Published OnlineFirst April 4, 2011; DOI: 10.1158/1940-6207.CAPR-11-0067

Cancer
Prevention
Research

Research Article

Phospho-Sulindac (OXT-328) Combined with
Difluoromethylornithine Prevents Colon Cancer in Mice
Gerardo G. Mackenzie1, Nengtai Ouyang1, Gang Xie1, Kvetoslava Vrankova1, Liqun Huang1,
Yu Sun1, Despina Komninou2, Levy Kopelovich3, and Basil Rigas1

Abstract
The nonsteroidal anti-inflammatory drug (NSAID) sulindac and the ornithine decarboxylase (ODC)
antagonist difluoromethylornithine (DFMO), individually and together, are effective inhibitors of colon
carcinogenesis. However, chronic use of sulindac is associated with significant side effects. We evaluated the
chemopreventive efficacy of phospho-sulindac (P-S, OXT-328), an apparently safe derivative of sulindac,
together with DFMO, in HT-29 human colon cancer xenografts. Nude mice were divided into four groups
as follows: group 1 received vehicle (corn oil); group 2 received P-S (100 mg/kg/d) by oral gavage; group 3
received DFMO (2% in drinking water); and group 4 received P-S (100 mg/kg/d) by gavage plus DFMO
(2% in drinking water; P-S/DFMO). Eighteen days after implantation, compared with controls, tumor
volume was inhibited 65.9% by P-S, 52.9% by DFMO, and 70.9% by P-S/DFMO (P < 0.01 for all). P-S/
DFMO reduced cell proliferation 27.1% and increased apoptosis 38.9% compared with controls (P < 0.05
for both). Compared with controls, P-S reduced the levels of thioredoxin-1 (Trx-1) and thioredoxin
reductase (TrxR), whereas DFMO reduced polyamine content (putrescine and spermidine) and TrxR levels.
Importantly, P-S/DFMO decreased putrescine and spermidine levels and the expression of Trx-1, TrxR, and
cyclooxygenase (COX) 2. Of these molecular targets, TrxR most consistently correlated with tumor growth.
Study results show that P-S/DFMO is an efficacious drug combination for colon cancer prevention and also
show the safety of P-S, which may overcome the limiting side effects of conventional sulindac. P-S/DFMO
has an intricate mechanism of action extending beyond polyamines and including the thioredoxin system,
an emerging regulator of chemoprevention. P-S/DFMO merits further evaluation. Cancer Prev Res; 4(7);
1052–60. 2011 AACR.

Introduction
The last decade has witnessed increasing emphasis on
cancer chemoprevention. Using pharmacologic agents or
natural substances, chemoprevention aims to lower the risk
of developing new cancers or the recurrence of already
treated cancers. Colon cancer is the third most prevalent
cancer and the second leading cause of death in the United
States (1). The molecular pathogenesis of colon cancer is
one of the best understood among human cancers, including clearly defined precancerous stages. Given the poor
performance of currently available treatment options for
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advanced colon cancer, efforts to develop effective prevention strategies are important and urgent.
A major development in colon cancer chemoprevention
emerged from the work by Meyskens and colleagues, who
reported on a phase 2 clinical trial showing that the
combination of difluoromethylornithine (DFMO) and
sulindac versus placebo reduced the recurrence of all adenomas by 69% and of advanced adenomas by 92% (2).
This study is the culmination of more than 2 decades of
work on the role of polyamines in cancer by several groups.
Polyamines are polycationic aliphatic amines, including
putrescine, spermidine, and spermine, and are indispensable for cell survival through their role in cell proliferation.
Their level is increased when proliferation is induced by
growth factors, carcinogens, or oncogenes (3). Not surprisingly, polyamine biosynthesis is tightly regulated, with
ornithine decarboxylase (ODC) being the pivotal enzyme.
DFMO inhibits ODC, which catalyzes the rate-limiting step
in polyamine synthesis, whereas sulindac stimulates polyamine acetylation and export; combining the 2 results in a
profound reduction of polyamine levels in the colon,
leading to suppressed growth of cancer cells (4–7).
Like all nonsteroidal anti-inflammatory drugs (NSAID),
sulindac has significant toxicity, especially when used long
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cancer cells. Our results show that this combination inhibited the growth of HT-29 xenografts by over 70% through a
significant cytokinetic effect likely mediated by changes in
tumor polyamine levels and key signaling molecules,
including members of the Trx system and cyclooxygenase
(COX) 2. We conclude that P-S/DFMO has merit as a
chemopreventive strategy against colon cancer and should
be further evaluated.

