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ABSTRACT

The tobacco-specific carcinogenic nitrosamine, 4-(methylnitrosamino)-
l-(3-pyridyl)-l-butanone (NNK), is formed during the curing and proc
essing of tobacco by nitrosation of nicotine. Nicotine and NNK have
structural similarities, and they are both metabolized extensively by lung
tissue via several steps known to require oxidative enzyme systems, such
as cytochrome P450. On the other hand, nicotine exerts many biological
effects similar to those caused by the physiological neurotransmitter
acetylcholine, a phenomenon mediated through selective uptake mecha
nisms via nicotinic cholinergic cell membrane receptors. The aim of this
study was to determine if nicotine modulates NNK metabolism in hamster
lung expiants and if NNK competes with nicotine for binding sites on
nicotinic cholinergic receptors in the hamster lung in vivo. Our data show
a concentration-dependent inhibition of NNK metabolism in vitro by Â«-
carbon hydroxylation and pyridine /V-oxidation, whereas the carbonyl
reduction of NNK remained unchanged. Radioreceptor assays with mem
brane receptor fractions of hamster lung after exposure to radiolabeled
(S)-(â€”)-nicotinerevealed significant numbers of nicotinic binding sites
only in the lungs of hamsters with hyperplasia of pulmonary neuroendo-
crine cells caused by 4-wk preexposure to hyperoxia. In such animals,
radiolabeled nicotine was displaced from the receptor binding sites by
NNK. Our data suggest that nicotine can potentially interfere with the
carcinogenicity of NNK by competition for enzyme systems essential for
the metabolic activation of the nitrosamine and by competition as ligand
for nicotinic cholinergic receptors.

INTRODUCTION

Extensive studies on the pharmacology of nicotine have re
vealed that many of its numerous biological effects are mediated
by selective uptake via nicotinic cholinergic receptors on the
cell membrane (1). Nicotinic cholinergic receptors are present
in many tissues and cell types and are an integral part of the
signal transducing system which regulates the excitation of
muscles by nerve fibers as well as secretory activity of many
exocrine and neuroendocrine cell types (1-3).

Among the epithelial cell types present in the lung which
give rise to lung tumors, only neuroendocrine cells have been
shown to express nicotinic cholinergic receptors (4, 5). In these
cells, the secretion of the neuropeptides, mammalian bombesin
and calcitonin, is stimulated via ligand binding of the neuro
transmitter, acetylcholine, to nicotinic acetylcholine receptors
(4-6). It has been shown that nicotine mimics the effects of this
neurotransmitter via identical receptor-mediated mechanisms,
thus stimulating secretion of these two peptides in normal
pulmonary neuroendocrine cells (4, 5) and in cell lines derived
from human neuroendocrine lung tumors (6).

Nicotine is extensively metabolized in liver, lung, and kidneys
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(7). The two major metabolites formed are cotinine and nic-
otine-yV-oxide (Fig. 1). In humans, the formation of cotinine
has been shown to require cytochrome P450 and cytoplasmic
aldehyde oxidase (7), while formation of nicotine-A'-oxide is

dependent on a microsomal flavoprotein system (7).
The tobacco-specific carcinogenic nitrosamine NNK3 (Fig. 2)

is formed during the curing and processing of tobacco by
nitrosation of nicotine (8). NNK is transferred to mainstream
and sidestream smoke during the combustion of cigarettes (9,
10). NNK is structurally similar to nicotine and is metabolized
by lung tissues in vivo (11, 12) and in vitro (13, 14) via several
steps including a-carbon hydroxylation and TV-oxidation (Fig.
2). Activation of NNK to reactive intermediates has been shown
to be mediated by cytochrome P450 enzymes (15).

Although the organospecificity of NNK varies with the spe
cies and the route of administration, lung tissues seem to be
particularly susceptible to the carcinogenic activity of NNK (16,
17). A better understanding of the susceptibility of lung cells to
NNK could provide an experimental basis for the etiology of
respiratory cancers associated with tobacco smoking.

