Carcinogenesisvol.18 no.1 pp.215-222, 1997

carc$$0118

Inhibitory effects of naturally occurring coumarins on the

metabolic activation of benzof]pyrene and
7,12-dimethylbenzp]anthracene in cultured

Yingna Cai!, Wanda Baer-Dubowska-
Mike Ashwood-Smith? and John DiGiovannit3

lUniversity of Texas MD Anderson Cancer Center, Science Park-Research
Division, Department of Carcinogenesis, PO Box 389, Smithville, TX
78957, USA andDepartment of Biology, University of Victoria, Victoria,
British Columbia, V8W 2YZ, Canada

3To whom correspondence should be addressed

Several naturally occurring coumarins to which humans
are routinely exposed have been previously found to be
potent inhibitors and inactivators of cytochrome P450
(P450) 1Al-mediated monooxygenase in both murine
hepatic microsomes and in a reconstituted system using
purified human P450 1A1 [Cai et al (1993) Chem. Res.
Toxicol., 6, 872-879 and Caiet al (1996) Chem. Res.
Toxicol., 9, 729-736]. In the present study, several of these
coumarins were investigated for their inhibitory effects on
the metabolism and metabolic activation of benzaf]pyrene
(B[a]P) and 7,12-dimethylbenzf]anthracene (DMBA) in
cultured mouse keratinocytes. Initial analysis of BR]P
metabolism in cultured keratinocytes showed that imper-
atorin, isoimperatorin, coriandrin, and bergamottin, at
concentrations of 2 nM equal with B[a]P, reduced the
formation of water-soluble metabolites of BR]P by 33% to
57%. Bergamottin and coriandrin were the most potent
inhibitors of the compounds examined. HPLC analysis of
organic solvent-soluble metabolites of Bi]P indicated that
all the coumarins tested significantly reduced the formation
of individual B[ a]P metabolites (including phenols, diols
and tetraols). However, the greatest effect was on the
formation of B[ a]P tetraols. Additional experiments deter-
mined the ability of selected coumarins to block covalent
binding of B[a]P and DMBA to DNA in keratinocytes.
Bergamottin preferentially inhibited the binding of B[ a]P
to DNA by 56%, while coriandrin preferentially inhibited
the binding of DMBA to DNA by 48%. Notably, analysis
of individual DNA adducts formed from B[ a]P and DMBA
indicated that both bergamottin and coriandrin specifically
inhibited the formation of anti diol-epoxide DNA adducts
derived from both hydrocarbons. The preferential inhibit-
ory effect of bergamottin and coriandrin on the formation
of anti diol-epoxide adducts derived from DMBA was
further confirmed by separation of anti- and syn-diol-

*Abbreviations: PAH, polycyclic aromatic hydrocarbon; 8P, benzo-
[a]pyrene; DMBA, 7,12-dimethylbenalanthracene; BA, benal-anthracene;
P450, cytochrome P450; DMH, dimethylhydrazine; DAS, diallyl sulfide; PEITC,
phenethyl isothiocyanate; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone; 7,8-BF, 7,8-benzoflavone; EMEM, Eagle’s minimal essentia
medium; FBS, fetal bovine serum; 1-EP, 1-ethynylpyrene; MC, 3-methyl-
cholanthrene; PB, phenobarbital; 3-OHaBf, 3-hydroxy-BR]P; (+) anti-
BPDE, (+)-7B, 8a-dihydroxy-, 10a-epoxy-7,8,9,10-tetrahydro-benzo-
[alpyrene; (=) syn-BPDE, (-)ff 8a-dihydroxy-93,10B8-epoxy-7,8,9,10-
tetrahydrobenza]pyrene; anti-DMBADE, () 1B, 2B-epoxy-PB, 4a-
dihydroxyl-1,2,3,4-tetrahydro-7,12-dimethylbesiznthracene; syn-DMBADE,
(=) 1la, 2a-epoxy-PB, da-dihydroxyl-1,2,3,4-tetrahydro-7,12-dimethyl-
benzplanthracene; dGuo, deoxyguanosine; dAdo, deoxyadenosine.
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mouse keratinocytes

epoxide—DNA adducts using immobilized boronate chroma-
tography. The current study demonstrates that certain
naturally occurring coumarins inhibited metabolic activa-

tion of B[a]P and DMBA in cultured mouse keratinocytes
and specifically inhibited the formation of DNA adducts

derived from the anti diol-epoxide diastereomers from
either hydrocarbon. The current data also suggest that
certain naturally occurring coumarins may possess anticar-
cinogenic activity toward polycyclic aromatic hydro-

carbons.

Introduction

Polycyclic aromatic hydrocarbons (PAH*) are widely distrib-
uted in the environment. They have been identified as carcino-
gens in experimental animals and in humans and have been
found in tissues such as skin, esophagus, pancreas, prostate,
and lung (1-4). In order to exert their cytotoxic, mutagenic,
and carcinogenic properties, PAHs must be metabolically
activated to reactive intermediates (5,6). Beahwjrene
(B[a]P) and 7,12-dimethylbenaJanthracene (DMBA), both
effective tumor initiators and complete carcinogens in mouse
skin (7,8), require metabolic activation through a two-step
oxidation process by cytochrome(s) P450 to diol-epoxide
intermediates (9). In many target tissues, diol-epoxides are the
major metabolites that form adducts with DNA (9). The major
stable DNA adducts derived from &P or DMBA are formed
either by reaction of anti-Bj]P diol-epoxide (anti-BPDE) with
deoxyguanosine or reaction of anti- and syn-DMBA diol-
epoxide (anti- and syn-DMBADE) with deoxy-guanosine and/
or deoxyadenosine (9-11). It has been shown that the levels
of diol-epoxide DNA adducts formed from BP and DMBA

are quantitatively correlated with the tumor initiating activity
of these PAHs in mouse skin (7,12,13).

