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BAR (2012) 0.3 pg 1-hydroxypyrene (after hydrolysis)/g
creatinine?
Sampling time: end of exposure or end of shift; for
long-term exposures: at the end of the shift after
several previous shifts
EKA (2012) The following correlation between external and
internal exposure was obtained:
Air Urine
Benzo[a]pyrene |3-Hydroxybenzo[a]pyrene
(after hydrolysis)
[ng/m3] [ng/g creatinine]
0.07 0.7
0.35 2
0.7 3.5
1.0 5
1.5 7
Sampling time: at the beginning of the next shift
MAK value -

Absorption through the H
skin (2007)

Carcinogenicity (2007) see Table 1

3) evaluated for non-smokers
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Assessment Values in Biological Material — Polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are formed by incomplete combustion of organic material and their
presence in the environment is ubiquitous. Air pollution, barbecued and smoked foods, tobacco smoke and exhaust
fumes are sources of exposure to which every human being is exposed. Thus, a background exposure of the general
population is measurable. PAHs are found in the environment and at the workplace in the form of mixtures of up
to 100 individual components. The relative distribution of an individual PAH in the PAH substance mixture varies
markedly depending on the exposure source (IARC 2010).

A series of reviews and monographs have been published on the occurrence, absorption, distribution and toxicity
of PAHs (ATSDR 1995; Hartwig 2012; IARC 2010; Jacob and Greim 2004; WHO 1998).

The Commission classifies 17 PAHs as carcinogenic in animal experiments (Category 2). Table 1 shows the classifi-
cation by the Commission for selected PAHs and their physico-chemical properties (Hartwig 2012). To date, only
benzo[a]pyrene as individual substance has been regarded as a human carcinogen (Category 1) by the International
Agency for Research on Cancer (IARC) (IARC 2010).

Tab. 1 Classifications and physicochemical data of selected PAHs (according to Hartwig 2012)

Name Carcino-  Germ cell Formula Molar Melting  Boiling Vapour pressure Log Kow
CAS number gen mutagen mass point point at25°C

category category [g/mol] [°C] [*C] [Pa]
anthanthrene 2 - CyoHypy 276.3 264 547 - -
191-26-4
benzo[b]fluoranthene 2 3B CyoH12 252.3 168.3 481 6.7x107° 6.12
205-99-2
benzo[a]anthracene 2 3A CigHy2 228.3 160.7 400 2.8x107° 5.61
56-55-3
benzo[j]fluoranthene 2 3B CyoHy, 252.3 165.4 480 2.0x107° 6.12
205-82-3
benzo[k]fluoranthene 2 3B CaoHiz 2523 215.7 480 1.3x1078 6.84
207-08-9
benzo[b]naphtho[2.1- 2 3B Ci6H10S 234.3 185-188 160-180 - -
d]thiophene (3 Torr)
239-35-0
benzo[a]pyrene 2 2 CyoHy2 252.3 178.1 496 7.3x1077 6.50
50-32-8
chrysene 2 - CisHis 2283 253.8 448 8.4x1075 5.91
218-01-9
cyclopenta[cd]pyrene 2 3B CisHig 226.3 170 439 - -
27208-37-3
dibenzo[a,h]anthracene 2 3A CyoHyy 278.4 266.6 524 1.3x1078 6.50
53-70-3
dibenzo[a,l]pyrene 2 3B CyqHyy 302.4 162.4 595 - -
191-30-0
dibenzo[a,e]pyrene 2 3B CoqHiy 302.4 244.4 592 - -
192-65-4
dibenzo[a,h]pyrene 2 3B CyqHyy 302.4 317 596 - -
189-64-0
dibenzo[a,i]pyrene 2 3B CyqH1y 302.4 282 594 3.2x10710 7.3
189-55-9
indeno[1,2,3-cd]pyrene 2 - CyoHyy 276.3 163.6 536 1.3x1078 6.58
193-39-5
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Tab. 1 (continued)

Name Carcino- Germ cell Formula Molar Melting  Boiling Vapour pressure Log Koy
CAS number gen mutagen mass point point at25°C

category category [g/mol] [°C] [°C] [Pa]
naphthalene 2 3B C1oHg 128.2 81 217.9 10.4 34
91-20-3
phenanthrene - - C14Hyg 178.2 100.5 340 1.6 x 1072 4.6
85-01-8
pyrene - - CieHio 202.3 150.4 393 6.0x107 5.18
129-00-0
1-methylpyrene 2 - Ci7Hy, 216.3 70-71 410 - -
2381-21-7

The IARC classifies the following occupational exposures in Category 1: coal gasification, coke production, coal-tar
distillation, aluminium production, chimney sweeping, paving and roofing with coal-tar pitch (IARC 2010). PAH
mixtures occurring in pyrolysis products from organic material (such as brown carbon and mineral coal-tar, mineral
coal-tar pitch, mineral coal-tar oil and raw coking gas) are also regarded as carcinogenic in humans (Category 1)
by the Commission (DFG 2012).

In the present documentation, both a biological reference value (BAR) and exposure equivalents for carcinogenic
substances (EKA) are evaluated, in which 1-hydroxypyrene and 3-hydroxybenzo[a]pyrene are applied as parameters
in biological materials. For 1-hydroxypyrene as a metabolite of pyrene, comprehensive data are available and the
analytical method for its determination is established. On the other hand, 3-hydroxybenzo[a]pyrene, as metabolite
of the carcinogenic benzo[a]pyrene, has particular toxicological relevance.

1 Metabolism and Toxicokinetics

1.1 Absorption and distribution
Absorption of PAHs can occur via the lungs, through the skin and by ingestion (WHO 1998).

The PAHs occurring freely or bound to particles, which depends on the boiling point, can be absorbed by inhalation.
Depending on the particle diameter, the inhaled particles are deposited in different parts of the airways (Marquardt
and Schifer 2004, p. 89-99). The absorption rate of PAHs in the lungs depends on the PAH type, the size of the
particles with which they are absorbed, and the composition of the particles (WHO 1998).