Recently, growth kinetics experiments using a cell line de
rived from a human neuroendocrine lung tumor have identified
NNK as a strong mitogen in this system (18). The mitogenic
effect of NNK was inhibited by antagonists of nicotinic cholin
ergic receptors, thus providing evidence for a potential uptake
of the nitrosamine via this receptor type (18).

When administered simultaneously, as is the case in a
smoker, it is therefore possible that nicotine and NNK compete
for the same receptor type as well as for the same metabolizing
enzyme systems. In view of the fact that tobacco smoke contains
substantially more nicotine than NNK (10, 19), this could lead
to a potential inhibition of NNK carcinogenesis by nicotine.

The aim of this study was to determine if nicotine inhibits
NNK metabolism in hamster lung expiants and if NNK com
petes with nicotine for nicotinic cholinergic receptor sites in
hamster lung. Our data show a concentration-dependent inhi
bition of NNK metabolism by nicotine in vitro and demonstrate
binding of NNK to pulmonary nicotinic cholinergic receptors
in vivo at a higher affinity than nicotine.

MATERIALS AND METHODS

Chemicals. The syntheses of NNK and its metabolites used as refer
ences in the HPLC analyses have been reported (11, 20). (S)-(â€”)-
Nicotine (98% pure) was purchased from Aldrich Chemical Co. (Mil
waukee, WI). [5-3H]NNK (2.2 or 1.1 Ci/mmol) was purchased from
Chemsyn Science Laboratory (Lenexa, KS). L-[4,5-3H(n)]Leucine (5.0
Ci/mmol) was obtained from New England Nuclear (Boston, MA). (5)-
[A'-mf/Av/-'H]Nicotine (63 Ci/mmol) was purchased from NEN Du

pont (Wilmington, DE).
Metabolism Studies. Outbred Syrian golden hamsters (Mesocricetus

auratus) were purchased from Charles River, Inc. (St-Constant, Quebec,
Canada). They were fed Rodent Laboratory Chow 5001 (Purina, Que-

3The abbreviations used are: NNK, 4-(methylnitrosamino)-l-(3-pyridyl)-l-
butanone; NNAL. 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanol; HPLC, high-
pressure liquid Chromatograph); B(a)P. benzo(a)pyrene.
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Fig. 1. Major metabolites formed from nicotine (7). Hypothetical intermediates
are not shown in this diagram.

bee, Canada) and given tap water ad libitum. Lung expiants (2x2 mm)
were excised at the periphery of the right and left lung and were cultured
in minimal essential medium containing antibiotics and 5 MM[5-'H]-

NNK in a rocking chamber under 45% O2/50% N2/5% CO2 for 3 h as
described previously (12). NNK metabolites were assayed by HPLC
and scintillation counting (13).

The effects of nicotine on the viability of the expiants were assessed
by the incorporation of ['Hjleucine. Lung expiants were cultured with
NNK (5 MM)and with 0, 1. 5, 50, and 100 MM(S)-(-)-nicotine for 3 h.
The medium was replaced by fresh medium containing L-[4,5-'H(n)]

leucine (5 MCi/ml; 5.0 Ci/mmol). After 2 h of culture, the expiants were
harvested and homogenized, and the proteins were washed 2 times with
5% trichloroacetic acid. 'H bound to proteins was assayed by liquid

scintillation.
Biodistribution Studies. Male Syrian golden hamsters weighing ap

proximately 130 g were anesthetized with ketamine/xylazine (99 mg/
10 mg per kg) and instilled intratracheally as described previously (21).
Each hamster received a solution of [5-'H]NNK (10 MCi/0.2 ml; 35
nmol/kg of body weight) or a mixture of (.S)-(-)-nicotine (62 Mtnol/kg
of body weight) + [5-'H]NNK (35 nmol/kg of body weight) dissolved
in sterile 0.9% NaCI solution. The (S)-(-)-nicotine/NNK ratio was

1770. A higher ratio could not be reached because of the toxicity of
(S)-(-)-nicotine and nonavailability of [5-'H]NNK with higher specific

activity. After sacrifice by decapitation, the lung, liver, and kidneys and
stomach content were dissolved in 10 ml of l M NaOH overnight at
37Â°C,and 3H was measured by scintillation counting after neutraliza

tion with glacial acetic acid. In some cases, the samples were decolorized
with 30% H2O2 for 30 min before counting. The concentration of
proteins was measured according to the method of Lowry et al. (22).
Samples of the liver were extracted with 0. l N HC1, and the extracts
were analyzed.

