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CHAPTER I 

INTRODUCTJON 

Tobac.co products have been used by man for many centuries. 

Mayan carvings from 600-900 A.O. display figures of individuals 

chewing tobacco leaves. Archaeologists have found seeds from 

Nicotiana plants in their excavations of early civilizations from 

Mexico and Peru [Davis. 1988]. When Europe di scovered the new 

world, international trade between America and Europe began. One 

of the first products European traders obtained from native 

Americans was tobacco. By the 1600's smok ing had evolved from 

the American natives smoking their peace pipes to a world wide 

pastime [IARC. 1986]. In 1699, 4.5 tons of tobacco were imported 

into England [Redmond, 1970]. Tobacco production continued to 

increase and by 1982. "6.7 million tons of \obacco were produced in 

America alone, with an average per person yearly consumptfon of 

3500 cigarettes [JARC. 1986) . There are currently an estimated 

56 million smokers and over I 2 million smokeless tobacco users in 

the USA [Weinstein 1991; Hecht and Hoffman, 1988). The American 

Cancer Society estimates that cigarette smoking contributed to more 

than 157 ,000 cancer deaths in America in I 991 [Shopland et al., 

1991]. 

The earliest suspicion that there could be a link between the use 

of tobacco products and cancer was in 1761 when John Hill suggested 
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that tobacco use io the form of snuff may result in the development 

of nasal cancers (Redmond, 1970). This report appeared nineteen 

years before Percival Pou reported th.at the high incidence of scrotal 

cancer in the chimney sweeps was possibly due to their exposure to 

carcinogens in the soot from chimneys (Sirica. I 989). The search for 

the chief actjve ingredient of tobacco began with the discovery of an 

"essential oil" in 1807 by Cerioli . The presence of this active 

substance was found in 16 species of Nicotiana plants and by 1832 

the empirical formula of nicoti.ne was determined (Holmsledt. 1988]. 

During t.he last several decades rcse.arch endeavors have investigated 

the physiological responses to nicotine. Nicotine is the critical 

pharmacologic agent that is responsible for the addiction associated 

with tobacco use [US Surgeon General. 1988). It induces a variety of 

stimulant and depressant effects involving many physiologic systems 

including the nervous, endocrine. cardiova.scular. and gastrointestinal 

systems. The effeets of this drug are \at lea.st i.n part responsible for 

the addiction. development of tolerance und for the withdrawal 

symptoms associated with the cessation of tobacco use (Hecht et al .. 

1991]. 

Al least 4000 different compounds from tobacco smoke have been 

characterized. Of these. over 40 are carcinogenic in laboratory 

animals (Hoffman and Hecht, 1990; Roberts. 1988) . The polycyclic 

aromatic hydrocarbons and the nitrosamines are- the major 

carcinogens involved in cigarette smoking induced Jung cancer 

(Hoffmann and Hecht. 1985). Nicotine itself is not carcinogenic . It is. 
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bowever. a precursor to tbe powerful carcinogenic nitrosamines that 

arc found in tobacco and tobacc.o smoke. The tobaccol specific 

nitrosamines (TSNS) are products of nicotine nitrosation. These 

nitrosatioo reactions occur during tobacco processing. tobacc.o 

chewing aod cigarette smoking [Hecht et al .. 1983; Hecbt aod 

Hoffmann. 1988]. The primary TSNS produced from the nitrosation 

of nicotine are a n.icotine-derived nitro amino ketone. 

4-(methylnitrosamino)-1-(3-pyridyl)-l-butanone (NNK ); a 

nitrosamino aldehyde. 4-(methylnitrosamino)-4-(3-pyridyl )-butanal 

(NNA); and a demetbylated form of NNA. N-nitrosonomicot.ine (NNN) 

(Hecht and Hoffmann. 1988; Hecht et al., 1978] . The most prevalent 

TSNS in tobacco and tobacco smoke are NNK and NNN. The aldehyde 

NNA is not easily detected but products of its reduction to an alcohol 

derivative. iso-NNAL. and a carboxylic acid derivative, iso-NN-acid. 

are found in tobacco products {Brupnemann el al.. 1987] . Studies of 

carcinogenicity 1n animals have de\nonstrated that NNK selectively 

induces lung 1umors in rats. mice and hamsters. irrespective of route 

of administration [Hecht and Hoffmann. 1988) . The doses of NNK and 

NNN that produce tumors in experimenlJll anima ls are approximately 

the same as the exposure a smoker rece.ives if they smoke I pack per 

day for 40 years . Similarly snuff dippers by using JO g tobacco per 

day for 40 years would be exposed to approximately the same doses 

of NNK and NNN that cause oral cav1ty tumors in ra1s [Hecht cl al.. 

1991) . 



Most chemical carcinogens must be metabolized to produce 

reactive products which then eJ;cn the carcinogenic effects. The 

metabolic activation of the carcinogens produce clectrophile 

substrates that are highly reactive towards DNA. The DNA 

modifications that occur cause changes in the eJ;pression of 

4 

oncogenes (increased expression) and/or tumor suppressor genes 

(decreased eJ;pression). These genes regulate the growth, 

proliferation. and differentiation pathways of cells. Altering their 

normal expression greatly increases the probability of neoplastjc 

transformation and the subsequent development of cancer 

[Guengerich, 1991; Harris. 1991]. The metabolism of these 

carcinogens and other xenobiotics occur via a series of cnzyme­

cataJyzed reactions. The primary purpose of these reactions in 

mammalian systems is detoxification and excretion . Most xenobiotics 

arc lipophilic and therefore must be made polar so they can be 

excreted in the""urine. The reactio~s have been classified into phase 

and phase II reactions [Williams. 19781- Phase I reactions occur in 

the cndopl.asmic reticulum and include oxidation. hydroxylation. 

reduction and hydrolysis . These rcactfoos result in oxygenation of 

lipophilic molecules by inserting a polar fuoct.ional group. This 

renders the chemicals more water soluble and more reactive with 

conjugating agents . The phase I reaction products. however, often 

produce substrates that arc highly nucleophiTic and can easily atta.ck 

DNA, causing mutations. Phase II cytoplasmic enzymes conjugate 

these highly reactive substrates to substances like gJutathione and 



5 

glucuronate. The enzyme UDP-gluc.uronosylttansfcrasc catalyzes the 

transfer of glucuronic acid from UDP-glucuronic acid to elcctrophiles 

tba1 contain the foJlowing functional groups: alcohol. carboxylic acid, 

carbamatc, amine. sulfonamjdc, thiol. hydroxylamine. 

dithiocarbamate and a or 8-unsaturated ketone [Kaspe:r and Henton . 

1980; Yang and Yoo. 1991). These reactions result in conjugation of 

the xenobiotic electrophilcs to form glucuronides. Other clectrnphiJes 

suc h as cpox.idcs. alkyl and aryl halides. sulfates and 1,4-unsaturated 

carbonyl compounds are conjugated with glutathione. The 

glutathione-clectrophile conjugations are catalyzed by glutathione-S· 

transferase [Jakoby and Habig, 1980; Yang and Yoo. 1991] . After 

phase II conju'gatfon , these electrophiles have decrea ed biologic 

activity. and increased hydrophilicity thereby enhancing their 

excretion [Parke et al.. 1991; Yang and Yoo. 1991 ). 

The enzymes that catalyze the pha e I reactions are mixed 

function oxidase enymes (MFO) that \ire collectively called 

cytochrome P450 isozymes. These P45CT enzyme systems are 

composed of two enzymes. P450 and NADPH-P450 reductase. botb of 

which are integral membrane proteins (Figure I ). The NADPH 

reductase is a protein contai.ning FMN and FAD cofactors. The 

reductasc transfers electrons from NADPH to the cytochrome P450 

via the oxidation and reduction of the FMN and FAD cofactors. 

Cytochrome b5 can also shut.tJe electrons from !+A.OH to the 

cytochrome P450 (Nebcrt and Gonzalez, I 987; Parke ct al.. 1991; 

Guengerich, 1993] . The cytochrome P450 protein is a heme 
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Oil 

subsrrate 

t: .. 

Figure 1: Catalytic action of cytochrome P450 isozymes. 
Cyclic mec.hanism of substrate oxygenation by cytochrome 
P450 enzymes. (Adapted from Guengeri,Sh. 1993) 
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containing protein that can easily be oxidjzed or reduced. The 

catalytic activity of the P450 system is as follows (Figure l ). The 

substrate (chemical) binds to the P450 at a specific binding site just 

above the heme group. This binding can occur only when the heme 

iron is in the oxidized (Fe+3) form. An electron from the reductase or 

cytochrome bs is then transferred to the iron atom reducing it to the 

(Fe+2) state. The reduced P450 can then bind molecular 02 to a 

specific 02 binding site at the beme. A second electron and a proton 

(H+) are then added to the reduced iron. forming a FcOOH complex . 

With the loss of water, a (FeQ)+3 complex is produced . This complex 

is a very potent oxidizing agent and transfers its unstable oxygen to 

the substrate. 0J1idizing it . The ollidized substrate is then released 

and the cytochrome P450 can repeat the cycle with another 

substrate (Guengerich, 1993; Parke et al .. 1991] . These oxidized 

substrates have several possible fates in the cell . They may be 

conjugated by ph!Be II enzymes and\ subsequently ellcreted as 

described above or they may form PNA ·adducts and potenti.aJJy DNA 

mutations. 

NNK, like most carcinogens, is relatively inert biologically until it 

is metabolized by the P450 isozymes. Several of the metabolic 

products produce reactive species that either form DNA adducts or 

cause nucleotide alteration (Murphy et al.. 1990) . The metabolism of 

NNK in hepatic microsomes is shown in Figure~ . There are three 

types of metaboli.c pathways for NNK. They are carbonyl reduction 

lo NNAL (pathway a); N-oxidation of lbe pyridine rings of NNK and 



Figure 2: Metabolic pathways of NNK: carbonal reduction (pathway a), 
pyridine N-oxidation (pathway b), and a -carbon hydroxylation (pathway c). 
Metabolites: NNAL, 4-( methylnitrosamino)-1-(3-pyridyl) · l -butanol; 
NNK-N-oxide, 4-(methylnitfosamino)-1-( 3-pyridyl-N-oxide)-1-butanone; 
NNAL·N·oxide, 4-(methylnitrosamino)· l ·(3·pyridyl-N-oxide)-1-butanol; 
keto alchol, 4-oxo-4-( 3-pyridyl)-1-butanol; 
hydroxy acid, 4-hydroxy-4-(3 -pyridyl) butyric acid; 
keto aldehyde, 4-oxo-4-( 3-pyridyl) butanal; 
keto acid, 4-oxo-4-(3 -pyridyl) butyric acid; 
diol, 4-hydroxy-1 -( 3-pyridyl) -1-butanol. 
The structures in brackets cu;e..hypotlletical intermediates. 
(Adapted from Jorquera ~t al .. 1992; Hecht et al., 1980). 

00 
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NNAL yielding the N-oxides NNK-N-oxide and NNAL-N-oxide 

(pathway b) and the ex-hydroxylation of either the methyl or 

methylene carbon adjacent to the N-nitroso nitrogen (pathway c). 

Hydroxylation of the methyl group gjves the a-hydroxynitrosaminc 

3. which is unstable and spontaneously decomposes to 4-(3-pyridyl)-

4-oxobutyldiarohydroxide and formaldehyde (7). This oxobutylating 

intermediate can undergo denitrosalion and be hydrolyzed to a lceto 

alcohol (12). Hydroxylation of the methylene group (carb<>n 4 ) gives 

the a-hydroxyoitrosamine intermediate 4. which yields 4-oxo-4 -

(3-pyridyl)-butanal. a ketoaldehyde 8 and a mcthyldiazohydroxide 

9 . The subsequent ox.idationlrcduc1ion of the kctoalcohol and 

ketoaldehydc yields the secondary a-carbon hydroxylation 

metabolites lcetoacid 13. hydroxyacid 14 and diol 15. Tbe 

a-hydroxylation of the methylene {carbon 4) of NNAL yields the 

hydroxy acid 14 and a methyl diaz.ohydroxide 9 [Hecht ct al. . 1980; 

Jorquera et ak. 1992]. NNN met\lbolism produces the same 

oxobutylating intermediate 7 as seen with NNK metabol ism 

(Pool-Zobel et aJ .. 1992]. Of these metabolites only two are genotoxic. 

The oxobutylating intermediate 7 forms adducts with DNA and 

hemoglobin {Murphy et al.. 1990). The methyldiaz.ohydroxide 9 

methylates amino acids and produces the following nucleotide 

mutations 7-methylguanine. Q6.methylguanine and 

Q4.methylguanine [Murphy et al.. 1990) . -'fhese mutations are 

known to play active roles in the chemical carcinogenesis of NNK 

(Ri veoson et al.. 1991 ] . 
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Carcinogenesis is a multistage process which is driven by genetic 

and epigenetic damage to susceptible cells. Figu-re 3 outlines some of 

the basic factors that participate in this process. The first steps of 

the carcinogenic process is the exposure of nonnal cells lo chemic.al, 

physical or microbial carcinogens that result in genetic changes that 

make the cell less responsive to regulators such as negative growth 

factors, terminal cell differentiators. and/or agents of apoptosis. 

These initiated cells then proliferate to a greater extent than normal 

cells . This proliferation is called promotion. During promotion the 

initiated cells exhibit clonal expansion and are gradually converted 

into malignant cells by activation of protooncogenes and/or 

inactivation of tumor su ppressor genes. These malignant celJs 

continue to have phcnotypic changes and express genomic instability 

that is manifested by abnormal numbers and structure of 

chromosomes. gene amplification and aJ tered gene e1'pression 

(Harris , 1991 Y, 

The process of carcinogenesis carr be inhibited . Current estimates 

indicate that 50-80% of human cancer is potentially preventable 

[Weinstein. 1991] . Cancer prevention which utilizes chemical 

compounds as the preventive agents is called chemoprevcntion. 

Extensive studies in both animals and humans provide evidence that 

dietary factors play an important role in cancer prevention. Many of 

these studies have investigated the role t?hn nutrient components 

like dietary fat. minerals and vitamins play in cancer prevent.ion . 

Other studies bave concentrated on c.arcinogens like aflatoxin. 



v 
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lnltlaUon Promotion Conver1lon ProgrHtlon 

• Defee1s In Terminal OiHerentiation 
• Oefee1s in Growth Control 
• Rvsistance to Cytotoxicity 

' s.e.c-

• Activation of Proto·Oncogenes 
• Inactivation of Tumor Suppressor Genes 
• Inactivation of Antlmetastasis Genes 

Figure 3: Carcinogenesis is a multistage process involving multiple 
genetic and epigenetic events in protooncogenes, tumor suppressor genes, 
and anti-metastasis genes. (Adapted from Harris, 1991) ..... 

N 
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nitrites. MeIQ. etc. that are found in food products [Weinstein. 1991). 

Many current studies are being done which investigate the effect 

nonnutrient food components have on cancer prevention. These 

studies were pioneered by Silver tone [1952) who demonstrated that 

animals fed a crude diet had a lower cancer risk than animals fed a 

semipurified diet. The crude diets (purina chow) contain components 

such as grain, beet pulp, alfalfa meal. cane molasses, fishmeal. and 

other crude products. The scmipurified diets consisted of defined 

constituents such as casein-protein. starch-carbohydrate, corn oil-fat. 

minerals and vitamins. Even though both diets had approximately 

the same calorics and same composition of nutrients (carbohydrate. 

protein. fat. etc.). the animals on tbe semipurified diet had a much 

higher (2-Sx} risk for cancer than those animals on the crude diet 

[Silverstone. 1952; Wattenberg. 1992a]. Similar studies have been 

done recently where groups of animals were fed either a crude or 

semipurified diet ior two weeks befok a carcinogen ic challenge was 

given . The same diets were continued after the carcinogen challenge . 

Jn one study when NNK was given. the animals on the semipurified 

diet had 3 times as many pulmonary adenomas as those animals on 

the crude diets (Hecht et al.. 1989] . The search for the plant 

chemicals (phytochemicals) that were responsible for this 

chemoprevention began as a result of these types of experiments. 

Lee Wattenberg [I 992b] has classified chemopreventive agents 

into two categories. blocking agents and suppressing agents . Blocking 

agents have a barrier function . They inhibit initiators and/or 
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promotors. Blocking can occur by preventing carcinogen activation 

(phase I enzymes). by enhancing detoxification (phase II enzymes) 

and by trapping reactive carcinogenic species. Many blocking agents 

inhibit tumor promoters by preventing oxygen radicals from forming 

or scavenging the radicals that do form. Suppressing agents inhibit 

the process of promotion during which the ini tiated cells become 

transformed into malignant C·ells. These cells have already been 

exposed to doses of carcinogens that will cause them to ultimately 

progress to malignancy. Suppressing agents work during the earliest 

stages of cancer development (Fearson and Vogelstein. 1990). Since 

genetic damage has already been done. suppressing agents must be 

chronically admin .stered. Suppression is maintained only as long as 

the suppressing agent is present; upon remova.I. tbe initiated 

neoplastic process continues. 

In recent years phytochemicals and their potential for 

chemopreventioo have- been studied exte.sively. Some 

phytochemicals act as blocking agen ts that ioohibit the biologic 

activation of induced carcinogens by inhibition of phase I (P450) 

enzymes. Chung et al. [ 1984: 1985) have studied the effects of 

benzy l isothiocyanate on nitrosamine metabolism in rat liver 

microsomes and cultured esophageal cells. They found that 

administration of benzyl isothiocyanate 2 hrs before sacrifice of the 

animaJs markedly inhibit.Cd the activation of NN K --end 

N-nitrosodimelhylamine [Chung et al.. l 984 ; 1985]. Similarly Brady 

et al. [I 988] demonstrated that diallyl sulfide inhibited microsomal 
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metaboHsm of oitrosam.ines by rats when administered 3 hrs before 

sacrifice. d-Limonene and citrus fruit oils wcre also found to inhibit 

the ca:rcinogen.icity of NNK [Wattenberg and Coccia. 1991]. In 

addition to blocldng by inhibiting metabolism. some pbytochemicals 

have chemopreventive blocking action by enhancing the 

detoxification (phase II) enzymes. Diallyl sulfide, an organosulfur 

compound found in Allium plant species (garlic and onions). was 

found to inhibit tumor forrnatjon in the lung. and concomitantly 

increased glulathione-S-transferase activity in the lung fSparnins et 

al.. 1988). Aromalic isothiocyanates like benzyl isothiocyanate from 

cruciferous vegetables (broccoli and cabbage) also induce 

glutathione-S-transferase activity (Wattenberg, 1992a) . Other 

phytochemicals exhibit their blocking effect by inhibiting the activity 

of tumor promoters. These blocking agents inhibit the arachidonic 

acid cascade. have antioxidant activity and/or modify the cel l' s 

response to- hormones or groWJh factors. PhytochemicaJs tha t have 

been implicate<! as blocking by •hese mechanisms are phenols. 

tannins, navones. curcumio, and glucarates (Wattenberg. I 992a) . 

Suppressing agents are al so found in many plants . Studies have 

shown that cruciferous vegetables. orange oil. and d-limonene 

exhibit tumor suppression [Elson et al. . 1988; Wauenberg , 1983] . 

Plant polyphenol ic compounds have suppress ing activity by 

inhibiting the arachidonic acid cascade [Rubio. 1984; Kelloff et aJ .. 

I 990) . The most studied suppressing agents have been the retenoids 

and the synthetic analogues of vitamin A (Zile et al.. 1986; 
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Wattenberg. 1992a). Some phytochemkals have both suppressing 

and blocking activity. Crucifcrous vegetables, especially those 

containing benzyl isotbiocyanate, are known to exhibit both actjvities 

[Wattenberg. 1985). Citrus fruit oils and d-limonene also exhibit 

both blocking and suppres ing activity [Wattenberg, 1983; Elson ct 

al., 1988]. 

