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ABSTRACT

Phenethyl isothiocyanate (PEITC), 3-phenylpropyl isothiocyanate
(PPITC), 4-phenylbutyl Â¡sothiocyanate (PBITC), and the newly synthe
sized 5-phenylpentyl isothiocyanate (PPelTC), 6-phenylhexyl isothio
cyanate (PHITC), and 4-(3-pyridyl)butyl isothiocyanate (PyBITC) were

tested for their abilities to inhibit tumorigenicity and DNA methylation
induced by the tobacco-specific nitrosamine 4-(methylnitrosamino)-l-(3-
pyridyl)-l-butanone (NNK) in the lungs of A/J mice. Mice were admin

istered isothiocyanates by gavage for 4 consecutive days at doses of 5, 1,
or 0.2 Â«imol/day prior to administration of 10 n\tw\ of NNK by i.p.
injection. Mice were sacrificed 16 weeks after NNK administration and
pulmonary adenomas were quantitated. PEITC effectively inhibited
NNK-induced lung tumors at a dose of 5 Â¿imol/daybut was not inhibitory

at doses of I or 0.2 ^mol/day. PPITC, PBITC, PPelTC, and PHITC
were all considerably more potent inhibitors of NNK lung tumorigenesis
than PEITC. While virtually no differences in inhibitory activity could
be ascertained for PPITC, PBITC, and PPelTC, PHITC appeared to be
the most potent tumor inhibitor of all of the compounds. At a dose of 0.2
Mmol/dav, PHITC pretreatment reduced tumor multiplicity by 85%.
PyBITC, an analogue of both NNK and PBITC, was ineffective as an
inhibitor. Using the same protocol, the compounds were found to have
qualitatively similar inhibitory effects on NNK-induced DNA methylation

when administered at 1 ^mol/day. These results extend our previous
findings that increased alky I chain length enhances the inhibitory activity
of an arylalkyl isothiocyanate toward NNK lung tumorigenesis and
demonstrate the exceptional chemopreventive potentials of two new iso
thiocyanates, PPelTC and PHITC.

INTRODUCTION

Isothiocyanates have been found to be effective inhibitors of
tumorigenesis induced by polycyclic aromatic hydrocarbons and
nitrosamines (1-3). Among the most extensively investigated
isothiocyanates is PEITC,3 a naturally occurring compound
which inhibits lung tumorigenesis induced by the tobacco-
specific nitrosamine NNK in both F344 rats (3) and A/J mice
(4, 5). Previous work established that increasing the alkyl chain
length of an arylalkyl isothiocyanate up to 4 carbons enhances
the inhibition of NNK-induced pulmonary adenomas in the A/
J mouse model. Thus, PPITC and PBITC have greater inhibi
tory activity toward NNK-induced pulmonary adenomas than
PEITC, while phenyl isothiocyanate and benzyl isothiocyanate
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possess no significant inhibitory activity (5).
As we are interested in elucidating the structural features of

isothiocyanates which improve chemopreventive efficacy, the
primary goals of this study were: (a) to examine the relative
inhibitory potencies of arylalkyl isothiocyanates with alkyl
chain lengths ranging from 2 to 6 carbons; (b) to examine the
effect of replacement of the phenyl group of an isothiocyanate
with a pyridyl moiety by comparison of the inhibitory activities
of PBITC and PyBITC; (c) to determine the effects of doses of
isothiocyanates lower than previously tested on NNK lung
tumorigenicity; and (d) to examine the relationship between
the inhibitory effects of these compounds on NNK-induced
lung tumorigenesis and effects on pulmonary DNA
methylation.

MATERIALS AND METHODS

Animals

Female A/J mice were obtained from the Jackson Laboratory (Bar
Harbor, ME). Mice were fed A1N-76A semipurified diet with 5% corn
oil (Dyets; Bethlehem, PA) and maintained under the following stand
ard conditions: 20 Â±2Â°C,50 Â±10% relative humidity, and a 12-h light,

12-hr dark cycle. Animals were used in experiments at 7 weeks of age.