Receptor Binding Studies. Because the lungs of healthy adult mam
mals, including hamsters, contain only sparse numbers of the neuroen
docrine cells known to express abundant nicotinic cholinergic receptors
(23), this part of our study was conducted in two separate sets of
experiments. In one set, the lungs of 8-wk-old male Syrian golden
hamsters were used which had been maintained for 4 wk at ambient
room air conditions under standard laboratory conditions. In the second
set of experiments, hamsters of the same age and sex were preexposed
for 4 wk to hyperoxia (60% oxygen) as previously described (24), a
condition known to result in a dramatic numerical increase in pulmo
nary neuroendocrine cells (24, 25).

A cell membrane receptor fraction was prepared from all lungs
according to published procedures (26). Briefly, the tissues were ho
mogenized with a Brinkman polytron in 50 mM Tris-HCl buffer con
taining 120 mM NaCI, 5 mM KC1, 1 mM MgCl2, and 1.5 MMatropine
sulfate (pH 7.4, 0Â°C).The homogenates were centrifuged twice at

48,000 x g for 10 min with an intermediate wash in fresh buffer.
Protein concentrations were determined with the Bio-Rad protein as
say. Aliquots (100 MM)of these membrane receptor fractions equivalent
to 650 Mgof protein each were added in triplicate to polyethylene assay
tubes.

Saturation analysis of nicotinic cholinergic receptors (-) was con

ducted by incubating such aliquots under equilibrium conditions with
(S)-(-)-[N-methyl-3H]nicotine Â¡(SH^Hjnicotine; specific activity, 63

Ci/mmol) at concentrations ranging from 1.0 nM to 50 nM. Nonspecific
binding was determined in the presence of 100 MMnonradioactive (S)-
(-)-nicotine. Specific binding was calculated as the difference between

total binding and nonspecific binding. All samples were in triplicate.
Efforts to conduct parallel saturation analyses with radiolabeled

NNK yielded unsatisfactory results because the specific activity of the
nitrosamine was too low. Binding of this chemical carcinogen to nico
tinic receptors was therefore analyzed by displacement experiments (26,
27). Briefly, aliquots of the membrane receptor fraction were coincu-
bated at equilibrium conditions with 20 nM S-[3H]nicotine (the concen-

Fig. 2. Metabolic pathways of NNK in
hamster lung explants. Structures in brackets
are hypothetical intermediates.
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Table 1 Effects of (S)-(â€”)-nicotineon the metabolism of NNK by hamster
lung expiants

Lung expiants (2x2 mm) were cultured in minimal essential medium contain
ing a 5 jiM [5-3H]NNK and (5)-(-)-nicotine for 3 h. NNK metabolites were

assayed by HPLC and scintillation counting.

Concen
tration

of (â€¢$>(-)-
nicotine

(MM)0

5
50

100500Metabolites

in culture
medium(nmol/mg)n-Carbon

Nitrogen
hydroxylation oxidationNNAL1.98

1.82
0.91
0.54
0.190.40Â°

1.42 + 0.44 1.15 Â±0.27

0.34 1.36 Â±0.36 1.20 Â±0.07
0.20* 0.89 Â±0.13 1.11 Â±0.37
O.lc 0.57 Â±0.16* 0.98 Â±0.21
0.05r 0.19Â±0.08f 0.97 Â±0.26NNK-protein

covalent
binding

(pmol/mg)8.15

Â±1.78
7.82 Â±1.12
5.21 Â±0.90
3.15 Â±0.94*
1.43 Â±0.13'

" Mean Â±SD (n = 3).
* These values are significantly different from those observed without (5)-(â€”)-

nicotine with Student's t test: P < 0.05.
' P<0.0\.

