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Abstract
Lung cancer remains one of the most preventable forms of cancer with about 90% of cases
attributed to cigarette smoking. Over the years, the development of chemopreventive agents that
could inhibit, delay, or reverse the lung carcinogenesis process has been an active field of
research, however, without much attainment. Through extensive structure-activity relationship
studies, we recently identified a novel agent phenylbutyl isoselenocyanate (ISC-4), designed based
on naturally occurring isothiocyanates well known for their lung cancer prevention properties, as a
potential chemopreventive agent. In the present study, we used A/J mice to evaluate the lung
cancer chemopreventive potential of ISC-4. A single intragastric dose of 1.25 µmol ISC-4 resulted
in a time-dependent increase of selenium levels in serum, liver, and lung, suggesting that ISC-4 is
orally bioavailable, a key requirement for a chemopreventive agent. This dose also resulted in a
time dependent inhibition of microsomal cytochrome P450 (Cyp) activity and delayed increases in
Phase II UDP-glucuronyl transferase (Ugt) and glutathione-S-transferase (Gst) activity. ISC-4 was
able to induce mRNA expression of Cyp, Ugt, and Gst enzyme isoforms in liver, but in lung
inhibited Cyp isoforms while inducing Ugt and Gst isoforms. In addition, ISC-4 effectively
inhibited methyl-DNA adduct formation in mice fed diet supplemented with ISC-4 for two weeks
and then treated with the tobacco procarcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK). These results suggest that ISC-4 is a strong candidate for development as a
chemopreventive agent.
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Introduction
Lung cancer is the leading cause of cancer death worldwide with a 5 year survival rate of
only 15% (1). It is also one of the most preventable forms of cancer due to the fact that 90%
of cases are attributed to smoking and/or chewing tobacco, thus the majority of prevention
efforts are focused on smoking cessation. For those who cannot quit due to the addictive
nature of nicotine, and for former smokers who may be at high risk for developing lung
cancer, chemoprevention strategies may be the answer. Lung cancer development in
smokers and former smokers can have a latency period of 10–30 years (2), allowing for a
significant time frame to intervene in the carcinogenesis process. Therefore, cancer
chemoprevention, which seeks to arrest or reverse the disease process of carcinogenesis in
its initiation, promotion and progression toward invasive malignancy, holds a great scientific
promise. However, optimal prevention of lung cancer has not been achieved yet due to the
lack of an effective and safe chemopreventive agent.

Epidemiological studies have provided evidence that consumption of cruciferous vegetables,
such as broccoli and cauliflower, is associated with a decreased risk of developing several
types of cancer at a variety of organ sites (3–5). The effect is attributed to a class of
chemicals known as isothiocyanates (ITCs) that are stored in cruciferous vegetables as their
glucosinolate precursors (6–8). There is strong literature data demonstrating ITCs to be
effective chemopreventive agents for specific human cancers (3, 9–13). ITCs have been
shown to exhibit their anticarcinogenic effects through dual mechanisms occurring at the
level of initiation of carcinogenesis by blocking Phase I enzymes (cytochrome P450) that
activate procarcinogens and also by inducing Phase II enzymes that detoxify electrophilic
metabolites generated by Phase I enzymes (14–16). Specifically, they have been shown to be
very effective in modulating tobacco carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) metabolism and are potent inhibitors against NNK-induced lung
tumorigenesis in A/J mice (17, 18). NNK requires metabolic activation by cytochrome P450
to exhibit its mutagenicity and possible carcinogencity (19) (Figure 1). Hydroxylation of the
alpha carbons yields two reactive species, which alkylate DNA to produce pyridyloxobutyl
(pob)-DNA or methyl-DNA adducts. This is believed to be an important mechanism of
carcinogenesis in both rodents (20–22) and smokers (23, 24), since pob-DNA adducts have
been detected in animals treated with NNK and in the lung tissue from smokers (24).
Furthermore, the O6-methyl guanine (O6-MG) adducts have been determined to be critical
for tumor formation in A/J mice treated with NNK and is less efficiently repaired in the
presence of bulky pob-DNA adducts (25, 26). The chemopreventive efficacy, favorable
mechanism of action, and safety profile of ITCs in general and towards NNK induced
carcinogenesis in particular, makes them ideal lead compounds for structural optimization.

