
[CANCER RESEARCH 51, 4798-4803, September 15, 1991]

Metabolic Activation of 4-(Methylnitrosamino)-l-(3-pyridyl)-l-butanone as
Measured by DNA Alkylation in Vitro and Its Inhibition by Isothiocyanates1

Zuyu Guo, Theresa J. Smith, Paul E. Thomas, and Chung S. Yang2

Laboratory for Cancer Research, College of Pharmacy, Rutgers University, Piscataway, New Jersey 088S5

ABSTRACT

The bioactivation of the tobacco-specific nitrosamine, 4-(met hylnit ros-
amim>)-l-(.Vp\rid\l)-l-tuilanone (N'Nk), by microsomes from target or

gans was studied with an In vitro microsome-mediated DNA alkylation
system. Mouse lung, rat lung, and rat nasal microsomes catalyzed a time-
and protein-dependent DNA methylation by [/m'fAjV-'IIjNNK with activ

ities of 4.11, 0.95, and 137.4 pmol/mg DNA/mg protein/h, respectively.
The DNA methylation of NNK catalyzed by all three microsomal systems
was inhibited by cytochrome P-4SO inhibitors, such as carbon monoxide
and metyrapone, but not by the cyclooxygenase inhibitor, aspirin, or by
prolonged preincubation in the absence of NADPH. The possible involve
ment of specific P450 isozymes was assessed by specific inhibitory
antibodies. An anti-P450IIBl&2 antibody significantly inhibited the
DNA methylation by 45 and 32% in mouse lung and rat lung, respectively,
whereas anti-P450IAl and anti-P450IIEl antibodies failed to show
significant inhibition. All antibodies showed no inhibition in rat nasal
microsomes. Glutathione inhibited the DNA methylation in a concentra
tion-dependent manner in all three microsomal systems. Phenethyl iso-
thiocyanate (PEITC), at doses of 0.25 and 1.00 mmol/kg body weight,
was given intragastrically 2 h before sacrifice to mice and 24 h before
sacrifice to rats, respectively; both mouse and rat lung microsomal
activities were inhibited by about 40 and 90% by the low- and high-dose
PEITC treatments, respectively. The rat nasal microsomes were only
inhibited by the high-dose PEITC treatment by about 40%. PEITC, 4-
phenylbutyl isothiocyanate, and 6-phenylhexyl isothiocyanate all inhib
ited the microsome-mediated DNA methylation of NNK in vitro, with 4-
phenylbutyl isothiocyanate and 6-phenylhexyl isothiocyanate being more
potent than PEITC and the mouse lung microsomes more sensitive than
the rat lung and nasal microsomes. All three microsomal systems were
shown to catalyze the in vitro DNA pyridyloxobutylation by |5-3H]NNK.

On an equal protein basis, the rat nasal microsomes were much more
active in catalyzing the DNA pyridyloxobutylation.

INTRODUCTION

The nÂ¡irosal itin of nicotine during tobacco maturing, curing,
and smoking leads to the formation of tobacco-specific nitros-
amines (1). One of these nitrosamines, 4-(methylnitrosamino)-
l-(3-pyridyl)-l-butanone, due to its abundance in cigarette
smoke and in smokeless tobacco as well as its potent carcino-
genicity in experimental animals, has been studied extensively
(1-3). NNK3 induces tumors mainly in the lungs of mice and

rats as well as in the nasal cavity of rats (3). Various studies
also point to the possible importance of NNK in tobacco-related
human cancers (3).

It is generally believed that the initial event in chemical
carcinogenesis involves an interaction between reactive chemi-
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cal species and cellular DNA to form adducts (4). Nitrosamines
require metabolic activation to form reactive electrophilic spe
cies for binding to DNA and other cellular macromolecules (5).
NNK metabolism has been studied in cultured tissues and cells
from experimental animals and humans (1-3), with the carbonic
reduction pathway prevailing (Fig. 1). Recently, a series of
experiments have been carried out in this laboratory with mi
crosomes from the target organs in order to have a better
understanding of the a-hydroxylation pathways (the postulated
bioactivation pathways)4 (6). The a-methylene or a-methyl car

bon hydroxylation leads to the generation of two reactive inter
mediates which can alkylate DNA and protein, forming meth
ylated or pyridyloxobutylated adduct, respectively (Fig. 1).
NNK has been shown to cause the formation of 7-methylguan-
ine, 06-methylguanine, and 04-methylthymidine in the target

organs of rats (7). DNA and hemoglobin pyridyloxobutylation
adducts were also detected in NNK-treated rats (8, 9). O6-

