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POLYCYCLIC AROMATIC HYDROCARBONS — TOXICOLOGICAL OVERVIEW

Toxicological Overview
Summary of Health Effects

Polycyclic aromatic hydrocarbons (PAHs) are a group of hydrocarbons that are mainly
formed by the incomplete combustion of organic materials. There are several hundred
PAHs, which usually occur as complex mixtures rather than as individual compounds.
Benzo[a]pyrene (BaP) is the most widely studied, being one of the most potent, hence most
of the data in this document refers to BaP, although it seldom occurs in the environment on
its own.

For the general public, the main route of exposure to PAHSs is from inhalation of ambient and
indoor air or ingestion of food. Inhalation and skin absorption are the main routes of
occupational exposure.

BaP is readily absorbed following inhalation, ingestion and skin exposure. Following
inhalation and ingestion, BaP is rapidly distributed to several tissues in rats, including the
kidney, small intestine, trachea, stomach, testes, liver and oesophagus. BaP is metabolised
by cytochrome P450 enzymes resulting in a number of metabolites being formed, including
the reactive epoxide metabolite, BaP 7,8 diol-9,10-epoxide, which is believed to be
responsible for its carcinogenicity. Following metabolism the metabolites are excreted in the
urine and faeces.

No data on the acute effects of BaP in humans were identified and few studies were
reported in animals. Following acute exposure of rats to BaP, effects on the liver were
observed.

Following chronic exposure in an occupational setting a decrease in lung function was
reported, as well as chest pain, respiratory irritation, cough, dermatitis and depressed
immune system, although in most cases it was not possible to evaluate the contribution of
BaP to such effects. In animals, few adverse effects were observed in rats or hamsters
exposed to BaP via inhalation. Following ingestion, myelotoxicity was observed in poor
affinity Ah-receptor mice but not in high affinity mice. Hepatotoxicity was also reported.

BaP can cross the placenta and was found to cause adverse developmental and
reproductive effects in mice. Dietary administration during gestation reduced fertility and fetal
abnormalities whereas administration by gavage caused an increase in fetal death and
decreased fertility.

Numerous epidemiologic studies have shown an association between exposure to various
mixtures of PAHs containing BaP and increased risk of lung and skin cancer. However, it
was not possible to evaluate the contribution of BaP to the carcinogenicity of these mixtures.

In animals, short-term dietary administration of BaP caused forestomach tumours in mice
and hamsters. Chronic exposure of mice to BaP by gavage or in the diet resulted in
forestomach and lung tumours and in rats an increase in tumours of the forestomach,
oesophagus, liver, larynx and mammary gland was observed.

Chronic inhalation of BaP caused an increase in lung tumours in mice, and tumours of the
nasal cavity, pharynx, trachea, oesophagus and forestomach in hamsters.

Many studies, in which BaP has been topically applied to various species, have shown that
BaP can induce skin tumours, although mice appear to be the most sensitive.
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Kinetics and Metabolism

PAHSs are lipophilic compounds that are readily absorbed from the lungs following inhalation,
the gastrointestinal (Gl) tract following ingestion and the skin following dermal exposure [1].

In humans, it was reported that BaP measured in the lungs following inhalation of soot
particles was much lower than expected. This may be due to the ability of the pulmonary
epithelial cells to metabolise BaP thereby facilitating its absorption and clearance from the
lungs [2]. Occupational studies have inferred that inhaled PAHs are absorbed by humans, as
urinary metabolites were present in workers exposed to PAHs [3]. The absorption of BaP
following inhalation is highly dependent on the type of particles onto which it is adsorbed.
Pulmonary absorption often occurs in parallel with mucociliary clearance, by which PAHs
that are absorbed onto inhaled particulates are cleared out of the pulmonary tree and
subsequently swallowed [2, 4].

Few data were available regarding the absorption in humans following ingestion, but in
general it is thought to be low [3]. However, one study reported that most of a low oral dose
of BaP was systemically absorbed as no BaP was detected in faeces, although the number
of volunteers in the study was limited [4].

In animals, approximately 30 % of absorption occurred through the Gl tract following
administration of a low dose of BaP directly into the duodenum, whereas slightly higher
absorption occurred following administration of a high dose of BaP given by gavage or in the
diet [2, 4, 5].

Percutaneous absorption of PAHs appears to be quite rapid in both animals and humans [3].
Extensive skin absorption has been demonstrated in mice as almost all of the applied dose
of BaP appeared in the faeces following application to the skin [4]. Similarly, rapid absorption
was demonstrated in rats, monkeys and guinea pigs [3].

