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ABSTRACT

The chemotherapeutic agent 6-mercaptopurine was previously shown
to inhibit the binding of 7r,8f-dihydroxy-9,10/-oxy-7,8,9,10-tetrahydro-
benzo(<i)pyrene (BPDE-I) to DNA in Chinese hamster ovary cells. Two
compounds related to 6-mercaptopurine, 2,6-dithiopurine (DTP) and
thiopurinol (TP), have been tested for inhibition of the binding of BPDE-
I to epidermal DNA in mouse skin. Doses of test compound (0.2-20
Mmol) or solvent control were applied to the shaved backs of female
SENCAR mice. Fifteen min later, 200 nmol |3H|BPDE-I were applied to

the same area and 3 h later the mice were sacrificed and epidermal DNA
was purified and adduct formation was quantitated radiometrically. At
the highest doses studied, DTP and TP inhibited DNA binding by 90 and
>80%, respectively. The dose necessary to inhibit DNA binding by 50%
was about 0.8 /Â¿molfor DTP and about 2 /imol for TP. To test whether
this protective effect was long-lasting, the time between application of
purinethiol and [3H]BPDE-I was systematically increased. Although the

level of protection was decreased by increasing the time between appli
cations, both compounds inhibited binding 50-60% even after 24-48 h.
A radioactive compound tentatively identified as a TP-BPDE-I adduct
could be recovered from epidermal homogenates following topical appli
cation of TP and BPDE-I. We used a standard two-stage initiation-
promotion protocol to test the effects of these compounds on mouse skin
carcinogenesis. Mice were treated with 0, 1, or 10 Â¿imolof either TP or
DTP, and 15 min later were treated with an initiating dose of BPDE-I
(200 nmol). Twice weekly promotion with 12-0-tetradecanoylphorbol-
13-acetate was begun 2 weeks later and continued for 23 weeks. A dose-
dependent inhibition of tumor incidence and multiplicity was noted with
both compounds. Treatment of skin with 10 Â¿imolof DTP prior to
initiation lowered the number of papiliornas per mouse by >90% com
pared to solvent controls; a 10-fold lower dose resulted in about 50%
inhibition. The 10-jtmol dose of TP resulted in about 50% inhibition.
Mice were examined for 50 weeks for the presence of squamous cell
carcinomas. Compared to the positive control group, 10 Â«imolDTP
inhibited carcinoma incidence and lowered the total number of carcinomas
by 90-95%. Treatment with 10 jtmol TP had no significant effect on
carcinoma incidence, and only slightly lowered the total number of
carcinomas.

INTRODUCTION

For some years it has been known that many classes of
chemical carcinogens form highly reactive, electrophilic inter
mediates that cause damage to cellular macromolecules (1). In
a recent review, Bertram, et al. (2) identified a number of steps
in the carcinogenesis pathway at which it should theoretically
be possible to inhibit the process. One strategy for chemopre-
vention of carcinogenesis entails the introduction of a nucleo-
phile which can compete with sensitive cellular targets for
reaction with the electrophilic, ultimate carcinogenic species.
In other words, a chemical is sought which can scavenge the
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reactive carcinogen, thus preventing the formation of deleteri
ous damage in cellular target macromolecules such as DNA.

The highly reactive electrophile BPDE-I3 is a well-studied

ultimate carcinogen that is derived metabolically from the en
vironmental contaminant benzo(a)pyrene (3-6). Its availability
and relative stability in anhydrous organic solvents make it
attractive for experimental carcinogenesis studies, and it has
been shown to be a potent initiator of carcinogenesis in a
standard 2 stage mouse skin carcinogenesis model (5, 6). In
this model, a nontumorigenic dose of the initiating compound
is applied to the backs of mice, followed by chronic treatment
with agents classified as tumor promotors. If either the initiat
ing treatment or the promotion is withheld, few tumors are
induced. With BPDE-I (200 nmol) as the initiating agent and
TPA as the promoting agent, papillomas appear during the
promotional phase reaching a multiplicity of 2-3 tumors/
mouse (7, 8).

Correlated with the ability of BPDE-I to act as an initiator
is the level of BPDE-I adducts found in epidermal DNA soon
after treatment (9, 10). This model is thus particularly advan
tageous for studies of potential scavenging agents because the
initiating and promoting phases are well separated in time.
Furthermore, inhibition of DNA binding can be used as a short-
term test to predict the effects of changes in protocols on the
outcome of the longer-term tumorigenesis experiments. Certain
plant-derived phenolic compounds, most notably ellagic acid,
have been found to block the initiation of tumorigenesis by
BPDE-I in this model (11).

