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pathways of NNK metabolic activation are shown in Fig. 1 (reviewed
in Refs. 4 and 5).

ra-Hydroxylation of NNK at the methylene carbon leads to 4-oxo
4-(3-pyridyl)-1-butanal and methanediazohydroxide, a DNA-methyl
ating agent. One methyl adduct, O'@-mG,has miscoding properties and
is a critical factor in NNK induction of lung tumors in mice (6â€”9).It
is also postulated to be important in NNK-induced lung tumors in rats
(10). a-Hydroxylation of NNK at the methyl carbon leads to formal

dehyde and 4-(3-pyridyl)-4-oxobutanediazohydroxide. This diazohy
droxide reacts with DNA to from pyridyloxobutyl DNA adducts. Acid
hydrolysis of pyridyloxobutylated DNA releases 50â€”80% of the
adducts as HPB ( 11).

The lung is a complex, heterogeneous organ composed of over 40
cell types (12). The distribution of enzymes involved in the activation
and detoxification of chemicals can vary among the different lung
cells (reviewed in Refs. 13 and 14). As a result, some lung cells may
be more susceptible to the genotoxic effects of carcinogens. Early
studies by Belinsky et a!. (15) analyzed the distribution of 06-mG in
the different lung cells of F344 rats treated with NNK. The highest
concentration of 06-mG was found in the Clara cells, followed by
alveolar macrophages, small cells, and alveolar Type II cells. These
results suggested the presence of a high affinity enzyme in the Clara
cells of rat lung capable of activating NNK to a methylating agent.
Low levels of Oâ€•-mG-DNAmethyltransferase were also detected in
Clara cells, probably contributing to the accumulation and persistence
of Oâ€•-mG(16).

In a related study, it was observed that DNA methylation in the
Clara cell was 50-fold greater by NNK than by N-nitrosodimethyl
amine, a weak lung carcinogen, indicating that the cell specificity of
adduct formation contributed to the potent lung carcmnogenicity of
NNK (17). In a dose-response study, Belinsky et a!. (15) found a
significant correlation between levels of Oâ€•-mGin Clara cells of F344
rats and the incidence of NNK-induced lung tumors, suggesting a
causative relationship (10). These results supported the role of Oâ€•-mG
and its cell-specific accumulation in NNK-induced lung carcinogen
esis in F344 rats. Interestingly although, Belinsky et a!. ( I3) found
that NNK-induced lung tumors arose from Type II cells, and no
correlation was observed between Type II cell levels of Oâ€•-mG and

lung tumor incidence. This apparent contradiction was not resolved.
All of thesestudiesfocusedexclusivelyonNNK-inducedmethyl

ation of DNA, but the relative importance of DNA methylation and
pyridyloxobutylation in the induction of rat lung tumors was not clear.
Several lines of evidence suggest that pyridyloxobutylation of DNA
may also play an important role in NNK-induced lung carcinogenesis
in F344 rats. Bioassays in F344 rats demonstrated that [methylene
D2]NNK and [methyl-D3]NNK were as carcinogenic toward lung as
NNK (18). If DNA methylation alone were important, [methylene
D2INNK should have been a weaker lung carcinogen than NNK. In
addition, pyridyloxobutyl DNA adducts are highly mutagenic in bac
terial and mammalian test systems (19, 20). Another interesting ob
servation was that pyndyloxobutylated DNA was found to inhibit the
repair of 06-mG, indicating that it can act as a cocarcinogen with a
methylating agent (21).

ABSTRACT

The tobacco-specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone (NNK), selectively induces lung tumors in F344 rats. NNK is
metabolically activated to intermediates that methylate and pyndyloxobu
tylate DNA. To explore the importance of pyridyloxobutyl DNA adducts
in NNK-induced rat lung tumorigenesis, the first study In this report
examined levels of these adducts In whole lung and pulmonary cells of
F344 rats treated with different doses of NNK (0.3, 1.0, 10.0, and 50
mg/kg; 3 x weekly for 2 weeks). Pyridyloxobutyl DNA adducts were

highest in Clara cells compared to alveolar Type II cells, alveolar macro
phages, and small cells, suggesting that enzymes Involved in the formation
of the pyridyloxobutylating species are concentrated in Clara cells. When
we compared lung tumor incidence at the different doses of NNK (S. A.
Belinsky et aL, Cancer Res., 50: 3772â€”3780,1990) versus pyndyloxobutyl
DNA adducts in Type II cells, we observed a significant correlation.
Because NNK-induced lung tumors arise from the Type II cells, this
suggests an important role for pyndyloxobutyl DNA adducts. In the
second study presented in this report, we examined the effect of dietary
phenethyl isothiocyanate (PEITC), an inhibitor oflung tumor induction in
F344 rats by NNK, on O'-methyldeoxyguanoslne (O'-mG) and pyridyl
oxobutyl DNA adducts In whole lung and lung cells of F344 rats treated
with NNK. F344 rats were fed control or PEITC-containing diets (3
@amol/gdiet) before and throughout NNK treatment (1.76 mg/kg, three