term. Its main side effects are gastrointestinal (20% of
patients), central nervous system (10%), skin rash and
pruritus (5%), and elevations of hepatic enzymes in
plasma, which are often transient. To diminish toxicity
of sulindac and enhance its efficacy, we synthesized phospho-sulindac (P-S; OXT-328; Fig. 1), which consists of
sulindac chemically modified at the -COOH group, which
is considered responsible for most of its gastrointestinal
toxicity (8). We have recently reported that P-S is much
safer than sulindac (9, 10) and that it displays greater
efficacy against intestinal cancer in Apc/Min mice than
sulindac (10).
Our recent work has documented that, to a large extent,
the anticancer effect of P-S and other similarly modified
compounds is mediated through the thioredoxin system
(11). Central to redox homeostasis in the cell, the thioredoxin system consists of Trx, whose main isoform is Trx-1;
TrxR, which converts Trx to its (active) reduced state; and
NADPH (12, 13). Several signaling cascades relevant to
cancer interact with or are dependent upon the thioredoxin
system (14, 15).
Here, we evaluated the chemopreventive efficacy of P-S/
DFMO in nude mice xenografted with HT-29 human colon

H3C

Reagents
P-S (OXT-328) was provided by Medicon Pharmaceuticals, Inc. DFMO was a gift from the National Cancer
Institute. Antibodies were Ki-67 antibody (Santa Cruz
Biotechnology), COX-2 antibody (Cayman Chemicals),
Trx-1 antibody (Abcam), phospho-NF-kB p65 (Ser276)
antibody (Cell Signaling Technology), and TrxR (Sigma).
Animal study
Animals were kept under conditions of constant temperature (23 C  2 C) and humidity (55%  15%) with a
12-hour light–dark cycle (lights on at 7:00 a.m.), and had
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Figure 1. P-S alone and in combination with DFMO inhibits colon cancer growth in a xenograft model. A, chemical structure of phospho-sulindac (P-S;
OXT-328). B–D, HT-29 cells (2  106) were injected subcutaneously into the right and left flank of nude mice. Drug administration was started 1 week prior to
tumor injection. Animals were gavaged with 100 mg/kg P-S once a day for 18 days. DFMO 2% (w/v) was dissolved in water. B, body weight progression
over the course of the study for vehicle control (^), P-S (&), DFMO (~), and P-S/DFMO (*) treated mice. No significant differences in body weight
were observed among the various groups. C, tumor volume growth over time for vehicle control (^), P-S (&), DFMO (~), and P-S/DFMO (*) treated mice.
*, significantly different from all the other groups (P < 0.01; 1-way ANOVA test). D, tumor mass of the dissected tumors. Mean tumor size in mice treated with
P-S and DFMO and the combination of the 2 was smaller than that of vehicle. All values are mean  SEM; *, P < 0.05.
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free access to food (Purina Pico Mouse 5053) and water.
Female NCr nude mice (5–6 weeks old) were purchased
from Taconic. Animals were inoculated subcutaneously on
their right and left flanks, each with 2.0  106 HT-29 colon
cancer cells, which express COX-2 (16) in a volume of
100 mL in PBS. We followed a chemoprevention protocol:
1 week prior to cell implantation, 4 groups of animals
(n ¼ 6 per group) started receiving 1 of the following
