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Several naturally occurring coumarins previously found to .
be potent inhibitors of mouse hepatic ethoxyresorufin-O-  Introduction

deethylase (EROD) and/or pentoxyresorufin-O-dealkylase The process of skin carcinogenesis in mice can be effected by
(PROD) were examined for their effects on formation of  sing either a complete carcinogenesis protocol (one large
benzoppyrene (B[a]P) and 7,12-dimethylbenzBlanthra-  gose or multiple low doses of a carcinogen) or a multistage
cene (DMBA) DNA adducts in mouse epidermis, as well protocol involving the operational and mechanistically distinct
as, their effects on skin tumor initiation by these polycyclic  stages of initiation and promotion. It is generally accepted that
aromatic hydrocarbons (PAH). Bergamottin, apotentinhib-  the " stages of initiation and promotion are present during
itor of hepatic EROD, given topically 5 min prior to an  complete carcinogenesis but that they may occur by distinct
initiating dose of B[a]P, significantly decreased total cova- mechanisms (1). It is highly likely that both types of carcino-
lent binding of B[a]P to DNA in a dose-dependent manner  ganjc processes occur in humans as there are clear examples
24 h after treatment. A dose of 400 nmol bergamottin 5 complete carcinogenesis in humans (e.g. UV-induced skin
reduced covalent binding of BR]P by 72%. Coriandrin, at  cancer: cigarette-induced lung cancer). During the initiation
a dose of 400 nmol also significantly reduced total covalent gtage, carcinogens are metabolically activated to form ultimate
binding of B[a]P by 59%. In addition, formation of the  carcinogens, which react with DNA at critical target genes

major (+)anti-B[a]P-diol epoxide-N2-dGuo adduct was gych as the-Ha+as protooncogene resulting in mutations (1).
selectively reduced by both of these coumarins. In contrast, gjnce the initiation stage is irreversible, inhibition of the

bergamottin and coriandrin did not significantly decrease  tormation of carcinogen-DNA adducts, in theory, should
covalent binding of DMBA to epidermal DNA at doses of  reqyce the formation of tumors. Many chemicals have been
either 400 nmol or 800 nmol. Imperatorin and isopimpinel-  shown capable of inhibiting the tumor initiation stage of
lin, which are more potent inhibitors of hepatic PROD  chemical carcinogenesis in mouse skin as well as other model
activity, significantly reduced overall binding of DMBA to systems (reviewed in 1-3) supporting this hypothesis.
epidermal DNA by 67% and 52%, respectively, when Benzop]pyrene (BR]P*) and 7,12-dimethylbena]anthra-
applied at doses of 400 nmol. These two coumarins also cene (DMBA) have been identified as effective tumor initiators
inhibited B[a]P-DNA adduct formation at similar doses  and complete carcinogens in the mouse skin model, with the
but to a lesser extent. Imperatorin at a dose of 400 nmol  |atter compound being particularly potent in this regard (1-3).
dramatically decreased formation of covalent DNA adducts  These polycyclic aromatic hydrocarbons (PAH) are meta-
derived from both the anti and syn diol epoxides of DMBA.  pgjically activated by cytochrome(s) P450 to diol-epoxide

Bergamottin was a potent inhibitor of tumor initiation by  jntermediates (4). The major DNA adducts derived frora]B[
B[a]P while coriandrin was less effective in this regard.  are formed by reaction ofi{)anti-B[a]P—diol epoxide [¢-)anti-
Imperatorin was an effective inhibitor of skin tumor initi- BPDE] with deoxyguanosine (dGuo) or from DMBA by

ation by DMBA and also inhibited complete carcinogenesis  reaction of both the anti- or syn-DMBA—diol epoxides (anti-
by this PAH. At dose levels higher than those effective pMBADE or syn-DMBADE) with dGuo and/or deoxyadenos-
against DMBA, imperatorin also inhibited tumor initiation ine (dAdo) (5,6). It has been shown that the formation of some
by B[a]P. The results demonstrate that several naturally  of these DNA adducts are quantitatively correlated with the
occurring coumarins possess the ability to block DNA  tymor initiating activity of these PAH (7,8). Furthermore,
adduct formation and tumor initiation by PAHs such as  agents that decrease the formation of DNA adducts derived
from B[a]P and DMBA have been shown to inhibit tumor

*Abbreviations: AHH, aryl hydrocarbon hydroxylase; AP, aminopyrene) ( [P ; . _
ant-BPDE, (1)-7b. Ba-dihydroxy-9a, 10a-epoxy-7.8.9.10-tetrahy drobenzo|n|t|at|on by these hydrocarbons. These agents include: 7,8

[alpyrene; anti-DMBADE, () 1b, 2b-epoxy-3b, da-dihydroxyl-1,2,3 4-tetra- D€NZOflavone (7,8-BF), 1-ethynylpyrene (1-EP), and polyphen-
hydro-7,12-dimethylbena]anthracene; BA, benalanthracene; Bf|P, ols from green tea (2,3,9,10).

benzop]pyrene; 7,8-BF, 7,8-benzoflavone; dAdo, deoxyadenosine; DMBA,  Previous studies from our laboratory have shown that several
;&5269'g:;hyé)%‘?;gg:‘cthgfggg‘;?c }]&%Fr’éct'reggr{hg%i”?Safa“nfghscit;fig’rrgiﬁnaturally occurring coumarins, including the furanocoumarins
omas’; _syn-bMBADE,t) 1a, 2a-epoxy-3b, 4a-aihydr0;<yl-1,2,3,4-te_trahydro- b_ergam_?ttm’d Ir?per,ato”n’ a”q |sop|m3|nellln (abu,ndant, In
7,12-dimethylbenzjanthracene; TCDD,  2,3,7,8-tetracholorodibeqo-  Citrus oil) an ] afuroisocoumarin, coriandrin (presentin corian-
dioxin; TPA, 12-O-tetradecanoylphorbol-13-acetate. der leaves), inhibited mouse hepatic EROD or PROD activity
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in vitro (11). Coriandrin and bergamottin also were shown tophosphatase as described previously (17). DNA hydrolysates were processed

effectively inhibit purified human P450 1A1 in a reconstituted tough a short Sephadex LH-20 column as described by DiGiowanal =~
. . . 17) to separate nucleoside adducts from free nucleosides. The adducts derived
system (12). Recent studies using cultured mouse keratinocytgsy, gjajp and DMBA were analyzed by HPLC (17).