Previous studies identified 6-MP as a potent scavenger of
BPDE-I in CHO cells (12). Thus, micromolar dose levels of 6-
MP inhibited the binding of [3H]BPDE-I to DNA in these cells,

as well as inhibiting cell killing and mutagenesis. Correlated
with these biological effects was the formation of an apparent
BPDE-I-6-MP adduct; this has since been identified as
10-(S-6 '-mercaptopurinyl)-7,8,9-trihydroxy-7,8,9,10-tetrahy-

drobenzo(a)pyrene (13). However, 6-MP has limited usefulness
as a potential chemopreventive agent due to its high toxicity
(14). Several analogues of 6-MP have been described that retain
the nucleophilic thio moiety but exhibit reduced toxicity (15);
five purinethiols were shown to inhibit BPDE-I-DNA binding
in CHO cells with potencies similar to or better than 6-MP
(12). We have selected two nontoxic compounds that were
highly effective in the CHO cell assays, DTP and TP, for further
evaluation. For the reasons set forth above, we used the murine
skin multistage carcinogenesis model to test the efficacy of
these thiols in an in vivo situation. We report here the abilities
of DTP and TP to inhibit both BPDE-I-DNA binding and the
initiation of tumorigenesis when applied topically to mouse
skin prior to topical application of BPDE-I.

'The abbreviations used are: BPDE-I, 7r,8i-dihydroxy-9,IOr-oxy-7,8,9,10-
tetrahydrobenzo(a)pyrene; TPA, 12-O-tetradecanoylphorbol-13-acetate; 6-MP,
6-mercaptopurine; CHO, Chinese hamster ovary; DTP, 2,6-dithiopurine; TP,
thiopurinol (4-mercapto-l//-pyrazolo[3,4rf]pyrimidine); THF, tetrahydrofuran;
HPLC, high-performance liquid chromatography.
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PURINETHIOL INHIBITION OF CARCINOGENESIS

MATERIALS AND METHODS

Chemicals. TP and DTP were the highest purity available from either
Aldrich Chemical Co. (Milwaukee, WI) or Sigma Chemical Co. (St.
Louis, MO), and were used without further purification. Analysis of
stocks used in these experiments by HPLC (C|8 column eluted with
0.2% trifluoroacetic acid in water, 1.5 ml/min, absorbance detection at
349 nm) demonstrated greater than 95% purity. Stock concentrations
were established by absorbance spectroscopy of aliquots diluted into
0.01 N NaOH by using the following molar extinction coefficients: TP,
ejeÂ«= 14,300; DTP, Â«544= 12,500. Solutions for topical application to
mice were prepared in a solvent consisting of 75% THF:24.9% dimethyl
sulfoxide:0.1% incliniamole (Solvent 1). TPA was obtained from LC
Services (Woburn, MA). [3H]BPDE-I was obtained from the National

Cancer Institute Chemical Carcinogen Standard Repository; unlabeled
BPDE-I was from Chemsyn Laboratories (Lenexa, KS). Stock solutions
( 1.0 m\i) were prepared in THF and stored at -20Â°C.The concentration

and integrity of BPDE-I stock solutions was verified by spectroscopic
methods (16) immediately prior to use.

Animals and Treatments. Female SENCAR mice (7-11 weeks old)
were obtained from the NCI-Frederick Cancer Research Facility. Mice
were shaved dorsally at least 3 days prior to treatment, and only mice
in the resting phase of the hair cycle were used. Test compounds were
applied to the shaved portion of the dorsal skin in 200 M'of Solvent 1;
control animals received Solvent 1 only. After 15 min, or as otherwise
noted, 200 n\ of 1.0 mM BPDE-I in THF was applied to the same area
of skin; control animals received THF only. The BPDE-I used for
DNA-binding experiments was tritium labeled (100-500 mCi/mmol),
while that for tumorigenesis experiments was unlabeled.