Our lab has modified both naturally occurring and synthetic phenyl alkyl ITCs by
isosterically replacing sulfur with selenium to make isoselenocyanate (ISC) compounds
(27). The rationale for this modification was based on the observation that organoselenium
compounds have been shown to be effective in retarding tumorigenesis of several cancer
types (28–31), in both animal models and epidemiological studies. Hence, ISC compounds
combined the anticancer properties of both selenium and ITCs. Furthermore, compared to
sulfur structural analogs, selenium compounds have been shown to be more potent anti-
cancer agents (32). We have also found the selenium compounds (ISCs) to be more potent in
cell viability and animal bioassays for cancer as compared to the corresponding ITC
derivatives (27). Extensive structure-activity studies on ITCs and newly generated ISCs
have identified phenylbutyl isoselenocyanate (ISC-4) (Fig. 2A) as the most efficacious agent
both in terms of potency and drug-likeness (27, 33).

Crampsie et al. Page 2

Cancer Prev Res (Phila). Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The suitability of ISC-4 as a chemopreventive agent was tested in an animal model of lung
cancer using A/J mice. These mice are susceptible to Ki-ras mutations which lead to 20–
40% of them to spontaneously develop lung adenomas by 20 weeks of age (34). Treatment
with NNK leads to DNA adducts and 100% incidence of lung tumors in these mice only 16
weeks after carcinogen administration, regardless of the route of administration (34). To
assess the chemopreventive potential of ISC-4, intragastric dosing of the drug was first
established and then mice were analyzed for Phase I and II enzyme activity and gene
expression after a single dose of the drug in a time dependent manner. Mice were also
treated with the procarcinogen NNK to determine if ISC-4 was able to inhibit DNA adduct
formation in liver and lung.

Materials and Methods
Chemical and reagents

ISC-4 was synthesized following a method recently developed by Sharma et al.
(27). 3H[NNK] was purchased from Moravek Biochemicals (Brea, CA). The deuterated pob
adduct standards were a kind gift from Dr. Stephen Hecht (University of Minnesota Cancer
Center, Minneapolis, MN). Glucose-6-phosphate (G-6-P), NADP+, G-6-P dehydrogenase,
phosphodiesterase II, alkaline phosphatase, guanine, O6-methyl guanine (O6-MG), and 7-
methylguanine (7-MG) were purchased from Sigma Aldrich (Milwaukee, WI).

Animal experiments
Animal experimentation was carried out according to protocols approved by the Institutional
Animal Care and Use Committee (IACUC) at Penn State University. Female A/J mice were
purchased at 6 weeks of age from The Jackson Laboratory (Bar Harbor, ME) and stratified
into groups by treatment of ISC-4. Mice were given corn oil (vehicle control) or ISC-4
dissolved in corn oil at 2.5 ppm, 5.0 ppm, or 10.0 ppm (as selenium) per mouse (20 g
average). Mice were sacrificed by CO2 asphyxiation, organs harvested and immediately
frozen on dry ice. Serum was collected from blood immediately by centrifugation. Tissue
and serum samples were stored at −80 °C until analysis.

Selenium analysis
Liver or lung tissue (0.100 g to 0.400 g) was homogenized in 1.15% cold KCl (0.1 gm/ml)
using a glass hand homogenizer. Exact amount of tissue homogenate or 200 µl serum was
digested in a MARS Xpress microwave digestion system (CEM Corp., Mathews, NC)
equipped with 55 ml Teflon PFA vessels and a turntable. The digestion was conducted in
50% nitric acid and was diluated to 20% before Se analysis by Atomic Absorption
Spectroscopy. An AAnalyst 600 instrument from PerkinElmer with Graphite Furnace was
used for total selenium analysis by measuring the absorbance peak area at 196 nm for each
sample. Palladium matrix modifier was added along with each sample to the furnace. A
reference standard solution of selenium dioxide was used to construct standard curve.
Analysis was performed in duplicate for each sample and the average value was recorded.
For each group or category at least three samples were analyzed and the results were
expressed as mean ± SD (n=3).

Microsome and cytosol fraction preparation
Liver and lung microsomes or cytosol extracts were prepared as previously described (35).
Briefly, homogenate was centrifuged once at 10000×g to remove nuclear pellet, then at
105000×g for cytosol extract (supernatant). The remaining pellet was resuspended and spun
at 105,000×g for microsomes (pellet). Fractions were stored at −80 °C until use. Protein
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concentrations for microsomes and cytosol fractions were determined using a BCA protein
assay kit (Pierce, Rockford, IL).