B[a]P and DMBA are metabolized by multiple forms
of cytochrome(s) P450 and it is known that the different
cytochrome(s) P450 have different regio-selectivity in metabol-
ism of these PAHs. For example, P450 1Al is the major
isozyme that catalyzes the two-step oxidation of|B[to its
bay region diol-epoxide intermediates in both animal and
human tissues (6,14,15). In addition, both rodent and human
P450 1A1 efficiently convert BJP to a variety of other
metabolites (16). Other P450s can metaboliza]B[including
P450 1A2 and human P450 2C9 but may be quantitatively
less important than P450 1A1 depending on the tissue (16). It
has been shown that both rodent and human P450 1A1 is
pighly stereoselective in converting &P-7,8-diol to the ¢)
enantiomer of anti-BPDE (16). Recent evidence demonstrates
that the cytochrome(s) P450 involved in the metabolic activa-
tion of DMBA are different from those involved in the
metabolic activation of BjJP. In this regard, P450 1B1 in
benzg]anthracene (BA)-treated C3H/10T1/2 cells and 2C6 in
rat hepatic microsomes efficiently metabolized DMBA to
DMBA 3,4-diol, an approximate carcinogen, compared with
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other cytochrome(s) P450, while P450 1Al in BA-treatedCo. (Rochester, NY). *HIB[a]P (specific activity, 66-70 Ci/mmol) and
3HIDMBA (specific activity, 50 Ci/mmol) were obtained from Amersham

mouse hepa-1 cells produced very low amounts of DMBA-L oA (Spectll Y, ; . St

3 4-diol (17.18). Furth h P450 1B1 il Co. (Arlington Heights, IL) and diluted with unlabelled 8P to specific
,4-010 ( ’ ) ur ,ermore’ um"_’m was recentlyciivities of 1 Ci/mmol or 3 Ci/mmol as indicated. Imperatorin was from

shown to be ineffective at converting DMBA to a mutagen indofine Chemical Co. (Belle Mead, NJ). Coriandrin was obtained as previously

but very effective at converting DMBA- 3,4-diol to a mutagenic described (31). Ostruthin, bergamottin and isoimperatorin were obtained from

metabolite (19). In contrast, human P450 1A1 possessed veRf Warren Steck, National Research Council of Canada, Prairie Regional

; i ; 2 A.di Laboratory, Saskatoon, Saskatchewan. Fetal bovine serum (FBS) was
little ablllty to convert either DMBA or DMBA-3,4-diol to purchased from Irvine Scientific Co. (Santa Ana, CA). Trypsin and guanidine

mutagenic metabolites in this latter Swdy (19). ) _ isothiocyanate were purchased from Gibco BRL (Grand Island, NY). Eagle’s
Several agents, both naturally occurring and synthetic, whickhinimal essential medium (EMEM) was obtained from Biowhittaker

selectively inhibit specific cytochrome(s) P450, have beer{walkersville, MD). Percoll was purchased from Pharmacia (Uppsala, Sweden).
reported to effectively inhibit tumorigenesis caused by specifi(PINaESg L(f’gvi”f gﬁgcg‘aiiveEvcen%#4{-)%%%&23?;@::25h(acﬁr‘j;?& tgli’r% ke
Cfargmﬁgensp'rgé ?L)f‘]r_npled i_gihy;glgilre?]e (1k_)EP)’ an mhltﬂto .EL.4.1) V\./e-re. ﬁu’rchased from Sigma Chemical Co. (St Louis, MO). Sephédex
of both rat an 1(20,21), has been reported t91.20 "was supplied by Pharmacia Inc. (Piscataway, NJ). Servacel

inhibit both B[a]P- and DMBA-initiated mouse skin tumors dihydroxyboryl-cellulose was purchased from Accurate Chem. (Westbury,

(22)_ In addition, diallyl sulfide (DAS) and phenethyl isothio- NY). Other chemicals and reagents were obtained commercially and were the
cyanate (PEITC) compounds found naturally in garlic Se|ect_highest purity deemed necessary. All chemicals used in the current study were
. LN T ! 0, i

ively inhibit the activity of P450 2E1 (23,24) and modulate >9|?/° Ipure as judged by HPLC.

carcinogenesis induced by carcinogens that are activated tgr? cultures

: : il _ Primary cultures of keratinocytes from dorsal skins of adult female SENCAR
this P450. In part'CUIar’ DAS was shown to inhibit 1,2 mice (NCI, Frederick, MD) were prepared according to established procedures

dimethylhydrazine (DMH)-induced hepatotoxicity and colon 3 33). celis were seeded at a density of >2L6° per 35 mm or &10° per
carcinogenesis in rats (25,26), whereas PEITC produced a largeo mm dish for analysis of B[P metabolism or DNA adducts, respectively,
decrease in the rate of 4_(methy|nitrosamino)_l_(3_pyridy|)_1_in low C&" modified EMEM with growth factor supplements and 1% FBS.
butanone (NNK) oxidation in microsomes and was inhibitory"’o h later, the cultures were switched to higFC#L.4 mM) modified EMEM