Inhibition of DNA Binding. Mice were sacrificed by cervical disloca
tion 3 h after application of the [3H]BPDE-I. The treated area of skin

was dissected, the internal fat layer was scraped off, and the pelt was
briefly (20-30 s) heated to 57Â°Cin a water bath. The epidermis was

recovered by scraping with a razor blade, and the scrapings from 3-4
mice were pooled in 5.1 ml of 10 mM Tris, pH 7.4, 100 mM NaCI, 1.0
mM EDTA buffer. After homogenization (Brinkmann Polytron, setting
5 for 20 s, setting 8 for 10 s), sodium dodecyl sulfate was added to
0.5% and the homogenate was digested with proteinase K (100 Mg/ml;
Sigma; type XI) for 2 h at 37Â°C.Nucleic acids were purified by

sequential extraction at room temperature with phenol;
phenol:chloroform:isoamyl alcohol (25:24:1) and chloroform:isoamyl
alcohol (24:1), and then precipitated overnight at -10Â°Cwith isopropyl

alcohol. The precipitated nucleic acid was extracted with ether to
remove noncovalently bound radioactivity, dissolved in 10 mM Tris,
pH 7.4, digested with 100 units/ml RNase A (Sigma; Type III-A) in
the presence of 100 mM NaCI, then redigested with proteinase K,
extracted with phenol and chloroform as described above, and precipi
tated with ethanol. The purified DNA was again washed with ether and
then dissolved in 10 mM Tris, pH 7.4, and quantitated by absorbance
spectroscopy, using eÂ¿Â»= 13,200. DNA purified by this procedure had
A-ua/A-iw= 1.8-1.9 and A^A^o > 2.2. Aliquots of DNA were assayed
for covalenti)' bound carcinogen by liquid scintillation counting; dpm

were converted to pmol by using the known specific activity of the
[3H]BPDE-I.

Analysis of BPDE-I-TP Adducts in Vivo and in Vitro. Mice were
treated with [3H]BPDE-I and TP or Solvent 1 as described for the

analysis of DNA binding. However, homogenates were prepared from
the epidermal scrapings in 100 mM sodium acetate, pH 4.0. Free thiols
were blocked by reaction with 1 mM iodoacetamide at 37Â°Cfor 15 min,

and the homogenates (3 ml) were extracted once with 5 ml CHClj. The
CHClj extract was evaporated to dryness under a stream of nitrogen,
the residue was dissolved in 75% methanol, and aliquots were analyzed
by HPLC by using an Aquapore RP-300 column eluted isocratically at
a flow rate of 1.5 ml/min with 48% methanol. Fractions were collected
at 0.3-min intervals and their radioactivity was determined by liquid
scintillation counting. In vitro standards were prepared by reaction of
10 MMBPDE-I with 500 MMTP for 2 h at room temperature in either
10 mM Tris, pH 7.4, or 100 mM sodium acetate, pH 4.0, followed by
direct analysis by HPLC.

Tumorigenesis Studies. Groups of 30 mice were treated as described
above with DTP, TP, or solvent only, and then initiated with either
200 nmol BPDE-I in 0.2 ml THF or mock initiated with 0.2 ml THF.
Two weeks later, promotion was begun by the twice weekly application
of 2 Mg TPA/mouse in 0.2 ml acetone. Promotion with TPA was
continued for 23 weeks. The treatment groups were as follows: Group
1, Solvent 1 followed by BPDE-I; Group 2, 1 Mmol TP followed by
BPDE-I; Group 3, 10 MmolTP followed by BPDE-I; Group 4, 10 Mmol
TP followed by THF; Group 5, 1 Mmol DTP followed by BPDE-I;
Group 6, 10 Mmol DTP followed by BPDE-I; Group 7, 10 Mmol DTP
followed by THF. Papillomas were counted weekly for 31 weeks, and
once every 2-3 weeks thereafter. Carcinomas were scored as they arose,
and confirmed by histopathological analyses. All surviving mice were
sacrificed and autopsied 50 weeks after the first TPA treatment.

Statistical Methods. Statistical significance between groups was de
termined by analysis of variance for tumor multiplicities, ,\: test for
tumor incidence, and Student's t test for biochemical data (DNA adduct

levels).