No data were available regarding the distribution of PAHs in humans. In-vivo, PAHs appear
to be widely distributed following both inhalation and ingestion, as levels have been detected
in several organs [2, 3]. Following oral exposure in rats BaP was measured in the kidney,
caecum, small intestine, trachea, stomach and testes, whereas following inhalation, levels
were measured in the liver, oesophagus, stomach and small intestine, and later in the large
intestine and caecum [3-5].

BaP can readily cross the placenta following oral, inhalation or dermal administration. One
study reported that when pregnant rats were exposed to BaP via inhalation, an increase in
BaP and metabolites was measured in both maternal and fetal blood and tissues. Similarly,
BaP was measured in the fetus when rats were given oral BaP on day 21 of pregnhancy [3,
5].

Many studies have investigated the metabolism of PAHs in tissues and cells following
ingestion of food containing PAHs, or inhalation or ingestion of environmental PAHSs.
Consequently studies have been carried out in the bronchus, colon, keratinocytes,
monocytes, macrophages and lymphocytes [2]. BaP is metabolised by microsomal
cytochrome P-450 enzymes to a range of epoxides, the metabolites then undergoing phase
Il conjugation to form phenols, quinones and dihydrodiols. Dihydrodiols undergo further
oxidative metabolism to the carcinogenic metabolite BaP 7,8 diol-9,10-epoxide, which is
believed to be the reactive metabolite responsible for the carcinogenicity of BaP [2, 5].

There are few data available regarding the excretion of PAHs in humans. In general, they
are metabolised and the metabolites are excreted in the faeces and urine [2-4].
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Sources and Route of Human Exposure

PAHs are a large group of hydrocarbons containing two or more benzene rings fused
together or to other hydrocarbon rings. They are mainly formed as pyrolysis by-products,
especially during the incomplete combustion of organic materials during industrial and other
human activities [4, 6]. There are several hundred PAHs, which usually exist as mixtures
rather than as individual chemicals. BaP is the most well known and will be the focus of this
compendium.

For the general population, the major sources of exposure to PAHs are from ambient and
indoor air due to residential heating, cigarette smoke, coal and wood fires and vehicle
exhaust, as well as from food. Various foods such as vegetables, meat and fish have been
shown to contain PAHSs, but they are largely formed due to the cooking at high temperatures
such as charbroiling, grilling and frying. Smoked and barbequed food are particularly
important sources of exposure [2], although the largest contribution to the daily PAH intake
comes from oils and fats [2, 4, 6, 7].

PAHs are commonly detected in surface waters, due to urban runoff and industrial activities
[2]. They are regularly monitored in UK drinking water for regulatory purposes. The main
source of drinking water contamination with trace amounts of PAH is usually associated with
coal-tar linings of the distribution pipes. However, drinking water contributes only a minor
amount to the total intake of PAHSs [4, 8].

PAHs are found in the majority of surface soils due to atmospheric deposition or urban
runoff. Soils near industrial sources such as coal coking also often contain high
concentrations of PAHs [2, 6].

Overall, the major route of exposure of the general public is through inhalation of ambient
and indoor air and ingestion of food.

Occupational exposure is largely through inhalation and skin absorption. Workers employed
in occupations such as road paving, asphalt roofing, aluminium plants, iron and steel
foundries, as well as street vendors, firemen, mechanics and chimney sweeps may be
occupationally exposed to PAHs [2].
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Health Effects of Acute / Single Exposure

Human Data
Inhalation

No studies were identified that reported the effects of BaP in humans following acute
inhalation exposure.

Ingestion
Data on acute oral toxicity of BaP in humans are not available.

Dermal / ocular exposure

No studies were identified that reported effects of BaP in humans following acute dermal
exposure.

Animal and In-Vitro Data

Inhalation

No studies were identified that reported effects of BaP in animals following acute inhalation
exposure.

Ingestion

Exposure of rats to 100 mg kg™ bw day™ BaP for four days increased relative liver weight by
27%, although administration of 51.4 mg kg™ bw day™ following partial hepatectomy did not
cause an effect. Limited evidence suggested that acute ingestion of BaP (150 mg kg™ bw
day™ for 4 days) does not cause adverse gastrointestinal effects in rats, although enzyme
activity was altered. It was suggested that more serious effects may occur at higher
concentrations [3]. Other studies have suggested that BaP has a fairly low toxicity in mice, it
having a LDs, of more than 1600 mg kg™ bw [4].