Instrumentation

NMR spectra were obtained in CDC13 on a Bruker Model AM 360
WB spectrometer using tetramethylsilane as an internal standard. CI-
MS were obtained on a Hewlett-Packard Model 5988A spectrometer.
High resolution EI-MS were obtained on a VG-1I-250 spectrometer.
The HPLC system used for 7-mGua, O6-mGua, and guanine analysis
consisted of a Rheodyne injection valve, two Whatman Partisil-10
strong cation exchange columns linked in series, a Perkin-Elmer Model
250 binary LC pump, a Perkin-Elmer LS-240 fluorescence detector,
and a Hitachi D-2000 chromato-integrator.

Chemicals

Unlabeled NNK was synthesized as described previously (6). PEITC,
guanine, and 3-(3-pyridyl)-l-propanol were obtained from Aldrich
Chemical Co. (Milwaukee, WI). PPITC, 5-phenylpentyl chloride, and
6-phenylhexyl chloride were obtained from Fairfield Chemical Co.
(Blythewood, SC). PBITC was synthesized as described previously (5).
O'-mGua and 7-mGua were obtained from ChemSyn Science Labora

tories (Lenexa, KS). Ribonuclease A and proteinase K were obtained
from Sigma Chemical Co. (St. Louis, MO). All other chemicals were
of reagent grade or purer.

Synthesis of PyBITC. 4-(3-Pyridyl)butylamine was synthesized as
described previously (7). PyBITC was synthesized from the crude amine
hydrochloride by reaction with thiophosgene as described previously
for the synthesis of 4-oxo-4-(3-pyridyl)butyl isothiocyanate (5). The
final yield was 10%. 'H NMR: Ã³8.43-8.49 (2H, m. pyridyl H2 and

H6), 7.50 (IH, ddd, pyridyl H4), 7.24 (IH, dd, pyridyl H5), 3.55 (2H, t,
â€”CH2NCS), 2.67 (2H, t, â€”CH2Ph), 1.67-1.85 ppm
(â€”CH2CH2CH2CH2â€”).CI-MS, m/e (relative intensity): 193 (M+H*,

100).

1846

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/7/1846/2446624/cr0510071846.pdf by guest on 19 M

ay 2023



INHIBITION OF NNK LUNG TUMORS BY ISOTHIOCYANATES

Synthesis of PPelTC and PHITC. 5-Phenylpentyl chloride (5 g, 27.4

mmol) was dissolved in 150 ml of dimethylformamide. Sodium azide
(2.67 g, 41.1 mmol) was added and the reaction mixture was stirred for
2 h at 80Â°C.The reaction mixture was dissolved in 200 ml of CHC13,

washed with H2O (3 x 100 ml), dried over MgSO4, and concentrated
in vacuo. The azide was purified by silica gel chromatography (hex-
ane:toluene 10:1) to yield 4.3 g (83%). 'H NMR (CDC13): &7.20-7.40
(5H, m, phenyl H); 3.35 (2H, t, â€”CH2N3);2.75 (2H, t, â€”CH2Ph); 1.4-
1.8 ppm (6H, m, â€”CH2CH2CH2CH2CH2â€”).UC NMR: 0141.5,128.5,
128.4. 125.6 (phenyl C); 51.4 (â€”CH2N3);35.9 (â€”CH2Ph);31.1, 28.8,
and 26.4 ppm (â€”CH2CH2CH2CH2CH2â€”).CI-MS, m/e (relative inten
sity): 190 (M+H+, 17) 162 (M-N2+H+, 100) 91 (PhCH2+, 75).

5-Phenylpentyl azide (4.0 g, 21.1 mmol) was dissolved in 300 ml of
isopropyl alcohol. Following addition of sodium borohydride (3.0 g, 79
mmol), the reaction mixture was refluxed for 5 days. Additional 1-g
increments of NaBH4 were added on days 2 and 4. The solvent was
evaporated to dryness and the residue was dissolved in 300 ml of CHC1.1
and washed with H2O (6 x 150 ml). The CHC13 layer was dried over
Na2SO4 and concentrated in vacuo to yield 3.8 g of crude 5-phenylpen-
i\ lamine that was used without further purification for the next
step. 'H NMR (CDC13): f>7.10-7.30 (5H, m, phenyl H); 2.55-2.75
(4H, t, â€”CH2NH2, and â€”CH2Ph); 1.35-1.75 ppm (6H, m,
â€”CH2CH2CH2CH2CH2â€”).

