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I. Introduction’

Ever since benzo(a)pyrene (BaP)! was recognized as a carcinogen,
at the beginning of this century, the presence of it and of other poly-

® Toxicological Evaluation Division, Bureau of Chemical Safety, Food Direc-
torate, Health Protection Branch, Health and Welfare Canada, Ottawa, OQntario,
Canada, K1A 0L.2.

1 All abbreviations of chemicals used in text are listed in Table XXV,
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cyclic aromatic hydrocarbons (PAH) in the environment hus veceived
continupus attention. As a result numerous reviews have been published,
the most recent ones being the following: AnpeLman and Sugss (1970},
U.8. NATIONAL ACADEMY OF SCIENCES (US NAS 1972), US.
ENVIRONMENTAL PROTECTION AGENCY (US EPA 1975), and
INTERNATIONAL AGENCY FOR RESEARCH ON CANCER (IARC
1973). A symposium on PAH has also been held recently { FReupenTHAL
and Joues 1976}.

However, these reviews deal chiefly with the environmental aspects
of PAH and only marginaily with the area of foods. Reviews on analysis,
occurrence and residues of PAH in food are available from before 1969
GuuTHER and Buzzerr {1965), Gunraen et of. (1967), Harnne (1968),
Howarn and Fazio (1969), and Tiener and Davv {1969).

The objectives of the present review are (1} to bring together for
ready reference the information available today {end of 1978) on the
oceurrence of PALL in foods, and {2} to list and evaluate the toxicological
and carcinogenic studies performed in this Reld.

11. Formation and general properties

PAH, also known as polynuclear aromatic hydrocarbons, can be de-
fined as organic compounds containing two or more henzenic ring strue-
tures which may or may not have substituted groups attached to one or
more rings. To date about 100 PAH have been identified jn the environ-
ment and in foods { Tiwewer and Daun 1969, AnprLman and Suess 1970,
Gunrier et al. 1967, U.S. NAS 1972, US. EPA 1975). These are listed,
along with their occurrence and carcinogenie potential in Table 1.

Table 1. PAH found in the enviroument and in foodr and their carinogenic activity.”

Carrcinogenic

Croup Compound” activity®  Occwmence”
Anthracene Anthracene {A) — EFS
. 2-Methylanthracene ? E
’ @ga ' 10.41-Dihydro-9-H-benzo{a)
° NN ! cyclopent(i)anthracene ? E
' 2 3-Dihydro-1-H-henzo{a )
cyclopent{h)anthracene ? E

Benz(a)anthracene
{1,2-benzanthracene) (BaA){ BA) + EF S

7 12-Diinethylbenz{ a Yanthracene
{9,10-dirnethyt-1 2-benzanthravene)

{DMBaA) (DMBA) +4++ E S
Methylbenz(a Janthracenes
{MBaA} (MBA) ? EF S

e T LA TS T AN 18t
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Table L. (continusd)
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Carcinogenic

Group Compound® activity®  Occurrence®
Dibenz(a,j)anthracene
{1,2-7 8-dibenzanthracene ) S
{DBaiA)} + K,
Dibenz{ ah )anthracene
{1,2-58-dibenzanthracene) -
(DBahA) (DBA} ++-+ R,
Dibenz{ a,c)anthrcene
{1,2-3,4-dibenzanthracene } .
{DBacA) +
Dibenz(a,iJanthracene {DBaiA) ? ¥ S
7H-Benz(d,e )anthracen-7-one ? E
Phenanthrene Phenanthrene {PA} — EFS
w0 Benzo{c)phenanthrene
9 2 (3 ,4-henzphenanthrenc} {BcPA) + £+ E
O@ 3 Dihenzo(b,k)phenathrene ? E
&
,5 ) 3-Methyl phenanthrene(3-MPA} ? F
& 9.-Methy! phenanthrene ? F
9-Methyl phenanthrene ? ¥
3,6-Dimethyl phenanthrene ? ¥
13H-Indenn( §,2,e)
phenaunthrene ? E
Fluorene Fluoreve (F) — EF,S
? Benzof a }luorene
e Mo {1,2-henzfluerene } { BaF) — EF 53
{
! v ® Benzo{ b }luorene
o £ {2.3-benzfluorene ) — E, F
) ‘ Benzod c }oorens
(3.4-benzfiuorene — K F
Dibenzo(a,c )fluorene E
(1,2-3 4-dibenzflucrene } +
Dibenzo{a,g Hluorene
{1,2-5 8-dibenzflucrene}
{DBagk) + 2
Dibenzn(a,h ) fluorene
{1,.2-6,7-dibenzfuorene ) + E
Dibenza(a,i)flnorens ? E
Fluoranthere Fluoranthene {FL) — E S
! Benzo{ b)linoranthene ,
i 1 (2,3-benzofluoranthene
" 0 (BLFL) ++ E, F
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Carcinngenic
Group Compound® activity' Occurrence®
Benzo{ j Ylueranthene
(7,8-benzuﬂuoranthene)
(BiFL} ++ E ¥
Benza{k)}fluoranthene
(S,Q»hcnzuﬂqmranﬂ'lene)
{ BkFI.) — EF
3,4-Benzoflurnanthene
(3,_4AB?L) +-+ E
10,11-Beuzofluoranthere
(10,L1-BFL) $+ D
11,12-Benzefluoranthene
(11,12 BFL) — E
Benza{ ghi )fluoranthene — g, F
Ditenzn( e, 1 Muoranthere ? E
Alky! fluoranthene ? E
8-Methylfluorenthene ? E
- g.Methylflueranthene (2-MFL} + E
Aceauthrylene Aceanthrylene (AC) e E
Benz{e)aceanthrylene 4 E
Benw!j)sceanthrylene
(cholanthrene) (BjAC) +4 E S
3-Methylcholanthrene {MCA) +++ E
20-Methylcholanthrene — S
Dilenz( aj Jaceanthrylene ? E
Naphthacene: Naphthacene
w1 ( Benz{b)authracene } — E
®$$$ Naphtho(2,1,8-qla}naphthaoene — E
¥ 1 Dibenzoa,1 )naphthacene ? E
[ ® < 4
Dihenzo(aj)naphthacene ? E
Dibenzo( a,c) naphthacene ? E
Benzo{ a)vaphthacene 4 E
Pyrene Pyrene {P) — E FS
oo 1-Methylpyrene ¥ E
“; 4 Methyl pyrene (4-MP) ? E FS
0‘ 2,7-Dimethyl pyrene ? E
Y L]
Py ¥ Indenn{ 1,2,3-ci) pyrene
{ o-phenylenepyrene) {1P) + B, F
? E

Alkylpyeene
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Table 1. (contirued}
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Group

Compound"

Carcinogenic

activity* Occurtrence’

Benzo(a)pyrene

12 |

& s

Benzo(a}pyrene
{ 1,2-henzpyrene}
{34-henzpyrene”) (BaP)
Benzo{e}pyrene
{4,5-henzopyrene)
{ 1,2-henzopyrene®) (BeP)
Methylbenzo(a )pyrene {MBaP)
Hydroxybenzo{a }pyrene
Dibenzo(a,i)pyrene
(2,3-6,7-dibenzpyroe)
Benzo( st )pentaphene)} (DBaiP)
Dibenzo{a,1)pyrene
{2.3-4,5- dibenzpyrene }
{Dibenzo{ b def)chrysene)
{DBalP)
Dibenzo(a,e }pyrene
(1,2,4,5-dibenzopyrene)
( DBaeP)
Dibenzo(ab }pyrene
(1,2-8,7-dihenzpyrene )
( Pibenzo(b,def ) chrysene}
{DBahP)
Dibenzo{ ed,jk ) pyrene
(anthanthrene}
( dibenzo( def,mno ) chrysene { AT)
Dibenzo{ed, jk ) pyrene-8,12-dione
Dibenzo{e1)pyrene ( DBelP)
Tribenzo(a,ei)pyrene
{ dibenzo(b,rst ) pentaphene
{TBP}
Chrysene
{1,2-benzophenanthrene) {CH)
Alkyl chrysene
Nuphtha{1,2,3 4 def }chrysene
Benza{b )chrysene (BLCH)
Benzo{ g )chrysene
Methylchrysene

Perylene ( PR}

Benzo( ghi)perylene (BehiPR)}
Dibenzo{b,pqr )perylene
£,12-Benzperylene (BPR}

+++

N
m

+++ ES

[+
12
v

e

+ +F\:I
=

=
7

=

mEERR e AR
‘V)‘Cn
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Table 1. (coniinued)

Curcinoyertic
Griap Compound® activity® Occurrenee’

Other Acenaphthene (ACP) ?
Acenaphthalene {ACT) P
Acenaphthylene (AN) ?
Alkylnaphthalenes ?
Agthanthrene

E, F
F

=

-q

Benzn{ e }acephenanthrylene ?
Benza{k)acephenanthrylene ?
Benzo{ a} pymequinone ?
Coronene (CR)

Dibenzofuran

I
mREE R

m W

Dilienzothiophene
Diphenylenoxide
1-Methylnaphthalene
2-Methylnaphthalene
3-Methylnaphthalene
Naphthalene (NA)
Naphtho{2,1,8,7-khnn xanthene
Phenalen-}-one

Tripheoylene (TP}

Xanthene-9-one ?

nay

o

I T R I TR U R Y]

fea B C I B o B o I O o S

* Sources: GUNTHER et al. (19689), Tronen and Dauvn (1969), ApsrmMan and
Suess (1970), U.S. NAS (1972}, and U.S. EPA (1975).

" Commonly vsed other names or abbreviations are in parentheses,

“ 44+ or ++ = strongly carcinogenic, 4 == carcinogenic, * = ancertain or
weakly carcinogenic, — = not carcinogenic, and ? = urknown,

*E = water, air, tobacco smoke, and gasoline or diesel exhaust; F = foods; and
S = curing smoke.

¢ 0ld Richter nomenclature.

The PAN found in foods, apart from minute amounts of genchemical

- or biosynthetic origin, are formed during the pyrolysis of organic matter

(Fig. 1.} (Bancen 1962). During this series of reactions free radicals of
one, two, or more carbon atums combine rapidly and form PAIL molecules.
Table I lists some of the chemical properties of various carcinogenic

PAH, reviewed by IARC (1973). These data show that the solubility of _

PAH in water is extremely low, whereas most are very soluble in organic
solvents. Their solubility in water can be increased considerably in the
presence of other organic compounds. This, and other characteristics

[T —
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Figure 1. Mechanisin of benzo(a)pyrene formation (Bavcen 1962).

such as sorption on surfaces and micelle formation by surface-active
agents, are probably the relevant phenomena in relation to the appear-
ance of PAH in environmental waters and in foods (ANpFLMaAN and
Suess 1970). Other properties including absorption spectra, volatility,
stability, and chemical reactivity of these compounds are also available
in the literature (IARC 1973).

TFeble II. Propesrties of some PAH (IARC 1973)."

Solubility
Compound M.W. bp{°C) wmp(°C} Water {mg/L) Ocganic solvents
BaA 298 450 160 0.011 s{most a.s.)}
BbFL 2852 —_ 168 — —
BjFL 252 195 185 — —
BaP 959 310 176 0.012 s(bztoxyl); S{alme)
BeP 252 492 178 0.075 —
CH 298 4483 255 — S{alto,bzxyl}
DBahA 278 — 266 0.0005 s{most 0.5.); S{aleth)
TBP 52 —_ 320 — -—
DRaeP 302 — 241 — s{most 0. )
DBahP 302 — 308 — —_
DRaiP 302 — 162 —_ S(ga., hz)
DBalP 302 — 162 — —
e 278 — 162 —_ —

* Abbreviations:

s = soluble
S = slightly soluble
al = ethyl aloohol
to = tolrene
bz = benzene
ayl = aylene
me = methanol
eth = ecther
ga. = glncial acetic acid
o.s. = organic selvents
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1. Origin in foods
a} Natural occurrence

in 1947 PA were found to be present in marine and other sediments
(Kenn 1847). Later, several were found in concentrations ranging from
100 to 1,000 ppb in forest soils far from human habitation, and also in
river sediments { BiNet and MavLLer 1963, MALLET 1968). Some 12 PAH
were identified in rural soils in the eastern U.S. the concentration of
BaP being 40 to 1,200 ppb (BLuMer 1961). A recent study suggests that
such PAH are formed mainly in forest and prairie fires and deposited in
snrface sediments (BrLumer and Youncsroop 1975).

