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ABSTRACT

The tobacco-specific nitrosamine, 4-(methylnitrosamino)-l-(3-pyridyl)-
1-butanone (NNK), induces lung tumors in mice, rats, and hamsters.

Phenethyl isothiocyanate (PEITC), which occurs as gluconasturtiin in
cruciferous vegetables, is a potent inhibitor of NNK-induced carcinogen-
esis. The present study investigated the enzymatic basis for the bioactiva-

tion of NNK and the mechanisms of the inhibition of this process by
dietary PEITC in mice. The apparent A,,, for the formation of keto alde
hyde, keto alcohol, and NNK-.V-oxidc in lung microsomes was 4.9,2.6, and
1.8 UMand, in liver microsomes, 5.5, 5.1, and 8.8 UM,respectively. Imniu-

noinhibition studies suggested that cytochrome P450s (P450s) 2A1 and
2B1 or related forms are the major enzymes involved in the oxidative
metabolism of NNK in mouse lung microsomes. When female .V.I mice
were fed diets containing 0, 1, or 3 umol of PEITC/g of diet for 4 wk, the
dietary PEITC had no significant effects on the food consumption and
body weight of the mice. NNK oxidation in the lung microsomes of mice
consuming the 1 or 3 umol of PEITC/g of diet was decreased by 13 to 27%
or 30 to 50%, respectively. In liver microsomes, whose NNK oxidative
metabolism rates were about twice those of lung microsomes on a per mg
of protein basis, the activities were decreased by 14 to 31% by the 3 umol
of PEITC/g of diet. The apparent A,,, remained unchanged, and the ap
parent V,â€ž.,,decreased in the lung and liver microsomes of PEITC-fed

mice, suggesting a noncompetitive nature of the inhibition. When added to
the incubation mixture, PEITC decreased NNK metabolism in a concen
tration-dependent manner and exhibited a competitive inhibition with

apparent K, values of 51 to 93 IIM.Dietary PEITC decreased the hepatic
P450 content by 25%, but increased (2-fold) the 0-dealkylase activities of
7-pentoxyresorufin (indicative of P450 2B1) and 7-ethoxyresorufin (indic

ative of P450 1A) in the liver microsomes of mice consuming the 3 umol of
PEITC/g of diet. The P450 2B level was increased in liver microsomes but
slightly decreased in the lung microsomes. The P450 2E1 level was in
creased by dietary PEITC by 1.2- and 1.6-fold in the liver and lung
microsomes, respectively. The activities of glutathione S~-transfera.se and

NAD(P)H-quinone oxidoreductase in liver and lung microsomes were not

affected appreciably by the dietary PEITC treatment. The results suggest
that chronic consumption of PEITC decreases the rate of metabolic acti
vation of NNK by chemical inactivation and competitive inhibition of the
enzyme(s) responsible for NNK oxidation.

INTRODUCTION

Exposure to tobacco-specific nitrosamines by way of smoking or

use of smokeless tobacco products has been suggested to be a caus
ative factor in several human cancers (1). NNK,3 a potent tobacco-

specific carcinogen, induces lung tumors in all laboratory animal
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species tested ( 1). In order for NNK to exert its carcinogenic effect, it
must be metabolically activated. Metabolic activation involves the
a-oxidation of either the a-methylene or methyl carbon of NNK,

resulting in the formation of electrophiles which can methylate and
pyridyloxobutylate DNA, respectively. Cytochrome P450 enzymes
have been shown to play a major role in the activation process (2-5).

In rat lung microsomes, immunoinhibition studies suggested that
P450s 1A2, 2A1, and 2B1 are the major enzymes which catalyze the
formation of ketoaldehyde, a metabolite formed concurrently with a
methylating species from NNK (4). Our previous study with mouse
lung microsomes suggested that P450s 1A1 and 2B1 were partially
involved in the oxidation of NNK (2). However, in this work, the
NNK metabolites keto alcohol and ketoaldehyde were eluted as one
peak. The major P450 isozyme(s) responsible for the activation of
NNK to methylating and pyridyloxobutylating agents in mouse lung
microsomes is (are) not clear. Recently, a method was developed
which utilizes sodium bisulfite to trap the ketoaldehyde, thereby al
lowing the quantitation of the two a-hydroxylation pathways sepa

rately (6).
Naturally occurring compounds, such as aromatic isothiocyanates,

Ã•ndoles,and organosulfur compounds, have been found to be protec
tive against chemical carcinogenesis (7-10). However, the mechanism

of action of many inhibitors of carcinogenesis is not clear. PEITC is
a naturally occurring compound found in cruciferous vegetables. It is
formed through the hydrolysis of gluconasturtiin (a glucosinolate) by
myrosinase (11). The chemoprotective effect of PEITC has been ob
served when it is administered before the carcinogen. Administration
of PEITC to mice or rats before NNK administration or during the
NNK treatment period resulted in a strong inhibition of DNA adduct
formation and lung tumorigenicity (7, 8). However, when PEITC was
given to mice after NNK treatment, there was no effect on lung tumor
formation, suggesting that the inhibitory activity of PEITC is due to a
blocking of the activation of this carcinogen (12). In our previous
studies, PEITC given in vivo or in vitro was shown to be a potent
inhibitor of NNK oxidation (2) and DNA methylation by NNK (3).
The inhibitory action of PEITC in vitro was believed to be due to
competitive inhibition and an inactivation of the P450 enzyme(s)
responsible for the metabolic activation of NNK (2).