6-Phenylhexyl azide and 6-phenylhexylamine were prepared in the
same manner as described for their phenylpentyl homologues.

6-Phenylhexyl Azide. 'H NMR (CDC13), 0 7.25-7.45 (5H, m, phenyl
H); 3.35 (2H, t, â€”CH2N3);2.75 (2H, t, â€”CH2Ph); 1.4-1.8 ppm (8H,
m, â€”CH2CH2CH2CH2CH2CH2â€”)."C NMR, Ã’142.4, 128.5, 128.4,
125.8 (phenyl C); 51.5 (â€”CH2N3);35.9 (â€”CH2Ph); 31.4, 28.8, and
26.7 ppm (â€”CH2CH2CH2CH2CH2CH2â€”).CI-MS, m/e (relative inten
sity): 204 (M+H+, 10) 176 (M-N2+H+, 100) 91 (PhCH2+, 59).

6-Phenylhexylamine. 'H NMR (CDC13), 0 7.10-7.30 (5H, m, phenyl
H); 2.55-2.75 (4H, m, â€”CH2NH2,and â€”CH2Ph); 1.25-1.70 ppm (8H,
m, â€”CH2CH2CH2CH2CH2CH2â€”).

PPelTC and PHITC were generated as oils from their corresponding
arylalkylamine hydrochlorides by reaction with thiophosgene as de
scribed previously for the synthesis of phenylbutyl isothiocyanate (5).

PPelTC. 'H NMR (CDC13), 6 7.15-7.40 (5H, m, phenyl H); 3.52
(2H, t, -CH2NCS); 2.65 (2H, t, â€”CH2Ph); 1.45-1.85 ppm (6H, m,
â€”CH2CH2CH2CH2CH2â€”). "C NMR: 6 141.4, 128.4, and 125.6
(phenyl C); 45.0 (â€”CH2NCS); 35.7 (â€”CH2Ph); 30.7, 29.9, and 26.2
ppm (â€”CH2CH2CH2CH2CH2â€”).High resolution EI-MS yielded a
molecular ion [M]* of 205.0910. This value is in agreement with the

elemental composition C|2HI5NS.
PHITC. 'H NMR, 6 7.15-7.40 (5H, m, phenyl H); 3.50 (2H, t,

â€”CH2NCS); 2.66 (2H, t, â€”CH2Ph); 1.62-1.80 ppm (4H, m,
â€”CH2CH2CH2CH2CH2CH2â€”); 1.40-1.58 ppm (4H, m,
â€”CH2CHjCH2CH2CH2CH2â€”). "C NMR: Â«142.4, 129.7, 128.4,
128.3, and 125.7 (phenyl C); 129.7 (â€”NCS); 45.0 (â€”CH2NCS); 35.8
(â€”CH2Ph); 31.2, 29.9, 28.4, and 26.4 ppm (â€”CH2CH2CH2CH2
CH2CH2â€”). High resolution EI-MS yielded a molecular ion [Mj*

of 219.1081. This value is in agreement with the elemental composition
C.jHnNS.

A/J Mouse Pulmonary Adenoma Bioassay

Groups of 20 A/J mice were administered each isothiocyanate by
gavage at daily doses of 5, 1, or 0.2 ^mol/mouse (in 0.1 ml corn oil)
for 4 consecutive days. A group of 60 mice was pretreated with vehicle
only. Two h following the final pretreatment, mice were administered
10 Mmol NNK (in 0.1 ml saline) by i.p. injection. Additional groups of
10 mice were pretreated with corn oil, PPelTC (5 ^mol/mouse), or
PHITC (5 /Â¿mol/mouse)for 4 days and then administered saline i.p.
Sixteen weeks after NNK or saline administration, mice were killed
and pulmonary adenomas were quantitated. Statistical differences in
tumor multiplicity among groups were determined by one-way analysis
of variance followed by Newman-Keuls' ranges test. Statistical differ
ences in tumor incidence among groups were determined by x2 contin

gency tests with the Bonferroni correction used to maintain the overall
a value at 0.05.