Cyp activity assay with the substrate NNK
Microsomal Cyp activity was assayed in 150 µl 0.1 M Tris (pH 7.4), 1 mM EDTA, 20 mM
MgCl2, and 0.3 M KCl. Cyp activity was induced by an NADPH generating system (1 µg/µl
G-6-P and NADP+, 0.4 mU/µl G-6-P dehydrogenase). 3H[NNK] was added at 0.5 µCi/
reaction. Non-radiolabeled NNK was added to 20 µM. Reactions were initiated by addition
of microsomes (1 mg/ml) and incubated at 37 °C for 1 h. Reactions were terminated with
cold 7.5 M NH4Ac, vortexed, and placed on ice for 10 min. Tubes were centrifuged for 10
min at 14000 rpm. Samples were filtered and analyzed by HPLC (Waters, Milford, MA) for
oxidative metabolism of NNK using Radio Flow Detection (INUS Systems). A Phenomenex
Max-RP C18 reverse phase column was used to separate metabolites. The HPLC conditions
were 100% solvent A (25 mM sodium phosphate, pH 7.0)/0% B (Methanol) to 70% A/30%
B with a linear gradient over 50 min. Cyp activity was calculated based on mean peak areas
of metabolites formed in triplicate reactions.

Ugt activity assay with the substrate 4-methylumbelliferone (4-MU)
Mouse liver microsomes (10 µg protein) were assayed for Ugt activity in 100 µl reaction
buffer (50 mM Tris pH 7.5, 10 mM MgCl2, 10 µg/ml alamethicin, 4 mM UDPGA) using 4-
MU as the substrate at 100 µM (liver) or 250 µM (lung). Reactions were initiated by
addition of microsomes and incubated at 37 °C for 15 min. Reactions were terminated with
100 µl cold acetonitrile. Tubes were centrifuged for 10 min at 14000 rpm. Samples were
filtered and analyzed by HPLC (Waters) for glucuronidation of 4-MU. Glucuronide and
parent compound were eluted isocratically at a flow rate of 1 ml/min with 80% A (3.5%
triethylamine, pH 2.1 with perchloric acid)/20% B (acetonitrile) v/v using a Phenomenex
Max-RP C18 reverse phase column and measuring fluorescence (365 nm/455 nm) and UV
at 318 nm. Glucuronidation activity was determined by the ratio of the 4-MU glucuronide
peak compared to the unconjugated 4-MU peak.

Ugt activity assay with the substrate 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)
Mouse liver microsomes (50 µg protein) were incubated with alamethicin (10 µg/ml) on ice
for 15 minutes. 25 µl reactions containing 5 mM NNAL were incubated at 37 °C for 1 h
using the same conditions as for 4-MU. NNAL glucuronidation activity assays were
analyzed using an Acquity UPLC system (Waters) with an ACQUITY UPLC BEH HILIC
(2.1 mm × 100 mm, 1.7 µm particle size; Waters) column at 25 °C. UPLC was performed at
a flow rate of 0.5 mL/min using the following conditions: 6.0 minutes in 10% solvent A, a
linear gradient for 1.5 minutes to 100% solvent A, and 30 seconds in 100% solvent A, where
solvent A is 5 mM NH4Ac (pH 6.7) and 50% acetonitrile (v/v) and solvent B is 5 mM
NH4Ac (pH 6.7) and 90% acetonitrile (v/v). UV absorbance at 254 nm was used to detect
NNAL and NNAL glucuronide. The amount of NNAL glucuronide formed was calculated
based on the ratio of the NNAL-glucuronide peak compared to the unconjugated NNAL
peak.

Gst activity assay
Cytosolic Gst activity was assayed by diluting cytosol extracts to 1 mg/ml with Dulbecco’s
PBS and measuring the rate of GSH conjugation with monochlorobimane (MCB)
(excitation/emission: 380 nm/460 nm). 10 µl of 10 mM GSH was added to 100 µl of cytosol
in 96 well black wall plates. 100 µl of 0.3 mM MCB was added to start reaction. The
reactions (n = 3) were kinetically monitored by Spectromax spectrophotometer at 37 °C
until a fluorescence plateau. All samples were measured in triplicate. Gst conjugation rates
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were determined by measuring the time for all the GSH to be conjugated to MCB and
finding the v50 using the Boltzman equation (Graphpad 5.0).

