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Large bowel cancer is one of the most common human malignan-
cies in the Western world. The American Chemical Society estimated
in 2007 that in the United States, there are 150,000 new cases and
about 50,000 deaths due to colorectal cancer (CRC). Thus large bowel
cancer is a major public health problem.1 In the USA, CRC is the third
most common type of cancer and the second most common cause of
death due to cancer.1,2 In general, colon cancer progresses from ade-
nomatous polyps, a noncancerous growth in colon and rectum to
malignant cancer in 10–15 years, hence providing a window of
opportunity for effective treatment by intervention and prevention.
However, despite intensive efforts, <50% of people aged 50 or older
get colorectal cancer screening in this country.

Evidence in the literature supports the concept that dietary fac-
tors, smoking, alcohol and physical activities are key modulators of
colorectal cancer. Epidemiological and animal model studies indi-
cate that the etiology of colon cancer is complex.3–5 Several studies
have suggested that CRC may arise from the combined actions of
environmental factors (carcinogens and co-carcinogens, formed
through the preparation of food) and of promoting agents such
as dietary fat.6–8

Particularly, chemoprevention, a science that has emerged dur-
ing the last decade presents an alternative approach in reducing
mortality of CRC as well as other cancers. Chemoprevention in-
Elsevier Ltd.

: +1 717 531 0244.
tmail.com (D. Desai).
volves the long-term use of a variety of agents that can delay,
block, or reverse the process of carcinogenesis or reduction of the
underlying risk factors that can be applied across a continuum of
the general population. Several naturally occurring and synthetic
compounds including selenium compounds9–13 have been identi-
fied to exhibit chemopreventive activities both in vitro and in vivo.
They are known to suppress cell growth, modulate cell differentia-
tion, and induce apoptosis. Several agents have been identified
which inhibit colon carcinogenesis in animal models.11–23 These
agents can protect against the development and progression of
malignant cell and therefore proven plausible approach to inhibit
or reverse carcinogenesis.15,24,25 The role of arachidonic acid
metabolism through lipooxygenase (LOX) and cyclooxygenase
(COX) pathways, and involvement of inducible nitric oxide syn-
thase (iNOS) activities in angiogenesis are well studied in the
pathology of colon cancer.26 Development of agents based on these
studies led to few selective inhibitors that suppress these activities
in prevention of colon cancer.27–30

Nitric oxide (NO), an endogenous molecule, has been ascribed
with many physiological and pathophysiological actions. Several
L-arginine based selective iNOS inhibitors have been tested for
chemoprevention of colon cancer. One such example is the use of
iNOS inhibitor S,S0-1,4-phenylene-bis(1,2-ethanediyl)bis-isothiou-
rea (PBIT, Fig. 1), which was found to inhibit initiation and post-ini-
tiation stages of AOM-induced colonic ACF and iNOS activities in
male F344 rat.31 Stoner et al. found effective inhibition by PBIT in a
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Figure 1. Structures of PBIT, PBISe, PEIT, and PEISe.
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diet against rat esophageal tumorigenesis.32 Since, high concentra-
tions of PBIT are needed for inhibitory potency, its utility in clinical
settings is questionable. It is reported in the literature that incorpo-
ration of selenium in place of sulfur imparts new properties to the
compound making it an effective inhibitor of diseases. For example,
aminoethylisoselenourea (AE-SeU), which showed higher iNOS
inhibitory potency than the corresponding isosteric sulfur analog
in homogenized bovine endothelial cells.33 However, selenium com-
pound AE-SeU is unstable in aqueous solution above pH 6. Moreover,
selenium is involved in the protection of tissue and membranes from
oxidative stress. Additionally, low selenium intake and low plasma
selenium levels are associated with increased cancer incidence.34–36

El-Bayoumy and co-workers have developed a synthetic org-
ano-selenium compound that is a potent chemopreventive agent
in animal models against colon.37 Previously, we have reported
that organoselenium compounds inhibit initiation and post-initia-
tion chemical carcinogenesis.38,39 Selenium supplementation
through diet or drinking water has been shown to inhibit neoplasm
in the liver, skin, pancreas, colon, and mammary glands.40–43 It has
been reported that selenium-enriched broccoli protect against
intestinal, chemically induced mammary, and colon cancers.44–47