Ancther natural source of PAH is the endogenous formation by plants
or other organisms. Evidence of this was provided by the appearance
of BaP at a level of ten to 20 ppb dried material in hydroponically
grown wheat and rye seedlings (Grar 1965, MaLLER and Heross 1962).
Also, bacteria can synthetize BaP (Kworn and Scuenx 1968}, and the
fresh water algae Chlorells oulgaris was reported to produce several
types of PAH (Bornrrr et af. 1968).

b) Polluted environments

Man-made emission of PAH, measured as BaP, injected into the at-
mosphere in the U.S. alone, was estimated to be about 1,320 tons/year,
of which the main contributors are heat and power generatien 500 tons,
refuse burning 600 tons, coke production 200 tons and motor vehicles 20
tons (U.S. NAS 1972). The deposition of such vast quantities is bound to
contribute to the PAIT coutent of foods. Various studies show that this is
indeed the case. About ten % of BaP found in lettuce, kale, spinach,
leeks, and tomatoes can be removed by cold water washing, an indica-
tion that it was originally deposited externaily (GrivMer 1966). Plants
with the smalfest surface area exposed to the atmosphere, such as toma-
toes, contained the least amount of BaP. In culture studies Dorn {1965}
found that BaP in the soil can be absorbed by barley roots and trans-
located to the shoots.

Oysters collected from moderately polluted waters (petrolenm oil
contamination) contained two to six ppb BaP {CannManN and Kunat-
sunve 1957). Clams in petrolenm-contaminated areas may contain BaP
and henzo{ ghi)perylene (BghiPR) in concentrations of up to 18 and 25
ppb. cotapared to 1.5 and 4.5 ppb in those obtained from “unpolluted”
aveas (GuerieEno et al. 1976).

¢) Food additives and food packaging

Of more than 200 refined petroleum wax samples used to treat pack-
aging materials (“dairy wax”) analyzed, only six contained PAH: two at
= 0.01 ppm and four at > 0.1 ppm levels, but none of the PAH identi-
fied were established carcinogens {Suumix et of. 1962). Another set of

A b st 1t
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data on seven commercial wax samples showed 13 to 240 ppb PAH,
mainly benzo{e)pyrene (BeP), pyrene (P}, fluoranthrene (FL}, and
chrysene (CH) (Howaro and Haenn: 1963). :

Hexane, a common solvent used to extract edible vegetable oils, has
also been identified as a possible source of PAH contamination. Anthra-
cere (A}, benzanthracene (BaA), FL, BghiPR, and P were reported in
hexane at levels ranging from 0.4 to 280 ppb, and one sample contained
BaP and BaA in amounts of 21 and 280 ppb, respectively ( Laymvsky and
Rana 1961). The same study revealed also the presence of BeP, BghiPR,
and P in other sclvents, including toluene, isooctane, and benzene.

In a survey of hexane samples collected in 11 plants in the U.S. no
carcinogenic PAH were found in any of the 15 samples examined, but
up to 35 ppb were found of P, FL, A, and phenantbrene (PA}, as well
as substituted PA. These data are shown in Table YII (Howare et al.
1968 a).

Table 115, PAH found in hexane solvents used in the extraction of vegetaeble oils
{Howano ¢t al. 1968 a).

Pasts per billion®

Substituted
Solvent P Fi. A PA PA

08(1/5) 08(i/5) 8.1 (2/5}) 4.6—\';5}.0 53 (2/5)
(3/
Pure Skelly B —{o/y  —(0/1y —(0/1) —{0/1} —{0/1)
Recycled hexane 07-26 1.5-2.3 2.4{1/8) B.0-14.4 06(1/6)
{2/6) (2/6) (2/8)
—(0/3) —(0/3) —(0/3) —{0/3) —{0/3}

Pure hexane

Recycled Skelly B

*Tata in parentheses are 1o, of samples with PAH over no. of samples tested.

A recent survey performed by Panaraks (1976 b) revealed that food-
grade carbon blacks may contain CH, BaA, benzo{k}fluoranthrene (Bk-
FL), 3-methylcholanthrene (MCA), and BeP up to 100 ppb.

d) Curing smokes and other pyrotysis products

The PAH of this origin are probably the most important ones be-
cause they usually represent the bhulk of PAH found in foods. TiLcnen
and Davn (1969} in their review identified 24 PAF in this category
(Table I). In “ligquid smoke” P, FL, BghiPR, CH, and BaA were found
by Lipinsky and Suusik {1964 and 1965 a). A, PA, P, FL, triphenylene
(TP), and methylbenzo(a)pyrene (MBaP) were identified by Warre
et al. {1971); their respective levels were 9, 35, 4, 3, 7 and 2 ppb.

The PAH content of smoke condensates, smoked hams and sausages,
and of “liquid smokes” was extensively studied by Toru and Braas
(1972 a, b, and ¢), by Tomu (1969 and 1971), and by FiLpowic and
Torm (1971). BaP, P, A, PA, ¥1, CH, BaA, 3,4-benzofluoranthene {3-4-
BFL), perylene (PR), BeP, 11,12-benzofluoranthene {11,12-BFL), and
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1.12-beuznperylene (1,12-BPR) were found in the condensates and prod-
ncts. Washing the smokes by bubbling in cold water and subsequent
filtration through glass wool, the quantities of PAH in the treated weat
products conld be reduced by 30 to 90%.

Resides smoking, the heat treatment of foods during cooking plays
also an important part in contributing PAH to the finished product.
Carbohydrates and fats seem to be the must important sources of PAH,
the quantities produced depending on the temperature and mode of
cooking. Starch heated at 370 to 390°C in the ahsence of air yields 0.7
pph BaP in its distillation condensate; at 650°C the vield is 17 ppb
(Davies and Wieasiiunst 1960}, In a similar study with carbohydrates,
amino acids, and fatty acids, Masvpa et al. (1967} found no PAH at
300°C. hut at 500 to 700°C 19 PAH, including BaP, were detected. By
cooking meats under relatively severe conditions the BaP concentration
can reach 50 ppb in steaks, and other PAH are formed as well, the
anthors suggested that their origin is the pyrolysis of fats { Lijinsky and
Ross 1967 ).

1V. Aunalysis

The determination of PAH i foods is very cumbersome and time-
consuming. For this reason most early investigators limited their studies
to the detection and determination of BaP; only more recently were other
PAH also investigated. The entire analytical procedwre can geverally be
divided into two distinet steps: (a) isolation and separation and (b)
identification and determination.

a) Isolation and sepurgtion

Organic solvents are normally used to extract PAH from food or other
products. Further separation is achieved by clution, with solvents of
different pularity, from chromatographic colunons { Hawna 1968, Tiignes
ancd DauN 1989, Soos 1972). Tu the case of “liquid smokes” partition
between different solvents is the more cften used method. This consists
of isuectane extraction, siccessive washes with alkali solution, water,
phosphoric acid, and dimethylsulfuxide, followed by column or thin-layer
chromatographic separation { Wurte et al. 1971). This technique hias also
been used for the isolation of PAI from commercial solvents employed
in the food industry in the production of edible vegetable oils (Howare
et al. 1968 cand 1968 a ).

The pracedure is mare complicated i the case of foods of high fat
cuntent, such as smoked meats, To eliminate the interference of the fats
an initial extraction is eommenly carried out with acetone in a Soxhlet
extractor. After evaporation of the solvent the extract is treated with
alovholie potussium hydroxide and the unsaponifiable fraction is dis-
solved in eyclohexane. This is followed by chromatographic separation
with cyclohexane-benzene as eluting solvent {Bawey and Duncar 1958).

Polynuclears in foods 45

Similar methods also were developed by Haenn ef el. (1962 a and
b), Howaap and Haennt (1963), and Howann et al. (1965). Further
improvement made it possible to isolate also BaA, BeP, BghiPR, P, and
4-methylpyrene {4-MP) from smoked foods (Howarp et al. 1966 a}. The
refined method consists of extraction with ethanol, saponification with
potassinm hydroxide, further extraction with isooctane, and partition on
paper or thin-layer chromatography. A comprehensive multidetection
procedure including BaA, BaP, dibenz{ah)anthracene (DBahA),
BghiPR, and a method for BaP in “total diet” composite samples was also
developed ( Flowanp ef al. 1968 b).

A more recent method involving liquid-liquid partition systems based
on methanol-water-cyclohexane and dimethylformamide-water-cyclo-
hexane systems has the capacity to extract and separate 19 different PAH
flr%r;)high protein foods, vegetable oils, and fats ( GriMMen and Bonnke

Several methods are available for the separation of PAH from marine
foods. Methanolic extraction followed by methanol-cyclohezane or
methancl-benzene-hexane partition was found to be suitable for oysters
and barnacles (Caanmann and Kusarsune 1957, ZecaMerster and Kor
1952). Aqueous caustic digestion followed by ether-hexane extiaction
seems also to be effective for the separation of the hydrocarbons from
clams (WarNgn 1974).

The separation of individual PAH from the hydrocarbons extracted
from foods is generally achieved by chromatographic methods, as sam-
marized in Table V.

b) ldentification and determination

Identifications of PAH are mainly based on direct comparison of
pbysical and physico-chemical properties of isolated compounds with
those of standard samples. Techniques and instruments frequently em-
ployed are listed in Table IV. Ultraviolet absorption spectra can be used
for qualitative identification and quantitative determination; fluorescence
spectra are mainly used for qualitative confirmation of data arrived at by
other methods (Tuenes and Daun 1969). Recently methods based on
gas-chromatography/mass spectrometry and on high-pressure liquid
chromatography (HPLC} have also been proposed, but have not been
extensively used yet in the area of foods {Gummer and Bounxe 1975,
Warner 1974, Guerrero et al. 1576).

V. Occurrence and concentration in foods
a) Vegetable oils, fats, angd shortenings

The review of Howarp and Fazio (1969) lists eight PAH (P, BaP,
BeP, PA, FL, BaA, CH, and PR} occurring in edible refined oils as deter-
mined during 1962-65 by European workers. In the U.S, some soybean,
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Reference
(1675), CRIMMER &

HiLDERBRANDT

(1972)
Howarp et al. (1966 ¢),

(1968 b), WurTE
et al. (1971)
Howagp et al. (1966 a)

CaivMER & BOHNKE
Howarp et al.

Warnzr (1974)

Compound
F, PA, MPA
19 PAHY
14 PAH®
A, PA, P,

TP, MBP
BaP, BaA,

DBahA,

BghiPR

FRA

(baseline tech.)

JILL PODOLSKY,
Determination®

SF<)

SF*)
UV {baseline tech. and

GLC (flame ionization )
UV (baseline tech. and

UV
gas-liquid chromatography, and UV = ultraviolet.

Identification*
UV (lamp)
UV (spectrum}
UV (spectrum )

CC/MS

5054243702
Elntion
isooctane-ethangl-

toluene-water
ethanol-toluene-

isopropanol
Benzenc; DMFAY/
water

1sooctane/DMFA®;

Cyclohexane;

Table IV. Techniques for separation, identification, end determinagtion of PAH in foods.
CH.Cl/ether

chromatography/mass spectrometry, GLC

p7:43
gas
» DMFA = N,N-dimcthylformamide,

= PA, A, P, FL, CH, BaA, BaP, BeP, BKFL, PR, AT, BghiPR, DBahA, CR, F, BbFL, BiFL, DBajA, and 1P.

*14 PAH = the first 14 PAH listed in the above footnote,

=

spectrophotofluormetry.

