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ABSTRACT

The tobacco-specific nitrosamine 4-(methylnitrosamino)-l-(3-pyridyl)-
1-butanone (NNK) is a potent pulmonary carcinogen in laboratory ani
mals and is most likely involved in the etiology of tobacco smoke-induced
lung cancer. To exert its carcinogenic potential, NNK must be metaboli-
cally activated by a-hydroxylation at either the methyl or mÃ©thylÃ¨ne
carbons adjacent to the W-nitroso group. The main detoxification pathway
of NNK involves carbonyl reduction to 4-(methylnitrosamino)-l-(3-
pyridyl)-l-butanol followed by glucuronosylation at the hydroxy moiety

produced by carbonyl reduction. Whereas there has been great success in
the identification of cytochrome P450 species catalyzing NNK activation,
the enzyme responsible for NNK carbonyl reduction has been searched for
since 1980. In previous investigations, we succeeded in identifying the
NNK carbonyl reducing enzyme in mouse liver microsomes as being
llÃŸ-hydroxysteroid dehydrogenase l (llÃŸ-HSD l; EC 1.1.1.146), an en

zyme that is physiologically involved in glucocorticoid oxidoreduction. In
this study, the expression of llÃŸ-HSD l was established on the iiiKVY
(reverse transcription-PCR) and protein (immunoblot) levels. Kinetics of

glucocorticoid oxidoreduction were determined with corticosterone and
dehydrocorticosterone as substrates for oxidation and reduction, respec
tively. The apparent I',â€ž.,â€ž(135.8 versus 48.1 pmol/min/mg of protein) and

A,,, (6.8 versus 35.8 /.IMI values were much in favor for corticosterone
oxidation compared to dehydrocorticosterone reduction. NNK carbonyi
reduction displayed an apparent Vmilxof 655 pmol/min/mg of protein and
a A'1Mof 629 JXM.Interestingly, the intrinsic clearance 11',,,.,,/Ã„,,,ratio) of

NNK carbonyl reduction (1.04) corresponds roughly to that of glucocor
ticoid reduction (1.34). The physiological glucocorticoid substrates of
llÃŸ-HSD l (corticosterone and dehydrocorticosterone) and the selective
llÃŸ-HSD l inhibitor glycyrrhetinic acid turned out to be strong inhibitors

of NNK carbonyl reduction, displaying KÂ¡values of 37.8, 21.3, and 10.9
/IM, respectively. Affinity-purified antibodies specific for mouse liver
llÃŸ-HSD 1 inhibited NNK carbonyl reduction in a concentration-depen

dent manner. For example, at the highest antibody concentration (5 UKof
protein), llÃŸ-HSD l activity was decreased to a residual 4-(methylnitro-
samino)-l-(3-pyridyl)-l-butanol formation of only 7.9% compared to the

uninhibited control, thus conclusively demonstrating NNK carbonyl re
duction to be mediated by llÃŸ-HSD l in mouse lung microsomes. Evi
dence is provided in the present study that llÃŸ-HSD l is expressed in

mouse lung and that it functions as NNK carbonyl reductase in mouse
lung microsomes. These findings may have potentially important impli
cations for smokers who express low levels of llÃŸ-HSD 1/NNK carbonyl
reductase and/or are concurrently being exposed to llÃŸ-HSD l modula

tors.

INTRODUCTION

EpidemiolÃ³gica! and experimental studies have shown that smok
ing plays an important role in the etiology of lung cancer ( 1). Tobacco
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and tobacco smoke contain a variety of mutagenic and carcinogenic
compounds, including a variety of nitrosamines. NNK,3 formed from

the nitrosation of nicotine, is thought to be one of the most potent of
these tobacco-specific carcinogens (2). In laboratory animals, NNK

has a remarkable specificity for the lung, inducing predominantly
adenocarcinomas in lungs of rats, mice, and hamsters regardless of the
route of administration (2-5). The presence in smokers' lungs of DNA

adducts likely to result from the metabolic activation of NNK suggests
that NNK has an important role in the induction of lung cancer in
smokers (6, 7).

NNK requires metabolic activation to exert its carcinogenic effects
(Fig. 1). NNK activation proceeds by a-hydroxylation of both carbons
adjacent to the yV-nitroso group. This mÃ©thylÃ¨neor methyl a-hydroxy

lation leads to the formation of electrophiles that alkylale DNA and
hemoglobin (reviewed in Ref. 8). However, the competing pathway
for NNK activation is NNK detoxification, which proceeds via car
bonyl reduction of NNK to NNAL, followed by glucuronidation of
NNAL. Although JV-oxidation has also been considered as a NNK

inactivating reaction, this pathway plays only a minor role in vitro and
in vivo (8, 9).

Carbonyl reduction to NNAL is a very efficient pathway of NNK
metabolism in animal and human tissues (10-20). Adams et al. (21)

have observed the predominance of NNAL in circulating blood l h
after injection of NNK into F344 rats, yielding a NNAL/NNK blood
ratio of 2.0. Similar extensive in vivo reduction of NNK to NNAL was
previously observed in the blood of male hamsters, rats, mice, and
baboons receiving a single i.v. injection of NNK (21, 22). In all four
animal species, the in vivo equilibrium between NNK and NNAL
strongly favors the reduced form, NNAL. The ratio of NNAL to NNK
was greatest in the hamster (90:1 ) l h after i.v. administration (22). In
the patas monkey, the main urinary metabolites resulted from car
bonyl reduction (followed by glucuronidation or /V-oxidation), indi

cating that carbonyl reduction to NNAL greatly exceeds metabolism
by NNK a-hydroxylation (23).