Selenium has also been shown to inhibit Akt activity in the PI3 ki-
nase-signaling pathways thereby inhibiting its activity and that of
the downstream signaling cascade.48

Normal colonic mucosa and hyperplastic polyps express very
low levels of Akt, however, immuno reactivity to a pan-AKT anti-
body was detected in 57% of adenomas and also in similar number
of cases in sporadic colorectal cancer.49 In colon cancer Akt2 was
found to be the predominant isoform. Parsons et al. reported that
40% of colorectal human tumors had PI3K pathways altered.50

Studies in chemical carcinogenesis and in genetic animal models
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Scheme 1. Reagents and condition: (a), LiAlH4, rt, 91%; (b) CBr
confirm over expression of Akt in rat premalignant colonocyte. In
Apcmin/+ mice, total Akt and protein levels were significantly higher
in colon tumors compared to normal cells.51 Akt is activated by
phosphatidylinositol 3-kinase (PI3K) which regulates multiple cel-
lular functions, including survival, proliferation (increased cell
numbers), growth (increased cell size), and various aspects of
intermediary metabolism.52

The existing iNOS inhibitor PBIT (1) (Fig. 1) has limited effect on
colon cancer and require high concentration for its inhibitory
effects. Therefore, in the present communication, we investigated
the efficacy of isosteric selenium analog of PBIT, namely Se,Se0-
1,4-phenylenebis(1,2-ethanediyl)bis-isoselenourea (PBISe, 2)
(Fig. 1) and evaluated in vitro inhibitory efficacy against colon
cancer cells. Furthermore, the mechanism of action of PBISe and
PBIT was also elucidated using in vitro studies.

Based on extensive mechanistic studies (in vitro and in vivo)
and data from animal studies as well as investigation in CRC
patients it has been well established that iNOS is over expressed
in colon tumors but not in the normal adjacent mucosa and plays
a pivotal role in the pathology of colon tumorigenesis. Previous
reports have shown that selenium inhibit Akt activity. Although
full explanation for causes, development, and control of colon can-
cer is awaiting further research, the growing knowledge about
mechanisms by which various agents function defines opportuni-
ties to use specific agents or combination at critical stages of colon
cancer initiation, promotion, or progression.

In the present study, we report the synthesis of PBIT (1), a
known iNOS inhibitor and PBISe (2), its isosteric selenium ana-
log. PBIT (1) and PBISe (2) were prepared by using similar pro-
cedure as reported in the literature with minor modification as
shown (Scheme 1).53–56 In short, commercially available Methyl
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Table 2
Inhibitory effect of PBISe and PBIT on various cancer cell lines by MTS assay—IC50

value (lm)

Cell line PBIT PBISe

Melanoma (WM 115) >100 9.7 ± 1.4
Fibrosarcoma (HT-1080) >100 3.22 ± 0.61
Human lung carcinoma (A549) >100 4.17 ± 0.58
Human prostate adenocarcinoma (PC-3) >100 6.64 ± 0.95
Ovarian carcinoma (OVCAR3) >100 5.33 ± 0.65
Breast adenocarcinoma (MDA-MB-231) >100 6.03 ± 0.54
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1,4-phenylenediacetic acid (5) on reduction with LiAlH4 in THF
yielded dihydrodiol 6 as white solid in quantitative yield. The diol
6 was converted to the dibromo derivative 7 as white powder by
reacting with carbon tetrabromide and triphenyl phosphine. Di-
bromo derivative 7 was reacted with thiourea54,55 or selenourea56

to yield the desired product PBIT (1) and PBISe (2) as dihydrobro-
mide salt, respectively. Monosubstituted phenylethylisothiourea
hydrobromide (PEIT, 3) was prepared by following literature meth-
od54 and isosteric selenium analog; Se-2-phenylethylisoselenourea
hydrobromide (PEISe, 4) was prepared in a similar manner by
reacting 2-bromoethyl benzene with selenourea to give the desired
product PEISe, 4 in quantitative yield.57