times weekly for 4, 8, 12, 16, or 20 weeks). PEITC inhibited formation of
pyridylozobutyl DNA adducts in whole lung and all lung cells except
macrophages. There was also inhibition of O'-mG, but It varied with cell
type and length of NNK treatmenL Overall, PEITC treatment decreased

pyridyloxobutyl DNA adducts by 57% in Clara cells, 51% in Type II cells,
40% in small cells, and 44% in whole lung. PEITC treatment decreased
O'-mG levels by 52% in Clara cells, 19% in Type II cells and small cells,
and 36% In whole lung. These results support the hypothesis that PEITC
inhibition of NNK-induced lung tumors is a result of decreased metabolic
activation and DNA binding ofNNK. The 50% reduction of pyndyloxobu
tyl DNA adducts in Type II cells agreed well with the 50% reduction of
NNK-induced lung tumors by PEITC. Because NNK-induced tumors arise
from Type II cells, these results suggest an important role for pyridyl
oxobutyl DNA adducts in NNK-induced rat lung tumorigenesis.

INTRODUCTION

NNK,4 a nicotine-derived nitrosamine, is a potent pulmonary car
cinogen present in tobacco and tobacco smoke (1, 2). NNK induces
lung tumors in mice, rats, and hamsters (I , 2). It is believed to play an
important role in the induction of lung cancer in smokers (3). NNK is
metabolically activated to intermediates that bind to DNA. The known
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In the first study presented in this report, we examined cell
selective DNA pyridyloxobutylation in F344 rats treated with various
doses of NNK. The second study presented here focused on the effect
of PEITC, an inhibitor of NNK-induced lung tumorigenesis (22), on
lung cell levels of both 06-mG and pyridyloxobutyl DNA adducts.
When PEITC was fed in the diet 1 week before and during 20 weeks
of NNK administration, it produced a 50% reduction in lung tumors
(23).

The mechanism of PEITC inhibition of NNK lung tumorigenesis
has been examined in several studies (reviewed in Ref. 22). The
results indicated that PEITC decreases metabolic activation of NNK
to pyridyloxbutylating and methylating species. Most of these studies
have examined PEITC effects on in vitro and in vivo metabolites,

which are products of the a-hydroxylation pathways of NNK metab
olism (24â€”28).Only one study examined the effect of PEITC on in
vivo DNA adduct formation in rats; it inhibited formation of 7-meth
ylguanine and pyridyloxobutyl DNA adducts (23). In that study,
however, the promutagenic lesion 06-mG was not measured. Only
whole lung DNA was analyzed, which could give misleading results,
because adduct levels in particular cells can vary. Also, only a
short-term dosing protocol was used. The current study examined the
effect of PEITC on 06-mG and pyridyloxobutyl DNA adducts in
whole lung as well as lung cell types (alveolar macrophages, alveolar
Type II cells, Clara cells, and small cells). The protocol used involved
long-term administration (up to 20 weeks) of NNK and NNK+PEITC
and was identical to that used in the NNK-PEITC bioassay in which
PEITC inhibited NNK-induced lung tumors by 50% (23).

MATERIALS AND METHODS

Chemicals. NNK (>99% purity) was kindly supplied by Dr. Shantu Amin
of the Organic Synthesis Facility, American Health Foundation. PEITC was
purchased from Aldrich Chemical Co. (Milwaukee, WI), and its purity was
determined by GC-MS as 97%. All buffer components and enzymes were
purchased from Sigma Chemical Co. (St. Louis, MO).

Animals. Male F344 rats weighing 180â€”200g (dose-response study) or
â€”150g (PEITC study) were obtained from Charles River Breeding Labora
tories (Kingston, NY). They were housed two to three per cage, were main
tamed under standard conditions as described previously, and were given tap
water ad libitum (23).

Animal Treatment in the Dose-Response Study. Groups of six rats were
givens.c. injectionsof NNK dissolvedin 0.9%salineat the following doses:
0 (saline control), 0.3, 1.0, 10.0,and 50 mg/kg body weight three times a week
for 2 weeks. The rats were sacrificed 18 h following the final injection.
Pulmonary cell separation was carried out as described below.

Animal Treatment in the PEITC Study. The protocol is summarized in
Fig. 2. Rats were divided into two groups of 75. One group (control) was fed
NIH-07 diet, and the other group (PEITC) was fed NIH-07 diet containing 3

@molof PEITC per gram of diet (489 ppm). The PEITC-containing diet was
prepared weekly and stored at 4Â°Cbefore use. Under these storage conditions,
PEITC was stable in the diet for at least 10 days (23). The rats were fed the

diets ad libitum 1 week prior to and throughout carcinogen treatment.