Hecht and coworkers (9, 24-26) characterized and quantified NNK

metabolites in the urine of smokers and smokeless tobacco users. The
results clearly demonstrate that detoxification of NNK in vivo occurs
mainly by carbonyl reduction and glucuronidation and, to a consid
erably lesser extent, by pyridine-/V-oxidation in humans. In addition,

the fact that NNK can be metabolized to NNAL in smokers and
nonsmokers alike who are exposed to sidestream cigarette smoke
provides evidence for the link between exposure to environmental
tobacco smoke and the risk of lung cancer (24, 27).

In vitro studies using cultured tissue expiants, isolated cells or
microsomal preparations from different animal organ sources revealed
a great extent of variation in the ability to metabolize NNK. NNAL
was the major metabolite in hepatocytes (10) and liver microsomal
preparations (14, 16, 28), indicating that the liver plays a predominant
role in the metabolism of NNK. In lung microsomes of rat (14, 29)
and mouse (30), as well as in cultured expiants of hamster lung (31),

1The abbreviations used are: NNK, 4-(methylnitrosamino)-l-{3-pyridyl)-l-butanone; l lÃŸ-

HSD, 11ÃŸ-hydroxysteroiddehydrogenase; NNAL. 4-(methylnitrosamino)-l-(3-pyridyl)-l-bu-
tanol; RT. reverse transcription; HPLC. high-performance liquid chromatography.
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Fig. 1. NNK metabolism. Recently, glucuronidation of a-hydroxymethyl NNK and 4-hydroxy-l-(3-pyridyl)-l-butanone (HPB) at the indicated positions (*) has been demonstrated (63).

carbonyl reduction was not a major pathway but was in the same
range as a-hydroxylation and /V-oxidation. In rat nasal mucosa mi-

crosomes (14, 29, 32) and rat nasal mucosa explants (33), no NNAL
formation was detectable. The absence of NNAL formation in the
nasal mucosa, which should be due to the lack of the enzyme respon
sible for the conversion of NNK to NNAL, might explain why nasal
mucosa is particularly susceptible to NNK-induced carcinogenesis (in

animal models). It has therefore been postulated that, depending on
the extent of the competing pathways, a-hydroxylation versus car

bonyl reduction, the susceptibility of a tissue to tumor formation may
be influenced.

In attempts to elucidate the metabolic pathway of NNK and the
involved enzymes, there has been a great deal of interest in the
oxidation of NNK by several cytochrome P450 species and conjuga
tion to glucuronic acid by UDP-glucuronosyltransferases. The two
metabolic activation pathways for NNK (a-hydroxylations) have been

found to be mediated via different forms of cytochrome P450 in both
human and animal studies (30, 34), and several of these P450 isoforms
have been identified (reviewed in Ref. 18). However, despite the
predominance of carbonyl reduction in vitro and in vivo, only a few
studies have focused on the enzyme systems involved therein (35).
Importantly, by providing the hydroxybutanoyl function necessary for
glucuronidation and excretion, carbonyl reduction initiates the final
detoxification of this lung carcinogen.

In a previous study, we succeeded in identifying the NNK carbonyl
reducing enzyme in mouse liver microsomes as being l lÃŸ-HSD(EC

1.1.1.146), an enzyme that is involved in physiological glucocorticoid
metabolism (36, 37). Our findings were based on a homogeneously
purified enzyme preparation and on the inhibition of NNK carbonyl
reduction by physiological glucocorticoids, as well as by the potent
and diagnostic inhibitor of 11ÃŸ-HSD,glycyrrhetinic acid. In addition,

affinity-purified antibodies against mouse liver l lÃŸ-HSD inhibited
NNK carbonyl reduction in a concentration-dependent manner (37).

The aim of the present study was to evaluate whether 11ÃŸ-HSDis

present in mouse lung and whether it there is also responsible for
NNK carbonyl reduction, l lÃŸ-HSD is a membrane-associated en
zyme that is very unstable in terms of its three-dimensional architec

ture. This is why several attempts have failed to isolate this enzyme in
an active state. It has also been found that the purification procedure
of liver l lÃŸ-HSDis not applicable to the lung isoform. Therefore, we
followed several alternative approaches: first, the expression of l lÃŸ-
HSD 1 in mouse lung was established on the mRNA (RT-PCR) and

protein (immunoblot) levels. Second, the kinetics of glucocorticoid
oxidoreduction and NNK carbonyl reduction were determined and
compared in terms of Vmax, Km, and intrinsic clearance values
(VmaJKm ratios). Third, inhibitors (corticosterone, dehydrocortico-
sterone, glycyrrhetinic acid, and antibodies specific to l lÃŸ-HSD l)

were used to conclusively substantiate NNK carbonyl reduction to
be mediated by l lÃŸ-HSD l in mouse lung microsomes.

In the present investigation, we provide evidence that l lÃŸ-HSD l

is expressed in the mouse lung and that it functions as NNK carbonyl
reducÃasein mouse lung microsomes.