Owing to their lipophilic character, PAHs pass readily through the skin so that, particularly for persons exposed
to PAHs occupationally, dermal absorption represents an important route of absorption (Fustinoni et al. 2010; van
Rooij et al. 1992, 1993 a, b). After ingestion, absorption is low. Only about 10% of the benzo[a]pyrene ingested
with the food is absorbed in the gastrointestinal tract of humans, whereas the greater part passes through without
being absorbed. After absorption, higher levels of PAHs are found in the liver, kidneys and adipose tissue than
in the blood, CNS and muscle tissue. Within three to four days, redistribution takes place, resulting in increased
concentrations in the adipose tissue, adrenal glands, lymph nodes and ovaries. In these organs, PAHs can still be
detected months after exposure (Marquardt and Schifer 2004, p. 592-601).

1.2 Metabolism

The lipophilic character of the PAHs prevents a direct elimination of the absorbed compounds. In a complex
metabolism, the PAHs are converted into compounds which are more readily soluble in water and are better elim-
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inated. Because of the structural similarities of the PAHs, their biotransformation processes are also very similar
(ATSDR 1995).

In the phase I metabolism, the original substance is converted to intermediary epoxides by cytochrome P450 (CYP)-
dependent monooxygenases. This reaction represents a bioactivation. Arene oxides can be metabolised to vicinal di-
hydrodiols by microsomal epoxide hydrolases. A second oxidation of the dihydrodiol by CYP-dependent monooxy-
genases causes biotransformation to the dihydrodiol epoxide. Bay- and Fjord-region dihydrodiol epoxides are par-
ticularly reactive and can react with endogenous macromolecules. They are therefore considered to be the ultimate
carcinogens in the PAH metabolism (Hartwig 2012; Marquardt and Schéfer 2004, p. 592-601).

Furthermore, the arene oxides can be converted into less reactive dihydrodiols and phenols and the derivatives of
dihydrodiols, i.e. the dihydrodiol epoxides, into tetrols.

In phase II of the biotransformation, these hydroxylated compounds are conjugated by sulfotransferases and UDP
glucuronosyl transferases to sulfates and glucuronides, which increases their water solubility. In rodents, an addi-
tional conversion of the arene oxides to glutathione conjugates by glutathione S-transferase could be demonstrated,
whereby after cleavage of glycine and glutamic acid residues and subsequent acetylation, elimination as mercap-
turic acids occurs. It remains to be seen whether this route of elimination is also of significance for humans (Hartwig
2012; Jacob and Greim 2004).

Of all PAHs, the metabolism of benzo[a]pyrene has been investigated most extensively. Figure 1 gives a survey of
selected biotransformations of benzo[a]pyrene.

In the literature, the metabolites of pyrene and phenanthrene are mainly used to characterise internal exposure of
humans to PAHs.

In the metabolism of pyrene, 1-hydroxypyrene represents a major metabolite in mammals (Hansen et al. 2008). In
humans, most of the 1-hydroxypyrene reacts to form the corresponding 1-hydroxypyrene glucuronide (Strickland
et al. 1994). In the metabolism of pyrene, 1-hydroxypyrene can be further oxidised enzymatically to form 1,6- and
1,8-dihydroxypyrene. These metabolites, which are in a steady state with the corresponding pyrene quinones, could
also be detected in human urine (Ruzgyte et al. 2005; Seidel et al. 2008). In the general population, an elimination of
1,8-dihydroxypyrene at the same or higher concentrations than those of 1-hydroxypyrene could be demonstrated.
Very high PAH exposures at the workplace shift the pyrene metabolism in favour of 1-hydroxypyrene (Seidel et al.
2008).

As metabolites of phenanthrene, 1-, 2-, 3-, 4- and 9-hydroxyphenanthrene have been analysed in human urine
(Becker et al. 2003; Heudorf and Angerer 2001 a; Jacob et al. 1999; Martin et al. 1989). In addition, phenanthrene
dihydrodiols (Jacob et al. 1999; Seidel et al. 2008) and phenanthrene tetrol (Hecht et al. 2003) could be detected.
Whereas the elimination of the monohydroxylated metabolites of the non-carcinogenic phenanthrene represents
a detoxification reaction, the formation of phenanthrene tetrol can be regarded as a surrogate for the metabolic
activation of PAHs, as the enzyme reactions take place in analogy to those with carcinogenic PAHs such as
benzo[a]pyrene (Hartwig 2012; Hecht et al. 2003).

To determine exposure to carcinogenic PAHs, the hydroxylated metabolites of benzo[a]pyrene, benzo[a]anthracene,
chrysene and naphthalene were analysed. As a metabolite of benzo[a]pyrene, 3-hydroxybenzo[a]pyrene could be
detected in the urine of persons with occupational exposure to PAHs, but also in the general population (Barbeau
et al. 2011; Forster et al. 2008; Lafontaine et al. 2004, 2006; Leroyer et al. 2010).

Benzo[a]pyrene tetrols are the metabolic derivatives of the ultimate carcinogen 7,8-dihydroxy-9,10-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene. Using sensitive GC-MS methods, benzo[a]pyrene tetrols were detected in the urine of
heavy smokers and persons exposed occupationally to PAHs, but also in the urine of non-smokers (Simpson et al.
2000; Zhong et al. 2011).
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Fig.1 Reaction paths of benzo[a]pyrene (modified according to ATSDR 1995; Marquardt and Schéfer 2004, p. 592—-601; Simpson
et al. 2000). Possible conjugation partners: GSH (glutathione), GLU (glucuronic acid), S (sulfate)

Reactive PAH metabolites can bind to proteins such as albumin and haemoglobin as well as to DNA. Different

methods for the quantification of these adducts have been published and been discussed in reviews (Jongeneelen
1997; Kafferlein et al. 2010).
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1.3 Elimination

In humans, water-soluble metabolites with a molar mass of <475 g/mol are preferably excreted with the urine,
those with higher molar masses preferably with the faeces (Marquardt and Schéfer 1994, p. 49). Correspondingly,
the elimination of higher condensed PAHs takes place mainly via the bile through the faeces. Only a small part is
excreted with the urine.