RESULTS
Inhibition of DNA Binding. The binding of [3H]BPDE-I to

DNA in mouse epidermis was measured under conditions which
mimic those used to initiate the process of carcinogenesis in
the 2-stage, initiation/promotion model. In a series of 8 exper
iments in which mice were treated with Solvent 1 (the solvent
for the purinethiols) 15 min prior to application of 200 nmol
[3H]BPDE-I, the average level of binding after 3 h was 116 Â±

34 (SD) pmol adduct/mg DNA. This is higher than levels
previously reported for SENCAR mice (2-24 pmol/mg; Refs.
7, 17, and 18), a fact that we attribute to our pretreatment with
the dimethyl sulfoxide-containing solvent. This may alter the
mechanical or chemical properties of the skin, allowing a higher
fraction of the subsequent carcinogen dose to reach the target
cells. Indeed, when the time between application of Solvent 1
and BPDE-I was increased to 24 or 48 h, the absolute level of
binding decreased to 35 Â±8 pmol adduct/mg DNA, a level
closer to literature values.

Binding of BPDE-I to epidermal DNA was progressively
inhibited by prior treatment of the animals with increasing
amounts of DTP (Fig. 1) or TP (Fig. 2). The different symbols
in Figs. 1 and 2 represent individual experiments carried out
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Fig. 1. DTP inhibition of BPDE-I-DNA binding. The binding of [3H]BPDE-I
to epidermal DNA was measured as described in "Materials and Methods" after

treatment with the indicated dose of DTP in Solvent 1. Points, pooled DNA from
3-4 mice. Data in each experiment is normalized to the binding measured in
animals pretreated with Solvent 1 only. A, mice were treated with a single dose
of DTP followed by [3H)BPDE-I exactly as described in "Materials and Methods."
D, mice were treated with two doses of DTP (separated by 24 h) and [3H]BPDE-
I was applied IS min after the second dose. O, mice were given 0.25 mg/ml
allopurinol in their drinking water for 1 week to inhibit xanthine oxidase activity
(19), then treated with two doses of DTP (separated by 24 h) and [3H]BPDE-I

was applied 15 min after the second dose.
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Fig. 2. TP inhibition ofBPDE-I-DNA binding. Data were obtained as described
in the legend to Fig. 1, but with the substitution of TP for DTP.

Table 1 Effect of delay between application of purinethiol and BPDE-I"

% inhibition after a delay of

Compound 15min* 60min* 120min* 24 hc 48h1'

TP 73.7 Â±16.2' 79.5 Â±10.0 82.2 Â±2.7 59.5 Â±1.4 58.2 Â±11.1
(â€ž= 4) (n = 3) (n = 3) (n = 2) (n = 2)

DTP 91.0 Â±4.9 90.9 Â±2.9 86.2 Â±2.5 52.6 Â±11.2 53.9 + 6.1(n = 5) (n = 3) (n = 3) (n = 2) (n = 2)

" Mice were treated with [3H]BPDE-I at various times after the single, topical

application of Solvent 1 alone, 10 jimol TP, or 10 nmol DTP dissolved in Solvent
1. Animals were sacrificed 3 h after BPDE-I treatment, and DNA was prepared
from epidermal homogenates.

* Inhibition measured relative to a solvent-only control treated with BPDE-I

after a delay of 15 min.
' Inhibition measured relative to a solvent-only control treated with BPDE-I

after a delay of 24 h.
d Inhibition measured relative to a solvent-only control treated with BPDE-I

after a delay of 48 h.
' Mean Â±SD.

Table 2 Tumor incidence and multiplicity at 30 weeks

Treatments"Group1

2
3
4
5
6
7Pretreat

mentSolvent

1
1.0/<molTP
10.0 Â»imolTP
lO.OjimolTP
1.0 (Â¿molDTP
10.0 nmol DTP
10.0 nmol DTPInitia-

Surviving
tionmiceBPDE-

BPDE-
BPDE-
THF
BPDE-
BPDE-
THF18*23

25
24
26
29
27Tumor

inci
dence%of

survivors94

91
88
21'

77
31*Â«
11"%of

total83

80
8317*

7030*'

10"Papillomas/

mouse6.0

4.92.7C

0.3C
2.6C
O.(f-r
O.lf

Â°Mice in all groups were promoted with TPA for 23 weeks.
* Tumor incidence among mice that died or were terminated prior to week 30

was: Group 1, 66.7%; Group 2, 42.9%; Group 3, 60.0%; Group 4, 0%; Group 5,
25.0%; Groups 6 and 7, 0%.