treatments: group 1 received vehicle (corn oil); group 2
received 100 mg/kg/d P-S by oral gavage; group 3 received
2% (w/v) DFMO in drinking water; and group 4 received
100 mg/kg/d P-S by gavage plus 2% (w/v) DFMO in
drinking water. The doses of P-S and DFMO were chosen
based on published reports (10, 17). Tumors were measured twice a week with a digital microcaliper, and tumor
volume was calculated as [length  width  (length þ
width/2)  0.56]. Eighteen days after cell implantation,
animals were sacrificed and their tumors were removed and
weighed. Portions of each tumor were either preserved in
formalin for analysis by immunohistochemistry or snap
frozen in liquid nitrogen for determination of polyamine
levels. The animal study was approved by our Institutional
Animal Care and Use Committee.
Determination of polyamines by HPLC
Xenograft tissues were homogenized in PBS containing
0.1 mmol/L EDTA and 1 mmol/L 1,4-dithiothreitol. After
sonication and centrifugation for 10 minutes at 12,000
rpm, samples were deproteinized using 10% (v/v) perchloric acid, and the acid-soluble polyamines, analyzed by
reverse phase, ion-paired high-performance liquid chromatography (HPLC) as described (18), were normalized to
protein content. HPLC was conducted with a Waters Alliance system, using a Thermo Hypersil BDSC18 column
(150  4.6 mm, particle size 3 mm). Mobile phase A: 0.02
mol/L 1-heptanesulphonic acid (pH ¼ 3.4);CH3CN;
CH3OH ¼ 5:3:3. Mobile phase B: CH3CN;CH3OH ¼
3:2. Authentic polyamines were used as standards.
Immunohistochemistry
Immunohistochemical staining for Ki-67, COX-2, Trx-1,
TrxR, and phospho-NF-kB (activated form of NF-kB) was
conducted on the samples as previously described (19).
Determination of apoptosis
Apoptosis was determined immunohistochemically by
the terminal deoxynucleotidyl transferase–mediated dUTP
nick end labeling (TUNEL) assay (20) in formalin-fixed
tissues using the In Situ Cell Death Detection Kit, POD
(Roche) per manufacturer’s instructions. Positive control
was treatment of samples with DNase I.
Scoring. At least 10 fields per sample (at magnification
 200) were scored independently by 1 investigator
blinded to the identity of the samples. Cells with a blue
nucleus were considered unlabeled, whereas those with a
brown nucleus were considered labeled. We calculated the
percentage of proliferating and apoptotic cells by dividing
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the number of labeled cells by the number of cells in each
field and multiplying by 100.
Statistical analyses
Data were summarized using descriptive statistics and
graphical displays. Tumor volumes were compared among
the treatment groups using repeated-measures ANOVA. In
these models, treatment was included as a between-subjects
factor, whereas time was entered as a within-subjects factor.
The interaction between group and time was interpreted
using appropriate post hoc tests and graphical displays.
In the above model, baseline was excluded due to 0
variance among all groups. Potential associations between
parameters of interest (e.g., COX-2, Trx-1, tumor volume)
were assessed using correlation analysis. Given the limited
sample size, Spearman correlations were used. All tests
were considered significant at the a < 0.05 threshold
and were analyzed using SAS, version 9.1.

