10nal exposures to PAH-conta1n1ng complex m1xtures and 70 1ndustr1al

processes that generate PAHs have ~een 'evaluated by the IARC Work1ng Group.

It 1s not poss1ble to determ1ne from these stud1es the effect of 1nd1v1dual
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PAHs. Toxic effects include a variety of skin lesions and noncancer lung

diseases such as bronchitis.

The comp1led case reports and large cohort studies of exposures to

complex mixtures of PAHs have shown strong cause-effect relat1onsh1ps in

that h1gh rates of cancer can be associated with exposure, dose-response

gradients can be demonstrated and results are consistent across t1me and

geographic 10cat1on. The data include ttrouSdluh of case reports spanning

over 200 years and cohort stud1es of cancer 1nc1dence and mortality from

several countr1es. Data summar1zed 1n IARC (1984) monographs of polynuclear

aromatic compounds demonstrate carcinogenicity to humans from 1ndustria1

exposures to m1xtures of PAHs 1n a1um1num production, coal gasH1cat10n,

coke product10n and 1ron and steel found1ng. B1tumens, coal tars and

derived products, shale o11s and soots have also been evaluated for the1r

human health effects (IARC, 1985). A deta11ed eva1uat10n of PAH mixtures

can be found in the document, "Carc1nogen Assessment of Coke Oven Em1ss10ns"

(U.S. EPA, 1984b). Evidence of human carc1nogen1city based largely on the

IARC rev1ew mentioned is summar1zed 1n Table VI-1. The extent to wh1ch the

data derived from these types of exposure w1" be app11cab1e to dr1nk1ng

water exposures 1s unknown and creates the major dHf1culty for the r1sk

assessment.

Desp\te the h1gh levels and large proport10n of PAHs, other exposures to

gases and metals are always present 1n these occupat1ona1 env1ronments. For

example, coke oven em\ss\ons contain other carc1nogen1c agents \nc1ud1ng

arsen1c, bery11\um, chrom1um, n1cke1, 2-naphthy1am1ne and benzene. Asbestos

1s a poss1b1e exposure for chimney sweeps (soot). Cocarc\nogens (compounds
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that enhance tumor product'on tn expertmental anImals when applled

concurrently wHh carctnogens) and tumor promoters, both PAH and non-PAH,

may also be components of the mtxtures.

Data pubnshed stnce the IARC sunmary conUnue to provtde ev1dence of

the carc\nogen\cHy of PAH mhtures from 1nhalat10n and dermal exposures.

Hansen (1983) conducted a 5-year mortalHy follow-up among Dan1sh ch\mney

sweeps and noted a 2-fold overall excess comparE'(1 ~1th ma!les employed In

other occupations. When the excess was examined by age and cause, H was

found that the h1gh mortalHy of the sweeps 1n the older age group (45-74

years) was exclusively due to an excess number of deaths from cancer and

1schemic heart disease. whereas the excess among the younger sweeps (15-44

years) was due to other causes. Those sweeps dying of cancer or i schem1c

heart d\sease had been occupationally exposed for an average of 30 years.

Auto mechan1cs are cons1dered to be another group at risk of

occupational exposure to PAH mixtures but have not been as thoroughly

studied as chtmney sweeps. The recent work of Hansen (1989) reports on the

10-year mortality among a cohort of Dan1sh auto mechan1cs. Overall. a 21%

increase -tn total mortality was observed in relation to a comparable

population of-skilled workers presumed to be unexposed to PAH mixtures. In

addition to the moderate 1ncrease tn cancer mortality. attributed pr1mari1y

to an excess of pancreat1c cancer. a stat1stically s1gn1ficant 1ncrease 1n

ischem1c heart d1sease deaths was found.

Gustavsson et a1. (1988) condtlcted a study of cancer 1nc1dence 1n a

cohort that compr1sed nearly all Swedish ch1mney sweeps employed any time
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between 1918 and 1980. Earner mortalHy analyses among the cohort had

shown excess mortal,ty from cancers of the lung, esophagus, l\ver, and from

leukem1a. Increased mortalHy from 1schem\c heart d'sease was also found.

Th\s study of 'nc'dent tumors found a s\gn\f\cant excess of cancers of the

lung, esophagus, and bladder, wh1ch contr'buted to an overall excess

\nc\dence In the cohort. A nearly s'gn\f\cant \ncrease of hematopoeUc

maHgnanc'es that 'ncluded both mult'ple myeloma and leukem1a was also

observed. H'stolog'c ey.am'nat-'on attr'buted the lung cancer Increase to an

excess of squamous cell and und\fferent1ated/small cell carc'nomas. The

excess r'sk for the so11d tumors depended ma'nly on an excess dur1ng

followup for more than 30 years from start of exposure.

S1em'atyck' et al. (1988) explored potent'al occupat'onal exposures as

r'sk factors for about 20 cancer s1tes ," a popu1at'on-based 'nc1dent

case-control study 'n Montreal. The study was des1gned to generate

hypotheses for further analyt'c study. Th's part'cu1ar report exam\ned

assoc'at'ons wHh occupat10na1 exposures to 10 types of exhaust and

combust'on products and the cancer sHes of 'nterest. The 10 exposures were

class\f'ed as follows: four were exhaust products of 'nterna1 combustIon

eng'nes, a'st'ngu'shed by the type of eng'i"le fuel used (gaso1'ne, d'esel,

jet fuel or -propane). and the rema1n'ng s1x were products der1ved from

Mnoneng1ne· combust1on of coal, coke, wood, 11qu1d fuels (heat1ng 011,

kerosene, naphtha and lamp 011), natural gas and propane. Among the many

re1at10nsh1ps exam1ned 1n the study, several are ofpart1cular 1mportance.

A major f1nd1ng was the assoc1at'on between squamous-cell lung cancer and

both d1esel and gasol 'ne exhaust. . F1ve other relat1onsh1ps were noted and

cons1dered by the 1nvest'gators to warrant further study regard1ng the role
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of PAH-conta'n'ng m'xtures 'n the et'ology of human cancer. The most

prom's'ng leads were the follow'ng: 1) the effects of exposure to gasol'ne

and d'esel exhaust on the occurrence of colorectal cancers; "2) the effects

of exposure to gasol 'ne exhaust on the occurrence of k'dney cancer: 3) the

effects of exposure to coal combust'on products on the occurrence of

pancreat,c cancer and poss'bly on nonadenoma lung cancer: 4) the effects of

exposure to combust'on products of l'qu'd fuels on the occurrence of

prostat'c cancer: and 5) the effectsQf,~xDosure to natural-gas combust\on

products on the occurrence of bladder cancer (S'em'atyck' et al., 1988).

The f'nd1ngs from these four stud'es prov'de further 'mportant ev'dence

thatoccupat10nal exposure to complex PAH mhtures. wh'ch occurs pr,mar"y

v,a 1nhalat'on or dermal contact. may also result 1n cancers at s,tes other

than those 10g'ca11y expected. Le .• lung and sk'n. It,s unclear at thh

t1me as to what the mechan1sm of exposure to the target organs m'ght

1nvo1ve. Gustavsson et al. (1988) propose that. for ch,mney sweeps, PAHs

probably enter the body through d1rect resorpt10n 1n the bronch1, or are

expectorated, swallowed and absorbed through the gastr1c and 1ntest1na1

mucosa. It 1s 11ke1y that both routes of uptake are relevant.

The reported' 1ncrease 1n hchem1c heart d1sease 1n three of these

stud1es (Hansen, 1983, 1989: Gustavsson et al., 1988) 1s qu1te str1k1ng when

v1ewed 1n 11ght of the normal expectat10n of a Mhea1thy worker effect M. The

usual expectat10n 1n an occupat1ona1 study of morb1d1ty and/or morta11ty 1s

that there w"l be a depress10n of the standard1zed morb1dHy rat10 (SMR)

for card1ovascu1ar d1seases. Th1s occurs due to pre-se1ect10n of the

workforce for· f1tness for phys1ca1 labor. Further stud1es spec1f1ca11y
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designed to address the 'ssue must be carried out to determ'ne If th1s 1s

1ndeed a true disease excess and not an artifact of the study methods.

Sens1tive Populations

Data to determine what individuals wHhin the general populat1on may be

more suscept'ble to PAH-'nduced toxicHy are generally lacking. One factor

that increases an individual's risk for lung cancer is cigarette smok'ng.

which's suspected to act synergist1cally wHh other occupat1onal exposures

such as asbestos and uranium mine atmospheres. Although high exposure to

sunlight and low level of skin p1gmentation are well documented risk factors

for sk1n cancer. no data exist to determ1ne whether 1nd1v1duals wHh these

risk factors are more suscept1ble to PAH-1nduced sk1n les10ns.

Aryl hydrocarbon hydroxylase (AHH) 1s the term g1ven to the enzyme or

enzyme systems 1nvolved 1n the ox1dat1ve metabo11sm of PAHs. espec1ally

benzo[a]pyrene. . Genet1cally determ1ned ind1v1dual dHferences 'n the

ab'lity to induce both increased levels and 1sozymes of AHH have been

proposed as a poss1ble reason for differences among humans 1n suscept1b111ty

to lung cancer (for further discuss10n see Chapters III and VII). Some

early stu~1es claimed that persons with lung cancer had higher inducibility

of AHH \n cult~red lymphocytesi but subsequent studies have not all

supported th1s cla1m (Perera. 1990). Busbee et al. (1980) present ev1dence

supporting the need to analyze AHH 1n more than one tissue and recolll1lend

measur1ng 1nduc1bnHy 1n alveolar macrophages and lung tissue as well as

lymphocytes. More research w111 be requ1red to determine the sensitiVity

and specificity of this enzyme syst~m as a pred1ctor of human susceptib111ty

to lung cancer.
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Carclnogen-ONA adducts may ultlmately prove to be helpful In 'dent'fy'ng

those persons at hlgh rIsk of adverse outcome follow'ng exposures to PAH

mlxtures. It's currently poss1ble to detect PAH-ONA adducts 1n several

types of human t1ssue and sera In those known to be e,ther occupat'onally or

env1ronmentally exposed (Herbert et al .• 1990; HelYll'l1nk1 et a1 .• 1990;

Perera. 1990). However. the role of adducts 1n 'nduc'ng cancer or other

adverse outcomes's stl11 a matter of much sc1ent1f'c d1scuss'on. Long-term

va11dat'on stud1es are requ'red 1n appropr1ate human popu1at'ons before

w1de-sca1e mon1tor1ng for these blomarkers can be cons'dered as a more

reflned and spec1flc way of pred1ct'ng who mayor may not be at h1gher r1sk

(1.e .• more suscept1b1e) of a part1cu1ar outcome.

Sumary

WHh the except10n of naphthalene, wh1ch most cOlYll'lOnly causes acute

hemo1ytlc anem1a. no data were located d1rect1y perta1n1ng to PAH tox1cHy

to humans by the oral route of exposure. A large body of 11terature exlsts

on tox1c1ty and carc'nogen'c1ty to humans of a var1ety of m1xtures conta'n­

lng PAHs. The sumar1zed IARe data clearly demonstrate that lnha1atlon and

dermal exposures to complex mhtures conta1n1ng PAHs result 1n lung. sk1n

and other· cancers. The most recent occupat10nal stud1es cont1nue to prov1de

compe111ng ev.tdence regard1ng the carc1nogen1cHy of PAH mhtures. The

1ncreased r1sk of card10vascular d1sease 1s noteworthy and must be stud1ed

further. In the occupat10nal env1ronments stud1ed. some a1rborne PAHs may

be cleared by mucoc1l1ary act10n and swallowed. Th1s 1nformat10n may be

useful for determln1ng the potent1al carc1nogen1cHy to humans of 1ngested

PAHs.
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One must be cauUoned that us1ng these data to pred1ct the effects of

exposure to any s'ngle PAH 1s 'nappropr1ate. Furthermore, most 1f not all

PAH exposures occurr'ng to humans are 1n the form of a complex mixture of

the compounds, 1t seems both unrea11st1c and unnecessary to attempt to

assess the potent1al role of each 1nd1v1dual compound. Stud1es to date

clearly 'mp1 'cate th1s chem1ca1 famlly as human carc1nogens at relaUvely

'nt~nse, h1gh level exposures. Recent work has also more clearly de11neated

the role of PAHs and benzo[a]pyrene 1n part'cular as causal carc1nogen1c

constHuents 1n the h1ghly complex m1xture known as tobacco smoke (Wynder,

1988). Whlle all the 1nformaUon sunrnar1zed 1n th1s chapter 1s 1mportant

for evaluat1ng and c1ar1fy1ng the role of PAH m1xtures and the1r relat1on­

sh1p to cancer and card10vascular d1sease 1n humans, the d1rect relevance of
.

the 1nformat1on to the assessment of any adverse effect ar1s1ng from

'ngestlon of PAHs 1n drlnk1ng water remalns to be determlned.
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VII. MECHANISMS OF TOXICITY

The carctnogentc potent1a1 of PAHs has been a subject of study for >50

years. They were among the first chem1ca1 agents shown to be tumor1gen1c,

and theIr role 1n the causat10n of human cancers has been a subject of

specu1at10n almost s1nce Pott's (1775) f1rst descr1ption of "soot wart" In

chimney sweeps In the 18th century. Noncarclnogen1c health effects of PAHs

have not been stud1ed extensively; mechan1sms of PAH tCA'~;:HJ apart from

their ab111ty to induce neoplas1a are, thus, not well e1uc1dated.

Mechan1sms Involved In PAH CarcInogenIcIty

Structure ActIvIty RelatIonshIps. Many phys1co-chem1cal and enzy-

matIc parameters must be consIdered wHh· respect to PAH carc1nogeniclty.

Solub111ty and intracellular localIzation proximate to metabolic enzymes are

likely to be important determinants of the carcinogen1cHy of a particular

PAH.

FollowIng the Identlficatlon of the first carcinogenic hydrocarbon from

soot, benzo[a]pyrene, an intensIve effort was mounted to isolate the various

active components of carcInogenic tars (IARC, 1973). It became apparent

that carcinogenIc PAHs are structurally derived from the simple angular

phenanthrene nucleus (Pullman and Pullman, 1955; Arcos and Argus, 1974).

Unsubstltuted PAHs with fewer than four condensed rIngs that have been

tested have so far not shown tumorigenic activIty. Furthermore, of the six

possible PAHs wIth arrangements with fo~r benzene rIngs, only three of these

compounds are active as carcInogens, namely benzo[c]phenanthrene,

benz[a]anthracene and chrysene. The unsubstituted penta- and hexacycl1c
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aromat \c hydrocarbons are generally the most potent carc'nogens of the

ser\es. These \nclude benzo[a]pyrene, d\benz[a,h)anthracene, d1benzo­

[a,h]pyrene. d\benzo[a,\)pyrene, d\benzo[a,l)pyrene, d\benzo[a,e]pyrene,

benzo[b)fluoranthene, and benzo[j]fluoranthene. Less potent carc\nogens are

the d1benzanthracenes and d\benzophenanthrenes. Only a few heptacyc11c

hydrocarbons show carc1nogen1c act1vHy, lnclud\ng phenanthro[2' ,3' :3,4']­

pyrene, peropyrene, and d\benzo[h,rst]pentaphene. There are very few known

carc\nogen\c hydrocarbons w\th more than seven unsubst\tuted aromat\c rIngs

(Santodonato et al., 1981).

Act1ve carc\nogens are also found among those PAHs contaln\ng a non­

aromat\c r\ng. Examples of th\s type of compound are cholanthrene,

l,12-ace-benz[a]anthracene, 8,9-cyclopentanobenz[a]anthracene, 6,7-acebenz­

[a]anthracene, acenaphthanthracene. l,2.5,6-tetrahydrobenzo[j]cyclo­

pent[f,g]aceanthrylene. and "angular" steranthrene. All of these compounds

conta\n an \ntact conjugated phenanthrene mo\ety.

Alkyl substHut\on at certaIn posH\ons \n the r\ng system of a fully

aromat\c hydrocarbon has been observed to confer carcInogenIc actIvIty or to

enhance c~rc\nogen\c potency. Arcos and Argus (1974) noted that monomethy1

subst Hut ton Qf tj"enz[a]anthracene makes these dervat \Yes potent carcInogens

\n mIce. Potency depends on the pos\t\on of substltut\on In the decreasIng

order posHlon 7 > 6 > 8=12 > 9. A further enhancement of carcInogenIc

act\vlty Is produced by approprIate d\methyl substltut\on of benz[a]anthra­

cene. CarcInogenIc compounds are produced by 6.8-dlmethy1-. 8.9-d\methy1­

8.12-d\methyl-, 7.8-dlmethy1-. and. 7.l2-d\methyl-subst\tut\on. The last
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compound \s among the most potent PAH carc\nogens \dent\f\ed In

carc\nogenes\s b\oassays. It has not been shown, however, to occur as a

product of foss\l fuel pyro1ys\s or to be a major env\ronmenta1

contam\nant. Carc\nogen\c tr\methy1- and tetramethy1-benz[a]anthracenes are

known, and the\r re1at\ve potenc\es are comparable w\th the parent

7,12-d\methy1benz[a]anthracene. Methyl substHut\on \n the angular r\ng of

benz[a]anthracene tends to reduce the carc\nogen\c potent\a1 of the

molecule; 4,5-d\methylbenz[a]anthracene may be an except\on \n th\s r~~Ar~"

Alkyl subst\tut\on of part\a11y aromat\c condensed r\ng systems may also

enhance the carc\nogen\cHy of a compound. 3-Methy1cho1anthrene, a h1gh1y

potent carc1nogen, 1s the best example of th1s type.

Data der1ved largely from sk1n pa1nt1ng stud1es have shown that the

carc1nogen\cHy of PAHs tends to decrease wHh alkyl substHuents longer

than methyl, poss1b1y due to a decrease 1n transport through cell

membranes. Benz[a]anthracene \s espec1al1y sensH1ve to decreased carc1no­

gen1cHy caused by the addH10n of bulky substHuents at the 1-posH10n.

Th1 s observat 10n lent credence to the v1ew for most po1ycyc11cs that h1gh

react1vHy of the mesophenanthren\c reg\on (called the RK-reg10n R) was a
0"

cr1t1ca1 ~eterm1nant for carc1nogen1c1ty. Other stud1es, however, show that

the K-reg1on may not be 1nvolved \n b\nd1ng to DNA, a step cons1dered

1mportant 1n the carcinogen1c process (B10bste\n et al., 1976; We\nste1n et

a1., 1976; Moore et al., 1977).

Part1al hydrogenat10n of the" po1ycyc11c aromat1c skeleton has been

observed to decrease the carc1nogen1c potency of some PAHs. Th1s was noted
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for hydrogenated der1vat1ves of benzo[a]pyrene, benz[a]anthracene, and

3-methylcho1anthrene. By constrast, the carc1nogen1c1ty ofd1benz[a,h]anth­

racene, dlbenzo[a,l]pyrene, and d1benzo[a,h]pyrene 1s not s1gn1f1cantly

altered by mesohydrogenat10n, probably because extens1ve resonance 1s

preserved 1n the molecule. Moreover, 5,6-d1hydrod1benz[a,h]anthracene

actually dlsp1ayed a 4-fo1d lncrease 1n carc1nogenlcHy by compar1son wHh

the· parent unsaturated hydrocarbon (Arcos and Argus, 1974), poss1b1y due to

the hydroph1l1cHy and ease of 1ntracellu1ar transport of Hs d1hydrod101

der1vat1ve.

For many years, lnvest1gators have sought a cOlTlTlon molecular feature

among PAH carclnogens that would serve to explaln the1r b10loglc actlvHy.

The "electronlc theory of carclnogenesls" has relled upon an analysls of the

1nf1uence of electron density at speclflc molecular reglons to explain

un1que react1vity with cellular constituents. A baslc assumptlon ar1s1ng

from the work· of the Pullmans and others (Pullman and Pullman, 1955) was

that a mesophenanthrenlc reglon ("K-reglon") of h1gh .-e1ectron dens1ty

and wlth a propenslty for addltlon react10ns was a crltlcal structural

feature for polycycllc carclnogens. In an expans10n of th1s hypothesls,

further ~10log1c s1gnlf1cance was attr1buted to the concom1tant presence of

a rather unreacHve meso-anthracen1c reg10n ("L-reg10n") for h1gh carc1no­

genlcity. In addHlon, a reglon of comparat1ve1y low reactlvity, wh1ch

characteristically undergoes metabollc perhydroxy1atlon (correspondlng to

the 3,4-posHlons of benz[a]anthracene), had been deslgnated the M-reg10n.

Accord1ng to the theory, only b1nd1ng of the K-reglon to crltlcal cellular

sHes would lnHlate tumor formatlpn. Blnd1ng at the L-region could cause

no tumorlgenlc effect, wh1le 1nactlvat1on would be produced by metabonc
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perhydroxylat1on 1n the M-reg1on. The three reg10ns of reacUvHy are

1llustrated below 1n the benz[a]anthracene skeleton:

~......-K-r.glon

The electron1c K-L theory of carc1nogen1c react1vlty has encountered numer­

ous 1ncons1stencles, pr1mar1ly because these relat10nsh1ps were der1ved from

phys1co-chem1cal propert1es of the parent hydrocarbon and gave no cons1dera­

t10n to the b10log1c effects of metabol1tes.

That many chemlcal carc1nogens requ1re metabol1sm to react1ve electro­

ph",c forms for the1r act1vUy 1s generally accepted. PAHs are certa1nly

1n the class of those carc1nogens requ1r1ng so-called Mme tabol1c act1vat1on M

for b1nd1ng to cr1t1cal macromolecules. The real1zat10n that th1s metabo11c

act1vat10n to react1ve 1ntermed1ates was a necessary f1rst step has made

poss1ble an understand1ng of some of the 1ncons1stenc1es encountered 1n

structure-act1v1~, theor1es, such as K-reg10n b1nd1ng, that are based solely

on a cons1derat10n of the parent compound.

·The .taboHc processes .undertaken by mamals exposed to PAHs are

descr1bed 1n Chapter III. In general, they cons1st of ox1dat10n steps

catalyzed by cytochrome P-4S0-assoc1at.d enzymes. Products 1nclude epox1de

1ntermed1ates, d1hydrod10ls, phenols, qu1nones and comb1nat 10ns of these.

These ox1d1zed forms of PAHs have been shown to exh1bH var10us b10log1c
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acUvH1es. For example, various benzo[a]pyrene epox1des ('ncludlng the

K-reg10n epox1de), phenols, qu1nones, d10ls and d10l-epoxldes have been

shown to be mutagen1c 1n several mamma11an cell and bacter1al assays

(Gelboln, 1980; IARC, 1973; Schoeny et al., 1985; Ches1s et al., 1984).

Research 1n recent years has focused attention on the potential reactlv­

Hy of d1ol-epox1de metabolHes of PAHs, and the1r ease of converslon to

tr10l carbonium ions. The "bay-region" theory proposes that d10l-epox1des,

which are more read1ly converted to carbonium 10ns, w1ll be better alkylat­

1ng agents and thus mutagens and \nH1ators of carc1nogenes1s (Jer\na and

Lehr, 1977; Wood et al., 1979). Examples of a bay-reg1on \n a polycyc11c

hydrocarbon are the regions between the 10 and 11 posH1ons of benzo[a]­

pyrene and the 1 and 12 pos1t1ons of benz[a]anthracene:

2

3

3

4

The theory pr.ed\cts that d10l-epox\des 1n wh1ch the ox1rane oxygen forms

part of a bay-reg1on (such as benzo[a]pyrene 7,8-d1ol-9,lO-epox1de) w1ll be

more react1Ye and hence more carc1nogen1c than d10l-epox1des 1n wh1ch the

ox1rane oxygen 1s not s1tuated 1n a bay-reg10n. The un1que structural

feature of the d10l-epox1des appears to be that the epox1de 1s on a

saturated angular benzo-r1ng, wh1ch forms part of a bay-reg10n on the PAH.