The control and PEITC groups were subdivided into five groups of 15, with
each subgroup receiving NNK injections for different lengths of time. After 1
week on the appropriate diets, rats were given s.c injections of NNK (in 0.9%
saline) at a dose of I .76 mg/kg body weight three times a week for 4, 8, 12, 16,
or 20 weeks.Eighteenh after the final injection of NNK, the rats were
sacrificed. Twelve rats per treatmentgroup were used for pulmonarycell
separation (two cell separation procedures, each with six rats) as described
below. Whole lungs were removed from three rats per group.

Pulmonary Cell SeparatIons. Lung cells were isolated as described (10,

15). Briefly, six rats per group were anesthetized with Nembutal (Abbott
Laboratories, Chicago, IL). The lungs of the rats were perfused with HpBS (25
mM HEPES, 5 mM potassium phosphate, 5 mM dextrose, 5 mM KC1, and 150

mM NaCI, pH 7.4). The lungs were removed and lavaged to isolate macro

phages. Small cells, Type II cells, and Clara cells were separated by centrifugal
elutriation. The purity of cell fractions was determined as described (10, 15).
The macrophagefraction was typically 98% macrophages.The small cell
fraction(primarily endothelialcellsandlymphocytes)wasâ€”90%smallcells.
The purities of the Type II cell and Clara cell fractions were determined in each

isolationprocedure.The compositionof the Type IIcell fractionwas typically
55â€”65% Type II cells, 1â€”10%Clara cells, and 25â€”44% small cells. The Clara

cell fraction was typically 30% Clara cells, 10% Type II cells, 30% macro
phages, and 30% small cells. DNA adduct levels in the different cell fractions
were determined. Macrophage and small cell fractions were 90% pure; thus,

the contribution of adduct levels from these cells to the Type II and/or Clara
cell fraction can be calculated. We are then left with two variables (Type II and
Clara cell adduct levels) and two equations (cellular levels of each adduct
added to give the total adduct level observed in the Type II and Clara cell
fractions). By solving the two simultaneous equations, we estimated the adduct

levels in Type II and Clara cells. The data in Figs. 3â€”6were corrected in this
way. Each point represents pooled cells from six rats.

260

/

@ ()_@M'@CH20H@

0 NO

0

@ ())L@NNO1 + HCHO

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/2/259/2464791/cr0570020259.pdf by guest on 19 M

ay 2023



I@ I 12 1 J0
I I I I

Fifteen control and fifteen PEITC rats were sacrIficed after 4, 8, 12, 16, and 20 weeks
of NNKtreatment.

I
Six rats - Lungs were pooled and cells were separated. DNAwas isolated.

06-mG was measured by competitive ELISA.

Six rats - Lungs were pooled and cells were separated. DNAwas Isolated.
Pyridyloxobutyl adducts were measured by GCIMS.

Three rats - Whole lungs were removed. DNAwas Isolated. Os-mG and
pyridyloxobutyl adducts were measured as above.

then a return to initial conditions. A 3-mm region surrounding the retention
time of 06-mG was collected in silanized vials and dried under vacuum.

The procedure for the competitive ELISA was similar to that described
previously (31). Briefly, ELISA plates were coated with O@-mG-BSAconju
gate (10 ng/well). Plates were washed twice with PBS-Tween (0.05% Tween;
Sigma) and three times with distilled water. HPLC fractions (or standards)
were redissolved in 160 @lof 0.1% BSA in PBS. To these samples, 160 @lof
the primary antibody (1:10,000 dilution) were added. Solutions were incubated
at room temperature for 10 mm, then 100 pAwere added to triplicate wells of
the ELISA plates. Plates were incubated for 1 h at room temperature and
washed as above. Alkaline phosphatase-labeled goat antimouse antibody
(KPL,Gaithersburg,MD) was addedat a 1:3000dilution(100 pi/well). Plates
were again incubated 1 h at room temperature and washed as above. One

hundred p3 of a 1 mg/mi p-nitrophenyl phosphate solution in I M diethano

lamine (pH 9.8) were added, and the absorbance at 405 nm was read after 45
mm. The extent of inhibition of binding of the 06A4 antibody was converted
to picomoles of Os-mG by a log-logit plot generated using synthetic fl-mG.
All samples analyzed exhibited >20% inhibition. To determine the percentage
of recovery of fl-mG in the samples, calf thymus DNA was spiked with
known amounts of fl-mG and subjected to the same hydrolysis, HPLC, and
ELISA procedures as above. The percentage of recovery range was 87â€”92%.