Results
The effect of P-S, DFMO, and P-S/DFMO on the
growth of HT-29 human colon cancer xenografts
We assessed whether P-S, DFMO, or P-S/DFMO inhibit
the growth of HT-29 human colon cancer xenografts in
athymic nude mice. P-S and DFMO given alone significantly inhibited the growth of the HT-29 tumors. When
compared with controls, the inhibitory effect of the drugs
became statistically significant starting 6 days after cell
implantation for the P-S and P-S/DFMO groups and 10 days
after cell implantation for the DFMO treatment group. As
shown in Figure 1C and D, 18 days after cells were
implanted, the tumor volume of each study group was
as follows: control ¼ 953  148 mm3 (mean  SEM for
this and all subsequent values), P-S ¼ 324  60 mm3;
DFMO ¼ 448  72 mm3; and P-S/DFMO ¼ 277  39
mm3. This indicates a reduction in tumor volume of
65.9%, 52.9%, and 70.9% by P-S, DFMO, and P-S/DFMO,
respectively (P < 0.01 for all). Although P-S and DFMO
inhibited tumor growth significantly compared with control, P-S/DFMO was more efficacious than either one alone,
but the increased efficacy of the combination only trended
toward statistical significance.
P-S, DFMO, or P-S/DFMO produced no apparent adverse
effects in mice during 25 days of administration. Throughout the study, the body weight of mice receiving P-S,
DFMO, or P-S/DFMO was comparable to that of the control group (Fig. 1B). For example, on the day before
sacrifice, the body weight of the 4 groups of mice was
as follows: control ¼ 23.6  2.6 g; P-S ¼ 23.5  1.6 g;
DFMO ¼ 23.1  1.7 g; and P-S/DFMO ¼ 23.4  3.0 g.
The cytokinetic effect of P-S, DFMO, and P-S/DFMO in
human colon cancer xenografts
To elucidate the mechanism underlying the effect of P-S,
DFMO, and P-S/DFMO on tumor growth, we determined
their effects on cell proliferation and apoptosis. Proliferation of the tumors treated with P-S/DFMO was reduced by
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27.1% compared with controls; the percentage of proliferating cells was 42.5  0.87 in controls versus 31.0  3.09
in the combination-treated mice (P < 0.01). P-S and DFMO
alone decreased cell proliferation modestly but significantly compared with control mice (12% each, P < 0.05;
Fig. 2A). P-S, DFMO, and P-S/DFMO also induced apoptosis; the apoptosis index was increased from 2.39  0.15
in controls to 3.16  0.30 in the P-S group; to 3.54  0.47
in the DFMO group; and to 3.32  0.37 in the P-S/DFMO
group (32.2%, 48.0%, and 38.9%, respectively; P < 0.05 for
all). Of note, the induction of apoptosis by P-S/DFMO did
not differ significantly from that by P-S or DFMO (Fig. 2B).
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apoptosis, and reduces polyamine
levels in human colon xenografts
in mice. Changes in proliferation
and apoptosis indices in response
to P-S, DFMO, or combination of
both. Percentage of proliferation
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xenograft tumors were
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DFMO and P-S/DFMO reduce the level of putrescine
and spermidine in human colon cancer xenografts
Increased polyamine levels, a common finding in colorectal cancers, have long been associated with colon carcinogenesis in both preclinical models and in humans (3).
Thus, the levels of polyamines in tumor xenografts treated
with P-S, DFMO, or P-S/DFMO were evaluated by HPLC.
As shown in Figure 2C, only DFMO and P-S/DFMO significantly reduced putrescine and spermidine levels. Compared with controls, DFMO alone and P-S/DFMO
decreased the levels of putrescine in tumor xenografts by
82.2% and 88.1%, respectively (P < 0.01 for both), and
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spermidine levels by 42.8% and 60.9% (P < 0.03 for both),
respectively. Spermine levels remained unchanged among
the various groups.

TrxR in tumor xenografts treated with P-S, DFMO, or P-S/
DFMO.
Compared with controls, P-S/DFMO decreased the
expression levels of Trx-1 in tumor xenografts by 50%
(P < 0.01). P-S alone also decreased Trx-1 levels by 50%
(P < 0.02), whereas DFMO had no such effect when compared with control (Fig. 3A). We also analyzed in detail the
different expression patterns of Trx-1 by scoring the intensity of the Trx-1–positive staining for each individual sample. We observed that control samples predominantly had
index scores of 2þ and 3þ. In contrast, P-S or P-S/DFMO
decreased Trx-1 expression to an intensity score of mainly

