BENZO[a]PYRENE

Benzo[alpyrene was considered by previous IARC Working Groups in 1972, 1983, and 2005
(IARC, 1973, 1983, 2010). Since that time new data have become available, which have been
incorporated in this Monograph, and taken into consideration in the present evaluation.

1. Exposure Data

1.1 Identification of the agent

Chem. Abstr. Services Reg. No.: 50-32-8
Chem. Abstr. Name: Benzola]pyrene
IUPAC Systematic Name: Benzo[a]pyrene
Synonyms: BaP; benzo[def]chrysene;
3,4-benzopyrene*; 6,7-benzopyrene*;
benz[a]pyrene; 3,4-benz[a]pyrene*;
3,4-benzpyrene*; 4,5-benzpyrene*
(*alternative numbering conventions)

CZOHIZ

Relative molecular mass: 252.31
Description: Yellowish plates, needles from
benzene/methanol; crystals may be mono-
clinic or orthorhombic

Boiling-point: 310-312 °C at 10 mm Hg
Melting-point: 179-179.3 °C; 178.1 °C
Spectroscopy data: Ultraviolet/visual,
infrared, fluorescence, mass and nuclear

magnetic-resonance spectral data have
been reported
Water solubility: 0.00162 mg/L at 25 °C;
0.0038 mg/L at 25 °C
log K (octanol-water): 6.35
Henry’s Law Constant: 0.034 Pa m’/mol at
20°C

From IARC (2010)

1.2 Occurrence and exposure

Benzo[a]pyrene and other polycyclicaromatic
hydrocarbons (PAHs) are widespread environ-
mental contaminants formed during incomplete
combustion or pyrolysis of organic material.
These substances are found in air, water, soils and
sediments, generally at trace levels except near
their sources. PAHs are present in some foods
and in a few pharmaceutical products based on
coal tar that are applied to the skin. Tobacco
smoke contains high concentrations of PAHs
(IARC, 2010).

1.2.1 Exposure of the general population

The general population can be exposed to
benzo[a]pyrene through tobacco smoke, ambient
air, water, soils, food and pharmaceutical prod-
ucts. Concentrations of benzo[a]pyrene in
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sidestream cigarette smoke have been reported
to range from 52 to 95 ng/cigarette — more than
three times the concentration in mainstream
smoke. Major sources of PAHs in ambient air
(both outdoors and indoors) include residential
and commercial heating with wood, coal or other
biomasses (oil and gas heating produce much
lower quantities of PAH), other indoor sources
such as cooking and tobacco smoke, and outdoor
sources like motor-vehicle exhaust (especially
from diesel engines), industrial emissions and
forest fires. Average concentrations of individual
PAHs in the ambient air in urban areas typically
range from 1 to 30 ng/m’; however, concentra-
tions up to several tens of nanograms per cubic
metre have been reported in road tunnels, or
in large cities that make extensive use of coal
or other biomass as residential heating fuel.
Estimates of PAH intake from food vary widely,
ranging from a few nanograms to a few micro-
grams per person per day. Sources of PAHs in
the diet include barbecued/grilled/broiled and
smoke-cured meats; roasted, baked and fried
foods (high-temperature processing); bread,
cereals and grains (at least in part from gas/
flame-drying of grains); and vegetables grown
in contaminated soils, or in areas with surface
contamination from atmospheric PAH fall-out
(IARC, 2010).

1.2.2 Occupational exposure

Occupational exposure to PAHs occurs
primarily through inhalation and via skin
contact. Monitoring by means of ambient
air-sampling or personal air-sampling at the
workplace, to determine individual PAHs, sets
of PAHs or surrogates (e.g. coal-tar pitch vola-
tiles) has been used to characterize exposure via
inhalation; more recently, biological monitoring
methods have been applied to characterize the
uptake of certain specific PAHs (e.g. benzola]
pyrene) to be used as biomarkers of total expo-
sure (IARC, 2010).
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Industries where occupational exposure to
benzo[a]pyrene has been measured and reported
include: coal liquefaction, coal gasification, coke
production and coke ovens, coal-tar distillation,
roofing and paving (involving coal-tar pitch),
wood impregnation/preservation with creosote,
aluminium production (including anode manu-
facture),carbon-electrode manufacture,chimney
sweeping, and power plants. Highest levels of
exposure to PAHs are observed in aluminium
production (Soderberg process) with values up
to 100 ug/m’. Mid-range levels are observed in
roofing and paving (e.g. 1020 pg/m?) and the
lowest concentrations (i.e. at or below lug/m?)
are observed in coal liquefaction, coal-tar distil-
lation, wood impregnation, chimney sweeping
and power plants (IARC, 2010).

2. Cancer in Humans

No epidemiological data on benzo[a]pyrene
alone were available to the Working Group.

3. Cancer in Experimental Animals

Benzo[a]pyrene was considered by three
previous Working Groups (IARC, 1973, 1983,
2010).

In TARC Monograph Volume 3 (IARC,
1973) it was concluded that benzo[a]pyrene
produced tumours in all species tested (mouse,
rat, hamster, guinea-pig, rabbit, duck, newt,
monkey) for which data were reported following
exposure by many different routes (oral, dermal,
inhalation, intratracheal, intrabronchial, subcu-
taneous, intraperitoneal, intravenous). Benzo[a]
pyrene had both a local and a systemic carcino-
genic effect, was an initiator of skin carcinogen-
esis in mice, and was carcinogenic in single-dose
studies and following prenatal and transplacental
exposures.




In IARC Monograph Volume 32 (IARC, 1983)
no evaluation was made of studies of carcino-
genicity in experimental animals published since
1972, but it was concluded that there is sufficient
evidence for the carcinogenicity of benzo[d]
pyrene in experimental animals.

Carcinogenicity studies with administra-
tion of benzola]pyrene by multiple route of
exposure, reported after the initial evaluations,
were subsequently reviewed in IARC Monograph
Volume 92 (IARC, 2010) and are summarized
below (Table 3.1). See Table 3.2 for an overview of
malignant tumours induced in different animal
species.

3.1 Skin application

In several studies in which benzo[a]pyrene
was applied to the skin of different strains of mice,
benign (squamous cell papillomas and kerato-
acanthomas) and malignant (mainly squamous-
cell carcinomas) skin tumours were observed
(Van Duuren et al., 1973; Cavalieri et al., 1977,
1988a; Levin et al., 1977; Habs et al., 1980, 1984;
Warshawsky & Barkley, 1987; Albert et al., 1991;
Andrews et al., 1991; Warshawsky et al., 1993).
No skin-tumour development was seen in AhR ™~
mice that lacked the aryl hydrocarbon receptor,
whereas the heterozygous and wild-type mice
developed squamous-cell carcinomas of the skin
(Shimizu et al., 2000).

In a large number of initiation-promotion
studies in mice, benzo[a]pyrene was active as an
initiator (mainly of squamous-cell papillomas)
when applied to the skin (IARC, 2010).

3.2 Subcutaneous injection

In subcutaneous injection studies of benzol[a]
pyrene, malignant tumours (mainly fibro-
sarcomas) were observed at the injection site in
mice (Kouri ef al., 1980; Rippe & Pott, 1989) and
rats (Pott et al., 1973a, b; Rippe & Pott, 1989). No
fibrosarcomas were observed in AhR™~ mice that

Benzo[a]pyrene

lacked the aryl hydrocarbon receptor, whereas
the heterozygous and wild-type mice did develop
these tumours (Shimizu et al., 2000).

In another study, male and female newborn
Swiss mice that were given benzo[a]pyrene
subcutaneously showed a significant increase
in lung-adenoma incidence and multiplicity
(Balansky et al., 2007).

A single study in 12 strains of hamsters
resulted in sarcomas at the site of injection in
both sexes of all 12 strains (Homburger et al.,
1972).

3.3 Oral administration

After administration of benzola]pyrene by
gavage or in the diet to mice of different strains
(Sparnins et al., 1986; Estensen & Wattenberg,
1993; Weyand et al., 1995; Kroese et al., 1997;
Culp et al., 1998; Hakura et al., 1998; Badary
et _al., 1999; Wijnhoven et al., 2000; Estensen
et al., 2004), increased tumour responses were
observed in lymphoid and haematopoeitic
tissues and in several organs, including the lung,
forestomach, liver, oesophagus and tongue.

Oral administration of benzola]pyrene to
XPA™~ mice resulted in a significantly higher
increase of lymphomas than that observed
in similarly treated XPA*~ and XPA'* mice
(de Vries et al., 1997). Benzo[a]pyrene given by
gavage to XPA™"/p53*~ double-transgenic mice
induced tumours (mainly splenic lymphomas
and forestomach tumours) much earlier and at
higher incidences than in similarly treated single
transgenic and wild-type counterparts. These
cancer-prone XPA™~ or XPA~/p53*~ mice also
developed a high incidence of tumours (mainly
of the forestomach) when fed benzo[a]pyrene in
the diet (van Oostrom et al., 1999; Hoogervorst
et al., 2003).

Oral administration of benzo[a]pyrene by
gavage toratsresultedinanincreasedincidence of
mammary gland adenocarcinomas (el-Bayoumy
et al., 1995).

113



IARC MONOGRAPHS - 100F

(au0320t) [YN] payLng

(au03208) %G°66

(su0399®) %96 <

“Inown) urys
e noym A[panjeward parp
dnoid/srewtue usass Jsowr 1y
paygads £[1eap jou

STRUWITU. JO TOQUUNU JATIIYF
((1:000 1) HO"HN/2u03298

I0 (¢:1) aU03928/OSINA) AN

(DDS 97 ‘d T %06) 0£/9T (DDS
+ €A € VDS 9%06) 62/9T 0€/0 PIUIPIdUL T, UG

+ (d T D LV *%96) 0S/8% ‘0S/0 ‘0S/0 1. URS

0
+ LT “%S8) 0T/L1 ‘(D L ‘d T %S¥) 0T/6 ‘0T/0 L UryS

(L

¥2) %16 ‘(L 07) %65 (L 7) %L ‘%0 —¢ yuswtiadxy

(L

0%) %00T ‘(L ST) %05 ‘(L T) %¥ ‘%0~ yuswrrdxy

(L ¥¥%) %001 ‘(1 €T) %8E ‘%0 ‘%0-T yuowrradxy

+ (ODS Aurew) I, unys

dnoi3/o¢
MM 0T S[M/0IM] WU

/rowrd 81 £'c01] 0 (81 $°92] T°0 0

dnoi8/ps
ym/a01m) ‘Tewrrue/S ¢ g1

10 ([01IU02 J[O1YaA) () ‘(pajeaniun) (

dnoi8/oz

qM/a01M) Tewrtue/SM § <z 0
dnoi3/o¢

M09

9m g/2ouo Tewrue/jown [S1 ¢3'97]
10 ‘(8" 17°¢1] 500 “[81 9°9] 5200
{(HO HN/2u03298) () :¢ Juswrradxy

(1rede

uruw ¢ ‘sSunjured omy ur uaArg asop
yS1Y) MM (09 M 7/20U0 TewIuE
/rowm [81 6/-601] 0 “[81 €¥°9¢]

10 “[81 82°6] 20°0 (u03o0e
/OSINA) 0 :T pue T Juswiradxy
dnoi3/o¥

(B8861) 0 72 IaI[eAR))
M TF

() SSIMG “Osnon
Z86T) Aoppreg
X A[SMEBYSTEAL
M 66

() [oH/HED 9snoW
7861) 10 12 Sqeq
M 601-€9

(1) TYIAN “Osnoy

7761) [0 Jo UTAS]

M 09
(D) [9/719£SD “@snoy
(ZZ61) 'JD 72 11o1[eAR )

(ewouuemydg Jueudewr MM Q€ S[M/0IM] ewIUE. M G9-8¢

(5u0323%) %66 + 1D 9€ ML d L) [8€/0€] %6°8L [6T/0] %0 L UrS 12d [Sw 1°0] four 96¢°0 pue o () sSIMS @sno
(€26T)

TP jo uaInn(J UBA

dnoi8/0g M TS

M TG M/ X ¢ Tewrtue/3n g (1) eH

(duoleoe) YN + (D 0T *d €T ‘%9¥) 0S/€T “05/0 ‘05/0 L URS ‘(JTonyuod Jp1YR4A) ( ‘(pateamnun) o /DI SSIMS dSNOA
uonyesrjdde un[g

dUIIY

Slicliiiiilie) duedyruds jxe)s Je dnoa§/sjewrruy uoneIn(g
(31o1y24) L31Ing 10 Jnsay sInourny Jo UIPHU] uawrdax Surso(q (x9s) urexs ‘saradg

sjewiue |ejuawadxa ul aualfd[p]ozuaq jo saipnis Kypdiuaboumue) |'g djqel

114



Benzo[a]pyrene

(OSWQ) ¥IN

(urjdadeorn) YN

(urjdadestn) YN

(110 2A1]0) d1ng

(uridadestn) YN

+ (%6£) ¥T/61 ‘(%¥) F¢/1 21 uondafurie g

+ (%£8) $2/0T (%0) $T/0 23 uonoa(ure g

(%9£~) 05/8€ “(%0L~)