DNA Methylation Analysis

Groups of 15 mice were pretreated with corn oil or isothiocyanates
(1 MTiol/mouse/day) for 4 consecutive days and then administered
NNK as described above. Six h following NNK administration, mice
were killed and the liver and lungs of each mouse were excised. This
time interval has been shown to yield methylation values that are well
correlated with tumorigenicity (4). The lungs of 3 mice were randomly
selected and pooled to yield a total of 5 DNA samples per pretreatment
group. The livers of mice were randomly assigned to samples of 1-2
livers to yield a total of 8 samples per pretreatment group. DNA was
isolated by the method of Marmur (8) and purified by the method of
Sebti et al. (9).

Purified DNA samples were dissolved in 1-2 ml of 0.01 Mcacodylate
buffer (pH 7.0). One-half of each of the hepatic DNA samples was
hydrolyzed at 100Â°Cfor 30 min for 7-mGua analysis. For guanine and
O6-mGua analysis, the remaining half of each of the hepatic DNA

samples and the whole of the pulmonary DNA samples were hydrolyzed
in 0.1 N HC1 at 70Â°Cfor 30 min. Samples were analyzed using the
HPLC system described under "Instrumentation." The fluorescence

detector was run at an excitation wavelength of 290 nm and an emission
wavelength of 360 nm. Purines were isocratically eluted with 0.1 M
ammonium phosphate (pH 2.0) in 10% methanol at a flow rate of 1
ml/min (7-mGua) or 2 ml/min (O6-mGua and guanine). The identity

of each methylated guanine was established by coinjection with the
appropriate standard. DNA samples isolated from animals that were
not treated with NNK were also analyzed to ensure that there were no
interfering peaks. Results were expressed as fimol adduct/mol guanine.
Statistical differences in DNA methylation among groups were deter
mined by one-way analysis of variance followed by Newman-Keuls'

ranges test.

Lipophilicity/Stability Studies of Isothiocyanates

For determination of the stability (reactivity) of isothiocyanates, test
compounds (1 n\ each) were dissolved in 0.2 ml of acetonitrile. This
mixture was added to 2 ml of buffer (pH 7.4) containing 4.0 ITIMbovine
serum albumin, 4.0 mivi KC1, 1.5 mM MgCl2, 27.0 mM NaHCO3, 2.0
mM NaH2PO4, 2.5 mM CaCl2, 117.0 mM NaCl, 5.6 mM glucose, and
4.0 mM urea. Samples were incubated at 37Â°Cfor time intervals of 1

to 6 h. Aliquots of each sample were analyzed for unreacted isothio
cyanate by reversed-phase HPLC. PyBITC was chromatographed iso
cratically in 45% 20 mM sodium phosphate (pH 3.0)/55% methanol.
The other isothiocyanates were chromatographed isocratically in 40%
H2O/60% methanol or 30% H2O/70% methanol. For the determina
tion of partition coefficients, 20 p\ of each isothiocyanate were added
to 5 ml of octanol and 5 ml of H2O. The mixture was shaken for 5 min
in a separatory funnel. Aliquots of the organic and aqueous phases were
analyzed by reversed-phase HPLC using the conditions given above.

