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ABSTRACT

Whereas extensive evidence indicates that 7/3,8a-dihydroxy-9a,IOa-
epoxy-7,8,9,10-tetrahydrobenzo(o)pyrene (anri-BPDE) is a major ulti
mate carcinogen of benzo(a)pyrene (BaP) in mouse skin, tumorigenicity
studies have consistently shown that un/i-BIM)!-. is less active then BaP

in this model system. In order to investigate factors responsible for this
apparent contradiction, we have compared the disposition, metabolism,
and DNA binding of [3H|BaP, (Â±)-iraiw-7,8-|1<qdihydroxy-7,8-<iihydro-
benzo(a)pyrene |(Â±H14C]BaP-7,8-diol|,and (Â±)-anf/-|3HlBPDE in mouse

epidermis in vivo. There were remarkable differences in the total radio
activity recovered in epidermis at various times after topical application
of BaP, BaP-7,8-diol, and anri-BPDE. BaP and its metabolites were
removed from epidermis gradually (r...-2 h). However, 60-65% of anti-

BPDE disappeared from mouse epidermis within 3 min of application,
while a second slower phase of removal of radioactivity was observed
between 8 min and 2 h. The kinetics of removal of BaP-7,8-diol and its
metabolites were intermediate between those of BaP and anti-BPDE.
The half-life of anri-BPDE in mouse epidermis was measured by trapping
it with 2-mercaptoethanol. The initial half-life was about 6 min, similar
to that observed in vitro. However, following the initial rapid penetration
of anfi-BPDE through epidermis most of the remaining material became
immobilized in an epidermal binding site in which its half-life was greater
than 2 h. Qualitatively, the metabolite patterns of BaP, BaP-7,8-diol,
and anti-BPDE were similar to expectations based on in vitro studies.
However, the kinetics of metabolite formation from BaP were different
from those of BaP-7,8-diol or anri-BPDE. The extents of formation of
anri-BPDE-DNA adducts 24 h after application of BaP, BaP-7,8-dioI,
or anfi-BPDE to mouse skin were similar despite the fact that the levels
of anri-BPDE present in epidermis were about 50 to 100 times greater
after application of BaP-7,8-diol or anfi-BPDE than after application of
BaP. The results of this study demonstrate that the quantitative aspects
of BaP-7,8-diol and anri-BPDE metabolism and disposition in mouse
skin are different from those of BaP and indicate that the relatively low
tumorigenicity of BaP-7,8-diol and anfi'-BPDE in mouse skin may be

partially attributable to differences between the disposition of these
metabolites when topically applied compared to when they are generated
intracellularly from BaP.

INTRODUCTION

BaP3 is one of the most widely studied of the environmental
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carcinogens. Among the more than 30 metabolites of BaP which
have been characterized, BaP-7,8-diol has been identified as a
proximate carcinogen and anti-BPDE as an ultimate carcinogen
(1-5). Tumorigenicity studies in the newborn mouse indicate
that BaP-7,8-diol and (Â±)-aÂ«r/-BPDEare respectively 15- and
40-fold more active than BaP in producing pulmonary adeno
mas (6). However, this is not the case in initiation-promotion
or complete carcinogenesis studies carried out in mouse skin.
Both isomers of anti-BPDE are less tumorigenic than BaP, and
only the (â€”)-isomer of BaP-7,8-diol is somewhat more active
than BaP (3, 7, 8). Interestingly, binding of BaP, BaP-7,8-diol,
and (Â±)-awfi-BPDE to mouse skin DNA are of a similar mag
nitude 24 h after topical application (9).

To investigate the basis for these observations and to examine
some factors which may explain the relatively low tumorigenic
ity of anti-BPDE in mouse skin, we have compared the pene
tration, absorption, and metabolism of [3H]BaP, (Â±)-[14C]BaP-
7,8-diol, (Â±)-an//-[3H]BPDE, and (+)-a/ifi-[3H]BPDE in mouse
epidermis in vivo. Previous metabolism studies of BaP-7,8-diol
and anti-BPDE (10-16) as well as studies of the penetration of
BaP in mouse skin (17,18) were performed in vitro. Penetration
of chemicals and their metabolites through the skin is a complex
phenomenon (19, 20) and may be an important factor in skin
carcinogenesis. The present results provide the first data on the
penetration, disposition, and metabolism of BaP-7,8-diol and
a/if/'-BPDE in mouse epidermis in vivo.

