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Substance Structural formula Carcinogen Germ Cell
Category  Mutagen
(2007) Category

(2007)
benzolk]fluoranthene OO‘% 2 3B
benzo[b]naphtho- O S O‘ 2 3B

[2,1-d]thiophene

benzo[a]pyrene

chrysene

cyclopenta[cd]pyrene

dibenzol[a,h]anthracene 3A

N
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Substance Structural formula Carcinogen Germ Cell
Category  Mutagen
(2007) Category

(2007)
dibenzo[a,e]pyrene OO“ 2 3B
dibenzo[a,h|pyrene OO‘O‘O 2 3B
dibenzola,i]pyrene “ 2 3B
dibenzola,l|pyrene 3B

N
|
o

indenol[1,2,3-cd]pyrene
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Substance Structural formula Carcinogen Germ Cell

Category  Mutagen
(2007) Category
(2007)
CH,
1-methylpyrene “ 2 =
naphthalene 2 3B
phenanthrene COO - -
2 no classification because of lack of data;
® no classification on the basis of the available data
Chemical name see Table 1
CAS number see Table 1
Molecular formula see Table 1
Synonyms see Table 2
Molecular weight see Table 1
Melting point see Table 1
Boiling point at hPa see Table 1
Vapour pressure at 20°C see Table 1
log Kqu, see Table 1
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This documentation is based mainly on the monograph on selected polycyclic aro-
matic hydrocarbons by the International Programme on Chemical Safety (WHO
1998) and on extracts from contributions to the research report “Polycyclische
Aromatische Kohlenwasserstoffe (PAH)” (DFG 2004) of the ad hoc working group
“PAH” of the MAK Commission. The tables with individual data taken from
WHO (1998) have been compiled in an annex for the sake of clarity. The physico-
chemical data of the compounds are listed in Table 1, and the IUPAC names and
synonyms are shown in Table 2.

Benz[a]anthracene is the name used for this compound in the [UPAC nomen-

clature of 1979. The publication of the IUPAC nomenclature of 1993 stipulates that

n “o” should be included in the name “benz” before the following bracket if there
is a vowel in this bracket. However, the [UPAC nomenclature of 1993 also stipu-
lates that the name benzo[a]anthracene should be replaced by the name “tetra-
phene” (Moss 1998). This provision has not been followed in this documentation
since documentations are published under the names of the compounds as they
are generally used in the fields of occupational medicine and toxicology. This is
not the case for the name “tetraphene” for benzo[a]anthracene.

However, the IUPAC nomenclature of 1993 prescribes that the name benzo[a]
pyrene should be replaced by the name “benzo[pgr]tetraphene”. It is noted that
CAS (Chemical Abstracts Service) does not follow this, but continues to use the
name “benzola]pyrene” as an exception (Moss 1998). Since the compound is
known under the name benzo[a]pyrene primarily in the field of occupational med-
icine and toxicology, the provision by IUPAC is not followed in compliance with
CAS.

1 Toxic Effects and Mode of Action

Polycyclic aromatic hydrocarbons (PAH) are considered to be a class of dangerous
substances that is highly relevant on account of its carcinogenicity (IARC 1973,
1983; WHO 1998). After metabolization, PAH may have various toxic effects.
Comprehensive and detailed reviews (WHO 1998) and studies (DFG 2004) are
available on the effect of individual PAH and their metabolites. Reference is made
to the 1995 MAK documentation “Naphthalene” (Volume 11, present series) and
the 2001 Supplement in this volume. The carcinogenicity of individual PAH has
been clearly demonstrated by animal studies using different exposure models
(IARC 1973; WHO 1998). Genotoxic effects of PAH were observed in numerous
animal studies; they were also detected in human cells in vitro and in vivo (WHO
1998; Glatt 2005).

For humans, the main sources of PAH exposure are the inhalation of air pollut-
ed with PAH and the ingestion of food contaminated with PAH. Extremely high
local exposure is found at certain workplaces, for example in coking plants, tar
processing plants, underground mines, etc., where absorption through skin
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Table2 |UPAC name and synonyms of PAH (sources: NIST (2007); *: ChemIDplus database)

Compound

IUPAC name

Synonyms

anthanthrene

benzo[a]anthracene

benzo[b]fluoranthene

benzoljfluoranthene

benzolk]fluoranthene

benzo[b]naphtho-
[2,1-d]thiophene*

benzo[a]pyrene

chrysene

cyclopenta[cd]pyrene

dibenzo[a,h]anthracene

dibenzo[a,l]pyrene

dibenzo[def,mnojchrysene

benzo[a]anthracene

benz[e]acephenanthrylene

benzo[a]fluoranthene

benzo[k]fluoranthene

benzo[bJnaphtho-
[2,1-d]thiophene

benzo[pgrjtetraphene

chrysene

cyclopentacd]pyrene

dibenzo[a,h]anthracene

dibenzo[def,p]chrysene

dibenzo[cd jk]pyrene

1,2-benzanthracene
1,2-benzanthrene
2,3-benzphenanthrene
benzo[b]phenanthrene
2,3-benzophenanthrene
tetraphene
naphthanthracene

3,4-benz[elacephenanthrylene
benzole]fluoranthene
2,3-benzofluoranthene
3,4-benzofluoranthene

7,8-benzfluoranthene benzoll]
fluoranthene
10,11-benzofluoranthene diben-
zo[ajk]fluorene
benzo-12,13-fluoranthene

11,12-benzofluoranthene
8,9-benzofluoranthene
2,3:1’,8"-binaphthylene dibenzo
[b,jk]fluorene

11-thiabenzo[a]fluorene
1,2-benzo-9-thiofluorene benzo
[a]dibenzothiophene naphtho
[1,2-b]thianaphthene naphtho
[1,2-d]benzothiophene 9-thia-
1,2-benzofluorene

benzo[def|chrysene
3,4-benzopyrene
6,7-benzopyrene
1,2-benzopyrene
4,5-benzopyrene

benzo[a]phenanthrene
1,2-benzophenanthrene
1,2,5,6-dibenzonaphthalene

acepyrene
acepyrylene
cyclopentenopyrene

1,2:5,6-benz[ajanthracene
1,2:5,6-benzanthracene
1,2,5,6-dibenzoanthracene

2,3:4,5-dibenzopyrene
3,4:8,9-dibenzopyrene
4,5,6,7-dibenzopyrene
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Table 2  (Continued)

Compound

IUPAC name

Synonyms

dibenzo[a,e]pyrene
dibenzo[a,h]pyrene

dibenzo[a,i]pyrene

indeno[1,2,3-cd]pyrene

naphthalene
phenanthrene
pyrene

*1-methylpyrene

naphtho(1,2,3,4-def[chrysene
dibenzo[b,def[chrysene

benzo[rst]pentaphene

indeno[1,2,3-cd]pyrene

naphthalene
phenanthrene
pyrene

1-methylpyrene

1,2:9,10-dibenzopyrene
1,2:3,4-dibenzopyrene
1,2:4,5-dibenzopyrene
3,4:8,9-dibenzpyrene
dibenzo[b,h]pyrene
3,4:9,10-dibenzopyrene
1,2:7,8-dibenzopyrene
4,5,8,9-dibenzopyrene
1,10-(1,2-phenylene)pyrene
1,10-(o-phenylene)pyrene
o-phenylenepyrene
2,3-(o-phenylene)pyrene
2,3-phenylenepyrene

phenanthrine
benzo[deflphenanthrene

3-methylpyrene

contact may also play an essential role. The good skin penetration of individual
PAH has been demonstrated in humans and animal studies. There is no reason to
assume that there is much difference in the penetration behaviour of those PAH
that have not been investigated.

2 Mechanism of Action

PAH are relatively inert hydrophobic compounds that can be converted to highly
reactive (+)-anti-, (-)-anti-, (4)-syn- and (-)-syn-dihydrodiol epoxides during meta-
bolism in mammals. These diol epoxides react with double strand and single
strand DNA, preferably with the N° position of guanine and the N? position of
adenine, with cis and trans adducts being formed for every syn and anti enantiomer
(Jerina et al. 1991; Scicchitano 2005). Depending on their reactivity and structure,
activated PAH can form further adducts. The example of DNA adducts of anti-di-
hydrodiol epoxides was used to demonstrate that certain changes in the conforma-
tion of the DNA are associated with the covalent binding. Thus, the aromatic li-
gand may become positioned in the minor DNA groove without inducing any
major changes in conformation, it may intercalate between base pairs in such a
way that the double helix is only stretched or it may push between base pairs in
such a way that their hydrogen bonds break and individual DNA bases are dis-
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placed from the double-helix structure into the outer section of the helix (Geacintov
et al. 1997).

Numerous PAH were investigated for their tumourigenicity. Observations were
made that compounds that have a bay region, an indentation caused by an angular
benzene ring, are severe carcinogens; however, compounds with a fjord region are
even more carcinogenic. The structural characteristics of PAH understandably in-
fluence both their metabolic activation and the stereochemistry after DNA bind-
ing.

There are no conclusive structure-response regularities from which a carcino-
genic potency could be derived. The binding frequency (modification density)
alone is only a rough standard for the tumourigenic effect. However, the type of
DNA binding is of greater influence, because it decides whether programmed cell
death or DNA repair occurs; whether the latter proceeds rapidly enough relative to
the cell cycle; whether the DNA barrier can be overcome during DNA replication
and if so, at the cost of which copy errors (Chakravarti et al. 2000; Conney et al.
2001)and other possible reactions. Mutations in the oncogenes H-ras, K-ras and
p53 are a frequent finding (DeMarini et al. 2001; Hecht et al. 1998; Noda et al.
2004; Ross and Nesnow 1999). It is difficult to foresee the biological consequences
of the numerous types of DNA modifications (Baird et al. 2005).

PAH also lead to gene activations (Ma 2001). The induction of xenobiotic-degrad-
ing enzymes of phase I (e.g. cytochrome P4501A1 and -1A2) and phase II (e.g.
glutathione S-transferase and UDP-glucuronosyl transferase) (Kondraganti et al.
2005) has been well studied; they lead to an increased (and activating) metaboliza-
tion of PAH and also catalyze the unphysiological degradation of endogeneous me-
tabolites. Overexpression, e.g. of the proto-oncogene c-myc (Fields et al. 2004), of
the transferrin receptor gene (Kemp et al. 2006) and of further genes, has been

described.

3 Toxicokinetics and Metabolism

3.1 Absorption, distribution and elimination

PAH are absorbed by inhalation, via the skin and via the gastrointestinal tract. The
distribution of PAH in the body after administration was investigated in rodents.
The levels that were determined in different tissues depend on the specific PAH,
the type of administration, the vehicle, the time of determination in the specific
tissue after administration and the presence or absence of inducers or inhibitors of
hydrocarbon metabolism in the organism. The studies have shown that, after expo-
sure, PAH are detected in every soft tissue, adipose tissues may be a depot from
which the PAH are released again and the gastrointestinal tract contains particu-
larly high levels of hydrocarbons and metabolites even if a route of administration
other than the oral one was selected (WHO 1998).
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Animal studies have demonstrated that PAH are rapidly transported from the
site of administration (gastrointestinal tract, lungs or skin) to other tissues via the
blood and lymph (Mitchell 1982). This was also evident from the fact that high
concentrations of DNA adducts were found in the lungs after application of PAH
to the rodent skin (Carmichael et al. 1990; Randerath et al. 1988; Schoket et al.
1988). Absorption of PAH through the skin of humans has been well documented.
Very high dermal exposure of workers exposed to creosote was concluded from a
field study since the daily excretion of 1-hydroxypyrene exceeded the daily inhala-
tion by a factor of 50 (Elovaara et al. 1995). By means of 1-hydroxypyrene it was
demonstrated in 12 coke oven workers that an average of 75% of the total absorbed
amount of pyrene enters the body through the skin (Van Rooij et al. 1993 a). Wear-
ing protective clothing reduced skin contamination among workers exposed to
creosote by 35% and thus the urinary excretion of 1-hydroxypyrene as a measure of
internal exposure by 50% (Van Rooij et al. 1993 b). When a coal-tar ointment was
applied epicutaneously to volunteers, the urinary excretion of 1-hydroxypyrene was
increased. It was estimated that about 2 pg pyrene/cm? was systemically available
(Van Rooij et al. 1993 c). After application of a coal-tar ointment to eczema pa-
tients, aromatic DNA adduct levels were increased about 2 to 4 times in mono-
cytes, lymphocytes and granulocytes and about 20 times in skin. The urinary excre-
tion of 3-hydroxybenzo[a]pyrene correlated with the adduct levels in the skin (God-
schalk et al. 1998). After topical application of a 2% solution of crude coal tar in
petrolatum, phenanthrene, anthracene, pyrene and fluoranthene were detected in
the peripheral blood (Storer et al. 1984). Volunteers who had been treated with
creosote (100 pl) or pyrene (500 pg, applied in a toluene solution) and psoriasis
patients who used a shampoo containing coal tar excreted 1-hydroxypyrene as a
conjugate in the urine. In both cases, maximum amounts were excreted 10 to 15
hours after treatment (Viau et al. 1995 a).

An in vitro study using full-thickness monkey skin showed that the penetration
of acenaphthene, anthracene, phenanthrene, fluoranthene, naphthalene, pyrene
and fluorene from a lubricating oil is slower than from acetone and artificial sweat.
For benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene and benzo[a]-
pyrene, it was possible to demonstrate absorption through the skin only when the
compounds were dissolved in acetone/artificial sweat (Sartorelli et al. 1999). The
penetration of radioactively labelled benzo[a]pyrene was detected in flow-through
cells with human skin after up to 24-hour exposure. The study does not contain
any quantitative data on the flux level. Treatment of the skin with two skin barrier
creams did not reduce absorption; even increased absorption rates were observed
in some cases (Van der Bijl et al. 2002).

Excretion of orally or intraperitoneally administered PAH is completed after
about 3 days (Aitio 1974; Grimmer et al. 1988 a, 1991 b; Jacob et al. 1989). Excre-
tion of 57% of the administered amount of pyrene in the urine and of 18% in the
faeces of rats was observed within 24 hours (Viau et al. 1999), whereas half-lives of
5 to 7 hours were determined for this species (Bouchard et al. 1998).
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The phenols and dihydrodiols formed in the metabolization of PAH are excreted
in urine in the form of the more readily water-soluble sulfates and glucuronides
after conjugation with sulfuric acid catalyzed by sulfotransferases and conjugation
with glucuronic acid catalyzed by UDP-glucuronosyl transferases, respectively. It
was demonstrated, at least for rodents, that arene oxides are also metabolized to
glutathione conjugates by the catalytic effect of glutathione S-transferase; these are
finally excreted after cleavage of two amino acid residues (glycine and glutamic
acid) and subsequent acetylation as mercapturic acids (MCS). It is not known
whether this process, which is one of the main routes of elimination in rodents, is
also of relevance for humans. In principle, this route of elimination cannot be ex-
cluded since water-soluble metabolites with a molecular weight of <475 Dalton
(molecular weights for MCS of phenanthrene, pyrene and benzo[a]pyrene are 357,
381 and 431 Dalton, respectively) are excreted mainly in the urine whereas those
with higher molecular weights are excreted in the faeces (Nau 1994). Moreover,
the excretion of other mercapto derivatives of PAH metabolites such as mercapto-
acetic acid, mercaptolactic acid and mercaptopyruvic acid were described in the
urine of rodents (Horning et al. 1987). It is unclear whether these are also formed
in humans.

Cigarette smokers excrete the inhaled PAH within 24 hours (Jacob 2007 a). This
has also been substantiated by a study of Brzeznicki et al. (1997) for a group of
volunteers exposed to PAH (half-life of 9.8 hours) at an aluminium plant. After
exposure of volunteers to pyrene by ingestion and dermal application, a half-life of
about 12 hours was determined (Viau et al. 1995 a), whereas a half-life of 4.4 hours
was found in a different study after administration of pyrene with the diet (Buckley
and Lioy 1992).

3.2 Metabolism

3.2.1 Enzymes and biotransformation reactions in the metabolism of PAH

Cytochromes P450 (CYP) mainly function as monooxygenases that can introduce
an epoxide group (Table 3, A), or — less frequently — a phenolic hydroxyl group
directly into PAH (Jerina 1983). Many PAH epoxides spontaneously react with
nucleophilic compounds such as DNA, water or glutathione, forming DNA ad-
ducts, trans-dihydrodiols or glutathione conjugates. Alternatively, they can sponta-
neously isomerize to yield phenols or — less frequently — tautomeric carbonyl com-
pounds (Table 3, B). Depending on the structure of the epoxide, only some of these
reaction pathways are often found. The ratios may be substantially modified in the
presence of enzymes like epoxide hydrolases (EH) and glutathione transferases
(GST). Moreover, CYP frequently form considerable amounts of benzylic alcohols
(Engst et al. 1999) and S-oxides (Jacob et al. 1991) from PAH with partial aliphatic
structures or thiaarenes. A review of the toxicology of thiaarenes may be found in
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Table 3 Oxidative metabolism of aromatics

Substrate Enzyme Product
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Jacob (1990). A positive effect was observed for two isomers of benzo[b]naphthothio-
phene in Salmonella typhimurium (Pool et al. 1989). By contrast, N-oxidation seems
hardly to play a role in the biotransformation of azaarenes (Schneider et al. 1994; Ye
et al. 1995). Benzylic alcohols, S-oxides (Table 3, C) and N-oxides (Table 3, D) are of
low reactivity under physiological conditions. Benzylic alcohols can be metabolized
further to both reactive metabolites (sulfuric acid esters) and excretable metabolites
(e.g. carboxylic acids and glucuronides) (Glatt et al. 2003; Ma et al. 2002; Watabe
et al. 1982). There is only little information about the importance of S- and N-oxida-
tion for the further metabolization of PAH.

Cytochromes often catalyze the first biotransformation step of PAH. However, it
is quite common that further monooxygenase reactions take place at the same mol-
ecule. The formation of dihydrodiol epoxides at terminal benzo rings is particularly
relevant toxicologically (Jerina 1983; Thakker et al. 1985). In principle, numerous
CYP forms are able to metabolize PAH (Jacob et al. 1996 a). However, members of
the CYP1 family (CYP1B1, CYP1A1 and less frequently CYP1A2) are far more ac-
tive than other forms; this particularly applies to the first biotransformation step of
a PAH. It is remarkable that most of the individual CYP forms can lead to the
formation of several different products from one PAH substrate although the pro-
duct profiles of the diverse CYP forms may vary considerably (Engst et al. 1999;
Jacob et al. 1996 a).

CYP can act on PAH not only as monooxygenase but also as one-electron oxi-
dase, with a short-lived radical cation forming (Cavalieri and Rogan 1995) (Table 3,
E). Similar reactions can be mediated by numerous peroxidases such as lipoxy-
genases (Kulkarni 2002) and prostaglandin H synthases (Degen et al. 2002). When
radical cations react with DNA, the N7 position is strongly preferred. The resulting
adducts are unstable and leave apurinic sites in the DNA after disintegration. Alter-
natively, stable metabolites such as phenols and quinones can be formed via radi-
cal cations. Dihydrodiols seem to be converted to dihydrodiol epoxides not only via
monooxygenase reactions, but also peroxidatively (as can be derived from the re-
sulting DNA adducts and tetraoles as successive metabolites), for example by pros-
taglandin H synthases (Marnett et al. 1979), lipoxygenases (Hughes et al. 1989),
myeloperoxidase (Trush et al. 1991) and a peroxidase from the placenta (Madhavan
and Naidu 2000) (Table 3, F).

Epoxides can be hydrolyzed by epoxide hydrolases to form trans-dihydrodiols
(Figure 1, A) (Arand and Oesch 2002; Glatt et al. 1982; Jerina 1983). For PAH
epoxides only one form seems to be of importance, i.e. the membrane-bound form
mEH (microsomal epoxide hydrolase). The hydrolysis of epoxides is primarily re-
garded as a detoxification since dihydrodiols are far less reactive than epoxides.
However, highly problematical products such as dihydrodiol epoxides (Figure 1, B)
and ortho-quinones (Figure 1, C) may form from dihydrodiols in secondary reac-
tions. Elimination of the Ephx1 gene sequence (knockout) thus led to the total re-
sistance of mice to the carcinogenic effect of 7,12-dimethylbenzo[a]anthracene
after systemic administration and to high resistance in the initiation-promotion
skin assay (Miyata et al. 1999).
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Fig. 1 Formation of dihydrodiols from PAH via CYP oxidation to yield arene oxides and subse-
quent hydrolysis by microsomal epoxide hydrolase; EPHX1 (A). Formation of quinones (C) from
dihydrodiols by AKR (aldo-keto reductases) and further CYP oxidation to yield dihydrodiol epox-
ides (B)

After the introduction of oxygen-containing functional groups, various oxido-re-
ductases can intervene in the biotransformation of PAH. These particularly in-
clude dihydrodiol dehydrogenases (which belong to the superfamily of aldo-keto
reductases) (Glatt et al. 1979, 1982; Jez and Penning 2001; Oppermann and Maser
2000; Penning 2004), carbonyl reductase (and other members of the short-chain
dehydrogenases/reductases; SHR) (Wermuth et al. 1986), quinone reductase (DT-
diaphorase; NQO1) (Chesis etal. 1984; Lind etal. 1982), CYP reductase (Chesis
et al. 1984; Hermersdorfer et al. 1997), and — in the case of PAH with side chains —
alcohol dehydrogenases (ADH) and aldehyde dehydrogenases (ALDH) (Ma et al.
2002). Dihydrodiol dehydrogenases can convert trans-dihydrodiols to catechols,
which readily autoxidize to ortho-quinones (Penning 2004) (Figure 1, C). Quinone
reductase reduces ortho- and para-quinones and multinucleate quinones by two-
electron transfer to the relevant hydroquinones (Figure 2), which are generally
good substrates for sulfotransferases (Figure 6) and UDP-glucuronosyl trans-
ferases (Figure 5). The regular function of CYP reductase consists of the acquisi-

) OH
00 = ¢
—i

L OH

Fig. 2 Two-electron reduction of quinones to hydroquinones by NQOI (quinone reductase; DT-
diaphorase)
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CH,OH CHO OO0H

Fig. 3 Alcohol/aldehyde balance between benzylic alcohol and aryl-aldehyde and its further oxi-
dation to aryl carboxylic acid by ALDH (ADH = alcohol dehydrogenase; ALDH = aldehyde dehy-
drogenase)

tion of two electrons from NADPH and their transmission as individual electrons
on CYP. However, low-molecular substances like quinones may also function as
electron acceptors; these are then converted to semiquinones. They can again auto-
xidize readily to quinone with air/oxygen, forming superoxide anions. Alcohol de-
hydrogenases can prevent the bioactivation of benzylic alcohols to reactive sulfuric
acid esters by converting alcohols to aldehydes (Ma et al. 2002). However, the alco-
hol/aldehyde balance is generally on the side of alcohol. Therefore, this inactiva-
tion only functions if aldehyde is rapidly metabolized further, aldehyde dehydro-
genases being suitable for this purpose (Figure 3).

Three classes of conjugating enzymes have a prominent position in the biotransfor-
mation of PAH, i.e. glutathione transferases (GST), UDP-glucuronosyl transferases
(UGT) and sulfotransferases (SULT). GST metabolize electrophilic substrates,
whereas UGT and SULT attack nucleophilic structures (mainly hydroxyl groups).

PAH epoxides can be catalyzed by numerous GST forms (Dostal et al. 1988;
Glatt et al. 1983; Seidel et al. 1998 b; Sundberg et al. 1997, 1998 a, 1998 b) (Figure 4,
A). GST P1 seems to have particularly favourable kinetic properties for some dihy-
drodiol epoxides (Seidel et al. 1998 b; Sundberg et al. 1998 a) (Figure 4, B). GST
can also catalyze quinones, whereby hydroquinones with one or several C-terminal
glutathionyl residues form as Michael addition products (Monks and Lau 1998)
(Figure 4, C). Some of these substituted hydroquinones are more sensitive to oxi-
dation than the corresponding unsubstituted hydroquinones (Monks and Lau
1998). No data are known about which human GST forms catalyze PAH quinones
particularly well. Both electrophilic phase I metabolites and electrophilic phase II
metabolites may function as substrates for GST. Thus, some polycyclic benzylic
sulfuric acid esters in rats were inactivated particularly well by GST T2 (Hessel
2006; Hiratsuka et al. 1994) (Figure 4, D); there are no relevant data for human
GST. Before elimination, glutathione conjugates are generally processed further,
particularly frequently to mercapturic acids. The occurrence of mercapturic acids
in the urine or faeces is a biomarker for the formation of an electrophilic metabo-
lite and its detoxification. Mercapturic acids that were formed from dihydrodiol
epoxides, K-region epoxides and benzylic sulfates were detected using sophisti-
cated analytical methods (Boyland and Sims 1962 a; Ma 2002; Upadhyaya et al.
2006; Yang et al. 1999).

Phenols, hydroquinones, dihydrodiols, benzylic alcohols and carboxylic acids are
among the PAH metabolites that can be glucuronidated (Lind 1985; Ma et al. 2002;
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Fig. 4 Conjugation of electrophilic metabolites such as arene oxides (4A), dihydrodiol epoxides
(4B), quinones (4C), and benzylic sulfate esters (4D) with glutathione (GSH), catalyzed by glu-
tathione S-transferases (GST)

Nemoto and Gelboin 1976) (Figure 5, A—E). They do not include any reactive meta-
bolites, but their precursors, which can thus be sequestered by UGT. The resulting
glucuronides — as far as they have been investigated — show low reactivity and are
highly excretable. Thus glucuronidation in PAH metabolism generally means inac-
tivation if the possibility of a cleavage of the conjugates by bacterial S-glucuroni-
dases in the intestinal tract is not considered; in this case, glucuronides might
function as forms of transport of proximal carcinogens/mutagens.

Sulfate conjugation must be assessed in a more differentiated way. Sulfation of
phenolic hydroxyl groups (also in hydroquinones) leads to the formation of stable,
excretable sulfates (Nemoto et al. 1978) (Figure 6, A—C). However, on account of



Polycyclic aromatic hydrocarbons (PAH) |17

5A

5C

=

O\.
I

(4]
m
TS oo Che
b & ) o T
h-3
o 85 %Gg %}8

O
o

CH,OH LOH
o I X
COOH COOG
UGT
=0 20
UDPGA
COOH
o 00—
OH
OG =
OH
OH

Fig. 5 Conjugation of nucleophilic PAH phenols (5A), hydroquinones (5B), dihydrodiols (5C),
benzylic alcohols (5D) and aryl carboxylic acids (5E) with glucuronic acid catalyzed by UDP-glu-
curonosyl transferases (UGT)
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Fig. 6 Sulfate conjugation of phenols (6A), hydroquinones (6B), dihydrodiols (6C) and benzylic
alcohols (6D) catalyzed by sulfotransferases (SULT)

the resonance stabilization of the resulting cation, sulfate is a good leaving group
in a benzylic position (Figure 6, D). Sulfoxymethyl metabolites are actually ulti-
mate mutagens/carcinogens of some methylated PAH, for example of 1-methyl-
pyrene (Glatt 2000; Rogan et al. 1986; Surh et al. 1990 a; Watabe et al. 1982). Di-
hydrodiols and tetrols also contain benzylic (and possibly) allylic hydroxyl groups.
A leaving group — similar to oxirane oxygen — can be generated by sulfoconjuga-
tion; in this way, the same cation as is formed from the specific epoxides (Figure 6)
can possibly be transmitted to acceptor molecules. For some dihydrodiols (Surh
etal. 1993) and tetrols (Glatt et al. 1998), in vitro studies showed that this reactiva-
tion actually takes place, but its practical relevance in vivo is not known.

3.2.2 Reactive PAH metabolites and their role in carcinogenicity

PAH epoxides are important intermediates in the biotransformation of PAH, but
their chemical and biochemical properties may considerably differ from each
other. Arene oxides at central aromatic positions (e.g. benzo[a]pyrene-1,2-oxide
and benzo[a]pyrene-2,3-oxide) isomerize immediately after their formation to phe-
nols (Yang et al. 1977). Unlike direct hydroxylation, a transient occurrence of the
epoxide is of interest for the mechanism of the enzyme reaction, but of no rele-
vance for toxicology. Epoxidation at terminal benzo rings, for example at the 7,8- or
9,10-positions of benzo[a]pyrene, has a less drastic effect on the aromatic system,
the specific arene oxides thus having longer half-lives. They can react with DNA
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and were shown to be mutagenic, although only to a slight extent. Compared with
isomerization, their spontaneous hydrolysis is negligible. However, in the pre-
sence of microsomal epoxide hydrolase, hydrolysis can become the dominant path-
way (Shou et al. 1994). In a third group, epoxidation takes place at an isolated dou-
ble bond, which is conjugated with the aromatic system, but has a largely olefinic
character. Epoxides at ethylene bridges (e.g. cyclopenta[cd]pyrene-3,4-oxide) (Gold
and Eisenstadt 1980; Wood et al. 1980)and at terminal benzo rings after saturation
of the vicinal double bond (e.g. anti-benzo[a|pyrene-7,8-dihydrodiol-9,10-oxide)
(Sims et al. 1974) are examples of this. The formation of epoxides at K regions of
PAH (e.g. benzo[a]pyrene-4,5-oxide) is also an example of epoxidation at electron-
rich positions with a partial double-bond character (Oesch and Glatt 1976). Reactiv-
ity with nucleophilic compounds is dominant among these epoxides; no or hardly
any isomerization reactions occur. These epoxides are generally potent mutagens
unless they are metabolically inactivated. However, they may vary considerably
from each other as regards their metabolic inactivation. Thus, benzo[a]pyrene-4,5-
oxide is a potent mutagen in Salmonella in the absence of mammalian enzymes,
but it can be detoxified very effectively by microsomal epoxide hydrolase and many
different GST forms. Almost the same applies to benzo[a]anthracene-5,6-oxide
(Glatt et al. 1982, 1983). Its direct application to rodents may elicit tumourigenicity,
but only after local treatment with a relatively high dose at which an overload of
the detoxification systems occurs (Flesher et al. 1976). Benzo[a]|pyrene-4,5-oxide is
mainly responsible for DNA adduct formation in mussels exposed to benzo[a]pyr-
ene; they presumably have no efficient detoxification systems. Anti-benzo[a]pyr-
ene-7,8-dihydrodiol-9,10-oxide and cyclopentajcd]pyrene-3,4-oxide are considered
to be important ultimate carcinogens of the relevant PAH. These epoxides are able
to induce tumours in test animals much more readily than benzo[a]pyrene-4,5-
oxide, which is substantially due to their lower detoxification. Depending on their
stereochemistry, vicinal dihydrodiol epoxides are no or only poor substrates for
microsomal epoxide hydrolase, the hydrophilic hydroxyl groups close to the oxi-
rane ring obviously impairing the interaction with the enzyme (Glatt et al. 1982).
The metabolization of dihydrodiol epoxides by GST is several orders of magnitude
slower than that of simple arene oxides (Glatt et al. 1983).

Benzylic sulfates occur as reactive intermediates, particularly in the biotransfor-
mation of alkylated PAH. Like epoxides, they can also be chemically synthesized
and directly examined for toxicological effects. Benzylic sulfates proved to be carci-
nogenic in animal studies (Cavalieri et al. 1978; Flesher et al. 1998 a, b; Horn et al.
1996; Surh et al. 1990 a). They react with DNA in a similar way as epoxides. The
exocyclic amino groups of the purine bases are the preferred target structures, with
stable adducts forming. After administration of alkylated pyrenes, which had in-
duced tumours in animal studies (Rice et al. 1987), the same DNA adducts were
detected as are also formed by the specific alkyl sulfates (Glatt 2007 b). However,
comparable data are available for only few alkylated PAH. In the case of 7,12-di-
methylbenzo[a]anthracene, its carcinogenicity is apparently determined by dihy-
drodiol epoxides rather than sulfate esters (Surh et al. 1991).
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Unlike epoxides, sulfates exist as anions under physiological conditions; this re-
stricts their distribution in the organism. Sulfooxymethylpyrenes are actively taken
up into cells by the organic anion transporters OAT1 and OAT3 (Bakhiya et al.
2006). These transporters are expressed primarily in renal tubular cells, which is
presumably the reason for the particularly strong renal DNA adduct formation by
1-sulfooxymethylpyrene (Glatt et al. 2003). It is also remarkable that usually only
small amounts of 1-hydroxymethylpyrene in rats are activated in vivo to form the
specific sulfuric acid ester. The main amount is oxidized by alcohol dehydro-
genases and aldehyde dehydrogenases to form carboxylic acid. If this pathway is
blocked, for example by the administration of ethanol, i.e. a competing substrate of
alcohol dehydrogenases and aldehyde dehydrogenases, adduct formation rises dra-
matically (in some cases more than 100-fold) (Ma et al. 2002).

PAH radical cations can be formed directly from hydrocarbons in one-electron
oxidation (Cavalieri and Rogan 1995). This may lead to the formation of unstable
N7 PAH purine adducts both in vitro and in vivo. Various reactions in cell-free sys-
tems were designed in such a way that adduct formation had to have taken place in
the DNA (since there were no other substantial purine resources). The glycosidal
binding becomes labile due to binding at the N7 position; this leads to the release
of the modified base and the formation of an apurinic site in the DNA. These base
adducts are also formed in vitro and in vivo, but the extent to which they form at
DNA, RNA or free nucleotides is unclear. It is expected that the radicals form
mainly in the cytoplasm and in the outer nuclear membrane and react with the
nearest target structures. It must also be considered that a large number of apuri-
nic sites in the DNA arise without any impact of xenobiotics, for example by spon-
taneous deamination of cytosine residues to uracil residues (about 200 per day and
cell), misincorporation of deoxyuridine and subsequent base excision repair by ur-
acil glycosidase (Atamna et al. 2000) or by spontaneous depurination (about 9000
AP sites that are formed per day and cell as a result of the spontaneous deamination
of thymidine residues in the DNA) with subsequent repair by AP endonuclease 1
(Apel) (Nakamura and Swenberg 1999). Under these circumstances, the possible
role of PAH radical cations in PAH carcinogenicity remains unclear. 7,12-Dimethyl-
benzo[a]anthracene belongs to those PAH that form a particularly large number of
N7 base adducts (Devanesan et al. 1993). A knockout of Ephx1 should not impair this
formation of radicals, but leads to total resistance to the carcinogenic effect of 7,12-
dimethylbenzo[a]anthracene in mice (Miyata et al. 1999). It can be concluded from
this that PAH radical cations alone are not sufficient to induce tumours.