MATERIALS AND METHODS

Animals. Lungs of female NMRI mice (25-30 g) were used as the enzyme

and mRNA source for the analytical procedures. Animals were kept in the
Department of Pharmacology and Toxicology (University of Marburg) on a
standard laboratory pellet diet and water ad libitum at a fixed 12-h light-dark

cycle starting at 6:00 a.m..
Chemicals. Enzymatic tests were performed using NADP+, G-6-P, G-6-

P-dehydrogenase from Boehringer Mannheim (Mannheim. Germany). NNK
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was purchased from Campro Scientific (Emmerich, Germany). NNAL was a
gift from D. Hoffmann (American Health Foundation, Valhalla. NY). Glu-
cocorticoids (corticosterone and 11-dehydrocorticosterone), glycyrrhetinic
acid, and low molecular weight markers were purchased from Sigma Chemie
GmbH (Taufkirchen, Germany). Peroxidase-conjugated antirabbit IgG anti
bodies which were used as secondary antibodies were from Dakopatts (Ham
burg. Germany). All other chemicals used were of either HPLC or reagent
grade and were obtained from Merck (Darmstadt. Germany).

Preparation of Mouse Lung Microsomes. The animals were killed by
means of dislocation of the cervical spinal cord, and lungs were removed. After
the lungs were rinsed in an ice-cold isotonic solution of KG, they were
homogenized in 4 volumes of 20 mMTris-HCI buffer, pH 7.4. containing 250
mMsucrose and 1 mMEDTA using a glass-Teflon Potter-Elvehjem homoge-
nizer. The homogenate was centrifuged at 600 x g for 10 min and at
10.000 X g for 10 min to sediment nuclei, cell debris, and mitochondria. The
supernatant at this stage was centrifuged at 170.000 X g for l h to sediment the
microsomes. The microsomal pellet was resuspended and washed with 0.15 M
KC1to remove glycogen and then resuspended in the homogenizalion buffer,
finally yielding a protein concentration of about 10-15 mg/ml.

Purification of llÃŸ-HSD.The purificationof llÃŸ-HSDI from mouse
liver for immunization and preparation of affinity-purified antibodies was
performed as described previously (38).

Immunization and Preparation of Antisera. Immunizationand prepara
tion of antisera against 11ÃŸ-HSDl of mouse liver was performed as described
elsewhere (39).

Affinity Purification of Antibodies against llÃŸ-HSDl. Purified llÃŸ-
HSD I protein was loaded onto SDS gels, electrophoresed. and blotted as
described elsewhere (39). After blocking of unspecific binding sites, nitrocel
lulose sheets were incubated overnight with anti-11ÃŸ-HSD1 antisera (1:500)
in Tris-buffered saline containing 1% PCS and washed with TBS three times
for 15 min each time. Dissociation of llÃŸ-HSD1-specific antibodies was
achieved by washing the membrane with 100 mMglycine-HCI, pH 2.5, for 5
min. The resulting affinity-purified anti-11ÃŸ-HSDantibody containing super
natant was removed, brought to a pH of 7.5 with 0.4 MTris base, lyophilized,
and stored at -80Â°C.For immunoinhibition studies, antibodies were resolved

in a 10 mMsodium phosphate buffer, pH 7.4, finally resulting in a concentra
tion of about 0.2 fig of protein/^!.

Oxidoreduction of Glucocorticoids. Oxidoreductionof glucocorticoids
was determined as described elsewhere (38). In brief: llÃŸ-HSDdehydroge-
nation activity was performed by preincubating 20 (j.1of 50 mM sodium
phosphate buffer, pH 9, 10 ju.1of NADP+ (final concentration, 3.2 mM)and 10
/Â¿Iof corticosterone (final concentrations, 0.0125-0.2 mM)for 3 min at 37Â°C.

Corticosterone was dissolved in 10% ethanol. Control velocities were deter
mined in the presence of the same quantity of the solvent. The reaction was
started by adding 10 ju.1of enzyme solution. After 30 min of incubation time,
the reaction was stopped, and corticosterone and its oxidized metabolite
dehydrocorticosterone were extracted by adding 150fil of ice-cold acetonitrile.
The samples were centrifuged for 6 min at 8000 x g in the cold, and 20 /Â¿Iof
the supernatant served for the determination of glucocorticoids by HPLC
analysis. Control experiments without biological material were performed to
determine nonenzymatic substrate conversion. Specific activities are expressed
as pmol of dehydrocorticosterone formed per mg of protein per min.

Assay of 11ÃŸ-HSD11-oxoreducingactivity was performed by preincubat
ing 20 /til of 50 mMsodium phosphate buffer, pH 7.4, 10 /xl of an NADPH-
regenerating system (final concentrations, NADP+, 0.8 mM; G-6-P, 6 mM;

G-6-P-DH, 0.35 units; MgO2,3 mM)and 10/Â¿Iof dehydrocorticosterone (final
concentrations. 0.0125-0.2 mM).Incubation conditions and metabolite detec
tion were the same as described under llÃŸ-HSDdehydrogenation activity,
except that the incubation periods were 2 h. Specific activities are expressed as
pmol of corticosterone formed per mg of protein per min.

Time and enzyme protein concentrations were chosen so that reaction
velocities were time linear. pH values for glucocorticoid conversion were pH
9 for corticosterone oxidation and pH 7.4 for dehydrocorticosterone reduction.
Kinetic parameter estimations were made using the GraphPad InPlot kinetic
computer software.