Table 2 Biodistribution of total 3Hfollowing intratracheal instillation ofS-'H
with or without (S)-(-)-nicotine to Syrian golden hamsters

Male Syrian golden hamsters were anesthetized and instilled with [5-3H]NNK
(35 nmol/kg of body weight) or a mixture of (5>(-)-nicotine (62 Â¿imolof body
weight) + [5-3H]NNK dissolved in 0.9% NaCI solution. After sacrifice, tissues
were dissolved in l M NaOH, and '11 was measured by scintillation counting.

Doses(nmol/kg)Nicotine0

620

62062NNK0.035

0.0350.035

0.0350.035

0.035Survival

intervals
(min)5

515

156060Levels

of 3H(pmol/mg)Lungs0.99

Â±0.23Â°

0.69 Â±0.330.58

Â±0.07
0.47 Â±0.090.1

3Â±0.030.14
Â±0.02Liver0.58

Â±0.07
0.47 Â±0.090.15

Â±0.04
0.28 Â±0.060.08

Â±0.01
0.10 Â±0.02Kidneys1.08

Â±0.43
0.57 Â±0.190.53

Â±0.20
1.20Â±0.490.15

Â±0.01
0.32 Â±0.11*

Â°Mean Â±SD (n = 4).
* Statistically different from levels of 3H observed without nicotine (P < 0.05,

Student's t test).

tration which had yielded saturation of the receptors) and concentra
tions of nonradioactive NNK ranging from 1 nM to 20 nM. The affinity
of the nitrosamine to nicotinic receptors was assessed by calculating
the percentage of displacement of specific S-pHJnicotinic binding.

All incubation reactions were stopped by the addition of 10 ml of
cold buffer and rapid vacuum filtration through Whatman GF/C filters
that had been treated with 0.05% poliethyleneimine to reduce displace-
able binding to filters. The filters were washed 3 times in cold buffer
and counted by liquid scintillation spectrometry.

The carbonyl reduction of NNK was not affected by (Â£)-(â€”)-
nicotine. Even at a concentration of 500 UM (S)-(â€”)-nicotine,
the inhibition of this pathway was not statistically significant.

Biodistribution Studies. Tissue disposition of NNK and its
metabolites following intratracheal instillation of [5-3H]NNK
with or without (5)-(-)-nicotine is shown in Table 2. The
amount of 'H in the stomach following instillation was less

than 0.001% of the total dose administered (data not shown),
thus confirming that the instillations were, in fact, intratracheal
rather than intraesophageal.

Administration of (S)-(â€”)-nicotine slowed down the hepatic

metabolism of NNK, thus causing a delayed accumulation of
radioactivity in the kidneys. It hence appears that coadminis-
tration of (SX-J-nicotine and NNK reduces the rate of elimi

nation of NNK. Fifteen min after instillation of NNK, we
observed that the major metabolite was the hydroxy acid 14.
The hepatic level of this metabolite was significantly lower in
hamsters instilled with (S>(-)-nicotine and NNK (P < 0.01).
Total a-carbon hydroxylation metabolites (0.31 Â±0.008 pmol/
mg of protein) in the liver of hamsters treated with NNK alone
were significantly higher than in the NNK- and (S)-(-)-nic-
otine-treated hamsters (0.013 Â±0.005).

Receptor Binding Studies. Saturation analysis with (S>(-)-
[3H]nicotine revealed a pronounced difference among the nor-

3500-

Â£ 3000-

I. 2500-

? 2000-

% 1500-

^ 1000-

I 500-

Nonspecific

Specific

5 101520253035404550
nM [3H]-M-)-Nicotine

Fig. 3. Saturation analysis of S-(â€”)-[3H]nicotineunder steady-state conditions
with a membrane receptor fraction of normal hamster lung. Nonspecific binding
(O) was determined in the presence of 100 JIMnonradioactive (S)-(â€”(-nicotine.
Specific binding (â€¢)is the difference between total binding and nonspecific
binding. Saturation of specific ligand binding is reached at a concentration of 20
nmol of radioactive nicotine.