In an enterohepatic circulation, in rodents, biliary secreted sulfates, glucuronides and glutathione conjugates of
PAH metabolites can be cleaved again in the intestine and then be reabsorbed (Marquardt and Schafer 2004, p. 89—
99; Ramesh et al. 2004; van Schooten et al. 1997). In rats, only low concentrations of absorbed PAHs are excreted in
unchanged form, the major part is metabolised and subsequently eliminated via faeces and urine (van Schooten
et al. 1997). The individual PAHs have different elimination kinetics. 1-Hydroxypyrene is subject to a biphasic
urinary elimination kinetics with an initial half-life of several hours up to two days and a second half-life of
16 days (Jongeneelen et al. 1988). After the uptake of pyrene via the food or skin by test persons, the maximum
urinary excretion of 1-hydroxypyrene was determined to be after about 12 hours (Viau and Vyskocil 1995). In per-
sons occupationally exposed to PAHs, the 3-hydroxybenzo[a]pyrene urinary excretion peak was found to occur
10 to 17 hours after 1-hydroxypyrene elimination (Gendre et al. 2002; Lafontaine et al. 2004).

Figure 2 shows the differences in the elimination kinetics of 1-hydroxypyrene and 3-hydroxybenzo[a]pyrene in
persons occupationally exposed to PAHs.
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Fig. 2 1-Hydroxypyrene (- -e- -) and 3-hydroxybenzo[a]pyrene () urinary concentration profiles of a worker at a carbon brake

disk plant (Lafontaine et al. 2004, reprinted by permission of Taylor & Francis Ltd, http://www.tandfonline.com)

2 Critical Toxicity

PAHs and substance mixtures containing PAHs have a low acute toxicity (WHO 1998). Carcinogenicity is consid-
ered to be the critical end point after occupational exposure to PAHs. Occupational exposure to PAHs is mainly
by inhalation and through the skin (Hartwig 2012). Exposed persons have a significantly increased incidence of
various types of cancer, primarily in the lungs and skin. The findings indicative of cancer in other organs such
as bladder, kidneys, larynx, oesophagus and stomach are less consistent and cannot be clearly evaluated due to
possible exposures to a mixture of substances and inadequate data (Boffetta et al. 1997).

More detailed information on the toxicity of PAHs in animal experiments and in humans can be found in the
corresponding MAK value documentation (Hartwig 2012).
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3 Exposure and Effects

3.1 Relationship between external and internal exposure

With regard to environmental PAH exposures, no or only weak relationships between external and internal PAH
exposure from the measurement of PAHs in the air and 1-hydroxypyrene in urine have been determined (Aquilina
et al. 2010; Leroyer et al. 2010; Li et al. 2010).

At workplaces with PAH exposure, the exposure of workers can increase far beyond the background exposure.
The PAH profiles vary depending on the workplace. Even in a particular branch of industry, clear differences in
the internal exposure of the workers can occur in spite of almost identical external exposure to PAHs in the air.
As cause, apart from inhalation absorption, dermal absorption has to be considered (Hartwig 2012). The dermal
absorption of PAHs can contribute considerably to the total exposure (Fustinoni et al. 2010; Giindel et al. 2000;
McClean et al. 2004; Vainénen et al. 2005). For this reason, estimation of PAH exposure in the workplace air alone
is insufficient. In human biomonitoring, the PAHs absorbed via different routes (inhalation, through the skin and
by ingestion) can be recorded by quantifying specific metabolites in urine. Correlations between the measured PAH
concentration in the workplace air and the metabolite concentration in urine are only obtained when persons with
dermal exposure are not included in the analysis (Unwin et al. 2006).

A French working group compared 3-hydroxybenzo[a]pyrene concentrations in the urine of persons exposed to
PAHs with the benzo[a]pyrene concentrations determined by personal air sampling (Lafontaine et al. 2004). In
this study, 38 workers were investigated, who had been active at different workplaces with PAH exposure. Urine
samples were collected over a period of more than 48 hours from a time before the shift on the first working day up
to a time before the shift on the third working day. The working periods were in a range between 4.4 and 10.4 hours
(average value 7.3 hours).

In the investigation of the relationship between external and internal exposure, only those persons were included
(n=21) who were mainly exposed to PAHs by inhalation. In these cases, benzo[a]pyrene concentrations in the
range between 0.024 and 19.4 pg/m3 were determined in the air. Maxima of 3-hydroxybenzo[a]pyrene excretion in
the range of 0.23 to 35 nmol/mol creatinine (0.55 to 83 ng/g creatinine) were found. A close correlation between the
concentrations of benzo[a]pyrene in the air and 3-hydroxybenzo[a]pyrene in urine was observed (n=21; r=10.95;
p<0.0001).

For the calculation of a function between external and internal exposure at the workplace, benzo[a]pyrene (BaP)
concentrations above 5000 ng/m3 were not included and the 3-hydroxybenzo[a]pyrene (3-OH-BaP) concentrations
related to an 8-hour exposure. The regression equation was given as

¢ (3-OH-BaP [nmol/mol creatinine]) =0.001835 x ¢ (BaP [ng/m3]) + 0.1729
(n=17;r=0.89; p < 0.0001).

This equation takes into consideration the background exposure resulting from diet, smoking behaviour and ex-
posure during preceding work weeks. The background exposure was given with values of 0.01 to 0.52 nmol/mol
creatinine (0.02 to 1.23 ng/g creatinine) (Lafontaine et al. 2004).

Using this equation, the 3-hydroxybenzo[a]pyrene concentrations listed in Table 2 for selected air concentrations
during an 8-hour exposure, predominantly by inhalation, are obtained.

The MAK Collection for Occupational Health and Safety 2021 7
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Tab. 2 Relationship between benzo[a]pyrene in the air and 3-hydroxybenzo[a]pyrene in urine for an exposure predominantly by

inhalation
Air Urine
Benzo[a]pyrene 3-Hydroxybenzo[a]pyrene
(after hydrolysis)
[pg/m3] [ng/g creatinine]
0.07 0.71
0.35 1.93
0.7 3.46
1.0 4.76
1.5 6.94

Sampling time is at the beginning of the next shift (16 hours after the end of exposure) (Gendre et al. 2002, 2004).