Assay of NNK Carbonyl Reduction by llÃŸ-HSD.The assay of NNK
carbonyl reduction was performed by incubating 10 /il of mouse lung micro
somes (corresponding to 0.1-0.15 mg of protein) and 10 /u.1of a NADPH-
regenerating system (final concentrations, NADPf, 0.8 mM; G-6-P, 6 mM;

G-6-P-DH. 0.35 units; MgCl2.3 mM)in a 10 mMsodium phosphate buffer, pH
7.4, at 37Â°C.The reaction was started by adding 10 jul of NNK to final

concentrations ranging from 10 /MMto 1mM.The reaction was stopped after 30
min by denaturing the protein for 5 min at 100Â°Cbefore transferring the

complete reaction mixture (50 fil) onto ice. After adding 150 Â¡j.\of ice-cold
HPLC eluent (25% acetonitrile in 10mMsodium phosphate buffer, pH 7.4), the
samples were centrifuged at 8000 x g for 6 min in the cold to sediment organic
material, and 20 ju.1of the supernatant served for the HPLC detection of NNK
and its carbonyl reduced alcohol metabolite NNAL.

Control experiments without addition of enzyme solution were performed to
determine nonenzymatic substrate conversion. Specific activities are expressed
as pmol of NNAL formed per mg of protein per min.

Inhibitor Studies. Inhibitorstudieswere carriedout by adding 10 Â¿dof a
stock solution of glycyrrhetinic acid (final concentrations, 0.5-50 /Â¿M),corti
costerone (final concentrations, 10-100 JIM),or dehydrocorticosterone (final
concentrations. 10-100 JAM)to the incubation mixture. Inhibitors were dis
solved in ethanol, yielding a final concentration of 2%. which did not affect
enzyme activity.

Immunoinhibition of llÃŸ-HSD-mediatedCarbonyl Reduction of NNK.
For immunoinhibition studies, 5-25 /xl of affinity-purified antibodies (corre
sponding to final concentrations of about 1-5 /j.gof protein) were preincubated
with 0.1 mg of lung microsomal protein for 10 min. before starting the reaction
by simultaneously adding the substrate NNK (at two final concentrations, 0.5
and 1 mM)and the NADPH-regenerating system. Incubation conditions were
the same as those described above.

Metabolite Determination by HPLC. After enzymatic conversion,oxi
dized or reduced glucocorticoids were detected on a Merck reverse-phase
HPLC system (Merck Hitachi L-6220 Intelligent Pump, Merck Hitachi AS-
2000 A Autosampler, and Merck Hitachi L-4000 A UV Detector), using a
4.6-mm x 25-cm LiChrosphere 100 RP18 column (Merck) and a Shimadzu
C-R6A Chromatopac integrator. Using a methanol/H2O (58:42) eluent and a
flow rate of 0.5 ml/min. the following retention times were achieved: corti
costerone, 18 min; dehydrocorticosterone. 30 min. Glucocorticoids were mon
itored at 262 nm, and concentrations were calculated referring to correspond
ing calibration curves ranging from 0.3 to 10 nmol of the respective
glucocorticoid.

Determination of NNAL by HPLC. NNK andits reducedalcohol metab
olite NNAL were detected on the same reverse-phase HPLC system as de
scribed above, by using an eluent of 25% acetonitrile (v/v) in 10 mMsodium
phosphate buffer. pH 7.4. NNK Ã©lÃ»tesat about 11.0 min and NNAL at 6.8 min
(flow rate: 0.5 ml/min) and are monitored at 230 nm with an UV monitor and
a Shimadzu integrator. The identity of NNK and NNAL was determined by
injecting authentic standards of both substances onto the HPLC system.
Concentrations of NNK and NNAL were calculated referring to corresponding
calibration curves.

Kinetic Parameter Estimations. Time andenzyme proteinconcentrations
were chosen so that reaction velocities were time linear, which was found to
be true at least for 2 h. The apparent kinetic parameters were determined by
using the GraphPad InPlot kinetic computer software.

Protein Determination. Protein concentration was determined by the
method of Lowry et al. (40) using BSA as standard.

Immunoblot. Differentamountsof protein(liver microsomes,5 /ig; lung
microsomes, 50 fig) were subjected to SDS-PAGE, using 10% acrylamide in
the separating gel. Electrophoretically separated proteins were transferred to
nitrocellulose sheets and visualized by staining with Ponceau S. Antisera
against liver llÃŸ-HSDwere diluted 1:1000 and incubated with protein-
saturated nitrocellulose sheets. Antigen-antibody complexes were detected
by peroxidase-conjugated secondary antibodies specific for rabbit IgG (dilu
tion, 1:1000). These complexes were visualized by the peroxidase reaction
(chloronaphthol method). Microsomes from mouse liver served as positive
control. Densitometry was performed using an HP ScanJet 3C scanner and the
Herolab Enhanced Analysis System.

RT-PCR of llÃŸ-HSD1 in Mouse Lung. RT-PCRof mouse lung llÃŸ-
HSD 1 was performed according to standard protocols. In brief, mRNA was
isolated by the RNeasy Kit (Qiagen, Hilden, Germany) as described in the
manual and quantitated spectrophotometrically at 260 nm. RT of 0.5 Â¿Â¿gof
mRNA was performed for 2 min at 72Â°Cand for 60 min at 40Â°Cusing 50 pmol

of specific forward and reverse primers, 200 units of M-MLV reverse tran-
scriptase (AGS, Heidelberg, Germany) and 200 Â¿tMof each dNTP in first
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Table 1 Kinetic properties of glucocorticoid oxidoreduclion and NNK carbonyl
reduction

Enzyme activities were assayed in the standard reaction mixture containing mouse lung
microsomes, the indicated cosubstrate (NADPH-RS, NADPH-regenerating system), and
varying substrate concentrations (glucocorticoids. 12.5-200 /Â¿M:NNK, IO(Â¿Mlo 1 mM).
Kinetic parameter estimations were calculated from three experiments using the GraphPad
Inplot kinetic computer software.

