Establishment and Application of Methods for the Detection of DNA and Protein Adducts from Tobacco- Specific Nitrosamines and Benzo[ a]pyrene

Dem Fachbereich Chemie der Universität Kaiserslautern zur Verleihung des akademischen Grades ‘Doktor der Naturwissenschaften’ eingereichte Dissertation

vorgelegt von Diplom-Biologen Gunnar Boysen Minneapolis Minnesota, USA 2002

Betreuer Prof. Dr. G. Eisenbrand Prof Dr. S.S. Hecht

Antrag auf Eröffnung des Promotionsverfahrens am: 24. April 2002

This thesis is dedicated to my future son Sebastian, with a father’s love.

Die vorliegende Arbeit entstand im Fachgebiet Lebensmittelchemie und Umwelttoxikologie in Zusammenbabeit mit der University of Minnesota Cancer Center in der Zeit vom Januar 1997 bis Juni 2002.

Tag der wissenschaftlichen Aussprache: 29. Juni 2002

Prüfungskommission:

Vorstizender : Prof. Dr. R. Wortman 1. Berichterstatter : Prof. Dr. G. Eisenbrand 2. Berichterstatter : Prof. Dr. S.S. Hecht

Acknowledgements

I would like to express my sincere appreciation to Prof. Dr. G. Eisenbrand for supporting my research in the US and making it possible to work towards completion of my Ph.D. degree.

I am grateful to Prof. Dr. S. S. Hecht for his patient guidance, support, encouragement and funding of these projects. I greatly benefited from his exceptional knowledge, professionalism and expertise in the field

I am grateful to Prof. Dr. R. Wortmann for agreeing to be chairman of my committee.

I am thankful to S.G. Carmella, who with his technical expertise and helpful discussions, greatly contributed to my education.

My thanks extends also to Dr. M. Wang for his helpful discussion in any issue regarding the secrets of life (DNA and DNA isolations) and to Dr. P. Upadhyaya for being a caring friend and for providing the majority of standards.

I also appreciate the extraordinary support of all past and present members in Dr. Hecht’s laboratory , especially, to D. Pullo and Dr. C. Simpson , who were always willing to discuss my work wherever we were: in the lab, in a pub, during windsurfing, etc.

I would like to also acknowledge J. Jalas and H. Wong who were not only encouraging and supportive, but were also resourceful in the NNK and nicotine related literature.

I am very thankful to my mother, Astrid Enning , my sister Kerstin Raum, and my grandmother, Hildegard Joost. Without their love and support, I would not have been able to get this far.

Finally, I appreciate the love and support of my beautiful wife Maria F Lopez- Boysen, who was patiently and lovingly there throughout all the up and downs I went through in completing this thesis.

Indexes Page I

Table of contents

Table of contents............................................................................................................... I Table of tables................................................................................................................ IV Table of figures................................................................................................................V Abbreviations................................................................................................................VII Chemical names ...........................................................................................................VIII Zusammenfassung.......................................................................................................... IX Summary........................................................................................................................ XI

1 Introduction............................................................................................ 1

1.1 Lung and Esophageal cancer ...................................................................................3 1.2 Chemical carcinogens in tobacco smoke .................................................................4 1.3 Tobacco-specific N-nitrosamines.............................................................................5 1.3.1 Metabolic activation of NNK ...........................................................................5 1.3.2 Metabolic activation of NNN ...........................................................................8 1.4 B[ a]P, a polycyclic aromatic hydrocarbon ............................................................10 1.4.1 Metabolic activation of B[a]P ........................................................................10 1.4.2 Methodology of BDPE adduct measurement.................................................12 1.5 Prevention ..............................................................................................................13 1.5.1 Lung cancer prevention ..................................................................................14 1.5.2 The origin of ITC............................................................................................15 1.6 Animal models for carcinogenesis.........................................................................16 1.7 Goals and hypothesis .............................................................................................19

2 Materials a nd Metho ds........................................................................ 21

2.1 Enzymes and Chemicals ........................................................................................21 2.2 Animal experiments...............................................................................................21 2.2.1 DNA adduct formation in lungs of A/J mice treated with B[a]P and NNK simultaneously. .....................................................................................22 2.2.2 Effects of PEITC and BITC given by gavage or in the diet on adduct formation by NNK plus B[a]P in A/J mouse lung..............................23 2.2.3 Effects of PEITC and BITC on adduct formation by B[a]P plus NNK in F-344 rats..........................................................................................25

Indexes Page II

2.2.4 Effects of PEITC and PPITC as well as their NAC conjugates on adduct formation by NNN in esophageal DNA and Hb of F-344 rats. .................................................................................................................27 2.3 Collection and handling of specimens ...................................................................28 2.3.1 Preparation of hemoglobin from RBC ...........................................................28 2.3.2 Precipitation of globin ....................................................................................28 2.4 DNA Isolation........................................................................................................29 2.5 Synthesis of standards............................................................................................31 2.5.1 Synthesis of BPDE-DNA and [^2H_8]BPDE-DNA...........................................31 2.5.2 Synthesis of BPDE-3'-dGMP standards .........................................................31 2.5.3 Synthesis of B[a]P TMEs...............................................................................32 2.6 HPLC-FD analysis for B[a]P-tetraol–releasing DNA adducts..............................34 2.7 GC-NICI-MS analysis of B[a]P-tetraol–releasing DNA and globin adducts ...................................................................................................................35 2.8 LC-MS analysis of BPDE-DNA from mouse liver ...............................................38 2.9 GC-NICI-MS analysis of HPB-releasing DNA and globin adducts......................39

3 Results ................................................................................................... 42

3.1 Characterization of PAH standards........................................................................42 3.1.1 [^2H_8]BPDE-DNA standard .............................................................................42 3.1.2 B[ a]P-TME, [^2H]_8B[a]P-TME and [^{13}CH_3]_4B[a]P-TME...............................45 3.2 Establishment of methods for the detection of BPDE-DNA adducts....................48 3.2.1 BPDE-DNA adducts by HPLC-FD................................................................48 3.2.2 BPDE-DNA and protein adducts by GC-MS.................................................49 3.2.3 Analysis of liver DNA by HPLC-FD, GC-NICI-MS.....................................50 3.3 HPB adduct assay validation .................................................................................52 3.3.1 Determination of precision.............................................................................52 3.3.2 Linearity of HPB-releasing DNA adducts......................................................53 3.3.3 HPB releasing Hb adducts..............................................................................54 3.4 DNA adduct formation in lungs of A/J mice treated with NNK and B[a]P alone or in combination...............................................................................56 3.5 Effects of PEITC and BITC on DNA adduct formation from NNK plus B[a]P in lung of A/J mice ......................................................................................59 3.5.1 Effects of gavaged PEITC plus BITC ............................................................59 3.5.2 Effects of dietary PEITC plus BITC ..............................................................64

Indexes Page III

3.6 Effects of PEITC and BITC on adduct formation from NNK plus B[a]P in rats......................................................................................................................67 3.7 Effects of PEITC, PPITC and their N-acetylcysteine conjugates on adduct formation from NNN in F-344 rats ............................................................72

4 Discussion.............................................................................................. 75

4.1 Establishment of methods for the detection of BPDE-adducts..............................75 4.2 Effects of PEITC and BITC on adduct formation from NNK plus B[a]P in A/J mice and F-344 rats.....................................................................................77 4.2.1 HPB-releasing adducts ...................................................................................77 4.2.2 O^6m-G adducts from NNK plus B[a]P...........................................................86 4.2.3 B[ a]P-tetraol releasing adducts ......................................................................87 4.3 Effect of PEITC and PPITC and their NAC-conjugates on adduct formation from NNN .............................................................................................90 4.4 Other effects of isothiocyanates.............................................................................91 4.5 Limitations of studies presented herein .................................................................92 4.6 Future directions ....................................................................................................93

5 References ............................................................................................. 94 6 Appendix ............................................................................................. 114

6.1 trans/anti B[a]P-TME..........................................................................................114 6.2 trans/syn B[a]P-TME...........................................................................................115 6.3 cis/anti B[a]P-TME .............................................................................................116 6.4 cis/syn B[a]P-TME ..............................................................................................117 6.5 trans/anti [^2H_8]B[a]P-TME .................................................................................118 6.6 trans/anti [^{13}C_4]B[a]P-TME ................................................................................119

Curriculum Vitae .................................................................................. 120

Indexes Page IV

Table of tables

Table 1: Overview of selected carcinogens in cigarette smoke.........................................4 Table 2: Effects of BITC and PEITC on NNK and B[a]P-induce tumors in rodents......18 Table 3: Experimental design for animal study #1 ..........................................................22 Table 4: Experimental design for animal study #2 ..........................................................24 Table 5: Experimental design for animal study #3 ..........................................................26 Table 6: Experimental design for animal study #4 ..........................................................27 Table 7: HPLC Retention times of B[a]P TME isomers .................................................45 Table 8: Accuracy of the analysis of B[a]P tetraols by HPLC-FD method.....................48 Table 9: Accuracy of the analysis of B[a]P tetraols by GC-MS method.........................49 Table 10: Comparison of HPLC-FD, GC-N ICI-MS and LC-MS for the detection of BPDE-DNA adduct in different samples ..........................................................50 Table 11: Accuracy of the analysis of HPB-releasing adducts by GC-MS .......................52 Table 12: DNA adducts in lung of A/J mouse lung 24 h after 1, 4 or 8 weekly gavage treatments with NNK and B[a]P alone or in combination. ...............................57 Table 13: DNA adduct levels in lung of A/J mouse treated with NNK plus B[a]P and PEITC plus BITC by gavage.............................................................................63 Table 14: DNA adducts levels in lung of A/J mice treated with NNK plus B[ a]P by gavage and PEITC plus BITC in the diet..........................................................66 Table 15: DNA and globin adducts in F-344 rats treated with NNK plus B[ a]P and ITCs...................................................................................................................71 Table 16: HPB-releasing DNA adduct levels in esophagus of NNN treated F-344 rats ...73 Table 17: HPB-releasing DNA adducts in rat lung and liver ............................................80 Table 18: Inhibition of methylation by P450 specific antibodies......................................82

Indexes Page V

Table of figures

Figure 1: Mechanistic scheme of cancer initiation............................................................2 Figure 2: Metabolic activation of NNK and NNN and the formation of DNA and globin adducts. ............................................................................................7 Figure 3: Metabolic activation of B[a]P..........................................................................11 Figure 4: Conversion of glucosinolates to ITCs..............................................................15 Figure 5: Scheme of animal study #2..............................................................................24 Figure 6: Scheme of animal study #3..............................................................................26 Figure 7: Scheme of derivatization..................................................................................33 Figure 8: Outline B[a]P-tetraol HPLC-FD assay ............................................................34 Figure 9: Outline B[a]P TME assay by GC-NICI-MS....................................................37 Figure 10: Outline of HPB assay.......................................................................................41 Figure 11: Comparison of UV scans of trans/anti B[ a]P-tetraol, BPDE and pyrene...............................................................................................................43 Figure 12: HPLC chromatogram of enzyme digested BPDE-DNA..................................44 Figure 13: Comparison of UV scans of BPDE-3'-dGMP, [^2H_8]BPDE-3'-dGMP, and B[a]P-tetraol..............................................................................................44 Figure 14: GC-MS Chromatogram and mass spectrum of trans/anti B[a]P- TME standard...................................................................................................46 Figure 15: Fragmentation pattern of the B[a]P-TME derivatives.....................................47 Figure 16: GC-NICI-MS analysis of B[a]P-TME derivative............................................51 Figure 17: Linearity of HPB detected in aliquots calf thymus DNA solution spiked with various amounts of synthetic HPB. ..............................................53 Figure 18: Linearity of HPB detected in aliquots of hemoglobin solutions spiked with various amounts of HPB...............................................................54 Figure 19: GC-NICI-MS analysis of HPB-PFB derivatives. ............................................55 Figure 20: DNA adducts in mouse lung after gavage treatments of NNK and B[a]P alone or in combination.........................................................................58 Figure 21: HPB-releasing DNA adduct leve ls in A/J mice lung after gavage treatments of NNK plus B[a]P and mixtures of PEITC and BITC..................60

Indexes Page VI

Figure 22: O^6-mG adduct levels in A/J mice lung after 1, 4 or 8 weekly gavage treatments of NNK plus B[a]P and mixtures of PEITC and BITC..................61 Figure 23: B[a]P-tetraol releasing DNA adduct le vels in A/J mouse lung after gavage treatments of NNK plus B[ a]P and mixtures of PEITC and BITC ................................................................................................................62 Figure 24: DNA adduct levels in lung of A/J mice after gavage treatements with NNK plus B[ a]P and with or without dietary PEITC administrations.................................................................................................65 Figure 25: HPB-releasing and B[ a]P-tetraol-releasing DNA adduct levels in lung and liver of rats after tr eatment with NNK in the drinking water and B[a]P PEITC and/or BITC in the diet.............................................69 Figure 26: HPB-releasing-globin and B[ a]P-tetraol-releasing globin adduct levels in rats after treatmnent with NNK in the drinking water and B[a]P, PEITC and/or BITC in the diet.............................................................70 Figure 27: HPB-releasing adducts in es ophageal DNA of rats after treatment with NNN in drinking water and ITC or their conjugates in the diet ..............74 Figure 28: HPB-releasing hemoglobin adduct levels in rats after treatment with NNN in drinking water and ITC or their conjugates in the diet ......................74 Figure 29: Effects of dietary PEITC on different biologi cal endpoints in NNK carcinogenesis..................................................................................................85

Abbreviations Page VII

Abbreviations

AC, adenocarcinoma c.t.DNA, calf thymus DNA CV, Coefficient or variance EH, epoxide hydrolase ETS, environmental tobacco smoke HPLC-FD, high performance liquid chromatography-online fluorescence detection GC-NICI-MS, gas chromatography-negative ion chemical ionization-mass spectrometry i.p., intraperitoneal IARC, International Agency for Research on Cancer ITC, isothiocyanates LOD, limit of detection MN, microccal nuclease S7 MN/PDE II, mixture of microccal nuclease S7 plus phosphodiesterase II (1mg/ml each) NAC, N-acetylcysteine ND, not detected NER, nucleotide excision repair PDE II, phosphodiesterase II RBC, red blood cells RT, retention time SCC, squamous cell carcinoma s.c., subcutaneous ZD, zinc-deficient

Abbreviations Page VIII

Chemical names

7-mT, 7-Methylthymidine B[a]P, Benzo[a]pyrene B[a]P-7,8-oxide, (7R,8S)-eopxy-7,8-dihydrydroxybenzo[a]pyrene. B[a]P-1,8-diol,(7R,8S)-dihydroxy-7,8-dihydrobenzo[a]pyrene B[a]P-tetraol,7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene (all isomers) trans/anti B[a]P-tetraol, (7R,8S,9S,10R)-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene. trans/syn B[a]P-tetraol, (7R,8S,10R,9R)-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene. cis/anti B[a]P-tetraol, (7S,8R,9S,10R)-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene. cis/syn B[a]P-tetraol, (7S,8R,9R,10S)-tetrahydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene. B[a]P-TME (7R,8S,9S,10R)-tetramethoxy-7,8,9,10-tetrahydrobenzo[a]pyrene. anti-BPDE-(7R,8S)-dihydroxy-(9S,10R)-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene. BITC, benzyl isothiocyanate Diol, 4-(3-pyridyl)butane-1,4-diol HPB, 4-hydroxy-1-(3-pyridyl)-1-butanone (keto alcohol) Hydroxy acid, 4-hydroxy- acid Hydroxy aldehyde, 4-(3-pyridyl)-4-oxobutanal Keto acid, 4-(3-pyridyl)-4-oxobutyric acid Lactol, 5-(3-pyridyl)-2-hydroxytetrahydrofyran NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone. NNN, N-nitrosonornicotine NMBA, N-nitrosomethylbenzylalamine O^6-mG, O^6-methylguanine. PEITC, phenethyl isothiocyanate. PFBC, pentafluorobenzoyl chloride. PPITC, 3-phenlypropyl isothiocyanate

Zusammenfassung Page IX

Zusammenfassung

Der durch Rauchen hervorgerufene L ungenkrebs ist eine der häufigsten Krebserkrankungen. Während der 70er und 80er Jahr wurden vielfältige Bemühungen die Raucherquoten zu reduziern erfolgreich dur chgeführet. Im letzten Jahrzehnt sind die Raucherquoten jedoch unverändert, und es wird vermutet, dass die verbleibenden 25% der Bevölkerung nikotinabhänig sind und auch mit Nikotinersatzmittel (Nikotinkaugummi, Nikotinpflaster) das Rauchen nicht aufgeben können. Eine Alternative um die durch Lungenkrebs hervor gerufenen Sterberaten zu reduzieren, wäre die Anwendung von chemischen Mixturen, die das Krebsrisiko in Risikogruppen (z.B. Raucher und Ex-Rauchern) vermindern. Bevor solche Mixturen allerdings Anwendung finden können, muss die Wirksamkeit, Toxiz ität und die molekularen Wirkmechanismen der einzelnen aktiven Verbindungen verstanden sein.

4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), N-Nitrosonornicotine (NNN) und Benzo[ a]pyrene (B[ a]P) sind einige der carcinogensten Verbindungen im Zigarettenrauch und werden häufig als Testcar cinogene verwendet. Es wird heutzutage allgemein akzeptiert, dass die kovalente Bindung von Karzinogenen entweder direkt oder nach metabolischer Aktivierung einen entscheidenen Schritt in der Kanzinogenese darstellt. In Tierversuchen hat sich gezeigt , dass Isothiocyanate (ITC) effektiv die Krebsentstehung von NNK, NNN und/oder B[a]P hemmen können.

In der vorliegenden Arbeit wurde daher der Einfluss von verschiedenen ITCs auf die Adduktbildung von NNK, NNN und B[ a]P untersucht. Zu Beginn wurden HPLC-FD und GC-NICI-MS Methoden zur Bestimmung von DNA- und Proteinaddukten von NNK, NNN und B[ a]P im Labor etabliert. Diese Methoden wurden dann in verschiedenen Tierstudien angewendet.

Erstens wurde gezeigt, dass die Adduktbildungen von NNK und B[ a]P sich nicht gegenseitig beeinflussen. Die Werte von HPB-freilassenden, O^6-mG und B[ a]P-Tetraol-freilassenden Addukten waren gleich, unabhängig ob NNK und B[ a]P zusammen oder einzelnd verabreicht wurden. Die selben Be handlungen wurden dann verwendet, um den

Zusammenfassung Page X

Einfluss von verschidenen Mixturen von PE ITC und BITC auf die Adduktbildung in mit NNK und B[a]P behandelten Mäusen und Ratten zu untersuchen.

PEITC reduziertet die HPB-freilasse nden-DNA Adduktwerte um 40-50%. Dies war signifikant, wenn PEITC im Futter gemisc ht verabreicht wurde, jedoch nicht, wenn ITCs einmal in der Woche per orale Int ubation verabreicht wurden. Vorher wurde gezeigt, dass die verwendetet ITC Behandl ungen die Lungentumore um ebenfalls 40% reduziert. Die O^6-mG-Werte waren nur gering beeinf lusst durch die untersuchten ITC- Behandlung. B[ a]P-Tetraol-freilassenden Adduktwerte waren 120 Stunden nach der letzten Behandlung mit NNK plus B[ a]P reduziert. In der Rattenstudie wurde NNK im Trinkwasser und B[ a]P, PEITC und BITC im Futter vera breicht. PEICT reduzierte die HPB-freilassenden DNA Addukte um 50% in der Lunge und war wirkungslos in der Leber. Intressanterweise wurde eine Re duktion der HPB-freilassenden Adduktwerte in den Mäusebehandlungen nur dann beobachtet, wenn die Kontrollen einen Adduktwert von grösser als 1 fmol/μg DNA hatten. In den Ratten waren die reduzierten Adduktwerte in der Lunge ähnlich zu den Werten in de r Leber. Diese Beobachtungen lassen vermuten, dass in Mäusen und Ratten mindestens zw ei Aktivierungssysteme für NNK vorhanden sind. Das eine ist PEITC-sensitiv und verm utlich verantwortlich für die grösseren Adduktwerte und Tumorzahlen in der Lunge . Das andere ist PEITC-unsensitiv und verursacht vermutlich die nach PEITC Behandlung verbleibenden Adduktwerte und Tumore hervor.

In der letzten Tierstudie wurden der Einfluss von PEITC, PPITC und ihren NAC- Konjugaten auf HPB-freilassende DNA- und Globinaddukte von NNN in der Ratte untersucht. Keine der untersuchten Behandl ungen hatte einen Einfluss auf die Bildung von Addukten, auch wenn vorher gezeigt wu rde, dass die verwendeten Behandlungen eine starke Reduzierung von Speiseröhren tumoren bewirkt. Die Ergebnisse haben gezeigt, dass die Verminderung von DNA Addukten nur teilweise den krebsvorbeugende Mechanismus von ITCs darstellt und andere Mechanismen ebenfalls beteiligt sind. Neuere Erkenntnisse lassen vermuten, dass die Aktivierung von Apoptosis — programmierter Zelltod — möglicherweise für die krebsvorbeugende Wirkung von ITCs verantwortich ist. Dies muss jedoch durch zusätzliche Studien bewiesen werden.

Summary Page XI

Summary

Lung cancer, mainly caused by tobacco smoke, is the leading cause of cancer mortality. Large efforts in prevention and cessation have reduced smoking rates in the U.S. and other countries. Nevertheless, since 1990, rates have remained constant and it is believed that most of those currently sm oking (~25%) are addicted to nicotine, and therefore are unable to stop smoking. An alternative strategy to reduce lung cancer mortality is the development of chemopreventive mixtures used to reduce cancer risk. Before entering clinical trails, it is cruc ial to know the efficacy, toxicity and the molecular mechanism by which the active compounds prevent carcinogenesis.

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), N-nitrosonornicotine (NNN) and benzo[ a]pyrene (B[ a]P) are among the most carcinogenic compounds in tobacco smoke. All have been widely used as model carcinogens and their tumorigenic activities are well established. It is believed that formation of DNA adducts is a crucial step in carcinogenesis. NNK and NNN fo rm 4-hydroxy-1-(3-pyridyl)-1-butanone releasing and methylating adducts, while B[ a]P forms B[ a]P-tetraol-releasing adducts. Different isothiocyanates (ITCs) are able to prevent NNK-, NNN- or B[a ]P-induced tumor formation, but relative little is know about the mechanism of these preventive effects. In this thesis, the influence of different ITCs on adduct formation from NNK plus B[a]P and NNN were evaluated.

Using an A/J mouse lung tumor model, it was first shown that the formation of HPB-releasing, O^6-mG and B[a]P-tetraol-releasing adducts were not affected when NNK and B[ a]P were given individually or in comb ination, of by gavage. Using the same model, the effects of different mixtures of PEITC and BITC, given by gavage or in the diet, on DNA adduct formation were evalua ted. Dietary treatment with phenethyl isothiocyanate (PEITC) or PEITC plus benzyl isothiocyanate (BITC) reduced levels of HPB-releasing adducts by 40–50%. This is c onsistent with a previously shown 40% inhibition of tumor multiplicity for the same treatment. In the gavage treatments with ITCs it seemed that PEITC reduced HPB-releasing DNA adducts, while levels of BITC counteracted these effects. Levels of O^6-mG were minimally affected by any of the treatments. Levels of B[ a]P-tetraol releasing adducts were reduced by gavaged PEITC

Summary Page XII

and BITC, 120 h after the last carcinogen treatment, while dietary treatment had no effects. We then extended our investiga tion to F-344 rats by using a similar ITC treatment protocol as in the mouse mode l. NNK was given in the drinking water and B[a]P in diet. Dietary PEITC reduced the formation of HPB-releasing globin and DNA adducts in lung but not in liver, while levels of B[ a]P-tetraol-releasing adducts were unaffected. Additionally, the effects of PEIT C, 3-phenlypropyl isothiocyanate, and their N-acetylcystein conjugates in diet on a dducts from NNN in drinking water were evaluated in rat esophageal DNA and globi n. Using a protocol known to inhibit NNNinduced esophageal tumorigenesis, the levels of HPB-releasing adduct levels were unaffected by the ITCs treatment.

The observations that dietary PEITC inhi bited the formation of HPB-releasing DNA adducts only in mice where the contro l levels were above 1 fmol/μg DNA and adduct levels in rat lung were reduced to levels seen in liver, lead to the conclusion that in mice and rats, there are at least two activa tion pathway of NNK. One is PEITC-sensitive and responsible for the high adduct levels in lung and presumably also for higher carcinogenicity of NNK in lung. The other is PEITC-insensitive and responsible for the remaining adduct levels and tumorigenicity.

In conclusion, our results demonstrated that the preventive mechanism by which ITCs inhibit carcinogenesis is only in part due to inhibition of DNA adduct formation and that other mechanisms are involved. There is a large body of evidence indicating that induction of apoptosis may be a mechanism by which ITCs prevent tumor formation, but further studies are required.

1 Introduction

Cancer, a long known deadly disease, is still the most challenging disease in medical research. It is characterized by th e uncontrolled growth and spread of abnormal cells. Scientists widely accept that multiple changes in DNA modifying gene expression are responsible for tumor development (1,2). These genetic modifications are caused by biological, physiological or chemical fact ors of endogenous or exogenous origin. As early as 1875, observation of high incidences of skin cancer in chimney sweeps (3) and tar distillery workers (4) suggested that occupational exposure may be responsible for tumor development. In the 1930’s Kenneway identified B[ a]P as the major carcinogenic compound in coal tar (5) and set the stage for chemical carcinogenesis. Since then, epidemiological studies, in combination with modern analytic techniques on environmental and occupational exposures, have identified a variety of chemical carcinogens. Prominent examples include the link between tobacco smoke and lung cancer (6,7), 4-aminobiphenyl and bladder cancer (8) and aflatoxin and liver cancer (9). Studies in animal models revealed that many chemical carcinogens require metabolic activation to exhibit their carcinogenic potential (Figure 1). Chemically the first step in cancer initiation is the covalent binding of a carcinogen or its activated metabolites to DNA, forming adducts (10,11). In in vitro and in vivo experiments, DNA adducts cause mutations during DNA replication or mismatch repair when not repaired in time (12-14). Most mutations are silent, but when they cause a change in the amino acid sequence in an essential gene, the cell may undergo apoptosis — programmed cell death. Mutations that occur in a critical region of a cancer related gene however can activate oncogenes or deactivate the tumor suppressor genes. Multiple ev ents of this type lead to aberrant loss of cell control and ultimately to cancer. Studies on tumor tissues revealed clearly that the formation of mutations is a critical step in tumor development. High mutation frequencies in specific genes were identified (15,16). Based on these observations, it is widely accepted that chemical carcinogens initiate and promote cancer through adduct formation leading to mutation (Figure 1). The accumulation of mutations can lead to aberrant cells with loss of normal growth control and may cause cancer (12).

During the last two decades, methods were developed to measure carcinogen metabolites and carcinogen DNA and protein adducts in animals and humans. The analysis of carcinogen adducts or metabolite s in urine, blood or tissues represent biological endpoints. Markers for these endpoints — biomarkers — are useful tools in the analysis of metabolic activation and detoxi fication of carcinogens. The analysis of DNA adducts in vivo represents a biological endpoint that accounts for absorption, metabolic activation and detoxification, and DNA re pair. DNA adduct measurement provides important information on mechanisms of carcinogenesis. Animal studies give insights on the relationship of carcinogen exposure, DNA adduct formation and carcinogenesis. This knowledge can potentially be used to identify populations or subjects that are at higher risk for cancer induced by a specific carci nogen. Furthermore, differences in race, polymorphism, gender or lifestyles that may increase cancer susceptibility can be identified and preventive measures can be applied.

Activation

Detoxification

(excretion)

DNA repair

Mutation Cancer

Apoptosis

Exposure

DNA adducts

Figure 1: Mechanistic scheme of cancer initiation.

1.1 Lung and Esophageal cancer

Lung cancer is the leading cause of avoidable cancer death. The five year survival rate of lung cancer is 15%. This is much lower than that of other major cancers such as colon (61%), breast (86%) or prostate (96%) (17). It is estimated that in the United States, more than 155,000 people will die of lung cancer in 2002 (17). Epidemiological studies clearly identify tobacco usage as the main cause for lung cancer and cancers in the upper aero-digestive tract. Compared to lifelong never-smokers, the lung cancer mortality rate is about 22 times higher for male and 12 times higher for female smokers (18). The risk of lung cancer reduces after smoking cessation, however not during the first 5 years and never to that of a lifetime never smoker ( 19). In addition, exposure to environmental tobacco smoke is a widely accepted cause of lung cancer, although the risk is much lower and it is difficult to assess (20,21). The relative risk of lung cancer for non-smokers living with a smoking spouse or family member is 20% higher than that of those not exposed to ETS at home (20).

Esophageal cancer has received considerab le attention because over the past 20 years, the number of new cases has tripled (22). In contrast to lung cancer, where tobacco usage has been clearly identified as th e main cause, the etiology of esophageal carcinogenesis is as not as clear. Risk fact ors for esophageal cancer are tobacco, alcohol, salt-pickled, salt-cured and moldy foods, N-nitrosamines carcinogens (from multiple sources), vitamins (A, C, E, etc.) and trace mineral (zinc, selenium) deficiencies, hot beverages, fungal invasion of esophageal tissu es, human papiloma virus infections or heritable susceptibility genes (reviewed in ( 23,24)). In U.S. and Europe, the strongest etiology factors appear to be smoking and alcohol consumption. Since the five-year survival rate is only ~14%, understanding the m echanism is in crucial (25). In a widely used rat esophagus tumor model, several as ymmetric nitrosamines were found to be strong inducers of esophageal tumors (26).

1.2 Chemical carcinogens in tobacco smoke

Cigarette smoke is composed of a vapor phase and a particle phase. The vapor phase accounts for about 95% of smoke is made up mainly of nitrogen, oxygene, and carbon dioxide (27). Over sixty carcinogens in cigarette smoke have shown “sufficient evidence for carcinogenicity” in animals or humans as determined by the International Agency for Research on Cancer (IARC) (summarized in (28)). Other carcinogens not evaluated by IACR with respect to their carci nogenicity may also be present. Table 1 shows a selected overview of compound cla sses in cigarette smoke and approximate levels of some single compounds classified as carcinogens. N-Nitrosamines and polycyclic aromatic hydrocarbons (PAH) are among the classes of compounds that show the strongest carcinogenic potential in tobacco smoke (29). The ratio of adenocarcinoma (AC) to squamous cell carcinomas (SSC) of the lung in smokers has been increasing over the past three decades correspondingly to the change in the composition o cigarettes (30). The increase in NNK, which induces AC, and the decrease in B[a]P, which induces SCC, may account in part for the increased ratio.