Methylguanine has been shown to cause miscoding and the
resultant point mutation can activate cellular oncogenes (10,
11). Although DNA pyridyloxobutylation contributes to the
carcinogenicity of NNK, DNA methylation is believed to be
mainly responsible for its potent carcinogenicity. ,/V-Nitroso-
nornicotine which only induces DNA pyridyloxobutylation is a
much weaker carcinogen. Most recently, Belinsky et al. (12)
detected a high frequency of activated K-ras oncogene in NNK-
induced lung tumors, and the GC to AT mutation observed in
codon 12 is consistent with the formation of the 06-methyl-
guanine adduct. The present study has focused on the micro-
some-mediated DNA methylation pathway of NNK and its
inhibition by isothiocyanates which are potent inhibitors of
NNK tumorigenesis (13-15).

MATERIALS AND METHODS

Chemicals. [5-3H]NNK (2.20 Ci/mmol; purity >98%) and [methyl-
3H]NNK (0.836 Ci/mmol; purity >95%) were obtained from Chemsyn
Science Laboratories (Lenexa, KS) and were purified by high-pressure
liquid chromatography when necessary as described (6). PEITC was
purchased from Aldrich Chemical Co. (Milwaukee, WI). PBITC and
PHITC were synthesized and kindly provided by Drs. F. L. Chung and
K. I. Eklind of the American Health Foundation (Valhalla, NY).
Glucose 6-phosphate, glucose-6-phosphate dehydrogenase, NADP+,
EDTA, aspirin, glutathione, metyrapone [2-methyl-l,2-di-(3-pyridyl)-
1-propano ne] and calf thymus DNA (type I) were obtained from Sigma
Chemical Co. (St. Louis, MO). All other chemicals were of reagent
grade.

Animals and Microsomes. Five-week-old female A/J mice were ob
tained from The Jackson Laboratory (Bar Harbor, ME) and were
maintained on an AIN-76A semipurified diet (ICN Biochemicals,
Cleveland, OH). They were housed 10/cage in polycarbonate cages on
corncob bedding. Male Sprague-Dawley rats with body weight of about
100 g were purchased from Taconic Farms (Germantown, NY) and
were given a commercial laboratory chow (Ralston Purina Co., St.
Louis, MO). All animals were maintained on 12 h light, 12 li dark

4T. J. Smith, Z. Guo, J. Hong, P. E. Thomas, and C. S. Yang. Metabolism of
4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone (NNK) in rat lung and nasal
mucosa microsomes, submitted for publication.
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IN VITRO DNA ALKYLATION BY NNK
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Fig. 1. Metabolic pathways of NNK. Modified from Hecht and Hoffmann (3).
NNK N-oxide, 4-(methylnitrosamino)-l-(3-pyridyl-A'-oxide)-l-butanone; NNal,
4-(methylnitrosamino)-l-(3-pyridyl)-l-butanol; keto aldehyde, 4-oxo-4-(3-pyri-
dyl)butanal; keto alcohol, 4-oxo-4-(3-pyridyl)-l-butano!; AyÃ/roJtyaciV/,4-hydroxy-
4-(3-pyridyl)butyric acid; keto acid, 4-oxo-4-(3-pyridyl)butyric acid; dial, 4-hy-
droxy^4-(3-pyridyl)butanol.

cycles and water ad libitum. After acclimatization for 1 week, animals
were sacrificed and tissues were removed for immediate storage at
â€”70Â°C.Microsomes were prepared and washed from freshly thawed

tissues as described previously (16). To study the effects of PEITC in
vivo, animals were randomly divided into three groups and were given
a dose of 0.25 or 1.00 mmol/kg body weight, e.g., each mouse received
5 or 25 Â¿tmolPEITC in 0.1 ml corn oil intragastrically, and each rat
received 25 or 100 nmo\ PEITC in 0.2 ml corn oil. Animals in the
control group received the vehicle only. Mice and rats were sacrificed
2 or 24 h after the treatments, respectively.