For quantitation of unhydrolyzed anti-BPDE in mouse epi
dermis, we have developed a technique to isolate its mercapto-
ethanol adduci. Quantitation of this adduct by HPLC allowed
us to estimate the half-life of anr/-[3H]BPDE in mouse skin.

MATERIALS AND METHODS

Animals. Female Crl:CD-l(lCR)BR mice were obtained from
Charles River Breeding Laboratories, North Wilmington, MA. Animals
aged 7-9 weeks were used in the experiments.

Chemicals. (+)-a/iÃÃ-[3H]BPDE(1.4 Ci/mmol, 80% pure, containing
17% [3H]BaP-tetraoIs and 2% [3H]BaP), (Â±)-anfi-[3H]BPDE (1.45 Ci/
mmol, >98% pure, containing about 1% [3H]BaP), (Â±)-[14C]BaP-7,8-
diol (62 mCi/mmol, purified by thin layer chromatography), 7/8,9- and
7,9/8-BaP-triols, (+)- and (Â±)-anti-,and (Â±)-s)7i-BPDEwere supplied
by the Chemical Carcinogen Reference Standard Repository, a function
of the Division of Cancer Etiology, National Cancer Institute, NIH,
Bethesda, MD. [l,3,6-3H]BaP (50 Ci/mmol) was obtained from New
England Nuclear (Boston, MA). Labeled and unlabeled BaP-tetraols
were prepared by hydrolysis of unti- or syn-BPDE in 50:50/
H2O:acetone. They were purified by reverse-phase HPLC using the
same conditions as described in the section on HPLC analysis of organic
phase extractable metabolites of anfi-[3H]BPDE. BaP (Gold Label) was

purchased from Aldrich Chemical Co., (Milwaukee, WI). DNase 1
from bovine pancreas (EC 3.1.4.5), phosphodiesterase from Crotalus
atrox venom type VII (EC 3.1.4.1), alkaline phosphatase from Esche-
richia coli type III (EC 3.1.3.1), RNase T, from Aspergillus oryzae
Grade IV (EC 3.1.27.3), RNase A from bovine pancreas type 1 (EC
3.1.27.5), 0-glucuronidase from Â£.coli type IX (EC 3.2.1.3.1), arylsul-
fatase from limpets type V (EC 3.1.6.1), and o-saccharic acid 1,4-
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PENETRATION OF BaP, BaP-7,8-DIOL, AND -4AT/-BPDE IN VIVO

lactone were obtained from Sigma Chemical Co., St. Louis, MO.
Solulyte was obtained from Baker Chemical Co., Phillipsburg, NJ.

Metabolism of |3H|BaP, (Â±H'4CJBaP-7,8-diol, and (Â±)-anti-\iH\-

BPDE in Mouse Epidermis in Vivo. Each group consisted of 5 mice.
The shaved back of each mouse was treated topically with either | '! 11
BaP (200 nmol, 40 nCi) or (Â±Hl4C]BaP-7,8-diol (200 nmol, 20 pCi) in

ISO Â»/Iacetone. The groups of mice were sacrificed at various times
after treatment. Skins of the treated area were isolated and frozen in
liquid N2. The epidermis was isolated, ground, suspended in buffer,
homogenized, and extracted with acetone and ethyl acetate as described
previously (21). The organic and aqueous phases were analyzed by
HPLC. The nonextractable radioactivity associated with epidermis was
measured after overnight digestion of epidermis with Solulyte.