Table 1: Overview of selected carcinogens in cigarette smoke Compound class/compound In mainstream smoke [ng/cigarette] Polycyclic aromatic hydrocarbons (10)^a Benzo[a]pyrene (B[a]P) 20-40 Heterocyclic amines (6) N-Nitrosamines (10) N-Nitrosonornicotine (NNN) 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)

120-3700 80-770

Aromatic amines (13) Aldehydes (2) Phenolic compounds (3) Volatile hydrocarbons (3) Miscellaneous organic compounds (10) Inorganic compounds (9) a Number in bracket indicates number of co mpounds classified as carcinogenic by IARC (28).

1.3 Tobacco-specific N-nitrosamines

Extensive studies demonstrate that tob acco-alkaloid-derived nitrosamines, called tobacco-specific N-nitrosamines, are present in substa ntial quantities in tobacco, tobacco smoke, and smokeless tobacco (reviewed in (28)). Among these, 4-(methylnitrosamino)- 1-(3-pyridyl)-1-butanone (NNK) is a poten t lung carcinogen in all models studied. NNK induces mainly adenomas and adenocarcinom as in lung, independent of the route of administration (31). NNK is rapidly reduced to NNAL and its presents in human urine, free or as glucuronide-conjugate, has been us ed as valuable biomarker for exposure to NNK as representative of tobacco smoke (32-34) . This metabolite has been determine in variety of studies demonstrating that not only smoker are exposed to NNK, but individuals exposed ETS at the work place and at home (33,35-37). While it is unlikely that a single carcinogen or group of carcinogen are responsible for a specific cancer data suggest that NNK and NNN are responsible of the lung, oral cavity, esophagus and pancreas (38).

1.3.1 Metabolic activation of NNK

NNK can be metabolized via the follo wing five pathways: carbonyl reduction, pyridine oxidation, -hydroxylation (hydroxylation of the carbons adjacent to the Nnitroso group), denitrosation and formation of ADP adducts. The major pathway of NNK activation to DNA adducts is via -hydroxylation. -Hydroxylation of NNK at the methyl carbon produces -hydroxymethyl-NNK, which is stable enough to undergo glucuronidation (39). The formation of this glucuronide could either serve as a detoxification pathway or provide a stable transport form of the -hydroxylated metabolite. -Hydroxmethyl-NNK spontaneously loses formaldehyde producing a pyridyloxobutyldiazohydroxide, which reacts with DNA and proteins (Figure 2, (40)). O^6-Pyridyloxobutyl-deoxyguanosine ( O^6-POB-dG), one of the DNA adducts formed in this reaction, is highly mutagenic in Esch erichia coli strain DH10B and human kidney cells (41). Other adducts formed by this pathway are still under investigation and different structures have been proposed (40). In vivo and in vitro studies have shown that the major DNA adduct formed by this pathway, accounting for about 50% of the bound material, releases HPB upon acid or neutra l hydrolysis, but not under base hydrolysis. (42-47).

-Hydroxylation at the methylene carbon yields -methylenehydroxy-NNK, which spontaneously produces methan ediazohydroxide and a keto aldehyde. Methanediazohydroxide reacts with DNA to form 7-methylguanine (7-mG), O^6-methylguanine ( O^6-mG), and O^4-methylthymidine adducts. Animals studies have clearly revealed a correlation between met hylating or pyridyloxobutylating adducts and lung tumorigenesis by NNK (42,48,49).

Since the first detection of O^6-mG and 7-mG in the liver and lung of NNK treated F-344 rats (50), there has been substantia l research on the occurrence and biological significance of methyl and pyridyloxobutyl (H PB-releasing) adducts derived from NNK. Adduct measurements provide important information on the mechanism of NNK-induced carcinogenesis. With a few exceptions, adduct fo rmation occurs mainly in target tissues of NNK carcinogenesis: lung, nasal mucosa, and liver (31).

In mice, lung tumors are induced rapi dly by a single dose of 10 μmol NNK (51). This model was used extensively to examine molecular mechanism as well as the effects of chemopreventive agents. Levels of 7-mG are greater than O^6-mG and both are higher than HPB-releasing adducts (42). Methylating adduct levels peak 4 h after injection of 10 μmol NNK, while HPB-releasing adduct levels are highest at 24 h (43). It is proposed that multiple cytrochrome P450s are involved in the -hydroxylation of NNK, causing different kinetics of DNA met hylation and pyridyloxobutylation (31). The importance of methylating adducts in mouse lung tumorigene sis was shown by Peterson et al. (43). The levels of O^6-mG correlated strongly with tumor multiplicity, independent of the source of methylating agents. Additionally, GC-TA transition mutations in K- ras oncogene observed in NNK-induced lung tumors are consistent with the importance of O^6-mG (52).

Introduction and Hypothesis Page 7

Figure 2: Metabolic activation of NNK and NNN and the formation of DNA and globin adducts.

N N O HO N

N N N CH_2OH O O

N

O N NOH

N N N CH_3 OH

O O

N N N CH_3 O O

NNK

H_3CN NOH

DNA

N N N O NNN

DNA

H OH

N OH O

HPB

7-mG, O^6-mG, O^4-mT

pyridyloxobutyl adduct (HPB-releasing adduct)

Protein

1.3.2 Metabolic activation of NNN

The metabolism of NNN follows three t ypes of reactions: pyridine N-oxidation producing NNN-N-oxide, -hydroxylation, and formation of norcotinine. NNN- N-oxide is a detoxification product. NNN- N-oxide is observed in rat liver at substantial amounts, while in extahepatic tissues, its formation is limited or non-existent (53-56). In rats, NNN-N-oxide formation accounts for 7-11% of NNN metabolites excreted in urine (57,58). In human liver microsome preparations, NNN- N-oxide formation has not been observed (59,60).

Similar to NNK, the major activ ation pathway of NNN is through - hydroxylation. -Hydroxylation of NNN at the 2'- carbon produces 2'-hydroxy-NNN that spontaneously loses HONO yielding myosmine, or ring-opens to produce 4-(3-pyridyl)- 4-oxobutane 1-diazohydroxide (Figure 2). This is the same intermediate formed upon - methyl hydroxylation of NNK (61,62). The me tabolites ultimately formed by this pathway are HPB (keto alcohol), 4-(3-pyridyl)butane-1,4-diol (diol), and 4-(3-pyridyl)-4- oxobutyric acid (keto acid). The sum of these metabolites has been used to quantify the extent of 2'-hydroxylation (55,56,63-66). This common pathway in NNK and NNN metabolism apparently leads to the same a dducts with DNA and globin as formed from NNK (44,64,67,68). Adduct formation from NNN has only been observed by this pathway.

-Hydroxylation at the 5'-carbon leads to 5'-hydroxy-NNN, which spontaneously ring-opens to form 1-(3-pyridyl)-4-oxobutan e 1-diazohydroxide (62,69). This reacts with H_2O producing 4-(3-pyridyl)-4-oxobutanal (hydr oxy aldehyde) that cyclizes to 5-(3- pyridyl)-2-hydroxytetrahydrofyran (lactol). Adduc ts from this pathway have not been identified. Whether 5'-hydroxylation is an ac tivation or detoxification pathway is not clear.

In rat liver microsomes, 2'- and 5' -hydroxylation are dependent on NADPH, inhibited by CO, and is inducible or inhibitable by pretreatment with 3- methylcholanthrene, phenobarbital, and Arcolor (62,70,71). P450s appear to be the major catalysts of NNN -hydroxylation in rat esophagus and nasal mucosa (63,71). The ratio of 2' versus 5'-hydroxylation is typically 2-4 in esophagus, the target tissue of NNN carcinogenesis, while in liver, a non-target tissue, the ratio is 0.2-1.4 (55,66,71). Hydroxy acid and keto acid are the major urinary metabolites of -hydroxylation of NNN in rats accounting for 40% and 25% of the total dose, respectively (58,72).

-hydroxylation (hydroxylation at the 4' or 5' carbon) has been reported as a minor pathway in rat hepatic microsomes (54).

In vivo, NNN causes HPB-releasing DNA adducts in rat lung, liver (44,45), and nasal mucosa (67). In binding studies other adducts have been observed in several rat tissues, but were not identified (44,45,73). In contrast to NNK, NNN does not form methylating adducts (e.g., O^6-mG) (74).

NNN binds in vivo to nasal mucosa proteins to a greater extent than that of liver protein (75). This is consistent with the hi gher activity of rat nasal mucosa for metabolic activation of NNN (63). HPB-releasing adducts, presumably products of 2'-hydroxylation of NNN, are among the hemoglobin adducts formed in NNN treated rats (68). The formation of HPB-releasing globin adducts upon NNN treatment is about 16% that of NNK. HPB-releasing DNA and hemoglobin a dducts are good markers for exposure and presumably for metabolic activation via 2'-hydroxylation of NNN in animal models. HPB-releasing adducts have been found in hemoglobin of smokers and snuff dippers, and may be formed by NNK, NNN, or both (76).

When given to F-344 rats, NNN causes tumors mainly in esophagus and nasal cavity (66,77,78). Esophagus is the main target tissue when NNN is given in drinking water, while when injected or given by gava ge, nasal mucosa is targeted (77,78). Only limited dose-response data are available. Stoner et al. (72) found a 71% tumor incidence in esophagus with 5 ppm NNN in drinking wate r, a dose that is much lower than the lowest dose of 0.8-1 mmol/kg tested previ ously (66,79). This suggests that NNN is a much stronger esophageal carcinogen as predic ted from earlier studies with higher doses of NNN.

1.4 B[ a]P, a polycyclic aromatic hydrocarbon

1.4.1 Metabolic activation of B[ a]P

PAH are ubiquitous environmental po llutants derived from incomplete combustion of organic materials a nd are present in tobacco smoke. B[ a]P is by far the most extensively studied PAH. The peri od between 1950-1990 witnessed a profusion of research on the mechanism by which B[ a]P is metabolically activated (80-86). Numerous theories were proposed and ultim ately discarded, but one has withstood the tests of time and experimentation; this is outlined in Figure 1. B[ a]P is metabolically activated via a three-step process (Figur e 3). First, cytochromes P450 catalyze the formation of (7 R,8S)-epoxy-7,8-dihydrobenzo[a]pyrene (BaP-7,8-oxide). This is converted to (7 R,8R)-dihydroxy-7,8-dihydrobenzo[a]pyrene (BaP-7,8-diol), and catalyzed by epoxide hydrolase. B[ a]P-7,8-diol then undergoe s another oxidation step, catalyzed by cytochromes P450 and other enzymes, producing mainly (7 R,8S)- dihydroxy-(9S,10R)-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE). Among the four possible 7,8-diol-9,10-epoxide isomers of B[ a]P, BPDE is formed to the greatest extent in mammalian systems examined to date, and has high tumorigenic activity in murine models (87). BPDE reacts with DNA producing a major adduct at the N^2-position of deoxyguanosine (BPDE-N^2-dG). Convincing evidence clearly documents the presence of this adduct in target tissues of animals treated with B[ a]P (88). The mutagenicity of BPDE-N^2-dG and its effects on DNA conformati on have also been conclusively demonstrated (13,14,89). While other path ways of metabolic activation of B[ a]P have been proposed, evidence for the production of the relevant DNA adducts in vivo is less persuasive (90).

Figure 3: Metabolic activation of B[a]P.

O O

HO OH

HO OH

O

O

OH HO

OH HO

HO OH

O OH OH

DNA or protein

OH

O•

anti-BPDE glutathione conjugates

glucuronides

glutathione conjugates

3

1 12 2

4 8 9 10 11

5 6 7

7 8 9 10

4 5

10 9

1,6-quinone 3,6-quinone 6,12-quinone

6

6

trans/anti BPDE-N^2dG adducts or protein adducts syn-BPDE

H HO OH

OH HO

trans/anti B[a]P-tetraol

1.4.2 Methodology of BDPE adduct measurement

During the past 20 years, various techni ques have been used to measure PAH- DNA adducts in human tissues. The most common among these are ^{32}P-postlabeling and immunoassays (91,92) and reviewed in refere nce (93) Studies using these techniques have increased our knowledge of carcinogen- DNA adduct formation in different settings where PAH exposure occurs. An advantage of ^{32}P-postlabeling is its sensitivity, with limits of detection (LOD) as low as 1 adduct/ 10^{10} nucleotides when analyzing 12 μg DNA (94). Immunoassays are notable for thei r relative operational simplicity and are amenable to analysis of multiple samples. However, neither ^{32}P-postlabeling nor immunochemical methods are generally se lective enough to identify specific BPDE- DNA adducts. It is well established that antibodies against BPDE-DNA adducts cross react with other PAH-DNA adducts. Thus, th ese studies cannot provide information specifically on BPDE-DNA adducts (95). ^{32}P-Postlabelling typically detects a mixture of adducts most commonly recognized as a “d iagonal radioactive zone” on thin layer chromatography (TLC) plates. These are ofte n referred to as “aromatic DNA adducts” or “hydrophobic DNA adducts”, and most likel y include BPDE-DNA adducts. Several studies have attempted to quantif y one of the TLC spots as BPDE- N^2-dG, but the results are not convincing, as this spot could well contain other material (96,97). In one study, a correlation has been noted between the le vels of this adduct as measured by ^{32}Ppostlabeling and the more specific high perf ormance liquid chromatography-fluorescence detection (HPLC-FD) method, which may support its identity (98). Generally, ^{32}Ppostlabeling with either TLC or HPLC as se paration systems, does not provide either qualitative or quantitative data on BPDE- N^2-dG in human tissue DNA. Studies of PAH- DNA adducts using ^{32}P-postlabeling and immunoassays have been reviewed (93,99).

Acid hydrolysis of BPDE- N^2-dG or BPDE-protein adducts produces B[ a]Ptetraols as illustrated in Figure 3. The isomer shown is the major one detected in studies to date. Most measure BPDE-DNA or protein adducts as released B[ a]P-tetraols. Early attempts were made to measure B[ a]P-tetraols released from human DNA using synchronous fluorescence spectroscopy (SFS), but there are interferences by other PAH- DNA adducts (100,101). However, when SFS is combined with immunoaffinity chromatography (IAC) and HPLC, the specifi city of the method is improved, although quantitation is still uncertain (96,102-107). The most robust and quantitative methods for measurement of released B[ a]P-tetraols are HPLC-FD, HPLC-laser fluorescence detection (HPLC-LFD), and gas chromat ography-mass spectrometry (GC-MS). The released BP-tetraols are detected directly with an online fluorescence detector (108), or are converted to either methoxyl (B[ a]P-TME) or trimethylsilyl (B[a]P-TMS) derivatives prior to analysis by GC-MS (109,110). The GC -MS techniques generally use deuterated internal standards for quantitation. Due to the detection of the molecular ion, these techniques are more selective than the fluorescence methods, but they are also more timeconsuming.

1.5 Prevention

The magnitude of the cancer problem and the nature of conventional therapies such as surgery, radiation and chemotherapy, produced new approaches to control cancer incidence. First, reduction of exposure in occupational and environmental settings has been implicated over the last decades and is expected to reduce cancer incidence in these settings. Studies on occupationally exposed s ubjects have shown that the reduction of B[a]P in ambient air by 40% reduces DNA adduct levels in WBC (111,112). Recently, pharmacological approaches using drugs or micronutrients to reduce cancer risk, and to reverse the process of carcinogenesis, have become popular (reviewed in (113-115)). In the last two of decades may chemopreventive agents have been identified that inhibit carcinogenesis in animal models. Three recent publications demonstrated that this is a serious and practical approach. Tamoxifen (116,117) and raloxofene (118) were shown to be effective in preventing breast cancer in woman at various degrees of risk. The importance of these studies for the future of chemoprevention was that they used a rational approach, by using agents where th e molecular effects were well understood. Another rational approach showed that retinol is effective in preventing skin squamous cell carcinoma (SCC), however no effects were observed on advanced SCCs (119)nor did it prevent basal cell carcinoma of the skin. (120).

In contrast, several lung prevention trials with -carotene/vitamin A (121) unfortunately had no preventive effects and cancer incidences were even increased by - carotene and vitamin A treatments (122). This failure is perhaps a good example of what can result when putative chemopreventive agents are entered into clinical trails before adequate mechanistic evidence and animal data are available. In regard to lung cancer, vitamin B_{12} plus folic acid (123), fenretinide ( 124), isotretinoin (119), and etretinate (125) had no effect on cancer incidence. Thus, it is essential to realize that epidemiological data alone do not provide a sufficient basis for the selection of new chemopreventive agents. Therefore, m echanistic studies involving potential chemopreventive agents are in strong demand.

1.5.1 Lung cancer prevention

As mentioned above, smoking accounts for about 87% of all lung cancer cases (17). While efforts in smoking cessation and prevention have reduced smoking rates in the U.S. and other countri es beginning in the mid-20^{th} century, smoking prevalence has not changed since 1990 (17). Approximately 25% of the adult population in the U.S. currently smokes (126). It is believed that this persistence of smoking is due to nicotine addiction (29). Cessation may be impossible for the nicotine-addicted smokers, as is shown by the low rates (30% after one year) of successful quitting, even when a nicotinepatch and counseling is applied (127).

An alternative approach to reduce cancer mortality in smokers and ex-smokers may be the development of chemopreventive mixtures that inhibit tobacco-induced lung carcinogenesis. The development of such mixt ures is based on epidemiological studies that consistently demonstrate that high vegetable intake reduces the risk for cancers of the lung, mouth, pharynx, stomach, and esopha gus (128). The consumption of Brassica vegetables has been shown to be preventive against lung cancer in two out of two cohort studies and nine out of nine case-control st udies (129). These observations lead to the hypothesis that there are chemopreventive agents present in vegetables. Intensive work identified isothiocyanates (ITC) as a cla ss of compounds that remarkably reduce lung carcinogenesis in animal models (Table 2, (130 )). ITC occur naturally in vegetables of the family Cruciferae , such as broccoli, brussel sprouts, cauliflower, watercress, horseradish, turnip, and mustard (131). Recently, three epideminologic studies demonstrated protective effects of ITCs against lung cancer (132-134).

1.5.2 The origin of ITC

ITC occur in plants as glucosinolates (thioglucoside conjugates). Thus far, over one hundred glucosinolates have been id entified which occur predominantly in vegetables of the family Cruciferae (131). Vegetables of the genus Brassica represent the main source of glucosinolates in the hum an diet. All glucosinolates share a common structure containing a –D-thioglucose group, a sulfonated oxime moiety and a side chain R (R= alkyl, alkenyl, arylalkyl, alkylthioalkyl, -hydroxyalkyl or indolylmethyl).

The enzyme myrosinase (thioglucoside glucohydrolase, EC 3.2.3.1) catalyses the hydrolysis of glucosinolates. Myrosinase is found in the same plant cells but in a separate compartment. Food processing, cutting, and esp ecially chewing mix the myrosinase and glucosinolates and hydrolysis takes place. Myro sinase activity is also present in some intestinal microflora. The myrosinase-catalyzed hydrolysis of the glucosinolate S-sugar bond leads to an unstable thiohydroxamic acid, which undergoes a Lossen rearrangement, yielding the ITC. Depending on the R group a nd the conditions, other products such as nitriles, thiocyanates, or alcohols may also form.

ß-D-glucose S N R O SO_3 K

SH N R O SO_3 K

R N C S

Myrosinase

H_2O -glucose - KHSO_4

Figure 4: Conversion of glucosinolates to ITCs

1.6 Animal models for carcinogenesis

The tobacco-specific N-nitrosamine NNK and the polycyclic aromatic hydrocarbon B[a]P are believed to be two of the mo st important carcinogens in tobacco smoke. Therefore, NNK and B[ a]P are widely used as model carcinogens (Table 2, reviewed in (31)) for the development of chemopreventive agents (reviewed in (130)).

A wide variety of compounds or mixtures has been tested for their potencies to prevent NNK-induced lung tumorigenesis (review ed in (31)). For example; while some ITCs (135), green and black tea (136), caffeine (137), sulindac (138), ibuprofen (139) and aspirin (140) had preventive effects, oltipraz (141), -carotene and retinol (142) and some ITCs (135) had no effect. Among the compounds tested so far, ITC administrated before NNK treatment were the most potent inhib itors. Studies showed that phenethyl isothiocyanate (PEITC) significantly reduced lung tumor incidence and multiplicity in A/J mice and F-344 rats treated with NNK ( 143), but not in animals treated with B[ a]P (144). Benzyl isothiocyanate (BITC), on th e other hand, reduced the formation of lung tumors in A/J mice treated with B[ a]P (145), but had no e ffect on NNK-induced lung tumorigenesis (Table 2) (146),(147).

While early studies mostly used single carcinogen treatments, our group recently established an A/J mouse lung tumor model using NNK plus B[a]P as carcinogens (148). In the initial model, mice were treated with a mixture of NNK plus B[ a]P (3 mol each) by gavage once weekly for eight weeks. Nineteen weeks after the last carcinogen treatment, the mice were sacrificed and lung tumors counted. This protocol typically results in 20-25 lung tumors per mouse, a number that can be readily increased or decreased depending on study purposes. Using this model, the efficacy of mixtures of different chemopreventive compounds were evaluated (149,150). ITCs administrated by gavage 2 h prior to the carcinogens [BITC (9 mol) and PEITC (12 mol), or 12 mol of each], modestly but significantly inhib ited lung tumor multiplicity by 30-35%, while lower doses (9 or 6 mol of each) were ineffective, as were 6 mol of either compound given alone. The administration of the chemopr eventive agents in the diet (PEITC dose 3 mol/g plus BITC dose 1 mol/g diet) starting 1 week prior to the first carcinogen treatment significantly inhibited tumor multiplicity by 40%. This model has been successfully used to examine the effects of a variety of other chemopreventive agents (149,151,152).

In a widely used rat esophagus tumor model, several asymmetric nitrosamines were found to be strong inducers of esophageal tumors (26). Prominent among these is N-nitrosomethylbenzylalamine (NMBA), which is widely used as a model carcinogen. While NMBA is an excellent model carcinogen, its relevance to the human situation remains to be established. The tobacco-specific N-nitrosonornicotine (NNN), on the other hand, is a well-established esophageal carcinogen in rats, and human exposure through tobacco usage is well known (153-155). Stoner et al. revealed that chronic exposure to NNN via drinking water produces tumor inciden ces higher than expected from previous reports, and PPITC significantly inhibited the NNN-induced esophageal tumorigenesis (156). This is another suitable model to inve stigate the mechanism by which ITCs inhibit tumor development.

Table 2: Effects of BITC and PEITC on NNK and B[a]P-induce tumors in rodents.^a group Carcinogen Lung tumor multiplicity

Lung tumor incidence

Reference

A/J mouse^b Morse et al. 1989 none NNK 9.2 100% BITC NNK 10.4 100% PEITC NNK 3.3 93% F344 rats^c Hecht et al. 1996 none NNK 70% (143) PEITC NNK 5% A/J mouse^d Wattenberg 1987 none B[ a]P 15.5 (145) BITC (1 mg) B[a]P 7.4 BITC (2.5 mg) B[a]P 3.9 A/J mouse^e Lin et al. 1993 none B[ a]P 4.8 95% (144) PEITC B[a]P 4.0 90% BITC B[ a]P 2.6 80% A/J mouse^f Hecht et al. 2000 none NNK plus B[a]P

25.1 100% (135)

PEITC NNK plus B[a]P

14.0 100%

BITC NNK plus B[a]P

26.6 100%

PEITC plus BITC NNK plus B[a]P

16.8 100%

F344 rats^g Stoner et al. None NNN 1.57 71.4% (72) PPITC NNN 0.06 2.9% a Shown is a selection. For a comprehensive review of ITC see Hecht 2002 (130). b ITC (5 mol) were given daily by gavage for four days 2 h prior to intarperitoneal (i.p.) administration of NNK (10 mol). c PEITC was given in the diet (3 mol/ g diet), NNK (2 ppm) was given in drinking water. d ITCs were given by gavage 15 min prior to administration of B[a]P (6.7 mol). e ITCs were given by gavage (6.7 mol) 15 min prior to administration of B[a]P (7.9 mol) and NNK (7.9 mol) or B[a]P plus NNK (7.9 mol each) once every other week for a total of three treatments. f PEITC (3 mol/g diet) and BITC 1 μmol/g diet) were given in the diet, NNK plus B[a]P (3 mol each in 0.2 ml cottonseed oil) were given by gavage. g NNN was given in the drinking water (2ppm) and PPITC was given in the diet (2.5 μmol/g).

1.7 Goals and hypothesis

Our long-term goal is to develop mixtures of chemopreventive agents as inhibitors of lung cancer induced by car cinogens in tobacco smoke. Therefore, understanding the molecular mechanism of can cer induction and prevention is essential (114,115). Research has demonstrated the importance of DNA adduct formation in NNK and B[a]P-induced lung carcinogenesis (40). Furthermore, it is well established that ITCs effectively inhibit tumor formation by NNK plus B[ a]P (135). However, the effects of ITCs on DNA adducts from B[ a]P plus NNK treatments have not been evaluated. It is also well known that NNN, a potent esopha geal carcinogen, produces HPB-releasing DNA adducts (44,45,67), and ITCs are capable of inhibiting NNN-induced esophageal carcinogenesis (72).

We therefore hypothesize that the prev entive effects of ITCs and their Nacetylcystein conjugates (BITC, PEITC, PPITC, PEITC-NAC, and PPITC-NAC) are due to inhibition of DNA adduct formation. These effects are expected regardless of tissue (lung or liver) or species (mice or rats). To study this hypothesis, the following goals were set:

1. To detect DNA adducts of NNK and B[ a]P, methods will be established in our laboratory. We will focus on a GC-NICI-MS technique for the detection of NNKderived adducts and on HPLC-FD and GC -NICI-MS techniques for the specific analysis of B[a]P. This method will then be applied to animal studies.

2. The established methods will then be app lied to determine the effects of DNA adduct formation in A/J mouse lung when NNK and B[ a]P are given alone or in combination. This will guarantee that the eff ects observed in the later studies are due to ITCs and are not results of NNK on B[a]P or vice versa.

3. Using conditions identical to those in the tumor inhibition studies (135), the effects of PEITC and BITC (administered by gava ge or in the diet) on lung DNA adduct formation will be determined in mice treated with a mixture of NNK plus B[ a]P. Herein, we will apply HPLC-F D for the analysis of B[ a]P-tetraol-releasing DNA adducts, and HPB-releasing adducts of NNK will be analyzed by GC-NICI-MS. Coworkers will also determine the levels of O^6-mG by HPLC-FD. Altogether, these results will determine to what extent ITCs affect the formation of the analyzed adducts.

4. To assess the effects of PEITC and BITC in other species, we will extend our research to F-344 rats using the same treatment protocol as applied in the mouse dietary experiment. Moreover, NNK and B[ a]P adducts will be determined in lung and liver DNA as well as in globin. HPB-releasing and B[ a]P-tetraol adducts in lung and liver DNA as well as from globin will be determined by GC-NICI-MS. This will clarify whether the mechanism of preven tion by ITC of NNK-induced lung tumors is the same for mice and rats.

5. Our last goal will be to determine whether the inhibition of DNA adducts by ITC applies to other carcinogens. To achieve this, NNN will be used as a model carcinogen, and PEITC and PPITC as well as their NAC conjugates will be used as preventive agents. HPB-releasing DNA adduc ts in esophagus, the target tissue of NNN, and globin adducts will be analyzed in rats treated with NNN and PEITC and PPITC or their NAC conjugates. Treatment s will be adopted from a protocol known to cause sufficient number of tumors, as well as tumor inhibition (72).

2 Materials and Methods 2.1 Enzymes and Chemicals

B[a]P, PEITC, BITC and [^{13}C]methyl iodide were obtained from Aldrich Chemical Co. (Milwaukee, WI). NNK was synthesized (157). B[ a]P-tetraol standards were obtained from the National Cancer Institute Chemical Carcinogen Reference Standard Repository, Midwest Research Institute (Kansas City, MO). [^2H_8]B[a]P-tetraol was a generous gift from Assieh Melik ian, American Health Foundation. PFBC was obtained from Sigma Chemical Co. (St. Louis, MO). All other reagents and solvents were from Fischer Scientific (Hanover Park, Il). All reagents were OPTIMA or GC-Resolve grade. Coffee and cookies were purchased at the local grocery stores.

2.2 Animal experiments

Tissue samples were from four ongoing animal studies aimed at understanding molecular mechanisms of chemopreventiv e agents. All the animal handling and treatments at the University of Minnesota Ca ncer Center were done by P. Kenney in our laboratory (animal study #1- #3) or by laborat ory personnel of our collaborator G. Stoner at the Ohio State University (animal study #4). Treatment procedures were as follows.

Arrival and general handling of the animals

Female A/J mice were obtained at age 5-6 weeks from Jackson Laboratories (BarHabor, ME). They were housed under st andard conditions and maintained on an AIN-93G diet (Dyets, Bethlehem, PA). Male F-344 rats were obtained at age 8 weeks from Charles River, Wilmington, MA. They were housed under standard conditions and maintained on an NIH-07 diet (Dyets, Bethlehe m, PA). After arrival, all animals were allowed to acclimate to the animal facility for two weeks. Animals were house under standard conditions (22 ± 2°C, 40 ± 10% relative humidity) either 5 mice or 2 rats per cage, respectively (158).

2.2.1 DNA adduct formation in lungs of A/J mice treated with B[ a]P and NNK simultaneously. In the first animal study, our goal was to determine whether formation of DNA adduct levels in the lung were different when B[ a]P and NNK were given alone or simultaneously (see Table 3). One hundred a nd eight A/J mice, 5-6 weeks old, were divided into 4 treatment groups of 27 mice per group. All mice were treated weekly by gavage with either cottonseed oil (2 ml), NNK (3 μmol in 0.2 ml cottonseed oil), B[ a]P (3 μmol in 0.2 ml cottonseed oil) or NNK plus B[ a]P (3 μmol each in 0.2 ml cottonseed oil). After 1, 4 and 8 weeks, 9 mice from each group were sacrificed 24 h after the last carcinogen treatment. Lung tissues were harv ested from each group and divided into 3 pools of 3 lungs each. The tissues were fro zen in liquid nitrogen and stored at -80 C until DNA isolation.

Table 3: Experimental design for animal study #1

Group^a Number Carcinogens 1 27 3μmol NNK in 0.2 ml cottonseed oil 2 27 3μmol B[ a]P in 0.2 ml cottonseed oil 3 27 3μmol NNK plus 3μmol B[a]P in 0.2 ml cottonseed oil 4 27 0.2 ml cottonseed oil

a Nine mice from each group were sacrificed 24h after 1, 4 or 8 weekly carcinogen treatments, by gavage.