Dermal / ocular exposure

Acute topical application of BaP (concentration and duration of exposure not stated) to the
backs of shaved mice suppressed sebaceous glands, although it was not possible to
determine if such effects were due to the solvent or BaP as a control group was not used [3].
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Health Effects of Chronic / Repeated Exposure
Human Data
Inhalation

One study investigated the respiratory effects of inhaled BaP in employees working in
various areas of a rubber factory. The authors reported a decrease in ventilatory function
following prolonged exposure, as assessed by duration of employment, the greatest effects
being observed in workers that had the highest exposure to particulate matter and BaP. No
attempt was made to identify other possible chemical exposures or to separate effects due
to BaP or particulates [3].

Whilst many epidemiology studies have been carried out in various occupations, few have
identified the role of individual compounds that contribute to symptoms including respiratory
distress, chest pain, chest and throat irritation, cough, haematemesis, chronic dermatitis,
depressed immune system and cancer or the skin and lung [3, 4].

Ingestion
Data on chronic oral toxicity of BaP in humans are not available.

Dermal exposure

Mixtures of PAHs have been reported to cause, and in some cases treat, skin disorders in
humans, although few data are available about BaP alone.

Regressive verrucae (warts) were reported in humans following up to 120 applications of 1%
BaP over a four month period [3].

Genotoxicity

Numerous studies on lymphocytes from workers exposed to PAHs (including BaP) have
identified DNA adducts of BaP (mainly the diol epoxide). In one study on iron foundry
workers, elevated levels of mutations at the hprt locus in lymphocytes were shown to
correlate approximately with the levels of DNA adducts [2].

No studies were identified regarding genotoxic effects in humans following oral
administration of BaP [3].

Carcinogenicity

No studies were reported regarding cancer in humans following inhalation of BaP alone [3].

There is extensive literature on the epidemiology of workforces exposed to complex mixtures
of PAHSs in, for example, asphalt works, coke production plants and aluminium smelters and
in occupations where handling coal tar, coal tar pitches and soot occurs. Such studies
clearly showed an elevated incidence of lung tumours following inhalation and skin tumours
following chronic skin contact. However, it is not possible to assess with any confidence the
contribution of BaP or any other individual PAH [2, 4, 9].

There were no studies available that investigated carcinogenicity in humans following oral
exposure to BaP alone [3].
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Overall, the International Agency for Research on Cancer (IARC) concluded that BaP was
‘carcinogenic to humans’ (Group 1), as there were limited human data but sufficient
evidence of carcinogenicity in animals [10].

Reproductive and developmental toxicity

No studies could be identified in which reproductive or developmental effects in humans
following exposure to BaP were reported.

Animal and In-Vitro Data

Inhalation

Rats exposed to BaP dust via inhalation (7.7 mg m™, 2 hours per day, 5 days per week for 4
weeks) showed no treatment-related lesions in the lungs or nasal cavities. No dose-
response relationship could be demonstrated as only one concentration of BaP was tested
[2]. In the same study, kidney sections were also examined and no adverse effects were
noted [3, 4]. Similarly, male hamsters did not show any adverse effects following exposure
via inhalation to 9.8 mg m™or 44.8 mg m™ BaP for 4.5 hours per day, five days per week for
16 weeks [2].

Ingestion

Few data on chronic oral toxicity of BaP in animals are available [5]. Daily oral administration
of 120 mg kg* bw BaP to poor affinity Ah-receptor mice (DBA/2N) for one to four weeks
caused deaths due to myelotoxicity, whereas high affinity mice (C57B1/6N) remained
unaffected during the 6 month treatment. Hepatotoxicity, as well as effects on liver and
kidney enzymes have also been reported at this concentration [2, 4].

Rats fed 1100 mg kg™ day™ BaP in the diet for more than 100 days showed a decreased
growth rate [2].

Dermal exposure

BaP (16, 32 or 64 g per application) was applied once a week for 29 weeks onto the skin of
female mice. Dose-related epidermal thickening and a pronounced inflammatory response of
the dermis, amongst other effects were reported in the first weeks of exposure in those
administered the high dose, and subsequently in the lower dose groups [3].

Genotoxicity

BaP has consistently been shown to be positive in in-vitro assays for point mutations in
Salmonella and for chromosome damage in mammalian cells, in the presence of an
exogenous source of metabolic activation. Indeed it is often used as a positive control in
such assays. Positive results have also been reported in a wide range of in-vivo studies in
both somatic cells (e.g. bone marrow micronucleus test) and germ cells (dominant lethal
assay and cytogenetics in spermatogonial cells) using both the inhalation and oral route [2].