Groups of 5 mice each were also used for (Â±)-an</-[3H]BPDEor (+)-
anf/'-pH]BPDE metabolism. Each mouse received (Â±)-ani/-[3H]BPDE
(200 nmol, 20 //( 'i) in 150 n\ acetone topically. At each time point, two

groups of mice were sacrificed. One of the groups was used for trapping
of unreacted anfi-BPDE with mercaptoethanol; the skins of the other
groups were analyzed by the procedure described above. The trapping
with mercaptuethanol was carried out as follows. The treated area of
each mouse skin was removed and immediately placed on an ice-cold
glass plate, epidermis side down. The connective tissue, fat, and dermis
were removed by scraping. The epidermis was transferred to a beaker
and 100 /il of 2-mercaptoethanol buffer (prepared as a 2 M aqueous
solution containing 0.4 M sodium hydroxide) was added. After 0.5 h
the epidermis was ground in liquid N, and extracted as described above.
The time elapsed between the killing of each animal and the addition
of the buffer was about 3 min.

HPLC Analysis of Organic-Phase Extractable Metabolites of (Â±)-
|'4C]BaP-7,8-diol. The metabolites were analyzed by HPLC on two EM
Lichrosorb RP-18, 10-pm columns (4.6 x 250 mm). The columns were
eluted with a 60-min linear gradient of solvent A:H2O, (50:50 to 75:25)
followed by a 15-min linear gradient of solvent A:H2O (75:25 to 100:0)
at a flow rate of 1 mi/min. Solvent A was 10% tetrahydrofuran in
methanol. Fractions of 0.5 ml were collected and radioactivity in each
fraction was measured using a Beckman Model 800 scintillation coun
ter. The metabolites were identified by coinjection with nonradioactive
BaP-tetraols and BaP-triols.

HPLC Analysis of Organic-Phase Extractable Metabolites of tÂ±)-
fln/i-[3H]BPDE. The metabolites were analyzed by HPLC on a 5-pm

(250 x 4.6 mm) Ultrasphere ODS column (Beckman/Altex, San Ra
mon, CA). The column was eluted as follows: methanol:H2O (46:54)
for 34 min, then 10 min with a linear gradient of methanol:H2O (46:54
to 55:45), followed by 24 min of elution with methanol:H2O (55:45)
and a IO min linear gradient of methanol:H2O (55:45 to 100:0) at a
flow rate of 1 ml/min. Fractions of 0.5 ml were analyzed for radioac
tivity.

HPLC Analysis of Aqueous-Phase Metabolites. GSH conjugates were
quantitated by HPLC using a Waters pBondapak-NH2 column (250 x
4.6 mm). The column was eluted with an ammonium acetate:acetic
:Kid:nielli anni gradient as reported previously (13, 14, 22). For analysis
of glucuronide and sulfate conjugates the aqueous phases remaining
after ethyl acetate i* traction of mouse epidermis were hydrolyzed with
0-glucuronidase and aryl sulfatase in the presence of D-saccharic acid
1,4-lactone as described previously (21). Hydrolyzed metabolites were
extracted with ethyl acetate and analyzed by HPLC using an EM
Lichrosorb RP-18, 10-pm column (4.6 x 250 mm). The column was
eluted with methanol:H2O (50:50) for 30 min, then 40 min with a linear
gradient of methanol:H2O (50:50 to 80:20) followed by 10 min with a
linear gradient of methanol:H2O (80:20) to 100% methanol, at a flow
rate of 1 ml/min. Fractions of 0.5 ml were collected and radioactivity
was measured.

Hydrolysis of Unidentified Nonpolar (Â±)-anfi-|3H|BPDE Metabolites.
The unidentified products formed in mouse skin from (Â±)-anti-[3H]-

BPDE, Peaks O of Fig. 7, A and B, were isolated by HPLC and, after
removal of the solvent, aliquots were hydrolyzed overnight with either
1% HC1 or 1% NaOH in 80:20 acetone:H2O at 37'C. Hydrolysates

were extracted with ethyl acetate at pH 7 and analyzed by HPLC.
Isolation and Analysis of DNA. Groups of 10 mice were used. Each

mouse was treated topically with either 200 nmol [3H]BaP, 200 nmol

(Â±HMC]BaP-7,8-diol, or 150 nmol (+)-a/if/-[3H]BPDE in 150 pi ace

tone. The mice were sacrificed 24 h after treatment. The DNA was
isolated from treated areas of the mouse epidermis and hydrolyzed
enzymatically to deoxyribonucleosides (23). Modified deoxyribonucle-
osides were separated from nonmodified deoxyribonucleosides by Seph-
adex LH-20 column chromatography. Modified deoxyribonucleosides
were further analyzed by HPLC using an Altex Ultrasphere ODS 5-pm
column (4.6 x 250 mm) with the same program as described for
metabolism of anfi-[3H]BPDE.