' Tumor multiplicity was significantly different than the multiplicity in Group

J Tumor incidence was significantly different than the incidence in Group 1 (/'

' Tumor incidence was not significantly different than the incidence in Group

7 (P > 0.05).
'Tumor multiplicity was not significantly different than the multiplicity in

Group 7 (P > 0.05).

under slightly different conditions as detailed in the figure
legends. At the highest doses tested, DTP inhibited [3H]BPDE-

I binding to DNA by about 95%, while TP was about 85%
effective. Statistically significant inhibition was observed at all
doses of DTP > 0.5 nmol and at TP doses of 2 and 20 nmol
(Student's i test, P< 0.05). The estimated doses which inhibited

binding by 50% were 0.8 Â¿/molfor DTP and 2 ^mol for TP.
It was of interest to determine whether the inhibitory effects

observed were transient or long lasting. Therefore, the time

between application of the purinethiol and the carcinogen was
lengthened. Data from several experiments conducted for up to
48 h are summarized in Table 1. For both compounds, there
was a progressive, slow decline in efficacy over this time span.
However, even after 24-48 h the inhibitory effects of both
compounds on DNA binding remained between 50 and 60%.

Inhibition of Tumorigenesis. A series of tumorigenesis exper
iments were carried out, utilizing both papilloma and carcinoma
formation as end points. Data on papilloma incidence, papil
loma multiplicity, and mortality for all treatment groups at a
single time point (30 weeks after the first promotion treatment)
are summarized in Table 2. In the positive control group
receiving carcinogen but no purinethiol (Group 1), mortality
was the highest, tumor incidence was about 95%, and tumor
multiplicities averaged greater than 5 papillomas/mouse. The
noninitiated control groups (Groups 4 and 7), which received
purinethiols but no carcinogen, exhibited a low incidence of
papillomas. The low background level seen in Group 7 (~11%
incidence; 0.1 tumors/mouse), treated with 10 pmo\ DTP but
not BPDE-I, is consistent with the values reported by several
investigators at this institution in noninitiated SENCAR mice
that are chronically treated with TPA (20-22). However, the
noninitiated group treated with the 10-^mol TP dose (Group
4) exhibited about twice the tumor incidence and multiplicity
of Group 7.

When mice were treated with 1.0 /Â¿molDTP prior to initia
tion with BPDE-I, tumor multiplicities at 30 weeks were low
ered by 54% (Table 2, Group 5), while a 10-fold higher dose of
DTP (Group 6) resulted in about 90% inhibition of papilloma
multiplicities. At the same dose, tumor incidence was decreased
by about 60%. The entire time course of papilloma formation
for Groups 1, 5, and 6 is plotted in Fig. 3/1. Papillomas began
to appear at about week 6-7 of promotion in Groups 1 and 5,

Time (weeks)

Fig. 3. Inhibition of tumorigenesis by purinethiols.. I. groups of 30 mice were
treated with Solvent 1 (Group 1, â€¢);Solvent 1 containing I Â«molDTP (Group
5, A); or Solvent 1 containing 10 nmol DTP (Group 6, O). Fifteen min later they
were initiated with 200 nmol BPDE-I, and 2 weeks later a 23-week course of
twice weekly promotion with 2 ng TPA was begun. The total number of tumors
observed on the mice in each group was divided by the number of mice remaining
alive in that group to calculate tumors/mouse. B, groups of 30 mice were treated
with Solvent 1 (Group 1, â€¢);Solvent I containing 1 ^mol TP (Group 2, A); or
Solvent 1 containing 10 nmol TP (Group 3, O). Further treatments were as
described above.
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PURINETHIOL INHIBITION OF CARCINOGENESIS

while the first papilloma in the group receiving the higher dose
of DTP (Group 6) did not appear until week 12. This may
simply reflect a statistical fluctuation due to the lower overall
number of tumors observed in Group 6 rather than an actual
delay in the kinetics of tumor formation. Tumor multiplicities
appeared to reach a plateau by week 30.

The analogous data for animals that received TP (Groups 2
and 3) are given in Table 2 and Fig. 35. Pretreatment with TP
had no significant effect on tumor incidence; however, a 10-
ÃÃinoldose of TP decreased tumor multiplicities by about 50%.
This correlates with the lower ability of TP to inhibit DNA
binding (cf. Figs. 1 and 2).