In terms of chemoprevention the best strategy appears to be to 

halt the carcinogenic process in its earliest stages. Minimizing 

exposure lo carcinogens is of utmost importance. For robacco users 

the best defence is to stop using tobacco products. However. since 

nicotine is so addictive other prevention methods require 

investigation. This study was initiated to pursue that goal. Chapter 

two describes t.he results of e.llperiments that were done to optimize 

the conditions for NNK-induced mutagene is in Salmonella 

1yphimuril4m TA 1535 . Ten phytochemicals. of which five were 

phenolics. were tested for their _fficacy in inhibiting the 

mut.agenicity of NNK using the Ames assay and by determining their 

efficacy in inhibiting the microsomal metabolism of NNK. These 

results are presented in Chapters 3 and 4. respectively . One 

phytochemical. capsaicin. was then selected for more detailed studies 

of its effects on the metabolism of NNK. The c results are presented 

in Chapter 5. Chapter 6. the final chapter. summarizes the studies 

described in chapter 2-5 in reference to"'"this introduc tion . 
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SUMMARY 

Many factors can contribute to experimental variability when 

using the Salmonella/mammalian microsome assay. This study was 

conducted to determine the conditions that would optimize NNK-

ind uced mutagenesis. The mutagens 4-(methylnitrosamino)-1-

(3-pyridyl)- l-butanone (NNK) and N-methyl-N-nitro-N­

nitrosoguanidine (MNNG) were used with Salmonella ryphimurium 

strain TAI535. Aflatoxin BJ (AFBJ). bcnz.o(a]pyrene (BaP). and 

MNNG were used with strain TAIOO. Metabolic activation was 

provided by rat liver S9 (Fisher 344. Sprague-Dawley) and Syrian 

hamster liver microsomes. Studies of the effect of master plate age 

on mutagencsis showed that NNK and MNNG-induced mutagcncsis 

decreased when nutrient broth culwrcs were grown from aged 

master-..plates. AFB J , and BaP-ind,ced mutagenesis in strain TA I 00 

was unaffected by age of the mas ter plate, but MNNG-induced 

mutagenesis in TA I 00 was enhanced 3-fold by using cultures that 

were grown from 4 week old master plates. The age of bottom agar 

in prepared agar plates also affected mutagenesis . Jn TAI535. NNK­

induced mutagenicity was enhanced 3-fold when 4 week old agar 

plates were used, but MNNG-induced mutagenicity decreased when 

older agar plates were used. Older agar plates enhanced the 

mutagcnicity of AFB!. BaP. and MNNG i.n TAIOO. MNNG-induced 

mutagenicity was most sensitive to agar plate age . DMSO used as 

solvent for NNK. inhibi ted mutagenesis mediated by induced Fisher 
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rat liver S9. The rel.ative effectiveness of the different induced 

fraction of S9 in activating mutagenesis in TAl535 by NNK was 

Arocblor > Pbeooba.rbitol > lsosafrol > Dexamethasone > 

Methyfcholantbrcne > Ethanol. Dose reponse studies of the effect of 

DMSO showed that induc~ S9 fractions were sensitive to as little as 

10 µI DMSO. Dexamethasone-induced S9 was most sensitive to DMSO. 

Two hundred µI DMSO in the top agar was toxic to TA1535. NNK 

concentration and hamster microsomal protein optimization corves 

were determined. Our results indicate that NNK mutagenesis can be 

optimized by using freshly prepared master pla.tcs and agar plates, 

minimizing the use of DMSO. and by using 80 mM NNK in saline with 

1.0 mg hamster liver microsomal protein per plate. 



INTRODUCTION 

Bacterial tests for mutagcn.icity are the mos·t widely used screens 

for gcnotoxicily [Gatehouse. 1987]. These tests are especially 

valuable for mutagcnicity screening because they arc rapid and 

inexpensive. The bacterial systems that were used before the 

development of tbe SalmonellalrrUcrosome assay were primarily 

foreward mutation assays. These assays have the disadvantage of 

only detecting mutagenicity for a very narrow range of substances. 

In one early chemical screening test, usfog the Escherichia coli 

sueptomycin-dependent plate assay. of the 431 different sut>stances 

tes{ed, onJy 22 were found to be mutagenic [Szybalski, 1958] . The 

nee.d to develop a more efficient and sensitive bacteriaJ screening 

system was obvious. This challenge was met primarily by Dr. Bruce 

Ames abd his colleagues with their \.evcrsion mutation assay [Ames 

ct al.. 1975; Maron and Ames. 1983). Since reversion assays contain 

well defined induced mutat.ions. there are only a few specific reverse 

mutations th.at can restore function to the inactive genes [Josephy. 

1989] . This greatly enhances the specificity of the assay . It aJso 

allows one to easily deterrrUne the kind of mutation that occurred 

which restore.d the normal gene function . 

Many investigators have contributed toward optimizing the 

sensitivity and reliability of this assay. These efforts have focused 

on repea.tability, varations within a laboratory [Myers et al.. 1987; 
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CbcJi ct al., 1980] and reproducibility. variations between different 

laboratories fMyers ct al., 1987; Friedrich. 1982; Grafe ct al ., 1981). 

Attempts have also been made to standardize the assay (BeJser et al. , 

1981] and to calibrate it [Claxton ct al., 1991 b,c] . Standardization of 

the procedure can increase reproducibility but variations in 

experimental results cannot be completely eliminated due to the 

intrinsic variability of the bacterial tester strains and mutagens 

{Cheli el al .. 1980]. Due to this intrinsic variability, the Salmonella 

mutagenicity assay does not provide ex.act specific mutagcnic activity 

values such as mutants pet nanomolc {Cheli et al. , 1980]. This makes 

calibration difficult . It is therefore more beneficial to identify the 

potential sources of variability within the assay and to establish the 

specific conditions that will minimiz.e variability for e.acb lest system 

and optimize the mutagenicity of that system. 

The polential sources of variabilicy within the Ames assay arc 

quite divocsc. Since chis assay tests fpr mutant bacteria that revert 

from a histidine-negative (His·) genome -Oack to a histidine-positive 

(His+) one, it is essential to monitor both cbe mutations that occur in 

the absence of a known mutagen (spontaneous rcvertants (SR)) and 

the mucatioos that occur in response to a known mutagen (induced 

revertants (IR)) [Maron and Ames. 1983; Claxton et al.. 1987]. 

Spontaneous revertants have been classified according to whc.n the 

mutations oc.cur [Sal.mecn and Durisin, 198 l] . The spontaneous His+ 

mutant bacteria that arc present in the nutrient cultures used to 

grow tbe bacteria arc designated as prc-cx.isting rcvertants (PER). 
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whereas those His+ mutations that occur afrer plating (i.e . during the 

48-hour incubation period) are designated as plate spontaneous 

revertants (PSR). The number of PER is directly proportional to lhe 

initial population of bacteria per plate (no) {Georghiou et al,. 1989; 

Salmeeo and Durisin, 1981 ]. If n0 is in the range of 108 bacteria per 

plate most of the spontaneous revertants originate from PER. H. 

however, no is 107 bacteria per plate, the number of spontaneous 

revert.ants decreases 10 fold, and most of the SR are PSR [Salmeen 

and Durisin. 1981 ). Storage of permanent stock of the tester strains 

also affects the number of PER. In one study the ratios of PER/109 

viable bacreria from cultures innoculated directly from differently 

stored permanent stock were as follows: lyophilizcd permanents -

267; frozen pennanents · 187; masler plates - 57: and single colony 

isolates - essentially 0 [Georghiou ct al.. 1989]. Several other factors 

have been shown to affect the number of SR. These include the 

(I) age of the master plates {Mar"1 and Ames. 1983; Salmeen and 

Durisin 1981}; (2) type of nutrient broth used for the growth culture 

[Maron er al.. 1981; Vithayathil et al.. 1978); (3) the amount of 

histidine in the top agar {deRatt et al.. 1984; Maron and Ames. 1983 J; 

(4) volume, brand. concentration, uniformity of pouring and 

autoclaving of bottom agar {deRatt ct al., 1984; Maron and Ames, 

1983; Gatehouse. 1987): and (5) the metabolic activating system 

(S9 or microsomes) [Peak et al .. 1982: Rossman ec al.. 1983; 

Vitbayathil el al.. 1978]. Ac-ceptable ranges of spontaneous 

revertanls for each tester strain have been determined . These 
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ranges are quite broad. however, so each laboratory is advised to 

establish its own narrower acceptable ranges [deSeries et al .. 1979; 

Maron and Ames, 1983). Induc·ed revertants (IR) are much more 

sensitive to experimental conditions and contribute to experimental 

vadability more so than SR [Peak et al.. 1980; Grafe ct al .. 1981 ; 

Salmeen and Durisin, 1981]. Nutrient broth made from beef extract 

increases the mutagcncsis of tester strains [Common.er et al .. 1978; 

VithayathH et al., 1978; Dolara. 1982]. Tbc cofactor-incubation mix 

[Glatt ct al.. 1991]. the metabolic activating system [Goggelmon, 1980: 

Peak ct al.. 1982. Rossman and Molina. 1983; Gatehouse and Wedd. 

1984]. the solvents used to dissolve the mutagens [Maron et al. 1981; 

Anderson and McGregor. 1980; Burnett ct al. 1982) and the length of 

pre incubation ( Yahagi et al.. 197 5. 1977; Ncudecker et al.. 1989 a, b; 

Glau ct al .. 1991] have all been shown to alter the induced 

mutagcnicity of tester strains. Furtl\ennore. many aspects of agar 

plate preparation including method o~ plate sterilization [Claxton cl 

al.; 1987; Maron and Ames. 1983; Keir et al. 1986}. amount of top 

agar used {Maron and Ames. 1983; Joscphy, 1989], histidine 

concentration in the top agar (Maron and Ames , 1983; Acscherbacher 

ct al.. 1983; Friederich et al.. 1982; Salmcen and Durisi.n. 1981), 

bottom agar volume and uniformity [Friederich et aJ .. 1982; Cheli et 

al.. 1980; Belser et aJ.. 1981]. and autoclaving (Friederich cl aJ .• 1982; 

Majeska and McGregor. 19921 affects the mutagenicity of I.ester 

strains. 
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In this study two Salmonella typhimurium strains . TAl535 and 

TAlOO, which detect mutagens that cause base pair substitutions. 

were used . Each strain contains a different set of mutations. These 

mutations have been introduced to enhance eositivity to specific 

type of mutagens. Both tester strains contain the hisG46 mutation 

in the hisG gene. This gene encodes the first enzyme. 

phosphoribosyltransferase, of the histidine biosynthetic pathway 

[Brenner and Ames, l 971) . This mutation prevents the bacteria from 

synthesizing histidine, they therefore become his tidine dependent 

( Hi s- ). Mutations that cause base pair substjtutions revert the 

hi.rG46 mutation back to the normal wild type and thus restore the 

abihty of the bacteria to synthesize endogenous histidine. These 

revenant (His-+") bacteria survive on histidine deficient plates and 

produce clonal colonies which are easily counted. The deep rough 

mutation (rfa), which cause-s partial loss of the lipopolysaccharide 

barrier that coed's the surface of the bacteria. is \ound in both strains 

[Ames et al., 1973). This mutation increases. the permeability of the 

bacteria to large molecuJes that have difficulty penetrating the 

nonnaJ cell waJI. The two strains als o poss.e-ss the uvrB mutation. 

This mutation is a deletion of the gene that codes for DNA excision 

rep!lir [Ames. 1971). The uvrB gene extends through the bio (biotin) 

gene. Consequently deletion of uvrB function aJso results in deletion 

of bio gene function . These strruns are unable to synthesize biotin so 

biotin must be incJuded in the growth agar [Ames, 197 l ; Ames et al .. 

1973) . Mutations that hamper the tester strains' ability for DNA 
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repair gives more stability to the olher engineered mutations that 

have beeo introduced into the hosr genome. Strain TAJOO was 

derived from TAl535 by introducing the pKMIOI plasmid (R-factor). 

This plasmjd increases chemical and spontaneous mutagenesis by 

enhancing a normal error prone DNA repair system. It also enhances 

UV mutagenesis and makes TAIOO sensitive to some frame shift 

mutagens in addition to the base-pair substitution mutagens [.Langer 

et al., 1981; Walker and Dobson. 1979; Sbanabruch and Walker. 

1980]. The two strains TAI535 and TAJOO were used in the 

following experiments. 

The first set of experiments were conducced to determine the 

effect of the age of master plates and the age of bou.om agar on 

mutagenicity . The -plate aging effecls on the rnutagenicity of the 

tobacco specific nitrosamine 4-(mechylniuosamino)-1-(3-pyridyl)- l­

butanone (NNK) were compared with the pla1e aging effects on the 

/ mutagenicity of aOatoxin BI (A~B J ). benzo[ajpyrene (BaP) and 

N-methyl-N-oitro-N-nitrosoguanidine (MNNG). The second series of 

experiments were performed to determine the optimal conditions for 

NNK-induced mutagenesis using tester strain TA1535. In these 

experiments. the effects of DMSO. NNK concentration. P450 induction 

and microsomal concentration on NNK-induced m.uragenesis were 

determined. 



MATERIALS AND METHODS 

Cbemica.ls 

4-(Methylnitrosamino)- J -(3-pyridyl)- l -butanone (NNK}, 

purity>98%, was purchased from Chemsyn Science (Lenexa, KS). 

Arochlor 1254 was obtained from Ultra Scientific (North Kingstown. 

RI). Phenobarbitol , 6-naphtboflavone, 3-methylcholantbrene. 

isosafrol, dexamethasone, aflatoxin BJ. benzo[a)pyrene , N-me.tbyl-N-

nitro-N-nitrosoguanidine (MNNG), ampiciJlin. g)ucose-6-pbosphate. 

glucose-6-phosphate dehydrogenase. NADP+ and dimethyl sulfox.ide 

(DMSO) were purchased from Sigma Chemical (St. Louis, MO). 

Bactoagar was purchased from VWR Scientific (Cerritos. CA) and 

nutrient broth No. 2 was purchased from Oxoid Co. (Basingstoke, 

Hants UK). 

Preparation or hepatk S9 and \ microsome fractions 

Male Sprague-Dawley rats ( 180-200 g. Harlen Laboratories. 

Indianapolis, IN). Fisher 344 rats (180-200 g. Charles River 

Laboratory. Wilmington, ME). and Syrian golden hamsters 

(150-160 g. Charles Rjver Laboratory, Wjlmington. ME) were 

provided water and Purina laboratory rodent chow ad libitum. The 

schedule for the daily i.p. administration of P450 isoeozyme inducers 

was as follows: pbenobarbitol (PB). 60 mg/kg body weight in saline 

for 5 d; 3-methylcholanthrene (MC), 25 mg/kg in corn oil for 3 d; 

de.xametbasone (OM). 100 mg/kg in saline for 4 d; isosafrol (ISF). 
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150 mg/Jcg in com oil for 3 d; ethanol (ET). 500 mg/kg for 2 d; and 

6-napbthoflavone (B-NF), 80 mg/kg in com oil for 5 d. This schedule 

g.ave the optimum activity from each inducer [Paolini et al.. 1991 ). 

Twenty-four hr after the last injection of inducer, the an.imals were 

sacrificed by cervical dislocation at 8:00 a.m. aod ra.t liver S9 and 

hamster liver microsomcs were prepared aseptjcally (Maron and 

Ames, 1983). Animals treated with Aroclor (AR) 1254 were given a 

single i.p. injection (500 mg/kg) and were sacrificed five days later 

[Maron and Ames. 1983]. Control animals were given daily injections 

of saline for 5 d and sacrificed 24 hr after the last iojeclion. Protejn 

determinations in the S9 and microsome fractions were performed 

[Lowry et al.. 1951] and ooe ml aliquots from pooled samples 

(3 hamsters or 2 rats) from each treatmenr group were frozen and 

maintained at -so· C (up to 6 months) until used. 

MutagenicHy Assays 

Incubations containing S9 or microsomaJ protein from a specific 

inducer (omitted for MNNG). mutagen (200 µI of 80 mM NNK in DMSO 

or saline; 0.1 µg AFBt in 10 µI DMSO; 2.5 µg BaP in 10 µ1 DMSO; 

0.17 µg MNNG in 10 µI DMSO. cofactor buffer (pH 6.8) for NNK 

[Guttcnplan. 1980]; phosphate buffer (pH 7.4) for AFBI (O'Brien er al .. 

1983] and MNNG [Shirai et al .• 1980]; and Tris-HCI buffer (pH 7 .4) for 

BaP) and 0.1 ml Salmonella typhymurium strain TA 1535 or TA I 00 

(a gift from Dr. Bruce Ames. University of California, Berkeley) were 
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mixed together. For assays u ing TA1535 with the mutagens NNK 

and MNNG, the mixlu,res were prcincubated in a shaking waterbath 

for 30 minutes at 37' C [Yahagj ct al ., 1975; 1977]. Two ml top agar 

was then added to each s.ample and the cont~ts were poured onto 

mi.nimaJ essential agar plates [Maron and Ames, 1983]. The top agar 

was aJlowed to solidify and the plates were then incubated at 37· C 

for 48 hr. The induced his tidine-independent (His+) revertant 

colonies were then scored and the spontaneous rcvcrtant colonies 

were subtracted. The results were then expressed as the mean 

number of induced revert.ant colonies/plate . 

The master plates were prepared from frozen permanent samples 

[Maron and Ames. 1983]. They were then placed in plastic bags. 

scaled and stored at 4· C until needed. The bottom agar plates were 

prepared as described [Maron and Ames. 1983] and stored at 4· C 

until needed. Both the master places and tbe agar plates were 

prepared in advance and stored for '1e requisite time period so that 

each set of experiments could be performed concurrently (i .e . same 

day. same bacteria. same 59. s.ame media. same laboratory. etc .) 

[Claxton ct al.. !99lc; Myers et al.. 1987]. 

Statistical analysis 

Data were analyzed by the student 's unpaired t-test using the 

Macintosh St.at-view (vers ion 1.04) software . Statistkal significance 

was defined as p :s 0.05 compared to control values [Myers et aJ .• 

1987; SciJer ct aJ .• 1980]. 



RESULTS 

Age of Master Plate 

The effect of the age of master plates on mutagenesis is depicted 

in Figures I and 2. Nutrient broth cultures of Salmonella 

typhimurium strains TA1535 and TAIOO were grown from master 

plates that were 0, I, 2. 3. or 4 wks old. These cultures were then 

used with Arochlor-induced Fisher 344 rat liver S9 and tbe following 

mutagens: NNK and MNNG for TAl535; AFBJ. BaP and MNNG for 

TAIOO. NNK-induced a.bout one half the revertants in cultures 

prepared from 4 wk old master plates compared with the induced 

revertants from cullures from fresh (0 wk) master plates 

(:Figure I A). Age of the master plate had a more pronouoc.ed effect 

on MN NG-induced mutagenesis in TA 1535. With cultures grown 

from 3 wk old master plates. the MNNG-induced revertants (IR) 

decreased to about the spontaneouslrevertant (SR) level (Figure 18). 

BaP and AFBI were not mutagenic to TA1535 in our studies as 

previously reported [Wheeler el al.. 1981; deFlora et al.. 1984]. The 

MNNG-induced mutagenicity in TA 1535 has been shown to be 

enhanced by using phosphate buffer (pH 7.4) and a 30 min 

preincubation (Shirai et al.. 1980; Balansky and Bryson. 1985}. The 

spontaneous revert.ants of TAJ 535 were unaffected by master plate 

age in our studies. There was no significant variability of AFB I and 

BaP-induced mutagenicity io TA I 00 cultures relative to age of 

master plat.cs (Figure 2A.B). There was, howeveT, a significant 
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Fisher 344 rat liver S9. (A) NNK-induced revertant colonies 
(NNK-IR); (B) MNNG-induced revertanr colonies (MNNG-IR). 
Spontaneous revertants (SR) are shown. Data points represent 
the means (N- 3) and bar lines represent +/ - SEM. Where bar 
lines are not shown the errors fall within the area of the symbol. 
Statistically significant {p < 0.05) differences from controls are 
inclicated with an asterisk *. 
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Figure 2: The effec.t of master plate age on mutagenesis in 
Salmonella typhimurium TA I 00 using Arochlor induced Fisher 344 
rat liver S9. (A) AFB1-induccd revertant colonies (AFBJ-IR); 
(8) BaP-ioducep revert.ant colonies (BaP-IR); (C) MNNG-induced 
re vena.nt colonies (MNNG- IR). Spontaneous revertant colonies (SR) 
are shown. Data points represent the means (N=3) and bar lines 
represent ± SEM. Where bar lines are not shown the errors fall 
within the area of the symbol. Statistically significant (p < 0 .05) 
differences from controls are indicated with ao asterisk • 
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(p s 0.05) increase in MNNG-iaduced mutagenicity (Figure 2C) with 

age of master plate. The MNNG-induced revertant colonies in 

cultures from 4 wk-old master plates were about 3-fold greater than 

the IR from cultures from fresh (0 wk) master pla.tes . The SR in 

TAIOO remained relatively constant. These experimenu were 

performed using plates with freshly prepared bottom agar. 