2.2.2 Effects of PEITC and BITC given by gavage or in the diet on adduct formation by NNK plus B[ a]P in A/J mouse lung. In the second animal study, we analyzed the effects of PEITC, BITC and PEITC plus BITC given by gavage or in the diet on the formation of DNA adducts derived from NNK plus B[ a]P in the lungs of A/J mice (see Fi gure 5, Table 4). A total of 378 A/J mice, 5-6 weeks old, were divided into 9 groups of 42 mice each. All mice were treated with NNK plus B[a]P by gavage (3 μmol each in 0.2 ml cottonseed oil). From each group 18 mice were given a single dose of NNK plus B[ a]P and 6 mice were sacrificed 4, 24 and 120 h later. Twelve mice per group were given 4 weekly treatments of NNK plus B[a]P and 6 mice were sacrificed 24 and 120 h later, and 12 mice were given 8 weekly treatments of NNK plus B[ a]P and 6 mice were sacrificed 24 and 120 h later. At sacrifice, lung tissues were harvested and 3 pools of 2 tissues each were stored at –80°C until DNA isolation. Of the nine groups, six tr eatments were gavage administration and three were dietary. In the gavage experime nts, treatments were as follows: group 1) 0.2 ml cottonseed oil 2h prior to carcinogen treatment; group 2) 6 μmol PEITC plus 3 μmol BITC in 0.2 ml cottonseed oil; group 3) 6 μmol PEITC plus 6 μmol BITC in 0.2 ml cottonseed oil; group 4) 9 μmol PEITC plus 9 μmol BITC in 0.2 ml cottonseed oil; group 5) 12 μmol PEITC plus 9 μmol BITC in 0.2 ml cottonseed oil; and group 6) 12 PEITC plus 12 μmol BITC in 0.2 ml cottonseed oil. In the dietary experiment, the ITC administration started one week prior to the carcinogens. The dietary additions were as follows: group 7) none; group 8) 3 μmol PEITC/ g diet; and group 9) 3 μmol PEITC plus 1 μmol BITC/ g diet. The diets were prepared monthly and stored at 4 °C.

Table 4: Experimental design for animal study #2 Group^a Number Carcinogens^b Isothiocyanates^c 1 42 NNK plus B[a]P None (cotton seed only) 2 42 NNK plus B[a]P 6 μmol PEITC plus 3 μmol BITC 3 42 NNK plus B[a]P 6 μmol PEITC plus 6 μmol BITC 4 42 NNK plus B[a]P 9 μmol PEITC plus 9 μmol BITC 5 42 NNK plus B[a]P 12 μmol PEITC plus 9 μmol BITC 6 42 NNK plus B[a]P 12 μmol PEITC plus 12 μmol BITC 7 42 NNK plus B[a]P None 8 42 NNK plus B[a]P 3 μmol PEITC/g diet 9 42 NNK plus B[a]P 3 μmol PEITC plus 1 μmol BITC/g diet a Each group consisted of 7 subgroups of 6 mice each differing in duration of carcinogen treatments, once a week for 1, 4 or 8 weeks a nd time of sacrifices at 4, 24 or 120 h after the last carcinogen treatment (see text for details). b NNK plus B[ a]P (3 mol each in 0.2 ml cotton seed o il) were given by gavage once a week. c ITC were given by gavage (groups 1-6) 2h pr ior to the carcinogen administration or in the diet (groups 7-9) starting 1 week pr ior the carcinogen administration at dosages indicated.

Sacrifice 6 mice for DNA adduct analysis.

NNK plus B[a]P (3μmol each) once weekly by gavage

ITC in diet

ITC mixtures by gavage 2 h prior to carcinogens weeks of treatment -1 0 1 2 3 4 5 6 7 8

4, 24, 120h 24,120h 24,120h

Figure 5: Scheme of animal study #2

2.2.3 Effects of PEITC and BITC on adduct formation by B[ a]P plus NNK in F-344 rats. In the third animal study, we studied the e ffects of PEITC, BITC and a mixture of PEITC and BITC on globin a nd DNA adduct formation from chronic exposure to NNK and B[a]P. F-344 rats were 10 weeks of age at the beginning of the carcinogen treatment. Forty-eight rats were divided into 4 groups (see Figure 6, Table 5). All rats were given NNK in the drinking water (2 ppm) and B[ a]P in the diet (2 ppm, 2 mg/kg diet) ad libitum. The groups receiving dietary ITC treat ment were placed on a special diet containing ITC one week prior to the carci nogen treatment. Dietary additions were as follows: group 1) none; group 2) 1 μmol BITC /g diet group; 3) 3 μmol PEITC /g diet; group 4) 1 μmol BITC plus 3 mol PEITC μmol/g diet. Starting 2 weeks after the first carcinogen treatment, every two weeks for 16 weeks, 4 rats from each group were randomly selected, and 0.5-1.0 ml blood was withdrawn from the orbital sinus. Blood was collected in tubes containing EDTA. The red blood cells (RBC) were pelleted by centrifugation, washed three times with 1 volume saline (0.9% NaCl) and stored at -80°C. Eight weeks after the first carci nogen administration, 6 rats were randomly selected and sacrificed. Sixteen weeks af ter the first carcinogen administration, the remaining rats were sacrificed. At the fina l sacrifice, approximately 5 ml of blood was drawn by cardiac puncture, and lung and liver ti ssues were harvested and stored at –80°C (Figure 6).

Table 5: Experimental design for animal study #3 Group Number Isothiocyanates^a Carcinogens^b 1 12 None NNK plus B[a]P 2 12 PEITC/diet NNK plus B[a]P 3 12 BITC/diet NNK plus B[a]P 4 12 PEICT plus BITC/diet NNK plus B[a]P a PEITC dose = 3μmol/g diet; BITC dose = 1 μmol/g diet). b NNK dose = 2 ppm in the drinking water, B[a]P dose = 2ppm in diet.

-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Sacrifice 6 rats for DNA adduct analysis

Blood collection from 4 rats for globin adduct analysis

NNK (in drinking water) plus B[a]P (in diet) Isothiocyanates (PEITC, BITC or BITC plus PEITC in diet) Time [weeks]

Figure 6: Scheme of animal study #3

2.2.4 Effects of PEITC and PPITC as well as their NAC conjugates on adduct formation by NNN in esophageal DNA and Hb of F-344 rats.

In collaboration with G. Stoner (Ohio State University), we compared the efficiencies of PEITC, PPITC and their N-acetylcysteine (NAC) conjugates on NNNinduced esophageal tumorigenesis using HP B-releasing Hb and DNA adducts as shortterm biomarkers. F-344 rats, 5 weeks old, we re divided into 6 treatment groups of 45 animals each. Group 1 was a control, neither treated with NNN nor with any ITCs. In Groups 2 – 6, NNN was given in drinking water (5 ppm) and the rats were placed on a diet containing 1.0 μmol PEITC, PEITC- NAC, PPITC or PPITC–NAC per g diet, respectively (Table 6). Blood was drawn by cardiac puncture prior to sacrifice and separated into plasma, WBC and RBC. At 4, 10 and 16 weeks, 15 rats from each group were sacrificed and the esophagi and RBC pelle ts were prepared and shipped on dry ice to our laboratory and stored at -80˚C until use.

Table 6: Experimental design for animal study #4

Group^a Number Carcinogen^b Isothiocyanates^a 1 45 None None 2 45 NNN None 3 45 NNN PEITC 4 45 NNN PEITC-NAC 5 45 NNN PPITC 6 45 NNN PPITC-NAC a NNN dose = 5ppm in drinking water. b ITCs or conjugates dose = 1.0 μmol/g diet

2.3 Collection and handling of specimens

2.3.1 Preparation of hemoglobin from RBC

Hemoglobin was isolated from RBC via a standard method. In brief, the RBC samples were lysed by adding 1 volume H_2O and kept on ice for 10 min, followed by adding 1 volume 0.67 M NaH_2PO_{4,} pH 6.5, to make a final concentration of 0.2 M. Samples were than transferred to 50 ml centrifuge tubes (Nalgene 3119-0050) and centrifuged at 25,000g for 30 min at 4°C (Sor vall centrifuge). The Hb solution was transferred into a dialysis tube (Spect ra/Por, MW cutoff 15.000) and the cell debris (pellet) was discarded. Hb solutions were dialyzed at 4 C against 20 volumes H_2O for 3h. Water was changed every hour. Dialyzed Hb solution was transferred to 50 disposable centrifuge tubes and stored at –20°C.

2.3.2 Precipitation of globin

To precipitate the globin, 2 ml of Hb so lution was added dropwise to 40 ml icecold 1% HCl/acetone. The supernatant was di scarded and the globin was washed twice with 100% acetone. Globin was dissolved in 2 ml H_2O and the precipitation was repeated twice. The washed globin was dried in a GC oven at 50°C over night and stored at –80ºC.

2.4 DNA Isolation

Solutions and mixtures

The homogenization buffer consisted of 15 mM Na-citrate, 150 mM NaCl, pH 7. The digest buffer was 1.5 ml of 15 mM Na-c itrate pH 7. Solutions of 10% SDS and 100 mM EDTA were prepared. All buffers were st ored in a cold room (4°C) except for the 10% SDS solution, which was stored at room temperature. The proteinase K stock solution (Sigma P-4789) was: 1U/ μl in 10 mM Tris-HCl buffer, pH7. The RNase A (Sigma R-5215) stock solution was: 0.5U/ μl 10mM Tris-HCl-buffer, pH7. The RNase T1 (Sigma R-8251) stock solution was: 50U/ μl . All protein stock solutions were stored as 100 μl aliquots at -20°C.

DNA isolation from mouse tissues

All of the following steps were carried out on ice, until proteins were added. The tissue was thawed on filter paper and weighe d. Approximately 200 mg of tissue in 3 ml homogenizing buffer (15 mM Na-citrate, 150 mM NaCl, pH 7) was homogenized using a glass homogenizer (pistel B) and centrifuge d at 10,000 g for 15 min (70.1 Ti rotor at 10000 rpm). The supernatant was discarded caref ully and the pellet was resuspended in the digest buffer (1.5 ml of 15 mM Na-citrat e pH 7). This was followed by adding 600 μl 2 M NaCl, 33 μl (10% SDS) and 33 μl 100 mM EDTA. Ten units of proteinase K were added and the samples were incubated for 40 min at room temperature. After the proteinase K treatment, the solutions were extracted 3 times with 3 ml chloroform/ isoamyl alcohol (24:1) and cen trifuged at 14,000g for 15 min at 4 ˚C. The aqueous layer was transferred to a new tube and the sample s were treated with 10 units of RNase A and 750 units RNase T1 for 40 min at room temper ature. Ten units proteinase K were added and the samples were incubated for an additional 40 min at room temperature. Afterwards, the samples were chilled on ice for 10 min and extracted 3 times with 1 volume chloroform/isoamyl alcohol (24: 1) as described above. The DNA was precipitated with ice cold 100% EtOH. The DNA pellet was then rinsed once with 70% and twice with 100% EtOH (1 ml each), dried under a gentle steam of nitrogen, and stored at –80°C.

DNA isolation from rat tissues Progene^® Isolation kit

DNA was isolated using the Progene^® DNA isolation kit (Gentra, Minneapolis, MN) according to the manufacturers description. In brief, tissues were honogenzed in 3 ml of 'Cell Lysis Solution' using 10-50 st rokes in glass homogenizer. To digest the protein, 15 μl 'Proteinase K Solution' (20 mg/ml) was added, and samples were incubated at 55˚C for 5 h. Then RNase A Solution was a dded and samples were incubated at 37 ˚C for 1 h. Proteins were precipitated by adding 'Protein Precipitation Solution' followed by centrifugation at 2,000 g for 10 min. The pellet was discarded. DNA was precipitated by slowly adding 3 ml isopropanol. DNA was then transferred with a Pasteur pipette to 4 ml silanized vials. DNA was rinsed once with 70% and twice with 100% EtOH (1 ml each), dried under a gentle steam of nitrogen and stored at -20˚C until adduct analysis.

2.5 Synthesis of standards

2.5.1 Synthesis of BPDE-DNA and [^2H_8]BPDE-DNA

Ten mg calf thymus DNA ( c.t.DNA) in 10 mL 50mM Tris buffer pH 7 was reacted with 1 mg BPDE or [^2H_8]BPDE in 500 μL THF for 8h at 37ºC. The adducted DNA was extracted 5 times with et hyl acetate to remove unreacted B[ a]P metabolites. The BPDE-DNA was precipitated with NaCl and EtOH. Therefor 0.1 volume of 5 M NaCl was added and 2 volume of 100% EtOH were added slowly until DNA precipitated. The DNA was further washed once with 70% then with 100% EtOH until the EtOH rinse had no detectable amount of unbound B[ a]P-tetraols as determined by HPLC-FD using an isocratic system as described below (see section 2.6).

2.5.2 Synthesis of BPDE-3'-dGMP standards

Solutions and mixtures

The following solutions were prepared: 10 digest buffer: 100 mM sodium succinate pH 6.0, 50 mM CaCl, pH 6.0. MN/PDE II mix: 1mg micrococcal nuclease S7 (MN) (Boehringer Mannheim Corp., Indianapolis, IN) and 1mg phosphodiesterase II (PDE II) (Sigma, St Louis, US) were dissolved in 1ml digest buffer. The final concentration was 1 μg/μl each MN and PDE II.

Enzyme hydrolysis of synthetic BPDE-DNA

The BPDE-DNA or [^2H_8]BPDE -DNA was digested essentially as described by Gupta (94). The DNA was digested with MN and PDE II to give the 3'-monophosphates. In brief, 2.5 mg BPDE-DNA was di ssolved in 4.0 ml and 0.5 ml 10 digest buffer and 0.5 ml MN/PDE II mix (500 μg/ μl of each enzyme) was added and the digest was incubated for 5 h at 37˚C.

Solid-phase extraction (Sep-Pak®)

After the enzyme digestion, the BPDE-3'-dGMP was separated from unmodified nucleotides and enzymes by solid-phase extraction. A 500 mg C_{18} Sep-Pak® cartridge (Waters, Milford, MA) was conditioned with 10 mL of 100% methanol and 5 mL H_2O, and 5 mL digest buffer prior to the sample loading. The entire digest solution was loaded onto the cartridge. The cartridge was washed w ith 5 mL of digest buffer and 5 ml of 20% methanol/water. The BPDE-3’-dGMP adduct wa s eluted with 5 mL of 100% methanol (Fischer, OPITMA). The solvent was remove d under a gentle steam of nitrogen. BPDE- 3'-dGMP was further purified by HPLC. The conditions were as follows: C_{18} reverse phase column (Beckmann, Ultrasphere ODS C_{18,}5μm, 4.6 250 mm) was operated with a gradient program of 100 % 50 mM KH_2PO_4 to 60 % MeOH in 60 min at a flow rate of 1 ml/ min. The eluting BPDE-3'-dGMPs were detected with an online photodiode array (PDA, Waters) and/or fluorescence detector (FD, Shimadzu). The BPDE-3'-dGMP fraction was collected and buffer constituents were removed by solid- phase extraction, as described above, using a 5 mg C_{18}Sep-Pak® cartridge. The BPDE-3'-dGMP standards were than further characterized by LC -ESI-MS and UV (200-400 nm) and quantified using the UV extinction coefficient _{o( =279)}= 41,000 (159).

2.5.3 Synthesis of B[ a]P TMEs

The four B[ a]P-TME isomer standards were synthesized using the four corresponding B[a]P-tetraol isomers as st arting material. One μg B[ a]P-tetraol in a 4 ml silane treated vial was dissolved in 400 μl DMSO. A magnetic miniature stirrer and approximately 2 mg of NaH were added and samples were stirred for 2 min. The reaction was started by adding 100 μl methyl iodide (MeI) and the reaction was allowed to proceed for 15 min with stirring at room temperature (Figure 7). The reaction was quenched by adding 500 μl H_2O. The B[ a]P-TME were extracted 3 times with 1 ml benzene. The organic solvent was evaporated and the B[ a]P-TMEs were further purified by reverse phase HPLC. The HPLC conditions were as follows: a C_{18} reverse-phase column (Beckman, Ultrasphere ODS, C_{18} 5 μ, 4.6 mm × 250 mm) was operated with an isocratic flow of 75% methanol/H_2O at a flow rate of 1 ml/min coupled with a photodiode array (PDA, Waters) and/or fluor escence detector (FD, Shimadzu). The

B[a]P-TMEs were dissolved in 50 μL MeOH a nd the entire sample was injected. The fractions were collected by time star ting 1 min before the elution of trans/anti B[ a]P TME (as determined before each analysis, 27-29 min), until 1 min after. The solvents were removed using a SpeedVac. The B[ a]P-TME standards were then further characterized by GC-NICI-MS and UV ( 200-400 nm) and quantified using the UV extinction coefficient _{o( =248)}= 84,700. trans/anti [^{13}CH_3]_4 B[a]P-TME was synthesized using [^{13}C]-MeI. This was used as injection standards as well as a retention time marker.

OH

OH

HO HO

OMe

OMe

MeO MeO

NaH, MeI

15 min, R.T.

trans/anti B[a]P-tetraol trans/anti B[a]P-TME

Figure 7: Scheme of derivatization

2.6 HPLC-FD analysis for B[ a]P-tetraol–releasing DNA adducts

The method is a modification of that described by Alexandrov et al. 1992 and Rojas et al . 1994 (98,108) (Figure 8). The isolated dry DNA was transferred to a 4-ml silanized vial. The DNA sample was wash ed twice using 200 μl 100% EtOH and the EtOH rinse was checked for unbound B[a]P-tetraols by HPLC-FD. The HPLC conditions were as follows: a C_{18} reverse phase column (Beckman, Ultrasphere ODS, C_{18} 5 μ, 4.6 mm × 250 mm) was operated with an isocratic flow of 55% methanol at a flow of 1 ml/min. The retention times of the different B[ a]P-tetraol isomers were determined with synthetic standards. The fluorescence-fr ee DNA (100-500 μg) was dissolved in 610 μl H_2O. Ten μl of this solution was used for determination of DNA concentration and purity by UV. B[ a]P-tetraols were released from the DNA solution under mild acid hydrolysis (0.1 N HCl, 4 h at 80˚C). The entire sample was injected on a gradient HPLC-FD system. The HPLC conditions were as follows: The B[ a]P-tetraols were concentrated on a precolumn (Beckman Ultrasphere ODS C_{18}, 5 μm, 45 mm x 4.6 mm) with 35% methanol/H_2O isocratic flow at a rate of 1.0 ml/m in. After 10 min, the flow was switched with a multi position valve (Valco instrume nts EC10W) to an analytical column (Beckman, Ultrasphere ODS C_{18} 5 μm, 4.6 mm x 250 mm). The B[ a]P-tetraols were eluted with a gradient of 35% methanol/H_2O to 100% methanol in 30 min. The retention times of the different B[ a]P-tetraol isomers were determined with synthetic standards. A Shimadzu RF-10Axl fluorescence detector was used for both HPLC-FD systems. The detector settings were as follows: gain 1, range 1, sense 2, Ex = 344 and Em = 398.

DNA^{Hydrolysis}

4h, 0.1 N HCl

HPLC-FD

(gradient system)

HPLC-FD

Check for unbound B[a]P-tetraols using a isocratic system

Ethanol wash

Quantitaion

of B[a]P-tetraol isomers

Figure 8: Outline B[a]P-tetraol HPLC-FD assay.

2.7 GC-NICI-MS analysis of B[ a]P-tetraol–releasing DNA and globin adducts

The procedure is identical to the one described by Melikian et al. (110,160) but using a simplified permethylation method (161) (Figure 9).

Hydrolysis of DNA and globin . B[a]P-tetraols were released from DNA by mild acid hydrolysis. In brief, approximately 100 μg DNA was dissolved in 600 μl H_2O. Ten μl were used to determine th e concentration by UV. Two pmol trans/anti [^2H_8]B[a]Ptetraol were added as internal standard. Samples were hydrolyzed under mild acid conditions (0.1 N HCl, 4 h at 80 ˚C). To release of B[ a]P-tetraols from globin, 50 mg rat globin were dissolved in 3 ml H_2O. The globin solutions were transferred into an 8 ml vacuum hydrolysis vial and 2 pmol synthetic trans/anti [^2H_8]B[a]P-tetraol were added as internal standard. Adducts were released under mild acid hydrolysis (0.1 N HCl, 3h, 80˚C under vacuum). After hydrolysis, the globin was precipitated by neutralization with 0.4 N NaOH. The released B[a]P-tetraols were extracted 5 tim es with one volume ethyl acetate and the organic layer was removed with a SpeedVac concentrator and stored at -20°C.

HPLC Clean up #1 . The released B[ a]P-tetraols were further purified by reverse phase HPLC. The HPLC conditions were as follows: C_{18} column (Beckmann, Ultrasphere ODS, C_{18} 5 μ, 4.6 mm × 250 mm) was opera ted isocratically at 20% MeOH/H_2O for 10 min at a flow rate of 1 m l/min. The solvent composition was then increased linearly to 55% MeOH in 5 min a nd held for 20 min. The samples from globin extracts were dissolved in 70 μl 100% Me OH, while for the DNA samples, the total hydrolysis solution was injected with a series 1100 autosampler (Agilent, Wilminton, DE). The retention time of the trans/anti B[a]P-tetraols were determine before the each set of samples. The trans/anti B[ a]P-tetraol usually eluted between 27 and 29 min. Fractions containing the trans/anti B[a]P-tetraol and trans/anti [^2H_8]B[a]P-tetraol were collected starting from 1 min before until 4 min after the elution of trans/anti B[ a]Ptetraols. Solvents were removed with a Speed Vac concentrator and samples were stored at –20˚C until derivatization.

Derivatization of trans/anti B[a]P-tetraols to trans/anti B[a]P-TME . The derivatization was carried out at room temp erature. Samples were dissolved in 100 μl DMSO. A magnetic miniature stirrer and appr oximately 2 mg of NaH were added and samples were stirred for 2 min. The reaction was started by adding 50 μl methyl iodide (MeI) and the reaction was allowed to pr oceed for 15 min with stirring at room temperature. The reaction wa s quenched by adding 500 μl H_2O. Derivatized trans/anti B[a]P-TMEs were extracted with benzene (3 × 1 ml). The benzene was removed and the samples were stored at –20˚C.

HPLC Clean up #2 . The B[ a]P-TMEs were further purified by reverse phase HPLC. The HPLC conditions were as follows: a 4.6 × 250 mm Beckmann Ultrasphere ODS C_{18} column was operated with a gradient program of 70 % to 100 % MeOH in H_2O over 30 min at a flow rate of 1 ml/ min. Samples were dissolved in 50 μl of MeOH containing 50 ng of hexanophenone and octanophe none as retention time markers. The entire sample was injected with an Agile nt (Wilmington, DE) series 1100 autosampler. Fractions between apices of the UV-markers were collected with a fraction collector. Solvents were removed with a SpeedVac con centrator and samples were transferred to 300 μl insert vials with 3 250 μl MeOH and stored at –20˚C until analysis.

GC-NICI-MS. For analysis, samples were disso lvedin 10 μl benzene containing 150 fmol trans/anti [^{13}CH_3]_4B[a]P-TMS as an injection standard to monitor the instrument performance. 5 μl were inj ected in splittless mode. The analysis of B[ a]P- TMEs was performed on a Finnigan TSQ 7000 instrument (FinniganMAT/Thermoquest, San Jose, CA) interfaced with CTC A200S E autosampler (Leap technologies, Carrboro, NC) and a HP5890 series II gas chromatograph (Agilent, Wilmington, DE). A DB-17 MS (30 m, I.D. 0.25 mm, film 0.15 μm) capillary GC column (J&W Sientific) connected to a 2 m x 0.530 μm fused silica uncoated deactivated retention gap, was interfaced to the CI source operated in negative ion mode. The ove n temperature was held at 60ºC for 1 min and then increased to 300ºC at rate of 20ºC/min. The temperature was held at 300°C for 15 min. The MS parameters were as follows : ion-source temperature, 150ºC; emission current, 700 A; electron energy, 150eV. Ultra high-pur ity methane was the reagent gas. The molecular ions of m/z 376 ( trans/anti B[ a]P-TME, analyte), m/z 380 ( trans/anti

[^{13}C]_4B[a]P-TME, injection standard) and m/z 384 (trans/anti [^2H_8]B[a]P-TME , internal standard) were monitored.

Hydrolysis under vacuum 0.1 N HCl at 80°C, 3 h

Derivatization via CH_3I

HPLC clean up#1

Extraction of B[a]P-TME

HPLC Clean-up#2

GC-NICI-MS

DNA Globin

Figure 9: Outline of B[a]P-TME assay by GC-NICI-MS.

2.8 LC-MS analysis of BPDE-DNA from mouse liver

The DNA was digested to give th e 3'-monophosphates using Micrococcal nuclease S7 (Boehringer Mannheim) and spleen phos phodiesterase II (Sigma, St Loius, MO) as described by Gupta et al. 1996 ( 94). The DNA was dissolved in 210 μl H_2O and 10 μl was used for the determinati on of purity and concentration by UV spectrophotometry. For the analysis, approxi mately 300 μg DNA in 200 μl 1x digest was digested with 60 μl MN/PDE II mix for 5 h at 37 ˚C. The entire sample was injected onto the LC-MS with an on-column switching t echnique. The BPDE-3'-GMP was loaded onto a 1 x 150 mm Polaris 2000 column (trap column, Metachem) for 10 min at a flow rate of 200μl/min. The flow was then switched to a 1 x 150 mm Xtera column and the BPDE-3'-GMP was eluted with 45% MeOH/ 20 mM ammonium acetate buffer, pH 8.3, at 50 μl/ min. The MS was equipped with an electrospray ionization ion source and operated in negative ion single ion m onitoring mode. The molecular ions m/z 648 (BPDE-3'-dGMP, analyte) and m/z 656 ([^2H]_8-3'-BPDE-dGMP, internal standard) were monitored.

2.9 GC-NICI-MS analysis of HPB-releasing DNA and globin adducts

The samples were analyzed in sets of 24, including 3 H_2O blanks (negative controls) and one H_2O blank spiked with 300 fmol HP B (positive control). Fifty pg (299 fmol) [4,4-^2H_2]HPB as internal standards was added to each sample.

Acid hydrolysis of DNA. The procedure was performed essentially as previously described (162,163)(Figure 10). Briefly, DNA was dissolved in H_2O and the DNA was analyzed by UV to insure sufficient purity and amount of DNA for analysis. The DNA was hydrolyzed by incubation at 80°C for 3 h at a final concentration of 0.8 N HCl in a total volume of 1.0 ml. Samples were extracted as described below.

Base treatment of hemoglobin . For the analysis of Hb adducts, 2.0 ml dialyzed Hb solution was used (see Section 2.3.1). The Hb concentration was determined by the Drabkin method (Sigma). For the base treatment, 4N NaOH was added to achieve a final concentration of 0.15 N NaOH. Samples were tr eated for 1 h at room temperature in a sonicator. Hemoglobin was then precipitated by neutralizing with 4N HCl. Fifty pg [^2H_2]- HPB 299 fmol was added as internal standar d. The samples were vortexed for 1 min and centrifuged for 15 min (SpeedVac rotor). The s upernatant was transferred to a new vial. The pH was adjusted to 2.0 0.3 with 4 N HCl.

Extractions. The acidic aqueous sample solu tions, from DNA or Hb, containing HPB and [^2H_2]HPB were extracted twice with equal volumes of CH_2Cl_2. The Hb samples were additionally extracted twice with 1-vol ume hexanes. The aqueous layer was saved and the pH was adjusted to 7.0 with 1 N NaOH. The samples were then extracted three times with equal volumes of CH_2Cl_2. The organic layers were pooled and the solvent was removed with a SpeedVac concentrator.

Derivatization. The derivatization was carried out in a hexane solution of trimethylamine freshly prepared as fo llows: 240 mg trimethylamine hydrochloride (Sigma), in 20 ml 0.8 N NaOH were extracted with 20 ml hexane. The hexane layer was dried with approximately 2 g Na_2SO_4. Samples were dissolved in 0.5 ml CH_2Cl_{2,}and one ml of the hexanes/TMA solution was adde d. The reaction was started by adding 0.5 ml pentafluorobenzoyl chloride (PFBC) solution (20 μl PFBC in 10 ml CH_2Cl_2), and reaction was carried out for 1 h at room temp erature. The solvents were removed using a SpeedVac concentrator. Unreacted PFBC was removed from the samples by reverse phase HPLC. The HPLC conditions were as follows: a C_{18} reverse phase column (Whatman Partisil 5 ODS 3, 4.6 mm x 12.5 cm) wa s operated with a gradient program of 35% MeOH/H_2O for 10 min followed by a linear gr adient from 35% to 75% MeOH/H_2O in 15 min at 1 ml/min flow. For the HPLC clean up the samples were redissolved in 70 μl MeOH/THF (1:1) containing 25 μg/ml pent anophenone and hexanophenone (Sigma) as retention time markers. The entire sample wa s injected with a series 1100 autosampler (Agilent, Wilmington, DE). The fraction between the apices of the retention time marker compounds was collected with a fraction collector and dried in the SpeedVac concentrator. The residues were transferred to a silanized conical vial using 3 x 100μl THF and dried and stored at -20 C until GC-NICI-MS analysis.

GC-NICI-MS. The analysis of HPB-PFB wa s performed on a Finnigan TSQ 7000 instrument (FinniganMAT/Thermoquest, San Jose, CA) interfaced with a CTC A200SE autosampler (Leap technologies, Carr boro, NC) and a HP5890 series II gas chromatograph (Agilent Wilmington, DE). A DB-17 MS (30 m, I.D. 0.25 mm, film 0.15 μm) capillary GC column (J&W Scientific) connected to a 2 m x 0.530 μm fused silica uncoated deactivated retention gap, was interf aced to the CI source operated in negative ion mode. The GC oven program was as follows: 35 ˚C for 1 min, then 20 ˚C/ min to 150˚C, then 4 ˚C/ min to 205˚C, and finally held 20 min at a constant flow of 2.5 ml/ min helium. For GC-NICI-MS, samples were resuspended in 10 μl of toluene containing 6 fmol/ μl HPB-tetrafluorobenzoate (HPB -TFB) as external standard. The source temperature was 150 ˚C. The molecular ions of HB P-TFB, (injection standard, m/z 341), HPB-pentafluorobenzoate (HPB-PFB, analyte, m/z 359) and [^2H_2]HPB-PFB (internal standard, m/z 361) were monitored.

DNA Acid hydrolysis

Hb-solution

Base Treatment

Add internal standard 50pg [^2H_2]HPB

Adjust pH=7

Extraction B

3 times 1 volume CH_2Cl_2

Adjust pH=2

Extraction A

2 times 1 volume CH_2Cl_2 2 times 1 volume hexane

Derivatization

HPLC Clean up

GC-NICI MS

Figure 10: Outline of HPB assay

3 Results 3.1 Characterization of PAH standards

The different B[ a]P-tetraol isomers were used as starting material for the synthesis and as reference standards for characterizing B[ a]P-TME. The UV absorbance of the B[a]P-tetraol isomers and BPDE were identical, while those of pyrene were shifted by approximately 7~8 nm toward lower wave lengths (Figure 11). The conversion of the two hydroxyl groups to an epoxy group did not a ffect the UV absorbance. This confirms that the pyrene chromophore is the main absorbing part of the B[ a]P-tetraols and BPDE. Hence, anti BPDE could be quantified using the extinction coefficient of trans/anti B[a]P-tetraol (_{0 (248)}= 84700 or _{0 (279)} = 41000 (159)).