RESULTS

Absorption and Penetration of |3H]BaP, (Â±MMqBaP-7,8-diol,
(Â±)-aÂ»ri-|3HlBPDE,and (+)-aÂ»f/-[3H]BPDE. Fig. 1 illustrates

the percentage of dose recovered from mouse epidermis at
various times after topical application of either [3H]BaP, (Â±)-
[14C]BaP-7,8-diol, or (Â±)-anti-[3H]BPDE. The results indicate

a remarkable difference in the pattern and rate of disappearance
of these compounds from mouse epidermis. The rates of dis
appearance of radioactivity after application of (+)-anti-[3H]-
BPDE or [3H]BaP-tetraols in mouse epidermis were identical
to that of (Â±)-ani/-[3H]BPDE. In the mice treated with (Â±)-anti-

pHJBPDE, levels of radioactivity were also measured in the
nonepidermal portions of the skin at survival times from 3 min
to 2 h; 31â€”46%of the dose was detected. Tables 1-3 demon
strate the partition of [3H]BaP, (Â±)-['4C]BaP-7,8-diol, (Â±)-anti-
[3H]BPDE, and their metabolites in the organic and aqueous

phases as well as nonextractable radioactivity associated with
the epidermis. The recoveries of [3H]BaP and a/i/i-BPDE from

mouse epidermis at zero time were 96% and 85%, respectively.
The recovery of BaP-7,8-diol was not investigated.

Fig. 2, A-C, shows the amounts of unmetabolized parent
compounds present in the organic phases of the epidermal
extracts. The hatched areas (M) represent organic-phase soluble
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anfi'-pHJBPDE values are the means of three different experiments and those for
|'H]BaP are the mean of two different experiments. Bars, SD.

5355

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/20/5354/2428906/cr0470205354.pdf by guest on 19 M

ay 2023



PENETRATION OF BaP, BaP-7,8-DIOL, AND ANTI-BPDE IN VIVO

Table I Partition nl'f'H/llal' and its metabolites in organic and aqueous phases

and nonextractable radioactivity associated with epidermis at various
survival times

Groups of 5 mice were treated topically with 200 nmol []H]BaP in ISO Â«il
acetone. After intervals indicated, mice were killed and treated areas were removed
and analyzed as described in "Materials and Methods."

SurvivalintervalOrt00.5248%ofradioactivityin
organicphase99.197.795.991.283.2%ofradioactivityinaqueousphaseO.I1.22.54.98.3%ofnonextractableradioactivityassociatedwithepidermis0.81.11.63.98.5

Table 2 Partition of(Â±)-f"CJBaP-7,8-dioland its metabolites in organic and

aqueous phases and nonextractable radioactivity associated with
epidermis at various survival times

Groups of 5 mice were treated topically with 200 nmol (Â±)-[14C]BaP-7,8-diol

in 150 111acetone. After intervals indicated, mice were killed, and treated areas
were removed and analyzed as described in "Materials and Methods."

Survival
interval

(h)

%of
radioactivity

in organic
phase

%of
radioactivity
in aqueous

phase

%of
nonextractable

radioactivity
associated

with
epidermis

0.5
2
4
8

94.6
93.8
93.2
93.3

1.6
1.6
1.7
1.8

3.8
4.6
5.1
4.9

Table 3 Partition of(Â±)-anti-f'HJBPDE and its metabolites in organic and

aqueous phases and nonextractable radioactivity associated with
epidermis at various survival times

Groups of 5 mice were treated topically with 200 nmol (Â±)-anri-['H]BPDE in

150 uI acetone. After intervals indicated, mice were killed, and treated areas were
removed and analyzed as described in "Materials and Methods."