have further demonstrated that these compounds inhibitedy, ~ analysis

metabohc_actlvatlon of both BIIP and DMBA by reducing HPLC analyses were performed using a Shimadzu SCL-6A HPLC system
the formation of DNA adducts derived from these hydrocarbongquipped with an Altex Ultrasphere ODS column (46mascm). The gradient
(13). All of these data have suggested that one or more afystem for Bi}P-DNA adducts was as follows: 45% methanol in water (over
these naturally occurring coumarins ingested by humans maP min); 45-60% methanol in water (linear, 40 min); 60-100% methanol in

have marked effects on tumorigenesis induced by PAH aniﬂ/ater (linear, 15 min). For analysis of DMBA-DNA adducts, a multistep
gradient program was also used: 40-50% methanol in water (linear, 50 min);

possibly other carcinogens. . . . . 10 min hold at 50% methanol in water; 50-60% methanol in water (linear,
The present study was designed to investigate the ability oo min); and 60-100% methanol in water (linear, 15 min). The column flow

several naturally occurring coumarins to inhibit PAH-inducedrate was 1 mi/min for all analyses. Individual 0.5 ml fractions were collected

skin carcinogenesis in SENCAR mice. To this end, we havd" scintillation vials. Radioactivity in each fraction was determined using a

determined the effect of coumarins on the formation of DNABeckman LS 1800 liquid scintillation counter.

adducts derived from BJP and DMBA in mouse epidermis Tumor experiments

in vivo. In addition. we examined the effects of Se'eCtedGrOUpS of 25 or 30 mice 7-9 weeks of age were used for the initiation-
’ ’ promotion and the complete carcinogenesis studies, respectively. For the

,Coumarms O,n tumor initiation induced by EBFand DMBA . former studies, groups of 25 mice each were treated with various doses of
in mouse skin using a standard two-stage initiation-promotiotoumarins 5 min prior to initiation with BJP (200 nmol per mouse). Control
protocol, as well as, the effect of one coumarin on completenice received the vehicle, acetone (0.2 ml), 5 min prior ta]Btreatment.
carcinogenesis by DMBA. The results demonstrate that at leadf8 PERE e et Ce e was continued i
.O”e. .natura”y occur_rlng coumarin (|mperator|n) ef_fec.tl\'/ely each experimental group until a maximal papilloma response was achieved.
inhibited the formation of DNA adducts and also inhibited as a control for any coumarin related effects, groups of 25 or 30 mice were
tumorigenesis induced by both&P and DMBA while another treated with the coumarins at the initiation stage followed by twice-weekly
na’[ura”y occurring coumarin (bergamottin) was a potent andreatment with TPA. The incidence and multiplicity of skin papillomas were

selective inhibitor of B@]P DNA adduct formation and tumor recorded weekly. For the complete carcinogenesis experiments, groups of 30
mice received weekly applications of two dose levels of imperatorin 5 min

initiation. The results have led to an hypothesis regarding the;o; o applications of DMBA (50 nmol per mouse). The control mice were
most effective type of inhibitory agent that will be active treated with acetone 5 min prior to each weekly application of the hydrocarbon.
against tumor initiation by a broad number of PAH, including A group of 30 mice was treated weekly with imperatorin only (800 nmol per
both B[a]JP and DMBA. mouse) as the compound control. The incidence and mutiplicity of both
papillomas and carcinomas were recorded weekly. Carcinomas were initially
recorded grossly as downward invading lesions and later verified histologically.

Materials and methods

Materials Results

B[a]P and 7,8-benzoflavone (7,8-BF) were purchased from the Aldrichinhibitory effect of coumarins on covalent binding of B[a]P

Chemical Co. (Milwaukee, WI). DMBA was obtained from Eastman Kodak gnd DMBA to epidermal DNA

Co. (Rochester, NY). [3H]B]P (sp. act. 66—70 Ci/mmol) and [3H]DMBA " . .
(sp. act. 50 Ci/mmol) were obtained from Amersham Co. (Arlington Heights,!Nitially, several coumarins were tested for their effects on the

IL) and diluted with unlabeled B{P or DMBA to specific activities of 1 Ci/  covalent binding of [3H]B&]P (200 nmol) and [3H]DMBA
mmol or 10 Ci/mmol as indicated. Bergamottin and isopimpinellin were (10 nmol) to DNA as shown in Table I. A dose of 400 nmol
purchased from Indofine Chemical Co. (Belle Mead, NJ). Coriandrin (14) Waspei. mouse of each coumarin was chosen for these initial

provided by Dr Mike Ashwood-Smith (University of Victoria, Victoria, B.C.). . ts. Topical licati f 400 | b tti
Ostruthin was obtained from Dr Warren Steck (National Research Council ofXpenments. lopical application o nmol bergamotun,