In addition, several studies have reported genotoxicity of BaP following dermal exposure. A
single topical application of BaP (0.5-500 pg per mouse) to hairless mice resulted in a
significant increase in micronucleated keratinocytes. In addition, male mice treated with 20
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ug topical BaP at 72 hour intervals exhibited increased DNA adduct formation in epidermis
and lungs [3].

Carcinogenicity

Following a short-term exposure of two or more days, mice given BaP in the diet (33.3 mg
kg™ bw day™) developed forestomach tumours. However, those given a lower dose of 13.3
mg kg™ bw day™ for up to seven days did not show any effects. Hamsters also had an
increased incidence of tumours compared to control animals following a single dose of 100
mg kg™ BaP [3, 7].

Several studies have reported the increased incidence of tumours following a longer
exposure to various doses of BaP by either inhalation or ingestion. Overall, inhalation of BaP
caused lung tumours, whereas ingestion caused an increased incidence of tumours in
various organs, including lung, forestomach, liver, oesophagus and tongue [10].

Following inhalation, a significant increase in lung tumours was reported in mice exposed to
0.05 or 0.09 ug m™® BaP. Similarly, respiratory tract tumours were induced in a dose-
dependent manner in the nasal cavity, pharynx, trachea, oesophagus and forestomach in
hamsters exposed to 9.5 pg m™ or 46.5 pg m= BaP for 109 weeks [3].

Forestomach and pulmonary tumours were reported in rats following administration of 67-
100 mg kg™ bw day™ BaP by gavage or 33 mg kg™ bw day™® BaP given in the diet for 23-238
days. Forestomach tumours were also seen in mice given 33.3 mg kg™ bw day™® BaP in the
diet for 30—197 days or 3 mg kg™ bw day™ by gavage for 98-197 days. In a two year study in
mice, even the lowest dietary concentration of 0.75 mg kg™ bw day™ induced tumours in the
forestomach [3, 4, 7, 10].

BaP (annual dose of 6-39 mg kg™ bw) was administered in the diet or by gavage to rats over
their lifetime. Overall, there was a significant increase in the proportion of animals with
tumours of the forestomach, oesophagus and larynx. In the dietary study, overall tumour
incidence was increased only in the higher dose group, whereas in the gavage study, all test
groups had a higher tumour incidence compared with controls [2, 4].

Many studies have been carried out in which BaP was applied to skin of mice. In such
studies BaP has been demonstrated to be a potent local carcinogen. Topical application of
BaP (up to 64 pg) for 29 weeks resulted in skin tumours which were initially benign but
progressed to malignant carcinomas. No tumours were observed in mice lacking the Ah
receptor. Administration of doses as low as 0.001% BaP to the skin throughout the lifetime;
12.5 ug BaP applied for 99 weeks; or 2 ug per mouse given two or three times per week for
life caused malignant skin tumours [3, 4, 7, 10]. In contrast, when 0.05 mg BaP dissolved in
50 ml toluene was applied to shaved skin of mice twice a week for 6 months no tumours
were observed [3, 10]. Skin tumours have also been reported in rats, rabbits and guinea pigs
following dermal application [4].

IARC concluded that there is sufficient evidence that BaP is carcinogenic to experimental
animals (Group 1) [9, 10].

Reproductive and developmental toxicity

Several studies have investigated the embryotoxicity of BaP after oral administration to
pregnant mice. It has been shown to be embryotoxic in certain strains but not others, largely
dependent on their Ah receptor status and the inducibility of cytochrome P450 enzymes [2].
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Various strains of mice were given 120 mg kg* bw day® BaP in the diet on day 2-10 of
gestation. Fetal malformations were seen in some strains but not others. This dose of BaP
was reported to cause maternal toxicity [2-5].

Another study reported no adverse developmental effects in mice fed BaP in the diet (33.3-
133.3 mg kg* bw day™) during mating, gestation and parturition [3, 4]. Similarly, no
reproductive or developmental toxicity was observed in male or female mice fed diets
containing 0-1000 mg kg™ bw BaP over various time periods during mating, gestation, and
lactation [5].

In a developmental toxicity/fertility study, CD1 mice were given 10, 40 or 160 mg kg* bw
day* BaP by gavage on day 7-16 of pregnancy. Reduced survival of the pups was observed
at the 2 highest dose levels, with reduced body weight reported at all doses. A marked effect
on the fertility of the male offspring was seen, as pups exposed to the two highest doses
were sterile, and a 20% decrease in fertility was seen a 10 mg kg™ [2-5].
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