. . . g : without growth factor supplements. 24 h later, cells were treated with
against NNK-induced lung tumorigenesis in mice (27). [3H]B[alP (1 Ci/mmol for metabolism studies, 3 Ci/mmol for &P DNA

Recently, we reported that certain naturally occurring coumaagduct studies) oPH]DMBA (1 Ci/mmol for DNA adducts studies) at a final
rins found in the human diet, including the linear furanocoumar-media concentration of 2 nM and various coumarins at a concentration
ins imperatorin, bergamottin, and isopimpinellin, the linearequimolar with the hydrocarbon.
furoisocoumarin coriandrin, and the simple coumarin ostruthirExtraction of extracellular metabolites of B[a]P
were potent inhibitors or inactivators of either P450 1A1-The medium from duplicate dishes was collected and pooled 24 h after initial
mediated _ethoxyresorufid-dealkylase activity in hepatic !reatment ith TH]B[a]Pf and coumarin. One "‘('2"1‘)9d$hsamp'e was extracted

; ._twice with 2 volumes of ethylacetate:acetone (2:1). The organic extracts were
microsomes from s_methyIChOIammene (MC)-pretreated_ mic ooled and evaporated to dryness and the residues were dissolved in methanol
or P450 2B1-mediated pentoxyresorufrdealkylase activity  for analysis of organic solvent-soluble metabolites. Another 1 ml media
in hepatic microsomes from phenobarbital (PB)-pretreatedample was analysed for the presence of glucuronide conjugates by treatment
mice (28). Further studies also demonstrated that coriandrinith B-glucuronidase prior to extraction according to our previously published
and bergamottin effectively inhibited purified human P45gprocedure (32,34). _
1A1 and had modest inhibitory activity toward purified humanAnalysis of DNA binding and hydrocarbon-DNA adduct formation
P450 1A2 (29)_ In these studies, coriandrin was found to be After the medium was removed, the cells were washed twice with PBS. The

e : : lls were lysed with 0.75 M guanidine isothiocyanate and the DNA was
mechanism-based inactivator of both mouse and human P4§@bsequently isolated as described (35). The extracted DNA was dissolved in

1A1 (29) A_” of these data suggested that naturally occurring o1 m Tris_MgCh buffer (pH 7.0) and quantitated spectrophotometrically at
coumarins ingested by man may have marked effects on thaso nm. The purity of DNA was determined as previously described (35).
metabolic activation of PAHs and other carcinogens_ EarlieiThe radioactivity associated with purified DNA was measured using a Beckman
studies, in which imperatorin was reported to be an effectivé-S 1800 liquid scintillation counter after digestion with DNase |. DNase-

: A . digested samples were further hydrolyzed using snake venom phosphodiester-
antimutagen for 2-aminoanthracene andi]B[m Salmonella ase and alkaline phosphatase, sequentially as described previously (36). DNA

typhimuriumin t_he presence of a hepafs activating system, pydrolysates were also processed through a short Sephadex LH-20 column as

also support this suggestion (30). previously described (36). Some DNA hydrolysates were subjected to a
The present study has investigated the ability of severadihydrobronate column of Servacel DAR0.9x3 cm) using the procedure

natural coumarins for their effects on the metabolism andgssentially as described by Sawickt al. (37) to separate anti and syn

. P . diol-epoxide—nucleoside adducts. One ml fractions were collected from
metabolic activation of BﬂP and DMBA in cultured mouse Servacel columns and radioactivity in each fraction was determined. Fractions

keratinocytes. To achieve this goal, we have analysed th@y either anti or syn diol-epoxide adducts were combined, respectively, for
effects of bergamottin, coriandrin, imperatorin, isoimperatorin HPLC analysis.
and ostruthin on the overall metabolism ofaf. In addition,  HPLC analysis
we analysed the effect of these coumarins on the covalempLc analyses were performed using a Dupont Series 8800 HPLC equipped
binding of both BR]P and DMBA to the DNA of cultured with an Altex Ultrasphere ODS column (46 m#25 cm). BR]P metabolites
keratinocytes maintained in high Camedium. The results Wwere separated by sequential elution using the following gradient: 50-70%
: - thanol in water (linear, over 20 min); 70% methanol in water (10 min);
_demqnstrate that these n.atura!ly O.C(:umng coumarins are. pote —85% methanol in water (linear, over 20 min); 85-100% methanol in water
'nh|b|t0r5 of the metabolic activation of BJP and DMBA N (linear, over 10 min). The gradient system foraff—~DNA adducts was as
this cell culture model system of mouse epidermis. Furtherfollows: 45% methanol in water (50 min); 45-60% methanol in water (linear,
more, the data suggest that naturally occurring coumarins magver 40 min); 60-100% methanol in water (linear, over 15 min). For analysis
poSsess anticarcinogenic activityvivo. of DMBA—DNA_ adducts, a multistep grad_lent program was also used: 40—
50% methanol in water (linear, over 50 min); 10 min hold at 50% methanol
in water; 50-60% methanol in water (linear, over 40 min); and 60-100%

Materials and methods methanol in water (linear, over 15 min). The column flow rate was 1 ml/min