Since papillomas are not malignant lesions, it was important
to determine whether similar inhibition would be seen if squa-
mous cell carcinomas were used as the end point. The first
observable carcinomas arose 19 weeks after the first TPA
treatment, and carcinomas continued to appear for the duration
of the experiment. In the positive controls (Group 1), a total of
15 mice had developed carcinomas by the time the study was
terminated (50 weeks; Table 3). The final cumulative number
of carcinomas in this group was 20. Significant, dose-dependent
decreases in carcinoma incidence and in the total number of
carcinomas were seen in animals treated with DTP prior to
initiation (Table 3). For the most part, the ability of DTP to
inhibit carcinoma formation paralleled its ability to inhibit
papilloma formation. Thus, the high dose of DTP lowered both
the incidence and the total number of carcinomas by more than
90%. No carcinomas were noted in noninitiated mice treated
with the high dose of DTP (Group 7).

In contrast to the significant inhibition by DTP, the high
dose of TP lowered carcinoma incidence only slightly (Table
3), and the difference was not statistically significant. Similarly,
the slight decrease in the total number of carcinomas was not
significant. This is in contrast to the significant inhibition of
papilloma formation by this compound described above. In
addition, three of the mice that were not initiated with BPDE-
I but received 10 /Â¿molTP developed squamous cell carcinomas.
This is considered to be an extremely rare occurrence in non-
initiated SENCAR mice chronically promoted with TPA (20-

22).
Detection of a TP:BPDE-I Adduct in Epidermis. The expected

mechanism of action of the purinethiols is through formation
of adducts with BPDE-I (12, 13, 23). If the pharmacokinetics
of removal of such adducts from the epidermis is sufficiently
slow, it might be possible to detect the adducts in epidermal

Table 3 Carcinoma incidence in purinethiol-treated mice"

Group1

2
3
4
5
6
7TreatmentSolvent

1; BPDE-I
l.OxmolTP; BPDE-I
10.0 nmol TP; BPDE-I
10.0nmolTP;THF
1.0 Â»Â¿molDTP; BPDE-I
lO.Oiimol DTP; BPDE-I
10.0 â€žmolDTP; THFCarcinoma-bearing

animals15(27)Â»

13(27)
12(27)
3 (27)f
7 (27)c
1 (30)r- '
0 (29)cTotal

carcinomas20

1613?1*y

4 Of a total of 60 squamous cell carcinomas identified in this study, 35 were

verified by histopathology. Of these, 10 were graded as squamous cell carcinoma
IV (spindle cell carcinoma).

* Numbers in parentheses, number of animals alive at week 19, when the first

carcinoma was seen.
' Carcinoma incidence was significantly different than the incidence in Group

1 (P < 0.05).
'The number of carcinomas per animal at the time of death was significantly

different than the number of carcinomas per animal at the time of death in Group

24

24 6

Retention Time (min)

24

' Carcinoma incidence was not significantly different than the incidence in

Group 7 (P > 0.05).

Fig. 4. HPLC analysis of BPDE-I-TP adducts. Adducts were formed in vitro
by reaction of [3H]BPDE-I (10 >iM)with TP (500 um) in either (A) 10 mM Tris,

pH 7.4, or (D) 0.1 M sodium acetate, pH 4.0. For the in vivo samples, mice were
treated with (//) Solvent 1 containing I /miol TP, or (C) solvent 1 only, followed
by 200 nmol [3H]BPDE-I. After 3 h, epidermal homogenates were prepared in

0.1 M sodium acetate, pH 4.0, and adducts were prepared and analyzed as
described in "Materials and Methods."

homogenates. To test this, we prepared epidermal homogenates
from mice treated with either TP or solvent only prior to
treatment with [3H]BPDE-I. Hydrophobie products were ex

tracted into chloroform and then analyzed by HPLC. For
comparison, a typical HPLC analysis of standards prepared by
in vitro reaction of [3H]BPDE-I with TP at near-neutral pH is

shown in Fig. 4A. Peaks 1, 2, and 4 are hydrolysis products of
BPDE-I, while peak 5 is a putative BPDE-I-TP adduci whose
appearance is absolutely dependent on the presence of TP
during the reaction. In epidermal extracts prepared from mice
treated with TP and [3H]BPDE-I (Fig. 4Ã„),peaks with retention