05/S¢€ (%9 ~) 0S/€T (%¥1~) 0S/L (%8~) 0S/¥

“(%¥~) 05/ :[s2AIND 35sU0dSaI-3SOP WOIJ PIALIIP

+ 20uapIOUT] 9318 UOT)I3(UT Je (SoIqy AJuTeur) J,

1000 >d TI/TT ‘ST/0 = 4 °T1/6 ‘ST/0 —~ W :V SunT

(%29)
+ 0€/0T “(%E¥) 0€/€T (%€) 0€/1 11s uonsafurie g

(%06) 0%/9€ ‘07/0~€ uowriadxg

(%L€) 61/L (%8L) ST/FT 81/0 ‘0T/0~C Iuamiriadxg

(%€9) 61/21 “(%€8) 81/ST ‘0T/0 ‘91/0~T Iuawiriadxg

dnoi3 N
x 1 Sw g1 pue

dnoid/gN
X T w1 pue (

dnoid/ps
X T ‘Tewue
/31004 T 006 ‘00€ 001 ‘€€ 0

dnoid/q s1-¢1 ‘dnoid/ s1-c1
X 1 ‘[ewrrue/3w ('T pue (

dnoi8/gN x 1 ‘Tewrtue
/31001 01 0
dnoi8/o% 10 2

X T “(1:001) OSIN/UIou®}d0LI) Ul
[Sw ¢z°0] Jowrn 60 “(1:00T ‘OSINA

/uroue)doLn) () ¢ Judwrradxy
‘OSINa

ur 1o urouejoorn) ur [Sw ¢z o] jowr

6°0 (1o1nu0d> OSINA) 0 ‘(JoNU0d
uroue}o011y) () :7 JuswLIadxy

‘OSINA

J0 urouejdorn ur [dw ¢z'0] jowr

6°0 (1013102 OSINA) 0 “([o1IU0d

(686T) o4 } 2ddry
M el

(1) AN ey

(686T1) 1304 X addryg
M el

(1) AN e

BCZ6T) 1779 110
P 0€5~
() Teastm ey

ANOONV .NE FE) >v_wcm_mm
P 00C-SZ

(4 ) (urogmoau)
SSIMG OSNOA

(6861) 1304 ¥ 2ddry
M 8L

(4) AN ‘osno

0861) '[P #2 1INOY]
ow 8|

:¢ yuawradxy ow g1
17 JuowrIadxXyg oW G|
.7 yuawrtradxyg (IN)

(OSINQ ‘utoue}doLI}) 2InJ + :2)1S UOT}3(UT e GOIqL] uIoue}doLIy) () 1] Juswrradxy wnDJ/HED OSNON
DUIYY

SJuUdUWIWO)) dueoyrudts jxe)s Je dnoag/sewrruy uonjein(g

(3p1YyaA) L31ang 10 J[nsay sInourn) Jo dUIPIU uwawirdax Sursoq (xas) urens ‘saradg

(penunuod) L'€ 3|qeL

115



IARC MONOGRAPHS - 100F

[OUBYID %5000
pauTeIuod Iajem-gunjuriq
(Tro (SOTFI1Z
u102) aperd Ayand 3soySry + Ko dnmu g yoewo1saroy) (%001) 01/0T 0
(x9%ET) 8¢/S “(%6)
¥E/€ (%0) S€/0 (%0) S€/0 (D 1o/pue J) Xukie]
(xxx%8¥) 8¥/€T “(%¥)
9%/ “(%0) 8¥/0 (%0) 8%/0 (D 1o/pue ) anguoy,
(xx%65) 9F/LT (%¥) SH/T
(%0) 8¥%/0 ‘(%0) 8%/0 :(D 1o/pue ) sndeydosaQ
(xxxx%86) LT/9¥ “‘(xxxx%8L) 9F/9€
“(%9) LV/€ “(%T) 8F/T :(D Io/pue J) YoeWO0)SaI0,]

1000070 > dixxsx (%0) 8%/0 “(%6)

€000°0 > dxxx ST/ (%0) 8¥/0 “(%0T1) 8%/ (D 1o/pue y) un

¥100°0 > dxx (%0)

(ou0329®) 9%5°86 $10°0 > d« SH/0 (%TT) LF/S (%ST) 8F%/L (%F) 8%/T :(V) 12ATT

(170 F TTH

D FLd €T x%001) £T/LT (IBWIUR/T, 1o IT°0 F 20

D74 €%07) (ST/S) “12/0 (%0) 1 YorwW03saI10,]

(rewrtue/ v Z1°0 F 65°0 V ¥1 %%TS) LT/F1

100°0 > dxx ‘(rewrtue/L, $1°0 F 8%°0 “OPV TV £ %X%9€) ST/6

(a1p 198) YN S0°0 > d« ‘(Tewrtue/y 60°0 F 61°0 °V ¥ ‘%61) 1¢/¥ 1L SunT

(%2¥) ST/TT A {(%F9) ST/9T ‘N-0T'L8
(%2€) ST/8 1 “(%9€) ST/6 IN-€6'98
(%L1) 72/ 1 “(%61) 12/¥ IN-€L7T8
(%07) ST/S 1 4(%0T) ST/S W—LFS
(%LF) ST/L 1 “(%8¥) ST/TT ‘WN-S'S¥

(%¥9) ST/9T 1 “(%9¢€) ST/6 IN-9T'ST
(%1¥) ¢2/6 ‘4 {(%TT) ST/E WN-FI°C1
(%€T) €T/S 1 “(%TS) ST/ST IN-88°L

(%9€) ST/6 1 ‘Pa1s31 10U ‘W-FT'F
(%T€) ST/8 1 “(%T1) ST/S W-TTH

"I0 jo ATepeq
dnoid/o1 M LT
M § YM/201M) (4) paxqur
98eaed Aq [ewrue/Sw [ pue () ‘OUIq[E SSIMS OSNOIN
dnoi8/g%
jorp oy ur widd o1 wdd
Gz ‘wdd ¢ (3a1p [013U0D SU0IIIE) () (d) 14£D99 2snoN

dnoi3/o¢ (S661) [0 7o pUeAI

J01p oY) Ut (Swr P 092

£9 “T1 0 *asop [e30)) wdd 6 ‘9T 0 (d) (/v ‘osnol
uoneISIUTWIpe [eIQ

(@43

10 72 I93INqUIO
M €6

(‘) 0T°L8 ‘€698
‘€LT8 LHS ‘SSF 9T'ST
FITL88L FTH CTH
nm.a se ﬁouﬁﬁmwwoﬁ

S[01JUOD [BITI0ISTY UT (%L1) €2/ A {(%07) ST/S N-G'T surex}s paiqur Org
PaAISsSqO T, SnosueIndqns oN (9%97) €2/9 4 (%91) sT/¥ ‘IWN-9d dnoi8/q gz ‘dnoid/N ¢z (pa1q Ajwopuer)
(urdadeorn) YN + 19318 wo1o3(ur Je §oIqry x T Tewrue/3n 0og 4y ‘UeLIfg “Tajswef]

dUIYIY

SjudUIWO)) dueoyrudrs jxe)s Je dnoag/sjewrruy uonjeIn(q

(3p1YyaA) L31ang 10 J[NsSaYy sInourn) Jo dUIPU uwawirdax Sursoq (x3s) urexs ‘saradg

(Panunuod) ¢ 3jqey

116



Benzo[a]pyrene

(paurquiod sdnoid asop-mo[ pue-y3Siy)

(%€S) T8T/8FT (%7) 96/T d (paurquuiod sdnoid
asop-mor pue -ysIy) (%) ¥1€/F0T (%T) 86/T W
—(S [[22-wnnonax A[ureur) 1, renonaioydwiy
(%T€) 9T1/0% “(%ST) L¥1/TT (%0)

96/0 ‘4 (%6€) S9T/79 (%¥T) T91/6€ (%0) 86/0 ‘N
-(DDS pue g) I, Yorwo1saio]

(%0%) 921/0S “(%9¢€) LF1/€S (%T)

06/T I *(%¥¥) SOT/€L (%SE) TT/LS “(%L) 86/L ‘N
-(Opy puey) I, Sunt

(%8) 9TT/01 “(%S) L¥1/L (%0)

96/0 1 “(%6%) SOT/18 “(%EF) T91/69 (%1) 86/ ‘N
—(D 1eEo0Ieday pue V) I, 19AIT

(Q “®sZ61)

dnoi3 70 72 (DITAOUT[oSSIA

/s[013u02 (001-96 ‘dnoid/c9—o¢ QWINYI[ 10 YM (6
aBejopry ‘Sl W) 1l

(utoue)d0In) YN + {(paurquiod sade [[e) dIW [4€D9d ‘T8 x T ‘Mq 3/ o1 urdn 0S1 ‘620 /VED ‘1d€D94 @SnON
uond3(ur [eauojrrdodernyuy
xOPY 96 V 1T Y onse[dowsap G¢ ,yoIqy ¥1
‘SeWITUE PaJeaI) HPY 1 V ¢ v onseidowsap 1
‘S[01JU0D ], ATRW W B JO SIOqUINN
(xxOPV TTV LV (S661)
onserdowsap L1 . V0IqY § %.°96) 0€/67 ‘(OPY dnoid/o¢ ‘v 2 AWNOAR]-[3
10°0 > dxx 1 ‘v ¢ ‘v onsejdowssap @) [pagoads A[1ead jou ofese Aqym g M 6%
(urou®1d011)) %66 S0'0 > dx ouapul] [%/€] 0€/TT :9ouUapIoul J, ATeTwrejy 9m/a0uo Tewrue/jowd oG pue 0 (1) YI(AS)ADMD Yed
($ onhoonsty upys 1 ‘OpY [BUNSAUI [ ODS
[OBWO0)$IIOJ [ ‘S SULIAIN ¢ Y TB[OIA]R-O[OIYdU0Iq
T %8S 1 9 ‘W 9) xxTT/L (4 L ‘N 9) €1/0 *--dSD (0007)
(d UDys T ‘OPV [BUBS3IUI [ Y 770 72 GOAOYUITAY
Teny[ao0jeday 7 S o13Ao0nsIy ¢ DS Yorwo)saIoy M TS
T ‘d YorWO0ISaI0] (] Y IB[O2A]-0[OIYdU0I] 9 dnoi8/q ¢1-9 ‘dnoid/N 81-9 (I )
L1000 =dxs ‘%65 I TT W 81) «67/L1 ‘(ewoydwi| 7 v rejoaafe AMET M (488D 10 - dSD) 2d4y
(110 e4os) YN £200°0 = dx -0[oIYou0Iq (%61 d €1 ‘W ¥1) £T/S 2dL1-plim /X ¢ 98eaed 4q mq Sy/Sw ¢f pue g -plim 10 _,_gSD OSNON
ERIEIEIEN |
SJuUdUWIWO)) dueoyrudts jxe)s Je dnoag/sewrruy uonjein(g
(3p1YyaA) L31ang 10 J[nsay sInourn) Jo dUIPIU uwawirdax Sursoq (xas) urens ‘saradg

(penunuod) L'€ 3|qeL

117



IARC MONOGRAPHS - 100F

(uridadeotn) YN

AN sonsnels

SN Inown) 3uny jo adAT,
(0T uaaM], %F( + durye2d
%I + uomnjos aures) YN

YN Somnsnels
(OSINA) %66 <

(TeWIU®/T, ,(,STOF €810 6 ‘d ST
19%€8) x+67/FT (%0) 0€/0 “(%0) 0€/0 -1, YorRWO01SI0J
f(rewrtue/L, 8T 1 F 8°ST DPV TV LT %001)

100°0 > dxx x6T/6T ([PWIUR/Y T1°0 F €F°0 °V 1T ‘%LE) 0€/11
S0°0 > d« ‘(Tewttue/y 1°0 F £T°0 °V L ‘%€T) 0€/L 11, 3un
(rewrrue/1, 76 7) [€€/1¢T] %9 ‘(Tewiue/T, €7°0)

+ [1€/S] %91 “(Jewriue/T, €1°0) [8€/S] %ET -1 SunT

(dsnowr/T, 17°0 F 61°T DPV 1 °V 81

£96£9) £T/8T ‘(FSNOW/Y €0°0 F 80°0 *V £ ‘%L) T0T/L

f {(esnow/y 61°0 F 1£°0 °V €1 %9¥) 8T/€T ‘(esnowr

+ JLY00FST0DPV IV Tl %ET) 16/71 ‘W i1 Sun
(%%9)

wF1/6 81/0 4 (%T8) +L1/F1 L1/0 I 1V Sun]

dnoi8/oc-67  TS661) 7072 PUCAIAL

X ‘Tewtue/3w 6/°1 P 097

{(Jo13u0 JIIY3A) () {(pajeanjun) (d) [/V ‘9snoy
(6861) NOJ R 2ddry

M 0¢

dnox3/gN W)

x T Tewrtue/3n 001 0T ‘0 UIOGMIU YN “OSNOTA

dnoi3n N M 9g
(ST8TaANduodniyes1s’s (1 W) (YDDBH :N'1d

S WAAIS as0p [8103) 31 G'6G puL ) 191SQIAN-SSIMS “OSNOIA
dnoi3/g 81-%1 ‘dnoid/y £1

(st

Z86T) [0 12 9T0A® ]