Perturbat'onal molecular orb1tal calculat10ns, wh1ch pred1ct .-electron

energy changes, 1nd1cate that the epox1des on saturated benzo-r1ngs (wh1ch

form part of the bay-reg' on of a hydrocarbon) undergo r'ng open1ng to form a
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carbon1um 'on much more easlly than do nonbay-reg'on epox\des (Pelkonen and

Nebert, 1~82). Synthet1c bay-reg10n d101-epox1des of benz[a)anthracene.

benzo[a]pyrene, and chrysene have been shown to be more mutagen1c In v1tro

and/or tumor1gen1c than other d101-epox1de metabo11tes. the1r precursor

d1hydrod101s, the parent hydrocarbons, or other ox1dat1ve metabo11tes.

Moreover. quantum mechan1ca1 ca1cu1at10ns prov1de support for the concept

that react1vHy at the bay-reg10n 1s h1ghest for all the d101 epox1des

der1ved from po1ycyc11c hydrocarbons.

The bay-reg10n concept has rece1ved enough conf1rmat10n to lead to

suggest10ns that an ana1ys1s of theoret1ca1 react1v1ty 1n th1s manner may be

useful 1n screen1ng PAHs as potent1a1 carc1nogens (SmHh et al., 1978).

Among several 1nd1ces of theoret1cal reacttv1ty exam1ned, the presence of a

bay-reg10n for a ser1es of PAHs d1sp1ayed a h1gh degree of corre1at10n w1th

poslt1ve carc1nogen1c act1v1ty (Table VII-1).

It Is poss1ble to pred1ct what would be an ult1mate carc1nogen1c form

from the bay-reg1on theory and a cons1derat1on of a PAH structure. There

1s, however, no way at the present t1me to pred1ct whether a part1cular PAH

w1l1, In _fact, be metabolhed to a bay-regIon dlol-epox1de In any g1ven

manma11an t1ssue--. For example, benzo[e]pyrene Is generally cons1dered

noncarc1nogen1c. NeIther the parent compound nor the 9,lO-dlhydrod101, the

presumed bay-regIon dlo1-epoxlde precursor, has sIgnIfIcant 1n1t1at1ng

potency 1n mouse skIn (IARC, 1983). It has been shown that neIther cultured

manmal1an cells nor rat liver m1crosomes metabolhe benzo[e)pyrene. to the

9,lO-d1hydrod101; furthermore, 9,lO.-d1hydrodl01 1s not metabo11zed In these

systems to the expected dlol-epox1de. When syntheUc benzo[e)pyrene

9,lO-dlhydrodl01 was Injected In newborn m1ce,hepatlc tumors were observed.
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suggestlng that the neonatal lIver possessed some metabolic capacHy not

extant 1n mouse sk1n or .!!l vHro systems (BuenIng et a1., 1980). Synthetlc

trans and c1s 9,10-d1ol-ll,12-epox1des produced hepat1c and pulmonary

tumors, respecUvely, 1n newborn m1ce (Chang et a1., 1981). Thus, a

bay-reg1on d1ol-epox1de of benzo[e]pyrene appears to be carc1nogen1c, but Is

not formed .!!l v1vo under normal c1rcumstances.

Var10us researchers have attempted to refIne and extend the K- or bay­

reg10n theor1es to allow for pred1cthHy of carc1nogen1c potenUal from a

cons1deraUon of PAH structure. for example, the reacUvHy 1ndex used by

Mohallllled (1983) establ1shed a correlaUon between the K-reg10n reacUvHy

and the bay-reg10n theory to determ1ne PAH metabol1c products. A later

development cons1dered contr1but10n of both s1gma and p1-e1ectron1c systems

when calculat1ng bond superdeloca11zab111ty (Mohallllled, 1985). The potent1al

of PAHs for one-electron ox1daUon, as d15cussed by Cavaller1 and Rogan

(1983) 1s l1kely to be a factor 1n carc1nogen1cHy and needs 1nc1us10n 1n a

pred1ct1ve quant1tat1ve structure act1v1ty scheme.

Tissue SpecH1c1h of PAH Metabol1 sm. The capacHy of malllllal1an l1ver

to metaboJhe PAHs 15 well-documented. Other t1ssues may also be 1nvolved

1n the metabol151i1 of a specH1c PAH to react1ve forms. AHH, the pr1mary

benzo[a]pyrene metabo11z1ng system. has been found 1n human 11ver. placenta.

lymphocytes. ~nocytes and lung macrophages (Gelb01n. 1980).

Cytochromes P-450 and assoc1ated enzymes are known to be present \n mam­

ma11an lungs at lower concentrat10~s than are generally found 1n the 11ver.

Stud1es us1ng lung m1crosomal preparat10ns. cultured trachea and alveolar

macrophages and 1solated per fused lungs have shown that benzo[a]pyrene 1s
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metabol1zed to the same ox1d1zed forms as are produced by the nver. What

d1ffers 1s the proport10n of classes of metabol1tes, the rate of metabol1sm

and the ult1mate t1ssue d1str1but10n of metabolHes (Moore and Cohen, 1978;

Santodonato et al., 1981). Co-adm1n1stered part1cles or gases may also

1nfluence the measures (Warshawsky et al., 1981; Schoeny and Warshawsky,

1983) .

Intest1nal mucosa has'been shown to have MFO act1v1ty and presumably to

have the capacHy to metabonze PAHs. It has also been observed that the

suscept1b111ty of m1ce to 'nduct10n of forestomach tumors can be correlated

w1th these enzymat,c act1v1t1es. Generally, levels of benzo[a]pyrene

metabo11z1ng enzymes 'n rodent small 1ntest1ne and colon are rather low and
. .

not read1ly 'nduc1ble to h1gher levels (Santodonato et al., 1981).

Genet1c Control of PAH Metabol1sm. As noted 1n the preced1ng sect10ns

and 'n Chapter III, ox'dathe metabo11sm of PAHs 15 generally accompl1shed

through a ser1es of enzymes assoc1ated w1th cytochrome P-450. Both quant1-

tathe and qualHative changes 'n these enzymes can be 'nduced In response

to exposure to a var1ety of agents, 'nclud'ng the PAHs themselves. PAHs

can, thus, be respons1ble for 1nduc1ng enzymes for the1r own metabo11sm,

'nclud1ng acUvat10n to mutagen1c and carc1nogen1c forms. The degree of

'nduc'b"Hy as well as the spectrum of enzymes produced 'n response to a

part'cular agent are not only t'ssue-spec1f1c, but also spec1es/stra1n

spec"1c. In part'cular the enzyme system, loosely called AHH, that 15

1nvolved 'n PAH metabo11sm (espec'ally benzo[a]pyrene) has been shown to be

under genet1c control. The genet1cs of AHH 'nduct10n has been well-charac­

terized·'n mouse stra1ns observed to be ·responders· or "nonresponders" to
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1nduct1on by PAH (usually 3-methylcholanthrene) (Nebert et al., 1981). The

express10n of the respons1ve tra1t 1s due to 1nher1tance of an allele of the

Ah locus, wh1ch codes for a cytosol1c receptor. Th15 receptor regulates

express10n of a set of cytochrome P-450 and assoc1ated enzymes. When PAH,

2,3,1,8-tetrach10rod1benzo-2-d10xln or other compounds are bound to the

receptor, the sets of genes cod1ng for the var10us metabo11c enzymes are

lnduced to hlgher levels of synthesls. Responslve m1ce have a hlgh-aff1n1ty

receptor that readlly blnds to a number of PAHs and 15 thus more easlly

1nduced 1n responders than 1n nonresponders, wh1ch have a low affln1ty

receptor (Nebert et a1., 1982; E15en et a1., 1983). A number of b1010g1c

effects observed 1n test an1ma1s as a consequence of PAH exposure can be

shown to be affected by the responslveness or nonrespons1veness of the

straln. For example, mouse stra1ns C3H/HeJo and C57B1/6J, both respons1ve to

dlbenz[a,h]anthracene lnductlon of AHH, were more susceptlb1e to

carclnogenesls after s.c. exposure to that compound than were two

nonrespons1ve stra1ns, AKR/J and OBA/2J. Inc1dences were 24/30 for C3H/HeJ

and 16/30 for C51B1/6J by comparlson wlth 0/30 and 1/30 for AKR/J and

DBAI2J, respect1ve1y (Lubet et al., 1983a). S1mllar results were reported

by Kour1 et a1. (1983), who also showed that among progeny of a heterozygous

responder" (B6D2F1) x a homozygous nonresponder (02) backcross, that

suscept1b111ty to subcutaneous tumor formatlon by d1benz[a,h]anthracene

segregated w1th respons1veness.

Route of exposure plays a part 1n the extent of b1olog1c effects

produced by PAHs 1n respons1ve and non~espons1ve m1ce. When benzo[a]pyrene

15 adm1n15tered top1cally, s.c., 1.p. or lntratracheally, respons1ve mlce

are more llke1y than nonresponders to develop tumors or tox1c responses al

the sHe of app11cat10n. When benzo[a)pyreneexposure 1s through the oral
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route, nonrespons've m'ce are more 11ke1y to develop 1eukem'a or bone marrow

tox1cHy (Hebert, 1981; Legraverend et al., 1983). Th1s 'S due to the

effects of f1rst pass metabol1sm and excret'on of the PAH. Hebert et al.

(1980) showed, for 'nstance, that after oral exposure 10-20 t'mes more

[3H] benzo[a]pyrene reaches the bone marrow and spleens of nonresponders

than of respons1ve m1ce.

When fetal tox'cHy 1s ·!:.'e~~g assessed there \s the addH'ona1 compllca­

Uon of the dam's respons1veness. Thls w1l1 determlne to some extent the

dose of maternally adm1n\stered compound that's de1'vered to the fetuses,

wh1ch w111 themselves be responders or nonresponders. For 1nstance, when

nonresponder dilms rece1ved oral benzo[a]pyrene on days 2 and 10 of gesta­

t10n, nonresponder fetuses showed a greater tox1c response and more

malformaUons than d1d responders. When heterozygous responder dams were

s1m11arly exposed, there was no segregat10n of tox1c response w1th the

nonresponder allele; that 1s, both nonresponder and responder fetuses were

equally affected. In the case of the nonresponder dam, no lnducUon of

benzo[a]pyrene metabo11sm took place and the fetuses rece1ved a larger dose

of the PAH. Th1s allowed the genet1c differences 1n the embryos to be

detected; -1n th1s 1nstance. greater amounts' of tox1c benzo[a]pyrene metabo­

1Hes have been 1solated from nonresponder fetuses than from responders.

When the respons1ve dam was exposed, 1ntesUna1 and hepat1c metabollsm of

benzo[a]pyrene was 1ncreased. Fetuses rece1ved less PAH than 1n the above

1nstance; thus there was less overall fetal tox1cHy. and the genet1c

differences among 1nd1vldual fetuses was not seen. The reverse of these

effects was observed when dams were treated lntraperHoneally (Legraverend

et al., 1983).
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It has been shown that ovar1an AHH \s 1nduc1ble 'n respons1ve (e.g.,

C57B16/N) but not 1n nonresponder (e.g., DBA/2N) mouse stra1ns. Responders

have "kew1se been observed to be more sensH1ve to oocyte destruct10n by

PAHs than nonresponders. The suscept1bll tty to oocyte kll "ng by PAHs,

however, 's not 1nherHed as a s1mple autosomal dom1nant traH as 1s

respons1veness. Th's suggests that other factors 'n add1t10n to ovar1an PAH

metaboltsm are 1nvolved 1n oocyte destruct10n by PAH (Matt'son et al., 1983).

An area of cons1derable uncerta1nty wHh regard to the carc1nogen1c

hazard of PAHs to humans \nvolves the relat\onsh\p between AHH act\v\ty and

cancer r\sk. Genet'c var\at\on \n AHH \nduc\b\l\ty has been \mpl\cated as a

determ\n\ng factor for suscept \b\ 1tty to lung and laryngeal cancer

(Kellerman et al., 1913). It was suggested that the extent of AHH \nduc\­

btl\ty \n lymphocytes was correlated w\th \ncreas\ng suscept\b'l\ty to lung

cancer format\on.

Pa\gen et al. (1911, 1918a,b) exam'ned the quest\on of genet\c suscept\­

bll tty to cancer and concluded that ep\dem\olog\c ev\dence supports th\s

hypothes\s. Mor~over, they were able to show that AHH 'nduc\b\l\ty \n

lymphocytes segregates \n the human populat'on as a genet\c tra\t. However,

the\r stud\es fa\led to f\nd a correlat\on between th\s \nduc\bllHy and

presumed cancer suscept\b\l\ty. e\ther among healthy progeny of cancer

pat\ents or 1n pattents who had the\r cancer surg1cally removed. It \s

noteworthy that prev\ous \nvest \gat 'ons on AHH \nduc\bll tty were conducted

\n persons w\th act've cancer.
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In an attempt to eluc1date sources of var1abllHy 1n human AHH lnduc1­

bllHy, a study was undertaken us1ng cultured monocytes obta1ned from 10

sets of monozygoUc tw1ns and 17 sets of d1zygot1c tw1ns. Both benz[a]­

anthracene-lnduced and basal levels of AHH were determ1ned. Genet1c factors

were found to account for 50-66% of observed 1ntertndtvldual differences tn

AHH 1nduc1b11Hy. The authors felt that a relatively few number of genes

were tnvolved 1n regulat10n of AHH tnductton (Okuda et al., 1977). It would

seem that suscepUbllHy to carc1nogenes1s by PAHs could be a geneUcally

determ1ned traH at the level of metabol\sm. The contradlctory nature of

studles 1n th1s area, however, polnt to the fact that many factors regard1ng

PAH act1vatton and subsequent steps ln the carctnogenlc process need to be

elucldated.

Other Pathways Involved in Activation of PAH. PAHs are photoreactive

compounds. Vlstble ltght can be absorbed by several PAHs at suff1clent

energy levels to result ln photoox1daUon. Benzo[a]pyrene can be photo­

oxldlzed to the 1,3-, 6,12- and 3,6-qu1nones as well as to dlhydrodl01s and

phenols (Katz et al., 1919; Glbson and Smith, 1979). It 15 11kely that

qulnone format10n 1s through a phenoxy radtcal and that phenol and

d1hydrod101 format10n may also proceed through rad1cal format10n (Inomata

and Nagata, 1972; Jeft1c and Adams, 1970; Greenstock and W1ebe, 1978).

Benz[a]anthracene 1s also known to form qutnones as a consequence of 11ght

exposure 1n aqueous media (M111 et al., 1981).

Cava11erl et al. (1985) descrlbed a l-electron PAH ox1dat10n pathway as

opposed to the 2-electron mono-oxygenase pathway. Th1s produces rad1cal

cat10ns or rad1cals depend1ng on the PAH. In add1tlon to cytochrome P-450,
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hydroperoxidases, peroxidases and prostaglandin synthetase can particIpate

in these types of reactions. PAH free radicals (for example, 6-oxy­

benzo[a)pyrene free radical) have been 'mplicated 'n PAH bindIng to DNA

(Santodonato et al., 1981).

Cobalt y-'rradtatton of PAHs, includtng benz[a)anthracene, benzo[a)­

pyrene and chrysene, has resulted tn formation of mutagenic compounds.

Likewtse UV-trradiated benzo[a)pyrene was shown to be mutagenic for Salmo­

nella hphimur'um (Gibson et a1., 1978). The potential for visible light

and other electromagnetic radtat ton to act tvate PAHs has 'mpl teat tons for

mechantsms tnvo1ved tn PAH sktn carc1nogenests.

PAH Involvement ln Carclnogenlc Processes. A descrtptton of the

hypothet1ca1 mechanlsms purported to be lnvolved ln the carc1nogen1c

processes ts beyond the scope of th1s document. Sufflce 1t to say that PAHs

may parttc1pate tn many proposed carc1nogen1c steps. The majority of PAHs

descrtbed tn th1s document are mutagentc tn one or more test systems as

descrtbed 1n Chapter V. Many have been shown to be 1n1t1ators tn mouse sktn

tntt1atton-promot10n assays. PAHs can, thus, generally be descrtbed as

capable of"DNA-btndlng, or of caustng DNA damage leadtng to mutattons, whlch

could be \nvo1v"edln the lnUlatlon phase of carctnogenesls.

Cons1deratlon must also be gtven to the fact that, 1n addit10n to the

1nU1at10n of restlng cells by a chemtcal carc1nogen, a promotlon phase

tnvolvlng cell prollferatlon 15 also tnvolved ,n skln carc1nogenes1s(Yuspa

et a1., 1976). Promotlon 15 l1kely to be a phase COlllllOn tn the carc1no­

genlc process for most tlssues. Certa'n PAHs may funct'on only as

lnltiators and .have no promottng abtlUy. It would appear, however, that
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the more potent complete carcInogens also serve as promoters by Interacting

w1th cellular membranes, alter1ng genet1c expression, or 1n some other

fash10n caus1ng cell pro11ferat1on. It should be noted, also, that as PAHs

have been shown to have var10us 1nvnunosuppress1ve effects, they may 1mpair

the body's capacHy for 1nvnune surve111ance of neoplast1c growths. PAHs

may, thus, playa part 1n all steps of a carc1nogen1c process.

Mechan1sms Involved 1n Noncarc1nogen1c Endp01nts

The preferred target sHes of PAHs appear to be rap1d1y pro11feraUng

t issues such as intest1nal epHhel1um, bone marrow, lympho·1d Ussue and

gonads. This has led 1nvestigators to the hypothesis that the toxic effects

of PAHs are due to a specif1c attack on DNA of cells in the DNA synthesis or

S phase of the cell cycle. Alterat10ns in enzyme activHy result1ng from

the direct attack on DNA may also have important sign1ficance to the adverse

effects resulting from PAH exposure. Information on certain PAHs not

considered in the rest of the document is presented here for 11lustrat1ve

purposes.

Hemo1ymphatic System. 7,12-Dimethy1benz[a]anthracene is well known

for its effects on the hematop01et1c system. Female Sprague-Dawley rats fed

112 or 133 mg!kg 7,12-d1methy1benz[a]anthracene developed pancytopen1a due

to a" severe depress10n of hematop01etic and lymphoid precursors (Cawein and

Sydnor, 1968). Maturat10n arrest occurred at the proerythroblast, promy10­

blast and promegakaryocytob1ast levels; no injury occurred to stem cells or

circulating formed elements. In another study, rats receiv1ng 300 mg/kg

(orally) and 50 mg/kg (i.v.) of 7,12-dimethy1benz[a]anthracene d1splayed

extreme atrophy of hematop01et1c elements, shrinkage of lymphoid organs,
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agranulocytosIs, lymphopenIa and progressIve anemIa (PhIlIps et al.. 1973).

Slmllar results have been noted In mIce and rats gIven repeated lnjectlons

of dlbenz[a,h]anthracene. Dlbenz[a,h]anthracene admlnlstered to mIce In

weekly subcutaneous InjectIons for 40 weeks caused an Increase In the number

of lymph gland stem cells, an overall decrease In lymphoId cells, and

dllatlon of lympho\d s\nuses. The welghts of the spleens of mlce treated

wHh dlbenz[a]anthracene were also slgnH\cantly less than those of both

controls and an\mals treated wHh anthracene or benz[a]anthracene (Hoch­

L\get\,1941).

In a s\m\ lai study, rats g\ven subcutaneous \njectlons 5 tlmes weekly

for several weeks underwent changes \n lympho\d tlssue character\zed by the

presence of extravascular red blood cells \n the lymph spaces and the

presence of abnormal large p\gmented cells (Lasnltsk\ and Woodhouse, 1944).

The noncarc\nogen, anthracene, d\d not produce as dramatlc a change ln

lympho\d tlssue. These· stud1es led 1nvest1gators to belleve that \nh\b\­

t\on of DNA repllcat10n may be 1nvolved s\nce only very rap1dly pro11ferat­

lng hematopoletlc elements were affected.

Acute. hemolyt1c anem1a 1s the most freq.uent man1festat1on of naphthalene

po1sonlng 1n ~umans and has beendescr\bed In newborn lnfants, chl1dren and

adults (U.S. EPA, 1980c, 1987a). PertInent 1nformat1on regardlng the

mechan1sm of naphthalene-lnduced hemotoxlclty has been obta1ned by exam1n1ng

two groups of 1nd'v'duals that have been shown to be espec1ally suscept1ble

to naphthalene-'nduced hemolyt'c anem1a.
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The fIrst group of naphthalene sensitIve individuals comprises persons

whose erythrocytes are def1cient 1n glucose· 6-phosphate dehydrogenase

(G6PDH) or persons 1n whom erythrocyte GSH 1s rap1dly depleted by certain

oxidant chem1cals (Gr1gor et al., 1966; Naiman and Kosoy, 1964; Valaes et

al., 1963; Athreya et a1., 1961; Dawson et al., 1958; Gross et al., 1958;

Zinkham and Chl1ds, 1958). The prec1se mechanism by wh1ch GSH is depleted

or a deficiency of G6PDH leads to naphthalene-induced hemolysis in these

cases is not clear. A deficiency of G6PDH will decrease the rate of conver­

sion of nicotinam1de adenine d1nucleotide phosphate from its oxid1zed (NADP)

to its reduced form (NADPH). One hypothesis for increased naphthalene

sensitivity in G6PDH-def1cient indiv1duals is that the decreased avail­

abl1ity of NADPH will decrease the conversion of oxidized glutath10ne to

GSH, reduce the rate of conJugat10n and excret10n of naphthalene metabo11tes

and 1ncrease the accumu1at1on of naphthalene metabolites 1n the body. A

siml1ar hypothesis may explain increased naphthalene sensit1vity in ind1­

v1dua1s 1n wh1ch erythrocyte GSH can be rapidly depleted by certain ox1dant

chem1ca1s (Na1man and Kosoy, 1964; Kellermeyer et a1., 1962; Dawson et al.,

1958; Gross et a1., 1958; Zinkham and Chl1ds, 1958). Gross et a1. (1958)

demonstrated a quantitative correlation between G6PDH defic1ency and dimin­

ished levels of GSH in infants beyond 55 hours of age; however, diminished

levels of erythrQ~yte GSH were observed in infants of less than 55 hours of

age despite high levels of G6PDH activily. A second hypothesis for

increased naphthalene sens1tiv1ty in G6PDH-deficient ind1v1dua1s is that the

decreased ava1lab111ty of NAOPH will, in the presence of oxidant metabolites

of naphthalene, allow the accumulation of methemoglob1n and products of its

further irreversible ox1dat10n (Kellermeyer el al., 19(2).
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The second group of naphthalene-senstttve Indtvtduals comprtses neonates

(Grtgor et al., 1966; Na1man and Kosoy, 1964; Valaes et al., 1963; Dawson et

al., 1958; Gross et al., 1958; Z1nkham and Chnds, 1958). The sens1thHy

of neonates to naphthalene 1s expla1ned In part by the same factors that

confer sensHhHy to ch11dren and adults; namely, G6PDH def1c1ency and/or

dtm1n1shed levels of GSH as descr1bed above. Add1t10nal naphthalene sens1­

t1v1ty 1n newborns may be conferred by the 1mmatur1ty of pathways necessary

for the conjugat10n and e~cret10n of naphthalene metabo11tes (Valaes et al.,

1963). Ev1dence of the latter hypothes1s 15 suggested by the f1nd1ng that

glucuron1de excret10n by human newborn 1nfants 1ncreased gradually dur1ng

the f1rst week of 11fe and that the 1n1t1al levels and the rate of 'ncrease

were lower 'n the premature 1nfant than 1n the fUll-term 1nfant (Brown and

Burnett, 1951).