times identical to peaks 1, 2, 4, and 5 in the standards were
seen, as well as several other unidentified peaks. However, when
compared to an analysis of the epidermal extract from mice
treated with solvent only in place of TP (Fig. 4C), the major
TP-dependent peak was seen to be that designated peak 5
(retention time, 21.3 Â±0.5 min), coincident with the in vitro
adduct standard (retention time, 21.1 Â±0.4 min). The uniden
tified peaks present in Fig. 4, B and C, may represent
[3H]BPDE-I-adducts formed with endogenous nucleophiles in

the animal.
We have previously reported that the UV absorbance spectra

of BPDE-I adducts with sulfur-containing nucleophiles are
significantly red shifted compared to BPDE-I-hydrolysis prod
ucts which exhibit a local maximum at 344 nni (13, 16). When
peak 5 was collected from analyses of in vitro markers, it also
displayed the characteristic red shift, with a local maximum at
350 nm. The absorbance spectrum of the peak 5 material from
epidermal homogenates was identical to the in vitro standard,
lending support to the conclusion that a BPDE-I-TP adduct
was formed in vivo.

Although BPDE-I is rapidly hydrolyzed in near-neutral,
aqueous solution (24), it is known that BPDE-I exhibits a much
longer half-life in several biological systems, including mouse
epidermis (7, 25, 26). Thus, we were concerned that in experi
ments such as the one analyzed in Fig. 4, B and C, some fraction
of apparent in vivo BPDE-I-TP adduct could be formed artifac-
tually during homogenization by reaction of intact BPDE-I
with TP. Artifactual binding of BPDE-I to DNA during prep-
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aration of cellular extracts has previously been described in
other systems (25, 26). In fact in reconstruction experiments,
we found that homogenization of epidermis at neutral or alka
line pH in the presence of added TP and [3H]BPDE-I gave rise

to small amounts of adducts (data not shown). For this reason
we chose a homogenization buffer of low pH (0. l M sodium
acetate, pH 4.0) for the experiments depicted in Fig. 4, B and
C, since low pH accelerates BPDE-I-hydrolysis (24) and inhibits
adduct formation with thiols (13). That this strategy was effec
tive is demonstrated by the analysis shown in Fig. 4D of an in
vitro reaction mixture containing TP and [3H]BPDE-I at the
same concentrations as in Fig. 4.-1. but carried out in 0.1 M
sodium acetate, pH 4.O. It can be seen that formation of the
putative adduct peak 5 was greatly reduced at the lower pH.
Peak 3 was also formed in low pH reactions lacking TP; it may
be due to acid-induced rearrangement of BPDE-I. These results
suggest that the putative BPDE-I-TP adduct seen in Fig. 4B
was formed in vivo, and is not an artifact due to continued
reaction during the preparation of epidermal extracts.

DISCUSSION

The present results establish DTP as a potent inhibitor of
BPDE-I-induced DNA damage and tumorigenesis in mouse
skin. We found that treatment with 1 ÃÂ¿molDTP prior to
initiation inhibited BPDE-I-DNA binding by about 60% (Fig.
1), papilloma multiplicity by 57% (Table 2), and carcinoma
incidence by about 50% (Table 3). It is worth noting that this
dose of DTP represents only a 5-fold molar excess of compound
( 10-fold molar excess of thio moieties) over the topically applied
carcinogen. A 10-fold higher dose of DTP inhibited all of these
parameters by over 90%. Previous work (8, 11) established
several phenolic compounds as inhibitors of BPDE-I-induced
damage in mouse skin, of which the most potent was ellagic
acid. At a dose of 2.5 /Â¿mol,ellegic acid was shown to inhibit
papilloma formation by about 60% (8). Thus, the doses of
ellagic acid and DTP effective in inhibiting BPDE-I-initiation
are remarkably similar.

Topical treatment of mice with 10 ^mol TP inhibited BPDE-
I-DNA binding (Fig. 2) and papilloma multiplicities (Table 2)
by greater than 50%, but had minimal effects on carcinoma
incidences or on the total number of carcinomas that developed
(Table 3). This is surprising since previous studies demonstrated
a good correlation between DNA adduct formation and tumor
igenesis (9, 10, 17). Although it has been suggested that not all
papillomas have the potential to give rise to carcinomas (27),
this cannot explain the lack of correlation between DNA bind
ing and carcinoma formation in the TP-treated mice. However,
the finding of several papillomas and three carcinomas in mice
treated with TP but not initiated with BPDE-I (Table 3, Group
4) raises the possibility that TP itself may have slight initiating
activity. Thus the lack of correlation between DNA binding and
carcinoma incidence reported for the TP plus BPDE-I group
could result from opposing positive and negative effects on
tumor initiation. More detailed studies will be necessary to
establish whether TP does in fact have weak initiating activity.
Since TP has been used pharmaceutically as a treatment for
gout (28), it will be of interest to determine whether there is
epidemiolÃ³gica! evidence for an association with increased can
cer incidence in treated populations.