Survivalinterval(min)00Â°33'88a13l.VIK18*3333'636.V9393'123123"%ofradioactivityin
organicphase858078817986778276827888808387868489%ofradioactivityinaqueousphase5473828393103444351%ofnonextractableradioactivityassociatedwithepidermis1016151613121515151512916139111110

" Groups of mice where unreacted anf/'-BPDE was extracted as a mercaptoeth-

anol adduci.

metabolites. Unreacted anfr'-BPDE present in epidermis was

quantified by HPLC as its mercaptoethanol adduct (Fig. 2Q.
The level of BaP metabolites present in epidermis were not
significantly changed at 0.5 to 8 h after treatment whereas some
accumulation of BaP-7,8-diol metabolites was observed at the
same time points studied.

The log of the concentration of unhydrolyzed (Â±)-a/if/-[3H]-
BPDE in the organic-phase extractable metabolites is plotted
against exposure time in Fig. 3. Fig. 3 indicates that the stability

of anti-BPDE in mouse epidermis increases with time. It ap
pears that aÂ«f/-BPDEhas a short half-life of about 6 min when
it is initially applied to mouse skin. However, its half-life
increases to greater than 2 h as soon as it becomes associated
with epidermal material. Similar results were obtained with (+)-
aÂ«//-[3H]BPDE.

Metabolites of [3H]BaP, (Â±)-['4C]BaP-7,8-diol,and (Â±)-anti-
[3H]BPDE were analyzed by HPLC. An extensive analysis of
[3H]BaP metabolism in mouse epidermis, under conditions
similar to those used here, was recently reported (22). There
fore, detailed analyses of metabolite formation and disappear
ance were performed only for (Â±)-[14C)BaP-7,8-dioland (Â±)-
fl/ifi-[3H]BPDE.

Metabolism of (Â±H"C]BaP-7,8-diolâ€¢Â«Mouse Epidermis. Fig.

4 illustrates the HPLC elution profile of metabolites extracted
from mouse epidermis with ethyl acetate:acetone, 8 h after
topical treatment with (Â±)-['4C]-BaP-7,8-diol.The levels of

various metabolites 0.5 to 8 h after treatment are plotted against
exposure time in Fig. 5, A-F. The major metabolite of (Â±>-
[l4C]BaP-7,8-diol in mouse epidermis coeluted with 7,10/8,9-
BaP-tetraol, formed by trans- ring opening of anti-BPDE (Fig.
4). Peak F of Fig. 4 was tentatively assigned as a BaP-phenol
based on its HPLC retention time.

Fig. 5Aindicates that the levelof BaP-tetraols increased with
increasing exposure time. Fig. 5, G-7, illustrates the levels of
glucuronide, sulfate, and GSH conjugates at various survival
times. The levels of glucuionide conjugates decreased with
increasing times of exposure and the levels of GSH conjugates
increased with increasing survival times. HPLC elution profiles
of ethyl acetate extractable metabolites released after /8-glucu-
ronidase hydrolysis at the 2-h survival time are presented in
Fig. 6. Major glucuronide conjugates were formed from BaP-
tetraols and BaP-7,8-diol. Unidentified nonpolar products were
also observed. The concentrations of BaP-tetraols, BaP-7,8-
diol, and the unidentified products at various time intervals are
illustrated in Fig. 5(7.

Metabolism of (Â±)-un//-|'111lÃ®l'l)l in Mouse Epidermis. Fig.

7, A and B, illustrates the HPLC elution profiles of the radio
activity extracted from mouse epidermis with ethyl ace-
tate:acetone 15 min after treatment with (Â±)-un//-[3H]BPDE;
epidermis was isolated in the presence and absence of the BPDE
trapping agent 2-mercaptoethanol, respectively. The levels of
various metabolites, expressed as nmol/g dry epidermis, are
plotted against exposure time in Fig. 8, K-O. The major me
tabolites of (Â±)-a/ifi-[3H]BPDEin mouse skin were its hydrol
ysis products, [3H]BaP-tetraols. Unreacted a/tfi-[3H]BPDE was

isolated as a mercaptoethanol adduct, Peak K of Fig. 1A. No
radioactivity coeluted with this adduct when mouse epidermis
was not treated with mercaptoethanol (Fig. IB). There were
also some unidentified metabolites, Peak O of Fig. 7, A and //,
which released material coeluting with BaP-tetraols upon acid
or base hydrolysis (see insets C and D of Fig. IB).