Dietary factors can act as both an inhibitor and an inducer of P450
enzymes (13, 14). Acute administration of some dietary compounds
can serve as inhibitors of P450-catalyzed reactions; however, long-

term ingestion of these compounds can result in the induction of
P450s, as has been observed with ethanol and butylated hydroxyani-

sole (13). Our previous study on NNK metabolism entailed adminis
tration of a single p.o. dose of PEITC (2). It is possible that the
metabolic activation of NNK is decreased by PEITC in short-term
experiments but enhanced in long-term studies because of its induc

tion effect on P450 enzymes. Therefore, it is important to investigate
the effects of PEITC intake over an extended period of time on the
metabolic activation of NNK, its effect on P450 activities, and
whether the information observed in vitro is applicable in vivo. The
present study was undertaken to examine the effects of chronic ad
ministration of PEITC on NNK metabolism, microsomal xenobiotic
enzymes, and the mechanisms involved.
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DIETARY PEITC AND NNK METABOLISM

MATERIALS AND METHODS

Chemicals. Unlabeled NNK and [5-'H]NNK (1.84 Ci/mmol; purity,

>95%) were purchased from Chemsyn Science Laboratories (Lenexa, KS).
The radiolabeled NNK was further purified by reverse-phase HPLC before use.

NNK metabolite standards were kindly supplied by Dr. Stephen Hecht (Amer
ican Health Foundation, Valhalla, NY). PEITC (purity, 99%) was purchased
from Aldrich Chemical Company (Milwaukee, WI). Resorufin, ethoxyresoru-

fin. and pentoxyresorufin were obtained from Pierce Chemical Company
(Rockford, IL).

Diet. Powdered AIN-76A semipurified diet (ICN Biochemicals. Cleveland,

OH) was used throughout the study. In order to incorporate PEITC into the
diet, a small quantity of diet was first mixed with PEITC using a glass mortar
and pestle. The PEITC-diet mixture was then placed in a mechanical mixing

bowl, and the remaining diet was gradually added. The diet was thoroughly
mixed using the mechanical mixer. The diets were prepared fresh weekly and
stored at 4Â°C.PEITC has been reported to be stable in the diet for 10 days at
4Â°C(8).

Animals and Microsomes. Five- to 6-wk-old female A/J mice were ob

tained from Jackson Laboratories (Bar Harbor, ME) and maintained in an
air-conditioned room with a 12-h light and dark cycle. Mice were given
AIN-76A semipurified diet and water ad libitum for 1 wk. After the acclima

tion period, mice were randomly placed into 3 groups, each consisting of 10
mice. The mice in Group 1 were maintained on the AlN-76Adiet (control), and
mice in Groups 2 and 3 were given AIN-76A diets containing 1 and 3 jxmol of
PEITC/g of diet, respectively. The 1- and 3-/o.mol/g dietary concentrations of

PEITC were selected because PEITC has been found to be protective against
NNK-induced lung tumorigenicity at the 3-/xmol/g level in rat bioassays (8).

Mice were weighed weekly, and food consumption was measured daily for 4
wk. At the end of the fourth week, mice were sacrificed, and the lung and liver
were removed for microsome preparation. Lung and liver microsomes were
isolated by differential centrifugation, washed, and then suspended in 0.25 M
sucrose (7). Microsomes were stored at -80Â°C. The cytochrome P450 content

(15) and protein concentration (16) were determined.
NNK Metabolism. The incubation mixture contained 100 HIMsodium

phosphate buffer, pH 7.4, an NADPH-generating system (5 ITÃŒMglucose
6-phosphate, 1 mw NADP*. and 1.5 units of glucose-6-phosphate dehydroge-

nase), 5 min sodium bisulfite. 1 ITIMEDTA, 3 m.MMgCl2, 10 JIM NNK (con
taining 1 fiCi of [5-'H]NNK), and 0.1 mg (lung) or 0.2 mg (liver) of microso-

mal protein in a total volume of 0.4 ml. The reaction mixture was incubated for
30 min (lung) or 10 min (liver) at 37Â°Cand terminated by the addition of 100

jxl each of 25% zinc sulfate and saturated barium hydroxide. The sample was
centrifuged and filtered, and 0.2 ml were coinjected with 5 fil of NNK me
tabolite standards onto a reverse-phase HPLC system equipped with a Radi-
omatic Flo-One/Beta radioflow detector (Radiomatic Instruments and Chem

ical Company, Tampa, FL) (2). The HPLC conditions used were the same as
previously described (5). All experiments were performed in duplicate. To

study the effect of PEITC in vitro, PEITC was dissolved in methanol and used
at 0.5% of the total incubation volume. At this concentration, methanol did not
affect NNK metabolism.