We originally postulated that the mechanism of action of
thiopurines would be as nucleophilic scavengers of the electro-
philic diol epoxide. In cell culture, 6-MP was shown to act in

this manner since a BPDE-I-6-MP adduct could be isolated
from the treated cells (12, 13). In addition, the primary site of
action of 6-MP was shown to be intracellular; intracellular
activity may be enhanced by the known ability of 6-MP and
other thiopurines to act as substrates for the cellular purine
transporter (29). The data in Fig. 4 clearly indicate formation
of a TP adduct in mouse skin, consistent with the proposed
scavenging mode of action; characterization of this adduct is in
progress. In addition, we have preliminary evidence for the in
vitro and in vivo formation of DTP:BPDE-I adducts. The in
vitro adduct formed between DTP and BPDE-I appears to be
labile unless stabilized by treatment with iodoacetamide, pre
sumably blocking the unadducted thiol. Although HPLC stud
ies have suggested the formation of an in vivo DTP adduct, it
also appears to be labile and further work will be necessary to
establish the identity of this putative adduct.

Although the present results provide support for the possible
efficacy of thiopurines in the chemoprevention of cancer, many
questions remain to be answered. Among these are the question
of the spectrum of electrophilic carcinogens which may be
targeted and the problem of possible toxicity. Some thiopurines,
notably 6-MP and 6-thioguanine, are incorporated into nucleic
acids by mammalian cells (30) and are therefore highly toxic;
this is the basis for the efficacy of 6-MP as a chemotherapeutic
agent (14). DTP has been reported to be nontoxic in mice when
given as a single i.p. injection (15). We have examined mice
treated topically with 10 ^mol DTP under the conditions used
in the present experiments. After 1, 2, 3, 4, 7, or 14 days we
could find no histopathologically observable damage to the
major organs that could be ascribed to the DTP; there was
slight nephrotoxicity which resulted from the solvent used as
vehicle for the thiopurines. In addition, in preliminary experi
ments in which mice were given up to 5 IHM DTP in their
drinking water for 21 days, there was no effect on weight gain
and no observable organ toxicity. Clearly, further studies of the
possible toxicity of these compounds will be necessary, includ
ing determination of whether DTP can enter cellular nucleotide
pools.

In preliminary pharmacokinetic studies, we have observed
high concentrations of DTP in epidermal homogenates pre
pared 15 or 60 min after topical application of 10 nmol DTP4;

no metabolites were detected by HPLC. In contrast, a major
metabolite was detected in serum from the same mice which
cochromatographed with an in vitro metabolite prepared by
incubation of DTP with the enzyme xanthine oxidase. The
serum of SENCAR mice is known to contain high levels of
xanthine oxidase.5 This suggests that the activity of xanthine

oxidase in skin (19) is not effective in metabolizing topically
applied DTP in situ. This would explain the lack of effect of
allopurinol, an inhibitor of epidermal xanthine oxidase, in
modulating the DTP dose-dependent inhibition of BPDE-I-
DNA binding seen in the data of Fig. 1. It will be of interest to
determine whether chemical carcinogenesis in other organ sys
tems is susceptible to inhibition by DTP. In particular, studies
of the inhibition of tumorigenesis in organs such as liver and
forestomach that might be expected to achieve higher tissue
levels of thiopurines after intragastric administration should be
pursued.

Ultimately one would like to use chemopreventive agents to
lower cancer incidence in high risk groups. It seems likely that
a multifaceted approach based on blocking several steps in the

4 M. C. MacLeod, K. L. Mann, J. J. Reiners, Jr., unpublished results.
9J. J. Reiners, Jr., unpublished results.
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process of carcinogenesis (2) would be desirable. Thus, agents
which alter the primary metabolism of carcinogens or induce
enzymes involved in detoxification could be combined with
nucleophilic scavengers. Surprisingly few agents whose primary
mode of action is thought to be scavenging have been studied
(2). The purinethiols appear to have promise in this regard.
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