The biological activity of PAH quinones greatly depends on the model used.
They show no or only weak mutagenic or cytotoxic activity in bacteria (Chesis et al.
1984; Flowers-Geary et al. 1996; Wislocki et al. 1976; Wood et al. 1977 b). This is
presumably due to the highly reductive milieu in bacterial cells. However, several
PAH quinones are highly toxic, and some of them are also genotoxic in mamma-
lian cells in vitro, with mainly chromosomal lesions or also gene mutations being
induced depending on the substance (Flowers-Geary et al. 1996; Ludewig et al.
1991). The mechanisms involved are heterogeneous. Some quinones react with
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nucleophilic compounds as Michael acceptors. In other cases, binding to macro-
molecules occurs after a one-electron reduction to semiquinone. A redox cycle with
the formation of reactive oxygen is also frequently involved. Almost all of these
findings were derived from cell culture models. However, only few results are
available with PAH quinones in test animals; they are mainly based on benzo[a]-
pyrene-quinone (Joseph et al. 2000; Slaga et al. 1978 b). Marginal initiation of pa-
pillomas was observed after local application to the mouse skin. In vivo, these qui-
nones are presumably reduced rapidly, mainly to hydroquinones, which can read-
ily be conjugated (Lilienblum et al. 1985) and then excreted (Ruzgyte et al. 2005).
In particular, ortho-quinones are postulated to play a role in PAH carcinogenicity
(Palackal et al. 2002; Penning et al. 1999); however, there are no supporting in vivo
findings for this. Naphthalene, which is classified in Carcinogen Category 2, is a
special case (2001 Supplement “Naphthalene”, this volume). Although the me-
chanism of its carcinogenicity has not been clarified, in vivo protein adducts of 1,2-
and 1,4-naphthoquinone (besides adducts of naphthalene-1,2-oxide) were detected
in test animals (Troester et al. 2002; Waidyanatha et al. 2002). Naphthalene is rela-
tively rapidly metabolized as compared with other PAH.

PAH can moreover be photoactivated. Epidioxides were isolated as photoactiva-
tion products, for example (Tu et al. 1979). This mechanism is probably of no ap-
preciable significance for human exposure to PAH.

Altogether it may be stated that a large variety of reactive products can be formed
from PAH. The evidence of their actual role in carcinogenic and other adverse
effects of PAH differs in quality. The data available for epoxides are convincing.
Particularly dihydrodiol epoxides are decisive ultimate carcinogens among purely
aromatic PAH with a bay or fjord region (e.g. benzo[a]pyrene) and individual
methylated congeners (e.g. 7,12-dimethylbenzo[a]anthracene). In a few cases, sim-
ple epoxides like cyclopenta[cd]pyrene-3,4-oxide may also be ultimate carcinogens —
although the possibility of further activation by microsomal epoxide hydrolase and
SULT cannot be completely ruled out; such a reactivation has at least been well
substantiated in vitro (Glatt et al. 1994 b; Hsu et al. 1999; Surh et al. 1993). A
SULT-related activation can be regarded as reliable for some carcinogenic alkyl pyr-
enes; the DNA adducts are formed by reactive sulfates, and the sulfates were found
to be carcinogenic. It is expected that this pathway is important for further alky-
lated PAH, but there are no data (for occurrence of alkylated PAH see Section 6.2).
Further reactive metabolites such as free radicals, quinones and photoactivation
products are possibly involved in the carcinogenicity of PAH; however, this as-
sumption is based exclusively on in vitro findings or not very conclusive end points
(N7 PAH purine adducts of unknown origin). There are no reliable in vivo findings
with the exception of protein quinone adducts of naphthalene, which is classified
in Carcinogen Category 2 (2001 Supplement “Naphthalene”, this volume). Other
in vivo findings (loss of 7,12-dimethylbenzo[a]anthracene carcinogenicity after
Ephx1 knockout; carcinogenicity studies with multinucleate PAH quinones) rather
militate against a role of this activation pathway in the models used; however, the
data are not yet sufficient to derive a conclusive assessment.
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4 Effects in Humans

4.1 Single exposures

There is evidence of percutaneous PAH absorption in humans. After topical appli-
cation of a 2% solution of crude coal tar in petrolatum, phenanthrene, anthracene,
pyrene and fluoranthene were detected in the peripheral blood (Storer et al. 1984).
Volunteers who had been treated with creosote (100 pl) or pyrene (500 pg; applied
in a toluene solution) and psoriasis patients who used a shampoo containing coal
tar excreted 1-hydroxypyrene as conjugates in the urine. In both cases, maximum
amounts were excreted 10 to 15 hours after treatment (Viau et al. 1995 a). Naphtha-
lene, which is classified in Carcinogen Category 2 (2001 Supplement “Naphtha-
lene”, this volume), is often used as an agent to control insects in homes. Acute
haemolytic anaemia is a typical systemic effect among humans after oral, dermal
or inhalation exposure. The lethal oral doses in cases of poisonings with naphtha-
lene were specified to be 5-15 g for adults and 2 g for a 6-year-old child (1995
MAK documentation “Naphthalene”, Volume 11, present series). Between 1949
and 1959, 10 cases of poisonings with naphthalene caused by mothballs (sucking
or ingestion) were described in the United States. Some of the children were found
to have haemolytic anaemia (Anziulewicz et al. 1959; Mackell et al. 1951; Zuelzer
and Apt 1949).

The signs of naphthalene ingestion became manifest after one or several days in
the form of nausea, vomiting and convulsions, often followed by diarrhoea. Other
symptoms included disturbances of consciousness, lethargy, incoordination, coma
and hemiplegia. Haemolytic anaemia with haemoglobin concentrations of up to
40% was often followed by haemoglobinuria. More or less pronounced jaundice was
also observed, and there was liver necrosis in one lethal case (Konar et al. 1939).

4.2 Repeated exposures

Haemolytic anaemia after inhalation of naphthalene was observed in newborn
who were wrapped in blankets that had previously been treated with mothballs and
who inhaled the evaporating naphthalene (Valaes et al. 1963). Lens opacities were
observed in 5 of 9 female workers under 40 years who had been exposed to high
naphthalene concentrations in the inhaled air for 5 years (no other details). Various
authors also reported corneal ulcerations and cataracts after occupational exposure
to naphthalene as a vapour or dust. Around 1900, naphthalene was administered
for intestinal diseases at doses of 3 to 5 g per day. Strangury with severe burning
of the urethra and, in some patients, swelling and reddening of the external ure-
thral orifice were observed after administration for several days. Transplacental
naphthalene poisoning was also described in two cases. Diffuse lens opacities after
dermal absorption were found in 8 of 20 female workers who produced a dye inter-
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mediate. Cataract formation in both eyes and unilateral chorioretinitis were re-
ported in 2 workers who had direct contact with naphthalene and naphthalene
powder, respectively (no other details). It was not possible to rule out inhalation
exposure (1995 MAK documentation “Naphthalene”, volume 11, present series).

Table 4 lists some of the many studies on occupational exposure to PAH that
only consider benzo[a]pyrene. The table illustrates that the concentrations for com-
parable and even for identical workplaces are very variable; however, it also shows
that great progress was made in improving the workplace situation for PAH emis-
sions through the modernization of industrial plants. This is especially true for
coking plants; in Germany, maximum exposure limits of 5 pg benzo[a]pyrene/m?3
for the topside area of the oven and 2 pg benzo[a]pyrene/m? for other workplaces
are prescribed by law (BMA 1989); in France, 0.15 pg benzo[a|pyrene/m? are stipu-
lated for plants manufacturing graphite electrodes (Lafontaine et al. 1990). For hu-
man biomonitoring, however, it must be pointed out that the PAH profiles vary
not only from one emission source to the other but also as a function of time for
certain workplaces; therefore, an extrapolation of the concentrations for phenan-
threne and pyrene is generally not possible on the basis of the measured benzo[a]-
pyrene concentration. The PAH profiles measured at diverse workplaces (manu-
facture of graphite electrodes; manufacture and processing of fireproof materials)
show considerably different relative benzo[a]pyrene levels with variations by a fac-
tor of 5 (Preuss et al. 2006). By means of 1-hydroxypyrene it was possible to show
in 12 coke oven workers that an average of 75% of the total absorbed amount of
pyrene entered the body through the skin (Van Rooij et al. 1993 a).

4.2.1 Human biomonitoring of PAH metabolites

Occupational medicine has shown in practice that persons who work in a single
trade and whose external exposure (PAH in the air) is almost identical may never-
theless show considerable interindividual differences in their systemic PAH expo-
sure (Grimmer et al. 1997; Seidel et al. 2002). However, besides the very unlikely
oral exposure (hand-mouth contact) and possible pharmacokinetic factors, dermal
absorption of PAH is regarded as the main cause of these interindividual differ-
ences; it accounts for a substantial fraction of the total PAH exposure that cannot
be neglected (Giindel et al. 2000; McClean et al. 2004; Vanaanen et al. 2005; Van
Rooij et al. 1992, 1994). At the same time, meaningful associations with moderate
correlation coefficients between PAH concentrations measured in the air and me-
tabolite concentrations measured in the urine are obtained only if persons with
dermal exposure are excluded from the statistical analysis (Unwin et al. 2006). Since
PAH are also known to be absorbed through the skin, pyrolysis products and other
mixtures containing PAH are handled like substances designated with an “H” (DFG
2007). Altogether, human biomonitoring by determination of PAH-specific metabo-
lites in the urine is much more suitable for assessing workplace exposure than air-
borne PAH measurements at the workplace on account of dermal PAH absorption.
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Table 4 Benzo[a]pyrene concentrations at different workplaces

Workplace Country Year Benzo[a]pyrene References
(vg/m®)
Coking plant
oven topside area Poland 1978 20-383 Braszczynska et al.
1978
modernized 0-6.8 Braszczynska et al.
1978
oven topside area Sweden 1982 9.4-13.5 Lindstedt and
Sollenberg 1982
charging-car driver 4.7-17 Lindstedt and
Sollenberg 1982
topside worker Germany 1981 22.3-33.0 Blome 1981
oven topside; Germany 2002 7.44 (mean) Strunk et al. 2002
machine operator
bench side; machine ~ Germany 2002 1.26 (mean) Strunk et al. 2002
operator
oven area Germany 2002 0.94 (mean) Strunk et al. 2002
charging-car driver 4.5 Blome 1981
ramp worker 1.33 Blome 1981
driver 0.16-0.93 Blome 1981
battery topside Germany 1992 10.6-15.8 Grimmer et al.
1993 b
charging-car driver 5.8-10.1 Grimmer et al.
1993 b
employee farther 0.9-4.9 Grimmer et al.
from the centre of 1993 b
emission
battery side; oven Germany 3-year  0.62 (median) Preuss et al. 2003 ¢
topside; repair work period  5.05 (90th percentile)
at combustion
chamber wall
Various workplaces
aluminium plant Norway 1978 11.3-854 Bjerseth et al.
(Soederberg 1978 a, 1978 b
technology)
copper, brass and Germany 1983 <0.05-0.1 Blome 1983
zinc foundries
steel foundry 0.38-57.5*
Canada 1982 Coenen 1988
Germany 1982 Verma et al. 1982
Finland 1983 Blome 1983
1986 Knecht et al. 1986
1981 Schimberg 1981
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Table 4 (Continued)
Workplace Country Year Benzo[a]pyrene References
(wg/m’)
light-metal foundry =~ Germany 1983 0.05-0.26 Blome 1983
road construction
using coal-tar bitumen Germany 1989 0.7-22.0 Knecht and
using petro bitumen  Germany 1990 0.02 (median) Woitowitz 1989
Denmark 1989 4.0 (median) Tobias et al. 1990
Hansen 1989
roofing companies Germany 1983 14.0 (maximum level) ~ Blome 1983
United States 1982 0.4-11.0 Malaiyandi et al.
1982
optical industry Germany 1983 <0.05-19.7 Blome 1983
tar refinery Germany 1979 3.6 Schunk 1979
tar distillation Germany 3-year  0.14 (median) Preuss et al. 2003 ¢
period  4.74
(90th percentile)
bitumen production ~ Germany 1983 <0.5 Blome 1983
bitumen processing ~ Germany 2003 <0.06 Preuss et al.
2003 b
brickworks France 1987 3.4 Lesage et al. 1987
rubber industry United States 1980 0-32.3 Williams et al.
Finland 1982 <0.02-0.25 1980
Germany 1983 <0.05 Enwald 1982
Blome 1983
production of Germany 3-year  0.49 (median) Preuss et al. 2003 ¢
graphite electrodes Germany period  4.08 Angerer et al.
1996 (90th percentile) 1997 a
0.003-3.39
production of Germany 3-year  0.17 (median) Preuss et al. 2003 ¢
fireproof materials period  3.44
(90th percentile)
production of Germany 5-year  0.10 (median) 1.72 Preuss et al. 2006
fireproof materials period  (90th percentile)
38.15 (maximum level)
production of Germany 3-year  0.63 (median) 23.25 Preuss et al. 2003 ¢
fireproof materials period  (90th percentile)

* benzo[a]pyrene concentration range in the 5 cited steel foundry studies
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Not only the good dermal absorption of PAH but also its systemic toxicity are
regarded as relevant for a carcinogenic hazard to humans. The total amount of
PAH absorbed systemically, i.e. by inhalation, through the skin and also orally, at
the workplace or from the environment is of decisive importance here. It can best
be recorded by human biomonitoring. Since the excretion of PAH-specific metabo-
lites in the general population is influenced mainly by smoking and eating habits
and by the environmental exposure of the examined persons, human biomonitor-
ing of PAH-specific metabolites has also proved useful in environmental medicine
— in addition to occupational medicine — and is here, too, regarded as being super-
ior to air monitoring or recording exposure by questionnaires on account of the
main routes of absorption and the mode of the systemic toxicity of PAH (Gunier et
al. 2006; Hu et al. 2006).

1-Hydroxypyrene was used as a parameter for measuring systemic PAH expo-
sure in most studies (Levin 1995 b). It represents the main metabolite of pyrene in
mammals (Boyland and Sims 1964; Grimmer et al. 1994; Harper 1958; Harper
and Legator 1987; Jacob et al. 1982; Keimig et al. 1983)and has become accepted as
a sensitive and specific parameter of PAH exposure; a review is described by
Jongeneelen (1997). Apart from 1-hydroxypyrene, further metabolites of pyrene,
such as trans-4,5-dihydroxy-4,5-dihydropyrene, 1,6- and 1,8-dihydroxypyrene, 1,6-
and 1,8-pyrenequinone and dihydrodiol phenols, were detected in the urine
(Boyland and Sims 1964; Harper 1957, 1958; Harper and Legator 1987; Jacob et al.
1982; Keimig et al. 1983). Selected data on the excretion of 1-hydroxypyrene in the
urine of non-exposed persons and PAH-exposed workers at different workplaces
are shown in Tables 5a and 5b. All information is specified in pg/g creatinine or
pg/l urine; for individual studies, only data in pg/24-hour urine were available.
These data were converted assuming a daily excretion of 1.2 g creatinine for wo-
men and 1.8 g for men so that they could be compared more readily. Data in con-
centrations of pmol/mol creatinine were converted to pg/g creatinine.

The interindividual variations that were observed for the excretion of 1-hydroxy-
pyrene were initially due to the different levels of exposure in diverse trades and
diverse working areas within one trade. When 1-hydroxypyrene was measured, ex-
posure in the production of fireproof materials and the production of graphite elec-
trodes and special carbon products was thus higher than for example in coking
plants or the further processing of fireproof materials (BGFA 2005; Rossbach and
Angerer 2002). These results were confirmed by the measurement of poly-hydroxy-
lated PAH metabolites (Jacob and Seidel 2002).

Interindividual differences in the excretion of 1-hydroxypyrene may also vary
considerably within one trade (factors between 10 and 100; Petry et al. 1996); these
variations may be explained by at times substantial dermal PAH absorption at in-
dividual workplaces or by different hygiene measures of the workers in the trade
examined (McClean et al. 2004). Interindividual differences in the excretion of 1-
hydroxypyrene can however hardly be explained by genetic polymorphisms in
PAH-metabolizing genes. The analysis of 11 polymorphisms in a total of eight en-
zymes involved in the xenobiotic metabolism of PAH (CYP1A1, CYP1A2, CYP1B1,
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CYP3A4, microsomal epoxide hydrolase, GSTM1, GSTT1 and GSTP) in a group of
170 workers exposed to PAH yielded an impact on the urinary excretion of 1-hy-
droxypyrene for only three polymorphisms; it was moreover negligibly small with
factors between 1.4 and 1.6 (Rihs et al. 2005).

1-Hydroxypyrene is not the end product of a metabolic pathway of pyrene, but is
further oxidized enzymatically to 1,6-dihydroxypyrene and 1,8-dihydroxypyrene.
These dihydroxypyrenes are endogenously in a redox balance with pyrene qui-
nones and were only recently detected and determined in the human urine
(Ruzgyte et al. 2005; Seidel et al. 2005). Ruzgyte et al. (2005) used the method of
high-performance liquid chromatography with fluorescence detection to determine
1,8-dihydroxypyrenes after their conversion to diacetyl derivatives. In contrast,
Seidel et al. (2005) used the determination established for phenols, GC/MS after
derivatization to methyl ethers. In studies with a total of more than 300 volunteers
(non-smokers) from Germany and three other European countries, excretion of
these 1,8-dihydroxypyrenes at the same or even higher concentrations than those
of 1-hydroxypyrene was found in the general population (1-hydroxypyrene/1,8-di-
hydroxypyrene ratio: 1.0 to 0.5; (Seidel and Jacob 2005; Seidel et al. 2005). These
excretion ratios of 1-hydroxypyrene to 1,8-dihydroxypyrene drastically change
among workers with occupational exposure. Thus, 1-hydroxypyrene/1,8-dihydroxy-
pyrene ratios of about 19:1 were found among workers involved in graphite elec-
trode production, about 10:1 in coke oven workers, about 4:1 in workers in conver-
ter lining and about 3:1 in workers involved in the production of fireproof materi-
als (Seidel and Jacob 2005). The results indicate that higher PAH exposure leads to
a shift in pyrene metabolism in favour of an excretion of 1-hydroxypyrene. How-
ever, 1-hydroxypyrene accounts for only about 50% of the phenolic pyrene metabo-
lites determined in the urine at low exposure. An overview is provided in Tables 5a
and 5b.

Recent studies have not only determined 1-hydroxypyrene in the urine but have
also examined the excretion of further PAH metabolites — particularly of phenan-
threne phenols (1-, 2-, 3-, 4- and 9-hydroxyphenanthrene). In the evaluation of the
data, these are specified as sum parameters of all five isomers (Xhydroxyphen-
anthrenes) in most cases and have the advantage that Xhydroxyphenanthrenes are
influenced by individual smoking or eating habits to a much lesser extent than 1-
hydroxypyrene in the urine. Determination of Xhydroxyphenanthrenes is generally
a more sensitive and more specific method of recording occupationally induced
PAH exposure than the determination of 1-hydroxypyrene in the urine. The lesser
effect of smoking on the excretion of ¥hydroxyphenanthrenes in the urine as com-
pared with 1-hydroxypyrene had already been observed in earlier studies. Only a
slight increase in Xhydroxyphenanthrenes was observed among smokers as com-
pared with non-smokers, whereas no differences whatsoever were detected for pas-
sive smokers as compared with non-smokers (Hoepfner et al. 1987; Martin et al.
1989). Different eating habits also have a minor influence on the urinary excretion
of Yhydroxyphenanthrenes. An increase in the concentration of phenanthrene in
the diet by about a factor of 10 (from 0.5 pg/kg to 4.4 pg/kg) led to only a slight
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Table 5a  Urinary excretion of 1-hydroxypyrene (median or range) in control volunteers
Persons exposed Number Country 1-Hydroxypyrene References
(we/g (Wg/! urine)
creatinine)
general population 2747 United States 0.044 0.047 CDC 2005
women 1399 0.042 0.043 2001-2002
men 1348 0.046 0.055 2001-2002
general population 2312 United States 0.073 0.078 CDC 2003
women 1206 0.077 0.071 1999-2000
men 1106 0.070 0.085 1999-2000
general population
non-smokers 389 Germany 0.08 0.10 UBA 1998
— West Germany 182 0.09
— East Germany 45 0.11
smokers 184 0.19 0.25
general population 140 Canada 0.17 Viau etal. 1995 b
non-smokers 95 0.14
smokers 45 0.23
general population UBA 1990
non-smokers Germany
— West Germany 75 0.12
— East Germany 75 0.30
general population 139 Germany <0.04-0.13 Goen et al. 1995
non-smokers 80 <0.04-0.054
smokers 59 <0.04-0.13
general population 70 People’s 0.8-4.6 Zhao et al. 1990
Republic
of China
general population France Lafontaine et al.
2006
non-smokers 27 0.06
(0.02-0.29)
smokers 27 0.22
(0.08-1.02)
general population 8 Germany 0.3 Grimmer et al.
1991 b
non-smokers 10 Germany 0.54+0.34" Jacob et al.
1999 a
smokers 9 0.41+0.18*
non-smokers 11 Germany <0.1-0.3 <0.1-0.3 Angerer et al.
1992
smokers 11 <0.1-0.8  <0.1-0.8
non-smokers 97 Germany 0.06-1.56 Giindel et al.
1996
smokers 27 0.18-1.50



Polycyclic aromatic hydrocarbons (PAH) |29

Table 5a (Continued)

Persons exposed Number  Country 1-Hydroxypyrene References
(wg/g (wg/! urine)
creatinine)
general population Italy Granella and
Clonfero 1993
non-smokers 19 0.04
smokers 20 0.08
patients treated 8 Germany 0.94-5.81 Angerer et al.
with tar ointment 1992
25 Italy 7.60 Clonfero et al.
1989
# mean

increase in the excretion of Yhydroxyphenanthrenes, i.e. by a factor of 2 (Martin et
al. 1989). This was substantiated by findings from another study, in which persons
who had consumed charcoal grilled meat with an about 250-fold higher benzo[a]
pyrene concentration as compared with that consumed by the corresponding con-
trol persons revealed a level of 1-hydroxypyrene in the urine that was increased by
a factor of 4 t012 (Buckley and Lioy 1992). It is unclear, however, whether the pyr-
ene concentration of the grilled goods was increased to the same extent as benzo[a]
pyrene. Selected data on the excretion of Yhydroxyphenanthrenes in the urine of
non-exposed persons and PAH-exposed workers at different workplaces are shown
in Tables 6a and 6b. All data are specified in pg/g creatinine or pg/!1 urine.

The varying PAH profile in the diverse trades and therefore the different results
in the urinary excretion of 1-hydroxypyrene and Xhydroxyphenanthrenes among
the trades lead to a change in the “hierarchy” of the exposure levels for Yhydroxy-
phenanthrenes as compared with 1-hydroxypyrene in the individual trades. As in
the case of 1-hydroxypyrene, the highest concentrations of Yhydroxyphenanthre-
nes were obtained in the production of fireproof materials and in the production
of graphite electrodes and special carbon products. However, in contrast to the
results for 1-hydroxypyrene, high exposures in the form of Xhydroxyphen-
anthrenes were established both in coking plants and in the further processing of
fireproof materials and tar distillation (BGFA 2005; Jacob and Seidel 2002; Ross-
bach and Angerer 2002).

Altogether, it may be stated that the results of the measurements of 1-hydroxy-
pyrene and Yhydroxyphenanthrenes in the urine of PAH-exposed workers demon-
strate higher exposures to PAH mainly in the production and further processing
of fireproof materials and graphite electrodes as well as in coking plants and tar
distillation, whereas fire damage restoration and hydraulic engineering are rather
of subordinate relevance for exposure to PAH. Only low level exposures were de-
monstrated in the latter branches of industry by determinations of both 1-hydroxy-
pyrene and Yhydroxyphenanthrenes.
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Table 5b  Urinary excretion of 1-hydroxypyrene (median or range) in occupationally exposed per-

sons
Persons exposed ~ Number Country 1-Hydroxypyrene References
(wg/g (ug/! urine)
creatinine)
different industries 237 Germany 5.38 BGFA 2005;
(total) (0.12-279.63) Jacob and Seidel
2002; Rossbach
and Angerer 2002
production of 71 8.65
graphite electrodes (0.36-90.84)
and special carbon
products
production of 68 11.27
fireproof materials (0.31-279.63)
coking plant 47 4.30
(0.51-34.82)
production of 24 4.98
fireproof materials (0.28-27.14)
tar distillation 18 1.51
(0.31-5.08)
fire damage 5 0.46
restoration (0.13-2.09)
hydraulic engineer- 4 1.98
ing and corrosion (0.83-7.88)
protection
production of 34 Norway 19.7 Bentsen-Farmen
graphite electrodes etal. 1999
67 Germany 8.7 Angerer et al.
1997 b
67 Germany 0.2-326 Mannschreck
etal. 1996
23 Germany 7.1-125.0 Goen et al. 1995
6 Germany 7.1-82.0 9.7-73.5 Angerer et al.
4 18.1-129.6  20.1-50.4 1992
14 2.2-125.0 3.2-160.8
13 0.58-16.8
coal-tar 3 Netherlands 1.3-38.5 Jongeneelen
impregnation 1 80.9-158 1992
plants
3 8.2-134.9
6 4.8-146.5
9 1.2-55.9
3 Germany 7.1-41.2 12.7-77.1  Angerer et al.

1992



Table 5b (Continued)

Polycyclic aromatic hydrocarbons (PAH) |31

Persons exposed Number Country 1-Hydroxypyrene References
(ng/g (wg/! urine)
creatinine)
3 Netherlands 1.0-9.1 Jongeneelen
etal. 1986
creosote workers Canada 3.14 Viau et al. 1995 b
(0.35-20.19)
coal tar distillation 4 Netherlands 2.3-25.1 Jongeneelen
etal. 1986
coking plant 15 People’s Republic  36.3 Zhao et al. 1990
of China
31 Sweden 15.9 Levinetal. 1995 a
10 1.9-34.7
oven topside area 24 Germany 3.3-79.4 Strunk et al.
2002
8 Germany 14.1-118.5 Grimmer et al.
1993 b
charging-car driver 4 Germany 8.2-21.0 Grimmer et al.
machine operator 4 2.0-6.9 1993 b
aluminium smelter 5 Netherlands 2.3-17 Vu-Duc and
Lafontaine 1996
25 Germany 0.1-126.2 Goen et al. 1995
37 Germany 0.7-126.2 0.2-99.2 Angerer et al.
1992
steelworks 12 People’s Republic 3.5 Zhao et al. 1990
of China
graphite oil treat- 10 Germany 0.85 (0.1-3.8) <0.1-4.2 Goen et al. 1995;
ment of glass forms Angerer et al.
1992
road construction
road construction 49 Germany 0.22 0.18 Marczynski et al.
(in general) 2006
4 Germany 2.6 Grimmer 1993 ¢
31 Netherlands 0.8-16.4 Jongeneelen
etal. 1988
hot bitumen 66 Germany 0.44 0.30 Marczynski et al.
processing 2006
petro bitumen 20 Germany 0.4-2.4 Knecht and
processing Woitowitz 1989
coal-tar bitumen 12 5.3-92.1
processing
waste incineration
municipal plant 53 Germany <0.1-0.8 <0.1-1.3 Goen et al. 1995;

Angerer et al.
1992
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Table 5b  (Continued)

Persons exposed Number Country 1-Hydroxypyrene References
(vg/g (ng/! urine)
creatinine)
industrial plant 43 <0.1-0.8 Goen et al. 1995
meat smokehouse 13 Germany <0.1-1.1 <0.1-1.1 Goen et al. 1995;
Angerer et al.
1992
railway sleeper 14 Netherlands 0.4-8.7 Jongeneelen
plants 1992
fire fighting 43 Canada <0.1-6.9 Caux et al. 2002
(fire brigade)
car repair shops Ttaly
non-smokers 40 0.07 Granella and
smokers 25 0.13 Clonfero 1993

Table 6a  Urinary excretion of 1-, 2-, 3-, 4- and 9-hydroxyphenanthrene (Xhydroxyphenanthrenes)
(median or range) in control volunteers

Persons exposed Number  Country Yhydroxyphenanthrenes References
(ve/g (ng/! urine)
creatinine)
general population >2741 United States 0.36 0.41 CDC 2005
women 1397 0.37 0.38 2001-2002
men 21344 0.35 0.45
general population >2179 United States 0.35 0.41 CDC 2003
women 21131 0.38 0.41 1999-2000
men >1048 0.33 0.41 1-, 2- and
3-hydroxyphen-
anthrene
general population Germany UBA 1998
non-smokers 389 0.67 0.84
smokers 184 1.00 1.38
general population
8 Germany 3.5 Grimmer et al.
1991a
non-smokers 10 Germany 1.3 Jacob et al.
1999 a
smokers 6 2.4
smokers with lung 10 1.6

cancer
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Table 6b  Urinary excretion of 1-, 2-, 3-, 4- and 9-hydroxyphenanthrene (Xhydroxyphenanthrenes)
(median or range) in occupationally exposed persons

Persons exposed Number  Xhydroxyphenanthrenes References
(ne/g (wg/! urine)
creatinine)
different industries 237 8.48 (0.19-122.18) BGFA 2005;
(total) Jacob and Seidel
2002; Rossbach
and Angerer 2002
production of graphite 71 6.87 (0.54-122.18)
electrodes and special
carbon products
production of fireproof 68 9.81 (0.67-116.84)
materials
coking plant 47 10.29 (3.30-79.36)
production of fireproof 24 13.96 (0.19-84.22)
materials
tar distillation 18 7.05 (2.11-29.53)
fire damage restoration 5 2.17 (0.85-6.53)
hydraulic engineering 4 5.61 (3.18-17.07)
and corrosion protection
coking plant 8 12.0 Strunk et al. 2002
oven topside area 24 70.0 Grimmer et al.
1991 a
4 103-686° Grimmer et al.
charging-car driver 4 45.0-88.0% 1993 b
machine operator 4 7.0-22.0%
road construction
road construction 49 1.15 0.95 Marczynski et al.
(in general) 2006
4 35.0 Grimmer et al.
1991 a
6 1.50 Martin et al. 1989
hot bitumen processing 66 2.37 1.56 Marczynski et al.
2006
bitumen processing 7 4.910322° Martin et al. 1989
treatment with creosote 1 5420 Martin et al. 1989

(wood preservation)

2 24-hour urine;
® taken from a figure
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Analogous to 1-hydroxypyrene, the interindividual differences observed for the
excretion of Xhydroxyphenanthrenes can be explained by the different levels of ex-
posure found in the various trades. The excretion of Yhydroxyphenanthrenes is
also subject to interindividual variations within a trade, as in the case of 1-hydroxy-
pyrene. On the basis of the high factors between 10 and 100, these variations can
be explained only by the sometimes considerable dermal absorption of PAH. By
contrast, as in the case of 1-hydroxypyrene, interindividual differences associated
with genetic polymorphisms in PAH-metabolizing genes are also only of subordi-
nate relevance for Yhydroxyphenanthrenes (Rihs et al. 2005). For Yhydroxy-
phenanthrenes, the analysis of 11 polymorphisms in a total of eight enzymes in-
volved in the xenobiotic metabolism of PAH (CYP1A1l, CYP1A2, CYP1BI,
CYP3A4, microsomal epoxide hydrolase (EPHX1), GSTM1, GSTT1 and GSTP)
shows that only four polymorphisms had a potential influence on the urinary ex-
cretion of Yhydroxyphenanthrenes. The factors with values between 1.5 and 2.0
are negligibly small as compared with the wide ranges of variation with factors of
10 to 100, which may only be due to different dermal absorption at otherwise iden-
tical workplaces. Most carcinogenic PAH including benzo[a]pyrene, which has
been investigated best, reveal a structural parameter, i.e. a bay region that is critical
for the biological effect. Bay-region anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-oxide,
which results from further enzymatic oxidation of the intermediate benzo[a]-
pyrene-trans-7,8-dihydrodiol, is formed as the ultimate biologically active main me-
tabolite of benzo[a]pyrene. By structural analogy to benzo[a]pyrene, phenanthrene
as the simplest representative of PAH with a bay region is metabolized to bay-re-
gion anti-phenanthrene-1,2-dihydrodiol-3,4-oxide via phenanthrene-trans-1,2-dihy-
drodiol (Jacob et al. 1996 b; Nordqvist et al. 1981). Both the intermediate phenan-
threne-1,2-dihydrodiol (Grimmer et al. 1993 a, b; Hecht 2002; Jacob et al. 1999 b)
and phenanthrenetetrol, which is excreted as the end product of this metabolic
pathway (Hecht et al. 2003) and is formed by hydrolysis of bay-region anti-phenan-
threne-1,2-dihydrodiol-3,4-oxide, are determined in human urine. Whereas the ex-
cretion of the monohydroxylated metabolites (phenols) of the non-carcinogenic
phenanthrene corresponds to a detoxification pathway, the proposal is made that
phenanthrenetetrol should be measured as a qualitative surrogate marker for the
metabolic activation of PAH (Hecht et al. 2003) since the specific enzymatic steps
proceed analogously to those in carcinogenic PAH like benzo[a]pyrene.

Phenanthrene-1,2-dihydrodiol was determined by means of a GC/MS method
after derivatization to methyl ethers (Jacob et al. 1999 a) among workers with occu-
pational exposure (Seidel and Jacob 2005). A median of 0.7 pg/g creatinine was
found in workers involved in graphite electrode production, 3.6 pg/g creatinine
among coke oven workers, 51.7 ng/g creatinine in workers in converter lining and
21.2 or 127.7 png/g creatinine in workers involved in the production of fireproof
materials depending on the material used. Both these increasing values and the
levels for Xhydroxyphenanthrenes (BGFA 2005) can be explained by an increasing
exposure to phenanthrene at the workplaces. However, it is unusual that the ratio
of excreted phenanthrene 1,2-dihydrodiol to Xhydroxyphenanthrenes considerably
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increases with an increasing exposure level; this indicates an induction of this me-
tabolic pathway among the persons exposed.