Immunoinhibition Studies. Monospecific antibodies were raised against
purified rat liver P450 enzymes and were prepared and characterized as de
scribed previously (17-22). The anti-P450Nah antibody was prepared by Dr.

Henry A. Sasame (NIH, Bethesda, MD) (23, 24) and kindly provided by Dr.
Alan Buckpitt (University of California, Davis, CA). From amino acid se
quence analyses, P450Nah belongs to the P450 2F subfamily (23). P450Nah is
responsible for the bioactivation of naphthalene in mouse lung (23, 24). Mon
oclonal antibodies C7 (control), C8 (anti-lAI), B50 (anti-2Bl), H80 (anti-
2C11), and 1-91-3 (anti-2El) were added to lung microsomes at a concentra
tion of 0.5 mg of IgG/nmol of P450. Polyclonal antibodies anti-P450d(-c)
(anti-lA2), anti-P450a (anti-2Al), anti-P450p (anti-3A), and anti-P450Nah and

preimmune IgG (control) were added to lung microsomes at a concentration of
5 mg of IgG/nmol of P450. Previous experiments indicated that, at these
concentrations, the antibodies produced maximal inhibition of the specific
P450 activities (17-24). The microsomal-antibody mixture was kept at room

temperature for 10 min before being used in the incubations. The reaction was
initiated by the addition of the NADPH-generating system.

Other Enzyme Assays. The O-dealkylase activities of 7-pentoxyresorufin
(PROD) and 7-ethoxyresorufin (EROD) were assayed as described (25).

NQOR activity was determined according to the method of Hollander and
Ernster (26). GST activity was determined spectrophotometrically with 1-chlo-
ro-2,4-dinitrobenzene as the substrate according to the method of Benson et al.

(27).
Immunoblot Analysis. Immunoblot analysis of liver and lung microsomal

proteins using antibodies against rat cytochromes P450 2B1 and 2E1 was
performed as previously described (28). Densitometry was done using a Shi-
madzu dual-wavelength thin-layer chromatoscanner (Model CS-930; Shi-

madzu Corp., Kyoto, Japan).
Statistics. The data were analyzed by the Student / test or by analysis of

variance followed by the Newman-Keuls range test.

RESULTS

P450 Isozyme Involvement in NNK Activation in Mouse Lung
Microsomes. Under the present assay conditions, approximately 10%
of the initial amount of NNK was metabolized by mouse lung and
liver microsomes. In mouse lung microsomes, the oxidative metabo
lites ketoaldehyde, ketoalcohol, and NNK-N-oxide were the major

products (Table 1). In our previous study, antibodies against P450s
2B1 and 1A1 partially inhibited the oxidation of NNK in mouse lung
microsomes (2). However, the two a-hydroxylation pathways of NNK

were not analyzed separately. In the present work, we reinvestigated
this subject by using a new method which enables the two a-hydrox-

Table 1 Inhibition of NNK metabolism in mouse lung microsomes by inhibitory antibodies
Lung microsomes were obtained from 5- to 6-wk-old female A/J mice fed AIN-76A diet for 1 wk. Monoclonal antibodies (0.5 mg of IgG/nmol of P450) and polyclonal antibodies

(5 mg of IgG/nmol of P450) were mixed with mouse lung microsomes at room temperature for IO min before incubations. Incubations were carried out as described in "Materials and
Methods."

Antibodies
Ketoaldehyde

(pmol/min/mg of protein)
Keto alcohol

(pmol/min/mg of protein)

NNK-W-oxide

(pmol/min/mg of protein)
NNAL

(pmol/min/mg of protein)

NoneMonoclonal

antibodiesControl
(C7)Anti-lAI
(C8)Anti-2Bl
(B50)Anti-2Cll
(H80)Ami-2El

(1-91-3)Polyclonal

antibodiesPreimmune
IgGAnti-IA2Ami-2AlAnti-3AAnti-P450Nah45.4

Â±2.2"46.0

Â±2.044.9
Â±1.9(2)*35.3Â±I.2''(23)44.1

Â±1.0(4)45.1
Â±3.7(1)45.3

Â±2.641.4
Â±2.9'(9)24.1
Â±1.0^(47)44.0

Â±2.1(3)38.9
Â±l.6J(\4)46.

1 Â±2.345.5

Â±1.142.5Â±1.6''(7)42.9
Â±2.7''(6)45.8

Â±0.6(0)44.9
Â±8.0(1)45.5

Â±0.845.3
Â±3.9(1)35.4
Â±1.3''(22)44.7

Â±1.4(1)45.9
Â±2.0 (0)55.6

Â±2.155.4

Â±4.660.4
Â±0.8(0)55.