RESULTS

Dose-Response Study. We examined the levels of pyridyloxobu
tyl DNA adducts in whole lung and isolated lung cells of rats treated
with doses of NNK ranging from 0.1 to 50 mg/kg. The results are

summarized in Table 1. Levels of pyndyloxobutyl adducts were
greatest in the Clara cells at all doses of NNK. They were approxi
mately 3â€”10-foldhigher than those observed in the other cell types.

The formation of pyridyloxobutyl adducts was nonlinear with dose

Table 1 Dose-response forformation ofpyridyloxobutyl DNAadducts in lung and isolated lung celis of rats treated withNNIC'Dose

of NNK
(mg/kg)pmol

adductlMmolguanineWhole

lungMacrophagesSmall cellsType II cellsClaracells0.31.2

Â±02bo.s0.80.73.71.02.2
Â±0.31.51.81.78.310.07.0
Â±0.42.23.74.420.550.012.lc3.25.44.713.7

NNK-INDUCED DNA ADDUCI'S IN LUNG CELLS

Control group was fed NIH-07diet

PEITCgroup wasfedNIH-07dietcontainingPEITC(3 pmoilg)â€”e

Fig. 2. Summary of experimental protocol for examining the ef
fects of dietary PEITC on NNK-induced Os-mG and pyridyloxobutyl
DNA adducts in whole lung and isolated lung cells of F344 rats. For
details, see â€œMaterialsand Methods.â€•

a Rats were treated with NNK at doses ranging from 0.3 to 50 mg/kg body weight three times weekly for 2 weeks. Eighteen h following the last injection, rats were sacrificed. Lungs
from six rats were pooled, and lung cells were isolated. Whole lungs were removed from three rats per dose group (unless otherwise stated). Pyridyloxobutyl adducts were measured
in DNA isolated from whole lung and isolated pulmonary cells as described in â€œMaterialsand Methods.â€•

Mrm Â±SD from three rats.
C Average from two rats.
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DNA Isolation. Lungs or lung cell pellets were homogenizedin ice-cold
0.05 MIris, 1 mMEDTA, pH 7.4 (10 ml per g whole lung tissue and 1â€”2ml
for the lung cell pellets). SDS was added to a concentration of 1%; proteinase
K (Type XI) was added(200 @g/ml),andsampleswere incubatedat 37Â°Cfor
60 mm. Samples were extracted once with phenol (buffer saturated):Sevag
(24:1 chloroform:isoamyl alcohol) and then once with Sevag. DNA was
collected by ethanol precipitation and redissolved in 0.015 Msodium citrate,
0.15 M NaCI, 1 mM EDTA, pH 7.4 (2 ml for whole lung DNA and 1 ml for cell

pellet DNA). Residual RNA was removed by treatment with RNase Tl (50
units/ml) and RNase A (100 @Wm1)at 37Â°Cfor 30 mm. Samples were then
treated with proteinase K at 37Â°Cfor 30 mm and extracted twice with Sevag.
DNA was againcollectedby ethanolprecipitation.The pelletwas washedwith
ice-cold 70% ethanol and ethanol.

Determination of Pyridyloxobutylated DNA (HPB-releasing Adducts).
Pyridyloxobutyl DNA adducts were measured by GC-MS, which quantitates
the amount of HPB released upon acid hydrolysis (29). The only significant
difference in the current assay was that the internal standard was added to the
DNA samplesbeforeacid hydrolysis.Forthe assay, we used â€”250-300j.@gof
whole lung DNA and 20â€”250 @gof lung cell DNA (depending on the
particular cell type). After acid hydrolysis of the DNA, a 50-@.tlaliquot was
removed for guanine determination as described previously (30).

Determination of Os-mG. 06-mG was measured by competitive ELISA
usingthe06A4 antibody(31).DNA wasenzymehydrolyzedby nucleaseP1,
phosphodiesterase I, and alkaline phosphatase (32). For the analyses, we used
500 @gof whole lung DNA or 100â€”500@.tgof cell-type DNA. After hydrol
ysis, a 50-,.d aliquot of each sample was removed for guanine quantitation. In

the digested DNA samples, Os-mG was separated from normal deoxyribo
nucleosides by HPLC. The column used was a 250 X 4.6-mm Supelcosil

LC-l8S (Supelco,Bellefonte,PA). SolventA was 10nmipotassiumphosphate
buffer (pH 5.6), and solvent B was 80:20 methanol:Solvent A. The flow rate
was 1mI/mm,and the gradient was: 100%A for 3 mm, 100â€”40%A in 35 mm,
40% A-0% A in 10 mm, held for 10 mm at 100% B to wash the column, and
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N Smallce@cellsFig. 3. Efficiency of pyridyloxobutyl DNA adduct formation in lung
cells and whole lung. Pyridyloxobutyl DNA adducts were measured in
whole lung and isolated lung cells of F344 rats treated with doses of
NNK ranging from 0.3 to 50 mg/kg (three times weekly for 2 weeks).
The efficiency of pyridyloxobutyl DNA adduct formation was calculated
by dividing the level of pyridyloxobutyl adducts observed (pmol/@smol
guanine) by the dose of NNK (mg/kg) and was plotted versus the dose
ofNNK.