<19 PAH

Chromstography

and thin-layer (cellu-
* CC/MS

Al0s and Sephadex
lose acetate)

LH)
Column { Florisil), thip-

layer ( cellulose
acetate )
<SF

Column (Silica gel)
Column (Silica gel;
Paper (Whatman #1)
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cottonseed, corn, olive, and peanut oils, but not safflower oil, were re-
ported to contiin 0.4 to L6 ppb of BaP and BeP, and 0.5 to 3.3 ppb BaA,
BghiPR, FL, and P (Howagp ef ol. 1966 c). Oils being used in deep-
frying of foods were analyzed by Lipinsky and Ross {1967) and by
Maranoskr et al. 1968): these countained 0.9 to 1.9 ppb of BaP and six
to 12 ppb of FL and P. The relatively high levels of PAH found indicate
that the heating such oils were expused to might have led to a slight
increase of PAH concentrations, mainly of the noncarcinogenic types.

In a total diet study Howarp et al. (1968 b} found ounly trace
amounts, less than 0.5 ppb, of BaP, BKFL, benzo(b)flucranthene (Bb-
FL), BeP, BghiPR, BaA, and PA in the composite sample containing
the fats, oils, and shortenings.

h) Fish and other marine foods

Fish from unpolluted waters nsually do not contain detectable amounts
of PAH, but sinoked or cooked fish contain varying levels. The presence
of PAH in smoked fish has been recognized for over two decades: most
of the relevant studies were conducted outside North America {Howarp
and Fazio 1962}, In smoked fish BaP was found at levels of two to 50
ppb, the difference was probably due to various parameters such as type
of smoke generator, temperature of combustion, and degree of smoking
(Dravpr 1963). In a later study of Tronsvansson {1969) on commer-
cially smoked fish from Iceland, the BaP was found to he only at a level
up to one ppb in the edible portion (see Table V).

Table V. PAH in commercially-saoked fish from fceland { TaonsTEINSSON  1969).

No. of Parts per billion®
Fish anmalyses "o ACT A BeP BaP  FL  BaA  F PA
Eel 2 6 t 4t 4 9 a7
Lumpfish 2 1 t t 0 2 t 5 10
Trout 8 5 4 2 ¢ v 12 — & 5

* bt edible portion; t = trace.

In North America Liymsky and Suusix {1965 b) found the following
amounts, respectively, in smoked salmon aud haddock: BazA zero and
0.2 ppb, BaP 1.0 and 0.3 ppb, Bel zero and zero ppb, BghiPR L5 and
0.2 pph, fuorene (F) 6.0 and L1 ppb, and P 3.0 and 0.8 ppb.

In an FDA-sponsured study PAH levels in unsmoked and smoked fish
were compared (Table VI) {Howano et al. 1966 a and b). As a conse-
quence of this, a further study was initiated by FDA-USDA in which 60
different foods, inchiding nine smoked fish samples, were analyzed. The
results showed { Table VII) that BaP is present at levels up to seven ppb
but mnly trace amounts of F and P were found (Maranoskt et af. 1968).

Four different types of smoked fsh products were investigated in
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Table VI, PAH found in smoked and nonsmoked fish (Howare ot al. 1968 a and I).

Parts per billion

Fish BaA BaP BeP ByehiPR F P
Smaked
Merring — — — — 3.0 22
Lkerring, (dried) 1.7 1.0 12 1.0 1.8 15
Sadmaon 2.5 — 04 — 32 20
Sturgenn — 08 — — 2.4 44
White - — — — 46 4.0
Nonsmoked.
Haddock — — — — 18 0.8
Heming (saltedd) — — - — 0.8 1.0
— — 18 14

Sahwon (canned) — —

Table VI1. PAH found in smoked fish (MaLanosk ef al. 1968).

Parts per billion®

Fish  BaA BaP BeP BghiPh E P CH PR
Chubs ND 13(1/3) ND ND ND ND ND ND
Sakmon NI — {0/1) ND ND ND ND ND ND
Whitefish . 66 {4 — 24 — 05 — 04

T o4s{1/1y — 22— 06 14 07

Kippered Cod

“ Data given in parentheses are nn. of samples with BaP aver no. of samples
exmnined; NI? = not determined.

Japan by Masuva et al. {1966 a} and Masupa and Kuratsune (1971).
Several PAUL were found in all samples, sometimes in estremely high
levels (Table VIH}.

fn addition to fish, various other marine organisins were investigated
and found to contain PAH. For example, barnacles were noted to con-
tain A, PA, BaP, CH, F1,, sud coronene {CR) (Koe and ZECIIMEISTER
14952, ZecnamsTer and Kom 1952). Oysters collected from moderately
contaminated areas were shown to contain BghiPR one to five ppb,
BaP two to six pph, BaA len ppb, BKFL eight to 14 ppb, BeP 20 mpb,
CHl 20 to 40 pph, P 100 to 160 ppb, and FL 600 to 1,000 ppl (Cann-
arany and Kuratsung 1957).

¢) Meat and meat products

Whereas raw meat does not normally contain PAH, smoked or cooked
meat may contain varying amounts. Steaks prepared “well done” on a
“ctandard” charcoal broiler contained 13 different PAH, and so did steaks
and ribs harbecued in a restaurant (Lijinsky and Swopix 1964 and
1965 h). The guantitative data from this study are summarized in Table
1X. The same authors could not detect more than oceasional trace
amounts of PAI in untreated bacon.

e
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Table VIII. PAH in smoked and/or brodled [fapenese fish* )
{Masuna et al 1968 a, Masupa and Kumatsune 1971).
Parts per billion
Japanese hotse mackerel?

Katsuo. Soba.  Urnmic. ““}"EAilcctric broiler Cas broiley
Compound  bushi* bushi®  Dbushi* Smuke Scoech Smoke Scorch
NA - - — —_ — 167 —
AN 77— 392 1660 45 — — 22 —
F 206 210 130 122 2.6 — 82 32
A 138 435 115 23 1.9 0.2 2.3 240
PA 584-1.,850 810 206 3.0 1.0 11,0 8.0
P 318-1,020 170 70 3.8 0.2 4.0 7.0
FL 320- 896 200 71 5.2 0.2 3.6 7.0
BaF 40— B0 21 5 1.0 — 06 1.7
BaA 55- 59 34 G 1.2 — 0.6 29
CH 42~ 173 36 10 4.3 —_ 04 2.1
PR - 6 1 S ¢ — * 02
BaP 8- 37 7 2 0.2 . 0.3 0.9
BeP - 29 7 3 0.5 —_ 02 1.2
BhFL 12~ 37 7 4 0.2 — 0.1 1.2
BiFL 5- 23 5 2 0.5 — t 0.5
BKFT. N T 2 1 0.8 — — 0.2
BghiPR 2 10 2 1 0.2 — 03 2.2
CR - — — — — tr Tt

* Fresh Horse mackerel contained no PAH,
® Made from Ketsuwonus vagans ( Euthynnus pelamis} = bonito.

= Made from Scomber japonicus or Suronnia melanosticta.

! Trachusus japonicus.

"t = trace.

Table IX. PAH found in chiarcoal broiled steaks and harbecued ribs

{Layinsky and Smumix 1964 and 1965 b).

Parts per billion

Chamofnlllmi]ed steaks

Barbectied ribs

Compound Lab. prep. Commercial Commercial
AT e 086 L.
A 45 - 71
RaA 45 14 3.6
Alkyl-BaA 2.4 — —
BhCH 0.5 — —
BehiPR 4.5 8.7 47
BaP 8 5.8 105
BeP G 5.5 75
CH 14 06 2.2
CR 2.3 3.2 4.9
DBahA 0z —_ —
FL 24 413 49
PA 11 21 58
P 18 09 1.5
PR 2 35 42
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Table X. PAH concentration in laboratory cooked theats (Lijmsky and Ross 1967).

Parts per billion

BaF CH CR

Food BaA Bal BeP BghiPR F P
Charcual broiled

Hamhurges, fat,® 27 26 — 14.9 133 17 — 1T 10
hot*

Hamburger, fat” — - = — g4 39 — t* —
cool’

Hawburger, lean,” —_ - — 4.9 ¢3 16 — — =
hot*

Hambnrger, lean," — —_ - — 1.3 06 — 0.3 —
cml®

Hamburger, _ - - t* 0.2 0.1 —_ t —
no-dsip pan

Hambnrger, 45 112 46 10.7 49 7¢ — 32 30
(frozen}, hot'

Pork Chop, hot* 82 79 59 1.3 205 242 — 83 —

Chicken, hot* 39 37 34 0.8 11 09 — 22 -

Sirlain steak, 103 11l 64 24.3 128 90 43 93 40
hot*

-hone steak, 310 504 76 i12.4 198 191 5.7 254 80
hat* .

Flgme broiled

T-hone steak, 39 44 57 6.2 198 200 — 20 9.0
hot*

* Conl = 25 et from hent smiroe, hot = seven om from heat sowece,

Y Fat = 21% fat, lean = seven % fat.

"t = trace,

Further investigations have shown that the presence “{. PAH i'n
brofled meats and especially the presence of the careinogenic PAH fs
directly proportinaal to the temperature of the treatment. Brmhpg at
high temperature {seven cm from heat source) led fo the prf)(luctmn Q{
BaA. BaP, or BeP, indicating that most probably the pyrolysis of fats is
the origin of these PAR {Table X) (Laymsky and Ross 1967 ).

Other than pyrolysis of fats, incomplete combustion of the charcoal
can alse contribute o the PAH content of the meat. When T-bone steak
was charcoal-broiled, its PAH content increased two- to ten-fold com-
pared to a similar product which was flame broiled (see Table X).
Toonsrrnsson and Thoroarson {1968) reported that when shelep and
seabirds were singed with coal both BeP and BaP were found in them
iy concentrations well ahove detection limits, but if propane was used,
neither of them was detected.

e e b A B W 1
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European samples of smoked sausages and smoked mutton were re-
ported te contain 0.3 to 50 ppb BaP (Howarp and Fazio 1969), but in
North Amesica, except for smoked ham, most smoked meats contaived
much less carcinogenic PAH {(Howarn ¢f al. 1966 a and b) (Table XI).

Table XJ. PAH in svme smoked and nonsmoked foods { Howarp et al. 1966 a and b).

Parts per billion

Bap BeP

Foods WBaA

BghiPR F P

Smoked

Beef (chipped) 0.4 — — — 08 0.5

Cheese (Gouda} — — _ — 28 2.8

Ham" 2.8 32 1.2 1.4 140 11.2

Pork (roll} — — —_ — 3.1 2.5

Frankfurters — — — —— 6.4 3.8
Naonsmoked

Cheese (Cheddar) — — — — 0.8 07

* Additional PAH determined: methylchrysene {(05) and 4-MP (1.9}

In a follow-up examination performed by FDA-USDA on 38 smoked
meat products, seven were found to contain up to 3.5 ppb BaP; some
samples also contained other PAH (Table XII; MavLanosx: et al. 1968).

Table XII. PAH in some smoked meats (Maranosxe e af. 1968).

Parts per billion

bMeat BaA BaP Bel’ BghiPR ¥ P CH
Ham 1.)-5.8 0.7 —_ —_ 06829 02-09 {05.246
Bartecued beef 13.2 35 1.7 43 2.0 3.2 g8
Hot sausage’ Q.5 04 — — — 1.5 1.0

* Additionad PAH determined: 4-MP, 2.0 ppb.

In Iceland, home and commercially smoked meats were compaced by
TrorstRINSSON (1963). While very little 'BaP was detected in smoked
sausage and mutton, considerable amounts of BaP and other PAH were
found in home-smoked mutton and lamb, either with or without being
covered with cellophane or cotton fabric (Table XIII). About 60 w0 75%
of the BaP was found to be in the superficial layer of the meat. This
low penetration has also been noted by Ruee and Bratzisn (1970), who
ohserved that in smoked bologna sausage the BaP is located within
L5 mm from the surface. Cellulose casing is more effective as a barrier
to the passage of PAH than animal casing (Simon et al. 1969).