Age of bottom agar 

The effect of age of bottom agar is shown in Figures 3 and 4. 

Minimal essential medium agar plates were prepared and then 

stored at 4· C for up to 4 wks. Nutrient broth cultures of TAl535 

and TA 100 were prepared from fresh master plates. The 

mutagenidty of NNK and MNNG with TAl535; and AFB1. BaP and 

MNNG with TA 100 was determined using Arochlor-induced Sprague­

Dawley ral liver S9 and agar plates o~ various ages. NNK-induced 

mutagenicity was enhanced about 3-fbJd between the fresh agar 

plates (wk 0) and the 4 wk old agar plates (Figure 3A). Age of agar 

plat.es bad the opposite effect on MNNG-induced reve rt.ants in 

T Al 535 . The number of SR was relatively constant irrespcc·tive of 

the age of agar plate. As agar plates aged. there was an enhanced 

effect on the mutagcnkity of AFB1. BaP. and MNNG in TAlOO 

{Figure 4) and was most pronounced with 4 wk old plates. MNNG­

induced mutagenicity in T AlOO was the mos t sensitive to age of agar 

plates (Figure 4C}. These ex.pcriments were performed as 

concurrcnlJy as possible. 
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Figure 3: The effect of agar plate age on mutagenesis in 
Salmonella cyphimurium TA1535 using Arochlor induced 
Sprague-Dawley rat liver S9. (A) NNK-induced revertant 
colonies (NNK-IR); (B) MNNG-induced revertant colonies 
(MNNG-IR). Spontaneous revertants (SR) are shown. Data points 
represent the means CN- 3) and bar lines represent+ / - SEM. 
Where bar lines are not shown the errors fall within the area of 
the symbol. Statistically significant (p < 0.05) differences from 
controls are indicated with an asterisk •. 
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Figure 4: The effect of master plate age on rnutagenesis in 
Salmonella typhim.urium T AlOO using Arochlor induced 
Sprague-Dawley ra.t liver S9. (A) AFBJ -induced reverta.nt colonies 
(AFB I ~IR): (B) BaP-induced revertant colonies (BaP-IR); 
(C) MNNG-induced rcvcrtant colonies (MNNG-JR). Spontaneous 
revcrtaot colonies (SR) are shown. Data points represent the means 
(N=3) and bar lines represent ± SEM. Where bar lines are not shown 
th.e errors faJJ within the are.a of the symbo . Statistically significant 
(p < 0.05) differences from controls are ind,cated with an asterisk • . 
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Effect of DMSO on NNK-induc.ed Mutagenkity in TA1535 

The effects of different cytochrome P450 inducers on Fisher 344 

rat liver S9 mediated mutagenicity in Salmonella typh imurium 

TA 1535 is shown in Figure 5. DMSO (200 µI), solvent for NNK, 

inhibited the mutagenicity of NNK by S9 compared with an equal vol 

of saline as solvent irrespective of tbe cytochrome P450 induction. 

Tbe relative effe(:tiveness of the different induced S9 meubolic 

activating systems for mediating NNK-induced mutagenesis with NNK 

dissolved in saline was as folJows : AR (389 1 64 .83) > PB (255 1 

11.59) > ISF (224 ± 4.00) > OM (146 ± 9.00) > MC ( 111 ± 10.93) > ET 

(34 ± 5.04). S9 from ethanol (ET) induced animals produced t.he 

fewest number of revertant colonies. 

Dose rcponse experiments were conducted to determine the 

minimum volume of DMSO that could be used without affecting 

NNK-induced mutagenesis in TA 1535 (figures 6 and 7). Induced 

Fisher 344 rat liver S9 was use<l for metabolic activation of NNK. All 

P450 inductions were sensitive to 10 µI DMSO CJ{Cept for S9 from 

MC-induced animals. Significant inhibition of NNK-induced 

mutagenesis by MC-induced S9 occurred at 50 µI of DMSO (figure 

6B). At the maximum dose of 200 µ I OMSO. mutagenjcity was 

reduced to about one-half the His+ revertant colonies/plate for aJI 

the S9 inductions except OM . OM-induced S9 was most sensitive to 

DMSO (Figure 78). 
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SR 

Figure S: Comparison of solvent on NNK-induced mutagenesis in 
Salmonella cyphimurium TA1535 using induced Fisher 344 rat 
liver S9. Data points represent the means (N• 3) and bar lines 
represent +/- SEM. Where bar lines are nor shown the errors fall 
within the area of the symbol Stastistically significant (p < 0.05) 
differences from controls are indicated with an asterisk*. 
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Figure 6: The effect of DMSO on NNK-induced mutagenesis in 
Salmonella typhimurium TAI535 using induced Fisher 344 rat liver 
S9. (A) lsosafrol (ISF)-induced S9; (B) Metbylcholanthrene 
(MC)-ioduced S9; (C) Phenobarbitol (PB)-induced S9. Data points 
represent the means (N=3) and bar lines represent ± SEM . Where 
bar lines are not shown the errors fall within the area of the symbol. 
Statjstically significant (p < 0.05) differences from controls are 
indicated with an asterisk * 
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Figure 7 : The effect of DMSO oo NNK-induced mutagenesis in 
Salmonella typhimurium TA 1535 using induced Fisher 344 rat liver 
S9. (A) A.rochlor (AR)-induced S9; (8} Dexamethasone (DM)- induced 
S9; (C Ethanol (ET)-induccd S9. Dar.a points represent the means 
(N=3) and bar lines represent ±. SEM. Where bar lines are not shown 
the errors fall within the area of the symbol. Statistically significant 
(p < 0 .05) differences from controls a.re indicated with an asterisk "'. 
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To determine whether the observed effects of DMSO were due to a 

decrea ed number of viable bacteria. a DMSO toxicity test was done. 

Toxicity 10 DMSO in TAl535 occurred with volumes greater than 

100 µI (Figure 8). 

Optimizing NNK Mulagenesis 

Dose response curves for NNK were performed to determine the 

optimal concentration of NNK in saline for induced mutagenesis in 

TA1535 {Figures 9 and 10). Induced Fisher 344 rat liver S9 was 

used for metabolk activation. All p4.50 induct.ions mediated fairly 

linear dose responses to NNK-induced mutagencsis . There was oo 

evidence of NNK-induced toxicity at the highest concen tration of NNK 

(80 mM). 

Figure 11 shows the results of the concentration of hamster liver 

microsome protein on NNK-induccd mutagenesis in TAl535 . These 

-experiments were done using 80 mM NNK in saline (100 µI) in the 

incubation mixtures. Maximum mutagencsis mediated by non-

induced and 6-NF induced microsomes occurred at 1 .0 mg 

protein/plate (Figure 11 A.C) whereas mal\imum muragenesis 

mediated by PB-induced microsomes occurred at 1.5 mg 

protein/plate (figure I lB) . The number of revenant colonies 

induced by NNK using 1.0 mg hamster liver microsome protein was 

143 ± 8.19 for noninduced, 166 ± 15.96 for PB-induced and 271 ± 

13. 97 for 6-NF-induced . 
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Figure 9: Dose response of NNK-induced rnutagcnesis in Salmonella 
ryphimurium TA1535 using indttccd Fisher 344 ra t liver S9. 
(A} I osnfrol (ISF}-induced S9; (8) Methylcholanthrene (MC)-induced 
S9; (C) Phenobarbitol (PB)-induced S9. Data points represent the 
means (N=3) and bar lines represent +/- SEM. Where bar Jines are 
not shown the errors fall within the area of the symbol. Statis ticaJly 
significant (p < 0.05) differences from controls are indicated with an 
asterisk • 
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Figure 10: Effect of concentration of NNK on mutagenesis io 
Salmonella typhimurium TAl535 using induced Fi sber 344 rat liver 
S9. (A)- Arocblor (AR)-ioduced S9; (B ) Dexamethasone (DM)-iaduced 
S9; (C) B-a.apbthaf1avone (6-NF)-induced S9. Data points represent 
the me.ans (N=3) and bar lines represent ± SEM . Where bar lines are 
not shown the errors fall within the area of the symbol. Statistically 
significant (p < 0 .05) differences from controls are indicated with an 
asteri sk • 
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Figure 11: Effect of concentration of hamster liver rnicrosome 
protein on NNK-induced mutagenesis in Salmonella typhimurium 
TAl535. (A) Noninduced microsomes (NI); (8) Phenobarbitol 
(PB)-induced microsomes; (C) B-naphthaflavone (6-NF)-induced 
microsomes. Data points represent the means (N=3} and bar lines 
represent ± SEM. Where bar lines are not shown tbe errors faJJ 
within the area of the symbol. Statistically significan t (p < 0 .05) 
differences from controls are indicated with an asterisk • 
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DISCUSSION 

Plate Aging Effects 

The Salmonella/mammalian microsome assay is a useful tool for 

determining the mutagenicity of many chemicals and complex 

mixtures. Mutagenicity studies are important because of the bigh 

correlation between mutagcnicity and carcinogenesis. Eighty to 

ninety percent of substances that are mutagenic arc also carcinogenic 

[Bartsch et al.. 1980; Ames and McCann. 1981; Maron and Ames. 

1983; Ashby and TcnnaDl. I 988]. Extensive work has been done to 

make thi assay as reliable as possible [Claxton et al.. 1991 b, c; 

Belser et al. , 1981; Grafe et al., 1981; Stead et al.. 1981] . A good 

indicator of reliability is whether the number of spontaneous 

revert.ant colonies/plate (SR) and the number of induced rcvcrtant 

colonies/pl;ite (IR) remain relati ely constant in repeated 

experiments [Claxton ct al. . 1987; \Gatehouse. 1987; Myers et al.. 

I 987]. Experimental variability can be minimized if the causes of 

variability arc identified and guidelines are established to enhance 

reproducibility. General guidelines have been published [Be lser et 

al .. 1981; deSerrcs and Shelby, 1979; Cheli ct al .. 1980]. It is 

imperative. however. that for each mutagen. specific experimental 

conditions be established to optimize that mutagenic system . 

To optimize conditions for studies of NNK-induced mutagencsis in 

Sa/monelfa typhimurium TA 1535, we examined the effects of age of 

master plate and age of bottom agar on the mutagcnesis of several 

59 
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mutagens including AFBJ. BaP. NNK and MNNG. When investigating 

Salmonella mutagenesis, availability of a convenient stock of bacteria 

is essential. Maron and Ames [1983} recommend several methods 

for storing the bacterial strains including the use of master plates. 

Nucrient broth cultures grown from master plates c.ontain fewer pre­

existing revertant colonies (PER) compared to cultures grown from 

other stored permanents (Georghiou et al .. 1989] . Master plates are 

thems.elves a potential source of experimental variability . Although 

Maron and Ames [ 1983 J indicate that master plates stored at 4 · C are 

stable for two months, our studies showed that mutagenesis in 

Salmonella tester strains was aJfec1ed by age of master plate. 

Figure I A shows that NNK-induced mutagenicity decreased in a 

dose-dependent manner. Cultures from 4 wk old master plates 

produced only half the NNK-induced revcrtants compared 10 cultures 

from newly prepared (0 wk) master ' plates . Response of TA 1535 10 

MNNG was similar to the response to\ NNK (Figure 1 B). With the 

tester strain T AIOO. MN NG-induced mutagenicity was enhanced in 

cultures from older master plates. AFB I and BaP-induced rcvertants 

were unaffected by age of master plate. Maron and Ames [ 1983] 

argue that an increase in SR is a good indicator of master plate aging. 

Our studies show that as the TA 1535 master plate ages. 1he SR 

remained relatively constant even though there were statistically 

significant (p S 0.05) decreases in the IR by NNK and MNNG. The SR 

in our studies was not a reliable indicator of master plate age. 

Saleem and Durisin [1981] showed that SR do not change significantly 
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when comparing cuhures from 10 and 21 day old master plates 

which supports our findings. The BaP control (SR) was the only 

control tested that showed a significant increase in SR with age of 

master plate. Cultures from 3 and 4 wk-old master plates produced 

a small but significantly {p s; 0 .05) fewer number of SR than 

cultures from younger master plates. These SR arc false positive 

indicators since there was no corresponding change in the number of 

BaP-induced revertants (Figure 18). 

Several conclusions can be drawn from these results . Firstly. 

aging of master plates does not affoct aH tester strains alike. With 

TA1535. aged master plates produced cultures that were less 

sensitive to the nitrosamine mutagens NNK and MNNG. This aging 

effect docs not appear to be due to changes in the metabolism of the 

mutagen because both the indirect acting (NNK) and the direct acting 

(MNNG) nitrosamine produced fewe{ IR in cultures from aged master 

plates. Salmonella strain TA I 00, on the other band. was resistant (at 

least for AFB I and BaP) to master plate aging during the 4 wks 

tested. A second conclusion is tha.t the response to a particular 

mutagen with master plate aging is not always consistent between 

tester strains. With stra.in TAJ 535. cultures from aged master plates 

exhibited a decrease in IR in response to MNNG whereas cultures 

from aging master plates of TA I 00 exhibited an increase in MNNG IR. 

Another conclusion is that SR are poor indicators of master plate 

aging. With NNK and MNNG the SR were false negatives and for BaP 

there were false positives. Rather than relying on SR as an indicator 
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of master plate age. positive controls should be run for eacb 

experiment. A final conclusion is tha1 all mutagens are not equally 

sensitive to master plate aging. There were statistically significant 

changes in the number of IR with NNK and MNNG with cultures from 

master plates that had aged as little as one wk. whereas BaP and 

AFB I IR were unaffec-ted by master plate age for the 4 wk.s tested. 

An awareness of how specific mutagen systems are affected by 

mast.er pl.ate age allows one to established guidelines for the 

preparation of master plates. For studies of NNK-induccd 

mutagenesis . master plates should not be older than one week. 

The effect of the amount. type (brand). and composition of agar on 

mutagenesis has been studied extensively (deRaat et al., 1984; 

Friederich et al., 1982; Belser et al.. 1981; Seiler et al .. 1980]. Mode 

of preparation of agar plates can also affect mutagenesis. Several 

studies have shown that when gluco\;e is autoclaved together witb 

the Vogel Bonner saJts ( 19561 there is enhanced mutagenicity 

[Friederich et al., 1982; Majeska and McGregor, 1990; 1992). We 

observed a similar effect with the response of TAIOO to BaP. AFB1. 

and MNNG. Autoclaving glucose with the Vogel Bonner salts 

significantly (p ~ 0.05) increased mutagenicity of BaP. AFB 1 and 

MNNG by 12.57%. 16.84% and 35 .74% respectively (d.ata 001 shown). 

In tester strain TA 1535, in response to NNK. there was an opposite 

effecL NNK mutagenicity was significanlly (p S 0.05) lower (23.46%) 

when using plates with all the agar components autoclaved together. 

TA1535 response to MNNG showed the same trend as to NNK 
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although the decrease in mutagenicity with autoclaved glucose was 

not statistically significant (data nol shown). 

The age of bottom agar may also i.nfluence mutageneais. Maron 

and Ames [ 1983) indicated that agar plates can be stored for up to 

two months if wrapped in plastic bags and kept at 4" C. In a short 

term study (8 d) done by Fried.erich et al . [1982) the s.torage of agar 

plates at 4· C and at room temperature (25" C) was compared. The 

method of storage and age of the plates s.howed no differences in the 

number of SR or IR. They recommended that the plates be stored at 

room temperature for 2-3 d before transferring them to 4· C to 

reduce c-0ntlensatioo on the lids. Our studies showed tbat NNK­

induced mutagcncsis in TA1535 increased significantly (p s; 0 .05). in 

a dose response manner. with age of bottom agar. This effect began 

with plates that were only one wk old and continued for the entire 

period of 4 wh (Figure 3A). The ;.esponsc of TA I 00 to AFB J. BaP 

and MNNG was similar although the enhanced mutagcnicity to MNNG 

was not statistically significant until wk 2 and not to BaP until wk 3 

(Figure 4). MNNG-induced mutagenesis in TA 1535 was opposite to 

the response of T AlOO to age of bottom agar. IR in response to 

MNNG decrease.cl signjfjcantly with agar plates th.at were 3 wks old 

(Figure 3B). 

There arc several plausible explanations for these observed 

changes in mutagenicity. With time. evaporation occurs. even when 

plates are stored at 4· C. Tbis results in a decrease in volume of 

bouom agar. expressed both as an increase and a decr~se in IR 
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[Belser ct al., 1981; Friederich ct al., 1982; Seiler ct al., 1980]. The 

expression of SR is also affected by agar volume. Jn one study using 

TAIOO it was demonstrated that with 30 ml agar, 200 SR/plate were 

produced whereas with 15 ml agar there were Jc:ss than 100 

SR/plate. Within the volume range of 15-30 ml, ea.ch 5 mJ difference 

in agar volume corresponded to a difference of 20-30 SR [deRaat ct 

al .• 1984]. Evaporative loss of water from the agar could also result 

in increased concentrations of the agar components. Increasing the 

percent of agar. while keeping the volume constant, increased 

mutagenicity in TA l 535 [deRaat et aJ., 1984). Other studies show 

that alteration of the c.oncentrat.ion of the Vogel Bonner salts affects 

mutagenicity. Decreasing the Vogel Bonner salt concentration in the 

agar resulted in a decrease in the rnutagenicity of sod ium azidc in 

TA1535 and TAIOO fWitmer et al.. 1982) . Agar also contains 

endogenous mutagens and toxins. the concentration and/or potency 

of which can be increased or d)ueased depending in part on how the 

agar is prepared and how rapidly it is cooled (deRaat et al .. I 984: 

Majeska and McGregor. 1992: Witmer et al., 1982}. Dessication and 

aging of agar may increase the concentration of endogenous 

mutagens and toxic substances. AJI of these factors may contribute 

to the changes in mutagenicity that occur as bottom agar ages, 

although each mutagenic system may be affected differently . 

The difference in the effects of MNNG-induced mutagcnicity we 

observed in TAIOO and TAl535 deserves explanation. Cheli et al. 

[ 1980] showed that even with carefully controlled protocols and 



repeated experiments. experimental variability still occurs. Ea.ch 

tester strain appears to have its own intrinsic variability. The 

R-fac tor strafos (TA100 and TA98) appear to be less variabJe than 

the corresponding non-plasmid strains (TAl535 and TA1538) 

respectively, even thoug.h the non-plasmid strains have fewer 
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spontaneous revertants. Mutagens also express inherent variabiJity. 

When comparing MNNG-IR between strains. there was greater 

variability with TA 1535 thJtn with the TA I 00 tester strain [Cheli et 

al .. 1980]. Variability is also evident when examining MNNG 

mutagenic dose response curves [Claxton et al.. 1991b). Most 

mutagens have linear dose response curves but for some mutagens. 

like MNNG. the mutagenic dose response curves are non-linear 

[Maron and Ames. 1983; McCann et al .. 1975]. Tester strains have 

been shown to be most sensitive to mutagens when they are in 

logarithmic growth phase. The growth curves of TA I 00 and TA 1535 

revertant colonies in agar indicat~ that the His+ reverta.nts arc in log 

pbase growth at 6 and 4 6rs respectively [Barber et al.. 1983}. This 

would imply that the bacteria are mosL sensitive to mutagens 

4 to 5 hrs after plating. The half life of MNNG is about 2 hrs on ag;u 

plates [Awerbach and Sinsk.cy. 1980]. A mismatch occurs in this 

system between the time the bacteria are sensitive 10 the mutagen 

and when the MNNG is most active. To overcome this misma.tch, 

Gutte:nplan (1980] has shown that the haJf life of MNNG can be 

extended in an acidic medium with maximum stability occurring at 

pH 5.5. Barber ct al. ( 1983] demonstrated 1hat the addition of MNNG 
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6-8 hrs after plating the bacteria enhanced the mutagenicity of 

MNNG. These resuJts indicaie that there exists an interdepend.ence of 

the growth of bacteria on the plates and the reversion of these 

bacteria. Wf! were initially unaware of this interdependence. In our 

experiments. it appears that the reversion curves and the tester 

train growth curves were out of phase with each other. Coupl.ed 

with the intrinsic variability of MNNG especially with tester strain 

TAl535, it appears that MNNG may not have been an appropriate 

mutagen to use. Because of the complex kinetics involved in MNNG­

mutagenesis and its inhercnl variability. our studies indicate that 

caution should be exercised in making any generalizarions from our 

studies based on rhe mutagenic activity of MNNG. 