RESULTS

Metabolism Studies. Up to a level of 500 /Â¿M,(S)-(-)-nicotine
was nontoxic to the lung explants as monitored by ['HJleucine
incorporation into protein. Levels of L-[3H]leucine incorpora

tion into protein of expiants cultured with 0, 1,5, 50, 100, and
500 Â¿IM(S)-(â€”)-nicotine were averaging 9.5 Â±1.7 (data not

shown).
The metabolic pathways in hamster lung expiants have been

described by Charest et al. (12) and are outlined in Fig. 2. In
this study, the sum of metabolites 12, _13,|4, and ^5 is used as
an index of total activation of NNK by a-carbon hydroxylation.
The sum of metabolites _[and 2 is used as the index of total N-
oxidation. Carbonyl reduction of NNK gives NNAL. As shown
in Table 1, (S)-(-)-nicotine was not an effective inhibitor of

NNK metabolism at equimolar concentration (5 /Â¿M).However,
when this ratio was increased to 20 or 100, the activation of
NNK by Â«-carbonhydroxylation was inhibited by 73 and 90%.
Under the same conditions, the deactivation of NNK by pyri-
dine Â¿V-oxidationwas inhibited by 60 and 87%, respectively.

201

Specific

5 101520253035404550
nM [3HJ-L-(->-Nicotine

Fig. 4. Saturation analysis of 5-(-)-(3H]nicotine under steady-state conditions
with a membrane receptor fraction from the lungs of hamsters preexposed for 4
wk to hyperoxia (60%), resulting in hyperplasia of pulmonary neuroendocrine
cells and thus providing increased numbers of nicotinic cholinergic receptors.
Nonspecific binding (O) was determined in the presence of 100 Â¡IMnonradioactive
(5)-(-)-nicotine. Specific binding (â€¢)is the difference between total binding and
nonspecific binding. Saturation of specific ligand binding is reached at a concen
tration of 20 nM radioactive nicotine. Note significantly higher levels of specific
ligand binding as compared with the lungs of hamsters maintained in ambient air
(Fig. 3).
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Fig. 5. Scatchard analysis of .C-(-)-['H]nicotine specific binding in a membrane
receptor fraction from hyperoxia-preexposed hamsters.

Table 3 Inhibition of(S)-(-)-fll/nicotine binding by nonradioaclive NNK as
assessed by displacement assays with membrane receptor fractions from

hyperoxia-preexposed hamster lungs

Note that nicotine (20 nM) is displaced from the receptors by substantially
lower concentrations of NNK. reflecting a higher affinity of the nitrosamine for
the nicotinic cholinergic receptor. The levels of displacement of (.S)-['H]nicotine
were statistically significant (P< 0.01, Student's t test) at all dose levels of NNK.

Displacement with 20 nM NNK was significantly greater (P < 0.01) than with 5
and 1 nM NNK.

Displacement ofbindingConcentration

of NNK(mM)20

10
5
1Displacement

of
(S)-[3H]nicotine

(%)68.4
Â±10.5Â°

49.9 Â±12.7
44.1 Â±15.2
39.7 Â±14.4

" Mean Â±SD of triplicate determinations.