Fig. 9, A and B, illustrates the HPLC elution profiles of
aqueous soluble epidermal metabolites of (Â±)-anfi-[3H]BPDE

isolated in the presence or absence of mercaptoethanol 4 h after
treatment. Peak 1 was assigned as glucuronide plus sulfate
conjugates and Peak 3 as GSH conjugates, as described previ
ously (22). There was also an unidentified Peak 4 (Fig. 9/1),
which upon addition of mercaptoethanol disappeared with ap
pearance of a new Peak, 2 (Fig. 95). The level of GSH conju
gates during the 8-h exposure time studied was constant (Fig.
80.

Binding Levels of [3H)BaP, (Â±M"C]BaP-7,8-diol,and (+)-
a/iri-[3H]BPDEto Epidermal DNA. The levels of anii-BPDE-
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PENETRATION OF BaP, BaP-7,8-DIOL, AND ANTl-BPDE IN VIVO
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Fig. 3. Percentage of unhydrolyzed (Â±)-anfi'-[3H]BPDEextracted in the or

ganic phase from the epidermis at various times, after its topical application.

DNA adducts present in mouse epidermis 24 h after treatment
with [3H]BaP, (Â±)-["'C]BaP-7,8-diol, or (+)-<mf/-[3H]BPDE are

presented in Table 4. Sephadex 1,11 20 elution profiles of
deoxyribonucleosides obtained from enzymatic hydrolysis of
epidermal DNA indicate that, in addition to the adducts that
coelute with BPDE-DNA adducts, there were unidentified early
eluting radioactive peaks in all groups. These unidentified early
eluting radioactive peaks are not included in Table 4. The
results indicate that [3H]BaP, (Â±)-['4C]BaP-7,8-diol, and (+)-
<//ii/1 'I I ]HPI) 1 bound to epidermal DNA to similar extents.

DISCUSSION

Extensive studies strongly support the hypothesis that (+)-
flnf/-BPDE is a major ultimate carcinogen of BaP in mouse
skin (1, 3, 4, 6, 24). The evidence includes structure-activity
comparisons of BaP with its methylated, fluorinated, and par-

^t0X51405040302010iBaP-tetraols

fromsyn-BPDEIrhiBaP-tetraols

fromanti-BPDEi'

\\

BaP-r

I'I*Ariolsn/

W* B C/VA

|Â¿ VÂ¿Â¡1 IBaP-

7A

;-OHF1\
20 40 60 80 100 120 140 160

Fractions

Fig. 4. HPLC elution profile of metabolites extracted from mouse epidermis
with ethyl acetate:acetone, 8 h after treatment with (Â±H>4C]BaP-7,8-diol.

tially saturated analogues, tumorigenicity studies of various
BaP metabolites, and DNA binding experiments which clearly
show that major adducts are formed via the pathway BaPâ€”K-)-
BaP-7,8-diol-K+)-a/tf/-BPDE (1, 3, 4). Nevertheless, the tu-
morigenic activities of BaP-7,8-diol and BPDE on mouse skin
are not entirely consistent with this hypothesis. Whereas (-)-
BaP-7,8-diol is somewhat more tumorigenic than is BaP (7),
all four isomers of BPDE have consistently been shown to be
less tumorigenic than BaP on mouse skin, under a variety of
different conditions (25-27). It seemed possible that qualitative
or quantitative differences in the metabolism of BaP-7,8-diol
and anfr'-BPDE, compared to the metabolism of BaP in mouse

epidermis, and differences in the rates of penetration of BaP
and its key metabolites might account for some of these appar
ent inconsistencies. In addition, a better understanding of the
metabolism and distribution of these key BaP metabolites in
mouse skin would provide a foundation for understanding the
effects of modifiers of BaP and BPDE tumorigenicity.