SubstrateCorticosteroneDehydrocorticosterone

NNKVCosubslrateNADP+NADPH-RSNADPH-RSmax

(pmol/min â€¢¿�mg
of protein) Km (/IM)^max^m135.848.1654.7Â±

7.5Â±2.9

Â±96.86.835.8629.0Â±Â±1.76.3187.919.971.341.04

strand buffer (ACS) supplemented with 5 mM DTT and RNase-free water

(0.1% diethylpyrocarbonat prior to sterilization).
An amount of cDNA representing 500 ng of RNA was then subjected to

PCR for 40 cycles in a final volume of 50 /il using 2.5 units of Taq polymerase
(Perkin-Elmer Corp.) and 50 pmol of each primer. Following an initial dena-
turation of 5 min at 98Â°C,Taq polymerase, primers, and dNTPs were added
after lowering the incubation temperature to 80Â°Cfor 5 min. Each cycle
consisted of 30 s at 94Â°C,40 s at 55Â°C,and 72 s at 72Â°C.After the completion

of the first 20 cycles, 2.5 units of Taq polymerase were added (followed by an
incubation of 2 min at 95Â°C) for the next 20 cycles under the conditions

described above. The mouse 11/3-HSD I encoding gene-specific primers used
were as follows: forward primer, 5'-GGAGCCCATGTGGTATTGACTGC-
CAGGTCG; reverse primer, 5'-CAGAGCAAACTTGCTTGCAGAGTAGG-

GAGC. The primers for human 11ÃŸ-HSDl were as follows: forward primer.
5'-GCTGGCACCATGGAAGACATGACCTTCGCA; reverse primer, 5'-

GGACTATCCCAGAAACTGCCTTCATGGCTG. Aliquots (20 Â¿A!of RT-

PCR products) were then subjected to electrophoresis in 3% agarose gel and
visualized by staining with ethidium bromide. Positive controls were per
formed by using a A-ZAP human liver bank, known to contain 11/3-HSD 1 at

high levels. All results were reproduced in three separate experiments.

RESULTS

NNK Carbonyl Reduction in Mouse Lung Microsomes. NNK
carbonyl reduction has been evaluated in lung microsomes of female
NMR1 mice. Table 1 shows the Michaelis-Menten kinetics of NNAL
formation in the presence of a NADPH-regenerating system and

substrate concentrations in the range of 10 /XMto l min. All experi
ments were carried out under conditions that resulted in linear reaction
rates with respect to time and protein concentration (data not shown).
The apparent Vmax(655.0 pmol/min/mg of protein), Km (629.0 /J.M),
and intrinsic clearance (Vm;Â¡JKm= 1.04) values were comparable to

those found in lung of patas monkey (18), humans (34), and AJÃ•mice
(30).

Glucocorticoid Oxidoreduction in Mouse Lung Microsomes.
To compare the extent of NNK carbonyl reduction by 11ÃŸ-HSDl in

mouse lung microsomes with that of the metabolism of glucocorti
coids, as being mediated by the same enzyme, the values of glucocor-

ticoid Oxidoreduction are also given in Table 1. In contrast to humans,
in which cortisol and cortisone are the physiological glucocorticoids.
the physiological glucocorticoids in mice are corticosterone and de
hydrocorticosterone. Their interconversion by 11ÃŸ-HSDl has been
determined in the presence of NADP* (corticosterone oxidation) and

an NADPH-regenerating system (dehydrocorticosterone reduction).

The apparent Vmax(135.8 versus 48.1 pmol/min/mg of protein) and
Km (6.8 versus 35.8 /XM) values are much in favor of corticosterone
oxidation compared to dehydrocorticosterone reduction, resulting in
intrinsic clearance values (Vm.M/Km= 19.97 and 1.34, respectively)
that are about 15 times higher for glucocorticoid oxidation. A 20-fold

higher VmÂ¡tx/Kmfactor for glucocorticoid oxidation versus reduction
has already been found with the purified mouse liver 11ÃŸ-HSDl (37).

Interestingly, the intrinsic clearance value of NNK carbonyl reduction
(VmMIKm = 1.04) roughly corresponds to that of glucocorticoid

reduction in mouse lung microsomes. Accordingly, reduction of glu
cocorticoids and NNK occurs with comparable affinities at the active
site of 11ÃŸ-HSDl.

Expression of I l/i-IISI) 1 iiiRNA and Protein in Mouse Lung.
The expression of 11ÃŸ-HSD1 on the mRNA level in mouse lung was
performed by RT-PCR. Specific primers were chosen to yield a
400-bp transcript. A human liver cDNA bank, known to contain high
levels of 11ÃŸ-HSDl, served as positive control. The expression of
11ÃŸ-HSDl mRNA in mouse lung was clearly demonstrated (Fig. 2).