[S000°0 > d]xx PI/08T/0 A(H¥ V ‘8T ANd U0 9/F ‘9/T ‘9/1 s UaAI3 MM 76
(OSINA) %66 < S00°0>dx  o1eday 6 9%9L) «LI/ET ‘(H T %9) LI/ ‘N :L 19T £9s0p [2303) [31 6] [owr 1’1 pue o (d ‘N) 1-aD @sno
(%ST) L2/¥ (%) 1€/1
4 4(%S) LE/T (%) 8T/1 W rewoyduwA jueuSipey
(V €1) (%8%) «xLT/ET ‘1€/0 dnoig/q £z ‘dnoid/N L€
IV €T “9%SE) «xLE/ET (V T %) 8T/T ‘N i1 Sun (ST T986T) 17712 POISTM
S0°0 > dxx puUnoy [ IBAI[OU Y {(,O ‘80 ANd UO L/¥ L/T ‘L/1 S USAIS 1K1
(OSINQ) %66 < S00°0 > dx LV 11 %6¥) «LE/ST (V T %L) 8T/T ‘N L 19ATT  3s0p [e303) [3 g¥[] [owru 095 pue o (d W) 1-aD esnow
(paurqurod sdnoig asop-mo[ pue -y31y) (%81)
8£2/0S (%2) 001/T d “(%6) S8T/9T (%0) L6/0 ‘N
—(S [e2-wnnonax Afurewr) 1, refnonaroydwiy
(%07) €ST/1€ (%¥T) 9T1/81 (%0)
00T/0 I “(%I€) LET/TF (%TT) 8FI/8T “(%0) L6/0 N
-(DDS pue J) I, YorWOIS210]
(%26) €ST/TFT (%16) 9TT/STT (%9T) 001/9C
d(%16) LET/STT (%E6) 8F1/8ET T (%6¥) L6/6V ‘N
-(OPV pue ) I 8unT
(%€°T €ST1/T “(%E'T) 9TT/T %E'T “(%0)
001/0 T “(%¥7) LET/€E (%0T) 8F1/0€ (%E) L6/€ ‘TN ‘pruod
=(D Ie[n{o03eday pue ) [, 19AI] (q TSZ6T)
+ :(paurquod sade [[e) 201w 1[/VED "]0 72 YDITAOUT[9SSIA
vuﬁouomvm
SHUdW WO dueoyrudrs jxe)s Je dnoag/sjewrruy uoneinq
(3p1YyaA) L31ang 10 J[NsSaYy sInourn) Jo dUIPU uwawirdax Sursoq (x3s) urexs ‘saradg

(Panunuod) ¢ 3jqey

118



Benzo[a]pyrene

(1M 96) sdnoid 191310 s (m
65) s[ewrtue pasodxa-asop
Y311 10J paseaIdap [eAIAING
wrl €:0-7°0

I3WeIp %08 < ‘Wil 6°0-7°0
IdJoWeIP %66 < 9ZIS aP1Ied
{(uonnjos aurfes %1°0) YN

BJep Inowny Jo
Sunzodax pajrury {or3uod oN
(uornynjos auryes) YN
Sunzodai payrwry

(xemsaaq jurhadeorny

JO 2IMIXTW T:€) YN

[yorwo)saioy 1 ‘[eadeydosao g

qeadudreyd $1 ‘S7/F1] %95 [Yoewolsaioy |
‘readudreyd 9 ©9z/9] %6°9T LT/0 LT/0

-(D0S q ‘sd4jod)

11, 1oex) 9ansagdip xoddn

[, oruaSoypuoiq ou qeayoes)

¢ ‘Teadukre[ ¢1 Teseu T {S7/€T] %TS ‘[feayoen |
‘[eaSuLre] § Teseu ¢ 97/6] %9°'¥€ LT/0 ‘LT/0

-(00sS q ‘sd4jod)

+ 11, 30e13 A103e1rdsay

(%€) 69€/TT ‘S[01UOD [eILI0ISTY
+ *(%0¢) 8€/61 :S PUB BWOIRYJOSIW [BUIWOP]Y

(%268) LE/€E

+ “(%€°L) T¥/€ 'S pUE BWOI[9(]0SIW [RUTWOPQY
(uoryoas Suny/T, 61

D TV £ :%S¥) 07/6 ((Uondas Sunj/1, 0T °V T 1%S)

IZ/1 “(uon23s Suny/L 0T *V ¥ “%0T) 07/¥ 1 Sun]
(Uomd3s JAI[/L €T<D TV L

‘%G¥) 0T/6 (UO0TI03S TOAT/T, §'T D TV ¥ *%¥7T) 1T/S

(Apnys oy

Surnp pappe srewtue +) dnoid/pg
(Tewrrue/Sur (T86T) [V 72 UaSSAYT,
€8¢ /TT ‘6T 0 :s9s0p eI0AE [810)) Eleiisbing|
SM/P L P/Y € 123 BRI M T M () uapro8

/P LP/USY ‘CW/BW G ‘6’6 TT 0 uerI£g Toisurey
uonjeyeyuy

7661) 7779 12[[0Y
M OTT~

() 1eISTM ey
7661) 1772 19[[0Y
M ZIT~

(d) TeIsTp ey

dnoi3/gN
x T Tewrue/3ur g

dnoi3/gN
X 1 ‘Tewue/3w ¢ pue (

dnoi8/y¢

(ST ‘8T ANd Uo /¥
/T /1 S UDAIS €S0P [€103) [eWIUE

(6661)
“]0 J2 U[P3Uny, UOA
ow 7]

(OSA) %66 < YECO0=dx  ‘(UONIIS ISAI/L LT D TV T:%ST) 0T/€ 1 12AIT /181 111 “9¢] [owu 00¥ 00T 0 (W) 1-aD “asno
J U T, IOAT] ON
(§'T Kyordnpnw f962) $7/61 (2
Kyprdonuw $9zs) £z/p1 (8°1 Kyordnmu f9c¥)
62/€1 (0T “Kyrdnynu 945) €9/¢ (0’1 Aydridnnw
969) #9/¥ 7S M Ie {(6'T Aydridnmu £9469) €7/ST
(6’1 Kydrdnnu 98¢) F¢/€1 (0°T Ayordnmu (Z66T) 10 79 ZonsLIpOy
9%€T) 9T/9 65/0 “F€/0 *6€ M 18 (0T Kardridnnu dnoid/g ¢ < ‘dnoIB/IN 0 < M TG WM 6€ M 9T
SINOWIN] [IBW0ISII0J ON 9%6) FE/€ ‘ST/0 6T/0 8S/0 TF/0 9T IM IV x 1‘Mq 8 £/31 /¢ ‘05T ‘571 . d ‘W)
([10 ur102) YN + ((N) I ToATT (S[O1U02 J[IIYA) () {(pareanjun) () JUBJUL [J£D9Y ‘OSNOIN
DUIYY
SJuUdUWIWO)) dueoyrudts jxe)s Je dnoag/sewrruy uonjein(g
(3p1YyaA) L31ang 10 J[nsay sInourn) Jo dUIPIU uwawirdax Sursoq (xas) urens ‘saradg

(penunuod) L'€ 3|qeL

119



IARC MONOGRAPHS - 100F

£3o103s1y payrwurT

(09 uvamf,

INOYIIM IO YIIM UOTIN[OS
surpes [eardojorsAyd) YN

(uonn[os aurres %e6°0) YN

(urdadeorny
/XBMS93q JO IMIXTW T:T) YN

pozIurjerdy

Apueurwopaid DDHS
(uonyisodwoo

Surdrea yo arnyxrur
UIOU®]O0LI}/XeMSI2q) %966

(urjdideorn
/XBMS2q JO TMIXTW T:T) YN

(utouejooLn) pue

(1. Sunp
cm_cu@ 1 Jc.mcw:mg 8T ‘%S6) 0T/61 ‘05/0 ‘05/0
+ (L MEE ucwﬁw:me 61 %S6) 0T/61 ‘0S/0 ‘0S/0 N

(0DS/oPVY
+ POXIW [ DDS S V T %61) 9€/Z 0%/0 -1 Sun]

(.L PRIRRURIZIPUN T “DDS € %F )
+  6/7 (DSPV T DDS T %0€) 01/€ ‘01/0 ‘61/0 -1, Sung

(D0S

LT %T°LL) [S€/2T] “(DDS 1T “%¥'1€) [SE/TT] “(DDS

+ € 19%9°8) [S€/€] “(%0) [S€/0] “(%0) [S€/0] :L SunT
(DDS 6 :%69) €1/6 ‘(L pRIenu2IahyIpun g ‘0DS

0T ‘%92) 62/TT (L. PA¥eIUIPIPUN T DDS 9 %£T)

+  0€/L (1, PRIRNULISPIPUN T 1%¢€) 6T/T ‘0F/0 -1, Sung

(0 prowrapida ¢¢) (%€ #6)
[s¢/cg] «(S orydaowoard 7 «p prowtapids 17)
(%.°69) [s€/€T] (S dtydaowoard 9 5 prowraprda

(T661) 1P 72 poquIals

dnoid/pg 10 07 M ZIT
M FH M /2010 (09 ‘s[ewTue pajear)

uaaM], Y3tm auifes [esrdojorsAyd) S[M €T ‘S[0IIU0D)
uone[Isul/mq 3x/Sur (W)

‘(ourpes [eordoorsAyd) g pue o Aoyme(g-onSeids ey
(AT N R

M 9TT-VTT

(d) 83ass1y

/N M-TRISTM Yoy
uonjeIsIUTUIpe
[eaydexyenuy

(T66T) TP 72 BMENLIOH
M 00T

(W) (Bonarrred e
(066T)

U jo SUNIIC]-[9ZUSM,
(sfonuod

dnoi8/g¢  apo1yas) M oF1-(dnoid

X T ‘Tewrue 9S0p-MO[) M F¢T

/81 00€ 00T ‘0€ €))

‘(0102 J[OTYIA) ( {(pajeanyun) ) [PUSA-2UIOGSQ ey

dnoi3/gN
M 07 SM/a0u0 Tewrtue/Sw | pue ()

dnoi8/01-6
x T ‘Tewrtue/3n 00T ‘00T ‘0S 0

dnoi3/gN (6861) ]V 72 EMBSEM]

X [ ‘Tewrue MM H0T

/8W QT ‘€0 T°0 ‘€0°0 0 (IN) 2ISN/FFEd ‘s1ed
(€86T)

1D 19 [9ZUI M\ -UISINo(J
(S[oryuod pajearjun)
M ¢e1-(dnoxd
asop-y3ry) ¥9

dnoi8/s¢
X T ‘Tewrtue/Sw 0’1 €70 ‘1°0

XBMS$39q JO JINIXIUL 1) %166 + %) (%9°82) [S€/01] “(%0) [S€/0] “(%0) [S€/0] 1L SunT ‘(JTo1uod 3p1YR4) ( (pareaiiun) o (1) WO Y
uond3fur

Lreuowrpndexyuy

DUIYIY

sjuawWwWo) duedyrudrs jxe)s Je dnoa§/sjewrruy uonyean(y

(3p1YyaA) A31ang 10 J[nsay sInourn) Jo dUIPHU] wawirdax Sursoq (xas) urens ‘saradg

(Panunuod) ¢ 3jqey

120



Benzo[a]pyrene

AN SOTISIIRIS {pauIquIod

J pue JA 10J Bjep Inowny,
(womnjos aures

%60 Ut 2une[PS 95°0) YN

(uoTIn[os JuIles %6°0) YN

eworduewaey [ ‘§oiqy [eafeydosao [ ‘Opy

[eUI [ Y [€J13I000UAIPE ¢ TR NI [[90-1SB[q ¢
—S[ewTUe Pajea],

V [euar |

—S[0I3U0))

1S9)1S IOYJ0 JE J,

(S0IqOINAU | BB NI

snoudopadw [ O paxrw T D onsejdeue g ‘ODS [
“DPV S “V € “UOISI[ PIOJRWOUIPE IL[OIYIUOIq
Arevownd ¢1 “DOpVY [BIYOUOIQ T ‘SOIQY T “DDS

T OPV 1 ‘sd4jod [eaypeny £ OPY 1V IdT
sdA1od 1eaduLrer 9 «dAjod [eseu 1 ‘90%) 59/9¢
—S[eWITUE PaJeaI],

S[eWTUE /F/SUOISI] PIOjewIoudpe

rejoryouoiq Areuowrnd 9 ‘d£jod eayoern 1
-s[013u0))

+ 11, 3oe1) L1oyeridsay
(D onsedeue

TOPV 1 OSPV € “O0S ¥ ‘v Arevownd 91 O
onserdeue [ Opy ¥ ‘OSPY ¢ ‘00S ¥ d ¢ ‘d&jod
[BIY2U0Iq [ “DSPV T ‘DDS 11 ‘d [BdY2’1I 9 1%€6)
82/97 (OSPV 1 “0DS T d 1 ‘d4jod [eryouoiq ¢
5019y 1 “DSPV 1 ‘DD S d 6 ‘d4jod [eayden ¢
£0698) 67/5T (V Areuowrnd £ g [eaydeIl G 190¢€)
0£/6 (v Areuowrnd ¥ J [82Y9RI) T $%€T) 0€/F

(v Areuowrnd T ‘q [eaydRI) € 9%0T) 0€/€ 67/0

+ 11, 1061} L1ojeridsay
(OPV 1 'V 8 ‘UoIs9]

projewouape Arevowynd 17 ‘DPV T V [BIYOUOIq T
008 [eaY2e} 9T DD [eBUAIR] T £918) £T/TT~d

(DDSTOPV 1
¥ § ‘uorsa] projewouspe Lreuownd 9z “DDS LI

€L61) [V 2 ATUSH

VTS
dnoi8/sjonyuoo 6z ‘«dnoid/ps  88-09 I M 88-£9 ‘N
Mg (4 ‘W) uapros

[m/a0u0 Tewrrue/Sw 6'GT-¢ €T 0 UBLIAS “Tojswef]