Optimizing Conditions for NNK Mutagenesis 

4-(Methylnirrosamino)-1- (3- pv ridyl)- l-butanone (NNK). a 

nicoti.ne derivative. is a potent Jarcinogen which is implicated in the 

causation of oral cancers · in tobacco chewers and lung cancers in 

smokers (Hecht and Hoffmann. 1988]. .NNK induces tumors in the 

lung. nasal mucosa. trachea, liver and pancreas of rodents 

(Castonguay et al .. 1991) . Cytochrome P450 enzymes play an 

important role in the activation of most carcinogens [Guengerich, 

1991; Conney, 1982). NNK also requires metabolic activation to form 

reactive products that bind to DNA [Hecht and Hoffmann. 1988] . The 

cytocbromes P450 2El, IA2. 2A3, 281, 206 are all involved in NNK 

metabolism [Crespi et al., 1991; Guo et al .. 1991 ]. Novel forms of 
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cytochrome P45-0 can be induced by the administration of specific 

chemicals [Okey, 1990; Paolini et al.. 1991] . The two major inducible 

isoenzymes from phenobarbilol (PB) ueatmeot are P450 281 and 

P450 2B2 (Adesnik and Atchison. 1985] . Methyl- cbolanthrcne (MC) 

and B-napbthoflavone (B-NF) induces P450 I A I and P450 l A2 

[Nebert and Gonzalez, 1987]. lsosafrol (!SF) induction produces both 

PB-type and MC-type P450 isocn.zymcs (Okey, 1990). 

Dcxamethasone (OM) induces the 3A family of P450 isocnzymes [Emi 

et al.. 1990] and ethanol (ET) induces P450 2E I [Yoo ct al.. J 990). 

Aroclor 1254 (AR) is a broad spectrum inducer of P450 isocnzymes 

[Safe ct al .. 1985]. 

Our results show that some induction procedures are better 

metabolic activators for NNK-induced mutagenicity with Salmonella 

ryphimurium TAl535 than others (Figure 5). Aroclor-induced Fisher 

rat liver S9 was the best metabolic actiyator of NNK-induced 

mutagenesis. This is expected since AR\ is a general broad spectrum 

inducer. PB induction was superior to ISF although ISF induces both 

MC-type P450 and PB-type P450. The PB-inducible isocnzymcs of 

cytochrome P450 (281 and 282) appear to be more active NNK 

metabolizers than the MC-induced I A I and I A2. Non induced and 

6-NF-induccd S9 produced about the same number of revertants as 

PB-induced S9 (data not shown). Induced hamster 59 displays a 

different mutagenic profile than the rat : AR = !SF> PB > MC > DM > ET 

[Teel. 1992]. lo addition. induced hamster S9 presents a different 

mutagenic profile than induced microsomes from the same animals . 
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DMSO is a commonly suggested solvent for chemicals that are 

otherwise difficult to put inco solution [Maron et al.. 1981; Anderson 

and McGregor. 1980). Our protocol initially caJled for the use of 

DMSO u a solvent for NNK.. A comparative effect of DMSO and the 

mutagenicity of NNK in the presence of induced S9 from rats 

indicated that DMSO significancly inhibited mutagenesis (Figure 5) 

irrespeceive of the induction system. Tbe volume of DMSO used was 

200 µI. The inhibi tory effect was dose-dependent in each 59 

induction system (figures 6 and 7) . A study of the effect of the 

volume of DMSO on survival of T Al 535 (Figure 8) indicated that 

DMSO was toxic at volumes between JOO and 200 µI. The effect on 

S9-mediate-O mucagenesis of NNK at smaller volumes of DMSO 

(Figures 6 and 7) supports an inhibitjon of S9 metabolic activity as 

recently reported {Teel. 1992] . S9 from PB-induced rats was quite 

sensitjve to IO µI DMSO. The effects of DMSO shown in Figure 5 are 
\ 

most likely effects of toxicit7 to TA 1535 and not an inhibition of the 

S9-mediaced mucagcnicjty of NNK by DMSO as suggested in Figures 6 

and 7. These results prompted us to minimize the use of DMSO in 

our experiments and to keep the volume of OMSO constant in all 

samples in a particular eJ1;periment. Saline was used as the solvent 

for NNK in su bsequent studies. 

To determine the appropriate concentration of NNK to use in later 

studies of mutagenesis. we followed the procedure of Claxton et al. 

[1991a]. Using a constant amount of liver S9 protein (1.74 mg/plate). 

we varied the concentration of NNK. The NNK dose response curves 



wece fairly linear (Figures 9 and I 0). Maron a.nd Ames [ 1983) 

recommended that the concentration of a mutagen used should fall 

within the linear portion of the dose response curve. To maximize 

the sensitivity of lh.e assay, a concentration of mutagen near the 

maximum effect should be used [Claxton et al. 199Ja). We did not 

test concentrations of NNK greater than 80 mM and there was no 

evidence of NNK-induccd toxicity at 80 mM. 

Previous studies indicate that the number of IR increases as the 
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coocentra.tion of S9 or microsomc protein is increased up to a 

maximum. This is followe-d by a plateau or a decrease in the number 

of IR [Foster et al.. 1980 a,b). Using a concentration of mutagen that 

approximates the maximum number of IR . one can optimize the 

amount of S9 or microsome protein [Claxton et al.. 1991a]. The 

decision to use 1 mg of hamster l.i ver protein to activate NNK 

(80 mM) was based upon data prese~ted in Figure 11. In studies 

describe-d in chapters 3-5 tha.J relate to NNK-induced mutagenesis. 

we utilized 80 mM NNK and I mg of noninduced. PB-induced or 

S-NF-induced hamster liver rnicrosornes . The use of hamster liver 

mic:rosomes in place of ra1 liver S9 was based upon observations tbat 

hamster liver microsomes are much more efficient metabolizers of 

NNK [Zhang et al.. 1993]. 

The Ames assay is a useful method of determining the 

mutagen.icily of chemicals. The assay bas identified over I 500 pure 

chemicals as mutagens [Claxton et al. 1988] . The Salmonella 

ryphimurium tester strains have been genetically engineered to 



70 

express maximal sensitivity to different classes of mutagens. Their 

altered DNA repair systems limit their ability to correct the induced 

muta.tions. The cell wall of the tester slrafos is modified to facilitate 

diffusion of lar:ge complex chemicals into the cells [Maron and Ames. 

1983]. These "engineered" alterations make the tester strains 

extremely sensitive to mutagenic agents, and unfortunately. aJso to 

experimental variabilJty [Speck and Rosenkranz, 1975; McCoy et al., 

1979}. Since tester strains differ and mutagenic effects differ, it is 

important to optimize conditions for enhancing sensitivity and 

minimizing variability for each test system. The results of studies 

presented in this chapter indicate that the optimal conditions for 

NNK-induced mutagenicity in Salmonella ryphimurium strain 

TA1535 in our laboratory are: concurrent testing. using master plates 

and agar plates no older than 1 wk. using mg hamster liver 

microsomal protein/plate and minimifing the volume of DMSO 

(S 10 µI) used as solvent. 
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SUMMARY 

NNK is an important environment.al carcinogen generated during 

toba~o smoking. The carcinogenic response to tobacco smoking is 

modulated by nutritional factors. In this study. we compared the 

effects of phenobarbital and 6-naphtboflavone. two P-450 inducers. 

on the mutagenicity (Salmonella typhimurium TA 1535) and the 

metabolism of NNK by hamster li ver microsomes. West.em analysis 

of microsomal prot.e ins revealed an increased expression of protein 

recognized by polyclonal antibodies specific for P-450 I A2 and 

P-450 281/282. Presence of these proteins significantly increased 

the mutagenicity of NNK. Methyl hydroxylation of NNK was 

approximately 40- fold greater thar\ a -methylene hydroxylation . 

The inhibition of mutagcnicity and metabolism by polyphenolic 

compounds were correlated to some extent. Inhibition of 

mutagenesis by (+)-catecbin, ellagic acid, esculetin. (-) esculin and 

propyl gallat.e was dependant on the enzyme induction treatment . 

While ellagic acid was the most efficient inhibitor with control 

microsomes. propyl ga.llate was the most efficient with phenobarbital 

and 6-naphthoflavone induc.ed microsomes suggesting that phenolic 
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compounds have selective affinities for specific P-450 isozymes 

activating NNK. 
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INTRODUCTlON 

The nicrosaminc 4-(.methylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNK) is formed by nitrosation of nicotine daring tobacco 

processing [Burton ct al.. I 989] and is transferred to the smoke 

during burning of cigarettes [Fisher et al.. I 990a) . It is estimated 

that the American smoker is exposed to an average of 2 µg of NNK 

daily [Fischer et al .• 1990b}. NNK is als-0 present in sidestream 

smoke. an important part of environmental tobacco smoke to which 

non-smokers are exposed (Brunnemann et al .. 1992] . The bjgh 

carcinogenic potency of NNK in three species of laboratory animals 

and its remarkable specificity for lung ti ssues (Hecht and Hoffmann. 

1988] have lead to the conclusion that {'INK is an important etiolo,gicaJ 

factor in lung cane r in smokers {Hecht and Hoffmann. 1989] . 

NNK requires activation by cytochrome P-450 to exhibit its 

mutagenic and carcinogenic properties [Crespi et al.. 1991; Hecht and 

Hoffmann. J 988) . The initial and crucial ste p of this activation is an 

a-hydroxylation of the two carbons bound to the N-nitroso group. 

This forms reactive eJectrophilic species that methylate and 

pyridyloxobutylatc purine bases of DNA [Murphy et al.. 1990). 
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Several cytochrome P-450 isozymes have been associated with the 

metabolic activation of NNK including P-450 281. IAI. IA2. P-450 

NMa, P-450 NMb [Devereux et al.. 1988; Smith et al.. 1992; Guo et al .. 

1991; Hong et al .. 1992) and human P-450 206 and 2Et (Crespi et al .. 

1991; Yamazaki et al .• 1992). The distribution of these isozymes is 

species and tissue specific (Adesnik and Atchinson. 1985). 

Nutrition is known to affect the tumorigenic response to tobacco 

smoking {Hirayama. 1984). This reflects the close relationship of diet 

and xeoQbiotic metabolism [Yang et al.. 1992) . Accordingly. it is 

important to identify chemical compounds of natural or synthetic 

origin that can inhibit NNK mutagenicity and carcinogenicity by 

modulating its metabolism. Ph,nolic compounds are widely 

distributed in various foods present in the normal human diet 

[Haslam, 1981 ]. Previous s tudies from our laboratories have shown 

that phenolic compounds inhibi t NNK carcinogenesis [Pepin et al.. 

I 990}. Other investigators have described the a.ntimutagenic action 

of (+)-ca tech in, ellagic acid and propyl gallate [Mandal et al.. 1987; 

Nagabhushan and Bhide. 1988; Newmark, 1984; Wood et aJ .• 1982) . 
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Considering the strong causal link between smoking or chewing 

tobacco and cane.er and the presence of NNK in tobacco and tobacco 

smoke. it is important to deftne the relative importance of each 

P-450 isoform in the activation of NNK. The aim of this study was to 

compare the efficacies of phenolic compounds to inhibit the 

activation of NNK to reactive mutagenic intermediates. We selected 

five phenolic compounds. ( + )-cate.chin. ellagic acid. esculetin. 

(-) esculin and propyl gallate which are present in the human diet or 

medicinaJ plants. P-450 isoforms were induc~ selectively with 

phenobarbital or 8-naphthoflavone. The information obtained is 

valuable in predicting the efficacies of phenols and organs to be 

targeted by these compounds in laboratory chemoprevention studies. 
\ 



MATERIALS AND METHODS 

Ch,emlcah 

[5-3H] NNK (2.51 Ci/mmole) an.d unlabeled NNK (purity >97%) 

were purchased from Chemsyn Sdence Laboratory (Lenexa. KS). The 

synthesis of NNK metabolites used as reference standards for HPLC 

analysis has been reported [Hecht ct al .. 1980; Hecht ct al., 1981]. 

Ellagic acid. NADP+. glucose-~-phosphate. glucose-6-phosphate 

dehydrogcnase and dimethylsulfoxide (DMSO) were obtained from 

Sigma Chemi al Co. (SL Louis. MO). (-)Esculin, esculetin, propyl gallate 

and (+)-catcchin (98% purity) were e>btaioed from AJdrich Chemical 

Co. (Milwaukee, WI). Ellagic acid was recrystallized in pyridine 

f Pepio ct al., 1990} . Bactoagar was fbtained from VWR Scieotjfic 

(Cerritos. CA)' and nutrient broth No. 2 was purchased from Oxoid Co. 

(Basingstoke. Hanis . UK}. 

Animals 

Male Syrian golden hamsters. I 50-160 g (Charles River 

Laboratory. Wilmi.ngton , ME} were given tap water and Purina 

rodent chow ad libitum. Two groups of four hamsters were injected 
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i.p. with phenobarbital in saline (60 mg/kg) or 8-naphthoflavooe in 

olive oil {80 mg/kg) daily for five days [Pae>Jini et al .. 1991). Control 

animals were given daily injections of saJine. AU hamsters were 

sacrificed by c-ervical dislocation, 24 brs after the Last injection. 

Preparation of microsomes 

Tbe livers were removed aseptically and homogenized in two 

volumes of 0.25 M Tris-HCl (pH 7 .4) containing 0. 15 M sucrose and 

I mM EDT A. Microsomal fractjons were obtained by differential 

cenuifugation of the homogenate {Maron and Ames. 1983) and 

res.uspe:nded in Tris-HCl:sucrose:EDT A buffer. Microsome fractions 

from each group of four hamsters we,-: pooled. aliquoted and stored 

at -80°C. Protein ccmtent was determined according to Lowry et al 

[1951 ). 

Electrophoresis, immunoblotting and immunostaining 

Electrophoresis of mjcrosomal proteins was carried out on 

7.5% gels io the presence of sodium dodecyl sulfate . Samples were 

mixed in Lacmmli buffer containing 8-mcrcaptoethanol. Transfer to 
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nitrocellulose and immunostaining using goat anti-rabbir (dilution 

11100). rabbit anti-goat lgG (dilution 1/1 00) and goat peroxidase­

immunoperoxidase (dilution 113000. Organon Tek:nik.a Corp., West 

Chester. PA) has been described [Domin et al., 1984; Tynes & Philpot. 

1987]. The specificities of the goat anti-rabbit P-450 1 A and 28 

antibodies have been documented [Domin and Philpot. 1986; Serbjit­

Singh ct al.. 1979). 

Assay of NNK mut.agenesis 

Nontoxic concentrations of the fi ve phenolic compounds had been 

determined previous ly [Teel and Castonguay . 1992] . The inhibition 

of NNK mutagenicity by these comPfunds was determined as follow s. 

Sterile tubes containing I mg microsomal prote i.n from saline- . 

phenobarbital- or 6-naphthoflavone-treated hamsters. I 00 µI of 

80 mM solution of unlabeled NNK in saline, cofactor buffer (pH 6.8) 

[Guttenplan. 1980). 0.15 ml of exponentially growing (5 hr culture) 

Salmonella typhimurium strain TA 1535 and O. 0.1. 0.2 or 0.4 µmole s 

(-) escuJin. esculetin. propyl gallatc. (+)-<:a.tecbin or ellagic acid in a 

finaJ volume of one mJ were incubated in triplicate in a shaking 
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water bath al 37°C for 30 min. The final volume of DMSO (50 µI) was 

uniform in all incubations to correct for its reported inhibitory effect 

[Teel, 1992; Lord ct al.. 1989). Two ml of top agar was added to eacb 

tube and the resulting mixture was poured onto mfoimal essential 

agar plates {Maron and Aines, J 983 ). The plates were incuba.ted at 

37°C for 48 br before counting the histidine-independent (His-+) 

colonies. Results were e;ii;pressed as the mean number of NNK-

induccd His• rcvertant colonies/plate. Spontaneous rcvercant 

colonies (9-12/plate) were subtracted . 

Assay of NNK metabolism 

The effect of phenols on the micr~ome mediated metaboJisrn of 

NN K was performed as a modification of a described procedure 

[Smith et aL. 1990]. The incubation mixture contained 5 mM glucose-

6-phosphate, 1.5 units glucose-6-phosphate dehydrogenase. I mM 

NADP+. I mM EDTA. 3 mM MgCJ2. 12.8 µCi (5-lH]NNK. 0.4 µmole 

phenolic compound ((+)-catechin. cllagic acid. esculetin. (-) esculin, 

propyl gaJlate) in 50 µI DMSO and 5 mM sodium bisulfit.e in a final 

volume of I ml. Following incubation at 37°C for 10 min. the reaction 
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was started by addition of 1 mg microsomal protein. Blanks were 

incubated with boiled mkrosome . The mixture was incubated for 

30 min in a shaking water bath at 37°C and stopped by the addition 

of 200 µI each of 25% zinc sulfate and saturated barium hydroxide. 

The precipitated samples were centrifuged at 14.000 xg for 20 min 

and filtered through 0 .45 µm filters (MSI. Westboro. MA). One 

hundred µI of the filtrate and 7 µI of NNK metabolite standards were 

coinjected onto a reversed-phase HPLC system using a µBondapak 

Cl8 column (3.9 mm x 300 mm; Waters. Milford, MA). NNK and its 

metabolites were eluted wilh sodium acetate buffer (pH 6) and 

methanol [Peterson et al., 1991 n) . 

were stabilized by the addition of 

Ket.o aldehyde-bisulfite adducts 

mJ sodi um b1suJfite to the 

elution buffer. The eluate was monitored a1 254 nm and ml 

fractions were combined to five ml of scintillation cocktail. 

(Scin tiverse LC. Fisher Scientific. Tustin. CA). Rad ioacti vity was 

determined by liquid scintillation spec troscopy (Beckma n LS5801 

counte r, Beckman lnstrumeni Division. Berkeley. CA) and was 

expressed as pmoles/mg microsome protein/min . Recovery of total 

radioactivity during HPLC analysis was > 70%. 
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Statistical Analys.ls 

Data were analyzed by the student's unpaired t-tcst using the 

Macintosh Stat-View s-0ftware pro-gram. St.atistkal significance was 

defined as p < 0.05 compared with control values. 



RESULTS 

Western a.n.alysb of P-450 

Onhologues of cytochrome P-450 were detected on immunoblots 

of liver microsom~s using goat anti-rabbit P-450 1A2 and 28 

(Figure I ). These three enzymes were present in liver microsomes 

from TCDD-treated rabbit. The orthologue 28 I was also detected in 

lung microsomes from rat (Figure 1. Panel 8 ). In liver microsomes. 

the orthologue l A2 which was detected in saline-treated (contro l) 

hamsters was increased s ignificantly by B-naphthoflavone (Figure I . 

Panel A}. Tbe orthologues 28 I and 282 were not detected in liver of 

saline-treated (control) hamsters . Two bands. corresponding most 

likely to 281 and 282. were prtesent in phcnobarbitaJ- trcated 
\ 

hamster~ . 

Mutagenes.is of NNK 

Tbe structures of the five phenolic compounds selected for thi s 

study are shown in Figure 2. All five compounds have a 

1.2-dihydrobenzene (catechol) struc ture element. Ellagic acid. 

esculetin and (-}esculin have a lac tone structure element. Ellagic acid 
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Figure t: lmmunoblots of P-450 monooxygenases with goat anti ­
rabbit lAl (Panel A) or 281/282 (Panel B}. Lanes I and 15: 
molecular weigbt markers; Lane 2: 10 µg of liver microsomes from 
TCDD-treated rabbit,; Lanes 3 and 7: blanks; Lanes 4, 5 and 6: 2, 5 
and IO µg respectiVely of liver microsomes from saline-treated 

hamsters; Laoes 8, 9 and 10: 2. 5 and JO µg respectively of liver 
microsomes from phenobarbitaJ-treated hamsters; Lanes I l. 12 and 
13: 2, 5 and 10 µg respectively of liver microsomes from B-

napbthoflavone-treated hamsters; Lane 14 : 50 µg of rat Jung 
microsomes . 
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Figure 2: Molecular structures of the phenolic compounds 
ellagic acid, esculetin, (-)es.culin, propyl gallate, and ( + )-catedti.n. 
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and propyl gallate are both derived from gallic acid. Mutagenki1y of 

NNK was tested in Salmonella typhimurium TA 1535. The effects of 

( + )-<:at.echin, cllagic acid. esculctin , (- )esculin and propyl galJalc at 

concentrations of 0. 0.1. 0.2 and 0.4 µmoles/plate on the 

mutagcnicity of NNK activated by liver microsomes of saline-treated 

hamster arc shown in Figures 3A-E. All the phenols except 

(+)-catechin, significantly inhibited the mutagenicity of NNK. The 

most effective inhibitor with this activating system was ellagic acid . 