Card10vascular System. Smok1ng \s a known r'sk factor 'n athero-

scleros\s, andPAHs are a major component of c1garette smoke (MeGnl, 1977;

Wald et al., 1913). Inject10ns (10m.) of pure PAHs 'nto eh'ckens has

resulted \n development of prol'ferat've les\ons bear\ng a close resemblance

to human atherosclerot \e plaques (Albert et al., 1977; Bond et al., 1981).

It has be.en proposed that human atherosclerot1c plaques are \n fact ben'gn

hyperplast'c les'Ons of mutagen'c or\g\n (Hartman, 1983). Majesky et al.

(1983) undertook a study of PAH metabol\sm \n two p1geon stra1ns: athero­

scleros\s suscept1ble WhHe Careneau (WC-2) and atheroscleros1s res1stant

Show Racer (SR-39). After treatment w1th an enzyme 1nducer (3-methyl­

cholanthrene) hepat,c homogenates from the suseept'ble stra\n were more

capable of benzo[a]pyrene metaboljsm than those from SR-39; furthermore

1,8-d101, a mutagen'c/carc'nogentc precursor, was 'ncreased. Assays of

aort1c homogenates showed that th1s t1ssue had an even greater capacHy for
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benzo[a]pyrene metabolIsm lnduciblllty as a function of straIn. It would

appear that the responsive/nonresponsive concept may be applicable to

nonrodent species and to noncancer endpoints.

Pulmonary System. Various investigators have observed that Lp.

administration of naphthalene to rodents results in selective pulmonary

bro~chiolar epithelial cell (Clara) necros\s, but not hepatic or renal

necrosis (Tong et al., 19B1c, 1982; Warren et al., 1982; Mahvi et al., 1977;

ReId et al., 1973). In an effort to determine the mechanism of action,

numerous studies have focused on the biochemistry of naphthalene and the

covalent binding characteri'stic of its metabolites.

Shank et al. (1980) found that mice' pretreated with diethyl maleate

prior to i.p. injection of naphthalene had three times the level of

covalently-bound naphthalene metabolites in lung, liver, kidney and spleen.

Studies with 14C-naphthalene injected into mice revealed a similar binding

pattern: binding was highest in the lung but low in the spleen. Increased

binding corresponded to rapid and significant depletion of GSH in lung and

liver, and to a lesser extent in the kidney. Covalent binding was dose­

dependent and exhibited a threshold at dosages between 200 and 400 mg/kg.

Warren et al.. (1982) suggested that lung damage may be mediated by P-450

dependent metabolism and GSH depletion.

BuckpHt and Warren (1983) extended these studies, utl1izing a variety

of metabolic inh'bitors. The results suggested that some of the metabolites

'nvolved in GSH depletion and covalent binding in extrahepatic tissues

originated 'n the liver. Buckpitt et al. (1985, 1981) suggested that the

difference 'n the rates of formation of specif'c metabolites between target
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and nontarget t'ssues, and 'n dHferent spec'es, may reflect the stereo­

chemistry of epoxidaUon by the Ussue-specH'c P-450 'sozymes. Th's may,

'n turn, relate to the se1ect've pulmonary necrosis observed \n m\ce.

Conf\rmation that P-450 was involved in pulmonary necrosis was obta\ned

in the studies of BuckpHt et al. (1986). L\ver m1crosomes from

phenobarb1to1-1nduced mice administered 300 mg naphthalene/kg i.p. exh\bited

73% less covalent b\nd1ng in the presence of p\perony1 butoxide, a P-450

1nh\bitor, than controls. A similar degree of 1nh\bH1on also was observed

with SKF 525A. It was reported that piperony1 butoxide also blocked the

pulmonary injury exhib\ted by naphthalene in controls.

Gastrointestinal System. Male and f.emale rats were observed with

injury to thelr lntestlnal epithellum after oral and lntravenous adminlstra­

tlon of 7,12-dlmethy1benz[a]anthracene (Phi1lps et a1., 1973). Further

analysis demonstrated that the 1ncorporaUon of ue-1abe1ed thymld\ne into

DNA of small and large lntestlne, spleen, cervical lymph nodes and other

1ymphat 1c structures was lnhlbited as much as 90% withln 6 hours after

dlmethy1benz[a]anthracene admlnl s trat ion. Th1 s flndlng lndicates a strong

lnhibition of DNA synthesis and led the a.uthors to believe that DNA in S

phase cells .h··particu1arly suscept \b1e to 7,12-dlmethylbenz[a]anthracene

and 'presumably to other PAH compounds as well. It has been proposed that

somatic cell mutations, such as can be 1nduced by PAH metabolites, may play

a role ln the formation of gastr'c polyps and chron1c gastric ulcers

(Hartman, 1983).

Gonads. Testicles and ovaries conta'n rap1d1y pro1iferatlng cells and

thus, may be especially suscepUb1e to damage by PAHs; Severe tesUcu1ar
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damage was lnduced 'n adolescent rats by a s'ngle 1ntravenous 1njectlon of

7,12-d'methylbenz[a]anthracene (0.5-2.0 mg). Slm'lar effects were produced

In adult rats given 7,12-d'methylbenz[a]anthracene orally (20 mg) and

'ntravenously (5 mg). Les'ons lnvolved destruction of spermatogon'a and

rest'ng spermatocytes, both of wh'ch are the only test'cular cells actively

synthes'zlng DNA. The rema'ning germ'nal cells and Leydig cells were not

damaged by 7,12-dlmethylbenz[a]anthracene. No testlcular damage was pro­

duced by a s'ngle feedlng of 100 mg benzo[a]pyrene (Ford and Hugglns, 1963).

In female mice, 7,12-dimethylbenz[a]anthracene was shown to cause

destructlon of small oocytes and a reductlon in numbers of growlng and large

oocytes after oral admlnistration. Mattison and Thorgeirsson (1977) have

shown that destruction of prlmordlal oocytes ln mice following treatment

with 3-methylcholanthrene was correlated with the genetic capability for

PAH-lnduced increases ln ovarlan AHH activity. This lndlcates· an apparent

l'nk between ovarlan metabollsm of PAH and ovatoxlcity. This 1lnk is

strengthened by the observatlon that the effective dose to kl11 50% of small

oocytes (ED SO ) was less for responslve CS7Bl/6N mice (3.38 ~g/ovary)

than for nonresponders DBA/2N (36.14 ~g/ovary). An Fl generation from

mat'ng o~ these two strains had an intermedlate intraovarian injection

ED SO of 8.21 ~g/~vary.

Endocr'ne SYstem. Few data are available concerning the mechanism of

toxicity and the effect of PAHs on the endocrine system. Selective destruc­

tion of the adrenal cortex and induction of adrenal apoplexy by 1,12-di­

methylbenz[a]anthracene has been demonstrated in rats after a single intra­

gastric dose of 30 mg. The same amount of adrenal damage could be produced,

by a 5 mg dose of 7-hydroxymethol-12-methylbenz[a]anthracene, the princlpal
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7,12-d1methylbenz[alanthracene oxldatlve metabolHe. No adrenal damage ...as

noted w1 th other 7,12-d'methylbenz[a]anthracene metabol' tes, thus 1ndlcat 1ng

that a spec'f1c react1ve 'ntermed'ate may be respons1ble for thIs phenomenon

(Santodonato et al., 1981).

Integumentary System. The 'ntegument 1s h'ghly susceptlble to agents

that 'nh1b,t DNA synthes1s as 1s evident in cancer patients receiv'ng rad1a­

tlon treatment or chemotherapy. Such 1nd1v1duals show s'gns of alopec1a,

dermatltls and skIn slough1ng. Workers exposed to PAH-conta1n1ng mater1als

such as coal tar, m1neral 011 and petroleum waxes are known to develop

chron'c dermatH1s and hyperkeratos1s (Heuper, 1963; NAS, 1972a). It 1s

well documented that the appl'catlon of carc1nogen1c PAHs to mouse sk1n

leads to destruct10n of sebaceous ~lands, sk'n ulcerations, hyperplas1a and

hyperkeratos1s (Bock, 19(4). Sebaceous glands undergo rap1d cell turnover

and are the most sensit1ve structures of the skin to PAH-1nduced toxicity.

Visual System. Ocular toxicHy, particularly cataract formation, has

long been associated wHh naphthalene adm'n1strat1on in rodents and other

laboratory an'mals as well as in humans (U.S. EPA, 1980c, 1987a).

Oral administrat'on of naphthalene 1s believed to result 1n 1ts metabo­

l'sm In the liver and the metabol,tes then travel through the bloodstream to

the eye where further metabo11sm takes place (van Heyningen, 1979).

Evidence in rats and rabbits suggest that l,2-dihydroxy naphthalene 15

enzymat1cally converted to l,2-naphthoqu'none wh1ch then reacts wHh eye

prote1ns, result1ng in damage (Ptr1e and van Heyn1ngen, 1966; Rees and

P1r1e,19(7).
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· van Heyn1ngen (1979), 1n her rev1ew of the literature, hypothes1zed that

suscept1bllHy to naphthalene-1nduced cataracts 1s more pronounced 1n rat

and rabbit strains with lightly pigmented or dark eyes, due to the presence

of po1ypheno1 oxidase. This nonspecific enzyme, found only 1n pigmented

tissues, catalyzes the formation of melanin from tyrosine.

van Heyningen and Pirie (1967) suggested that the tox1c metabolite Is

l,2-dihydroxy naphthalene. In gavage studies 1n wh1ch naphthalene was

administered dally to 39 rabbits at 1 glkg, they detected l,2-dihydroxy

naphthalene and l,2-naphthoquinone in the eyes and three metabolites in

blood that could be converted by different enzymes in the eye to

1,2-d1hydroxynaphtha1ene. In more than half the rabbits, lens opacities and

degeneration of the retina were observed." In addition, l,2-naphthoqu1none

can oxidize ascorbic acid present in the aqueous and vitreous humors,

resulting in oxalic acid formation as the ascorbic acid concentration

decreases (van Heyningen, 1970a,b). Although ascorbic acid decreases in

aqueous and vitreous humors, the level is maintained or increases in the eye

lens itself (van Heynigen. 1970a). Presumably dehydroascorbic acid, formed

by oxidation by naphthoquinones, penetrates the lens and is reduced to

ascorbic acid. Ascorbic acid diffuses only slowly from the lens. Excessive

depletion of ascorbic acid may account for the appearance of calcium oxalate

crystals (P1r1e and van Heyn1ngen. 1966). GSH appears to be maintained at

high levels in eye lens in spite of extensive oxidative reactions (van

Heyn1ngen. 1970a).

van Heyn1ngen (1970b) found that tHe albino W1star rat has only about 3%

of the concentration of catechol reductase (an enzyme that catalyzes the

1nterconversion of qu1nones and d101s) found in the rabbit lens. The rat
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also has less ascorblc acld In aqueous humor than the rabblt (van Heynlngen,

1979). Thls would result In a hlgher level of l,2-naphthoqulnone. Thus,

po1ypheno1 ox1dase may be the most lmportant factor In the rat eye whl1e

catechol reductase may playa crucla1 role In ocular toxlclty In the rabblt.

Rao and Pandya (1981) reported lncreased 11pld peroxldatlon In the eyes

of male a1blno rats adm1n1stered 1 9 naptha1ene dally for 10 days. AlkalIne

phosphatase showed a s11ght lncrease and annlne hydroxylase actlvUy was

not detected. Llver perox1de levels were elevated but serum 11pld peroxldes

were not measured.

L1p1d perox1des have been suggested as a causal factor 1n cataract

format10n. Yamauch1 et a1. (1986) 1nvest1gated th1s aspect In re1at10n to

naphthalene. Naphthalene (1 g/kg) 1n acac1a 011 was adm1n1stered to male

W1 star rats dally for up to 18 days. GSH content 1n lens and serum and

11ver l1p1d perox1de levels were measured dur1ng 1nter1m sacr1f1ce. Serum

perox1de levels 1ncreased s1gn1f1cant1y on the fourth day and reached a

max1mum on the seventh day. L1ver perox1de levels had a s1mllar pattern.

GSH content 1n lenses decreased to about 64% on the fourth day and rema1ned

depressed.- The authors suggested that 11p1d perox1des are stable enough to

reach t":~ lens and cause ocular damage. "'croscop1c observat10n 1nd1cated

s11ght cataractous changes 1n some rats on the 14th day when serum 11p1d

perox1de levels were elevated (Yamauch1 et a1.. 1986). It was suggested

that perox1des may playa role 1n cataract formaHon, 1n addH10n to the

role played by 1.2-naphthaqu1none. A decrease 1n nonprote1n sulfhydryl

content 1n lens has prev10us1y been assoc1ated wHh naphtha1ene-1nduced

cataracts 1n rabb1ts (Ikemoto and Iwata, 1978).
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PAH-Induced Immunotox1c1ty

Numerous InvestIgators have demonstrated that carcInogenIc PAHs can

produce an lmmunosuppresslve effect. ThIs effect was fIrst observed by

Malmgren et al. (1952) usIng hIgh doses of 3-methylcholanthrene and

dlbenz(a,h]anthracene In m\ce. Subsequent stud\es establ\shed that slngle

carclnogenlc doses of 3-methylcholanthrene, 7, 12-dlmethylbenz(a]anthracene,

and benzo(a]pyrene caused a prolonged depress\on of the Immune response to

sheep red blood cells (Stjernsward, 1966, 1969). Noncarc\nogenlc hydro­

carbons such as benzo(e]pyrene and anthracene reportedly had no \mmuno­

suppress\ve act\v\ty. In a rev\ew on \mmunosuppresslon and chemIcal

carc\nogenes\s, substanUal evldence was presented to lnd\cate that the

degree of \mmunosuppress 10n was correlated wHh care \nogenlc potency for

PAHs (Baldwln, 1973). Both cell-med1ated .and humoral 1mmune react10ns are

affected by PAHs.

The effects of three PAHs, 3-methylcholanthrene, d1benzo[a,h]anthracene

and d\benzo[a,c]anthracene on the 1mmune response was 1nvesUgated \n m\ce

1n relaUon to tumor1genes1s (Lubet et al., 1984). The subcutaneous and

oral routes were used In two stra1ns of m1ce, C57Bl/6 (B6N) and DBAI2N

(D2N). The B6N stra1n 1s an AHH 1nduc1ble spec1es, and was more suscept1ble

to tumor format1~~ than was the non1nduc1ble D2N stra1n. D1benz[a,h]anthra­

cene" at doses of 25 or 50 mg/kg produced an 1mmunosuppress1on effect as mea­

sured by a mod1f1cat1on of the Jerne plaque assay. Th1s effect was more

pron~unced 1n the AHH 1nduc1ble B6N m1ce than In the D2N m1ce. In contrast,

d1benz[a,c]anthracene caused m1n1mal effects 1n eHher stra1n. In general,

H was noted that the more potent car·c 1nogens produced greater 1mmunosup­

pressIon than the noncarc1nogens. The route of adm1n1strat1on also 1nflu-
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enced the lnvnunosuppresslve effects. FollowIng l.p. admInIstratIon of hIgh

concentrat\ons of PAHs strIkIng lnvnunosuppresslon was observed In both

stra1ns of mice. When the oral route was employed, the nonlnduclble AHH

m1ce (D2N) showed greater susceptlbi11ty than d1d the B6N mIce. The authors

suggested that In AHH Induc1ble mice, orally admin1stered PAHs are rap1dly

metabol1zed and are rapidly excreted. In the noninduclble m1ce the l1po­

phnlc PAHs are absorbed and d1strlbuted to target organs. They concluded

that AHH induc1bllity 1s an lmportant factor ln the 1nvnunosuppress1ve

act1v1ty of PAHs.

A stUdy by White et' al. (1985) showed that suppress10n of an IgM

response to SRBC \n m1ce exposed to PAH was a funct10n of the straln respon­

s1veness. Responsive B6C3Fl mice dld not experience the degree of immuno­

suppress10n following subcutaneous exposure as dld DBA/2 nonrespons1ve mlce.

Th1s stUdy further showed a correlat10n between a PAH's capaclty for lmmuno­

suppress10n and its carc1nogen1city. Anthracene, chrysene, benzo[e]pyrene

and perylene had no signif1cant effect on 1mmune response while benz[a]­

anthracene, benzo[a]pyrene, dibenz[a,c]anthracene and dibenz[a,h]anthracene

exposure resulted in 55-91% suppression. Even greater immunosuppress10n was

caused by.3-methy1cholanthrene and 7,12-d1methylbenz[a]anthracene.

These results were contradicted to some extent 1n lrr Yl!L2 studies us1ng

the weak or noncarc1nogen/carcinogen palr benzo[e]pyrene and benzo[a]pyrene

(Blanton et al., 1986~. Th~se workers found that benzo[e]pyrene d1d

suppress certa1n 1mmune funct10n but required h1gher doses than d1d benzo­

[a]pyrene. By contrast to the Wh1t~ et al. (1985) study, anthracene ln this

1nstance caused lrr v1tro 1mmunosuppressive effects. These stud1es also

demonstrated that the immunosuppress10n by benzopyrenes 1s due to effects on
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var10us cell types and Is not attr1butable only to cytotox1cHy. It has

been shown that benzo[a]pyrene has potent effects on product10n of

1nterleuk1n 1 by macrophages In Yl1LQ (Lyte and 81ck, 198&).

Sunmary

The carc1nogenes1s-1nH1at1ng potent1al of a PAH 1s dependent upon a

number of factors: 1ts l1p1d solub1l1ty and d1str1but10n to target organs,

the presence of potent1ally react1ve areas of Hs structure and Hs poten­

t1al for metabo11sm to react1ve electroph111c forms. Th1s latter factor 1s

t1ssue and spec1es dependent and 1s related to some extent to the 1nduc1b1l­

1ty of h1gher levels and part1cular 1sozymes of cytochrome P-450-assoc1ated

enzymes. Carc1nogen1c PAHs are generally mutagen1c and can damage DNA.

These act1v1t1es are very l1kely to be 1nvolved 1n the compound's act1v1ty

as an 1nH1ator of carc1nogen1c processes. Many PAHs are complete sk1n

carc1nogens, serv1ng as the1r own promoters. Some are act1ve as promoters

or cocarc1nogens for other 1n1t1at1ng agents.

Target t1ssues for PAH-med1ated tox1cHy other than carc1nogenes1s are

generally act1ve1y engaged 1n DNA synthes1s. These t1ssues 1nc1ude hemato­

p01et1c and 1mmune systems, gonadal t1ssues and the lens of the eye. Meeh­

an'sms 1nvolvtng-· suppress ton of DNA synthes 1$ or DNA damage have been pro­

posed for PAH-1nduced tox1c1ty to hematop01et1c elements, the GI system and

the card10vascu1ar system. In add1t10n to the organ systems covered,

PAH-1nduced les10ns have been "demonstrated 1n the lungs, 11ver and k1dney.

No ev1dence concern1ng prec1se mechan1sms of tox1cHy has been found, but

many tox1c endp01nts are 11nked to the spec1es or stra1ns capabllHy for

ready 1nduct10n of PAH metabo11z1ng enzymes.
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Naphthalene appears to be metabo11zed In a dHferent manner than other

PAHs. Stud1es 'nd'cate that naphthalene's metabolhed 'n the l1ver to

l,2-naphthaqu'none. Adm1n'strat1on of naphthalene causes an elevat10n In

serum l'p'd perox'de and l'ver perox'de levels. It has been suggested that

l,2-naphthaqu1none and elevated serum l'pld perox'de levels may playa role

'n naphthalene 'nduced cataract format'on In rodents. Naphthalene 'nject1on

has also caused bronch'cal epHhe11al cell necros's 'n rodents and has

caused acute hemolyt,c anem'a 1n 1nstances of human po'sonlng.
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VIII. QUANTIFICATION Of TOXICOLOGIC EFFECTS

Introduct1on

The quant1Hcat1on of tox1colog1c effects of a chem1cal cons1sts of

separate assessments of noncarc1nogen1c and carc1nogen1c health effects.

Chem1cals that do not produce carc1nogen1c effects are bel1eved to have a

threshold dose below wh1ch no adverse, noncarc1nogen1c health effects occur,

wh1le carc1nogens are assumed to act w1thout a threshold.

In the quant1f1cat1on of noncarc1nogen1c effects, a Reference Dose

(RfD), [formerly termed the Acceptable Dally Intake (ADI)] 1s calculated.

The RfD 1s an esUmate (wHh uncerta1nty spann1ng perhaps an order magn1­

tude) of a dally exposure to the.human.populaUon (1nclud1ng sensH1ve

sUbgroups) that 1s l1kely to be wHhout an appreciable r1sk of deleter10us

health effects dur1ng a lifet1me. The RfD 15 derived from a no-observed­

adverse-effect level (NOAEL), or lowest-observed-adverse-effect level

(LOAEL), 1dentif1ed from a subchron1c or chron1c study, and d1v1ded by an

uncerta 1nty factor (s) t 1mes a mod1 fy1ng factor. The RfD 1s calculated as

follows:

RfD = (NOAEL or LOAEL) = mg/kg bw/day
[Unterta1nty Factor(s) x Mod1fy1ng Factor] ----

Select10n of the uncerta1nty factor to be employed 1n the ca1cu1at1on of

the RfD 15 based upon profess1ona1 JUdgment, whlle cons1der1ng the ent1re

data base of tox1co1og1c effects for th~ chem1cal. In order to ensure that

uncerta1nty factors are selected· and app11ed 1n a cons1stent manner,
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the U.S. EPA (1991a) employs a mod1f1cat10n to the gu1del1nes proposed by

the Nat10na1 Academy of Sc1ences (NAS, 1977, 1980) as follows:

Standard Uncerta1nty Factors (UFs)

Use a 10-fold factor when extrapolat1ng from va11d exper1menta1
results from stud1es us'ng prolonged exposure to average healthy
humans. Th1s factor 15 1ntended to account for the var1at10n
'n sens1t1v1ty among the members of the human popu1at10n. [10H]

• Use an addH10nal 10-fold factor when extrapo1at1ng from val1d
results of long-term stud1es on exper1menta1 an1ma1s when
results of stud1es of human exposure are not ava1lab1e or are
1nadequate. Th1s factor Is 1ntended to account for the uncer­
ta1nty 1n extrapo1at1ng an1mal data to the case of humans.
[lOA]

Use an addH10na1 ·10-fo1d factor when extrapo1at1ng from less
than chron1c results on exper1menta1 an1mals when there 1s no
useful long-term human data. Th1s factor 1s 1ntended to
account for the uncerta1nty 1n extrapo1at1ng from less than
chron1c NOAEls to chron1c NOAEls. [lOS]

• Use an addH 10na1 10-fold factor when der1v1ng an RfD from a
lOAEl 'nstead of a NOAEL. Th1 s factor 15 1ntended to account
for the uncerta 'nty 1n extrapo1at 1ng from lOAEls to NOAEls.
[10l]

Mod1fy1ng Factor (MF)

• Use profess10na1 Judgment to determ1ne another uncerta1nty
factor (MF) that 1s greater than zero and less than or equal to
10. The magn1tude of the MF depends upon the profess10na1
assessment of sc'ent",c uncerta1nt1es of the study and data
base not exp11cH1y treated above, e.g., the completeness of
the overall data base and the number of spec1es tested. The
d~fau1t value for the MF 's 1. .