In the United States, the excretion of phenanthrenetetrol was examined among
non-smokers, smokers, coke oven workers and psoriasis patients treated with a tar
ointment by use of a GC/NICI MS method after derivatization to silyl ethers (Hecht
etal. 2003). The results demonstrated that phenanthrenetetrol is a sensitive biomar-
ker for PAH exposure that effectively reflects changes in the exposure level. Accord-
ingly, significant differences in the excretion of phenanthrenetetrol were found in
the 4 listed exposure groups with increasing exposure (non-smokers: n = 30,
mean = 1.51 pmol/mg creatinine; smokers: n =31, mean = 4.58 pmol/mg creati-
nine; coke oven workers: n = 32, mean = 25.7 pmol/mg creatinine; psoriasis
patients: n = 20, mean = 791 pmol/mg creatinine). Both Xhydroxyphenanthrenes
and phenanthrenetetrol excretion were also measured in 300 volunteers of the
European general population (non-smokers) from Italy, Poland and Serbia (Seidel
et al. 2005). About the same or even higher amounts were excreted in these cohorts
with slight exposure as compared with Xhydroxyphenanthrenes (Italy: medians of
0.37 pg/g and 0.53 pg/g creatinine for Yhydroxyphenanthrenes and phenanthrene-
tetrol, respectively; Poland: medians of 2.01 pg/g and 1.77 pg/g creatinine for
Yhydroxyphenanthrenes and phenanthrenetetrol, respectively; Serbia: medians of
1.05 pg/g and 1.10 pg/g creatinine for Yhydroxyphenanthrenes and phenanthrene-
tetrol). A 6-week longitudinal study among smokers and non-smokers showed that
the excreted concentrations of Yhydroxyphenanthrenes, phenanthrenetetrol and
the ratio of Yhydroxyphenanthrene/phenanthrenetetrol varied in the individual vol-
unteers (mean coefficients of variation ranging from 29% to 46%). The increased
ratio of phenanthrenetetrol/>hydroxyphenanthrenes in smokers versus non-smok-
ers (1.39 versus 0.78) was interpreted as an induction of the metabolic activation
pathway in smokers (Hecht et al. 2005). The available studies substantiate that phen-
anthrenetetrol can be used as a good biomarker of systemic PAH exposure.

The human biomonitoring described so far on the basis of the excretion of phen-
anthrene and pyrene metabolites in the urine does not reflect the systemic load
posed by carcinogenic PAH in pyrolysis products or other mixtures containing
PAH. Accordingly, efforts are being made to record metabolites of carcinogenic
PAH like naphthalene, chrysene and benzo[a]pyrene analytically.

Since naphthalene has been re-evaluated as a carcinogenic hazardous substance
(2001 Supplement “Naphthalene”, this volume) based on an NTP study (NTP
2000), the question of human biomonitoring also arises for this substance. A sub-
stantial fraction of the low-boiling naphthalene is absorbed via the lungs. Its meta-
bolites, for example 1- and 2-naphthol, are excreted via the urine. These metabo-
lites are thus easily available for human biomonitoring in the urine. In the mean-
time, 1- and 2-naphthol have been measured in a number of studies, the results
being specified both separately and as a sum (Xnaphthols). The most comprehen-
sive studies in the general population for these two metabolites — and also for all
other PAH metabolites — are available from the Center for Disease Control & Pre-
vention in the United States, which tests the body burden of the American general
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population for various environmental contaminants (including PAH) in thousands
of urine samples on a two-year cycle. The Third National Report on Human Expo-
sure to Environmental Chemicals of the National Health and Nutrition Examina-
tion Survey (CDC 2005) specifies an excretion of 4.0 pg/1 and 3.5 pg/g creatinine
(median) for ¥naphthols measured in 2748 persons. The level for men (n = 1349)
was 4.5 pg/l and 3.8 pg/g creatinine, whereas the corresponding level for women
was 3.6 pg/l and 4.0 pg/g creatinine. Smokers had higher levels for Ynaphthols
(Nan et al. 2001; Serdar et al. 2003). Similar values were also found in the urine of
pre-school children (Wilson et al. 2003), middle-school students (Kang et al. 2002)
and adults (Kim et al. 2003; Kuusimaki et al. 2004; Serdar et al. 2003). The CDC
2005 data (from samples that were collected between 2001 and 2002) were however
only at levels of 50% of the values measured by other authors in 983 persons
(smokers and non-smokers) in the United States (Hill et al. 1995). The median
levels for 1- and 2-naphthol excretion in the urine were 4.4 and 3.4 pg/l, respec-
tively. The corresponding 95th percentiles were 43 and 30 pg/l. Urinary concentra-
tions of 1- and 2-naphthol were also measured in 72 adults and 35 children from
Germany to assess the systemic exposure to naphthalene. Smokers had 4 times
higher levels of Xnaphthols (related to creatinine) than non-smokers (Preuss et al.
2004 b). Preliminary reference values (95th percentile) of 41.2 pg/g creatinine for
adult non-smokers and 23.5 pg/g creatinine for children have been proposed in
Germany for Xnaphthols in the urine.

Studies on occupational exposure have also shown that 1- and 2-naphthol are
specific and sensitive parameters of an exposure to naphthalene (Nan et al. 2001;
Preuss and Angerer 2004 a; Preuss et al. 2003 a, 2004 b, 2005; Rappaport et al.
2004; Serdar et al. 2003).

Higher body burdens of naphthalene of up to about 1300 pg/1 were found in
occupationally exposed persons as compared with the general population. In coke
oven workers, urinary concentrations of 1- and 2-naphthol were between 5.3 and
386.4 pg/l and 4.8 and 174.3 pg/g creatinine, respectively. For workers involved in
the production of fireproof materials, the specific concentrations were in a range
between 1.5 and 205.8 pg/1 (1.5 to 109.5 pg/g creatinine), whereas they were be-
tween < detection limit and 216 pg/l (< detection limit and 150.5 pg/g creatinine)
for workers in graphite electrode production. The authors found corresponding
concentrations for a non-exposed cohort in a range between 1.4 and 83.6 pg/1 (1.4
and 84.6 pg/g creatinine) (Preuss et al. 2005).

Unlike naphthalene, higher-boiling PAH (e.g. chrysene and benzo[a]pyrene) are
excreted mainly with the faeces (Jacob et al. 1990). The analytical procedures to be
developed for this have to be extremely sensitive and specific to be able to detect
the small amounts of hydroxylated metabolites present in the urine with sufficient
diagnostic validity. The studies initially concentrated on 3-hydroxybenzo[a]pyrene
in the urine as the metabolite of the primary substance benzo[a]pyrene.

A method for the determination of 3-hydroxybenzo[a]pyrene after reduction with
hydriodic acid was described for the first time in 1983 (Becher and Bjerseth 1983).
The concentrations measured with this method were 0.12 pg/l in the urine of
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PAH-exposed workers. However, the procedure did not become generally accepted
as a routine method. Subsequently, a HPLC method for the determination of 3-
hydroxybenzo[a]pyrene was published with recovery rates of 43% and a limit of
quantification of 1 ng/24 hour urine (Jongeneelen et al. 1985 a). In a later study, a
considerably higher detection limit of 1 pg/1 (4 nmol/l) was specified (Jongeneelen
et al. 1987). However, since the concentrations of 3-hydroxybenzo[a]pyrene in the
urine of workers of a coal-tar distillation plant were below the detection limit, the
method did not seem to be very suitable for human biomonitoring. The sensitivity
and reproducibility of the HPLC method was improved by the addition of ascorbic
acid to the eluent (Bouchard et al. 1994). Later a HPLC method was described with
fluorescence detection using a silica precolumn modified with copper phthalocya-
nine, as originally developed by Lintelmann et al. (1994 a, b) and Boos et al. (1992);
detection limits of 6 ng/l and 8 ng/1 were found for the simultaneously determined
3-hydroxybenzo[a]pyrene and 3-hydroxybenzo[a]anthracene, respectively (Giindel
and Angerer 2000). Concentrations of 3 to 198 ng 3-hydroxybenzo[a]pyrene/g crea-
tinine and 15 to 1871 ng 3-hydroxybenzo[a]anthracene/g creatinine were measured
in post shift urine samples from workers (n = 19) engaged in the production of
fireproof materials. According to the authors, 3-hydroxybenzo[a]anthracene might
be a biomarker that represents the group of carcinogenic PAH (Glindel et al.
2000). The results were in a range that was also found for 3-hydroxybenzo[a]pyrene
in another study for both non-exposed persons (6 ng/l; n=48) and coke oven
(370 ng/l; n = 40) and road construction workers (19 ng/l; n =10) (Grimmer et al.
1990, 1991 a). A correlation was established between the amount of benzo[a]pyrene
inhaled within 8 working hours and the excretion of its phenolic metabolites (sum
of 3-, 7- and 9-hydroxybenzo[a]pyrene) (Grimmer et al. 1993 a). The inhaled
amount of benzo[a]pyrene of 17.71 pg corresponded to an excreted amount of phe-
nol of 0.82 pg. However, the detection limit for 3-hydroxybenzo[a]pyrene using the
usual fluorescence detection is too high for a sensitive and specific determination
of this analyte in the urine of occupationally non-exposed volunteers (e.g. children)
(Hollender et al. 2000). After other, more sensitive methods had initially been es-
tablished, such as HPLC with laser-induced fluorescence detection (LIF) using an
improved sample accumulation or v-cyclodextrin-modified micellar electrokinetic
chromatography with LIF, it was possible to determine lower concentrations in a
range of 0.5 to 8 g/l (Ariese et al. 1994; Smith et al. 1998). Although significantly
increased 1-hydroxypyrene concentrations were measured in the urine of coke
oven workers as compared with non-exposed volunteers, no correspondingly ele-
vated 3-hydroxybenzo[a]pyrene concentrations were observed in most samples
(Ariese et al. 1994).

Meanwhile, three sensitive and specific methods have been developed that can
routinely be used in studies for the detection of 3-hydroxybenzo[a]pyrene. One
method is based on capillary gas chromatography with high-resolution mass spec-
trometry (GC-HRMS) (Romanoff et al. 2006). After enzymatic hydrolysis, purifica-
tion by means of solid-phase extraction and silylation of the hydroxylated PAH me-
tabolites, 3-hydroxybenzo[a]pyrene can be detected down to the low ng/l range
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using this method. The 95th percentile of 3-hydroxybenzo[a]pyrene determined by
the American Environmental Survey with this method in the urine of 2152 persons
from the general population was 0.18 pg/l. The median was below the detection
limit.

A second method is based on high-pressure liquid chromatography with an
APCI tandem mass spectrometer as the detection system (Fan et al. 2006). In the
Multiple Reaction Monitoring Mode (MRM), tandem mass spectrometry is another
excellent method for the quantitative determination of PAH metabolites in the
urine, with only a simple solid phase extraction being required for sample prepara-
tion because of the high selectivity after the enzymatic cleavage of the conjugates.
The method shows a limit of quantification of 1.03 pg/l for 3-hydroxybenzo[a]-
pyrene. Besides 3-hydroxybenzo[a]pyrene, 1-hydroxypyrene was also recorded in
the urine with this method. In a student cohort of smokers and passive smokers in
China, means of 0.007 + 0.011 and 0.253 + 0.138 pmol/mol creatinine were found
for the excretion of 3-hydroxybenzo[a]pyrene and 1-hydroxypyrene, respectively. In
contrast, the means of 3-hydroxybenzo[a]pyrene and 1-hydroxypyrene were 0.006 +
0.012 and 0.192 + 0.129 pmol/mol creatinine (corresponding to 0.011 + 0.023 and
0.37 + 0.249 pg/g creatinine) for non-smokers (Fan et al. 2006).

A third method is based on high-performance liquid chromatography with four-
fold column switching for online purification of the urine samples with subse-
quent evidence of 3-hydroxybenzo[a]pyrene by means of fluorescence detection
(4D HPLC FLD) (Lafontaine et al. 2006; Simon et al. 2000). The median of the
concentrations determined by this method was 0.055 ng/g creatinine (< 0.024-
0.199 ng/g) in 27 smokers, whereas it was 0.026 ng/g (< 0.024-0.107 ng/g) in 27
non-smokers (Lafontaine et al. 2006). In addition to the regular metabolites 1-
hydroxypyrene and XYhydroxyphenanthrenes, 3-hydroxybenzo[a]pyrene was ana-
lyzed in urine samples of a total of 225 PAH-exposed workers from different in-
dustrial trades after workshift using the described method (Forster et al. 2007).
The median of 3-hydroxybenzo[a]pyrene was 0.8 ng/g creatinine (< limit of detec-
tion to 19.5 ng/g; 95th percentile: 6.7 ng/g) and thus about 40 times higher than
the value for non-smokers in the study by Lafontaine et al. (2006). Only 1% of the
analyzed samples yielded values below the detection limit. The 3-hydroxybenzo[a]-
pyrene values revealed a strongly positive association with the specific values of 1-
hydroxypyrene and Yhydroxyphenanthrenes in the urine; no associations between
benzo[a]pyrene levels in the air and 3-hydroxybenzo[a]pyrene in the urine were
found because of both dermal absorption and inadequate detection limits of benzo-
[a]pyrene in the air.

The methods of Romanoff et al. (2006) and Lafontaine et al. (2006) are comple-
tely automated and require only minor manual sample preparation. In the studies
carried out by the American Environmental Survey and by (Lafontaine et al. 2006
and Forster et al. 2007), both methods proved their routine practicability, the 4D
HPLC FLD method by Lafontaine et al. being more sensitive for the evidence of 3-
hydroxybenzo[a]pyrene in the urine. The values of 3-hydroxybenzo[a]pyrene mea-
sured in the non-exposed American general population were about 5 to 10 times
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higher than those concentrations of the occupationally non-exposed general popu-
lation in Germany. It has not yet been clarified whether the differences between
the two countries were due to the method or to differences in exposure to PAH.
The method developed by Romanoff et al. (2006) not only makes it possible to
determine 3-hydroxybenzo[a]pyrene within one analytical run but also to routinely
measure further PAH metabolites with detection limits in the low ng/1 range, for
example 1-, 3- and 9-benzo[a]anthracene (Xhydroxybenzo[a]anthracenes), 1-, 2-,
and 3-hydroxybenzo[c]phenanthrene (Xhydroxybenzo[c|phenanthrenes), 1-, 2-, 3-,
4- and 6-hydroxychrysene (Xhydroxychrysenes), 3-hydroxyfluoranthene and 2-, 3-
and 9-hydroxyfluorene (Xhydroxyfluorenes). In this way, a median of 17.5 pg/l
urine and 14.7 pg/g creatinine was determined for 3-hydroxyfluoranthene in sam-
ples of 2152 persons of the American general population (CDC 2005), whereas the
median levels for Yhydroxyfluorenes were 0.67 pg/l urine and 0.54 pg/g creati-
nine. The median values were below the detection limit for all other metabolites.
The 95th percentile was 0.04 pg/l urine for Xhydroxybenzo[a]anthracenes,
0.06 pg/l urine for Xhydroxybenzo[c]phenanthrenes, 0.26 pg/l wurine for
Yhydroxychrysenes, 0.1 pg/l urine for 3-hydroxyfluoranthene and 0.55 pg/l urine
for Yhydroxyfluorenes. At the CDC, this method has recently also been extended
to the measurement of 7-hydroxybenzo[a]pyrene (Li et al. 2006).

On account of their nucleophilic character, the excreted monohydroxylated PAH
(phenols) are biomarkers that represent detoxified metabolites. Ideally, a metabo-
lite of a carcinogenic PAH, such as of benzo[a]pyrene, which represents a bioactiva-
tion for example to the electrophilically reactive dihydrodiol epoxides, would be a
desirable biomarker. Benzo[a|pyrenetetrol, which is formed by hydrolysis of anti-
benzo[a]pyrene-7,8-dihydrodiol-9,10-oxide (see Section 3.2.2), would be such a bio-
marker. However, measurement of benzo[a]pyrenetetrol in the urine (Bentsen-
Farmen et al. 1999; Bowman et al. 1997; Simpson et al. 2000; Wu et al. 2002) has up
to now not become established in occupational and environmental medicine since
the excreted amounts are very small and the detection limits are not sufficient.

Human PAH exposure at different workplaces in various trades is always charac-
terized by substantial differences in PAH compositions, the spectrum ranging from
low-molecular representatives, such as the still volatile naphthalene, to higher-mole-
cular representatives, such as benzo[a]pyrene and dibenzopyrenes. The latter are al-
most completely bound to particles. Therefore, metabolites covering a broad spec-
trum of exposure are particularly suitable as biomarkers, the amounts excreted in
the urine generally decreasing with an increasing molecular weight. Taking into ac-
count urine excretion and the well-established methods of determination, phenols
are an important class of metabolites for the measurement of PAH exposure. In
particular, the phenols of naphthalene, pyrene and phenanthrene are well estab-
lished biomarkers that can routinely be determined in the urine using various meth-
ods. Recent analytical developments also allow a specific and sensitive determina-
tion of the relatively small amounts of 3-hydroxybenzo[a]pyrene occurring in the
urine as exposure markers for the carcinogenic benzo[a]pyrene. Since phenols fun-
damentally represent a detoxification of PAH, it is important to determine further
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classes of metabolites that allow in particular an assessment of the hazard potential
of PAH. Current analytical developments concentrate on the determination of
tetrols that are formed as hydrolysis products from the bay-region dihydrodiol epox-
ides that are important for the biological activity and on dihydrodiols from which
the specific bay-region dihydrodiol epoxides are formed. Non-carcinogenic phenan-
threne currently allows such a determination of several classes of metabolites as
biomarkers, a metabolite profile being able to be established from several phenols,
dihydrodiols and a tetrol formed from a bay-region dihydrodiol epoxide. The latter
reflects the most important metabolic activation pathway for PAH because of the
structural analogy mentioned before. Further investigations are necessary to estab-
lish whether the excretion of phenanthrenetetrol is associated with the formation of
dihydrodiol epoxides of carcinogenic PAH such as benzo[a]pyrene or with the for-
mation of DNA adducts as their effect markers.

4.2.2 Susceptibility

Interindividual differences in the excretion of PAH metabolites are attributed to se-
quence variants in genes that are involved in PAH metabolism. Modified genes may
affect the catalytic properties (if there is a change in the amino acid sequence) or the
amount of the coded enzyme (Alexandrie et al. 2000; Glatt 2004; Kim et al. 2003;
Kuljukka-Rabb et al. 2002; Nerurkar et al. 2000; Rihs et al. 2005; Wu et al. 1998,
2002).

Susceptibility associated with the excretion of 1-hydroxypyrene The interindivi-
dual differences observed in the excretion of 1-hydroxypyrene can generally be
caused by genetic polymorphisms of the enzymes involved in the metabolism of
pyrene, such as genetic variants of CYP enzymes (phase 1) and various glutathione
S-transferases (GST) (phase 2) (Autrup 2000; Bartsch et al. 2000). The study of a
possible influence of the CYP1A1 Mspl genotype on the excretion of 1-hydroxypyr-
ene in coke oven workers in Taiwan showed that the 1-hydroxypyrene level among
individuals with the homozygous variant (aa) of this genotype was twice as high as
that of the group with the wild type (AA) and the heterozygous variant (Aa)
(p=0.04) (Wu et al. 1998). In addition, a positive trend was observed for 1-hydro-
xypyrene excretion in decreasing order. It was more pronounced in the topside
oven workers with the homozygous variant trait than in those with the heterozy-
gous variant trait. This trend was less pronounced in side oven workers, but it was
also more prevailing in those with the homozygous variant trait (p < 0.001). Simi-
lar results were obtained in a study conducted among traffic policemen with PAH
exposure via contaminated ambient air in municipal areas. Higher concentrations
of 1-hydroxypyrene in the urine were found in policemen who smoked fewer than
15 cigarettes/day and belonged to the heterozygous variant of the CYP1A1 Mspl
genotype than in policemen who were homozygous for the reference type. In con-
trast, no effect of the genotype on 1-hydroxypyrene excretion was found if the po-
licemen were either non-smokers or had smoked more than 15 cigarettes/day
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(Merlo et al. 1998). A study of non-occupationally exposed volunteers consisting of
Japanese, Hawaiians and Caucasians showed that the urinary excretion of 1-hydro-
xypyrene in smokers with the heterozygous CYP1A1 Mspl genotype was twice as
high as in smokers with the reference type after adjusting for age, ethnicity and
number of cigarettes smoked (p = 0.02). Similar results were obtained in this study
for the CYP1A1 Ile462Val genotype (gene: CYP1A1*2B) (Nerurkar et al. 2000). An
elevated urinary 1-hydroxypyrene level in carriers of the homozygous CYP1Al
462Val variant was also described in a study carried out among 162 Chinese coke
oven workers (Zhang et al. 2001). However, no impact of the CYP1A1 Ile462Val
genotype on 1-hydroxypyrene excretion was found in a study with coke oven work-
ers in China (Pan et al. 1998). A study among aluminium smelter workers showed
a non-significant increase in the 1-hydroxypyrene excretion for individuals with
the heterozygous CYP1A1 Ile462Val genotype (Alexandrie et al. 2000). Here, the
highest urinary 1-hydroxypyrene concentrations were observed among volunteers
who additionally had no GSTM1 expression (null genotype). Unlike these findings,
no impact of the CYP1A1 Ile462Val genotype was reported among aluminium pro-
duction workers (Schoket et al. 2001). Further CYP genotypes examined such as
CYP1A1 Mspl, CYP1B1 Leu432Val, CYP2C9 Argl44Cys and CYP2C9 Ile359Leu
did not affect the 1-hydroxypyrene excretion of the volunteers either (Schoket et al.
2001). In one publication it is pointed out that not only the extrahepatic CYP1A1 in
the lungs but also other forms of CYP, particularly forms that occur in the liver
and catalyze pyrene metabolism, contribute to 1-hydroxypyrene excretion (Alexan-
drie et al. 2000). This is substantiated by a study in coke oven workers in Korea. In
this study, the CYP1A1 Ile462Val polymorphism had no impact; the authors asso-
ciated this with a clearly lower expression of CYPIA1I in Asian populations as com-
pared with the Caucasian population. It is interesting that a higher excretion of 1-
hydroxypyrene was found among individuals with the ¢1/c2 or c2/c2 genotype of
the CYP2E1 (Nan et al. 2001). The available data suggest that individuals with cer-
tain genetic variants of the CYP1AI and CYP2EI gene have an increased capacity
for metabolization of pyrene to 1-hydroxypyrene.

The relationship between GST genotypes and the urinary excretion of 1-hydroxy-
pyrene is only of a descriptive nature since the 1-hydroxypyrene concentration is
determined by the excreted glucuronide and sulfate conjugates in the urine. No me-
tabolic basis is obvious since phenols are not substrates for GST; nor are there any
indications that the pyrene-1,2-oxide that is formed intermediately is conjugated
with glutathione. The impact of GSTM1 and GSTT1 polymorphisms on the urinary
excretion of 1-hydroxypyrene as a glucuronide was initially examined in smokers.
Whereas 1-hydroxypyrene excretion was higher in smokers with a GSTM1 defi-
ciency (null genotype) than in individuals with a positive GSTM1 genotype, it was
increased in GSTT1 positive smokers as compared with those with GSTT1 defi-
ciency (Hong et al. 1999). An elevated 1-hydroxypyrene excretion linked with the
GSTM1 null genotype was found among coke oven workers in Italy (Brescia et al.
1999). This observation is also supported by the study in aluminium production
workers mentioned before (Alexandrie et al. 2000). However, among aluminium
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smelter workers, a non-significant decrease in 1-hydroxypyrene excretion was found
in individuals who showed a GSTM1 null genotype. These authors also found an
interaction between GSTM1 and GSTP1. Volunteers with a GSTM1 deficiency
showed a significantly lower 1-hydroxypyrene excretion as compared with the
GSTM1-positive genotype if the GSTP1 genotype Ile105/Ile105 was present at the
same time (Schoket et al. 2001). Other studies among traffic policemen in Italy
(Merlo et al. 1998) and coke oven workers in Sweden (vrebg et al. 1998) and in China
(Zhang et al. 2001) have led to the result that a GST polymorphism in the enzymes
GSTM1, GSTP1 or GSTT1 has no or only a slight marginal impact on 1-hydroxypyr-
ene excretion. The study among coke oven workers in Korea revealed no impact of
GSTM1 on 1-hydroxypyrene excretion, whereas the concentration of 1-hydroxypyr-
ene in the urine of GSTT1-positive volunteers was higher, although not statistically
significantly, than that of GSTT1 null genotypes (Nan et al. 2001). This is consistent
with the results from a study among United States Army soldiers serving in Kuwait
(Poirier et al. 1998). A recent study carried out among coke oven workers in the
Netherlands demonstrated that neither GSTM1 nor GSTT1 affect the urinary excre-
tion of 1-hydroxypyrene after occupational exposure to PAH (Van Delft et al. 2001).
It is interesting that the evaluation of a recent Korean study carried out among
661 volunteers without occupational PAH-exposure revealed a 1-hydroxypyrene
level in the urine that, after adjustment for smoking and lifestyle, was 1.5-fold
higher in GSTT1 carriers (p < 0.05) than in volunteers with the GSTT1 null geno-
type. This trend intensified for GSTT1 carriers if the GSTM1 gene (GSTMI1*0)
was not present, i.e. the 1-hydroxypyrene level was increased by a factor of 2. How-
ever, other polymorphisms investigated individually in the genes CYPIAI,
CYP1B1 and GSTM1 did not affect 1-hydroxypyrene excretion (Yang et al. 2003).

Susceptibility associated with the excretion of hydroxyphenanthrenes Phenan-
threne metabolites were used for the human biomonitoring of PAH in numerous
studies (the terms hydroxyphenanthrenes and phenanthrols are used synony-
mously in the literature). Phenanthrene can be metabolized to five different phe-
nols (1-, 2-, 3-, 4- and 9-hydroxyphenanthrene), three trans-dihydrodiols (1,2-, 3,4
and 9,10-dihydroxydihydrophenanthrene) and phenanthrenetetrol as the hydroly-
sis product of anti-phenanthrene-1,2-dihydrodiol-3,4-oxide; they are preferably ex-
creted in the form of their sulfates and glucuronides (Boyland and Sims 1962 a, b,
¢; Boyland and Wolf 1950; Grimmer et al. 1991 b; Hecht et al. 2003; Lertratanang-
koon et al. 1982; Sims 1962; Struble et al. 1986). A significant association was
found between the excretion of phenanthrene metabolites and the urinary level of
1-hydroxypyrene (Mannschreck et al. 1996).

Since phenanthrene can be oxidized at three different molecule regions and
higher amounts of it than of pyrene are metabolized to dihydrodiols by microso-
mal epoxide hydrolases, its urinary metabolite profile also provides information
about the balance of the enzymes involved in these processes. Different CYP forms
show different region specificities for the oxidation of phenanthrene (Jacob et al.
1996 a, 1996 b). Accordingly, the induction of individual CYP forms can be identi-
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fied from the profile of the phenanthrene metabolites excreted in the urine; for
example, an induction of CYP1A2 was found for cigarette smokers (Jacob et al.
1999 a) on account of the modified ratio of the oxidation of phenanthrene at the
3,4-position to the 1,2-position. Furthermore, phenanthrenetetrols, which are
formed as a result of the further metabolization of 1,2-dihydrodiol, are described
as a valuable biomarker that does not only indicate the biological metabolic path-
way of PAH but is also able to detect fine differences in the exposure to phenan-
threne in a specified PAH mixture (Hecht et al. 2003).

The influence of genetic polymorphisms on the metabolization of phenanthrene
has not been sufficiently investigated so far. A study that included 170 PAH-
exposed workers demonstrated that carriers of the CYP1A1 variant 3801TC, which
is identical with the heterozygous variant CYPIA1 Mspl mentioned before (Merlo
etal. 1998; Wu et al. 1998), had a 1.6-fold higher, significant hydroxyphenanthrene
concentration as compared with the homozygous reference (3801TT; p=0.03)
(Rihs et al. 2005). The heterozygous GSTP1 variant 114AV led to a 2-fold increased
excretion (p=0.001) of hydroxyphenanthrene and a 1.5-fold higher excretion
(p = 0.03) of hydroxypyrene versus the reference GSTP1 114AA. The same study
also revealed an effect on excretion for the two homozygous variants of the micro-
somal epoxide hydrolase EPHX1 113His/113His and 139Arg/Arg. The variant
113His/113His and the variant 139Arg/139Arg were associated with increased
(p=0.05) and reduced (p =0.02) hydroxyphenanthrene excretion, respectively, as
compared with the reference genotypes 113Tyr/113Tyr and 139His/139His.

Susceptibility associated with phenanthrenetetrol excretion Whereas phenan-
throls are biomarkers of detoxification, phenanthrenetetrols are biomarkers of
metabolic activation, whose application has recently been described (Hecht et al.
2003, 2005). In a study with 346 smokers, 11 different polymorphisms of various
PAH-metabolizing enzymes were also investigated for their possible impact on the
ratio of the 1-1,t-2,3,c-4-tetrahydroxy-1,2,3,4-tetrahydrophenanthrene/3-hydroxy-
phenanthrene metabolites determined in the urine (Hecht et al. 2006). The hetero-
zygous and homozygous CYP1A1 Ile462Val polymorphism showed a significant
association (p=0.02) with an increased phenanthrenetetrol/3-hydroxyphenan-
threne ratio. In contrast, two heterozygous polymorphisms in the CYP1B1 gene
(Arg48Gly and Alal19Ser) were associated with a significantly reduced phenan-
threnetetrol/3-hydroxyphenanthrene ratio (p < 0.02).

4.3 Local effects on skin and mucous membranes

Skin contact with small amounts of naphthalene (wearing clothes that had been
treated with mothballs) induced irritation up to severe dermatitis (Gerarde 1960 a).
Contact with clothes that were exposed to mothballs may cause severe erythema.
Workers had inflammation of the skin on the hands, arms, legs and lower abdo-
men after contact with mineral oil containing 1% to 1.5% naphthalene or devel-
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oped dermatitis after skin contact with naphthalene. Eye irritation was found at air-
borne naphthalene concentrations of 15 ml/m?3 and above (1995 MAK documenta-
tion “Naphthalene”, Volume 11, present series).

Healing occurred in a man with exfoliative dermatitis after all contact with
naphthalene had been eliminated (Fanburg 1940). Cases of haemolytic anaemia
were observed in newborn whose nappies had previously been stored together with
mothballs (Anziulewicz et al. 1959). Repeated exposure to naphthalene vapours or
naphthalene dust led to ulceration of the cornea, lenticular opacity and cataracts
(Sandmeyer 1981).

4.4  Allergenic effect

Anthracene increases the sensitivity of the skin to sunlight (Gerarde 1960 a). A
positive reaction to naphthalene was observed in the patch test carried out in a 43-
year-old patient who suffered from acute recurrent dermatitis. One of 598 patients
who were examined because of dermatoses reacted to naphthalene in the patch
test. A frequency of 0.13% is specified for allergy to naphthalene (1995 MAK doc-
umentation “Naphthalene”, Volume 11, present series).

4.5 Reproductive and developmental toxicity

Two reports are available on transplacental naphthalene poisoning (Anziulewicz
etal. 1959; Zinkham and Childs 1958). In both cases, expectant mothers had
sucked or chewed naphthalene-containing mothballs for a prolonged period in the
last trimester of pregnancy. Haemolytic anaemia with jaundice was observed in
the newborn 7 hours and 3 days after birth, respectively.

4.6 Genotoxicity
Genotoxic effects induced by PAH were found in human cells in vitro and in vivo
(Glatt 2005).

4.7 Carcinogenicity

PAH are complex mixtures of substances with several hundreds of different indivi-
dual compounds, which were assessed anew by the International Agency for Re-
search on Cancer (IARC) in 2005 (Straif et al. 2005; IARC 2010). Benzo[a]pyrene is
the only individual substance that has been classified as a confirmed human carci-
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nogen to date (IARC Group 1). Furthermore, cyclopenta[cd|pyrene, dibenzo[a,h]an-
thracene and dibenzo[a,l]pyrene are considered to be probably carcinogenic to hu-
mans (IARC Group 2A). Tar oils (oily liquids that form in the fractionated distilla-
tion of coal tar; also called creosote) contain PAH mixtures and are also classified
as probably carcinogenic to humans (IARC Group 2A).

In 2005, the IARC classified occupational exposures during coal gasification,
coke production, coal tar distillation, chimney sweeping, paving and roofing when
handling coal tar and aluminium production as carcinogenic to humans (IARC
Group 1) (Straif et al. 2005; IARC 2010).

4.7.1 Reference to the workplace

Occupational exposure to PAH generally consists of combustion gas from organic
material absorbed via the respiratory tract and of coal tar products absorbed
through the skin. In numerous studies, a significant increase of various types of
cancer mainly in the lungs, urinary bladder and skin were detected in industries
with high PAH exposure. At certain workplaces today, occupational PAH exposure
is still far higher than the impact by tobacco smoking. Boffetta et al. (1997) speci-
fied the relative cancer risk posed by PAH exposure for various industries. Bosetti
et al. (2006) based their review on that by Boffetta et al. and assessed the studies
published up to 2005 for cancer of the respiratory tract and urinary tract.
Armstrong et al. (2004) quantified the dose-response relationships for lung cancer
in the various industries in their review. An adjustment made in the studies for
smoking has been taken into account.

In Germany, more than 200.000 workplaces must be assumed to have occupa-
tional PAH exposure higher than the background contamination in the environ-
ment (CAREX 2007). High PAH exposures may occur at workplaces in coking
plants and aluminium, iron and steel works, in industrial plants producing and
processing coal tar, pitch, creosote, mineral oil, soot and carbon black as well as in
production plants of fireproof materials and graphite electrodes. Wide ranges of
possible PAH concentrations may be found here. In a multicentre study recently
carried out in Germany, PAH exposures were measured several times at work-
places in four different industries (production of fireproof materials and graphite
electrodes, coking plants and charging of converters) in the period from 1999 to
2003. Mean exposures of 13.5 pg/m3 in the production of graphite electrodes,
22.5 pg/m?3 in coke production, 30.2 pg/m?3 in the production of fireproof materials
and 576 pg/m?3 in the charging of converters resulted for total PAH (sum of the
concentrations of 16 U.S. EPA particle-bound and gaseous PAH measured in the
breathing zone) (Rihs et al. 2005).