Canada, Prairie Regional Laboratory, Saskatoon, Saskatchewan). Imperatoﬁﬁ)_rianqrin, ostruthin, imperator!n, or isopimpinellin giV_en_ 5
was synthesized as previously described (15). DNase | (bovine pancreas, BQin prior to the hydrocarbons, inhibited the covalent binding
3.1.4.1), alkaline phosphatasEsgherichia colitype Ill, EC 3.1.3.1.), and  of B[a]P to DNA. Bergamottin was the most effective inhibitor

snake venom phosphodiesterase (Crotalus atrox, EC 3.1.4.1) were purcha : N
from Sigma Chemical Co. (St Louis, MO). Sephadex LH-20 was supplied b;&d the formation of total covalent BIP DNA adducts. In

Pharmacia, Inc. (Piscataway, NJ). Other chemicals and reagents were obtaing@Ntrast, bergamottin and coriandrin did not significantly inhibit
commercially and were the highest purity deemed necessary. All chemicalgovalent binding of DMBA to epidermal DNA. Imperatorin,
used in the current study were96% pure as judged by HPLC. isopimpinellin, and ostruthin, however, significantly inhibited
Analysis of hydrocarbon-DNA adduct formation covalent binding of DMBA to epidermal DNA. Notably,
The backs of SENCAR mice (7-9 weeks of age) were shaved two days befoiénperatorin (67% inhibition at the 400 nmol dose) was the
treatment and only those mice in the resting phase of the hair cycle wermost effective inhibitor of the formation of DMBA-DNA

used. Several dose levels of individual coumarins were applied to the dorsg{dducts but was less effective at inhibiting covalent binding
skin of mice (3 mice per group) 5 min prior to treatment with either [3H]B[ of B[a]P

(200 nmol with specific radioactivity 1 Ci/mmol) or [3H]DMBA (10 nmol . . . . . .
with specific radioactivity 10 Ci/mmol). The control group of mice was treated ~More detailed studies with bergamottin and imperatorin
with the acetone vehicle (0.2 ml) 5 min prior to the hydrocarbon treatmentwere performed by examining a wider range of dose levels
The mice were killed 24 h after treatment and the epidermis from micegiven 5 min prior to topical application of 200 nmol [3H]&P
inddeach grioup was scraped and pooled for DNA isolation and DNA-Or 10 nmol [3H]DMBA As shown in Figure 1 bergamottin
adduct analysis. ) ’ o
The epidgrmis from groups of mice was lysed with 0.75 M guanidinecaused a d_ose—dependent decrease of the covalent binding of
isothiocyanate and homogenized using a syringe with a 16 G needle. THB[8]P to epidermal DNA. Doses of 20 and 50 nmol/mouse of
DNA was subsequently isolated as previously described (16). The extractejergamottin were sufficient to decrease the covalent binding
DNA was dissolved in 0.01 M Tris-Mgglouffer (pH 7.0) and quantitated  f B[a]P to DNA by 24% and 50%, respectively. At dose

spectrophotometrically at 260 nm. The radioactivity associated with purifie .
DNA was measured using a Beckman LS 1800 liquid scintillation counte(rjleveIS of 200 nmol, 400 nmol, and 800 nmol, bergamottln

after digestion with DNase |. DNase-digested DNA samples were furthedramatically inhibited covalent binding of &P to DNA by
hydrolyzed by sequentially adding snake venom phosphodiesterase and alkaling0%. In contrast, bergamottin did not inhibit covalent binding
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Table 1. Inhibition of covalent binding of BfjP and DMBA to mouse epidermal DN# vivo by naturally occurring coumarifis

Treatment Dose (nmol/mouse) [3H] &P (200 nmol, 20QuCi/mouse) [3H] DMBA (10 nmol, 10QCi/mouse)
Covalent binding (pmol/mg of DNA) Covalent binding (pmol/mg of DNA)

Control - 32+ 3 (100) 6.1+ 0.8 (100)

Bergamottin 400 g+ 2 (28) 5.6+ 0.8 (92)

Coriandrin 400 13+ 2 (41P 5.4+ 0.4 (89)

Ostruthin 400 19+ 1 (59P 41+ 0.2 (67

Imperatorin 400 21+ 5 (66) 2.0+ 0.8 (33f

Isopimpinellin 400 19+ 3 (59) 2.9+ 0.6 (489

aGroups of 3 mice each were treated with coumarins 5 min prior &8FBpr DMBA treatment. Twenty four hours after 8P and DMBA treatment, DNA

was isolated and DNA binding was determined as described in Materials and methods. The data are the average value from three separate experiments.
Numbers in parentheses represent the pmol/mg DNA expressed as a percent of the control value.

bsignificantly different than the control values as analyzed by Mann—Whithésst withP <0.01.

125
Table II. Inhibitory effect of coumarins on formation of specific DNA
adducts derived from BJP in mouse epidermis vive?

100 — Groups 9-OH-4,5-oxide BP—-dGuo Anti-BPDE-dGuo

(pmol/mg of DNA) (pmol/mg of DNA)
Acetone 1.66+ 0.19 22.12+ 2.54
75 - Bergamottin 0.17+ 0.05 (10) 4.4 + 1.23 (20)

Coriandrin 1.0 = 0.01 (60) 10.0 = 1.03 (45)
Ostruthin 0.84+ 0.01 (51) 12.9 = 0.07 (58)

aGroups of 4-5 mice each were treated with coumarins (400 nmol/mouse)
50+ on the dorsal skin 5 min prior to B[P treatment (200 nmol, 20QCi/

mouse). Twenty-four hours after treatmengB{ DNA was isolated and

DNA adducts were analysed as described in Materials and methods. The
data represents an average of three separate experirhesits

25 - The numbers in parentheses represent the pmol/mg DNA expressed as a
percent of control values.