DNA Alkylation in Vitro. [im>fAj>/-3H]NNK.or [5-3H]NNK (20 MM)

and 0.2 mg calf thymus DNA were incubated with microsomes in the
presence of 0.1 M Tris-Cl (pH 7.4), 1 mM EDTA, 20 mM MgCl2, 0.3
M KC1, and an NADPH-generating system (2.5 mM NADP+, 5 mM
glucose-6-phosphate, and 0.6 unit of glucose-6-phosphate dehydro-
genase) in a total volume of 0.2 ml. Unless specified otherwise, 200,
600, and 10 ^g protein were used in the DNA methylation incubations
for mouse lung, rat lung, and rat nasal microsomes, respectively.
Incubations, initiated with the NADPH-generating system, were carried
out at 37Â°Cwith capped screw top polypropylene vials (USA/Scientific

Plastics, Ocala, FL) in a shaking water bath. Blanks were run without
the NADPH-generating system. Reactions were stopped by the addition
of 0.1 ml ice-cold 7.5 M ammonium acetate, followed by brief vortexing
and immediate sitting on ice. The incubation vials were centrifuged for
15 min in the cold after being on ice for 20 min or longer. The
supernatant containing the DNA was transferred to new vials and to
each vial 0.7 ml ethanol was added and mixed. After 5 min at room
temperature, DNA was pelleted by centri fugatinn for 10 min at room
temperature and was washed once with 70% ethanol. The DNA pellets
were then dissolved in 0.4 ml buffer with the aid of vortexing and
incubation at 65Â°C.The DNA solutions were then extracted twice with

a mixture of chloroform and isoamyl alcohol (5:1). The DNA in the
aqueous phase was precipitated by the addition of 40 n\ of 3 M sodium
acetate and 0.8 ml ethanol and centrifugation for 12 min at 4"C. The

pellet was washed once with 70% cold ethanol. Finally, the DNA pellets
were dissolved in 0.5 ml buffer, and 0.4 ml of the DNA solution was
counted with 5.0 ml Bio-Safe II cocktail (Research Products Interna
tional Corp., Mount Prospect, IL) in a Beckman LS3801 liquid scintil
lation counter (Beckman Instruments, Fullerton, CA). There was no
radioactivity in the last wash. Small aliquots of the DNA solution were
diluted in water for the determination of the DNA content and purity
(1 unit of absorbance at 260 nm corresponds to 50 MgDNA/ml). All
the DNA samples prepared in this study had an A26o/A28onm ratio
larger than 1.8, indicating high DNA purity (17).

Antibody inhibition studies were carried out as described (6, 18, 19).
Prior to the methylation reactions, antibodies were incubated with
microsomes at room temperature for 10 min at a ratio of 1 mg IgG/
nmol cytochrome P-450 to obtain maximum inhibition.

Other Methods. Protein quantitations were carried out according to
Lowry et al. (20). Statistical analysis was performed by using the
Student's t test and Newman-KeuI's range test.

RESULTS

Time and Protein-dependent DNA Methylation by NNK as
Mediated by Microsomes. The microsome-mediated NADPH-
dependent DNA methylation by [wiefAj'/-3H]NNK increased

with incubation time (Fig. 2A), with linearity observed up to 60
min in rat lung microsomes and up to 30 min in mouse lung
and rat nasal microsomes. Therefore, a 30-min incubation time
was chosen for all subsequent studies. On an equal protein
basis, mouse lung microsomes (4.11 pmol/mg DNA/mg pro-
tein/h) were severalfold more active in catalyzing the NNK
bioactivation than rat lung microsomes (0.95 pmol/mg DNA/
mg protein/h), but much less than the rat nasal microsomes
(137.4 pmol/mg DNA/mg protein/h). The DNA methylation
by NNK is also dependent on the amount of microsomal protein
in the incubation system. The NADPH-dependent DNA meth
ylation was linear up to at least 30 /Â¿grat nasal microsomal
protein in the present incubation system (Fig. 2B).