10

PAGE

A
Syt

JILL PODOLSKY, -

G

5854243202

87:43

086/85/2001

52 Mri-Triv Lo avp Emxi. SANbL

Table XILI. PAY in commicrcially and home smoked foods (TuomrsteiNsson 1969).

Parts per billion*

"BeP BaP FL. BaA F  PA

Food P g(;'l A

Commercially smoked

Mautton 3 13 5 t 18 2 117 134

Mutton sausuges 2 t* 2 t t" 6 05 10 17
fHome smoked

Close to stave 402 253 388 27 107 363 115 2024 B73

withant cover
Close o stove 31 27 41 1 3 35 3 215 80

with cover"
Distance {row stove 88 14 70 2 21 47 5 280 88

without cover

Ionie-suioked lamh 127 29

162 4 23 158 115 811 443

* In edible portiauw.
* Citon fabric or cellophane.
"k = trace.

Ten different hrands of bacon and ham were examined in Germany
by Toru (1971). Seven of them contained BaP at levels ranging from
0.2 to 1.8 pph. The other three heavily smoked products contained 4.0
to 14 ppb and, in addition, in these three samples many other PAH
were also present. In a further study Yugoslav sausages were avalyzed by
Fiuwrovic and Tora (1971) both with their casings and with their cas-
ings removed. Data from these studies, and additional data from Toru
and Brass {1972 a) axe snmmarized in Table XIV.

Fretnen (1976) analyzed several Norwegian smoked meat products:
these contained lower PALL levels as a result of the lighter smoking
methods of this country {Table XV).

d} Fruit and other plant products

Various European workers have reported the presence of PAH in
fruits and related products, as summarized in Table XVI (1ARC 1973}
No similar study was reported from North America.

Kuratsone and Hoeerr (1958 and 1960) published PAH data on
roasted coffee and coffee soot (Table XVII). Carcinogenic PAH, particu-
farly BaP and BeP, may vary from zero to (L3 pph in roasted coffee.

In Japan Masuoa ef @l {1966 2 and b) analyzed whiskey, roasted
harley. shoju (soy sanee), and caramel. Quly whiskey and roasted barley
contained some PAIT at very [ow levels,

Soos (1974} determined a number of carcinogenic PAH in Hungarian
grain, cotlected in unpollnted and industrially poltuted areas. Wheat,
barley, and rye samples were analyzed and P, FL, BaA, CII, BaP, BeP,
DBahA, and BPR were found in the samples, in low concentrations. The

e g

Table XIV. PAH content of smoked meat products from Germony and Yugoslavia ( Frrovic and Torm 1971, Torw and Brass 1972 a).*

Ham Bacon

Mortadella

Salami

Sausage

Hot

smoked,

Hot
smoked,
casing
removed

Hot smoked

Cold smaked

smoked
bacon

Heavily

smoaked
ham

Light Heavily
Casing casjng smoked
removed removed ham

With
casing

Casing
removed

With
casing

Compound

™~y
59328508300000

3

0
0

%0 63 4

« = e
Weoo A= OS s O000

13
13

@ OGN I 0 e
gagﬂwbor«ovoOO‘O’O‘

<o ™ 0 Wy -
TAN TR E OO

-]

A

o

o | n.‘s

Bk ey
,435‘:3“9 A48

~t o —, T
<aE08nsE23H538

* Q = qualitatively detected; values in ppb.
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Table XV. Maximum amounis of PAH in smoked rousage produced in Norway
{Frerary 1976).

Parts per hillion

Fermented and dried Caoked bologna

Compound

0.95-2.15 0.15-0.70
gcaiA 0.05-0.30 0.04-055
CH and TP 0.07-1.95 0.15-1.20
BKEL, and DMBaA 0.05-1.35 0.05-2.15
BaP 0.04-0.15 0.04-0.08
PR 0.04-0.15 0.04-0.07
MCA 0.04-0.15 0.04-0.04
DBahA 0.07-0.60 0.04-1.10
Picene 0.20-1.70 0.05-8.75
BghiPR 0.25-0.50 0.04-0.20

Table XVI. PAH in fruit and plant products (IARC 1973).

Paxts per billion

Food BaA  BbFL  BaP BeP CH  DBahA

inad 16 — 7.4 69 28 03
ggli:;d; 46-15.4 — 2.8-5.3 37-147 b53-265 06-1.0
Kale . 43-230 — 12.6-48.1 1.1-6872 58355 0.1-28
Soybean —_ — 31 4.3 —-— —
Apples —_— -— ¢.1-05 — — »—04
Tomatoes 8.3 — 0.28 02 0.5 )X
Other fruits — — 2 — — I
Yeast (dried} 2.5-93 — 1.8-40.4 3.1-55 42-203 0.9
Tea — — 39-21.3 — — —
Whisky” 0.04-6.08 005 004 0063  0.04-006 —_
Prunes { dried) — — 0215 — — —_—
Coffee (malt ot 43" 1.9-3.0 15 20.5 — —

heavily roasted
(‘,erz:;;l a ' 0468 —_— 02-4.1 3349 .8-14 0.1-08
Tea extracts —_ — — 15-22 4.6-6 —
Roast peanuts 09 — — 04 00107 —

* One out of 15 sanaples.
* (p to this value.

data showed that industrial pollution is the probable source of these
PAR.

e) Other data

Recently some data are available for various foods collected from
the Canadian market { Tables XVIIT and X1X, PANALAKS 1976 a and b).
With the exception of smoked marine foods and charcoal-broiled meat
products, which exceeded 20 ppb BaA, BaP, or BeP, the other samples
were very low in BaP or other carcinogenic PAH.

[S R
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Table XVII. PAH in coffee and coffee soots
(Kunavsunve and Hoseag 1958 and 1960),

Parts per billion

Roasted coffee
Compound Coffee sonts Moderate dark Duarkest
PA 130300 - -
P 260-720 2-8 0-17
FL. 340--1000 1-7 0I5
Ct 530-670¢ 0 005
BaA 16-150 0 02
FR 280--66¢ Q 6-08
BeP 190-370 0 03
BaP 200400 0 04
BkET. 70-140 0 0-0.8
BghiPR 100-140 0 04

. Vi. Metabolism
a} Absorption, distribution, and excretion

The absorption, distribution, and excretion of PAH in experimental
animals bhave been studied extensively {(U.S. NAS 1972). However, in
most of the studies the test compounds wexe administered by parenteral
routes (i.v., i.m,, or i.p. injection} and the results may not have much
relevance in the evaluation of orally ingested PAlL

The only available recent information in this field scems to be that
of DanieL et l. (1967 ): radioactive DBahA, MCA, 7,12 dimethylbenz{a)
anthracene (DMBaA}, and dibenz{a,c)anthracene { DBacA) were given
orally to rats. Most of the radioactivity was rapidly absorbed and ex-
creted through biliary exeretion in the feces and in urine. Sonie of the
ahsorbed rmaterial was retained in the adrenals, the ovaries, and in the
body fat and could be detected after eight days. None was detected in
brain {ipids.

b) Degradation

Since the discovery of quinones and of 4-hydroxybenzanthracene {(4-
OH-BA) as metabulites, respectively, of BaP and BaA {Brrensnum and
ScrHoENTAL 1943 a and b, Bieenviuwm ef ol. 1943) many studies of PAH
metabolism have been made in jntact animals, in tissue cultures, or in
ifi vitra systems,

Heoriseackrn et al. (1953) identified three quinones in the liver of
mice treated with DBahA. These were 1,2,5,6-dibenz-9,10-anthraguinone
(DB-9,10-AQ)}, 1,2,5,6-dibens-3 4-anthraquinone (DB-3,4-AQ), and di-
hydro-1,2,5,6-dibenz-9,10-anthraquinone  (diOH-DB-9,10-AQ). Jianrsr
(1959 b) administered BaA to rabbits and detected 2 hydroxybenzanthra-
cene (2-OH-BA) and 4-OH-BA excreted with the feces. Bovianp and



Table XVIIL. PAH found in smoked and tharcoal broiled food products (PaNALAES 1976 a).

Parte per billion

No.”
Foods analyzed BbFL BaA BeP BaP DBah? [P DBajA CR BghiPR DMBA PR
Smoked
mBoligna 2/5 — _— 5.0 2.0 0.5 — — — - — e
Frankfurters 2/4 — 1.5 — 2.0 — — — g.O — — —
Salami 1/3 —_— 1.5 — 2.0 —_ o e 2.0 — —_ —
o s 05 a8 ie 40 1o -~ T I T =
i aUs 1/1 — R 2, . R R —_— — — v _
;/{a;::ms sausages 3;3 — 0.2 0.2 2.0 10 0.5 — —_ — — e
ian hy 1/1 —_ — 5.0 2.0 -— — — o — — —
‘é‘;tzsot:lhahan A 4/5 — 0.5 — 0.5 1.0 — 0.8 4,0 — — —
Smoked beef g;g — 8.0 — o 3—_-0 5 — 0.5 e — s — -
Smoked pork — — — .3-0. — _— —_ — — — —
Smoked ﬁe:rings 7/ — 20.0 2.0 15.0 - 0290 — 8.0 - - —
Various smoked fich 5/7 — 1.0 1.5 0.5 50 — —— 10.0 . — 1_6
Canned smoked fish ]l.§ ? — — 1.0 b_._;; — —_— — — — — .
Gouda cheese — e — . — — _— — — — __
Canned (smoked) aysters 3/5 25.0 30.0 16.0 2.0 — 50 1.0 — 4.0 3.8.0 20,0
Canned (nonsmoked) oysters 2/2 —_— 30.0-15.0 1.0 — —_ 2.0 — — — 25.0 —_
Charcoal-broiled
Porterhouse steak 171 — 1.0 4.0 3.0 — — — —_— — ~ ?,0
Barbecued chicken 1/1 — — 2.0 — — 10.0 8.0 — 15.0 2.0 2.0
Hamburger i/1 30.0 50.0 20. 20.0 — — -— — e 10.0 —
Frankfurter 1/1 2.0 2.0 50 5.0 —_ — - — - — —_
Chinese sausages /1 30.0 40.0 — 25.0 — — — — — ~— 20.0
» No. of samples with PAH over no, of samples tested.
Tahle XIX. PAH found in “liquid smokes,” fish oils, and coconut oil (PaNaLaks 1976 b ).
Parts per billion*
Foods BaA BaP BeP BbFL CH DBsjA  MCA 1P BghiPR
Liquid smokes e 10(1/8) 10(1/8)  10(2/8) 8(1/8) — — — _
Hydrogenated flat fish oil — _— 8 5 — 4 — - —
Hydrogenated anchovy oil —_— — 8 — —_ — —_ —_ —
Cad liver ail 100 — 50 80 80 — —_ — —
Cod liver oil (high test) 80 - 20 — — — 10 20 20
Halibut liver oil 40 20 25 20 — e 5 20 20
Coconut oil 5-80(3/3) 8-10(3/3) 8-20(2/3) 60(1/3) — — 5 5-8 20

*Data in parentheses are no. of samples with PAH gver no. of samples tested,

¢ 3ovd WH4 ‘AMSTI0a0d TIC 282Ebzrsag €p: L8 18BZ/S5B/98
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Sints {1984 h) also injected BaA to rats, rabbits, and mice. No 2-OH-BA
was detected. but one conjugated derivative [N-acetyl-S-(5,8-dihydro-
B-hydroxy-5-henzanthracenyl }-4-eysteine] plus four phenols and four di-
hydrodiols, all as sulfuric and glucuronic acid conjugates, were found in
the urine, bile, and feces of the treated animals. The eight metabolites
found were:

5.6-dihydro-5 6-dihydroxybenzanthracene ( BA-5,6-diol )

5.9-dilhiydro-8,9-dihydroxybenzanthracene { BA-8,9-diol)

10,11-dihydro- 10,1 1-dhydroxybenzanthracene (BA-10,11-diol)

34-dihydeo-3 4-dihydroxybenzanthracene { BA-3,4-diol)

3-hydroxybenzantbracene (3-011-BA)
4-hydroxybenzanthracene (4-OH-BA}
§-hvdroxyhenzanthracene (8-OH-BA)
-hydroxybenzanthracene (9-OH-BA)

Faix et of. (1962) injected radivactive BaP into rats and then col-
lected hite, from a bikiary fistula, for 48 hr. Within six hr 70 to 80% of
the radicactivity was excreted and most of the metabolic products fell
into twe main categories: the primary oxidation products 3-hydroxyhenzo-
{a)pyrene {3-OILl-BP) and G-hydroxybenzo{a)pyrene (6-OH-BP), and
the secoudary oxidation products 1.8-dibydro-1,6-dihydroxybenzo(a)-
pyrene ( BP-1,6-diol }, and 3 6.dibydro-3,6-dihydroxyhenzo( a }pyrene (BP-
3,6-diol). All these compounds were found to be conjugated with sulturic
or glienronic acids.