Affinity-purified antibodies directed against llÃŸ-HSD l from
mouse liver were used to investigate the expression of 11ÃŸ-HSDl on

the protein level. Fig. 3 shows the immunoblot analysis, indicating the
presence of 11ÃŸ-HSDl in mouse lung. Liver microsomes of the same

species were used as a positive control and to compare the extent of
11ÃŸ-HSDl expression in both tissues. It turned out that the extent of

immunoreactivity differed between the two tissues. The amount of
protein subjected to the SDS-polyacrylamide gel had been 5 ;u.g for

liver microsomes and 50 /xg for lung microsomes. In spite of that, the
densitometric signal of llÃŸ-HSD l in lung microsomes was only
53.6% (given in arbitrary units) of that of llÃŸ-HSD l in liver
microsomes. On the basis of these results, in mouse liver 11ÃŸ-HSDl

is expressed at considerably higher levels (by a factor of approxi
mately 20-fold) compared to that in lung.

Inhibition of NNK Carbonyl Reduction by Glucocorticoids and
Glycyrrhetinic Acid. This result provides the first indication that
11ÃŸ-HSDl is responsible for NNK carbonyl reduction in mouse lung

microsomes, because the glucocorticoids corticosterone and dehydro
corticosterone. as well as the selective inhibitor of 11ÃŸ-HSD,glycyr-

rhetinic acid, turned out to be potent inhibitors of NNK carbonyl
reduction. Whereas the KÂ¡values of NNK inhibition for glucocorti
coids (corticosterone, 37.78 /AM;dehydrocorticosterone, 21.33 /XM)
are significantly higher than those for glycyrrhetinic acid (10.91 /J.M),

400 bp

3
Â£
O.

â€¢¿�a

a.
S

Â§

Fig. 2. Expression of 11ÃŸ-HSD1 in NMR1 mouse lung. The RT-PCR amplification
products were resolved by agarose gel electrophoresis. Products shown within each panel
were produced by PCR from the same RT reactions. The left lane contains DNA from
mouse lung. The middle lane serves as positive conlrol and contains DNA from a lambda
ZAP human liver bank, known to contain llÃŸ-HSDl at high levels. No bands were
observed in appropriate negative controls.
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11B-HSD

mouse
liver

mouse
lung

Fig. 3. Immunoblot analysis of l l ÃŸ-HSDI in mouse lung. Microsomes from NMRI
mouse lung were examined for l lÃŸ-HSD l protein (righi lune). NMRI mice liver
microsomes served as positive control (left Â¡fine).Both bands appear in the 34-kDa

molecular mass region (as indicated by the Ã•//TYMV).Different amounts oi protein had been
subjected to SDS-PAGE and blotted to nitrocellulose membranes (5 /xg of liver micro-

somal protein: 50 ^ig of lung microsomal protein). In addition, densitometric analysis of
the resulting bands resulted in 138 X 10' (liver) and 74 X IO3 (lung) arbitrary units

(53.6%). Accordingly. 1l ÃŸ-HSDI is expressed at about 20-fold higher levels in mouse
liver than in mouse lung. No bands were observed with preimmunc serum as negative
control.

the low Kt value of glycyrrhetinic acid corresponds well to those of
this steroidal l lÃŸ-HSDinhibitor obtained in other studies. The com
petitive nature of inhibition of NNK carbonyl reduction by glucocor-

ticoids and glycyrrhetinic acid suggests that both steroids and NNK
bind to the catalytically active site of 11ÃŸ-HSDl and that NNK is

indeed a substrate of this enzyme.
Inhibition of NNK Carbonyl Reduction by Anti-1 lÃŸ-HSD l

Antibodies. To conclusively substantiate the involvement of l lÃŸ-

HSD 1 in NNK carbonyl reduction in mouse lung microsomes,
affinity-purified antibodies against mouse liver l lÃŸ-HSDl were used

to inhibit enzyme activity (Fig. 4). By using two different substrate
concentrations of NNK (0.5 HIMand 1.0 HIM),which were roughly the
same as the Km for NNK carbonyl reduction in these fractions, the rate
of NNAL formation by 11ÃŸ-HSD l was decreased by increasing

amounts of the antibodies. For example, when mixing approximately
25 /nl of antibody solution (corresponding to 5 /xg of antibody protein)
with approximately 0.1 mg of lung microsomal protein, the enzyme
activity was decreased to a NNAL formation capacity of only 38
pmol/min/mg of protein (at 0.5 mM NNK) or 120 pmol/min/mg of
protein (at 1.0 mM). which means a residual capacity of NNK carbonyl
reduction of approximately 7.9 and 17.7%, respectively, compared to
the uninhibited control values.

DISCUSSION

The studies described in this investigation are the first to provide
evidence for the involvement of l lÃŸ-HSDl in the carbonyl reduction
of NNK in lung. This is in line with previous findings on 11ÃŸ-HSDl,

which has been purified and identified as NNK carbonyl reducÃasein
liver (37, 41).

The kinetic parameters for the production of NNAL using an
NADPH-regenerating system as cofactor in mouse lung microsomes

show a considerable high Vm.tJKm ratio (intrinsic clearance), compa
rable to previous studies with patas monkey and human lung micro
somes (18, 42). Moreover, in human lung microsomes, the average
intrinsic clearance for NNAL formation was about 100-fold higher

than that of NNK a-hydroxylation, suggesting that NNK may be a
more suitable substrate for l lÃŸ-HSD l in human lung.