In a further study, in which the concentrations of benzo[a]pyrene in the air and 3-hydroxybenzo[a]pyrene in urine
were analysed, no differentiation was made between inhalation and dermal PAH uptake or concerning the wearing
of a breathing mask in the investigated workplaces (Forster et al. 2008). No or only weak correlations between the
parameters could be found (r =0.308 to 0.665). Studies in which, in addition to exposure by inhalation, dermal PAH
absorption also occurred or breathing masks were worn, are subject to additional uncertainty and therefore less
suitable for the derivation of an EKA correlation.

The relationship between benzo[a]pyrene in the air and 1-hydroxypyrene in urine as biomonitoring parameter has
been discussed in the literature (ACGIH 2005; Giindel and Angerer 1999; Unwin et al. 2006). The relative distribution
of the individual PAHs in the PAH mixture deviates considerably in different industries. Depending on the work-
place, the ratio between pyrene and benzo[a]pyrene can vary by factors of 1.1 up to more than 100 (ACGIH 2005;
Lafontaine et al. 2004). The American Conference of Governmental Industrial Hygienists (ACGIH) draws attention
to this problem and gives a benchmark level of 1 pg 1-hydroxypyrene/l urine, which is defined in a standard pyrene
to benzo[a]pyrene ratio of 2.5 (as in coke plants and in mineral carbon pitchblende processing). The determination
of the exact ratio between pyrene and carcinogenic PAHs for each exposure source and a calculation of the adapted
reference values depending on the pyrene to benzo[a]pyrene ratio is recommended (ACGIH 2005).

Other authors draw attention to the fact that the PAH profiles deviate not only between the individual emission
sources, but also time-dependently at specific workplaces, so that an extrapolation of the concentrations for phenan-
threne and pyrene on the basis of the measured benzo[a]pyrene concentrations is not generally possible (Jacob and
Greim 2004).

Owing to the different compositions of PAHs in substance mixtures at different workplaces and, in addition to
this, the frequently occurring dermal uptake of PAHs, it does not seem useful to evaluate an EKA correlation for
benzo[a]pyrene in the air and 1-hydroxypyrene in urine.

3.2 Relationship between internal exposure and effects

To date, protein adducts and DNA adducts have mainly been investigated using benzo[a]pyrene as a model sub-
stance. A review by Kéfferlein et al. (2010) gives an overview of the methods for determining benzo[a]pyrene
adducts in human haemoglobin and serum albumin as well as of the results from determinations in persons from the
general population and following occupational PAH exposure. DNA adducts of benzo[a]pyrene can be quantified
for reactive metabolites such as (+)-anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (Pastorelli et al. 2002; Pratt
et al. 2011; Rojas et al. 1995).

The MAK Collection for Occupational Health and Safety 2021 8
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To characterise the genotoxic effects caused by PAH exposure, the parameters DNA strand breaks and alkali labile
side chains are related to PAH metabolites such as 1-hydroxypyrene and hydroxylated phenanthrenes (Cavallo
et al. 2006; Marczynski et al. 2007, 2011; Pesch et al. 2007; Qiu et al. 2007; Wilhelm et al. 2007). However, these
biological effects are not specific to PAH exposure, so that the effects of additional genotoxic substances or of
oxidative stress must also be considered (Angerer et al. 2007).

4 Selection of Indicators

For human biomonitoring following PAH exposure, mainly pyrene- and phenanthrene metabolites are used. The
determination of 1-hydroxypyrene as biomarker is widespread (Hansen et al. 2008; Hartwig 2012). Of the phenan-
threne metabolites, 1-, 2-, 3-, 4- and 9-hydroxyphenanthrene are mainly used as parameters (Hartwig 2012).

Owing to the low toxicity of the pyrenes and of phenanthrene, however, neither the pyrene nor the phenanthrene
metabolites reflect internal exposure to carcinogenic PAHs. From the results obtained for pyrene and phenanthrene
metabolites, it is not possible to estimate the concentration of carcinogenic PAH metabolites, as the relative compo-
sition of the PAH mixtures show strong fluctuations. For example, the ratio between pyrene and benzo[a]pyrene can
vary depending on the workplace by factors between 1.1 and more than 100 (ACGIH 2005; Lafontaine et al. 2004).

Therefore, efforts have been made to use the metabolites of toxicologically more relevant substances such as
benzo[a]pyrene, benzo[a]anthracene or chrysene for human biomonitoring. However, higher condensed PAHs are
not eliminated preferably via the urine, but via the faeces, resulting in the problematic fact that only extremely low
concentrations of metabolites are available in the urine.

Special importance is attributed to 3-hydroxybenzo[a]pyrene as a metabolite of the carcinogen benzo[a]pyrene
(Angerer et al. 2007; Barbeau et al. 2011; Gindel et al. 2000; Simon et al. 2000). In addition, methods for the deter-
mination of the hydroxylated PAH metabolites of benzo[a]anthracene, benzo[c]phenanthrene, chrysene, fluorene,
fluoranthene and naphthalene have been developed (Bouchard et al. 2009; CDC 2005; Onyemauwa et al. 2009; Smith
et al. 2002; Xu et al. 2004).

For a biochemical effect monitoring, the protein adducts and DNA adducts of PAHs are determined. For this pur-
pose, different analytical methods are available, especially for the determination of DNA adducts in lymphocytes
and lung tissue as well as of haemoglobin and serum albumin adducts of benzo[a]pyrene. However, currently
these methods are considered to be not yet sufficiently specific and sensitive for diagnosis (Jacob and Greim 2004;
Jongeneelen 1997; Kifferlein et al. 2010).

5 Analytical Methods

The analysis of hydroxylated metabolites of pyrene, phenanthrene and other PAHs is carried out in urine. The meth-
ods include enzymatic hydrolysis with subsequent purification in the form of a liquid-liquid extraction (Jacob et al.
2007; Li et al. 2006; Rossella et al. 2009; Serdar et al. 2003), of a solid-phase extraction (Hagedorn et al. 2009; Ro-
manoff et al. 2006; Xu et al. 2004), a solid-phase microextraction (Gmeiner et al. 1998; Smith et al. 2002) or coupled-
column techniques (Lintelmann et al. 1994). As sufficiently sensitive analytical separation techniques for quantifica-
tion, the following methods are used: HPLC (high performance liquid chromatography) with fluorescence detection
(HPLC-FD) (Hagedorn et al. 2009; Lintelmann et al. 1994; Simon et al. 1999), liquid chromatography with tandem
mass spectrometry (LC-MS/MS) (Jacob et al. 2007; Onyemauwa et al. 2009; Ramsauer et al. 2011; Xu et al. 2004) and
gas chromatography with mass spectrometry (GC-MS) after derivatization of the hydroxylated PAH metabolites (Li
et al. 2006; Romanoff et al. 2006; Smith et al. 2002).