Particularly in the past, road construction and roofing workers had high PAH
exposures caused by the use of coal tar. Tar was prohibited for road construction in
Germany in 1984. The general use of coal tar was considerably restricted by the
German Tar-Oil Ordinance (Teerélverordnung) of May 27, 1991 and the German
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Banned Chemicals Ordinance (Chemikalien-Verbotsverordnung), which became
valid in 2002. In road construction, bitumen replaced tar as a binder, which clearly
reduced occupational PAH exposure. The composition of vapours and aerosols
also changed with the removal of tar. However, there may occasionally be exposure
to tar in road construction, for example in the reconstruction of tar-containing
roads. Such an exposure to tar can be clearly detected by biomonitoring as high
levels of PAH metabolites (Schott et al. 2003).

Sir Percival Pott (1775) observed an unusually high incidence of scrotal carcino-
mas in chimney sweeps (chimney sweep’s cancer) even more than 200 years ago.
In later studies, an increased incidence of neoplastic changes of the respiratory
tract and other organs was reported in this occupational group (Cadez 1983;
Gustavsson et al. 1987, 1988; Hogstedt et al. 1982). Markedly elevated skin cancer
incidences (scrotum) and neoplastic changes in other organs were later observed
in further occupational groups exposed to coal tar, coal tar pitch or creosote in
wood impregnating plants (Karlehagen et al. 1992). Also of historical importance
are the studies published in 1936 and 1947 on mortality from lung cancer and
laryngeal carcinomas based on occupations specified on death certificates
(Kennaway and Kennaway 1936, 1947).

Besides the significantly increased cancer incidences for the lungs, bladder and
skin in typical industries with high PAH exposure, evidence of cancer in further
organs such as the kidneys, larynx, oesophagus and stomach is listed in the litera-
ture. The findings are less consistent and cannot be evaluated conclusively under
the aspect of possible mixed exposures and a lack of adequate data overall. How-
ever, there are data indicating that there might also be an association with laryn-
geal carcinoma.

There may be co-exposure under various exposure conditions, particularly by ex-
posure to heterocyclic amines, aromatic amines and benzene. In a study among
6423 men who were employed at an aluminium smelter between 1954 and 1997,
the cumulative exposure variables for benzo[a]pyrene and benzene-soluble sub-
stances were highly correlated (r = 0.94) (Friesen et al. 2007).

4.7.2 Lung cancer

The lung is considered to be the main target organ for airborne occupational PAH
exposure. As early as in their studies of 1936 and 1947, Kennaway and Kennaway
reported an increase in lung cancer mortality caused by PAH for coke oven work-
ers, gas workers and road construction and asphalt workers. Numerous studies
were subsequently carried out to examine the relative lung cancer risk posed by
PAH; the major ones (with at least 100 lung cancer cases) were those by
Andjelkovich et al. (1990, 1992, 1994), Armstrong et al. (1994), Boffetta et al.
(2003), Constantino et al. (1995), Doli et al. (1972), Gibbs (1985), Hammond et al.
(1976), Hurley et al. (1983), Rockette and Arena (1983), Romundstad et al. (2000),
Sorahan et al. (1994), Swaen et al. (1991) and Xu et al. 1996.
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In Germany, lung cancer induced by coke oven emissions was included in the
List of Occupational Diseases (BK 4110) in 1989 and a technical exposure limit
(Technische Richtkonzentration; TRK value) was introduced for benzo[a]pyrene
(up to 2005). In 1998, the Medical Experts Forum “Occupational Diseases” at the
German Federal Ministry of Labour and Social Affairs recommended that the fol-
lowing new occupational disease should be included in the Annex of the German
Ordinance on Occupational Diseases: “Lung cancer caused by polycyclic aromatic
hydrocarbons if there is evidence of an impact of a cumulative dose of at least 100
benzo[a]pyrene years [(pg/m?3) x years]” (BMA 1998).

An increase of the relative lung cancer risk caused by occupational PAH expo-
sure has also been substantiated in meta-analyses (Armstrong et al. 2004; Bosetti
et al. 2006). However, the estimated risk increase depends on the industry and is
moderate in most branches.

A total of 39 cohort studies carried out between 1972 and 2001 were analyzed in
a review (Armstrong et al. 2004). The studies covered nine different industries:
coking plants (10 cohort studies), gas production from coal (4), aluminium smel-
ters (8), carbon anode production (4), asphalt use (3), tar distillation (3), chimney
sweeps (2), thermoelectric power plants (3) and carbon black production (2). The
total number of lung cancer cases analyzed was more than 2800. Unlike other
meta-analyses, this review also considered quantitative dose-response relation-
ships. The risk estimates were specified as URRs (unit relative risks), i.e. as RRs
(relative risks) related to 100 pg/m3 benzo[a]pyrene years.

The relative lung cancer risk was significantly increased (1.2 at 100 pg/m3 benzo
[a]pyrene years; 95% CI: 1.11-1.29). This means that the lung cancer risk increases
by 20% at a cumulative exposure of 100 pg/m3 benzo[a]pyrene years. However, the
authors point out that the estimate is to be interpreted cautiously because of het-
erogeneity, for example, differences in exposure among the branches; risk assess-
ments should therefore be considered specific for the industry. According to the
authors, the heterogeneity may be explained by the diverse compositions and
therefore different carcinogenicity of PAH mixtures occurring in the various in-
dustries (Armstrong et al. 2004). A relatively consistent increase of the relative lung
cancer risks was observed for coke, gas and aluminium production. An increased
relative lung cancer risk of 1.17 at 100 pg/m? benzo[a]pyrene years (95% CI: 1.12—-
1.22) was obtained for the three industries taken together. Except for the carbon
black branch (URR = 0.00; 95% CI: 0 to more than 1000), the relative lung cancer
risk was considerably higher for the other six branches, but clearly less reliable
because of a smaller number of cases and lower exposure levels (URR = 4.30 for
carbon anode production; 95% CI: 0.81-22.79; up to URR = more than 1000 for
thermoelectric power plants; 95% CI: 0 to more than 1000). There was a significant
relative risk increase for asphalt workers and chimney sweeps, but not for workers
in carbon anode production, tar distillation, power plants and carbon black produc-
tion. Exposures in the analyzed studies showed a wide range and were between
0.75 to 805 pg/m? benzo[a]pyrene years (this corresponds to an airborne concen-
tration of about 0.04-40 pg/m3). It was concluded from the results that occupa-
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tional exposure to PAH by inhalation is associated with a significant impact on the
lung cancer risk. The average unit relative risk for 100 pg/m?3 benzo[a]pyrene years
(URR) was 1.2 (95% CI 1.11-1.29) (Armstrong et al. 2004).

Cohort studies from 1997 to 2005 were analyzed in a meta-analysis (Bosetti et al.
2006). Studies that had already been assessed in the review by Boffetta et al. (1997)
were also included in the risk estimates. The results of a total of 57 cohort studies
from ten different branches were summarized. Unlike Armstrong et al., however,
Bosetti et al. calculated the pooled risk estimates as a weighted mean of the SMR
(standardized mortality ratios) rather than estimating dose-response relationships
for PAH exposures and the relative lung cancer risk. The analyzed studies showed
clear heterogeneities for the measured relative risks among the analyzed studies
and also within the branches. A significantly increased relative lung cancer risk
was found for asphalt workers (RR = 1.14; 95% CI: 1.07-1.22), carbon black pro-
duction (RR = 1.30; 95% CI: 1.06-1.59), iron and steel foundries (RR = 1.40; 95%
CI: 1.32-1.49), roofing workers (RR = 1.51; 95% CI: 1.28-1.78), coking plants (RR
= 1.58; 95% CI: 1.98-2.64) and coal gasification (RR = 2.29; 95% CI: 1.98-2.64).
The results for coking plants and gas production substantiate the results obtained
by Armstrong etal. (2004). Unlike Armstrong et al. (2004), Bosetti et al. (2006)
found no significant risk increase for aluminium smelters (RR = 1.03; 95% CI:
0.95-1.11). According to Bosetti et al. (2006), the results for carbon black production
must be interpreted with restrictions since the considered data are not very reliable.
The role of other contaminants that might be involved in the development of lung
cancer has been discussed for coal gasification and iron and steel foundries. These
are for example heavy metals and quartz in gas production and heavy metals, quartz
and asbestos in iron and steel foundries. No significant increase of the relative lung
cancer risk was observed for coal anode production, tar distillation or creosotes.

Fayerweather (2007) updated a meta-analysis for paving and roofing workers by
Partanen and Boffetta (1994). A significant risk increase was found for roofing
workers (RR = 1.67; 95% CI: 1.39-2.20); after adjustment for coal tar, it was no
longer significant (RR = 1.10; 95% CI: 0.91-1.33). The increased relative lung can-
cer risk of roofing and paving workers was attributed to PAH exposures in coal tar.

In summary, an association between occupational PAH exposure and lung can-
cer can be derived from the available epidemiological studies on the basis of a rela-
tive risk. The meta-analysis by Armstrong et al. (2004) revealed a statistically signif-
icant dose-response relationship between cumulative PAH exposure (in benzo[a]-
pyrene years) and lung cancer, which was generally even more pronounced in the
subgroup of studies adjusted for smoking as compared with the average for all
studies.

4.7.3 Bladder cancer

Evidence was already available in the 1990s that an association between occupa-
tional PAH exposure and bladder cancer can be assumed on the basis of epidemio-
logical findings obtained in individual studies (e.g. Pesch etal. 2000 a; Steineck
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et al. 1990). This has been substantiated by reviews (e.g. Boffetta et al. 1997), meta-
analyses (e.g. Armstrong etal. 2003; Bosetti et al. 2006; Gaertner and Theriault
2002)and pooled analyses (e.g. Kogevinas et al. 2003), although the association is
less pronounced than for lung cancer. There may be different reasons for this. In
particular, it must be considered that the lower incidence of bladder cancer in
cohort studies as compared with lung cancer leads to a smaller number of cases,
which result in a higher uncertainty in risk assessment.

Boffetta et al. (1997) related the risk increases for bladder cancer mainly to expo-
sures to coal tar and coal pitch. In this case, however, there may also be concomi-
tant exposure to aromatic amines, which are not relevant confounders for lung
cancer. In a meta-analysis (Bosetti et al. 2006), evidence of increased risks was pro-
vided for coal gasification (pooled RR = 2.39; 95% CI: 1.36—4.21), but lower risks
were established for aluminium production (pooled RR = 1.29; 95% CI: 1.12-1.49)
and steel production (pooled RR = 1.29; 95% CI: 1.06-1.57). Another meta-analysis
of 40 cohort studies among foundry workers yielded an only weakly significantly
increased relative risk of 1.11 (95% CI: 1.05-1.17). It was only slightly higher if the
analysis was restricted to studies for which more adequate exposure estimates were
available (Gaertner and Theriault 2002).

In a meta-analysis of 27 cohort studies, an association between occupational ex-
posure and bladder cancer was concluded and a significantly increased relative risk
of 1.33 (95% CI: 1.16-1.52) was estimated (Armstrong et al. 2003). The model as-
sumptions used as a basis had a high impact on the risk estimators.

Cohort studies carried out at workplaces with moderate PAH exposure provided
less clear evidence of a PAH-associated risk of developing bladder cancer. The rela-
tive risk was determined for 48 cases of bladder cancer in a cohort of 7928 asphalt
paving workers (Burstyn et al. 2007). Since the number of cases was small, poten-
tial confounders could not adequately be controlled. Cumulative PAH exposure
was not associated with an increased incidence of bladder cancer, but a doubling
of the relative risk was observed at higher concentrations.

Population-based cohorts support the assumption of an association between oc-
cupational PAH exposure and bladder carcinomas only to a limited extent. Thus,
an expert assessment of the individual occupational histories in a cohort in the
Netherlands revealed a relative risk (incidence rate ratio) of 1.24 (95% CI: 0.68—
2.27) for high PAH exposure (Zeegers etal. 2001). Smoking behaviour was an-
swered in the negative in all 19 cases. The relative risk of bladder cancer was some-
what, but not significantly higher among active smokers (RR = 1.61; 95% CI: 0.62—
4.17). If an adjustment was made after exposure for example to aromatic amines,
the relative risk was lower (RR = 1.18; 95% CI: 0.62-2.24).

Various case-control studies also provide evidence of an increased relative risk of
bladder cancer caused by occupational PAH exposure. PAH exposure in these stu-
dies is generally assessed by a job exposure matrix (JEM). Thus, one of the largest
case-control studies that has been carried out to date, the German multicentre ur-
othelial and renal cancer study (MURC) demonstrated that high PAH exposure
(determined by means of a British JEM by (Pannett et al. 1985) was associated with
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a significant relative urothelial carcinoma risk (OR = 1.6; 95% CI: 1.1-2.3) (Pesch
et al. 2000 a). A pooled analysis of European case-control studies (Kogevinas et al.
2003), which also included the German data, also established a significant relative
risk of 1.23 (95% CI: 1.07-1.40) for high PAH exposure using the Finnish JEM.
The authors pointed out that the applied JEM did not take aromatic amines into
account as an exposure category. Another major case-control study conducted in
British Columbia with 1129 bladder cancer cases and 2998 cancer controls (except
for lung cancer) yielded increased relative risks in the smelting of non-ferrous ores
including aluminium production, but did not assess PAH exposure quantitatively
(Band et al. 2005).

The relatively consistent findings support an association between PAH exposure
and cancer of the urinary tract although coal tar products contain aromatic amines
such as 2-naphthylamine (Grimmer et al. 1987; Hofmann and Boente 1933).

4.7.4 Renal cell cancer

The kidney is currently not a confirmed target organ for occupational PAH expo-
sure. The IARC classified employment in coke production as “carcinogenic to hu-
mans” (Group 1), with the kidney being included as a possible target organ (IARC
1987).

In the past, no clear evidence of a PAH-associated relative kidney cancer risk
was obtained in cohort studies for workers in industries with high PAH exposure.
Indications of an increased risk were found in various case-control studies after
occupational contact with tar, pitch and coal tar products (Mandel et al. 1995; Parta-
nen et al. 1991; Sharpe et al. 1989; Siemiatycki 1991; Siemiatycki et al. 1987, 1988).
However, this was not always significant (see McLaughlin et al. 1984, 1985). In a
small case-control study, a weak association for an increased relative risk of kidney
cancer in men was found for workers in oil refineries who had come into contact
with hydrocarbons (no other details) (Kadamani etal. 1989). Increased relative
risks were reported, for example in oil refineries, in a Danish case-control study
(Mellemgaard et al. 1994). In a relatively large German case-control study, margin-
ally increased relative risks were found for PAH exposure after exposure assess-
ment by means of a British JEM (job exposure matrix) (Pesch et al. 2000 b).

In numerous studies, exposure to benzene and other solvents could not be ruled
out, and had even been reported. Therefore, Boffetta et al. (1997) considered the
available epidemiological evidence to be inconclusive on its own. The inadequate
data from cohort studies and a significantly increased risk for lung and bladder
cancer after adjustment for smoking (Pesch etal. 2000 b; Van Dijk etal. 20006)
demonstrate that the evidence of renal cell cancer has still not been clarified suffi-
ciently.
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4.7.5 Skin cancer

The skin is an important target organ for dermal exposure to PAH, particularly in
the form of tar and products obtained from coal tar. Malignant skin tumours
generally form via pre-cancerous stages, referred to as tar keratoses, which may
already be occupational diseases as such.

Sir Percival Pott (1775) observed an unusually high incidence of scrotal carcino-
ma in chimney sweeps more than 200 years ago. After these initial observations by
Pott, a high incidence of scrotal cancer was observed also after occupational expo-
sure to PAH-containing derivatives from coal tar, among cotton mule spinners
after contact with spindle oils (Henry 1946), in car repair shops (Waterhouse 1971)
and in the metal industry after exposure to non-water miscible mineral oils such as
drilling, cutting, cooling and cylinder oils (Jarvholm and Lavenius 1987; Roush
et al. 1964; Waldron et al. 1984). An increased risk of squamous cell carcinomas of
the skin was found among persons who had been exposed to PAH via mineral oil
(OR =1.46; 95% CI: 1.06-2.05) (Kubasiewicz et al. 1991). A doubling of the relative
risk of melanomas established in a study (Bell et al. 1987) was however not de-
tected in different studies and may be due to an observer bias (more intensive and
frequent examination of the skin among PAH-exposed persons because of the
known risk of the development of squamous cell carcinomas and their preliminary
stages) (Letzel and Drexler 1998).

Reliable recent cohort studies on the risk of skin cancer caused by PAH or coal
tar and its products are not known. Reviews of epidemiological findings on skin
cancer after exposure to PAH-containing materials, in particular to tar, pitch,
creosote and other products obtained from coal tar, were published by Bolm-
Audorff (1998), by the CBEAP (1972) and by the IARC (1973, 1983, 1984 a, b, 1987).

Cohort studies are not very reliable for predicting the relative skin cancer risk of
non-melanoma skin cancer (NMSC) because, except for melanomas, all forms of
skin cancer, that is squamous cell carcinomas and their preliminary stages and
basaliomas, are often not fatal and have therefore generally not been documented
in cancer registries. Exposure to UV light and skin type are important co-factors
for NMSC and melanomas (Grodstein et al. 1995; Ramos et al. 2004; Veierod et al.
2003). The role of skin hygiene is less well known. It is also difficult to quantify
dermal exposure. Initial methods were developed to assess dermal exposure with a
semiquantitative contamination index (van Wendel de Joode et al. 2005 a, 2005 b)
and with pads (Tsai et al. 2001).

4.7.6 Cancer of the larynx, pharynx and oral cavity

The importance of PAH for the development of malignant tumours of the upper
respiratory tract is currently being discussed. Cancer of the larynx, pharynx and
oral cavity belong to the potential mode of action of PAH on the basis of mechan-
istic considerations (Norpoth 1990). The data of a causal relationship resulting
from toxicological mechanistic approaches have not been adequately substantiated
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by specific epidemiological evidence. The impact of the various risk factors
depends on the specific sublocalization. A particular consideration for head-neck
tumours are the technical difficulties in diagnosing the sublocalizations and asses-
sing them separately.

With regard to the distinction that must be made between PAH exposure and
smoking, this localization poses the added problem that the severe effects of alco-
hol consumption on the mucous membranes in combination with smoking must
also be taken into account. It is currently estimated that 75% of these tumours are
due to the combined effect of smoking and alcohol consumption (Hashibe et al.
2007). However, specific data to control these strong confounders are frequently
missing in cohort studies. In certain industries, further occupational exposures, in
particular exposure to asbestos or welding fumes, are also confounders (Gustavs-
son et al. 1998).

A high incidence of cancer of the larynx after occupational exposure to PAH has
been reported in various historical observations (e.g. Kennaway and Kennaway
1936). However, up to now few cohort studies have specifically determined relative
cancer risks for sublocalizations in the larynx and the oral and pharyngeal cavities
caused by PAH exposure, particularly not in areas with high exposure to PAH.

Relatively comprehensive case-control studies were carried out for head-neck tu-
mours. Thus, for laryngeal carcinomas increased relative risks have been reported
for persons who had ever been exposed as road construction workers (OR = 6.4;
95% CI: 2.4-17.3) (Becher etal. 2005). In 1010 cases with tumours in men and
2176 controls, only indications of an increased relative risk posed by solvents were
found for tumours of the larynx and hypopharynx (Berrino et al. 2003).

On the basis of the available data, the special problems of the method and the
strong confounders, an impact of occupational PAH exposure on these localiza-
tions is assumed for reasons of plausibility although there are no reliable epide-
miological data.

4.7.7 Other cancer localizations

PAH compounds are generally able to induce other epithelial tumours as well. How-
ever, no confirmed epidemiological data for cancer of other localizations caused by
occupational PAH exposure are available. Boffetta et al. (1997) consider epidemiolo-
gical evidence to be provided for the target organs lungs, skin and bladder after high
occupational exposure to PAH. For renal cell cancer and head-neck tumours, there
are indications of possible, but not sufficiently confirmed relationships with occupa-
tional PAH exposure. There is currently no reliable evidence of a causal relationship
between further cancer localizations and occupational PAH exposure.

Stomach and intestinal tumours have been discussed repeatedly because inges-
tion of PAH, for example through insufficient hygiene or by breathing through the
mouth, cannot be ruled out particularly among persons exposed to tar. For in-
stance, an increased incidence of stomach carcinoma was observed among roofing
workers in the United States (Hammond etal. 1976). Observations by other
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authors (Manz 1984 and Silverstein et al. 1985) reveal an increased number of gas-
trointestinal tumours after exposure to tar and pitch or in coking plants, but there
are also contradictory findings (e.g. Swaen et al. 1991). Other substances with pos-
sibly syncarcinogenic effects may also have been involved in causing the cases of
observed stomach cancer.

The available documentation (Boffetta et al. 1997; IARC 1973, 1983, 1984 a, b,
1985, 1986 a, 1987) lists leukaemias as other cancer localizations. It must be
pointed out that in some areas such as coking plants (Friesen et al. 2007), high
exposures may occur through benzenes.

5 Animal Experiments and in vitro Studies

5.1 Acute toxicity

Only few studies are available on the acute toxicity of PAH, with the exception of
studies on naphthalene (2001 Supplement “Naphthalene”, this volume). The val-
ues specified by WHO (1998) show that the acute toxicity is low (Table 16 in the
Annex). A single intraperitoneal dose of 10 mg benzo[a]pyrene led to an inhibition
of growth in young rats (Haddow et al. 1937). Reduced size of the spleen, cellular
depletion, haemosiderosis and follicles with large lymphocytes were observed in
mice after a single intraperitoneal injection of benzo[a]pyrene (dose not specified)
(Shubik and Della Porta 1957; WHO 1998). The mitosis rate in the epidermal cells
of hairless mice (hr/hr strain) was reduced after a single application of 0.05 ml of a
15% solution of benzo[a]pyrene in acetone to the intrascapular region (Elgjo 1968).
A single intraperitoneal injection of 30 mg chrysene per animal did not affect the
growth in rats. One or 2 intraperitoneal injections of 3 to 90 mg dibenzo[a,h]an-
thracene into young rats led to an inhibition of growth within 2 days, and this
persisted up to 15 weeks (Haddow et al. 1937).

WHO (1998) tabulated the toxic effects of individual doses of naphthalene (Ta-
ble A1 in the Annex). In dogs, oral doses of 400 mg/kg body weight led to anaemia
and doses of 4000 mg/kg body weight induced heavy diarrhoea. Doses of 1000 to
3000 mg/kg body weight elicited corneal opacity in rabbits; 3000 mg/kg body
weight were lethal in rabbits and cats. Bronchial necrosis was observed in mice
after inhalation exposure (0.1 mg/! corresponding to 100 mg/m?3; 4 hours). Effects
on the respiratory system were found after intraperitoneal injection into mice, rats
and hamsters. More recent studies on the acute toxicity of naphthalene are in-
cluded in the 2001 Supplement “Naphthalene”. In mice, 4-hour inhalation of 2 ml
naphthalene/m? (10.6 mg/m?) led to Clara cell necroses in the epithelium of the
proximal bronchiolar respiratory tract of some animals; more severe lesions oc-
curred with increasing concentrations. However, no changes in the cells of the
various bronchiolar sections of the trachea were observed in male Sprague-Dawley
rats that had been exposed to concentrations of up to 110 ml naphthalene/m3
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(586 mg/m3) for 4 hours. Lesions of Clara cells were also found in mice after in-
gestion of 200 mg naphthalene/kg body weight and after intraperitoneal injection
at 300 mg/kg body weight and above; the terminal bronchiole epithelium was af-
fected at 200 mg/kg body weight and above.

Repeated inhalation exposure of mice to naphthalene rendered Clara cells resis-
tant to further lesions through a glutathione-dependent mechanism (West et al.
2003).

5.2 Subacute, subchronic and chronic toxicity

5.2.1 Inhalation

Male Syrian golden hamsters were exposed 4.5 hours daily on 5 days per week for
16 weeks to 9.8 or 44.8 mg/m3 benzo[a]pyrene by inhalation. No neoplasms were
observed in the respiratory tract (Thyssen etal. 1980). Fischer 344/Crl rats were
exposed 2 hours per day on 5 days per week for 4 weeks to 7.7 mg benzo[a]pyrene
dust/m3. Lung lavage, clearance of radioactively labelled particles and histopatholo-
gical examinations revealed no lesions of the respiratory tract (Wolff et al. 1989).

5.2.2 Ingestion

DBA/2N mice having a low affinity Ah receptor (aryl hydrocarbon receptor) were
given oral doses of 120 mg benzo[a]pyrene daily for 1 to 4 weeks. The animals died
from the toxic effect on the bone marrow. No toxic effect on the bone marrow was
observed in C57B1/6N mice with a high affinity Ah receptor; the animals survived
6 months under these conditions (Legraverend et al. 1983). Reduced carboxylase
activity was found in the intestinal mucosa of rats that were given 50 or 150 mg
benzo[a]pyrene orally for 4 days. The NOAEL (no observed adverse effect level) for
the effect on the stomach, liver or kidneys was 150 mg benzo[a]pyrene/kg body
weight per day (Nousiainen et al. 1984). The growth of rats that were administered
1.1 g benzo[a]pyrene/kg diet for 100 days was inhibited (White and White 1939;
WHO 1998). Ingestion of 100 mg phenanthrene/kg body weight per day for 4 days
led to a 30% increase of the carboxylase activity in the intestinal mucosa (Nousiai-
nen etal. 1984). The daily ingestion of benzo[a]anthracene by rats for 4 days
resulted in a NOAEL of 150 mg/kg body weight for the effect on the stomach, liver
or kidneys. The carboxylase activity in the intestinal mucosa was reduced (Nousiai-
nen et al. 1984).

WHO (1998) listed studies of naphthalene in a table (Table A2). In rats, 150 to
220 mg/kg body weight administered for 14 weeks led to enlarged liver with cellu-
lar oedema, damage to the liver parenchyma and signs of an inflammation of the
kidneys. The administration of 1000 mg/kg in the diet for 46 to 60 days led to the
formation of cataracts; 2000 mg/kg in the diet inhibited growth and induced enlar-
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gement and fatty degeneration of the liver. Mice were treated with 27, 53 and
267 mg/kg body weight on 7 days/week for 14 days. The findings observed in the
animals of the highest dose group included weight reduction of the thymus and
spleen. In a second test (5.3, 53 and 133 mg/kg body weight on 7 days per week for
90 weeks), the relative spleen weights were reduced. In dogs, diarrhoea and anae-
mia occurred for 7 days after administration of 220 mg/kg body weight (see also
1995 MAK documentation “Naphthalene”, Volume 11, present series).

Groups of 20 male or 20 female CD-1 mice were given pyrene doses of 75, 125
or 250 mg/kg body weight by gavage for 13 weeks. Nephropathy was detected in all
4 male control animals, 1 male of the low dose group, 1 male of the middle dose
group and 9 males of the high dose group and, correspondingly, in 2, 3, 7 and
10 females. The relative and absolute kidney weights were reduced in the animals
of the middle and highest dose groups. A NOAEL of 75 mg/kg body weight per
day and a LOAEL (lowest observed adverse effect level) of 125 mg/kg body weight
per day were determined on the basis of nephropathy and reduced kidney weights
(USEPA 1989; WHO 1998).

5.2.3 Dermal absorption

An in vitro study of the dermal penetration of benzo[a]pyrene or pyrene in guinea
pigs showed that pyrene mainly diffuses passively, whereas benzo[a]pyrene under-
goes biotransformation during absorption and 7,8,9,10-tetrol is found as a metabo-
lite in the receptor fluid of the diffusion cells (Ng et al. 1992). Both the parent sub-
stance and a wide spectrum of metabolites were found in the receptor fluid in in
vitro studies with skin samples from mice, rats, rabbits, guinea pigs, marmosets
and humans that had been treated with benzo[a]pyrene (Kao et al. 1985). Doses of
1.25 to 125 pg/cm? of *C-labelled benzo[a]pyrene had been applied to the necks of
mice, and the animals were sacrificed 7 days later. Proportions of 6% and 40% of
the amount applied were no longer detected within 1 hour and 24 hours, respec-
tively. After 7 days, 7% was still detected at the application site. The major fraction
of benzo[a]pyrene was excreted via the hepatobiliary system and in the faeces, i.e.
35% after 24 hours, 58% after 48 hours and 80% after 7 days. Only 10% of the
radioactivity was found in the urine. The absorption showed a saturation effect at
>15 pg/cm?; this was regarded as evidence of an increased risk of tumour induc-
tion in the epithelium of the skin (Sanders et al. 1986). The binding of benzo[a]-
pyrene to DNA and proteins in the mouse skin was 15 to 20 times higher if acet-
one was used as a vehicle instead of a low-viscosity oil (Ingram and Phillips 1993).
While #C-benzo[a]pyrene dissolved in acetone easily penetrated the skin removed
from human cadavers (diffusion cells; 24-hour period; receptor fluid from human
plasma), a substantially lower proportion of benzo[a]pyrene from soil penetrated
into human skin. A transition of benzo[a]pyrene from such human skin into the
receptor fluid was not observed. In an in vivo study with rhesus monkeys and ben-
zo[a]pyrene contained in soil, absorption was significantly less as compared with
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human skin (Wester et al. 1990). There is evidence of an absorption through the
skin (WHO 1998).

5.2.4 Subcutaneous and intraperitoneal injection

The weekly subcutaneous injection of 0.25 mg benzo[a]anthracene into mice for
40 weeks resulted in an accumulation of iron in lymph nodes and a decrease in the
number of lymphatic cells (Hoch-Ligeti 1941). In mice, weekly subcutaneous injec-
tions of 0.25 mg dibenzo[a,hjanthracene per animal led to soft, enlarged livers with
signs of degeneration, an accumulation of iron in the lymph nodes and a decrease
in the number of lymphatic cells (Hoch-Ligeti 1941). Haemolymphatic changes in-
cluding extravascular erythrocytes in the region of the lymph nodes and large, pig-
mented cells were observed in male rats after subcutaneous injections of 0.28 mg
dibenzo[a,h]anthracene had been given per animal on 5 days/week for 4 weeks
(Lasnitzki and Woodhouse 1944).

Mice that had received intraperitoneal pyrene injections of 500 mg/kg body
weight per day for 7 days survived (Gerarde 1960 b). WHO (1998) listed studies of
naphthalene in a table (Table A2 in the Annex). The intraperitoneal injection of 50
to 200 mg/kg body weight for 7 days showed no morphological effects in mice.
The dose of 300 mg/kg body weight injected on the 8th day was also tolerated.
Effects in rabbits after subcutaneous injection of 0.1 to 1 ml/kg body weight for
123 days were associated with hypoxaemia induced by haemolytic anaemia (see
also 1995 MAK documentation “Naphthalene”, Volume 11, present series).

5.3 Local effects on skin and mucous membranes

5.3.1 Skin

In 1912, Yamagiwa and Ichikawa (1915) demonstrated for the first time the carci-
nogenic effect of coal tar on the rabbit skin. A large number of studies followed
that showed this effect for numerous coal tar products on the mouse skin (IARC
1985). It was when Cook et al. (1932) applied benzo[a]pyrene to mouse skin that
numerous PAH started to be investigated in this test system with the aim of both
providing evidence of their carcinogenicity and studying dose-response and struc-
ture-effect relationships. Reviews of the generation of skin cancer in test animals
were compiled by Arcos etal. (1968), Boutwell (1964), Eckardt (1959), Hueper
(1964), IARC (1983, 1985), Weisburger and Weisburger (1967), Wynder and Hoff-
mann (1970), and Pott and Heinrich (1990) (see Section 5.7).

The adverse dermatological effects that were observed in animals after acute
and mid-term dermal exposure to PAH included destruction of the sebaceous
glands, dermal ulcers, hyperplasia, hyperkeratosis and alterations of epidermal cell
growth. Perylene, benzo[e]pyrene, phenanthrene, pyrene, anthracene, naphthalene,
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acenaphthene, fluorene and fluoranthene generated no sebaceous gland suppres-
sion; benzo[a]anthracene, dibenzo[a,h]anthracene and benzo[a]pyrene reduced the
sebaceous gland index to > 1 (Bock and Mund 1958). The sebaceous gland index is
used to compare the number of active sebaceous glands in the skin of animals
treated with a carcinogenic substance with the number of active sebaceous glands
in the skin of animals treated with a non-carcinogenic substance. Index 3 means
complete destruction of the sebaceous glands after application of the carcinogenic
substance; index 2 refers to degeneration of more than half and index 1 to less than
half of the sebaceous glands. Index 0 describes the intact skin (Smith 1956; Sunt-
zeff et al. 1955, 1957). In Swiss mice that were treated daily with benzo[a]pyrene
solutions for 3 days, a concentration of 0.1% destroyed less than half and 0.2%
more than 50% of the sebaceous glands (Suntzeff et al. 1955). Single doses of 6.25
to 200 nmol dibenzo[a,/]pyrene or its metabolites were applied once to the skin of
female SENCAR mice. Dibenzo[a,l]pyrene and dibenzo[a,l]pyrene-11,12-dihydro-
diol, a metabolic precursor of the highly active diol epoxide, caused erythema 5 to
6 days after treatment (Casale et al. 1997).

Benzo[a]pyrene An IDs, value (irritant dose 50) of 5.6 x 10> mmol benzo[a]pyr-
ene was determined for dermal irritation to the mouse ear 24 hours after applica-
tion (Brune et al. 1978).

Naphthalene The application of 495 mg to the rabbit skin without occlusion led
to slight irritation (Sax and Lewis 1984).

5.3.2 Eyes

A single dose of 100 mg naphthalene had a slightly irritant effect on the rabbit eye
(Sax and Lewis 1984).

5.4 Allergenic effect

Benzo[a]pyrene A total dose of 250 pg benzo[a]pyrene in complete Freund’s adju-
vant was injected into 4 adult female guinea pigs; 2 or 3 weeks later, they were
treated with solutions of 0.001, 0.01, 0.1 or 1% benzo[a]pyrene in acetone and olive
oil to investigate contact sensitization. After 24 hours, slight to marked hypersensi-
tivity was observed (Old et al. 1963). C3H mice were treated with an epicutaneous
application of 100 pg benzo[a]pyrene in 0.1% acetone solution. Contact hypersen-
sitivity was achieved 5 days later by applying 20 pg benzo[a]pyrene to the ear dor-
sum. The response was determined via ear swelling, which reached its maximum
3 to 5 days after application. The LOAEL for contact sensitization was 120 pg
(Klemme et al. 1987). A positive result was also observed for benzo[a]pyrene in the
local lymph node assay (LLNA). Various concentrations of the test substance (0.5,
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1.0 and 2.5% benzo[a]pyrene in acetone/olive oil) or the vehicle were applied to the
dorsum of both ears of mice (no other details) on 3 consecutive days. After 5 days,
3H-thymidine was injected into the animals and lymphocyte proliferation as com-
pared with the control animals was determined via incorporated 3H-thymidine.
Benzo[a]pyrene was classified as sensitizing (Ashby et al. 1995).