% of Control

0 BPDE-N2-dGuo adduct and a DNA adduct that cochromato-
T T T T T T i i i
graphed with a marker adduct derived from further metabolism
0 20 50 200 400 800 of 9-OH-B[a]P. This adduct was tentatively identified as a
Dose ( nmol / mouse ) 9-OH-4,5-oxide-B§]P—dGuo adduct (Table II). Bergamottin

inhibited formation of ) anti-BPDE-N2—-dGuo by 80% and
Fig. 1. Effect of bergamottin and imperatorin on the covalent binding of  iNhibited formation of 9-OH-4,5-oxide BJP—dGuo by 90%.
B[a]P and DMBA to mouse epidermal DNA. The determination of DNA ~ Bergamottin was the most effective inhibitor of individual
binding iStdetﬁCfi%ﬁi;nAlzﬂa%ﬂaéS t&md methods. Cé)umafins WtEfe apfll)liedt5 | B[a]P DNA adducts which correlated with its inhibitory effect
T B e e bressed s percentaoe fconlon total covalent binding of BP to DNA. The effect of
for DMBA. Control mice received acetone 5 min prior to 3H-labeled PAH. _ber.g‘."‘momn' coriandrin, and |m'perator|n On, the fprmat'on of
@, bergamottin+ DMBA; [J, imperatorin+ B[a]P; O, imperatorin-+ individual DMBA—-DNA adducts in mouse epidermis is shown
DMBA; M, bergamottin+ B[a]P in Table 1ll. Bergamottin and coriandrin, neither of which
significantly inhibited total DMBA-DNA adducts at a dose of
of DMBA to DNA at doses from 20 nmol to 800 nmol per 400 nmol, did lower the level of both the anti-DMBADE-
mouse. On the other hand, imperatorin inhibited covalent = dGuo and dAdo adducts by ~40%. However, the level of
binding of both BR]P and DMBA to DNA in a dose-dependent the major syn-DMBADE—-dAdo adduct was enhanced by
manner. As observed in the initial studies with a single dose  pretreatment with bergamottin (48%) or coriandrin (18%)
of imperatorin (Table ), a differential inhibitory effect was Imperatorin, which efficiently inhibited total DMBA-DNA
also observed with this compound depending on whethglPB[ adducts at a dose of 400 nmol per mouse, significantly
or DMBA was used. In this regard, at all doses testeddecreased formation of all three major DMBA-DNA adducts.

imperatorin reduced covalent binding of DMBA to a greatergffect of coumarins on skin tumor initiation by B[a]P and

extent than that of B{]P. DMBA
Effect of coumarins on the formation of individual DNA For tumor initiation experiments, groups of 25 or 30 mice
adducts derived from B[a]P and DMBA each were treated with coumarins 5 min prior to application

Additional experiments examined the effect of bergamottinof 200 nmol BR]P or 10 nmol DMBA. Control mice were
coriandrin, and ostruthin on formation of specificaBf DNA  treated with acetone 5 min prior to the hydrocarbon treatment.
adducts in mouse epidermis. For these experiments, DNAwo weeks later, mice were treated with twice-weekly applica-
adduct samples were obtained from mice treated with 400  tion of TPA (1.7 nmol). Tumors were recorded weekly starting
nmol of the specific coumarins. Bergamottin, coriandrin, andn week 6 after initiation (i.e. week 4 of promotion). The
ostruthin significantly decreased formation of the) (anti- effects of bergamottin, coriandrin, ostruthin, and imperatorin
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Table IIl. Effects of coumarins on the formation of the major anti and syn DMBADE DNA adducts in mouse epidewnis?

Coumarins Anti-dGuo (pmol/mg of DNA) Syn-dAdo (pmol/mg of DNA) Anti-dAdo (pmol/mg of DNA)
Control 1.81+ 0.12 1.15* 0.29 1.07+ 0.16

Bergamottin (400 nmol/mouse) 1.180.02 (639 1.70 = 0.04 (148) 0.64+ 0.01 (60)

Coriandrin (400 nmol/mouse) 1.14 0.17 (63) 1.36+ 0.05 (118) 0.66+ 0.08 (62)

Imperatorin (400 nmol/mouse) 0.62 0.20 (34) 0.66x 0.21 (57) 0.34+ 0.11 (32)

aThe data represent the meahsSD from three separate experiments.
PThe data in parentheses are the percentage of control values.

Table IV. Effects of coumarins on skin tumor initiation by &p2 Table V. Effects of coumarins on skin tumor initiation by DMBA
Coumarins Dose % of mice with Papillomas % of Coumarins Dose % of mice with Papillomas % of
(nmol/mouse)  papillomas per mouse  Control (nmol/mouse) papillomas per mouse  Control
Experiment | Experiment |
Acetone - 91 7.05 - Acetone - 96 7.7 -
Bergamottin 20 100 5.67 80 Bergamottin 400 100 13.6 177
Bergamottin 100 87 5.65 80 Bergamottin 800 100 138 180
Bergamottin 400 92 3.9 56 Coriandrin 400 96 1097 139
Bergamottin 800 82 1.77 25 Ostruthin 400 96 8.9 116
Coriandrin 400 91 5.26 75 Experiment Il
Ostruthin 400 91 6.57 93 Acetone - 93 9.3 -
Experiment Il Bergamottin 800 96 129 139
Acetone - 92 55 - Ostruthin 1200 96 7.3 78
Imperatorin 800 92 5.0 91 Imperatorin 400 93 5.6 60
Imperatorin 1600 85 35 63 Imperatorin 800 75 29 31
Ostruthin 1200 93 4.3 78
aGroups of 25 mice each were treated with coumarins 5 min prior to
aGroups of 25 mice each were treated with coumarins 5 min prior to initiation with 10 nmol DMBA. Two weeks after initiation, mice were
initiation with 200 nmol BR]P. Two weeks after initiation, mice were treated with 1.7 nmol TPA twice a week. Promotion was stopped after week
treated with 1.7 nmol TPA twice a week. Promotion was stopped after week25 when all groups had reached a plateau. Data are recorded at week 25.
25 when all groups had reached a plateau. Control mice that received Control mice that received acetone, bergamottin (800 nmol), ostruthin (120
acetone, bergamottin (800 nmol), ostruthin (1200 nmol), or imperatorin nmol), or imperatorin (1600 nmol) only at initiation had 0.17 (10%), 0.17
(1600 nmol) only at initiation had 0.17 (10%), 0.17 (14%), 0.23 (13%), or (14%), 0.23 (13%), or 0.11 (11%), respectively, papillomas per mouse
0.11 (11%), respectively, papillomas per mouse (numbers in parentheses (numbers in parentheses represent papilloma incidence).
represent papilloma incidence). bSignificantly less than the control receiving acetone in the place of
bSignificantly less than the control receiving acetone in the place of coumarins based on Wilcoxon rank sum test vitk< 0.05.