Effects of Carbon Monoxide and Other Inhibitors on DNA
Methylation of NNK. The possible roles of different microsomal
oxidation enzyme systems in catalyzing the in vitro DNA meth
ylation by NNK were examined with various inhibitors (Table
1). Two classical cytochrome P-450 inhibitors, CO and metyr-
apone, significantly inhibited the DNA methylation by NNK in
a concentration-dependent manner in all three microsomal
systems, with nearly complete inhibition by 1 HIMmetyrapone.
However, aspirin, at a concentration which inhibits cyclooxy-
genase, did not have any effect. It was also observed that 25 Â¿Â¿g
purified soybean lipooxygenase and 200 fig of mouse lung, rat
lung, or rat nasal microsomal proteins in the presence of 100
Ã•Â¿Marachidonic acid failed to cause any DNA alkylation of
NNK in a similar incubation system (data not shown). Prein-
cubation of the microsomes at 37Â°C for 10 min without

NADPH also showed no effects in the subsequent activity in
catalyzing the DNA methylation.

Effects of Antibodies against Cytochrome P-450 Isozymes on
DNA Methylation by NNK. The involvements of specific P-450
isozymes were further evaluated by specific inhibitory antibod-

Incubetlon TimÂ«(min)
0 10 20 30

Nasal Mjcroiomal Protein (ug)

Fig. 2. A, time-dependent DNA methylation of NNK catalyzed by microsomes.
Incubations were carried out with 200, 600, and 10 Mgmicrosomal proteins from
mouse lung (â€¢).rat lung (A), and rat nasal (â€¢),respectively. Points, mean of three
replications; bars, SD. B, protein-dependent DNA methylation of NNK catalyzed
by rat nasal microsomes. Incubations were carried out with different amounts of
rat nasal microsomal proteins as indicated at 37'C for 30 min. Points, mean of

three replications; bars, SD.
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IN VITRO DNA ALKYLATION BY NNK

Table 1 Inhibition ofDNA methylation by CO and other inhibitors"

pmol/mg DNA/mg protein/h (% ofinhibition)Control

CO:02 (80:20)
CO:O2 (95:5)
Metyrapone (0. 1

mM)
Metyrapone (1

mM)
Aspirin (0.1 mM)
Preincubation*Mouse

lung
microsomes3.84

Â±0.06'
0.81 Â±0.03(79)2
0.42 Â±0.21 (89)3
0.48 Â±0.06(88)30.06

Â±0.09(99)"3.78

Â±0.27 (O)1
3.83 Â±0.36 (0)'Rat

lung
microsomes0.92

Â±0.19'
0.31 Â±0.03(66)2
0.06 Â±0.04 (93)3
0.11Â±0.06(88)40(1

OO)30.90

Â±0.16 (2)'
0.95 Â±0.07 (0)'Rat

nasal
microsomes136.2

Â±15.6'
32.4 Â±10.4 (76)2
22.8 Â±7.2 (83)2

5.4 Â±4.8(96)35.4

Â±4.8(96)3128.4

Â±13.8(5)'
124.9Â± 13.58(8)'

" Inhibitors in 2 Â¡i\methanol were preincubated with microsomes for 3 min at
37"C. Reactions were started by the addition of the NADPH-generating system.

Controls were done with 2 (il methanol. A mixture of CO and O2 was bubbled
slowly through the microsome-buffer mixture for 3 min and the reactions were
started by the addition of the substrate and the NADPH-generating system.
Values are expressed as mean Â±SD of three replications. Values with different
superscripts in the same column are significantly different from each other (/' <

0.01).
* The incubations were carried out by preincubating the microsomes at 37'C

for 10 min without the NADPH-generating system. The reaction was started by
the addition of the NADPH-generating system and incubated for 20 min.

ies (Table 2). An inhibitory monoclonal antibody raised against
rat liver cytochrome P450IIB1&2 (P450 b&e) (18), inhibited
DNA methylation by NNK by 45 and 32% in mouse lung and
rat lung microsomes, respectively; whereas inhibitory antibod
ies raised against rat liver cytochrome P450IA1 (P450 c) (19)
and P450IIE1 (P450 j) (21) did not show significant inhibition
in mouse lung and rat lung microsomal incubations. A nonin-
hibitory monoclonal antibody (19) showed no effects and was
used as a control. All antibodies had no effects on the DNA
methylation of NNK catalyzed by the rat nasal microsomes.