RESULTS

Effects of Isothiocyanates on NNK-induced Pulmonary Ade
nomas. The structures of the isothiocyanates investigated in
this study and NNK are shown in Fig. 1. The results of the
A/J mouse pulmonary adenoma bioassay are shown in Table
1. With the exception of PEITC at the 0.2-jumol dose and
PPITC at all doses, there were no groups with significantly
lower weights than animals treated with corn oil/NNK. Mice
administered only 5 //mol of PPelTC or PHITC without sub
sequent NNK administration exhibited normal weight gain and
no tumor formation (data not shown). Similar findings on body
weight gain and tumor formation were previously reported with
PEITC, PPITC, and PBITC (5). Animals pretreated with corn
oil only prior to NNK administration developed a tumor mul
tiplicity of 7.9 tumors/mouse with an incidence of 100%. In
general, most pretreatments exhibited a dose-dependent inhi
bition. At a daily dose of 5 ^mol/mouse, all isothiocyanates
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N=C=S

N=:=S

N=C=S

NNK
CHj

Fig. 1. Structures of Â¡sothiocyanatesand NNK.

tested inhibited NNK-induced lung tumorigenesis. Due to a
shortage of compound, PyBITC was not evaluated at this dose.
PEITC significantly reduced tumor multiplicity without low
ering tumor incidence, as had been found previously at this
dose (4, 5). At a dose of 5 ^mol/mouse, PPITC, PBITC,
PPelTC, and PHITC were all considerably more potent inhib
itors than PEITC. These compounds reduced tumor multiplie-

Table 1 Effects ofarylalkyl Â¡sothiocyanateson NNK-induced lung lumorigenicity
in A/J mice"

TreatmentCorn

oil/NNKPEITC/NNKPPITC/NNKPBITC/NNKPPelTC/NNKPHITC/NNKPyBITC/NNKCorn

oil/salineDoseGimol)5

1
0.25

1
0.25

1
0.25

1
0.25

1
0.210.2Initial

wt
(g>*20.0

Â±0.2'19.1

Â±0.3'
19.2 Â±0.3'
19.4Â±0.3'19.0

Â±0.3'
19.4 Â±0.3'
19.4Â±0.4'19.3

Â±0.4'19.7
Â±0.4'

19.0 +0.3'19.1

Â±0.4'
18.9 Â±0.4'
19.7Â±0.3'19.9Â±

0.3'
19.2 + 0.4'
19.5 +0.4119.1

Â±0.4'
19.1Â±0.3'15.4

+ 0.22Wtat

sacrifice<g)*26.4

Â±0.4125.5

+ 0.8'- 2
26.3 Â±LO1'2
23.5 Â±0.5223.7

Â±0.42
23.4 Â±0.52
23.7 Â±0.4225.5

Â±0.7'-2
26.5 Â±0.5'
24.8 +0.51-225.4

Â±0.8''2
25.7 Â±0.7'-2
25.3Â±0.6'-226.8

+ 0.5'
25.6 Â±0.5'-2
26.7 Â±0.4125.9

Â±0.6''2
24.7Â±0.6'-222.1

Â±0.43Tumor

multiplicity*7.9

Â±0.4'4.1

Â±0.82
6.5 Â±1.41
9.9 Â±0.830.2

Â±0.1"
1.2 Â±0.3"
3.7 Â±0.620.2

+ 0.1*
0.8 + 0.34
4.2 +0.620.3

Â±0.1"
0.9 Â±0.34
3.0 Â±0.420.1

Â±0.1"
0.0 + 0.0"
1.2Â±0.346.5

Â±0.6'
6.6 Â±0.5'0.1

+0.1"Tumor

incidence(%)100'931.2.3100'

2
100'-2,,5.6

â€ž1.2.3.4

901.2.3,,5.6

423,4.5.61001-2254.5.6

â€ž2.3.4.5loo'-255.6O6

702.3.4100'-2

100'2,05.6

"Groups of 20 A/J mice (corn oil/saline controls: 10 mice, corn oil/NNK
controls: 60 mice) were administered corn oil vehicle or isothiocyanates (in 0.1
ml corn oil) by gavage for 4 consecutive days. At 2 h after the final pretreatment,
mice were administered 10 nmol NNK (in 0.1 ml saline) i.p. Mice were killed at
16 weeks after NNK administration and pulmonary adenomas were quantitated.
Values within the same column that bear different superscripts are statistically
different from one another (P < 0.05).

* Mean Â±SE.