coumarins based on Wilcoxon rank sum test viRtk< 0.05.

Table V. In the first experiment shown in Table V, none of
these coumarins inhibited tumor initiation by DMBA; however
rgamottin, significantly enhanced tumor initiation at both

on tumor initiation by Bf]P are summarized in Table IV. As
shown in Table IV, bergamottin inhibited tumor initiation by
B[a]P in a dose-dependent manner. Even the lowest dose g@
bergamottin (20 nmol) reduced the average number of papi 200 nmol (177% of control? < 0.05) and 800 nmol (180%

lomas per mouse at plateau (Table 1V) in mice treated witt?! control, P < 0.05). In a second experiment (Table V),
B[a]P (~20%) although this reduction was not statistically'mperator'n effectively inhibited tumor initiation (as indicated

Fo : : by a reduction in the average number of papillomas per mouse
significant @ > 0.05). In the group of mice treated with 800
nmol bergamottin, an ~75% reduction in the average numbe ég%l/%te;ggebsy (Prgﬂb??\?)t b|%thagggig?0és(§8mi)na2? :05)02?%']‘
of B[a]P-initiated papillomas was achieved (Table 1V). Table 12000nmol also roduced a slight inh’ibition of tumor initiation
IV shows the effect of a 400 nmol dose of either coriandrinb DMBA (T bIID V. 290 glth h this effect i
or ostruthin on papilloma formation in mice initiated with 200 2Y_°" f (Ta ?- , 22%) although t 'Sil e gc was no
nmol B[a]P (Experiment I). At this dose, coriandrin caused aStalistically significant R > 0.05). Finally, ergamottin
slight reduction in papilloma formation (25%) compared with enhance_d tumor initiation _b_y DMBA (Table V, 39%) which
the control group, however, this reduction was not statisticall)yvas agam Stat'St'C?”y significank (< 0'_05)' )
significant P > 0.05). At 400 nmol, ostruthin did not produce Effect of imperatorin on complete carcinogenesis by DMBA
any inhibitory effect on tumor initiation by BJP. In a second  As part of the current study, we also examined the effect of
experiment, the effect of imperatorin on tumor initiation by imperatorin on complete carcinogenesis by DMBA. For these
B[a]P was examined. In addition, a higher dose of ostruthin  experiments, groups of 30 mice were each treated with eithe
was also tested in this experiment. As shown in Table IVDMBA alone (50 nmol) or two doses of imperatorin (400 and
imperatorin at a dose of 1600 nmol produced a 37% inhibition 800 nmol) 5 min prior to topical application of 50 nmol
of tumor initiation by BR]P that was statistically significant DMBA. All treatments were given once weekly. Imperatorin
(P < 0.05) while at 800 nmol had little or no effect. In  was chosen for these experiments because it inhibited formation
addition, ostruthin at 1200 nmol inhibited papilloma formation of covalent DNA adducts by both B[P and DMBA and it
by 22% but this effect was not statistically significant. also inhibited tumor initiation by both hydrocarbons. Starting
The effects of imperatorin, bergamottin, coriandrin, andat week nine, the number of tumors per mouse was recorded
ostruthin on tumor initiation by DMBA are summarized in each week. As shown in Figure 2A, the cumulative number

1524



Inhibition of PAH-induced tumorigenesis

100
3 A B J{{{Eunnunnncccccce
£ o g s
P 2
E g
% 4 5 50
& E
g & 754
B 2 S 254
E s
3 ® <=
0 .a
0 50 0 50 t
5 504
9 w
=2
3, g R
3 2
g 2
£ g
ss 25-
% 3
g 8
0

50

Fig. 2. Effect of imperatorin on complete carcinogenesis by DMBA. Groups
of 30 mice each received once-weekly applications of DMBA (50 nmol). Fig. 3. Effect of imperatorin on survival rate in comolet rcinogenesis b
Imperatorin was given 5 min prior to each application of DMBA. Parels g. 5. peratorin on su \_/'\g rate in complete carcinoge e§|s y
andB represent cumulative papilloma yield and incidence, respectively. DMBA'.D' acetone 0.2 mi DMBA; <, imperatorin 400 nmot- DMBA;
PanelsC andD represent cumulative carcinoma yield and incidence, andO, imperatorin 800 nmok- DMBA.

respectively[], acetone 0.2 m- DMBA; <, imperatorin 400 nmot

DMBA; and O, imperatorin 800 nmof DMBA. (and in the case of coriandrin human P450 1A1) or PROD

. . . . activity in vitro (11) were examined for their effects on the
of papillomas in the control group of mice treated with acetongq . -ton of DNA adducts in mouse epidermis and on skin

and DMBA reached a plateau by the 25th week. Imperatoriqumori enesis by either BIP or DMBA. Imperatorin and
at dose levels of 400 nmol and 800 nmol significantly inhibitedisopim%inellin wz:/re effecti\I/e and more selzctive inhibitors