8 Â±1.4(0)55.9
Â±3.3(0)56.1

Â±1.9(0)55.5

Â±4.757.4
Â±3.4(0)57.0
Â±2.8(0)56.1

Â±3.7(0)56.7
Â±0.2 (0)7.9

Â±1.08.0

Â±0.28.4
Â±0.8(0)8.0
Â±0.4(0)8.3
Â±0.3(0)8.0
Â±0.3(0)8.1

Â±0.18.2
Â±0.1(0)7.8
Â±0.9(2)7.8
Â±0.4(3)7.8
Â±0.6(3)

" Mean Â±SD of triplicates.
h Numbers in parentheses, percentage of inhibition compared to the corresponding controls.
' Significantly different from the corresponding controls: P < 0.05.
d Significantly different from the corresponding controls: P < 0.01.
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DIETARY PEITC AND NNK METABOLISM

Table 2 Effect of dietary PEITC on food consumption and body weight of A/J mice
Six- to 7-wk-old female A/J mice were fed AIN-76A semipurified diets containing 0. 1, or 3 Â¿Â¿molof PEITC/g of diet for 4 wk ad libitum.

Group1

2
3TreatmentControl

1 nmol of PEITC/g
3 Â¿imolof PEITC/gNo.

of
Mice10

1010Av.

food consumed
<g/mouse/day)2.6Â±O.I"<1)''

2.5 Â±0.2 (1)
2.2 + 0.2 (1)Body

wt.Beginning19.8

Â±0.7(11
19.2 Â±0.4(1)
19.1 Â±0.3(1)(g/mouse)End24.2

Â±0.6(1)
22.6 Â±0.4 (2)
22.1+0.5(2)Liver

wt.
(g/mouse)1.1

Â±0.1(1)
1.2Â±0.1(1)
1.1 Â±0.1(1)

" Mean Â±SD.
h Different values in parentheses are significantly (P < 0.05) different from each other as determined by the Newman-Keuls range test.

Table 3 Effects of dietary PEITC on NNK metabolism in mtmse lung and liver microsomes
Groups of 10 female A/J mice were fed diets containing 0. 1, or 3 /Â¿molof PEITC/g of AIN-76A diet ad libitum for 4 wk. The lungs or livers of 3 to 4 mice were pooled to make

microsomes. There were three pooled lung or liver samples per group. Incubations contained 10 /Â¿MNNK (containing 1 >iCi of |5-3H]NNK), 0.1 mg (lung) or 0.2 mg (liver) of
microsomal protein, and 5 mM NaHSOv The reaction was started by the addition of the NADPH-generating system. Incubations were carried out for 30 min (lung) or 10 min (liver)
at 37Â°C.

DietMouse

lungAIN-76A1

nmol ofPEITC/g3

(Â¿molofPEITC/gMouse

liverAIN-76A1

Â»Â¿molofPEITC/g3
(im<'l of PEITC/gKeto-aldehyde

(pmol/min/mgprotein)17.1

Â±0.3"'*14.9
Â±0.4'(13)''11.

8Â±0.6''(30)47.8

Â±2.9*48.5
Â±2.5*38.6

Â±2.5'(19)Ketoalcohol

(pmol/min/mgprotein)24.7

Â±0.9*19.2
Â±0.4''(22)14.6

Â±1.8'(41)28.4

Â±3.7"28.8
Â±1.2*20.2

Â±1.1'(29)NNK-/V-

oxide
(pmol/min/mgprotein)43.0

Â±3.0*3I.5Â±1.2r(27)2I.7Â±

1.4'(50)5.5

Â±0.5*5.8
Â±0.3*3.8

Â±0.4'(31)NNAL-/V-

oxide
(pmol/min/mgprotein)<2.0<2.0<2.03.6

Â±0. 1*3.7
Â±0.5*3.1
Â±0.3'(14)NNAL

(pmol/min/mgprotein)12.5

Â±1.0*12.2
Â±2.Ie(2)13.2

Â±1.8*(0)30.9

Â±6.4*33.1
Â±3.6*28.0

Â±2.8*(9)

" Mean Â±SD of three pooled samples.
*â€¢'' Values with different superscripts are significantly (P < 0.05) different from each other as determined by the Newman-Keuls range test.
J Numbers in parentheses, percentage.

ylation pathways to be quantitated separately by measuring the for
mation of ketoaldehyde and keto alcohol (6). Antibodies against
P450s 1A2, 2A1. 2B1, and P450Nah decreased the formation of keto
aldehyde by 9, 47, 23, and 14%, respectively (Table 1). These anti
bodies, however, were somewhat less inhibitory against the formation
of keto alcohol. These antibodies had no effect on NNK-/V-oxide
formation, suggesting that other enzymes are involved in the forma
tion of NNK-/V-oxide. Antibodies against P450s 2C11, 2E1, and 3A

had no effect on NNK metabolism. The results suggest that P450s 2A1
and 2B1, or immunochemically related isozymes, are important in the
metabolism of NNK in mouse lung microsomes.