Table 2 Effects ofarylalkyl isothiocyanates on NNK-induced DNA methylation
in lungs and livers of A/J mice'

Adduci level (^mol/mol guanine)

Pretreatment

Lung*

O"-mGuar

Liver

7-mGua O'-mGua

CornoilPEITCPPITCPBITCPPelTCPHITC17.6+0.9'17.2-1-
0.2'13.8

+0.4213.4
+0.5211.1

Â±0.239.9
Â±O.I3997

+67'89085296078690739'43'66'40'S3117714515015813815511',1.29>.29I.282i"

" Groups of 15 A/J mice were administered corn oil vehicle or isothiocyanates

(1 Mmol in O.I ml corn oil) by gavage for 4 consecutive days. At 2 h after the final
pretreatment, mice were administered 10 //mol NNK (in 0.1 ml saline) i.p. Mice
were killed 6 h after NNK administration and the liver and lungs of each animal
were excised. Following DNA isolation and purification. O'-mGua and 7-mGua
were analyzed as described in "Materials and Methods." Values within the same

column that bear different superscripts are statistically different from one another
(P < 0.05).

* Due to the relatively low levels of methylation in lung, 80% of the entire
sample was used for the determination of O'-mGua. For this reason, 7-mGua

was not determined.
r Mean Â±SE.

Â¡tiesand incidences to levels similar to those of the corn oil/
saline group. At the 1-^mol/mouse daily dose, PEITC did not
significantly reduce tumor multiplicity or tumor incidence. At
this dose, PPITC, PBITC, and PPelTC continued to be more
effective than PEITC, yielding tumor multiplicities near 1
tumor/mouse and incidences ranging from 42-75%. PHITC
appeared to be the most potent isothiocyanate of all, completely
inhibiting tumor formation at this dose. Unlike PBITC, its
pyridyl analogue PyBITC had no significant effect on NNK-
induced lung tumorigenicity at this dose. At a daily dose of 0.2
^mol/mouse, PEITC exhibited no inhibitory effects. In fact,
the average tumor multiplicity of mice pretreated with this dose
of PEITC was greater than that of the control group. PPITC,
PBITC, and PPelTC at the 0.2-^mol daily dose produced
inhibitory effects similar to those of PEITC at the 5-^mol dose,

with a reduction of tumor multiplicity by at least 47%. Again,
PHITC appeared to be the most potent inhibitor, producing a
tumor multiplicity that was significantly lower than those of
the corn oil/NNK controls and all of the other isothiocyanate-
treated groups. As before, PyBITC had no significant effects
on NNK tumorigenicity. The data above show the relative order
of inhibitory potency to be: PHITC > PPelTC Â«PBITC ~
PPITC > PEITC. Since PyBITC was not evaluated at the 5-
Â¿jmoldaily dose, it is not possible to compare it with isothio
cyanates such as PEITC. However, PyBITC is clearly much
less potent than the other isothiocyanates tested, including
PBITC, its corresponding phenyl analogue.

Effects of Isothiocyanates on NNK-induced DNA Methyla
tion. The effects of isothiocyanates on NNK-induced pulmonary
and hepatic DNA methylation at a daily dose of 1 ^mol in
A/J mice are shown in Table 2. Pulmonary DNA methylation
was not significantly affected by PEITC at this dose. Both
PPITC and PBITC significantly reduced DNA methylation in
lung below that of NNK-treated controls and PEITC-pretreated
mice. PPelTC and PHITC both significantly reduced DNA
methylation to levels below those of PPITC and PBITC. Thus,
the relative order of potency toward inhibition of NNK-induced
pulmonary DNA methylation was found to be: PHITC ~
PPelTC > PBITC ~ PPITC > PEITC. This relative order is

in substantial agreement with that found for inhibition of
tumorigenicity.