Figures 4A-E shows the effects of the five phenols on the 

mutagenicity of NNK activated by microsomes from phcnobarbital­

treated hamsters. ( -)Esculin was 1he on.ly phenol lacking significant 

inhibitory ac1ivity. (+)-Catechin an\J esculetin were weak inhibitors . 

The i.nhibitory effects of cllagic acid and propyl gallatc on the 

rnutagenicity of NNK were comparable . 

As shown in Figures 5A-E. (+)-catechin and (-)esculin did not 

inhibit the mutagenicity of NNK activa ed by microsomes from 

B-naphthoflavone-treated hamsters . Propyl gallatc was the strongest 

inhibitor. Esculetin and cllagic acid showed a similar pattern of 
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Figure 3: Effect of different concentrations of five phenolic 
compounds on the mutagcncsis of NNK in Salmonella ryphimurium 
TA 1535 mediated by noninduced hamster liver microsomes. 
Procedural details for performing the experiments are given in 
Material and Methods. Asterisk.s indicate statistically significant 
difference from control (0 µmole/plate) . p < 0.05 . 

\ 
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Figure 4: Effect of different concentrations of five phenolic 
compounds on the mutagcnesis of NNK in Salmonella ryphimurium 
TA 1535 mediated by phenobarbital-induced hamster liver 
m.icrosomes. Procedural details for performing tbe experiments arc 
gjven in Materials and Methods. Asterisks indicate statistically 
significant difference from control (0 µmole/plates). p < 0.05 . 
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Figure 5: Effect of different concentrations of five phenolic 
compounds on the mutagenesis of NNK in Salmonella ryphimurium 
TAl535 mediated by B-naphthoOavooe-induced hamster liver 
microsomes. Procedural details for performing the experiments arc 
given in Materials and Methods. Asterisks indicate statistically 
significant difference from control (0 µmole/p late). p < 0.05. 
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inhibition although inhibition was ignificant only at the higher 

conc.entratioos tested. 

Figure 6 shows the effects of treatment with phenobarbital and 

8-oapbthoflavone on the mutagenesis of NNK by hamster 
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micros omes . Both phenobarbital and 8-naphthoflavone treatment 

produced a significant increase in the mutagenesis of NNK compared 

to the saline-injected animals. 

MetaboUsm of NNK 

The pathways in the metabolism of NNK are shown in Figure 7. 

Carbonyl reduction of NNK yielded the N-nitroso alcohol NNAL 

(pathway a). N-o.xidation of the pyridi~e ring of NNK and NNAL 

yields NNK: N-oxide and NNA.L-N-oxide respectively (pathway b). 

While methyl hydroxylation produces keto alcohol. the keto aldehyde 

originates from a-methylene hydroxylation (pathway c). The 

addition of I mM sodium bisulfite in the incubation mixture and 

HPLC eluant forms and stabilizes the keto aldehyde as a keto 

aldehyde-bisulfite adduct [Peterson et al.. 1991 a] . The subsequent 
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Figure 6: Effect of phenobarbital (PB) and F..-naphthoflavone (&-NF) 
treatment on the mutagenicity of NNl< in Salmonella cypbimurium 
TA1535 mediated by hamster liver microsomes. Procedural 
details for treatment and performing mutagenesis assays are 
described in Materials and Methods. Asterisks indicate 
statistically significant difference frome saline-injected (SI) 
control. p < 0.05. 



Figure 7: Metabolic pathways of NNK: carbonal reduction (pathway a), 
pyridine N--0xidatlon (pathway b), and a-<:arbol) hydroxylation (pathway c). 
Metabolites: NNAL. 4-(methylnitrosamino)-1-( 3-pyridyl)· l ·butanol; 
NNK·N--0xide, 4-( methylnitrosamino) · 1·(3-pyridyl-N-oxide)-1 ·butanone; 
NNAL-N-oxide, 4-( methylnitrosamino)-1-( 3-pyrldyl-N-oxide)-1-butanol; 
keto alchol, 4-oxo-4·(3-pyridyl)-1-butanol; 
hydroxy acid, 4-hydroxy·4·(3·pyridyl) butyric acid; 
keto aldehyde, 4-oxo,4-(3-pyridyl) butanal; 
keto acid, 4-oxo-4-(3-pyridyl) butyrlc acid; 
diol, 4-hydroxy-1·(3-pyridyl)-1-butanol. 
The structures ln brackets are ~thetical lntermedlates. 
(Adapted from Jorquera et al., 1992; Hecht et al., 1980). 

..... 
0 
00 



109 



110 

oxidation/reduction of keto alcohol and keto aJdebyde yield the 

metabolites keto acid, hydroxy acid and diol. 

The levels of metabolites formed by liver microsomes from saline­

trcated, phenobarbitaJ-treated and 8-naphrhoflavone-trcated 

bamstus are shown in Table I. Keto alcohol and NNAL were the 

two major metabolites formed by microsomes from sal.ine-treated 

hamsters. Carbonyl reduction (pathway a. Figure 7) accounted for 

44% of the totaJ metabolism of NNK by these microsomes. Methyl 

and a-methyJene hydroxylation (pathway c. Figure 7) accounted for 

40%. N-oxidation of the pyridine ring (pathway b. Figure 7) 

represents only 15% of total NNK metabol.ism. This c-ompares with 

4-0%. 59% and 12% by phenobar~tal-induced microsomes and 21 %. 

48% and 31 % by 8-napthoOavone-induc.cd microsomes . 

Table 2 shows the effwt of the five phenols on NNK metabolism 

by microsomes from saline-trea.ted hamsters. We ob-served that 

(+)-catcchin significantly increased a-carbon hydroxylation 

(me-tabolites keto acid and keto aldehyde) and slightly decreased 

carbonyl reduction (metabolite NNAL). Ellagic acid a.nd esculetin 

inhibited a-carbon hydroxylation (with the exception of the effect of 
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Tattle I. Effocu of sallnc, pbcnobarbitol and B·n.apbthoOavone Lreauncn t 
on the meubollam of NNK by bamslcr liver mlcrosomes. 

MET ABOUT£ • 

p moll•&l•I•~ 

Rydl"OllJ' add (c) 

Keto add (c) 

Dini (c) 

Ktro •lcollol (cJ 

Kt t o aldebyded (c) 

NNAL-N-0J1lde ( b) 

NNK-N-011lde ( b ) 

NNAI, (a) 

TotaJ (b) 

Total ( c l 

.,. uomct.abolized 
NNK + NNAL 

TREATMENTb 

Salin~ Pbenobarblcol 6 -napbtboOavonoe 

0.8 t 0.1 N.D. 1.0 :t 0.4 

3.1 t o.s 4-2 :t 0.9 12.9 :t ) .J 

9.1 t 1.2 11.9 t 0 .2 4.8 :t 1.2• 

38. I :t 4.9 38.2 :t 1.8 

0.8 :t 0.1 0.6 :t 0. l 1.4 t o• 

4.7 :t 3.J 3.9 ! 0 .2 2~ .2 t 1.1 • 

IS.0 :t 1.8 3.3 ! O. t • 13 .2 :t 0.2 

S6.6 t 0 .2 44 Q :t 0 .8• 25.6 .t O.Y 

19.6 s.o 7 I t 0 37 .4 1.4 

51.1 t 6.7 61 ~ 1 0 .2 58.2 t 3. 1 

4S .S :t 0.S n.o :1: o.s• 26.1 :1: o.s .. 
1 ~fcr 10 Figure 1 ror nama or mc11boli1e1 ilnd , he pa.thways (g>vcn 1.0 parcnthc5a) 

b[n vilro incuba1ion1 were cMricd our u dncribcd in Mucrials and Mctbodi . 

cvatucs arc the tIX'ln :t S..E. from two derermanatlons . N.0 . • OOI dc1cc1cd. 

d Keto ;a dchydc was <ktcclcd u !be t.cro aldehyde -buulfitc adducr 

•s1gni0canlly diHcrcnr (p s O.OS) from control val~ 



Ta bit 2. Effects of phenolic compounds (0.4 µmole) on 1he mciabollsm of NNK 
b:z: liver microsomes from o ll nc-1rea.ted hamsters . 

METABOLITE* TREATMENTb 

pmollmg/mlnc Control (+)-Ca1cchln Ellaglc Acid Esculetin 

Hydro•y u ld (c) 0.8 t 0. 1 ND.* N.D.• ND.• 

Kdo acid (c) 3. 1 t O . .S 16.8 t I 8* 1.7 t O.QJ 18.0 :t 4.3 

Dl ol (c) 9.2 J: 1.2 8.0 t 0 1 6.7 t 0. 1 1.9 t 0.9° 

Kt to alcohol (C) 38.1 :t 4.9 2S .7 t 4.3 30.3 1 2.0 18.1 :t 2.4° 

Keto •ldehyded (c) 0.8 :t 0. 1 1.2 :t 0. 1 • ND.• ND.• 

NNAL-N-odde (b) 4.7 t 3.3 18.S t 0 .8 o.s t 0 S.9 1 0.7 

NNK·N·oxlde (b) l S.0 :t 1.8 8.0 1 0.2 ND.• 2.7 t 1.0 -
NNAL (•) 56.6 :t 0.2 47 .4 1 0.7 • 84.3 t 0.3• 86.6 1 0.2• 

Total (b) 19.6 t s.o ltU t 1.0 o.s t o· 8.7 :t 1.6 

Total (c) s 1.7 1 6. 7 Sl.7 1 l.9S 38.8 t 2.0 38.0 1 1.0 

.,. un ... elabollud 
NNK + NNAL 45 .S 1 O.S 31.2 :t 0.5" 69.2 1 0.4• 64 .7 .t 0.4* 

1 Rcrtr 10 Figure 7 for names of mciaboll1cs and mc11bolic pa1bways (given In p3tcntbcsei). 

b tn vitro incubations were carried ou1 u dcsc:nbcd to Maicnals and Methods . 

cv aJues are the mean t S.E. from cwo detcrmlnalions. N.D. = DOI deccctcd. 

d Keco aldehyde was dccected u the kc lo aldebyde-blsulfi1e adduce. 

· • Signlficancly diffcrcnc (p s 0.05) from control value 

(-)E!1cullo Propyl gall•lc 

0.1 t 0 .1• 0.1 :t o.oo.s• 

19.0 t 0.6* lS. I :t 0.9• 

7.0 t 3.4 4.2 t 0.3 

21.4 1 0.2 34 .8 :t 3JI 

o . .s t 0. 1• 0.3 :t 0.3 

10.9 t 1.2 8.6 t 0.1 

6.3 1 2.2 4.1 1 0.3• 

63 .4 :t 0. , . 39.7 :t 0.6• 

17 .1 .t 3.3 12 .6 :t 0.4 

49.0 :t 3.7 64 • .S :t S.4 

43.6 t 1.0 34.6 :t 0.3 • 

N 
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esculetin on keto acid), inhibited N-oxidation and increased carbonyl 

reduction {NNAL). (-)Esculin had an inhibitory effect on the 

formation of hydroxy acid and keto aldehyde but enhanced the 

am<>unt of keto acid produced. (-)Esculin also caused a small increase 

i.o the amount of NNAL produced. Propyl gallate decreased the 

production of hydroxy acid, NNK-N-oidde and NNAL but increased 

lhe amount of keto acid formed by noninduced (saline-injected) 

hamster liver microsomes . 

The effect of the five phenols on NNK metabolism by microsomes 

from phenobarbital-treated hamsters are shown in Table 3. 

(+)-Catechin enhanced both a-carbon hydroxylatjon and N-oxidat.ion 

but inhibited NNAL formation (cartlony l reduction) . Both ellagjc acid 

and esculetin inhibited the amounts of diol and keto alcohol formed . 

Esculetin inhibited the formation of NNAL-N-oxide but increased 

NNK-N-ox.ide and NNAL production . The only significant effect of 

(-)esculin was on the increased production of NNK-N-oi>ide. Propyl 

ga llate increased the formation of k.eto alcohol but inhibited the 

formation of NNK-N-oxide and NNAL. 



Table 3. Effects of phenolic compounds (0.4 µmole) on the meiabollsm of NNK 
\)_y ohenobarbitQl-loduce<L'bamstct Ii ver mlctQ;gmc:.:s._. -----

META.BOLIT£ 8 TREATMENTb 

p ID o I/mg/ m In. c Control (+)·Cucchin Ellaglc Acid Esculctio 

Hydroxy acid (c) N.D. N.0 . N.O. N.D. 

K~to acid (c) 4.2 1 0.9 7 .9 :t 1.1 • 0 .9 t 0 .7 2.3 t 0.2 

Olol (c) 11.9 1 0 .2 18. 1 :t 0 .4• 2.2 t o.s• 8.0 t 0.4• 

Ktto alcohol (c) 44.S t 0.8 44 .6 1 3.0 17. 1 t 4 .0• 33 .6 :t 0 .9• 

Keio •ldehyded (c) 0.6 1 0 .1 1.0 t 0.03• 0. 1 1 0.1 0.4 t 0 

NNAL·N·osldt. (b) 3.9 t 0.2 S.9 1 0.4' l.S :t 0 .4 2.4 1 o• 

NNK·N·oslde (b) 3.3 t 0 . 1 7.6 1 ~ 6.2 :t 2.S 7.1 :t 0. 1 • 

NNAL (a) 44.9 :t 0.8 28 .8 t 0.2• 45 .4 1 8 .9 69.3 :t 0 .3• 

Total (b) 7.1 :t 0 .2 13.S t 0 .4• 7.8 :t 2.9 9.4 t 0. 1 • 

Toi al (c) 61.4 t 0 .2 7 u t 4 .4 20.4 t 4 .2• 44 .3 t 0.3• 

~ 11ametabollud 
NNK + NNAI. 33.0 t 0.8 19.S :t 0 .1 • 76.5 t 1.8• 54.2 t 0.4• 

4 Rdcr to f'lgurt 7 ror names or met1bolites and meubollc pathwayt (given 10 parcothesu). 

b In vmo lncuballons were carried ou t a.s descnbcd In Materials and Methods. 

cvalu~ arc the mean t S .E. from two detennJnatlons . N.D. • not detecttd. 

d ~ctO aldehyde was detected as 1.bc k.cto aldchydc-bm1lfttc adduc t 

•s1gnlftcant ly different (p s 0 .05) from contro l value 

( • )Esculln Propyl gal Ille 

N.O. N.D. 

4.2 t 0 .2 S.2 t 0 .8 

10.9 :t 0.9 13.1 t 2.6 

51.9 t 4.3 73.2 :I: 0.7• 

0 .7 :t 0.1 0.6 t 0 .6 

4.1 :t 0. 1 5.7 t 3.9 

11.6 1 0. 1 • N.D.• 

41.2 t o.os 24.8 :t 0.4• 

IS .8 t 0 .1* 7 .8 :t 1.7 

67 .8 :t S.4 92.0 t 1.8• 

31.6 t 0 .6 20.1 t o.s• 

.:.. 
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Table 4 shows the results of the phen-0lic compounds on NNK 

metabolism by 8-naphthofiavooe-induced microsomes from hamster 

liver. (+)-Catecbin bad no significant effect. Ellagic acid, esculetin 

and propyl gaJJate i.nhibited both methyl and a-methylene 

hydroxylation although the amounts of metabolites were not 

significantly different from control values. There was a statistically 

significant iohibitjon of N-oxidation and an incre.ue in carbonyl 

reduction by these three phenols. ( -)Esculin inhibited NNAL 

formation but increased the formation of diol. 



Tablt 4. Effects or phenolic compounds (0.4 µmol e) on the metabolism of NNK 
b.L . IH1apl11lloflav1>ne· i11(11.1ccd J11uns1er I.Iver mlcrosomcs. 

METABOLITE• 

pmol/mg/mlnc 

TREATMENTb 

Control (+l·Catechln Ell agic Acid Es culct ln 

Hydro1y uld (c) 1.0 t 0.4 0.4 t 0 .1 0.1 1 0. 1 N.D. 

Keto acid (c) 12.9 t 3.3 19. 1 t 0.2 2.8 t 0.5 4.6 :t 1.2 

Dlol (c) 4.8 :t 1.2 7.9 t 0.6 N.D.• 0.8 :t 0.8 

Keto alcohol (c) 38.2 .t 1.8 35 .9 t 0 .6 19.D :t 0.4• 12.0 t 0.4• 

Keto aldebyded (c) l.4 t 0 0.6 :t 0.2 N.O.• ND.• 

NNAL·N·o11:ldt (b) 24.2 :t I. I 24.0 t )j S.3 t 0. 1• S. I t 1.0• 

NNK·N · o1lde Cb) 13.2 1 0.2 9.4 t 0. 1 3.S 1 0.2• J.2 t o.os• 

NNAL (a) 25 .6 t 0.3 23.9 t 1.2 41.2 1 1.1• 62.3 t 6.2• 

Total lb) 37.J t l.4 33.3 .t 3.7 8.8 t 0.3" 8.4 t 1.1 • 

Total (c) 58.2 t 3. 1 64 .0 :t 0.2 22.0 :t 0 .01 • 17 .4 1 0.9• 

'Te u1111utabollnd 
NNK + NNAL 26. 1 t 0.5 23.8 t 0 .2 76.4 t 0 .2• 79.3 t 4.3• 

1 RcCer 10 Figure 7 for names or met1bolites and metabolic pathways (given i.o paren theses) . 

b 1n vii.re incubations were carried out u described In Materi als and Mtthods . 

c v a.l ucs are tbe mean :t S.E. from two dctcrmlnallon.i . N.D . ., not detected . 

d Kcio aldehyde was dctcctw u the kcto aldehydc·blsu lflte adduct. 

• Signtncantl y differen t (p s 0.05) rrom control value . 

(·)Eaculln Propyl gall1.1e 

0.6 t 0.1 0.2 t 0 .2 

25.8 t 0.4 9.7 t 4.4 

9.8 1 o.8• N.D.• 

39.4 t 0.5 30.9 t 2.2 

I.I t 0.05 N.D.• 

18.4 t 1.2 9.0 :t O.M • 

11.8 t 0. 1 S.8 :t 0.8• 

12.2 t 0.2• 31.1 .t 0.4• 

30.2 t 1.4 14.7 .t 0.9• 

76.9 t 0 .7• 40.9 .t 2 .. 0• 

10.9 t 0.2• 56.6 t 0.3* 

°' 



DISCUSSION 

In this study. hamsters were treated with multiple doses of 

phenobarbital or 6-naphthoflavone acc-0rding to Paolini et al.. 1991 

who showed that this treatment increases total P-450 and its 

activities. These two inducers were selected because rat P-450 28 

onhologue induced by phenobarbitaJ has been shown to metabolize 

NNK. 6-napbthoflavone induces P-450 I A and the human 

onhologues of P-450 IA can activate NNK to mutagenic 

intermedi.ates [Crespi e1 al., 1991 ] . In lhis study, we observed an 

induc14on of the hamster orthologues of P-450 I A2 or P-450 2B 1 and 

I B2 (Figure I) . These proteins were recogniz.ed by anti-rabbit 

antibodies suggesting a simiJarily betw en the rabbit and hamster 

P-450 orthologues. 6-naphthonavone belongs 10 the 

"3-methylcholanlhrene-type" of inducers known to increase the 

transcription of P-450 lAI and P-450 1A2 in rat liver [Okay. 1990] . 

Sagami el al .. observed a high amino acid sequence homology 

between the rat P-450 l A2 and one of the two major forms of 

cytochrome P-450 (P-450 MCI) isolated from liver of 

3-methylcbolantbrene-treated hamsters (Sagami e.t al.. 1991]. 