Feeding Experiment with PEITC in the Diet. Food consumption
during the first week was 2.5, 2.2, and 1.8 g/day for Groups 1, 2, and
3. respectively. After the first week, food consumption for Groups 2
and 3 increased and was not different from that of Group I; this
pattern of food intake resulted in similar body weight gains in all three
groups. However, the body weights of mice in Groups 2 and 3 were
always slightly lower than in Group 1, because of a lower food intake

by Groups 2 and 3 during the first week of the study (Table 2). The
intake of PEITC was approximately 2.5 and 6.6 /xmol/mouse/day for
Groups 2 and 3, respectively.

Effect of Dietary PEITC on NNK Metabolism in Lung and
Liver Microsomes. In lung microsomes from mice on a diet con
taining I /nmol of PEITC/g of diet for 4 wk, the formation of keto
aldehyde, keto alcohol, and NNK-A'-oxide was significantly decreased

by 13, 22, and 27%, respectively (Table 3). A higher level of dietary
PEITC (3 p.mo\/g of diet) resulted in a larger decrease of NNK
oxidation by 30 to 50%. In liver microsomes, NNK oxidation was
decreased (by 14 to 31 %) in only the 3-fÂ¿molof PEITC/g group (Table

3). NNAL formation was not significantly (P > 0.05) affected by
PEITC in both lung and liver microsomes. The results suggest that
mouse lung microsomes are more susceptible to the action of PEITC
than the liver microsomes.

To investigate the mechanism by which dietary PEITC decreases
the oxidation of NNK, lung and liver microsomes were used in incu
bations containing 1 to 10 JAMNNK. Dietary PEITC did not appre-

Table 4 Effects of dietary PEITC on kinetic parameters for NNK metabolism in mouse lung and liver microsomes
To obtain the apparent Km and Vmax. 5 concentrations of NNK ranging from I to 10 JIM NNK were used, and the data were analyzed by curve-fitting to the Michaelis-Menten

equation followed by nonlinear regression analysis. Values for lung microsomes are the average of duplicates.

KetoaldehydeTreatmentMouse

lung
AIN-76A
1 nmol of PEITC/g
3 fimol ofPEITC/gMouse

liver
AIN-76A

3 (Â¿molof PEITC/gKm(MM)4.9

5.0
4.75.5

Â±0.3*

5.4 Â±0.4vmail(pmol/min/mg)34.0

( 1)"

31.8(1)
25.7(2)132Â±

11.3 (1)
77 Â±9.3 (2)Keto

alcoholKm(MM)2.6

2.9
2.45.

1 Â±0.2
5.3 Â±0.3Vmax(pmol/min/mg)38.1(1)

35.1(1)
23.0(2)60.4Â±3.1

(1)
39.3 Â±2.5 (2)NNK-JV-oxide^m

fjlM)1.8

1.8
1.68.8

Â±0.5
9.1 Â±0.3v/mÂ¡is(pmol/min/mg)60.0

( 1)
51.0(2)
36.7(3)8.0Â±0.6(1)5.6

+ 0.7(1)

" Different values in parentheses are significantly (P < 0.05) different from each other as determined by repeated measures of analysis of variance.
* Mean Â±SD of two replicates done in duplicate (n = 4).
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Fig. I. Lineweaver-Burk plots for the inhibition of keto aldehyde and keto alcohol formation by dietary PEITC in mouse liver (A ) and lung (B) microsomes. Incubations consisted
of 1 to 10 H.MNNK, an NADPH-generating system, 5 rriMNaHSOÃŸ,and liver (0.2 mg) or lung (0.1 mg) microsomes from mice fed AIN-76A (â€¢)or the same diet containing 3 u.mol
of PEITC/g (â€¢)for 4 wk. Reaction mixtures were incubated at 37Â°Cfor IO min (liver) or 30 min (lung). Data points for lung microsomes are the average of duplicates, and the data

points for liver microsomes are the mean of two replicates.

ciably change the apparent Km but decreased the apparent Vmaxin lung
and liver microsomes (Table 4; Fig. 1), suggesting the decreased
oxidation of NNK may be due to the chemical inactivation of P450 by
PEITC.