70 Jo UOIo ]
dnoi3/o¢ M 8/
MM 7S YM/90U0 Tewiue () uaprod

/8w QT ‘670 °ST°0 ‘STT°0 °5290°0 0 ueLIAS RIswel

CL61) UOIoq

AN ‘d TBRYDRI) T £%99) 67/61 (UOIS] plojetiouspe dnoi8/g¢ M g/

SOI1ISTIRIG S[OIJUO0D S[RUISJ ON| Areuownd ¢ ‘g [eayoea) 1 ‘%77) L2/9-IN M 9¢ M (4 ) uaprod
(UOTIN[OS UITES %6°0) %66 < + :SUOTSI Projewroudpe/, Joer) L1ojerrdsay  /oouo Tewrue/3w [ ‘(JA 10§ A[U0) UBLIAS “Io)Swef]
ERIEIEIEN |

SJuUdUWIWO)) dueoyrudts jxe)s Je dnoag/sewrruy uonjein(g

(3p1YyaA) L31ang 10 J[nsay sInourn) Jo dUIPIU uwawirdax Sursoq (xas) urens ‘saradg

(penunuod) L'€ 3|qeL

121



IARC MONOGRAPHS - 100F

(v Suny g ¢q [eayoen

¥ ‘d [ea8ukie] 1 987) 67/8 ‘(d [B2Y2®13 T %)

62/2 “(OPV Sun[ [ d [eaYoe1} T 9%11) £T/€ LT/0 d
(v Suny

€ ‘d reayoen € 008 T ‘d [Ba8uLIe] T 19%0¢€) £T/8
“(DPV ¢ ‘v Suny ¥ g [eayoen) £ g [eadukre] 1 <97S)
ST/ET (v Bun g | [edYdRx) T {%1T) $T/S LT/0 W

dnoid/p¢
X 1 ‘qewrue

/13pnq SUL, ur Sw 9T ‘g ¥ 0

+ -z wswnradxyg 17 yuawnradxy

7761) 0 Jo Te3o3]

d 10J

(v Suny g ‘g reaSudre] T ‘9¢T) 827/€ (v Suny T %¢) M 89 pue A 10J M €8

0€/1 (v Bun[  ‘q [eayde1 [ {%01) 67/€ ‘8T/0 4 03 dn :7 yuswnadxyg

(ST v Sun| [ g [eaYoRI) € ‘%GT) £T/F (S Sun| ¥ A 10§

‘d [eaYoR1} T DD [ed8uLe] [ 19%81) 87/S (S Bun | dnoiS/og  m 0L pue N 10F M 68

d Tedyoen) T | reaSukre] 1 <9%01) 0€/€ ‘¥2/0 W X T ‘[eWTU®/UOIIN[OS 0} dn :1 yuowrtzadxyg

(1opgnq suy, —1 yuswrradxy QUI[eS 9%6°0 U SW 9T 8 F 0 (1 ) uaprod

10 UON[OS JUI[ES %6°0) %L6 + 11, 3061} L1ojeridsay T yuowrnradxyg UeBLIAG I9)SWeL]
(D02111000URIPE ¢ “YOIIJI0D0UdIPE |
@UIOISUBWARY JOAT] | ‘BWOUR[RW UDYS | J
[0BWOISAIOJ 17 ‘%FS) 8%/9¢ (D onsejdeue

1 ‘ewoydwA] 7 ‘q YoewWOo3saIog ¢ ‘%¢T) 8%/9 9Z61)

1$9)1S T30 Je T, ~[D J2 Tewnye[[os

(v dnoi83/g% M 00T

Sun| 1 ‘q [edYden) § ‘q [eISULIR] T {9%ST) 8F/L ‘8F/0 M QT M (W) uap[o3

(UoTIN[OS UITES %6°0) %66 < + 11, 3061} L1ojexidsay /oouo ‘Tewtue/3u ¢ ‘(pajearyun) ( UBLIAS “I)SWef]
(v Areuowrnd ¢ ‘g Teryouoiq |

DS € ‘d [eYdRI) T 1%8S) TI/L ‘0%/0 ‘07/0—d (926T)

OpPV 1V imcoﬁzsa SOPV 1 ‘DDS TOI9J X3 9SSATIIY

[eryouoiq T § T D donserdeue 1 ‘DS ¢ J [eoYden dnoid/p¥ 10 /1 M QL

¥ ODS 1 ‘d [ea8uk1e] T 19%¢6) F1/€T ‘0¥/0 ‘0F/0~N M 76 M 7/20U0 ‘[ewrue/Sur (4 ‘W) usp[osd

(uonnjos auryes) %66 < + 11, 1061} L1oyexidsay (S[onuo0d 3d1Ya4A) ( (pareaniun) ( UBLIAG Jo)SWeL]
(00S
1 “OPV € V 8un| o1 “DDS [eryouoiq [ ‘sd&jod
[eayoe1} 7 d [eSULIe] T £98°€S) 97/F1 ‘07/0—d

(OSpV ¢ D dusefdeue [ ODS € OPV (SZ6T) TyseAeqoy]

£V 8uny g “DDS Teryouoiq 1 J T ‘dLjod [eaypen M 09

1 ‘d4jod [eaSudie] 1 9%¢°T¥) 97/11 ‘0T/0-IN dnoi3/1 8z-0t ‘dno1d/IN ze-0T (4 ‘) uap[os

(ourres %6°0) AN + i 1oex) £10jeardsay M (¢ NM/20U0 ‘TewIue/3uI | pue () UBLIAS “I9)SWeL]

dUIYY

SjudUIWO)) dueoyrudrs jxe)s Je dnoag/sjewrruy uonjeIn(q

(3p1YyaA) L31ang 10 J[NsSaYy sInourn) Jo dUIPU uwawirdax Sursoq (x3s) urexs ‘saradg

(Panunuod) ¢ 3jqey

122



SINOWN) WY} I9YJO SUOTSI]
Areuowrnd woiy syjeap
A[res fuewr 03 onp sdnosd
I97)0 1) UT Je[) URY) JOMO[
yonuwr sdnoid asop-1saySry
OM] UT [BATAINS 25 IoAY
juasaxd

osre wl og 03 dn sapnred
mnq wd o1 > £y0few :9z1s
spnred {(uotinjos surfes

Benzo[a]pyrene

sdnoi3 pajeon

(DDS ¥ v 8un[ 1 “ODS § ‘d [BaY9e1 T DDS

T ‘d TeaSudre] 1 9%1¢€) 67/6 (DPV T DDS Suny £
DDS 11 ‘d [eaYden) § “DDS T ‘d [eafukre] T £9499)
62/61 (OPV 11 “D0S § °V 8unj ¢ DS 6 ‘d [eayoen
¥ ‘q/sdAjod [eaSudkie] 7 DD [eseU T %¢£8) 67/7C
(OPV § DDS T v Sun[ ¢ DS T d [Bayed) |
‘g/sd41od 1eaSudre] 7 <%1€) 67/6 ‘8T/0 67/0

dnoid/p¢
YM/20U0
‘Tewrtue/3w 0T ‘G°0 ‘ST°0 ‘STT'0

6Z61) [0 72 1393

M 88
03 dn Tearains oerony
() uapro8

%6°0 + I2PNq SIIT) %/6 I8 T00°0 > d 11, 1oexy L1ojerrdsay ¢(S[OI3UO0D J[OIYDA) () {(paIea1jun) ( ueLIAG I9ISWeL]
w1 > 9¢ ‘wrl ¢ >
%6L W O > 9%86-[[ews wr (d [edyoen (8Z61)
G > 901 ‘wn QT > %9¢ “wl DS T ‘d Ted8udkae] 1 ‘o17) 9%/ (D onisejdeue PUE[MOY X3 SPequals
0T > %06 ‘W O¢ > %86-231e] TV €DDS 6 ‘d [e1youo0Iq ¢ °I, payroadsun ¢ dnoxd/(1+ W) 8%  >IM 06 01 dn ‘ownayIT
:ySrom £q az1s apnyred “DDS 0T ‘d [eayoex) 7T ‘q [eaSukIe] G £9499) /¥/1¢ MM QT S[M/20U0 Tewrtue/sa[oryred (I ‘W) uapros
{(woTIN[os JUI[.S %6°0) %¥'66 + ‘9F/( :(pauIquIod J + ) I, 30e1) A10jeridsoy  qrews Swr ¢ ‘soporyxed adxey Swr ¢ UBLIAG “Ta)SWweL]
(DOS € v oruagoryduoiq ¢
‘d [eaYPRI} € 1%07) 0€/9 (DOS T V 2ruadoryouoiq
G ‘d TedyoeIl /£ ‘9%9¢) 87/0T (V druadoryouoiq 8/61) [0 Jo eI
sdnois 1ay30 ay3 ur ueyy 0T ©DDS T d [B9YPRI} T %0F) 0€/ZT ‘0€/0—d g 103 M
dnoi§ asop-y3ry ay3 ur 1amoj (v oruadoryouoiq ¢ J [edyoen) ¢ G¢ pue JA 10 M TH 0}
UONW dW) [BATAINS 9FeI2AY 0577) £7/9 (W d1uadoryouoiq ¢ ‘g [eaydesd G %¥7) dn rearains ageroay
(urwngqre 62/ ‘(v druadoryouoiq g %61) 97/S ‘67/0-N dnoid/o¢ (4 ‘W) usp[osd
WNIIS dUTA0Q %0T) %L6 + 11, 30e1) A10jRIIdsay  Mm/aouo Tewrue/Sw 0T ‘€€°0 ‘T°0 0 UueLIAG “I9)SWeL]
(v Lreuowrnd ¢ ‘HpVy [eryouoiq
1DDS 7 ‘d [eaydend T 9%67) $¢/. (v Arevownd T
‘g reryouoiq T ‘g [eaSukie] 1 {9171) £g/€ (PoUIqUIOd
S[OIIUOD J[OTYIA PUE pajeaIun) 8z/0—
(D onsedeue
1D0S 1 0PV ¢ ‘v Arevowrnd 11 OpV 1 ‘d
[eryouoiq ¢ ‘s 1 <D onserdeue 1 ODS T ‘J [eayoeI} 8Z6T)
G °q reaSudkre T <9¢9) 0¢/61 (v Areuownd 7 g dnoid/p¢ 10 61 3SSATLIY] 33 U0I9]
[eIyou01q T d [BYIRI T ‘%FT) 6¢/F ‘(PaUIquIod M M T8
AN Sonsnels S[OIJU0D J[OIYIA PUE pajeasjun) 0¢/0—IA 7S S[m/o0uo Tewrue/Sw /0 ‘GE°0 (4 ) uaprod
(Tonn{os AUI[ES %6°0) %66 < + 11, 30exy L1ojerrdsay ¢(S[OI3UO0D J[OIYA) () {(pa3eaniun) ( uerIfg aajsurer]
DUIYY
SJuUdUWIWO)) dueoyrudts jxe)s Je dnoag/sewrruy uonjein(g
(3p1YyaA) L31ang 10 J[nsay sInourn) Jo dUIPIU uwawirdax Sursoq (xas) urens ‘saradg

(penunuod) L'€ 3|qeL

123



IARC MONOGRAPHS - 100F

£3o10351Y parwry
076 X0119jAeq
‘0¢T X0119jKeg

(09 UM,
INOYIIM IO YIIM UOTIN[OS

sfewrtue 0z ut [, uruaq g pue jueuSijewr /|
‘sfewrTue ()7 Ul I, Jueuijew 91 ‘S[EWIUE (7 UI
1 udruaq 1 pue jueudijew g1 ‘S[ewWIue ()G UI T,
u8ruaq 1 pue yueudiyew 1 05/0 ‘05/0 ‘05/0—1
s[ewrue

0z ut I, uStuaq 1 pue jueuSiew £ ‘S[ewrue
0z ur [, uSruaq | pue jueudijew [¢ ‘S|ewue
0z ut I, JueuSifew 61 ‘05/0 05/0 ‘05/0 ‘05/0~IN

dnoi8/pg 10 02

M OET~—F¥ M /aou0~

‘026 Xo11a7heg mq S/ 0p-01
+mq Sy/3w £ ‘0¢T Xo11o3deg

Mmq 8y/3w oF—01 + mq Sy/8w £ ‘mq
3y/8w £ (HOO2d-0 Sno1qy 9%1°98)
0276 x01195keg Mq 3/Sw F—01
(‘0240 21912 %7°96) 0€ T
xo119jAeqg mq 3x/3w 0F—Q1 ‘(durfes