Anthracene No contact sensitization induced by anthracene was observed in
guinea pigs (Old et al. 1963).

Phenanthrene No contact sensitization was observed for phenanthrene (Old et al.
1963; WHO 1998).

Dibenzo[a,/Jpyrene Single doses of 6.25 to 200 nmol dibenzo[a,/Jpyrene or select-
ed metabolites were applied once to the skin of female SENCAR mice. Dibenzo[a,l-
pyrene and dibenzo[a,/Jpyrene-11,12-dihydrodiol, a precursor of dihydrodiol epoxide,
caused erythema 5 to 6 days after treatment. The intensity and duration of erythema
were dose-dependent, whereas the delayed appearance of erythema was constant and
not related to the dose. This was regarded as evidence of contact sensitization induced
by these compounds. Histological findings in the skin were consistent with contact
hypersensitivity; epidermal hyperplasia and the presence of mononuclear leukocytes
in the dermis were observed in association with erythema. The application of a second
dose to mice for antigen exposure after 5 days in a second test in which ear swelling
was measured confirmed contact sensitization induced by dibenzo[a,l|pyrene (Casale
etal. 1997).

5.5 Reproductive and developmental toxicity

The results of studies on the embryotoxicity of benzo[a]anthracene, chrysene and
dibenzo[a,h]anthracene in rats and of benzo[a]pyrene and naphthalene in mice
and rats (Table A3), on the effect of benzo[a]pyrene on fertility (Table A4) and on
the effect of benzo[a]pyrene on the postnatal development of mice (Table A5) are
summarized in the Annex. The tables have been taken from WHO (1998). In mice,
benzo[a]pyrene had adverse effects on the fertility of females and on the postnatal
development of the offspring. In a study in young mice, a NOEL (no observed
effect level) of 150 mg/kg body weight per day was established for benzo[a]pyrene
on the basis of the effects on fertility (sperm in the testicular lumen; litter size)
and of embryotoxicity (malformations) (Rigdon and Neal 1965).

5.6 Genotoxicity

A review of the genotoxicity of PAH is included in Table 1. The classification of
germ cell mutagenicity is noted on the cover page of this documentation.
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5.6.1 Invitro

The results of studies in Salmonella typhimurium with anthanthrene, benzo[a]an-
thracene, benzo[blfluoranthene, benzo[jjfluoranthene, benzo[k]fluoranthene, ben-
zo[blnaphtho[2,1-d]thiophene (not listed in WHO 1998), benzo[a]pyrene, chrysene,
cyclopenta[cd]pyrene, dibenzo[a,h]anthracene, dibenzo[a,e]pyrene, dibenzo[a,h]pyr-
ene, dibenzo[a,l|pyrene, indenol[l,2,3-cd]pyrene, naphthalene (see also 2001 Supple-
ment “Naphthalene”, present volume), phenanthrene and pyrene are listed in Ta-
ble A6 (Annex) based on WHO (1998). The purity of the test substances and details
of the test conditions were not listed because of the great deal of available data.
Differences in the S9 fractions with regard to the age, sex and strain of the rats
used for this purpose and the use of different enzyme inducers might have had a
considerable impact on the established results and might also explain discrepan-
cies. In an evaluation of short-term tests carried out by WHO, benzo[a]pyrene and
pyrene were used as carcinogenic and non-carcinogenic, structurally related test
substances, respectively (IPCS 1988).

Studies of DNA damage caused by PAH in prokaryotes are listed in Table 82 of
the WHO monograph (WHO 1998). The data compiled in Table A7 (Annex) on
DNA damage caused by PAH in eukaryotes were also taken from the WHO mono-
graph; they refer to benzo[a]anthracene, benzo[b]fluoranthene, benzo[jjfluor-
anthene, benzo[k]fluoranthene, benzo[bjnaphtho[2,1-d]thiophene (not listed in
WHO 1998), benzo[a]pyrene, chrysene, cyclopenta[cd]pyrene, dibenzo[a,hjanthra-
cene, phenanthrene and pyrene. No DNA damage was detected for chrysene, phe-
nanthrene or pyrene (with one exception). Evidence of an induction of DNA dam-
age was provided for all other compounds.

More recent studies on the in vitro genotoxicity of naphthalene are included in
the 2001 Supplement “Naphthalene” (present volume). In CHO cells, naphthalene
induced an increase of sister chromatid exchanges in the presence and absence of
a metabolic system as well as an elevated incidence of chromosome aberrations
only with S9 mix. A significantly increased number of CREST-negative micronu-
clei was found in the micronucleus test. Naphthalene caused a significant increase
of superoxide anions and hydroxyl radicals in J774A.1 macrophages and an in-
crease of DNA fragmentation (2001 Supplement “Naphthalene”, present volume).

DNA adducts of dibenzo[a,l]pyrene were detected in C3H10T1/2 cells by means
of TLC/HPLC and 3?P-labelling (Nesnow et al. 1997). Evidence of DNA adducts
was provided in C3H10T1/2CL8 cells after administration of cyclopenta[cd]pyrene
by means of 32P-labelling (Nelson et al. 2002).

DNA adducts were also recorded in a study of the metabolism of dibenzo[a,h]-
anthracene in C3H10T1/2 cells. It was possible to detect DNA adducts of the par-
ent substance and some possible intermediate compounds via 32P-labelling (Nes-
now et al. 1994). Following exposure of C3H10T1/2 cells to 3H-dihydroxyepoxyte-
trahydrobenzo[a]pyrene and 3H-benzo[a]pyrene, it was demonstrated after proces-
sing of the lysate that the major fraction of adducts is contained in mitochondrial
DNA rather than in nuclear DNA (Backer and Weinstein 1982).
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5.6.2 Invivo

Studies of benzo[a]anthracene, benzo[a]pyrene and pyrene in Drosophila melanoga-
ster are listed in Table A8 of the Annex (WHO 1998).

Studies of benzo[a]anthracene, benzo[b]fluoranthene, benzo[jlfluoranthene, ben-
zo[k]fluoranthene, benzo[blnaphtho[2,1-d]thiophene (not listed in WHO 1998),
benzo[a]pyrene, chrysene, dibenzo[ah]anthracene, dibenzo[a,e]pyrene, indeno
[1,2,3-cd]pyrene, naphthalene, phenanthrene and pyrene for possible chromosomal
effects of PAH in mammalian cell systems in vivo are summarized in Table A9 of
the Annex; DNA binding and adducts as well as sperm abnormalities have also
been included. Evidence of DNA adducts or DNA binding was provided for all
listed compounds except pyrene (WHO 1998). Benzo[a]pyrene and trans-benzo[a)-
pyrene-4,5-diol led to damage to the DNA in C3H10T1/2 cells; no stable DNA ad-
ducts were demonstrated in the cells treated with trans-benzo[a]pyrene-4,5-diol
(Nesnow et al. 2002). SCE were induced after administration of benzo[a]anthra-
cene, benzob|fluoranthene, benzo[a]pyrene, chrysene, dibenzo[a,h]anthracene and
phenanthrene, but not after administration of pyrene.

Studies of the in vivo genotoxicity of naphthalene are included in the 2001 Sup-
plement “Naphthalene” (present volume). No increase in unscheduled DNA synth-
esis was found in rat hepatocytes. An increase of lipid peroxidation in mitochon-
dria from the liver and brain and an increase of DNA single strand breaks in the
liver were observed in female rats after ingestion of naphthalene.

Although benzo[a]anthracene increased the number of chromosome aberrations
in the bone marrow of hamsters and the oocytes of mice, it failed to do so in the
bone marrow of rats and hamsters in a different study. Both negative and positive
findings are available for benzo[a]pyrene. Benzo[b]fluoranthene, dibenzo[a,h]an-
thracene and phenanthrene induced no increase in chromosome aberrations in
vivo. No increased number of chromosome aberrations was found in bone marrow
cells or spermatogonia of Chinese hamsters, whereas a weak increase of chromo-
some aberrations was observed in the oocytes of mice (Basler et al. 1977).

An elevated number of micronuclei was detected in rat bone marrow cells and
spleen cells after administration of benzo[a]anthracene, in mouse bone marrow
after administration of benzo[b]fluoranthene and benzo[bJnaphtho|2,1-d]thiophene,
and in the lungs, blood lymphocytes and bone marrow of rats and in the mouse
skin after administration of dibenzo[a,hjanthracene. Chrysene induced both a posi-
tive (Nishikawa et al. 2005) and a negative finding (He and Baker 1991) in the mi-
cronucleus test in keratinocytes. For the induction of micronuclei, numerous posi-
tive findings in various tissues of mice, rats and Chinese hamsters and negative
findings in mice and hamsters are available for benzo[a]pyrene. No increase in the
number of micronuclei was caused by naphthalene, phenanthrene or pyrene.

Benzo[a]pyrene induced dominant lethal mutations (2001 documentation “Ben-
zo[a]pyrene”, present volume).
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Evidence of DNA adducts was provided in the lung cells of the mouse strain A/J
after administration of cyclopenta[cd|pyrene by means of 32P-labelling (Nelson
etal. 2002).

5.6.3 Interaction of various PAH with regard to genotoxicity and carcinogenicity

Since workers are mainly exposed to PAH mixtures occupationally, the interaction
of PAH among each other with regard to their genotoxicity and carcinogenicity is
described below.

5.6.3.1 In vitro studies of genotoxicity in the Ames test and SOS chromotest
and of DNA adduct formation

In another study with 32P-postlabelling, DNA adducts were investigated in vitro in
human lung fibroblasts after treatment with individual carcinogenic PAH in a con-
centration range of 0.1-10 pM as compared with binary mixtures and complex arti-
ficial or natural mixtures. Co-exposure of the cells to 0.1 uM dibenzola,/]pyrene
and 0.1 pM of a second PAH led to a reduction of the adduct rate by 16.6% (chry-
sene) up to 99.4% (dibenzo[a,h]anthracene) as compared with treatment with
0.1 pM dibenzo[a,/Jpyrene alone. Co-exposure to 1 pM benzo[a]pyrene and 1 pM of
another PAH led to a reduction of between 27.9% (benzo[ghi]perylene) and 99.2%
(dibenzo[a,h]anthracene) as compared with the adduct rate after exposure to
1.0 pM benzo[a]pyrene alone. Cells were treated with 1 pM benzo[a|pyrene and
different concentrations (0.1 pM, 0.2 pM, 1.0 pM) of dibenzo[a,h]anthracene to in-
vestigate an influence of the concentration. A dose-related reduction of the adduct
rates of 31.6% (0.1 pM dibenzo[a,hjanthracene) up to 98.9% (1.0 uM dibenzo[a,h]-
anthracene) was found as compared with the adduct rate after exposure to ben-
zo[a]pyrene alone. Furthermore, after exposure of the cells to 0.1 pM, 0.05 uM
or 0.01 pM benzo[a]pyrene, the addition of a PAH mixture or an organic extract
of inhalable air particles induced an up to 5-fold reduction of the benzo[a]pyrene
dihydrodiol epoxide DNA adducts in the PAH mixture and a 10-fold reduction
in the extract as compared with exposure to benzo[a]pyrene alone (Binkova and
Sram 2004). The authors assume that these results are due to a competition of
the individual compounds for binding sites of the PAH-metabolizing enzymes,
their saturation or an inactivation of these enzymes by reactive PAH metabo-
lites.

Various individual PAH compounds (anthracene, phenanthrene, fluoranthene,
pyrene, benzo[clphenanthrene, benzo[a]anthracene, chrysene, benzo[b, k]fluor-
anthenes (equimolar mixture of benzo[b]fluoranthene, benzofjjfluoranthene and
benzo[k]fluoranthene), benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,hlanthra-
cene, 3-methylcholanthrene, benzo[ghi]perylene) and four different PAH mixtures
consisting of the listed individual compounds were investigated in the SOS chro-



62

Polycyclic aromatic hydrocarbons (PAH)

motest in E. coli for their ability to induce DNA damage. At total PAH mixture
concentrations of above 1 pg/ml, the induction of DNA damage was lower than
the sum of the lesions induced by the individual compounds. However, at total
PAH concentrations below 0.75 pug/ml, the SOS response was only slightly lower
than the sum of the DNA lesions caused by the individual compounds. Therefore,
additivity of the individual effects is assumed in the low concentration range
(White 2002). The authors suggest that the sub-additive effects observed at high
concentrations may be due to the relatively poor solubility of PAH and thus to a
lower bioavailability.

In the bacterial mutagenicity assay with Salmonella typhimurium (TA98; activa-
tion with S9 mix or microsomes from rat liver), complex PAH mixtures obtained
from coal oils reduced the mutagenic activity of benzo[a]pyrene and 7,12-dimethyl-
benzo[ajanthracene. The amounts tested were between 0.5 and 10 pg benzo[a]pyr-
ene/plate and 25 pg 7,12-dimethylbenzo[a]anthracene/plate. A severer mutagenic
effect was observed only at a benzo[a]pyrene concentration of 0.5 png/plate when
benzo[a]pyrene was tested together with a PAH mixture but not when it was tested
on its own (Haugen and Peak 1983). Some non-mutagenic hydrocarbons with 2 or
3 unsubstituted rings such as naphthalene (250 nmol) and anthracene (14.3 nmol)
increased the mutagenic effects of benzo[a]pyrene in the bacterial mutagenicity as-
say with Salmonella typhimurium. When administered together, most of the muta-
genic PAH examined (333.3 nmol naphthacene, 250 nmol benzo[a]anthracene,
500 nmol fluoranthene, 333.3 nmol triphenylene, 16.7 nmol benzo[e]pyrene,
11.1 nmol dibenzo[a,clanthracene, 33.3 nmol dibenzo[a,h]anthracene, 33.3 nmol
benzo[b]fluoranthene, 10 nmol perylene, 2 nmol dibenzo[a,/]pyrene, 10 nmol diben-
zo[a,i]pyrene, 14.3 nmol anthanthrene and 25 nmol coronene) produced a reduction
of the mutagenic activity of benzo[a]pyrene at high doses; some of them (5 nmol
naphthacene, 10 nmol benzo[a]anthracene, 1 nmol benzo[e]pyrene, 1 nmol benzo
[b]fluoranthene and 0.25 nmol anthanthrene) also enhanced the mutagenicity of
benzo[a]pyrene at lower doses (Hermann 1981). The author specified increases or
decreases in mutagenicity indices (in nmol-!) corresponding to the reciprocal value
of the concentration at which a PAH led to half the maximum increase or decrease
of the mutagenicity of benzo[a]pyrene (1 pg). For better readability, these values
were converted in this review and specified as corresponding concentrations.

Subadditive effects were also described in a bacterial mutagenicity assay with
Salmonella typhimurium TA98 for a mixture of benzo[a]pyrene (1 pg) and dibenzo-
[a,i]pyrene (2 pg). Compared with benzo[a]pyrene alone, the mutagenic effect of
this binary mixture was almost unchanged, whereas a slight increase was found as
compared with dibenzo[a,i]pyrene (Salamone et al. 1979 b).

5.6.3.2 In vivo studies of carcinogenicity on the skin and in the lungs of mice

Benzo[a]pyrene was investigated in the epicutaneous drip test on the skin of NMRI
mice both alone and in mixtures with further carcinogenic PAH, i.e. dibenzo[a,h]-
anthracene, benzo[ajanthracene and benzo[b]fluoranthene (Schmidt etal. 1976).
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The dorsal skin of groups of 100 animals was treated with PAH in an acetone solu-
tion twice a week. On the basis of the known dose-response relationship in this test
(Schmidt et al. 1976), doses of 1.0 ug, 1.7 pg and 3.0 pg benzo[a|pyrene were se-
lected in such a way that a tumour yield of between 5% and 50% could be expected
and both synergistic and antagonistic effects of the examined PAH mixtures could
be recorded. Three different mixtures of benzo[a]pyrene, dibenzo[a,hjanthracene,
benzo[a]anthracene and benzo[b]fluoranthene were tested. The three other PAH
were added to the selected benzo[a]pyrene dose (1.0, 1.7 and 3.0 pg) at ratios corre-
sponding to the relative weight in cigarette smoke condensate (1.0: 0.7 : 2.8 : 1.8),
in automotive exhaust condensate (1.0 : 0.7 : 1.4 : 0.9) and in smokehouse soot and
tar (1.0: 0.8 : 2.6 : 2.5). Mixtures of seven non-carcinogenic PAH were also tested
both on their own and in combination with the mixtures of the four carcinogenic
PAH. The mixture of the non-carcinogenic PAH included phenanthrene, anthra-
cene, fluoranthene, pyrene, chrysene, benzo[e]pyrene and benzo[ghi]perylene. The
three mixtures, which contained all 11 PAH corresponding to the specific matrix
cigarette smoke condensate, automotive exhaust condensate and smokehouse soot
and tar, were composed according to the principle explained above. In contrast, for
the mixtures of the seven non-carcinogenic PAH the doses were equal to and 3, 9
and 27 times higher than the weight percent expressed as benzo[a]pyrene. All
doses applied in the groups “treatment with benzo[a]pyrene”, “treatment with car-
cinogenic PAH”, “treatment with non-carcinogenic PAH” and “treatment with all
PAH” were tolerated by the mice without any acute toxic damage. The mice were
observed for the rest of their lives or sacrificed when a tumour occurred at the
application site. The histopathological examination generally demonstrated the for-
mation of squamous cell carcinoma at the application site and sporadically also
papillomas, fibrosarcomas and malignant lymphomas.

An increase in effects was observed in all treatment groups with carcinogenic
PAH (tumour yield 31-71%) as compared with the group that had been treated
with benzo[a]pyrene (tumour yield 13-53%) alone. The effects in the group in
which all 11 PAH were used seemed to be at least the same or severer, but defi-
nitely not weaker than those in the group that had been treated only with carcino-
genic PAH. The group of seven PAH regarded as “non-carcinogenic” also induced
local tumours but at a relatively low incidence (tumour yield < 5%) with the excep-
tion of the highest dose (27-fold higher than the weight percent expressed as ben-
zo[a]pyrene; tumour yield 17-33%). The statistical evaluation showed linear dose-
response relationships.

This study shows that inhibition of the carcinogenic activity of carcinogenic
PAH can not be expected if they are applied together with other non-carcinogenic
PAH in mixtures that reflect the volume ratios occurring in the environment. The
relatively weaker effects of the mixtures of carcinogenic PAH expressed as that of
benzo[a]pyrene are due to the large percentage by weight of PAH with weaker car-
cinogenic activity. An additive effect can be assumed for the activity as a mixture,
at least for the four carcinogenic PAH investigated here; this was confirmed by the
shift of the mixture’s dose-response curve, expected according to the toxic equiva-
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lency factors (as in the automotive exhaust condensate; see (Schmihl et al. 1977),
compared with that for benzo[a]pyrene. Antagonistic effects for the activity of ben-
zo[a]pyrene or dibenzo[a,hjanthracene together with various non-carcinogenic
PAH, as had been described by Falk et al. (1964), were not confirmed.

The interactive carcinogenic activity of binary mixtures of benzo[a]pyrene and
dibenzo[a,h]anthracene was investigated in female NMRI mice after subcutaneous
injection (Pfeiffer 1977). Benzo[a|pyrene was administered alone at 6 dose levels of
3.12 to 100.0 pg and dibenzo[a,h]anthracene was also administered at 6 dose levels
of 2.35 to 75 pg. The binary mixtures corresponding to the two individual dose
series were also examined (at a ratio of 1.0 : 0.75, as found in automotive exhaust
condensate) (Grimmer et al. 1973). In order to be able to record the effects of an
actual PAH mixture even better, the specific binary mixtures were additionally
tested in a mixture with ten other non-carcinogenic PAH (benzo[a]pyrene; diben-
zo[a,h]anthracene; benzole]pyrene (2.15-70.0 pg); benzo[alanthracene (3.12-100 pg);
phenanthrene (125-4000 pg); anthracene (31.25-1000 pg); pyrene (65.1-2100 pg);
fluoranthene (28.1-900 pg); chrysene (3.12-100 pg); perylene (0.2-7.0 pg); benzo[ghi]
perylene (12.8-410 pg); coronene (3.12-100pg)) at ratios of 1.0:0.75:0.7:
1.0:40.0:10.0:21.0:9.0: 1.0: 0.07 : 4.1 : 1.0, as in automotive exhaust condensate
(Grimmer et al. 1973). The mixture of the ten non-carcinogenic PAH was also exam-
ined in a separate test series. The two carcinogenic PAH and the three mixtures men-
tioned (a total of 5 groups with 6 doses each) were dissolved in tricapryline and admi-
nistered subcutaneously as a single injection into 100 mice per dose. The tumour
incidence was determined after 114 weeks.

An increase in the tumour incidence of 9% to 83% and 37% to 69% was found
for the 6 doses in the group with benzo[a]pyrene and dibenzo[a,h]anthracene
alone. A tumour incidence of 48% to 79% was determined for the binary mixtures.
An increase in the tumour incidence of 41% to 82% was also found for the mixture
of all 12 PAH. In contrast, the group with the ten non-carcinogenic PAH was in-
different (tumour incidence varied between 4% and 13%). The statistical evalua-
tion yielded linear dose-response relationships for dibenzo[a,hjanthracene and its
binary mixture with benzo[a]pyrene, whereas a relationship significantly deviating
from linearity was found for benzo[a]pyrene alone. Low doses of dibenzo[a,h]an-
thracene have a higher tumour-inducing effect than comparable doses of benzo[a]-
pyrene, whereas the opposite is true at higher doses. The effect of a mixture of
benzo[a]pyrene and dibenzo[a,h]anthracene is greater by a factor of 1.4 (statistically
not significant) than that of dibenzo[a,h]anthracene alone. The carcinogenic effects
of a mixture of all 12 PAH almost completely depend on the effects of the combi-
nation of the two carcinogenic PAH. Thus, the mixture of the ten non-carcinogenic
PAH does not influence the effects of the combination of the two carcinogenic
PAH.

Further studies on the interaction of binary PAH mixtures confirm effects that
are both greater than additive (synergistic) and less than additive (antagonistic)
(Arcos et al. 1988). It was thus possible to demonstrate that the carcinogenic activ-
ity of benzo[a]pyrene in mice is inhibited in the presence of anthracene, chrysene,
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perylene, phenanthrene, pyrene and dibenzo[a,h]anthracene (Crabtree 1946; Falk
et al. 1964; Finzi et al. 1968). However, a synergistic effect for tumourigenicity was
reported in the presence of phenanthrene and pyrene and of 7,12-dimethylbenzo-
[a]anthracene (CAS 57-97-6) and methylcholanthrene (Hoffmann and Wynder
1962; Roe 1962; Rusch et al. 1942). The carcinogenic activity of dibenzo[a,h]anthra-
cene is also influenced by other PAH in different ways. Anthracene, benzo[a]an-
thracene and phenanthrene inhibited its tumourigenicity (Falk etal. 1964; Hill
etal. 1952; Lacassagne etal. 1945; Steiner and Falk 1951), whereas a synergistic
effect was reported together with benzo[a]anthracene, benzo[e]pyrene, phen-
anthrene and 3-methylcholanthrene (Falk etal. 1964; Steiner 1955; Steiner and
Falk 1951). The synergistic, antagonistic and also neutral effects apparently de-
pend not only on PAH, but also on the relative volume ratio in the tested com-
bination.

The interaction of carcinogenic PAH was also investigated in a lung tumour
study in male A/] mice (Nesnow et al. 1998). Adenomas developed in the lungs
within 8 months of intraperitoneal injection. It was shown that lung adenocarcino-
mas developed from these lung adenomas within 18 to 24 months. Mixtures of five
carcinogenic PAH were examined. Benzo[a]pyrene, benzo[b]fluoranthene, dibenzo-
[a,h]anthracene, 5-methylchrysene and cyclopenta[cd]pyrene were selected based
on their environmental occurrence, structural diversity, metabolic diversity and
range of tumourigenic potency (Nesnow et al. 1998). After dose-response studies
had been performed with each of the PAH, the doses for the mixtures were se-
lected in such a way that the mortality rate was < 25%, reduction in weight gain
was < 10%, a predicted tumour response was between 2 and 100 lung adenomas,
and the tumour response observed was potentially 2-fold greater or 4-fold less than
the additive tumour response. Based on the dose-response data obtained and the
environmental levels, the following doses were selected in mg/kg body weight
(high dose/low dose): benzo[a]pyrene (75/30), benzo[b]fluoranthene (75/30), di-
benzo[a,h]anthracene (10/2.5), 5-methylchrysene (30/10) and cyclopenta[cd]pyrene
(100/30). This resulted in a total of 32 test groups representing combinations of
quintary PAH at either high or low dose. The influence of non-carcinogenic pyrene
on a quintary mixture of the carcinogenic PAH was investigated using the follow-
ing composition: benzo[a]pyrene 30, benzo[b]fluoranthene 30, dibenzo[a,h]anthra-
cene 2.5, 5-methylchrysene 30 and cyclopenta[cd]pyrene 100 mg/kg body weight. It
must be pointed out that pyrene was inactive in the tumour model used in a dose
range of 10 to 200 mg/kg body weight. The results of these studies yielded signifi-
cant deviations from additivity that were both less than additive and greater than
additive tumour responses. The extent of these deviations ranged from +97.4% to
-55% of that expected from additivity. The deviations were dose-related, i.e. a great-
er than additive interaction was found for lower doses and a less than additive
interaction was found for higher doses. However, less than additive effects domi-
nated among the quintary PAH mixtures tested. The presence of pyrene caused a
35% reduction in the tumourigenicity of quintary mixtures.
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Some of the data generated seem to be contradictory to results that were ob-
tained in studies of the interaction of PAH in binary mixtures. Thus, a greater than
additive effect on induction of papillomas on the mouse skin was found for a bin-
ary mixture of benzo[a]pyrene and cyclopenta[cd]pyrene, whereas a less than addi-
tive effect was observed in the lung tumour model of A/] mice. Similarly, a greater
than additive induction of papillomas was observed for benzo[a]pyrene and pyrene
in the initiation-promotion test on the mouse skin (Nesnow et al. 1985), whereas
pyrene, which caused neither skin tumours (Nesnow et al. 1985) nor lung tumours
in A/] mice, led to a significant reduction of lung tumour formation elicited by the
mentioned quintary mixture of PAH.

The available studies confirm an interaction of PAH in various mixtures with
the carcinogenic activity on the skin and in the lungs, depending on the species,
target organ, type of administration and volume ratios administered. Since the tu-
mourigenicity of PAH is a multistage process, it can be assumed that a multiplica-
tive effect for two or more carcinogenic PAH coincides with a parallel effect on
different stages, whereas additive effects can be assumed for effects of PAH on the
same stage (Gibb and Chen 1986). Synergism was also postulated if the step deter-
mining the velocity of tumourigenicity was different for both interacting carcino-
gens (Reif 1984). The available studies show that although interactions between
PAH occur, they are limited in extent (Nesnow et al. 1998). Therefore, it seems to
make sense to assume an additive effect as an approximation for an assessment of
the effect of a PAH mixture.

5.6.3.3 In vivo studies of DNA binding

The binding of benzo[a]pyrene or 7,12-dimethylbenzo[a]anthracene to DNA under
the influence of the presence of various concentrations of benzo[e]pyrene was in-
vestigated in Sencar mouse epidermis. After exposure to 50 nmol benzo[a]pyrene
and the simultaneous application of benzo[e]pyrene (50, 150 and 500 nmol) for
12 hours, DNA binding was increased by 22% to 40% depending on the benzo[e]
pyrene dose as compared with treatment with benzo[a]pyrene alone. After expo-
sure to 200 nmol benzo[a]pyrene and 200, 600 or 2000 nmol benzo[e]pyrene for 12
hours, an increase in DNA binding was detected only at the highest benzo[e]pyrene
dose; however, there was no change in DNA binding after exposure for 24 hours.
After co-exposure to 7,12-dimethylbenzo[a]anthracene (5 or 20 nmol) and up to
20 times the molar amount of benzole]pyrene for 3 to 48 hours, DNA binding de-
creased in relation to the benzo[e]pyrene dose (Smolarek et al. 1987). In a compar-
able study the epidermis of Sencar mice was exposed to 20 nmol benzo[a]pyrene;
only 69% and 59% of the adducts were observed after co-exposure to 60 nmol and
200 nmol benzole]pyrene, respectively, as compared with exposure to benzo[a]pyr-
ene alone. In contrast, the benzo[a]pyrene-DNA adduct rates were increased after
exposure for 12, 24 or 48 hours; this increase of 27% and 31% was significant at
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60 nmol benzo[e]pyrene after 12-hour exposure and at 200 nmol benzo[e]pyrene
after 24-hour exposure, respectively. Benzo[e]pyrene had no influence on the ben-
zo[a]pyrene-DNA adduct rates after 48-hour exposure (Lau and Baird 1992). When
dibenzo[a,l|pyrene, dibenzo[a,elpyrene and benzo[a]pyrene were simultaneously
applied topically to the mouse skin, a total of 31% fewer DNA adducts was detected
than after application of the individual substances; DNA binding was 65% higher
after co-treatment with dibenzo[a,e]pyrene and benzo[a]pyrene as compared with
the DNA binding for the sum of the individual substances (Hughes and Phillips
1990). In another study, radioactively labelled benzo[a]pyrene (25 pg) was applied
dermally to the back of shaved CD-1 mice alone and together with one of five dif-
ferent complex PAH-containing mixtures (5 mg). Benzo[a]pyrene bound to DNA
was 6.3 £ 0.63 pmol/mg DNA after the application of benzo[a|pyrene alone. When
benzo[a]pyrene was applied together with one of the various mixtures, benzo[a]pyr-
ene-DNA binding was reduced to levels between 2.94 + 0.59 and 0.9 + 0.12 pmol/
mg DNA depending on the complex mixture. This was assumed to be due to the
competition of the compounds for binding sites of the CYP involved in metabo-
lism (Springer et al. 1989).

The listed studies demonstrate that simultaneous exposure to several PAH may
weaken or intensify the genotoxicity of individual compounds, although no super-
additive effects were found. The interaction is influenced by the substances that
act together and by their concentration, the exposure period and other factors.
Therefore the genotoxic potential of mixtures must be assessed individually.

5.7 Carcinogenicity

5.7.1 Short-term studies
In vitro

Cell transformation studies Benzo[a]pyrene and pyrene were negative in the cell
transformation test in macrophages isolated from the rat peritoneum (Andersen
et al. 1988). Benzo[a]pyrene and trans-benzo[a]pyrene-4,5-diol induced morphologi-
cal transformations in C3H10T1/2 cells (Nesnow etal. 2002). In another study
with C3H10T1/2 cells, benzo[a]pyrene and benzo[a]pyrene-7,8-diol induced dose-
dependent increases in transformation rates; dibenzo[a,h]anthracene induced only
a slight increase in transformation rates; phenanthrene caused no transformations
(Lubet et al. 1983). When the transformation activities of benzo[a]pyrene and di-
benzo[a,lJpyrene were compared in C3H10T1/2 cells, the effect of dibenzo[a,l]|pyr-
ene was greater by a factor of 4 to 12. The effect on the transformation rates in
C3H10T1/2CL8 cells was less for dibenzo[a,e]pyrene and greater for dibenzo[a,]-
pyrene as compared with benzo[a]pyrene (Davis et al. 1999). Cell transformations
were also recorded in a study of the metabolism of dibenzo[a,h]anthracene in
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C3H10T1/2 cells (Nesnow etal. 1994). Benzo[a]pyrene and chrysene were also
used in a study of the transformation activities of 6-nitrochrysene and 6-nitroben-
zo[a]pyrene in the cell lines BALB/3T3, C3H10T1/2 and Syrian hamster embryo
cells. All compounds were active in Syrian hamster embryo cells. Considering con-
centrations and specific transformation frequencies, benzo[a|pyrene had the high-
est and chrysene the lowest activity. Only benzo[a]pyrene was clearly active in the
two other cell lines (Sala etal. 1987). Cruciani etal. (1996) also observed an in-
creased incidence of transformations induced by benzo[a]pyrene in Syrian hamster
embryo cells. A comparison of the two cell lines BALB/c-3T3 and C3H10T1/2
showed that although both are very sensitive, the C3H10T1/2 cells did not react to
other carcinogenic compounds (Lubet et al. 1990). When benzo[a]pyrene and di-
benzo[a,hjanthracene were used as a mixture, a lower (antagonistic) transforma-
tion effect was observed in CH310T1/2CLS8 cells (Nesnow et al. 2000).

In vivo

The Solt-Farber model is based on the observation that some compounds that are
carcinogenic in the liver of rats induce resistance to their cytotoxicity in some he-
patocytes. Cancer cells may develop from these “resistant” hepatocytes. In the Solt-
Farber model, pre-neoplastic cells are generated by the short-term administration
of 2-acetylaminofluorene in the diet and their proliferation is intensified by partial
hepatectomy (Solt and Farber 1976; Solt et al. 1977). Tsuda et al. (1980) applied this
model in studies on chemically induced carcinogenicity. The expression of y-GT
(y-glutamyl transpeptidase) on the surface of the hepatocytes was used as a histo-
chemical marker for the resistant hepatocytes. The y-GT-positive hepatocytes could
be generated with benzo[a]pyrene, but not with naphthalene (classified in Carcino-
gen Category 2; see 2001 Supplement “Naphthalene”, this volume), pyrene or phe-
nanthrene.

5.7.2 Long-term studies

Light-dependent reactions that tend to lead to less active or ineffective artefacts are
avoided by intrapulmonary injection into Osborne-Mendel rats; therefore, this type
of administration seems to be particularly suitable for assessing the carcinogenic
potential of PAH to the lung not only because it is the target organ. This tumour
model leads to similar results as those obtained after drip application to the mouse
skin and thus to a similar sequence of the carcinogenicity of individual PAH.