in whole lung and isolated lung cells. Adduct formation increased
sharply in the low NNK dose range but not in the 10â€”50mg/kg dose
range. This nonlinear dose response was also reflected in the effi
ciency of pyridyloxobutyl adduct formation, which was calculated by
dividing the levels of pyndyloxobutyl adducts observed by the dose of
NNK (Fig. 3). The efficiency of pyridyloxobutyl adduct formation
increased greatly as the dose of NNK was decreased in all cell types
as well as whole lung. Thus, adduct levels at low doses of NNK would
be underestimated if determined by extrapolation from high doses. A
45-fold increase in pyridyloxobutylation efficiency was observed in
Clara cells as the dose of NNK was decreased from 50 to 0.3 mg/kg.
The efficiency increases in Type II cells, small cells, macrophages,

and whole lung were 24-, 25-, 26-, and 20-fold, respectively.
The relationship between levels of pyndyloxobutyl DNA adducts

observed in Type II cells and lung tumor incidence observed by
Belinsky et a!. at the corresponding doses of NNK (10) is illustrated
in Fig. 4. We found a significant correlation between levels of pyri

dyloxobutyl DNA adduct.s in Type II cells and tumor incidence
(r 0.96; P = 0.009). We also saw significant correlations between
lung tumor incidence and pyndyloxobutyl DNA adducts in macro
phages, small cells, and whole lung but not in Clara cells.

Effects of Dietary PEITC. The protocol for the PEITC study was
identical to that used in the NNK-PEITC bioassay where dietary
PEITC produced a 50% reduction in lung tumors (23). It is summa
rized in Fig. 2 and is described in â€œMaterialsand Methods.â€•

Levels of 06-mG observed in whole lung and isolated lung cells
and the effect of dietary PEITC on these levels are summarized in Fig.
5. Before focusing on PEITC effects, let us examine 06-mG levels in
DNA of the control animals. In the group receiving NNK for 4 weeks,
Clara cells had the highest levels of 06-mG (33 pmol4tmol guanine),
followed by macrophages (8.3 pmollp.mol guanine), Type II cells (7.9
pmol/@mol guanine), and small cells (0.54 pmol/@mol guanine).
However, as we progress from 4â€”20weeks of NNK treatment, the
levels of fl-mG in Clara cells decreased by 82%. In the group of rats

receiving NNK for 20 weeks, 06-mG levels were highest in the
macrophages followed by Clara cells, Type II cells, and small cells.
The decrease in 06-mG levels was not observed consistently in the
other cell types. In the PEITC-treated animals, Clara cell levels

0.1 @@e@llCells@

Doseof NNK(mg/kg)

decreased by 93% from 22.7 pmoL/p.mol guanine in the 4-week
treatment group to 1.7 in the 20-week treatment group.

The effect of PEITC on the levels of 06-mG in the lung cells and
whole lung is also illustrated in Fig. 5. In the 4-week treatment group,
there was a 31â€”53%decrease in Type II, Clara cell, and whole lung

levels of 06-mG in the PEITC animals when compared to controls.

There was no inhibition observed in small cells and only a 9%
inhibition in the macrophages. In the 8-week group, dietary PEITC
decreased 06-mG levels by 46, 3 1, 5 1, and 57% in Clara cells, Type
H cells, whole lung, and small cells, respectively. A pattern similar to
the 8-week group was observed in the 12-week group. PEITC inhib
ited 06-mG levels in Clara, Type II, small cells, whole lung, and
macrophages by 62, 40, 60, 58, and 14%, respectively. However,
different results were observed in the 16- and 20-week treatment
groups. In these treatment groups, dietary PEITC resulted in â€”70%
inhibition of 06-mG in Clara cells but no inhibition in the Type II
cells, small cells, and macrophages. In some cases, 06-mG levels
were slightly higher in these cell types of the PEITC-treated rats in the
16- and 20-week treatment groups. There were 27 and 8% reductions
in fl-mG levels in whole lung in the PEITC rats of the 16- and
20-week treatment groups, respectively.

The AUCs shown in Fig. 5 (06-mG levels versus weeks of NNK
treatment) were calculated using the trapezoidal rule. These AUCs are
shown in Table 2. The percentage of inhibition by PEITC of 06-mG
in the Clara cells during the 20 weeks of NNK treatment was 53%, but
the overall extents of inhibition in the Type II cells, small cells, and
macrophages were only 18.8, 19.2, and 8.7%, respectively.