The metabulism of noncarcinogenic PAH was also studied by some
authors. Dihydrodiols, phenols, and quinones have been found to be the
taost cominon metabolites of PA, P, CH, and A in animal studies, as
summarized in Table XX, (BerensLum and Scuoenrar 1949, Bovoann

Table XX. PAH metaholites found in raf and mouse studies.”

7 8-diH-7,8-diOH-BA®
8,9-diH-8.9-di0H-BA

Metabolites
PAH Group In vitro In vive
A Dihydrodiols  1,2-&iH-1.2-GOH-A 1,2-GiH-1,2-iOH-A
— 9,10-dif1-9,10-iOH-A
Phenals — 9,10-4OH-A
— 2.3, 10-tciOH-A
Quinones — A-9,10-dione
PA Dihydrodiols  1.2-dif1-1,2-diOH-FA® 1,2-diH-1,2-diOH-PA
3,4-dit-34-diOH-PA 34-diH-J3 4-diOH-PA
9,10-diH-9,10-diOH-PA® 9,10-di11-3,4-diCH-PA
Phendls 1.0H-PA 1-OH-PA
2-OH-PA 2-OH-PA
3.0H-PA 3-OH-PA
4-OH-PA 4-OH-PA
BaA Dihydrodiols  5,6-dill-5,6-diOH-BA"* 5,6-diH-5,6-d0OR-BA

3,4-diH-3,4-diOH-BA
8,9-dil-8,9-di0H-BA
10,13-diH-10,11-diOH-BA

Polynuclears in foods

Table XX. (ooniinued)

Metabolites
PAH Gronp In vitro I vive
Phenols 2-OH-BA —
3-OH-BA J-OR-BA
4-0H-BA 4-OH-BA
— 8.0H-BA
— 9-0i-BA
Quinones BA-7.12-dione BA-7,12-dione
P Dibydrodiols  4,5-diH-4 5-JiOH-P" 4,5-dil1-4,5-diOH-P
1,6-diH-1,8-diOH-P* —_—
Phenols 1-OH-P 1-OH-P
—_ 1.6-diOH-P
— 18-diOH-P
Quinanes — 1-1,6-dicne
DBahA Dihydrodiols  1,2-diH-1,2-diOH-DBA —
34-diH-3 4-diOH-DBA" -—
5,8-dil1-5,6-diOH-DBA —
Phenols 3-OH-DBA _—
4-OH-DBA —
Quinones — DBA-5,10-dinne
DBA-3 A-fione
- 4.8-diOH-DBA-9,10-dione
DBacA  Phenols pm. —
MBaA Dihydrodiols  5.6-diH-5,8-diOH-MBA" —
8,9-diH-8,%-diOH-MBA® —_—
Phenols pan. —
Derivatives T-HM"
DMBaA Dihydrodiok  8,9-diH-8,9-di0H-DMBA® —
5,6-diH-5.6-diOT-DMBA® —
Phenols P, —
Derivatives 7-HM® —
12-HM® —_
7,12-dilTM —
other HM —
MCA Dihydrodiols  11,12-diH-11,12-diOH-MCA® —
Phenols 1-OH-MCA? —
2-OH-MCA® —
1.2-iOH-MCA —
Derivatives 3-1IM
BaP Dihydrodiols  1,2-dil{-1 2-iOH-BP —
9,10-di -9, 10-diOH-BP —_—
4.5-dif-4,5-diOH-BP* * —
7.8-diH-7 8-diOH-BP* —
9,10-¢iH-9,10-diOH-BP* —
— 1,6-diH-1,8-JiGH-BP
— 3,6-diH-3,6-diOH-BP
Phenols 1-OH-BP¢ 1-OH-BP
3-Ol-BP 3-OH-BY
7-OH-BP! —
9-Ol1-BP —_
— 8-Oi-BP
— 1,6-di0OH-BP

3,8-diOH-BP
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Table XX. (continued)

Metabolites
PAH CGroup In vitro In vivo
Cuinones BI™-1,6-dione —
BP-1.6-dione BP-36-dione
BP-6,12-dione? —
BeP Dibydrodiols  15-diH-4,5-diO-BeP —
Phenols pan. —
CH Dihydradioks  1,2-dif1-1,2-di0OH-CH —
3.4-diR-14diO-CH —
Phenols p.m. 3-OH-CH
NA Dikydmdiols  1,2-dilH-1,.2-dOH-NA 1,2-ditl-1,2-diOH-NA
Phenols {-OH-NA 1-OH-NA
2-0H-NA 2-OH-NA
1,2-diOH-NA

* Soirees: BeneNsLeM and Scirozntan 1949; Boynanp and WoLr 1950; BovLane
and Sives 1962 a and b and 1984 a; Hanren 1959 a; Smvs 1962, BOYLANI:: and SiMs
1965 a and b and 1967 a; Bovianp ef al. 1964; Conney 1957; Sms 1906, 1967 b
and ¢, snd 1970 b; Kinosutza et af. 1973; SELkink €2 al. 1971; KEvsELL et al. 1970,
FrevoiNtiar, et of. 19753; Serxmr et al. 1974 a and b and 1976 a. Abbre'viation;
;Iﬁe‘ll 1o desedbe r;}elal])lnkites: diH = dihydro, diOH == dihydroxy, tiOH = tri-
iydroxy, p.m. = phenolic metabolites {not specified}, HM = iva-
tives and diH{M = dihydroxymethyl derivatiS\es. : fdrooymethyl dertva

* Major metaholites, -

* K-regiom dihydrodiols.

* Detected iy UPLC.

and Worr 1950, Boveann and Srars 1962 a and b and 1964 a, Usrres
1959 a, Sinis 1962). ’

The in vifro metabolisin of a number of PAH was alsu investigated,
i the presence of rat liver homogenates and rat liver microsomes. The
data from these studies are presented alongside other ones {in vivo and
in vitro duata) in Table XX (Boviano and Sims 1965 a and b and 1967 a,

¢ Boviany et of. 1964, Conney 1957, Sids 1966, 1967 b and c, and 1970 b,

Kmxosutta ef of, 1973, Senxank et af. 1971, Krvsero et al. 1973).

Except fur 7-methylbenz{a)anthracene { MBaA ), DMBaA, and MCA,
which are convertible juto hydroxymethyl derivatives in Hver prepara-
tions, the rost of the Bndings indicated that most PAH are simitarly
metabolized hoth in intact animals and in liver preparations, giving rise
to phenols, quinones, and dihydrodiols, Some of the studies referred to
above indicated that the rate of metabolism of the PAH can he increased
comsiderably if the animals are pretreated with various PATL

Although nu studics on whote animmals weze done with MBaA, DMBaa,
ad MCA, these commpounds have been examined along with BaP, BeP,
awdd DIBA iy monse prostate cell cultures (Hungrmaw et o 1971 a), and
in monse embryo cultures (Sivs 1970 a). Results of these studies gen-
erally indicated that the metabolic patterns of PAH in cell cultures are
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comparable to those in liver preparations, with phenols and dibydrodiols
plus hydroxymethyl derivatives as major metabolites; however, in cell
cultures most PAH tested also yiclded unidentified water-soluble metabo-
lites; this phenomenon had heen described by Diantony ef al. (1968)
and by Duncan ef al. (1969).

High-pressure liquid chromategraphic {HPLC) technigues were ye-
cently used for the separation and jdentification of BaP metabolites
formed by rat liver microsomes. New metabolites were identified with
this method by FreupeNTHAL et al. (1975), SELRIRK et al. (1974 a and b
and 1976 a), which, together with metabolites previously known, are
listed in Table XX. These data suggest that at least 14 different com-
pounds can be formed during metabolism of BaP in the rat.

HPI.C technigues were also used by L¥pEn ef al. (1976) to analyze
the smetabolites of BaP formed at jncubation with squirrel and rhesus
monkey liver microsome preparations. The chromatographic profiles ob-
tained revealed the presence of 9,10-dihydrn-g,l(}-dﬂ)ydroxybenzo(a)»
pyrene (BP-9,10-diol}, 4,5-dibydro-4,5-dihydroxybenzo(a )pyrene (BP-
45-diol}, 7-8-dihydro-7,8-dihydroxybenzo{a) pyrene {BP-7,8-diol ), benzo-
(a)pyrene-1,6-dione (BP-16-quinone), benzo(a)pyrene-3,6-dione (BI-
3,6-quinone), $hydroxybenzo(a)pyrene (9-OH-BP), and 3-OH-BP, in
addition to a number of unidentified peaks that appeared in the dihydro-
diol region of the preparations. When BaP was incubated with rhesus
maonkey Iang microsome preparations the overall pattern of the HPLC
profites was different from what was seen in the liver preparations and
only BP-9,10-diol, BP-4,5-diol, 9-OH-BP, and 3-OH-BP could be identified.

The metabolite pattern of BaP breakdown in human beings was also
studied recently. Liver microsume preparations were obtained from car.
accident victims and from individuals killed by sterile brain damage.
Srrkipk ef al. (1976 1t} found in these preparations the same metabolites
as Laner ef al. (1978) found in experiments with monkeys, and also
benzo{ a)pyrene-6,12-dione {BP-6,12-quinone), as well as six more un-
identified metabolites.

Perxonen (1976) and Perkonen and Karkt (1875) incubated BaP
with tissue preparations from human fetal adrenal glands and liver, aduit
Jiver, and placenta. Thin-layer chromatography revealed the metahulites
BP-9,10-diol, BP-7,8-diol, BP-4,5-dio], and { not-specified ) hydroxymetabo-
lites. When BaP was added to cultured fetal liver cells or to fibrablasts,
quinoues, conjugates, and covalently bound derivatives were found in
addition to the metabolites mentioned above. The quantity of the diols
and water-soluble metabolites was predominant in the preparations con-
taining mtact cells, whereas in the in vitre systems phenols prevailed.

The most important metabolites of carcinogenic PAH are supposedly
the so-called “K-region” epoxides (Fig, 2), because they are believed to
be directly responsible for the biological effects attributed to their parent
compowmds. In the case of BaA the K-region epoxide has heen postolated
to form at the 5- and B-positions (BaA-56-epoxide) (Grover et al.
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Fig. 2. In ciiro metabolism of benzo(a)pyrene, Reaction (1) involves microsomal
oxidase and NADPHL, reaction {2) involves epoxide hydrase (Grovea ¢t al.
1972).

1972). Under biological conditions (e.g., in rat liver homogenates) this
epoxide may also be converted to phenol (probably 5-OH-BA) by spon-
tancous isomerization; it can be hydroxylated to form dihydrodiols {prob-
ably BA-58-diol), or conjugated with glutathione [S-(5,6-dihydro-6-
hydioxy-5-henzanthracenyl) glutathione] (Boyranp and Swas 1984 b).