Effect of Glutathione on the DNA Methylation of NNK. GSH,
when added at concentrations of 1, 2, and 4 mM to the incu
bation system, caused a concentration-dependent inhibition of
DNA methylation by NNK in all three microsomal systems
(Fig. 3). In a similar system, GSH also inhibited DNA meth
ylation of [l4C]nitrosodimethylamine catalyzed by acetone-in

duced rat liver microsomes (data not shown).
Inhibition of DNA Methylation by PEITC Treatment in Vivo.

PEITC, at doses of 0.25 and 1.00 mmol/kg body weight, was
given intragastrically to mice 2 h prior and to rats 24 h prior
to sacrifice. The DNA methylation by NNK catalyzed by mouse
lung microsomes was inhibited by 38 and 91% with the low-
dose and high-dose PEITC treatments, respectively. The rat
lung microsomal activities were similarly inhibited by 47 and
96% with the low-dose and high-dose PEITC treatments, re
spectively (Table 3). Only the high-dose PEITC treatment
inhibited the DNA methylation by NNK catalyzed by rat nasal
microsomes (by about 40%).

Relative Inhibitory Potencies of Different Isothiocyanates in
Vitro. The inhibitory effects of three isothiocyanates with dif
ferent alkyl chain lengths on the DNA methylation of NNK in
three microsomal systems are shown in Fig. 4. PHITC and
PBITC were similar in inhibitory potency, but both were more
potent than PEITC. The results also showed that the mouse
lung microsomes were more sensitive than the rat lung and rat
nasal microsomes to the inhibition by isothiocyanates in vitro.

DNA Pyridyloxobutylation by |5-3H]NNK. All three micro
somal systems catalyzed a NADPH-dependent DNA pyridylox-
obutylation by [5-3H]NNK (Table 4). In contrast to DNA
methylation by [wiÂ£f/ry/-3H]NNK,a significant NADPH-inde-
pendent DNA covalent binding by [5-3H]NNK was detected

which could not be lowered by boiling the microsomes and
extensive extractions of the DNA solutions with chloro-

form:isoamyl alcohol solution. However, the background bind
ing could be essentially removed by using purified [5-3H]NNK

as the substrate. On an equal protein basis, the rat nasal
microsomes are most active in catalyzing the NADPH-depend
ent DNA pyridyloxobutylation, followed by mouse lung and rat
lung microsomes. In the incubations with 30 Â¿tgor more rat
nasal microsomal proteins and NADPH, some physical damage
of DNA was observed. After the incubation, the DNA could
not be pelleted by the routine ethanol precipitation procedure,
but could be pelleted by centrifugation in the cold for 10 min
after 3 h of storage at -20Â°C. Apparently, the highly polymer

ized fibrous calf thymus DNA was changed to powder-like
DNA fragments.

DISCUSSION

The a-methylene hydroxylation pathway of NNK has not
been studied sufficiently because of the difficulty in quantifying
the metabolite, 4-oxo-4-(3-pyridyl)butanal (keto aldehyde). A
convenient in vitro DNA methylation assay has been developed
in the present investigation to study this important bioactiva-
tion pathway. All three microsomal systems studied herein

Table 2 Inhibition of DNA methylation by anti-P-450 antibodies"

pmol/mg DNA/mg protein/h (% of inhibition)

Antibody
Mouse lung
microsomes

Rat lung
microsomes

Rat nasal
microsomes

Control (C7)
Anti-IIBl&2 (BE52)
Anti-IAl (C8)
Anti-IIEl (1-91-3)

4.44 Â±0.63
2.43 Â±1.02(45)'
4.14 + 0.72(7)
3.85 Â±0.53 (13)

1.31 Â±0.27
0.89 Â±0.11 (32)'

1.01 Â±0.15(22)
1.22 Â±0.07 (7)

130.8 Â±37.8
130.2 + 3.6(0)
146.4 Â±34.2 (0)
143.0 Â±19.5 (0)

" The incubations were performed as described in "Materials and Methods."