mal- versus hyperoxia-preexposed hamster lung preparations
(Figs. 3 and 4). Specific binding of (S)-(-)-[3H]nicotine in

preparations from normal lung was only about half of that
observed in the fractions derived from the hyperoxia-preex
posed lungs. Saturation of nicotinic cholinergic receptors was
reached at a concentration of 20 nM nicotine. As evidenced by
linearity of a Scatchard plot from these data, binding was to a
single class of noninteracting binding sites (Fig. 5). Because of
the very low levels of detectable specific nicotine binding in
receptor fractions derived from normal hamster lung, the dis
placement studies with NNK were only conducted in fractions
derived from hyperoxia-preexposed animals. These experi
ments demonstrated a dose-dependent displacement of radio-
labeled nicotine by unlabeled NNK at the nicotinic receptor site
(Table 3). At equimolar dose levels of 20 nM, NNK displaced
70% of the bound nicotine. Even when administered at a 20
times lower (1 n\i) concentration than nicotine (20 nM), NNK
still displaced about 40% of the nicotine bound to nicotinic
cholinergic receptors. These data suggest that NNK does, in
fact, bind to nicotinic cholinergic receptors in the lungs in vivo
and that its affinity for this receptor type is significantly greater
than that of nicotine.

DISCUSSION

NNK is formed by reaction of nicotine with nitrite and
nitrogen oxide during the curing and processing of the tobacco
leaf. Structures of both compounds have some similarities: a
pyridine ring attached to a 5-carbon-aliphatic chain or ring.
The ratio of nicotine to NNK in mainstream smoke of American
and Canadian cigarettes ranges from 5,000 to 15,000 (10, 19).
In snuff tobacco and saliva of snuff dippers, this ratio is 5,000
and from 3,000 to 21,000, respectively (28). The mutagenicity,
carcinogenicity, tissue distribution, pharmacokinetics, metabo
lism, and DNA damages by NNK have been documented exten

sively. However, the modulation of the biological effects of
NNK by other tobacco constituents and particularly by nicotine
remains to be investigated (16). Prokopczyk et al. (29) studied
the effect of nicotine given in drinking water (20 Mg/ml) on
DNA methylation by NNK injected i.v. (82.8 mg/kg of body
weight) and the blood elimination of NNK and NNAL. No
effects on the pharmacokinetic parameters or DNA methylation
were observed. The low ratio of nicotine to NNK used in these
experiments with F344 rats did not reflect the relative levels of
exposure of humans to nicotine and NNK (see below).

In this study, the addition of (5)-(-)-nicotine to the medium

of cultured hamster lung expiants significantly inhibited the
activation and deactivation of NNK. The third pathway was
not affected by (5>(-)-nicotine. In a previous study, hamsters
were administered a daily dose of (S>(-)-nicotine in drinking

water or given water only. Expiants from these two groups were
cultured in vitro with NNK. We observed that daily administra
tions of (.Â£)-(â€”)-nicotineinduced Â«-carbonhydroxylation and
pyridine jV-oxidation of NNK (12). In rats, the metabolism of
the tobacco-related carcinogen benzo(a)pyrene was similarly
induced by (S)-(-)-nicotine (30). Moreover, it has been shown
that nicotine inhibits a-carbon hydroxylation and /V-oxidation
of NNK by microsomes from oral tissue (31). These data
suggest that in smokers the metabolism of NNK could be either
induced or inhibited depending on the relative levels of (Â£)-(-)-

nicotine and NNK in specific cells or tissues.
In previous biodistribution and elimination studies of NNK

in Syrian golden hamsters, NNK had been injected i.v. or s.c.
(32). NNK and its metabolites distributed rapidly and reached
all tissues. Five min after i.v. administration of [carbonyl-'4C]-

NNK, the amount of radioactivity in most tissues was at a level
about equal to that in the blood. NNK metabolites are excreted
rapidly in the urine (32). In this study, a route of administration
more relevant to the inhalation of NNK by tobacco smokers
was selected. Our results demonstrate that NNK and its metab
olites are eliminated as rapidly from the site of administration,
the lung, to reach extrapulmonary tissues (Table 2) as after i.v.
or s.c. injections. It is therefore likely that intratracheal instil
lation of NNK may cause a similar carcinogenic response in
the lungs and extrapulmonary tissues as described after other
routes of administration (17).