RNA extraction and cDNA synthesis
Total RNA was extracted from liver and lung tissue samples using RNeasy Mini Kit
(Qiagen) according to manufacturer’s protocol. Samples were subjected to on-column
DNAse I digestion during extraction to prevent confounding of the results by genomic DNA
contamination. RNA concentrations were determined using a Nanodrop ND-1000
spectrophotometer, and RNA purity was assessed by absorbance ratios A260/A280 (> 1.9).
RNA integrity was determined using an Agilent 2100 Bioanalyzer with Agilent RNA 6000
Nano chips. RNA integrity of all samples was greater than 5.0. Reverse transcription was
performed using Superscript First Strand cDNA synthesis kit (Invitrogen) with 1 µg of
starting RNA per sample. A negative control without RNA and a negative control without
enzyme were analyzed in parallel.

Relative expression levels of Cyp, Ugt, and Gst genes using real time qPCR
Real-time PCR was used to determine the relative expression levels of Cyps (2a4, 2c29, 2f2,
2s1, 3a11, 4b1, and 8b1), Gsts (Gsta3, Gsta4, Gstm1, Gstm2, Gstm3, and Gstp1), and Ugts
(1a1, 1a5, 1a6a, 1a9, 1a10, 2a3, 2b1, and 2b5) in liver and lung tissue using Taqman gene
expression assays (Applied Biosystems) utilizing predesigned primers. cDNAs were run in
quadruplicate and amplified in a 10 µl reaction containing 5 µl 2× Taqman Universal PCR
Master Mix, 0.5 ml 20× primer/probe mix, and a 25ng RNA equivalent of cDNA. Relative
quantification of expression was calculated using the ΔΔCt method. Relative quantification
(RQ) was determined with the formula 2(−ΔΔCt). Expression levels in each sample were
normalized to three separate internal control genes (ACTB, HPRT, and TBP), and final RQ
values were calculated by taking the geometric mean of the individual RQ values. Several
studies have shown that normalization to multiple internal control genes reduces systematic
error and allows small changes in gene expression to be detected more accurately(36–42).

DNA adduct analysis
For DNA adduct studies, mice were fed control diet (AIN-76A) or diet supplemented with
0.57 µmol/g diet ISC-4 for two weeks. Mice were then given a single intraperitoneal (IP)
dose of 10 µmol NNK in saline and sacrificed either 4 h (methyl adducts) or 24 h (pob
adducts) after NNK. DNA was extracted from lung or liver tissues by phenol-chloroform
extraction method and dissolved in TE buffer. DNA was quantified by a Nanodrop ND-1000
spectrophotometer. For pyridyloxobutyl (pob) adducts, 100 µg of DNA in calcium chloride
buffer was hydrolyzed with deuterated standards for 30 min at 90 °C and then enzymatically
digested to nucleosides with micrococcal nuclease, phosphodiesterase II, and alkaline
phosphatase at 37 °C overnight. The samples were then purified on Sep Pak C18 cartridges
(Phenomenex) and analyzed by HPLC-Mass Spectrometry. Samples were normalized first
by internal deuterated standards and then by total nucleoside content. For methyl adduct
analysis, 200 µg – 300 µg of DNA was hydrolyzed in 0.1 N HCl for 30 min at 100 °C.
Samples were filtered and analyzed by HPLC on a strong cation exchange column
(Phenomenex) using UV and fluorescence detection (Waters). Adducts were eluted
isocratically with 100 mM ammonium phosphate buffer, pH 2.0. Peaks were quantified
using guanine, 7-MG, and O6-MG standard curves.

Data analysis and statistics
Statistical analyses were done using GraphPad Prism version 5.0. Mean values for activity
assays or gene expression were compared across the treatment or time groups using 1-way
analysis of variance (ANOVA) with significant p-value < 0.05. A student’s t-test was used
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to compare individual treatment groups or time point groups to the control group when
ANOVA values approached but did not reach significance (ANOVA p-value 0.05–0.10).

Results
ISC-4 is orally bioavailable in A/J mice

ISC-4 was given to A/J mice intragastrically to determine its oral bioavailability by
measuring selenium levels in serum and target organs. To determine an effective and
tolerable dose, ISC-4 was administered to animals at increasing doses of 0.675, 1.25, and 2.5
µmol per mouse (n = 6 per group). At 2.5 µmol (30 mg/kg), half of the mice died within 24
h, so no doses higher than this were tested. At 1.25 µmol (15 mg/kg) and 0.675 µmol (7.5
mg/kg) mice appeared as healthy as the corn oil treated control mice. Three mice from each
group were analyzed for selenium content after 24 h. Liver and serum from each mouse was
analyzed separately, but lungs were pooled. Selenium content in serum, lung, and liver
increased in a dose dependent manner (Figure 2B). This indicated that selenium content
from ISC-4 was being absorbed into the blood and reaching target tissues. For a complete
time course study, mice (n=3) were dosed with 1.25 µmol ISC-4 and sacrificed at 0, 2, 4, 8,
16, 24, 36, and 72 h (Figure 2C). The time course study showed that selenium levels peaked
first in serum (max. mean 1892 ng/g) at about 4 h post ISC-4 administration, followed by
liver between 4–8 h (max. mean 1322 ng/g) and lung at about 8 h (max. 878 ng/g) post
administration. Selenium levels began to fall to near normal levels between 24–72 h but did
remain slightly elevated when compared to the zero time point even up to 72 h. (serum p =
0.058, liver p = 0.0072).