Values are expressed as mean Â±SD of three replications. Means with the
superscript 1 are significantly different from the control (P < 0.01).

1.0 20

GSH (mM)

Fig. 3. GSH inhibition of DNA methylation by NNK. Incubations were carried
out with 200, 600, and 10 ^g microsomal proteins from mouse lung (â€¢).rat lung
(A), and rat nasal (â€¢),respectively, at different GSH concentrations. Points, mean
of three replications; ears, SD.

Table 3 Inhibition of DNA methylation by PEITC treatment in vivo"

pmol/mg DNA/mg protein/h (% of inhibition)

TreatmentCorn

oil
PEITC (0.25

mmol/kg)
PEITC (1.00

mmol/kg)Mouse

lung Rat lung
microsomesmicrosomes4.11

Â±0.09' 0.95 Â±0.03'
2.58 Â±0.63 (38)2 0.51 Â±0.1(47)20.33

Â±0.12 (9 1)3 0.03 Â±0.09 (96)3Rat

nasal
microsomes137.4

Â±12.6'
131.4 Â±1.2(4)'78.0

Â±6.6 (43)2

" Animal treatment and incubations were performed as described in "Materials
and Methods." Values are expressed as mean Â±SD of three replications. Means

with different superscripts in the same column are significantly different from
each other (P< 0.01).
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Â¡NVITRO DNA ALKYLATION BY NNK

catalyzed a NADPH-dependent DNA methylation by [methyl-
3H]NNK in a time-dependent and microsomal protein-depend

ent manner with low background binding (in the absence of
NADPH) (Fig. 2). The mouse lung microsomes were more
active than the rat lung microsomes and the rat nasal micro-
somes had the highest activity. It was demonstrated that 4 h
after a single injection of NNK to F344 rats. 06-methylguanine

was much higher in the nasal mucosa than the lung (219 versus
13.2 ^mol/mol deoxyguanine). However, it has been demon
strated that NNK was more actively activated by the lung Clara
cells (21, 22). Lung DNA adducts were formed more in the
Clara cells and were more persistent than nasal DNA adducts
(7, 23). The metabolic activation and DNA methylation may
be necessary but were not sufficient to explain the organospe-
cificity of NNK tumorigenesis. Other factors, such as the DNA
repair enzyme systems, genetic predispositions, cell specific
responses to toxicity, cell proliferation rates, and the exposure
to promoting agents, may also play important roles.

The almost complete inhibition of the microsome-mediated
DNA methylation by metyrapone and CO observed in the
present study suggests that the cytochrome P-450 system is
responsible for catalyzing the DNA methylation of NNK in all
three microsomal systems studied. No inhibition by aspirin and
the lack of arachidonic acid-dependent DNA alkylation by
NNK suggest that the cyclooxygenase system is not involved in
the bioactivation of NNK. The flavin-containing monooxygen-
ase appears not to be involved in catalyzing the DNA alkylation
because preincubation of microsomes at 37Â°Cfor 10 min in the

absence of the NADPH-generating system, which would inac
tivate most of this enzyme in liver microsomes (24), did not
affect the activity. However, a note of caution should be taken
with the interpretation because the heat stability of the rat lung,
nasal and mouse lung flavin-containing monooxygenase is not
known and the purified rabbit lung enzyme is apparently not
temperature sensitive (25). The almost complete inhibition by
P450 inhibitors are consistent with NNK metabolism in organ
cultures and microsomes4 (6, 26), strongly suggesting that