The uncerta1nty factor used for a spec"1c r1sk assessment 1s based

pr1nc1pally upon sc1ent1f1c Judgment rather than sc1ent1f1c fact and

accounts for poss1ble 1ntra~ and 'nterspec1es d1fferences. AddH 10na1
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From the RfD, a Dr'nk1ng Water Equ1valent Level (DWEL) can be calcu­

lated. The DWEL represents a med'um spec'f'c ('.e., dr1nk1ng water)

11fet hne exposure at wh1ch adverse, noncarc'nogen1c health effects are not

ant1c1pated to occur. The DWEL assumes 100% exposure from dr1nk1ng water.

The OWEL prov1des the noncarc'nogen1c health effects bas's for estab11sh1ng

a dr'nk'ng water standard. For 1ngest10n data, the DWEL 'S der1ved as

fo llows :

OWEL = (RfO) x (Body we1ght ," kg). m It
Or1nk1ng Water Volume 1n t/day ---- 9

where:
Body we1ght • assumed to be 70 kg for an adult
Or1nk1ng water volume a assumed to be 2 t/day for an adult

In addH10n to the RfD and the DWEl, Health Adv\sor1es (HAs) for expo­

sures of shorter durat10n (l-day, 10-day and longer-term) are determ1ned.

The HA values are used as 1nformal gu1dance to mun1c1palH 1es and other

organ1zat10nswhen emergency spllls or contam1nat10n sHuat10ns occur. The

HAs are calculated us1ng an equat10n s1m1lar to the RfD and DWEL; however,

the NOAELs or LOAELs are 1dent1f1ed from acute or subchron1c stud1es. The

HAs are der1ved as follows:

HA • (NOAEL or LOAEL) x (bw) • mg/t
(Uf) x ( t/day)

US1ng tbe above equat1on, the follow1ng dr1nk1ng water HAs are developed

for noncarc1nogen1c effects:

1. 1-day HA for a 10 kg ch11d 1nge~t1ng 1 t water per day.
2. 10-day HA for a 10 kg ch11d 1ngest1ng 1 t water per day.
3. Longer-term HA for a 10 kg ch11d 1ngest1ng 1 t water per day.
4. Longer-term HA for a 70 kg adult 1ngest1ng 2 t water per day.
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The 1-day HA calculated for a 10 kg ch'ld assumes a s'ng1e acute

exposure to the chemical and is generally derived from a study of <7 days

duration. The 10-day HA assumes a limited exposure per'od of 1-2 weeks and

'S generally derived from a study of <30 days duration. The longer-term HA

is derived for both the 10 kg chl1d and a 10 kg adult and assumes an

exposure period of -1 years (or 10" of an individuaPs 11fet'me). The

longer-term HA h generally derived from a study of subchronic duration

(exposure for 10" of animal's lifetime).

The U.S. EPA categorizes the carcinogenic potential of a chemical, based

on the overall weight-of-evidence, accordlng to the following scheme:

Group A: Human Carclnogen. Sufficient evidence exists from
epidemiology studies to support a- causal assoclat1on between
exposure to the chemical and human cancer.

Group B: Probable Human Carclnogen. Sufflclent evldence of
carclnogenlcity ln anlmals with 1lmited (Group B1) or 'nade­
quate (Group 82) evidence in humans.

Group C: Possible Human Carcinogen. Limited evidence of
carcinogenicity in animals in the absence of human data.

Group D: Not C1ass1fied as to Human Carcinogenicity. Inade­
quate human and animal evidence of carcinogenicity or for which
no data are available.

Group E: Evidence of Noncarcinogenicih for Humans. No
evidence .. of carc1nogenlcity 1n at least two adequate animal
tests- "1n"" different species or in both adequate epidemiologic
and animal studies.

If toxicologic evidence leads to the classification of the contaminant

as a known, probable or possible human carclnogen, mathematical models are

used to calculate the estimated excess cancer risk associated with the

ingestion of the contaminant in "drinking water. The data used 1n these

estimates usually come from 1ifetlme exposure studies uslng an1ma1s.
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In order to pred1ct the r1sk for humans from an1mal data, an1mal doses must

be converted to equ1valent human doses. Th1s convers'on 1ncludes correct10n

for noncont1nuous exposure, less than lifet1me stud1es and for differences

'n she. The factor that compensates for the she difference's the cube

root of the rat10 of the an1mal and human body we1ghts. It's assumed that

the average adult human body we1ght 's 70 kg and that the average water

consumpt10n of an adult human's 2 t of water per day.

For contam1nants wHh a carc'nogen'c potent1al. chem1cal levels are

correlated wHh a carc'nogen'c r1sk estlmate by employ'ng a cancer potency

(unH rhk) value together wHh the assumptlon for lifet'me exposure from

'ngest'on of water. The cancer unH rlsk 15 usually derived from a .11near­

lzed mu1tlstage model wlth a 95% upper confldence 11mlt provldlng a low dose

estlmate; that h. the true rlsk to humans. whlle not ldentiflab1e. 15 not

11ke1y to exceed the upper 11mH estlmate and, ln fact, may be lower.

Excess cancer rlsk estlmates may also be calculated uslng other models such

as the one-hH, Welbu11, 10gH and probH. There ls 1Ht1e bash 'n the

current understandlng of the bl010g1ca1 mechanhms 'nvo1ved ln cancer. to

suggest that anyone of these models ls able to predlct rlsk more accurately

than any other. Because each model ls based upon dlfferlng assumptlons. the

estlmates derlved .. for each model can differ by several orders of magnHude.

The sc1ent1f1c data base used to calculate and support the settlng of

cancer r1sk rate levels has an lnherent uncerta'nty that ls due to the

systematlc and random errors ln sclentlflc measurement. In most cases, only

studles uslng experlmental anlma1s have been performed. Thus, there ls

uncertalnty when the data are extrapolated to humans. When deve10plng
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cancer rtsk rate levels, several other areas of uncertaInty exIst, such as

the tncomplete knowledge concernIng the health effects of contamtnants In

drtnking water, the tmpact of the expertmental antmal's age, sex and

species, the nature of the target organ system(s) examined and the actual

rate of exposure of the tnterna1 targets tn experImental antma1s or humans.

=,,)c ·response data usually are avaIlable only for htgh levels of exposure

and not for the lower levels of exposure closer to where a standard may be

set. When there ts exposure to more than one contamtnant, addittonal

uncertainty results from a lack of informatton about posstb1e synergisttc or

antagonisttc effects. Stnce PAH occur only as mtxtures tn the envtronment,

no eptdemi010gic data are found for indlvtdua1 PAH.

Noncarc1nogen1c Effects

For many of the PAHs expertmenta1 data on noncarctnogentc effects are

either nonexhtent or prov1de Insufficient 1nformatlon on whtch to base

criteria for drtnklng water exposure. In general, exIsting data are not

suitable for criteria derlvat10n for one or more of these reasons:

• Studies were designed to assess only carcinogenic potential

• StudIes were des1gned to determine only lethal dose (LD50)

• StudIes 00 not give dose/response data

• Stud1es conta1n only one dose level, at whIch severe health
effects occurred

• Stud'es do not measure .chron1c exposure

• Stud1es were by other than oral exposure

• Measure of dose 1s not known

• Sample size 1s too small

• Test antma1s used do not provIde relevant models for human
health assessment.
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Recently, the U.S. EPA (1988, 1989a,b,c) and Hazelton laborator'es

Amer'ca, Inc. (1989c, 1989d) conducted 90-day subchron'c b'oassays for

acenaphthylene, anthracene, fluoranthene, fluorene and pyrene. These

stud'es exam1ned a var'ety of tox'colog'c endpo'nts and were of adequate

des'gn, thereby prov'd'ng suff'c'ent 'nformat'on on whIch to base crHer'a

for dr'nklng water exposure. These stud'es were 'nsuff'c'ent to evaluate

potent'al carc'nogen'c'ty of the above PAHs.

Short-term Stud1es 1n An1mals

There were short-term stud'es where'n an'mals were treated by the oral

route reported for only acenaphthylene, anthracene, fluoranthene and

fluorene. For acenaphthylene there's an oral LO
SO

for rats and m1ce

reported 1n abstract form (Knobloch et al' r 1969). For anthracene there 1s

a report 'n abstract form stat1ng that a s1ngle oral dose of 17 g/kg of

anthracene's not lethal to m1ce (Nagorny1, 1969). For fluoranthene the

only data are from a ra'nge-f'nd1ng study on more than 300 compounds; the

study reported the oral LO
SO

for rats as 2000 mg/kg/day (Smyth et al.,

1962). For fluorene, Kher et a1. (1985) reported that 1n rats fed 10.5

mg/kg/day 1n the d1et for 3 weeks. no 1ncreases 1n eHher SGOT or hepat 1c

m1crosoma1 epox'de hydrolase act1vHy were observed. Thus, there are no

data suHable for derhat10n of 1- or 10-day HAs for any PAH d1scussed 1n

th1 s document.

Longer-term Stud1es 1n An1ma1s .

No longer-term exposures of an1ma1s by the oral route were reported for

the fo1low1ng: benzo[b]f1uoranthene" benzo[k]f1uoranthene, benzo[g,h,1]-

pery1ene, chrysene, 'ndeno[l,2,3-cd]pyrene, phenanthrene and pyrene.
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Acenaphthy1ene. Acenaphthy1ene was adm1n1stered to groups of seven

rats 1n doses of 600 mg/kg bw for 40 days or 2000 mg/kg bw for 32 days.

Effects were reported on body we1ght, per1phera1 blood, renal functIon,

k1dney and lIver morphology, and bronchH1s was 1nduced (Knobloch et al.,

1969). The report Is 1n abstract form; data are, thus, 1nsufflc1ent for

der1vat10n of cr1ter1a •

..In a subchron1c tox1cHy b10assay conducted by Hazelton Laborator1es

Amer1ca, Inc. (l989c) acenaphthy1ene was adm\nhtered to groups of 20 male

and female CD-l m1ce by gavage. Dose levels were 0, 100, 200 and 400

mg/kg/day. CrHer 1a evaluated for compound-related effects were mortal Hy,

cl1nlca1 sIgns. body we1ght. food consumptIon. opthalmology, hematology,

clln1cal chem1stry, organ we1ghts. gross pathology and h1stopatho1gy. Based

on l1ver and k1dney changes and deaths 1n females the LOAEL determ1ned from

th1s stUdy 15 100 mg/kg/day; no NOAEL was determ1ned. Due to the hIgh

morta11ty observed 1n females recelv1ng 100 mg/kg/day the data prov1ded are

consIdered 1nsuff1c1ent for der1vat10n of cr1ter1a.

Anthracene. Two b10assays for carclnogen1cHy of 1ngested anthracene

have been 'conducted (Druckry and Schmahl, 1"955; Schmahl and ReHer. n.d.).

-
NeHher study,' ment10ns noncancer health effects. nor were any tumors

reported. The latter study has not been publ1shed. In a subchron1c

toxlc1ty stUdy. the U.S. EPA (198ge) adm1n1stered anthracene to groups of 20

male and female CD-l (ICR)BR m1ce by gavage. Dose levels were O. 250. 500

and 1000 mg/kg/day. CrHer1a evaluated for compound-related effects were

mortal1ty. cl1n1cal' s1gns. body we1ghts. food consumpt10n. opthalmology,

hematology, cl1n1cal chem1stry, organ we1ghts, organ-to-body we1ght rat1os,
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gross pathology and h'stopathology. No treatment-related effects were

noted; therefore, the NOAEL determined from this study is 1000 mg/kg/day.

Bendalanthracene. !Cle\n (1963) publlshed a report of benz[a]anthra-

cene carcinogenicity for mice treated by gavage. Only one concentration was

administered, and noncancer endpoints were not descr\bed. Thus, data are

\nsufficient to derive criteria for benz[a]anthracene.

Benzo[aJpyrene. Benzo[a]pyrene was administered to mice at multiple

concentrations in the diet in order to assess its carcinogenic potent\al

(Rigdon and Neal, 1966, 1969; Neal and Rigdon, 1961). Treatment-related

'ncidences of tumors of the forestomach and lung, and leukemias were

observed. No noncancer health effects were reported, however. Rigdon and

Neal (1965) also conducted a series of assays to determine if dietary benzo­

[a]pyrene produced deleterious reproductive effects. Oral benzo[a]pyrene

concentrations of 250, 500 or 1000 ppm over various t\me periods up to

lifetime showed no treatment-related effects, except lack of weight gain

related to feed unpalatability.

MacKenzie and Angevine (1981) dosed groups of 30 or 60 pregnant CO-1

mice with gavage preparations of. benzo[a]pyrene to deliver 0, 10, 40 or 160

mg/kg bW/day. This was done only on days 7-16 of gestation. No maternal

toxicity was noted, nor were there signs of fetal toxicity. Pups were

culled to 81lHter and used· in an Fl mat\ng study. By days 20 and 42,

F
1

animals exposed to benzo[a]pyrene lrr utero were observed to have

decreased body weights in comparison with controls. Gonadal weights of

treated animals were also significantly reduced. The testes from animals
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exposed 1n utero to the low benzo[a]pyrene dose we1ghed -60% those of

controls; testes from the 40 mg (m1ddle dose) group we1ghed -18% of

controls. As most Fl 1n utero exposed females had no ovar1es or only

remnants of ovarlan tlssues, welghts were generally not recorded. Fert111ty

was reduced among F1 treated an1ma1s. Of control males 100% were fertl1e,

20/25 from the group exposed to 10 mg, 3/45 from the 40 mg group, and none

of the males treated in utero w1th 160 mg benzo[a]pyrene/kg/day were

fertl1e. ·Qf treated females, 34% of the low-dose group produced a 1Hter;

none of the mlddle- and h1gh-dose females produced a lHter. Th1s study,

thus, demonstrates a LOAEL. for gonadal we1ght decrease and loss of fert111ty

of 10 mg/kg/day for benzo[a]pyrene.

D1benz£a.hJanthracene. Dlbenz[a.h]anthracene was carc1nogen1c to mlce

recelv1ng the compound 1n an ollve 011/drlnk1ng water emuls10n (Lorenz and

Stewart. 1947; Snell and Stewart. 1962a). Only one concentrat10n of

treatment suspens10n was admln1stered. The only noncancer health effect

reported was dehydratlon and emaclatlon of anlmals due to poor tolerance of

the vehlcle. There are. thus. no data sultable for derlvatlon of crlterla.

Fluoranthene. In a 13-week bloassay' In mlce, the U.S. EPA (1988)

admln1stered eHher O. 125. 250 or 500 mg/kg/day of fluoranthene to groups

of 20 male or female CD-l m1ce by gavage. Body welghts. food consumptlon

and clln1cal s1gns of tox1cH~ were monHored at regular 1ntervals dur1ng

the exper1mental per10d. At the end of the study per10d the anlmals were

sacr1flced and submltted for autopsy .and hematolog1c and serum chem1stry

evaluatlons. A LOAEL of 250 mg/k"g/day based on stat1stlcally slgn1flcant

(p~0.05) changes In SGPT and absolute and relatlve 11ver welghts. as well as
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decreases 1n packed cell volume and red blood cell numbers (females only)

and a1bum1n/g10bu11n rat1os. was 1dentH1ed by the U.S. EPA (1991a); the

correspond1ng NOAEL 1s 125 mg/kg/day.

Fluorene. NeHher of two reports of b10assays for oral carc1nogen1c

potent1al of fluorene gave 1nd1cat10n of an 1ncreased tumor 1nc1dence

(Morr1s et al.. 1960; W11son et al.. 1947). The former study reported no

effects related to treatment. In the latter study one set of rats was

exposed to d1etary concentrat10ns of 0.062 or 1.0% fluorene for 104 days and

a second set to 0.125. 0.25 or 0.5% fluorene for 453 days. The an1ma1s of

the short-term group appeared normal 1n all respects except for treatment­

related decreases 1n growth rate. The longer-term treated an1mals were

observed to have s1gnH1cantly 1nc'reased- l1ver we1ghts (two h1ghest dose

groups) and decreased spleen we1ghts (all treated an1mals). Wh11e these

changes were descr1bed as "s1gnH1cant", no numer1cal data were presented.

Th1s study 1s,"therefore, unsu1table for cr1ter1ader1vat10n.

In a l3-week subchron1c b10assay 1n m1ce, the U.S. EPA (l989a) adm1n­

1stered e1ther 0, 125, 250 or 500 mg/kg/day fluorene, suspended 1n corn 011,

to grouPS of 25 male and female CD-l m1ce by gavage. Measures used to

assess tox1cHy -'ncluded food 1ntake, body we1ght, cl1n1cal observat10ns.

hematology and serum chem1stry, and gross and h1stopatholog1c changes.

Us1ng the data from U.S. EPA (1989a), the U.S. EPA (199la) 1dentH1ed a

LOAEL of 250 mg/kg/day for hematolog1C effects; the NOAEL 15 125 mg/kg/day.

pyrene. In a l3-week subchron1c b10assay 1n m1ce, the U.S. EPA

(l989b) adm1n1stered e1ther 0, 75, 125 or 250 mg/kg/day of pyrene to groups
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of 20 male and 20 female CD-l m1ce by gavage. CrHer1a used to assess

tox1c1ty 1ncluded body and organ we1ghts, food consumpt10n, morta11ty,

hematology amd serum chemistry, and gross and h1stopathology. Based on

nephropathy, accompan1ed by stat1st1ca11y s1gnH1cant (p~O.Ol) changes 1n

absolute and relative kidney weights, the U.S. EPA (1991a) 1dentH1ed 125

mg/kg/day as the LOAEL; the NOAEL is 75 mg/kg/day.

Quantification of Non~ar~1nogenic Effects

Der1vation of 1- and 10-Day Health Advisories. There were no data

suftable for calculation of l-day or lO-day HAs for chl1dren for any PAH

covered 1n this document.

A number of short-term exposure studies have been reported wherein

var10us 'lIIIIunolog1c endp01nts have been measured. These are sUlllllarhed 1n

Tables VIII-l and VIII-2. While it 1s important to cons1der 'lIIIIune def1c1ts

as indicators of early tox1c1ty, it is not appropr1ate to base health

adv1sor1es on the data presented in these two tables. First, none of the

stud1es employed an oral route of adm1n1strat10n, thereby decreasing the

relevance of the data to dr1nk1ng water health adv1sor1es. Secondly, it is

not clear' whether the 111111une def1cits observed are, 1n fact, 1nd1cators of

tox1c1ty or are normal adaptive responses to stress.

For benzo[a]pyrene the data of MacKenz'e and Angiv1ne (1981) could also

be cons1dered as an 1nd1cator of noncancer tox1c effects result'ng from

short-term exposure 1n utero. In v'ew of the fact that th1s exposure

encompassed an ent1re crft1cal pha'se of the an1ma1's l"espan, namely the

fetal developmental phase, the data may be more su1table for der1vat10n of a

11fet'me health adv1sory.
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TABLE VIII-l

Immunotoxlclty of Benzo[a]pyrene In Mlce after Short-Term Exposure

Days
Exposure

1

1

1

1

10

14

Straln

CBA

C3H/ANF

B6C3Fl

C57
C3H

C3H

C57B1/6
DBAI2

B6C3Fl

B6C3F1

Route

10m.

s. c.

1op.
1op.

1op.

1op.
1op.

s.c.

s.c.

LOAElINOEL
(mg/lcg)

33.3/ND

150/ND

2521ND

5.0/0.5
5.0/0.5 -

18.0/1.8

25/­
50125

5.0/-

40.4/ND

Effect*

PFC

PFC
GvH
mlxed lymph

number of
sp1een ce 11 s

target cell
1c1l11ng

INF

PFC
PFC

AbT1
CPLPS

spleen
welght
PFU

Reference

Stjernsward.
1966

Urso and
Gengozlan.
1984

WhHe
et al., 1985

Wodjanl
et al., 1984

GrHfin
et a1., 1986

Lubet
et al., 1984

Dean et a1 .•
1983

White
et al., 1985

*A11 effects -noted were decreases by compar1son w1th controls in the
measurements 1nd1cated. PFC = plaque-form1ng spleen cells; PFU
p1aque-form1ng units; GvH = graft vs. host response; mixed lymph = mixed
lymphocyte response; INF = interferon production; AbT1 = ant1body
product1on to a T-1ndependent antigen; CPLPS = cell pro11ferat1on 1n
response to l1popoly-sacchar1de mitogen.

NO = Not determ1ned as only one dose was tested

- = No NOEL reported
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TABLE VIII-2

Comparat1ve Effects of PAH on Immune Funct10ns 1n B6C3Fl M1cea

Compound Doseb Effect
(mg/kg/day)

Anthracene 28.5 None

8enz[a]anthracene 36.5 Decreased ant1body
form1ng cells

Benzo[a]pyrene 40.4 Decreased ant1body
form1ng cells;
decreased spleen
we1ght

Chrysene 36.5 None

D1benz[a.h]anthracene 42.7 Decreased ant1body
form1ng cells;
decreased spleen
we1ght

aOata from Wh1te et a1. (1985)

bAn1ma1s were treated s.c. w1th 160 ~mo1e/kg/day
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Der1vat10n of Longer-Term HA. There were no data suHable for calcu-

1atlon of longer-term HAs for chl1dren or adults for any PAH covered 1n th1s

document.

Assessment of Llfetlme Exposure and Derlvatlon of DWELs. There were

no data su1lab1e for ca1culatlon of RfDs for the followlng: benz[a]anthra­

cen~, benzo[b]f1uoranthene, benzo[k]f1uoranthene, benzo[g,h,1]pery1ene,

chrysene, dlbenz[a,h]anthracene, lndeno[l,2,3-cd]pyrene or phenanthrene.

Acenaphthy1ene -- Quant1lat1ve data on the subchron1c oral toxlc1ly of

acenaphthy1ene has been provlded by Hazelton Laborator1es Amer1ca, Inc.

(1989c). Acenaphthy1ene was admlnlstered to CD-1 m1ce (20/sex/group) at

dosage levels of 0, 100, 200 or 400 mg/kg/day for at least 90 days. Effects

examlned lnc1uded morta11ty, c11n1ca1 s1gns, body we1ghts, food consumpt10n,

opthalmology. c1ln1ca1 chem1stry, organ we1ghts, gross pathology and hlsto­

pathology. Treatment-related effects were observed 1n all dosage groups.

Due to the h1gh morta11ty observed 1n all groups of treated females, the low

dose 1s cons1dered an FEL. Therefore, th1s study 1s 1nsuff1c1ent for

der1v\ng crHer1a s1nce the ch01ce of morta1Hy as the crH1ca1 effect 1s

not appropr1ate as the bas1s for an RfD.

AddH10na11y, four subchron1c stud1es on the tox1cHy of acenaphthy1ene

were located 1n the lHerature: two oral stud1es (Rotenberg and MashbHs.

1965; Knobloch et al., 1969) and two lnha1atlon stud1es (Rotenberg and

MashbHs, 1965; Reshetyuk et al., 1970). However. def1c1enc1es (no exper1­

mental control s, short durat 10n ar:ld 1ncomplete report 1ng of study des 19n

and/or results) preclude the use of any of these stud1es as a bas1s for an

ora.l RfD.
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3.3x10-1 mg/l<g/day
(r~u~~~~ to 3x10-1 mg/l<g/day)

3000

Anthracene -- Quant1tat1ve data on the oral exposure to anthracene

reported 1n U.S. EPA (198ge) fa11ed to demonstrate treatment-related effects

to male or female CO-l (ICR)BR m1ce at doses up to 1000 mg/l<g/day for at

least 90 days. From these results, a NOAR of 1000 mg/l<g/day was 1dent1­

f1ed. Us1ng th1s NOAEl, the OWEl 1s der1ved as follows.