Cytochrome P450 activity is decreased in liver and lung of mice treated with ISC-4
Cyp450 activity was analyzed by incubating liver or lung microsomes from mice (n=3) at
each time point with 3H[NNK] and measuring the metabolic profile (Figure 3A, 3B) by
HPLC. Our results indicate that Cyp450 activity is decreased after oral administration of
ISC-4 in both the liver and lung as evidenced by the decreased levels of keto acid, keto
alcohol, and NNK-N-oxide (lung only) metabolites formed. Inhibition of metabolites
occurred almost immediately after administration of ISC-4 (as early as 0.5 h in liver) and
metabolites remained inhibited up to 24 h in liver and up to 12 h in lung. Inhibition of Cyp
enzymes lasted longer in the liver which correlates with the higher selenium levels seen in
the liver as compared to the lung (Figure 1C). Our results also indicate that conversion of
NNK to NNAL, a detoxification pathway facilitated by a carbonyl reductase, remains
unchanged or slightly elevated at each time point. To determine the concentration of ISC-4
required for microsomal Cyp450 inhibition, control liver microsomes were incubated with
ISC-4 in DMSO at a range of doses and formation of NNK metabolites were measured.
Inhibition of Cyp450 oxidative metabolism began as low as 25 nM ISC-4 and was dose
dependent (Figure 3C, 3D).

Ugt activity against 4-MU and NNAL
In humans, NNAL is N-glucuronidated primarily by the hepatic UGT2B10 and O-
glucuronidated by UGTs 1A9, 1A10, 2B7 and 2B17 (43, 44). Real-time PCR assays were
performed for the mouse ortholog of 2B10, Ugt2b34 (see Table 1) and it was found to be
expressed in mouse liver but not lung (results not shown). NNAL glucuronidation was
measured using liver microsomes (Figure 4A), but NNAL glucuronidation activity could not
be detected with mouse lung microsomes. Therefore the substrate 4-MU, which is
glucuronidated by all human UGT1A enzymes as well as UGT2B enzymes except 2B4 and
2B10 (45), was used as a test substrate to determine overall glucuronidation activity of
mouse lung and liver microsomes (Figure 4B, 4C). For liver microsomes, glucuronidation
activity was increased after 8 h for NNAL (p<0.0001), but not for 4-MU where
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glucuronidation activity appeared to decrease, though not significantly (One way ANOVA =
0.09). For lung microsomes, 4-MU glucuronidation was significantly increased at 24 h
(p=0.0016) post ISC-4 administration.

Gst activity against monochlorobimane
Cytosolic fractions were incubated with monochlorobimane (MCB), a nonspecific substrate
conjugated by all human GST isoforms except GSTT (46) (mouse ortholog Gstt see Table
1), to assess Gst activity. Liver cytosol activity against MCB was 20–50 fold higher than in
lung (Figure 4D, 4E). In liver, Gst activity was significantly increased at 16 h post ISC-4
administration (p=0.049) and 24 h post ISC-4 administration (p=0.0031). In lung, however,
there was no significant difference in cytosolic Gst activity at any of the time points (One
way ANOVA = 0.5531)