(T66T) 7P 72 JOYUTaIS
M 01 03 dn
d M)

surpes resrdojorsAyd) YN + :L, Sun reor3ojorsdyd) o «(poreonyun) g Aopmeg-onderdg Jey
Ssaxqy/sapnred, pue susaifd[r]ozusq Jo SUOIIBUIQUIOD JO UOTJRIISIUTWIPE [eIYdLIJeIIU]
(D umys 1 “DDS ynow g ‘ewrojeday
I ‘1, 9nss13-)jos ¢ “}oer) [eunisajurorises ay) jo
DPV T DDS 1 ‘ewoydwL] ¢ 9oen) L1oyeridsar (7861) 10 12 IS9[pOD
) JO D PAIBNUIPIPUN T “DDS 6 %T€) M 621
(uomnjos aurpes +08/57 “(ewoydwi4] ¢ <O Suny pajenjuaioyIpun dnoi3/og () uapros
%6°0 ut aunePsd %S5°0) %66 < 100°0 > dx SIIJURDTNW T £04G) 08/ I, WRUSI[RIN M GT NM/20U0 ‘Tewrtue/Sw ¢ pue UueLIAG “Tojswel]
(OPV 1
v Areuownd / ‘g [eIryouoiq g J [edyoen ¢ g
[ea8udkre] T ‘9%¥¢) $¢/T1 ‘(DPV 1 °V Lrevownd £
‘d [BTYOU0Iq T ‘S T DDS T ‘d [BAYeN 7 %1¢€) T€/61
(v Areuowrnd 9 ‘g Teayoen) ¢ ‘ [eaSulie] 7 <987)
7¢/6 (v Areuowrnd ¢ ‘q reayoen) ¢ |J [eddukrey 1
“9%91) T€/S “(V T ‘d [e1y2u0Iq 1 :%9) %€/ (V
Arevownd 1 °q [eayen T £%9) €€/ ‘87/0-d
(D onserdeue z ‘Opy
¢ v Arevowrnd ¢1 DS 1 ‘d [e1Y2U0Iq [ DDS
AN sonsneIS T ‘d 1eayoe11 9 008 T ‘d [ea8ukre] 7 ¢%89) €/€T
(uonnjos (OpV 1 ‘v Areuowrnd 1 ‘S 7 ODS ¥ ‘d [e2Yoen)
QUI[ES 96°0 UT durje[dd) 6 ‘d Tedduhre] ¢ <o¥.) ¢/ST (v Areuownd dnoi8/s¢-0¢
wrl o1 > %61 ‘Wi 0 > %TL 6 ‘d [eaYoe1) € °q [eABUAIR] T ‘%TH) T€/€T ((V MM 76 M
98uer-apim cwr 91 > 94¢ wm Arevownd 1§ T ‘g [eayoen) [ ‘q [eaSudkie g /oouo Tewrue/soporred afuer-apim 0861) 0 7o UoI3]
¥ > %L 9s1e0d swin g'¢ > 061) 1€/9 «(V Suny 1 g [eaypen 9 g [eadukre]  Sur o1 ‘soporred asreod Swr 01 ‘50 M SOT
%09 ‘wil 7°G > 9%/, uy T %12) $¢/L (d [e98uk1e] T ©9%9) ¥€/T 6T/0-N ‘sopnaed suy Sw o°T ‘60 “(Furpes (d ‘W) uap[os8
:JySrom £q az1s sopnared YN 4 11, 3061} L1ojexidsay %6°0 ut auneas) o ‘(pareanun) ( UBLIAS “I9)SWeL]
DUIYY
sjuawWwWo) duedyrudrs jxe)s Je dnoa§/sjewrruy uonyean(y
(3p1YyaA) A31ang 10 J[nsay sInourn) Jo dUIPHU] wawirdax Sursoq (xas) urens ‘saradg

(Panunuod) ¢ 3jqey

124



Benzo[a]pyrene

(d € *%T1)

£7/€ (d 11 2%67) L1/S (DO T ‘d 0T *%LT) 0€/8 (d
0T *%61) LT/S (d 6 *%07) 0€/9 (d ¥1 ‘%T€) 8T/6 d
(d T %%¥) 8T/T “(d OT “%€T) TT/S “(d 8T ‘%LE)
0€/TT (ODS T d 8T *%T€) ¥E€/TT (d 6 *%IT) 8T/9
(D0S T d €1 *%9¢€) TT/8 N

—1, [oBUI0}SAIO,]

(v Areuowrnd 7 v ¢ ‘OpV 9 ‘D onsedeue

01 *DOS [BIY2U0Iq 9T ‘S0IqY T ‘SOUIdIED [ ‘DDS
71 ‘d4jod 1 °q reayoen 11 ‘DS TeaSukIey ¢

“9%¥9) §5/5€ (v T D08 Arevowrnd g Opy T O
onserdeue 11 ‘DDS / ‘d [eryouoiq ¢ <O onsejdeue
I “D0S 0T ‘d 194981 T £9%¥9) 6€/ST “(V 9 D
snsejdeue g ‘9§ Arevowrnd ¢ v [ “DPY ¥ D
onsejdeue g “ODS 1 ‘d [e1youoiq T O onsejdeue §
D08 € ‘d € ‘sdAjod [eayoen ¥ ©947F) 09/5T (O
onsefdeue [ Opy 1 00S 1 ‘v Areuownd 1 ODS
[eryouoi1q ¢ “DDS S ‘J ¢ ‘sdAjod [eayoen g (987)
19/£1 “(OPV ¢ ‘v Areuownd ¢ Opy ¢ 00S ¢
«d£jod eryouoiq 1 ‘sd4jod [eayoen g ‘o¥1) 85/8
{(DDS Areuowrnd 1 ‘D onserdeue [ ‘DDS 7

V1 ‘d [eIY2U0Iq T DS T ‘d [BAY2®I} T 9%F1) 05/L
—(paurquiod  + ) I, 3061} A10jexrdsay

+ 7 yuawtradxy
(1L 9%%TT) €€/%
(I S *%S) £6/S ‘(L € %7) 68/T (LT *%S) ¥¥/T d
(XL 9T *%0¢€) £T/8 (L
S€ “%91) T6/ST (L S *%S) 101/S ‘(L 9 ‘%I1) S¥/S W
—d YorWO)SaI0] dnoi8/q £01-8T ‘dnoid/N 011-€T
(V Ie[oryouoiq g M G 9[M/20U0 ‘OPIXO JL11d) Suwr GT
0 onsedeue 1 ‘9pg orwaSoyouorq g v 1°d + Sw 6T ‘oprxo orxxey Sw o1 + Sw o1
[BTYoUO0Iq T %8T) €€/9 (DPV 1 V Ie[0oIyouoiq ‘oprxo o111y Sw g + Jw g
1 ‘d 1 ‘d4jod Teayoen 1 <%¥) £6/% ‘68/0 ¥¥/0 4 (19431 3sop/sdnois 7)
(D onserdeue 1 )N sruadoyouoiq Z yuawrradxy x [ (CZ6T) 0 72 11301 eS
1 “V [e1youoiIq T %11) £2/€ (V [eryouoIq T 4 ‘[ewIue /opIX0 O1113) SW G/ (oM
T ‘d4fod [eaypdess 1 9¢) 76/€ T0T/0 ‘SH/0 N + 8w §'7] Oprxo o119y 3w Gf 0F1 03 dn) swnayIy
9PIXO JLIId] -1, 30e1) L1oyeaidsay + Swr g “oprxo o11193 ur g 0 (4 ) uaprod
(UoTIN[OS JUIES %6°0) YN + T Juawrrradxy I yuswrradxyy uerIfg aajsurer]
DUIYY
sjuaWwWo)) duedyruds j1e)s Je dnoa§/sjewrruy uonjean(
(3p1YyaA) L31ang 10 J[nsay sInourn) Jo dUIPIU uwawirdax Sursoq (xas) urens ‘saradg

(penunuod) L'€ 3|qeL

125



IARC MONOGRAPHS - 100F

apIx0
wnIsouUSeur ‘OpIxo JIIIdf

(D onserdeue

€ DDS L1 “OPV ¢V ¥ ‘d [eryouoiq g O onsefdeue
T 0DS T1 ‘d [e3Yoea3 § “ODS ¥ ‘d [ea8uLkre] 01
£9%0L) $H/1€ “(DSPV T “DDS 6 DPV 8V € ‘d
[eryouoIq 1 OpV 1 DDS S ‘d 0T ‘d4jod Teayoen

I “DDS € ‘d [e38uLre] 11) [%IL] SH/T€ 68/0

dnoid/p6 10 8%

M GT

S[M/20UO [BWIUB/IPIXO OL119) Swr
¢ + 8w ¢ M 07 YM/20UO TewuTuE
/oprxo wnisauSewr Sw | + wr g

(SZ6T) TP 72 JPequals
(m

0Z1 01 dn) swmagry
(I ‘W) uapros

‘{(motyn[os auIes %7z°0) YN + :(paurquiod  + JA7) sInowny joex £1ojerrdsoy ‘(pa3easyun) o UBLIAG “To)sWef]
(d €€ *%8¥) 1¢/ST (d ST
9%9¢€) €€/T1 (d 0€ “%67) SE/0T (4 + IN) €61/0-d
(d ST *%LT) $€/9 (DOS T4 91
“962€) T€/0T “(d LE *%€S) TE/LT “(d + ) €61/0-IN
11, YORWIO}SAIO,]
(OPV 9 v uny 9 ‘O onserdeue 7 Opy ¥
D0S ¥ ‘d 1 ‘djod [eryouoiq 1 9DS 1 g 11 ‘d4jod
[eayden) 9 “00S 9 ‘dAjod [eaduLrey ¢ 96¢) 99/97
(OPV ¥ ‘v 8un| £ ) onsedeue [ Opy € D0S ¥
d 1 ‘d4jod reryouoiq ¢ “DDS ¢ ‘d 6 ‘d£jod [eayoen
€ “DDS 9 d € ‘dAjod eauLre] 1 «o%¥¥) $9/8¢C dnoi8/sjonuoo ¢e1 ‘dnoid/o¢
(OPV 1 ‘v 8uny £ D o1seideue [ OpV 6 D0S § MM 0T M (€261)
«d4jod 1eryouoiq ¢ “DDS 7 ‘d 9 ‘d£jod reayoeny £ 7/29U0 Op1X0 J1119) Swr 6 + Swr ¢ ~I0 Jo Tewinye[ps
9PIX0 O1119] 0DS € d € ‘dAjod 1eauLre ¢ ‘%6¢) £9/9T ‘€61/0 OpIxo o1119§ Jwr 9 + Juwr ¢ OpIxo M 00T
{(uomnjos autyes %6°0) YN + :(pouIquod J + JN) I, 30ex) L1ojerrdsay orr1ey Sw ¢ + Swr ¢ ((pajeanyun) 0 (J JN) ULIAS To)SUIBRE]
dnoi8/g%
(8w g¢ ysnp Bwr G~ 9sop [€3103)
ow G'9 Jo poriad B UTYIIM X GF
(w g > az1s oponyaed) ‘rewrrue/ysnp oraydsowne 81 g8 + qcZ61) 10 72 1304
Auewion ‘wnydog woiy 3snp (%€€) 87/91 (%67) 8%/¥1 (%¥) 8F/C  uOnN[OS auIes/09 UM, ut 31 o€ swnI A[qewnsarg
orrdydsow)e {(Uorn[os JuIes :(Iyou0Iq IO BIYORI) XUATL] Y}  ‘UOIIN[OS JUI[eS/)9 UIMT, UT 31 0F¢ (1) uapo3
/09 uamT, ‘urjAxdeotay) YN + Jo 1, jueudiews pue udruaq) J,30e1) A103errdsoy urdadeorny ur 3 op¢ UBLIAS “I9)SWeL]
DUIIY
sjuawWwWo)) duedyrudrs jxe)s Je dnoa§/sjewrruy uonjean(y
(3p1YyaA) L31ang 10 J[NsSaYy sInourn) Jo dUIPU uwawirdax Sursoq (x3s) urexs ‘saradg

(Panunuod) ¢ 3jqey

126



Benzo[a]pyrene

(S01qy 01 “V0Iqy T “DPV 8
£9%08) [02/91] (S0IqY ¥ “OPV 9 <%05) [02/01]

dnoi8/oz
x T ‘(pued Arewrwrew

WS 6) [Sw 7F] jowr 91
‘(Bw 1] ¥ ‘(pue[S Arewrurew

(88861) 77 72 LISI[eAR))

M 07
()