I I 7 
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The ortbologue P-450 1 Al protein would present at a very low level 

in hamster liver. Our metabolism studfos suggest that the orthologue 

P-450 1A2 mediated the N-oxidation of NNK in hamster liver 

(Tables 2 and 4). The N-oxide metabolite produced by this metabolic 

pathway is more polar and far less carcinogenic than NNK 

[Castonguay et a.I.. 1983) . Our resu lts with liver P-450 of 

phenobarbital-treated hamsters are in line with those of Ryan who 

observed an increase in the expression of two anti-28 

immunor.eactive live r proteins by phenobarbital treatment [Ryan . 

1993). In rat liver. both P-450 281 and P-450 2B1 are induced by 

phenobarbital [Wolf et aJ .. 1984). The hamster orthologues 281 and 

282 catalyzed the N-oxidat.ioo of NNK. Phenobarbital treatment of 

' rat also increased N-oxidation of NNK (Guo et al.. L 992). 

We observed that bot,h inducers significan tly increased the 

mutageoicity of NNK activated by hamster liver microsomes 

(Figure 6). Th.is increase was paralleled by an enhancement in 

a-carbon hydroxylation of NNK and a lower recovery of NNK + NNAL 

with both inducers . It was previously observed that tbe induction of 

a-carbon hydroxylation in hamster lung tissues by phenobarbital 
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was negligible [Charest cc al.. 1989). As hown in Ta.hies 2-4. methyl 

hydroxylation leading to th.e keto alcohol was far more important 

than a-methylene hydroxylation. Using two precursors of 

NNK-derived electropbiles. Hecht et al. (Hee.ht et al.. 1983] have 

suggested that pyridyloxobutylation and methylation of bacterial 

DNA in TAl535 strain was equally mutagenic . It has also been 

observed that methyl hydroxylation was higher than a-methylene 

hydroxylation in A/J mouse liver [Peterson et aL. I 991 a] . h is 

important to note 1.hat methylation of bacterial ONA might still be 

more abundant than pyridyloxobutylation si nce methylating agents 

are alkylating DNA more efficiently than pyridyloxobutylating agents 

[Hecht et al .. 1988]. 

In this tudy. P-450 induction in hamster liver increased the 

mutagenic potential of NNK (Fi'gure 6). These results are in line with 

those of Alaoui-Jamali et al.. who showed that treating hamsters with 

polycblorinated biphenyls inc:reases the genotoxicity of NNK 

[Alaoui-Jamali et al .. 1988] . The five phenolic compounds selected 

have dietary or medicinal relevance. Ellagic acid is a component of 

ellagitannins found in various soft fruits and outs [Haslam. 198 I] . 
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(+)-Catech.in. a polyphenol. is found in peels of apples and tea leaves 

{Chen. 1983]. Esculc.tin and the reJated (-)esculin are produc.ts of 

certain Nigerian medicinal plants (Uwaifo, 1984}. Esculetio is 

reported to have aotilipooxygenase aod anticyclooxygenase activily 

[Gochweodt et al.. 1984]. Propyl gaJlate is a phenolic compound with 

antioxidant properties {Fund ct al., 1985] . 

We observed that the inhibitjon of mutagenicity and metabolism 

of NNK by poJyphenolic compounds were correlated to some extent. 

With the 6-naphthoflavone induced sys tem. the three best 

anlimutagcnic phenols, ellagic acid . esculctin and propyl gallate, 

significantly inhibited the overall metabolism of NNK + NNAL 

(Table 4 ). These three phenols inh\!Jitcd the formation of the keto 

aldehyde· by a-methylene hydroxylation . However. only two of these 

phenols. ellagic acid and escuJetin. inhibited the formation of the keto 

alcohol (methyl hydroxylation pathway). II is intriguing that these 

three phenols also inhibited the N-oxidation pathway (Figure 7. 

pathway b) which is considered to be involved in detoxkatjon of NNK 

and NNAL. Using the phenobarbi tal induced microsomes, we 

observed that ellagic acid and esculetin inhibi ted the mutageoicity 
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and overall metabolism of NNK + NNAL (Table 3). lo contrast, the 

other antimutagenic phenol, propyl gallate, did oot inhibit the 

metabolism of NNK. With the c.ootrol microsomes, we observed a 

good correlatfon between the antimutagenicity of ellagic acid, propyl 

gallate. esculelin and (-) esculin and the inhibition of a-methylene 

hydroxy lation (Table 2). We also noted an inhibition of NNK 

N-oxidalion with three of t.he phenols. We conclude from thi s 

comparative study that inhibition of melabolism is contributing to 

lhe antimutagenicity of phenolic compounds. although some other 

unknown factors may also be involved . Guo et al .. have 

demonstrated that purified rat P-450 2Bl was cata lyzing the 

a -carbon hydroxylation and pyridine N-o}idation of NN K (Guo et al .. 

1991] . ln our study, both pathways were genera ll y inhibited to a 

simi lar extent. supporting their observation . 

Daily consumption of phe·nolic compounds could reach I g 

[Kuehnau. 1976] and play a significant role in the diet.ary protection 

against environmental mucagens. Chemoprevenlion of mutagenesi s 

and carcinogenesis is reported 10 occur by : inhibition of enzymes 

involved in the activation of a procarcinogen to mutagcnic and 
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carcinogenic intermediates [Newmark, 1984]; enhancement of 

detoxification pathways [Wattenberg. 1985] aod./or scavenging of the 

reactive intermediates to prevent their reaction with DNA [Newmark, 

1984]. From lhis study. the inhibition of the enzymes involved in the 

activation of NNK associated with a reduction of DNA damage is a 

likely mechanism of chemoprevention of NNK-carcinogenesis . One of 

the best antimutagens observed in this study. cllagic acid. has been 

shown to be an efficient inhibitor of NNK-induced tumorigene is 

[Pepin et al.. 1990] . Castonguay ct al., al so demonstrated that ellag.ic 

acid inhibited a--carbon hydroxylation of NNK and formation of 

methylated guanines [Castonguay el al.. 1989]. 06-Guanine is an 

important determinant of NNK tumorigehesis [Peterson et al.. 1991 b}. 

Jn summary. our result.s demonstrate that the relative 

antimutagenk efficacies of polyphenolic compounds was dependant 

on the enzyme induction treatment . While ellagic acid was the most 

efficient inhibitor with control microsomes. propyl gallate was the 

most efficient inhibitor with pbcnobarbit.al and 6-naphthoflavonc 

induced microsomcs . This suggests that phenolic compounds have a 

selecfr•c affinity for specific isozymcs of cytochrome P-450. 
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SUMMARY 

We have investigated the effects of five phytochem.icals on the 

m.icrosomal-dependcnt mutagenicity and metabolism of the tobacco-

pecific nitrosamioe, 4-(methylnitr-osamino)-1-(3-pyridyl)· l­

butanonc (NNK). Two compounds. d-limonene and si lymarin. had no 

effect on NNK-induced mutageoesis in Salmonella typhimurium 

TA1535 over the concentration range of 0 .1 · 0.4 µmoles/p late . 

Diallyl sulfide was weakly antimutagenic at a concentration of 

0.4 µ moles/plate. Both capsaicio and tannic ac id showed a dose­

dependent inhibition of mut.'.lgenesis in TA 1535 . Metaboli sm studies 

using (3H)NNK indicated that the effects of the phytochemicals on 

NNK-ioduced mutagencsis did not alway correlate with the effects 

on NNK metabolism. a-Carbon hydroxylation reaction s are 

considered the most sigoificaot pathways involved in the metabolic 

activation of NNK to mutagenic and carcinogenic species. d-Limonene 

and silymarin (0.4 µmoles) bad the least inhibitory effect on the total 

a-carbon hydroxylation reactions, 19% and 28%. Capsaicin and 

diaUyl sulfide inhibited these pathways by 74 % and 70%. Tannie 
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acid. the most potent pbytocbemical tested in this study. inhibited 

total a-carbon hydroxylation pathways by 99%. 



INTRODUCTWN 

The nicotine-derived nitrosaminc 4-(methyJnitrosamino)-1-

(3-pyridyl)-1-butaoone (NNK) is a product of the nitrosarion of 

nicotine and its derivatives during tobacco processing. It is reported 

to produce tumors in several animal species (Hecht and Hoffman. 

1988; Rivensoo ct al., 1988; Hecht ct al.. 1989). NNK requires 

cytochrome P450-dcpcodent metabolic activation to exhibit it.s 

mutagenidty and carcinogenicity (Hecht et al., 1983. Hecht and 

Hoffmann. 1988). The metabolism of NNK includes carbonyl 

reduction. N-oxidation of the pyridine ri.n g and a-carbon 

hydroxylation reactions. The latter can result in the methylation and 

pyridyloxobutylation of purine bases \of D A (Murphy ct al.. 1990). 

Sev.eral cytochrome P450 isozymes have been associated with the 

me.tabolic activation of NN.K including P450 2BI. 262 and P450 !Al 

(Devereux ct al.. 1988; Smith et al. . 1990; Guo et al.. 199 1 ). 

Because epidemiological studies have implicated the use of 

tobacco products with buman cancer (Hecht and Hoffmann. 1989). it 

is important 10 identify chemical compounds of natural or synthetic 

origin tbat modulate the metabolism of NNK and hence its 

139 
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mutagenicity and carcinogenicity . Pbytochemicals with potential 

chemopreventive properties. arc widely distributed and arc present 

in various foods humans nonnally eat (Haslam, 1981). There arc 

several reports describing the antimotagenic and anticarcinogenic 

properties of plant phcn-01ic compounds (l maid a et aJ .. 1992; 

Kuebnau, 1976; Liu and Castonguay, 1991 ; Manda! et al.. 1987; 

Nagabbushan and Bhidc. 1988; Newmark. 1984; Wood et al.. 1982). 

l.n the interest of identifying potential chcmoprcvcntive 

compounds, we compared the effects of five phytochemicals on the 

mutagcnicity and metabolism of NNK when activated by liver 

microsomes from male Syrian golden hamsters . 



MA TERJALS AND METHODS 

Che.micals 

[5-3H] NNK (1.51 Ci/mmole) and unJabeled NNK (purity >97%) 

were purchased from Cbemsyn Science Laboratory (unexa. KS). The 

synthesis of NNK metabolites used as reference standards for HPLC 

analysis has been reported (Hecht ct al .. 1981). NADP+. glucose-6-

phosphate, glucose-6-phosphate dehydrogenase and 

dimethylsolfoxide (DMSO). capsaicin. diallyl sulfide. d-limonene. 

silymarin and tannic acid were obtained from Sigma Chemical Co. 

(St. Louis. MO). Bact.oagar was purchased from VWR Scientific 

(Cerritos. CA) and nutrient broth No. I was purchase-d from Oxoid Co. 

(Basingstoke. Hants. UK). 

Preparation or microsomes 

Male Syrian golden hamsters. I S0-160 g (Charles River 

Laboratory. Wilmington. ME) were given water and Purina rodent 

laboratory chow ad libitum for five days prior to time of sacrifice. 

Animals were sacrificed by cervicaJ dis location and the livers were 

removed asepticaJly and homogeniz.ed in two volumes of 0.25 M 

141 
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Tris-HCJ (pH 7.4) containing 0.15 M sucrose and lmM EDTA. 

Microsomes were obtained by differential centrifugation of tbe 

homogenate (Maron and Ames, 1983). The micro ome pellets were 

resuspended in Tris-HCl:sucrosc:EDTA buffer and microsome 

fractions from four hamsters in each treatment group were pooled. 

Aliquots from pooled samples were stored at -so·c. Protein content 

was determjned (Lowry ct aJ .. 1951 ). 

Assay of NNK-induced mutagenesis 

The effect of nontoxic concentrations of the phytochcmicals 

(Teel, 1993) on hamster liver microsome-mediated mutagenicity of 

NNK was performed as follows . Sterile tubes containing I mg liver 
\ 

micr$)somal protein. 80 mM un labeled NNK in 100 µI sal ine. cofactor 

buffer pH 6.8 (Guttenplan, 1280). 0.15 ml of a five h culture of 

Salmonella ryphimurium strai n TA 1535 (a gift from B. Ames. Univ. 

Calif., Berkeley) and 0, 0. J. 0.2. or 0.4 µmoles capsaicin. diaJlyl 

sulfide, d-limonenc, sjlyrnarin and tannic acid in DMSO in a final 

volume of one ml were incubaled in triplicate in a shaking water 

bath at 37"C for 30 min. The volume of DMSO was kept uniform in 
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all inc ubations lo correct for its reported inhibitory effect (Teel. 

1992b). Two ml of top agar was added to each tube following the 

30 min incubation and the contents were poured onto minimal 

essential agar plates (Maron and Ames. 1983). The plates were 

incubated for 48 hrs at 37•c after which the number of histidine-

independent (His+) colonies were counted. Resulrs were expressed as 

the mean number of NNK-induced His+ revert.ant colonics/pJate. 

Spontaneous revertant colonies (9-12/plat.e) were subtracted. 

Assay of NNK Metabolism 

The effect of phytochemica.ls on the microsome-mcdiated 

metabolism of NNK was performed as a modification of a procedure 
\ 

descri bed fly Smith ct al.. 1990. The incubation mix1ure contained 

.. 5 mM glucose-6-phosphate. 1.5 u_oits glucosc-6-phosphate 

dehydrogenase. l mM NADP+, I mM EDTA. 3 mM Mg02. 12.8 µCi 

[5-3H]NNK. 0.4 µmole phytocbemical in DMSO and 5 mM sodium 

bisulfite in a finaJ volume of I ml. Following incubation a l 37"C for 

10 min. the reaction was started by the add ition of I mg microsomal 

protein . Blanks were incubated with boiled microsomes. The 
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reaction mixture was incubated for 3-0 min in a shaking water bath 

at 37°C and stopped by the addition of 200 µI saturated barium 

hydroxide a.nd 200 µJ 25% zinc sulfate. The precipitated samples 

were centrifuged at 14,000 xg for 20 min and filtered through 

0.45 µm cameo filters (MSI. Westboro, MA}. One hundred µI of the 

filtrate and 7 µI of NNK metabolite standards were coinjec1ed onto a 

reversed-phase HPLC sys1em using a IO µm Bondapak Cl8 column 

(3.9 mM x 300 mM. Waters. Milford. MA). NN K and its metabolites 

were e luted wi th sodium acetate buffer (pH 6) and methanol 

(Peterson et al.. 1991 ). Sodium bi sulfite (one mM ) was in the e lution 

buffer to trap the unstable keto aldehyde product. The eluate was 

monitored at 254 nm and one ml fract.ioJ s were collected. Five ml 

scintillation cocktail (Scin ti verse LC. Fisher Scientific. Tustin . CA) was 

added to each fraction and the radioactivity was determined by 

liquid scintmation spectroscopy (Model LS5801 counter. Beckman 

Instruments, Berkeley, CA). Recovery of toia l radioac1ivity during 

HPLC analysis was > 70%. Analysis of the radioac1iv ity was 

performed using a Beckman Datagraph Program io the DU Data 



leader software package on an IBM PSn model SO computer and 

expressed u pmoles/mg mkrosome protein/min. 

Statistical Analysis 
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Data were analyzed by the student's unpaired Hesc using the 

Macintosh Stat- View software program. Statistical significance was 

defined at p < 0.05 compared with control values . 



RESULTS 

Mutagenesis or NNK 

The effects of capsaicin, diallyl sulfide. d-limonene, sily.mario 

and tanok acid at concentrations of 0, 0.1. 0.2 and 0.4 µmoles/plate 

on the mulagcnicity of NNK in S. typhimurium TA 1535 by 

non induced hamster liver microsomcs are shown in Figure I A-E. 

Capsaicin and tannk acid significantly inhibited the mutagenicity of 

NNK in TA 1535 at concentratjons of 0 .1. 0.2 and 0.4 µmoles/plate. 

Diallyl suit.de expressed inhibition at a concentration of 

0 .4 µmoles/plate. Neither silymarin or d-limonene inhibited the 

mutagenicity of NNK in TA 1535 at the concentrations tested. 

Metabolism of NNK 

The pathways in the metaboli sm of NNK are sbown in Figure 2. 

NNAL is a product of carbonyl reduction of NNK (pathway a). 

N-oxidation of the pyridine ring of NNK and NNAL yields the 

N--oxides, NNK-N-oxide and NNAL-N-oxide (pathway b) . Primary 

a-carbon hydroxyl ation reactions produce keto alcohol and keto 

aldehyde. indicators of methyl and methylene hydroxylation 
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Figure I. Effect of different conceotra1joos of five phytochemicals 
on the mutagcncsis of NNK in Salmonella typhimurium TA 1535 
mediated by hamster liver microsomes. Procedural details for 
performing the . experiments arc given in Materials and Methods. 
Values a.re means µ S.E.M. of triplicate samples. Asterisks indicate 
stati tically significan t difference from control (0 µ mole/plate). 
p < 0.05 . 
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Figure 2: Metabolic pathways of NNK: carbonal reduction (pathway a), 
pyridine N-oxidation (pathway b), and a-carbon hydroxylation (pathway c). 
Metabolites: NNAl, 4-(methylnitrosamino)-1-( 3-pyridyl)-1-butanol; 
NNK-N-oxide, 4·(methylnitrosamino)- l · ( 3-pyridyl-N-oxide)-1-butanone; 
NNAL-N-o.xide, 4-(methylnitrosamino)-1-( 3-pyridyl-N-oxide) -1-butanol; 
keto alchol, 4-oxo-4-(3-pyridyl)-1-butanol; 
hydroxy acld, 4-hydroxy-4-(3 -pyridyl) butytic add; 
keto aldehyde, 4-oxo-4-(3-pyridyl) butanal; 
keto acid, 4-oxo-4-(3-pyridyl'routylic acid; 
diol, 4-hydroxy-1-( 3-pyridyl)-1-butanol . 
The structures in brackets are hypothetical lmermedlares. 
(Adapted from Jorquera et al., 1992; Hecht et al., 1980). 
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respectively (pathways c). The inclusion of I mM sodium bisulfite in 

the incubation medium and HPLC solvent buffers traps the kcto 

aldehyde as a keto aldebyde-bisulfite adduct (Peterson cc al.. 1991 ). 

The subsequent oxidation/reduction of keto alcohol and kcto 

aldehyde yields the secondary a-carbon hydro,11;ylacion metabolites 

keto acid. hydroxy acid and diol. 

Table I shows that in cbe control sample (no phytochcmicals). 

the two major metabolites of NNK in the presence of hamster liver 

microsomes were keco alcohol and NNAL. Carbonyl reduction 

(pathway a. Figure 2) accounted for 47% of the total metabolism of 

NNK by these microsomes. Primary and secondary a-carbon 

hydroxylation (pathway c. Figure 2) accou'\led for 41 % and 

N-oxidabon of the pyridine ring (pathway b: Figure 2) 12%. The 

unstable keto aldehyde was trapped as the keto aldehyde bisu lfite 

adduct. Data in Table I show that capsaicin and tannic acid 

significantly inhibited the formation of each metabolite of NNK. 

Diallyl su lfide inhibited the formation of all met.abol.ites except NNAL. 

d-Limoncne inhibited the formation of kcto alcohol but enhanced the 

formation of kct.o acid. keto aldehyde and NNAL Silymarin inhibited 



Table I. Effecu of i?hXt CX:hemlcals on ,the metab_9!1sm ~r NNK b;:: hamsu~r. l\ver mlcrosomes. 

META80LITE1 TRF.~TMENTb 

p mol/mg/mlnc Con tro l Capsalcin d-Llmonc nc Plallyl Sulfide 

H ydrox y acid (c) N.D. N.D N.O. N.D. 

Kt t o acid ( C) 0.4 1 0 .02 0 13 t 0.0.1" 0 . .S4 t O.OJ • o.09 t o.oi · 

Dl o l ( C) 2.1.S 1 0.04 0 .59 r o.os · 2.01 1 0.21 0 .92 t 0 .04 • 

Kt to a lco bo l ( c) 18 .44 t o.9s 4 85 t 0 20• 13 41 t o.ss• S.39 t 1.11 • 

Keto aldeb ydtd (c ) 0.32 t 0.05 ND.• 0.65 t 0.08 • 0. 1 t 0.03 ° 

NNAL·N-oxlde (b) 1.66 t 0 .05 091 t 0. 19• 2.25 :t 0.29 0.8 1 t 0. 12• 

NNK·N · oaldt (b) 4.5 1 :t 0.07 N.O.• .S .42 t 0.52 2.98 t 0. 16• 
....... 