Relative phase I and phase II mRNA expression in liver and lung tissue
In liver tissue, treatment with ISC-4 was found to significantly alter expression of several
Gsts, Cyps, and Ugts (Figure 5A). The mean expression levels of Gsta4, Gstm1, Gstm3, and
Gstp1 were increased in both the 8 h and 16 h treatment groups relative to control animals
(p=0.0002, p=0.0088, p=0.0003, and p=0.0009, respectively). Expression levels reached as
high as 1.6-fold higher than control animals for Gsta4, 6.9-fold higher for Gstm1, 10.8-fold
higher for Gstm3, and 7.0-fold higher for Gstp1. There was no significant change in the
expression of Gsta3 and Gstm2 in liver. The mean expression of Cyp2a4 and Cyp8b1 was
found to be significantly increased 8 h after treatment relative to the control group (2.8-fold
for Cyp2a4, p=0.0426; 4.5-fold for Cyp8b1, p=0.0026), though no increase was seen at 16 h.
There was no significant change in the expression of Cyp2c29, Cyp2f2, Cyp2s1, Cyp3a11,
and Cyp4b1 in either the 8 h or 16 h treatment groups. In terms of hepatic Ugt expression,
Ugt1a6a was significantly higher at 8 h (5.1-fold, p=0.0045), and expression of Ugt2b5
reached as high as 2.3-fold higher than control animals at 16 h (p=0.0020). There was no
significant change in the expression of Ugt1a1, Ugt1a5, Ugt2a3, or Ugt2b1. Ugt1a9 and
Ugt1a10 were not expressed at detectable levels in any of the mouse liver samples
examined.

Treatment with ISC-4 was also found to alter the expression levels of phase I and phase II
genes in lung tissue (Figure 5B). The mean expression levels of Gstm1, Gstm3, and Gstp1
were found to be significantly higher in lung tissue of animals treated with ISC-4 (p=0.0022,
p=0.0004, and p<0.0001, respectively). Expression levels reached as high as 1.5-fold higher
than control animals for Gstm1, 2.5-fold higher for Gstm3, and 3.4-fold for Gstp1. No
change in expression was seen for Gsta3, Gsta4, or Gstm2. Cyp expression in lung tissue
was found to be significantly decreased for Cyp2f2, reaching as low as 1.8-fold lower than
control animals at 16 h (p=0.0153). A small decrease in Cyp2s1 expression was also
observed and approached significance at 16 h (p=0.0634). No significant change in
expression was observed for Cyp4b1 or Cyp8b1. Cyp2a4, Cyp2c29, and Cyp3a11 were not
expressed at detectable levels in mouse lung. Ugt1a6a and Ugt1a9 were both found to be
significantly higher in lung tissue from treated animals, reaching as high as 1.9-fold for
Ugt1a6a and 2.8-fold for Ugt1a9 (p=0.0132 and p=0.0150, respectively). Expression of
Ugt1a1 was not found be significantly different, while Ugt1a5, Ugt1a10, Ugt2a3, Ugt2b1,
and Ugt2b5 were not expressed at detectable levels.

Inhibition of DNA adduct formation in A/J mice by ISC-4
Both pob adducts resulting from the keto alcohol pathway and methyl adducts resulting from
the keto acid pathway of NNK metabolism were analyzed. The levels of O6-pob-dG in liver
and lung, and levels of O2-pob-dT in lung were decreased in mice fed with ISC-4
supplemented diet compared to control diet mice but the decreases were not significant
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(Table 2). Methyl adduct analysis showed both O6-MG and 7-MG adducts could not be
detected in the lung tissues of mice fed with ISC-4 supplemental diet treated with NNK,
whereas adducts were detected in mice fed control diet (Table 3). Statistics were not
possible because lungs in each treatment group were pooled (n=3 or 4). Livers from three
mice in each group were analyzed for methyl adducts. Significantly lower amounts of O6-
MG were seen in mice fed ISC-4 diet than mice fed control diet (p=0.033). Lower levels of
7-MG were also seen however the difference was not statistically significant (p=0.41).