In contrast to the results in the lung, hepatic 7-mGua levels
were not significantly affected by any of the isothiocyanates

1848

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/7/1846/2446624/cr0510071846.pdf by guest on 19 M

ay 2023



INHIBITION OF NNK LUNG TUMORS BY ISOTHIOCYANATES

(Table 2). Only PPelTC produced a significant reduction in O6-

mGua levels of hepatic DNA when compared to controls.
Stability and Lipophilicity of Isothiocyanates. Table 3 shows

the half-life (<./>)and partition coefficient for each isothio-
cyanate. The f>/,for each isothiocyanate is a function of its
stability as well as its reactivity with bovine serum albumin. In
this system, PyBITC had a half-life of 1.5 h, PEITC had a half-
life of 1.7 h, and the rest of the isothiocyanates had half-lives
ranging from 2.2 to 2.5 h. Predictably, the octanol:H2O parti
tion coefficients of the arylalkyl isothiocyanates increased with
increasing alkyl chain length, ranging from 3.4 for PEITC to
4.6 for PHITC. PyBITC was the most polar of all of the
isothiocyanates, with a partition coefficient of only 2.7.

DISCUSSION

One of the principal goals of this study was to determine the
differences in inhibitory activity of PEITC and its longer chain
homologues. PEITC has been previously shown to inhibit
NNK-induced pulmonary adenomas in A/J mice when admin
istered at daily doses of 5 or 25 /Â¿mol/mouse (4, 5). In the
current study, PEITC had no significant effect on pulmonary
adenoma formation at 1 Â¿Â¿mol/mouse,and appeared to enhance
tumor formation when administered at a dose of 0.2 ^mol/
mouse. This latter finding is inconsistent with the known effects
of PEITC at higher doses; we are currently retesting PEITC at
this dose. In contrast, its longer chain homologues (with the
exception of PyBITC) were extremely effective at doses of 1 or
0.2 Mmol/day. While the inhibitory effects of PPITC, PBITC,
and PPelTC were virtually indistinguishable from each other,
PHITC did appear to be more potent than the other isothio
cyanates. PHITC greatly inhibited NNK tumorigenicity at the
0.2-Mmol dose, a total dose (0.8 ptnol) more than 10-fold lower
than the dose of carcinogen (10 /Â¿mol)used. Another interesting
comparison is found with PBITC and PyBITC. Replacement
of the phenyl ring in PBITC with a pyridyl ring yields a
compound devoid of inhibitory activity at 1 or 0.2 ÃÃmol/day,
while PBITC is quite effective at either dose.

In general, the differences found in pulmonary DNA meth-
ylation among the various treatment groups qualitatively re
flected the differences found among these groups in suscepti
bility to NNK tumorigenesis. A reduction in O6-mGua levels 6

h after NNK administration has been shown to be a reasonably
predictive indicator of the inhibitory potentials of modulators
of NNK lung tumorigenicity (4, 10). However, the magnitude
of the decreases in pulmonary DNA methylation in the current
study was considerably less than the corresponding effect of
each isothiocyanate on NNK lung tumor multiplicity at a

Table 3 Stability" and lipophilicity1' of arylalkyl isothiocyanates

Isothiocyanate
Log

[octanol]
[H20]

PEITCPPITCPBITCPPelTCPHITCPyBITC1.72.32.52.22.31.53.43.84.04.44.62.7

" One fil of each isothiocyanate dissolved in 200 p\ of CHjCN was added to 2

ml of bovine serum albumin buffer (pH 7.4). The resulting mixtures were
incubated at 37'C at time intervals ranging from 1-6 h. Aliquots of each sample
were analyzed by reversed-phase HPLC as described in "Materials and Methods."

* Twenty Â¡i\of each isothiocyanate were placed in a biphasic system consisting

of 5 ml each of octanol and H2O. The two phases were shaken for 5 min and
then separated using a separator)' funnel. Aliquots of each phase were analyzed
by reversed-phase HPLC as described in "Materials and Methods."

pretreatment dose of 1 Mmol/day. PPITC, PBITC, PPelTC,
and PHITC all decreased tumor multiplicity by at least 85%,
yet the decreases in pulmonary DNA methylation at 6 h ranged
from 22 to 44% for these compounds. Without a detailed time
course of DNA methylation, it is difficult to assess the signifi
cance of these differences. It is possible that examination of
methylation at later time points may yield inhibition of DNA
methylation more similar to the inhibition of tumorigenicity
observed in groups pretreated with isothiocyanates. Alterna
tively, there may be a threshold value of O6-mGua formation
in lung DNA such that levels of O6-mGua below this value

result in no tumor formation. Finally, it may be that inhibition
of pulmonary DNA methylation is unimportant in the inhibi
tion of NNK-induced lung tumorigenicity. This last possibility
seems unlikely, given the known correlation of DNA methyla
tion to NNK tumorigenicity in A/J mice (4, 10, 11).