(912124 0U) %66 < + “%0) [02/0] (%0) [0Z/0] I puelS Arewrurejy [eI91e[RIIUOD PIjeaIIuUN) () PUE () Kopme-anSerdg gey
uonjensTuUTUIpe Are[[Iurewres)ur 1o ATewurewres)uy
079 [0S
M ZE-FT PUe 07
dnoi3/sjoryuoo g ‘dnois/gz ‘G JO)® S[[IY] WLId)UT
M OT M YIMOM FF-0F 03 )
(M FF-0¥ 125E) 01/1 ‘9/0 :DDS yonod [edong  /20IM] [eWTUE/UONN[OS NW (T 0 (W) uapro3
(110 uygered) YN [10°0 > d]« (OIM FF-0F 19Y®) L0T/8 ‘9/0 :d Yyoewoisaio]  yim yonod [edonq yjoq jo Jurjureq UBLIAS “Io)swef]
yonod fesong
(OPV 1
“DSPV 1 DS Areuowrnd g ‘d£jod rerypuoiq 7 g
[eayoen g J [edSukre] 1 11, 7T 1%S€) 97/6 ‘S€/0—d
(DPV 1 “OSPV T ‘DDS Areuownd ¢ ‘OpVT (G861) [V 72 Stopuioy
‘D08 ¢ ‘d4jod [eryouoiaq z “DDS T ‘J [eeydeI} dnoi8/s¢ M 78
9PIX0 J1119] 1 ‘d Ted8udre] ¢ i1, ST <%0S) $2/2T “TE/0-IN MM 9 YM/OUO ‘Tewue (I ‘W) uapjos
{(uorn[os aulI[es %6°0) YN + 11,301 A10jeridsay /aprx0 o1119y Sw 9 + Swr g pue () ueLIAG “Tojswel]
(ewo1qy [[22-snourenbs 1 ‘DS YorWO03SII0] ¢
‘Y PIOIAY} [ ‘BWOIQY UBLIBAO | ‘J YOBWO0)SAIOJ $T
DD [e1You0Iq T “DDS T ‘d [e3Y2e1} € | [eaduLre]
T “%2¥) 8%/0C ‘(ewoydwi4] [ ‘v T ‘ewoiqy
QULIdIN T Y PIOIAY] [ d YOBRW0)SAIO0J 0T “DPV €
vy 8unj 9 “DDS [e1YdUO0Iq € ‘DDS ¢ ‘d [edYoen) § dnoi3/0g
DD [eAZULIE] T £9%75) 8%/ST (DDS YorUW0)$I0] T MM (07 S[M/20UO ‘[euITue
ewoydw4] [ “y [E21310D [eUIPE | ‘BWOIFUBWIORY /3UT[eS UT 9PIXOIp dsaueSueur
oruapds 1 ‘DD [eryouoiq ¢ “ODS T d [edYoe1) ¢ Sw 6’1 + 3w g°1 “Quryes ur opIxoIp 6Z61)
$6€7) LB/TT (d YoOBWO3SAIOJ GT d [BdYRI} F DDS  uodIis Swr ¢ + Swr ¢ ‘Qurfes/aurje[dsd PUE[MOY X3 SPequals
I ‘d Ted8ukre] 1 ‘96¢) 9%/8T ‘(ewoydw4] 1 q ur 3w ¢ ‘ourpes ur w ¢ ‘Qurpes ur (oM
SPIXOIP UODI[IS ‘OPIXOIP [oewo1saIo] T %¥F) 8%/ (%0) 8¥%/0 ‘(ewroydw4] 7 aprxorp ssoueduew Sw 61 Qurpes 001 03 dn) swnayry
asoueduewr (aurfes ur 0F) ST/ ‘(d YorWO0ISAI0) ¢ <9%7) 8%/1 ‘(ewoydwL] Ul OPIXOIp UODI[Is Jur ¢ ‘(ur[es ur (4 ) uaprod
QUIIR[28 950 QUIES) %66 < + T:%T) 001/7 :(pauIquiod  + N) L[V  2unepEsd) o (dulfes) o (pajeanun) o UeLIAS I2)sWe]
ERIEICIEN |
SJUUWIWO)) dueoyrudrs 1xe)s Je dnoag/sewrruy uonjeIn(g
(3p1YyaA) L31ang 10 J[nsay sInourn) Jo dUIPIU uwawirdax Sursoq (xas) urens ‘saradg

(penunuod) L'€ 3|qeL

127



IARC MONOGRAPHS - 100F

901110 [RUE

100070 > dxxxxx

(DDS T d 6 “%TT) 3xxx6V/T1

“(00S Td €:%02) 01/S (DDS T %) 6%/1-d
(00S 1

‘d 6 °%0T) xxxx0S/0T “(d T *%¥) 0S/T ‘0S/0-IN
.1 SUNEOumoaom

(%01) 6¥/S ‘0S/0 ‘6%/0—d

Jnouwnj OCIE

.1, snSeydoso

(paxtw § ondooydw4] g onLoonsiy 9 19%9¢) 6v/81
‘(onLooqdwA] 97 OnAd01ISIY § (%7F) xxx0S/1T
‘(onh>oydwA] 9 Onkd0usIy  %77) 67/11-A

xas/dnoid/pg
uone[IsuI |

a3 ydnouiyy suardd[p]ozuaq 900°0 > dxxxx (paxtwu 7 “ondooydw4] ‘dnoid asop-moy ‘A[oar3oadsar {086T) IOL,
Jo aseafar 03 anp Ajqeqoxd €50°0 > dxxx € O1Ao01SIY T {%¥1) 406/ (PIXTW T 311 00T pue ( Jo SUOLIE[[IISUT M M OTT
sinownj up(s pue [euy 200> dxx  OBAOOYdWA] F OnLo0nsIy T 9%71) x05/9 05/0- /X 01 ‘dnois asop-ysiy pue [o13u0d d M)
(T10 9AT[O) %86 00 > dx ewroydwiA] yueuSiey ‘(sasop 1e303) Mq 3/31 0002 ‘00T ‘0 OUIq[B SSTMS “OSTIOJA
UOIJB[[I}SUI JTUO[OdRIIU]
(DOS T 1%S) 0Z/T (%0) 02/0 (%0) 81/0 L UPS
(8/01 Ayoridnmu goiqy
8 19%0¥) 07/8 (9/ “Kyordnnw :go1qy 9 1%0¢) dnoid/oz  (1661) 77 72 [aI[EAE)
02/9 (%0) 81/0 +L (Arewrwrewr) [ewdyduasajy X T ‘(S9p1s y10q U0 Y16 pue AMpT
RINERISR SN (%0) 0Z/0 “(OPV T:%S) 0/1 Yy ‘pg ‘pug ay) pue(s Arewrwrew ()
(uroue}d0IN) %66 < +  {(vVoIqy T £9%9) 81/1 :L pue[3 Arewrurew [erpyndg /[81 y97] [owr 1 [8M 99] 6700  Admeq-ondeids yey
([T 6/11 Kadridnmu
D08 6 %S¥) [02/6] “(%0) [0T/0] :L URIS
(18] T1/0T Kydridnnuw ‘So1qy 1T “%SS)
[02/11] “(%0) [0Z/0] :1. (Arewrweur) [ewAYOUISIAIA dnoi3/0z @
[¢°1] ¢/% “Voiqy X T ¢(pa303[ur  ®FZGI) ¥ 72 HIoI[eAR))
F1] €1/8T OPV :s381 pajean) {[1] ¢/¢ ‘S[OIIW0D SOpIS y30q U0 pue[S AIewrureur M GF
sprdnmuw (yoI1qy € OpY €1 “%0£) [02/71] g pue iy ‘pi¢ ‘pug) pue(s ()
(uroue}O0LN) %66 < + {(V0I1qY ¢ <9%GT) [0¢/€] I, Arewrurewr [erpoyirdy Arewrwrew/[Suwr 7] jowd § pue ) Aopmeg-onderds ey
DUIYIY
sjuawWwWo) duedyrudrs jxe)s Je dnoa§/sjewrruy uonyean(y
(3p1YyaA) A31ang 10 J[nsay sInourn) Jo dUIPHU] wawirdax Sursoq (xas) urens ‘saradg

(Panunuod) ¢ 3jqey

128



Benzo[a]pyrene

s1234 10 1234 T4 (S){oM IO YoM VM STISIOA ‘SA4 LINOWN] ‘], ‘LWOUIPE Pue[3 SN020LIS YOS ‘BWOUIdIRD [[90-snowrenbs
‘9D ‘ewoores g ‘Aep Tejeuisod ‘qNJ ceworided | spajrodazjou YN OPIX0IpAY wnTuoOWUIe AEO_“EZ SSYIUOW IO YJUOW ‘O (SIINUIW JO IJNUIW “UIW 3[R ‘JA ‘eWOYIULI0IRIdY
o cewrojeday ‘H ‘oewrdy ¢ OpIxoj[ns [Aylowip ‘OSIAQ SAep 10 Aep p cewrourdred ) QySrom £poq Mmq ‘ewourdIed snowenbsouspe HSPY LUWOUIIILIOUIPE ‘HPY LWOUIPE Y

(r1) (%6€) dnoi3/95-¢¥ 072 1550
2IN)XTW dU0}0B-UTOUL)IOLI}) 1€/2T “(%97) 8€/0T “(%ST) TH/OT “(%€) 6€/T LE/O x 1 ‘Tewrtue/[31 2°G ‘9°7 ‘T “T°0 0] M ZT
%66 < + i(pauIquod g + ) v Sung [owu 861 66 ‘0% %0 0 (d TND) SSTMS ‘9SO
uorda(ur [e3ayeryuy
dnoi8/9/ 10 01
M
/01M] “Quo3aoe ut suarkd[v]ozuaq (Z86T) J0 7o pun[seN
JO UomnNJos 9%T IO (S[0IIU0D) ow ¢
(Su019o8.) YN + (D [BITAIDD DAISBAUL 94 77) 94/LT ‘01/0 9UO0]90® Ul PIYBOS (BMS U0J10)) (d) 19£8D “Osnoy
uonjedsridde jeurSeaenuy
dnoi3/09-s¥
(%87) «T€/6 (%ST) 0F/1 -ewoydwi] AM FT M
punoj sInownj uojod ON xCE/S ‘0F/0 S [eaU0ILId] /29u0 (10 2AT[O UT) [ewIUR/SW [ (E8G1) [P /2 UOSISPUY
(puoaegoyydeu-¢ r2onpur (€T F T'¢ Kyondnmu <96%6) ,81/4T ‘(110 2ar70 UT dUOARFOYIYdEU-¢ our g1
Jwkzus ‘[10 9AT[0) %66 S0°0 > dx ‘FOFTT &ﬁu:&:za $617) ¥€/L :d YOrWOISAIO] 10 10 JAI[O ‘pajearjun) () (d) 9/19£SD “OsnoN
(1T 00S
S ‘d ¥ %TT) xxxx6¥/1T (DS T *%¥) 0S/T 6¥/0-d
(I100S £
‘d S %9T) sxxxx0S/ET “05/0 ‘(1 T *%T) 0S/T-IN
-+ L US
1
TDDS ¥ ‘d T%TT) x67/9 (d T *%7) 0S/T ‘6¥/0—d
(DOS € ‘d ¥ “%¥T) xx0S/L ‘05/0 ‘05/0-N PIuo)
CLreuy (0861) WIOL
ERIEIEIEN |
SJuUdUWIWO)) dueoyrudts jxe)s Je dnoag/sewrruy uonjein(g
(3p1YyaA) L31ang 10 J[nsay sInourn) Jo dUIPIU uwawirdax Sursoq (xas) urens ‘saradg

(penunuod) L'€ 3|qeL

129



IARC MONOGRAPHS - 100F

Table 3.2 Summary of reports of malignant tumours clearly induced in experimental animals by

benzo[ad]pyrene

Organ Lung Trachea Larynx Forestomach Liver Lymphoid Sarcoma Skin Mammary
site/ tissue (injection gland
species (lymphoma) site)

Mouse X X X X X X

Rat X
Hamster X X X X

3.4 Intraperitoneal injection

In a series of studies in newborn and adult
mice, intraperitoneal injection of benzo[a]pyrene
increased the incidence of liver (adenomas and
carcinomas) and lung (adenomas and adenocar-
cinomas) tumoursand, occasionally, forestomach
(squamous cell papillomas and carcinomas) and
lymphoreticular tumours (Vesselinovitch ef al.,

3.6 Intrapulmonary injection

Dose-related increases in the incidence of
malignant lung tumours (mainly epidermoid
and squamous-cell carcinomas and a few pleo-
morphic sarcomas) were found after injection of
benzo[a]pyrene into the lung of rats (Deutsch-
Wenzel et al., 1983; Iwagawa et al., 1989; Wenzel-
Hartung et al., 1990; Horikawa et al., 1991).

1975a, b; Wislocki et al., 1986; Lavoie et al., 1987;
Busby et al., 1989; Rippe & Pott, 1989; Mass
et al., 1993; Nesnow et al., 1995; Ross et al., 1995;
Weyand et al., 1995; Rodriguez et al., 1997; Von
Tungeln et al., 1999).

In one study in rats with a single intraperito-
neal injection of benzo[a]pyrene, a high incidence
of abdominal mesotheliomas and sarcomas was
observed (Roller et al., 1992).

3.5 Inhalation

3.7 Intratracheal administration

Intratracheal administration of benzo[a]
pyrene alone or mixed with particulates and
suspended in saline with or without suspendents
resulted in benign and malignant respiratory
tumours in mice (Heinrich ef al., 1986a), rats
(Pott et al., 1987; Steinhoff et al., 1991) and in
numerous studies in hamsters (IARC, 2010). This
treatment also induced forestomach tumours in
hamsters (Saffiotti et al., 1972; Sellakumar et al.,
1973; Smith et al., 1975a, b, Stenbick & Rowland,

In a lifetime inhalation study (Thyssen ef al.,
1981) in male hamsters, benzo[a]pyrene induced
dose-related increases in the incidence of papil-
lomas and squamous-cell carcinomas in both
the upper respiratory tract (nose, larynx and
trachea) and the upper digestive tract (pharynx,
oesophagus and forestomach).

130

1979). Larger benzo[a]pyrene particles were
generally more effective than smaller ones.

Mice that lack the nucleotide excision-repair
gene XPA (XPA™~ mice) showed a stronger lung-
tumour response after intratracheal instillation
ofbenzo[a]pyrene than did their similarly treated
XPA** and XPA*~ counterparts (Ide et al., 2000).




3.8 Buccal pouch application

Repeated application of benzo[a]pyrene to the
buccal pouch mucosa of male hamsters resulted
in a high incidence of forestomach papillomas
(Solt et al., 1987).

3.9 Subcutaneous tracheal grafts
transplantation

In one study conducted in rats transplanted
with subcutaneous rat tracheal grafts exposed to
beeswax pellets containing various amounts of
benzo[a]pyrene, a high incidence of squamous-
cell carcinomas was reported (Nettesheim et al.,
1977).

3.10 Intramammilary administration

In three studies in rats, benign and malig-
nant mammary gland tumours developed
after intrammilary injection of benzo[a]pyrene
(Cavalieri et al., 1988a, b, 1991).

3.11 Intracolonic instillation

In three experiments in mice, intraco-
lonic instillation of benzo[a]pyrene induced
lymphomas and a variety of benign and malig-
nant tumours in various organs including the
forestomach (Toth, 1980; Anderson ef al., 1983).