The carcinogenic potential of benzo[bjnaphtho[2,1-d|thiophene was investigated
after a single intratracheal instillation (Wenzel-Hartung 1992; Wenzel-Hartung
et al. 1990). Groups of 35 female Osborne-Mendel rats were treated with 0, 1, 3 or
6 mg benzo[blnaphtho[2,1-d|thiophene (99.6% purity) per animal. One carcinoma
occurred at a dose of 1 mg/animal and 11 carcinomas were observed at both the
middle and the high concentration. The incidences were 2.9% (1 mg/animal) and
31.4%; the average survival period was 102 to 105 weeks. A factor of 0.02 was spe-
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cified for the carcinogenicity of benzo[bjnaphtho|[2,1-d]thiophene as compared with
benzo[a]pyrene (factor 1.00).

Animal studies of the carcinogenicity of the polycyclic aromatic hydrocarbons
anthanthrene, benzo[a]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene,
benzo[k]fluoranthene, benzo[a|pyrene, chrysene, cyclopenta[cd]pyrene, dibenzo[a,h]-
anthracene, dibenzo[a,e]pyrene, dibenzo[a,h]pyrene, dibenzo[a,/|pyrene, indenoll,2,3-
cd]pyrene, naphthalene, phenanthrene and pyrene are listed in Table 7 and have been
compiled from Table A11 of the Annex; the relevant data were taken from the WHO
documentation (WHO 1998). After dermal application, carcinogenicity was observed
for all tested substances. Other organs, such as the lungs or stomach after ingestion
and the liver after intraperitoneal injection, were also affected depending on the type
of administration (see Table 7) and species. Tumours of the nose, larynx, pharynx,
oesophagus, forestomach and trachea were generated in an inhalation study with ben-
zo[a]pyrene aerosol (Thyssen etal. 1981). Direct submandibular administration of
benzo[a]pyrene led to local carcinomas and sarcomas in rats (Reichhart and Althoff
1980). Phenanthrene and pyrene were carcinogenic only after dermal application. Al-
ternating subcutaneous treatment of 10 mice (alternately into the right and left loin
and into the peritoneal cavity) with dibenzo[a,hlanthracene twice per week for
50 weeks produced subcutaneous sarcomas in 3 animals (Boyland and Burrows
1935).

No or ambiguous skin tumours were observed after dermal application of
naphthalene (Kennaway 1930; Knake 1956; Schmeltz et al. 1978). However, it must
be pointed out that dermal application has only limited suitability for carcinogeni-
city studies because of the high vapour pressure of naphthalene. An inhalative car-
cinogenicity study in mice (NTP 1992) showed a significantly increased occurrence
of pulmonary, alveolar and bronchial adenomas in females. Naphthalene was clas-
sified in Carcinogen Category 2 of the List of MAK and BAT Values (see 2001 Sup-
plement “Naphthalene”, this volume) on the basis of an NTP inhalation study that
was carried out in 2000 and that had revealed tumours in the respiratory and olfac-
tory epithelium in male and female rats.

5.8 Other effects

Model studies with CYP forms (CYP1A1, CYP1B1 and CYP1A2) of various species
(human, rat and mouse) singularly expressed in V79 Chinese hamster cells
resulted in different metabolite profiles and concentrations of proximal and ulti-
mate carcinogens for these species (Jacob et al. 1996 a, b, 1999 a; Seidel et al. 1998
a).

Immunotoxic effects were found in male Wistar rats after ingestion of benzo[a]-
pyrene for 35 days at dose levels of 3, 10, 30 or 90 mg/kg body weight. A dose-
related decrease in thymus weights was observed in the animals receiving the 3
higher doses, and lymph node weights were reduced in the high dose group. Most
toxic effects were observed in this dose group. The relative number of B cells in
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the spleen was reduced at a dose of only 10 mg/kg body weight (De Jong et al.
1999). The study of an immunotoxic effect of naphthalene in spleen cultures was
negative. The authors assume that this is due to the inability of microsomal spleno-
cytes to metabolize naphthalene (Kawabata and White 1990).

The effects of PAH exposure on T lymphocytes and natural killer cells were ex-
amined among 10 asphalt workers and 13 coke oven workers. Urinary excretion of
1-hydroxypyrene was significantly increased among the coke oven workers as com-
pared with the asphalt workers. An inhibition of T-lymphocyte proliferation was
observed in the workers exposed to PAH as compared with the volunteers of the
control group. An increase of natural killer cells only occurred among the asphalt
workers (Karakaya et al. 2004).

6 Methylpyrene as representative of alkylated PAH

6.1 General information

It has long been known that not only unsubstituted aromatic PAH but also many
alkylated PAH occur in the environment, particularly those that contain one or
several methyl groups or that are bridged with a methylene group in the bay re-
gion. Unsubstituted hydrocarbons have been investigated much more thoroughly
for their effect and occurrence than these alkylated PAH. One of the reasons for
this is that it is difficult to separate and elucidate the structure of many position
isomeric compounds, particularly as reference substances are available only to a
limited extent.

6.2 Occurrence of alkylated PAH

A study by Broman et al. (1987) in which sediments from the Baltic Sea near Stock-
holm were investigated for PAH by means of GC/MS can be taken as an example of
the subject matter under discussion. In addition to phenanthrene (562 ng/g), 4
peaks of monomethyl phenanthrenes (together 528 ng/g), 13 peaks of dimethyl phe-
nanthrenes (767 ng/g) and 17 peaks of trimethyl phenanthrenes (698 ng/g) were
found. Since no standards were available for dimethyl and trimethyl phenanthrenes,
their exact structure could not be elucidated. For quantification, it was assumed that
the yield in processing and the response factor in mass spectrometry were the same
as those of the analogous pure PAH. All three possible isomeric methylpyrenes (1-,
2- and 4-methylpyrene) were also detected in the sediment in this study.
Methylpyrene was also detected in cigarette smoke condensates (Grimmer 1988
b), automotive exhaust emissions and cellulose pyrolysis products (Okamoto and
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Yoshida 1981), smoked cheese (Guillén and Sopelana 2004), olive oil (Guillén et al.
2004), and in oysters, shellfish and fish (Pancirov and Brown 1977). For deuterated
standards of various alkylated PAH - including 1-methylpyrene, 2-methylpyrene,
4-methylpyrene, 1,6-dimethylpyrene and 1,8-dimethylpyrene — it was demonstrated
that about the same ratio of all three monomethylpyrenes occurred in all tested
samples (cigarette smoke condensates, used oils from various engines, soil and
sediment samples, coal tar and the particle fraction from diesel engine emissions);
the level of methylpyrenes far exceeded that of benzo[a]pyrene (in cigarette smoke
condensates by a factor of 8) or was clearly below the benzo[a]pyrene level (by a
factor of 7 in coal tar). 1,6-Dimethylpyrene and 1,8-dimethylpyrene were also de-
tected in all these samples either individually or as the sum except in coal tar.

6.3 Metabolism

On the one hand, alkylated PAH can be activated to reactive metabolites, e.g. bay-
region dihydrodiol epoxides, via the same metabolic pathways as their unsubsti-
tuted congeners. On the other hand, alkyl substituents provide additional activa-
tion pathways, i.e. the formation of reactive benzylic sulfuric acid esters. Pyrene
and 1-methylpyrene exemplify the relevance of side chain activation. Since neither
compound has an angular terminal benzo ring, they cannot be activated to vicinal
dihydrodiol epoxides.

Both 1-hydroxymethylpyrene, a benzylic alcohol, and ring-oxidized metabolites
were found after incubation of 1-methylpyrene with liver microsomes and
NADPH, the co-factor for monooxygenases (Engst et al. 1999). Side-chain oxida-
tion was strongly dominant when microsomes from humans and untreated rats
were used. After enzyme induction with 3-methylcholanthrene, the metabolic
pathways with rat liver microsomes drastically shifted in favour of ring oxidation.
This pathway also dominated in V79 cell lines in which rat CYP1A1 was expressed,
i.e. in the form that is induced by 3-methylcholanthrene in the liver to a very high
extent. In contrast, all tested human CYP forms expressed in V79 cells preferably
oxidized at the methyl group. This also applied to CYP1A1, CYP1A2 and CYP1B1,
which are well induced by PAH depending on the tissue, and to CYP3A4, the
quantitatively most important form in the liver. It is therefore expected that hu-
mans metabolize a substantial part of 1-methylpyrene to 1-hydroxymethylpyrene —
both with and without enzyme induction by PAH. 1-Hydroxymethylpyrene is an
excellent substrate for numerous sulfotransferases of humans and rats (Glatt et al.
2003). The further metabolization of 1-hydroxymethylpyrene is shown in Figure 7.
No induction of sulfotransferases by PAH was observed (Glatt 2007 a).

The sulfate group is a good leaving group in some chemical compounds. Its
spontaneous cleavage leads to highly reactive carbonium ions (or to nitrenium ions
in aromatic amines) that can covalently bind to cellular macromolecules (Glatt
etal. 2003). The resulting sulfoconjugate, 1-sulfooxymethylpyrene, has a short
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Fig. 7 Metabolic pathway of 1-hydroxymethylpyrene, formed from 1-methylpyrene via CYP en-
zymes, to DNA adduct (Glatt et al. 2003)
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half-life in water (about 3 min), is highly reactive and forms mutagenic DNA ad-
ducts (see also Figure 7). It is remarkable that the expression of sulfotransferase
forms that activate 1-hydroxymethylpyrene is greatly concentrated on the liver in
rats, whereas in humans extrahepatic sulfotransferase forms also activate 1-hydro-
xymethylpyrene very efficiently (Glatt et al. 2003). 1-Hydroxymethylpyrene is more-
over an excellent substrate for alcohol dehydrogenases (Ma et al. 2002), in humans
mainly for form 2 (Kollock et al. 2008). After administration of 1-hydroxymethyl-
pyrene to rats, oxidation to carboxylic acid actually dominated the biotransforma-
tion; this competitive reaction reduces sulfotransferase-dependent toxification.
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6.4 Genotoxicity

In vitro  1-Methylpyrene was positive in the test in Salmonella typhimurium TA98
with metabolic activation (S9) (50-200 pg/plate taken from published graph). In
another study, the metabolites that formed were extracted and separated by means
of HPLC. In addition to 1-hydroxymethylpyrene, the 4,5-dihydrodiol and the 9,10-
dihydrodiol of 1-methylpyrene were identified (Rice et al. 1988 a). In CYP-expres-
sing V79 cells, the highest absolute rates of benzylic hydroxylation were found in
the cells that expressed the forms CYP1B1, CYP1A1 and CYP3A that occur in hu-
mans. The relative rates of benzylic hydroxylation (1-hydroxymethylpyrene and 1-
pyrenecarboxylic acid as sum parameters) in the cells were 83%, 81%, 80-85% and
45% in CYC3A4, CYC2E1, CYC1B1 and CYC1A1, 3% in CYP1Al and 45% in
CYP1B2 from rats (Engst et al. 1999). The main metabolite in humans, 1-hydroxy-
methylpyrene, was highly mutagenic in Salmonella strains and V79 cell lines that
express certain sulfotransferases of humans or other mammalian species (Glatt
etal. 2002, 2003). 1-Methylpyrene was a potent inductor of unscheduled DNA
synthesis (UDS) in freshly isolated rat hepatocytes (Rice et al. 1987). At a concen-
tration of 1 pM 1-methylpyrene, this effect was so strong that it could no longer be
quantified, whereas unsubstituted pyrene remained inactive in the same system
even at the highest concentration tested (0.5 mM). 7,12-Dimethylbenzo[a]anthra-
cene, a potent carcinogen that was used as a positive control, showed a clearly
weaker UDS induction than 1-methylpyrene. The sulfoconjugate, 1-sulfooxy-
methylpyrene, formed DNA adducts in cell-free systems (Glatt et al. 2003) as well
as in bacterial and mammalian cells in culture and induced mutations if a trans-
membrane transfer was ensured. This could be achieved by the addition of chlor-
ide ions to the medium, which led to the spontaneous formation of the charge-
neutral reactive species 1-chloromethylpyrene (Glatt et al. 1990).

In vivo In rats, intraperitoneal injection of 1-hydroxymethylpyrene induced the
formation of DNA adducts in vivo in various tissues (Surh et al. 1990 b; Glatt et al.
2003). Male Sprague-Dawley rats received intraperitoneal injections of 1-hydroxy-
methylpyrene (0.25 pmol/kg body weight) labelled with tritium. After 6 hours, the
benzylic DNA adducts accounted for about 60% to 70% of the radioactivity bound
in the liver (Surh et al. 1990 b). Evidence of enhanced formation of DNA adducts
in the liver and other individual tissues was also provided with the 32P-postlabel-
ling method (Glatt et al. 2003). The highest adduct incidences were measured in
the kidneys although the sulfotransferase activities were substantially lower in this
tissue than in the liver (for metabolization see also Figure 7). This is associated
with the distribution of 1-sulfooxymethylpyrene formed in the liver via the blood.
After intraperitoneal injection into rats, 1-sulfooxymethylpyrene was still detected
in the plasma after 3 hours in spite of its short half-life (water; 37°C). The reversi-
ble binding to plasma proteins considerably inhibited the hydrolysis of 1-sulfooxy-
methylpyrene to 1-hydroxymethylpyrene (Glatt et al. 2003). The formation of these
DNA adducts was intensified up to 200 times if the further oxidation of 1-hydroxy-
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methylpyrene was blocked by inhibition of alcohol dehydrogenases — by the inhibi-
tor 4-methylpyrazol or the competing substrate ethanol. In vivo, up to 10° DNA
adducts were achieved per 108 nucleotides, a frequency that is unusually high for
adducts of this structural type.

The sulfo conjugate 1-sulfooxymethylpyrene formed DNA adducts after paren-
teral administration to rats (Glatt et al. 2003) and induced mutations by the expres-
sion of organic anion transporters in the target cell (Bakhiya et al. 2006).

After administration of alkyl pyrenes, their benzylic alcohols or sulfuric acid es-
ters, the same DNA adduct pattern was found in animals in vivo as after treatment
of DNA with sulfate ester in vitro (Glatt et al. 2007 a). This implies that the de-
scribed activation pathway is actually responsible for the effects observed in vivo.

6.5 Carcinogenicity

Several carcinogenicity studies were carried out with 1-methylpyrene. 1-Methylpyr-
ene induced no skin tumours after topical application, which is not surprising for
an activation pathway in which hepatic sulfotransferase forms play an important
role. A carcinogenic finding was obtained in newborn mice. In a group of 39 new-
born mice, each animal was intraperitoneally treated with 150 pg 1-methylpyrene
on day 1, 300 pg 1-methylpyrene on day 10 and 600 pg 1-methylpyrene on day 15
of life. The surviving 19 males and 19 females were sacrificed after 52 weeks and
their livers examined histopathologically. 1-Methylpyrene led to a significant in-
crease in liver tumours (8 tumours; 1 tumour in control animals). A not signifi-
cantly increased incidence of lung adenomas and leukaemias was observed in the
animals treated with 1-methylpyrene, but not in the control animals. Benzo[a]pyr-
ene was used as a positive control in this study. Although its dose was lower by a
factor of 3.8, benzo[a]pyrene induced liver tumours in about twice the percentage
of animals and in a number of animals that was higher by about a factor of 7 (Rice
et al. 1987). On the basis of these data, an equivalency factor of 0.1 could be attrib-
uted to 1-methylpyrene with the restrictions that 1-methylpyrene and benzo[a]pyr-
ene were tested at only one dose level and that newborn mice express relatively few
sulfotransferases. The sulfotransferases that are required for the activation of 1-
methylpyrene are detoxifying for benzo[a]pyrene.

1-Hydroxymethylpyrene initiated and promoted enzyme-altered foci in the liver
of newborn rats (intraperitoneal injection; 9 treated and surviving animals; 12 con-
trol animals; sacrifice after 155 days). Induction of such enzyme-altered foci is a
good indicator of a hepatocarcinogenic effect (Glatt etal. 1994 a). 1-Sulfooxy-
methylpyrene initiated tumours on the mouse skin after epicutaneous administra-
tion. Groups of 30 female CD-1 mice were treated with 10 topical applications of 1-
hydroxymethylpyrene and 1-sulfooxymethylpyrene (0.25 and 0.5 pmol in each
case) dissolved in acetone/DMSO. One week after the last application, 2.5 pg of
12-O-tetradecanoylphorbol-13-acetate (TPA) was applied twice weekly for 22 weeks.
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All animals survived. After treatment with 1-hydroxymethylpyrene, papillomas
were observed in 1 of 30 animals at the low dose and 3 of 30 animals at the high
dose; 7 and 10 of 30 animals had papillomas after 1-sulfooxymethylpyrene had
been applied. Papillomas occurred in 3 of 30 control animals. Therefore, only 1-
sulfooxymethylpyrene induced a significant increase in the incidence of skin papil-
lomas in mice (Surh et al. 1990 b). 1-Sulfooxymethylpyrene is a complete carcino-
gen on rat skin after subcutaneous injection. Groups of 12 rats (30 days old) were
treated subcutaneously with 0.2 pmol of either 1-hydroxymethylpyrene or 1-
sulfooxymethylpyrene every other weekday for 20 doses. The vehicle sesame oil/
DMSO was injected at a ratio of 9:1 into the animals of one control group; the
animals of the second control group remained untreated. After 52 weeks, sarcomas
were detected in 7 of the animals treated with 1-sulfooxymethylpyrene, but not in
the animals treated with 1-hydroxypyrene. Fibroadenomas developed in 2 animals
of this group. No tumours were observed in the animals of the control group
(Horn et al. 1996).

6.6 Assessment of carcinogenicity

Pyrene was not carcinogenic in mice or golden hamsters (Table A12 in the Annex)
and led to negative results in most genotoxicity studies; if there was a positive re-
sult in genotoxicity studies, its potency was much weaker than that of benzo[a]pyr-
ene. However, clear evidence of carcinogenicity and genotoxicity has been provided
for 1-methylpyrene, and its activation pathway has been elucidated.

1-Methylpyrene is widespread in the environment, but the ratio of the 1-methyl-
pyrene and benzo[a]pyrene levels may vary considerably.

1-Methylpyrene may be activated to produce a genotoxic metabolite both in vitro
and in animal studies. The activation pathway is well described and deviates con-
siderably from that of benzo[a]pyrene. Studies with cDNA-expressed enzymes
suggest that 1-methylpyrene is also activated in humans — presumably even to a
higher extent than in mice and rats, particularly if extrahepatic tissues are con-
sidered.

Only a few animal studies are available on the carcinogenicity of 1-methylpyrene
and its metabolites. Although these clearly substantiate a carcinogenic effect, its
potency cannot be sufficiently assessed. 1-Methylpyrene was about one order of
magnitude less potent than benzo[a]pyrene in newborn mice. Since the two sub-
stances are activated via different metabolic pathways, their relative potencies
might also depend on the test system. The enhanced formation of DNA adducts
after simultaneous administration of ethanol and 1-hydroxymethylpyrene shows
that the effect may depend heavily on the actual enzymatic situation. It is rather
problematical to establish equivalency factors under these conditions.

Many other alkylated PAH may be activated to become benzylic sulfuric acid
esters, including 1-methylpyrene, 2-methylpyrene, 4-methylpyrene, 1,6-dimethyl-
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pyrene and 1,8-dimethylpyrene (Glatt 2007 d). However, the benzylic sulfuric acid
esters of 2-methylpyrene and 4-methylpyrene are chemically much less reactive
and biologically less active than 1-sulfooxymethylpyrene. 1-Sulfooxymethylpyrene
and the sulfuric acid ester of 1,6-dimethylpyrene are active to a similar degree,
while the sulfuric acid ester of 1,8-dimethylpyrene is clearly more reactive and bio-
logically more potent. Smaller amounts of 1,6-dimethylpyrene and 1,8-dimethyl-
pyrene than of 1-methylpyrene occur in the investigated matrices; it is also more
difficult to analyze them since there may be 15 isomeric dimethylpyrenes and
three ethylpyrenes with the same mass. Moreover, only few biological data are
available for these compounds. For these reasons, 1-methylpyrene is suggested as
a representative of the large class of alkylated PAH in routine analysis. This sub-
stance should also be tested in different animal models for the potency and
organotropy of its carcinogenicity in comparison with an unsubstituted PAH, e.g.
benzo[a]pyrene.

7 Potency balances for PAH

Significant progress in understanding a causal relationship between PAH expo-
sure and carcinogenicity was made by balancing the potencies. In these balances,
mixtures commonly suspected of being carcinogenic, such as automotive exhaust
emissions, used engine oil, coal combustion condensate and tobacco smoke con-
densate, were chemically fractionated, and these fractions were tested in a suitable
animal model (epicutaneous application to mice or intrapulmonary administration
in rats) for their carcinogenic potential in comparison with the original mixture
(Grimmer 1993 ¢; Jacob 1996). Table 8 shows results of such potency balance ana-
lyses for five different mixtures.
Three conclusions can be drawn:

1) In all mixtures examined, carcinogenicity is predominantly (70-90% and more)
caused by the class of PAH with 4 or more rings although almost all of them
account for less than 4% w/w of the mixture (exception: coal combustion con-
densate with 23% to 29%).

2) The contribution of benzo[a]pyrene to the effect varies widely in the mixtures
examined here (0.17% for sidestream cigarette smoke condensate and 4% for
the organic extract of diesel engine exhaust condensate, i.e. by a factor of 24)
and does not correlate with the % w/w of this component in the mixture, which
is between 4 x 10-* and 0.1%.

3) Similar results were obtained in two animal models that used different species
(mouse and rat) and also two different target organs (skin and lungs), thus con-
firming the exceptional relevance of the PAH fraction for carcinogenicity in the
case of automotive exhaust condensate and coal combustion condensate (85% and
81% (automotive exhaust emission) and 90% (coal combustion)). In contrast, the
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Table 8 Percent contribution of PAH and benzo[a]pyrene to the carcinogenic potency of various
mixtures (Jacob 1996)

Contribution to the effect in %

mouse (epicutaneously) rat (intrapulmonary)

PAH*  benzo[a]pyrene = PAH* benzo[a]pyrene

used engine oil % w/w** 70 18
1.1 0.02
automotive exhaust condensate 85 6 81 2.4
(petrol engine) % w/w
3.5 0.04 2.8 0.05
coal combustion condensate 90 11 >90 1.4
% W[w
22.7 0.1 29 0.11
diesel engine exhaust condensate 80 4
(organic extract) % w/w
0.9 0.01
sidestream cigarette smoke 75 0.17
condensate % w/w
3.5 0.0004

* PAH with 4 or more rings; ** w/w percentage in the mixture

relative contribution by benzo[a]pyrene of 1.4% to 2.4% (rat; intrapulmonary) and 6%
to 11% (mouse; epicutaneously) to the effect deviated considerably in the animal mod-
els used. In the case of a 24-month topical application of the PAH fractions, the rela-
tive effect of benzo[a]pyrene was overemphasized after epicutaneous application to
mice since this component is stable to photo-induced decomposition processes as
compared with other less stable carcinogenic PAH (such as anthanthrene, cyclopenta
[cd]pyrene and PAH with anthracenoid partial structures). Of course, these processes
are not relevant for intrapulmonary injection.

For technical reasons, only condensates or extracts were examined in the potency
balances mentioned here, whereas the gaseous phase, which may also induce car-
cinogenic effects (formaldehyde, acrolein, crotonaldehyde, butenolides, etc.), was
not considered.

The potency balances carried out with automotive exhaust condensate in the
1970s (Grimmer 1977) tried to simulate the carcinogenic effects of the PAH frac-
tion by administration of a synthetic mixture of the biologically active PAH de-
tected in the condensate. They had already provided evidence that, in addition to
the known carcinogenic PAH, previously unknown homologues, most of them
with high boiling points, contribute significantly to the total carcinogenicity. How-
ever, seven carcinogenic PAH (benzo[a]pyrene, benzo[a]anthracene, chrysene,
benzo[b|fluoranthene, benzo[jjfluoranthene, dibenzo[a,hjanthracene and indeno-
[1,2,3-cd]pyrene, mixed in the ratio of their occurrence in petrol engine emissions),
caused only 10% to 15% of the total effects. It was assumed that the remaining
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85% were induced by methylene-bridged PAH of the cyclopenta[cd]pyrene type. A
simple calculation showed that the effects were not induced only by this compo-
nent. Its concentration in the exhaust emission was about 12 times higher than
that of benzo[a]pyrene; at a potency equivalent of 0.15, this corresponds maximally
to twice the effect of benzo[a]pyrene, which in this mixture contributed a calculated
9% of the effects. Together, these eight components contributed a maximum of
33% of the effects, whereas 67% of the effects could not be explained. Similar ra-
tios were obtained for coal combustion condensate. Here, too, the total carcino-
genic effects were practically induced by PAH with 4 or more rings. High-vacuum
distillation of the PAH fraction into two subfractions showed that the volatile frac-
tion that accounted for 50% w/w and contained all gas chromatographable PAH
also contributed to only half the carcinogenicity. The remaining effects remained
in the distillation residue (also 50% w/w of the original fraction), in which hardly
any gas chromatographable PAH were detected (Grimmer et al. 1985). This find-
ing indicates that the higher-boiling PAH included either numerous moderately
active or some highly active components that have not been identified to date and
of which only dibenzo[a,/]pyrene is currently known. It is therefore of great impor-
tance to elucidate their structures.

8 Potency equivalents of PAH

Since the PAH profiles are different, a constant contribution of benzo[a]pyrene to
the total carcinogenicity of the PAH fraction is not expected in different mixtures.
At the high concentration of chrysene and benzo[b]fluoranthene, for example,
these components may also significantly contribute to the carcinogenic potential
although they only have potency equivalents of 0.03 and 0.11, respectively. Diben-
zo[a,l]pyrene may be of special relevance in PAH mixtures since it has recently
been reported to have an extremely high carcinogenic potential (between 10 and
100 times more effective than benzo[a]pyrene) (Muller et al. 1995, 1997). Recent
studies have demonstrated that the concentration of dibenzo[a,/Jpyrene in various
mixtures (automotive exhaust condensate and coal tar pitch) is about 1/10 of that
of benzo[a]pyrene. This component was also detected in cigarette smoke conden-
sate (Seidel et al. 2004). One hundredth of the benzo[a]pyrene concentration of this
component would thus cause the same biological effect as the one expected for
benzo[a]pyrene. For many mixtures, the carcinogenic effect caused by PAH is
therefore expected to be essentially due to dibenzo[a,/Jpyrene. This also shows that
this component must be determined quantitatively in PAH mixtures in the future.

For the assessment of the carcinogenic potency of a PAH mixture, a sum para-
meter should be calculated in the form of a dose-addition model (IARC 1986 b)
based on potency equivalents from carcinogenicity studies in rodents to take into
account the variable fraction of benzo[a]pyrene in a considered matrix. Currently it
cannot be decided whether the carcinogenic potencies of individual PAH actually
add up to a total potential or whether synergistic effects, e.g. the induction of cer-
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tain CYP enzymes by PAH that are not carcinogenic themselves or are only weakly
carcinogenic such as benzo[k]fluoranthene (Jacob etal. 1979; Schmoldt etal.
1981), lead to superadditive effects that are caused by the increased formation of
proximal and ultimate carcinogens.

9 Equivalency factors of PAH

Proportionality of external and internal exposure is an important criterion if equiv-
alency factors are used to assess adverse effects on health. The mechanism of ac-
tion of the considered substances on which the assessment is based should be
comparable (Neumann 1996). PAH undergo metabolic activation to reactive meta-
bolites that are responsible for the genotoxic effect as a result of DNA binding. The
potency equivalency factors assumed for the PAH here are based on carcinogeni-
city studies primarily carried out in the lung implantation model.

The equivalency factors of individual compounds in relation to benzo[a]pyrene
(1.0), which have been published in various reviews, are compiled in Table 9. The
authors of these publications point out that the data available on the effect of the
exposure route on the equivalency factors are not sufficient, although they assume
that the relative carcinogenic potentials of the compounds are the same in the calcu-
lations of the equivalency factors irrespective of the type of exposure. They assigned
a value to PAH on the basis of the IARC and USEPA classifications, since there was
no potency equivalent level available from the literature. A value of 0.001 was as-
signed to non-carcinogenic compounds (Malcolm and Dobsen 1994).

Other authors used skin painting studies as a basis. The model was based on the
assumption that the relative carcinogenic effects of individual PAH determined via
intestinal exposure are similar to those after dermal exposure. They considered the
total of papillomas and carcinomas per compound to be the end point. When these
authors calculated the relative tumour dose (RTD), they obtained the values listed
in Table 10 (Rugen et al. 1989).

Another publication presented the results of a model calculation. It was assumed
that the probability of tumourigenicity after a certain exposure period to a mixture of
PAH with a benzo[a]pyrene-equivalent concentration corresponds to the two-stage
birth-death-mutation model. Tissue growth and cell dynamics were included in this
model (Krewski et al. 1989). There are no further details about the data used.

The derivation of toxic equivalency factors is based on the following assump-
tions. A well-investigated compound can be used as a surrogate or as a reference
substance for all compounds of the family. The toxic effects of all compounds of
the family are qualitatively similar to those of the surrogate compound and can
quantitatively be characterized via relative potencies or toxic equivalency factors.
Since the toxic equivalency factors of different end points are similar, limited infor-
mation on the relative toxic potency in one or a few test systems can be used to
establish toxic equivalency factors for an individual compound or subgroup of
compounds for other end points. The toxic effects of the compounds of a mixture
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Table 9 Table of potency equivalents according to Malcolm and Dobsen (1994)

Compound Potency Potency Potency Potency Potency Potency
equivalent equivalent equivalent equivalent equivalent equivalent
Rugen Nisbet Clement Chuand USEPA Krewski

etal. and LaGoy (1988) Chen (1984) etal.
(1989) (1992 (1984) (1989)
naphthalene® 0.001 0
fluoranthene 0.001 0
chrysene 0.01 0.0044 0.001 1 0.004
anthracene 0.01 0.32 0
dibenzo[a,hjanthracene  0.60 5 1.1 0.69 1 1.11
dibenzo[a,clanthracene
benzo[a]anthracene 0.005 0.1 0.145 0.013 1 0.145
phenanthrene 0.001 0
1-methylphenanthrene
benzo[b]fluoranthene 0.024 0.1 0.140 0.08 1 0.141
benzo[jlfluoranthene 0.08
benzo[k|fluoranthene 0.1 0.066 0.004 1 0.061
pyrene 0.001 0.081 0 0.081
benzo[a]pyrene 1 1 1 1
benzo[e]pyrene 0.004
cyclopenta[cd|pyrene 0.023
indeno[1,2,3-cd]pyrene  0.006 0.1 0.232 0.017 1 0.232
perylene
benzo[ghi]perylene 0.01 0.022 0 0.022
fluorene 0.001 0
acenaphthylene 0.001 0
acenaphthene 0.001 0
coronene

# Naphthalene was classified in Carcinogen Category 2 in the 2001 Supplement “Naphthalene”; however, no
studies to date have been suitable for deriving an equivalency factor.

are additive. In addition to the publications by Chu and Chen (1984) and Clement
(1988), a total of 11 publications with different administration routes (intrapul-
monary, dermal, subcutaneous) and with the formation of DNA adducts in in vitro
studies were used as a basis. A comparison carried out by the authors with results
of studies by Schmihl et al. (1977) and Pfeiffer (1977) showed agreement in some
cases (Nisbet and LaGoy 1992).
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Table9 Table of potency equivalents according to Malcolm and Dobsen (1994)

Compound Potency Potency Potency Potency Potency Potency
equivalent equivalent equivalent equivalent equivalent equivalent
Deutsch- Wenzel- Wynder  Habs LaVoie Pfeiffer
Wenzel Hartung and Hoff- (1980) (1982) etal.
etal. (1990) mann (1977)
(1983 a) (1959a,

1959b)

naphthalene®

fluoranthene 0

chrysene 0.03 0.01

anthracene 0

dibenzo[a,hjanthracene 1.908 1.0 1.0

dibenzo[a,clanthracene

benzo[a]anthracene

phenanthrene 0.001

1-methylphenanthrene

benzolb]fluoranthene 0.11 0.1 0.3 0.1
benzolj]fluoranthene 0.03

benzolk]fluoranthene 0.03 0.01 0 0.01
pyrene 0

benzo[a]pyrene 1 1 1 1 1 1
benzole]pyrene 0.003 0.01

cyclopenta[cd]pyrene 0.1
indeno[1,2,3-cd]pyrene  0.08 0.01 0

perylene

benzo[ghi]perylene 0.01 0

fluorene

acenaphthylene

acenaphthene

coronene

# Naphthalene was classified in Carcinogen Category 2 in the 2001 Supplement “Naphthalene”; however, no
studies to date have been suitable for deriving an equivalency factor.
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Table 9 Table of potency equivalents according to Malcolm and Dobsen (1994)

Compound Potency Potency Potency Potency
equivalent equivalent equivalents equivalents
Phillips et al. Hughes and or potency rounded
(1979) Phillips (1993)®  ranges
naphthalene® 0.001 0.001
fluoranthene 0.001 0.001
chrysene 0.0044-0.03  0.01
anthracene 0-0.32¢ 0.01
dibenzo[a,hjanthracene 1.0 0.60-5 1.0
dibenzo[a,clanthracene 0.1¢ 0.1¢
benzo[a]anthracene 0.1 0.005-0.145 0.1
phenanthrene 0.001 0.001
1-methylphenanthrene 0.001¢ 0.001¢
benzo[blfluoranthene XXX 0.024-0.3 0.1
benzo[jlfluoranthene 0.03-0.08 0.1
benzo[k]fluoranthene XX 0.004-0.1 0.1
pyrene 0.001-0.081°  0.001
benzo[a]pyrene 1 1 1
benzo[e]pyrene 0.003-0.01 0.01
cyclopenta[cd|pyrene 0.023-0.1 0.1
indeno[1,2,3-cd]pyrene X 0-0.232 0.1
perylene 0.001¢ 0.001¢
benzo|ghi]perylene 0.01-0.022 0.01
fluorene 0.001 0.001
acenaphthylene 0.001 0.001
acenaphthene 0.001 0.001
coronene 0.001° 0.001¢

? Naphthalene was classified in Carcinogen Category 2 in the 2001 Supplement “Naphthalene”; however, no
studies to date have been suitable for deriving an equivalency factor.

® Indication of size since the data were not related to benzo[a]pyrene.
¢ Potency equivalents that were not used because they did not agree with the data.
9 Potency equivalents based on IARC and USEPA classifications.