Interestingly, virtually no inhibitory effect on NNK-induced
DNA methylation was observed in the livers of mice pretreated
with isothiocyanates. Previous work with PEITC in F344 rats
yielded similar results, as dietary PEITC (S-^mol/g diet) inhib
ited NNK-induced DNA methylation and tumorigenicity in
lung, but had no effects on hepatic DNA methylation or liver
tumor incidence (3). The inability of isothiocyanates to inhibit
NNK activation in liver may be a consequence of distribution
and dose level, since there is considerably more enzymatic
activity to be inhibited in the liver compared to the lung.
Alternatively, there may be differences in the distribution or
level of expression of the cytochrome P-450 isozyme(s) respon
sible for NNK activation in liver and lung. At present, there is
some evidence that isoforms of P450IA1 and P450IIB may be
involved in NNK metabolism by murine lung (12), and that
isoforms of P450IIB4 and P450IA1 may be involved in NNK
activation in rat lung (13). A recently discovered difference
between liver and lung involves P450IVB content, which ap
pears to be expressed in much higher levels in lung than in liver
(14). Although this P-450 isozyme is involved in the metabolism
of jV-nitrosodibutylamine, it is not known what role, if any, this
isozyme plays in the metabolism of NNK. Obviously it is
necessary to firmly establish which isozyme(s) of P-450 are
responsible for NNK activation.

The fact that these isothiocyanates differ in their abilities to
inhibit NNK-induced lung tumorigenesis is of considerable
interest. The absence of any induction in hepatic DNA meth
ylation argues against decreased distribution of nitrosamine to
the lung as a result of induction of hepatic a-hydroxylation

pathways, as appears to be the case for the inhibitory effects of
indole-3-carbinol on NNK tumorigenesis (9). PEITC inhibits
the microsomal metabolism of nitrosamines, including NNK
(4, 12, 15, 16). When added to pulmonary microsomes in vitro,
the inhibitory potency of an arylalkyl isothiocyanate toward
NNK a-hydroxylation increases with increasing alkyl chain
length as is seen for inhibition of NNK lung tumorigenicity
(12). With increasing alkyl chain length for a given isothio
cyanate, lipophilicity increases and reactivity decreases, both of
which may affect the delivery of compound to the target tissue
(the lung). Also, increased alkyl chain length may favor binding
of an isothiocyanate to the catalytic site(s) of the cytochrome
P-450 isozyme(s) responsible for NNK a-hydroxylation. The
failure of PyBITC to inhibit NNK lung tumorigenesis may be
due in part to its relatively low stability and lipophilicity.

Administration of isothiocyanates p.o. for 4 consecutive days
may be unnecessary, since it appears that inhibition of enzymes
responsible for NNK activation is involved. Thus, the final dose
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of isothiocyanate may provide the majority of the inhibitory
activity. Experiments are in progress to examine the inhibitory 5
potentials of a single-dose pretreatment versus the 4-dose pre
treatment protocol used in the present study.

The present work confirms that increased alkyl chain length 6.
in an arylalkyl isothiocyanate is an important structural feature
in the inhibition of NNK-induced lung tumorigenesis in A/J 7
mice. The results demonstrate that PHITC, the 6-carbon hom
ologue, is the most potent inhibitor of NNK lung tumorigenicity
in A/J mice found thus far, possibly due to its increased
lipophilicity and stability. Future studies will focus extensively 9.
on the precise mechanism of isothiocyanate-mediated inhibition
of NNK tumorigenicity, as well as an examination of PHITC
and some of its homologues with different animal models and I0

other classes of carcinogens.
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