The MAK Commission’s working group “Analyses of Hazardous Substances in Biological Materials” has pub-
lished a tested analytical method (Lintelmann and Angerer 1999) for the determination of PAH metabolites in
urine. Here, the monohydroxylated metabolites of phenanthrene (1-, 4- and 9-hydroxyphenanthrene) and pyrene
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(1-hydroxypyrene) are released from their conjugates in the urine by enzymatic hydrolysis, afterwards separated
from matrix components by two-dimensional HPLC, and quantified with a fluorescence detector. After further re-
finement, this method allows the determination of metabolite concentrations of hydroxypyrene and of 1-, 2-, 3-, 4-
and 9-hydroxyphenanthrene at a detection limit of 5ng metabolite/l urine each, so that an application is possible
not only for concentration ranges required in occupational medicine, but also for those in environmental medicine
(Heudorf and Angerer 2001 a).

For the parameter 3-hydroxybenzo[a]pyrene in urine, analytical methods with detection limits in the low ng/l range
have been developed over recent years, which have also been used for determinations in persons in the general pop-
ulation who were not occupationally exposed (Barbeau et al. 2011; Romanoff et al. 2006; Sarkar et al. 2010; Simon
et al. 2000). In these methods, the urine is purified after enzymatic hydrolysis using solid phase extraction (Barbeau
et al. 2011; Romanoff et al. 2006; Sarkar et al. 2010) or column switching (Simon et al. 2000). The analytical separation
and quantification is achieved using HPLC-FD (Barbeau et al. 2011; Simon et al. 2000), gas chromatography coupled
with high-resolution mass spectrometry (GC-HRMS) (Romanoff et al. 2006) or LC-MS/MS (Sarkar et al. 2010).

6 Background Exposure

6.1 1-Hydroxypyrene

In the literature, there are many publications available for 1-hydroxypyrene as parameter for the characterization of
internal PAH exposure. Various reviews have been published (Hansen et al. 2008; Hartwig 2012; UBA 2005). Table 3
gives an overview of more recent studies with larger numbers of volunteers, in which the urinary 1-hydroxypyrene
excretion of the general population was analysed.

Tab. 3 1-Hydroxypyrene levels in the urine of persons not occupationally exposed to PAHs

Analytics Collective (year of n NS S References
sampling) NS/S Med/pos Med/P95 Med/P95 Med/P95
age,
(range) (range) (range) (range)
sex [ng/1] [ng/g creatinine] [ng/] [ng/g creatinine]
Germany
HPLC-FD general population 389/184  0.10/0.53 0.08/0.29 0.25/1.03 0.19/0.73 Becker et al.
QL (1998) (< QL-1,68) (< QL-0.90) (< QL-4.38) (<QL-1.99) 2002
0.012pg/l 18-69 years,
289 3,284 9
HPLC-FD  inhabitants of former  288/100 0.08/0.26 0.15/0.54 Heudorf
DL American Forces (<DL-1.17) (<DL-0.72) and Angerer
0.005 pg/l housing (1998) 2001 b
20-64 years,
40% 3, 60% Q
HPLC-FD housewives (n.d.) 97/27 0.15/0.46 0.48/1.45 Giindel et al.
DL 53-58 years, Q (0.06-1.56) (0.18-1.50) 1996
0.012pg/1
HPLC-FD general population 28/21 0.12/0.33 0.23/0.55 Goen et al.
DL (1990-1995) (<0.04-0.33) (<0.04-1.31) 1995
0.05 g/l
HPLC-FD general population 49/20 <0.04/0.38 0.28/0.52
DL (1990-1995) (<0.04-0.54) (< 0.04-0.60)
0.05 g/l
HPLC-FD general population 42/27 0.16/- 0.35/- Scherer et al.
DL (1996) 18-70 years, (0.05-0.46) (0.11-1.16) 2000
0.012 g/l 413,289 pg/24h pg/24h
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Tab. 3 (continued)

Analytics Collective (year of n NS S References
sampling) NS/S Medpos Med/P95 Med/P95 Med/P95
age,
(range) (range) (range) (range)
sex . .
[png/1] [pg/g creatinine] [pg/1] [png/g creatinine]
LC- general population 50/100 0.05/— 0.15/- Ramsauer
MS/MS  22-77 years, 72 3, 78 @, (0.02-0.38) (0.03-0.58) etal 2011
QL abstaining from
0.025ug/l  barbecued, smoked and
fried foods
Italy
HPLC-FD general population 327/92 0.15/0.65 0.33/1.06 Roggi et al.
DL 22-81 years, -) -) 1997
0.05pg/l 183 3,236 9
France
HPLC-FD general population 27/27 0.06/— 0.22/- Lafontaine
DL 18-65 years, 8 (0.02,0,29)‘3) (0.0871.02)1’) et al. 2006
0.005pg/1 24-h urine
HPLC-FD general population 23/13 0.07/- 0.26/- Barbeau
DL 18-65 years, 8 (0.01-0.32)P (0.06-0.64)? etal. 2011
0.020 pg/1
USA
GC-HRMS general population 14779 0.08/0.55 0.07/0.42 CDC 2009
DL (2003/2004), =) )
0.005 pg/l >20 years, 3 +9Q
GC-HRMS general population 16259 0.05/0.36 0.04/0.23 CDC 2005
DL (2001/2002), (& )
0.003 pg/1 >20 years, 8 +Q
GC-HRMS  general population 13099 0.07/0.80 0.07/0.54
DL (1999/2000) ) )
0.002 pg/1 >20 years, 8 +Q
Canada
HPLC; general population 95/45 0.17/0.62 0.23 (GM S) Viau et al.
GC-Ms ()P 1995
DL n.d. 0.14 (GM NS)
UPLC-MS- general population 509 0.08/0.29 Bouchard
TOF (2005/2006) (< DL~0.63)? P et al. 2009
DL 16-64 years, 19 8,52 Q
0.007 pg/1