Levels of pyridyloxobutyl DNA adducts in the different lung cells
and whole lung after 4â€”20weeks of NNK treatment and the effect of
dietary PEITC on these levels are shown in Fig. 6. As was observed
in the dose-response study, the highest levels of pyridyloxobutyl
adducts were observed in the Clara cells. This pattern did not change
from 4 to 20 weeks of NNK treatment. Pyridyloxobutyl adducts in
Clara cells increased somewhat from 4 to 20 weeks of NNK treatment,
which was opposite to the effect seen with 06-mG. In the group of rats
receiving NNK for 4 weeks, the level of pyndyloxobutyl adducts in
the Clara cells was 25 pmol4tmol guanine (6- to 10-fold higher than
that observed in whole lung and the other cell types analyzed). In the
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Table2 AUCsof thepmolO@-mG/pinolguanineversus
shown in Fig. 5weeks

oINNKtreatmentAUCâ€•[(pmol

adduct4imolguanine)weeks)%

inhibition byPEITCDietControlPEITCClaracells

31414952.4Type
II cells 58.447.418.8Small
cells 18.715.119.2Macrophages

1841678.72Whole
lung 27.417.436.5a

Calculated using the trapezoidal rule.

NNK-INDUCEDDNAADDUCISIN LUNGCELLS

DNA methylation. Because NNK can also pyridyloxobutylate DNA,
we felt that a better understanding of NNK-induced lung carcinogen
esis in rats also required the examination of pyridyloxobutyl adducts.

In this dose-response study, we observed that the levels of NNK
induced pyridyloxobutyl DNA adducts were highest in the Clara cells
of rat lung at all doses of NNK analyzed. The Clara cell levels of

C
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Type IIcellsPyridyloxobutyl Adducts (pmol/pmol guanine)
in Type IIcells

Fig. 4. Correlation between lung tumor incidence and levels of pyridyloxobutyl
adducts in Type II cells. Lung tumor incidence data at doses of NNK ranging from 0 to
50 mg/kg was taken from Bclinsky et al. (10). The levels of pyridyloxobutyl adducts in
TypeIIcellsweremeasuredinratstreatedwithdosesofNNKrangingfrom0 to50mg/kg
(three times weekly for 2 weeks). Pearson correlations were used to evaluate the data and
determine significance. The correlation was significant (r 0.97; P 0.006).

20-week treatment group, the level of pyridyloxobutyl adducts in the
Clara cells was 40 pmol/@mol guanine (9â€”15-fold higher than that

observed in the other cell types and whole lung). Pyridyloxobutyl
adducts in macrophages, small cells, and Type II cells were similar,
ranging from 2.1 to 5.0 pmol/p.mol guanine. Adduct levels in these
cell types and whole lung did not change greatly from 4 to 20 weeks
of NNK treatment.

Dietary PEITC had noticeable effects on the cellular and whole
lung levels of pyridyloxobutyl adducts. In the group of rats receiving
NNK or NNK+PEITC for 4 weeks, there were 44, 56, 48, and 44%

reductions of pyridyloxobutyl adducts by PEITC in Clara cells, Type
II cells, small cells, and whole lung, respectively. The inhibition by
PEITC was consistent through the 4â€”20weeks of NNK treatment. In
the 20-week treatment group, PEITC treatment resulted in a 70, 26,
58, and 48 inhibition of pyridyloxobutyl adducts in the Clara cells,
Type II cells, small cells, and whole lung, respectively. In contrast,
PEITC did not consistently inhibit pyridyloxobutyl adducts in macro
phages. In most of the treatment groups, pyridyloxobutyl adducts in
macrophages were slightly increased in the PEITC rats. Calculated
AUCs for these data are shown in Table 3. The overall inhibition of
pyridyloxobutyl adducts by PEITC in the Clara cells, Type H cells,
small cells, and whole lung was 57, 51, 40, and 44%, respectively.

We can also compare the levels of the two types of adducts. As
shown in Tables 2 and 3, pyridyloxobutyl DNA adducts were higher
than Os-mG in most cell types and whole lung, when the whole period
of NNK treatment is considered. Clara cell levels of pyridyloxobutyl
adducts in control animals were â€”â€˜1.7times higher than fl-mG levels.
Clara cell levels of fl-mG were higher than pyridyloxobutyl adducts
after 4 weeks of NNK treatment but were lower thereafter. Pyridyl
oxobutyl adducts were also 2â€”3times higher than 06-mG in small
cells and whole lung. Type H levels of the two adducts were similar.
Macrophages were the one cell type in which 06-mG levels were
higher than pyridyloxobutyl adducts.