In the present study, the Vm;lx/A^mratio for the reduction of NNK
was in the same range as those for the reduction of the physiological
glucocorticoid substrate dehydrocorticosterone. Considering that both
NNK and dehydrocorticosterone compete with comparable affinities
for the active site of 11ÃŸ-HSD,serious interactions in the metabolism

of both substances may occur. These may impair either the physio
logical function of glucocorticoids or the metabolic detoxification of
NNK. NNK inactivation may be even more hampered by corticoster
one, which has a 20-fold higher affinity to l lÃŸ-HSD l.

Possible interactions in vivo may be inferred from inhibition studies
in vitro, where the physiological glucocorticoid substrates of l lÃŸ-

HSD very potently inhibited NNK carbonyl reduction. Glycyrrhetinic
acid, the specific inhibitor of l lÃŸ-HSD,even shows KÂ¡values near 10

/UM.
Antibody studies are usually elaborated to demonstrate that a spe

cific enzyme is implicated in the metabolism of a specific substrate. In
this study, we have shown that antibodies directed toward mouse liver
I lÃŸ-HSDinhibit NNK carbonyl reduction in a concentration-depen

dent manner, thus conclusively substantiating the involvement of
l lÃŸ-HSD l in NNK carbonyl reduction in mouse lung microsomes.

Hence, 11ÃŸ-HSDl, a hydroxysteroid dehydrogenase, initiates the

final detoxification of NNK, because it provides the hydroxy function
necessary for glucuronosylation.

Physiologically, 11ÃŸ-HSDcatalyzes the reversible interconversion

of cortisol to cortisone (in humans) and corticosterone to dehydrocor
ticosterone (in rodents; reviewed in Ref. 36). Enzyme activity resides
in at least two isozymes, which differ in their distribution, cofactor
dependency, and oxidase/reducÃase equilibrium. 11ÃŸ-HSD l is a
NADPH-dependent reducÃasein vivo but exhibils bolh 11ÃŸ-dehydro-
genase and 11-oxoreduclase activities in vitro. It is expressed widely

and is considered to modulale access of active glucocorticoids lo the
glucocorticoid receptor, l lÃŸ-HSD2 is an NAD +-dependent dehydro

genase lhal apparenlly funclions solely as dehydrogenase. It is often
found in association with mineralocorticoid receptors and protects
them from occupation by endogenous glucocorticoids (43).

Interesiingly, evidence is emerging to suggest a fundamental role
for 11ÃŸ-HSDl in the detoxification of nonsteroidal xenobiotics in
mammals (37, 39, 41, 44-47).

10 15

Antibody [fil]

20 25

Fig. 4. Immunoinhibition of NNK carbonyl reduction by affinity-purified antibodies
against l lÃŸ-HSD l. Antibodies (0, 5, 10, 15. 20. and 25 n\ of antibody solution,
corresponding to 0. I, 2, 3, 4, and 5 /ig of protein, respectively) were mixed with O.I mg
of lung microsomal protein for 10 min before the reactions were started. Two different
substrate concentrations. 1.0 and 0.5 mM NNK, were used. Values are means of two
different preparations and are expressed as nmol NNAL formed per min per mg of protein.
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The results in the present study have important implications for
understanding the organospecificity and/or interindividual suscepti
bility of NNK-induced carcinogenesis. Lung cancer attributable to
tobacco smoke has been evaluated as the leading cause of cancer-

related death in certain epidemiological studies (48). However, only
some 16% of habitual smokers develop lung cancer, suggesting that
individual susceptibility and/or other environmentally factors contrib
ute to the risk for the development of this disease. From our results,
we conclude that any impact on l lÃŸ-HSDl expression and/or activity
could have serious consequences with regard to NNK-induced carci
nogenesis. For example, differences in tissue expression of l lÃŸ-HSD
may be causally related to the organospecificity of NNK-induced
carcinogenesis. Moreover, genetic polymorphisms, age-dependent

differential expression (47), and/or modulation by several xenobiotics
of l lÃŸ-HSD l activity may impair the activation-detoxification bal

ance in favor of activation, rendering the lung vulnerable to the
carcinogenic effect.

The susceptibility of a tissue to the initiation of the carcinogenic
process by NNK may depend on the levels of specific cytochrome
P450 isozymes and levels of l lÃŸ-HSDl and glucuronosyltransferase.

The striking tissue specificity of tumor induction by NNK (particu
larly in the lung) has been primarily attributed to the efficient a-

hydroxylation of NNK by its target tissue (49, 50). The existence of
low Km cytochrome P450 isozymes for NNK bioactivation in the lung
might partially account for the higher susceptibility of the lung than
the liver in NNK-induced tumorigenesis. In liver microsomes, al
though NNK can be metabolized through a-hydroxylation pathways,

it is predominantly metabolized via carbonyl reduction to form
NNAL, which can be eliminated after glucuronosylation. The absence
of NNAL formation in the nasal microsomes (29, 32, 33, 51) might be
a causative factor of the organospecific incidence of tumors in this
tissue, a fact that might possibly be due to a lack of l lÃŸ-HSD l

expression in this tissue, in contrast to high levels of activating P450
isozymes (29, 32, 51). It is, therefore, of considerable importance to
study the tissue distribution of NNK activating and inactivating (l lÃŸ-

HSD 1) enzymes to understand the biochemical mechanisms of NNK
carcinogenesis. Immunoblotting experiments in the present investiga
tions demonstrated that the level of 11ÃŸ-HSDl was 20-fold greater in

mouse liver microsomes compared to that in mouse lung microsomes.
Several studies on the profile of NNK metabolites in smokers' urine

have revealed high interindividual variations with respect to NNAL,
NNAL-gluc, and NNAL-W-oxide (25, 52). It is these variations that

are of greatest interest, because they may be linked not only to lung
cancer susceptibility but also to a genetic polymorphism in terms of
11ÃŸ-HSDl expression.