3.12 Intravaginal application

Intravaginal application of benzo[a]pyrene
in mice produced invasive cervical carcinoma;
no such tumours were seen in controls (Naslund
et al., 1987).

Benzo[a]pyrene

3.13 Intrafetal injection

In one study in male and female Swiss mice,
intrafetal injection of benzol[a]pyrene produced
lung adenomas (Rossi ef al., 1983).

4, Other Relevant Data

Benzo[a]pyrene is a carcinogen that induces
tumours in many animal species. Some of
the examples relevant for this review are: lung
tumoursinmice, rats,and hamsters; skintumours
in mice; liver tumours in mice; forestomach
tumours in mice and hamsters; and mammary
gland tumours in rats (Osborne & Crosby, 1987;
IARC, 2010). In humans, occupational exposures
to benzo[a]pyrene-containing mixtures have
been associated with a series of cancers: coke
production: lung; coal gasification: lung, bladder;
paving and roofing: lung; coal tar distillation:
skin; soots: lung, oesophagus, haematolymphatic
system, skin; aluminum smelting: lung, bladder;
tobacco smoking: lung, lip, oral cavity, pharynx,
oesophagus, larynx, bladder (IARC, 1984, 1985,
1986, 2010).

Studies on the mechanisms of action of
benzo[a]pyrene have been reviewed (Xue &
Warshawsky, 2005; IARC, 2010).

4.1 Metabolism

Benzo[a]pyreneismetabolizedbybothphase-I
and phase-II enzymes to form a series of arene
oxides, dihydrodiols, phenols, and quinones and
their polar conjugates with glutathione, sulfate,
and glucuronide (Osborne & Crosby, 1987).
Benzo[a]pyrene-7,8-diol is a key metabolite that
is formed by the action of epoxide hydrolase on
benzo[a]pyrene-7,8-epoxide. This dihydrodiol
can be further metabolized by cytochrome P450s
(CYPs) to a series of benzo[a]pyrene-7,8-diol-
9,10-epoxides, which form one class of ultimate
carcinogenic metabolites of benzo[a]pyrene.
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Both CYPsand peroxidases (e.g. prostaglandin-H
synthase) can oxidize benzo[a]pyrene. The major
cytochrome P450s involved in the formation of
diols and diolepoxides are CYP1A1l, CYP1A2
and CYP1BI (Eling ef al., 1986; Shimada, 2006).
Cytochrome P450s are inducible by benzo[a]
pyrene and other PAHs through binding to
the aryl hydrocarbon-receptor (AhR) nuclear
complex, leading to changes in gene transcrip-
tion of CYPs and phase-II enzymes. Mice lacking
the AhR receptor are refractory to benzo[a]
pyrene-induced tumorigenesis (Shimizu et al.
2000). Both CYPs and peroxidases can form
radical cations by one-electron oxidation. These
cations comprise another class of ultimate carci-
nogenic metabolites (Cavalieri & Rogan, 1995).
Some polymorphisms in human CYPs and
phase-II enzymes (glutathione S-transferases,
uridine 5-diphosphate glucuronosyltransferases
and sulfotransferases modulate susceptibility
to cancer (Shimada, 2006). In another meta-
bolic pathway, benzo[a]pyrene-7,8-dihydrodiol
is oxidized to benzola]pyrene-7,8-quinone by
enzymes of the aldo-keto reductase (AKRI1)
family. Among these, gene polymorphisms
that influence susceptibility have been iden-
tified. NAD(P)H: quinone oxidoreductase-1
(NQOL1) catalyses the reduction of benzol[d]
pyrene quinones to hydroquinones, which may
be re-oxidized and generate reactive oxygen
species. Polymorphisms in this gene have also
been described (Penning & Drury, 2007; IARC
2010).

The current understanding of mechanisms
underlying benzo[a]pyrene-induced carcino-
genesis in experimental animals is almost solely
based on two complementary pathways: those of
the diolepoxides and the radical cations. Each
provides a different explanation for the effects
observed in experimental animals in specific
tissues.
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4.2 Diolepoxide mechanism

The diolepoxide mechanism for benzo[a]
pyrene features a sequence of metabolic trans-
formations: benzo[a]pyrene > benzo[a]pyrene-
7,8-oxide (by CYP1A1l and CYPI1B1) > benzold]
pyrene-7,8-diol (by epoxide hydrolase) > benzo[a]
pyrene-7,8-diol-9,10-epoxides (by CYP1Al and
CYP1BI) (Xue & Warshawsky, 2005). Each class
of metabolic intermediate has been shown to be
genotoxic and carcinogenic (Osborne & Crosby,
1987). The stereochemistry of the metabolic
transformation of benzo[a]pyrene to diols and
diolepoxides is an important component of this
mechanism of action. Due to the creation of
chiral carbons during the metabolic conversions,
many of the metabolic intermediates of benzo[a]
pyrene have multiple streochemical forms (enan-
tiomeric and diastereomeric). As the metabolism
proceeds the complexity of the stereo-chemical
forms increases, eventually leading to four
benzo[a]pyrene-7,8-diol-9,10-epoxides [(+)- and
(-)-anti, (+)- and (-)-syn]. Diolepoxides react
with DNA, mainly with the purines, deoxy-
guanosine and deoxyadenosine, and each diol-
epoxide can form both cis and trans adducts thus
giving a total of 16 possible benzo[a]pyrene-7,8-
diol-9,10-epoxide DNA adducts. However, in
most cases far fewer DNA adducts are actually
observed. The most ubiquitous benzo[a]pyrene
adduct detected in isolated mammalian DNA
after metabolic conversion in metabolically
competent mammalian cells in culture, or in
mammals, is the N?-deoxyguanosine adduct,
(+)-N*-10S-(7R,8S,9R-trihydroxy-7,8,9,10-
tetrahydrobenzo[a]pyrene)-yl)-2’-deoxy-
guanosine (BPDE-deoxyguanosine), derived
from  7R,8S-dihydroxy-9R,10R-epoxy-7,8,9,10-
tetrahydrobenzo[a]pyrene (anti-benzo[a]pyrene-
7,8-diol-9,10-epoxide, or BPDE). This adduct was
first fully identified after isolation from benzola]
pyrene-treated human and bovine bronchial
explants (Jeffrey et al., 1977). This diolepoxide
is considered to be an ultimate, DNA-reactive,




metabolite of benzo[a]pyrene (Osborne &
Crosby, 1987). The anti-benzola]pyrene-7,8-
diol-9,10-epoxide can form both stable and
unstable (so-called ‘depurinating’) adducts with
DNA, mediated by electrophilic carbonium
ions (Chakravarti et al., 2008). In vivo, anti-
benzo[a]pyrene-7,8-diol-9,10-oxide =~ produces
stable adducts that were formed primarily with
guanines in many species and organs (IARC
2010).

Mice treated with benzo[a]pyrene had
anti-benzo[a]pyrene-7,8-diol-9,10-epoxide-
N?-deoxyguanosine adducts in their lung tissue,
while the lung tumours induced by benzo[a]
pyrene had G->T and G>A mutations in the
K.-Ras gene at codon 12 (Mass et al., 1993). In
mice treated with benzo[a]pyrene the major
stable DNA adduct in the epidermis was the
anti-benzo[a]pyrene-7,8-diol-9,10-oxide-deoxy-
guanosine adduct (Melendez-Colon ef al., 1999).
Skin tumours from benzo[a]pyrene-treated mice
or in preneoplastic skin from benzo[a]pyrene-
treated mice had G>T mutations in codon 13 and
A>T mutations in codon 61 of the Ha-Ras gene
(Chakravarti et al., 2008).

Benzo[a]pyrene-induced  skin  tumours
harboured G->T transversion mutations in the
Tp53 tumour-suppressor gene (Ruggeri ef al.,
1993). 'The anti-benzo[a]pyrene-7,8-diol-9,10-
oxide-DNA adducts occurred at guanine posi-
tions in codons 157, 248, and 273 of the TP53 gene
in  anti-benzo[a]pyrene-7,8-diol-9,10-epoxide-
treated human HeLa cells. The same positions are
the major mutational hotspots found in human
lung cancers (Denissenko et al., 1996).

4.3 Radical-cation mechanism

The radical-cation mechanism for benzo[a]
pyrene has been studied exclusively in connec-
tion with mouse-skin tumorigenesis (Cavalieri &
Rogan, 1995). One-electron oxidation of benzo[a]
pyrene by CYPs or peroxidases creates a radical
cation localized on carbon 6, as a consequence of

Benzo[a]pyrene

the ionization potential and geometric configu-
ration. In mouse skin, this radical cation gives
rise to the formation of covalent adducts with
guanine (at the C8 carbon and N7 nitrogen) and
adenine (at the N7 nitrogen). These adducts are
unstable and are thought to generate apurinic
sites in mouse skin. However, only low levels of
apurinic sites were measured in the epidermis
of mice treated with benzo[a]pyrene (Melendez-
Colon et al., 1999) and no studies to date have
shown an increase in the number of apurinic sites
in lung tissues treated with benzo[a]pyrene. In
two in vivo studies, rats treated intraperitoneally
with benzo[a]pyrene were shown to excrete
7-(benzo[a]pyrene-6-yl)-N7-guanine in faeces
and urine, while the same adduct was detected in
lung tissue of mice treated intraperitoneally with
benzo[a]pyrene (Rogan ef al., 1990; Banasiewicz
et al., 2004). Skin papillomas obtained from mice
treated topically with benzo[a]pyrene showed
mutations (at guanine and/or adenine) at codons
12,13 and 61 in the Ha-Ras oncogene (Wei ef al.

1999). Similar studies in preneoplastic skin from
benzo[a]pyrene-treated mice showed Ha-Ras
mutations at codons 13 and 61 (Chakravarti
et al., 2008). The anti-benzo[a]pyrene-7,8-diol-
9,10-epoxide can also form depurinating DNA
adducts at guanine and adenine (at the N7
nitrogen). The distribution and chemical nature
of the depurinating adducts (from both radical-
cation and diolepoxide intermediates) in mouse
skin and the distribution and chemical nature of
the specific benzo[a]pyrene-induced mutations
in mouse-skin papillomas have been reported
(Chakravarti et al., 2008).

4.4 Other activation mechanisms of
benzold]pyrene

4.4.1 Meso-region mechanism

The mechanism of meso-region biomethyl-
ation and benzylic oxidation features biomethyl-
ation of benzo[a]pyrene to 6-methylbenzo[a]
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pyrene, with S-adenosylmethione as the carbon
donor (Flesher et al., 1982). This process has
been shown to occur in vitro, and in vivo in rat
liver (Stansbury ef al., 1994). 6-Methylbenzo[a]
pyrene is further metabolized by CYPs to
6-hydroxymethylbenzo[a]pyrene (Flesher
et _al, 1997) and then conjugated to sulfate
by 3’-phosphoadenosine-5'-phosphosulfate
sulfotransferase to 6-[(sulfooxy)methyl]-
benzo[a]pyrene. This reactive sulfate ester forms
DNA adducts in vivo (Stansbury et al., 1994).
These benzo[a]pyrene-DNA adducts have only
been measured in rat liver (Surh ef al., 1989),
which is not a target for benzo[a]pyrene-induced
carcinogenesis. There is no evidence to date that
this mechanism operates in lung.

4.4.2 Mechanism via formation of ortho-
quinone/ reactive oxygen species

Thismechanism features enzymatic oxidation
of benzo[a]pyrene-7,8-diol to the ortho-quinone,
benzo[a]pyrene-7,8-quinone, by  aldo-keto
reductases (Mangal et al., 2009). Benzo[a]pyrene-
7,8-quinone can react with DNA to yield both
stable and depurinating DNA adducts in vitro
(McCoull et al., 1999; Balu et al., 2006) and can
also undergo repetitive redox cycling which
generates reactive oxygen species that damage
DNA (Penning et al., 1999). In human A549
lung-tumour cells benzo[a]pyrene-7,8-quinone
increased the formation of 8-oxo-deoxyguano-
sine and DNA strand-breaks (Park et al., 2008;
Mangal et al., 2009). In a yeast reporter-assay,
benzo[a]pyrene-7,8-quinone (in the presence of
redox cycling) induced 8-oxo-deoxyguanosine
formation and G-T transversions in the Tp53
tumour-suppressor gene. The mutational spectra
induced in the yeast reporter-assay closely
matched those seen in DNA from human lung
tumours (Shen ef al., 2006). Benzo[a]pyrene-7,8-
quinone inhibited the activity of protein kinase
C in MCF-7 cell lysates suggesting an ability to
alter cell signalling (Yu ef al., 2002). Rats treated

134

with benzo[a]pyrene showed increased urinary
concentrations  of  8-oxo-deoxyguanosine,
but lower levels in liver and lung tissues. This
suggested that reactive oxygen species are gener-
ated during the CYP-dependent metabolism of
benzo[a]pyrene, but induction of DNA-repair
mechanisms may reduce these levels in target
tissues (Briedé ef al., 2004). To date this mecha-
nism has been studied only in in-vitro systems.