Materials for all analyses. Individual 0.5 ml fractions were collected in scintillation
B[a]P and 7,8-benzoflavone (7,8-BF) were purchased from the Aldrichvials. Radioactivity in each fraction was determined using a Beckman LS
Chemical Co. (Milwaukee, WI). DMBA was obtained from Eastman Kodak 1800 liquid scintillation counter.
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R, O~ _0
Table I. Inhibitory effect of coumarins on the formation of water-soluble m
metabolites of BfjP? R F

2

Treatment Water-soluble metabolfles ~ Glucuronidé

% of controf % of controf

1. Coumarin, Ry, R, =H )

Control 100 100 4. Bergamottin, Ry = H
7,8-BF 52 - 2. Ostruthin, Ry = OH
Bergamottin 44 32 Ry=0 N X
Coriandrin 56 61 \/\(\/\<
Isoimperatorin 59 64
Imperatorin 64 71 5. Isoimperatorin, R; = O
Ostruthin 83 86 ! SN

6. Imperatorin, Ry, = H
aThe data in the table represent an average of the results of two separate

experiments with a variation from 4—6% for water soluble metabolites and R, =0

4—20% for glucuronides. H,CO ! \/\<

bRadioactivity in the agueous phase following extraction of the medium 3. Coriandrin

with ethylacetate:acetone (2:1) (expressed as a percentage of the total

radioactivity recovered in medium). Fig. 1. Chemical structures of naturally occurring coumarins used in the
Additional radioactivity released into the organic extractfby present study.

glucuronidase treatment of the medium (expressed as a percentage of the

total radioactivity recovered in the medium).
dThe value in control group for % of water-soluble metabolites is 49%.
€The value in control group for % of glucuronide is 28%. e
1
//// 45
Results sT 41T 47 ~
0'//// N
- . — 4 L
Inhibitory effect of coumarins on B[a]P metabolism in mouse ,//// 3
keratinocytes 2 % L~ I~ 30
e g
Keratinocytes in high G4 medium were treated with equimo- o 2 1 L I~ 25
lar concentrations (2 nM) of coumarins afid-B[a]P for 24 g 25’//// ~ 2
h. Media from duplicate plates was collected and extractecs o1 LT L~
with organic solvent. The percentage of water soluble metabol 4 15,/// 15
ites and glucuronides in the medium was determined. Asffé 1 L " 10
shown in Table |, imperatorin, isoimperatorin, coriandrin, ¢ 1 // ~
and bergamottin decreased the formation of water-soluble 57
0

metabolites of Bf]P by 36—64% compared to the control
cultures treated with the acetone vehicle instead of the coume =
rins. Glucuronide metabolites of 8P were also reduced in
the cultures exposed to these coumarins. Analysis of the
B[a]P metabolites released after digesting vidtglucuronidase
revealed that the major glucuronide metabollte, 3'hydr0Xy'Fig. 2. Effect of coumarins on the formation of organic solvent-soluble

B[a]P (3-OH-B[a]P), was also reduced in the presence of thémetabolites of BfjP. Each bar represents the radioactivity for each

same coumarins (data not shown). The inhibition of theindividual metabolite expressed as a percentage of the total organic-solvent
formation of water soluble metabolites of &3 by berga- Rl SEnaS T 0 R A e ierences botweenr
mottin, Cor'a,md”n' and |30|mper§1tor_|n was very similar to thatcontrol and all treated group®{ 0.05) e?(cept 7,8-diol for coumarin
observed with 7,8-BF, a potent inhibitor of cytochrome P450reated groups and 3-OH-8P for the 7,8-BF treated group according to

1A1 (38,39) (Table I). Bergamottin, which inhibited formation the Mann—WitneyU-test.

of water soluble metabolites from 8P by 56%, was the

most effective inhibitor of Bf]JP metabolism, while ostruthin, Effects of selected coumarins on covalent binding of B[a]P

a simple coumarin, had little or no effect on overall metabolismand DMBA to DNA in cultured mouse keratinocytes.

of B[a]P (Table I). The analysis of organic solvent soluble The effect of equimolar concentrations of bergamottin or
metabolites of Bf|P in the medium indicated that the major coriandrin on Bf]JP and DMBA-DNA adduct formation in
metabolites formed by keratinocytes were 3-OHyB[ B[a]P-  cultured keratinocytes is shown in Table Il. The covalent
9,10-diol, Blg]P-7,8-diol, and the)anti-BPDE tetraol. Figure  binding of both PAH to keratinocyte DNA was significantly

2 shows that bergamottin, coriandrin, and imperatorin dramaticreduced in cells treated with either coumarin compared to cells
ally decreased BjP tetraol formation by 70-84% and other exposed only to Bf|P or DMBA. However, a differential
metabolites of Bf|P such as the 3-OH, 9,10-diol, and 4,5- inhibitory effect of the coumarins was observed depending on
diol metabolites to a significant but lesser extent relative tovhether BR]P or DMBA was used. Bergamottin effectively
acetone-treated keratinocytes. However, levels of the 7,8-dighhibited covalent binding of BIP to DNA by 56% but had
were not significantly inhibited by the coumarins. Bergamottinlesser inhibitory effect on the binding of DMBA to DNA
was the most effective inhibitor of B]JP metabolism in  (25% inhibition). In contrast, coriandrin produced greater
cultured mouse keratinocytes and gave an overall inhibitiorinhibition of covalent binding of DMBA to DNA (48%) and

of B[a]P metabolism similar to that of 7,8-BF (Figure 2). was less effective at inhibiting covalent binding ofaff to
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I
Table II. Inhibitory effects of coumarins on covalent binding éH|B[a]P A

and BH]DMBA metabolites to DNA in mouse keratinocyfes 3000

Modifer treatment  Covalent binding (pmol/mg of DNA)
B[a]P DMBA

Control 273 108+5 20004
Bergamottin 12-2b (56) 8170 (25)
Coriandrin 22-10¢(19) 56-6°° (48)