Effects of Dietary PEITC on Xenobiotic Enzymes. Since treat
ment with PEITC can alter the relative quantities of P450 isozymes
and thereby affect the metabolism of substrates, the effect of PEITC
on liver microsomal P450 contents, PROD activity, and EROD activ
ity was examined (Table 5). The total P450 content was decreased by
25% in the liver microsomes of mice on the 3 Â¿Â¿molof PEITC/g of
diet, possibly due to inactivation of P450 enzymes by PEITC. The
PROD and EROD activities, which reflect the activities of P450s 2B1
and 1A, respectively, were increased 2-fold in the liver microsomes of

mice fed the 3 /tmol of PEITC/g of diet. The P450 content and PROD
and EROD activities in the lung were not measured because of the
limited quantity of lung microsomes available. The liver NQOR and

GST activities were not significantly affected by dietary PEITC (Table
5). In the lung, GST activity was not detectable, and the NQOR
activity was detectable (12.0 nmol/min/mg) but not affected by dietary
PEITC (data not shown). The results suggest that, under these exper
imental conditions, the biological action of PEITC is not due to its
effects on NQOR and GST.

From the above results with the PROD activity and published
reports on the marked decrease in the demethylation of A'-nitrosodim-

ethylamine (an activity reflective of P450 2E1) by a single dose of
PEITC (25, 29), lung and liver microsomal proteins from mice fed
dietary PEITC were immunoblotted using antibodies against rat liver
P450s 2B1 and 2E1, and the intensities of the protein bands are
summarized in Table 6. In lung microsomes of PEITC-fed mice, the

P450 2B level was decreased by 25%, whereas the P450 2B level in
the liver microsomes of mice consuming the 3 /Â¿molof PEITC/g of
diet was increased 2.4-fold, which correlated well with the hepatic

Table 5 Effect of dietary PEITC on mouse liver xenobiolic-metabolizing enzymes

Groups of 10 mice were fed diets containing 0, I,or3 /Â¿molof PEITC/g of AIN-76A diet ad libitum for 4 wk. The livers of 3 to 4 mice were pooled to make microsomes and obtain

the cytosol. There were three pooled liver samples per group.

Diet

P450
content

(nmol/min/mg)"
PROD6 EROD* NQOR GST'

(pmol of resorufin/min/mg of protein) (pmol of resorufin/min/mg of protein) (nmol/min/mg of protein) (nmol/min/mg of protein)

AIN-76A
1 (Â¿molof PEITC/g
3 /Â¿molof PEITC/g

0.45
0.47
0.34

W.(,Â±2Ad(\)'

13.8 Â±1.6 (1)
20.3 Â±2.4 (2)

80.6 Â±28.9(1)
127.6 Â±21.4(2)
157.1 Â±18.9(2)

81.9Â±4.I/

82.3 Â±7.9
68.7 Â±5.3

647 Â±I0y
704Â±102
719Â±16

a Values are the average of duplicates using pooled liver microsomes.
* Incubation mixtures contained 0.3 mg (PROD) or 0.2 mg (EROD) of liver microsomal protein and 5 JIM pentoxyresorufin or ethoxyresorufm.
c The activity was measured with the use of l-chloro-2,4-dinitrobenzene as the substrate.
d Mean Â±SD of three replicates using pooled liver microsomes.
' Different values in parentheses are significantly (P < 0.05) different from each other as determined by the Newman-Keuls range test.
^Mean Â±SD of three pooled liver cytosol samples.

3279

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/14/3276/2450986/cr0530143276.pdf by guest on 19 M

ay 2023



DIETARY PEITC AND NNK METABOLISM

Table 6 Effect of dietary PEITC on mouse lung and liver levels of P450s 2B and 2EI
Immunoblot analysis of anti-rat 2B and 2E1 immunoreactive proteins was performed

with pooled mouse lung or liver microsomes. The antibody preparation against P450 2B]
bound to both P450s 2B1 and 2B2 which appeared as separated bands, but we could not
quantify them separately by densitometry. Therefore, they were quantified together and
expressed as P450 2B. Values are in arbitrary units based on the peak area.

DietMouse

lung
AIN-76A1

nmol of PEITC/g
3 /imol ofPEITC/gMouse

liverAIN-76A1

/Â¿molof PEITC/g
3 (imol of PEITC/gP450

2B
(arbitraryunit)8.0

Â±0.4"(1)"6.3

Â±0.1 (2)
6.0 Â±0.3(2)5.6Â±0.1

(1)6.6
Â±0.2(2)

13.1 Â±0.1(3)P450

2E1
(arbitraryunit)0.9

Â±0.01(1)1.0Â±0.03(1)

1.5 Â±0.01(2)18.8Â±0.1

(1)20.2
Â±0.03 (2)

21.2 Â±0.2 (3)
" Mean Â±SD of three determinations.
h Different values in parentheses are significantly (P < 0.05) different from each other

as determined by the Newman-Keuls range tesi.

60 Ã 

500 1000 1500

PEITC (nM)

2000 2500

( IO min) was used to study the oxidative metabolism of NNK in lung
microsomes. Under these conditions, changes in the apparent Vmajl
were not appreciable, and the apparent Km increased, suggesting a
mechanism of competitive inhibition for PEITC (Fig. 3; Table 7). For
the formation of ketoaldehyde, NNK-A'-oxide, and keto alcohol,

PEITC had apparent K, values of 93, 51, and 58 HM, respectively
(Table 7).