Other carcinogenic PAHT which may form similar K-region epoxides
include: DBahA (Boviane and Sivs 1965 a, Grover ef of. 1971 a, SeL-
xwk el al. 1971), MBaA (Kevsern ef of. 1973, Sivs 1970 a), DMBaA
(Kevsers et al. 1973), MCA (Burkt gt @l 1972, Srvs 1966), and BeP
and Bal (Grover ef al. 1972, Sims 1970 a). Of these, perhaps the last
oue has heen investigated most extensively. Until 1970 the K-region
epoxide of BaP (BaP-45-epoxide} was still believed not to be present
as a BaP metabolite, but now it is believed to be the first intermediary
compound in the BaP degradation in animals {see Fig. 2}. It is suspected
to be the active carcinogenic metabolite of the metabolisn of BaP (SkL-
KIRK et af. 1975).

The enzyme system responsible for the metabelism of PAH is the
microsomal eytochrome mixed-function oxygenase also known as aryl
hydrocarbon hydroxylase (AHH) or benzpyrene hydrosylase (Gersom
et af. 1972}, This enzyme system is known to be present in rodent tissues
{Arrio 1973), human liver (Kuntzaian et al. 1966}, human skin (Leviw
et al. 1972), kuman placenta (Nesert ef al. 1969}, fetal liver (Prrxonen
et af. 1972), macrophages (CantarLr et al. 1973), lymphocytes (Busser
1972 Winmuock et al. 1972), and monocytes {Bast et al. 1974). Studies
with radents revealed that this enzyme systern can convert PAH to vari-
ous hydrexviated derivatives including phenols, guinones, and epoxides
(Skrkerx et of. 1974 a aud 1975), and can also activate PAH to produce
carcinogenic metubolites (GeLBoin et al. 1972).

The activity of this enzynte system can be induced by BaP (Masow
1965), MCA (Rasaussen and Wang 1974}, DBacA, DBabA, BA, and
DMBA (Staca et al. 1976). On the other hand, it can be inhibited by
butylated hvdroxyanisole and 7.8-benzoflavone (SPEIRE and WATTENBERG
1975 \Wirses et af, 1971},

The specific enzyme which preduces “K-region™ oxides is called
epoxide synthetase, and that which detoxifies it is epoxide hydrase

ey s
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(Oescir ef al. 1971, Ofsen and Dany 1971}; hoth enzymes are inducible
in the rat by pretreatment with MCA or phenobarbito]l (Nesert et al.
1972). Epoxide hydrase has been shown to be present in adult human
liver (Oescit 1974, Oescu et al. 1974), lungs {Grover ef al. 1973), pla-
centa, fetal liver, and fetal adrenal gland (Perkonen and Kankr 1975).

¢} Reactivity of intermeediate metaholites

In addition to metabolic patlnways, considerable attention has been
directed also to the study of chemion-celtular interactions that may ex-
plain the mechanism of PAH carcinogenesis. An¥Le and HemELRERGER
(1962) noted that carcinogenic PAH are covalently bound to proteins of
mouse skin following topical application of the componnds. Brookes
and Lawiey {1964) and Gosusran and Hrmwrisercer (1967) further
found a rough correlation between carcinogenic activity and the amount
of PAH bound to skin DNA. A similar correlation was also ohserved by
Sraca et @l (1976} in in vitro systen whete DMBaA, MCA, BaP,
DBahA, and DBacA bhad been incubated with epidermal homogenates;
however, there was no indication that the tumor-initiating ability of these
PAH is correlated to their ability to induce aryl hydrocarben hydroxylase.

Using mouse embryo cell caftures, Duncan et al. (1969) examined
eight different PAH. It was found that these PAH can be classified in
two distinet groups. One group with a high DNA-RNA binding index
consisted of putent carcinogens while the other group had wuch lower
{one-tenth) values for the binding index: with the exception of DBahA,
this Jatter group consisted of noncarcinogens.

In a study with human cells ( Buooxss and Dunvcan 1971) and with
in vioo rat organ systems ( Janss et al. 1972, Proot ef al. 1970}, the bind-
ing of BaP and 1DMBaA to DNA was also demonstrated.

Since the covalent binding properties of PAH are in sharp contrast to
the fact that PAH are relatively inert chemically and cannot themselves
undergo binding with DNA, RNA, or with proteins, it is supposed that
metabolic transformation is needed before any such links are accom-
plished and carcinogenic effects are exerted. Two areas of research have
attracted scientists most: determination of active forms (ultimate car-
cinogens) and the nature of the interaction hetween active forms and
tissue constituents.

Although the ultimate carcinogenic mechanism is still not known,
several types of inetabolic products bave been proposed as ultimate
carcinogens derived from PAH. One type has been referred to as a car-
bonium {on by Dwpre ef al. (1968) and Huusert (1975). Another type
is that described by Fugp and Scrumm (1967) and by Wik ef ol
(1968 and 1969), who postulated that the ecation radical reacts with a
celtular nucleophile group and then undergoes a final oxidation with a
loss of a proton to complete the substitution reaction. Studies by Umans
et al. (1969) with BaP, by Cavansn: et al. (1976) with BaP and BaA,
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and by Cavavieau et al. (1975) with MCA seem to provide some support
for this interpretation. In addition to the above-mentioned mechanisms,
Boviasn as early as 1950 postulated that epoxides are the activated
intermediate etabolites. Since then more evidence to support this
hypothesis has emerged. Grover and Smus (1971) demonstrated that
K-region epoxides of PA aud DBahA can react covalently in vitro with
DNA and histone. The intermedinte K-region epoxides of BA, DBahA,
and MCA exhibit higher Tevels of biological activity leading to malignant
transformation than their parent compounds, or the final products derived
from them. This was confinmed in in vitro preparations by Grover ¢f ol
(1971 b) and Huserntan et of. (1971 ¢), and in cell cultures by Ianvea
(1957), Muaecsan et ol (1972), and Marguarnr et al. (1972). Tn vari-
ous tests for mutagenicity epoxides proved to he more active than their
parent compounds {Anzs et ¢f. 1972, Cookson et al. 1971, Fanmy and
Famnmy 1973, Hupeaman et al. (1971 b).

However, in biological assays on whole animals the K-region epoxides
of BaA, MBaA, and MCA were found to exhibit less carcinogenic potency
than their pareat compounds, when applied either topically or parenter-
ally (Boyrann and Sivs 1967 b, Muaen and Mivisa 1967, Sims 1967 a).
Similar observations were reported in more recent studics with PA, BaA,
MBaA, DBabhA, CH, and MCA in newborn mice (CGrover et al. 1975}
and with DMBaA, DBahA, and BaP in in vitre-in civo test systems, in
which mouse Jung tissue was pretreated with PAH and then implanted
mto isologous mice (Fraks and Swis [975). Furtheomore, Livin ef al.
(1978) found that BP-4,5-cpoxide (a K-region epoxide) is less carcino-
geaie when applicd topically to niouse skiv than BaP or BP-7.8-epoxide
(2 non-K-region epoxide). The weak activity of BP-4,5-epoxide in this
case was apparently due to its inactivation by enzymes in the mousc skin
prior to reaching is site of action within the cell,

Some scientists, however, believe that the carcitogente PAH are
active per se and need no specific preliminary activation { Farssm 1968).
In a recent study Buski and Bresvick (1975} applied MCA, its K-region
epoxide (MCA-11,12epoxide), and other MCA derivatives topically to
ntice and found that only MCA induced hyperplastic effects. This effect
was ulso potentiated, under suitable conditions, hy e-naphthallavone, an
inlibitor of PAH metabelisin.

VII. Carcinogenicity

in 1915 Yamaciva and lcHikawa {1915) painted coal tar on the ears
ol rabhits and mice and found that tumors developed after repeated
applications. Later experiments confirmed these results and indnded coal
tar (Tsursuy 1918, Munsar 1921), soot extracts, crade shale oil, and
blast furnace tar (Bonsen 1932, Lerran 1922, Passey 1922). The chemical
basis of this “coal tar cancer” was then further investigated and the
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active ingredients were identified as hydrocarbons { BLocH and Dreiruss
1921, Kennaway 1924). Soon some isolated compounds were identified
as carcinogens, such as BaP, DBaiA, DMBaA, and MCA (KeNNAwAY
1925, Cook et af, 1933). :

Following these early studies many other PAH have been shown to
huve carcinogenic potential both i whole animals and {n organ or tissue
enltures.

¢) In vitro hioussay

Beawarn and Sacus (1983) reported that hamster embryonic fibro-
Blasts grown in culture with BaP or MCA developed characteristic mor-
phologic alterations such as disorientation of cell arrangement and forma-
tion of criss-crossed, piled-up colondes. In another study BaP, MCA,
DMBaA, and 10-methylbenz(a)anthracene (but wot 8-methylbenz{a)-
anthracene, CH and PR) induced in vitro trausformation of normal cells
to temor cells ( BerwaLn and Sacns 1965 ), Thiraowo ef . (1969 a and b)
ohserved that such transformation can be induced with BaA, BeP, BaP,
DBacA, DBahA, MCA, and DMBaA, but not with PA or P, Several cell
lines derived from BaP treated colonies could produce fibrosarcomas
when injected into hamsters.

Laswirzxr {1951, 1954, and 1963) and Easvrrzet and Prrc {1857)
reported that 20-methylcholanthrene (20-MCA) and MCA induce hyper-
plastic and preneoplastic changes in cultures derived from mouse ventral
prostate. RoLver and Hawoenserces (1947} also reported that DMBaA,
MCA, and DBaA can induce hyperplasia, anaplasia, and abnonnal mitosis
in comparable cell cultures, but these did not prove o be transplantable
into isologous mice; however, when DMBaA- or MCA-treated prostate
pieces were dispersed with pronase and injected into C3H-mice, trans-
plantable tumeors developed {HewrLseErcer and Ivee 1967),

In an attempt to develop cell lines for the study of PAH carcinogenesis
in vitro, CreN and Hewreskrcer (1089 a, b, and ¢) obtained several
B 1 prostate cell cultures derived from C3F! mice. After treatment with
MCA these cells injected into mice induced fbrosarcomas. Eight other
PALL were also tested, five carcinogens among them, and there was a
quantitative correlation between their carcinogenic activity and trans-
formation-inducing capacity in cell cultures.

In other organ cell cuiture studies by Laswrrzer (1956), cultivated
human fetal Jung tissue was exposed to BaP at a concentration of (L0 to
6.0 ng/ml. While the control explants showed outgrowth of bronchioli
with one layer of columnar epithelinm, the treated explants exhibited
basal cell hyperplasia in the bronchiolar epithelinm. In rodents Crockgr
et af. (1965) ohserved epithelial metaplasia in respiratory tissues follow-
ing continuous exposure of the tissues to DMBaA, BaP, or MCA at levels
of 0.8 to 8.0 ug/ml for over seven days.
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h) Whole animal studies

Many data are available on the carcinogenicity of PAH in experi-
mental animals: most of these are heyond the scope of this revigw. Data
published during 19471969 has been reviewed by the U.S. Public Health
Serpice { PHS) (Harvweir 1951, Snusix and Harrwese 1957 and 1969),
and evaluated by the US. NAS (1972) and EPA (1975). A total of 20
PAH were identified as carcinogens: BaA, DMBaA, DBahA, BaP, Be?,
MCA, indenn( 1,2,3-cd ) pyrene (1P}, CH, dibenz(aj)anthracene (DBajA),
DBacA, benzo{ c)phenanthrene { BcPA), dibenzo(a,g ) norene (DBa%F ),
BLFL, benzo(j)Aurvanthene (BjFL}, 2-methylflurcanthene {2»_MI*L),
benz(j)aceauthrylene (BjAC), dibenzo(ai)pyrene (DBm]E’), dibenzo-
(a.h)pyrene {DBahP), dibenzo(el)pyrene {DBelP), and dlbenze:u(al,l)-
pyrene { DBalP). The first eight in the list were also considered carcino-
gens by WHO (AnpELMan and Sukss 1070).