NNK is a transplacental carcinogen and has specificity for the lung.
However, fetuses and newborns lack 11ÃŸ-HSDl (47, 53). Hence,

their detoxification capacity via carbonyl reduction and glucuronosyl
transferase is limited. This may possibly be the explanation for the
higher susceptibility of newborns and infants for lung cancer when
their mothers smoke (54, 55).

According to the fact that l lÃŸ-HSDl acts as carbonyl reducÃaseof
the tobacco-specific nitrosamine NNK, it is hypothesized that any
impact on l lÃŸ-HSD 1 expression and/or activity results in a shift of

the NNK/NNAL equilibrium toward NNK, which then undergoes
activation via cytochrome P450 mediated a-hydroxylation. This con
clusion is supported by recent reports showing that several endobiot-
ics and xenobiotics have been found to inhibit 11ÃŸ-HSDin vivo and

in vitro, such as bile acids, progestagens or hydroxyprogesterones,
glycyrrhetinic acid (the principal constituent of licorice), carbenox-

olone (the antiulcer hemisuccinate derivative of glycyrrhetinic acid),
naringenin (a bioflavonoid of grapefruit), dexamethasone, furosemide,
and ethanol. It is conceivable that under certain circumstances, such as

stress (elevated levels of endogenous glucocorticoids), pregnancy
(high levels of progesterone), pharmacotherapeutic regimens (with
drugs mentioned above), or some nutritional habits (consumption
of licorice or grapefruit), humans have a higher risk for the
development of lung cancer due to the inhibition of l lÃŸ-HSD l

and impaired NNAL formation (37, 41, 56). Interestingly, the fact
that chronic alcohol consumption greatly enhances the carcino
genic response to NNK might now be explained on the basis that
ethanol has been shown to be a potent inhibitor of l lÃŸ-HSD (37,

41, 56).
In addition, l lÃŸ-HSD1 is under multifactorial regulation (reviewed

in Ref. 57). In primary cultures of rat hepatocytes, it has been shown
that dexamethasone stimulates 11ÃŸ-HSDl activity, and growth hor
mone and insulin inhibit 11ÃŸ-HSDl activity. Sex steroids have been
found to regulate l lÃŸ-HSDl activities and mRNA levels in the liver

kidney and hippocampus. It may therefore be anticipated that these
regulatory factors affect the potency of 11ÃŸ-HSDl to catalyze NNK
carbonyl reduction, thus concomitantly promoting NNK a-hydroxy

lation.
It is well documented that a shift in NNK activation/inactivation

parallels tumor induction. For instance, isothiocyanates administered
shortly before i.p. injection of NNK are able to shift the NNK/NNAL
equilibrium from a-hydroxylation metabolites to NNAL and NNAL-
glucuronide through inhibition of a-hydroxylation, leading to de

creased levels of hemoglobin and DNA adducts and the prevention of
tumor development (58-60). Influences on the NNK/NNAL equilib

rium also result from induction of the participating enzymes. Murphy
et al. (19) have shown that the classical cytochrome P450 inducers
phÃ©nobarbitaland 3-methylcholanthrene induce a-hydroxylation of
NNK up to 10- and 15-fold, respectively, by concomitantly decreasing

NNK carbonyl reduction to a residual NNAL formation of 40 and
14%, respectively.

Accordingly, inhibition or induction of 11ÃŸ-HSDl, by exerting the

opposite effects on the NNK/NNAL equilibrium as described for the
effects on the cytochrome P450 system, may also be directly related
to NNK-DNA adduci formation and tumor development. Interest
ingly, an increased expression and/or an enhanced activity of l lÃŸ-

HSD 1/carbonyl reducÃase(i.e. via specific enzyme induction) may
then lower the incidence of lung cancer in people exposed to NNK. It
is important to identify chemicals of natural or synthetic origin that
can promote enhanced carbonyl reduction of NNK by inducing 11ÃŸ-

HSD 1 expression and/or activity and thus impair the mutagenicity
and carcinogenicity of NNK.

Castonguay and Rioux (61) reported that NNK is immunosuppres-

sive and that this effect may contribute to the high carcinogenic
potency of NNK. Considering the fact that l lÃŸ-HSD l activity may

modulate the action of immunocompetent cells (62), it is conceivable
that the immunosuppressive effects of NNK may be a result of
11ÃŸ-HSDl inhibition in glucocorticoid metabolism.

In conclusion, the fact that 11ÃŸ-HSDl initiates NNK detoxification

in lung tissue is of great interest and provides important implications
for understanding the individual susceptibility of NNK-induced car
cinogenesis. Genetic polymorphism profiles of 11ÃŸ-HSDl expression
would help to define the role of NNK detoxification by l lÃŸ-HSD l

and its role in lung cancer prevention upon smoking. The establish
ment of these profiles would possibly contribute to the development
of individual risk estimates with regard to lung cancer susceptibility
and tobacco abuse. Moreover, the present findings may have poten
tially important implications for active and passive smokers who
express low levels of l lÃŸ-HSD1/NNK carbonyl reducÃaseand/or are
concurrently exposed to 11ÃŸ-HSDl modulators.
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