8/alues in the table represent an average of at least three separate 1000 4 v
experimentst SE. Numbers in parentheses represent the % inhibition 11
relative to control values. I
bsignificantly less than the contrdP€ 0.05) by Student's-test.
CSignificantly less (for Bf]P) or greater (for DMBA) than the group treated
with bergamottin P<0.05) by Student's-test.

- A“._‘.Jl\n.

DNA (19% inhibition). Statistical analyses indicated that there 3000 -
was a significant difference between control and all coumarir g
groups P<0.05). In addition, the differences between each &
coumarin for a given hydrocarbon were also statistically ;
significant £<<0.05).

Effects of selected coumarins on the formation of specific DN/
adducts derived from B[a]P and DMBA

The effects of bergamottin and coriandrin on the formation 10004
of individual B[a]P and DMBA DNA adducts were analysed I v
by HPLC after hydrolyzing DNA samples to deoxyribo-

nucleosides. Figure 3 shows the effects of bergamottin an
coriandrin on the formation of individual B[P-DNA adducts Voo
in keratinocytes. As shown, four BJP-DNA adduct peaks C
were routinely detected in cultured keratinocytes, including 3000
(+) anti-BPDE-dGuo (peak Il in Figure 3A), 9-hydroxyl-

4,5-oxide-Bp|P-dGuo (peak | in Figure 3A), syn-BPDE-

dGuo (peak IV in Figure 3A), and an unknown adduct (peak
Il in Figure 3A). The (+) anti-BPDE-dGuo adduct was the 2000 4
major DNA adduct detected in cultured keratinocytes expose(
to B[a]P, a finding consistent with earlier studies from our
laboratory (6). Bergamottin and coriandrin dramatically inhib-

2000

B
3
& I
B
~

III

ited formation of both the {) anti-BPDE-dGuo and 9-
hydroxyl-4,5-oxide B§]P—dGuo adducts compared to the con-
trol but did not decrease the formation of peaks Il and IV (an
unidentified adduct and a syn-BPDE-dGuo adduct, respect
ively). The results from these experiments are summarized il
Table Il and show that the relative distribution of &jp—

1000

II

o

T L
50 100 150 200

DNA adducts was noticeably changed in the cells treated witt
bergamottin and coriandrin. In this regard, there was ar
increase in the level of the syn-BPDE adduct and a decreas
in the level of the ¢) anti-BPDE adducts in cells exposed to Fig. 3. HPLC profile of DNA adducts formed in cultured mouse
. . H 19. 3. | u | ultu u
both .coumarlns. Thus, the ratio of '[hei-X antl__BF.)DE_ OEeratinocytes 24 h after exposure toap}. The chromatograms were
Cultures 1o 3.1 (bergamotin and 3 2-1 (coranciin) i coumasey e, 2 e HOLSIn of e absorbng marer=aBE. 0ol
9. 2. an -4,5-diol) in the samplesPga -hydroxyl-4,5-oxide
rin treated cultures. The results presented in Figure 3 ar;(ap[a]Fl’(-?\(/B)uo; nglég)dugknol\gnBa[ld]d;%:NF(:azgI)(+f)—anti-BPDE-g§3uo;
Table 1l also demonstrate that bergamottin was a slightly\Peak IV) syn- -dGuo.4) B[alP-DNA adducts from acetoneBf
L - bergamottin-treated keratinocyte§)(B[a]P-DNA adducts from coriandrin-
more effec“‘(e mh_lb'tor Of,{—) ant|—l_3PDE—dGuo adduct forma- treated keratinocytes. Théaxis represents the radioactivity in each fraction
tion than coriandrin, consistent with its effects on total covalenthich has been based on sample recovery from the column and normalized
binding of Bfa]P to DNA. for equivalent amount of DNA in each sample.
Cultured keratinocytes exposed to DMBA for 24 h generated
three major DNA adduct peaks which were identified as  epoxide—dGuo and dAdo adducts (peaks | and Ill, respectively
anti-DMBADE—dGuo (peak | in Figures 4A and C), syn- was observed in the keratinocytes treated with either berga-
DMBADE—-dAdo (peak I .in Eigures 4A and C), and_z_inti- mpttin or coriandrin. In contrast, the major syn-DMBA-diol
DMBADE—-dAdo (pezijlijlll in (FlguLes 4Aband g). Infaddlgon, epoxuljeEdIA%o adductd(peak Il mhFlgures f48 ahnd Dr)] was only i
seven minor DNA adducts (peaks a, b, c, d, e, f, and g in slightly decreased as was the case for the other DNA addu
Figures 4A and C) were also detectably present. As shown ipeaks (peaks a—g). The specific inhibition of anti-DMBADE
Figures 4B and D, a marked reduction of anti-DMBA-diol adduct formation by the two coumarins can be readily seen in
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A I c I
Table Il . Distribution of individual BEJP- and DMBA-DNA adducts in 20001 007
coumarin-treated keratinocyfes "
20004
Treatment B4]P-DNA adduct8 DMBA-DNA adducts§ 1000
(pmol/mg of DNA) (pmol/mg of DNA) 1000
_ d/e| T b
= a
| Il 1 v | Il 1 z 1 I
ié 0 0=
Control 11 14 164 15 250 183 134 £ B 30004 ©
Bergamottin 0.7 2.1 77 20 79 17.0 4.4 & 20004
Coriandrin 0.3 21 9.6 3.0 57 117 2.6 ht
20004
aThe results represent an average from two separate experiments with the 10004
variation from 10-30% for Bf]P and 7-25% for DMBA. 1000 1
bB[a]P-DNA adduct peaks: peak I, 9-hydroxy-4,5-oxideaP{-dGuo; peak . o - b m
I, unknown; peak lll, ¢) anti-B—PDE—-dGuo; peak IV, syn-B—PDE-dGuo. L M W \ A
¢ — : i-diol- ide— ; -diol- 0+ T T T T T Y T T T T S
DMBA-DNA adducts: peak I, anti-diol-epoxide—dGuo; peak Il, syn-diol S N A A S T & o