3.1.1 [^2H_8]BPDE-DNA standard

BPDE-DNA or [^2H_8]BPDE-DNA was prepared by reaction of calf thymus DNA (c.t.DNA) with BPDE or [^2H_8]BDE as described in Materials and Methods. Digestion to single nucleotides revealed that BPDE- N^2-dG was the major adduct formed in this reaction, as determined by HPLC-UV-FD of the digestion mixture after SepPak^® cartridge clean up (Figure 12). The amount of BPDE- N^2-dG bound was determined by HPLC-FD, GC-MS and LC-MS (see chapter 3.2 on page 48).

Results Page 43

0.0

0.2

0.4

0.6

0.8

1.0

220 240 260 280 300 320 340 360 380 400 wavelength [nm]

UV Absorbance

B[a ]P tetraol BPDE Pyrene

Figure 11: Comparison of UV scans of trans/anti B[ a]P-tetraol, BPDE and pyrene. Concentrations were 9.6M, 8.9M, and 9.5M for trans/anti B[ a]P-tetraol, BPDE and pyrene, respectively.

0.0

1.0

2.0

3.0

0 10 20 30 40 50 60 70 time [min]

UV Absorbance (279 nm)

trans/anti BPDE-N^2-dGMP

Figure 12: HPLC chromatogram of enzyme digested BPDE-DNA.

0 .0

0 .3

0 .5

0 .8

1 .0

2 2 0 2 4 0 2 6 0 2 8 0 3 0 0 3 2 0 3 4 0 3 6 0 3 8 0 4 0 0 w av elen g h t [n m ]

UV absorbance

B P D E -3 '-d G M P [^2H ]_8B P D E -3 '-d G M P B [ a ]P tetrao l

Figure 13: Comparison of UV scans of BPDE-3'-dGMP, [^2H_8]BPDE-3'-dGMP, and B[a]P-tetraol. Concentrations were 10 M, 9.3 M, and 9.6 M for BPDE-3'-dGMP, [^2H_8]BPDE-3'-dGMP, andtrans/anti B[a]P-tetraol, respectively.

3.1.2 B[ a]P-TME, [^2H]_8B[a]P-TME and [^{13}CH_3]_4B[a]P-TME

All four B[ a]P-TME isomers were synthesized as described in Materials and Methods. The different B[ a]P-TME isomers were characterized by their retention times on reverse-phase HPLC and GC-NICI-MS (Table 7). Purities were further confirmed by UV. The MS of the trans/anti B[a]P-TME peak is presented in Figure 14. The parent ion m/z 376 [M]^- is clearly observed. The loss of methanol, forming a double bond, produces a fragment with m/z 344 [M-32]^-. This loses an additional methanol leading to fragment 312 [M-64]^-. The loss of two methoxy groups adjacent to each other produces only one double bond and generates the minor fragment 314 [M-62]^-. The loss of a third methoxy group produces mainly the fragment ion m/z 282 [M-94]^-. The loss of all 4 methoxy groups produces ion m/z 251 [M-125]^-. This is in complete agreement with previously published results (110) and the theoretical fr agmentation pattern displayed in Figure 15. The different B[ a]P-TME isomers, trans/anti [^2H_8]B[a]P-TME, and trans/anti [^{13}C_3]_4B[a]P-TME gave identical fragmentation patterns. GC-NICI-MS chromatograms and MS spectra are shown in Appendix I. In addition, about 7% of trans/anti B[a]P-TME fragments in the injector caused additional peaks at retention times 19.55, 19.61 and 21.68 min. These correspond to two isomers of the trimethoxy- B[a]P-TME and one dimethoxy B[a]P TME (Appendix I).

Table 7: HPLC Retention times of B[a]P TME isomers HPLC GCMS RT Melikian 1996^a RT Melikian 1996^a

trans/anti B[a]P-TME 14.40 85.71 18.84 22.54 cis/anti B[a]P-TME 15.25 86.50 19.46 23.43 trans/syn B[a]P-TME 17.51 92.00 18.23 21.67 cis/syn B[a]P-TME 16.23 91.20 18.77 22.54 a The retention times [min] are compared to those reported by Melikian et al. (160).

Results Page 46

0

20

40

60

80

100

14 16 18 20 22 24 time [min]

Relative Abundance

18.84

19.61 21.68

0

20

40

60

80

100

100 150 200 250 300 350 400 450 m/z [amu]

Relative Abundance

376.2

250.9

282.1 312.1

314.1

344.1

Figure 14: ( A) GC-MS Chromatogram of trans/anti B[ a]P-TME standard. ( B) Mass spectrum of trans/anti B[a]P-TME standard peak at 18.84 min.

Results Page 47

OMe

OMe

MeO MeO

-MeOH

m/z 376.2

-2 MeOH

OMe MeO MeO

-MeOH m/z 344.2

OMe MeO

-MeOH

m/z 314.2 -MeOH

OMe

MeO

-MeOH m/z 312.1

OMe

m/z 282.1

-MeO

m/z 251.1

B[a]P TME

Figure 15: Fragmentation pattern of the B[a]P-TME derivatives.

3.2 Establishment of methods for the detection of BPDE-DNA adducts

3.2.1 BPDE-DNA adducts by HPLC-FD

A limit of detection (LOD, signal to noise ra tio (S/N) greater than 2), of 2-5 fmol

was repeatedly achieved with synthetic standa rds for all isomers. The recovery of the

different B[ a]P-tetraol isomers was >95% (data not shown). One mg c.t.DNA samples

spiked with BPDE-DNA, representing 5, 25 and 100 fmol B[ a]P-tetraol-releasing

adducts, were analyzed to determine accuracy and precision. The trans/anti B[ a]P-

tetraols were released upon mild acid hydrol ysis and quantified by HPLC-FD with an

external standard curve prepared with synthetic B[ a]P tetraols. The coefficient of

variance (CV) for the detection of 5, 25 and 100 fmol were 18.2% 11.2% and 5 %

respectively (Table 8). This clearly shows that the HPLC-FD method is capable of

detecting 5 fmol in a 1 mg DNA sample corresponding to ~0.2 adducts/ 10^8nucleotides

with a CV of < 20%.

Table 8: Accuracy of the analysis of B[a]P tetraols by HPLC-FD method Sample Peak area

B[a]P detected [fmol] mean SD % CV

5-1 1.318 3.77 5-2 1.750 5.00 5-3 1.344 3.84 5-4 1.802 5.15 5-5 1.996 5.70 4.69 ±0.85 18.2% 25-1 8.716 24.90 25-2 8.792 25.12 25-3 6.922 19.78 25-4 7.953 22.72 25-5 7.075 20.21 22.55 ±2.52 11.2% 100-1 42.950 122.71 100-2 39.184 111.95 100-3 37.502 107.15 100-4 40.338 115.25 100-5 39.731 113.52 114.12 ±5.67 5.0% One mg c.t.DNA was spiked with BPDE-DNA re presenting 5, 25 or 100 fmol trans/anti B[a]P-tetraol-releasing adducts.

3.2.2 BPDE-DNA and protein adducts by GC-MS

A LOD (S/N >2) of 1 fmol/injection was repeatedly achieved. The recovery

ranged from 10%-41%, leading to an overa ll LOD of 12-50 fmol/sample (adjusted for

injection volume, 4 out of 10 μl). To st udy the accuracy of the GC-NICI-MS method we

analyzed samples of 1 mg c.t.DNA spiked with BPDE-DNA, representing 5, 25 and 100

fmol B[ a]P-tetraol releasing adducts. The released B[ a]P-tetraols were derivatized to

tetramethoxy ethers, as described in Material s and Methods (section 2.7), and quantified

utilizing 1 pmol [^2H_8]B[a]P-tetraols as internal standard. B[ a]P-TME was not detected in

the 5 fmol samples, presumably due to the low recovery. The CVs for the detection of 25

and 100 fmol were 22.6% and 18%, respectively (Table 9). This clearly shows that the

GC-MS method is capable of detecting 25 fmol in a 1 mg DNA sample correspond to

~0.8 adducts/ 10^8nucleotides, with a CV of < 25%. This method was then applied to

analyze B[ a]P-tetraol releasing DNA adducts in l ungs of rats treated with NNK plus

B[a]P (Figure 16).

Table 9: Accuracy of the analysis of B[a]P tetraols by GC-MS method Sample Area m/z 376 Area m/z 384

B[a]P TME detected [fmol] mean SD % CV

5-1 n.d 5-2 n.d 5-3 n.d 5-4 n.d 5-5 n.d 25-1 0.24 20.3 25-2 0.24 20.2 25-3 0.25 21.3 25-4 1.01 86.8^a 25-5 0.36 31.0 23.2 ±5.24 22.6% 100-1 0.84 72.5 100-2 1.40 120.4 100-3 1.08 93.1 100-4 1.19 102.4 100-5 1.10 94.1 96.5 ±17.34 18.0% One mg c.t.DNA was spiked with BPDE-.DNA, representing 5, 25 or 100 fmol trans/anti B[a]P-tetraol-releasing adducts. a Data point was excluded with CI >95%, according to Q-test.

3.2.3 Analysis of liver DNA by HPLC-FD, GC-NICI-MS

To evaluate the suitably of the HP LC-FD and GC-NICI-MS methods for the analysis of BPDE-adducts in vivo, BPDE-DNA and 4 liver DNA samples from 4 mice treated with 3μmol B[ a]P 24 h prior to sacrifice were analyzed. All three methods gave essentially the same results, as shown in Ta ble 10. DNA reacted with BPDE was used as the control and additionally analyzed by LC-MS to verify that the B[ a]P-tetraol released adducts represented the BPDE- N^2-dG adduct. The results clearly shows that both methods give essentially the same results for released B[ a]P-tetraols. At this point the HPLC-FD method was handed over to a co-wor ker for the analysis of the mouse DNA samples and the GC-NICI-MS methods were applied to the rat samples (see below).

Table 10: Comparison of HPLC-FD, GC-N ICI-MS and LC-MS for the detection of BPDE-DNA adduct in different samples Sample HPLC-FD^a GC-MS^b LC-MS^c BPDE treated c.t. DNA 1220 ± 9.2 1220 ±125 1388 ±654 Mouse liver DNA 1 0.85 0.95 NA Mouse liver DNA 2 0.78 0.99 NA Mouse liver DNA 3 0.99 0.97 NA Mouse liver DNA 4 0.96 0.96 NA Reported are the mean SD (n=5), except were noted a Analysis of released B[a]P tetraols b Analysis of released B[a]P tetraols derivatized to B[a]P-TMEs c Analysis of B[a]PDE-3’-dGMP after enzyme hydrolysis (n=2) NA= not analyzed because there was not sufficient DNA

Figure 16: GC-NICI-MS analysis of B[ a]P-TME derivative. Shown are the single ion chromatograms of a standard mixture (left panel) and a rat lung DNA sample (right panel).

17.5 18.0 18.5 19.0 19.5 20.0 20.5 Time (min) 0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100

18.79

17.5 18.0 18.5 19.0 19.5 20.0 20.5 Time (min)

18.78

0 20 40 60 80 100

0 20 40 60 80 100

Relative Abundance

0 20 40 60 80 100

m/z 384 [^2H_8]B[a]P TME (internal standard)

18.86 18.84

m/z 376 B[a]P TME (analyte) m/z 376 B[a]P TME (analyte)

m/z 384 [^2H_8]B[a]P TME (internal standard)

18.85 18.83

m/z 380 [^{13}CH_3]_4B[a]P TME (external standard) m/z 380 [^{13}CH_3]_4B[a]P TME (external standard)

Relative Abundance

3.3 HPB adduct assay validation

To validate the analysis for HPB–releasing adducts, tests were performed to check

reproducibility, linearity and sensitivity. The reproducibility and linearity of the method

were determined by analysis of HPB-rel eased from hemoglobin (Hb) and DNA spiked

with synthetic HPB.

3.3.1 Determination of precision

Precision was determined by analyzing samples of 1 mg c.t.DNA spiked with

100, 200, 250 or 300 fmol HPB respectively in quintuplets. The solutions were analyzed

according to the procedure described in Ma terials and Methods (see section 2.9). CVs

was <10% for all levels. Accuracy was within 10%.

Table 11: Accuracy of the analysis of HPB-releasing adducts by GC-MS Sample Area m/z 359

Area m/z 361

HPB detected [fmol/sample] mean SD % CV

100-1 0.30 88.8 100-2 0.32 95.6 100-3 0.31 92.3 100-4 0.32 96.7 100-5 0.31 93.3 93.34 ±3.09 3.0% 200-1 0.72 214.5 200-2 0.70 209.1 200-3 0.79 237.8 200-4 0.76 229.3 200-5 0.65 194.5 217.04 ±17.02 8.0% 250-1 0.85 255.1 250-2 0.82 246.8 250-3 0.83 250.0 250-4 0.86 259.2 250-5 0.81 244.1 251.04 ±6.13 2.0% 300-1 0.96 288.7 300-2 0.95 285.4 300-3 1.04 313.4 300-4 1.02 305.2 300-5 0.90 270.2 292.58 ±17.03 6.0% One mg c.t.DNA was spiked with HPB, representing 100, 200, 250 or 300 fmol.

3.3.2 Linearity of HPB-releasing DNA adducts

One mg of c.t.DNA was spiked with different amounts of HPB. All H_2O blanks contained a peak co-eluting with HPB-PFB. This peak represented of 3 2 fmol/ sample (mean ± SD, n=3) and was subtracted fr om each amount detected. A strong linear correlation was achieved (R 1.0) over the range of 3-100 fmol between the amount detected and amount added. The precision was <10% for all samples spiked with more than 5 fmol.

In later studies we found that the bac kground varied with the location where the assays were carried out. Therefore, parallel to each set of samples (n=20), 3 water blanks were included. Theses blanks together ga ve a mean ± SD background of 20 ± 6 fmol HPB/sample analyzed in a laboratory dedi cated for “human trace analysis” and 75 ± 15 fmol HPB/sample analyzed in the general laboratory. Strong efforts in reducing or eliminating this background were unsuccessful (data not shown).

y = 1.43x R^2 = 1.00

0

10

20

30

40

50

0 5 10 15 20 25 30 35 HPB spiked [fmol]

HPB analyzed [fmol]

0 40 80 120 160

0 16 32 48 64 80 96 112

Figure 17: Linearity of HPB detected in aliquots from 100 μg calf thymus DNA solution spiked with various amounts of synthetic HPB. The insert shows the extended graph up to 100 fmol HPB spiked.

Results Page 54

3.3.3 HPB releasing Hb adducts

One gram of human Hb obtained from a non-smoking volunteer was spiked with different amounts of synthetic HPB. All wa ter blanks contained a background peak coeluting with HPB-PFB. This background corresponded to 25 3.1 fmol/sample. The mean (n=3) of the background was subtract ed from each amount detected. A linear correlation (R 0.97) between the amount detected and amount added was achieved. The CV was <20% overall and <10% for values above 100 fmol, presumably due to less influence of the background at higher levels.

y = 0.86x + 19.45 R^2 = 0.97

0 50 100 150 200 250 300 350

0 50 100 150 200 250 300 350 amount HPB spiked [fmol] amount HPB detected [fmol]

Figure 18: Linearity of HPB detected in a liquots of hemoglobin solutions spiked with various amounts of HPB.

Figure 19: GC-NICI-MS analysis of HPB-PFB derivatives. Shown are selected ion chromatograms of a standard mixture (left panel) and rat lung DNA sample (right panel).

19.0 20.0 21.0 22.0 23.0

Time (min)

0 20 40 60 80 100

0 20 40 60 80 100

Relative Abundance

0 20 40 60 80 100

Time (min)

0 20 40 60 80 100

0 20 40 60 80 100

Relative Abundance

0 20 40 60 80 100

m/z 359 HPB-PFB (analyte) m/z 359 HPB-PFB (analyte)

m/z 361 [^2H_2]HPB-PFB (internal standard) m/z 361 [^2H_2]HPB-PFB (internal itandard) m/z 341

HPB-TFB

(external standard)

21.88

m/z 341 HPB-TFB (external standard)

20.50 20.57

20.46 20.53

21.94

19.0 20.0 21.0 22.0 23.0

3.4 DNA adduct formation in lungs of A/J mice treated with NNK and B[a]P alone or in combination

In the first animal study, the goal was to determine whether or not adduct formation is different when NNK and B[ a]P are given individually or in combination. -Hydroxylation of NNK at the methyl carbon produces pyridyloxobutyl DNA adducts, which can be hydrolyzed to release HPB (42). The released HPB is then derivatized with PFBC and quantified by GC-NICI-MS. -Hydroxylation of NNK at the methylene carbon leads to methyl DNA adducts. Among them, O^6-mG is thought to be important in tumor induction in mice (43). B[ a]P produces mainly the BPDE- N^2-dG adduct, which releases predominantly trans/anti B[ a]P-tetraol upon acid hydrolysis (88). O^6-mG and released B[a]P-tetraols were quantified by HPLC-FD^1.

Mice were treated either with cottonseed oil only, B[ a]P, NNK or NNK plus B[a]P in cottonseed oil by gavage once a week for 1, 4 or 8 weeks and sacrificed 24 h after the last carcinogen administration (F igure 20, Table 12). HPB-releasing adduct levels increased steadily over time, however , due to the small number of animals per group, this trend was not significant. Adduct levels were similar in the groups receiving NNK or NNK plus B[ a]P. Adducts were not detected in the control animals. One animal in the group receiving a single dose of B[ a]P had a small amount of HPB-releasing DNA adduct, presumably due to the assay background. O^6-mG adduct levels increased over time and adduct levels were similar when NNK was give alone or in combination with B[a]P. The B[ a]P-tetraol-releasing adduct levels we re increased between 1 and 4 weeks of treatment, but remained steady after th at. There was no signifi cant effect of NNK on BPDE-N^2-dG adduct levels or vice versa . Collectively, these results demonstrate that DNA adduct formation by a mixture of B[ a]P and NNK was similar to that observed when the carcinogens were given alone.

1 The analysis of the O^6-mG and the B[a]P-tetraol-releasing DNA adduct was completed by co-workers: Sticha, K. Hong, L. and Su, X.

Table 12: DNA adducts in lung of A/J mouse lung 24 h after 1, 4 or 8 weekly gavage treatments with NNK and B[a]P alone or in combination.

group DNA adduct levels [fmol/μg DNA]^a

HPB-releasing O^6-mG B[ a]P-tetraol-releasing 1 week (single dose) None ND^b ND. ND NNK 0.63 ±0.06 2.63 ±0.05 ND B[a]P 0.22^c ND 0.48 ±0.14 NNK plus B[a]P 0.60 ±0.41 2.08 ±0.68 0.36 ±0.20

4 weeks None ND ND ND NNK 1.91 ±1.12 6.70 ±1.23 B[a]P ND ND 1.55 ±0.40 NNK plus B[a]P 1.32 ±0.39 5.21 ±0.91 1.33 ±0.12 8 weeks None ND ND ND NNK 3.41 ±2.44 8.87 ±1.10 ND B[a]P ND ND 1.31 ±0.53 NNK plus B[a]P 3.33 ±1.71 7.64 ±1.72 2.30 ±1.16 NNK, B[a]P or NNK plus B[ a]P were given weekly by gavage (3 mol each in 0.2 ml cotton seed oil) for 1, 4 or 8 weeks. Reported are the mean ± SD (n=3) a The analysis of the O^6-MG and the B[a]P-tetraol-releasing DNA adduct were completed by co-workers b ND., not detected c One animal had a detectable amount HPB of 0.67 fmol/μg DNA.

0 1 2 3 4 5 6 7

once 4 weeks 8 weeks

HPB-released adducts [fmol/μg]

NNK B[a]P NNK plus B[a]P A

0 2 4 6 8 10 12

once 4 weeks 8 weeks

O^6-mG [fmol/μg]

B

0 1 2 3 4 5

once 4 weeks 8 weeks

B[a ]P-tetraol-releasing

adducts [fmol/μg]

C

Figure 20: DNA adducts in mouse lung af ter gavage treatments of NNK and B[ a]P (3 mol each) alone or in combination. The analysis of the O^6-mG and B[ a]P-tetraol-releasing DNA adduct were completed by co-w orkers. Each bar represents the mean SD (n=3). ^a One sample had detectable amount of HPB (0.67 fmol/μg DNA).

3.5 Effects of PEITC and BITC on DNA adduct formation from NNK plus B[a]P in lung of A/J mice

In the second animal study, the effects of PEITC and BITC, given by gavage or in the diet, on adduct formation, were evaluated.

3.5.1 Effects of gavaged PEITC plus BITC

A/J mice were given PEITC and/or BITC 2 h prior to carcinogen administration once weekly for 1, 4 or 8 weeks, and subgroups were sacrificed 4, 24 or 120 h after the last carcinogen treatment. A mean SD of 91.4 ± 46.0 μg DNA per sample was analyzed for HPB-releasing adducts. In the analys is of HPB-releasing adducts, the mean background was 68.8 ± 12.0 fmol/sample (n=6), and was subtracted from each detected amount. The adduct levels were expressed as fmol HPB released (corrected for background)/μg DNA. The average recovery of 4,4-[^2H_2]HPB was 27.5 ± 17.3%. The mean level detected was 188.2 ±152. fmol/ sa mple and was 3-fold above the background. The effects of ITCs on HPB-releasing a dduct levels were weak and not always significant. A non-significant inhibitory effect on the formation of adducts was observed in some groups treated for 4 or 8 weeks. In these groups, the reduction of HPB-releasing adduct levels was strongest in the mice recei ving PEITC alone. Increased levels of BITC may have counteracted this effect, however due to large variations within the groups, most differences were not significant (Figure 21, Table 13).

There were no inhibitory effects of gavaged ITCs on levels of O^6-mG. A trend towards increased O^6-mG adduct levels was observed a nd this was significant in two instances (Figure 22, Table 13).

B[a]P-tetraol-releasing adduct levels were significantly decreased by all combinations of PEITC plus BITC, 120 h afte r the last carcinogen treatment. At the 24 h interval, B[ a]P-tetraol-releasing adduct levels were decreased, but this was not always significant (Figure 23, Table 13). There was no effect on the adduct levels 4 h after the last carcinogen treatment.

0

2

4

6

8

10

12

4 24 120 24 120 24 120

HPB-releasing adducts [fmol/μg DNA] cottonseed oil 6 μmol PEITC 6 μmol PEITC + 6 μmol BITC 9 μmol PEITC + 9 μmol BITC 12 μmol PEITC + 9 μmol BITC 12 μmol PEITC + 12 μmol BITC

1 week 4 weeks 8 weeks

* * *

Figure 21: HPB-releasing DNA adduct levels in A/J mice lung af ter 1, 4 or 8 weekly gava ge treatments of NNK plus B[ a]P (3 μmol each) and mixtures of PEITC and BITC (doses as indicated) 2 h prior to the carcinogens. Each bar represents the mean SD (n=3). *,P<0.05.

0 2 4 6 8 10 12 14 16

4 24 120 24 120 24 120

O^6-mG [fmol/μg DNA] cottonseed oil 6 μmol PEITC 6 μmol PEITC + 6 μmol BITC 9 μmol PEITC + 9 μmol BITC 12 μmol PEITC + 9 μmol BITC 12 μmol PEITC + 12 μmol BITC

1 week 4 weeks 8 weeks

* *

Figure 22: O^6-mG adduct levels in A/J mice lung after 1, 4 or 8 weekly gavage treatments of NNK plus B[ a]P (3 μmol each) and mixtures of PEITC and BITC (doses as indicated) 2 h prior to the carcinogens. Each bar represents the mean SD (n=3). This analysis was completed by co-workers.

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4 24 120 24 120 4 120

B[a ]P-tetraol-releasing adducts [fmol/μg DNA] cottonseed oil 6 μmol PEITC 6 μmol PEITC + 6 μmol BITC 9 μmol PEITC + 9 μmol BITC 12 μmol PEITC + 9 μmol BITC 12 μmol PEITC + 12 μmol BITC

1 week 4 weeks 8 weeks

* * * *

* * * * *

* *

Figure 23: B[a]P-tetraol releasing DNA adduct levels in A/J mouse lung af ter 1, 4 or 8 weekly gava ge treatments of NNK plus B[a]P (3 μmol each) and mixtures of PEITC and BITC (doses as indicat ed) 2 h prior to the carcinogens. Each bars represents the mean SD (n=3). This analysis was completed by co-workers.

Results Page 63

Table 13: DNA adduct levels in lung of A/J mouse treated with NNK plus B[ a]P and PEITC plus BITC by gavage Duration Isothiocyanates treatment adduct level [fmol/μg]^b Sacrifice^a HPB O^6-mG B[ a]P-tetraol Once 4 cotton seed oil 0.74 ± 0.45 2.14 ± 0.09 0.31 ± 0.32 4 6 μmol PEITC 1.03 ± 0.42 4.03 ± 0.16 0.29 ± 0.20 4 6 μmol PEITC + 6 μmol BITC 3.43 ± 4.23 4.29 ± 1.37 0.22 ± 0.11 4 9 μmol PEITC + 9 μmol BITC 1.10 ± 0.30 3.42 ± 1.71 0.2 ± 0.10 4 12 μmol PEITC + 9 μmol BITC 1.23 ± 0.60 2.86 ± 0.87 0.25 ± 0.11 4 12 μmol PEITC + 12 μmol BITC 1.27 ± 0.18 3.48 ± 2.07 0.20 ± 0.05 24 cotton seed oil 2.09 ± 0.44 1.09 ± 1.21 0.67 ± 0.19 24 6 μmol PEITC 1.10 ± 0.61 2.18 ± 1.56 0.48 ± 0.09 24 6 μmol PEITC + 6 μmol BITC 2.37 ± 2.71 2.48 ± 1.24 0.45 ± 0.20 24 9 μmol PEITC + 9 μmol BITC 1.53 ± 0.97 1.90 ± 0.49 0.35 ± 0.29 24 12 μmol PEITC + 9 μmol BITC 1.03 ± 0.78 2.31 ± 1.21 0.31 ± 0.07 24 12 μmol PEITC + 12 μmol BITC 1.77 ± 0.44 1.00 ± 0.91 0.51 ± 0.13 120 cotton seed oil 0.80 ± 0.45 2.60 ± 0.14 0.54 ± 0.15 120 6 μmol PEITC 0.90 ± 0.42 5.88 ± 0.14 0.40 ^c 120 6 μmol PEITC + 6 μmol BITC 1.07 ± 0.51 4.80 ± 1.74 0.13 ± 0.07^* 120 9 μmol PEITC + 9 μmol BITC 1.23 ± 1.02 3.03 ± 1.29 0.16 ± 0.06^* 120 12 μmol PEITC + 9 μmol BITC 1.60 ± 1.04 3.14 ± 1.78 0.21 ± 0.11^* 120 12 μmol PEITC + 12 μmol BITC 0.57 ± 0.38 2.92 ± 1.89 0.18 ± 0.07^* 4 weeks 24 cotton seed oil 3.76 ± 0.14 2.75 ± 1.88 1.34 ± 0.51 24 6 μmol PEITC 2.80 ± 2.34 6.63 ± 6.82 1.43 ± 0.38 24 6 μmol PEITC + 6 μmol BITC 1.90 ± 0.46 4.59 ± 3.14 0.78 ± 0.16 24 9 μmol PEITC + 9 μmol BITC 2.27 ± 2.02 3.93 ± 2.40 0.75 ± 0.12 24 12 μmol PEITC + 9 μmol BITC 3.99 ± 1.04 4.35 ± 0.93 1.02 ± 0.13 24 12 μmol PEITC + 12 μmol BITC 2.40 ± 0.77 1.50 ± 0.20 1.30 ± 0.26 120 cotton seed oil 2.75 ± 0.45 2.75 ± 1.88 1.48 ± 0.44 120 6 μmol PEITC 2.43 ± 1.86 5.57 ± 1.35 0.75 ± 0.16^* 120 6 μmol PEITC + 6 μmol BITC 2.80 ± 2.00 6.65 ± 1.92 0.57 ± 0.10^* 120 9 μmol PEITC + 9 μmol BITC 2.73 ± 0.15 6.16 ± 0.72 1.22 ± 0.45 120 12 μmol PEITC + 9 μmol BITC 2.23 ± 0.99 5.27 ± 0.86 0.76 ± 0.05^* 120 12 μmol PEITC + 12 μmol BITC 2.68 ± 0.20 6.50 ± 1.66 0.54 ± 0.18^* 8 weeks 24 cotton seed oil 5.50 ± 0.21 3.71 ± 1.79 2.17 ± 0.21 24 6 μmol PEITC 2.30 ± 0.75* 7.63 ± 2.81 2.02 ± 0.61 24 6 μmol PEITC + 6 μmol BITC 3.50 ± 1.80 5.91 ± 2.45 1.47 ± 0.42 24 9 μmol PEITC + 9 μmol BITC 2.70 ± 1.93 7.23 ± 1.30* 1.27 ± 0.16 24 12 μmol PEITC + 9 μmol BITC 3.07 ± 1.59 7.87 ± 1.60* 1.69 ± 0.25 24 12 μmol PEITC + 12 μmol BITC 5.77 ± 0.95 4.77 ± 1.57 1.59 ± 0.15 120 cotton seed oil 5.92 ± 0.91 4.20 ± 1.57 2.59 ± 0.28 120 6 μmol PEITC 2.60 ± 0.49* 4.69 ± 1.26 1.80 ± 0.28 120 6 μmol PEITC + 6 μmol BITC 4.73 ± 5.79 4.39 ± 1.39 1.45 ± 0.25^* 120 9 μmol PEITC + 9 μmol BITC 3.53 ± 2.75 5.89 ± 0.95 1.55 ± 0.50 120 12 μmol PEITC + 9 μmol BITC 2.50 ± 0.79* 5.27 ± 1.17 0.86 ^{c*} 120 12 μmol PEITC + 12 μmol BITC 4.56 ± 0.88 2.29 ± 0.72 1.71 ^{c*}

3.5.2 Effects of dietary PEITC plus BITC In the second part of animal study #2, PEITC and BITC were given in the diet starting one week prior to the carcinogen administra tions and continuing until sacrifice (Figure 24, Table 14). PEITC and PEITC plus BITC had no effect on levels of HPB-releasing adducts at 4, 24 or 120 h intervals after a single carcinogen treatment. The adduct levels were reduced after 4 or 8 weekly treatments at both 24 and 120 h. These differences were not always significant, presumably due large variation within the groups and a small number of animals within the group (n=3). Similar to the gavage experiment, the levels of O^6-mG adduct levels were slightly increased after 1 or 4 weekly treatments; however, adduct levels were slightly decreased at 8 weeks, but none of these effects were significant. Dietary PEITC or PEIT C plus BITC had little effect on B[ a]P-tetraol-releasing adduct levels.