DMBA-induced papilloma formation by 76% and 85%, ¢ henatic PROD activityin vitro (presumably mediated by

respectively, at this time. The appearance of papillomas Was 50 op family enzymes) (11), whereas bergamottin and

d(_elayed 9 weeks by pretreatment with imperatorin compare oriandrin were more selective inhibitors of hepatic EROD
with the control group. Figure 2B shows the percentage o

: ; ) . ctivity in vitro (presumably mediated by P450 1a-1) (11).
mice with papillomas as a function of treatment week and als inally, ostruthin was also included in this study because,

indicates the delay in appearance in groups pretreated with the, . 4" o1 its activity against hepatic EROD and PROD
coumarin. in vitro, it was expected to be less effective at inhibiting

Figure 2C shlt():iwsl %hat the num?er of carctirgrc])meslz r(‘;“"‘Cheﬁ‘lmorigenesis than the other selected coumarins. The major
a maximum yield (1.6 carcinomas/mouse) at the 32nd weeg,jinos of the current study were as follows: i) the ability

in the DMBA only group, whereas only 0.8 carcinomas/ ot wis group of coumarins to inhibit covalent binding of

mouse and 0.5 Ca[jcmomaS/moujgo were pfzs‘;gto in ”lﬁ[a]P to DNA and to inhibit tumor initiation by B{JP
|mperat_or|r|1 pre:]reate d'f%roups at 400 nmol and ¢ q NMOk 4y ghly correlated with their ability to inhibit hepatic EROD
respectively. These differences in carcinoma yie Were‘activity in vitro (bergamottin> coriandrin > ostruthin O

significant < 0.05) A 5 and 7 week delay in the jnneratorin); i) with the exception of bergamottin, the

appearance of the first carcinoma was obsgrved in .thgbility of this group of coumarins to inhibit covalent binding
groups treated with 400 nmol and 800 nmol imperatorin, « SMBA and to inhibit tumor initiation by DMBA

respectively (I_:(;gure 2D).h|n Dﬁgﬁon’ Ithe time to 5(:% correlated roughly with their ability to inhibit hepatic PROD
carcinoma incidence in the >A only group was aSoactivity in vitro (imperatorin O isopimpinellin > ostruthin
significantly delayed by imperatorin pretreatment (27 VS sl coriandrin 0 bergamottin); iii) bergamottin, the compound
and 27 vs 33, at the 400 and 800 nmol doses, respectivelyp, o efoctive against B[P DNA adduct formation and
Pretreatment with imperatorin also dramatically mprovedwmor initiation, actually enhanced tumor initiation by

survival. In this regard, control mice treated with DMBA DMBA, whereas imperatorin, the compound most effective

alo?e r:ag a‘t:;S450% of 2? W%%‘Bs’ Whil'? the gtroyp?] oan;ks: gainst DMBA DNA adduct formation and tumor initiation,
pretreated wi nmot or nmol Imperatorin has ad less inhibitory activity against tumor initiation by a#p;

of 35 and 36 weeks, re_spectiv_ely (see Figure 3 _an_d_ Tabl nd iv) bergamottin and coriandrin selectively inhibited
VI). These differences in survival were highly significant formation of anti-diol-epoxide DNA adducts from both

(p < 0.0001). All of the data from this experiment iS grap ang DMBA similar to our observations with these
summarized in Table VI. compounds in studies using cultured keratinocytes (13).
Collectively, the data suggest that the major P450 systems
involved in the metabolic activation of B[P and DMBA

In the present study, several naturally occurring coumaringliffer in mouse epidermis. In addition, the data indicate
previously shown to be effective at inhibiting either EROD that certain coumarins have the ability to inhibit tumor
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Table VI. Effect of imperatorin on complete carcinogenesis by DMBA

Groups Dosage % of mice with Papillomas/mduse % of mice with Carcinomas/mouse TS50
(nmol/mouse) papillom&s carcinoma$

DMBA(50 nmol)

+Acetone - 97 7.4 (100) 90 1.7 (100) 29
+Imperatorin 400 6t 1.7 (76F 53 0.8 (48F 349
+Imperatorin 800 5% 1.1 (85% 3r 0.5 (30% 359

aThirty mice were used for each experimental group. Mice received once-weekly applications of 50 nmol DMBA for the duration of the experiment (45
weeks). Imperatorin was given 5 min prior to each weekly application of DMBA. Control mice that received 800 nmol imperatorin only, given once-weekly,
had no tumors at the end of the experimental period.

bThese data are from the week when papilloma yield in the control group reached a maximum. Numbers in parentheses represent the percent inhibition.
‘These data are summarized from the week when carcinoma yield in the control group reached maximum.

dsignificantly less than the control receiving acetone in place of imperat®ri (.05, x2 test)

€Significantly less than the control receiving acetone in place of imperateria 0.01,Wilcoxon rank sum test).

TS50 is based on the number of animals present at the time the first carcinoma appeared and is defined as the time (in weeks) required to reach 50%
survival.