2 smoking status not taken into account

b) calculated from pmol/mol creatinine with 1pmol/mol creatinine = 1.93 pg/g creatinine

9) data from sampling on 23 May 2006 (highest median/P95 for the control group of all samplings)

DL =detection limit of the analytical method; GC-HRMS = gas chromatography with high-resolution mass spectrometry; GM = geometric mean;
HPLC-FD = high performance liquid chromatography with fluorescence detection; LC-MS/MS =high performance liquid chromatography with
tandem mass spectrometric detection; max = maximum; Med = median; n.d. =no details; NS = non-smokers; n =number of study participants;
P95=95" percentile; QL = quantification limit; S = smokers; UPLC-MS-TOF = ultra performance liquid chromatography with time of flight mass
spectrometry

1-Hydroxypyrene excretion levels are significantly affected by the smoking status. Smokers are found to have
urinary 1-hydroxypyrene concentrations which are about two to three times as high as those in non-smokers
(Barbeau et al. 2011; Heudorf and Angerer 2001 a; Huang et al. 2006; Jacob et al. 1999; Pastorelli et al. 1999; van
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Rooij et al. 1994). The level increases with the number of cigarettes smoked (Heudorf and Angerer 2001 b; Pastorelli
et al. 1999).

As, in the present documentation, a BAR assessing the exposure of workers in Germany is to be derived, mainly
German studies are used for the evaluation. Data given in pmol/mol creatinine were converted into pg/g creatinine
for better comparability.

Representative data on the urinary 1-hydroxypyrene excretion in the German general population were presented
in the environmental survey of 1998 (Becker et al. 2002). In this study, the PAH metabolites 1-hydroxypyrene and
1-, 2-, 3- and 9-hydroxyphenanthrene were determined in the morning urine of a randomly selected collective of
284 women and 289 men aged between 18 and 69 years. The 1-hydroxypyrene levels in the non-smoking population
in Germany were in a range below the detection limit up to 0.90 ug/g creatinine with a median of 0.08 pg/g creatinine
(95t percentile: 0.29 pug/g creatinine). With a median of 0.19 ug/g creatinine, the 1-hydroxypyrene concentrations
excreted by smokers were about two to three times as high (95" percentile: 0.73 pg/g creatinine). A statistically
significantly higher average level of 1-hydroxypyrene in relation to the urine volume was found in men compared
with women.

As men excreted more creatinine per volume, there was no difference in the excretion of 1-hydroxypyrene between
men and women when related to creatinine. A further factor influencing 1-hydroxypyrene excretion is heating. If
the apartment was not heated via a central heating system, higher urinary 1-hydroxypyrene levels were determined
(Becker et al. 2002).

In a study involving 1213 children and adults living in houses with a parquet floor containing coal tar parquet
glue, high PAH levels were found (Heudorf and Angerer 2001 a). An increase in internal PAH exposure compared
with persons from households without parquet glue containing PAHs could not be established. In the case of
289 non-smoking adults with a median of 0.08 ug/g creatinine and a 95 percentile of 0.26 ug/g creatinine, urinary
1-hydroxypyrene excretion levels were similar to those in the environmental survey (Becker et al. 2002). Smokers
had levels two times as high as those in non-smokers (Heudorf and Angerer 2001 a).

Other German studies determined median levels for 1-hydroxypyrene below the detection limit and
0.15pg/g creatinine and 95% percentiles of 0.33 and 0.46 pg/g creatinine, respectively. With medians of 0.23 and
0.48 ug/g creatinine, respectively, smokers showed urinary concentrations which were two to three times as high
(Goen et al. 1995; Giindel et al. 1996).

In 50 non-smokers, median concentrations (range) of 0.05pg/l urine (0.02-0.38 pg/1), in smokers 0.15 pg/1 (0.03—
0.58 pug/l) were measured (Ramsauer et al. 2011). The PAH uptake of the study participants with the diet was, how-
ever, reduced due to abstaining from barbecued, smoked and fried foods.

In an Italian study, median levels (95% percentile) of 0.15 pg/g creatinine (0.65 ug/g creatinine) were found in 327
non-smoking test persons (Roggi et al. 1997). On the other hand, the results in two French studies on 23 and 27
non-smokers with medians of 0.07 and 0.06 pg/g creatinine, respectively, (maximum 0.32 and 0.29 pug/g creatinine)
were markedly lower. In smokers, the urinary concentrations of 1-hydroxypyrene were approximately three times
as high (Barbeau et al. 2011; Lafontaine et al. 2006).

From the USA, comprehensive data on the excretion of the PAH metabolites 1-hydroxypyrene, 1-, 2-, 3- and
4-hydroxyphenanthrene, 2-, 3- and 9-hydroxyfluorene and 1- and 2-hydroxynaphthalene are available. How-
ever, no differentiation between smokers and non-smokers was made (CDC 2005, 2009). In the study car-
ried out in 2003/2004 with 1477 test persons, median (95 percentile) 1-hydroxypyrene concentrations of
0.07 (0.42) pg/g creatinine were detected; these values were 0.04 (0.23) pg/g creatinine in 1625 test persons in
2001/2002, and 0.07 (0.54) ug/g creatinine in 1309 test persons in 1999/2000.

In a Canadian study, median levels of 0.08 ug 1-hydroxypyrene/g creatinine (95™ percentile: 0.29 ug/g creatinine)
were reported with 50 test persons, in which no differentiation between smokers and non-smokers was made
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(Bouchard et al. 2009). In another Canadian study, clearly higher median concentrations of 0.17pg 1-hy-
droxypyrene/g creatinine (95 percentile: 0.62ug/g creatinine) were given, in which the geometric mean was
0.14 pg/g creatinine for non-smokers and 0.23 pg/g creatinine for smokers (Viau et al. 1995).