Legend to Table 13: NNK plus B[ a]P doses were given weekly by gavage (3 μmol each in 0.2 ml cottonseed oil) for 1, 4 or 8 weeks. Reported are the mean SD (n=3) except were noted. PEITC and BITC were given as indicated in 0.2 ml cottonseed oil) 2 h prior to the carcinogens by gavage. a Represents time after the last carcinogen administration. b The analysis of the O^6-mG and the B[a]P-tetraol-releasing DNA adduct was completed co-workers. c reported are the mean (n=2) * significantly different from control (p<0.05)

Results Page 65

0 1 2 3 4 5 6 7

4 24 120 24 120 24 120

HPB-releasing adducts [fmol/μg DNA] none 3 μmol PEITC/ g diet 3 μmol PEITC + 1μmol BITC / g diet

* * *

*

A

0 1 2 3 4 5 6 7 8 9

4 24 120 24 120 24 120

O^6-mdG [fmol/μg DNA]

B

0 1 2 3 4 5

4 24 120 24 120 24 120

B[a ]P-tetraol-releasing adducts [fmol/μg DNA]

C

Figure 24: DNA adduct levels in lung of A/J mice treated with NNK plus B[ a]P after 1, 4 or 8 weekly gavage treatments of. NNK pl us B[a]P (3 μmol each) with or without administration of dietary PEITC (3 mol/g diet) and BITC (1 mol/g diet) or PEITC plus BITC. Shown are HPB-releasing (A), O^6-mG (B), and B[ a]P-tetraol-releaseing (C) adduct levels. Each bars represents th e mean + SD (n=3). The analysis of O^6-mG and B[a]P tetraol releasing adduct were completed by co-workers.

1 week 4 weeks 8 weeks

Results Page 66

Table 14: DNA adducts levels in lung of A/J mice treated with NNK plus B[ a]P by gavage and PEITC plus BITC in the diet. Duration Sacrifice^a Isothiocyanate Adduct level [fmol/μg]^b [h] treatment HPB O^6-mG B[ a]P tetraol

1 week 4 None 0.81 ± 0.13 3.59 ± 1.71 0.43 ± 0.08 4 3 μmol PEITC 0.55 ± 0.15 3.04 ± 0.90 0.52 ± 0.20 4 3 μmol PEITC + 1 μmol BITC 1.37 ± 0.68 3.62 ± 1.15 0.52 ± 0.37 24 None 1.35 ± 0.32 0.85 ± 1.11 1.02 ± 0.16 24 3 μmol PEITC 0.55 ± 0.32 2.23 1.15 ± 0.36 24 3 μmol PEITC + 1 μmol BITC 0.93 ± 0.42 2.72 1.18 ± 0.20 120 None 0.47 ± 0.28 2.15 ± 0.91 0.46 ± 0.02 120 3 μmol PEITC 0.40 ± 0.30 3.27 ± 2.02 0.59 ± 0.05 120 3 μmol PEITC + 1 μmol BITC 0.87 ± 0.32 5.10 ± 1.71 0.54 ± 0.08 4 weeks 24 None 3.56 ± 0.49 3.99 ± 1.94 1.96 ± 0.56 24 3 μmol PEITC 2.00 ± 0.18 2.67 ± 2.68 2.11 ± 0.26 24 3 μmol PEITC + 1 μmol BITC 1.40 ± 0.52 3.02 ± 2.21 1.9 ± 0.23 120 None 2.23 ± 0.15 5.49 ± 1.77 1.86 ± 0.38 120 3 μmol PEITC 1.45 ± 0.37 5.07 ± 3.21 1.62 ± 0.08 120 3 μmol PEITC + 1 μmol BITC 2.23 ± 1.17 5.79 ± 2.11 1.85 ± 0.24 8 weeks 24 None 5.23 ± 1.18 4.28 ± 1.26 2.60 ± 0.41 24 3 μmol PEITC 3.77 ± 0.20 4.10 ± 2.83 3.75 ± 0.72 24 3 μmol PEITC + 1 μmol BITC 1.97 ± 1.33 3.29 ± 1.61 2.68 ± 0.27 120 None 4.57 ± 1.97 1.97 ± 0.44 3.10 ± 1.30 120 3 μmol PEITC 2.96 ± 0.78 1.75 ± 0.35 2.82 ^c 120 3 μmol PEITC + 1 μmol BITC 1.60 ± 0.62 2.57 ± 0.10 2.20 ^c

NNK plus B[a]P were given weekly by gavage (3 μm ol each in 2.0 ml cottonseed oil) for 1, 4 or 8 weeks. PEITC and BI TC were given in the diet (levels as indicated per g diet) starting one week prior to the carcinogen (at does indicated per g diet). Reported are the mean ± SD (n=3), except were noted. a Indicates time after last carcinogen treatment. b The analysis of the O^6-mG and the B[a]P-tetraol-releasing DNA adducts was completed by co-workers. c reported are the mean (n=2).

3.6 Effects of PEITC and BITC on adduct formation from NNK plus B[a]P in rats

Our goal was to determine the effects of PEITC and/or BITC on the formation of HPB- and trans/anti B[a]P-tetraol-releasing DNA and protein adducts in rats treated with NNK plus B[a]P. This was accomplished using GC-NICI-MS techniques.

HPB releasing adducts

A mean SD amount of 97.1 32.5 g DNA was analyzed for HPB-releasing adducts. The mean SD background of HPB in the negative controls was 23.6 ± 6.6 fmol/sample (n=10), and was subtracted from each amount detected. The mean SD recovery of 4,4-[^2H_2]HPB was 20.1 ± 13.6%. The mean SD adduct level detected in lung and liver was 118.1 ± 60.7 and 71.2 18.4 fmol/ sample, respectively, and was 5- and 3-fold above the background. The adduc t levels were expressed as fmol HPB released (corrected for background)/μg DNA.

Table 15 summarizes the adduct levels for each group after 8 and 16 weeks of treatment. PEITC reduced the mean HPB-releasing DNA adduct levels in the lung after 8 and 16 weeks of treatment by 50%. The means SD were 1.6 0.3, 1.3 0.4, 0.6 0.1 and 0.5 0.4 for the groups treated with NNK plus B[ a]P alone or in combination with BITC, PEITC, or PEITC plus BITC, respectiv ely. After 16 weeks, similar results were obtained, confirming a reduction of HPB-rel easing DNA adducts in the lung by ~50% in the groups treated with PEITC and PEITC plus BITC. The mean SD HPB-releasing DNA adduct levels in the liver specimens were not different among the groups, and ranged from 0.33 0.12 to 0.56 0.13 fmol/ g DNA. PEITC and PEITC plus BITC treatment reduced the levels of HPB-releasi ng DNA adducts in lung to levels similar to those seen in the liver DNA (Figure 25).

HPB-releasing hemoglobin adduct levels were 40-50% lower in the groups treated with PEITC or PEITC plus BITC compared to controls (Figure 26, Table 15). The HPBreleasing Hb adduct levels after 8 weeks of treatment were 56.1 2.5, 55.8 2.3, 24.4 2.0, and 31.7 5.8 in groups treated with NNK plus B[ a]P alone or in combination with,

BITC, PEITC and PEITC plus BITC, respectively. The 50% inhibition of HPB-releasing- Hb adducts is similar to that inhibition observed for HPB-releasing DNA adducts in lung. The inhibition of hemoglobin adducts was pe rsistent until 12 weeks (Figure 26). After that, HPB-releasing adduct levels dec lined non-significantly in the NNK plus B[ a]P and NNK plus B[a]P/BITC treated groups to the levels of the PEITC and PEITC plus BITC group. After 16 weeks of treatment, there were no differences in HPB-releasing hemoglobin adduct levels among the treatment groups.

Trans/anti B[a]P-tetraol-releasing adducts

A mean SD amount of 97.1 32.5 g DNA was analyzed for B[ a]P-tetraol-releasing adducts. The recovery of the trans/anti [^2H_8]B[a]P-tetraol was 28.5 15.2%. None of the H_2O blanks contained any detectable trans/anti B[a]P-TME and the spiked positive controls were within CV<10% (n=8, data not shown). There was no effect of PEITC and PEITC plus BITC on the formation of B[a]P-tetraol-releasing adducts in lung or liver (Figure 25). The adduct levels were higher in liver than in lung DNA, with a mean SD of 0.7 0.4 and 1.1 0.6 for lung and liver DNA, respectively (Table 15).

Trans/anti B[a]P-tetraol releasing globin adducts were also not affected by the ITC-treatment (Figure 26, Table 15). The vari ation within the groups was ~50% and was 2-fold greater than the CV of the assay (section 3.2.2, page 49). The B[ a]P-tetraol-releasing globin adduct levels were similar to the HPB-releasing-Hb adducts.

Results Page 69

Figure 25: HPB-releasing (panel A) and B[ a]P-tetraol-releasing (panel B) DNA adduct levels in lung and liver of rats treated with NNK (2 ppm) in the drinking water and B[a]P (2 ppm) in the diet ± PEITC (3 mol/g) and/or BITC (1 mol/g) in the diet (n=4). *,P<0.05.

0.0

0.5

1.0

1.5

2.0

2.5

8 weeks 16 weeks 8 weeks 16 weeks

B[a ]P-tetraol-releasing DNA adducts [fmol/μg]

Liver

Lung

A

B 0.0

0.5

1.0

1.5

2.0

2.5

8 weeks 16 weeks 8 weeks 16 weeks

HPB-releasing DNA adducts [fmol/μg]

Liver

Lung

* *

* *

0

20

40

60

80

0 2 4 6 8 10 12 14 16 18 Time [weeks]

HPB-releasing adducts [fmol/mg Hb]

none BITC PEITC PEITC plus BITC

0

20

40

60

80

0 2 4 6 8 10 12 14 16 18 Time [weeks]

B[a ]P-tetraol-releasing adducts [fmol/mg globin]

Figure 26: HPB-releasing-globin (panel A) and B[ a]P-tetraol-releasing globin (panel B) globin adduct levels in rats treated with NNK (2 ppm) in the drinking water and B[a]P (2 ppm) in the diet ± PEITC (3 mol/g) and/or BITC (1 mol/g) in the diet (n=4).

A

B

Table 15: DNA and globin adducts in F-344 rats treated with NNK plus B[a]P and ITCs

Group^a Duration Globin Lung DNA Liver DNA [fmol/mg] [fmol/ g] HPB-releasing adducts

Control week 8 56.1 2.5 1.7 0.6 0.5 0.1 BITC 55.8 2.3 1.3 0.4 0.5 0.1 PEITC 24.4 2.0^b 0.6 0.1^b 0.3 0.1 PEITC plus BITC 31.7 5.8^a 0.5 0.4^b 0.4 0.1

Control week 16 29.8 4.8 1.6 0.3 0.4 0.1 BITC 30.2 7.2 1.7 0.2 0.4 0.2 PEITC 29.1 9.3 0.4 0.5^a 0.6 0.1 PEITC plus BITC 30.7 11.3 0.8 0.5^a 0.4 0.1

B[a]P-tetraol-releasing adducts

Control week 8 37 ± 15.8 0.5 0.1 0.7 0.7 BITC 23.1 ± 7.1 1.0 0.3 1.4 0.3 PEITC 23.4 ± 10.2 0.4 0.2 1.7 0.3 PEITC plus BITC 17.0 ± 5.0 0.8 0.7 1.0 0.9

Control week 16 22.6 ± 6.7 0.8 0.5 1.3 0.4 BITC 29.1 ± 17.7 0.7 0.1 1.7 0.4 PEITC 15.8 ± 5.4 0.8 0.2 1.0 0.4 PEITC plus BITC 25.8 ± 4.0 0.6 0.2 1.0 0.5 aAll rats were treated with NNK in the drinking water (2 ppm) and B[ a]P in the diet (2 ppm). PEITC (3μmol /g diet) and BITC (1 μmol/g diet) were given in the diet. b significantly different from control (P<0.05).

3.7 Effects of PEITC, PPITC and their N-acetylcysteine conjugates on adduct formation from NNN in F-344 rats

In animal study #4, the aim was to evaluate the effects of PEITC, PPITC and their N-acetyl conjugates on the formation of HP B-releasing adducts derived from NNN, a strong esophageal carcinogen. -Hydroxylation of NNN at the 2 -position produces pyridyloxobutyl DNA adducts, whic h can be hydrolyzed to release HPB. The released HPB is then derivatized with PFBC and quantified by GC-NICI-MS. HPB-releasing-adducts were analyzed in esophageal DNA and hemoglobin by GC-NICI-MS.

HPB releasing DNA adduct in esophageal DNA of NNN treated rats

Pools of two esophagi giving a mean SD amount of 109 ± 27.4 g DNA, were analyzed for HPB-releasing adducts. The mean SD recovery of the [^2H_2]HPB was 37 ± 12%. The mean background was 105 ± 10.6 fmol/sample (n=15) and was subtracted from each amount detected. HPB-releasing DNA a dduct levels ranged from 171-981 fmol/μg DNA. The mean SD level detected was 351.7 ± 134.1 fmol/sample, which is about 3- fold above the background. The mean SD adduct level was 2.01 fmol/ μg DNA. One sample did not give any HPB-PFB or [^2H_2]HPB-PFB peak for tec hnical reasons and one other had an exceptionally high adduct level. These data points were excluded with 95% confidence by statistical analysis (according to Q-test (164)). There were no differences in DNA adduct formation among the groups (Figure 27, Table 16).

HPB releasing Hb adducts in NNN treated rats

An average of 81.5 ± 43 mg Hb per sample was analyzed for HPB releasing adducts as described. The average recovery of the [^2H_2]HPB was 49 ± 33%. The mean background was 86.4 ± 42 fmol/sample (n=11) and was subtracted from each detected amount. The mean amount detected in the positive controls was 351.77 ± 42.5 fmol. The mean SD amount detected was 464.94 ± 302.4, and was about 4-fold above the background. The adduct levels were expresse d as fmol HPB released (corrected for background)/mg hemoglobin. There were no e ffects of ITCs or their NAC conjugates on the formation of HPB-globin adduct levels (Figure 28, Table 16). Two samples had exceptionally high adduct levels and were excluded for statistical analysis with 95% confidence (according to the Q-test (164)). Table 16: HPB-releasing DNA adduct levels in esophagus of NNN treated F-344 rats Group^a 4 weeks mean ± SD

10 weeks mean ± SD

16 weeks mean ± SD Esophageal DNA adducts [fmol/μg DNA] NNN 1.78 ±0.50 2.14 ±1.04 1.68 ±0.63 NNN+PEITC 2.07 ±1.53^b 2.43 ±1.07 1.15 ±0.32 NNN+PEITC-NAC 2.28 ±0.70 2.21 ±0.72 1.16 ±0.47 NNN+PPITC 1.97 ±1.01 2.07 ±0.61 2.11 ±1.30 NNN+PPITC-NAC 1.51 ±0.83 3.26 ±1.50 2.10 ±1.44 Hemoglobin adducts [fmol/mg HB] NNN 6.47 ± 1.5 5.05 ± 1.4 6.18 ± 1.6 NNN+PEITC 6.36 ± 1.3 5.15 ± 0.6 5.35 ± 2.0 NNN+PEITC-NAC 5.06 ± 0.7 6.18 ± 1.6 4.59 ± 1.2 NNN+PPITC 6.31 ± 1.9 7.14 ± 1.2^b 4.76 ± 1.3^b NNN+PPITC-NAC 5.27 ± 1.0 7.17 ± 0.9^c 6.20 ± 3.6 Data represent mean ± SD of 5 pools of tw o esophagi (n=5). NNN (5 ppm) was given in drinking water, ITC or their conjugates were given in the diet (1.0 mol/g diet). a One sample with no data and one with was excluded with CI 95% (n=4). b One data point was excluded with CI 95% (n=4). c One sample had no recovery for reason not known (n=4).

0

1

2

3

4

5

NNN PEITC PEITC-NAC PPITC PPITC-NAC

week 4 week 10 week 16 a

Figure 27: HPB-releasing adducts in esophag eal DNA of rats treated with NNN (5 ppm) in drinking water and ITC or their conjugates in the diet (1.0 mol/g diet). a One data point was excluded with CI >90% (n=4).

0

2

4

6

8

10

NNN PEITC PEITC-NAC PPITC PPITC-NAC week 4 week 10 week 16

a b b

Figure 28: HPB-releasing hemoglobin adduct leve ls in rats treated with NNN (5 ppm) in drinking water and ITC or their conjugates in the diet (1.0 mol/g diet). a One with no data for technical reasons (n=4) . b One data point was rejected with CI>95% according to Q-test (n=4) (164). Figure 29

Adduct levels [fmol/μg DNA]

Adduct levels [fmol/μg DNA]

4 Discussion 4.1 Establishment of methods for the detection of BPDE-adducts

Initial experiments demonstrated that HPLC-FD and GC-MS are equally suitable for the detection of B[a]P-tetraol-releasing adducts. Depending on the nature of the study each has its advantages.

The HPLC-FD method was precise at levels as low as 5 fmol/ sample. It is easy to use and relatively inexpensive. While this method has been used in other studies on human exposures, we have for the first time de termined its precision at different levels. Alexandrov et al. (108) tested the reproducibility of the HPLC-FD method at a level of 31 fmol/sample and found a variability of less than 3 %. Our results are in agreement, but we also demonstrated that at lower levels th ese CVs were 5%, 11.2% and 18.5% for 100, 25 and 5 fmol, respectively. The awareness of a level-dependent-standard error is important for determining slight differences between study groups at low levels, as discussed below. Analysis of globin by HPLC-FD results in multiple peaks eluting at similar retention times as the B[ a]P-tetraols, creating an LOD of greater than 100 fmol/sample (data not shown).

The GC-NICI-MS method has greater absolute sensitivity, with an ability to quantify as low as 1 fmol/ standard on column. However, the LOD is 10-25 fmol/ sample, with a CV < 20 % at all levels determined, due to the complex work-up and recoveries of 10-40%. The larger variation is most likely due to the extensive sample preparation. An advantage of this method is its suitability for analysis of B[ a]P-tetraol-releasing globin adducts, with the same LOD and precision (data not shown).

Both methods detect B[ a]P-tetraols released upon mild acid hydrolysis and thus give limited information regarding the struct ure of the actual adduct. However they are more specific than the most commonly used techniques, ^{32}P-postlableling and immunoassay, because they detect a B[ a]P-specific metabolite, the B[ a]P-tetraol. In general, ^{32}P-postlabeling, with either thin layer chromatography or HPLC as separation systems provides neither the desired qualitative nor quantitative data. The specificity and selectivity of the immuno assay depends on the antibodies used, as they are known to cross-react with other PAHs. While studies in animals showed clear results (165-167), it is extremely difficult to retrieve specific data from human specimens (168,169), which are naturally exposed to a variety of compounds. Thus HPLC-FD and GC-NICI-MS are valuable tools in molecular epidemiological studies, and provide reliable results.

Surprisingly, the percentages of detected B[ a]P-tetraols, by HPLC-FD or GC- NICI-MS range only from 33%-52% in human tissues (Boysen and Hecht in preparation (170)). It appears that no specific exposure l eads to higher percentages of detected, or higher levels of B[ a]P-tetraol-releasing adducts. An expl anation may be that either the B[a]P-tetraol-releasing adducts are not present, or the levels are below the LOD of currently applied techniques.

Adduct levels detected by ^{32}P-Postlabeling or immuno assay usually ranging from 0.1–100 adducts/ 10^8nucleotides. ^{32}P-Postlabeling or immuno assay presumably measure mixtures of PAH-DNA and othe r possible DNA adducts suggesting that the levels of B[a]P-tetraol-releasing adducts are actually much lower. Alexandrov et al. (108) estimated that B[ a]P-tetraol-releasing adducts may represent 10%–70% of total adducts measured by ^{32}P-postlabeling. Thus, the actual levels of B[ a]P-tetraol-releasing adducts may be as low as 0.01–1.0 adducts/10^8 nucleotides. These levels are below the LOD of currently applied methods. More sensitive met hods therefore are needed to reliably study B[a]P-tetraol-releasing adduct levels in humans and assess their contributions to cancer development and cancer risk.

4.2 Effects of PEITC and BITC on adduct formation from NNK plus B[a]P in A/J mice and F-344 rats

4.2.1 HPB-releasing adducts

Previous reports demonstrated the im portance of DNA adduct formation in A/J mouse lung tumor induction (43,49,171). However, there are no reports in the literature on DNA adduct formation by mi xtures of NNK plus B[ a]P. The A/J mouse lung tumor model was ideal for assessing the effects of PEITC and BITC on DNA adduct formation from NNK plus B[ a]P because effects of PEITC and BITC were already established (50,135).

The results presented herein support in part the hypothesis that the mechanism by which PEITC prevents NNK plus B[a]P-induced tumorigenesis involves the inhibition of DNA adduct formation. Dietary PEITC reduced the levels of HPB-releasing adducts by ~50% in lung DNA of A/J mice and F- 344 rats treated with NNK plus B[ a]P. These effects were observed whether or not BITC was present. This is consistent with previous findings that PEITC reduces HPB-releasing adducts derived from NNK in mice (42,43) and rats (48,172). However, O^6-mG and B[ a]P-tetraol-releasing adducts were not affected by PEITC, BITC or both.

DNA adduct formation from NNK and B[a]P given alone or together

We first demonstrated that adduct levels in A/J mouse lung were not different when NNK and B[a]P were given individually or as a mixture, by gavage at levels known to induce lung tumors (Figure 20). The treatments applied herein were expected to produce about 3.3, 7.3 and 22.7 tumors per m ouse in the groups treated for 1 ,4 or 8 weeks, respectively, based on total doses of NNK plus B[a]P (50). Thus, NNK and B[a]P do not effect the adduct formation of each other.

Effects of dietary PEITC and BITC on HPB-releasing DNA adducts in A/J mouse lung.

DNA adducts were analyzed in lung after treatments with NNK plus B[ a]P, that are known to induce lung tumors (50), and with or without PEITC plus BITC treatments, that are known to inhibit NNK plus B[ a]P-induced tumor multiplicity (135). Levels of HPB-releasing DNA adducts deri ved from NNK were significantly decreased in several groups treated with dietary PEITC or dietar y PEITC plus BITC (F igure 24). It was in these groups that the strongest inhibition of lung tumor multiplicity was observed in a previous study (135). At the 24 h time point, a 30–40% inhibition of HPB-releasing DNA adducts was particularly consistent after 4 and 8 weeks of treatment. This inhibition correlates well with the inhibition of tumor multiplicity by ~40% at the same doses (135).

Interestingly, inhibition of HPB-releasing adduct levels was observed in all groups where the initial adduct levels were greater than ~1 fmol/μg DNA (Figure 18). This suggests that levels below 1 fmol/ μg DNA represent adducts derived from a PEITC-insensitive activation, while higher a dduct levels are produced by a lung specific, PEITC-sensitive pathway. Since it is not clear if this effect is caused by one or multiple enzymes, the terms “PEITC-sensitive” and “PEITC-insensitive” pathway are used to describe either a single enzyme, presumably a P450, or a whole enzymatic pathway.

After one treatment of NNK plus B[ a]P (3 mol each), no effects of ITCs on HPB-releasing adduct levels were observed. Apparently adduct levels after one treatment, are not high enough to be affected by PEITC and/ or BITC. This is in agreement with the observation described above that levels below 1 fmol/ μg DNA are produced by a PEITC-insensitive pathway. Previous reports state that a single dose of 2.5 μmol NNK (51) or 1 μmol NNK once weekly for 8 weeks (8 μmol total) do not significantly increase tumor multiplicity (50). However, 1 μmol NNK plus 1 μmol B[ a]P once weekly for 8 weeks (total 8 μmol) produce a threefold in crease in tumor multiplicity, mainly due to B[a]P rather than NNK (50).

Effects of gavaged PEITC and BITC on HPB-releasing DNA adducts in A/J mouse lung.

While dietary PEITC clearly inhibite d the formation of HPB-releasing DNA adducts in lung, the effects of gavaged PE ITC were weak and rarely significant. An inhibitory effect on the formation of adducts was observed in the groups treated for 4 or 8 weeks. In these groups, the reduction of HPB -releasing adduct levels was strongest after 8 weeks when receiving PEITC al one (Figure 21). Increased levels of BITC seemed to counteracted the inhibitory effect of PEITC, but due to large variations within the groups, most differences were not significant. This is consistent with the finding that dietary PEITC plus BITC were more eff ective inhibitors of NNK plus B[ a]P-induced lung tumorigenesis than when they were given by gavage (31). However, the gavaged PEITC plus BITC treatments applied here are known to inhibit NNK plus B[ a]P-induced tumor multiplicity by 30–35%. The different effects of dietary versus gavage treatments may be explained by the fact that the total PEIT C dose is lower in the gavage groups (6–12 mol PEITC) than in the dietary treatments, where each animal consumed about 42 mol PEITC before the first carcinogen challenge. Mechanistically, Zhang and Talalay et al. demonstrated that ITCs accumulate rapidly to high (800–900 μM) intracellular levels in cell cultures exposed to low levels (1–5 μM) of ITCs (173). Thus, in vivo dietary ITC may produce intracellular concentrations that exceed those caused by gavage treatment, especially when the treatment are a week apart.

Effects of dietary PEITC and BITC on HPB-releasing DNA adducts in rat lung and liver We then extended our investigation on HPB-releasing DNA adducts to F-344 rats treated with BITC and/or PEIT C and a mixture of NNK plus B[ a]P using a similar treatment protocol. The importance of HPB-releasing adducts in tumor formation in rat lung was demonstrated (172) (47). In spite of this, to our knowledge, no data are available on tumorigenesis and DNA adduct formation by mixtures of NNK plus B[ a]P and their inhibition by PEITC or BITC in rats. Effects of PEITC and BITC on HPBreleasing DNA adduct levels in rat lung were similar those observed in mouse lung. Dietary PEITC reduced HPB-releasing DNA a dducts by ~50% whether or not BITC was present. This is consistent with previ ous findings of PEITC-reduced HPB-releasing adducts in mice and rats (48,174) (Table 17).

Table 17: HPB-releasing DNA adducts in rat lung and liver Treatment dose^a HPB-releasing adducts^b Reference Lung Liver Lung/ liver NNK NNK+PEITC

8 and 16 weeks 90-204 1.6^c 0.6^c

0.5^c 0.6^c

3.20 1.0

Present study

NNK 4 consecutive days i.p.

75 0.21 0.11 1.91 Murphy et al. (47) 150 0.41 0.37 1.11 300 0.73 0.71 1.03 600 1.17 1.3 0.90 1200 1.64 4.4 0.37

NNK NNK+PEITC

4 consecutive

days s.c.

600 1.2 1.7 0.71 Morse et al.

0.7 1.1 0.64 (174)

NNK Once i.p. 2080 8.3 63.9 0.13 Peterson et al. (42) a reported as μg NNK/kg/day. b units = pmol/μmol guanine c units = fmol/μg DNA

PEITC did not effect the HPB-releasing DNA adduct levels in the liver and levels were about half of that in lung. In this study adduct levels were higher in lung than in liver. Murphy et al. reported similarly higher le vels in lung than in liver (47). However, this was only observed for doses below 600 μg /kg/day of NNK (significant for doses of 75 μg/kg/day or less) while at higher doses a dduct levels were higher in liver than in lung. This suggests an important change in the metabolic activation/detoxification of NNK, dependent on the dose of NNK. The tr eatments herein corresponded to about 90- 204 μg/kg/day for 8 or 16 weeks (low doses). Despite the longer treatment time, by generating a higher total dose of NNK plus B[ a]P, the HBP-releasing adducts in lung remained higher than in liver (Figure 25). The ratio was even higher than expected, based on data from Murphy et al. (47) (Table 17). This suggests that chronic exposure can lead to the accumulation of adducts. Thus NNK may be a much stronger lung carcinogen at a lower level of exposure than expected. In c ontrast to our findings Morse et al. showed that PEITC (3 μmol/g diet) star ting 11 days prior to 4 daily subcutaneous (s.c.) injections of 600 μg NNK, reduced HPB-releasing adduc ts by 42% in lung and by 35% in liver

(174). A possible explanation may be that high doses of NNK, as applied by Morse et al., induces or enhances NNK-activation in liver. This NNK-induced or -enhanced metabolism is PEITC-sensitive. In lung however it seems -methyl hydroxylation of NNK is not affected by NNK dose and is PEITC-sensitive at all doses of NNK.

An interesting observation is that di etary PEITC reduced HPB-releasing DNA adduct levels in lung to similar levels as those observed in liver. It seems that HPBreleasing DNA adduct levels of <1.0 fmol HPB/ g DNA, as seen in liver, represent PEITC-insensitive activation of NNK, while higher DNA adduct levels of >1.0 fmol/ g DNA in lung are PEITC-sensitive. This is cons istent with results observed in the A/J mouse lung and may be a key observation of this study.

Similar effects of dietary PEITC on NNK- activation as well as NNK-induced or NNK-enhanced activation were observed in l ung and liver microsome preparations from mice and rats. The influence of pre- treatment with NNK or NNK+PEITC on the metabolic activation of NNK via -hydroxylation was explored in rat microsomes (175). NNK was given by s.c. (1.76m g/kg body weight) weekly for 4, 12, or 20 weeks, and PEITC was given in the diet (3 μmol/g diet ). When compared to NNK pretreated groups, PEITC significantly inhibited formation of the -hydroxylation products, HPB and keto aldehyde, in lung microsomes from rats pretreated with NNK plus PEITC. Liver microsomes from the same animals were unaffected by pretreatment with NNK or NNK plus PEITC (175). Even more interesting is that PEITC-pretreatment reduced the rate of HPB and keto aldehyde formation in lung microsomes to the rates reported for the liver microsomes from the same animals. This is consistent with our observation that PEITC reduces the HPB-releasing DNA adduct levels in lung to levels measured in liver. Comparable results have been reported fo r mouse lung microsome preparations (176). Pretreatment with 3 μmol PEITC/g diet fo r 4 weeks resulted in a 40% and 30% reduced formation of HPB and keto aldehyde, resp ectively. Liver microsomes from mice pretreated with PEITC formation of HPB a nd keto aldehyde were 20% and 30% reduced (176). The NNK concentration was higher (10 μM NNK) in the mouse microsome preparations than in the rat microsome preparations (3 μM), suggesting that NNK induces or enhances its own metabolic activation in liver. These results may explain the increased formation of HPB-releasing adducts reported by Murphy et al. (47). PEITC acts as a noncompetitive and competitive inhibitor, as shown by decreasing the V_{max}value but does not influence the K_m in mice lung and liver microsomes incubated with 10 μmol NNK (176,177).