9Significantly greater than the acetone control groBp<( 0.0001).

initiation by both BR]JP and DMBA and, in the case of  significant reduction in tumor yield. Future experiments will
imperatorin, inhibit complete carcinogenesis by DMBA. explore this possibility in more detail. Nevertheless, the overall
Inhibition of PAH-induced tumorigenesis by either synthetic  effects of this group of coumarins on tumor initiatioa]By B[
or naturally occurring compounds has been widely studied imoughly followed theirin vitro potency for inhibition of hepatic
the past (reviewed in 2 and 3). These modifying agents include: EROD activity (11) and their ability to recijieeDB[A
antioxidants (e.g., BHA, BHT, and selenium), inducers ofadduct levels.
certain cytochrome(s) P450 (e.g., TCDD and 5,6-BF), and Imperatorin, at 400 nmol and 800 nmol doses, significantly
inhibitors of certain cytochromes P450 (e.g., 1-EP and 7,8inhibited tumor initiation by DMBA, but was much less
BF). Most inhibitors of skin tumor initiation in the two-stage  effective against tumor initiation ls§FBHowever, it should
model inhibit tumor initiation by either DMBA or Bf|P, but  be noted that the ratio of imperatorin:DMBA was significantly
not by both of these PAHSs (also reviewed in 2 and 3). In fact, higher (40:1 and 80:1 at the 400 and 800 nmol doses) tha
many compounds selectively inhibit tumor initiation by DMBA the ratio of imperatorin:B{]JP (4:1 and 8:1 at the 800 and
but only a few of them selectively inhibited tumor initiation 1600 nmol doses), suggesting that the difference in inhibitory
by B[a]P (reviewed in 2 and 3). For example, 7,8-BF andeffectiveness of imperatorin on P and DMBA was due, at
benzog]pyrene (BEJP) inhibit skin tumor initiation by DMBA  least in part, to the lower ratio of imperatorir@B{ used. The
but not BR]P (2,3). In the current study, bergamottin signific- results from two-stage carcinogenesis experiments showed that
antly inhibited the formation of papillomas initiated bydpp imperatorin, at a dose of 1600 nmol, did significantly inhibit
but had little or no effect or, at some doses, actually enhancetdimor initiation by BR]P supporting this conclusion. Thus,
tumor initiation by DMBA. In contrast, Alworthet al. (9)  the ability of this series of coumarins to inhibit tumorigenesis
reported that 1-EP inhibited tumor initiation by bothaff by DMBA roughly correlated with their ability to inhibit
and DMBA. 1-EP is a mechanism based inactivator of P450  hepatic PROD adtiwtiro (9). The one exception to this
1A1 and P450 1B1, being more potent toward the lattetatter correlation was bergamottin which, in addition to being
P450 (18). Compared with 1-EP, bergamottin achieved similar ~ the most potent inhibitor of hepatic EROD actwitg
inhibition of papilloma formation (75%) at a dose (800 nmol) (IC50 = 0.12 uM, reference 9), was also a fairly potent
5-fold lower than 1-EP indicating that bergamottin was a much inhibitor of hepatic PROD adtivitijro (11). A possible
more potent inhibitor of B4]P tumor initiation than 1-EP. The explanation for the lack of effect of bergamottin on DMBA
inhibitory effect of bergamottin on tumor initiation by P  tumor initiation is that this compound was a more potent and
correlated with its ability to inhibit formation of BJP—  selective inhibitor of hepatic EROD. The major P450 mediating
DNA adducts, supporting the conclusion that the effect of = MC-induced EROD activity, P450 1A1 (or 1a-1 in mouse)
bergamottin on tumor initiation was due to inhibition of the appears to be involved in metabolizing DMBA to relatively
metabolic activation of Bi]P. The inability of bergamottin to nontoxic metabolites (19,20). Thus, bergamottin, by blocking
inhibit tumor initiation by DMBA was also consistent with its P450 1a-1, may slow the major detoxication route for DMBA
lack of effect on formation of total covalent DNA adducts  thus allowing more of this PAH to be available for metabolic
from DMBA in mouse epidermisn vivo. The ability of activation by other P450s present in mouse epidermis.
bergamottin, coriandrin and ostruthin to inhibit covalent bind- An interesting observation in the current study was
ing of B[a]P to DNA (Tables | and Il) correlated with their that bergamottin and coriandrin reduced formation of
effects on tumor initiation by Bf]JP. One possible explanation anti-DMBADE-DNA adducts while increasing formation of
for the observation that doses of bergamottin, coriandrinsyn-DMBADE-DNA adducts (Table 1) thereby resulting in
imperatorin, and ostruthin which produced a statistically signi-  no significant reduction of overall DMBA-DNA adducts at
ficant reduction in Bj]P—DNA adduct levels (Table | and the dose used in these experiments. Several studies have
Figure 1) did not produce a statistically significant reduction suggested that the formation of anti-DMBADE-DNA adducts
in tumor initiation by BR]P is that there is a threshold effect. may require induction of a specific cytochrome P450 (21—
In this regard, it may be necessary for total DNA adduct levels  23). For example, metabolism of DMBA in undifferentiated
to be reduced below a certain level in order to observe &eratinocytes [low aryl hydrocarbon hydroxylase (AHH)
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activity] results in the formation of primarily syn DMBADE— 5-$LGi0;2nggJ-l %992) Multistage carcinogenesis in mouse $kirarmac.
. L S er 54, 63—128.
DNA adducts (16). However, keratinocytes maintained in high o i > Vol o o ¢ and Bigger.C.AH. (1984) Polynuclear aromatic
Ca_2+ medium possess hlgh AHH activity and a hlgh level of carcinogens. In Searle,C.E. (e@hemical CarcinogenesisAmerican
anti-DMBADE DNA adducts are formed following exposure  chemical Society, Washington, D.C. (ACS Monograph 182), vol. 1, pp.
to DMBA (16). In addition, a time-dependent increase in  41-163. o _
the ratio of anti to syn-DMBADE-DNA adducts in mouse 7.Ashurst,S.W., Cohen,G.M., Nesnow,S., DiGiovanni,J. and Slaga,T.J. (1983)
epidermis was observed when mice were exposed topically ;ci’trig"tfg:?innOé]%ig?g%rgpnfggﬁcae?%’:;i%ni823[{3?5'O”Sh'p to tumor
to DMBA (22). Furthermore, anti-DMBADE-DNA adduct g pigiovanni,J., Sawyer,T.W. and Fisher,E.P. (1986) Correlation between
formation following exposure of fetal mouse cells to DMBA  formation of a specific hydrocarbon-deoxyribonucleoside adduct and
was inhibited by actinomycin D, an RNA-synthesis inhibitor tluomor-initfilatingdac_ﬂViiy of 7_,12-_dg9thylb;nalifgh£ggzni ﬂlld its 9- and
; -monofluoroderivatives in mic€ancer Res 46, — .
(18). Recently, Lawet al. (24) found. that the predominant 9.Alworth,W.L., Viaje,A., Sandoval,A., Warren,B.S. and Slaga,T.J. (1991)
DNA add,UCtS formed from DMBA in_human M_CF'7 cells Potent inhibitory effects of suicide inhibitors of P450 isozymes on
were derived from the anti-DMBADE and attributed this  7,12-dimethylbenz]anthracene and benzdpyrene initiated skin tumors.
observation to the high constitutive expression of P450 1B1 Carcinogenesisl2, 1209-1215. _
in these cells (19). The reduction of ant-DMBADE-DNA 107008t b e o e earbonduced Sin tumor miaton i
ad.dUCtS CfaUSEd .by bergf_"m."tt'” and coriandrin pretreatment m%ce bypgreyer): tea polyphenoy@arcinogenesi,slo, 411-415.
raises the interesting possibility that these compounds modestly caiy.~ Bennett,D., Nair,R.V. Ceska,0. Ashwood-Smith M. and
inhibited an epidermal cytochrome P450 capable of converting DiGiovanni,J. (1993) Inhibition and inactivation of murine hepatic ethoxy-
DMBA to its anti diol-epoxide (e.g. P450 1b-1). The enhance- éf;]d pegtoxy;eswulgnsgédggg(ylase by naturally occurring coumarins.
; em. Res. Toxicol6, 872-879.