Step 1 - RfD Der1vat10n

RfO = (1000 mg/kg/day) =
3000

where:

1000 mg/kg/day = NOAR ref1ect1ng no treatment-related effects 1n
m1ce {U.S. EPA, 198ge)

= comb1ned uncerta1nty factors: 100 to account for
1ntra- and 1nterspec1es extrapo1at10n, 10 for the
use of a subchron1c study for RfD der1vat1on, and
3 for the lack of reproduct 1ve/deve10pmenta1 and
support1ng chron1c tox1c1ty data

Step 2 - DWEL Der1vat10n

where:

DWEl = (3x10- 1 mg/kg/day) (70 kg)
(2 tlday) = 10.5 mg/l

3x10-1 mg/kg/day • RfD

70 kg.

2 l/day

= assumed body we1ght of an adult

• assumed volume of water consumed by an adult

Benzo£alprrene -- For benzo[a]pyrene an 1nd1cator of a noncancer tox1c

effect was the decrease 1n fe~t111ty and gonadal we1ght 1n m1ce exposed 1n

utero. Dams were gavaged with 10 mg/kg/day benzo[a]pyrene 1n corn 011 on

days 7-16 of gestat10n (MacKenz1e and Angev1ne, 1981). Wh11e th1s does not

const1tute a subchron1c or chron1c exposure 1t does cover the ent1re per10d

of development most sens1t1ve to 1nsu1t of the test popu1at10n. The study

could, thus, be cons1dered for use 1nest1mat1ng a longer-term risk.
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For benzo[a]pyrene, ava11able data show that the appearance of

neoplast1c effects occurs at lower doses than do 1nd1cators of system1c

tox1cHy. for example a LOAEL based on the MacKenz1e and Angev1ne (1981)

data 15 10 mg/kg/day, whlle s1gnH1cant lncreases 1n tumor 1nc1dence have

been observed 1n m1ce rece1v1ng 6.5 mg/kg/day benzo[a]pyrene 1n the d1et

(Neal and R1gdon, 1961). It, thus, seems 1nadv1sable at th1s Ume to

propose any health adv1sor1es for benzo[a]pyrene based on noncancer effects.

f1uoranthene -- In a 13-week subchron1c b10assay 1n m1ce the U.S. EPA

(1988) 1dentH1ed a LOAEL of 125 mg/kg/day of f1uoranthene. Th1s LOAEL was

based on stat1st1ca11y nons1gnH1cant 1ncreases 1n c11n1cal s1gns, serum

chem1stry and changes 1n 11ver and k1dney pathology as well as s1gn1f1cant

1ncreases In re1at1ve 11ver we1ghts of male m1ce. In a reevaluat10n of U.S.

EPA (1988), the U.S. EPA (1991a) 1dent1f1ed the 125 mg/kg/day dose level as

the NOAEL and the 250 mg/kg/day dose level as the LOAEL. The low dose was

cons1dered the NOAEL as c11n1cal s1gns (1.e., sa11vat10n) were not dose­

related effects, and changes 1n serum enzymes and k1dney and 11ver h1sto-

pathology were not cons 1dered adverse at 125 mg/kg/day. The 250 mg/kg/day

dose 1s cons1dered the LOAEL based on s1gn1ficant reductions in packed cell

volume and red blood cell numbers 1n females, and album1n/globu11n rat10s

and s1gntf1ca"t tncreases 1n SGPT and absolute and relat1ve 11ver we1ghts 1n

both sexes. Based on a NOAEL of 125 mg/kg/day. the DWEL 1s der1ved as

follows:

Step 1 - RfD Derivation

RfD = 125 mg/kg/daY = 4.17xlO-z mg/kg/day
3000 (rounded to 4xlO-z mg/kg/day)
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where:

125 mgi'kg/day = NOAEL reflectlng the absence of dose-related
effects1n m1ce (U.S. EPA, 1988)

3000 = comb1ned uncerta1nty factors: 100 to account for
1ntra- and 1nterspec1es extrapolat10n, 10 for the
use of a subchron1c study for RfO der1vat10n, and 3
for the lack of reproduct1ve/developmental and
support1ng chron1c tox1c1ty data

Step 2 - OWEL Derivation

where:

OWEL (4xlO-2 mg/kg/day) (70 kg) 1 4 I
= (2 t/day) = • mg t

4xlO-2 mg/kg/day = RfO

70 kg

2 tlday

= assumed body we1ght of an adult

= assumed volume of water consumed by an adult

Fluorene -- In a 13-week subchron1c b10assay 1n CD-1 m1ce (U.S. EPA,

1989a), quant Hat he data were reported on the adverse health effects

assoc1ated w1th oral exposure to fluorene. From these results, the U.S. EPA

(l991a) 1dent H1ed a LOAEL of 250 mg/kg/day for hemato10g1c effects; the

correspond1ng NOAEL 1s 125 mg/kg/day. Us1ng th1s NOAEL, the DWEL 1s der1ved

as follows.

Step 1 - RfD Der1vat10n

RfD = (125 mq/kg/day) =4.17x10-2 mg/kg/day
3000 (rounded to 4x10-2 mg/kg/day)

where:

125 mg/kg/day = NOAEL ref1ect1ng the absence of hemato10g1c effects
1n m1ce (U.S. EPA, 19S9a)
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3000 = combIned uncerta1nty factors: 100 to account for
1ntra- and 1nterspec1es var1abl11ty, 10 for the use
of a subchron1c study for RfD der1vat10n, and 3 for
the lack of reproduct1ve/developmental and
support1ng chron1c tox1c1ty data

Step 2 - DWEL Der1vat10n

where:

DWEL (4xlO- 2 mg/kg/day) (70 kg)
= (2 t/day) = 1.4 mg/1.

4xlO- 2 mg/kg/day = RfO

70 kg

2 I./day

= assumed body we1ght of an adult

= assumed volume of water consumed by an adult

Naphthalene -- Quant1tat1ve results on the chron1c oral tox1c1ty of

naphthalene have been prov1ded by Schmahl (1955). Groups of 28 BO I and

BD II rats rece1ved naphthalene (est1mated da11y dose 10-20 mg) 1n the d1et,

start1ng when the rats were -100 days old; the exper1ment was term1nated on

the 700th experImental day when a total dose of 10 g/rat was ach1eved. No

treatment-related effects were observed. The use of th1s study to der1ve an

oral RfD has been quest10ned by the U.S. EPA (1989c) because th1s study was

des1gned to assess the carc1nogen1cHy of naphthalene, small numbers of

an1mals were used, and there 1s uncerta1nty about the actual dose adm1n-

1stered.

Subchron'c stud1es w1th m1~e and rats by NlP (1980a,b) and Shopp et al.

(1984) support a lower chron1c NOEL determ1ned by the Schmahl (1955) study.

In the HlP (1980a) study, m1ce were treated by gavage w1th 0, 12.5, 25, 50,

100 or 200 mg/kg/day naphthalene,S days/week for 13 weeks. Comprehens1ve

h1stolog1c exam1nat1on of the h1gh-dose and control groups revealed no
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treatment-related lesions. Cl1nical s\gns of tox\cHy occurred at or above

the 100 mg/kg/day dose, but no effects were observed at or below the 50

mg/kg/day dose. No adverse effects on mortalHy, weight ga\n, \mmunolog1c

effects, clinical chemistry and hematolog1c parameters or organ weights were

observed in mice given a 53 mg/kg/day dose by gavage for 90 days (Shopp et

al .• 19S4). Histologic examinations were not performed in th\s study. Sub­

chron1c NOELs from these studies were 35.1 mg/kg/day (NTP, 19S0a) and 53

mg/kg/day (Shopp et a1 .• 19S4).

Derivation of quantitative data on the oral toxicity of naphthalene are

not derived because concurrence on the most appropriate study on which to

base the calculation has not been reached (U.S. EPA. 19S9c).

Pyrene -- In a 13-week subchronic bioassay in CD-1 mice (U.S. EPA.

19S9b). quantitative data were reported on the adverse health effects

associated with oral exposure to pyrene. From these results. the U.S. EPA

(l99la) identified a LOAEL of 125 mg/kg/day for nephropathy accompanied by

changes in absolute and relative kidney weights; the corresponding NOAEL is

15 mg/kg/day. Using this NOAEL. the DWEL is derived as follows.

Step 1 - RfD Derivation

RfD • (15 mg/kg/day) • 2.5x10-2 mg/kg/day
3000 (rounded to 3x10-2 mg/kg/day)

where:

15 mg/kg/day • NOAEL reflecting the. absence of nephropathy 1n mice
(U.S. EPA, 19S9b)

3000 = comb1ned uncertainty factors: 100 to account for
1ntra- and interspec1es var1abl1ity, 10 for the use
of a subchron1c study for RfD derivation, and 3 for
the lack of reproductive/developmental and support­
ing chronic toxicity data.
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Step 2 - DWEL Der1vat10n

where:

DWEL = (3xlO- 2 mg/kg/day) (70 kg) =
(2 l/day) 1.05 mg/l

(rounded to 1 mg/l)

0.025 mg/kg/day = RfD

70 kg

2 l/day

= assumed body we1ght of an adult

= assumed volume of water consumed by an adult

Carc1nogen1c Effects

The majorHy of health effects data for 1nd1v1dual PAHs concerns the1r

potent1al as carc1nogens. The data base for these compounds cons1sts

ent1rely of an1mal studies. There are numerous case reports and ep1dem10­

10g1c 1nvest1gat10ns on human health effects of PAH-conta1n1ng mater1als.

These, however, have been reports on exposures to env1ronmental or to

occupat10nally generated m1xtures conta1n1ng PAHs and other compounds.

There are no reports of exposures to 1nd1v1dual PAHs w1th the except10n of a

case study of sk1n pa1nt1ng of benzo[a]pyrene. The exposed subjects

developed verrucae, wart-11ke ben1gn les10ns that regressed upon cessat10n

of treatment (Cott1n1 and Mazzone, 1939). Th1s observat1on 1s s1gn1f1cant

1n that H 1s not un11ke the process obser'ved 1n an1mals sk1n pa1nted wHh

PAHs.. In response to a carc1nogen1c PAH, an1mals generally develop non­

ma11gnant les10ns (pap1110mas) that may regress upon cessat10n of treatment

or may progress to carc1nomas 1f treatment 15 cont1nued or followed by a

promot1ng treatment.

As rev1ewed 1n Chapter V, much'of the data on PAH carc1nogen1c1ty comes

from sk1n-pa1nt1ng b10assays, subcutaneous 1nject10n stud1es and to a lesser
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extent from experIments whereIn PAHs were admInIstered Intratracheally or by

lnhalatlon. There are comparatlvely few oral bloassays. The relevance of

data from skln palntlng bloassays to evaluate the potentlal for InductIon of

nonskln cancer In humans has been a s~bject of dlscusslon. The example of

benzo[a)pyrene may be lnstructlve In this context. Thls PAH causes

lnjectlon sHe sarcomas upon subcutaneous admlnlstrat1on. skln tumors when

appl'ed top'cally. lung neoplasms when del'vered 'ntratracheally or by

'nhalat Ion and forestomach tumors 'n rats when g1ven orally. It appears

that benzo[a)pyrene produces neoplastlc growth at the s1te of dellvery when

at least two condH'ons are met: that the tlssue 15 capable of metabol\sm

of benzo[a)pyrene to reactlve forms. and that the t'ssue 's of a type that

normally undergoes some degree of pro11ferat'on. The requIrement for

metabo1'sm of benzo[a)pyrene 's not a llmlt'ng factor for format'on of

d1stant sHe tumors; many. metabo1Hes can be transported ln the blood and

the maJorlty of t'ssues assayed show some capac,ty for PAH metabo11sm.

The other PAHs 'n thIs document have been stud'ed to a lesser extent and

by fewer exposure routes than has benzo[a)pyrene. There are a few examples,

however, to 'nd'cate that when a PAH '5 poslt've 'n skln pa'ntlng b'oassays.

,t w'll produce tumors when adm'n'stered by·other routes. Benz[a)anthracene

and d'benz[a,h]anthracene, whlch produce sk'n tumors when app11ed top'ca1ly.

also produce neoplasms when de11vered orally (K1e'n, 1963; Bock and Klng,

1959; Lar1noy and Sobo1eva, 1938; Lorenz and Stewart, 1947, 1948; Snell and

Stewart, 1962a, 1962b). It appears Just"'ed to say that evldence of

carc'no- gen'cHy from a PAH sk'n-pa'n~'ng b'oassay \s a cause for concern

and should not be 19nored when 'eva1uatlng a PAH as a potent'a1 human

carc'nogen.
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Class1f1cat1on of PAHs as to Potent1al for Human Carc1nogen1c1ty

Ass1gnment of compounds to a class1f1cat10n based on the1r llkellhood of

produc1ng carc1nogen1c effects 1n humans was done accord1ng to the U.S. EPA

Gu1del1nes for Carc1nogen R1sk Assessment (U.S. EPA, 1986). Us1ng these

cr1ter1a the PAHs descr1bed 1n th1s document may be class1f1ed In the

follow1ng two groups.

Group D. Not class1f1able as to human carc1nogen1c1ty. Th1s 1s due to

a lack of specif1c human ev1dence and 1nadequate an1mal data for carclno­

gen1city.

Acenaphthylene.

1n tumor 1nc1dence.

pos it lYe.

One sk1n pa1nt1ng b1assay 1n m1ce showed no 1ncrease

One assay for mutagen1c1ty 1n Salmonella was not

Anthracene. Stud1es where1n rats were adm1n1stered anthracene orally

d1d not result in tumor 1nduct10n. Lung lmplantat10n and skln pa1nt1ng

bloassays, and subcutaneous, lntraperltoneal and lntracerebral lnject10n

l1kew1se have not shown a tumor1genlc effect. Mutagenlcity for Salmonella

straln TA97 has been reported.

Benzo[q,h,11perylene. A bloassay by lntrapulmonary lnjectlon of rats

was consldered lnadequate for evaluatlon of thls PAH due to the presence of

lmpuritles. Two skln-palntlng studles for complete carclnogenlcity and

three 'nltlatlon-promotlon assays ln mlce were negative. There are data to

suggest that th's compound may ac.t as a co-carc1nogen for benzo[a]pyrene

applled to mouse skin. Benzo[g,h,l]perylene was mutagenlc for ~.

hphlmurlum.
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Fluoranthene. Sk1n pa1nt1ng b10assays for complete carclnogen1c1ty

have not shown pos1t1ve results. In1t1at1on/promot10n protocols where1n

fluoranthene was used as the 1nH1ator, as well as a subcutaneous lnject10n

study, were negat1ve. There 1s some ev1dence that fluoranthene served as a

cocarc1nogen for benzo[a]pyrene. Fluoranthene produced an 1ncrease 1n

1nc1dence 1n lung adenomas for males and females comb1ned 1n a short-term 1n

v1vo b10assay generally cons1dered not adequate for evaluat10n of carc1no­

gen1c1ty. Ev1dence for genet1c tox1c1ty of fluoranthene 1s equ1vocal.

Fluorene. Two oral b10assays reported no 1ncrease 1n tumors as a

consequence of fluorene treatment. Both assays had def1c1enc1es l1mH1ng

the1r usefulness. IARC cons1dered two apparently negat1ve sk1n-pa1nt1ng

b10assays to be 1nadequate for evaluat1on; a more recent 1nH1at10n/promo­

t10n assay was not posH1Ve. Two subcutaneous adm1n1strat10n stud1es were

negat1ve. Genet1c tox1cology data are l1m1ted but negat1ve.·

Naphthalene. B10assays of naphthalene by the oral route and as a sk1n

tumor1gen were negat1ve or 1nadequate for evaluat1on. An 1nhalat10n and an

1ntraperHoneal 1nJect10n study were negat1Ve. and a subcutaneous 1nJect1on

stUdy was' 1nadequate for evaluat1on. Supp'ort1ng data for genet1c tox1c1ty

are negat1ve but l1m1ted.

Phenanthrene. An assay 1n wh1ch rats rece'ved a s1ngle oral treatment

showed no 1ncrease 1n tumor 1nc1dence. Treatment of m1ce top1cally,

sUbcutaneously and 1ntraperHoneally h.as not resulted 1n tumor 1nduct10n.

One stUdy reported phenanthrene to"be an 1n1t1ator of sk1n tumor1genes1s 1n

CO-1 m1ce when followed by h1gh concentrat10ns of TPA. Th1s was countered
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by negaUve stud'es 'n three other mouse stra'ns. Phenanthrene and a d'ol­

epox\de derlvat've were mutagen'c for Salmonella typh\mur\um and human

lymphoblast cells. Other genet,c tox'co10gy test'ng has not shown pos\t've

results.

Pyrene. Intratracheal \nst111at10n of pyrene and Fe203 part\c1es

dId not Induce tumors \n hamsters. Sk1n pa1nt'ng assays \n m1ce for

complete carc1nogenes1s or \nH\at\ng capacHy have been negative or \ncon­

c1us1ve. M1ce \njected eHher subcutaneously or \ntraperHonea11y d1d not

develop tumors, but there \s ev\dence that pyrene enhances tumor\gen1c1ty of

top1ca11y app11ed benzo[a]pyrene 1n mice. Both pos1t1ve and negat1ve

results have been reported for assays of mutagen1c effect; pyrene was not

shown to transform ma~11an cells.

Group B2. Probable human carc1nogen. These judgments were based on

suff1c1ent an1ma1 ev1dence 1n the absence of human data for 1ndiv1dua1 PAHs.

Benz[a]anthracene. Benz[a]anthracene produced tumors 1n m1ce treated

orally, and 1n var10us mouse stra1ns treated 1ntraperHoneally. 1ntrave­

nous1y. t~p1ca11y. subcutaneously and 1ntramuscu1ar1y. It was mutagen1c for

Salmonella. Drosophila and ma~11an cells and produced DNA damage. SeE and

morphologic transformat1on 1n cultured cell. Benz[a]anthracene was pos1t1ve

1n a mouse lung adenoma assay.

Benzo[alpyrene. Orally adm\n1stered benzo[a]pyrene was carc1nogen1c

to three mouse stra1ns. It produ~ed tumors when adm1nistered 1ntratrache­

ally to rats and hamsters. Benzo[a]pyrene delivered 1ntraperHonea11y has
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Induced tumors 1n m1ce and rats. It 1s the best documented exper1mental

skln carclnogen produclng tumors 1n mlce, rats, rabblts and gu1nea p1gs. It

was carclnogenlc when adm1nlstered subcutaneously to m1ce, rats, hamsters,

gulnea plgs and some prlmates. Benzo[a]pyrene has produced pos1t1ve

responses ln a number of genetlc toxl010gy assays ln bacterla1 and mammallan

cells.

Benzo[b]f1uoranthene. Exposure of rats by lung lmp1antat1on resulted

ln tumor formatlon as dld lntraperltonea1 exposure of newborn mlce. A total

of three skln palntlng and lnitlat10n/promotlon studles 1n mlce were pos1­

the as was an assay by subcutaneous lnject10n of m1ce. Benzo[b]f1uoran­

thene was mutagenlc 1n a forward assay ln Salmonella.

Benzo[k]f1uoranthene. Lung 1mp1antat10n produced tumors 1n rats, and

1na1atlon/promot10n protocols 1n two mouse stra1ns resulted ln 1ncreased

tumor 1nc1dence. Intraperitoneal 1nject 10n ln newborn mlce produced

equ1voca1 results. Benzo[k]f1uoranthene was mutagenlc 1n a forward assay 1n

Salmonella.

Chrysene. Chrysene produced tumors "In several mouse stralns when

app11ed top1cdlly 1n assays for complete sk1n carc1nogen1c1ty or In 1n1t1a­

t10n/promot1on protocols. Several early stud1es emp10y1ng 1ntramuscu1ar or

subcutaneous 1nJect10n of m1ce and rats produced negat1ve or equ1voca1

results. Three stud1es where1n neonatal m'ce of two stra1ns were exposed

1ntraperitonea11y reported 1ncreased ,tumor Inc1dence 1n 11ver and other

s1tes. Chrysene produced mutat10ns 1n Salmonella and chromosome aberrat10ns

and morpho10g1c transformat10n 1n mamma11an cells.
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D1benzfa,hJanthracene. M1ce of var10us stra1ns have been shown to

develop tumors as a consequence of oral exposure to d1benz[a,h]anthracene.

M1ce were also reported to develop tumors after pulmonary, 1ntratracheal,

1ntravenous or top1cal treatment. InjecUon sHe tumors (1ntramuscular or

sUbcutaneous) have been observed 1n m1ce, rats, gu1nea p1gs, p1geons and

unspec1f1ed fowl. Results of DNA damage, mutaUon and morpholog1c trans­

format10n assays have been pos1t1ve.

Indenofl,2,3,-cdJpyrene. Lung 1mplantat10n of Indeno[l,2,3-cd]pyrene

produced tumors 1n rats. Sk1n pa1nUng assays for complete carc1nogen1cHy

and 1nH1at1ng abl1Hy were posH1ve 1n two mouse stra1ns, and 1njecUon

sHe tumors were reported after subcutaneous exposure of a th1rd stra1n.

L1m1ted data 1nd1cate mutagen1c1ty for Salmonella.

Quantification of Carc1nogen1c Effects

Compounds ·class1f1ed as Group A, 8 and C carc1nogens are generally

regarded as suHable for quantHat1ve r1sk assessment. There are stud1es

suff1c1ent to classHy seven PAHs 1n th1s document 1n group 82. Many of

these stud1es. however. do not prov1de a suHable bash for dose-response

assessment for the follow1ng reasons:
.-

• Stud1es 00 not give dose/response data.

• Studies conta1n only one dose level.

• Studies use exposure other than oral exposure (such as sk1n
paint 1ng).

• Sample s1ze 1s too small.

No carc1nogen1cHy b10assays us1ng the oral route of exposure have been

reported for benzo[b]fluoranthene, benzo(k)fluoranthene, chrysene and

1ndeno[l,2,3-cd]pyrene.
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Benz[alanthracene. In a study by K1e'n (1963). male B6AFl m'ce were

gavaged w1th a 3% solut'on of benz[a]anthracene 3 t'mes/week for 5 weeks and

observed for eHher 431 or 541 days. Inc'dences of both lung adenomas and

l1ver tumors were 1ncreased at both observat'ons. As there was only one

dose of compound adm1n1stered, and exposure was of short durat'on, der'va­

t10n of a quantHal1ve risk est'mate based on th's study's 'nappropr1ate.

Benzo[alpyrene. Several stud'es have reported 'ncreased 'nc'dence of

a11mentary tract tumors 1n rodents as a consequence of oral benzo[a]pyrene

exposure. In the majorHy of these, there was a s1ng1e gavage exposure

(e.g., Hugg1ns and Yang. 1962; McCorm1ck et al.. 1981). or only one gavage

or dietary dose was employed (Berenb1um and Haran. 1955; G'be1, 1964; Chu

and Malmgren 1965; B1anc1f10r1 et al.. 1961; Wattenberg. 1912. 1974;

El-Bayoumy, 1985). Tr1010 et al. (1977) observed forestomach tumor 1nduc­

t 10n 1n female m1ce (9/group) fed 200 and 300 ppm benzo[a]pyrene 1n the

d1et. Treatment was for a relat1ve1y small percentage of the an1mals' usual

l'fespan; that 1s. 12 weeks. Effect1ve numbers of an'ma1s were not

reported. In part of the Wattenberg (1972) study. m1ce rece1v1ng two

d1etary doses of benzo[a]pyrene were observed to develop forestomach tumors.

Treatment was for <1 year. and no concurrent controls were reported.