DISCUSSION

The first study described in this report examined cell-selective
DNA pyridyloxobutylation in rats treated with various doses of NNK.
Previous studies have only examined cell-selective NNK-induced
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Fig. 5. Whole lung and lung cell levels ofO@-mG in control(â€¢)and PEITC-treated(D)
rats. Rats were fed NIH-07 diet(controls)or N1H-07diet containing 3 pinol ofPEFFC per
gram of diet (PEITC treated) 1 week prior to and throughout NNK treatment. NNK was
administered at a dose of 1.76 mg/kg body weight three times weekly for total periods of
4, 8, 12, 16, or 20 weeks. Pulmonary cells were isolated from lungs pooled from six rats.
Whole lungs were removed from three rats per treatment group. Os-mG was measured in
wholelungsandlungcellsbycompetitiveELISA.Student'st testwasusedto determine
if differences between whole lung Os-mG j@control and PE1TC rats were significant (C,
P < 0.05). Bars. SD.
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Table 3 AUCs of the pmol p@ridvloxobutvl adducts4tmol
NNK treatment shown in Fig. 6guanine

versus weeksofAUCÂ°[(pmol

adduct/@mol guanine) weeksl%

inhibition byPEITCDietControlPEITCClara

cells 54823557.0Type
II cells 65.632.450.6Small
cells 53.432.040.1Macrophages

46.858.2Whole
lung 63.635.444.3a

Calculatedusingthetrapezoidalrule.

NNK-INDUCEDDNA ADDUCFS IN LUNG CELLS

dyloxobutyl adducts in whole lung and all lung cell types analyzed.
This has also been observed in whole lung using a different dosing
regimen (35). Previous studies also observed a nonlinear dose-re
sponse for 06-mG using the same doses of NNK and dosing regimen,
except that NNK was given for a total period of 4 rather than 2 weeks
as in the current study (10). As suggested previously for formation of
the methylating species, it appears that enzymes involved in the
activation of NNK to a pyridyloxobutylating species are becoming
saturated at the high doses of NNK (10). This dose-dependent differ
ence in adduct formation was clear when the efficiency of pyridyl
oxobutylation was examined. Efficiency increased greatly from the
highest to the lowest dose of NNK. The increase was greatest in the
Clara cells (45-fold increase), but there was a marked increase (20â€”
26-fold) in the other lung cells as well. In contrast, Belinsky et a!. (10)
found that the efficiency of methylation increased greatly (29-fold) in
the Clara cells but only slightly in other cell types. It was suggested
that a high affinity/low Km pathway existed in the Clara cells for
activation of NNK to a methylating species. Our data suggest that
enzymes involved in formation of the pyridyloxobutylating species do
not have as marked cell-specific differences in affinity for NNK. The
different dose-response patterns in whole lung and lung cells we have
observed with pyndyloxobutyl adducts compared to what Belinsky et
a!. (10) observed for 06-mG are consistent with different forms of
P450 enzymes being involved in methyl and methylene a-hydroxy
lation of NNK (33).

Belinsky et a!. (10) performed a dose-response study in which they
determined the incidence of lung tumors in rats given doses of NNK
ranging from 0.1 to 50 mg/kg three times weekly for 20 weeks. A
significant correlation was observed (which was not observed in other
cell typesor wholelung),suggestingthe importanceof Claracell
levels of 06-mG in NNK-induced rat lung tumongenesis. However,
ultrastructural examination of the tumors revealed that they arose
from the Type II cells. Thus, there was an unresolved contradiction in
the results. We measured pyridyloxobutyl adducts at the same doses
of NNK for which lung tumor incidence was determined. Levels of
pyridyloxobutyl adducts in the Type II cells were significantly corre
lated with lung tumor incidence (Fig. 4). This observation suggests
that pyridyloxobutyl adducts play an important role in NNK-induced
lung carcinogenesis in F344 rats. This is also supported by some of the
results in the PEITC study.

The most noticeable effect in the PEITC study was the decrease in
pyridyloxobutyl adducts in all cell types analyzed (except macro
phages) and whole lung in the PEITC-fed rats. The decrease was
consistent from 4 through 20 weeks of NNK treatment. The overall
percentage of inhibition of pyridyloxobutyl DNA adducts by PEITC
in Clara, Type II, small cells, and whole lung was 57, 50, 40, and 44%
(Table 3). The inhibition of adduct formation in these cell types and
whole lung is consistent with the 50% inhibition of NNK-induced
lung tumors by PEITC (23) and again suggests an important role for
pyridyloxobutyl adducts in NNK-induced rat lung carcinogenesis. It is
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Fig. 6. Whole lung and lung cell levels of pyridyloxobutyl DNA adducts in control (â€¢)
and PEITC-treated (D) rats. Rat were fed NIH-07 diet (controls) or NIH-07 diet contain
ing 3 g.@molof PEITC per gram of diet (PEITC treated) 1 week prior to and throughout
NNK treatment. NNK was administered at a dose of I.76 mg/kg body weight three times
weekly for total periods of 4, 8, 12, 16, or 20 weeks. Pulmonary cells were isolated from
lungs pooled from six rats. Whole lungs were removed from three rats per treatment
group. Pyridyloxobutyl adducts were measured as described in @Materialsand Methods.â€•
Student's t test was used to determine if differences between whole lung pyridyloxobutyl
adducts in control and PEITC rats were significant (5, P < 0.05). Bars, SD.