In the U.S. PHS “Survey on Compounds which have been Tested for
Carcinegenicity” (TRACOR JITCO 1973} it is indicated t-hat 15 PAH,
including nine known carcinogens, three known noncarcinogens, and
three metabolites have been tested on various species of animals. Table
XXI summarizes the carcinogenic data for these compounds derived
from nonoral administration studies, and Table XXII the data resulting
from experiments involving oral administration. While noune 0f lthese
tests ilentify new carcinogenic PAH not known prior to 1969, it is re-
markable to note that only four PAH (IDMBaA, BaP, DBahA, and MCA)
and one metabolite {7-HM-DMBaA) have been proved to possess car-
cinogenic activity following ora] intake. None of the previous issues of
the 0.8, PHS Swrveys (1947-1969} has docwmented any evidence of
tumor induction by PAH via the oral route.

Another comprehensive review (TARC 1973) listed data on 'the ear-
cinogenicity of PAH and 13 of them are classified as proven carcinogens.
The relevant data are presented in Tables XXII and XXI1V.

The data shown in these two reviews indicate that ouly a few of the
proved carcinogenic PAH are capable of inducing cancer in experimental
-animals when administered orally. Moreover, the cancers induced orally
are yestricted mainly to leukemia, forestomach tumors, hepaton‘)a, and
pulmonary adenoma, whereas if nonoral routes of administration are
employed skin tumors ave prevalent. Mammary gland tumors are induced
by both methods of administration.

Viil. Conclusions

Most fouds contain very low levels of PAH, unless pyrolytic reactions
contrilnited directly or indirectly to such compounds, as in cooking at
high temperatures or jn smoking processes. Notable exceptions are the
shelifish which seem to couceutrate and ure unable to metabolize PAH.

Very little atfention was paid to the problem of absorptien, distribu-

Polynuclears in foods 87

tion, wetaholism, and excretion of orally administered PAH; however,
the few data available indicate that PAH are relatively effectively ex-
creted in feces and urine and little is retained. Other studies, both in
vitro and in vive, show that PAH are converted iu the animal body into
plienals, dihydrodiols, guinones, and conjugated products by metaboliz-
ing enzymes in the microsomes. Currently there are about 40 different
metabolites identified from eight known carcinogenic PAILL but wo proper
studies have been done yet on their conversion rafes.

Among the PAH metabolites the so-called “K-region” epoxides, the
precursors of dihydrodials, seem to he the activated tuinorigenic deriva-
tives, at least in tissue culture and in vitro systems. Tested in whole ani-
mals the epoxides often show less carcinogenic activity than the parent
compounds.

Since little or no work has been done on the possible teratogenic or
reproductive eflects of PAH, the appraisal of their potential hazards for
health rests entirely on carcinogenicity studies. The current knowledge
can be summarized as follows:

1. Of the 22 PAH identified in foods, 11 have been found to be
carcinogenic in experimental animals. These are BaA, BaP, BeP, BbFL,
CH, DBahA, DBajA, DBahP, DMBaA, 1P, and MCA. Out of these only
BaP, BaA, MCA, DBahA, and DMBA have been demonstrated to induce
tumors following oral administration to rats and mice.

2. Of the above-mentioned 11 carcinogenic PAH, only very few have
been demonstrated to exhibit positive dose-response relationship in
chronic studies with mice: BaA, BajA, and BaP. The first two were
tested by nonoral routes only, the latter by both nonoral and oral routes.

3. Of the 4 identified PAH metabolites only five have been tested
for carcinogenicity in mice and rats, with negative results. Apart from
the controversial results with K-region epoxides, which are twmorigenic
in tissue culture but not in intact animals, the metabolites do not seem
to be carcinogenic.

4. Until now there is no evidence to suggest that any of the 11 known
carcinugenic PAH or their combinations can cause cancer in human
beings via the oral route, especially in quantities likely to be present in
foods. Neither are there any epidemiologic studies to link these PAH in
foods to any specifie disease, except some speculations that a high io-
cidence of stomach cancer in Iceland could be caused by the high con-
sumption of smeked fish and meat.

In summary it can be stated that although foods contain about 11
known carcinogenic PAH, there is no proof that at prevailing levels these
contribute to the incidence of cancer. No realistic assessment of health
hazards due to such PAH can be made, and the only recommendation

one can formulate is that the level of PAH should be kept low in smoked
or grilled meats and fish,



Table XXI. Some tumorigenic effects of PAH via non-oral routes
({TRACOR JITCO 1973).

Levels? causing

Levels! and types of tumarigenic

Compound Animal Route*; doses®; adjuvant’ no effects effects”
A Mice top.; 1; benzene 80 ug: observed —
for 42 d
Ratg top.; 1; benzene 400 ug; observed —_
for 37 d
Cuinea pigs top.; 1; benzene 400 ug; observed
for 27 d —
BaA Mice s, ¢,; 1; tricap — 500 »g: 5. c. tumors
top.: 1; benzene 10 mg —
BcPA Mice top.; 1/d for 18 d; benzene s 0.1 ml of 0.02 M sol.; skin tumors
DMBaa Mice top.; 1; acetone 20 ug 125-800 ug; skin pap, mamm adsare,
pulm, sq, cell care.
s. ¢.; 1; olive oil or others — 0.5—40 ug; sare., pulm, adenoc. and pap.
Pregnant mice i p.,; 4 X 1.0 mg; sesame oil — skin pap. in offsprings
Rats i v.z 3; adjuvant? - 2 mg; skin tumors
i, m.; 1; benzene — 2 mg; soft tissue tumors
s. ¢.; 1; dime. sulf. —_ 2.5 mg; spindle cell sarc.
i. vog.; 1/wk for 34 wk; acetone — 1% sol: cerv.-vog. sarc. and pap.
i, t.; 5; colloidal protein —_ 2.5 mg; lung sq. cell carc.
Rabbits impl, {not specified); capsule — 10 mg; osteosarcoma
Hamsters top.; 6 X 10 mg; paraffin — skin tumors
it 2 X 5300 xg; cellulose-saline — tracheal pap.
8. ¢.; 1; tricap or sun oil 2.0 mg in sun oil 500 pg in tricap: s. ¢. fibrosarc.
i, v,; 2; fat emulsion — 3 mg; mamm. tumors, stom. carc.
Guines pigs 5, ¢.; 1; trieap —_ over 5 mg; inj. site tumors
i v,; §; fat emulsion — 3 mg; skin pap. and mamm. adeno.
7-HM-BaA Mice top.; 3/wk for 2 wk; dime. —_ 230 g; skin pap.
sulf..acetone
Rats s. ¢ 1; dime. sulf. — 2.5 mg; spinkle cell sarc.
7-HM-DMBaA Rats 5. o; 1; dime. suif, 2.5 mg —
P Mice top.; 1; benzene 160 ag —
Rats top.; 1; benzene 800 ug —_
Table XXI. (continued)
Levels! causing Levels" and types of tumorigenic
Campound Anirmal Routet; doses®; adjuvant® no effects effects®
Guinea pigs top.; 1; benzene 1680 g —
BaP Mice top.; 3/wk for lifetime; acetone 1.g 12-180 ug; skin pap.
5. ¢,; I; cott. oil or others 10 »g in cott, oil over 30 ug in cott, oil or over
or 1.0 ugin 8.0 ug in olive oil; fibresarc.
olive oil
Pregnant mice i. p; 11 X 2 mg; sesame oil — lung adeno. in offspring
BeP Mice top.; 3/wk for 6 wk; benzene 0.1 mlof 0.01 M —_
DBacA Mice top.; 1; benzene 1.0 ug —
top.; 2/wk for & wk; acetone —_ 85 ug; skin sq. cell care.
DBahA Mice s. ¢.; 1; olive oil — 0.1 mg; fibrosarc,
DBajA Mice top.; 2/wk for 60 wk; olive oil 39 ug 78 ug; skin sq. cell care.
MCA derivative Mice top.; 2/wk for 57 wk; acetone — 37 ug; skin sq. cell carc.
(11,12-diH-MCA)
MCA Mice top.; 2/wk for 31 wk; acetone — 0.5%; skin tumors
top.; 1; benzene or acetone — 125 ug; skin pap., carc. and sarc.
s. ¢.; olive oil — over 0.2 mg; skin sarc., carc. and pulm.
adeno.
Rats §, ¢.; L; apricot ofl — 1.3 mg/100 g B W; s, c. tumors
Hamsters s.¢.; L; sun oil — 2 mg; s. ¢. sare.
BghiPR Mice top.; 1; benzene 0.8 mg
*i. g = intragastrically, i t. = intratracheal edministration, i. v. = intravenous injection, top.

oral, s. ¢, = subcutaneous injection, i. m. = intramuscular injection, i, vag.

bladder implantation, and impl. = implantation.
>3, 2 3, etc. = no. of applications or doses, 1/d, 2/d, 3/d, ete. = no, of applications or doses per day, 1/wk, 2/wk, 3/wk, etc, =
of applications or doses per week, and d, wk, mo = day, week, month duration, respectively,
“Tecap = trcaprylin, sun. oil = sunflower oil, dime sulf = dimethyl sulfoxide, PEG = polyethylene glycol, and cott. oil = cottonseed

-

intravaginal i p.

topically or skin application, p. o.
i

= intraperitoneal administration, b.

HI]

no.

oil.

4 Amounts per application, per dose, per 100 g body weight, per g diet, or per ml drinking water.

“ Stom, = stomach, mamm. = mammary, esoph. = esophagus, pulm. = pulmonary, adeno. = adenoma, pap. = papilloma, leuk. = len-
kemia, sq. cell = squamons cell, adsarc. = adenomasarcoma, carc. = carcinoma, adcare. = adenocarcinoma, Bbrad. = fbroadenoma, sarc.

= sarcoma, and 8brosare, = fibrosarcoma,
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Table XXII. Some tumorigenic effects of PAH via oral routes

(TRACOR JITCO 1973).

Levels® cansing

Levele® and types of

Compound Animal Route’; doses®; adjuvant” no effects tumorigenic® effects References
7.12.diHM-
DMBaA Mice {. g4 1; arachis oil 2 mg — JurL & Russere (1970)
DMBaA Mice i, §; 1/wk for 8 wk; almond — 1 mg; mamm. tumots stom,  Biaxcirions et al. (1961)
oil sq. cell pap.
i. g; 8; FEG o 1 mg; {ymphoma Caex (1970)
i. ¢.; dose?; olive oil s 0.04 mg/g B W tumors Kraaup (1970 &)
in ovary
i g3 1; olive ail — over 0.25 mg/g B W: leuk,, Kranur (1970 b}
mamm. tumars and
pulm, tumors
Hamsters L. g. 1; “Labrafil 1944 CS” — 1 mg; mamm. tumors AUBERT et al. (1970)
Rats i g; 1; sesame oil — 10 mg; mamm, tumors FsKIN et al. ( 1988)
p. o.; 3; apricot oil — 10 mg; mamm. gland BesxrovNy et al, (1970)
tumaors .
i. g 2 corn oil — 10-50 mg; mamm. adcarc., CarnonL & Ksor (1970)
mamm. fibrad. and
mamm. adeno,
P. 0 1; sesame ofl 5 mg over 10 mg; mamm. fbrad, Frzsser & Svonor (1970)
and mamm. adearc.
i g 1 comofl — 40 mg; mamm. adcarc. Kovacs & Somocyx (1970}
and adexo,
Table XXM, (continued)
Levels! causing Levels® and t f
c ) . o ‘ ypes o
ompound Axnimal Route"; doses®; adjuvant® no effects tumorigenic® effects References
i. g3 1; sesame oil —_ 10 mg; mamm. adeare W ; (197
Rats b8 L sene = ‘ ; . . VEISBURGER &¢ al. (1970)
7-HM-DMBaA  Rats p. 0.; 1; sesame ail —_ 23,8 ?r‘xg’ 2::: 2‘%‘;33@ }OU:?’G iy )
Bal Mice i. g; 10 X 0.0-1 mg/wk. - over 0.1 meg; sc ﬁ ' %Emﬁ-k-& s
G ylone ver 0. _mgt, 5q. ce F L?)OR:—..\KO & YanvsHEVA
ethyle care, in stom, 1967)
P O; in diet for 868 d 025 mg/gfor7d 0.25 mg/g for 70 d: leuk, Rxg¢pox et al, {1967)
lo:r 0.00ldmg/g
o or 110
p. o.; in diet for 155 d zslrgg/f for 25 mg/g for 100 d; leuk. Ricvox et al. {1969)
i g4 2; sesame oil —_ 3 mg; pulm, adeno. WaTTENBERC & LEONG
- ' ) ) (1970)
Rats i i.i,isl/wk for 3 wk; various 2 mg; sun oil 2 mg in sun oil plus butter TuvRirva ef al. (1971)
oil; polymgrgho. cellulay
DBahA ] o o sarc. or spin le cell sare.
a Mice P (o;q:f; ;i:;{l:ﬁx‘xlg :t;?z:r:l dsion) — 0.2 mg/ml; mgmm, tumara  SNELL & STEwant {1562
pulm. adeno. and alveg. and 1963)
\/ICA M . . . . N carc. -
) ice i %{1 1/wk for 8 wk; arachis — 0.2 mg of 0.3% sol; mamm, Brancrrions et ol. ( 1961)
fumaors, stom. pap. oY
. . carc.
Rats i. g, 1/4d for 4-84; sesame oi} — 5-10 mg; leuk. MovLoxxgy et al. (1971)
s. b ¢ & 2ad 0 Sae footnotes for Table XXI.
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Table XXII1. Some tumorigenic effects of PAH via non-oral routes

(IARC 1973).