The effect of benzo[a]pyrene, anthanthrene, benzo[b]fluoranthene, indenol[l,2,3-
cdpyrene, benzo[jlfluoranthene, benzo[k]fluoranthene, benzo[e]pyrene and benzo-
[ghi]perylene was investigated in 3-month-old female Osborne-Mendel rats (27 to
35 animals per dose group) after a single lung implantation (Stanton et al. 1972) of
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Table 10 Relative doses of the carcinogenic effect of PAH (related to benzo[a]pyrene = 1) calcu-
lated via the number of papillomas and carcinomas after skin painting (Rugen et al. 1989)

Compound Observation Relative tumour References
period dose (RTD)
(months) related to

benzo[a]pyrene 1.0

benzo[a]anthracene 18 179 Bingham and Falk 1969
benzolb]fluoranthene 8 42.5 Wynder and Hoffmann 1959 a
benzo[jlfluoranthene 8 13.1 Wynder and Hoffmann 1959 a
dibenzo[a,hjanthracene 7 1.67 Wynder and Hoffmann 1959 b
indeno[1,2,3-cd]pyrene 10 167 Wynder and Hoffmann 1961

3 doses per substance (2 doses of anthanthrene). The animals were observed for
the rest of their lives; afterwards, the lungs were examined. The number of tu-
mour-bearing animals was used as a parameter of the carcinogenic effect. A dose-
dependent relation was established for benzo[a]pyrene, benzo[b]fluoranthene, in-
deno[l,2,3-cd|pyrene, benzo[k]fluoranthene, benzo[j]fluoranthene and anthanthrene
on the basis of histopathological assessment and mathematical calculations. Benzo-
[ghilperylene had only a weak effect. The relative carcinogenic effects are listed in
Table 11. The authors point out that the results agreed with those of other studies
after dermal or subcutaneous application of the substances (Deutsch-Wenzel et al.
1983 b).

Other authors also used lung implantation in female Osborne-Mendel rats for
the administration of phenanthrene, chrysene, dibenzo[a,h]anthracene, benzo[b]-
naphtha[2,1-d]thiophene and benzo[a]pyrene as a reference substance. The animals
were observed for the rest of their lives; afterwards, the lungs were examined. The
number of tumours per animal was used as a parameter of the carcinogenic effect.

Table 11  Relative carcinogenic effect of some PAH after lung implantation in Osborne-Mendel
rats (Deutsch-Wenzel et al. 1983 b)

Compound Relative carcinogenic effect
anthanthrene 0.19

benzo[b]fluoranthene 0.11

benzolj]fluoranthene 0.03

benzolk]fluoranthene 0.03

benzo[ghi]perylene 0.01

benzo[a]pyrene 1.00

benzo[e]pyrene 0.003

indeno[1,2,3-cd]pyrene 0.08
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After probit analysis of the results, potency equivalents of 1.91 for dibenzo[a,h]an-
thracene, 0.03 for chrysene, 0.02 for benzo[bJnaphtho[2,1-d]thiophene and 0.001
for phenanthrene were determined in relation to the carcinogenic effects of benzo-
[a]pyrene (Wenzel-Hartung et al. 1990).

Solutions of 0.5% in acetone of 4 compounds isolated and purified from cigar-
ette smoke condensate (benzo[b]fluoranthene, benzo[j)fluoranthene, benzo[k]fluor-
anthene and benzo[mno]fluoranthene) were applied to the skin of groups of 20
female Swiss mice 3 times a week for a period of 6 to 13 months. Benzo[b]fluor-
anthene and benzolj)fluoranthene led to relatively severe biological effects, benzo-
[k]fluoranthene induced minimal effects and no effects were observed for benzo-
[mno]fluoranthene (Wynder and Hoffmann 1959 a). Dibenzo[a,h]anthracene, di-
benzo[a,i]pyrene and other PAH were investigated in a further study (Wynder and
Hoffman 1959 b). The relative carcinogenic effect was specified in a table with
+++ for benzo[a]pyrene and dibenzo[a,h]anthracene, ++ for benzo[b]fluor-
anthene and benzo[j)fluoranthene, + for benzo[ajanthracene and chrysene and +
for benzo[e]pyrene, benzo[k]fluoranthene and benzo[ghi]perylene (Wynder and
Hoffmann 1959 b).

Benzo[a]pyrene, benzo[blfluoranthene, benzo[j]fluoranthene, benzo[k]fluor-
anthene, indeno[l,2,3-cd]pyrene, cyclopenta[cd]pyrene and coronene were investi-
gated in the epicutaneous drip test on mouse skin. Three doses of the compounds
dissolved in acetone were dripped onto the shaved dorsal skin of groups of 40 fe-
male NMRI mice (age: 10 weeks) twice a week per dose group; the doses ranged
between 1.7 and 9.2 pg/animal, and between 1.7 and 27.2 pg/animal for cyclopen-
ta[cd]pyrene. Coronene (dissolved in DMSO) was applied 4 times per week. The
animals were observed for the rest of their lives; afterwards, the skin was examined
histologically. The control groups included 80 animals (no other details). Benzo[a]-
pyrene and benzo[blfluoranthene produced a clear carcinogenic effect, benzolj]-
fluoranthene and cyclopenta[cd]pyrene induced a weak carcinogenic effect related
to the number of tumours. Coronene, benzo[k]fluoranthene and indeno[l,2,3-cd]-
pyrene were classified as non-carcinogenic. After statistical evaluation of the data,
a relative effect of 0.27 was obtained for benzo[b]fluoranthene as compared with
benzo[a]pyrene and a value of 0.05 for cyclopenta[cd]pyrene (Habs et al. 1980).

Benzo[blfluoranthene, benzo[j]fluoranthene, benzo[k]fluoranthene and benzo[al-
pyrene were investigated in an initiation-promotion test in groups of 20 female
CD-1 mice per dose group. For initiation, 10 doses were administered (total dose
of 10 to 100 pg in acetone, benzo[a]pyrene dose 30 pg). Ten days after initiation,
TPA was administered 3 times a week for 20 weeks. The initiating dose of 30 pg
induced 4.9 tumours/animal after benzo[a|pyrene, 2.3 tumours/animal after ben-
zo[b]fluoranthene, 0.6 tumours/animal after benzo[j]fluoranthene and 0.1 tu-
mours/animal after benzo[k]fluoranthene. The animals of the control group (ad-
ministration of acetone) revealed no abnormalities (LaVoie et al. 1982).

Benzo[a]pyrene and dibenzo[a,h]anthracene were applied once subcutaneously
to mice, which were investigated after 114 weeks. A comparison of the activity of
benzo[a]pyrene with that of dibenzo[a,hjanthracene showed that the tumour rates
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of 2.35 and 4.7 pg dibenzo[a,hjanthracene were higher than those of 3.12 and
6.25 pg benzo[a]pyrene. The animals treated with benzo[a]pyrene had 9 and 35
sarcomas, whereas 37 and 39 sarcomas were found in the animals treated with
dibenzo[a,hlanthracene (incidences refer to 100 animals in each case) (Pfeiffer
1977).

Solutions (1 pmol/animal) of 3H-labelled benzo[a]pyrene, dibenzo[a,h]anthra-
cene, benzo[a]anthracene and dibenzo[a,clanthracene were applied to the shaved
back of male C57BL mice (15 animals per group). After the animals had been sa-
crificed, the DNA of the treated skin area was isolated, hydrolyzed enzymatically
and the hydrolysate was separated via column chromatography. DNA binding rates
of 27 pmol/mg DNA were obtained for benzo[a]pyrene, 15 pmol/mg DNA for di-
benzo[a,hjanthracene, 10 pmol/mg DNA for dibenzo[a,clanthracene and 2 pmol/
mg DNA for benzo[a]anthracene (Phillips et al. 1979).

In studies with male Parkes mice (6 to 8 weeks old), 1.0 pmol benzo[ghi]perylene
per mouse was applied dermally, groups of 4 mice were sacrificed 6 hours, 1 day
and 2, 4, 7, 21 and 84 days after treatment and the DNA of the treated area of skin
was isolated. Mice were treated with 0.25 pmol substance/mouse of benzo[b]fluor-
anthene, benzo[jlfluoranthene, benzo[k|fluoranthene, benzo[ghi]fluoranthene, ben-
zo[ghi]perylene, benzo[bnaphtho[2,1-d]thiophene and indeno[1,2,3-cd]pyrene, and
the DNA of the treated area of skin was isolated. The DNA adduct rates after 32P-
labelling cannot be compared with a corresponding effect of benzo[a]pyrene
(Hughes and Phillips 1993).

A study carried out in female Swiss mice with dibenzo[a,l/|pyrene synthesized by
the authors (Wynder and Hoffmann 1961) cannot be used since the identification
of the substance is questionable (melting point specified to be 224 to 226°C; ac-
cording to WHO 1998, the melting point of dibenzo[a,l]pyrene is 162°C). The Of-
fice of Environmental Health in California (OEHHA 1994) calculated equivalency
factors based on the data obtained by Cavalieri et al. (1989, 1991) for dibenzo[a,]-
pyrene, dibenzo[a,e]pyrene, dibenzo[a,h]pyrene and dibenzo[a,i]pyrene. Cavalieri
etal. (1989, 1991) provided evidence of the tumourigenic activity of dibenzo[a,l]-
pyrene and its relation to the dose in a study of four dibenzo[a]pyrenes in the
mouse skin and rat mammary gland. Benzo[a|pyrene was used as a reference sub-
stance in some tests. Dibenzo[a,/]pyrene was shown to be the substance with the
highest carcinogenic potential. Several doses were tested. A comparison of the re-
sults after dermal application of 33.3 nmol dibenzo[a,/]pyrene as an initiator (phor-
bol ester as a promotor) with those after application of the same amount of benzo-
[a]pyrene showed that dibenzo[a,l]pyrene induced tumours in 23 of 24 animals
whereas benzo[a]pyrene led to tumours in 10 of 23 animals. The result was a rela-
tive potency of 5.8. In a second test, 4 nmol per substance was compared. Tumours
were observed in 22 of the 24 animals treated with dibenzo[a,/]pyrene and in 1 of
24 animals treated with benzo[a]pyrene. This resulted in a relative potency of 25.
In a third test, 100 nmol of the two substances were compared without promotion.
Seven of the 24 animals of the dibenzo[a,/]pyrene group and 1 animal of the benzo-
[a]pyrene group had tumours; the relative potency was 4. Direct injection of 0.25
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and 1 pmol dibenzo[a,/]pyrene into the mammary gland induced tumours in all
treated rats (19 and 20 animals, respectively), whereas only one of the animals trea-
ted with 0.25 pmol benzo[a]pyrene had a tumour. This resulted in a relative po-
tency of 100. An equivalency factor of 10 has been attributed to dibenzo[a,/]pyrene
on the basis of its considerably higher tumour-initiating activity. The tumourigeni-
city of dibenzo[a,h]pyrene is comparable with that of dibenzo[a,/]pyrene. For exam-
ple, tumours were observed in 18 of 24 treated mice after dermal application of
dibenzo[a,h]pyrene as compared with 22 of 24 animals treated with dibenzo[a,l|pyr-
ene. Skin tumours occurred in 2 of 23 control mice. An equivalency factor of 10
has been assigned to dibenzo[a,h]pyrene.

The effect of dibenzo[a,i]pyrene is equated with that of dibenzo[a,l]pyrene. For
example, tumours were observed in 15 of 24 treated mice after dermal application
of dibenzo[a,i]pyrene as compared with 22 of 24 animals treated with dibenzo[a,l]-
pyrene. Skin tumours were observed in 2 of 23 animals of the control group. An
equivalency factor of 10 has been assigned to dibenzo[a,i]pyrene.

Dibenzo[a,e]pyrene was least active among the four compounds (Cavalieri et al.
1989, 1991). The effect of dibenzo[a,l|pyrene was 10 to 20 times higher than that of
dibenzo[a,e]pyrene. An equivalency factor of 1 has been assigned to dibenzo[a,e]
pyrene.

Table 12 shows an example of the use of potency equivalents. Here, the concen-
trations of the “used engine oil” mixture (random sample) were multiplied with
the specific potency equivalents and the sum was equated with 100%; however,
previously unknown, possibly carcinogenic PAH were of course not taken into ac-
count. The percentage of the effect contributed by benzo[a]pyrene was calculated
to be about 14% for this case. A potency balance analysis carried out by Grimmer
etal. (1982) with a used engine oil yielded a relative contribution to the effect of
18% for benzo[a]pyrene. If the overestimation discussed for the epicutaneous ap-
plication of this component is taken into account (see Section 7), quite similar re-
sults are obtained with this calculation.

To date there have been a number of proposals on toxic equivalency factors for
PAH based on different carcinogenicity studies (see Table 13; (Chu and Chen
1984; Clement 1988; Collins etal. 1998; Malcolm and Dobsen 1994; Nisbet and
LaGoy 1992; Petry et al. 1996; Thorslund and Farrer 1991; USEPA 1984). The ori-
ginal proposal of the U.S. Environmental Protection Agency divided the PAH into
two groups, one including those with a carcinogenic effect and the other those with
a non-carcinogenic effect (USEPA 1984). A value of 1 was assigned to all PAH with
a carcinogenic effect, whereas zero was assigned to all non-carcinogenic PAH (Ta-
ble 13).

Since the effect of most carcinogenic PAH considered in the EPA list is weaker
than that of benzo[a]pyrene, this concept inevitably results in overrating the biolo-
gical activity of a mixture. This was later considered by Chu and Chen (1984),
Thorslund and Farrer (1991) and Clement (1988); these authors thus obtained
more accurate values (Table 13). Nisbet and LaGoy (1992) then assigned an equiv-
alency factor to all PAH of the EPA list based on the available carcinogenicity data
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Table 12 Analysis of a used mineral oil and estimate of the contribution of individual PAH to the
total carcinogenic effect

PAH Concentra- Potency  cxf % ofthe Effect relative to
tion equivalent total benzo[a]pyrene
[he/kel (<) (Y effect”
phenanthrene 11200 0.001° 1.2 2.5 0.2
anthracene 24.0 - - - -
fluoranthene 42.8 0.001 0.04 0.1 -
pyrene 255 0.001 0.26 0.5 -8
benzo[blnaphtho[2,1-d]thiophene 314 0.01° 3.14 6.6 0.5
benzo[ghi]fluoranthene 1.37 - - - -
benzo[c]phenanthrene 3.92 - - - -
cyclopenta[cd]pyrene 0.18 0.l 0.02 -8 -8
benzo[a]anthracene 27.6 0.1 276 5.8 0.4
chrysene/triphenylene 313 0.01° 3.13 6.6 0.5
benzo[b-+j+k]fluoranthene 18.9 0.1¢ 1.89 4.0 0.3
benzo[e]pyrene 50.1 0.01¢ 050 1.1 0.1
benzo[a|pyrene 6.75 1.0 6.75 14.2 1.0
perylene 2.57 0.001 - - -5
indeno[1,2,3-cd]pyrene 1.56 0.1 0.16 0.3 -8
dibenzo[a,hjanthracene 4.67 1.o® 4.67 9.8 0.7
benzo[ghi]perylene 228 0.01° 228 48 0.3
anthanthrene 4.70 0.1° 047 1.0 0.1
coronene 11.5 0.001 001 -8 -5
dibenzo[a,l]pyrene 0.20 100.0° 20.0 421 3.0
dibenzo[a,e]pyrene 0.14 Lof 0.14 03 -8
dibenzo[a,ijpyrene 0.53 0.1f 0.05 0.1 -8
dibenzo[a,h]pyrene nnh 1.0°¢ - - -

2 (Jacob 2007 b); ® (Wenzel-Hartung et al. 1990); € (Deutsch-Wenzel et al. 1983 b); ¢ (Jacob 2007 b);(Malcolm
and Dobsen 1994); ¢ (Muller et al. 1995; Flowers et al. 2002); f (McClure 2004). & < 0.I; " not detectable;
I rounded to the base 10; “ total effect defined as the sum of the calculated effects of the listed PAH

and simplified the values established by other authors since they regarded them as
unreasonably precise in relation to uncertainties in the assessment of PAH mix-
tures (Table 13). However, as Nisbet and LaGoy (1992) explained, it cannot be ru-
led out that different PAH mixtures may induce altered activities because of differ-
ences in bioavailability, competition at critical binding sites, co-carcinogenic effects
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Table 13 Suggested carcinogenicity equivalency factors for the individual PAH of the EPA list

PAH USEPA Chuand Clement  Thorslund Nisbet and
(1984) Chen (1984) (1988) and Farrer LaGoy 1992
(1991)
naphthalene 0 - - - 0.001
acenaphthylene 0 - - - 0.001
acenaphthene 0 - - - 0.001
fluorene 0 - - - 0.001
phenanthrene 0 - - - 0.001
anthracene 0 - 0.32 - 0.01
fluoranthene 0 - - - 0.001
pyrene 0 - 0.081 - 0.001
benzo[a]anthracene 1 0.013 0.145 0.145 0.1
chrysene 1 0.001 0.0044 0.0044 0.01
benzo[j+b]fluoranthene 1 0.08 0.14 0.12 0.1
benzo[k]fluoranthene 1 0.004 0.066 0.052 0.1
benzo[a|pyrene 1 1 1 1 1
indenol[1,2,3-cd]pyrene 1 0.017 0.232 0.278 0.1
dibenzo[a,h]anthracene 1 0.69 1.1 1.11 1
benzo[ghi]perylene 0 - 0.022 0.021 0.1

or metabolism. Apart from these arguments, Petry et al. (1996) regarded the appli-
cation of equivalency factors as not very useful. In their opinion, too low an im-
provement in the risk assessment of a PAH mixture was achieved by means of
equivalency factors with a factor of 2 to 3, given the uncertainties associated with
these values as compared with an assessment based only on benzo[a]pyrene as the
lead component.

The result of a risk assessment of a PAH mixture depends not only on the valid-
ity of the equivalency factors but also decisively on the number of considered carci-
nogenic PAH that determine the specific PAH profile of their carcinogenic effect.
Collins et al. (1998) of the Californian Office of Environmental Health support the
concept of equivalency factors and point out that, in contrast to the list of equiva-
lency factors established by Nisbet and LaGoy (1992), only those of known carcino-
genic PAH should be included to be able to identify the most important representa-
tives for a risk assessment. Certain dibenzopyrenes, in particular dibenzo[a,l|pyr-
ene, must definitely be included on account of their severe carcinogenic effect men-
tioned previously. Table 14 shows the example of a calculation of the benzo[a]pyrene
equivalents of PAH from tobacco smoke condensate and from an indoor air mea-
surement of kitchens with coal firing in China, including four isomeric dibenzopyr-
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Table 15 PAH analytes and equivalency factors of the (USEPA 1984)

Compounds Equivalency factors

acenaphthene
acenaphthylene
anthracene
benzo[a]anthracene
benzo[b]fluoranthene
benzo[k]fluoranthene
benzo[ghi]perylene
benzo[a]pyrene
chrysene
dibenzo[a,hjanthracene
fluoranthene

fluorene
indeno[1,2,3-cd]pyrene
naphthalene

phenanthrene

S O O R, O O R Rk Rk O R Rk R O O O©

pyrene

enes. The relative contribution of dibenzopyrenes to the effect was between 34%
and 70% in this case. If the assessment of the tobacco smoke condensate had been
based only on the lead component benzo[a]pyrene, it would have been too low by
about a factor of 6 as compared with the sum parameter. The calculation of the in-
door measurement levels also led to an assessment that was too low by this factor
with reference to benzo[a]pyrene as the lead component. This explicitly illustrates
the importance of the relative contribution of dibenzopyrenes to the effect.

Tables 15 and 16 include the PAH suggested for routine determination; the
equivalency factors proposed for the assessment of PAH mixtures are also listed.
The authors rounded these equivalency factors because an accurate specification
would not have made sense. As in the case of benzo[a]pyrene, an equivalency fac-
tor of 1 was specified for the seven compounds that were listed by the USEPA and
regarded as potential human carcinogens. If this equivalency factor, which would
have led to an overestimation of the carcinogenic effect of these compounds, is
replaced by the equivalency factors specified in recent literature, a more realistic
assessment of the contribution of five of these compounds (benzo[a]anthracene,
benzo[b]fluoranthene, benzo[jlfluoranthene (indicated as benzo[j+b]fluoranthene
sum in the EPA list), dibenzo[a,h]pyrene and indeno(l,2,3-cd]pyrene) to the total
carcinogenic activity of the PAH mixture can be made. Introducing equivalency
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Table 16 Relevant PAH analytes suggested for routine determination

Compounds Equivalency factors References

(updated proposal)
anthanthrene 0.1 Deutsch-Wenzel et al. 1983 b
benzo[a]anthracene 0.1 Nisbet and LaGoy 1992
benzo[b]fluoranthene 0.1 Nisbet and LaGoy 1992
benzojlfluoranthene 0.1 Nisbet and LaGoy 1992
benzolk]fluoranthene 0.1 Nisbet and LaGoy 1992
benzo[blnaphtho[2,1-d]thiophene 0.01 Wenzel-Hartung et al. 1990
benzo[a]pyrene 1 Nisbet and LaGoy 1992
chrysene 0.01 Nisbet and LaGoy 1992
cyclopenta[cd]pyrene 0.1 Malcolm and Dobsen 1994
dibenzo[a,hjanthracene 1 Nisbet and LaGoy 1992
dibenzo[a,l]pyrene 10 Collins et al. 1998
dibenzo[a,e]pyrene 1 Collins et al. 1998
dibenzo[a,h]pyrene 10 Collins et al. 1998
dibenzola,i]pyrene 10 Collins et al. 1998
indeno[1,2,3-cd]pyrene 0.1 Nisbet and LaGoy 1992
naphthalene 0.001 Nisbet and LaGoy 1992
phenanthrene 0.001 Nisbet and LaGoy 1992
pyrene 0.001 Nisbet and LaGoy 1992
1-methylpyrene 0.1 Rice et al. 1987

?) On the basis of these data, an equivalency factor of 0.1 could be attributed to 1-methylpyrene with the restric-
tions that 1-methylpyrene and benzo[a]pyrene were tested at only one dose level and that newborn mice ex-
press relatively few sulfotransferases.

factors for the other PAH more realistically reflects their contribution to the total
activity, which would otherwise have been underestimated.

10 Manifesto (MAK value/classification)

The table on the first page shows the classifications of the individual components
of PAH for their carcinogenicity and germ cell mutagenicity. Anthanthrene, benzo-
[a]anthracene, benzo[b]fluoranthene, benzo[jjfluoranthene, benzo[k]fluoranthene,
benzo[bjnaphtho[2,1-d]thiophene, chrysene, dibenzo[a,h]anthracene, dibenzo[a,e]-
pyrene, dibenzo[a,h]pyrene, dibenzo[a,ilpyrene, dibenzo[a,l|pyrene, indeno[1,2,3-
cdlpyrene and 1-methylpyrene are classified in Carcinogen Category 2 since they
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were carcinogenic in animal studies. Phenanthrene and pyrene are not classified in
a carcinogen category since negative results were obtained in animal studies on car-
cinogenicity.

Benzo[a]anthracene and dibenzo[a,hjanthracene are classified in Germ Cell Mu-
tagen Category 3A since in vivo data are available in somatic cells, these substances
have been shown to reach the germ cells, or there are in vivo data in germ cells.
Benzo[blfluoranthene, benzo[jlfluoranthene, benzo[k|fluoranthene, benzo[b]-
naphtha[2,1-d]thiophene, dibenzo[a,e]pyrene, dibenzo[a,h]pyrene, dibenzo[a,i]pyr-
ene and dibenzo[a,/]pyrene are classified in Germ Cell Mutagen Category 3B since
either in vitro data are available and there is an analogy to a germ cell mutagen or
there are in vivo data in somatic cells. Phenanthrene and pyrene are not classified
in any of the germ cell mutagen categories on the basis of the available data nor
are anthanthrene, chrysene, indeno[1,2,3-cd]pyrene and 1-methylpyrene because of
the inadequate database.

The classification of benzo[a]pyrene into Germ Cell Mutagen and Carcinogen
Category 2 and of cyclopenta[cd]pyrene and naphthalene into Germ Cell Mutagen
Category 3B and Carcinogen Category 2 has been confirmed (2001 documentation
“Benzo[a]pyrene”; 2007 documentation “Cyclopentajcd]pyrene”; 2001 documenta-
tion “Naphthalene”; all in present volume).

The ready skin penetration of individual PAH has been demonstrated in humans
and animal studies. There is no reason to assume that there is any substantial differ-
ence in the penetration behaviour of PAH. Since absorption via the skin at the work-
place is the main contributor to the body burden, PAH are designated with an “H”.

No data are available for sensitization in humans for PAH. Although findings
from animal studies indicate contact sensitization induced by benzo[a]pyrene, it is
not designated with “Sh” since no cases of allergic contact eczema have been re-
ported to date despite skin contact with this substance. There are no data or no
valid findings in animals for the remaining PAH, so they are also not designated
with “Sh”. Neither are the PAH designated with “Sa” since there are no data avail-
able for respiratory tract sensitization.

There are hardly any data on the reproductive toxicity of PAH except for benzo-
[a]pyrene. Two reports of transplacental poisoning in humans are available for
naphthalene. Naphthalene, benzo[a]anthracene and dibenzo[a,h]anthracene in-
duced vaginal and intraplacental haemorrhages in rats after subcutaneous treat-
ment. These compounds as well as chrysene led to the death of foetuses in the F1
generation (rats and mice) and to the induction of benzo[a]pyrene hydroxylase in
the liver. Benzo[a]pyrene had a severe embryotoxic effect in mice and rats and im-
paired fertility in mice.

Based on its high carcinogenic potential and on analytical experience, benzo[a]-
pyrene was previously used as a reference or lead component for the carcinogeni-
city of a mixture and for the assessment of general and particularly occupationally
induced health risks. Accordingly, a number of countries established legally bind-
ing threshold values and recommended levels. However, because of the variable
effective fraction, this component can not be used without reservation as a lead
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component for various types of emissions; at best it can be used for a particular
mixture provided there is a constant PAH profile for the mixture. The PAH pro-
files determined at various workplaces (manufacture of graphite electrodes; manu-
facture and processing of fireproof materials) also show considerably different re-
lative benzo[a]pyrene levels with variations by a factor of 5. The different PAH pro-
files can easily explain why the contribution of benzo[a]pyrene to the total carcino-
genic potential depends on the mixture.

Because of (1) the varying contribution of benzo[a]pyrene to the total carcinogenic
potential related to the fraction of PAH with 4 or more rings and (2) the variability of
PAH profiles and therefore of the relative contribution of benzo[a]pyrene to the total
PAH, today’s practise of restricting a toxicologically validated threshold value to a
single component seems to be questionable or at least in need of improvement. The
carcinogenic effects of numerous PAH can be compared on the basis of the available
levels. However, it must be pointed out that some of these are based on different test
systems (intrapulmonary injection in rats and epicutaneous application to mice).
Since the relative effects do not differ too much, they do not lead to any major mis-
interpretations. The results from studies of intrapulmonary and epicutaneous treat-
ment of rats and mice were compared with each other and the potential effects of
various PAH listed. For the assessment of the carcinogenic potency of a PAH mix-
ture, a sum parameter should be calculated in the form of a dose-addition model on
the basis of potency equivalents from carcinogenicity studies in rodents to take into
account the variable fraction of benzo[a]pyrene in the mixture in question. It cannot
yet be decided whether the carcinogenic potencies of individual PAH actually add
up to a total potential or whether synergistic effects such as the induction of certain
CYP enzymes by PAH that are not carcinogenic themselves or are only weakly carci-
nogenic, such as benzo[k]fluoranthene, lead to superadditive effects caused by the
increased formation of proximal and ultimate carcinogens.

Proportionality of external and internal exposure is an important prerequisite for
the suggested procedure. In a first approximation, this can be assumed for carcino-
genic PAH with 4 to 6 rings. Moreover, the responsible modes of action should be
comparable. Besides the differences in bioavailability and pharmacokinetics, the
diversity of the modes of action is an important point of criticism particularly in
the discussion of toxic equivalency factors for polyhalogenated aromatics. Nor is a
comparable mode of action assumed for nitro amino aromatic compounds on ac-
count of diverse organotropy and sex-linked differences. As a consequence of the
findings discussed here, routine determination of the individual compounds listed
in Table 16 is recommended for future PAH analysis. Several widespread carcino-
genic PAH have been taken into account in the present proposal as compared with
those analytes that are currently often selected (EPA list; Table 15). Individual
PAH were selected on the basis of (1) their carcinogenic effect, as far as they have
been tested in the animal model to date, and (2) their high concentration at the
workplace. Moreover, phenanthrene and pyrene should be determined since their
metabolites are often used today for human biomonitoring. A procedure has been
developed for their determination. Evidence of a carcinogenic potential of naphtha-
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lene was also provided in rodents after inhalation. Whereas neoplasms were seen
in the nasal epithelium of female and male rats, alveolar and bronchial adenomas
developed in the lungs of female mice. If also the generally high concentration of
naphthalene in the environment is considered, its routine determination would
likewise be desirable. Since no reliable potency factors have been established so far
for lead components of substances with a methylene or methyl bridge or alkyl sub-
stituents (methylpyrene and 4H-cyclopenta[defichrysene) and for naphthalene,
there is urgent need for research for their determination. The lung implantation
model should preferably be used on account of the required comparability. As
soon as specific data are available, the existing values can be supplemented or cor-
rected, if necessary.

The effect level of the carcinogenicity of PAH based on a sum parameter would
have to be assessed higher by about a factor of 10 than the value based on benzo[a)-
pyrene since benzo[a]pyrene accounts for only about one tenth of the total carcino-
genic effect in most mixtures. For mixtures in which benzo[a]pyrene contributes less
than 10% to the effect, the threshold value listed above must, however, be corrected
downwards accordingly.

The PAH suggested or selected here (see Table 16) must be regarded as provi-
sional since the carcinogenic effect of many occurring PAH has not been exam-
ined to date. There may be further highly active components among them that
might contribute considerably to the total effect of the PAH fraction (e.g. PAH with
molecular weights = 302; the group of dibenzopyrenes). Representatives from the
group of methylene-bridged PAH, e.g. 4H-cyclopenta[deflchrysene, and of methyl-
substituted PAH, e.g. 5-methylchrysene and 6- and 11-methylbenzo[a]pyrene,
might also be involved. Since the carcinogenic effects of these compounds have
been thoroughly investigated, they can be recommended as lead components.
However, their occurrence in relevant matrices must still be investigated.

The Commission suggests that the PAH listed in Table 16 under “updated pro-
posal” should provisionally be given priority for determining the potency of PAH
mixtures based on the corresponding equivalency factors listed there.

Annex

The Annex contains tables from EHC Volume 202 “Selected non-heterocyclic poly-
cyclic aromatic hydrocarbons” (WHO 1998). Since it can be assumed that the data
listed in the tables were verified by the WHO, they were not re-examined once
again on the basis of the specified literature.
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Compound Species

Type of
administration

LDs, (mg/kg b.w.)
or LCsg (mg/m?)

References

benzo[a]pyrene  mouse
mouse

mouse
rat
chrysene mouse
naphthalene rat
rat
rat (&)
rat (9)
rat
rat
rat
rat
rat (&)
rat (9)
rat
rat
mouse (9)
mouse (J)
mouse (?)
mouse
mouse
mouse
mouse
mouse
mouse (%)
mouse
hamster (J)
guinea pig
phenanthrene  mouse
mouse
mouse
mouse
pyrene mouse

mouse

oral
ip.

ip.
s.C.
ip.
inhalation
oral
oral
oral
oral
oral
oral
oral
dermal
dermal
ip.
ip.
oral
oral
oral
s.C.
s.C.
s.C.
ip.
ip.
ip.
iv.
ip.
oral
oral
oral
ip.
iv.
ip.

ip.