6.2 Hydroxyphenanthrene

The monohydroxylated phenanthrenes 1-, 2-, 3-, 4- and 9-hydroxyphenanthrene are also determined as biomarkers
for a PAH exposure. The results are given either for the individual components or in the form of a sum parameter
(the sum of hydroxyphenanthrenes). However, a much lower number of studies is available. Table 4 summarises
the results on the excretion of these metabolites obtained in more extensive studies.

Tab. 4 Urinary 1-, 2-, 3-, 4- and 9-hydroxyphenanthrene (OH-phen) concentrations in persons not occupationally exposed to PAHS,
presented as the sum of hydroxyphenanthrenes

Analytics Collective n NS N References
(year °isaemp ling) NS/S  Med/P95  Med/P9s (range)  Med/P95 Med/P95
&€ (range) [ng/g crea] (range) (range)
sex
[ng/1] [ng] [ng/g crea]
Germany
HPLC-FD general population 389/184 0.84/3.11 0.67/1.88 (max 1.38/3.95 1.00/2.51 (max Becker et al.
QL (1998) 18-69 years, (max 15.9) 4.50) (max 6.70) 3.58) 2002
0.012pg/l 289 3,284 9
HPLC-FD  inhabitants of former American ~ 289/131 0.83/2.56 (n.d.)? 1.00/2.62 (n.d.)»  Heudorf
DL Forces housing (1998) and Angerer
0.005 pg/l >20 years 2001 a
HPLC-FD housewives 97/27 1.20/3.86 1.75/3.97 Giindel et al.
DL 0.005- (n.d.), 53-58 years, (0.19-5.70) (0.84-4.41) 1996
0.016 ug/l 0
LC- general population 22-77 years, 50/100 0.27/- 0.50/~- Ramsauer
MS/MS 723,78 ¢, (n.d)? (n.d)® et al. 2011
QL abstaining from barbecued,
0.025pg/1 smoked and fried foods
USA
GC-HRMS general population 1424~ 0.38/1.79 0.32/1.37 CDC 2009
DL (2003/2004) 1476”7 (n.d.)?bro) (n.d.)?»br<)
0.005 pg/l >20 years, 3 +Q
(1-, 2-, 3-,
4-OH-
phen)
GC-HRMS general population 1621- 0.42/2.42 0.37/1.84 (n.d.)>? CDC 2005
DL 0.003— (2001/2002) 1622P) (n. d.)a)« b)
0.006 pg/1 >20 years, 3 +Q
(1-, 2-,
3-OH-
phen)
GC-HRMS general population 1238~ 0.40/2.64 0.36/2.05 (n.d.)>-»
DL 0.011- (1999/2000) 1207 (n.d)>P
0.015pg/1 >20 years, 3 +Q

% values calculated as the sum of medians/95™ percentiles of individual analytes

b smoking status not taken into account

9 9-hydroxyphenanthrene not taken into account

DL =detection limit of the analytical method; GC-HRMS =gas chromatography with high-resolution mass spectrometry; HPLC-FD =high
performance liquid chromatography with fluorescence detection; LC-MS/MS =high performance liquid chromatography with tandem mass
spectrometric detection; max = maximum; Med =median; n=number of study participants; n. d.=no details; NS =non-smokers; P95= g5th
percentile; QL = quantification limit; S = smokers

The MAK Collection for Occupational Health and Safety 2021 13



PUBLISSG?

Assessment Values in Biological Material — Polycyclic aromatic hydrocarbons (PAHs)

Compared with 1-hydroxypyrene, smoking behaviour has less effect on the average hydroxyphenanthrene excre-
tion. It increases slightly in smokers, but is frequently not significant (Becker et al. 2002; Hoepfner et al. 1987; Jacob
et al. 1999; Martin et al. 1989).

6.3 3-Hydroxybenzo[a]pyrene

Only in a few studies the parameter 3-hydroxybenzo[a]pyrene has been investigated in persons not occupationally
exposed to PAHs (see Table 5).

Tab. 5 Urinary 3-hydroxybenzo[a]pyrene concentrations in persons not occupationally exposed to PAHs

Analysis Collective n? n>DL NS S References
(year of sampling) NS/S Med/P95 Med/P95
age, (range) (range)
sex [ng/g creatinine] [ng/g creatinine]
France
HPLC-FD general population 23/13 5/12 <DL/~ 0.055/- Barbeau
DL 0.02ng/1 18-65 years, (< DL-0.055)P) (<DL-0.178) etal. 2011
36 3 from Grenoble
HPLC-FD general population 27/27 5/18 <DL/~ 0.055/~ Lafontaine
DL 0.05ng/1 18-65 years, (< DL-0.107)") (<DL-0.199) et al. 2006
54 & from Paris
HPLC-FD general population 25/~ 60 of 284/- <DL/- Leroyer et al.
DL 0.08 ng/1 20-47 years, (< DL-0.225)") 2010

18 &, 7 Q exposure
either to air in
industrial area or
urban indoor air

USA
GC-HRMS general population 1626 n.d. <DL/186 (n.d.)® CDC 2005
10.5ng/1 (2001/2002)
>20 years,
3+9

% determined several times for the same person at different times

b values calculated: 1nmol/mol creatinine = 2.372 ng/g creatinine

©) smoking status not taken into account

DL =detection limit of the analytical method; GC-HRMS =gas chromatography with high-resolution mass spectrometry; HPLC-FD =high
performance liquid chromatography with fluorescence detection; Med = median; n.d. =no details; n=number of study participants; NS =non-
smokers; P95 = 95th percentile; QL = quantification limit; S = smokers

In four studies, median levels below the analytical detection limit were determined for non-smokers (Barbeau
et al. 2011; CDC 2005; Lafontaine et al. 2006; Leroyer et al. 2010). In three of the four studies, the maximum values
varied in the range between 0.055 and 0.225 ng/g creatinine (Barbeau et al. 2011; Lafontaine et al. 2006; Leroyer
et al. 2010). The urinary excretion levels of 3-hydroxybenzo[a]pyrene in smokers in the general population were
described as being two times higher than those in non-smokers (Barbeau et al. 2011).