Levels® causing

Levels® and types of

Compound Animal Route*; doses®; adjuvant® nio effects tumorigenic effects?
BaA Mice top.; 2/wk for 68 wk; toluene 0.02% (amount?) 0.2% (amount?P}; pap.
s. c; 1; tricap. — 3 mg; sare.
Rats tap.; 1/d for 5 mo; acetone saturated (amount?) —
i v; 3 X 13 mg; adjuvant? 39 mg
b. i; 1; paraffin — 2 mg; pap.
BbFL Mice top.; 1; acetone 1 mg —
8.¢;3 X 0.6 mg - sare.
BiFL Mice top.; 3/wk for 9 mo; acetone — 0.1% (amount?); psp. and carc.
BaP Mice top.; 1; toluene 94 ug 752 ug; pap.
top.; J/wk; acetone 0.0005% {amount?) 0.001% (amount®) pap.
% ¢ 1; tricap. 0.03 mg 0.06 mg; sarc.
i p.; 1; water — 2 mg; fibrosarc.
Rats top.; 1/wk for 21 wk; benzene — 0.3%; pap.
i. t; 1/mo for 10 mo; India ink 0.002 mg 0.01 mg; lung tumors
s, ¢. or i, m.; 1; olive oil — 0.1 mg; tumars (not specified)
Hamsters top.; 1/2 wk; acetone — 0.01% (amount?); skin tumors
3. ¢.; 1; olive oif 0.01 mg 1 mg; sarc.
Guinea pigs s ¢; 1; lard — 5 mg; tumors (oot specified )
Rabbits top.; 5/wk; acetone 0.0001% (armount?) 0.005% (amount?); pap.
BeP Mice top.; 1 or repeated; acetone single dase with 1.0 mg repeated with 1.0 mg; pap.
top.; 3/wk for ? period; acetone — 0.1% (amount?); carc. and pap.
»
Table XXIII, (continued)
Levels* causing Levels* and types of
Compound Animal Route*; dases®; adjuvant” no effects tumorigenic effects®
CH Mice top.; 2/d; various fats 7.5% (amount?) —_
5. G.; 1; arachis oil 10 mg —
DBahA, Mice top.; 3/wk; acetone 0.001% (amount?) over 0.1% (amount?); sare.
5. ¢ 1; tricap. — over 0.0002 mg; sarc.
Newborn mice 8. ¢; 1; adjuvant? 0.01 ug over (.08 ug; sarc. and lung adeno.
Rats i. ;3 X 020 mg; India ink 0.5 mg over 2 mg; lung sq. carc.
5. ¢; 1; olive ail — 0.1 mg; sarc,
TBP Mice s. £; 3 X 0.8 mg; clive oil — sarc.
DRaeP Mice top.; 3/wk; dioxane - 0.1% (amount?}; carc. and pap.
3. ¢.; 1; olive oil — aver 0.6 mg; sare.
DBahP Mice top.; S/Wk dioxane — 0.05% (amount?); pap. and adeno.
s.c; 1 alwe ojl —_ 6 me; sarc,
Rats i m l sun oil - 0.5 mg; sarc.
DBaiP Mice 1op.; 2/wk; dioxane -— 0.05% ; epidermoid cazc. and pap.
s. ¢ 1; sesarmne oil _ 50 ug; sarc,
5. & S/Wk peannt oil — 0.6 mg; savc.
Hamster 5. ¢; 1; tricap. — over 230 ug; sare.
DBalP Mice s c; 2 X 0.6 mg; olive oil _— sarc.
1P Mice top.; 3/wk; dioxane 0.01-0.05% (amount?)} 0.1% (amount?); sarc. pap.
5. €.

3 3 X 0.6 mg; olive oil

- b0 4wt e Gee footniotes for Table XXI.
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tumors in esoph. and stom. DonTenwir & Mosr

o
Levels* and types of

tumorigenic effects”
tumors; at 250 ppm
leuk. and lung adeno.

single dose of 100 mg or
mmors in lung, heart,

and intestine
0.76-0.85 mg/d; lung
car¢, and mamm. carc.

pap- in esoph. and
stom.
maimm. carc.

2-5 mg; pap.
forestorn. pap. and

bepatomas and stom.
dajly dose of 2.5 mg;

pap.
hepatomas, lung adeno.

of forestomach

1.5 mg; lung adeno.
forestom. tumors

0.4 mg/d; 5q. <ell carc,,

and stom. pap.
0.2 mg; forestom. tumors

4.0 wg in 3 doses; pap.
over 30 ppm; forestom.
total amounz of 9-19 mg;

JILL PODOLSKY, -
Levels® causing
no effects
single dose of 0.3
mg
0.05 mg
30 ppm

Sy '
Table XXIV. Some tumorigenic effects of PAH via oral routes (IARC 1973).

Route?; doses®; adjuvant®

mineval oil
i. g; 15/5 wk; methocel aerosol
110-197 d

aerasol
g1 PEG
oil-water emulsion

i. g; 15 mg over 13 wk;

5054242202
oil emulision

p. o.; in diet {level?) for 3-7 mo
almond oil

i g; 1/3-7d for 16 mo;

i. g; 10 X 1.5 mg; methocel

P. 0.; 30-250 ppm in diet for

i g.; 1 or daily; adjuvant?

i g.; 1/2 wk for 11 mo

P- @; 500 ppm in diet for 14 mo
p. ©.; in drinking water; mineral
p. 0.; in drinking water; olive

p7:49
Animal
Infant mice
Mice
Rats
Hamsters
Mice

Mice

Mice
=m0 4 wd e Soa footpates for Table XXI1.

Compound
BaA

MCA
DBahA

86/085/2801
BaP

Polyyiclears in foods

Table XXV. List of abbreviutions.

RaP; BF; 1,2-BP
BeP; 3.4-BP
BLCH

BULRY,

BePA

BghiPRR

BjAC

BkFI1,

RiEFL

BPR, 1, 12-BPR
BaA-5.8-epuxicde
BaP-4 5-epoxide
BaP-7 8-epaxide
BA-89-diol
BA-5,6-diol
BA-10,11-dol
BA-3 4-diol
BP-1,6-diol
BP-3.6-djol
RBP4 5-diol
BP-7 8-diol
BP-9, [0-diol
BE-1,8-Quinone
BP-3,6-Quinene
BP-4,12-Quinone
2.0I1-BA
3-OII-BA
4-011-BA
5-0OH-BA
8-O11-BA
3-0HH-BA
3-OH-BP
8-(Yt-BP
3-011-BP
10,11-BFL
34-8KL

11 12-BFL.

Cit

CR

IBacA

1)Bagl
DBahA; DBA
BRakP

DBaiA

DBajA

DBuacP

anthracene

acenaphthene

acexntlirylens

acernaphthalene

acenaphthylene

anthantheene; dibenzo(cd jk ) pyrene
benz{a Janthracene

henzo(a Hluorene

bevro{a)pyrene; 1,2-benzpyrene
heozo (o) pyrene; 34-benzpyrene

benze{b Jchrysena

henzo( b Mlnoranthene

benzo{ ¢) phenanthrene

henzo{ ghi)perylene

henz{ j)aceunthrylene; cholanthrene
henzo(k YHnoranthene

beaizo{ j ) uocanthene

1,i2-benzperviene

henz(a )anthrenne-5 G-epoxide

benzo{a) pyrene-4,5-epoxide
henzo{a)pyrene-7,8-epoxide
8.9-dihydre-8 9-dihydrotybenzanthracene
5.6-dibydro-5 6-dihydroxybenzanthracene
10,11-dihydro-10,11-dihydroxybenzanthracene
3,4-dihpdru-1,4-dihydroxybenzanthracene
1,8-dibydro-1,6-dibydroxybenzo( a ) pyrene
3,8-dihydro-3 6-dihydroxybenzo(a )pyrene
4,5-dihydro-4 5-dihydsoxyhenzo(a }pyrene
7.8-dihydro-7 8-dihydroxybenzo(a }pyrene
2.40-dihydro-9 10-dihydroxybenzo{a }pyrene
hnza{ a}pyrene-1,8-ilione

benza{ a}pyrene-3,6-dione

benzo (a ) pyrene-6,12-tlimme

2-hydroxy benzamthsscene
3-hydrosyleanzinthracene
4-hydroxyhenzanthvacene
5-hydsoxyhenzanthracene
B-hycroxyhenzanthracene
9-hydroxyhenzanthracene
J-bydrgybenzo(a Y pyrene
G-hydvoxyhenzu(a ypyrene
Shydroxybrnza{a Y pyrene

10, E1-henzoHunrantene

3 4-henzoflyiranthene
11,12-benzofluorantene

chrysene

comnene

dilvenz.( a,v )anthracene; 1,2,3,4-dibenzanthracene
dibenzo(a g ) Hunrene

dihenz{ah Yanthraceue; 1,25,8-dihenzasthracene
dibeuzo(a h)pyrene
dibenz{ai)antheacens

dibenz(a,i) anthracene

dilienzo{ a,e )pyrene
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Table XXV. {continued)

DBaiP dibenzo{a.i)pyrene

DBall dibenza{at) pyrene

DBel dibenza{e,l ) pyrene

DB-O 10-AQ 1,.2.5,6-dibenz-9,10-anthraquinone

NB-3 4-AQ 1,2,5 8-dibenz-3,4-anthraquinone

diOI-DB-9,10-AQ
T-OH-IDMBaA
7-HM-BaA
T-HM-DMBaA
7.12-diHM-DMBaA
DMBaA; DMBA

F

Kl

iP

MP

MBaA:; MBA
MlixP

4-MP

MCA; 3-MCA
MCA-11,12-epaxide
20-MCA

MF1L,

2-MFL

3-MPA; MPA

NA

- TP

P
PA
PAR
PR
TBP

dikydro-1,2 8 6-dibenz-9,10-anthraquisone
7-OH-7,12-dimethylhenz{ 2 Janthrecene
Z-hydroxymethyl derivative of BaA
7-hydroxymethyl derivative of DMBaA
7.12-dihyrlroxymethyl derivative of DMBaA
7,12-dimethylbenz(a yanthracene

fluorene

fuaoranthene

indens( 1,2,3-cd }ypyrene

inethylpyrene

methylbenz(a)anthracene

methylbenzo{a )pyrene

4-methylpyrene

methylcholanthrene; 3-methylcholanthrene
methyleholanthrene-11,12-epoxide
20-methylcholanthrene

methylfasranthene

2-methylfnoranthene
J-methylpheaanthrene

naphthalene

tsiphenylene

pyrene

phenanthrene

polyeyulic aromatic hydracarbons

perylene

trihenzo(a,e.i Jpyrene
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