DISCUSSION

The lung is the target organ for NNK-induced tumor formation in

mice, regardless of the route of administration. The ability of the lung
to metabolically activate NNK has been clearly demonstrated with
mouse, rat, and human lung microsomes (2-4, 30), as well as cultured
mouse, rat, and human lung (31-33). In the present study, all three

â€¢¿�0.4 0.6 0.8
1/INNK]

Fig. 2. Effect of PEITC in vitro on NNK metabolism in mouse lung microsomes. Lung
microsomes were from female A/J mice (5 to 6 wk of age) fed AIN-76A diet for I wk.
Incubation mixtures contained IO /J.MNNK, an NADPH-generating system. 5 ITIMNaH-
SO.i, 0. l mg of microsomal protein, and 0 to 2 ^LMPEITC. Reaction mixtures were
incubated at 37Â°Cfor IO min. The formation of ketoaldehyde (â€¢),NNK-A'-oxide (â€¢),and

keto alcohol ( * ) was measured. Points, mean of three replicates; bars, SD.

PROD activity (Table 5). The P450 2E1 level was increased 1.6- and
1.2-fold in the lung and liver microsomes, respectively.

Inhibition of NNK Metabolism by PEITC in Vitro. The inhibi
tory action of PEITC on pulmonary NNK metabolism was further
studied in vitro. PEITC at different concentrations (0 to 2 /J.M)was
added to the incubation mixtures containing NNK and lung mi
crosomes from untreated mice. The inhibition of NNK metabolism by
PEITC was concentration dependent (Fig. 2). The metabolism of
NNK was decreased by PEITC to a maximum of 75 to 85% at a
concentration range of 1 to 2 /J.MPEITC. The formation of NNAL was
not affected by PEITC. The PEITC concentration resulting in 50%
inhibition of the formation of ketoaldehyde, NNK-A'-oxide, and keto

alcohol was approximately 400, 250, and 330 nM, respectively (esti
mated from data in Fig. 2).

When added to microsomal incubations, PEITC was previously
shown to exhibit both competitive and noncompetitive components of
inhibition for NNK oxidation (2). The noncompetitive component of
inhibition is believed to be due to chemical inactivation (rather than
suicide inhibition) of the enzyme(s) responsible for the oxidation of
NNK, because the presence of NADPH did not affect the extent of
inactivation when microsomes were preincubated with PEITC before
the enzyme assay (2). In order to minimize the chemical inactivation
of enzymes by PEITC in the present study, a shorter incubation period

3280

0.6
1/[NNK]

â€¢¿�â€¢â€¢*-0.2 0 0.2 0.4 0.6 0.6 1 1.2

1/INNK]

Fig. 3. Lineweaver-Burke plots for the inhibition of ketoaldehyde (A), NNK-W-oxide

(fl), and keto alcohol (C) formation by PEITC. Incubations consisted of 0.1 mg of
microsomal lung protein, 1 to 20 U.MNNK, an NADPH-generating system, 5 mM NaH-
SOi, and 0 (â€¢)or 400 (â€¢)nM PEITC. Reaction mixtures were incubated at 37Â°Cfor 10

min. Data points are the mean of two replicates. The difference between means was less
than 10%.
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Table 7 Kinetic parameters of NNK metabolism and its inhibition by PEITC
To determine the apparent kinetic parameters for NNK metabolism in mouse lung microsomes, 8 concentrations of NNK (ranging from 0.25 to 20 /Â¿MNNK) were used in the absence

or presence of 400 UMPEITC, and the data were analyzed by curve-fitting to the Michaelis-Menten equation followed by nonlinear regression analysis. The apparent KÃŒvalues were
calculated as follows: ATÂ¡= Km[mhib\Ãor]/(Km'-ATm).

ControlMetaboliteKeto

aldehyde
Keto alcohol
NNK-/V-oxideKm

(pad4.5
Â±0.4"

1.9Â±0.2
2.0 Â±0.3\r

'man(pmol/min/mg)84.7

Â±2.8
62.8 Â±1.3
83.3 Â±3.6Km'(JIM)24.0

Â±2.7
14.9Â±0.8
17.9Â±1.7PEITCV

'
'max(pmol/min/mg)89.2

Â±6.3
60.4 Â±1.8
85.8 Â±4.6*i(nM)92.9

57.7
50.7

1Mean Â±SD of two replicates with a pooled lung microsomal sample. Lung microsomes were from 5- to 6-wk-old female A/J mice fed AIN-76A diet for 1 wk.

metabolic pathways of NNK metabolism, i.e., a-hydroxylation, pyri-
dine N-oxidation, and carbonyl reduction, were observed in lung and
liver microsomes. However, the total a-hydroxylation rate in the liver
microsomes was 2-fold higher than in lung microsomes. This differ

ence in the metabolic rate of NNK activation may be due to the high
P450 concentration in liver microsomes (34). The carbonyl reduction
of NNK (NNAL formation) was 3-fold higher in the liver microsomes

than the lung microsomes. Depending on the extent of the competing
pathways, a-hydroxylation versus carbonyl reduction, the susceptibil

ity of a tissue to tumor formation may be influenced. Other factors
such as the type of DNA adducts formed, the DNA repair capacity of
a specific tissue, and the persistence of DNA adducts during replica
tion may also influence the susceptibility of a particular tissue to
tumor initiation by NNK (35).