Qualitatively, the metabolite patterns of BaP-7,8-diol and
anti-BPDE in mouse epidermis were in accord with expecta-
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dermis. 2 h after application of (Â±)-[MC)BaP-7,8-diol.

lions based on in vitro studies. The major metabolite of BaP-
7,8-diol was the BaP-tetraol formed by trans-ring opening of
anti-BPDE. BaP-tetraols formed from syn-BPDE were also
observed, but to a lesser extent (1,2). The major metabolite of
anti-BPDE was also the BaP-tetraol produced by trans-ring
opening, as observed nonenzymatically (28). Several minor
unidentified metabolites were detected. Hydrolysis of the glu-
curonide conjugates of BaP-7,8-diol produced unidentified non-
polar metabolites which eluted later than BaP (Fig. 6). Non-
polar products were also observed in the metabolism of anti-
BPDE (Peak O of Fig. 7, A and B). Treatment of these products
with acid or base produced material which coeluted with BaP-
tetraols. Thus, Peak O could consist partially of adducts be
tween anfr'-BPDE and fatty acids or related nonpolar acids.

This hypothesis seems consistent with the observation that anti-
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Fig. 7. HPLC clm mu profile of the ethyl acetate:acetone extractable metabo
lites of (Â±)-<mii'-[3H]BPDEin mouse epidermis 15 min after treatment. A, in the

presence of 2-mercaptoethanol; /'. in the absence of 2-mercaptoethanol. Insets C
and /). HPLC elution profiles of the ethyl acetate extractable products released
upon acid or base hydrolysis of Peak O.

BPDE is sequestered in EBS, as discussed further below. An
other unidentified product of ant /-BPDE metabolism was Peak
4 of Fig. 9, which was poorly resolved from anti-BPDE GSH
conjugates. In the presence of mercaptoethanol this peak dis
appeared with appearance of a new peak.

Quantitatively, however, major differences were observed in
the kinetics of penetration and absorption of BaP, BaP-7,8-
diol, and anti-BPDE in mouse skin as well as in the kinetics of
formation of metabolites from these three substrates. Compar
ison of the total radioactivity recovered at various times after
topical application of BaP, BaP-7,8-diol, and anti-BPDE, as
shown in Fig. 1, clearly demonstrates that BaP and anti-BPDE
are removed from mouse epidermis by different mechanisms.
The disappearance of BaP and its metabolites is monophasic,
following first order kinetics with a half-life of approximately
2 h. In contrast, removal of anti-BPDE from epidermis is
biphasic. Between 60% and 65% of anti-BPDE disappeared
from mouse epidermis within 3 min of application, while a
second slower phase of removal of radioactivity was observed
between 8 min and 2 h. The kinetics of removal of BaP-7,8-
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Table 4 Comparison of binding of P H]BaP, (Â±)-f"CJBaP-7,8-diol, and
(+)-anti-f'HJBPDE lo DNA of mouse epidermis

Groups of 10 mice each were treated with [3H]BaP, (Â±)-['4C]BaP-7,8-diol, or
( ÃI </nÃÃ| '11Ilil'l>1 and sacrificed 24 h later. DNA was isolated and analyzed as
described in "Materials and Methods."

Compound

onri'-BPDE-DNA adducts
(pmol/mg DNA)'

[JH]BaP
(Â±M"C]BaP-7,8-diol
(+)-an//-['H]BPDE

9.6 Â±0.6*
13.6 Â±1.9*

16.3C-'

* Early eluting unidentified peaks are not included.
* Mean Â±SD, n = 3.
' Single determination.
'' An iimilrni ifn-il peak eluting before BaP-tetraol also was observed but is not

included.

diol and its metabolites were intermediate between those of
BaP and anti-BPDE. These results suggest that the stratum
corneum, the outermost layer of skin, which consists of several

5359

layers of inactive, keratinized cells surrounded by extracellular
lipids, may act as a reservoir that can retain and slowly release
topically applied lipophilic substances such as BaP but is pen
etrated rapidly by more polar compounds such as anti-BPDE
(29-31).