me.”t Of. syn-DMBADE-DNA ‘adducts k.)y berga.mo.ttl.n. and 12.Cai,Y., Baer-Dubowska,W., Ashwood-Smith,M.J., Ceska,O., Tachibana,S.
corlar)c_irln'pretreatment could be .expl‘_"‘!ned by inhibition of and DiGiovanni,J. (1996) Mechanism-based inactivation of hepatic
detoxification of DMBA (through inhibition P450 1a-1) by  ethoxyresorufin O-dealkylation activity by naturally occurring coumarins.
these coumarins, resulting in accumulation of DMBA-3,4-diol  Chem. Res. Toxicol9, 729-736. _ o
and/or a shunting of DMBA metabolism toward formation of 13-¢a\ ¥, Baer-Dubowska,\i. and DiGlovanhi,J. (1997) ihibitory effects of
the S.yn diol EpOXId.e by _|nh|b|t|ng formation of the_ anti diol benzo[a]ypyrene anc? 7,12-dimethylberagjnthracene in cultured mouse
above, more DMBA-3,4-diol would be available for conversioni4.Ceska,0., Chandhary,S.K.,  Warrington,P.,  Ashwood-Smith,M.J.,
to the syn-DMBADE by other cytochrome(s) P450. In support  Bushnell,G.W. and Poulton,G.A. (1988) Coriandrin, a novel highly
of the detoxifying role of P450 1a-1 in DMBA metabolism is 220‘2%""82"’50%07"”‘30“”“ isolated from Coriandrum sativBhytochemistry
areport that antllbo_dy against P450 1Al en.hanced the formatlog. Ivié,G.W. (1978) Linear furocoumarins (Psoralens) from the seed of Texas
of DMBA-3,4-diol in rat mammary epithelial cells (19). Ammi majus L. (Bishop's Weed)J. Agric. Food Chem 26, 1394-1403.

In conclusion, the current data demonstrate that severdb.DiGiovanni,J., Gil,R.D., Nettikumara,A.N., Cilby,A.B. and Reiners,J.J.Jr
naturally occurring coumarins including bergamottin, imper- (1989) Effect of extracellular calcium concentration on the metabolism of

. . . . - polycyclic aromatic hydrocarbons by cultured mouse keratinocgascer
atorin, ostruthin, and coriandrin have the ability to modulate Res, 49, 55675574

PAH-induced tumorigenesis by inhibition of DNA adduct 17 paer-Dubowska,W., Nair,R.V., Cortez,C., Harvey,R.G. and DiGiovanni,J.

formation. Bergamottin and imperatorin were potent inhibitors  (1995) Covalent DNA adducts formation in mouse epidermis from

of tumor initiation by BR]JP and DMBA, respectively. Future gibeﬂ%[a,j]aTglrgggngbividence for the formation of polar add@ttem.

i ; ; ; es. Toxicol 8, —301.

studies will continue to evalu.ate the Qvera” .eﬁeCtlver.]e.SS 0fLS.\ﬁswanathan,T. and Alworth,W.L. (1981) Effects of 1l-arylpyrroles and

one or more of these _C,ouma”ns on Sk'n ce}rC|nogeneS|s in this naphthoflavones upon cytochrome P-450 dependent mono-oxygenase

model system. In addition, future studies will also evaluate the activities.J. Med. Chem 24, 822-830.

major P450 isoforms responsible for the metabolic activation of9. Christou,M., Savas,U., Spink,D.C., Gierthy,J.F. and Jefcoate,C.R. (1994)

DMBA in mouse epidermis. Co-expression of human CYP 1Al and a human analog of cytochrome
P450-EF in response to 2,3,7,8-tetrachlorodibenzo-p-dioxin in the human
mammary carcinoma-derived MCF-7 cel3arcinogenesisl5, 725-732.

20.Wilson,N.M., Christou,M., Turner,C.R., Wrighton,S.A. and Jefcoate,C.R.
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