Extensive studies have clearly shown that -hydroxylation of NNK is catalyzed by multiple P450s (31). In rat and mouse lung -hydroxylation involves P4502B1 and 2A enzymes, or immunochemically related form s. P450 2B1 has consistently shown to catalyze -methylene hydroxylation (178,179), while 2A enzymes seem to be responsible for -methylene and -methyl hydroxylation in lung (180). Antibodies against rat 1A1, 2B1 and 2A1 inhibit HPB formation in mouse lung (176,177), however 1A1 is not detected in mouse lung (180), suggesting th at some P450s, important for NNK activation in lung, have not been characterized. Felicia et al. recently showed that P450 2A5 is important in NNK activation in mouse lung (181). Further, human P450 2A13 was highly effective in metabolic activation of NNK, as reported by Su et al. (182). The kinetics of -hydroxylation is in general biphasic (177). Devereux et al. demonstrated in vivo that formation of O^6-mG in rat lung cells is more efficient at lower dose of NNK than at higher doses (178). In rat and mouse l ung, antibodies against P450 2B1 inhibit - methylene-hydroxylation of 10 μmol NNK by 23% (176,180) while concentrations of 20 μmol NNK are inhibited by 45% ( 179) (Table 18). Several P450s appear to play a minor role in NNK activation. Inhibition of 1A1, 2E1 and 2C11 had no effect on -methylene or -methyl hydroxylation of NNK in rodents (176,179,180,183).

Table 18: Inhibition of methylation by P450 specific antibodies P450

-Methylene-hydroxylation^a 1A2 2A1 2B1

Reference

Rat lung 10 μmol NNK 20 μmol NNK

46% 64% 23% 32%

(180) (179) Mouse lung 10 μmol NNK 20 μmol NNK

9% 47% 23% 45%

(176) (179) a Thus far data on -methyl-hydroxylation in rodents are only done at 10 μmol NNK We therefore conclude that in rodents exist at least two separate activation pathways for NNK. One is hi ghly lung specific and can be inhibited by PEITC (PEITCsensitive), leading to elevated HPB-releasi ng adduct levels in lung. The other, PEITCinsensitve, is more general and gives rise to relatively low levels of HPB-releasing adducts in lung. A high doses of NNK, on th e other hand, can induce or enhance the PEITC-sensitive pathway in the liver. The PEITC-sensitive pathway may be permanently expressed in lung while its inducible in the liver.

Effects of PEITC and BITC on HPB-releasing hemoglobin adducts in F-344 rats The formation of HPB-releasing hemoglobin adducts was reduced 50% by dietary PEITC over the first 12 weeks. This is consis tent with previous reports where HPB-Hb adducts were ~50% lower in rats treated with dietary PEITC (143). The HPB-releasing Hb adduct levels were half of those reporte d in an earlier study using the same doses of NNK and PEITC, but no B[ a]P or BITC. After 12 weeks, HPB-releasing-Hb adduct levels declined in the control and BITC groups, suggesting that NNK plus B[ a]P treatment may inhibit -hydroxylation of NNK. Similar results were also observed in a previous report (143), but statistical analysis was not performed.

The time course of HPB-releasing-Hb adducts did not correlate with adduct formation in the lung or liver. The degrees of inhibition of Hb-adducts was similar to that in lung at 8 weeks, but not at 16 weeks. In liver, no effect of PEITC or PEITC plus BITC was observed. These results suggest that ther e may be a tissue other then lung or liver that specifically activates NNK, leading to HPB-releasing-Hb adducts. This activation site can be inhibited by PEITC or PEITC pl us BITC (PEITC-sensitive) and is also inhibited by NNK plus B[ a]P treatment after 16 weeks of treatment. It is interesting that the formation of O^6-mG in lung of F-344 rats treated with NNK (1.76 mg/kg three times weekly) and dietary PEITC (3μmol g/ diet) fo llows a similar pattern (48). In that study, HPB-releasing adducts in whole lung were ~40-50% inhibited by PEITC over 20 weeks. O^6-mG levels remained almost steady in the PE ITC-treated group, while the levels in the NNK only group were increased between 8 and 12 weeks and declined after 12 weeks. These are exactly the effects we observed fo r the HPB-releasing-Hb adducts. Thus far, we have no explanation that would link the formation O^6-mG in lung to the formation of HPB-releasing-Hb adducts.

The results of the long term dietar y PEITC on different endpoints in NNK carcinogenesis in mice and rats are summarized in Figure 30. It clearly shows that the effects of PEITC are similar for each endpoint but different between mouse and rat. A linear correlation is found along the endpoints, demonstrating their suitability. The slope is not null because of the protective effects of cellular defense systems (e.g. DNA repair). The activation of NNK to a pyridyloxobutyldiazohydroxide does not always leads to tumor development; it may undergo glucuronidati on and be excreted (39) or decompose to HPB. Furthermore, only a small percentage of HPB-releasing adducts cause mutations leading to tumors. Most are either repaired by the DNA repair system or do not cause mutations in critical genes. HPB-releasing hemoglobin adducts are not mechanistically involved in the carcinogenesis and therefore represent a surrogate exposure marker. From Figure 30 one can estimate that in lung the PEITC-sensitive pathway contributes - methyl hydroxylation of NNK by ~50% in mice a nd 90% in rats. Future studies of these biomarkers in humans may help to predict the efficacy of PEITC and other chemopreventive agents in humans.

In summary, PEITC is known to inhib it NNK-induced lung tumorigenesis and microsomal activation in rodents. We demons trated herein that the formation of HPBreleasing DNA adducts is inhibited to a sim ilar extent. The remaining tumorigenicity, microsomal activation of NNK, and formation of HPB-releasing adducts, must be caused by the PEITC-insensitive pathway. It is theref ore concluded that the tumorigenicity of NNK is due to at least two activation pathways, of which one may be completely blocked by PEITC while the other is not.

Discussion Page 85

0%

20%

40%

60%

80%

100%

% Reduction by dietary PEITC

F-344 rat 93% 76% 65% 57% A/J mouse 48% 41% 29%

Tumor multiplicity

Microsomal formation of HPB

HPB-releasing DNA adducts

HPB-releasing HB-adducts

Figure 30: Effects of dietary PEITC on different biological endpoints in NNK carcinogenesis. Tumor multiplicity data are from references (143,184). Microsomal formation of HPB are from references (175,176). DNA and Hb adduct data are from present study.

4.2.2 O^6m-G adducts from NNK plus B[ a]P

The null effect of PEITC and BITC tr eatments, both dietary and by gavage, on O^6-mG levels was surprising. Previous studies demonstrated convincingly that O^6-mG is important in lung tumorigenesis in A/J mice treated with a single dose of NNK, and that PEITC inhibit O^6-mG adduct levels. (43,173,184). Morse et al. treated mice for four consecutive days with 5 or 25 μmol of PE ITC by gavage, corresponding to a total of 20 and 100 μmol PEITC. This was followed by 10 μmol of NNK by i.p. injection (184). Levels of O^6-mG, 2 h and 6 h after NNK administration, were significantly reduced by PEITC. In a second study, four consecutive gava ge doses of 1 μmol PEITC, 2 h prior to 10 μmol NNK by gavage had no influence on O^6-mG levels in mice 6 h later (173). In the study by Morse et al., inhibition of O^6-mG levels was observed at total doses of PEITC that were two or ten times higher than th at of NNK. In the study presented here, the PEITC dose after a single treatment was two or four times that of NNK, but no inhibition was seen. Surprisingly, after 4 or 8 weekly gavage treatments, resulting in even higher doses of PEITC, no change was observed. Di etary treatments of a bout 6 μmol PEITC/ day starting one week before th e administration of NNK plus B[ a]P had no effects. One explanation may be that B[a]P, prevents the PEITC-mediated inhibition of O^6-mG levels. While B[a]P does not affect the O^6-mG levels directly, it may compete in some way in some way with NNK for the active site in the enzyme responsible for -methylene hydroxylation, thereby preventing inhibition by PEITC.

Alternatively, the different doses of NNK (10 μmol by Morse et al. versus 3 μmol once a week in our study) may affect th e proportion of PEITC-sensitive to PEITCinsensitive pathways for -methylene hydroxylation, similar to -methyl hydroxylation, as discussed above. Thus, the level given by Morse et al. may lead to PEITC-sensitive formation of O^6-mG, while our chronic treatment with lower levels of NNK do not.

4.2.3 B[ a]P-tetraol releasing adducts

Effects of gavaged PEITC and BITC on B[a]P-tetraol–releasing adducts in A/J mice While dietary ITC administered by gava ge had little or no effect on DNA adduct levels resulting from NNK, we observe d consistently lower levels of B[ a]P-tetraol-releasing adducts in the groups treated by ga vage with PEITC plus BITC (Figure 23). This was significant in most of the groups sacrificed 120 h after the last NNK plus B[ a]P treatment. This may result from induction of nucleotide excision repair (NER). Huang et al. demonstrated that PEITC induces p53 expr ession (185). Furthermore, cells that lack p53 are deficient in removal of B[a]P-tetraols releasing adducts (186). These data suggest that PEITC, and perhaps BITC as well, may induce expression of NER genes by a p53-mediated pathway causing an inhibition in the formation of B[ a]P-tetraol adducts detected at the later time points. The inhibition of B[ a]P-tetraol-releasing adducts, however, is consistent only in part with th e results of our tumor induction study, where we observed inhibition only at the higher co mbinations of PEITC plus BITC (135). Effects of ITC other than modification of DNA adducts may therefore be involved in inhibition of tumorigenesis. These potential effects are discussed further below.

The extent of inhibition was somewhat similar to those reported by Sticha et al. in a time-course study (187). PEITC given by gavage (6 μmol in 0.2 ml cottonseed oil) or in diet (3 μmol/ g diet) reduced B[ a]P-tetraol-releasing adduct levels by 40% over a time period of 2–298 h after the last treatment of NNK plus B[a]P by gavage (3 μmol each in 0.2 ml cottonseed oil) (187). Administration of PEITC plus BITC ha d a similar effect on B[a]P-tetraol-releasing adducts. However, lung tumor multiplicity in B[ a]P-treated A/J mice was inhibited by BITC and not by PE ITC (144,145,188). We Therefore conclude that there are mechanisms other than inhi bition of adduct formation responsible for inhibition of lung carcinogenesis by BITC.

Effects of dietary PEITC and BITC on B[a]P-tetraol-releasing DNA adducts in lung of A/J mice and F-344 rats

In contrast to the results of the gavaged PEITC and BITC treatments in mice, no influence on B[ a]P-tetraol-releasing DNA adduct leve ls was observed in any of the groups receiving dietary BITC, PE ITC, or PEITC plus BITC (Figure 24C). These results are consistent with previous tumor inhi bition studies, which suggested that tumor inhibition by dietary PEITC plus BITC is due to the influence of PEITC on NNK-induced tumors (135). The bolus dose of PEITC and BITC by gavage had markedly different consequences than the gradual relatively lo w dose of dietary administration. There may be toxic effects associated with the gavage administration, although there was no significant change in animal weights in our study or in previous work by Hecht et al. (135).

The levels of DNA adducts derived from B[a]P in the lung of F-344 rats were not affected by treatment with dietary BITC and/ or PEITC at the doses given in this study (Figure 25B). This is consistent with results in A/J mice, where dietary treatment with BITC (1μmol/g diet) and/or PEITC (3 μmol/g diet) did not affect the B[ a]P-tetraol-releasing DNA adduct levels in the lung when NNK plus B[a]P were given by gavage.

Effects of dietary PEITC and BITC on B[a] P-tetraol-releasing in liver DNA and globin addutcs in F-344 rats

The treatments with PEITC and BITC were also ineffective on B[ a]P-tetraol-releasing DNA adducts in the liver of F-344 rats . Consistent with previous findings, that the liver is the main tissue of B[a]P metabolism, adduct levels were higher in liver than in lung. Similar to observations in lung and liv er, the treatments with PEITC or BITC had no effect on B[ a]P-tetraol-releasing globin adduct leve ls. This findings is not surprising because globin adducts are believed to repr esent the effects of metabolic activation mainly in liver. Thus, there was no effect s on DNA adduct levels, hence one would not expect effects on globin adduct levels.

Anderson and co-worker reported that in rats the total binding of B[a]P to DNA is about twice as high in liver than in l ung (189). Conversely, the BPDE-derived (B[ a]Ptetraol releasing) adducts were not detected in liver. The main adduct detected by Anderson et al. in liver of rats wa s tentatively identified as being B[ a]P-phenol-derived (189) and is presumably the recently identified 5,9-dihydroxy-4,5-dihydro-5-( N^2- guanosyl)-benzo[a]pyrene adduct (190). This discre pancy may be explained by the different treatment protocols. Boroujerdi et al . gave a single intravenous injection of 1 or 10 μmol B[ a]P and sacrificed the rats 1 h later. We explored chronic exposure through the diet (0.063 μmol/day). Further, it is most likely that the sacrifice time by Boroujerdi et al. may have been to short to produce significant amounts of B[ a]P-tetraol-releasing adducts. In contrast to our results in rats, Stowers et al. reported similar adduct levels, mainly B[a]P-tetraol-releasing, between lung and liver in mice and rabbits (191), 24 and 48 h after B[ a]P treatment (191). Thus, metabolic activation of B[ a]P in rats may give rise to different adducts than the B[ a]P-tetraol-releasing adducts, and these adducts may be important, too. Due to the specificity of the GC-NICI-MS method applied herein, we were not able to observe adducts other than the ones releasing trans/anti B[a]P tetraol. In liver DNA from rats treated with 100 mg or 400 mg B[ a]P i.p., we observed two adducts by HPLC-FD, that were distin ctly different from the B[ a]P-tetraol-releasing adducts and were not detected in the control animals (dat a not shown). The structure of this adducts were not further investigated at this point.

4.3 Effect of PEITC and PPITC a nd their NAC-conjugates on adduct formation from NNN

In the last part of this study, we used NNN as carcinogen and PEITC and PPITC and their NAC-conjugates as inhibitor to determine whether the prevention of esophageal tumors is due to inhibition of adduct form ation (Figure 27 and Fi gure 28). We did not observe any effects of the ITCs tested on the formation of HPB-releasing DNA adducts in esophagus or globin adducts. This was surprisi ng because the protocol used herein is known to produce a 71% tumor incidence and PPITC was shown to significantly inhibit the tumor incidence (72). Additionally, PPITC was reported to significantly reduce the formation of hydroxy acid and keto acid in es ophageal explants. The formation of these acids is an indication of -hydroxylation, expected to produce HPB-releasing DNA in vivo(64) and in vitro (45). Furthermore, NNN is shown to produce HPB-releasing globin adducts in rats (68). Consequently, our resu lts clearly showed that the prevention of esophageal tumorigenesis by PEICT, PPITC and their NAC-conjugates must be a result of a mechanism other than inhibition of HPB-releasing adducts.

ITCs were shown to effectively inhibit NMBA-induced esophageal tumorigenesis (192-194). Fong and co-worker demonstrated th at the induction of esophageal tumors by NMBA can be prevented by rapid induced apopt osis (195). In a zinc-deficient (ZD) rat model a single dose was highly tumorigenic (196), that was otherwise nontumorigenic (197). In addition it was demonstrated that wh en a zinc-sufficient diet was administrated after NMBA treatments, tumor incidence was reduced from 100% in ZD rats to 14% in zinc-repelished rats (195,198). The zinc repelished tissues had rapid increase in the apoptotic index (198). This clearly shows that the ability to induce apoptosis efficiently is important in tumorigenesis. Thus, PPITC a nd other ITCs might increase the apoptotic response (see also chapter 4.4).

4.4 Other effects of isothiocyanates

The results discussed above indicate that there are additional mechanisms of ITCs other than modification of DNA adduct fo rmation. Prominent among these is the induction of apoptosis (152). A considerable body of evidence indicates that the induction of apoptosis is important in chemoprevention by ITCs.

D'Agostini et al. demonstrated that PEITC increases cigarette smoke-induced apoptosis in the respiratory tract of rats (199). Huang et al. found that PEITC induces apoptosis in mouse epidermal JB6 cells through a p53-dependent pathway (185), and furthermore, PEITC induces apoptosis in hum an leukemia cells, as shown by Xu et al. (200). Induction of apoptosis by BITC and sulforaphane was observed in human colon cancer cells (201-204).

Multiple studies on mechanisms of ITC–induced apoptosis have consistently shown involvement of increased caspase-3(-like) activity (205-207) leading to the proteolytic cleavage of poly(ADP-ribose) and DNA fragmentation (205). Other work identified the involvement of c-Jun-N-termin al kinases activation (206), activation of MAP kinase, expression of AP-1 transcrip tion factor, p53 phosphorylation (208) and the mitochondrial death pathway (207).

Yang et al. investigated the effects of BITC-NAC and PEITC-NAC on molecular events associated with apoptosis in B[ a]P–treated A/J mice (208) . Both ITCs inhibited B[a]P-induced tumorigenesis. The MAP kinase pathway was activated in the ITC-NAC-treated groups. The activation of c-Jun N-term inal kinase was higher in the BITC-NAC and PEITC-NAC groups when compared with B[ a]P-treated control. The phosphorylation of p38 and extracellular signal-re gulated kinase (ErKs) 1 and 2 was also induced by these treatments. The AP-1-binding activity was remarkably increased in lung tissue from both the BITC-NAC and PEIT C-NAC groups. Phosphorylation of p53 was also higher than the constitutive levels in both ITC-NAC-treated groups, but no induction of p53 expression was detected. (208).

4.5 Limitations of studies presented herein

There were some limitations to these st udies. First, we examined only a few specific DNA adducts. While there is substantial evidence that the adducts measured are important in carcinogenesis by NNK plus B[ a]P, it is possible that other adducts, not measured here, may also contribute to tumorigenesis.

To investigate DNA adducts derived fr om NNK, we measured HPB-releasing adducts as a representative of -methyl-hydroxylation, however individual pyridyloxobutyl adducts, such as N^2- or O^6-[4-oxo-4-(3-pyridyl)butyl]deoxoguanosine (209) may be important in carcinogenesis. In mice we also analyzed O^6-mG derived from -methylene hydroxylation of NNK, but O^4-mT and 7-mG and other unidentified NNK derived adducts may also be involved in tu morigenesis (40). While 2'-hydroxylation of NNN produces HPB-releasing adducts, several other unidentified adducts have been observed (45). Little is know about the fate of the diazohydroxide from 5'-hydroxylation of NNN. 5'-hydroxyl-NNN is stru cturally related to the -hydroxy-N-nitrosopyrrolidine and 4-oxobutane 1-diazohydroxide, formed upon -hydroxylation of N-nitrosopyrrolidine. Adducts from this intermediate have been extensively characterized (210). In addition, B[ a]P is know to depurin ate DNA (211) and produce 7-(benzo[a]pyren-6-yl)guanine and 7-(benzo[ a]pyren-6-yl)adenine adducts (212). Recently, a 5,9-dihydroxy-4,5-dihydro-5-(N^2-guanosyl)-benzo[a]pyrene adduct has been identified in rat microsomal incubations (190).

Furthermore, all measurements were carri ed out in whole tissue (either lung or liver), but it is possible that adducts in i ndividual cell types may be formed differently, thus obscuring the overall effects. Staretz et al. demonstrated that the time course of O^6-mG and HPB-releasing adducts in NNK treat ed rats is significantly different among various cell types (e.g. Clara cells, type II cells small cells (48)).

In summary, the results presented here partly support the hypothesis that the modification of DNA adduct levels is involved in inhibition of NNK plus B[ a]P-induced lung carcinogenesis by ITCs. Effects other than inhibition of adduct formation are most likely contribute to chemoprevention by ITCs.

4.6 Future directions

It is long known that there are multiple enzymes or pathways for -hydroxylation of NNK. We showed here that PEITC is a se lective inhibitor for one of these pathways. Future studies on NNK activation therefore s hould include PEITC treatment to separate the PEITC-sensitive from PEITC-insensitiv e pathway. PEITC may be helpful in identifying P450s responsible for NNK activati on in lung (PEITC-sensitive). It will also be important to identify additional chemopr eventive compounds that inhibit the PEITCinsensitive pathway so that it compliments the PEITC-treatment.

There is some evidence that in liver, NNK may enhance its own activation at higher doses or concentrations. This shoul d be kept in mind when designing future studies. Previously, most studies used only one dose or concentration of NNK, and results were sometimes conflicting. Future studies should therefore always include high and low levels of NNK treatment.

We investigated only a limited number of DNA adducts and it may be possible the other adducts, not assayed herein, and ma y be important. Therefore, future efforts should be made to identify other re levant DNA adducts of NNK, NNN and B[ a]P. Our group is currently working on the identification of the HPB-releasing adduct or adducts.

According to our working hypothesis, the next step would be to assay whether ITCs reduce mutation frequencies in vivo. Transgene systems are available to measure the mutation frequency in target tissues and may be useful to answer question regarding the effects of ITCs on mutagenesis.

Much research has already been c onducted on induction of apoptosis. The correlation between markers for carcinogen exposure and apoptosis needs to be determined. This would enhance the overall picture of carcinogenesis.

5 References

1. Vogelstein,B. and Kinzler,K.W. (1993) The multistep nature of cancer. Trends Genet., 9, 138-141.

2. Barrett,J.C. (1992) Mechanisms of action of known human carcinogens. IARC Sci.Publ.,115-134.

3. Pott, P. Chirugical observations relative to the cataract, the polyps of the nose, the cancer of the scrotum, the different kinds of ruptures and the modification of the toes and feet. 1775. Hower, Clarke and Collins, London.

4. Manouvriez,A. (1876) Diseases and hygiene of workers making tar and pitch briquettes. Ann.Hyg.Publ., 45, 459-482.

5. Phillips,D.H. (1983) Fifty years of benzo[a]pyrene. Nature, 303, 468-472.

6. Doll,R. and Hill,A.B. (1999) Smoking and carcinoma of the lung. Preliminary report. 1950. Bull.World Health Organ, 77, 84-93.

7. Wynder,E.L. and Graham,E.A. (1985) Landmark article May 27, 1950: Tobacco Smoking as a possible etiologic factor in bronchiogenic carcinoma. A study of six hundred and eighty- four proved cases. By Ernest L. Wynder and Evarts A. Graham. JAMA, 253, 2986-2994.

8. Vineis,P. and Martone,T. (1996) Molecular epidemiology of bladder cancer.

Ann.Ist.Super.Sanita, 32, 21-27.

9. Groopman,J.D., Cain,L.G., and Kensler,T.W. (1988) Aflatoxin exposure in human populations: measurements and relationship to cancer. Crit Rev.Toxicol., 19, 113-145.

10. Miller,E.C. and Miller,J.A. (1981) Searching for the ultimate chemical carcinogens and their reactions with cellular macromolecules. Cancer, 47, 2327- 2345.

11. Singer,B. and Grunberger,D. (1983) Molecular Biology of Mutagens and Carcinogens. Plenum Press, New York, pp 45-94.

12. Vineis,P., Malats,N., Porta,M., and Real,F.X. (1999) Human cancer, carcinogenic exposures and mutation spectra. Mutat.Res., 436, 185-194.

13. Shukla,R., Liu,T., Geacintov,N.E., and Loechler,E.L. (1997) The major, N^2-dG adduct of (+)-anti-B[a]PDE shows a dramatically different mutagenic specificity (predominantly, G --> A) in a 5'-CGT-3' sequence context.Biochemistry, 36, 10256-10261.

14. Kozack,R.E. and Loechler,E.L. (1999) Molecular modeling of the major adduct of (+)-anti-B[a]PDE (N^2-dG) in the eight conformations and the five DNA sequences most relevant to base substitution mutagenesis. Carcinogenesis, 20, 85- 94.

15. Olivier,M., Eeles,R., Hollstein,M., Khan,M.A., Harris,C.C., and Hainaut,P.

(2002) The IARC TP53 database: New online mutation analysis and recommendations to users. Hum.Mutat., 19, 607-614.

16. Vahakangas,K.H., Bennett,W.P., Castren,K., Welsh,J.A., Khan,M.A., Blomeke,B., Alavanja,M.C., and Harris,C.C. (2001) p53 and K-ras mutations in lung cancers from former and never-smoking women. Cancer Res., 61, 4350- 4356.

17. Cancer Facts & Figures 2002. www.cancer.org.

18. Peto,R., Lopez,A.D., Boreham,J., Thun,M., Heath,C., Jr., and Doll,R. (1996) Mortality from smoking worldwide. Br.Med.Bull., 52, 12-21.

19. Blot,W.J. and Fraumeni,J.F., Jr. (2002) Cancer of the lung and pleura. In Schottenfeld,D. and Fraumeni,J.F., Jr. (eds.) Cancer Epidemiology and Prevention. Oxford University Press, New York (NY), pp 637-65.

20. Dockery,D.W. and Trichopoulos,D. (1997) Risk of lung cancer from environmental exposures to tobacco smoke. Cancer Causes Control , 8, 333-345.

21. Boffetta,P., Agudo,A., Ahrens,W., Benhamou,E., Benhamou,S., Darby,S.C., Ferro,G., Fortes,C., Gonzales,C.A., Jockel,K.H., Krauss,M., Kreienbrock,L., Kreuzer,M., Mendes,A., Merletti,F., Nyberg,F., Pershagen,G., Pohlabeln,H., Riboli,E., Schmid,G., Simonato,L., Tredaniel,J., Whitley,E., Wichmann,H.E., Winck,C., Zambon,P., and Saracci,R. (1998) Multicenter case-control study of exposure to environmental tobacco smoke and lung cancer in Europe. J.Natl.Cancer Inst., 90, 1440-1450.

22. Blot,W.J., Devesa,S.S., Kneller,R.W., and Fraumeni,J.F., Jr. (1991) Rising incidence of adenocarcinoma of the esophagus and gastric cardia. JAMA, 265, 1287-1289.

23. Chen,X. and Yang,C.S. (2001) Esophageal adenocarcinoma: a review and perspectives on the mechanism of carcinogenesis and chemoprevention. Carcinogenesis, 22, 1119-1129.

24. Stoner,G.D. and Gupta,A. (2001) Etiology and chemoprevention of esophageal squamous cell carcinoma. Carcinogenesis, 22, 1737-1746.

25. Bidoli,P., Bajetta,E., Stani,S.C., De,C.D., Santoro,A., Valente,M., Zucali,R., Valagussa,P., Ravasi,G., and Bonadonna,G. (2002) Ten-year survival with chemotherapy and radiotherapy in patients with squamous cell carcinoma of the esophagus. Cancer, 94, 352-361.

26. Druchrey,H., Preussmann,R., Blum,P., Ivankovic,S., and Afkham,J. (1963) Erzeugung von Karzinoman der Speiseröhre durch unsymetrische Nitrosamine. Naturwissenschaften, 50, 100-101.

27. D. Hoffmann and I. Hoffmann. The changing cigarette, 1950-1995. (1997) J.Toxicol.Environ.Health, 50, 307-364.

28. Hoffmann,D., Hoffmann,I., and El Bayoumy,K. (2001) The less harmful cigarette: a controversial issue. a tribute to Ernst L. Wynder. Chem.Res.Toxicol., 14, 767-790.

29. Cinciripini,P.M., Hecht,S.S., Henningfield,J.F., Manley,M.W., and Kramer,B.S.

(1997) Tobacco addiction: implications for treatment and cancer prevention. J Natl Cancer Inst., pp 1852-67.

30. Hoffmann,D., Rivenson,A., Murphy,S.E., Chung,F.L., Amin,S., and Hecht,S.S.

(1993) Cigarette smoking and adenocarcinoma of the lung: the relevance of nicotine-derived N-nitrosamines. Journal of Smoking-Related Disorders, 4, 165- 189.

31. Hecht,S.S. (1998) Biochemistry, biology, and carcinogenicity of tobacco-specific N- nitrosamines. Chem.Res.Toxicol., 11, 559-603.

32. Richie,J.P., Jr., Carmella,S.G., Muscat,J.E., Scott,D.G., Akerkar,S.A., and Hecht,S.S. (1997) Differences in the urinary metabolites of the tobacco-specific lung carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in black and white smokers. Cancer Epidemiol.Biomarkers Prev., 6, 783-790.

33. Carmella,S.G., Le Ka,K.A., Upadhyaya,P., and Hecht,S.S. (2002) Analysis of Nand O-Glucuronides of 4(Methylnitrosamino0-1-(3-pyridyl)-1-butanone (NNAL) in Numan Urine. Chem.Res.Toxicol., 15, 545-550.

34. Hecht,S.S., Carmella,S.G., Ye,M., Le,K.A., Jensen,J.A., Zimmerman,C.L., and Hatsukami,D.K. (2002) Quantitation of metabolites of 4-(methylnitrosamino)-1- (3-pyridyl)-1- butanone after cessation of smokeless tobacco use. Cancer Res., 62, 129-134.

35. Hecht,S.S., Ye,M., Carmella,S.G., Fredrickson,A., Adgate,J.L., Greaves,I.A., Church,T.R., Ryan,A.D., Mongin,S.J., and Sexton,K. (2001) Metabolites of a Tobacco-specific Lung Carcinogen in the Urine of Elementary School-aged Children. Cancer Epidemiol.Biomarkers Prev., 10, 1109-1116.

36. Hecht,S.S., Carmella,S.G., Chen,M., Dor Koch,J.F., Miller,A.T., Murphy,S.E., Jensen,J.A., Zimmerman,C.L., and Hatsukami,D.K. (1999) Quantitation of urinary metabolites of a tobacco-specific lung carcinogen after smoking cessation. Cancer Res., 59, 590-596.

37. Parsons,W.D., Carmella,S.G., Akerkar,S., Bonilla,L.E., and Hecht,S.S. (1998) A metabolite of the tobacco-specific lung carcinogen 4- (methylnitrosamino)-1-(3- pyridyl)-1-butanone in the urine of hospital workers exposed to environmental tobacco smoke. Cancer Epidemiol.Biomarkers Prev., 7, 257-260.

38. Hecht,S.S. and Hoffmann,D. (1989) The relevance of tobacco-specific nitrosamines to human cancer. Cancer Surv. , 8, 273-294.

39. Murphy,S.E., Spina,D.A., Nunes,M.G., and Pullo,D.A. (1995) Glucuronidation of 4-((hydroxymethyl)nitrosamino)-1-(3-pyridyl)-1- butanone, a metabolically activated form of 4-(methylnitrosamino)-1-(3- pyridyl)-1-butanone, by phenobarbital-treated rats. Chem Res.Toxicol., 8, 772-779.

40. Hecht,S.S. (1999) DNA adduct formation from tobacco-specific N-nitrosamines.

Mutat.Res., 424, 127-142.

41. Pauly,G.T., Peterson,L.A., and Moschel,R.C. (2002) Mutagenesis by O(6)-[4- oxo-4-(3-pyridyl)butyl]guanine in Escherichia coli and human cells. Chem.Res.Toxicol., 15, 165-169.

42. Peterson,L.A., Carmella,S.G., and Hecht,S.S. (1990) Investigations of metabolic precursors to hemoglobin and DNA adducts of 4-(methylnitrosamino)-1-(3- pyridyl)-1-butanone. Carcinogenesis, 11, 1329-1333.

43. Peterson,L.A. and Hecht,S.S. (1991) O^6-methylguanine is a critical determinant of 4-(methylnitrosamino)-1- (3-pyridyl)-1-butanone tumorigenesis in A/J mouse lung. Cancer Res., 51, 5557-5564.