The major classes of carcinogens present in tobacco smoke
are the polyaromatic hydrocarbons and N-nitrosamines. One
important member of the first class is benzo(a)-pyrene. Five
min after intratracheal instillation of B(a)P (4 nmol/kg), the
ratio of B(a)P was 4.8 in lung versus liver and 54 in lung versus
kidney (33). With NNK, we observed that these ratios were 1.7
and 0.9, respectively. Sixty min after instillation, the lung versus
kidney ratio was 7 with B(a)P and 0.9 with NNK. These results
indicate that NNK is eliminated faster from the lungs than is
B(a)P.

Our data reveal two separate mechanisms by which nicotine
can potentially interfere with the carcinogenicity of NNK. (a)
nicotine competes for enzyme systems necessary for the con
version of NNK into carcinogenic metabolites; and (b) nicotine
and NNK compete as ligands for nicotinic cholinergic receptors.

The dose-dependent inhibition of NNK metabolism observed
in our study supports the hypothesis that both compounds
compete for the same metabolizing enzyme systems. The data
generated with our receptor binding studies suggest that, in
individuals with normal lung oxygÃ©nation,uptake of NNK via
nicotinic cholinergic receptors is unlikely to be of major impor
tance for a carcinogenic effect of this nitrosamine. As is evi-

2012

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/8/2009/2446923/cr0510082009.pdf by guest on 19 M

ay 2023



MODULATION OF NNK UPTAKE AND METABOLISM

denced by the very low levels of specific nicotine binding in the
receptor fractions derived from hamsters maintained under
ambient air conditions, nicotinic binding sites are sparse under
such conditions. However, preexposure of the hamsters to
hyperoxia resulted in a drastic increase in nicotinic binding
sites in such receptor fractions. In theory, several mechanisms
could account for this effect. The exposure to hyperoxia could
cause an upregulation of nicotinic cholinergic receptors, thus
resulting in more binding sites per preexisting cells and, hence,
greater binding capacity for nicotine. Although there is no
evidence for such effects of hyperoxia on nicotinic receptors in
the literature, a mechanism such as this cannot be ruled out.
Alternatively, the hyperoxic conditions could increase the num
ber of cells which express this receptor type, which again would
provide increased numbers of pulmonary binding sites for nic
otine. Previous reports prov ide substantial support for the latter
hypothesis. It has been amply documented that conditions
resulting in increases (hyperoxia) as well as decreases (hypoxia)
of lung oxygÃ©nationcause a pronounced increase in the num
bers of pulmonary neuroendocrine cells along with increased
levels of their neurosecretion products (22, 25, 34, 35). More
over, lung tumors with neuroendocrine differentiation are al
most exclusively found in smokers (36) and are especially
prominent in smokers with a history of chronic obstructive lung
disease (37, 38), a condition which results in an impaired
ventilation/oxygÃ©nation of the lung. It is therefore likely that
the increase in nicotinic binding sites observed in our hyperoxia-
preexposed hamster lungs predominantly reflects a numerical
increase in pulmonary neuroendocrine cells whose secretion (4-
6) and proliferation (4,18) are regulated by nicotinic cholinergic
receptors. It is of potentially great importance that under such
conditions NNK is apparently capable of displacing nicotine
bound to the nicotinic receptor. Previous in vitro studies have
shown that NNK is a strong mitogen in human lung tumor
cells with neuroendocrine differentiation and that this effect is
inhibited by antagonists of nicotinic cholinergic receptors (18).
In conjunction with our present data, these findings suggest,
for the first time, that NNK may cause continuous proliferation
of neuroendocrine cells ultimately resulting in neuroendocrine
neoplasia by direct interaction of the parent compound with
nicotinic cholinergic receptors. Since cigarette smoke contains
substantially higher levels of nicotine than NNK, it is possible
that it inhibits the uptake of this nitrosamine in the lungs.
However, the widespread occurrence of nicotinic receptors in
extrapulmonary organs and blood cells is likely to alter the
nicotine/NNK ratio in such a way that the lung levels of nicotine
are significantly lower than in cigarette smoke.
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