P-S, DFMO, and P-S/DFMO decrease expression of
Trx-1 and TrxR in human colon cancer xenografts
We have previously shown that the thioredoxin system
could mediate redox-induced cell death in response to
various anticancer agents including P-S (21). TrxR is
overexpressed in many cancers and together with Trx-1
is also associated with drug resistance (14). Using immunohistochemistry, we determined the levels of Trx-1 and
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1þ, whereas DFMO alone generated an intermediate
response. These results indicate that P-S/DFMO, and in
particular P-S, inhibit Trx-1 expression in HT-29 tumor
xenografts. Compared with controls, P-S and DFMO, each
alone, decreased TrxR levels in tumor xenografts by 60% and
40%, respectively (P < 0.01). P-S/DFMO decreased TrxR
levels by 63% (P < 0.01; Fig. 3B).
P-S/DFMO decreases the expression of COX-2 but not
the activation of NF-kB in human colon cancer
xenografts
Both COX-2 and NF-kB are redox-sensitive signaling
molecules. There is extensive evidence that the progression
of precancerous lesions is associated with the upregulation
of COX-2 (22). In addition, NF-kB activation is frequently
observed in colon cancer and is associated with resistance to
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levels in tumor xenografts in mice.
Tumor tissue sections were
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with COX-2. Representative
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groups. The consecutive section
was stained with isotype IgG as
negative staining control. The
number and intensity of COX-2–
positive cells were scored and
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each field. COX-2 was expressed
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field. *, significantly different from
control group (P < 0.03; 1-way
ANOVA test; IHC staining, 20). B,
P-S/DFMO does not inhibit NF-kB
activation in tumor xenografts in
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antibody. Representative images
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groups. The number of phosphop65–positive cells were counted
and expressed as percentage of
the total number of cells in the
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scheme illustrating the molecular
effectors affected by P-S/DFMO
combination (highlighted in red),
that lead to an increase in
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with a decreased carcinogenesis.
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chemotherapy (23). Thus, we investigated the expression of
COX-2 and the activation of NF-kB in tumor xenografts from
the 4 study groups. The latter was measured by determining
Ser276 phosphorylation of the p65 subunit of NF-kB.
As shown in Figure 4A, compared with controls, P-S/
DFMO decreased the expression of COX-2 in tumor xenografts by 42.8% (P < 0.03). P-S and DFMO, each alone, had
a small but statistically not significant (P > 0.07) effect on
COX-2 levels (31% and 20% reduction, respectively). No
significant differences in the degree of NF-kB activation
between study groups were observed (Fig. 4B).
Association between signaling events and xenograft
growth in response to P-S, DFMO, and P-S/DFMO
Our work revealed key molecular effectors of P-S, DFMO,
and P-S/DFMO. Table 1 summarizes their percentage change
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Table 1. The effect of P-S, DFMO, or P-S/DFMO on molecular targets in colon cancer xenografts
Molecular targets

P-S

DFMO

P-S/DFMO

Polyamines
Putrescine
Spermidine
Spermine
COX-2
NF-kB
Trx-1
TrxR
Tumor inhibition

#
#
#
#
"
#
#

#
#
"
#
#
#
#

#
#
"
#
#
#
#

13%, n.s.
8%, n.s.
3%, n.s.
31%, n.s.
4%, n.s.
50%, P < 0.02
60%, P < 0.01
65.9%, P < 0.01

82%, P < 0.01
43%, P < 0.03
10%, n.s.
20%, n.s.
14%, n.s.
8%, n.s.
40%, P < 0.01
52.9%, P < 0.01

88%, P < 0.01
61%, P < 0.03
4%, n.s.
42%, P < 0.03
6%, n.s.
50%, P < 0.01
63%, P < 0.01
70.9%, P < 0.01

NOTE: All comparisons are to the control group.
Abbreviation: n.s., not significant.