NNK, like other nitrosamines, is largely metabolized by the
cytochrome P-450 system of microsomes (27). Antibody inhi
bition studies demonstrated the possible roles of P450IIB1&2
in both the mouse and rat lung but not the rat nasal microsomes
(Table 2). The results are in accord with the observation that a
P450IIB1 immunochemically related isozyme is constitutively
expressed at a rather high level in both mouse lung and rat lung
(28, 29). In addition, purified rat liver P450IIB1 catalyzed the
NNK metabolism in a reconstituted system (30). The involve
ment of P450IIB1 in the lung had also been suggested from
previous studies4 (6, 22, 26). However, Devereux et al. (22)

detected an 83% inhibition with an antibody against rabbit
P4502 (an orthologue of rat P450b). The discrepancy is prob
ably due to the use of a much higher NNK substrate concentra-

Table 4 Microsome-catalyzed DNA pyridyloxobutylation by [5-*H]NNKÂ°

pmol/mg DNA/mg protein/h

Mouse lung Rat lung Rat nasal
microsomes microsomes microsomes

With purified[5-3H]NNK+NADPH-NADPHWith

unpurified[5-3H]NNK+NADPH-NADPH1.56

Â±0.090.09
Â±0.031.49

+0.150.87
Â±0.100.22

Â±0.010.03
Â±0.011.25

Â±0.120.58
Â±0.848.34

Â±0.301.24
Â±0.56*28.29+

1.563.24
Â±0.36*

" The incubations were carried out as described in "Materials and Methods;"

0.6, 1.0, and 0.2 mg proteins were used in the incubations for mouse lung, rat
lung, and rat nasal microsomes, respectively; 0.03 mg rat nasal microsomal
proteins were used for the incubations with purified [5-3H]NNK. Values are

expressed as mean Â±SD of three replications.
* The background binding with purified and unpurified [5-3HJNNK in the rat

nasal microsomal incubations (on a per incubation basis) was comparable to the
lung microsomal incubations. The calculated values are much higher due to the
fact that much less rat nasal microsomal protein was used in the incubations.

tion (2 HIM)than in the present studies (20 /Â¿M)or the use of
different antibody preparations.

GSH is a very important physiological nucleophile which
readily conjugates enzymatically or nonenzymatically with re
active electrophiles derived from toxic compounds, including
some carcinogenic nitrosamines (31). GSH has been shown to
decrease the in vitro labeling of trichloroacetic acid-precipitable
material in rat liver microsomal incubations with [l4C]nitroso-

dimethylamine and rat liver DNA in vivo (32). Most recently,
it was shown that GSH inhibited the mutagenicity of TV-nitro-
sobenzylmethylamine in the presence of rat liver S9 fractions
(33). The inhibition observed in the present study was with
GSH concentrations normally present in tissues (1-10 mM). In
the presence of glutathione transferases, more significant inhi
bition may be expected (32). The cellular concentrations, glu
tathione 5-transferases levels and other detoxifying conjugation
systems may also affect NNK tumorigenesis. GSH is present
at higher concentrations (3.2 mM) in Clara cells which have
higher NNK-metabolizing activities (21, 22) than in type II
cells (0.54 HIM)(34).

PEITC is a primary product of thioglucosidase-catalyzed
hydrolysis of gluconasturtiin, a naturally occurring compound
found in cruciferous vegetables (35). PEITC and related com
pounds have been shown to inhibit the tumorigenesis and
bioactivation of several chemical carcinogens (37-40). Re
cently, Morse et al. (13,14,39) demonstrated that PEITC given
before and during, but not after, the administration of NNK to
A/J mice and F344 rats strongly inhibited the NNK-inhibited
lung tumorigenesis. The inhibition of NNK tumorigenesis in
mice paralleled the inhibition of lung DNA methylation by
NNK and the a-methyl hydroxylation of NNK by isolated lung
microsomes (14). The present study demonstrates that similar
PEITC treatments of mice and rats resulted in a strong dose-
dependent inhibition of the lung microsome-catalyzed in vitro