44. Hecht,S.S., Spratt,T.E., and Trushin,N. (1988) Evidence for 4-(3-pyridyl)-4- oxobutylation of DNA in F344 rats treated with the tobacco-specific nitrosamines 4-(methylnitrosamino)-1-(3- pyridyl)-1-butanone and N'-nitrosonornicotine. Carcinogenesis, 9, 161-165.

45. Spratt,T.E., Trushin,N., Lin,D., and Hecht,S.S. (1989) Analysis for N^2- (pyridyloxobutyl)deoxyguanosine adducts in DNA of tissues exposed to tritiumlabeled 4-(methylnitrosamino)-1-(3-pyridyl)- 1-butanone and N'- nitrosonornicotine. Chem.Res.Toxicol., 2, 169-173.

46. Hecht,S.S. and Trushin,N. (1988) DNA and hemoglobin alkylation by 4- (methylnitrosamino)-1-(3-pyridyl)-1- butanone and its major metabolite 4- (methylnitrosamino)-1-(3-pyridyl)-1- butanol in F344 rats. Carcinogenesis, 9, 1665-1668.

47. Murphy,S.E., Palomino,A., Hecht,S.S., and Hoffmann,D. (1990) Dose-response study of DNA and hemoglobin adduct formation by 4- (methylnitrosamino)-1-(3- pyridyl)-1-butanone in F344 rats. Cancer Res., 50, 5446-5452.

48. Staretz,M.E., Foiles,P.G., Miglietta,L.M., and Hecht,S.S. (1997) Evidence for an important role of DNA pyridyloxobutylation in rat lung carcinogenesis by 4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone: effects of dose and phenethyl isothiocyanate. Cancer Res., 57, 259-266.

49. Belinsky,S.A., Foley,J.F., White,C.M., Anderson,M.W., and Maronpot,R.R.

(1990) Dose-response relationship between O^6-methylguanine formation in Clara cells and induction of pulmonary neoplasia in the rat by 4- (methylnitrosamino)- 1-(3-pyridyl)-1-butanone. Cancer Res., 50, 3772-3780.

50. Castonguay,A., Tharp,R., and Hecht,S.S. (1984) Kinetics of DNA methylation by the tobacco specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in F344 rats. In O'Neill,I.K., Von Borstel,R.C., Miller,C.T., Long,J., and Bartsch,H. (eds.) N-Nitroso Compounds: Occurrence, Biological Effects and Relevance to Human Cancer. International Agency for Research on Cancer, Lyon, France, pp 805-10.

51. Hecht,S.S., Morse,M.A., Amin,S., Stoner,G.D., Jordan,K.G., Choi,C.I., and Chung,F.L. (1989) Rapid single-dose model for lung tumor induction in A/J mice by 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and the effect of diet. Carcinogenesis, 10, 1901-1904.

52. Belinsky,S.A., Devereux,T.R., Maronpot,R.R., Stoner,G.D., and Anderson,M.W.

(1989) The relationship between the formation of promutagenic adducts and the activation of the K-ras proto-oncogene in lung tumors from A/J mice treated with nitrosamines. Cancer Res., 49, 5305-5311.

53. Belinsky,S.A., White,C.M., Trushin,N., and Hecht,S.S. (1989) Cell specificity for the pulmonary metabolism of tobacco-specific nitrosamines in the Fischer rat. Carcinogenesis, 10, 2269-2274.

54. Hecht,S.S., Chen,C.B., and Hoffmann,D. (1980) Metabolic -hydroxylation and N-oxidation of N'-nitrosonornicotine.J.Med.Chem., 23, 1175-1178.

55. Hecht,S.S., Reiss,B., Lin,D., and Williams,G.M. (1982) Metabolism of N'- nitrosonornicotine by cultured rat esophagus. Carcinogenesis, 3, 453-456.

56. Hecht,S.S. and Young,R. (1982) Regiospecificity in the metabolism of the homologous cyclic nitrosamines, N'-nitrosonornicotine and N'-nitrosoanabasine. Carcinogenesis, 3, 1195-1199.

57. Hoffmann,D., Castonguay,A., Rivenson,A., and Hecht,S.S. (1981) Comparative carcinogenicity and metabolism of 4-(methylnitrosamino)-1- (3-pyridyl)-1- butanone and N'-nitrosonornicotine in Syrian golden hamsters.Cancer Res., 41, 2386-2393.

58. Hecht,S.S., Lin,D., and Chen,C.B. (1981) Comprehensive analysis of urinary metabolites of N'-nitrosonornicotine.Carcinogenesis, 2, 833-838.

59. Patten,C.J., Smith,T.J., Friesen,M.J., Tynes,R.E., Yang,C.S., and Murphy,S.E.

(1997) Evidence for cytochrome P450 2A6 and 3A4 as major catalysts for N'- nitrosonornicotine alpha-hydroxylation by human liver microsomes. Carcinogenesis, 18, 1623-1630.

60. Yamazaki,H., Inui,Y., Yun,C.H., Guengerich,F.P., and Shimada,T. (1992) Cytochrome P450 2E1 and 2A6 enzymes as major catalysts for metabolic activation of N-nitrosodialkylamines and tobacco-related nitrosamines in human liver microsomes. Carcinogenesis, 13, 1789-1794.

61. Hecht,S.S. and Chen,C.B. (1979) Hydrolysis of model coumpounds for hydroxylation of the carcinogens, N-nitrosopyrrolidine and N'-nitrosonornicotine. J.Org.chem., 44 , 1583-1566.

62. Chen,C.B., Hecht,S.S., and Hoffmann,D. (1978) Metabolic -hydroxylation of the tobacco specific carcinogen, N'-nitrosonornicotine.Cancer Res, 38, 3639- 3645.

63. Brittebo,E.B., Castonguay,A., Furuya,K., and Hecht,S.S. (1983) Metabolism of tobacco-specific nitrosamines by cultured rat nasal mucosa. Cancer Res., 43, 4343-4348.

64. Murphy,S.E., Heiblum,R., and Trushin,N. (1990) Comparative metabolism of N'- nitrosonornicotine and 4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone by cultured F344 rat oral tissue and esophagus. Cancer Res., 50, 4685-4691.

65. Castonguay,A., Lin,D., Stoner,G.D., Radok,P., Furuya,K., Hecht,S.S., Schut,H.A., and Klaunig,J.E. (1983) Comparative carcinogenicity in A/J mice and metabolism by cultured mouse peripheral lung of N'-nitrosonornicotine, 4- (methylnitrosamino)-1- (3-pyridyl)-1-butanone, and their analogues. Cancer Res., 43, 1223-1229.

66. Castonguay,A., Rivenson,A., Trushin,N., Reinhardt,J., Spathopoulos,S., Weiss,C.J., Reiss,B., and Hecht,S.S. (1984) Effects of chronic ethanol consumption on the metabolism and carcinogenicity of N'-nitrosonornicotine in F344 rats. Cancer Res., 44, 2285-2290.

67. Trushin,N., Rivenson,A., and Hecht,S.S. (1994) Evidence supporting the role of DNA pyridyloxobutylation in rat nasal carcinogenesis by tobacco-specific nitrosamines. Cancer Res., 54, 1205-1211.

68 Carmella,S.G. and Hecht,S.S. (1987) Formation of hemoglobin adducts upon treatment of F344 rats with the tobacco-specific nitrosamines 4- (methylnitrosamino)-1-(3-pyridyl)-1- butanone and N'-nitrosonornicotine.Cancer Res., 47, 2626-2630.

69. Hecht,S.S. and Lin,D. (1986) Comparative mutagenicity of 4-

(carbethoxynitrosamino)-4-(3- pyridyl)butanal and 4-(carbethoxynitrosamino)-1- (3-pyridyl)-1-butanone, model compounds for alpha-hydroxylation of N'- nitrosonornicotine. Carcinogenesis, 7 , 611-614.

70. McCoy,G.D., Chen,C.B., and Hecht,S.S. (1981) Influence of mixed function oxidase inducers on the in vitro metabolism of N'-nitrosonornicotine by rat and hamster liver microsomes. Drug Metabol.Dispos., 9, 168-169.

71. Murphy,S.E. and Spina,D.A. (1994) Evidence for a high-affinity enzyme in rat esophageal microsomes which alpha-hydroxylates N'-nitrosonornicotine. Carcinogenesis, 15, 2709-2713.

72. Stoner,G.D., Adams,C., Kresty,L.A., Amin,S.G., Desai,D., Hecht,S.S., Murphy,S.E., and Morse,M.A. (1998) Inhibition of N'-nitrosonornicotine-induced esophageal tumorigenesis by 3-phenylpropyl isothiocyanate. Carcinogenesis, 19, 2139-2143.

73. Diaz Gomez,M.I., Tamayo,D., and Castro,J.A. (1986) Administration of Nnitrosodimethylamine, N-nitrosopyrrolidine, or N'- nitrosonornicotine to nursing rats: their interactions with liver and kidney nucleic acids from sucklings. J.Natl.Cancer Inst., 76, 1133-1136.

74. Castonguay,A., Foiles,P.G., Trushin,N., and Hecht,S.S. (1985) Study of DNA methylation by tobacco-specific N-nitrosamines. Environ.Health Perspect., 62, 197-202.

75. Löfberg,B., Brittebo,E.B., and Tjälve,H. (1982) Localization and binding of N'- nitrosonornicotine metabolites in the nasal region and in some other tissues of Sprague-Dawley rats. Cancer Res., 42, 2877-2883.

76. Hecht,S.S. and Hoffmann,D. (1989) The relevance of tobacco-specific nitrosamines to human cancer. Cancer Surv. , 8, 273-294.

77. Hoffmann,D., Raineri,R., Hecht,S.S., Maronpot,R., and Wynder,E.L. (1975) A study of tobacco carcinogenesis. XIV. Effects of N'- nitrosonornicotine and N'- nitrosonanabasine in rats. J.Natl.Cancer Inst., 55, 977-981.

78. Hecht,S.S., Young,R., and Maeura,Y. (1983) Comparative carcinogenicity in F344 rats and Syrian golden hamsters of N'-nitrosonornicotine and N'- nitrosonornicotine-1-N-oxide. Cancer Lett., 20, 333-340.

79. Griciute,L., Castegnaro,M., Bereziat,J.C., and Cabral,J.R. (1986) Influence of ethyl alcohol on the carcinogenic activity of N- nitrosonornicotine. Cancer Lett., 31 , 267-275.

80. Dipple,A., Moschel,R.C., and Bigger,C.A.H. (1984) Polynuclear Aromatic Hydrocarbons. In Searle,C.E. (ed.) Chemical Carcinogens. American Chemical Society, Washington, D.C., vol. 182, pp 41-163.

81. Gelboin,H.V. (1980) Benzo[a]pyrene metabolism, activation and carcinogenesis:

role and regulation of mixed-function oxidases and related enzymes. Physiol Rev., 60, 1107-1166.

82. Cooper,C.S., Grover,P.L., and Sims,P. (1983) The metabolism and activation of benzo[a]pyrene. Prog.Drug Metab., 7, 295-396.

83. Pelkonen,O. and Nebert,D.W. (1982) Metabolism of polycyclic hydrocarbons:

etiologic role in carcinogenesis. Pharmacol.Rev., 34, 189-222.

84. Conney,A.H., Chang,R.L., Jerina,D.M., and Wei,S.J.C. (1994) Studies on the metabolism of benzo[a]pyrene and dose-dependent differences in the mutagenic profile of its ultimate carcinogenic metabolite. Drug Metabol.Rev., 26, 125-163.

85. Cavalieri,E.L. and Rogan,E. (1985) One-electron oxidation in aromatic hydrocarbon carcinogenesis. In Harvey,R.G. (ed.) Polycyclic Hydrocarbons and Carcinogenesis. American Chemical Society, Washington, D.C., pp 289-305.

86. Thakker,D.R., Yagi,H., Levin,W., Wood,A.W., Conney,A.H., and Jerina,D.M.

(1985) Polycyclic aromatic hydrocarbons: metabolic activation to ultimate carcinogens. In Anders,M.W. (ed.) Bioactivation of Foreign Compounds. Academic Press, Inc., New York, pp 177-242.

87. Conney,A.H. (1982) Induction of microsomal enzymes by foreign chemicals and carcinogenesis by polycyclic aromatic hydrocarbons: G.H.A. Clowes Memorial Lecture. Cancer Res., 42, 4875-4917.

88. Baird,W.M. and Ralston,S.L. (1997) Carcinogenic polycyclic aromatic hydrocarbons. In Bowden,G.T. and Fischer,S.M. (eds.) Comprehensive Toxicology: Chemical Carcinogens and Anticarcinogens. Elsevier Science Ltd, New York, pp 171-200.

89. Geacintov,N.E., Cosman,M., Hingerty,B.E., Amin,S., Broyde,S., and Patel,D.J.

(1997) NMR solution structures of stereoisomeric covalent polycyclic aromatic carcinogen - DNA adducts: principles, patterns, and diversity. Chem.Res.Toxicol., 10, 112-146.

90. Melendez-Colon,V.J., Luch,A., Seidel,A., and Baird,W.M. (1999) Cancer initiation by polycyclic aromatic hydrocarbons results from formation of stable DNA adducts rather than apurinic sites. Carcinogenesis, 20, 1885-1891.

91. Phillips,D.H., Farmer,P.B., Beland,F.A., Nath,R.G., Poirier,M.C., Reddy,M.V., and Turteltaub,K.W. (2000) Methods of DNA adduct determination and their application to testing compounds for genotoxicity. Environ.Mol.Mutagen., 35, 222-233.

92. Angerer,J., Mannschreck,C., and Gundel,J. (1997) Biological monitoring and biochemical effect monitoring of exposure to polycyclic aromatic hydrocarbons. Int.Arch.Occup.Environ.Health, 70, 365-377.

93. Kriek,E., Rojas,M., Alexandrov,K., and Bartsch,H. (1998) Polycyclic aromatic hydrocarbon-DNA adducts in humans: relevance as biomarkers for exposure and cancer risk. Mutat.Res., 400, 215-231.

94. Gupta,R.C. (1996) ^{32}P-Postlabeling for the detection of DNA adducts. In Pfeifer,G.P. (ed.) Technologies for the Detection of DNA Damage and Mutation. Plenum Press, New York, pp 45-61.

95. Santella,R. (1999) Immunological methods for detection of carcinogen-DNA damage in humans. Cancer Epidemiol, Biomarkers & Prev., 8, 733-739.

96. Shields,P.G., Bowman,E.D., Harrington,A.M., Doan,V.T., and Weston,A. (1993) Polycyclic aromatic hydrocarbon-DNA adducts in human lung and cancer susceptibility genes. Cancer Res., 53, 3486-3492.

97. Van Schooten,F.J., Hillebrand,M.J., Van Leeuwen,F.E., van Zandwijk,N., Jansen,H.M., Den Engelse,L., and Kriek,E. (1992) Polycyclic aromatic hydrocarbon-DNA adducts in white blood cells from lung cancer patients: no correlation with adduct levels in lung. Carcinogenesis, 13, 987-993.

98. Rojas,M., Alexandrov,K., Van Schooten,F.J., Hillebrand,M., Kriek,E., and Bartsch,H. (1994) Validation of a new fluorometric assay for benzo[a]pyrene diolepoxide-DNA adducts in human white blood cells: comparisons with ^{32}Ppostlabeling and ELISA. Carcinogenesis, 15, 557-560.

99. Santella,R.M. (1999) Immunological methods for detection of carcinogen-DNA damage in humans. Cancer Epidemiol., Biomarkers Prev., 8, 733-739.

100. Vahakangas,K., Haugen,A., and Harris,C.C. (1985) An applied synchronous fluorescence spectrophotometric assay to study benzo[a]pyrene-diolepoxide-DNA adducts. Carcinogenesis, 6, 1109-1115.

101. Harris,C.C., Vahakangas,K., Newman,M.J., Trivers,G.E., Shamsuddin,A., Sinopoli,N., Mann,D.L., and Wright,W.E. (1985) Detection of benzo[a]pyrene diol epoxide-DNA adducts in peripheral blood lymphocytes and antibodies to the adducts in serum from coke oven workers. Proc.Natl.Acad.Sci.U.S.A, 82, 6672- 6676.

102. Weston,A., Rowe,M.L., Manchester,D.K., Farmer,P.B., Mann,D.L., and Harris,C.C. (1989) Fluorescence and mass spectral evidence for the formation of benzo[a]pyrene anti-diol-epoxide-DNA and -hemoglobin adducts in humans. Carcinogenesis, 10, 251-257.

103. Manchester,D.K., Wilson,V.L., Hsu,I.C., Choi,J.S., Parker,N.B., Mann,D.L., Weston,A., and Harris,C.C. (1990) Synchronous fluorescence spectroscopic, immunoaffinity chromatographic and ^{32}P-postlabeling analysis of human placental DNA known to contain benzo[a]pyrene diol epoxide adducts. Carcinogenesis, 11, 553-559.

104. Weston,A., Manchester,D.K., Poirier,M.C., Choi,J.S., Trivers,G.E., Mann,D.L., and Harris,C.C. (1989) Derivative fluorescence spectral analysis of polycyclic aromatic hydrocarbon-DNA adducts in human placenta. Chem.Res.Toxicol., 2, 104-108.

105. Manchester,D.K., Weston,A., Choi,J.S., Trivers,G.E., Fennessey,P.V., Quintana,E., Farmer,P.B., Mann,D.L., and Harris,C.C. (1988) Detection of benzo[a]pyrene diol epoxide-DNA adducts in human placenta. Proc.Natl.Acad.Sci.U.S.A, 85, 9243-9247.

106. Andreassen,A., Kure,E.H., Nielsen,P.S., Autrup,H., and Haugen,A. (1996) Comparative synchronous fluorescence spectrophotometry and ^{32}P-postlabeling analysis of PAH-DNA adducts in human lung and the relationship to TP53 mutations. Mutat.Res., 368, 275-282.

107. Izzotti,A., Rossi,G.A., Bagnasco,M., and De Flora,S. (1991) Benzo[a]pyrene diolepoxide-DNA adducts in alveolar macrophages of smokers. Carcinogenesis, 12, 1281-1285.

108. Alexandrov,K., Rojas,M., Geneste,O., Castegnaro,M., Camus,A.M., Petruzzelli,S., Giuntini,C., and Bartsch,H. (1992) An improved fluorometric assay for dosimetry of benzo(a)pyrene diol-epoxide-DNA adducts in smokers' lung: comparisons with total bulky adducts and aryl hydrocarbon hydroxylase activity. Cancer Res., 52, 6248-6253.

109. Pastorelli,R., Restano,J., Guanci,M., Maramonte,M., Magagnotti,C., Allevi,R., Lauri,D., Fanelli,R., and Airoldi,L. (1996) Hemoglobin adducts of benzo[a]pyrene diolepoxide in newspaper vendors: association with traffic exhaust. Carcinogenesis, 17, 2389-2394.

110. Melikian,A.A., Sun,P., Pierpont,C., Coleman,S., and Hecht,S.S. (1997) Gas chromatographic-mass spectrometric determination of benzo[a]pyrene and chrysene diol epoxide globin adducts in humans. Cancer Epidemiol.Biomarkers Prev., 6, 833-839.

111. Perera,F.P., Dickey,C., Santella,R., O'Neill,J.P., Albertini,R.J., Ottman,R., Tsai,W.Y., Mooney,L.A., Savela,K., and Hemminki,K. (1994) Carcinogen-DNA adducts and gene mutation in foundry workers with low- level exposure to polycyclic aromatic hydrocarbons. Carcinogenesis, 15, 2905-2910.

112. Schoket,B., Phillips,D.H., Poirier,M.C., and Vincze,I. (1993) DNA adducts in peripheral blood lymphocytes from aluminum production plant workers determined by 32P-postlabeling and enzyme-linked immunosorbent assay. Environ.Health Perspect., 99 , 307-309.

113. Kelloff,G.J. (2000) Perspectives on cancer chemoprevention research and drug development. Adv.Cancer Res., 78, 199-334.

114. Lippman,S.M., Lee,J.J., and Sabichi,A.L. (1998) Cancer chemoprevention:

progress and promise. J.Natl.Cancer Inst., 90, 1514-1528.

115. Lippman,S.M. and Spitz,M.R. (2001) Lung cancer chemoprevention: an integrated approach. J.Clin.Oncol., 19, 74S-82S.

116. Fisher,B., Costantino,J.P., Wickerham,D.L., Redmond,C.K., Kavanah,M., Cronin,W.M., Vogel,V., Robidoux,A., Dimitrov,N., Atkins,J., Daly,M., Wieand,S., Tan-Chiu,E., Ford,L., and Wolmark,N. (1998) Tamoxifen for prevention of breast cancer: report of the National Surgical Adjuvant Breast and Bowel Project P-1 Study. J.Natl.Cancer Inst., 90, 1371-1388.

117. King,M.C., Wieand,S., Hale,K., Lee,M., Walsh,T., Owens,K., Tait,J., Ford,L., Dunn,B.K., Costantino,J., Wickerham,L., Wolmark,N., and Fisher,B. (2001) Tamoxifen and breast cancer incidence among women with inherited mutations in BRCA1 and BRCA2: National Surgical Adjuvant Breast and Bowel Project (NSABP-P1) Breast Cancer Prevention Trial. JAMA, 286, 2251-2256.

118. Cummings,S.R., Eckert,S., Krueger,K.A., Grady,D., Powles,T.J., Cauley,J.A., Norton,L., Nickelsen,T., Bjarnason,N.H., Morrow,M., Lippman,M.E., Black,D., Glusman,J.E., Costa,A., and Jordan,V.C. (1999) The effect of raloxifene on risk of breast cancer in postmenopausal women: results from the MORE randomized trial. Multiple Outcomes of Raloxifene Evaluation. JAMA, 281, 2189-2197.

119. Levine,N., Moon,T.E., Cartmel,B., Bangert,J.L., Rodney,S., Dong,Q., Peng,Y.M., and Alberts,D.S. (1997) Trial of retinol and isotretinoin in skin cancer prevention: a randomized, double-blind, controlled trial. Southwest Skin Cancer Prevention Study Group. Cancer Epidemiol.Biomarkers Prev., 6, 957-961.

120. Moon,T.E., Levine,N., Cartmel,B., Bangert,J.L., Rodney,S., Dong,Q., Peng,Y.M., and Alberts,D.S. (1997) Effect of retinol in preventing squamous cell skin cancer in moderate- risk subjects: a randomized, double-blind, controlled trial. Southwest Skin Cancer Prevention Study Group. Cancer Epidemiol.Biomarkers Prev., 6, 949-956.

121. The Alpha-Tocopherol,B.C.C.P.S.G. (1994) The effect of vitamin E and beta carotene on the incidence of lung cancer and other cancers in male smokers. N.Engl.J.Med., 330, 1029-1035.

122. Omenn,G.S., Goodman,G.E., Thornquist,M.D., Balmes,J., Cullen,M.R., Glass,A., Keogh,J.P., Meyskens,F.L., Valanis,B., Williams,J.H., Barnhart,S., and Hammar,S. (1996) Effects of a combination of beta carotene and vitamin A on lung cancer and cardiovascular disease. N.Engl.J.Med., 334, 1150-1155.

123. McLarty,J.W., Holiday,D.B., Girard,W.M., Yanagihara,R.H., Kummet,T.D., and Greenberg,S.D. (1995) Beta-Carotene, vitamin A, and lung cancer chemoprevention: results of an intermediate endpoint study. Am.J.Clin.Nutr., 62, 1431S-1438S.

124. Kurie,J.M., Lee,J.S., Khuri,F.R., Mao,L., Morice,R.C., Lee,J.J., Walsh,G.L., Broxson,A., Lippman,S.M., Ro,J.Y., Kemp,B.L., Liu,D., Fritsche,H.A., Xu,X., Lotan,R., and Hong,W.K. (2000) N-(4-hydroxyphenyl)retinamide in the chemoprevention of squamous metaplasia and dysplasia of the bronchial epithelium. Clin.Cancer Res., 6, 2973-2979.

125. Arnold,A.M., Browman,G.P., Levine,M.N., D'Souza,T., Johnstone,B., Skingley,P., Turner-Smith,L., Cayco,R., Booker,L., Newhouse,M., and . (1992) The effect of the synthetic retinoid etretinate on sputum cytology: results from a randomised trial. Br.J.Cancer, 65, 737-743.

126. Anonymous (1999) Achievements in public health, 1900-1999: Tobacco use in the United States, 1900-1999. MMWR, 48, 993-996.

127. Hurt,R.D., Dale,L.C., Fredrickson,P.A., Caldwell,C.C., Lee,G.A., Offord,K.P., Lauger,G.G., Marusic,Z., Neese,L.W., and Lundberg,T.G. (1994) Nicotine patch therapy for smoking cessation combined with physician advice and nurse followup. JAMA, 271, 595-607.

128. Potter,J.D. and Steinmetz,K. (1996) Vegetables, fruit and phytoestrogens as preventive agents. IARC Sci.Publ. ,61-90.

129. Steinmetz,K.A. and Potter,J.D. (1996) Vegetables, fruit, and cancer prevention: a review. J.Am.Diet.Assoc., 96, 1027-1039.

130. Hecht,S.S. (2000) Inhibition of carcinogenesis by isothiocyanates. Drug Metab Rev., 32, 395-411.

131. Verhoeven,D.T.H., Verhagen,H., Goldbohm,R.A., van den Brandt,P.A., and van Poppel,G. (1997) A review of mechanisms underlying anticarcinogenicity by Brassica vegetables. Chem.-Biol.Interact., 103, 79-129.

132. London,S.J., Yuan,J.M., Chung,F.L., Gao,Y.T., Coetzee,G.A., Ross,R.K., and Yu,M.C. (2000) Isothiocyanates, glutathione S-transferase M1 and T1 polymorphisms, and lung-cancer risk: a prospective study of men in Shanghai, China. Lancet, 356, 724-729.

133. Zhao,B., Seow,A., Lee,E.J., Poh,W.T., Teh,M., Eng,P., Wang,Y.T., Tan,W.C., Yu,M.C., and Lee,H.P. (2001) Dietary isothiocyanates, glutathione S-transferase - M1, -T1 polymorphisms and lung cancer risk among Chinese women in Singapore. Cancer Epidemiol.Biomarkers Prev., 10, 1063-1067.

134. Verhoeven,D.T., Goldbohm,R.A., van Poppel,G., Verhagen,H., and van den Brandt,P.A. (1996) Epidemiological studies on brassica vegetables and cancer risk. Cancer Epidemiol.Biomarkers Prev., 5, 733-748.

135. Hecht,S.S., Kenney,P.M., Wang,M., Trushin,N., and Upadhyaya,P. (2000) Effects of phenethyl isothiocyanate and benzyl isothiocyanate, individually and in combination, on lung tumorigenesis induced in A/J mice by benzo[a]pyrene and 4-(methylnitrosamino)-1-(3-pyridyl)-1- butanone. Cancer Lett., 150, 49-56.

136. Wang,Z.Y., Hong,J.Y., Huang,M.T., Reuhl,K.R., Conney,A.H., and Yang,C.S.

(1992) Inhibition of N-nitrosodiethylamine- and 4(methylnitrosamino)-1-(3- pyridyl)-butanone ininfant mice. Cancer Res., 52, 1943-1947.

137. Xu,Y., Ho,C.T., Amin,S.G., Han,C., and Chung,F.L. (1992) Inhibition of tobaccospecific nitrosamine-induced lung tumorigenesis in A/J mice by green tea and its major polyphenol as antioxidants. Cancer Res., 52, 3875-3879.

138. Castonguay,A. and Rioux,N. (1997) Inhibition of lung tumourigenesis by sulindac: comparison of two experimental protocols. Carcinogenesis, 18, 491- 496.

139. Jalbert,G. and Castonguay,A. (1992) Effects of NSAIDs on NNK-induced pulmonary and gastric tumorigenesis in A/J mice. Cancer Lett., 66, 21-28.

140. Duperron,C. and Castonguay,A. (1997) Chemopreventive efficacies of aspirin and sulindac against lung tumorigenesis in A/J mice. Carcinogenesis, 18, 1001-1006.

141. Pepin,P., Bouchard,L., Nicole,P., and Castonguay,A. (1992) Effects of sulindac and oltipraz on the tumorigenicity of 4- (methylnitrosamino)1-(3-pyridyl)-1- butanone in A/J mouse lung. Carcinogenesis, 13, 341-348.

142. Castonguay,A., Pepin,P., and Stoner,G.D. (1991) Lung tumorigenicity of NNK given orally to A/J mice: its application to chemopreventive efficacy studies. Exp.Lung Res., 17, 485-499.

143. Hecht,S.S., Trushin,N., Rigotty,J., Carmella,S.G., Borukhova,A., Akerkar,S., and Rivenson,A. (1996) Complete inhibition of 4-(methylnitrosamino)-1-(3-pyridyl)- 1-butanone- induced rat lung tumorigenesis and favorable modification of biomarkers by phenethyl isothiocyanate. Cancer Epidemiol.Biomarkers Prev., 5, 645-652.

144. Lin,J.M., Amin,S., Trushin,N., and Hecht,S.S. (1993) Effects of isothiocyanates on tumorigenesis by benzo[a]pyrene in murine tumor models. Cancer Lett., 74, 151-159.

145. Wattenberg,L.W. (1987) Inhibitory effects of benzyl isothiocyanate administered shortly before diethylnitrosamine or benzo[a]pyrene on pulmonary and forestomach neoplasia in A/J mice. Carcinogenesis, 8, 1971-1973.

146. Hecht,S.S. (1996) Chemoprevention of lung cancer by isothiocyanates.

Adv.Exp.Med.Biol., 401, 1-11.

147. Wattenberg,L.W. and Bueding,E. (1986) Inhibitory effects of 5-(2-pyrazinyl)-4- methyl-1,2-dithiol-3-thione (Oltipraz) on carcinogenesis induced by benzo[a]pyrene, diethylnitrosamine and uracil mustard. Carcinogenesis, 7, 1379- 1381.

148. Hecht,S.S., Isaacs,S., and Trushin,N. (1994) Lung tumor induction in A/J mice by the tobacco smoke carcinogens 4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone and benzo[a]pyrene: a potentially useful model for evaluation of chemopreventive agents. Carcinogenesis, 15, 2721-2725.

149. Hecht,S.S., Kenney,P.M., Wang,M., Trushin,N., Agarwal,S., Rao,A.V., and Upadhyaya,P. (1999) Evaluation of butylated hydroxyanisole, myo-inositol, curcumin, esculetin, resveratrol and lycopene as inhibitors of benzo[a]pyrene plus 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone-induced lung tumorigenesis in A/J mice. Cancer Lett., 137, 123-130.

150. Prokopczyk,B., Rosa,J.G., Desai,D., Amin,S., Sohn,O.S., Fiala,E.S., and El Bayoumy,K. (2000) Chemoprevention of lung tumorigenesis induced by a mixture of benzo(a)pyrene and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone by the organoselenium compound 1,4-phenylenebis(methylene)selenocyanate. Cancer Lett., 161, 35-46.