It is noted that formation of reactive oxygen
species is not limited to the redox cycling of
the ortho-quinone of benzo[a]pyrene (benzo[d]
pyrene-7,8-quinone). There are several other
sources of benzola]pyrene-induced reactive
oxygen species. In vivo, both mice and rats
metabolize benzo[a]pyrene to benzo[a]pyrene-
1,6-quinone, benzo[a]pyrene-3,6-quinone
and benzo[a]pyrene-6,12-quinone and these
quinones enter into redox cycling and induce
mutations (Osborne & Crosby, 1987; Joseph &
Jaiswal, 1998). Many of the reactive intermedi-
ates of benzo[a]pyrene (oxides, diol-epoxides,
radical cations) and quinone-generated reactive
oxygen species can disrupt the balance of cellular
oxidants and anti-oxidants by reducing the anti-
oxidant levels thus leading to an imbalance and
an excess of reactive oxygen species.

4.4.3 Aryl hydrocarbon-receptor mechanism

The AhR regulates the transcription of
a series of genes including CypIAI, CyplA2,
Ngol, Aldh3al (encoding aldehyde dehydro-
genase 3Al), UGTIa6 (uridine 5-diphosphate-
glucuronosyl transferase), and Gstal (glutathione
S-transferase Al). All these genes are activated by
AhR-ligands, including benzo[a]pyrene, via the
AhR-mediated aromatic hydrocarbon response
element. The AhR plays a role in the response to
oxidative stress in cell-cycle regulation and apop-
tosis. In addition, the CYP1A1/1A2-mediated
metabolism generates oxidative stress (Nebert
et al., 2000). Mitochondrial hydrogen-peroxide
production was induced by an AhR-ligand in




wild-type mice but not in AhR™~ knockout mice
(Senft et al., 2002). These mice were shown to
be refractory to benzola]pyrene-induced carci-
nogenicity (Shimizu et al., 2000). Benzo[a]
pyrene induced oxidative stress in mouse lung
(Rajendran et al., 2008).

4.4.4 Immunosuppression mechanism

Benzo[a]pyrene induces immunosupres-
sion in adult mice by altering the cell-mediated
responses (Wojdani & Alfred, 1984). Immune
development in offspring is also altered
following in utero exposure to benzo[a]pyrene
(Urso & Gengozian, 1984). It is postulated that
PAHs, including benzo[a]pyrene, act princi-
pally through their AhR-mediated CYP-derived
metabolites (diolepoxides, quinones) to activate
oxidative and electrophilic signalling pathways
in lymphoid and nonlymphoid cells, including
myeloid cells, epithelial cells, and other cell
types. Furthermore, there is evidence that PAHs
suppress immunity by p53-dependent path-
ways, by modulating signalling pathways in
lymphocytes via non-genotoxic mechanisms,
and by oxidative stress (Burchiel & Luster, 2001).

4.4.5 Epigenetic mechanisms

Benzo[a]pyrene and/or its metabolites have
beenshowntoincrease cell proliferationin several
human cell lines, including terminally differenti-
ated human bronchial squamous epithelial cells
and in lung-cancer cells where increased expres-
sion of the Cdc25B gene (cell-division cycle
25B) was observed, along with reduced phos-
phorylation of Cdkl (cyclin-dependent kinase
1) (Oguri et al., 2003). Treatment with benzo[a]
pyrene increased the number of human embryo
lung-fibroblasts in the GI-S transition via the
activation of c-Jun, through the p53-dependent
PI-3K/Akt/ERK (phosphatidylinositol-3-kinase/
protein kinase (/extracellular signal-regulated
kinase) pathway (Jiao et al., 2008).
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Benzo[a]pyrene and/or its metabolites also
affect apoptosis. Benzo[a]pyrene induced apop-
tosis in human MRC-5 lung fibroblasts via the
JNK1/FasL (c-Jun N-terminal kinase 1/Fas
Ligand) and JNK1/p53 signalling pathways (Chen
et al., 2005). Apoptosis induced by anti-benzo[a]
pyrene-7,8-diol-9,10-epoxide in H460 human
lung-cancer cells was associated with induction
of Bak (BCL2-antagonist/killer) and with activa-
tion of caspase, but it was independent of Bcl-2
(Xiao et al., 2007).

Altered DNA methylation has been reported
to be associated with exposure to benzo[d]
pyrene and/or its metabolites. After treatment
of immortalized bronchial epithelial cells with
anti-benzo[a]pyrene-7,8-diol-9,10-epoxide, the
concentration of cytosine-DNA methyltrans-
ferase-1 was increased and was associated with
hypermethylation of the promoters of 5-10 genes,
including members of the cadherin gene-family
(Damiani et al., 2008).

4.5 Human exposure to PAH-rich
mixtures

4.5.1 Biomarkers of exposure and effect

Molecular-epidemiological studies of cancer
associated with occupational and environmental
exposures to PAH have provided biomarkers that
may be used to estimate internal exposure as well
as to inform about molecular mechanisms that
may be relevant to cancer causation, particularly
in defining the early events in the carcinogen-
esis process. Biomarkers can be detected in the
target organ, in surrogate tissues, or in tumours.
These can be categorized into biomarkers of
exposure, which are generally specific to the
PAH of concern (e.g. DNA or protein adducts),
biomarkers of effect (e.g. genotoxic and cytoge-
netic effects, 8-oxo-deoxyguanosine, sister
chromatid exchange (SCE), micronuclei, chro-
mosomal aberrations, mutations in oncogenes,
tumour-suppressor genes, or indicator genes),
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and biomarkers of susceptibility (DNA-repair
enzymes, e.g. XPA, XPC - xeroderma pigmen-
tosum complementation groups A and C), bioac-
tivation enzymes (e.g. CYPs), detoxification
enzymes (e.g. GSTs), and mutagenic metabolites
in urine (Kalina et al., 1998; Pilger et al., 2000;
Simioli et al., 2004; Raimondi et al., 2005; Vineis
& Husgafvel-Pursiainen, 2005; Matullo et al.,
2006; Farmer & Singh, 2008; Gyorfty et al., 2008).
Although biomarkers of effect and suscepti-
bility are generally not unique to any specific
PAH exposure, several these biomarkers may
provide insight into the mechanism of carcino-
genesis induced in humans by PAHs or PAH-rich
exposures.

4.5.2 Exposure to benzo[a]pyrene and
relationship with specific biomarkers

Biomarkers of exposure to complex mixtures
that contain benzo[a]pyrene have been studied in
populations exposed in industrial settings: coke
production, coal-tar distillation, the aluminium
industry, roofing and paving with coal-tar
pitch, coal gasification, chimney sweeping, and
iron and steel founding. Most if not all of these
biomarkers are genotoxic markers. Populations
of patients who undergo coal-tar therapy and
groups exposed to combustion emissions, and
tobacco smokers have also been evaluated.
Studies on biomarkers of exposure are dominated
by those focusing on the anti-benzola]pyrene-
7,8-diol-9,10-oxide-DNA  adduct, the most
commonly studied PAH-DNA adduct because
of the availability of specific analytical methods
and standards (Gyorfty ef al., 2008). In one study
the depurinating adducts resulting from radical-
cation formation, viz. 7-(benzola]pyrene-6-yl)
guanine and 7-(benzo[a]pyrene-6-yl)adenine
were found in the urine of women exposed to
coal smoke (Casale et al., 2001). Concomitantly,
several biomarkers of effect have also been evalu-
ated in these studies: chromosomal aberrations,
sister chromatid exchange (Kalina ef al., 1998),
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DNA damage (measured by the comet assay) and
8-oxo-deoxyguanosine formation (Marczynski
et al., 2002). It is important to note that these
genotoxic effects observed in humans in rela-
tion to exposure to benzo[a]pyrene-containing
mixtures have also been observed in experi-
mental studies where benzo[a]pyrene or anti-
benzo[a]pyrene-7,8-diol-9,10-epoxide has been
shown to induce sister chromatid exchange
(Pal et al., 1980; Brauze et al., 1997), chromo-
somal aberrations, micronuclei (Kliesch et al.

1982), DNA damage (Nesnow et al., 2002), and
8-oxo-deoxyguanosine (Thaiparambil ef al.,
2007). Tobacco smoke, dietary habits and indoor
ambient air are also important sources of expo-
sure to benzo[a]pyrene, which has been impli-
cated as one of the components of tobacco smoke
related to the induction of lung cancer in smokers
(Watanabe ef al., 2009). In a large study of 585
smokers and nonsmokers, smoking and diet were
highly correlated with anti-benzo[a]pyrene-7,8-
diol-9,10-oxide-DNA adduct levels (Pavanello
et al., 2006). Several studies have demonstrated
moderately increased levels of 8-oxo-deoxy-
guanosine from lungs, sperm, and leukocytes of
smokers. Increased urinary excretion of 8-oxo-
deoxyguanosine has also been reported (Hecht,
1999). In rats exposed to benzo[a]pyrene via oral,
intratracheal and dermal routes, anti-benzo[a]
pyrene-7,8-diol-9,10-oxide-DNA adducts were
formed in white blood cells independently of
the exposure route and their numbers correlated
with those found in lung DNA, suggesting that
anti-benzo[a]pyrene-7,8-diol-9,10-oxide-DNA-
adduct levels in white blood cells may be used as
a surrogate for pulmonary anti-benzo[a]pyrene-
7,8-diol-9,10-oxide-DNA adducts (Godschalk
et al., 2000).




4.5.3 Relationship of biomarkers to human
cancer

Mutationsin TP53arecommoninlungcancers
from smokers and less common in nonsmokers.
These mutations are G->T transversions with
hotspots in codons 157, 248 and 273 (Hainaut
& Pfeifer, 2001; Pfeifer et al., 2002) and they are
associated with anti-benzo[a]pyrene-7,8-diol-
9,10-oxide-DNA adducts. The active metabolite
anti-benzo[a]pyrene-7,8-diol-9,10-oxide causes
a unique spectrum of TP53 mutations distinct
from those found in cancers that are not associ-
ated with smoking (Campling & el-Deiry, 2003).
Similar G>T mutations have been reported in
lung tumours from nonsmoking Chinese women
whose tumours were associated with exposure to
PAHs from smoke generated by burning smoky
coal in unventilated homes. The mutations were
clustered at the CpG rich codons 153-158 of the
TP53 gene, and at codons 249 and 273. The muta-
tion spectrum was fully consistent with exposure
to PAHs (DeMarini et al., 2001).

4.6 Synthesis

Benzo[a]pyrene is metabolically activated
to a series of reactive intermediates by CYP450
and related enzymes under control of the aryl-
hydrocarbon receptor. There is strong evidence
that the benzo[a]pyrene diolepoxide mecha-
nism operates in mouse-lung tumorigenesis,
while there is also strong evidence that both the
radical-cation and the diolepoxide mechanisms
are involved in mouse-skin carcinogenesis. The
meso-region mechanism has been studied only
in rat liver, while the mechanism that involves
the formation of ortho-quinone/reactive oxygen
species has only been studied in vitro, although
reactive oxygen species can be formed in vivo by
other benzo[a]pyrene-mediated mechanisms. All
these pathways reflect genotoxic mechanisms, as
they involve alterations to DNA. Benzo[a]pyrene
is pleotropic and has the ability to affect many
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cell- and organ-based systems. Therefore, there
are probably many modes of carcinogenic action
operating to different extents in vivo. These
include mechanisms that involve AhR, oxidative
stress, immunotoxicity and epigenetic events.

Based on the best available, consistent and
strong experimental and human mechanistic
evidence it is concluded that benzo[a]pyrene
contributes to the genotoxic and carcinogenic
effects resulting from occupational exposure to
complex PAH mixtures that contain benzo[a]
pyrene. The most commonly encountered - and
most widely studied - mechanistically relevant
DNA lesion is the anti-benzo[a]pyrene-7,8-diol-
9,10-oxide-DNA adduct. The formation of this
adduct is consistent with anti-benzo[a]pyrene-
7,8-diol-9,10-epoxide-associated genotoxic
effects in surrogate tissues and with the muta-
tion pattern in the TP53 gene in lung tumours
from humans exposed to PAH mixtures that
contain benzo[a]pyrene. The fact that those
PAH mixtures and benzo[a]pyrene itself induce
genotoxic effects like sister chromatid exchange,
chromosomal aberrations, micronuclei, DNA
damage (comet assay) and 8-oxo-deoxyguano-
sine, supports the notion that benzo[a]pyrene
contributes to human cancer.

5. Evaluation

There is sufficient evidence for the carci-
nogenicity of benzo[a]pyrene in experimental
animals.

[No epidemiological data on benzo[a]pyrene
alone were available to the Working Group.]

The genotoxic mechanism of action of
benzo[a]pyrene involves metabolism to highly
reactive species that form covalent adducts
to DNA. These anti-benzo[a]pyrene-7,8-diol-
9,10-oxide-DNA adducts induce mutations in
the K-RAS oncogene and the TP53 tumour-
suppressor gene in human lung tumours, and
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in corresponding genes in mouse-lung tumours.
Exposuretobenzo[a]pyreneandbenzo[a]pyrene-
containing complex mixtures also induce other
genotoxic effects, including sister chromatid
exchange, micronuclei, DNA damage and 8-oxo-
deoxyguanosine, all of which can contribute to
the carcinogenic effects of benzo[a]pyrene and
benzo[a]pyrene-containing complex mixtures
in exposed humans.

Benzo[a]pyrene is carcinogenic to humans
(Group 1).

Inmakingtheoverall evaluation, the Working
Group took the following into consideration:

The strong and extensive experimental
evidence for the carcinogenicity of benzo[a]
pyrene in many animal species, supported by the
consistent and coherent mechanistic evidence
from experimental and human studies provide
biological plausibility to support the overall
classification of benzo[a]pyrene as a human
carcinogen (Group 1).
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