Fig. 4. In vitro isothiocyanate inhibition of
DNA methylation by NNK mediated by mouse
lung (A), rat lung (//), and rat nasal (C) micro
somes. Points, mean of three replications.
PEITC (â€¢),PBITC (â€¢),and PHITC (A) were
introduced in 2 /Â¿Iof methanol. The control
activities are 3.84 Â±0.06, 0.92 Â±0.19, and
136.2 + 15.6 pmol/mg DNA/mg protein/h for
mouse lung, rat lung, and rat nasal micro
somes, respectively, and are taken as 100%.
Labeled points are significantly different from
values of other compounds at the same con
centration (*, P < 0.05; **,/>< 0.01). 500 750

ITC (nM)
500 750

ITC (nM)
500 750

ITC (nM)
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DNA methylation by NNK (Table 3). This and our previous
work (6) provide direct evidence for the hypothesis that PEITC
inhibits NNK-induced lung tumorigenesis by inhibiting NNK
bioactivation which is required for DNA methylation. PEITC
treatments appeared to be less effective in inhibiting the NNK-
metabolizing activity of nasal microsomes than that of lung
microsomes as demonstrated by DNA-binding studies (Table
3) and metabolism studies.4 This is probably due to the different

tissue distributions of PEITC and its different effects on the
cytochrome P-450 isozymes responsible for NNK bioactivation
in different organs. The less inhibition by PEITC of the rat
nasal system is also consistent with its effect on NNK-induced
nasal cavity tumors (13). It is not known how the pretreatment
of animals with PEITC results in decreased microsomal NNK-
metabolizing activities. The chemical inactivation of cyto
chrome P-450 enzymes and the competitive inhibition of resid
ual PEITC in the microsomes are the possible mechanisms.
However, these remain to be substantiated.

Several arylalkyl isothiocyanates with longer alkyl chains had
been synthesized recently and tested in the A/J mouse bioassay
(40). It was shown that the inhibitory potency increased with
the alkyl chain lengths of the isothiocyanates. In the present
system, PEITC was shown to be a potent inhibitor, and the two
other isothiocyanates with longer alkyl chains, PBITC and
PHITC, were shown to be more potent inhibitors. The mouse
lung microsomes were more sensitive than the rat lung and rat
nasal microsomes. Even the rat nasal microsomal activity was
strongly inhibited by PEITC, which only inhibited the activity
to a lesser extent by the high dose treatment in vivo (Table 3).
The results suggest that the inhibition of microsome-catalyzed
NNK bioactivation by isothiocyanates is likely due to their
chemical reactivities. The binding of isothiocyanates to protein
sulfhydryl or amine groups has been well documented (41). The
greater inhibitory potency of isothiocyanates with longer alkyl
chains is probably due to their greater lipophilicity which en
hances their interactions with the hydrophobia active site of the
membrane-bound cytochrome P-450 enzymes.

The in vivo pyridyloxobutylation of DNA and hemoglobin by
NNK has been clearly established in F344 rats (8,9). It is shown
in this study that lung and nasal microsomes catalyzed the in
vitro DNA pyridyloxobutylation by [5-3H]NNK (Table 4). Un

like the methylation studies in our initial work, a much higher
NADPH-independent binding was observed which could not be
lowered by boiling the microsomes and extensive washing. A
similar high background has been reported in in vitro protein-
binding studies and has led to the conclusion that NNK does
not necessarily require enzymatic activation for binding to
proteins (42). Our observation that the high background binding
was not observed with purified [5-3H]NNK suggests that the
high background of protein and DNA binding by [5-3H]NNK
is due to impurities present in the commercial [5-3H]NNK.

The DNA fragmentation observed in the incubation system
containing 30 Â¿tgor more rat nasal microsomal protein is in
accord with the experimental results from the in vivo Syrian
golden hamster system and in vitro cell cultures (43, 44). High
frequency of chromatid exchange has been observed in epithelial
cells from the lung and trachÃ©alexplant outgrowths of NNK
treated animals (43). Keto aldehyde, the other product of NNK
a-methylene hydroxylation, was shown to be a very potent
DNA single strand breaker of hepatocytes (44). The DNA
damage caused by NNK and its metabolites has been suggested
to play important roles in NNK carcinogenesis (43, 44). Most
likely, the DNA fragmentation observed here is due to large

amounts of keto aldehyde formed from the rat nasal micro
somes which have extremely high activities (Fig. 2).
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