epoxide—dAdo; peak lll, anti-diol-epoxide—dAdo.

Retention Time (min)

Fig. 5. Servacel DHB column chromatography profiles of DMBA-DNA
adducts isolated from keratinocytes. Solid line, DMBA-DNA adducts from
acetone-treated cells; Dashed line, DMBA-DNA adducts from coriandrin-
treated cells.Reak I) syn-diol-epoxide—DNA adductspPgak II), anti-diol-

m epoxide—DNA adducts. The chromatograms shown are representative with
10004 ab 2000 b repeat experiments giving essentially identical results. ¥hagis represents
M the radioactivity in each fraction which has been based on sample recovery
! from the column and normalized for equivalent amount of DNA in each
sample.

2000 I i
4000

Radioactivity (dpm)

2000 (peak 1in Figure 5) relative to the control. Table IV summarizes

I the results from two separate experiments using both coriandrin
. and bergamottin, which clearly shows that both coumarins
effectively decreased the total anti-DMBADE-DNA adducts
by 41% and 65%, respectively. In contrast, only a slight
reduction of syn-DMBADE-DNA adducts was observed (6%
and 11%, respectively). Thus, the ratios of anti- to syn-
DMBADE adducts in coumarin-treated cells was 1.44:1 and
0.57:1 for control and coriandrin-treated cultures, respectively,
and 1.7:1 and 1:1 for control and bergamottin-treated cultures,

4000

1000
dle 2000 1

0

0
20
407
60
801

S 8 § 3 = 8

1007
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Fig. 4. HPLC profiles of the DNA adducts isolated from mouse

keratinocytes 24 h after exposure to DMBA. The chromatograms were
normalized by the inclusion of two UV-absorbing markersaBF9,10-diol
and B]P-4,5-diol) in the samplesA(and B) DMBA-DNA adducts from
acetone and bergamottin-treated keratinocyt€sarfd D) DMBA-DNA
adducts from acetone and coriandrin-treated keratinocy®esks |, 11, and
Ill') are anti-diol-epoxide-dGuo, syn-diol-epoxide—dAdo, and anti-diol-
epoxide—dAdo, respectively. Théaxis represents the radioactivity in each
fraction which has been based on sample recovery from the column and

respectively. Further analysis of individual DNA adducts
derived from the anti-DMBADE and syn-DMBADE by HPLC
again showed that coriandrin (and bergamottin to a lesser
extent, data not shown) greatly decreased all individual anti-
DMBADE-DNA adducts (peaks b, I, and Il in Figure 5D)
and only slightly decreased individual syn-DMBADE-DNA
adducts (peaks a, c, d, I, e, and f), further confirming the

normalized for equivalent amount of DNA in each sample. apparent selectivity for inhibiting formation of anti-DMBADE—

DNA adducts.
Table 11l where the level of anti-DMBADE adducts formed
from DMBA was markedly lower in cells treated with the Discussion
coumarins. In contrast, the level of syn-DMBADE adducts
remained the same (bergamottin) or slightly decreased (corian
rin). The inhibitory effect of coriandrin on the formation

he present study demonstrates that several naturally occurring
oumarins including bergamottin, coriandrin, isoimperatorin,
. and imperatorin effectively inhibited the metabolic activation
gf specﬁ;g DMEAd.DNA ad.dtUth‘ VﬁSIhgr%atfr .thiT_anh&ﬁ of of B[a]P and/or DMBA in cultured mouse keratinocytes. The
ergar.no -m,.a. .|n N9 co.nS|.s en W'. € data in fable * major findings of this study are as follows: (a) natural coumarins
Selective inhibition of anti-diol epoxide—DNA adducts derivedinhibited the formation of water-soluble and organic-solvent
from DMBA by bergamottin and coriandrin soluble metabolites of B|P in cultured mouse keratinocytes
The relative proportion of syn- and anti-DMBADE-DNA with the following order of effectiveness: bergamottin
adducts was further analysed in cultured keratinocytes treated coriandidoimperatorin> imperatorin; (b) both berga-
with coumarins to confirm their selective inhibitory effect on mottin and coriandrin were found to inhibit DNA adduct
anti-DMBADE-DNA adduct formation. For these experiments, formation from basFBdnd DMBA in mouse keratinocytes;
Servacel DHB columns were used to separate the anti- andc) bergamottin was more effective at inhibiting covalent
syn-DMBADE-DNA adducts prior to HPLC. As shown in binding ofdfp to keratinocyte DNA whereas coriandrin was
Figure 5, coriandrin dramatically inhibited the formation of more effective at inhibiting covalent binding of DMBA to
total anti-DMBADE-DNA adducts (peak 2 in Figure 5) but  keratinocyte DNA; and (d) both bergamottin and coriandrin
had much less effect on total syn-DMBADE-DNA adductsselectively inhibited the formation of anti-diol-epoxide—DNA
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Table IV. Stereoselective inhibition of DMBA-DNA adducts in keratinocytes by coum@rins