Evidence clearly exists indicating that P450 is responsible for the
metabolic activation of NNK (2-5). The immunoinhibition study (Ta

ble 1) suggested that enzymes immunochemically related to rat P450s
2A1 and 2B1 are the major enzymes catalyzing the formation of keto
aldehyde in mouse lung microsomes. The contribution of P450 2B1 in
keto aldehyde formation (23%) is consistent with our previous results
with mouse lung (2) and rat lung (4) microsomes. P450 2B1 has been
shown to be constitutively expressed in both mouse and rat lungs (36,
37). The major role of P450 2A1 or its immunochemically related
enzyme in catalyzing the formation of keto aldehyde (Table 1) is
consistent with our results in rat lung microsomes (4). The constitutive
expression of P450 2A1 in the mouse lung remains to be established.
In immunoblotting experiments, a very weak band was observed with
anti-rat 2A1 (data not shown).

Pretreatment of mice with PEITC has been shown to potently
inhibit NNK bioactivation and lung tumorigenesis in mice (2, 3, 7). In
the present study, an average of 2.5 fj.mol and 6.6 jumol of PEITC was
consumed daily (Table 2). The 6.6-^imol of PEITC/day dosage inhib

ited the microsomal oxidation of NNK by 30 to 50% (Table 3), which
is similar to our previous results produced by a single dose of PEITC
(5 pimol) given i.g. 2 h before sacrifice (2). Therefore, a single p.o.
dose of PEITC appears to be just as effective as chronic consumption
of PEITC in inhibiting NNK bioactivation.

Many chemopreventive agents inhibit carcinogenesis by blocking
of the activation of carcinogens, induction of detoxification enzymes,
or the trapping of reactive intermediates (38). The results in Table 7
show that PEITC, exhibiting K-,values of 50 to 93 nM in vitro, is a

potent competitive inhibitor of NNK oxidation. Dietary PEITC, how
ever, causes an apparent irreversible decreased activity in NNK oxi
dation (Table 4; Fig. 1). PEITC is a highly reactive compound which
can react with amino, histidyl, and cysteinyl groups of protein to form
covalent adducts (39). This covalent binding to P450 can result in a
modification of the structure and a loss of activity. A decrease in the
hepatic P450 content (25%) in mice fed the 3 pimol of PEITC/g of diet
(Table 5) was paralleled by a decrease (14 to 30%) in the hepatic
metabolism of NNK (Table 3). Furthermore, our recent studies (25)
indicated that the inhibition of rat pulmonary NNK bioactivation
persisted from 2 h to 24 h after a single 5 juimol of PEITC dose.

Therefore, the decrease in NNK oxidation observed with dietary
PEITC in the present study is probably due to the inactivation of the
P450 enzyme(s) involved in NNK metabolism. In the lung mi
crosomes of mice fed dietary PEITC, a decrease in the P450 2B level
(25%) was observed (Table 6), and this is expected to reduce the
capacity to activate NNK. With liver microsomes, only the high-dose

(6.6 /nmol of PEITC/day) treatment decreased NNK oxidation, and the
percentage of inhibition (14 to 30%) was lower than in lung mi
crosomes (Table 3). PEITC increased hepatic P450 2B immunorelated
protein and PROD activity 2-fold. The induction of P450 2B1, which

can catalyze the oxidation of NNK, is expected to compensate for
some of the decreased NNK metabolism activities in liver mi
crosomes.

The induction of detoxification enzymes such as GST and NQOR
has been observed with some chemopreventive agents (38). In the
present study, virtually no induction of GST and NQOR activities in
the lung and liver of PEITC-fed mice was observed (Table 5), sug

gesting that these enzymes are not involved in the inhibition of lung
tumorigenesis by PEITC.

The present study demonstrates that PEITC is an effective inhibitor
of NNK bioactivation when PEITC is given to mice through the diet
over an extended period of time. Dietary PEITC appears to inhibit the
activation of NNK by inactivating P450 enzymes. In addition, the
cellular level of PEITC is expected to inhibit NNK activation by a
competitive mechanism. One must be cautious in extrapolating these
results to humans. In humans, consumption of low levels of PEITC
may be protective against exposure to low levels of NNK. However,
the amount of dietary gluconasturtiin which is converted to PEITC,
the distribution of PEITC, the time of exposure, and the possible
differences in the NNK-activating enzymes between mice and humans

are important factors that need to be taken into consideration.
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