in each treatment group compared with control, highlighting the principal differences between the 2 drugs and their
combination. DFMO mainly decreased putrescine and spermidine levels, as expected; it also suppressed TrxR levels. P-S
only affected the thioredoxin system, suppressing the expression of Trx-1 and TrxR. The combination of the 2 agents
showed the same effects plus suppressed COX-2 expression
and a more pronounced inhibition of tumor growth.
To evaluate the contribution of each molecular target
to the antitumor effect, we conducted correlation analyses
(Table 2 and Supplementary Fig. S1). TrxR was the molecular target that best correlated with tumor volume data
(Fig. 3C). Tumor volume values plotted against
the respective TrxR levels showed a statistically significant
positive association between them (R ¼ 0.850, P < 0.001).
This was also true, albeit to a lesser extent, for Trx-1 (R ¼
0.499, P < 0.03) and COX-2 levels (R ¼ 0.582, P < 0.01). As
expected, putrescine levels were positively associated with
spermidine levels (R ¼ 0.836, P < 0.001); both were
associated with the cell proliferation marker Ki-67 (R ¼
0.551, P < 0.02 for putrescine; R ¼ 0.588, P < 0.001 for
spermidine), reflecting the known positive association
between polyamines and cell proliferation.

Discussion
This study shows that the combination of P-S and DFMO
significantly prevents human colon cancer in a xenograft
model. This effect is associated with reduced levels of (a)
polyamines, key regulators of cell proliferation; (b) Trx-1
and TrxR, the 2 protein members of the thioredoxin system;
and (c) COX-2, a protein considered important in colon
tumorigenesis and a target of chemopreventive agents.
These molecular effects likely culminate in substantial
inhibition of proliferation and induction of apoptosis,
the net effect of which was the 70.9% reduction in xenograft growth by P-S/DFMO (Fig. 4D).
Agent safety is critical to chemoprevention, which by
definition entails long term (decades) of agent administration to often healthy individuals at risk of cancer.
Neither DFMO nor P-S, even when combined, showed
signs of toxicity, particularly gastrointestinal toxicity, a
major limitation of conventional sulindac. Indeed, safety
concerns have prompted efforts to devise chemopreventive
protocols using the lowest possible dose of sulindac that
maintains adequate efficacy, including the coadministration of a gastroprotective drug (24). Our results are

Table 2. Correlation of various molecular effectors with tumor volume and with each other

Tumor volume
TrxR
Trx-1
Ki-67
COX-2
Putrescine
Spermidine
Spermine

TrxR

Trx-1

Ki-67

COX-2

Putrescine

Spermidine

Spermine

NF-kB

0.85, P < 0.001

0.50, P < 0.03
0.66, P < 0.01

0.54, P < 0.02
0.72, P < 0.01
n.s.

0.59, P < 0.01
0.63, P < 0.02
0.48, P < 0.04
n.s.

n.s.
n.s.
n.s.
0.55, P < 0.02
n.s.