Discussion
Here we report for the first time the novel compound ISC-4 when administered orally to
mice results in elevated selenium levels in serum and tissue in a dose and time dependent
manner as measured by atomic absorption. The highest tissue levels of selenium were
obtained in serum where selenium reached a maximum at about 4 h, however it is unclear
how much ISC-4 is free or bound in the serum. After a single dose of 1.25 µmol, selenium
levels peaked in liver between 4–8 h and in lung at 8 h. Selenium levels begin to taper off at
about 24 h for all tissues tested and may be at subclinical concentrations in its active form by
this time point as suggested by the recovery of microsomal Cyp activity. Interestingly, levels
of selenium do not return to control (0 h) values in serum or liver even after 72 h suggesting
that ISC-4 has a long half life, remains bound to protein, or possibly that after ISC-4 is
metabolized, selenium is recycled in cells as selenocysteine. The inhibition of microsomal
enzyme activity as early as 0.5 h after oral dosing suggests that ISC-4 is acting directly with
protein to inhibit activity. This was confirmed by direct incubation of drug with mouse liver
microsomes. We predict that the reactive isoselenocyanate group of ISC-4 is most likely
reacting with protein thiols, thereby inhibiting enzyme activity. The isoselenocyanate
functional group has been found by our lab to be reactive to sulfhydryl (-SH) groups of
thiols and therefore may bind nonspecifically to protein cysteine sulfhydryl groups
(unpublished results). Our results show ISC-4 was able to inhibit microsomal metabolism
using concentrations as low as 25 nM, as evidenced by the reduction in bioactivation of
NNK. Similar results were also observed for Ugt enzyme activity (data not shown) with
inhibition starting at about 500 nM. In the lung, the greatest inhibition of oxidative
metabolites was at 8 h, when selenium levels measure the highest. The initial sharp decrease
in Cyp450 activity in the liver correlated well with the time course of selenium levels in the
liver. Interestingly, the peak ISC-4 level in liver (4–8 h) was not the same as the time point
when NNK metabolism was the lowest in the liver (2 h) suggesting that ISC-4 might be
metabolized or degraded as an inactive selenium compound and then detoxified out of the
liver which would explain why selenium levels keep rising but inhibition of microsomes
decreases. In both liver and lung, metabolite levels begin to increase after 8 h but then
decrease again after 16 h, suggesting ISC-4 may be having both a direct effect on these
enzymes as well as an indirect effect through a transcriptional mechanism.

For both the Gst and Ugt activity assays, a delayed increase in activity was found after 8 h,
which we hypothesized to be driven by an increase in gene expression. This is supported by
the fact that ITCs are known to be detoxified by GST enzymes in humans and are able to
induce them via a transcriptional mechanism involving the antioxidant response element and
the transcription factor Nrf2 (47–49). Further studies are needed to determine if ISC-4 is
also able to induce the Nrf2 pathway, but the expression results suggest it does induce
expression of several cytoprotective Gst genes, which are under transcriptional control of
Nrf2. The same Gsts induced in liver tissue were also found to be upregulated in lung tissue.
The only exception was Gsta4, which was only modestly increased in the liver and showed
no change in the lung. The increases in expression seen in lung tissue were smaller in
magnitude than the increases seen in the liver, which correlate to the higher levels of
selenium reached in the liver compared to the lung.
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Delayed increases in activity of Ugt enzymes in mouse liver may have cytoprotective effects
as well. Eight hours after treatment, there was a transient increase in the levels of two Phase
I genes, Cyp2a4 and Cyp8b1, but by 16 h this effect had disappeared. Since Phase I
expression levels returned to normal rather quickly while Phase II genes remained
upregulated, the potential negative effects of increased Cyp activity may be overcome by the
sustained increase in Phase II genes. To explore Ugt activity the major detoxification
metabolite of NNK, NNAL, was used. In humans, UGTs 1A4, 1A9, 2B7, 2B10, and 2B17
isoforms (see Table 3 for orthologs) all exhibit activity against NNAL. Glucuronidation of
NNAL was significantly increased after 8 h, which may be explained by the transcriptional
upregulation of the UGT2B10 ortholog Ugt2b34. Lung microsomes typically show poor
activity against NNAL, which may be explained by the lack of 2B isoforms expressed in the
lung, specifically 2B10. In A/J mouse lung no detectable expression of 2B orthologs tested
in this study were found. We therefore used a second substrate, 4-MU, to explore
glucuronidation activity in both liver and lung which is ubiquitously conjugated by most
UGTs. Interestingly, in liver microsomes, no change in glucuronidation activity was seen
over time against 4-MU. This data suggests that ISC-4 may be having an effect only on
certain Ugt isoforms, in this case the 2b family, a possibility that needs to be further
investigated. For lung microsomes, activity against 4-MU was significantly increased at 24
h, which may be explained by the upregulation seen in Ugt1a9, which is not expressed in
liver. Some Ugts, such as Ugt1a6a were significantly upregulated in both tissues, while
Ugt1a1 was unchanged in both tissues, which suggests that ISC-4-induced changes in Ugt
expression could occur by the same regulatory mechanism in these two tissues for these
particular enzymes.

The modulation of Phase I and II enzymes by ISC-4 led us to develop a bioassay to
determine if ISC-4 could inhibit DNA adduct formation in vivo. Our results demonstrated
that O6-MG adduct formation was significantly inhibited in the liver of A/J mice and in lung
these adducts were not detectable in mice treated with NNK and fed with the ISC-4
supplemented diet. The inhibition of methyl adducts formation in both liver and lung is most
likely due to the inhibition of Cyp enzyme activity and possibly to the upregulation of
individual Ugts responsible for NNAL detoxification.