A quant1tat1ve assessment for oral exposure to benzo[a]pyrene regard1ng

Hs carc1nogen1c effects can be based on the exper1ments reported by Neal

and R1gdon (1967). 1n wh1ch benzo[a]pyrene at doses rang1ng between 1 and

250 ppm 1n the d1et was fed to stra1n. CFW m1ce for ~197 days. No tumors

were found 1n the control group nor 1n the groups treated w1th 1. 10 or 30

ppm benzo[a]pyrene. The 1nc1dence of tumors. however. increased between the
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40 and 250 ppm benzo[a]pyrene dosages. Stomach tumors, whlch were mostly

squamous tell papl1lomas but also some carcinomas, appeared with an lncl­

dence sIgnificantly higher than controls (p<0.001, Flsher Exact Test) at

several doses. Quantitative rIsk estimates for human cancer lncidence were

developed by U.S. EPA (l980d) using the lInearized multistage procedure and

more recently by Clement Associates (1988, 1990a) uslng a two-stage model.

Krewski and Murdock (1990) also app11ed the Armitage-Doll and a two-stage

model to these data. These approaches appear below.

U.s. EPA (1980d) Approach. The Neal and Rigdon (1967) data, with

adjustments to approxlmate dally 1ifetlme doses (Table VIII-3), were used ln

calculatlon of a quantitatlve rlsk estlmate for human 1lfetlme cancer

lncldence by use of the 1lnear1zed' multistage procedure. Tumor lncldence

data at the highest three doses were not used ln the extrapolation due to

lack of fit to the multlstage model. [A dlscusslon of the fH of data to

the multlstage model appears ln Human Health Methodology Appendix to the

October 1980 Federal Register (45 FR 79379).]

A carc1nogen1c potency factor for humans (q1*) was determined to be

11.53 (mq/kg/day)-l. An estlmate of the ~ancer r1sk from consum1ng lJg

benzo[a]pyrenelt water (unit r1sk) could be calculated as follows:

Un1t r1sk • 11.53 (ma/ka/dav)-l x 2 t/day x 0.001 mg/vg = 3.29xl0-4 /lJ9/t
70 kg

where:

70 kg = assumed we1ght of adult 'human

2 t = assumed water consumpt1on of adult human
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TABLE VIII-3

Incidence of Tumors in Mice Treated Intragastr1cally with Benzo[a]pyrenea,b

Experimental Dose Transformed Dose Inc1dencec
(ppm diet) (mg/kg/day) No. Responding/No. Tested

0 0.0 0/289

1 0.1 0/25

10 1.3 0/24

20 2.6 1/23

30 3.9 0/37

40 5.2 1/40

45 5.9 4/40

50 6.5 24/34

100 13.0 19/23

250 32.5 66/73

aSource: Neal and Rigdon, 1967

blength of eXPo$ure = 110 days; length of the exper1ment = 183 days;
11fespanof mouse = 630 days; average weight of mouse = 0.034 kg

cThe 1nc1dences at the h1ghest thr~e doses were not used 1n the extrapo­
lation due to lack of f1t of the mult1stage model.
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There are substant1al dHf1cult1es wHh the procedure used to derlve a

r\sk estImate from the Neal and R1gdon (1967) data as g1ven \n Table VIII-3.

Among the factors that render th\s data set problematIc are the follow1ng:

1. Exposure t1me was var\able \n the h\gher dose groups (Table
VIII-4). The exposure t1me was reported as a range, and
\nd1v1dual an1ma1 data are now unava11able.

2. An1mals were started on test at d1ffer1ng ages.

3. A very sharp 1ncrease 1n tumor 1nc1dence was noted 1n those
an1ma1s fed 50 ppm by compar1son w1th those fed 45 ppm.

4. There was an apparent 1eve11ng off of tumor 1nc1dence among the
h1ghest dose groups.

In the U.S. EPA (1980d) use of the mu1t1stage model the pecu11ar1t1es of

the data set were handled by us1ng one est1mate of exposure t1me (110 days)

and by d1scard1ng data at the h1ghest three doses as they d1d not fH the

model. Th1s precluded use of the h1ghest 1nc1dence data and resulted 1n the

odd s1tuat10n of e11m1nat1ng a dose group (50 ppm) essent1a11y equ1va1ent to

one (45 ppm) that was used 1n the mode11ng procedure.

Clement Associates (19881. An alternate approach was proposed by

Clement Assoc1ates (1988) 1n wh1ch the Neal and R1gdon (1967) data were f1t

to a two-stage dose-response model. Th1s two-stage model 1s a spec1a1 case

of ~he Moo1gavkar and Knudson (1981) and Moo1gavkar (1986) cancer r1sk model

as adapted by Thorslund et a1. (1987) to account for exposure to known

levels of carc1nogens. Accord'ng to the two-stage model, the popu1at10n of

cells at r'sk for induct10n of cancer cons1sts of stem cells. These cells

can div1de, undergo differentiat10n to term1na1, nond1v1d1ng cells, d1e, or

undergo changes that result 1n a .preneoplast1c state. It 1s assumed that

th1s1ast opt10n 'nc1udes a mutat10n or herttable change at a cr1t1ca1 s1te.
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The preneoplastlc cell then has the opUons of dlv1s1on, dHferent1at1on,

death, or further change to a fully transformed or cancer cell. Th1s cancer

cell, 1f perm1tted to prol1ferate, will form the basIs of a tumor. In the

Moolgavkar and Knudson (1981) model, these processes are described mathe­

matIcally by postulating specific exposure-dependent rates for cell changes.

A simplified version of the model can be expressed In the following manner:

where

t
I(t) = MOM1~ Co(v) [exp(B-D)(t-v)]dv

o
(8-1)

I(t) = age-specific cancer Incidence at age t

MO = transition rate from stem to preneoplastic cell

M1 = trans1tion rate from preneoplastlc to cancerous cell

Co(v) = number of susceptible stem cells per individual target
organ at age v

B = birth rate or rate of cell proliferation of preneop1astic
cells

o = death rate of preneop1astic cells

It is likely that at least some of the increased incidence is attributable

to the fact that the 50 ppm dosed animals were younger when exposure was

begun. It is, nevertheless, appropriate to use as much of the data as

feasible in ca1cu1at1ng the quant1tat1ve estimate. It 1s reasonable to

assume that the -b1010g1c processes described by the above equation can be

affected by exposure to carc1nogens and that the 11ke11hood of the1r

occurrence 1s a funct10n of exposure time. Thorslund et a1. (1987) thus

developed a version of the' model that 1ncorporated t1me and exposure

dependence.
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In app1y1ng the two-stage model to the Neal and R1gdon (1967) data In

Table VIII-5, some mod1f1cat10ns were made by Clement Assoc1ates (1988) and

some parameters were est1mated. In the absence of exper1menta1 1nformat\on

about cell stages and dHferences 1n exposure over t1me, H was not poss1b1e

to est1mate the 1nd1v1dua1 background and exposure-1nduced mutat10n rates

for preneop1ast1c and transformed cells us1ng tumor rate data. Nor could

the re1at1ve transH10n rates that correspond to each stage be 1dent1f1ed.

Two exposure-1nduced re1at he transH 10n rates and a background trans H 10n

rate were est1mated from b10assay data. If these transH10n rates are

11near funct10ns of dose (wh1ch 1s 11ke1y at low doses), they may be

expressed as "0 = ~O .. BOX and "1 = ~1 .. B1x where ~ 1s

the background trans1t10n rate and B 1s the PAH-1nduced trans1t10n rate per

un1t of exposure for each stage. It 'was assumed that the factors

1nf1uenc1ng the background transH10n rates and the PAH-1nduced transH10n

rates have the same re1at1ve effect1veness for each stage. Under th1s

assumpt1on, BO/~O = B1/~1 = S, the re1at1ve transH10n rate, so

that "0"1 =~0~1(1+Sx)2 = "(1+Sx)2, where" = ~0~1'

In th1s app11cat1on of the model 1t was assumed that promot10na1 effects

result from mult1p1e molecular 1nteract1ons. Thus, the growth rate of

preneop1ast1c ,'cells G at low doses 15 v1rtua11y 1ndependent of exposure

level so that G = B - D. If th1s assumpt10n 1s v101ated at h1gher doses,

the shape of the curve w111 have greater curvature than quadrat1c, and the

quadrat1c model w111 be rejected.

F1na11y, as a f1rst approx1mat10n 1t was assumed that the number of stem

cells post-maturHy, CO(v), 15 re1at1ve1y constant and may be taken to be

un1ty [1.e., CO(v) =Co =1).
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TABLE VIII-5

Vartab1e Exposure Data Used to Esttmate Parameters tn the Ingestton
Dose-Response Model for Benzo[a]pyrenea

Dose
(ppm)

x'

Age First
Exposed (days)

t s

Age Sacrificed
(last exposed)

(days)
t

Number of
Animals
Exposed

n

Number of
Forestomach Tumors

Observed Expectedb

o

10

20

30

40

45

50

100

250

30

30

116

33
61

33
10.1

31
71

11
22

20
24

-18
20

300

140

140

226

143
111

143
211

141
181

124
219

118
146

88
185

289

25

24

23

37

40

40

34

23

13

o
o
o

o

1

4

24

19

66

0.000

0.002

0.232

0.875

3.091

5.146

1.560

19.692

14.220

64.259

aSource: Neal and Ridgon (1967) as adapted by Clement Associates (1988)

bIt was assumed that one-half the animals 'n each group were exposed
dur1ng each of the 1ntervals reported, t s to t. x2 = 11.12. d.f. = 8,
p=0.03
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SubstitutIng these expressIons [G, M, S, CO(v)] Into equatlon 8-1 and

lntegrat lng y1elds a cumulat he hazard funct Ion H( x, t), so that the prob­

ability that a tumor w111 develop by tlme t as a result of exposure to a

level of genotoxlc agent x can be expressed as:

P(X,t) = 1 - exp [-H(x,t)] = 1 - exp [-M(1+Sx)2][exp (Gt) - 1 - Gt]/G2
(8-2)

where

M = background tumor rate parameter

S = fractlonal Increase ln the trans1t10n rate between cell
stages per un1t dose, assumed to be the same for each stage

G = B - 0 and 1s the exposure-Independent growth rate of preneo­
plastlc cells

t = the t1me (or age) at wh1ch r1sk 1s evaluated

The level of agent at the target t1ssue was assumed to be dlrect1y

related to the adm1nlstered dose. Thls was based on observatlons of exper1­

ments d1scussed ear11er 1n wh1ch the rate of format10n of the major benzo­

[a]pyrene d101 epox1de-ONA adduct was found to be 11near1y related with

respect to dose 1n the forestomach, lung, and sk1n (Pere1ra et a1., 1979;

Adr1aenssens et a1., 1983).

The spec1f1c dose-response model derIved for benzo[a]pyrene (equat1on

8-2) was thus - a restr1ct.ed form of the model developed by Armitage and 0011

(1957), Moo1gavkar and Knudson (1981), and Thorslund et al. (1987). It was

rest'r1cted by assum1ng that G,15 1ndependent of treatment (x) and that the

two transH 10n rates are 11near func lions of x with proport 1ona1 coeff1­

c1ents. The consequence of these assumpt10ns 1s that at constant t the

dose-response funct10n has only two parameters:

P(x) = 1 - exp-A(1 + SX)2 (8-3)

where A = M [.xp(Gt)-1-Gt]/G2 and t = age at 1ait observat1on.
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Use of thIs mod1f1caUon of the two-stage model for quantHat1ve rIsk

est1mat10n for benzo[a]pyrene has several advantages.

1. At low doses, the model converges to a 11near, nonthreshold
form.

2. Only two parameters need to be est1mated.

3. A stable p01nt estImate of r1sk could be obta1ned d1rectly.

4. The mathemat1cal form of the two-stage model 1s based on an
acceptable theory of cancer 1nduct10n.

5. The model 1s cons1stent w1th what 1s known regardIng the
mechan1sm of tumor 1nduct10n by PAHs, 1ncludlng benzo[a]pyrene
(e.g., exposure to c1garette smoke).

6. Data from all dose groups reported 1n Neal and R1gdon (1967)
could be used 1n the r1sk est1mat10n.

As 1nd1cated ear11er, the an1mals In .the Neal and R1gdon (1967) study

were exposed at var10us ages and for varyIng Umes. In order to descr1be

the dose-response relatlonsh1p for the 1ngest10n of benzo[a]pyrene and tumor

IncIdence for each exposure group, est1mates for each of the exposure

var1ables were made as 1nd1cated 1n Table VIII-5. As a f1rst approx1matlon,

each mouse was assumed to be exposed to one of two exposure patterns:

(l) those that were youngest at f1rst exposure and were sacr1f1ced
at the ear11est age (e.g., for the group exposed to 0.04 mg
benzo[a]pyrene 1n Table VIII-4, were f1rst exposed at age 33
days an~ last exposed at age 143 days), and

(2) those that were oldest at fIrst exposure and were sacr"'ced
at the oldest age (e.g. , for the 0.04 mg/group, were f1rst
exposed at 67 days and last exposed at 177 days}.

One-half of the m1ce 1n each exposure group were assumed to have been

exposed to each exposure pattern. UsIng the max1mum 11ke11hood method, the

data 1n Table VIII-S, and the assumptIon that the tumors are 1nc1dental, the

parameters 1n the hypothes1zed r1sk equat10n were est1mated as out11ned 1n
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Gart et al. (1986). The resultIng best-fittIng model has the parameters

est Ima t es . ya
2~O , G = O. 194, and yB

2 = 0. 21 42 . Th Is ma t hema tl cal

model gives a stat1st1cally adequate fH (1.e., the resultlng x.2 has a p

value >0.01, wh1ch 1s the crHer10n used for the mult1stage model by the

U.S. EPA). Th1s f,t is shown 1n Table VIII-5.

The result1ng model 1s a quadrat1c funct'on of d'etary concentrat10n at

high exposure levels. Thh model 1s assumed to be val'd over the longest

exposure durat'on employed for a group of animals; that 1s, t-t =(219-22)/s
7=28.143 weeks. The parameter value for G (0.194), however, 1s 1ncompat1ble

with 'ncreases 1n age-specific cancer death rates that have been observed.

Th's value for G 1mp11es that the rates 'ncreased at about the 15th to 16th

powers of age (since h(t)=exp Gt-l - a t~5.5). Th's is greater than the

h'ghest reported rate, which 15 that for human prostate cancer (k:13).

Values for k are usually between 4 and 8. Th's large value of G suggested

to the authors· of Clement Associates (1988) that benzo[a]pyrene exerts a

promot'ona1 effect, which was not 'ncorporated into the model.

To calculate a 11fet1me r1sk estimate for humans it was assumed that a

mouse consumes 13% of its weight/day as. food. a standard surface area

adjustment wa~ made for differences between species and 70 kg was assumed

for human body we'ght. The low dose 1'near term for humans was calculated

to be 3.22 per(mg/kg)/day.

Krewsk1 and Murdoch (1990). Krewsk1 and Murdoch (1990) also made an

attempt to make greater use of the.ava11ab1e data in Neal and Rigdon (1967)

shown 'n Table VIII-4. Appropr1ate adjustments were made for start and
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duration of exposure and age at sacrifice. Both the ArmHage-Doll and a

two-stage model adapted from Moolgavkar (1986) w1th exponentlal expansion of

preneoplast1c cells, were fit to the data. As 1s shown 1n Table VIII-6,

however, ne1ther model was very successful 1n pred1ctlng the observed tumor

1nc1dences. The authors suggested that th1s failure to fit the data may be

due to an under1y1ng dev1at10n of the theoret1ca1 bas1s of the models from

reality, but may also represent 1nadequate experImental techn1que 1n the

generat10n of data or the use of the approx1mate mathemat1ca1 forms of the

model. Alternat1ve exp1anat10ns for the failure of the model to fit the

data are the fo110w1ng:

use of an 1nappropr1ate method of adjust1ng for d1fferences 1n
the exposure 1nterva1 w1th1n an exposure group;

lack of an appropr1ate exposure-dependent growth rate of
preneop1ast1c cell growth rate express1on;

background tumor rates poorly def1ned by the data;

lack of data on whether observed tumors are pap11lomas or
carc1nomas.

Clement Assoc1ates (l990a). More recently a model was developed

1ncorporat1ng a d1fferent assumpt10n as to how to treat the exposure groups

conta1n1ng an1ma1s wHh dHferent durat10ns of exposure. Th\s model differs

from the ear11er Clement Assoc1ates (1988) report 1n that both transH10n

rates and the growth rate of preneop1ast-1c cells were cons1dered to be

exposure~dependen-t. To th1s end -a s1mp1e saturat10n assumpt10n was used to

def1ne the funct10nal form for the dose-dependence of the preneop1ast1c

growth rate.

The cumu1at he hazard funct 10n for the two-stage model for exposure

constant at level x over the 1nterva1 to to t f for t=tf 1s d1scussed

by Thorslund et al. (1987).
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To fa the model a was assumed that the exposure groups are made up of

two subpopulat10ns w1th d1fferent exposure durat10ns of one of two ranges as

shown 1n Table VIII-4. It was also assumed that the f1rst and second sub-

populations 1n any exposure group j are a proport10n of the total of Yj
and l-Yj; Yj may be cons1dered as an unknown parameter. The propor­

t10n of an1ma1s respond1ng 1n exposure group j 1s:

When y=l (an1ma1s exposed under un1form cond1t1ons),

The data 1n Table VIII-4 were f1t to the model w1th the add1t10n of two

zero dose groups. The control groups reported by Neal and R1gdon (1967)

showed no 1nc1dence of forestomach tumors. Us1ng zero 1nc1dence data 1n the

model may result 1n some cases 1n unstable parameter est1mates; 1t was thus

dec1ded to 1nc1ude some nonzero h1stor1ca1 control data. "'ce used by Neal

and R1gdon (1961) were descr1bed as "an 1nbred CFW stra1n kept 1n th1s

laboratory for 8 years". The CFW mouse 1s·, 1n fact, an outbred stra1n from

Car~orth Farm"(CF) and was der1ved from Sw1ss Webster. The outbred stock 1s

st111 ma'nta'ned by Charles R1ver Breed1ng laborator1es (Cr1). It 's

be11eved that the 'nbred m1ce from the test'ng laboratory are not 11ke1y to

be genet'cal1y 'dent1cal to other 1nbred CFW co1on1es or to other Sw'ss

Webster m'ce. However, forestomach tumor 1nc1dences for untreated an'ma1s

cons1dered to be s1m1lar to the test populat1on are g1ven 1n Table VIII-7.
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TABLE VIII-7

H1stor1ca1 Control Inc1dence Data for Fnrp~tomach Tumors 'n
Stra1ns of Sw'ss (Webster) Bred "'ce

Stra1n Sex Age Tumor Type Inc'dence Reference
(days)

Sw1ss " l1ap111oma 1/99 Toth et a1.,
random-bred F 0/99 1976

CFW M 0/100 Sher, 1974
F 01203

SPF Sw1ss M 0128 Prejean
(Webster) F 0/38 et a1., 1973

SWR/J Swll1 M 700 squamous cell 21268 Rabste'n
carc1noma et a1., 1~73

F 608 squamous cell 1/402
carc'noma

CFW unknown 300 01289 Neal and
Texas colony R'gdon, 1967
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These data lndlcate that forestomach tumor lncldence was quIte low In

Swlss-derlved mlce In the 1970s. The data chosen for lnc1uslon were those

for SWR/J m1ce reported by Rabsteln et al. (1973). These data have the

advantages of belng from mlce of a known average age and of havlng a nonzero

lncldence of squamous cell carclnomas ln both males and females. The SWR/J

lncldence data are conslstent wlth those reported for the test populatlon at

300 days of age.

Two forms of the model were used. The flrst used the slmp11fylng

assumptlon that each of the two subpopu1atlons of the exposure groups

contalned half the anlma1s (Yj=1/2). The second assumptlon made was

that the preneop1astlc cell growth rate reverts to background after

exposure; 1n other words, G*(x)=G(O). The- growth rate was def1ned to be of

a general functlona1 form:

G(x) = 6(0) E. l~~XJm
where m 1s a g1ven 1nteger, here taken to be 1 as a conservatIve assumpt1on;

band C are unknown parameters to be est1mated from the data.

To obta1n max1mum 11kellhood est1mates of the unknown parameters, the

general approach._d1scussed by Gart et al. (1986) was used (Table VlII-8).

No adequate fH to the full data set was obta1ned. If, however, the data

were restricted to the lower dose, longer exposure groups (presumably those

most relevant for low-dose cont1nuous human exposure estlmates) a reasonable

flt was obtained. Table VIII-9 presents comparIsons of estlmates derlved by

Clement Assoclates (1988, 1990a), and Kr~wskl and Murdoch (1990).
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TABLE VIII-8

Maximum Likelihood Parameter Estlmates for Two-Stage Model with
Saturation of Growth Rate Function

Parameter

A

G(O)

S

b

C

u(x,t)=P(x,t)-P(o,t)
t=730

x.1x10- s

lx10-·

Physical Meaning

product of background
transition rates

background growth rate of
preneop1astic cells

relative cell transit10n rates
per unit of exposure (mg/g in
food)

relative increase of preneo­
plastic cell growth rate per
unit of target dose equiva­
lent exposure from mg/g in
food

saturat10n coefficient
exposure (mg/g food)

low-dose risk

Model

p(x,t).l-exp-H(x,t)

Estimated Numerical
Values for All

Continuous Exposure
Data

845.56

159.32

16.303

3.00x10-·
2.97x10- s

04450

H(x,t) • A(1+Sx)2 {exp[G(x)t]-G(x)t-l}
G(x)

G(x). ~(O)' (1 + l~~X]
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A d1ff1culty w1th the prev10us est1mate by Clement Assoc1ates (1988) was

that the value of G was unrea11st1ca11y large. Th1s d1ff1culty was

addressed by Clement Assoc1ates (1990a) by der1vlng a G(O) for humans. It

was assumed that the human GO 15 equal to the mouse GO Umes a constant

equa1 to the mouse 11fespan of 2 year s d' v, ded by a human l1fes pan of 76

years. The result 'S GOzO.1152. To relate this value to a power of age,

they solved for the value of k (the number of stages 'n a mult'stage model)

that w'11 cause the same re1at1ve 'ncrease 'n the age-spec'f'c rIsk for an

'ndh'dua1 at one-half lifespan compared with full lifespan. For GzO.1l52

and l'fespan z76. Clement Assoc'ates (1990) found that kz7.33. As 1nd1cated

1n an ear1'er sect'on. most human values for k fall between 4 and 8; for the

U.S. popu1at10n the value for k for stomach cancer 1s -7. They concluded

that the value of G(O) for humans of 0.1152·'s 'n a reasonable range.