NNAL (a) 24 .4 :t 0. 1.S 4.06 :t 0.26* 25 .63 :t 0 .27 • 29.37 t 0 .4 1 • 

Total (b ) 6.17 :t 0. 11 0.9 1 :t 0. 19• 7.67 t 0.69 3.79 1 0. 19• 

Total (c) 21.3 1 t 0. 11 S.57 t 0.24 • 11 .2 1 t o.s1• 6.48 t 1.1 1 • 

~ unmttabollud 
NNK + NNAI . .S.S .87 1 0 . I 83.06 1 0.40 ' 55 .25 :t 1.0 1 77.SJ :t o.n • 

aRcrcr 10 Figu re 2 fo r name& or rnc1aboh1cs and mc1abohc pathways (given In 1"1rcn1hescs). 

b In vll ro tncubauons werr carried oul u dclcrib<:d 1n Ma1cnah and Mcihcxh . 

cvalucl u ·c 1hc mun t S.E. Crom 1wo <k1crm1na11om N.D " no1 dc1cc1cd . 

d Keio aldehyde was dcicctcd as lhc lee to 1hkhydr-buulf11c adduct. 

• Slgnl fi'3nlly d1Hcrcnt (p s 0.05) Crom control ' ·alur 

S tt ymarln 

1).26 t 0 .03 • 

0.48 t 0.08 

1.68 t 0. 12 • 

12.94 t 0 .. 23 

N.D.• 

2.0 1 t 0 .23 

4. 18 t 0 .07 

14.08 t 0 .6• 

6. 19 t 0 .18 

l.S .36 t 0 .2• 

M .35 t 0 .4-4• 

Tannie Acid 

N.D. 

ND.• 

0.08 t 0.01 • 

o.oJ t o.oi • 

ND.• 

0.07 t O.Ql ·* 

ND.• 

S.56 t 0 .1.S • 

0 .07 t 0 .03" 

0 . 11 t 0 .01· 

95 .$9 t 0.01 • 

VI 
N 
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the formation of diol, keto aldehyde and NNAL. The effects of each 

pbytochemical on total NNK-reduction. total N-oxidation and total 

a-carbon hydroxylation are shown in Figure 3. Capsaicin and tannic 

acid significantly inhibited total activity in all three pathways. 

Although all five phytochemicals inhibited total a -carbon 

hydroxylation . capsaicin, diallyl su lfide and tannic acid were the 

most effective. Tannie acid expressed the most in hi bi tion of 

N-oxidation and a-carbon hydroxylation pathways of any compound 

tested . 
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Figure 3: Effects of five phytochemicals on the metabolism of NNK 
by hamster liver microsones. Total NNK reduction, total pyridine 
N-oxidation and total a-carbon hydrox-ylation from Table 1 are 
shown. Procedural details of incubations and analysis of 
metabolites are described in Materials and Methods. Values are 
means+/- SEM of triplicate samples. Asterisks indicace 
statistically significant difference from control, p < 0.05. 



DISCUSSJON 

Cbemoprevention of mutagenesis and carcinogenesis is 

reported to occur by inhibilioo of enzymes involved in the activatfon 

of a procarcinogen co muragenic and carcinogenic produclS 

(Newmark, 1984); enhancement of detoxification pathways 

(Wattenberg. 1985 ); and/or scavenging of reaclive intermediates 

that prevents interaction with DNA (Newmark. 1984). Various 

compounds presenl in plant'l, including edible ones. offer promise as 

chemoprevenlive agents . 

lo this study. we report the effects of five phytochemicals on 

the bioactjvation-dependent mutagenesis and metabolism of tbe 

tobacco-specific nitrosamine NNK. The t metabo li sm of NNK involves 
\ 

several pathways that include carbonyl reduction of NK to NNAL 

(pathway a, Figure 2), N-o~idation of the pyridine ring of NNK and 

NNAL (pathway b. Figure 2) and a-carbon hydroxylation (pathway c. 

Figure 2). a-Carbon hydroxylation reactions form ing keto aldehyde 

and a methylating species and ke10 alcohol and pyridyloxobutyla1ing 

species arc regarded as the pathways critical 10 the mutagenic and 

carcinogenic aclions of NNK (Murphy et aJ .. 1990). 

I 5 5 
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Cap&aicin (8-metbyl-N-vanillyl-6-nonenamide) is a pungent. 

irritating compound of Capsicum fruits. These fruits are widely used 

in the diet (Goviodarajan and Sathyanarayana, 1991). Cap aicin 

inhibited aryl hydrocarbon hydroxylasc activity in ne-0natal 

epidermal microsomes (Modly ct al.. 1986) and is reported lo inhibit 

the in vitro metabolism of anato:idn 81 and the formation of anatoxin 

B 1 adducts wilh calf thymus DNA (Teel, 1991 ). Capsaicin inhibited 

rat liver microsomal mixed-function oxidase and epoxide hydratase 

activity (Teel , 1992a). Jn lhis study , capsaicin inhibited hamster 

liver microsome-mcdiated mutagenicity of NNK in S. ryphimurium 

T Al535 by 59%, which correlated with an inhibi tion of lhe 

metabolism of NNK. Capsaicin inhibited · NK reduction by 82.5%. 

pyridine N-oxidation by 85% and a-carb-0n hydroxylation by 74% 

(Figure 3). 

Diallyl sulfide (DAS). a component of garlic. is reported to 

inhibit a variety of chemically induced tumors in laboratory rodents 

(Wargovicb, 1987; Wargovich et al.. 1988; Sparnins et aJ ., 1988; 

Hadjiolov et al.. 1993). These effecls have been associated witb tbe 

inhibition of micros-0mal monooxygenase activity and/or enhanced 
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gluta:thiooc-S-transferue activity (Sparnins et al., 1988; Brady el al. , 

1988; Ma.urya and Singh. 1991; Ludeke et al.. 1992). One study 

found no effect of DAS on rat microsomal mixed functfoo oxidase or 

epoxide hydratase activity (Teel, I 992a). We found a significant 

inhibition of pyridine N--oitidation and a-carbon hydroxylation 

metabolic pathways by DAS and a small bur sta1istically significant 

enhancement of NNK-reduction. Pyridine N-oitidation was inhibited 

by 39% and a-<:arbon hydroxylation by 70%. DAS inhibit.ed the 

mutageocsi of NNK in S. ryphimurium TA I 535 at the highest 

nontox ic concentration tested (0.4 µmoles/plate) by 8%. 

d-Limonene is a terpenoid compound found in peels of citrus 

fruits and is reported to inhibit Dlv!BA-induced rat mammary tumors 

·(Elson ct al., 1988) and N-nitrosodiethylamine-induccd forestoma.ch 

and pulmonary adenomas in mice (Wattenberg et aJ.. 1989). Steele 

ct al., (1990) found an inhibition of benzo[ajpyrcnc (BaP)-induced rat 

tracheal epithelial cell transformation by d-limoncne. We found no 

significant effect of d-limonene on NNK-induced mutagenesis in 

T Al 535 although some inhibition of a-carbon hydroxylation ( I 9%) 

was observed in thi s study . 
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Silymarin. a flavenoid extract from milk thislJe (Silyhum 

marianum) M:eds. is reported to have antioiddant properties 

(Valenzuela et al ., 1986; Bindoli et al.. 1977) and inhibited the 

transformation of rat tracheal cells (Steele et aJ.. 1990). No effect 

was observed on microsomal mixed function oxidase or epoxide 

hydratase activity (Teel. I 992a). Silymarin had no effect on 

NNK-induced mutagenesis in TAJ 535 in thi s study. although it 

inhibited NNK reduction by 42% and a-carbon hydroxylation by 28%. 

Tannie acid is present in a variety of plants (Haslam. 198)). It 

is reported to inhibit the mutagenicity of BaP· 7 .8-d iol -9. IO epoxide 

in S. typhimurium and in Chinese hamster V · 79 cells (Huang et al.. 

1983). h inhibited epidermal monapi1ygenase acti vity and binding 

or BaP and BaP 7,8-dibydrodiol to DNA (Das ct al.. 1987). It was also 

shown to inhibit liver S9-mediated mutagenesis. metabolism and 

DNA binding of BaP (Vance and Teel, 1989). We found that tannic 

acid inhibited NNK-induced mutagenesis in TA I 535 by 69% and 

inhibited NNK reduction. pyridine N-oxidation and a-carbon 

hydroxylation by 77%, 99% and 99%. respec ti vely . Tannie acid had 
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the greatest inhibitory effect on NNK-induced mutagenesis and on 

the metabolism of NNK of any pbytocbemical tested in this study. 

Io summary, five phytocbemicals were examined for their 

effects on the mutagenicity of the tobacco-specific nitrosamine NNK 

in S. typhimurium TAl535 and on the metabolism of NNK by 

hamster liver microsomes. The effect of the individual 

phytochemicals on the mutageoicity of NNK did not always correlate 

with the effect on the metabolism of NNK. Neither silymarin or 

d-limoneoe inhibited the mutagene:S is of NNK in TA 1535 a.ltbough 

silymarin inhibited the NNK-reduction and a -carbon hydroxylation 

pathways of NNK metabolism. d-Limonene showed a small 

inhibitory effect on a-carbon bydrox>1ation pathways. DAS 

eihibited a small inhibitory effect on NNK-induced mutagenesis at 

the highest nontoxic concentration tested (0.4 µmoles/plate) and at 

that conceotratfon inhibited both pyridine N-ox idation and a -carbon 

hydroxylation. Both caps.aicin and tannic acid showed a dose­

d~peodent inhibit.ion of NNK-induced mutagenesis in TAl535 and 

both compounds significantly inhibited NNK reduction . pyridine 

N-oxidation and a-carbon hydroxy lation pathways . The effects of 
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tannic acid were paramount. These results add support 10 other 

studies that suggest the need for a careful evaluation of the 

cbemopreventive properties of phytochemicals and their use as an 

approach to tbe prevention of human cancers. 
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SUMMARY 

ChemicaJly-induced mutagcnesis and carcinogcnes1s is modulated 

by various plant products, some of which arc pre ent in the homan 

diet. 4-(methylnitrosam.i.no)-1-(3-pyridyl)-1-butanone (NNK). a 

potent carcinogen in tobacco and tobacco smoke, is activated by 

microsomal enzymes. In this study. we investigated the effects of 

capsaicin on the in vitro metabolism of N K. Capsaicin is the 

principal component of Capsicum fruits used wide ly by humans as a 

food addi1jve . Liver microsomes from saline-injected. phenobarbital-

induced and 6-naphthoflavone-induccd hamsters were used . 

Microsomes from phenobarbital and B-naphthoflavone-induccd 

animals expres ed decreased NNK-reduotion and enhanced pyridine-
\ 

!::J -oxidation, but did not significantly alter a -carbon hydroxylation of 

NNK. Capsaicin (0.5 mM) !_nbibitcd the formation of all metabolites of 

NNK by all microsomal fractions and inhibited a -hydroxylation by 

phenobarbital-induced microsomes more than by either of the other 

two treatments . Our results suggest that capsaicin. as a naturally 

occurring dietary c-onstituent, possesses an1imu1agcnic and 
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a.nlicarcinogenic properties through the inhibition of lltoobiotic 

metabolizing enzymes . 
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INTRODUCTION 

Researc h results from various laboratories support the protective 

effect of certain naturally occurring pbytochemicals toward 

chemically-induced mutagenesis and carcinogenesis (1.32]. Plant 

compounds with antimutagenic andlor anticarcinogenic actions may 

exert their effects on one or more of the many steps that take place 

during the ini tiation. promotion and progression phases of the cancer 

process. The cbemopreventive properties of these compounds. many 

of which are present in foods humans normally consume. are 

attributed to one or more of these mechanisms: (a) modulation of 

the metabolic activation of a promutagen/procarc inogen ro highly 

reactive species; (b) enhancement of decpxification : (c) blockage of 

the interaction of electropbiJic metabolites with ta rget 

macromolecules of the cell -[24.28.31.33 J; (d) suppression of the 

neoplastic process in cells [32). 

4-(methylnitrosamino) - 1-(3-pyridy l )-1-bu tanone ( NN K). a 

nicotine-derived nitrosamine . is formed during the processing of 

tobacco [3] . It is present in tobacco smoke, to whic h both smokers 

and non- smokers are exposed [2.9) . NNK produces tumors in the 
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nasal mucosa. trachea, lungs. liver and pancreas of laboratory 

animals [JS). The targeting of lung tissue in these animals supports 

an etiological role of NNK in the causation of human Jung cancer 

[14,15]. NNK requires me·tabolic activation by microsomal-dependent 

ex-carbon hydroxylation reactions to produce mutagenic and 

carcinogenic properties [7.14). The reaclive electroph ilic species 

methylatc and pyridyloxobutylate purine bases of DNA [23] . A 

number of isozymes of cytochrome P450 are associated with the 

melabobc activation of NNK [7.8.11) . 

Nutrition affects the carcinogenic response to tobacco smoking 

[ 16] and thus reflects the re lationship of diet 10 Jtenobiocic 

metabolism [34] _ It is therefore iJportant 10 identify naturally 

occurring compounds that can inhibit the mutagenic and carcinogenic 

action of NNK by a modulation of its metabolism [6.33]. Capsajcin 

(8-methyl -N-vanilly l-6-nonenamide) is a pungent. irritating 

ingredient of Capsicum fruits which are widely used in the world as a 

food additive [ 10] . Miller el al. [21] observed that capsaicin 

lengthened pcntobarbi1al -induced sleep time in mice. suggesting an 

inhibition of drug metabolizing enzymes . In another study. a 
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dose-dependent inhibition of aryl hydrocarbon hydroxylase actjvity 

in epidermal microsomes correlated with an inhibition of the 

metabolism of bcnzo(a)pyrene in BALB/c mouse and human 

keratinocytes (22]. Capsakin exhibited a dose-dependent inhibition 

of the mutagenesis of NNK in Salmonella ryphimurium TA 1535 [30] . 

Since the identification of naturaJly occurring chemicals with 

chemopreventivc propertjes may eventuall y contribute to an 

effec tive and rational approach to the prevention of human cancers. 

we undertook in virro studies to investigate the effects of capsakin 

on the metabolism of NNK. The results arc the subject of thi report . 



MATERIALS AND METHODS 

Chemicals 

[5-lHJNNK (2.51 Ci/mrnole) was purchased from Chemsyn Science 

Laboratory (Lenexa, KS). NNK metabolites used as reference 

standards were synthesized as reported (12.13]. NADP+. glucose-6-

phosphate dehydrogenase, dimerhylsulfoxide (DMSO) and capsaicin 

were purchased from Sigma Chemical Co .. (St. Louis. MO). 

Animals 

Male Syrian go lden hamsters weighing I 50- I 60g (Charles River 

Laboratory, Wilmington. ME) were provided water and Purina rodent 

chow ad libitum . After three days the animals were randomJy 

\ 
divided into three groups of four. One group was given daily i.p. 

injections of phenobarbitaJ in saline (60 mg/kg) for five days. A 

second group was administered daily i.p. injec1ions of 

8-naphtbofJavone in oli ve oil (80 mg/kg) for five days (25). Control 

animals were given daily injections of sa.line . The animals were 

sacrificed 24 hrs aft.er the last injection . 
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Prepar.ation of mkrosomes 

The livers were removed and homogenized in two volumes of 

0.25M Tris-HCI buffer (pH 7.4). Microsomal fractions were obtained 

by differential centrifugation [20] and resuspended in Tris-

HCl :sucrose:EDT A. Mkrosomal fractions from e.ach treatment group 

were pooled. aliquotcd and stored at -80°C. Tbe protein content was 

determined by the method of Lowry ct al. [ J 9] . 

Assays of NNK metabolism 

The procedure was a modification of that described by Smith et 

al. [27] . The incubation mixture contained I mM NADP+. I mM EDT A. 

3 mM MgC)i. 5 mM glucose-6-phosphate, l S units glucose-6-
\ 

phosphate dehydrogenase. l 2.8 µCi [5-3H]N K. S mM sodium 

bisulfile. capsaicin (0.25. 0 :-5, l.O mM) in 50 IJ I DMSO in a final 

volume of one mL. These concentrations of capsaicin were non-toxic 

(30) . After a I 0 min incubation in a shaking waterbath (37°C). the 

reaction was initiated by the addition of 0 .5 mg hamster liver 

microsomal protein . Blanks were incubated wi th boiled microsomes 

and control incubations lacked capsaicin . All incubations contained 



the ame volume of DMSO. The reaction was terminated after 

30 min by adding 200 µ l of saturated barium sulfate and 200 µI 

25% zinc sulfate. The precipitated samples were centrifuged at 

14,000 x g for 20 min and the supernatant was filtered through 
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0.45 µm filters (MSI. Westboro, MA). One hundred µ I aliquots of each 

filtered 5.1mple and 7 µI of NNK metabolite standard s were injected 

onto a reversed-phase high pressure liqu id chromatography (HPLC) 

system interfaced with a 10 µ m µ Bondapak C 18 column 

(3 .9 x 300 mm, Millipore-Waters. Milford. MA ). K and its 

metabolites were e luted with sodium acetate buffer (pH 6) and 

methanol (26] . Keto aldehyde was stabilized as keto aldehyde­

bisulfite adducts in the presence of \ mM sodium bisulfire in the 

elution buffer. The eluate was monitored at 254 nm and I ml 

fractions were collected . After the addition of scinti lla tion cocktail 

(Scintiverse LC. Fisher Scientific. Tustin. CAl . the radioactivity was 

expressed as pmoles/mg microsomal protein/m in . Recovery of total 

radioactiv ity during HPLC analys is was > 70'k 
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Statistical analysis 

Data were analyzed by the student's unpaired t-tcst using the 

Macintosh Stat-View software program. Statistical significance was 

defined as p < 0.05 compared to control values. 



RES UL TS AND DISCUSSION 

lo thi s study. the effect of capsaicin on the metabolism of the 

tobacco-specific nitrosamioe 4-(methylnitrosamino)-1-(3-pyridyl)- l­

butanonc (NNK) was investigated using in vitro incubations of liver 

microsomcs from saline-injected. PB-induced and 6NF-induced maJe 

hamsters. lsozymes of the CYP450 28 family induced by PB 

metabolize NNK. 6NF induces CYP450 1 A isozymes which also 

activate NNK to mutagcnic species (7 ). 

Tbe pathways in the metabolism of NNK are shown in Figure I 

[4.18] . Carbonyl reduction of NNK yields the N-nitroso alcohol NNAL 

(pathway a). N-oxidation of the pyridine g of NNK and NNAL 

gives NNK-N-Oxide and NNAL-N-Oxide (pathway b). Methyl 

hydroxy lation produces keto -alcohol whereas a-methylene 

hydroxylation yie lds keto aldehyde (pathway c ). The additjon of 

I mM sodium bisulfite t.o the incubation mix.lure and HPLC eluant 

stabilizes 1be keto aldehyde as a keto aldehyde-bisulfite adduct [26) . 

The oxidation/reduction of keto alcohol and keto aldehyde yield keto 

a<:id. hydroxy acid and diol as metabolites. 
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Flgurel: Metabolic pathways of NNK: carbonal reduction (pathway a), 
pyridine N-oxidation (~thway b), and Cl-<:arbon hydroxylation (pathway c). 
Metabolites: NNAL, 4-(methylnitrosamlno)- l · ( 3-pyridyl)-1-butanol; 
NNI<-N-oxide, 4-(methylnitrosamino) -1·(3-pyridyl-N-oxide) · l ·but.anone; 
NNAL-N-oxide, 4-(methylnitrosamino)-1-( 3-pyridyl-N-oxide)-1-butanol; 
keto alchol , 4-oxo-4· (3-pyridyl)-1-butanol; 
hydroxy acid, 4-hydroxy-4-(3 -~dyl) butyrlc add; 
keto aldehyde, 4-oxo-4·( 3-pyridyl) butanal; 
keto acid, 4-oxo-4-(3-pyridyl) butyrlc acid; 
dial, 4-hydroxy-1-( 3-pyridyl)· l -butanol. 
The structures in brackets are hypothetical intermediates. 
(Adapted from Jorquera et al., 1992; Hecht et al., 1980). 
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The level of mctabolite"S forme{J by liver microsomes from 

saline-injected (Sl). phenobarbital (PB)-induced and 

I 8 5 

8-napbtboOavonc (SNF)-induced hamsters arc shown io Table 1 and 

Figure 2. NNK reduction (pathway a, Figure I) was significantly less 

by mkrosomes from PB-induced and BNP-induced animals compared 

to microsomes from saline-injec ted (SI) control s. N-oxid.ation of the 

pyridine ring of NNK and NNAL (pathway b. Figure I) was enhanced 

by microsomes from PB-induced and 6NF induced animals. 

a-hydroxylation (pathway c, Figure I ) was nor significantly affected 

by either PB or 6NF inductfon. Methyl hydroxylation leading to ke:to 

akobol was much more pronounced than a-methylene hydroxylation 

and the fonnation of keto-aldehyde ty all the microsomes (Table I). 