In a study from the USA, a 95t percentile of 186 ng/g creatinine was reported. However, compared with the re-
maining three studies with detection limits of approximately 0.05ng/1, these measurements were carried out using
a considerably less sensitive analytical method with a detection limit of 10.5ng/l (CDC 2005). The determined 95!
percentile appears comparatively high, as maximum values of 19.5ng 3-hydroxybenzo[a]pyrene/g creatinine or
83 ng/g creatinine are given in other studies with workers having a high occupational PAH exposure (Forster et al.
2008; Lafontaine et al. 2004).
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7 Evaluation

7.1 Evaluation of the biological reference value BAR

7.1.1 1-Hydroxypyrene

The BAR describes the background exposure for a reference population consisting of persons of working age non-
occupationally exposed to PAHs. Owing to the marked effect of smoking behaviour on the excretion levels of PAH
metabolites, non-smokers and smokers are to be considered separately. For derivation of the BAR only the data
of non-smokers are used. In two studies with large subject numbers, 95" percentiles of 0.29 pug/g creatinine and
0.26 ug/g creatinine for non-smokers are given (Becker et al. 2002; Heudorf and Angerer 2001 a). In other German
studies, somewhat higher 95t percentiles of 0.33, 0.38 or 0.46 ug/g creatinine were determined for the non-smokers
(Goen et al. 1995; Giindel et al. 1996) (see Table 2). In studies from France, no 95 percentiles but maximum values
for non-smokers of 0.32 or 0.29 ug/g creatinine were given (Barbeau et al. 2011; Lafontaine et al. 2006). In an Italian
study, a higher 1-hydroxypyrene excretion level was determined; the 95t percentile for the 327 non-smokers was
0.65 ug/g creatinine (Roggi et al. 1997).

The use of creatinine-related values is recommended for 1-hydroxypyrene excretion (Viau et al. 2004).

Because of possible differences in air exposure, heating and dietary habits, especially the results from German
studies are used for the derivation of a BAR for 1-hydroxypyrene in urine. Based on the data of the environmental
survey (Becker et al. 2002) and the study by Heudorf and Angerer (2001 a), for non-smoking adults in the general
population

a BAR of 0.3 ug 1-hydroxypyrene (after hydrolysis)/g creatinine
is established.
Sampling time is at the end of exposure or the end of a shift, for long-term exposures after several shifts.

In the case of smokers, a doubling to tripling of 1-hydroxypyrene excretion is to be expected.

7.1.2 Hydroxyphenanthrene

As the determination of monohydroxylated phenanthrene metabolites has not yet become fully recognised as
a standard parameter for characterizing PAH exposure, and phenanthrene has only a low toxicity, the derivation
of a BAR is not considered necessary at present.

7.1.3 3-Hydroxybenzo[a]pyrene

To estimate the health risk of workers, metabolites of the carcinogenic PAHs have greater importance than the
less toxic PAHs such as pyrene and phenanthrene. For 3-hydroxybenzo[a]pyrene, a metabolite of the carcinogen
benzo[a]pyrene, only a few studies are available in which the urinary concentrations of persons not occupation-
ally exposed to PAHs were determined using a sufficiently sensitive analytical method. For adult non-smokers,
median levels below the given detection limits of 0.08 ng/l, 0.05ng/l and 0.02ng/l and peak values of 0.055 up
to 0.225ng/g creatinine were determined (Barbeau et al. 2011; Lafontaine et al. 2006; Leroyer et al. 2010). As no
95th percentile was given in any of the relevant studies, the maximum value would have to be used for the deriva-
tion. This would provide, for 3-hydroxybenzo[a]pyrene, a reference value of 0.2 ng 3-hydroxybenzo[a]pyrene (after
hydrolysis)/g creatinine for non-smoking adults. As, however, in the studies examining 3-hydroxybenzo[a]pyrene
in persons without occupational PAH exposure, only non-representative collectives of the general population were
analysed, no BAR for 3-hydroxybenzo[a]pyrene has been established.
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7.2 Evaluation of EKA

A study in 38 workers exposed to PAHs in different workplaces revealed a relationship between the airborne
benzo[a]pyrene exposure and the urinary concentration of the metabolite 3-hydroxybenzo[a]pyrene (Lafontaine
et al. 2004). Using the given relationship between external and internal exposure the following EKA are obtained
for an 8-hour PAH uptake, mainly by inhalation:

Air Urine
Benzo[a]pyrene 3-Hydroxybenzo[a]pyrene (after hydrolysis)
[ng/m?] [ng/g creatinine]

0.07 0.7

0.35 2

0.7 3.5

1.0 5

1.5 7

Sampling time is at the beginning of the next shift (16 hours after the end of exposure) (Gendre et al. 2002, 2004).

In the EKA correlation, benzo[a]pyrene was used as parameter, although this describes the total exposure to PAHs
only insufficiently. Apart from benzo[a]pyrene, further carcinogenic compounds in PAH substance mixtures are
present; taking them into account in form of effect equivalents would be desirable.

8 Interpretation

When interpreting the analytical data, in addition to smoking behaviour, further personal confounders have to be
taken into account. As causes of BAR excursions — apart from active and passive tobacco smoking — atmospheric
exposures from open hearths or small heating units using fossil fuels, the consumption of barbecued and smoked
foods, the use of tar-containing medication or living in areas with high industrial PAH emissions have, for example,
also to be taken into consideration (Becker et al. 2002; Strickland et al. 1996; van Maanen et al. 1994; WHO 1998;
Wilhelm et al. 2007).

The BAR relates to normally concentrated urine, in which the creatinine concentration should be in the range of
0.3-3 g/1. In addition to this, the Commission considers it useful, for further improving the validity of the analyses,
to select a narrower target range of 0.5-2.5 g/l for urine samples. As a rule, where urine samples are outside the
above limits, a repetition of the measurement in normally hydrated test persons is recommended (Bader et al. 2016).

The EKA correlation applies only at workplaces where PAH exposure is mainly by inhalation. Additional dermal
PAH absorption can cause a clear increase in internal exposure. Considering the elimination kinetics of 3-hydroxy-
benzo[a]pyrene, sampling has to take place at the beginning of the next shift (see Section 1.3).

Notes
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