A max1mum l'ke1'hood est1mate for humans was obta1ned. Under an add1-

the r1sk model the r1sks become a l'near funct10n of dose as x approaches

O. The add1t10na1 r'sk over background was expressed as u(x.t)=P(x.t)­

P(o.t). where P(x.t) 'S the probab111ty of cancer by age t g1ven an exposure

level of x. As the exposure x becomes small. one can derhe the approx1-

mat10n u(.x.)-L(t).x. where L(t) 15 the low-dose Hnear term. Extenshe

appHcat10n of· Ute chaln rule of derhathes for the model 'n Table VIII-8

resulted 'n the fo110w1ng equatlon:

A
L(t) • 6(0)2 exp[~(O)t] • [2(S-b)+bG(O)t][l-P(o,t)]

SUbstltutlng the max1mum 11keHhood parameter est1mates ln Table VIII-8

lnto th's formula prov1des a value of [(t)z29.63 for t.730 days. To change

the est'mate 'nto un,ts of mg/kg/day. the assumptlon was made that a mouse

consumes 13% of 1ts body we1ght per day.
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Thus, the low-dose l1near term for mlce

= 29.63 x 0.001/0.13

= 0.2278 per(mg/kg)/day

To obta1n the low-dose l1near term for humans a standard assumpt10n of

surface area equ1valence between m1ce and humans was made and the result1ng

max1mum-11ke11hood est1mate of the low dose l1near was found:

0.2278

An approx1mate c:

3)' 70 kq- = 2.90 per(mg/kg)/day
0.034 kg

-10nal upper bound was then calculated by Clement

Assoc1ates (1990a). The low-dose l1near term was cons1dered to be a l1near

comb1nat10n of exposure-related parameters band S. By assum1ng that the

age specif1c rate funct10n for controls was known (that 1s, the parameters A

and G(O) were fixed at their maximum likelihood est1mates). the low-dose

linear term could be expressed as

L(t)=H(o,t) • [l-P(o,t)] {2S+b}[G(0)t-2]}

where P(o.t) = 1-exp-H(0.t)

_A_
and H(o.t) = {exp[G(0)t]-G(0)t-1}

G(0)2

The equation .was· solved using ti::730. A=2.4599xlO-· and G(0)=0.11992 from

Table VIII-8. An upper 95% bound on LIt) was obta'ned by sUbst1tuting

values for S (relative transit'on rate) and b (promotional effect) that
.

. maximized L(t). subject to certa'n constraints. In this procedure the upper

bound on the promotion parameter. b. was reduced from its max'mum likelihood

value by about 2-fo1d. The human ·upper bound of the low-dose linear term

thus obtained was 5.88 per(mg/kg)/day.
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In U.S. EPA (199lb) Issue was taken wHh the manner ln whlch the lInear

slope and the upper bound were calculated. The authors' InterpretatIon of

the above slope factor 1s that 1t represents an lower bound rather than an

upper bound; 1t 1s the slope or tangent at dose O. They further objected to

the fo110wlng: (1) not all parameters were 1nc1uded 1n the process of

obta1n1ng the upper bound, but rather only two of the dose-dependent

parameters; (2) H was not cons1dered b1010g1ca11y reasonable to requ1re a

more than 50% reduct10n 1n the cell growth rate 1n order to obta1n an upper

bound; and (3) the h1stor1ca1 background tumor 1nc1dence used was from a

mouse stra1n not used 1n the b10assay.

To these authors the 1nab111ty to der1ve an upper bound by start1ng from

the parameter values assoclated wHh the polnt est1mate of dose response

suggests a pecu11ar1ty of the model. It can be shown that a 50% decrease 1n

the cell growth rate value can s1gn1f1cant1y alter the shape of the dose

response model.

As an a1ternat1ve, they prov1ded an upper bound by extrapo1at1ng

llnear1y from the 10% response po1nt to the background of an emp1r1cal1y

f1tted dose-response curve. It was noted 1n cases where'n the fltted

dose-response curve's not 11near at low doses that the potency slope or
-..

upper bound ccin be defl.ned as a secant from a p01nt on the dose-response

curve to the zero dose polnt. S'mllar concepts and approaches have been

proposed by Krewsk1 et ale (1986, 1991) and Gaylor and Kode11 (1980). The1r

results lndlcate that potency slopes thus calculated are comparable to those

obtalned from a 11nearlzed mult 1stage procedure for- the majorHy of

compounds 'nvest1gated.
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The upper bound calculated In U.S. EPA (199lb) on the Neal and RIgdon

(1967) data as modeled by Clement Assoc1ates (1990) 's 9.3 per(mg/kg)/day.

u.s. EPA (1991b). The authors of th's report chose a model to reflect

the exposure pattern 1n the Neal and R1gdon (1967) study; that's, part1al

1Het1me exposure over dHferent (presumably developmentally var1ed)

port1ons of the1r 1Het'me. To th1s end they used a We1bull-type dose­

response model that could accomodate part1a1 1Het'me exposure. To der've

thIs model 1t was asssumed that the hazard rate for tumor occurrence 1nduced

by benzo[a]pyrene can be g1ven by

where O(s) = f(d)

= a1dta2d2t ••. +amdm for some pos1t1ve 1nteger m
1f to < s < t 1 and

O(s) = 0 otherw1se

and d = dose g1ven to an1ma1 at t1me s.

The dose-related hazard funct10n h
1
(t) 1mp11es that the early benzo[a]­

pyrene exposure contrlbutes more to the hazard rate than does the later

exposure. T~;s assumpt10n 1s cons1stent w1th the observat1on that a slng1e

dose of benzo[a]pyrene of a certa1n magnltude 1s sufflclent to 1nduce

papillomas after a sufflc1ent1y lengthy observatlon perlod.
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The cumulat1ve hazard by t1me T for background can be g1ven by

HO(T) =~tk-1dt
a

= (11k )aTk

The cumu1at1ve hazard for T~t for the hazard 1nduced by benzo[a]pyrene can

then be expressed as

Thus, the probab111ty of tumor observat1on by t1me t (g1ven that an1ma1s are

exposed only to benzo[a]pyrene dur1ng the t1me 1nterva1 [to' t
1
]) has

the form

ThIs model was cons1dered to be equ1va1ent to the multhtage model that

would be used when an1mals are exposed to benzo[a]pyrene for the1r ent1re

11fet1mes. A quadrat1c model w1th m=2 was found to be adequate to f1t the

Neal and R1gdon (1967) data. The results of the mode11ng are g1ven 1n Table

VIII-10. U.S. EPA (1991b) reported that data fH was adequate for all

po1nts except." th·ose from the 50 and 100 ppm treatment groups. They po1nt

out that the poor f1t may be attr1butab1e to b101og1c factors rather than to

stat1sH1cal reasons; they note that the an1ma1s 1n these dose groups were

started on test at a younger age (~20 days) than were an1ma1s 1n other

groups.
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TABLE VIII-10

Pred1cted vs. Observed Tumor Inc1dence and Data Used
to Calculate the Dose-Response Mode1 a•b

Dose
(mg/g d1et)

0.. 000

0.001

0.01

0.02

0.03

0.04

0.045

0.05

0.10

0.25

to
(day)

o

30

30

116

50

67

50

20

22

19

tl
(day)

300

140

140

226

160

177

160

172

132

137

t
(day)

300

140

140

226

160

177

162

172

132

137

Observedc

01289 (0.00)

0125 (0.00)

0124 (0.00)

1123 (0.05)

0/37 (0.00)

1/40 (0.03)

4/40 (0.10)

24/34 (0.70)

19123 (0.82)

66/73 (0.90)

Pred1cted
Inc1dence Rate

0.00

0.00

0.00

0.02

0.04

0.08

0.11

0.30d

0.40d

0.98

aSource: U.S. EPA, 1991b

btO = age of mlce (1n days) when exposure began, t1 = age of mIce (1n
days) when exposure was term1nated, t = age of mIce (In days) when the
study was term1nated. Data on the control and the f1rst nIne low-dose
groups were taken from Table 1 of Nell and Rlgdon (1967). Data from other
groups were ~ot.- lnc1uded because an1ma1s 1n these groups were exposed to
hlgh doses of B[a]P for only very short per10ds.

cObserved number of anlma1s wlth tumors (lncldence rate)

dThe predlcted value 1les outslde the 95% conf1dence 1nterva1 calculated
from the observed response. Th1s crude test 1s used to determ1ne whether
or not the model reasonably predlcts the observed response.
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Parameters were estimated by the maximum likelihood method as follows:

qo = ql = 0

q2 = 2.1xl0-'

k = 3.13.

A slope factor at the 10" point (d= 2.4 ppm or 0.3 mg/kg/day) was

calculated by setting to = 0, t l = 730, and t = 730. The human upper

bound thus obtained was 4.5 per(mg/kg)/day.

Brune et al. (1981). The study by Brune et al (1981) is the only

reported benzo[a]pyrene ingestion study of 2 years duration. Benzo[a]pyrene

was administered to Sprague-Dawley rats in either the diet or by gavage in a

solution of 1.5" caffe'ne. Effective numbers were not reported; it was

assumed that the number of animals started on test (32 males and 32 females)

constituted the group examined for tumors. Incidence rates for males and

females combined are given in Table VIII-ll.

A linearized multistage procedure was used to calculate an upper bound

slope fattor (ql*) for benzo[a]pyrene from these data. A body surface

equivalence usurilpt10n was used for interpec1es conversion; that is, the

animal slope was multiplied by a factor equal to

where

Wh = 70 kg (assumed adult human weight)

Wa = 0.4 kg (assumed rat weight)

and dose is expressed in mg/kg/day
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TABLE VIII-ll

Inc1dence to Forestomach Only and Total Contact S'te Tumors in
Sprague-Dawley Rats Exposed to Benzo[a]pyrene by Gavage

or 'n the Dieta

Tumor Incidence
Dose

(mg/year)

Gavage

o
6

18
39

D1et

o
6

39

Median Survival T'me
(days)

102
112
113
87

129
128
131

Forestomach Only

3/64
11/64
25/64
14/64c

2/64
1/64
9/64

Total Contact Siteb

6/64
13/64
26/64
14/64c

3/64d
3/64d

10/64d

aSource: Adapted from Brune et a1., 1981

bInc1udes·forestomach, larynx and esophagus-

COata from th1s -group were not used 1n ca1cu1at1on due to the shorter
surv1va1 t1me. No adjustment was done as time-to-death data were not
available.

dThe 1nc1dence of total tumors in males for the control, low- and h1gh-dose
groups was 3/32, 3/32 and 8/32, respect1ve1y.
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H1gher slope factors were obta1ned by U.S. EPA (1991b) from the gavage

data (27:1 per(mg/kg)/day based on total contact-sIte tumors and 27.5

per(mg/kg)/day for forestomach tumors only) than were calculated from the

d1etary 1ntake study [4.7 per(mg/kg)/day based on total tumors and 3.8

per(mg/kg)/day for forestomach tumors]. It 1s not poss1b1e to determ'ne

from the Brune et a1. (1981) paper whether the enhanced tumor response's

due to the effects of gavage (potent1a1 1rrHat10n), to the co-carc1nogen1c

act1v1ty of caffe1ne, or to some comb1nat1on of both factors.

In the d1etary, but not 1n the gavage component of the study, more total

contact-s1te tumors (larynx, esophagus and forestomach) were observed 1n the

males than 1n the females. Although 1t was poss1b1e to separate total

contact-sHe tumors 1nto 1ncldences for males and females, lnformat10n 1n

the paper was not adequate for the same adjustment for forestomach tumor

1nc1dence. In order to derlve a potency est 1mate based on male rat data

only, the slope factor calculated by U.S. EPA (1991b) on the comb1ned male

and female data was mult1p11ed by a factor of 1.5. The 50" Increase was

used to adjust for the rlsk 1n cancer r1sk for male-only total tumors.

Slope factors based on male rat total contact-sHe tumors or forestomach

tumors only were 7.1 and 5.7 per(mg/kg)/day.respect1ve1y.

Chouroul1nkoY et a1. (1967). Chourou11nkov et a1. (1967) was another

relatlvely long-term study (14 months) where1n alb1no m1ce of unspec1Fled

straln were adm1n1stered a total est 1mated dose of 8 mg of benzo[a]pyrene

mixed wHh 011ve 011 1n the d1et. The 1ncldence of forestomach tumors was

0/81 for the controls and 5/81 for the treated an1mals. As there was only
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one non-zero dose the slope factor was calculated ln U.S. EPA (1991b) by

d1rect extrapolat1on from the observed response of 0.062 at 0.63 mg/kg/day

to the background rate of 0:

(0.062/063) x (70 kg/0.03 kg)1/3 x (24 months/14 monthS)3

= 6.5 per(mg/kg)/day

where (24/14)3 1s a factor to adjust for 1ess-than-11fetlme observatIon.

Choice of a Quantitative Estimate for Benzo[aJpyrene

Slope factors descr1bed In the foreg01ng text are presented for

comparIson 1n Table VIII-12. Note that the slope factors obtaIned from the

gavage port10ns of the Brune et a1. (1981' study are not Included. Th1s is

because of the uncertainty as to magn1tude of co-carcInogenIc effect

presented by the caffeine vehicle and the potent1al lrritat10n component of

gavage. Only results of dietary studIes are cons1dered 1n thIs Instance for

bas1s of the quant1tat1ve r1sk estImate. Also e11m1nated from conslderat10n

at th's p01nt 15 the slope factor at dose 0 (maxImum 11ke11hood estImate)

derived 1n Clement Assoc1ates (1988), 1n order to fac1litate compar'son

among 11ke estimates (upper bounds).

As 'ndicated 1n Table VIII-12, these estimates span less than an order

of magn1tude. Each 1s based ~n a 1ess-than-opt'ma1 but acceptable data set

from studies 1n two spec1es of outbred rodents. Each est1mate 1s based on a

low dose extrapo1at1on procedure ~hat enta1ls the use of mult1ple

assumpt10ns and default procedures:
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TABLE VIII-12

Slope Factors for Humans Based on Benzo[a]pyrene Feed1ng Stud1es

Study

Nel1 and
R1gdon, 1961

Brune et a1.,
1981

Chourou11nkoY
et al., 1967

Slope Factor
per (mg/kg)/day

11. 5

5.9

9.0

4.5

4.1

1.1

3.8

5.1

6.5

Conments

L1near1zed mu1t1stage, h1ghest
p01nts dropped (U.S. EPA, 1980d)

Two-stage, cond1t1ona1 upper bound
(Clement Assoc1ates, 1990)

Clement two-stage, slope from 10%
response (U.S. EPA, 1991b)

We1bu11-type model (U.S. EPA,
1991b)

Larynx, esophagus, forestomach
tumors, male and female rats

Larynx, esophagus, forestomach
tumors, males only

Forestomach tumors only, male and
female rats

Forestomach tumors only, male rats
only

Extrapolated from the observed
response.
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The least acceptable of the est1mates 1s that presented by U.S. EPA

(1980d) of 11.53 per(mg/kg)/day based on the Neal and Rigdon (1967) data.

This appl1cat1on of the l1near1zed multistage model does not account for the

variable t1mes of exposure or the varying ages of exposure of the dose

groups. In fitt1ng the model all data from exposures >45 ppm were dropped.

In 1981 an Agency work group, the Carcinogen R1sk Assessment Verification

Endeavor (CRAVE), found suff1c1ent reason to rev1se this estimate in the

11ght of 1mproved r1sk quantitat10n procedures. It was decided at this time

not to 1nc1ude the 1980 quantitat1ve est1mate on the Integrated Risk

Informat1on System (IRIS).

The use of s1mplif1ed two-stage Moo1gavkar-Venson-Knudsen models, has

permitted the use of more of the data reported by Neal and R1gdon (1961).

The two-stage model 1s descr1bed as be1ng b10log1cally based. It 1s

cons1stent with current th1nk1ng that PAHs act as carc1nogens by a

mult1stage process with a small number of stages and allows for

1ncorporat1on of terms that may model other than init1at1ng activity. In

the form of the model presented by Clement Assoc1ates (1990a), a term to

perm1t model1ng data for benzo[a]pyrene act1ng as 1ts own promoter was

1ncluded: Th1s 1s not 1ncons1stent with the observat1on of benzo[a]pyrene's

act1v1ty as a complete carc1nogen 1n skin. The mod1f1ed two-stage model 1s

relatively s1mple requ1r1ng the est1mation of a l1mited number of

parameters. As app11ed 1t 1s l1near at low doses as long as the background

1nc1dence 1s not zero. Th1s appl1cat1on has, however, necess1tated the use

of control data of a h1stor1ca1 nature from related but not 1dent1ca1

stra1ns of m1ce.
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The slmp11f1ed two-stage model does not accurately pred1ct tumor

1nc1dence from h1gh-dose short-term exposures. It may be that exposure of

th1s sort results 1n tumor 1nduct10n by mechan1sms suff1c1ently dHferent

from chron1c low-dose exposure that slm11ar models could not be expected to

apply. A potent1al problem d1scussed by Clement Assoc1ates (1990a) 1s that

the approx1mat1on for the exact hazard funct10n used to generate

mathemat1cal express10ns may not be suff1c1ently accurate. They suggested

that 1mproved accuracy would be poss1ble uslng the exact model 1f both b1rth

and death rates of pre-neoplast1c cells were ava11able.

The use of avallable forms of the two-stage model for generat1ng r1sk

assessments has come under some cr1t1c1sm. It would appear that th1s type

of model 1s best def1ned as b1010g1ca11y based when the several parameters

g1ven b1010g1C mean1ng can be est1mated from spec1f1c data. In the case of

the Neal and R1gdon (1967) study, the data are 1nadequate to th1s

app11cat10n. A proposed future d1rect10n 1s to 1nvest1gate the use of human

ep1dem1010g1C data for the calculat10n of estlmates of parameters dea11ng

w1th background trans1t10n rates and background growth rates of

preneoplast1c cells.

For the Keal_ and R1gdon (1967) data 1t can only be sa1d that the

two-stage model prov1des a conven1ent curve f1tt1ng tool, and that 1ts use

1S not contra1nd'cated by 1nformat10n on potent1al carc1nogen1c mechan1sms

for benzo[a]pyrene.
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The use of the We1bull type model in a curve-fittlng procedure also

allows for the cons1derat10n of the var1ab1e exposure t1me of the anImals In

Neal and R1gdon (1967). A diff1culty 1s the lack of fit to the 50 and 100

ppm dose group data. In a test of thIs model to several other benzo[a)­

pyrene data sets 1t was shown that it accurately predicted the tumor

response 1n mIce 1n many dietary stud1es but not In those whereIn adm1n1s­

trat~on was by gavage. There are two plausible explanat10ns for th1s

d1 screpancy: (1) benzo[a]pyrene given by gavage 1nduces greater 1nc1dences

of gastr1c tumors than does ingestion; (2) or the effect of PAH contlnues

after exposure. The latter hypothesis 1s supported by observatIon of tumor

induction as a consequence of a single dose of benzo[a]pyrene.

The Brune et al. (1981) dietar"y exposure data provide a more 1imHed

dose range than do those of Neal and Rigdon (1961). For the lower dose of

the two treated groups the 1nc1dence of both total contact-site and

forestomach tumors are equal to or less than the controls. The data are not

reported as single sex 1nc1dences for forestomach tumors. Th1s adds some

addH10na1 uncerta1nty, as it appears from 1nspect10n of the report that

there was essent1a11y no effect 1n the females. It should be noted that

th1s study was-done 1n rats.

The We1bul1 model, w1th parameters that f1t the Neal and R1gdon (1961)

d1etary exposure data, tends to underest1mate the tumor 1nc1dence observed

1n the gavage stud1es.

The Chourou11nkov (1961) study ~ffers the tw1n d1sadvantages of only one

non-zero dose and 1ess-than-11fet1me exposure and observat10n.

04450 VIII-59 11/15/91



There 1s 11ttle basIs on whIch to make a reconrnendatlon of d slngle

slope factor from those 11sted 1n Table VIII-12. One way to present a

quant1tat1ve r1sk est'mate for benzo[a]pyrene 'S as a range, exc1udlng those

est1mates cons1dered 1napproprlate. As dlscussed prev10us1y, use of the

11.5 per(mg/kg)/day est1mate based on Neal and Rlgdon (1967) 1s not recom­

mended as the higher doses (and tumor 'nc1dences) were excluded from the

mode11ng procedure nor were durat'on d1fferences 1nc1uded. The three upper

bound estlmates from two d1fferent mode1lng procedures app11ed to these data

all have both pros and cons, and represent reasonable estlmates from

problematic data.

It 1s reasonable to exclude the slope factor of 6.5 per(mg/kg)/day as

th1s was obta1ned from d1rect extrapo1at10n from the observed data

(Chourou11nkov et al., 19(7). This 15 a rather unusual approach and 15 not

d1rect1y comparable w1th the other ca1cu1at10ns. Furthermore, there are no

spec1a1 c1rcumstances that d1ctate the des1rab111ty of chooslng thls unusual

approach. There 1s cons1derab1e uncerta1nty tn app1y1ng a 1tnearized mu1tl­

stage procedure to th1s data set: there 15 only one non-zero dose polnt and

there 1s uncerta1nty regard1ng the durat10n extrapo1at10n factor. The Brune

et a1. (1981) and other data 1nd1cate that for benzo[a]pyrene gavage and

dietary exposure may not be strictly comparable.

For the Brune et al. (1981) data, the most appropr1ate approach 15 to

use the majority of the data. Total contact site tumors, inc1ud1ng

esophagus, pharynx, etc., are a reasonable bas1s for comparison with the

data obta1ned for mice, wh1ch developed only forestomach tumors. The

est1mate derived by applying the Hneartzed multistage procedure to the data
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for total contact sHe tumor for both males and females ls 4,7

per(mg/kg)/day.

The range of the most acceptable data sets 1s, thus, 4.5-9.0 per(mg/kg)/

day. The med1an 1s 6.25 per(mg/kg)/day.

There is also precedent for reconmending a comb1ned r1sk est1mate by

us1ng a geometr1c mean (or other combinat10n technique) to calculate a

single number from several slope factors of equal merH. As discussed by

Stiteler and Schoeny (1991) the use of a geometr1c mean offers some

advantages over other central tendency ca1cu1at10ns for values der1ved from

linearized mult1stage models. They further reconmend that, when possible,

data sets be combined before a mode11ng procedure when a combined estimate

1s desired. For the data sets 1n quest10n th1s latter approach seems

1mpract1ca1 1n v1ew of the very d1ss1ml1ar exper1mental protocols employed.

Vater and Schoeny (1991) have set out a ser1es of b1010g1c cons1derat10ns to

be we1ghed when eva1uat1ng data sets for comb1nat10n. These cr1ter1a

1nc1ude Judgments as to study qua11ty, conmon mechan1sms of action,

s1ml1arHy of tumor types and s1tes. Among conmonal1t1es of the data sets

for benzo[a]pyrene are the follow1ng: mode of adm1n1strat10n, tumor sHe,

tumor types. a.i'Id--presumed mechan1sms of act10n.

There are precedents for us1ng multiple data sets from d1fferent studies

us1ng more than one sex. stra1n and spec1es; for example. quant1tat1ve risk

est1mates for DDT (U.S. EPA, 1985) and carbon tetrachlor1de (U.S. EPA,

1984d) .
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There's less precedent for use of comb'ned r'sk est'mates based on a

mean of slope factors obta1ned by dHferlng model1ng procedures. In the

1nterest of us1ng more of the avallable data, the slope factor of 5.79

per(mg/kg)/day, wh1ch 1s the geometr'c mean of the four est1mates chosen for

the range, 15 reconrnended. A unH r1sk for dr1nk1ng water 1s calculated as

follows:

5.79 per(mg/kg)/day x 2 l/day x 0.001 mg/u9
= 1.65xlO-· per yg/l

70 kg

where:

70 kg = assumed we1ght of adult human and

2 l/day = assumed water consu~pt10n of adult human

Concentrat10ns of benzo[a]pyrene corespond1ng to 11fet1me r1sks of

10-5 , 10-· and 10-7 calculated from the above un1t r1sk are

6.0xlO- 2 , 6.0xlO-' and 6.0xlO-· v9/t, respect1vely.

D1benz[a.hlanthracene. Two stud1es 1nvolv1ng oral exposure to d1benz­

[a,h]anthracene have been reported (Lorenz and Stewart, 1947; Snell and

Stewart, ' 1962a). The former study was des 19ned to compare tumor

suscept1b11- 1ty of var10us mouse stralns and to test the su1tab111ty of the

011ve 011-water emuls10ns as a veh1cle.