pyridyloxobutyl adducts were 3â€”9-foldhigher than those observed in
macrophages, small cells, and Type II cells. Belinsky et a!. ( 10) also
observed that (I-mG was present in the greatest amount in Clara
cells, although Clara cell levels of 06-mG ranged from 2- to 80-fold
higher than other cell types, and the difference between Clara cell
levels of 06-mG and other cells was greatest at the lower doses of
NNK. We did not see a marked difference in cellular distribution of
pyridyloxobutyl adducts at different doses of NNK. Metabolic acti
vation of NNK in rat lung is predominantly P450-mediated (33).
Thus, high levels of both methyl and pyridyloxobutyl adducts in the
Clara cells are consistent with the Clara cell being a site rich in P450
activity ( 13, 14). Isolated rat lung Clara cells also a-hydroxylated
NNK to a greater extent than other cells (34). High levels of both
types of adducts in the Clara cells could also be related to differences
in repair of these adducts in Clara cells. 06-mG-DNA methyltrans
ferase levels were observed to be lower in the Clara cells than in other
cell types of untreated and NNK-treated rats (10, 16). There is,
however, no information on cellular differences in persistence of
pyridyloxobutyl DNA adducts.

We observed a nonlinear dose-response for the formation of pyri
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macrophages was not an indication of what was occurring elsewhere
(particularly target cells) in the lung. One must, therefore, exercise
caution when choosing pulmonary alveolar macrophages for biomoni
toring studies.

In this PEITC study, the animals were given NNK for different
lengths of time (up to 20 weeks), allowing us to examine how
long-term NNK administration may alter the levels and cellular dis
tribution of NNK-induced adducts. We observed that pyridyloxobutyl
adducts were not affected by long-term NNK administration. How
ever, 06-mG levels, particularly in the Clara cells, decreased mark
edly from 4 through 20 weeks of NNK administration. It is possible
that age or chronic NNK treatment is affecting enzymes involved in
the formation of the methylating species. In a previous study, we
observed decreased metabolic activation of NNK in the lung after
chronic (up to 12 weeks) NNK treatment, suggesting some effect of
NNK on enzymes involved in NNK activation. The decrease in adduct
levels we observe could also be related to some effects on the repair
of the adduct. However, Belinsky et a!. (10) found that NNK treat
ment inhibits the activity of 06-mG-DNA methyl transferase in Clara
cells (10). In that case, we would have expected 06-mG levels in the
Clara cells to increase with long-term NNK treatment. In addition,
pyridyloxobutyl adducts have been shown to inhibit the repair of
06-mG (21). Based on this observation, we would have again ex
pected adduct levels to increase rather than decrease. The effect we
observed was not consistent with what is known about repair of
NNK-induced 06-mG by 06-mG-DNA methyltransferase.

In summary, pyridyloxobutyl DNA adducts as well as 06-mG are
present in the greatest amount in Clara cells, indicating that enzymes
involved in both methyl and methylene hydroxylation of NNK are
concentrated in the Clara cells. PEITC was found to consistently
inhibit the formation of pyridyloxobutyl DNA adducts. There was also
inhibition of formation of 06-mG, but it varied with cell type and
length of NNK treatment. These results support the hypothesis that
PEITC inhibition of NNK-induced lung tumors is a result of de
creased NNK metabolic activation and DNA binding in the lung. The
results of these studies also suggest an important role for pyridyl
oxobutyl DNA adducts in NNK-induced rat lung carcinogenesis. This
is based on the following: (a) NNK-induced tumors arise from the
Type II cells (10); (b) in our dose-response study, we found a
significant correlation between pyridyloxobutyl adducts in Type II
cells and tumor incidence, which was not observed for 06-mG (10);
(c) in an NNK-PEITC bioassay, PEITC inhibited NNK-induced lung
tumors by 50% (23), and using an identical protocol, we found that
PEITC inhibited pyridyloxobutyl DNA adducts in Type II cells by
50%, whereas 06-mG in Type H cells was only inhibited by 19%; (d)
the 50% reduction of pyridyloxobutyl adducts in Type II cells agreed
well with the 50% reduction in NNK-induced lung tumors (23).
Collectively, these results suggest an important role for pyridyloxobu
tyl DNA adducts in NNK-induced rat lung carcinogenesis.
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