Mkrosomes from botb PB and BNP-induction showed enhanced 

methyl hydroxylation compared to microsomes from SI animals. 

although only 8NF-induction showed a statistically significa.nt 

difference. Metbylating agents are reported to al.kylate DNA more 

efficiently than pyridyloxobutylatJng agents [ I 4 J. 

Capsaicin was a potent i.nhibitor of tbe metabolism of NNK by 

microsomes from SI hamsters at all concentrations rested 



Tablt 1. A comparison of the metabolism of NNK by li ".er mlcrosomes from saline-Injected, 
11henobarl>IJol.-lnd11c~_d ____ llJHL_ B_: naph1hoOavonc-lnduccd h~m$1ers . 

METABOLITE• 

pmol/ms/mlnc 

ll ydro1y acid (c) 

Ktto acid (c) 

Dlol (c) 

Keto alcohol (c) 

Keto •ldebydtd (C) 

N N A.L·N·o1lde (b) 

NNK·N · o1lde (b) 

NNAL. (•) 

Total (b) 

Total (c) 

,. unmelabollud 

NNK + NNAl. 

Sallne-injcctcd 

N.D. 

12-4 :t 0.52 

10 35 :t 0-54 

41.52 :t 0.6 

O . .S6 t 0 .05 

7.43 t 1.15 

5. 16 t 0 .33 

82 . i) i 3.0 

l2 . .S8 t 0 .84 

64 .83 t 0 .4-r-

S0.42 :t 1.4 

Mlcro1ome Sampteb 

PB-Induced 

I.SI t O.t • 

S.44 t 0 .09• 

11.4 :t 1..5 

48 .8.S t 6 .0 

0.39 t 0 .13 

12.03 t 0.94° 

28.0 t 0.4° 

68 .7 t 0 .53° 

40.03 t 0 .98 • 

64.24 :t 3.82 

41.6.5 :t 0 .5.5. 

•Refer to Figure I for aa.mes of mcubolllc.i and metabolic p.ubways (given la parentheses). 

B·NF-iaduccd 

0 .21 :t 0 .1 

3.76 t 0..S4" 

9 . 12 :t 0 .69 

52 . .S t 0.73• 

0 .67 :t 0 .14 

12.27 t 0 .3• 

18 . I :t O..S• 

47 .2 :t 0.23 • 

30.38 :t 0.28. 

70.39 :t 3.72 

4.4.0 t 0.6• 

bin vitro lncub1tlon1 or 0..S mg liver mlcroiomc protein with t3HJNNK were performed u dcscrlbtd In Matcrla.11 and Method• . 

cvalucs arc the mean :t S.E.M. from thn:c dctcrrruo111ons . N.D. • not detected. 

dKclo aldehyde w&J detected u the lccto aldchydc-blsulflic adduct. 

• S1gn1fican1ly difrcrcnt (p s; O.OS) rrom sallnc -in1cctcd (noninduccd) cont roll . 

00 
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Figure 2: Metabolism of NNK by liver microsomes from saline­
injected (SI) , phenobarbital-induced (PB) and &-naphthotlavone­
induced (E-NF} hamsters. Total NNK-reduction, total N-oxi.dation 
and total a-carbon hydroxylation from Table 1 are shown. 
Asterisks indicate a statistically significant difference from 
saline-injected controls, p < 0.05. 
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(Figure 3, Table 2). The inhibition affected NNK-reduction. 

N-oxidation and a-hydroxylation. This effect was also observed with 

mi~rosomes from PB and BNP-induced animal s (figure 4. Table 3). 

This suggests that capsaicin inhibited isozymes of the CYP450 IA and 

28 families . Capsaicin inhibited a-hydroxyl ation by PB-induced 

microsomes more than by microsomes from 6N F-induced or SI 

ham ster s. 

Capsaicin is reported to have a competitive inhibi tory-like effect 

on ethylmorph-ine-N-demet.hy las.e activity in liver microsomes [ 17] . 

Its effec t on epidermal micro omal ary l hydrocarbon hydroxylase is 

described as noncompetitive inhibition (22] . Capsaicin produces a 

type I spec tral change in rat li ver mi~rosomes and is almost as 

potent as SKF-525A in inhibiting ethyl morphine demethylation [21). 

We have previously reported the inhibition of the in vitro 

metabolism and DNA binding of aflatoxin 8 1 and the inhibition of the 

mutagenicity of NNK in Salmonella ryphimurium TA 1535 by 

capsaicin [29.30]. 

Cbemoprevention of mutagenesis and carc inogenesis is reported 

to occur through one or more of the following mechanisms: 
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Figure 3: Effect of concenrration of capsaicin on the metabolism of 
NNK by liver mlcrosomes from sallne-inje<:ted hamsters. Total 
NNK reduction, total pyricllne N-<>xidatlon, and total a-carbon 
hydroxylation fron Table 2 are shown. Asterisks indicate a 
statistically significant difference from control (0 mM), p < 0.05. 



Table 2. Effect or concen1ra1lon of capsaicin on the metabolism or NNK 
bv li ver mlcroso.mes . from sallne·Jrije_c::Je.11. !!l!m_s t cr}~. 

META BOLITEa Conun.tratlon ca psalcln, mM 

pmo l/mg/mlnc 0 0 . 25 0 .5 

Hydrox y acid (c) N .O. N.D. N.0 . 

Keio acid (cl 9.1 t 1.3 S.23 t 0.97 1.46 1 0.44° 

Dlol (c) 8.9 t . 0.6 3.66 1 o.os• 1.68 t 0 .12 • 

Kcto a lcoho l (c) 46.91 t 0.S2 17 .6 1 0.6• 1771 1.5 • 

Keio a ld e b yd ed (C) 0.45 t 0.03 0.11 t 0.05• N.D.• 

NNAL·N·o1ldt (b) 6.11 :t , 0.5 3.66 t o.os• 2.54 t 0 .28• 

NNK-N·o1lde (b) S.34 t 0.54 l.65 t 0.37 • 0.46 t 0 .4.4• 

NNAL (a) 87 .7 t 1 . .22 l.S .0 t 0.21 • 11 .3 t 0.36° 

Total (b) l 1.41 t l.03 .S .31 t 0.4° 2.96 t 0.46• 

Toi.I (c) 65 .4 t 1.8 26.7 t 1.64° 20.87 t I.OS • 

'II> unmelabolhtd 

NNK + NNAL S0.13 t 0.53 75 .83 t 0.7• 84 .9 t 0 . .59• 

ARcfcr 10 Figure I for names of mc1aboli1u and metabolic p&1hways (given In pan:n1buc1) . 

1.0 

N.D. 

0.4 t 0.03• 

1.9 :t 0.2• 

18.7 :t 2.9• 

N.D.• 

1.93 :t 0.2• 

ND.• 

11.8 :t 0.24• 

l .93 t 0.2• 

21.1 :t 2.82 • 

83.96 :t 0.47" 

b1n vitro Incubations or 0..5 mg liver mitro1omc protcm whb 13HINNK were pcrfocm~ u ducribcd In Mate.rials and Methods. 

cva1ue1 arc 1he mean :t S.E.M. from three dc1crm1nauons . N.D • no1 dcttctcd. 

dKeto aldehyde was dctctlcd as the keto aldehyde-blsulfl1c 3dduc1. 
0

Stgnlflcantly different (p ~ 0.0.S) from control vl.luc . 

'° 0 
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Figu.re 4. Effect of capsaicin (0.5 mM) on the metabolism of NNK by 
hamster liver microsom~s . Total NNK-reduction. total N-oxidation 
and total a-hydroxylation from Table 3 is shown . A = saline-injected 
control; B = phenobarbital-induced; C = 6-naphthoflavone-induced. 
Asterisks indicate statjstically significant difference from control, 
p < 0.05 . 
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Table 3. Effect 11LJ;!IP~11l~i~_ on the met•Q211sm or NNK J?.L :~_lllll~!~ . Uvc:r mlcrosomes. 

METABOLITE* 

pmo l/mit/mlnc 

Hydroxy acid 

Kt to acid (C) 

Dlol (c) 

(C) 

Keto alcohol (c) 

Keto aldebyded (C) 

NNAL-N·oxldt (b) 

NNK·N·olldt (b) 

NNAL (a) 

Total (b) 

Total (c) 

~ unmetabollud 

N!'IK + NNAL 

TREATMENtb 

Saline - Injected PB-induced 

OmM 0.5 mM OmM 0.5 mM 

N.D. N.O. I.SI .t 0 .1 0.36 t 0. 11• 

9. 1 .tu 1.5 :t 0 .44• 5.4·4 t 0.1 1.64 :t 0 .5• 

8.9 t 0.6 17t0.12• 11.4 t u 3.9 .t 0 .48• 

46.9 t 0 52 177.t 1.5• 48.85 :t 6.0 16.83 t o.s1• 

0.4S .t O.QJ N.D.• 0.39 t 0. 13 N.D.• 

6. 11 .t 0.51 2.54 .t 0.28• 12 .03 .t 0.94 5.35 :t 0.99• 

S.34 t 0.54 0.46 l 0.44• 27.99 :t 0 .4 3.04 t o.J5 • 

87 .7 :t 1.22 11.3 t 0.36° 68 .96 t o .n 12. 12 t 0.21 ° 

11 .45 t 0 .84 3.0 .t lf.11' 40.02 t 0 .98 8.38 .t 1.32• 

64 .83 :t 0.47 37 .54 .t 2.3• 64 .24 t 3.82 23.56 t 0. 16° 

S0. 13 .t 0 .52 84.9 :t 0 .6• 41 .65 .t 0.55 73.5 .t o .ss• 

1 Rcfcr to Figure 2 for names or mci.bolitu aod metabolic pathways (given lo parcmhcses) . 

8-NF-lnduced 

OmM 0.5 mM 

0.21 t 0 .01 0.57 .t 0.06• 

3.76 t 0.54 1.26 .t o.s• 

9. 12 t 0.69 2.32 t 0.19° 

52 .47 .t 0.73 34.02 :t 0.9* 

0.67 t 0 .14 ND.• 

12 .27 t 0.28 2.87 t 0.12• 

18. I :t 0.51 7.0 t 0 .37* 

47 .2 t 0.23 6..5 t o.os• 
30.38 t 0.28 9.86 t 0 .)1° 

70.39 .t 3.72 38.39 .t 0.39• 

4~.o :t o .6 66.6 : o.1s• 

bin vilro Incubations or 0.5 mg liver mlcrosomc protein from saline-Injected, 8-NF·induc.ed :md PB-induced hamsters with 

1 lHJNNX were performed In tbc absence (0 mM) or presence or O.S mM capsalcln as described io Materials and Melhods. 

cvalucs a.re the mca.o .t S.E. from two dctcrmlnAllons. N 0 . • not dcttcted . 

d Keto aldehyde wat detected u lhe keto aldebyde-buulflte adl1uct 

•Significantly diHeren1 (p s 0.05) from control vaJur 

-c ..... 
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inhibition of che enzymatic activation of promulllgens and 

procarcinogens to reactive intermediaces [24); enhancement of 

detoxification pathways .[32); blockage of the inter:accjon of reactive 

intermediates with DNA [24] andlor suppres ion of the neopJa.stic 

state (32). Resu lts described in this study support the 

chemopreventive action of caps.aicin and sugges t thar capsaicin may 

play a role in dietary protection against carcinogens in the 

environment includ ing the tobacco- specific ni1rosamine NNK. Our 

results also suggest th~t a mechanism by which capsaicin exerts its 

chemopreventive effect is through an inhibition of the activity of 

cytochrome P450. 
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CHAPTER VI 

DISCUSSION 

Following the Introduction chapter. the results from experiments 

that were performed to determine the efficacy of 10 phytochemicals 

as chemopreventive agents for NNK-induced mutagenesis and 

carcinogenesis are described. These kinds of studies arc necessary 

because cane-er is currently the second lead ing cause of death in the 

United States. It is projected thal by the year 2000 ii wi.ll become 

the leading cause . Currently about 7 million Americans have cancer. 

Not only does this disease bring suffering and tragedy to the families 

with cancer. it carries an exorbitant financial burden as well. Current 

estjmates indicate that cancer related costs in the US are over 80 

billion dollar annually [Weinstein. 1991]. 

Tobacco related cancers are thcore~cally rhe most preventable 

cancers. The simplest prevention is cessation of tobacco use. 

Statistics. however .. indicate that 56 million Americans sti ll smoke in 

pite of the known health risks . Global es1ima1es indicate that there 

are 2.5 million tobacco related deaths per year and by the year 2050 

projections indicate that this will increase to I 0 million [Ries et al .. 

1991 ; Weinstein. 1991). Smoking cessation programs are not 

sufficient to prevent all tobacco related cancers. The identification of 

chemicals with chemopreventivc properties to reduc.c cancer 
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incidence for tho e individuals thal are unable to overcome their 

nicolioe addiction is desirable. 

The experimental approach descr1bed in these 2-4 chapters 

include the u e of the Salmonella/mammalian 

201 

microsome/mucagcnesis assay [Maron and Ames. 1983) co determine 

the effectiveness of each phytochemicaJ in inhibiting NNK-induced 

mucagenesis. In addition, the effects of each pbytochemical on the 

microsomal-mediated metabolism of NNK was determined by high­

performance liquid chromatography and liquid-scintillation 

spectroscopy. Chapter 2 describes preliminary experiments to 

optimize tbe condition for NNK-induced mutagenesis in Salmonella 

ryphimurium T Al 535. The results of these experiments indicated 

tbac the master plates and agar plates shou ld be one week old or 

less. that the concentration of NNK be 80 mM in saline. that 1.0 mg 

of microsomal protein should be used and that the amount of DMSO 

used should be minimized. 

Chapter 3 describes results of studies of the effect of five phenolic 

phytochemicals on the mutagencsis and metabolism of NNK using 

rnicrosomes from untreated (control). phcnobarbitol (PB). and 

6-naphthoflavone (8-NF) treated hamsters. Western blot analysis of 

the microsomal protein using polyclonal antibodies spec ific for P450 

IA2 and P450 2BlnB2 c-0nfirmed that PB-induce.d microsomes 

expressed elevated amounts of P450 2BlnB2 and that 6-NF-induced 

microsomes expressed elevated P450 I A.2 . The induced microsornes 

enhanced both rhe rnutagenicity and metabolism of NNK . The 
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inhibition of the malagenicity of NNK by the phenolic c-0mpounds 

correlated to ome extent with their effect on the metabolism of NNK. 

Inhibition of mutagenesis was depe,ndent upon the enzyme 

induction trea:tment. Ellagic acid was the most efficient inhibitor 

with untreated (control) microsomes while propyl gallate was the 

most efficient with PB and 8-NF-indaced mic rosomes. 

Chapter 4 describes studies of the effects of five non-phenolic 

phytochemicals on the microsomc-mediated mutagenicity and 

metabolism of NNK. d-Limonene and silymarin had no effect on 

NNK-induced mutagenesis in Salmonelln typhimurium T Al 535. 

DiaJlyl sulfide was weakly antimutagenic at the highest concentration 

tested . Both caps.aicin and Lannie acid exhibited a dose-dependent 

inhibition of mutagenesis. The NNK metabolism studies showed that 

d- limonene and silymarin had the least inhi bitory effect on total 

a-carbon hydroxylation (19 and 28% respec tively ). Diallyl sulfide 

and caps.aicin inhibited these pathways \bY 70 and 74% respectjvely. 

Tannie acid, the most potent phytochemical tested . inhibited total 

a-carbon hydroxylation by 99%. 

Chapter 5 details the studies of the effects of capsaicin, the 

principal component of hot ch.iii pe'ppers, on the metabolism of NNK 

by m.icrosomes from untreated, PB and 8-NF-treated hamsters. This 

phytochemical inhibited NNK-reduction. N-oxidation and 

a-hydroxylation by all the mjcros oroe fracti ons tested. Capsaicin 

inhibited a-hydroxylation by PB-induced microsomes more than by 

either of the other two treatments. 
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It is of interest to note that several of tbe phytochemicals that 

exhibited antimucagcnicity towards NNK are present in various foods 

humans normally eat. Tbcse include cap aicin. calechin, ellagic acid. 

d-limonene, tannic acid and diallyl sulfide. This supports a 

relationsbjp of diet to the metabolism of xenobiotics (Yang et al., 

1992) . Three of these phytochemkaJs exh.ibited strong 

antimutagenicity toward NNK that corresponded with an inhibition of 

a-carbon hydroxylation of NN K. The mutagenic and carcinogenic 

properties of NNK arc dependent upon a-hydroxylation [Crespi et aJ.. 

1991; Hecht and Hoffmann. 19881. Several isozymes of cytochrome 

P450 have been associated with the metabo·lic activation of NNK 

(Crespi et al .. 199!; Devereux et al.. 1988; Guo et al., 1991). Our 

results suggest that certain phytochcmicals e:11hibit se lective affinities 

for specific P450 isozymes that activate NNK. Although the studies 

described are limited to in vitro experiments. they support the 

importance of tbe identificacjon and c~aracteri u11ion of naturally 

occurring compounds with chemopreventive properties that cou ld 

eventualJy contribute to an effective and rational approach to the 

prevention of human cancers. 
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ABSTRACT 

fNHIBffiON OF NNK MlJf AGENESJS AND MET A.BOLISM BY 

CHEMOPREVENTIVE PHYTOCHEMICALS 

by 

Cecil Henry Mj Lier 

Approximately one third of all cancer deaths in the oited States 

can be linked to the use of tobacco products. Cessation of smoking is 

not always an effective prevention method. especially since nicotine 

is so addictive. For those individuals who conti.nuc to use tobacco 

products. chemoprevention may be an alternative to reduce their 

cancer ri.sk . We have investigated the chemopreventivc efficacy of 

five phenolic (catechin. ellag.ic acid. csculetin, esculin. and propyl 

gallate) and five non-phenolic (capsaicin. si lymarin. diallyl sulfide. 

tannic acid. and d-limonene) phytOfhemicals on tobacco-specific 

oitrosamine (NNK)-induced mutagcnesis and NNK meta.bolism. In the 

mutageoesis studies. Salmonella typhimurium strain TA 1535 was 

used in the Ames/mammalian microsome/mutagcncsis assay . Io the 

initial studies, we determined tha.t the optimal conditions for NNK­

induced mutagenesis included the use of ma ter plates and agar 

plates that were less than one week old. saline as a solvent for NNK. 

I mg hamster liver microsomal protein. and minimal DMSO. 

Experimental results showed that NNK-induced mutagenesis and 

metabolism of NNK was enhanced by microsomes from both 



phenobarbitol (PB) and 6-napbthaflavone (8-NF) treated hamsters 

and that the effect of the phenolic compound on NNK-.induced 

mutagenesis depended upon treatment. Ellagk acid was the most 

efficient inhibitor of NNK-induced mutagenesis by micros.omes from 

untreated animals (controls) while propyl gallate was the most 

effective inhibitor of mutagenesis by microsomcs from PB and 8-NF 

treated animals. The effect of the phenolic compounds on the 

microsome-mediated metabolism of NN K correlated with the effect 

on mutagenesi s to some extent. upsaicin and tannic acid were the 

most potent inhibitors of NNK-ioduced mutagenesis of the 

non-phenolic phytochemicals. Dial.lyl sulfide was weakly 

a.ntimutagenic and d-limonene and silymarin had no effect. AU five 

non-phenolic compounds inhibited the a -carbon hydro:itylation 

pathway of NNK metabolism. Studies of the effect of capsaicin on 

NNK metabolism by microsome from untreated, PB-treated and 13 -

NF-trea.ted animal s showed that caps.aicin inhibited the format.ion of 

all metabolites of NNK by all micro om I fraction s. 
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