Adducts Experiment | Experiment 11

Control Bergamottin Control Coriandrin

syn- anti- syn- anti- syn- anti- syn- anti-
pmol/mg of DNA 33 56 31 33 39 56 35 20
% of control 100 100 94 59 100 100 89 35
Ratio of antitosyn 1.7:1 1.06:1 144:1 057:1

@Results represent an average from two separate experiments with similar results.

adducts from both hydrocarbons. Overall, the current data  reduce formation of other DNA adducts formation [including
suggest that certain natural coumarins have the ability to block syn-BPDE-dGuo adduct]. These results suggest that berga-
the metabolic activation of PAH in a cell culture model system mottin and coriandrin, through inhibition of P450 1A1, select-
of mouse epidermis. ively inhibited formation of the {) anti-BPDE—-dGuo adduct.
Based on the current literature, both rodent and human P450  The fact that bergamottin and coriandrin also selective
1A1 appears to be a predominant P450 involved in convertinglecreased formation of the DNA adduct tentatively identified
B[a]P to various metabolites, including 3-OH&P, B[a]- as the 9-OH-B§]P-4,5-oxide-dGuo adduct further supports
9,10-diol, Bjg]P-7,8-diol, and {) anti-BPDE (16). The pattern this hypothesis since the metabolism ofa§f to 9-OH-BR]P
of organic solvent soluble metabolites of d#P formed in or BpJP-4,5-oxide has been shown to be catalyzed by both
cultured mouse keratinocytes in our studies was very similarodent and human P450 1A1 (16) and the formation of DNA
to that catalyzed by cDNA-expressed mouse P450 1A1 (16). adducts derived from this metabolite can be blocked b
P450 1A1 is expressed in mouse keratinocytes (40) and thiasntibody against MC-induced P450s (6).
isozyme is highly inducible by PAH (41). In our previous In the present study we also examined the effects of
studies, bergamottin, coriandrin, isoimperatorin, imperatorinpergamottin and coriandrin on the formation of DNA adducts
and ostruthin were found to be effective inhibitors of P450  from DMBA in cultured mouse keratinocytes. The metabolism
1A1 in hepatic microsomes from mice pretreated with MCand metabolic activation of DMBA is less well understood
(28). It is interesting to note that the ability of this series of  thaa]B[However, recent studies have indicated the involve-
naturally occurring coumarins to inhibit P450 1A1 correlatedment of specific P450s in the metabolism and metabolic
with their ability to inhibit B[a]P metabolism in cultured activation of this PAH. In this regard, P450 2C6 in rat hepatic
keratinocytes. Collectively, these data suggest that P450 1Aicrosomes has been shown to convert DMBA to its proximate
may be the predominant P450 involved in metabolism of  carcinogenic 3,4-diol (18). Recently, Poté¢ngler(17)
B[a]P in cultured mouse keratinocytes maintained in high-further demonstrated that P450 1B1 in BA-treated C3H/10T1/
Ca" media (32,40). It is also interesting to note that none of 2 cells was very active in converting DMBA to DMBA-3,4-
the coumarins appeared to significantly inhibit formation ofdiol, while P450 1A1 in BA-treated mouse hepatoma cells
B[a]P-7,8-diol, the proximate carcinogenic metabolite, and yet ~ was much less active in this regard (17). In addition, Shimad
the formation of the ) anti-BPDE was dramatically inhibited et al. recently reported that human P450 1B1 possessed high
as measured by the presence of the) @nti-BPDE tetraol catalytic activity in converting DMBA-3,4-diol but very low
(Figure 2). This result may be explained by the fact that P45@atalytic activity in converting DMBA to mutagenic metabol-
1A1 more efficiently catalyzes the second oxidation step in ites (19). The pattern of metabolites produced by both mous
the metabolic activation of BJP. In fact, a recent study from and human P450 1B1 was very different from the pattern
Shou et al. (16) reported a higher turnover rate of cDNA  generated by both mouse and human P450 1Al in these studie
expressed rodent P450 1Al for conversion of]Bf7,8-diol  (17,19). Furthermore, it has been demonstrated that P450 1A1
to BPDE than for B§]P to B[a]P-7,8-diol. Thus, the coumarins in rat hepatic microsomes is quantitatively important in the
may preferentially inhibit formation of the anti-BPDE leading formation of the DMBA-5,6-diol and DMBA-8,9-diol metabol-
to an accumulation of Bf|P-7,8-diol due to its decreased ites (42). However, these metabolites contribute little, if any,
disposition. to the covalent binding of DMBA to DNA (43). That P450
Analysis of the effects of both bergamottin and coriandrin 1A1 is quantitatively more important in the metabolic activation
on B[a]P-DNA adduct formation provides further support for of B[a]P than DMBA in mouse keratinocytes is also supported
a predominant role of P450 1A1 in the metabolism o&]B[ by the differential effect of bergamottin and coriandrin. In this
in this system and in the mechanism for their inhibitory effectsregard, the potency for the inhibition of covalent binding of
In this regard, analysis of the 8P-DNA adduct profiles in Bf|P to DNA [bergamottin> coriandrin (see Table II)]
Figure 3 revealed the presence of severalBEDNA adducts, correlated with their ability to inhibit P450 1A1, while the
including the 9-OH-B§]P-4,5-oxide—dGuo adduct and the reverse relationship was observed with DMBA. Our previous
(+)anti-BPDE—dGuo adduct. Current evidence indicates thastudy showed that coriandrin is a suicide inhibitor of both
the (+)anti-BPDE is formed through the stereoselective  mouse and human P450 1A1 (29). It is interesting to note tha
metabolism of Bf]P-7,8-diol by rodent and human P450 1Al 1-ethynylpyrene, previously reported to be a selective suicide
as well as other human P450 isozymes such as P450 1A2, inhibitor of rat P450 1A1 (20), was more effective at inhibiting
2C9 and P450 3A (16). Our results demonstrate that botlovalent binding of DMBA than Bi]JP to DNA in mouse
bergamottin and coriandrin selectively decreased anti- epidermis (20). This compound was recently found to be a
BPDE and 9-OH-B§jP-4,5-oxide but did not dramatically potent inhibitor of rat P450 1B1 in cultured adrenocortical