The Snell and Stewart (1962a) study reports four sets of tumor 1nc1­

dences; alveolar carc1noma 1n male and.female m1ce, hemang10endothel10ma for

males and manmary carc1noma for 'females. Exposure durat,on was reported

only as a range for each group. presentIng a d1ff1culty 1n the use of these

data for calculat10n of quant1tat1ve r1sk estlmates.
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In the Errata: PAH Amb1ent Water Qua11ty Cr1ter1on for the Protect1on of

Human Health (U.S. EPA, 1982), a m1dpo1nt of the exposure durat10n range was

used to calculate quantHat1ve r1sk est1mates us1ng the l1nearhed mult1­

stage procedure. These are presented 1n Table VIII-13. It should be

emphasized that the est1mates 1n th1s table were prepared for purposes of

comparison with r1sk est1mates for other PAHs and were not cons1dered

suitable for calculation of criter1a.

Special Considerations

Toxicity Equivalence Factor Approach for PAHs in Group 82. It would

be very useful in the hazard assessment of a diverse but related group of

compounds such as PAHs to be able to prepare quantHative est1mates of

biologic effects by comparison with a well-studied type compound. Various

attempts have been made, for example, to compare carc1nogenic activity of

individual PAHs with that of benzo[a]pyrene. If such compar1sons were

proven valid then it would become feasible. for example, to est1mate

carcinogenic potency of a mixture of identified PAHs by applying a suitable

model 1f all activities were additive. Another potential use would be in

regulating less well-studied compounds by comparison with the standard. The

authors of the Errata: PAH Ambient Water Quality Criterion for the

ProtectIon of- Human Health (U.S. EPA. 1982) used data sets for several PAHs

administered 1n sk1n b10assays to generate comparative potency estimates.

Results of these calculations based on sk1n painting bioassays are shown in

Table VIII-14.
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TABLE VIII-13

C~~::cr Potency Est1mates for Excess R1sk of 10-' from LHet1me Exposure
Based on Oral Exposure Data for D1benz[a,h]anthracene*

Spec1es/Sex Slope Factor Tumor Type
per(mg/kg)/day

Mouse/M 0.57 hemang10endothe110ma

Mouse/M 0.75 alveolar carc1noma

Mouse/F 1.24 alveolar carc1noma

Mouse/F 2.36 mal1l1lary carc1noma

*Source: U.S. EPA, 1982
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For a complete dlscusslon of the caveats and assumptIons Involved In the

generatlon of these esUmates. refer to U.S. EPA (1982). The authors note

that the potency est1mates ln Table VIII-14 are not dIrectly comparable.

The ql* value 15 the slope of 95% upper llmH on the llnear coeffIcIent In

the multlstage model (as revlsed by Howe and Crump. 1982) when tumor lncl­

dence data are used. By contrast the Ql * ls the 95% confIdence upper-bound

for the llnear coeffIcIent In the multIstage model developed by Daffer et

al. (1980) and evaluated at t=12 months. This model Incorporates Ume-to­

tumor data for IndivIdual anImals dyIng In the course of the study. The

ed lO ls the dose level correspondlng to the 10% lncremental tumor response

when lnc1dence data are used; ED10 15 slmllar1y defIned for use wHh

t1me-to-tumor data. The Q1* and q1* reflect estImates of carclnogenlc

potency at low doses outs1de the experImental range. By contrast. the

ED
10

and ed10 reflect carc1nogenlc potency wHhln the experImental

range. and presumably are not as model-dependent as the other two lndlces.

The authors of U.S. EPA (1982) ranked the PAHs based on the potencles

computed by the four methods as g1ven 1n Table VIII-15.

It 1s 1nterestlng to compare these ranklngs w1th a set of rank1ngs based

on unmade-led data. The data 1n Table VIII-16 were prepared by Santodonato

(1986) from pubflshcd data of Conney (1982). As can be seen from both

tables, the rank ass1gned to a carc1nogenlc PAH depends on the type of

model-based procedure app11ed, the carc1nogen1c endp01nt measured. and

whether nonmodeled data are used. What Is not apparent, but 1s d1scussed 1n

U.S. EPA (1982), 15· that var1at10ns 1n study protocol for a given route and

endp01nt change the overall outcome of the test and. thus, potency est1mates
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TABLE VIII-H)

The Carc1nogen1c Potency of Varlous PAHs Measured 1n Two Dlfferent
Anlma1 Bloassay Systemsa

Benzo[a]pyrene

Benz[a]anthracene

Chrysene

01benz[a,h]anthracene

Phenanthrene

Sk1n Studyb
(tumors/lImo1 )

21'.5

0.15

0.36

13.4

0.03

Rank

4

3

2

5

Newborn Studyc
(tumors/lImo1)

0.57

0.26

111. 7

0.14

Rank

3

4

1

5

aSource: Santodonato, 1986

bMlce recelved a slng1e top1ca1 app1lcatlon of compound followed 7 days
later by twlce weekly app1icatlons of TPA for 16-25 weeks (Conney, 1982).

cMlce were given l.p. lnjections of 1/1, 2/1 and 4/1 of the total dose of
compound on the first, 8th and 15th days of life, respectively. The an1ma1s
were ki1ied at 22-42 weeks of age (Conney, i982)
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and ranks. Var1ations 1n use of solvents, an1mals of vary1ng susceptib1l­

ity, and both length of exposure and overall study duration further compl1­

cate attempts to compare carc1nogen1c potency.

Whl1e the absolute rank w1ll vary as a funct10n of the cons1derat1ons

out11ned above, certa1n commona11t1es can be seen. In general, three groups

of PAHs can be d1st1nguished. The most potent carc1nogens are 1nvar1ably

benzo[a]pyrene and d1benz[a,h)anthracene. A second group of carc1nogens

hav1ng 1ntermed1ate potency cons1sts of benzo[b]fluoranthene and generally

(but not 1nvar1ably) benz[a]anthracene, chrysene and 1ndeno[l,2,3-cd]­

pyrene. The th1rd group cons1sts of weak carc1nogens or PAHs that have not

shown s1gnif1cant carc1nogen1city 1nclud1ng phenanthrene. pyrene and

benzo[k]- fluoranthene.

An alternat1ve, more quantitative approach to r1sk est1mat1on for PAHs

has been proposed by Clement Assoc1ates (1988, 1990b) and other authors.

Th1s enta11s der1v1ng a numer1ca1 est1mate of the carc1nogen1c potency of a

part1cu1ar PAH by compar1son with that of benzo[a]pyrene. Th1s method' 1s

not un11ke the generat10n of tox1c1ty equ1va1ence factors proposed for r1sk

est1mat1on of ch1or1nated d1benzod1ox1ns and d1benzofurans proposed by U.S.

EPA (1987c) and recently rev1sed (U.S. EPA, 1989d).

What 1s done 1n th1s approach 1s to calculate a benzo[a]pyrene­

equ1va1ent dose us1ng data from stud1es (such as sk1n pa1nt1ng b1oassays)

generally not cons1dered su1tab1e for quant1tat1ve r1sk est1mat1on. In the

Clement Assoc1ates (1988, 1990b) reports only those data sets were 1nc1uded

where1n benzo[a]pyrene was tested concurrently with one or more PAH. Th1s
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was done \n order to account for \nter-laboratory var\at\ons, vary\ng

suscept1b1l1ty to carc1nogenlc act\v1ty of the- d1fferent test an\mals, vary­

1ng metabo11c capacHy of these an\ma1s, and d1ffcrences \n protocols and

endp01nts measured. For each report cons1dered, the comparlson was made

between benzo[a]pyrene act1v1ty and the act1v1ty of a particular PAH \n that

same repor t.

In the Clement Associates (1988) report all r1sk est1mates were gene­

rated us1ng the two-stage model. The low-dose terms or max1mum like11hood

est1mates are amenable to comparIson whereas \t \s felt that compar1son of

upper bounds has less mean1ng. In ca1cu1at \ng the est \mated trans H Jon

rates from the two-stage model on wh1ch compar1sons were based, the assump­

t10n was made that pap1110mas and other ben1gn tumors are observable clones

of f1rst stage cells. It was further assumed that carc1nomas can develop

from pap111omas, and thus the observat1on of e1ther a pap1110ma or carc1noma

serves as ev1dence of at least one transformat1on or stage. In those

1nstances where1n ben1gn and ma1'gnant tumors were comb1ned, the s1mp1e form

of the model equat10n was used:

Phd = 1 - exp - A( 1+Sx)

The form of the model emp10y1ng two stages was used for data \n wh1ch

ma11gnant tumors were reported separately:

2P(x) = 1 - exp - A(l.Sx)
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To der1ve the potency for each PAH re1at1ve to benzo[a]pyrene, It was

assumed that the PAH and benzo[a]pyrene have s1m11ar dose-response curves.

but that 1t takes a proport10nate1y larger concentratIon of

nonbenzo[a]pyrene materials to induce the same response. The re1at1ve

potency, Rj, is simply the ratio of est1mated trans1t10n rates, with that of

benzo[a]pyrene taken as 1.0.

The result ~f a series of calculations was a range of relative potency

est1mates. For example, for benzo[b]f1uoranthene individual relative

potencies from the three data sets were 1.067, 0.874 and 0.232. In a

s1m1lar fashion the ranges of relative potencies presented in Table VIII-17

were generated using data from studies described in Chapter V. Using benzo­

[b]fluoranthene as an illustration, a range of relative potencies spanning

an order of magnitude was obtained.

Clement Associates (1988) proposed that selection of the most appro­

priate relative potency be based on a consideration of the qua11tat1ve

differences among the studies. Criteria used in selection of the most

suitable studies included the following:

1. Relevance of route of administration in the bioassay to
presumed--human exposure

·2. Duration of exposure approx1mat1ng natural lifespan

3. SalllPle size

4. Inclusion of a concurrent vehicle control

5. Observance of a dose-response relationship consistent with the
model (linear-quadratic)

6. Extent to which observed r'esponses cover the possible response
range

7. Absence of complicating variables such as administration of
promoting agents
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Based on appl1catlon of these crlterla slngle relatlve potency estImates

were proposed as g1ven 1n Table VIII-18. Only those PAHs classlfled as B2,

probable human carc1nogen, are 'ncluded 1n th1s l1st'ng as H 's 'nappro­

pr1ate to calculate a quantHat1ve r1sk est'mate for those 1n group 0, not

class1f1ab1e.

Other approaches for obta'n1ng a s1ng1e est1mate are also feas1ble. A

we1ghted average or some other numer1ca1 comb1nat10n procedure could be used

In thusc 1nstances where1n a range of relat1ve potencIes 1s aval1able.

Other cr1ter1a than those descr1bed above (or d1fferent emphasIs on certa1n

crHer1a) could result 1n cho1ces other than those 1n Table VIII-18. It

should be noted 1n th1s context that the DeutSCh-Wenzel et a1. (1983) study

was thought to be less re11ab1e than more standard sk1n pa1nt1ng stud1es

because of the unusual route of exposure (lung 1mp1antat10n of wax pellets).

This exper1menta1 protocol also may ental1 confound1ng var1ables such as

trauma or 1rrUat10n (wh1ch could have promot 'ng effects) or changes 1n

metabo1'sm of the 'mp1anted PAH. It 1s worthy to note that thIs 's the only

assay where'n 'ndeno[l,2,3-cd]pyrene had an elevated response by comparIson

w1th the generally more carc'nogen1c PAH benzo[b]f1uoranthene. A more

appropr'ate method of study and re1at1ve potency se1ect1on may be to employ

an object've method such as that descr1bed by DuMouchel and Harr1s (1983).

In 1990 a mod1f1ed TEF approach was proposed (Clement Assoc1ates,

1990b). In order to 1ncrease the prec1s'on of the re1at1ve potency

est1mates, the ana1ys1s 1ncorporated t1me-to-tumor 1nformat1on, veh1c1e

controls from mult1p1e exper1ments and. h1stor1ca1 controls. A form of the

two-stage model was used that was extended to accomodate poss1b1e saturat10n
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TABLE VIII-18

Summary of PAHs Relative O~tencies

Compound

Benzo[a]pyrene

Benzo[e]pyrcne

Benz[a]anthracene

Benzo[b]fluoranthene

Benzo[j]fluoranthene

Benzo[k]fluoranthene

Chrysene

Dibenz[a,h]anthracene

Indeno[l,2,3-cd]pyrene

04450

Relative
Potency

1.0

0.145

0.140

0.061

0.066

0.0044

1.11

0.232

VIII-74

Reference

Deutsch-Wenzel et al., 1983

Bingham and Falk, 1969

Deutsch-Wenzel et al., 1983

Deutsch-Wenzel et al., 1983

Wynder and Hoffman, 1959a

Wynder and Hoffman, 1959a

Deutsch-Wenzel et al., 1983

09123/91



of processes for converUng PAH to reacUve metabolites. Data recorrmended

for this approach were exclusively from a series of experiments on induction

of lung epidermoid carcinomas by implantation of PAH in the lungs of female

Osborne-Mendel rats. These data were collected by a single group of

investigators. Published data on background rates of lung carcinomas in

female Osborne-Mendel rats were used in addition to assay vehicle controls

to provide a non-zero incidence for the zero dose used in the two-stage

model. The relative potencies obtained by comparison of maximum likelihood

estimates are given in Table VIII-19. Relative potencies for PAH-conta1n1ng

mixtures were used to test add1t1v1ty assumptions.

Rugen et al. (1989) assessed relat1ve carc1nogen1c potencies of PAH as a

bash for propos1ng acceptable exposure levels (AEL) 1n dr1nk1ng water.

They used the pub11shed slope factor of 11.53 per(mg/kg)/day for benzo­

[a]pyrene (U.S. EPA. 1980d) and a 10-' risk level to determ1ne a 0.028

~g/t concentrat10n as the AEL. Re1at1ve potenc1es or relative tumor

doses (RTo) were determined as follows:

RTD • (d1/n 1)/(d2/n 2)

• (d1n2/d2n1)

• (d1/d2) X (n 2/n 1)

where:

d1 • dosage of chem1ca1 1

n1 • tumor frequency after m months of exposure to d1

d2 • dosage of chem1ca1 2

n2 = tumor frequency after m months of exposure to d2
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TABLE VIII-19

Relat1ve Potenc1es for PAH and PAH-Contafn1ng M1xturesa ,b

Mater1al

Benzo(a]pyrene

Benzo(b}fluoranthene

Benzo(j]fluoranthene

Benzo(k]fluoranthene

Benzo(e]pyrene

Indeno(l,2.3-c.d]pyrene

Benzo(g.h.1]perylene

Anthanthrene

Flue gas from coa1-ffred furnace

01esel eng1ne exhaust

baso11ne eng1ne exhaust

S1dest~eam c1garette smoke

Relat1ve PotencY

1.0

0.1228

0.0523

0.0532

0.0070

0.2780

0.0212

0.3160

0.0542

0.0028

0.0217

0.0030

aRe1at1ve potenc1es based on maxfmum lfkelfhood estfmates from lung
'mp1antat10n data.

bTab1e adapted from Clement Assoc1ates (1990b)
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Direct compar'sons of dose and tumor frequency were made for several sk'n­

pa1nt1ng assays. No model was app11ed to the data but rather s1ngle doses

were chosen as the bas1s for compar1son. Table VIII-20 l'sts the RTD -d'ues

and data on wh1ch they were based.

One end use of a ser1es of relat1ve potency would be 'n the evaluat'on

of PAH-conta1n1ng mixtures (a TEF approach). Th1s is an alternaUve to

assum1ng that all carc1nogen1c PAHs are equ1potent w1th benzo[a]pyrene. All

the means of comparIng PAHs descr1bed 1n th1s chapter 1nd1cate that benzo­

[a]pyrene and d1benz[a,h]anthracene are of comparable potency as carc'nogens

and the other PAHs descr1bed 1n th1s document less act1ve. In the absence

of synerg1st1c 1nteract10ns r1sk est1mates of PAH mixtures based on

one-to-one benzo[a]pyrene equ1valency w111 be overestimates.

A crH1cal review and analys1s of the above has not yet been done by

U.S. EPA. Th1s w1l1 be necessary before a TEF or other comparat1ve approach

to the der1vat10n of quant1tat1ve est1mates for PAH can be recommended. At

thIs time 1t 1s thus recommended that a quant1tat1ve cancer r1sk ~stlmate be

proposed only for benzo[a]pyrene.

Interact10ns W1th Other Chem1cals. As rev1ewed 1n the Synerg1sm

and/or Antagon1sm Sect10n 1n Chapter V, several of the PAHs have been deter­

m1ned to be affected by the presence of other PAHs or other substances.

Much of the research 1n th1s area has focused on the promot10n or 1nh1b1tory

effect of noncarc1nogens such as pyren~ on a known an1mal carc1noge~, often

benzo[a]pyrene. The route of adm'n1strat10n 1s typ1cally nonoral (dermal,

subcutaneous 1nJect1on or 1nhalat10n). There are data for both enhancement
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and ln~'blt'on of bl010glc actlvlty when PAHs are tested as sImple m'xtures

and as components of complex mlxtures. The outcomes are dependent upon such

varlab1es as straln and specles, whether the PAHs are glven concurrently

(tests for cocarclnogenes1s) or applIed sequent1ally (tests for lnHlatlon

and promot'on) and the route employed.

It has been postulated that PAHs act by s'ml1ar mechanlsms as lnltlators

of carclnogen1cHy,whlch allows an assumpt10n of slmp1e slmllar acllon and

dose add1t'vlty. ThIs assumptlon, however, does not take lnto account the

data, a1belt 1lm1ted, on both PAH promotlona1 and 1nh1bltory effects.

Presentat10n of any PAH r1sk assessment based on add1t1v1ty must, therefore,

be qua1"'ed; theoret1cally both under- and over-est1mat10n of r1sk could

result from an assumpt10n of add1t1vlty.

Ex1st1ng Gu1de11nes. Recommendat10ns and Standards

A dr1nk1ng water standard for PAHs as a class has been developed (U.S.

EPA, 1980d). The World Health Organ1zat10n European Standards for Orlnk1ng

Water recommends a concentratIon of PAHs not to exceed 0.2 ~g/t (WHO,

1970). Th1s recomendat10n 1s based on the compos1te ana1ys1s of s1x PAHs 1n

dr1nk1ng water. Fluoranthene, benzo[a]pyrene, benzo[g,h,1 ]perylene, benzo­

[b]fluoranthene, benzo[k]fluoranthene and 1ndeno[l,2,3-cd]pyrene were used.

These sh were not chosen on the bas1s of potent1al health effects, but

because they were cons1dered useful 1nd1cators of the presence of PAH

pollutants (Borneff and Knute, 1969). A quantHat1ve r1sk est1mate of 11.53

(mg/kg/day)-1 based on the data of Neal and R1gdon (1967) was der1ved 1n

U.S. EPA (1980d). From th1s, the' crHer10n for the amb1ent water qualHy

for PAHs assoc1ated wHh human l"etlme cancer r1sk of 10-5 was est1mated

to be 28 ng/t {U.S. EPA, 1982).
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In the occupat1onal env1ronment, a Federal standard has been promulgated

for coke oven emlss10ns, based prlmar11y on the presumed effects of the

carclnogenlc PAHs contalned ln the mlxture as measured by the benzene

soluble fract10n of total partlcu1ate matter (U.S. EPA, 1984b). S1m11arly,

the ACGIH (1988) recolllTlends a workplace exposure 11mH for coal tar pHch

vo1atl1es, based on the benzene-soluble fractlon contalnlng carclnogenlc

PAHs. NIOSH has also recolllTlended a workplace crlterlon for coal tar

products (coal tar, creosote and coal tar pHch), based on .measurements of

the cyc10hexane extractable fractlon. The)~ trlierla are SUlllTlarlzed below:

Substance

Coke oven emlsslons

Coal tar products

Coal tar pHch
Vo1at11es

Spec1al Groups at R1sk

Exposure LlmH

0.15 mg/m3 (soluble
fract10n), 8-hour
tlme-welghted average

0.1 mg/m3 , 10:hour
t1me-welghted average

0.2 mg/m3 , (benzene
soluble fractlon), 8-hour
tlmc-we1ghted average

Agency

NIOSH (1973b)
OSHA (1985)

NIOSH (1973a,
1977 )

ACGIH (1988)

There arc several human subpopu1at 10ns that are consldered to be at

1ncreased rlsks from exposure to PAHs. The largest subpopulat10n compr1ses

those who. are occupat10nally exposed to one. or morc of the PAHs. Coke oven

em1ss10ns and.' coal tar pHch vo1atlles lnclude PAHs such as naphthalene,

acenaphthene and fluoranthene. Industr1es that expose workers to pest1-

c1des, coal tar. creosote and foss11 fuel olls (1.e., steelworkers. roofers

and auto mechan1cs) appear to 'be at hlgher r1sk. Persons 11vlng 1n lndus-

tr1al areas, or where exposure to auto exhaust 1s greater and smokers are

also cons1dered to be at an 1ncreased rlsk from PAH exposure.
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It ts known that PAHs are dependent upon metaboltsm to reactlve

electrophtles for the1r act1vHy and that tnd1v1duals of a spectes, humans

tncluded, vary tn the1r capacHy to undertake th1s metabo11sm. It ts also

known that the tnductb1l1ty of AHH 1n human t1ssues ts genet1cally

determtned. The degree to whtch 1nduc1bllHy or non1nduc1bllHy of AHH

ftgures as a rtsk factor for human carc1nogenes1s, however, 1s not clear.

Another genet1c predtspos1ng factor may be the tnd1v1dua1's capactty to

repatr certatn types of DNA dam~;e···that can be caused by PAH metabo11tes 'n

a fashton that 1s error-free and does not lead to f1xatton of mutagen'c

events.

Sunnary

There were no data reported su1tab1e for ca1cu1at10n of 1-day, 10-day or

longer-term health adv1sor1es. DWELs for several PAHs were determ1ned on

the basts of gO-day stud1es. They are the fo110w1ng: anthracene, 10.5

mg/t; f1uoranthene, 1.4 mg/l; fluorene, 1.4 mg/l; pyrene, 1.0 mg/t.

Wetght-of-evtdence determ1nat10ns for 11ke1thood of human carc1nogen1c­

tty were these: Group 0, not c1ass1f1ab1e as to human carc1nogen1ctty .­

acenaphthy1ene, anthracene, benzo[g,h,1]pery1ene, f1uoranthene, fluorene,

napbtha1ene, - phenanthrene and pyrene; group 8
2

, probable human carc1nogen

-- benz[a]anthracene, benzo[b]f1uoranthene, benzo[k]f1uoranthene, benzo[a]­

pyrene, chrysene, d1benz[a,h]anthracene and 1ndeno[1,2,3-cd]pyrene.
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Data from three stud'es where'n benzo[a]pyrene was g1ven orally were

modeled by several procedures. Both a two-stage and the l1near1zed mult1­

stage procedures were used to calculate upper bound r'sk est1mates from the

data of Neal and R1gdon (1967). Data from both male and female rats as well

as var10us subsets of the publ1shed data from the d1etary porUon of the

study by Brune et a1. (1981) were used. An extrapo1at'on was also done from

the observed response 1n Chourou11nkov et al. (1967). The upper bounds

judged to be most acceptable range from 4.5 per(mg/kg)/day to 9.0

per(mg/kg)/day. A geometr1c mean of the acceptable upper bound est1mates 1s

5.8 per(mg/kg)/day or 1.65x10-· per ~g/l.. Concentrat1ons of benzo­

[a]pyrene correspond1ng to l1fet1me r1sks of 10-'. 10-· and 10- 7 were

determIned to be 6.0xl0- 2 • 6.0xl0-· and 6.0xl0-· ~g/l.. respect1vely.
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