To investigate the structural requirements and the effect of
PBIT, PBISe, and PEIT, and PEISe on several colon adenocarcinoma
cell viability58,59, in the present study we first compared increasing
concentration of PBIT, PEIT and PEISe (10–100 lM) and PBISe (1–
40 lM) against the viability of colon adenocarcinoma (Caco-2, HT
29, HCT 116, and SW 480) cells (Table 1). PBISe was highly potent
at killing all four colon cancer cell lines with IC50 range of 2.4–
5.55 lM.59 PBIT showed an IC50 value range >59–100 lM. At the
concentration range examined, monosubstituted PEIT and PEISe
were less effective with IC50 value range >16–100 lM.59 From
dose–response curves prepared for each compounds (data not
shown), we concluded that di-substitution in the phenyl ring in
the molecule was one of the important structural requirement
for in vitro inhibitory efficacy against colon cancer. Based on these
results for additional inhibitory efficacy studies, we have only com-
pared PBIT (1) and its isosteric selenium analog; PBISe (2).

A representative example of in vitro cell viability on Caco-2 cells
is shown in Figure 2. Treatment of Caco-2 cell lines with increasing
concentrations of PBIT (0–120 lM) for 72 h showed the predicted
dose–response curve with a resulting IC50 of above 60 lM
Table 1
Inhibitory effect of PBISe, PBIT, PEIT, and PEISe on colon adenocarcinoma cell lines by
MTS assay—IC50 value (lm)

Cell line PBIT PBISe PEIT PEISe

Caco-2* 59.4 ± 3.83 2.4 ± 0.43 >100 16 ± 2
HT-29 >100 3.84 ± 0.32 21.92 ± 2.1 >100
HCT-116 >100 4.72 ± 0.44 >100 >100
SW-480 >100 5.55 ± 1.28 >100 >100

* 72 h
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Figure 2. In vitro therapeutic efficacy of PBISe and PBIT in Caco-2 cancer cell
viability study—IC50 value (lM).
(Fig. 2).60 PBISe (0–10 lM) was dramatically more potent having
an IC50 of only 2.4 lM on Caco-2 cell lines indicating a 25-fold in-
creased inhibitory potency (Fig. 2).

Next, we examined the in vitro inhibitory efficacy of PBISe and
PBIT in several cancer cell lines (Table 2).58,61 Cancer cell lines rep-
resenting different cancer types were treated with increasing con-
centrations of PBIT and PBISe for 24 h and cell viability measured
using MTS assay. Dose–response curves were prepared for growth
inhibitory effects on normal fibroblast cells (FF2441) and with cul-
tured cells from human vertical growth phase (VGP) melanoma
cell line WM115, lung adenocarcinoma (A549), fibrosarcoma
(HT-1080), prostate adenocarcinoma (PC-3), ovarian carcinoma
(OVCAR-3), and breast adenocarcinoma (MDA-MB-231) as shown
in Figure 3. The cultured cancer cells were found to be 2–5-fold
more sensitive to PBISe than normal fibroblast cells (Table 1).
Figure 3. PBISe inhibit cancer cell survival more effectively compared to normal
cells—IC50 value (lM).

Figure 4. Effect of PBIT and PBISe on total nitrite production by Caco-2 cells.
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Figure 5. Effect of PBISe on vital pathways regulating colon cancer development.
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IC50 values calculated using GraphPad Prism software (Table 2)
from dose–response curves indicated that PBISe was more than
>10-fold potent at decreasing cell viability of all the cancer cell
lines tested (A549, HT-1080, PC-3, OVCAR-3, MDA-MB-231) com-
pared to PBIT. PBISe inhibited the growth of cancer cell viability
at concentrations as low as 2–10 lM (Table 2). However, PBIT
was not effective at this concentration range and IC50 was observed
to be more than 100 lM.

We examine the iNOS inhibitory activity of PBISe in Caco-2 cells
in terms of total nitrite (nitrate + nitrite) production using a color-
imetric assay (Cayman chemical company) (Fig. 4).62 Results
showed that PBIT (40 lM) reduced the iNOS activity by 18%
(one-way ANOVA) compared to control PBS treated cells. The PBISe
reduced total nitrite production in Caco-2 cells (by �25%) but at
much lower concentrations (2 lM).