151. Hecht,S.S., Upadhyaya,P., Wang,M., Bliss,R.L., McIntee,E.J., and Kenney,P.M.

(2002) Inhibition od lung tumorigenesis in A/J mice by N-acetyl-S-(N-2- phenethylthiocarbamoyl)-L-cysteine amd myo -inositol, individually or in combination. Carcinogenesis, submitted.

152. Hecht,S.S. (2002) Chemoprevention by Isothiocyanates. In Kelloff,G., Hawk, and Sigman,C.C. (eds.) Promising Chemopreventive Agents.

153. Castonguay,A., Rivenson,A., Trushin,N., Reinhardt,J., Spathopoulos,S., Weiss,C.J., Reiss,B., and Hecht,S.S. (1984) Effects of chronic ethanol consumption on the metabolism and carcinogenicity of N'-nitrosonornicotine in F344 rats. Cancer Res., 44, 2285-2290.

154. Hoffmann,D., Raineri,R., Hecht,S.S., Maronpot,R., and Wynder,E.L. (1975) A study of tobacco carcinogenesis. XIV. Effects of N'- nitrosonornicotine and N'- nitrosonanabasine in rats. J.Natl.Cancer Inst., 55, 977-981.

155. Hecht,S.S., Young,R., and Maeura,Y. (1983) Comparative carcinogenicity in F344 rats and Syrian golden hamsters of N'-nitrosonornicotine and N'- nitrosonornicotine-1-N-oxide. Cancer Lett., 20, 333-340.

156. Stoner,G.D., Adams,C., Kresty,L.A., Amin,S.G., Desai,D., Hecht,S.S., Murphy,S.E., and Morse,M.A. (1998) Inhibition of N'-nitrosonornicotine-induced esophageal tumorigenesis by 3-phenylpropyl isothiocyanate. Carcinogenesis, 19, 2139-2143.

157. Hecht,S.S., Lin,D., and Castonguay,A. (1983) Effects of -deuterium substitution on the mutagenicity of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). Carcinogenesis, 4, 305-310.

158. Institute of Laboratory Animal ResourcesCommission on Life Sciences (1996) Guide for the care and use of laboratory animals . National Academy Press, Washington, D.C.

159. Barry,J.P., Norwood,C., and Vouros,P. (1996) Detection and identification of benzo[a]pyrene diol epoxide adducts to DNA utilizing capillary electrophoresiselectrospray mass spectrometry. Anal.Chem., 68, 1432-1438.

160. Melikian,A.A., Sun,P., Coleman,S., Amin,S., and Hecht,S.S. (1996) Detection of DNA and globin adducts of polynuclear aromatic hydrocarbon diol epoxides by gas chromatography-mass spectrometry and ^3H-CH_3I postlabeling of released tetraols. Chem.Res.Toxicol., 9, 508-516.

161. Cicanu,I. and Kerer,F. (1984) Simple and rapid method for permethylation of carbophydrates. Carbohydrate Research ,209-217.

162. Carmella,S.G., Kagan,S.S., Kagan,M., Foiles,P.G., Palladino,G., Quart,A.M., Quart,E., and Hecht,S.S. (1990) Mass spectrometric analysis of tobacco-specific nitrosamine hemoglobin adducts in snuff dippers, smokers, and nonsmokers. Cancer Res., 50, 5438-5445.

163. Foiles,P.G., Akerkar,S.A., Carmella,S.G., Kagan,M., Stoner,G.D., Resau,J.H., and Hecht,S.S. (1991) Mass spectrometric analysis of tobacco-specific nitrosamine-DNA adducts in smokers and nonsmokers. Chem.Res.Toxicol., 4, 364-368.

164. Rorabacher,D.B. (1991) Statistical treatment for rejection of deviant values:

critical values of Dixon's "Q" parameter and related subrange ratios at the 95% confidence level. Anal.Chem., 63, 139-146.

165. Baan,R.A., van den Berg,P.T., van Delft,J.H., Roza,L., van der Meer,E.G., and van der Wulp,K.J. (1990) In situ detection of DNA damage in single cells or tissue sections by quantitative immunofluorescence microscopy. Prog.Clin.Biol.Res., 340A, 101-112.

166. Baan,R.A., van den Berg,P.T.M., Watson,W.P., and Smith,R.J. (1988) In Situ Detection of DNA Adducts Fromed in Cultured Cells by Benzo(a)pyrene Diolepoxide (BPDE), with Monoclonal Antibodies Specific for BP- Desoxyguanosine Adduct. Toxicology and Enviromental Chemistry, 16, 325-339.

167. Poirier,M.C., Santella,R., Weinstein,I.B., Grunberger,D., and Yuspa,S.H. (1980) Quantitation of benzo(a)pyrene-deoxyguanosine adducts by radioimmunoassay. Cancer Res., 40, 412-416.

168. Randerath,K., Sriram,P., Moorthy,B., Aston,J.P., Baan,R.A., van den Berg,P.T., Booth,E.D., and Watson,W.P. (1998) Comparison of immunoaffinity chromatography enrichment and nuclease P1 procedures for ^{32}P-postlabelling analysis of PAH-DNA adducts. Chem.Biol.Interact., 110, 85-102.

169. Savela,K., Hemminki,K., Hewer,A., Phillips,D.H., Putman,K.L., and Randerath,K. (1989) Interlaboratory comparison of the ^{32}P-postlabelling assay for aromatic DNA adducts in white blood cells of iron foundry workers. Mutat.Res., 224, 485-492.

170. Boysen, G. and Hecht, S. S. Analysis of DNA and protrein adducts of benzo[a]pyrene in human tissue using structure-specific methods. in preperation. 2002. In preparation

171. Nesnow,S., Ross,J.A., Mass,M.J., and Stoner,G.D. (1998) Mechanistic relationships between DNA adducts, oncogene mutations, and lung tumorigenesis in strain A mice. Exp.Lung Res., 24, 395-405.

172. Peterson,L.A., Mathew,R., Murphy,S.E., Trushin,N., and Hecht,S.S. (1991) In vivo and in vitro persistence of pyridyloxobutyl DNA adducts from 4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone. Carcinogenesis, 12, 2069-2072.

173. Zhang,Y. and Talalay,P. (1998) Mechanism of differential potencies of isothiocyanates as inducers of anticarcinogenic Phase 2 enzymes. Cancer Res., 58, 4632-4639.

174. Morse,M.A., Wang,C.X., Stoner,G.D., Mandal,S., Conran,P.B., Amin,S.G., Hecht,S.S., and Chung,F.L. (1989) Inhibition of 4-(methylnitrosamino)-1-(3- pyridyl)-1-butanone-induced DNA adduct formation and tumorigenicity in the lung of F344 rats by dietary phenethyl isothiocyanate. Cancer Res., 49, 549-553.

175. Staretz,M.E., Koenig,L.A., and Hecht,S.S. (1997) Effects of long term dietary phenethyl isothiocyanate on the microsomal metabolism of 4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone and 4- (methylnitrosamino)-1-(3- pyridyl)-1-butanol in F344 rats. Carcinogenesis, 18, 1715-1722.

176. Smith,T.J., Guo,Z., Li,C., Ning,S.M., Thomas,P.E., and Yang,C.S. (1993) Mechanisms of inhibition of 4-(methylnitrosamino)-1-(3-pyridyl)-1- butanone bioactivation in mouse by dietary phenethyl isothiocyanate. Cancer Res., 53, 3276-3282.

177. Smith,T.J., Guo,Z.Y., Thomas,P.E., Chung,F.L., Morse,M.A., Elkind,K., and Yang,C.S. (1990) Metabolism of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in mouse lung microsomes and its inhibition by isothiocyanates. Cancer Res., 50, 6817-6822.

178. Devereux,T.R., Anderson,M.W., and Belinsky,S.A. (1988) Factors regulating activation and DNA alkylation by 4-(N-methyl-N- nitrosamino)-1-(3-pyridyl)-1- butanone and nitrosodimethylamine in rat lung and isolated lung cells, and the relationship to carcinogenicity. Cancer Res., 48, 4215-4221.

179. Guo,Z., Smith,T.J., Thomas,P.E., and Yang,C.S. (1991) Metabolic activation of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone as measured by DNA alkylation in vitro and its inhibition by isothiocyanates. Cancer Res., 51, 4798-4803.

180. Smith,T.J., Guo,Z., Hong,J.Y., Ning,S.M., Thomas,P.E., and Yang,C.S. (1992) Kinetics and enzyme involvement in the metabolism of 4- (methylnitrosamino)-1- (3-pyridyl)-1-butanone (NNK) in microsomes of rat lung and nasal mucosa. Carcinogenesis, 13, 1409-1414.

181. Felicia,N.D., Rekha,G.K., and Murphy,S.E. (2000) Characterization of cytochrome P450 2A4 and 2A5-catalyzed 4- (methylnitrosamino)-1-(3-pyridyl)- 1-butanone (NNK) metabolism. Arch.Biochem.Biophys., 384, 418-424.

182. Su,T., Bao,Z., Zhang,Q.Y., Smith,T.J., Hong,J.Y., and Ding,X. (2000) Human cytochrome P450 CYP2A13: predominant expression in the respiratory tract and its high efficiency metabolic activation of a tobacco-specific carcinogen, 4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone. Cancer Research, 60, 5074-5079.

183. Guo,Z., Smith,T.J., Thomas,P.E., and Yang,C.S. (1992) Metabolism of 4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone by inducible and constitutive cytochrome P450 enzymes in rats. Arch.Biochem.Biophys., 298, 279-286.

184. Morse,M.A., Eklind,K.I., Hecht,S.S., Jordan,K.G., Choi,C.I., Desai,D.H., Amin,S.G., and Chung,F.L. (1991) Structure-activity relationships for inhibition of 4- (methylnitrosamino)-1-(3-pyridyl)-1-butanone lung tumorigenesis by arylalkyl isothiocyanates in A/J mice. Cancer Res., 51, 1846-1850.

185. Huang,C., Ma,W.Y., Li,J., Hecht,S.S., and Dong,Z. (1998) Essential role of p53 in phenethyl isothiocyanate-induced apoptosis. Cancer Res., 58, 4102-4106.

186. Wani,M.A., Zhu,Q., El Mahdy,M., Venkatachalam,S., and Wani,A.A. (2000) Enhanced sensitivity to anti-benzo(a)pyrene-diol-epoxide DNA damage correlates with decreased global genomic repair attributable to abrogated p53 function in human cells. Cancer Res., 60, 2273-2280.

187. Sticha, K. R., Kenney, P. M., Boysen, G., Liang, H., Su, X., Wang, M., Upadhyaya, P., and Hecht, S. S. Effects of benzyl isothiocyanate and phenethyl isothiocyanate on DNA adduct formation by a mixture of benzo[a]pyrene and 4- (Methylnitrosamino)-1-(3-pyridyl)-1-butanone in A/J mouse lung. Carcinogenesis . 2002.

188. Adam-Rodwell,G., Morse,M.A., and Stoner,G.D. (1993) The effects of phenethyl isothiocyanate on benzo[a]pyrene-induced tumors and DNA adducts in A/J mouse lung. Cancer Lett., 71, 35-42.

189. Boroujerdi,M., Kung,H., Wilson,A.G., and Anderson,M.W. (1981) Metabolism and DNA binding of benzo(a)pyrene in vivo in the rat. Cancer Res., 41, 951-957.

190. Fang,A.H., Smith,W.A., Vouros,P., and Gupta,R.C. (2001) Identification and characterization of a novel benzo[a]pyrene-derived DNA adduct. Biochem.Biophys.Res.Commun., 281, 383-389.

191. Stowers,S.J. and Anderson,M.W. (1985) Formation and persistence of benzo(a)pyrene metabolite-DNA adducts. Environ.Health Perspect., 62, 31-39.

192. Stoner,G.D. and Morse,M.A. (1997) Isothiocyanates and plant polyphenols as inhibitors of lung and esophageal cancer. Cancer Lett., 114, 113-119.

193. Siglin,J.C., Barch,D.H., and Stoner,G.D. (1995) Effects of dietary phenethyl isothiocyanate, ellagic acid, sulindac and calcium on the induction and progression of N-nitrosomethylbenzylamine- induced esophageal carcinogenesis in rats. Carcinogenesis, 16, 1101-1106.

194. Wilkinson,J.T., Morse,M.A., Kresty,L.A., and Stoner,G.D. (1995) Effect of alkyl chain length on inhibition of N- nitrosomethylbenzylamine-induced esophageal tumorigenesis and DNA methylation by isothiocyanates. Carcinogenesis, 16, 1011-1015.

195. Fong,L.Y., Nguyen,V.T., and Farber,J.L. (2001) Esophageal cancer prevention in zinc-deficient rats: rapid induction of apoptosis by replenishing zinc. J Natl.Cancer Inst., 93, 1525-1533.

196. Fong,L.Y., Lau,K.M., Huebner,K., and Magee,P.N. (1997) Induction of esophageal tumors in zinc-deficient rats by single low doses of Nnitrosomethylbenzylamine (NMBA): analysis of cell proliferation, and mutations in H-ras and p53 genes. Carcinogenesis, 18, 1477-1484.

197. Siglin,J.C., Khare,L., and Stoner,G.D. (1995) Evaluation of dose and treatment duration on the esophageal tumorigenicity of N-nitrosomethylbenzylamine in rats. Carcinogenesis, 16, 259-265.

198. Fong,L.Y., Farber,J.L., and Magee,P.N. (1998) Zinc replenishment reduces esophageal cell proliferation and N- nitrosomethylbenzylamine (NMBA)-induced esophageal tumor incidence in zinc-deficient rats. Carcinogenesis, 19, 1591- 1596.

199. D'Agostini, F., Balansky, R. M., Bennicelli, C., Lubet, R. A., Kelloff, G. J., and De Flora, S. Pilot studies evaluating the lung tumor yield in cigarette smokeexposed mice. Int.J Oncol. 18(3), 607-615. 3-1-2001.

200. Xu,K. and Thornalley,P.J. (2000) Studies on the mechanism of the inhibition of human leukaemia cell growth by dietary isothiocyanates and their cysteine adducts in vitro. Biochem.Pharmacol. , 60, 221-231.

201. Kirlin,W.G., Cai,J., DeLong,M.J., Patten,E.J., and Jones,D.P. (1999) Dietary compounds that induce cancer preventive phase 2 enzymes activate apoptosis at comparable doses in HT29 colon carcinoma cells. J Nutr., 129, 1827-1835.

202. Gamet-Payrastre,L., Li,P., Lumeau,S., Cassar,G., Dupont,M., Chevolleau,S., Gasc,N., Tulliez,J., and Terce,F. (2000) Sulforaphane, a naturally occurring isothiocyanate, induces cell cycle arrest and apoptosis in HT29 human colon cancer cells. Cancer Res., 60, 1426-1433.

203. Bonnesen,C., Eggleston,I.M., and Hayes,J.D. (2001) Dietary indoles and isothiocyanates that are generated from cruciferous vegetables can both stimulate apoptosis and confer protection against DNA damage in human colon cell lines. Cancer Res., 61, 6120-6130.

204. Heiss,E., Herhaus,C., Klimo,K., Bartsch,H., and Gerhauser,C. (2001) Nuclear factor kappa B is a molecular target for sulforaphane-mediated anti-inflammatory mechanisms. J.Biol.Chem., 276, 32008-32015.

205. Yu,R., Mandlekar,S., Harvey,K.J., Ucker,D.S., and Kong,A.N. (1998) Chemopreventive isothiocyanates induce apoptosis and caspase-3-like protease activity. Cancer Res., 58, 402-408.

206. Chen,Y.R., Wang,W., Kong,A.N., and Tan,T.H. (1998) Molecular mechanisms of c-Jun N-terminal kinase-mediated apoptosis induced by anticarcinogenic isothiocyanates. J Biol.Chem, 273, 1769-1775.

207. Nakamura,Y., Kawakami,M., Yoshihiro,A., Miyoshi,N., Ohigashi,H., Kawai,K., Osawa,T., and Uchida,K. (2002) Involvement of the mitochondrial death pathway in chemopreventive benzyl isothiocyanate-induced apoptosis. J Biol.Chem, 277, 8492-8499.

208. Yang,Y.M., Conaway,C.C., Chiao,J.W., Wang,C.X., Amin,S., Whysner,J., Dai,W., Reinhardt,J., and Chung,F.L. (2002) Inhibition of benzo(a)pyreneinduced lung tumorigenesis in A/J mice by dietary N-acetylcysteine conjugates of benzyl and phenethyl isothiocyanates during the postinitiation phase is associated with activation of mitogen-activated protein kinases and p53 activity and induction of apoptosis. Cancer Res., 62, 2-7.

209. Wang,L., Spratt,T.E., Liu,X.K., Hecht,S.S., Pegg,A.E., and Peterson,L.A. (1997) Pyridyloxobutyl adduct O^6-[4-oxo-4-(3-pyridyl)butyl]guanine is present in 4- (acetoxymethylnitrosamino)-1-(3-pyridyl)-1-butanone-treated DNA and is a substrate for O^6-alkylguanine-DNA alkyltransferase. Chem Res.Toxicol., 10, 562- 567.

210. Wang,M., McIntee,E.J., Shi,Y., Cheng,G., Upadhyaya,P., Villalta,P.W., and Hecht,S.S. (2001) Reactions of alpha-acetoxy-N-nitrosopyrrolidine with deoxyguanosine and DNA. Chem.Res.Toxicol., 14, 1435-1445.

211. Chen,L., Devanesan,P.D., Byun,J., Gooden,J.K., Gross,M.L., Rogan,E.G., and Cavalieri,E.L. (1997) Synthesis of depurinating DNA adducts formed by oneelectron oxidation of 7H-dibenzo[c,g]carbazole and identification of these adducts after activation with rat liver microsomes. Chem.Res.Toxicol., 10 , 225-233.

212. Poirier,M.C., Santella,R.M., and Weston,A. (2000) Carcinogen macromolecular adducts and their measurement. Carcinogenesis, 21, 353-359.

Appendix Page 114

6 Appendix

6.1 trans/anti B[a]P-TME

R^{T: 14.00 - 24.00 SM:7G}

14 15 16 17 18 19 20 21 22 23 24 Time (min) 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

R el at iv e A bu n da nc e

18.84

19.61

14.55 14.70 21.68 15.73 16.50 18.00 17.00 20.61 22.19 22.68 21.09 23.18

NL: 5.54E7 TIC MS bptme std 01

100 150 200 250 300 350 400 450 m/z

9

0 2 4 6 8

11

0 2 4 6 8

R el at iv e A bu n da nc e

100

0 20 40 60 80

376.1

250.9 282.1 312.1

314.1

344.1 391.2 237.3 359.2 188.6 415.1

105.2 127.9 432.3 344.1

312.1

282.0

250.9

266.3 347.0 142.6 376.2 160.3 242.6 132.2 197.8 429.4

312.0

281.9 327.1 156.1

101.0 243.6

203.0 340.1 378.1 433.4 bptme std 01#398-406 RT: 18.75-18.89 AV: 9 SB: 33 17.80-18.13 , 19.06-19.24 NL: 7.61E6 T: - p CI Q3MS [ 100.00-450.00]

bptme std 01#443-449 RT: 19.51-19.61 AV: 7 SB: 6 19.07-19.14 , 19.85 NL: 8.33E5 T: - p CI Q3MS [ 100.00-450.00]

bptme std 01#563-574 RT: 21.53-21.72 AV: 12 SB: 36 20.91-21.18 , 21.83-22.14 NL: 7.06E5 T: - p CI Q3MS [ 100.00-450.00]

Appendix Page 115

6.2 trans/syn B[a]P-TME

100 150 200 250 300 350 400 450 m/z

16

0

5

10

31

0 5 10 15 20 25

R el at iv e A bu n da nc e

100

0 20 40 60 80

376.2

250.9

282.1 312.1

344.1 266.5 391.2 237.3 220.7 405.1

129.8 160.4 433.2 344.0

312.0

282.1

142.7 250.9 314.3 130.3 159.3 227.1 199.9 359.3 433.0 376.3

312.1

282.0 327.1 250.7 145.8

115.6 160.3 228.9 341.3 188.4 418.4 400.3 434.4 bptme std 02#839-847 RT: 18.18-18.32 AV: 9 SB: 46 17.15-17.51 , 18.99-19.38 NL: 1.09E7 T: - p CI Q3MS [ 100.00-450.00]

bptme std 02#922 RT: 19.58 AV: 1 NL: 3.32E6 T: - p CI Q3MS [ 100.00-450.00]

bptme std 03#1034-1052 RT: 21.46-21.77 AV: 19 SB: 46 17.16-17.51 , 18.99-19.38 NL: 1.75E6 T: - p CI Q3MS [ 100.00-450.00]

RT: 14.00 - 24.00 SM:7G

14 15 16 17 18 19 20 21 22 23 24 Time (min) 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

R el at iv e A bu nd an ce

18.25

19.60

21.66

23.55 23.37 16.50 18.79 22.88 21.38

20.00 16.03

15.02 16.65

14.68 18.00

NL: 6.50E7 TIC MS bptme std 02

Appendix Page 116

6.3 cis/anti B[a]P-TME

100 150 200 250 300 350 400 450 m/z

22

0 5 10 15

14

0 2 4 6 8 10 12

R el at iv e A bu n da nc e

100

0 20 40 60 80

376.1

282.1 250.9 312.1

344.1

266.4 391.3 237.3 173.6

146.0

115.6 202.0 403.2 432.6 312.1

282.0 241.5 103.2 146.9 231.2 172.8 327.1 351.2 395.1 420.3 437.0

282.1

250.9

376.2 314.0 266.5 161.3 242.3 127.2 173.8 325.1 432.9 391.2 bptme std 03#908-924 RT: 19.34-19.61 AV: 17 SB: 46 17.16-17.51 , 18.99-19.38 NL: 3.16E6 T: - p CI Q3MS [ 100.00-450.00]

BPTME std 04#1036-1050 RT: 21.50-21.73 AV: 15 SB: 46 17.16-17.51 , 18.99-19.38 NL: 4.37E5 T: - p CI Q3MS [ 100.00-450.00]

bptme std 03#859-877 RT: 18.52-18.82 AV: 19 SB: 46 17.16-17.51 , 18.99-19.38 NL: 6.98E5 T: - p CI Q3MS [ 100.00-450.00]

RT: 14.00 - 24.00 SM:7G

14 15 16 17 18 19 20 21 22 23 24 Time (min) 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

R el at iv e A bu n da nc e

19.46

19.59

21.66

18.82

18.67 23.87 23.28

18.00 16.52 14.24 22.88

14.70 19.93

15.20 17.05 20.76

NL: 4.06E7 TIC MS bptme std 03

Appendix Page 117

6.4 cis/syn B[a]P-TME

100 150 200 250 300 350 400 450 m/z

3.8

0.0 0.5 1.0 1.5 2.0 2.5 3.0

9

0 2 4 6

R el at iv e A bu n da nc e

100

0 20 40 60 80

376.2

250.9 282.1 312.1 391.2 266.5 344.1 237.3 403.3 189.2

157.2

142.7 435.2 344.1

312.1

282.0

313.2

250.9 145.7 159.4 226.9 359.0 117.6 196.9 395.1 418.6 444.3

312.1

145.8 297.1 282.1 130.3 241.5 171.8 189.4 432.9 347.1 393.2 bptme std 04#869-877 RT: 18.69-18.82 AV: 9 SB: 46 17.16-17.51 , 18.99-19.38 NL: 1.37E7 T: - p CI Q3MS [ 100.00-450.00]

bptme std 04#924 RT: 19.61 AV: 1 SB: 27 11.72-11.97 , 11.21-11.38 NL: 1.25E6 T: - p CI Q3MS [ 100.00-450.00]

bptme std 04#1038-1048 RT: 21.53-21.70 AV: 11 SB: 2 13.17 , 13.96 NL: 5.17E5 T: - p CI Q3MS [ 100.00-450.00]

RT: 14.00 - 24.00 SM:7G

14 15 16 17 18 19 20 21 22 23 24 Time (min) 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

R el at iv e A bu n da nc e

18.77

19.60

15.91 14.65 21.67 23.85 16.50 23.52 15.17 16.77 18.23 23.01 21.30 20.27

NL: 5.05E7 TIC MS bptme std 04

Appendix Page 118

6.5 trans/anti [^2H_8]B[a]P-TME

RT: 14.00 - 24.00 SM:7G

14 15 16 17 18 19 20 21 22 23 24 Time (min) 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

R el at iv e A bu n da nc e

18.77

19.55

14.65 21.60 23.79 23.25 16.50 15.17 18.60 22.93 19.90 16.23 20.30

17.95

16.82

NL: 2.53E7 TIC MS bptme std 05

100 150 200 250 300 350 400 450 m/z

9

0 2 4 6 8

24

0 5 10 15 20

R el at iv e A bu n da nc e

100

0 20 40 60 80

384.2

319.1 258.1 289.1

352.1 399.2 245.9 142.5

117.3 221.7

195.6 411.3 352.2

320.0

289.2

321.1 288.0 258.1 198.6 212.3 144.5 371.1 173.7 117.7 393.2 432.4

320.1

304.9 335.1 289.1

127.9 172.0 226.9 203.9 432.9 384.5 bptme std 05#869-877 RT: 18.69-18.82 AV: 9 SB: 46 17.16-17.51 , 18.99-19.38 NL: 1.94E6 T: - p CI Q3MS [ 100.00-450.00]

bptme std 05#921 RT: 19.56 AV: 1 SB: 86 17.86-18.48 , 19.65-20.44 NL: 4.70E5 T: - p CI Q3MS [ 100.00-450.00]

bptme std 05#1030-1044 RT: 21.40-21.63 AV: 15 SB: 54 21.80-22.12 , 20.74-21.30 NL: 1.83E5 T: - p CI Q3MS [ 100.00-450.00]

Appendix Page 119

6.6 trans/anti [^{13}C_4]B[a]P-TME

RT: 14.00 - 24.00 SM:7G

14 15 16 17 18 19 20 21 22 23 24 Time (min) 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

R el at iv e A bu n da nc e

18.82

19.60

21.65 14.25 14.68 23.86

15.17 16.50 23.45 18.64 22.96 18.00 17.21 20.09 21.03

NL: 3.31E7 TIC MS BPTME std 06

100 150 200 250 300 350 400 450 m/z 0 20 40 60 80 100 0 20 40 60 80 100

R el at iv e A bu nd an ce

0 20 40 60 80 100 380.2

250.9

283.1 314.1

316.1

347.1 395.1 237.4 362.2 119.8 228.0

188.4 167.6 408.3 437.3

344.1 312.1 282.1 250.9 376.1 229.1 142.4

129.4 172.1 201.9 405.5 432.8

312.0

282.2 327.1 128.0 146.0 214.5 250.8 198.1 365.3 378.1 433.4

BPTME std 06#869-881 RT: 18.69-18.89 AV: 13 SB: 46 17.16-17.51 , 18.99-19.38 NL: 3.33E6 T: - p CI Q3MS [ 100.00-450.00]

bptme std 01#441-449 RT: 19.48-19.61 AV: 9 SB: 27 19.71-19.97 , 19.21-19.38 NL: 6.59E5 T: - p CI Q3MS [ 100.00-450.00]

bptme std 01#563-575 RT: 21.53-21.73 AV: 13 SB: 29 21.13-21.33 , 21.83-22.09 NL: 7.16E5 T: - p CI Q3MS [ 100.00-450.00]

Curriculum Vitae

Name: Gunnar Boysen Born: Dec. 30^{th} 1969, Flensburg, Germany Nationality: German

Education

Primary School Aug. 1976 - July 1981 Elementary School Aug. Aug. 1981 - July 1986 Technical High School and College Aug. Aug. 1986 - July 1991 University of Kaiserslautern, Faculty of Biology Aug. 1991 – Sep. 1996

Diploma: Genetics September 1996 Human biology Plant physiology Biochemistry

Professional experience :

Nov. 1995- Dec. 1996

Member of working group ‘Genetic Toxicology ‘ (head: Dr. P. Schmezer), Division of Toxicology and Cancer Risk Factor (head: Prof. Dr. H. Bartsch) at the German Cancer Research Center, Heidelberg. In vivo mutation assay with transgenic animals “comet assay“ for studying DNA damage PCR based DNA sequencing Southern and Northern Blotting Cell culture techniques

Nov. 1995 – Sep. 1996

Diploma thesis: "Mutagenity of Cadmium salts in transgenic systems"

Jan. 1997 -present

Member of group of Prof. Dr. Hecht University of Minnesota Cancer Center Analysis of tobacco specific DNA adducts Intense training in mass spectroscopy methods (LC-MS and GC-MS)

Awards and Fellowships

Apr. 1997 - Mach 1998 Deutscher Akademischer Austauschdienst (DAAD) (German Academic Exchange Service) Doktorandenstipendium HSP II (Ph.D.-research grant)

Publications

Sticha,K.R.; Kenney,P.M.; Boysen,G.; Liang,H.; Su,X.; Wang,M.; Upadhyaya,P.; Hecht,S.S. (2002)

Effects of Benzyl Isothiocyanate and Phenethyl Isothiocyanate on DNA Adduct Formation by a Mixture of Benzo[a]pyrene and 4-(Methylnitrosamino)-1-(3- pyridyl)-1-butanone in A/J mouse Lung. Carcinogenesis 2002 in press.

Boysen, G, Kenney, P. M. J., Wang, M., Upadhyay, P. and Hecht, S.S. (2002) Effects of Phenethyl Isothiocyanate (PEITC) and/or Benzyl Isothiocyanate, on the Formation of DNA and Hemoglobin Adducts in F344 Rats Treated with 4- (Methyl-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) plus Benzo[a]pyrene (B[a]P). Carcinogenesis, in preparation Boysen, G and Hecht S.S (2002)

Analysis of DNA and Protein Adducts of Benzo[a]pyrene in Human Tissues Using Structure-Specific Methods. Muta. Res., accepted Boysen, G., Villalta P.W., Carmella S.G. and Hecht S.S. (2002)

Comparison of HPLC-FD, GC-MS and LC-MS methods for the detection of B[a]PDE-DNA adducts. in preparation

Poster presentations

Boysen, G., Sticha, K., , Villalta P.W., Carmella S.G. and Hecht S.S. (1999) Comparison of HPLC-FD, GC-MS and LC-MS methods for the detection of B[a]PDE-DNA adducts. 2^{nd} Annual Spring Symposium at University Minnesota Cancer Center Boysen, G. and Hecht S.S. (2001)

Analysis of DNA and Protein Adducts of Benzo[a]pyrene in Human Tissues Using Structure-Specific Methods: A review. Transdisciplinary Tobacco Use Research Meeting.

Boysen, G, Kenney, P. M. J., Wang, M., Upadhyay, P. and Hecht, S.S.

Effects of Phenethyl Isothiocyante (PEITC) and/or Benzyl Isothiocyanate, on the Formation of DNA and Hemoglobin Adducts in F344 Rats Treated with 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) plus Benzo[a]pyrene (B[a]P). American Association for Cancer Research 93^{rd} Annual Meeting 2002