Development of a method for quantifying BPDE concentra
tions in mouse epidermis by trapping with mercaptoethanol
allowed us to investigate the kinetics of removal of anti-BPDE
in more detail. The initial half-life of anti-BPDE in mouse skin
was about 6 min (Fig. 3), which is comparable with the half-life
of anti-BPDE in physiological aqueous media (32) and similar
to that observed at pH 7.4 in vitro (33). However, following the
initial rapid penetration of anti-BPDE through mouse epider
mis, the remaining material became immobilized in the epider
mis and the half-life increased to greater than 2 h. In agreement
with our results, MacLeod et al. have reported that in vitro
exposure of Chinese hamster ovary cells to anfi-BPDE leads to
an association of about 20% of the unreacted compound with
the cells and that it is protected from hydrolysis (34). This
observation, together with the results of the metabolism studies,
suggests that there is an EBS for anti-BPDE which protects it
from further hydrolysis, as well as from reaction with DNA or
GSH. Various lines of evidence, in addition to the extended
second half-life of anti-BPDE, support this hypothesis. The
nonpolar products, Peak O of Fig. 7, A and A, appear to be
formed by reaction of a lipophilic compound with anti-BPDE.
The levels of GSH conjugates of anti-BPDE were unchanged
from 0.5-8 h (Fig. 8Q). Previous studies have shown that the
levels of BPDE-DNA adducts in mouse epidermis were maxi
mal after 3 h, then decreased at longer survival times (35).
These results indicate that the reactivity of BPDE toward
cellular nucleophiles including 11 ( ), GSH, and DNA is similar
to its reactivity in vitro only during the first 5-10 min after
application on mouse skin. At later times, its association with
the EBS gives it properties which are different from those
expected based on in vitro studies. The extent to which anti-
BPDE, as formed from BaP in vivo, becomes associated with
the EBS is unknown.

The kinetics of formation of metabolites of BaP, BaP-7,8-
diol, and anti-BPDE were different. In a previous study carried
out under similar conditions, metabolites of BaP were maximal
in mouse epidermis 2 h after application (22). Concentrations
of most metabolites declined between 2 and 8 h. In the present
study, the levels of BaP-tetraols, the major metabolites of BaP-
7,8-diol, increased gradually and were maximal 8 h after appli
cation. As discussed above, the kinetics of metabolite and
adduci formation from anti-BPDE was dependent on its bi-
phasic half-life and removal from epidermis. As indicated in
Table 4, the levels of BPDE-DNA adducts formed from BaP,
(Â±)-BaP-7,8-dioI, and (+)-anti-BPDE were similar 24 h after
application to mouse skin. These results are in agreement with
previous studies (9). Nevertheless, the amounts of anti-BPDE
present in mouse epidermis at various times after application
of either BaP-7,8-diol or anti-BPDE are about 50 to 100 times
as great as the amounts formed upon application of BaP to
mouse skin. These results demonstrate that anti-BPDE gener
ated intracellularly during metabolism of BaP binds more ef
fectively to DNA than does anti-BPDE formed metabolically
from BaP-7,8-diol or than anti-BPDE applied topically. The
relatively inefficient binding of BaP-7,8-diol or anfi-BPDE to
DNA following application to mouse skin probably results at
least partially from their rapid penetration through mouse
epidermis and from sequestering in the EBS. The removal of
most of anti-BPDE from epidermis is apparently so fast that it
cannot exert its biological activity. These factors are also likely
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to affect the relative tumorigenic activities of BaP, BaP-7,8-
diol, and anti-BPDE and can partially account for the relatively
low tumorigenicity of anti-BPDE in mouse skin.

The present results provide the first data on the penetration
of anti-BPDE through mouse epidermis and indicate that the
higher tumorigenicity of BaP than of anti-BPDE in mouse skin
may be partially due to the rapid initial penetration of anti-
BPDE. The removal of the bulk of anri-BPDE is apparently so
fast that it cannot fully exert its biological activities during
passage through the epidermis. The intracellular release of anti-
BPDE, as formed metabolically from BaP, is apparently not
accurately reflected by application of ani;-BPDE to mouse skin.
Thus, the kinetics of skin penetration by polynuclear aromatic
hydrocarbons and their metabolites may play an essential role
in tumor initiation. The results of the present study thus provide
a rationale for the observation that mouse skin is frequently
not a good system for evaluating the tumorigenic activities of
polynuclear aromatic hydrocarbon diol epoxides.
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