To elucidate the effects of PBISe and PBIT on molecular targets
that are critical in the development of colon cancer, we focused
on PI3 kinase and downstream targets (Fig. 5).63 Effect of PBISe
on MAP and PI3 kinase signaling using Western blot analysis is
shown in Figure 5A and B. Figure 5A shows decreased pAkt, and
Akt2 levels that are relatively specific for colon cancer, and down-
stream pPRAS40 levels accompanied by an increase in cleaved
PARP, an apoptosis marker demonstrating decreased PI3 kinase
activity upon exposure to PBISe but not PBIT. Figure 5B shows an
increase in cell cycle inhibitor p27, indicating inhibition of cell pro-
liferation upon exposing PBISe but not PBIT.

In summary, the present article shows that newly developed
novel selenium compound PBISe is clearly a more potent agent
than its isosteric sulfur analog, PBIT. These preliminary data are
significant, demonstrating that PBISe significantly inhibits iNOS,
PI3 kinase and pAkt signaling in colon cancer cells to dramatically
increase apoptosis and decrease proliferation. These are critical
observations needed to support the utility of PBISe in future animal
studies. Mechanisms of action of PBISe and in vivo animal study
with various cancer types are under investigation.
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compound 1 by reacting 1,4-di(2-bromoethyl)benzene (7)(1.0 g, 3.43 mmol)
with selenourea (0.84 g, 6.86 mmol) to yield 2 (1.3 g, 69%), mp, 247–249 �C; 1H
NMR (D2O): 7.25 (s, 4H, aromatic), 3.37 (t, 4H, Ph-CH2, J = 7.2 Hz), 3.21 (t, 4H,
C–CH2, J = 6.86 Hz); MS m/z; ion intensity 377 and 379 (M+, 50), 335 and 337
(80), 253 and 255 (70), 188 and 190 (100), 131 (50), 73 (10). ESI-MS: m/z, calcd:
378.9934 for C12H19N4Se2; found: 378.9935.

57. Synthesis of Se-2-phenylethylisoselenourea hydrobromide (PEISe, 4): compound 4
was prepared in similar manner as reported above for compound 2 by reacting
2-bromoethyl benzene (1.0 g, 5.4 mmol) with selenourea (0.67 g, 5.4 mmol) to
yield 4 (1.26 g, 80%); mp, 140–142 �C; 1H NMR (D2O): 7.29–7.20 (m, 5H,
aromatic), 3.02 (t, 2H, CH2-Ph, J = 7.0 Hz), 3.48 (t, 2H, CH2-Se, J = 7.0 Hz); EMS
(m/z, intensity): 229 (M+, 100), 181 (80), 159 (10), 105 (10).

58. Cell lines and culture conditions: colon adenocarcinoma cell line (Caco-2; ATCC
No. HTB-37, HT-29; ATCC No. HTB-38, HCT-116; ATCC No. CCL-247, and SW-
480; CCL-228) were grown in Advanced DMEM (2 Mm) supplemented with
10% heat treated (56 �C for 30 min) FBS (Hyclone, Logan, UT) and L-glutamine
or RPMI-1640 containing 10% FBS. Lung adenocarcinoma (A549; ATCC No. CCL-
185), fibrosarcoma (HT-1080; ATCC No. CCL-121), prostate adenocarcinoma
(PC-3; ATCC No. CRL-1435), ovarian adenocarcinoma (NIH: OVCAR-3; ATCC No.
HTB-161), and a breast adenocarcinoma cell line (MDA-MB-231; ATCC No.
HTB-26) were grown in DMEM supplemented with 10% FBS. The human
vertical growth phase (VGP) melanoma cell line WM115 was maintained in
Tu2% medium lacking calcium chloride, but supplemented with 2% heat
treated (56 �C for 30 min) FBS and L-glutamine as described previously.

59. To investigate the structural requirements, we first compared the cell viability
of colon adenocarcinoma cells (Caco-2, HT-29, HCT-116, SW-480) upon
treating with PBIT (1), PBISe (2), and their corresponding monosubstituted
compounds PEIT (3), and PEISe (4) (Table 1). The IC50 values were calculated by
treating with increasing concentrations of PBIT, PEIT, PEISe (10–100 lM) or
PBISe (1.6–50 lM) for 72 h and the number of viable cells quantified using 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) (Promega, WI).