220



Inhibition of activation of B[ a]P and DMBA by coumarins

Cancer risk due to occupational exposure to polycyclic aromatic
hydrocarbonsAm. J. Ind. Med.28, 303-324.
3. Heinrich,U., Roller,M. and Pott,F. (1994) Estimation of a lifetime unit

cells (21). This finding raises the interesting possibility that
coriandrin could have a similar inhibitory effect on P450 1B1
anc_i that this P450 'S_quam'tatlvely Important '_n the metabolic lung cancer risk for benza]pyrene based on tumor rates in rats exposed
activation of DMBA in cultured mouse keratinocytes. P450 1o coal tar/pitch condensation aerosBixicol. Lett.,72, 155-161.
1B1 is expressed in both cultured mouse and human4.KriekE., Van SchootenF.J., Hillebrand,M.J.,, Van Leeuwen,F.E., Den
keratinocytes (44, 45) and thus may be important in the Enge'se"--'f 'IDE Looff,A.J. f’”lld_ D'rllkma”SvA-P- (1933;) DNIA adlf_’“CtS as a
metabolic activation of DMBA in this tissue. In addition, the hmy%?z‘é;‘ib‘gnsugr?vifj:Cﬁreglfh 'Fi‘ers‘;rggnil‘e_);?se O polycyclc aromatic
importance of other P450s that may be expressed in cultured wood A W., LevinW., Chang,R.L., YagiH., ThakkerD.R., LehrR.E.,
keratinocytes (and mouse epidernnisvivo) (46,47) remains Jerina,D.M. and Conney,A.H. (1979) Bay-region activation of carcinogenic
to be determined. Further studies in progress are investigating polycyclic hydrocarbons. In  Jones,P.W. and Leber,P. (&dgynuclear
these possibilities Aromatic HydrocarbonsAnn Arbor Science Publishers, Michigan, pp.
. i’ . . 531-551.
. A_nOther Interesting obser_vatlon n O_UI’ Cu_rrem StUdy WaS_ theG.DiGiovanni,J. (1989) Metabolism of polycyclic aromatic hydrocarbons
finding that both bergamottin and coriandrin at concentrations and phorbol esters by mouse skin. Relevance to mechanism of action and
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the f.orm.atlon of DNA adducts from the syn-DMBADE. R?CG”t . 7.Ashurst,S.W., Cohen,G.M., Nesnow,S., DiGiovanni,J. and Slaga,T.J. (1983)
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ot ] g - Hall,M. and Grover,P.L. (1990) Polycyclic aromatic hydrocarbons
the binding of DMBA-(4S,3R)-diol-(2S,1R)-epoxide that is
produced by activation of DMBA-(3S,4S)-dihydrodiol (48,49).
In studies with MCF-7 cells, Laet al (50) found that the

metabolism, activation and tumor initiation. In Cooper,C.S. and Grover,P.L.
(eds) Handbook of Experimental Pharmacolog$pringer-Verlag, New
York, Vol 94/1, pp. 327-372.

0.Dipple,A., Pigott,M., Moschel,R.C. and Constantino,N. (1983) Evidence

. - 10.
p.redomln.ant DNA adducts formed from DMB.A were anti- that binding of 7,12-dimethylbenafanthracene to DNA in mouse embryo
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of these compounds (bergamottin and coriandrin), upon further Kaderlik,R.K. and Kadlubar,F.F. (1994) Metabolic activation and

examination, demonstrated some selectivity toward the forma- carcinogen-DNA adduct detection in human lary@ancer Res.54,

tion of specific metabolites of both hydrocarbons. These resultg;
support the involvement of distinct P450s in the metabolism

and metabolic activation of B[P vs DMBA in mouse

keratinocytes. As a class of compounds the coumarins ma
prove useful in evaluating specific P450s involved in the

metabolic activation of Bf|JP and/or DMBA in a specific
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