In conclusion, ISC-4 given to A/J mice appears to be bioavailable, causes increased
selenium levels in tissue and serum, and results in modified activity and expression of both
Phase I and II enzymes critical for bioactivation and detoxification of many carcinogens.
ISC-4 fed to mice in the diet resulted in decreased DNA adducts from NNK critical for
carcinogenesis. Taken together, ISC-4 may be a suitable chemopreventive agent due to its
anti-initiation effects of inhibiting carcinogen metabolism and increasing detoxification.
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Figure 1.
Bioactivation and detoxification pathways of NNK.
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Figure 2.
Phenylbutyl isoselenocyanate (ISC-4) and its intragastric (IG) administration in A/J mice. A,
structure of (ISC-4). B, selenium levels in serum, liver, and lung tissue of A/J mice treated
with corn oil (vehicle), 0.675 µmol, or 1.25 µmol ISC-4 after 24 h. C, selenium levels in A/J
mice from serum, liver, and lung tissue taken at 2, 4, 8, 16, 24, 36, and 72 h after 1.25 µmol
dose of ISC-4.
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Figure 3.
Effects of ISC-4 on Phase I metabolism of NNK by A/J mice microsomes. A, metabolism
of 3H[NNK] by liver microsomes at time points 0, 0.5, 2, 4, 8, 16, 24, and 72 h post ISC-4
administration (1.25 µmol in 100 µl corn oil IG). B, metabolism of 3H[NNK] by lung
microsomes at time points 0, 4, 8, 12, 16, 24, and 72 h post ISC-4 administration (1.25 µmol
in 100 µl corn oil IG). C, effect of in vitro incubation of ISC-4 on control liver microsome
metabolism of NNK to keto acid. D, effect of in vitro incubation of ISC-4 on control liver
microsome metabolism of NNK to keto alcohol.
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Figure 4.
Effects of ISC-4 on Phase II metabolism in A/J mice. Mice were treated with 1.25 µmol
ISC-4 dissolved in 100 µl corn oil IG. A, glucuronidation of NNAL by liver microsomes at
0, 4, 8, 16, 24, and 72 h after administration of ISC-4. B, glucuronidation of 4-MU by liver
microsomes at 0, 2, 4, 8, 16, 24, and 72 h after administration of ISC-4. C, glucuronidation
of 4-MU by lung microsomes at 0, 4, 8, 12, 16, 24, and 72 h after administration of ISC-4.
D, glutathione conjugation of MCB by liver cytosol of A/J mice at 0, 2, 4, 8, 16, and 24 h
after administration of ISC-4. E, glutathione conjugation of MCB by lung cytosol of A/J
mice at 0, 4, 8, 12, 16, and 24 h after administration of ISC-4.
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Figure 5.
Effects of ISC-4 on Phase I and Phase II gene expression. Mice were treated with 1.25 µmol
ISC-4 dissolved in 100 µl corn oil IG. A, fold change of liver Gst, Cyp, and Ugt mRNA
isoforms in A/J mice at 8 and 16 h after administration of ISC-4 compared to corn oil
control. B, fold change of lung Gst, Cyp, and Ugt mRNA isoforms in A/J mice at 8 and 16 h
after administration of ISC-4 compared to corn oil control.
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Table 2

Pyridyloxobutyl (pob) DNA adduct formation (fmol adduct/nmol G/T)

Groups Liver Lung

O2-pob dT O6-pob dG O2-pob dT O6-pob dG

Untreated /Control Diet n.d. n.d. n.d. n.d.

NNK Treated /Control Diet 16.21 +/− 4.75 2.29 +/− 0.87 2.98 +/− 1.24 0.20 +/− 0.35

NNK Treated/ ISC-4 Diet 22.02 +/− 5.62n.s 1.78 +/− 0.90n.s. 1.95 +/− 0.84n.s n.d.

n.s. - not significant p = 0.35, 0.57, and 0.33

n.d. - not detected
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Table 3

Methyl DNA adduct formation (pmol adduct/nmol G)

Groups Liver Lung (pool)

O6-MG 7-MG O6-MG 7-MG

Untreated /Control Diet n.d. 0.29 +/− 0.04 n.d 0.56

NNK Treated /Control Diet 5.18 +/− 1.33 3.28 +/− 1.39 11.22 13.27

NNK Treated/ ISC-4 Diet 1.75 +/− 1.31† 2.54 +/− 0.08 n.d. n.d.

†
p = 0.0031 vs. NNK treated/Control Diet

n.d. - not detected
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