60. Representative example of inhibitory effect of PBISe and PBIT against Caco-2
cells is shown in Figure 2. In brief, the assay was carried out by plating 5 � 103

cells per well in 100 lL media for 24 h followed by treatment with either
vehicle control PBS or with increasing concentrations of PBIT (0–120 lM) or
PBISe (0–10 lM) for 72 h. The percentages of viable cells compared to control
PBS treated cells were determined using MTS assay and IC50 values calculated
using GraphPad Prism version 4.01 (GraphPad software, San Diego, CA). IC50

value for each compound was determined from at least three independent
experiments and represented with a standard error (Fig. 2).

61. In vitro inhibitory effect of PBIT and PBISe on various cancer cell lines: by following
similar procedure as reported above against colon cancer cells;60 growth
inhibitory effects on normal fibroblast cells (FF2441), and cultured cancer cells
from human vertical growth phase (VGP) melanoma (WM115), Lung
adenocarcinoma (A549), fibrosarcoma (HT-1080), prostate adenocarcinoma
(PC-3), ovarian carcinoma (OVCAR-3), and breast adenocarcinoma (MDA-MB-
231) were tested with increasing concentrations of PBIT (10–100 lM) or PBISe
(1–40 lM) (Table 2, Fig. 3).

62. Inhibition of nitrite production by PBISe in Caco-2 cells: to demonstrate that
PBISe and PBIT similarly inhibited nitrite production in Caco-2 cells, the iNOS
activity in terms of total nitrite (nitrate + nitrite) produced was measured
using a colorimetric assay (Cayman chemical company, Ann Arbor, MI)
(Fig. 4). Caco-2 cells (1 � 106) were plated in 60 mm culture dishes in
advanced DMEM containing 10% heat treated FBS. Twelve hours later,
growing cells were conditioned (�12 h) with phenol-red free DMEM
containing 0.5% FBS and then treated with increasing concentrations of
PBIT (40 lM) or PBISe (2 lM) dissolved in phenol-red free DMEM (2 mL)
containing 0.5% FBS for 72 h. Culture supernatants were collected, centrifuged
(500g) and total nitrite (nitrate + nitrite) measured by incubating 80 lL
supernatant with enzyme cofactor mixture (10 lL) and nitrate reductase
(10 lL) for 2 h. The addition of Griess reagent-I and II (50 lL each) produced
characteristic color that was measured at 540 nm using a SPECTRAmax M2
plate reader (Molecular Devices, Sunnyvale, CA). A nitrate standard curve (5–
35 lM) was simultaneously prepared and total nitrite present in samples was
measured.

63. Western blot analysis: cell lysates were harvested by addition of lyses buffer
containing 50 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM EDTA, 10% glycerol,
1% Triton X-100, 1 mM sodium orthovanadate, 0.1 mM sodium molybdate,
1 mM phenylmethylsulfonyl fluoride, 20 lg/mL aprotinin, and 5 lg/mL
leupeptin. Whole cell lysates were centrifuged (P10,000g) for 10 min at 4 �C
to remove cell debris. Protein concentrations were quantitated using the BCA
assay (Pierce; Rockford, IL), and 30 lg of lysate loaded per lane onto NuPAGE
Gels (Life Technologies, Inc. Carlsbad, CA). Following electrophoresis, samples
were transferred to polyvinylidene difluoride (PVDF) membrane (Pall
Corporation, Pensacola, FL) and the blots probed with antibodies according
to each supplier’s recommendations: antibodies to PRAS40 and
phosphorylated PRAS40 from Invitrogen (Invitrogen Corporation, Carlsbad,
CA); antibodies to cyclin D1, p27, and Erk2 from Santa Cruz Biotechnology



D. Desai et al. / Bioorg. Med. Chem. Lett. 20 (2010) 2038–2043 2043
(Santa Cruz, CA); and antibodies to Akt3, phosphorylated-Akt (Ser473),
phosphorylated-Erk 1/2, and cleaved PARP from Cell Signaling Technology
(Danvers, MA). Secondary antibodies conjugated with horseradish peroxidase
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Immunoblots
were developed using the enhanced chemiluminescence (ECL) detection
system (Pierce Biotechnology, Rockford, IL) (Fig. 5).
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