< 1600
about 250

<1600
50

<320

> 500 mg/m3 (8 h)
1250
2200
2400
9430
1110

490

1800

< 2500

> 2500
about 1000
about 1600
354

533

710

5100
5100

969

150

380
about 400
100
about 800
1200

700

1000

700

56

514 (7 d)

678 (4 d)

Awogi and Sato 1989
Salamone 1981;
Salamone et al. 1981
Awogi and Sato 1989
Montizaan et al. 1989
Simmon et al. 1979
USEPA 1978

Sax and Lewis 1984
Gaines 1969

Gaines 1969

USEPA 1978
Montizaan et al. 1989
Montizaan et al. 1989
Montizaan et al. 1989
Gaines 1969

Gaines 1969
Bolonova 1967
Plopper et al. 1992
Plasterer et al. 1985
Shopp et al. 1984
Shopp et al. 1984
Sandmeyer 1981
Shopp et al. 1984

Sax and Lewis 1984
Sax and Lewis 1984
Warren et al. 1982
Plopper et al. 1992
Sax and Lewis 1984
Plopper et al. 1992
Sax and Lewis 1984
Montizaan et al. 1989
Montizaan et al. 1989
Simmon et al. 1979
Montizaan et al. 1989
Salamone 1981;
Salamone et al. 1981
Salamone 1981;
Salamone et al. 1981

b.w.: body weight; i.p.: intraperitoneal injection; i.v.: intravenous injection s.c.: subcutaneous injection
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Table A2 Acute toxicity of naphthalene

Species, strain, Exposure Findings References
No./group

mouse 0.1 mg/l; 4 h; bronchiolar necrosis Buckpitt and

(no other inhalation Franklin 1989
details)

rabbit 1000-3000 and ~ 1000-3000 mg/kg b.w.: corneal clouding Flury and Zernik
(no other 3000 mg/kg b.w.; 3000 mg/kg b.w.: death after 24 h 1935

details) oral

cat 1000-3000 mg/kg 1000-3000 mg/kg b.w.: lethal Flury and Zernik
(no other b.w.; oral 1935

details)

dog, 400 and 1800 mg/ 400 mg/kg b.w.: weakness; severe Zuelzer and Apt
1 kg b.w.; oral anaemia 1949

1800 mg/kg b.w.: weakness, vomiting,
diarrhoea, slight anaemia;
complete recovery within 1-2

weeks
dog 1000-2000, 4000 1000-2000 mg/animal: light diarrhoea  Flury and Zernik
(no other or 5000 mg/ani- 4000 mg/animal: heavy diarrhoea 1935
details) mal; oral
mouse, 50, 100, 200, 300  dose-dependent bronchiolar necrosis Plopper et al. 1992
Swiss and 400 mg/kg 300 mg/kg b.w.: swollen cells in trachea
Webster, b.w.; i.p. 400 mg/kg b.w.: cytotoxicity in
4-35, olfactory epithelium
d

b.w.: body weight; i.p.: intraperitoneal injection
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Table A3 Subacute and subchronic toxicity of naphthalene

Species, Exposure Findings References
strain,
No. per group

mouse, 7 days; 50, 100 or no significant alterations in lung Buckpitt and
Swiss 200 mg/kg b.w.  morphology; tolerance to 300 mg/kg Franklin 1989;
Webster, & and day; i.p. b.w. on day 8 O’Brien et al. 1989
mouse, 14 days; in all groups, slight alterations in Shopp et al. 1984
CD-1, 27,53 or 267 mg/ haematological parameters; humoral
40-112, kg b.w. and day; immune response not affected
3% 7 d/w; oral 27 and 53 mg/kg b.w.: no significant

effects

267 mg/kg b.w.: 5-10% mortality 3/2;
significantly decreased terminal body
weight J/Q; 30% decrease in thymus
weight J; significant decrease in weight
of spleen @; increase in lung weight @
(no other details)

mouse, 90 days; no obvious pulmonary effects or immu- Shopp et al. 1984
CD-1, 5.3, 53 or 133 mg/ notoxicity; significantly decreased
3% kg b.w. and day;  relative spleen weights ¢

7 d/w; oral
rat 46-60 days; observation of cataracts USEPA 1984
(no other 1 g/kg diet
details)
rat 11 weeks; reduced body weight gain and feed Kawai 1979
(no other 150 mg/kg b.w.  consumption; enlarged liver with cellular
details) and day (the first oedema and damage to the liver paren-

3 weeks), chyma; signs of inflammation in the

200-220 mg/kg  kidneys
b.w. and day (the
following 11

weeks); oral

rat 100 days; growth inhibition; enlarged livers with ~ White and White
(no other 2 g/kg diet fatty degeneration 1939
details)
rabbit 46-60 days; observation of cataracts USEPA 1984
(no other 1 g/kg diet
details)
dog, 7 days; diarrhoea, weakness, lack of appetite, ~ Zuelzer and Apt
1 0.22 g/kg b.w. ataxia and very severe anaemia; 1949
and day complete recovery within 1-2 weeks

b.w.: body weight; i.p.: intraperitoneal injection
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Table A4 Embryotoxicity of PAH in animal studies

Species, strain, Exposure Findings References
No. per group
benzo[a]anthracene
rat, GD 1-11 or 1-15, F0: GD 10 and GD 12 severe Wolfe and Bryan
2 (no other 5 mg/animal vaginal haemorrhage; 1939
details) and day; GD 14: intraplacental haemorrhage
s.C. F1: foetal death and resorption up to
GD 18
rat, GD 19; F1: Induction of benzo[a]pyrene Welch et al. 1972
Sprague 60 mg/kg b.w.;  hydroxylase in liver (12 versus < 0.2
Dawley gavage units in controls)
benzo[a]pyrene
mouse, GD50rGD10  F1: no malformations Rigdon and Neal
White Swiss, until littering, 1965
9 150 mg/kg b.w.;
diet
mouse, GD 2-GD 10, F1: increased intrauterine toxicity Legraverend et al.
C57BI/6N, 120 mg/kg b.w.; and malformations in Ahd/Ahd 1984
AKR/], diet embryos compared with AhP/Ahd
6-17 embryos in pregnant Ahd/Ahd mice
(effect not observed in pregnant
AhP/Ahd mice)
mouse, GD7,GD10or 200 mg/kg b.w.: F1 increase in still- Shum et al. 1979
C57BI/6, GD 12, births, resorptions and malformations
AKR, 50-300 mg/kg b. (4-fold higher in pregnant C57BI
5-30 w.; 1.p. than in AKR mice)
mouse, GDS, 150 and 300 mg/kg b.w.: in FO, Hoshino et al.
C57BI/6, 150 and 300 mg/ increased foetal mortality (except 1981
DBA/2, kg DBA/2 x DBA/2 oftspring); reduced
20 b.w.; foetal body weight; increased number
ip. of cervical ribs
300 mg/kg b.w.: in F1, increased
malformations (C57BI/6 x C57BI/6)
mouse, GD 7-16, FO: no toxicity MacKenzie and
CD-1 10, 40, 160 mg/kg F1: no toxicity Angevine 1981
b.w.;
gavage
rat, GD1-110or GD  F0: GD 10 and 12: profuse vaginal Wolfe and Bryan
17 16, haemorrhage; day 14: intraplacental 1939

5 mg/animal;
s.C.

haemorrhage
F1: foetal death and resorption up
to GD 18
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(Continued)

Polycyclic aromatic hydrocarbons (PAH)

Species, strain, Exposure

No. per group

Findings

References

rat,
Sprague
Dawley

rat,
Sprague
Dawley,
10-15

chrysene
rat,
Sprague
Dawley

GD 19;
60 mg/kg b.w.;
gavage

GD 6-8 and
GD 6-11,

50 mg/kg b.w.;
s.C.

GD 19;
60 mg/kg b.w.;
gavage

dibenzo[a,hjanthracene

rat,
Sprague
Dawley

rat
(no other
details)

naphthalene
mouse,
CD-1,

50

mouse,
CD-1

rat,
Sprague
Dawley,
10-15

GD 19;

60 mg/kg b.w.;
gavage

GD 1-8 and
GD 1-18,

5 mg/animal;
s.C.

GD 7-14,
300 mg/kg b.w.;
gavage

GD 6-13,
300 mg/kg b.w.;
gavage

GD 1-15,
395 mg/kg b.w.;
ip.

F1: Induction of benzo[a]pyrene
hydroxylase in liver (20 versus < 0.2
units in controls)

F1: significant increase in number
of resorptions and foetal wastage;
foetal weight reduced

F1: Induction of benzo[a]pyrene
hydroxylase in liver (6 versus < 0.2
units in controls)

F1: Induction of benzo[a]pyrene
hydroxylase in liver (15 versus < 0.2
units in controls)

F0: GD 10 and GD 12 profuse
vaginal haemorrhage;

GD 14: intraplacental haemorrhage
F1: foetal death and resorption up
toGD 18

F0: significant 15% increase in
mortality; significant reduction in
body weight gain

F1: significant reduction in number
of live offspring; no malformations

F0: increased mortality 10/50 (control:

0/50); significant reduction in body
weight gain

F1: significant reduction in the
number of live offspring per litter

FO: no toxicity
F1: no toxicity

Welch et al. 1972

Bui et al. 1986

Welch et al. 1972

Welch et al. 1972

Wolfe and Bryan
1939

Plasterer et al.
1985

Hardin et al. 1987

Hardin et al. 1981

b.w.: body weight; GD: gestation day; i.p.: intraperitoneal injection; s.c.: subcutaneous injection
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Table A5  Effects of benzo[a]pyrene on fertility in animal studies (WHO 1998)

Species, strain, Exposure Findings References
No. per group
mouse, up to 30 days 150 mg/kg b.w.: NOEL; parameters: Rigdon and Neal
White Swiss,  before mating; sperm in lumen of testes; number of 1965
5, 37.5,75 or offspring; no effect on fertility
a8 150 mg/kg b.w.

and day; diet
mouse, 20 days 150 mg/kg b.w. NOEL; Rigdon and Neal
White Swiss, before mating;  parameter: number of offspring; 1965
5-65, 37.5,75 or no effect on fertility
Q 150 mg/kg b.w.

and day; diet
mouse, day 14 before 3.4 mg/kg b.w.: threshold (extrapolated Mattison et al.
DBA/2N, mating; from dose-response curve) 1980 b
15 10,100,200 or 10 and 100 mg/kg b.w.: dose-dependent

500 mg/kg b.w.; decrease in number of pups

once, 25.5 mg/kg b.w.: 50% effect dose

ip. 200 and 500 mg/kg b.w.: completely

infertile

mouse, day 21 before dose-dependent increase in primordial Mattison et al.
DBA/2N, sacrifice; oocyte destruction 1980 a
Q 5,10,50,100 or 2.7 mg/kg b.w.: threshold (extrapolated

500 mg/kg b.w.; from dose-response curve)

once, 24.5 mg/kg b.w.: 50% effect dose

ip. 500 mg/kg b.w.: 100% destruction
mouse, day 13 before 100 mg/kg b.w.: significant increase Mattison and
B6N and D2N, sacrifice; in primordial oocyte destruction in Nightingale 1980 a
5, 100 mg/kg b.w.;  both genotypes; effects in B6N mice
Q once, greater than in D2N mice

i.p.
mouse, day 14 before 10 pg/ovary: decreased ovarian weight ~Mattison et al.
C57BI/6N (B6), sacrifice; (D2); decreased ovarian volume (D2 1989
DBA/ 10 pg/right ovary; and F1); decreased antral follicles
2N (D2), once, (2.5 mm in diameter) (F1); decreased
(B6x D2)F1  i.o. number of small follicles (D2 and F1)
(F1; hetero-
zygous
crossing),

?
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Table A5 (Continued)

Species, strain, Exposure Findings References
No. per group

mouse, 1,2,3and 4 1 mg/kg b.w.: NOEL number of Swartz and
C57BI/6N, weeks before corpora lutea/ovary Mattison 1985;
5, sacrifice; 1.6 mg/kg b.w.: EDs, number of Miller et al. 1992
Q 1,5,10,50,100 corpora lutea/ovary

and 500 mg/kg  1-500 mg/kg b.w.: dose- and time-de-

bw.; pendent decrease in ovarian volume,

once, total volume and number of corpora

ip. lutea/ovary (for last parameter, EDs, was

1.6 mg/kg b.w. after 1 week); effect transi-
tory in low dose groups below 100 mg/kg
b.w. (reversible in 3 weeks), but not rever-
sible in two high dose groups (100 and
500 mg/kg b.w.) by 4 weeks

500 mg/kg b.w.: 35% mortality

b.w.: body weight; i.0.: intra-ovarian injection; i.p.: intraperitoneal injection

Table A6  Effects of benzo[a]pyrene on postnatal development in animal studies (WHO 1998)

Species, strain, Exposure Findings References
No. per group

mouse, entire gestation F1-F4: earlier development of papillo- Andrianova
non-inbred, period, mas and carcinomas in the offspring 1971
Q 1dropofa0.5%  compared with the control animals with

solution twice per a maximum in the second generation;

week; F1-F4 increased incidence of papillomas and

treated with carcinomas in all generations compared

benzo[a]pyrene, & with animals not treated in utero
once per week,
Q twice per week;

dermal
mouse, GD 11-13 and GD F1: no difference in birth rate, litter size Urso and
C3H/Anf, 16-18, of offspring as compared with controls; Gengozian
25, 100 and severe suppression of anti-SRBC (sheep red 1980
Q 150 mg/kg b.w.;  blood cells) PFC (plaque forming cell) re-
ip. sponse up to 78 weeks of life; 11- to 13-fold
increase in tumour incidences (liver, lungs
and ovaries) after 56-78 weeks
mouse, GD 7-16, 10 mg/kg b.w.: in F1, markedly impair- ~ MacKenzie
CD-1, 10, 40, 160 mg/kg ed fertility (by 20%) and reduced testis and Angevine
Q b.w. and day; weight (by 40%); 34% sterility of females 1981
gavage 40 and 160 mg/kg b.w.: fertility impaired

in almost all animals, testis weight
reduced and sterility of females

b.w.: body weight; GD: gestation day; i.0.: intra-ovarian injection; i.p.: intraperitoneal injection
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Table A7 Mutagenicity of PAH in Salmonella (WHO 1998)

Strain Result with References
metabolic
activation
anthanthrene
TA98 + Hermann 1981
TA100 + LaVoie et al. 1979
Andrews et al. 1978
TA98 - Tokiwa et al. 1977
T™M677 + Kaden et al. 1979
benzo[a]anthracene
TA100 + Epler et al. 1979
Bartsch et al. 1980
TA98, TA100 + McCann et al. 1975 a
Coombs et al. 1976
Simmon 1979
Salamone et al. 1979 a, 1979 b
TA1535, TA1538 - Rosenkranz and Poirier 1979
TA100 + Pahlman and Pelkonen 1987
TA98, TA100 + Hermann 1981
Carver et al. 1986
TA100 + Bartsch et al. 1980
TM677 + Kaden et al. 1979
TA100 + Baker et al. 1980
TA98, TA100 + Bos et al. 1988
TA98, TA100, TA1535, TA1537 + Probst et al. 1981
TA98, TA100, TA1537, TA1538 + Dunkel et al. 1984
TA1535 - Dunkel et al. 1984
TA98, TA100 + Florin et al. 1980
TA1537, TA1538 - Teranishi et al. 1975
TA98 + Tokiwa et al. 1977
benzo[b]fluoranthene
TA98 + Hermann 1981
TA100 + LaVoie et al. 1979
Hecht et al. 1980
TA100 + Amin et al. 1985
TA98, TA100 - Mossanda et al. 1979
benzoljlfluoranthene
TA100 + LaVoie et al. 1980
Hecht et al. 1980
TM677 + Kaden et al. 1979
benzo[k]fluoranthene
TA100 + LaVoie et al. 1980
Hecht et al. 1980
TA98 + Hermann et al. 1980

benzo[b]naphtho[2,1-d]thiophene
TA98, TA100

Grimmer et al. 1989
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Strain Result with References
metabolic
activation

TA98, TA100, E. coli PKM101 (modified - Karcher et al. 1981

Ames test)

TA100 + Misra and Amin 1990

TA100 (1,2-dihydrodiol form) - Misra and Amin 1990

TA100 (3,4-dihydrodiol form) + Misra and Amin 1990

TA98 (2,1-d isomer) + Pool et al. 1989

TA98 (2,3-d isomer) + Pool et al. 1989

TA98 (1,2-d isomer) - Pool et al. 1989

benzo[a]pyrene

TA98 + Epler et al. 1979

TA100 + Andrews et al. 1978

TA98, TA100 + LaVoie et al. 1979

TA98, TA100, TA1537, TA1538 + McCann et al. 1975 a, 1975 b

T™M677 + Kaden et al. 1979

TM677 + Rastetter et al. 1982

T™M677 + Babson et al. 1986

TA97, TA98, TA100 + Sakai et al. 1985

TA98, TA100 + Prasana et al. 1987; Simmon
1979; Glatt et al. 1987

TA1535, TA1538 + Rosenkranz and Poirier 1979

TA100 + Norpoth et al. 1984; Alzieu et al.
1987; Carver et al. 1986; Bos et al.
1988;
Hermann 1981; Bruce and Hed-
dle 1979; Marino 1987; Alftheim
and Ramdahl 1984

TA98 + Lee and Lin 1988

TA100 + Pahlman and Pelkonen 1987

TA97, TA98, TA100 + Marino 1987

TA97, TA98, TA100 + Sakai et al. 1985

TA98, TA100 + Devanesan et al. 1990

TM677 + Skopek and Thilly 1983

TA98, TA100, TA1535, TA1537, TA1538 -+ Dunkel et al. 1984

Table TA98, TA100 + Lofroth et al. 1984

TA98, TA100 + Florin et al. 1980

TA98 + Tokiwa et al. 1977

chrysene

TA100 + McCann et al. 1975 a; LaVoie et
al. 1979

TA98 + McCann et al. 1975 a

TA100 + Wood etal. 1977 a

TA100 + Epler et al. 1979; LaVoie et al.

1979
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Table A7 (Continued)

Strain Result with References
metabolic
activation
TA100 + Salamone et al. 1979 a, 1979 b
TA1535, TA1536, TA1537, TA1538 - Simmon 1979
TA98, TA100 + Bhatia et al. 1987
T™M677 + Kaden et al. 1979
TA1535, TA1538 - Rosenkranz and Poirier 1979
TA97, TA100 + Sakai et al. 1985
TA98, TA100 + Bos et al. 1988
TA98 + Hermann 1981
TA100 + Carver et al. 1986
TA100 + Pahlman and Pelkonen 1987
TA100 + Florin et al. 1980
TA98 + Tokiwa et al. 1977
cyclopenta[cd|pyrene
TA98 + Wood et al. 1980
TA98, TA100, TA1537, TA1538 + Eisenstadt and Gold 1978
T™M677 + Kaden et al. 1979;
Cavalieri et al. 1981 a
TA98 + Reed et al. 1988
dibenzo[a,h]anthracene
TA100 + Andrews et al. 1978; Epler et al.
1979; McCann et al. 1975 a,
1975 b
TA100 + Salamone et al. 1979 a, 1979 b
TA98 + Baker et al. 1980
TA98 + Hermann 1981
T™M677 + Kaden et al. 1979
TA100 + Wood et al. 1978
TA100 + Pahlman and Pelkonen 1987;
Carver et al. 1986
TA98, TA100, TA1537, TA1538 + Probst et al. 1981
TA100 + Platt et al. 1990
TA100 + Lecoq et al. 1989
TA1537, TA1538 - Teranishi et al. 1975
dibenzo[a,e]pyrene
TA100 + LaVoie et al. 1979
TA1537, TA1538 + Teranishi et al. 1975
TA98 bzw. TA100 +or+ Devanesan et al. 1990
dibenzo[a,h]pyrene
TA100 + LaVoie et al. 1979
TA98, TA100 + Wood et al. 1981
dibenzo[a,llpyrene
TA98, TA100 + Karcher et al. 1984
TA98 + Hermann 1981
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Strain Result with References

metabolic

activation
TA98 bzw. TA100 +or+ Devanesan et al. 1990
indeno[1,2,3-cd]pyrene
TA98 + Hermann et al. 1980
TA100 + LaVoie et al. 1979
TA100 + Rice et al. 1985
naphthalene
TA98, TA100, TA1535, TA1537 - Florin et al. 1980
TA98, TA100, TA1535, TA1537, - McCann et al. 1975 a
TA1538
TA98, TA100, TA1535, TA1538 - Purchase et al. 1976
TA98 - Ho et al. 1981
TM677 - Kaden et al. 1979
G46, E. coli K 12 - Krimer et al. 1974
TA98, TA100 - Epler et al. 1979
TA98, TA100 - Mamber et al. 1984
TA97, TA98, TA100 - Sakai et al. 1985
TA100 - Pahlman and Pelkonen 1987
TA98, TA100 - Bos et al. 1988
phenanthrene
TA100 + Oesch et al. 1981
TA100 - Wood et al. 1979
TA98 + Epler et al. 1979
Table TA98 - LaVoie et al. 1979, 1980
TA100 - LaVoie et al. 1981
TA98, TA100 - Probst et al. 1981
TA100 - LaVoie et al. 1979, 1980; Gelboin

and Ts’o 1978; McCann et al.
1975 a

TA98, TA100, TA1535, TA1537 McCann et al. 1975 a
TA100 + Carver et al. 1986
TM677 - Kaden et al. 1979
TA97 + Sakai et al. 1985
TA98, TA100 + Bos et al. 1988

TA1535, TA1536, TA1537, TA1538

TA1535, TA1538
TA100

TA98, TA100, TA1535, TA1537, TA1538

TA98, TA100
pyrene

TA98

TA98, TA100,

TA1535, TA1537

Simmon 1979

Rosenkranz and Poirier 1979
Pahlman and Pelkonen 1987
Dunkel et al. 1984

Florin et al. 1980

Ho et al. 1981; Rice et al. 1988 a
McCann et al. 1975 a;

LaVoie et al. 1979

Ho et al. 1981
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Table A7 (Continued)

Strain Result with References
metabolic
activation
TA1537 + Bridges et al. 1981
TA98, TA100 - Salamone et al. 1979 a, 1979 b
TA98, TA100 - Probst et al. 1981
TA1537 + Epler et al. 1979
TMG677 + Kaden et al. 1979
TA97 + Sakai et al. 1985
TA98. TA100 + Bos et al. 1988
TA100 - Carver et al. 1986; Hermann
1981
TA98, TA100 + Bhatia et al. 1987
TA98, TA100, TA1535, TA1537, TA1538 - Dunkel et al. 1984
TA100 - Pahlman and Pelkonen 1987
TA98, TA100 - Florin et al. 1980

Studies of DNA damage caused by PAH in prokaryotes are listed in Table 82 of
the WHO monograph (WHO 1998).

Table A8 DNA damage induced by PAH in eukaryotes (WHO 1998)

Test substance, test system End point Metabolic Result® References

activation®
benzo[a]anthracene
primary rat hepatocytes UDS - + Probst et al. 1981
primary rat hepatocytes R - + Tong et al. 1983
Hela cells UDS +/- + Martin et al. 1978
rat or human mammary epithelial cells DS - + Mane et al. 1990
hamster buccal pouch epithelial cells DS - - Nagabhushan et al.
1990
human peripheral blood lymphocytes DA - + Gupta et al. 1988
benzo[b]fluoranthene
rat buccal mucosa epithelial cells DA - + Autrup and Autrup
1986
human leukocytes DA + + Roggeband et al.
1994 a
benzoljlfluoranthene
rat buccal mucosa epithelial cells DA - + Autrup and Autrup
1986
benzo[k]fluoranthene
human leukocytes DA + + Roggeband et al.

1994 a
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Test substance, test system

End point Metabolic Result® References

activation®

benzo[blnaphtho[2,1-d]thiophene

(not listed by WHO 1998 in the corres-

ponding table)

primary rat hepatocytes (1,2-d isomer, 2,1- Pool et al. 1989

d isomer and

2,3-d isomer) (DNA strand breaks)

Chinese hamster cell line Pool et al. 1989

(DNA strand breaks)

(1,2-d isomer, 2,1-d isomer and 2,3-d

isomer)

benzo[a]pyrene

primary rat hepatocytes UDS - + Probst et al. 1981

primary rat hepatocytes R - + Williams et al. 1982

C3H/10T1/2 mouse clone 8 (DNA £ Lubet et al. 1983

strand breaks)

human leukocytes DA + + Roggeband et al.
1994 a

hamster or rat tracheal epithelial cells DA, UDS - + Roggeband et al.
1994 b

Hela cells UDS +/- + Martin et al. 1978

human skin fibroblasts R - + Milo et al. 1978

human mammary epithelial cells - + Leadon et al. 1988

(oxidative DNA damage)

human fibroblasts UDS + + Agrelo and Arnos
1981

human WI-38 fibroblasts UDS +/- + Robinson and
Mitchell 1981

rat or human mammary epithelial cells R - + Mane et al. 1990

DA - + Harris et al. 1984

Syrian hamster embryo cells R - + Casto 1979

hamster buccal pouch epithelial cells - + Nagabhushan et al.

(inhibition of 1990

DNA synthesis)

rat buccal mucosa epithelial cells DA - + Autrup and Autrup
1986

human peripheral blood lymphocytes DA - + Gupta et al. 1988

primary rat hepatocytes DA - + Monteith and Gupta
1992

primary human hepatocytes DA - + Monteith and Gupta
1992

calf thymus DNA DA - + Bryla and Weyand
1991

primary mouse epidermal keratinocytes DA, UDS - + Gill et al. 1991
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Table A8 (Continued)

Test substance, test system End point Metabolic Result® References
activation®

primary rat hepatocytes (SCE) R - + Tong et al. 1983

chrysene

primary rat hepatocytes R - - Tong et al. 1983

human leukocytes DA + - Roggeband et al.
1994 a

cyclopenta[cd|pyrene

rat liver or lung tissue DA - + Beach and Gupta
1991

calf thymus DNA DA + + Beach and Gupta
1994

dibenzo[a,hjanthracene

primary human foreskin epithelial cells UDS - + Lake et al. 1978
HelLa cells UDS +/- + Martin et al. 1978
Syrian hamster embryo cells R - - Casto 1979
primary rat hepatocytes UDS - + Probst et al. 1981
mouse liver DNA DA + + Lecoq et al. 1991
human bronchial cells DA - + Harris et al. 1984
hamster embryo cells B B + Kuroki and
Heidelberger 1972
C3H10T1/2 mouse clone 8 cells DA - + Nesnow et al. 1994
phenanthrene
Syrian hamster embryo cells R - - Casto 1979
human foreskin epithelial cells UDS - - Lake et al. 1978
primary rat hepatocytes UDS - - Probst et al. 1981
human skin fibroblasts R - - Milo et al. 1978
pyrene
Syrian hamster embryo cells R - - Casto 1979
human foreskin epithelial cells UDSs - - Lake et al. 1978
primary rat hepatocytes UDS - - Probst et al. 1981
Hela cells UDS +/- - Martin et al. 1978
human fibroblast WI-38 cell line UDS +/- + Robinson and
Mitchell 1981
primary rat hepatocytes R - - Williams et al. 1982
human skin fibroblasts R C - Milo et al. 1978
human skin fibroblasts uDSs + - Agrelo and Arnos
1981
primary rat hepatocytes R - - Tong et al. 1983
human peripheral blood lymphocytes DA - - Gupta et al. 1988

R: DNA repair; DA: DNA adducts; UDS: unscheduled DNA synthesis; SCE: sister chromatid exchange; B: study of
the binding of the epoxide to the h protein; binding factor 8 higher as compared with parent substance; C: study
without metabolic activation; increase in arylhydrocarbon hydroxylase activity and cell proliferation; DNA damage
by intermediary metabolites metabolic activation

? +: with metabolic activation; — without metabolic activation; -+/—: with and without metabolic activation results
® 1 positive; —: negative; +: inconclusive. It is pointed out in the specific table in WHO 1998 that positive results
are shown if positive only with metabolic activation.



Polycyclic aromatic hydrocarbons (PAH)

Table A9  Effect of PAH in Drosophila melanogaster (WHO 1998)

Substance End point Result  References
benzo[a]anthracene
SLRL + Fahmy and Fahmy 1973
somatic mutation - Fahmy and Fahmy 1980
SLRL - Zijlstra and Vogel 1984
SMART + Frolich and Wiirgler 1990
R + Fujikawa et al. 1993
benzo[a]pyrene
SLRL + Vogel et al. 1983
somatic mutation + Fahmy and Fahmy 1980
SLRL - Zijlstra and Vogel 1984
SLRL - Valencia and Houtchens 1981
somatic mutation + Batiste-Alentorn et al. 1991
SMART + Frolich and Wiirgler 1990
SLRL - Valencia and Houtchens 1981
R + Fujikawa et al. 1993
pyrene
R £ Fujikawa et al. 1993

somatic mutation: spontaneous change of eye pigmentation by effects on a locus in the stem cell line; SLRL:
sex-linked recessive lethal mutation; SMART: somatic mutation and recombination test; R: DNA repair

Table A10  Chromosomal effects of PAH in mammalian cell systems in vivo including DNA bind-

ing and adducts as well as sperm abnormalities (WHO 1998)

Test substance, test system Result References
benzo[aJanthracene

Chinese hamster, bone marrow SCE + Roszinsky-Kocher et al. 1979
Chinese hamster, bone marrow: CA - Roszinsky-Kocher et al. 1979
Long-Evans rat, bone marrow: CA - Sugiyama 1973

Chinese hamster, bone marrow: + Péter et al. 1979

MN, CA

NMRI mouse, metaphase II oocytes: CA + Péter et al. 1979

mouse, - Reddy et al. 1991
gastrointestinal epithelial cells:

nuclear anomalies

rats, + Whong et al. 1992

lungs: DNA adducts, SCE, MN

mouse, + Reddy et al. 1984

skin: DNA binding

rat, + Zhong et al. 1995

bone marrow and spleen cells: MN

benzo[blfluoranthene

Chinese hamster, bone marrow: SCE + Roszinsky-Kocher et al. 1979

Chinese hamster, bone marrow: CA

Roszinsky-Kocher et al. 1979
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Table A10 (Continued)

Test substance, test system Result References

mouse, + Weyand et al. 1987

skin: DNA binding

rat, + Ross et al. 1991; Ross et al. 1992

lung, liver and peripheral lymphocytes:

DNA adducts

rat, + Ross et al. 1991; Ross et al. 1992

lung, liver and peripheral blood lymphocytes,

whole blood cultures: SCE

mouse, gastrointestinal epithelial cells: + Reddy et al. 1991

nuclear anomalies

rat, peripheral blood lymphocytes: SCE, MN + Bryant et al. 1991

mouse, gastrointestinal epithelial cells: + Reddy et al. 1991

nuclear anomalies

mouse, skin: DNA binding + Amin et al. 1991

mouse, skin: DNA adducts, MN, UDS + Winker et al. 1995

benzoljlfluoranthene

mouse, lung and liver cells: DNA adducts + Weyand and LaVoie 1988

mouse, skin: DNA adducts + Weyand et al. 1993

benzol[k]fluoranthene

mouse, skin: DNA binding + Weyand et al. 1987

mouse, lung and liver cells: DNA adducts + Weyand and LaVoie 1988

benzo[b]naphtho[2,1-d]thiophene

not listed by WHO 1998 in the corresponding

table

mouse, bone marrow: MN + Grimmer et al. 1989

mouse, skin: DNA adducts + Hughes and Phillips 1993

benzo[a]pyrene

mouse, dominant lethal test + Epstein 1968

mouse, dominant lethal test + Generoso et al. 1982

mouse, mammalian spot test + Russell 1977

mouse, mammalian spot test + Davidson and Dawson 1976

rats, hepatocytes: UDS - Miralis et al. 1982

mouse, germ cells: UDS - Sega 1979

mouse, skin: DNA binding + Weyand et al. 1987; Rice et al.
1984

Chinese hamster, bone marrow cells: + or + Roszinsky-Kocher et al. 1979

CA or SCE

Chinese hamster, bone marrow cells: tor+ Bayer 1978

CA or SCE

mouse, CA, heritable translocations - Generoso et al. 1982

mouse, bone marrow: MN + Salamone 1981; Salamone et al.

mouse, bone marrow: MN

1981
- Bruce and Heddle 1979
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Table A10 (Continued)

Test substance, test system Result References

Chinese hamster, bone marrow cells: MN - Bayer 1978

mouse, sperm anomalies: + Topham 1980

mouse, sperm anomalies: + Bruce and Heddle 1979
Chinese hamster as host for V79: SCE + Sirianni and Huang 1978
mouse, epidermal cells: DNA adducts + Albert et al. 1991 a, 1991 b
mouse, bone marrow: MN + Shimada et al. 1990
mouse, keratinocytes: MN + He and Baker 1991
mouse, lung cells and hepatocytes: DNA + Weyand and LaVoie 1988
adducts

mouse, liver, lungs and stomach: DNA adducts ~ + Cummings et al. 1991

rat, peripheral lymphocytes: SCE + Lietal. 1991

mouse, bone marrow: MN + Mavourin et al. 1990
mouse, bone marrow: MN + Kliesch et al. 1982

mouse, bone marrow: MN + Harper and Legator 1987
mouse, peripheral blood cells: MN + Oshiro et al. 1992

mouse, gastrointestinal epithelial cells: nuclear — + Reddy et al. 1991
anomalies

mouse, bone marrow: SCE + Wielgosz et al. 1991

rat, peripheral blood lymphocytes: SCE, DNA + Willems et al. 1991
adducts

rat, hepatocytes: DNA adducts + Willems et al. 1991

rat, peripheral blood lymphocytes: CA - Willems et al. 1991
Chinese hamster, lung cells: CA + Matsuoka et al. 1979
mouse, skin epithelial cells: DNA binding + Hughes and Phillips 1991
humans, peripheral lymphocytes: DNA adducts ~ + Haugen et al. 1986

rat, lungs, liver and peripheral lymphocytes: DNA + Ross et al. 1991

adducts

mouse, bone marrow: MN + Awogi and Sato 1989
mouse, skin: DNA binding + Reddy et al. 1984

mouse, skin: DNA adducts + Oueslati et al. 1992
mouse, rat, bone marrow: MN + Shimada et al. 1992
mouse, bone marrow: CA + Adler and Ingwersen 1989
chrysene

Chinese hamster, bone marrow cells: SCE + Roszinsky-Kocher et al. 1979
Chinese hamster, bone marrow cells: CA - Roszinsky-Kocher et al. 1979
NMRI mouse, metaphase II oocytes + Basler et al. 1977

mouse, keratinocytes: MN + He and Baker 1991
mouse, skin: DNA binding + Reddy et al. 1984
dibenzo[a,hjanthracene

Chinese hamster, bone marrow cells: SCE + Roszinsky-Kocher et al. 1979
Chinese hamster, bone marrow cells: CA - Roszinsky-Kocher et al. 1979
rat, peripheral blood lymphocytes: SCE, MN - Bryant et al. 1990

mouse, skin: DNA binding + Lecoq et al. 1991

mouse, skin: DNA binding + Reddy et al. 1984
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Table A10 (Continued)

Test substance, test system Result References

rat, bone marrow and spleen cells: + Zhong et al. 1995

rat, lung: DNA adducts, MN, SCE + Whong et al. 1994

mouse, skin: DNA adducts, MN, UDS: + Winker et al. 1995

dibenzo[a,e]pyrene

mouse, skin epithelial cells: DNA binding + Hughes and Phillips 1991

indeno[1,2,3-cd]pyrene

mouse, skin: DNA binding + Weyand et al. 1987

mouse, skin epithelial cells: DNA binding + Rice et al. 1990

naphthalene

mouse, bone marrow cells: MN - Harper et al. 1984

phenanthrene

Chinese hamster, bone marrow cells: CA - Bayer 1978; Roszinsky-Kocher et
al. 1979

Chinese hamster, bone marrow cells: SCE + Bayer 1978; Roszinsky-Kocher et

Chinese hamster, bone marrow cells:
MN

pyrene
mouse, bone marrow cells: SCE

mouse, bone marrow: MN

mouse, bone marrow cells: MN
mouse as host for V79 cells: SCE
mouse, keratinocytes: MN

mouse, peripheral blood cells: MN

mouse, gastrointestinal epithelial cells: nuclear

anomalies
mouse, sperm abnormalities:
mouse, skin: DNA binding

al. 1979
Bayer 1978

Paika et al. 1981

Salamone 1981; Salamone et al.
1981

Tsuchimoto and Matter 1981
Sirianni and Huang 1978

He and Baker 1991

Oshiro et al. 1992

Reddy et al. 1991

Topham 1980
Reddy et al. 1984

SCE: sister chromatid exchange; MN: micronucleus assay; CA: chromosomal aberrations; UDS: unscheduled
DNA synthesis. Result: + positive; + inconclusive; — negative

Table A11  Effect of PAH on morphological transformation of mammalian cells in vivo
Test substance, test system Result References
benzo[a]pyrene

hamster embryos, transplacental exposure + Quarles et al. 1979
phenanthrene

hamster embryos, transplacental exposure

Quarles et al. 1979

Result: +: positive; —: negative
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