n.s.
n.s.
n.s.
0.59, P < 0.01
n.s.
0.84, P < 0.001

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

NOTE: For each column, the first number represents the R value.
Abbreviation: n.s., not significant.
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consistent with previous work indicating the preclinical
efficacy of P-S (9, 10). For example, though 100% of mice
receiving P-S (100 mg/kg/d) for 3 weeks were alive and
healthy, treatment with sulindac at an equimolar dose (66
mg/kg/d) resulted in 80% mortality (10).
The chemopreventive efficacy of P-S/DFMO was stronger than that of either compound alone, and even
though these effects only trended toward statistical significance, such lack of significance is probably due to
lack of power. Nonetheless, we deem this finding as
highly relevant. Thus, although this enhanced efficacy
did not represent true pharmacologic synergy, it is consistent with the notion that these compounds modulate
the polyamine biosynthetic pathway synergistically. The
growth inhibitory effect by P-S, DFMO, and P-S/DFMO
was associated with significantly decreased cell proliferation and increased apoptosis. Of the 2, the effect on
apoptosis was somewhat more pronounced. The end
result of these 2 effects was significant suppression of
xenograft growth.
The cytokinetic effect of the test compounds reflects the
summation of changes in several cell signaling pathways.
Analysis of cell signaling in response to P-S, DFMO, and
P-S/DFMO revealed that at least 3 important pathways are
modulated significantly by these 2 agents: polyamines, the
thioredoxin system, and the eicosanoid pathway. Perhaps
surprisingly, NF-kB does not seem to be part of this
chemopreventive effect.
A strong relationship between polyamines and cancer is
known to exist. However, our results make it clear that the
relationship between each of the 3 polyamines and tumor
growth inhibition is complex. None of them individually is
significantly associated with tumor volume, though putrescine and spermidine are associated with cell proliferation,
in keeping with their well-known role in cell renewal (3,
25). Putrescine and spermidine (the immediate metabolic
product of putrescine) are associated with each other,
whereas spermine, whose levels did not change in any of
the study groups, seems to be differentially regulated by P-S
and/or DFMO.
The most consistent and statistically strongest association with tumor volume concerned the thioredoxin system, most notably TrxR and, to a lesser degree, Trx-1.
These 2 proteins are pivotal in regulating redox chemistry
in the cell. Trx-1 reduces client proteins oxidized by
reactive oxygen species (ROS) under conditions of oxidative stress, itself undergoing oxidation during this process.
TrxR reverses this, returning Trx-1 to its active (reduced)
status. Under our experimental conditions, the apparently dominant effect was the significant suppression
of TrxR and Trx-1 by P-S/DFMO, presumably precipitating a state of massive oxidative stress that leads to the
death of HT-29 cells. We have previously proposed such a
mechanism of chemopreventive action for P-S and other
chemopreventive agents (11, 26). Adding complexity,
there is a possible direct interaction between the thioredoxin system and polyamines. In MCF-7 human breast
cancer cells, transfected Trx-1 decreased the expression
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and enzyme activity of spermidine/spermine N1-acetyltransferase and also lowered putrescine levels without
changing those of spermine or spermidine (27). Of interest, an inverse relationship (reduction of thioredoxin
caused by polyamine depletion) has been reported in a
different system (28).
COX-2 levels were significantly suppressed by P-S/
DFMO but not by either one alone. The difference in
the degree of suppression, especially by P-S compared to
P-S/DFMO, was not great (31% vs. 42%); in the case of P-S,
however, its effect on COX-2 expression did not reach
statistical significance. The relationship between the eicosanoid cascade and cancer prevention by P-S/DFMO is
unclear. Contrary to expectations, Meyskens and colleagues
noted no change in prostaglandin E (PGE2) levels in the
colonic mucosa of patients treated with sulindac/DFMO
(29). COX-2–independent effects in cancer prevention by
NSAIDs have long been considered (30). Nevertheless, the
suppressed levels of COX-2 and the presumed accompanying suppression of PGE2 levels may have contributed to
their chemopreventive effect.
The lack of any significant effect on NF-kB by our test
compounds is rather surprising, especially, as NF-kB is
redox sensitive and modulated by the thioredoxin system
(21). Multiple lines of evidence indicate that NF-kB is an
important mediator of carcinogenesis; depending on biological context, it modulates proliferation and apoptosis
(31). Anticancer drugs, including P-S, inhibit NF-kB activation as part of their pharmacologic activity (11, 31). This
finding underscores the complexity of cell signaling pathways and suggests that the final outcome represents the
balance of many competing processes.
In conclusion, our study shows that P-S combined with
DFMO is a promising drug combination for colon cancer
prevention. P-S/DFMO has an intricate mechanism of
action that extends beyond polyamines, involving emerging regulators of chemoprevention such as the thioredoxin system. The (preclinical) safety of P-S may enable
it to overcome safety concerns about the clinically successful combination of conventional sulindac with DFMO.
Given the efficacy of P-S and apparent safety as well as
its effective combination with DFMO, P-S deserves further
evaluation for its role in colon cancer prevention.
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