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Abstract

The nitrones of a-phenyl-tert-butyl nitrone (PBN) and 4-hydroxyl-PBN (4-OH-PBN) that have anti-cancer activity in models
of liver cancer and glioblastomas were tested in the ApcMin/+ mouse model. Mice were administered PBN and 4-OH-PBN
in drinking water and intestinal tumour size and number assessed after 3—4 months. Throughout the experiment, contrast-
enhanced magnetic resonance imaging (MRI) was used to monitor colon tumours. MRI data showed a time-dependent
significant increase in total colonic signal intensity in sham-treated mice, but a significant decrease for PBN-treated mice and
slight decrease for 4-OHPBN treated mice, probably due to the limited water solubility of 4-OH-PBN. Final pathological and
percentage survival data agreed with the MRI data. PBN had little effect on oxaliplatin-mediated killing of HCT116 colon
cancer cells and caused only a slight decrease in the amount of active fraction caspase 3 in oxaliplatin-treated cells. PBN has
significant anti-cancer activity in this model of intestinal neoplasia.

Keywords: Nitrones, HCT-116 cells, Apc™™'* mice, colorectal cancer, oxaliplatin

Abbreviations: CRC, colorectal cancer; PBN, a-phenyl-tert-buryl nitrone; MRI, magnetic resonance imaging; 4-OHPBN,
4-hydroxy-phenyl-tert-butyl nitrone; EPR, electron paramagnetic resonance; DMEM, Dulbecco’s Modification of Eagle’s
Medium; MTS, 3-(4,5-dimethylthiozol-2-yl) -5 (3-carboxymethoxyphenyl) -2 H-tetrazoluim); Gd-DTPA, gadolinium-
diethylenetriamine penta-acetic acid; iNOS, inducible Nitric Oxide Synthase; NO, nitric oxide.

Introduction .. . .
limited survival advantages have been achieved [2].

Colorectal cancer (CRC) is the third leading cause of
cancer death in the US, with an overall 5 year survival
rate of only 65% [1]. Approximately half of the patients
with CRC develop liver metastases—a complication
that substantially contributes to mortality. Despite
recent advances in therapy for advanced CRC, only

There is an urgent need for novel therapeutics to aug-
ment current chemotherapeutic approaches, especially
for metastatic disease. Nitrones are a class of com-
pounds known for their ability to trap free radicals
(Re) and offer potential as anti-cancer agents. These
chemicals are typified by the general structure of
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X-CH=NO-Y where the nitrone moiety can form
stable radical adducts (X-CHR=NO--Y). Nitrones
were recently noted to have potent anti-cancer activity
in an animal model of liver cancer [3—6] and glioblas-
toma [7] but, to date, have not been studied in other
cancer models to better define their promise.

Nitrones have been extensively used in electron
paramagnetic resonance (EPR) to characterize short-
lived free radicals [8]. For example, a-phenyl-zers-
butyl-nitrone (PBN), a prototypic nitrone where X
represents a phenyl moiety andY a tert butyl group,
can identify radicals by forming unique spin adducts
[9]. After initial use of nitrones to identify radical
intermediates in analytical chemistry, these com-
pounds were subsequently found to be powerful tools
for studying free radical intermediates in biochemical
reactions [10—12] and whole animals [13-16].

The utility of nitrones in animal models led to the
recognition that PBN has significant protective effects
against ischemic stroke [3,17-19] and, in a few stud-
ies, against cancer [3,5-7,18]. Both of these diseases
are believed to involve free radicals, although mecha-
nisms for the therapeutic action of PBN may involve
anti-inflammatory properties rather than radical
trapping [18-20].

The preliminary observations on the potential anti-
cancer activity of nitrones led us to consider the effect
of PBN and 4-hydroxy-PBN (4-OH-PBN), a closely
related nitrone, in the ApcM™* model of intestinal
neoplasia. This murine model harbours a germline
mutation in Apc at codon 850 that leads to a trunca-
tion of the protein. Heterozygosity in one Apc allele
occasionally generates the inactivation of the other
allele by somatic recombination and when this occurs
in intestinal epithelial cells adenomas form [21]. The
molecular consequences of losing Apc, a multi-func-
tional protein that binds microtubules, proteins in the
Wnt/Wg pathway, a-catenin and axin, cytoskeletal
regulators and the Rac guanine-nucleotide-exchange
factor leads to the activation of B-catenin and induc-
tion of WNT signalling [22-24]. In Apc™M™* mice
adenomas begin to develop in infancy, with death
occurring at 16-20 weeks due to chronic intestinal
haemorrhage [25,26]. Mice with this mutation on the
C57BL/6 background develop an average of 30 small
intestinal and five colonic adenomas per mouse. On
occasion, adenomas progress to adenocarcinoma but
metastases are not seen, most likely because mice do
not live long enough for this late complication to
occur.

In contrast to ApcM™* mice, other murine models
with targeted inactivation of Apc develop 10-fold more
adenomas [27]. We selected the ApcM™* model to
investigate the effect of orally administered PBN and
4-OHPBN on tumour formation because the model
has been used to study chemoprevention and relates
well to human CRC [28-30]. We also applied magnetic
resonance imaging (MRI) with gadolinium contrast to
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estimate i vivo rates of tumour change [31,32]. This
imaging technique allowed us to collect time-depen-
dent data on individual mice as treatments proceeded.
Our results clearly show that PBN has potent chemo-
preventive activity in the ApcMi™*+ model. In addition,
MRI findings indicated that PBN caused a time-depen-
dent loss of total signal intensity, suggesting that this
nitrone has a potential role as a therapeutic agent.

For chemotherapeutic agents to be effective they
usually must be compatible with existing treatments.
For mid- to late-stage CRC, after resection of the
primary tumour and dissection of regional lymph
nodes, adjunctive chemotherapy, when indicated,
typically involves platinum-based agents [2]. Given
this standard approach, we wanted to determine
whether PBN interfered with oxaliplatin-induced kill-
ing of human cancer cells. In vitro testing using
HCT116 human CRC cells demonstrated that PBN
had no effect on oxaliplatin killing at concentrations
considered effective in the Apc™Mi™* model. These
findings demonstrate that nitrones are promising
compounds for the prevention and/or treatment of
colon adenomas and CRC.

Materials and methods
Synthesis of PBN and 4-OH-PBN

PBN and 4-OH-PBN were synthesized using a
straightforward chemical reaction followed by an
extraction and crystallization procedure as previously
described [33]. PBN requires benzaldehyde and
2-methyl-2-nitro propane as starting chemicals,
whereas 4-OHPBN utilizes 4-hydroxy-benzaldehyde
in place of benzaldehyde. Nitrones synthesized in our
laboratory have been characterized by mass spectros-
copy, NMR and melting point analysis and found to
be superior in terms of purity than commercially
available nitrones.

Mouse breeding

Breeder pairs for C57BL/6] ApcMiv* mice were
obtained from Jackson Laboratory (Bar Harbor, ME).
The genotype of mice were confirmed by allele-spe-
cific PCR using DNA isolated from tail nicks and a
kit supplied by Jackson Laboratory. At weaning mice
were randomly assigned to one of three treatment
groups consisting of untreated drinking water (sham)
(n = 10) and drinking water to which PBN (n = 17)
or 4-OHPBN (z = 19) was added. These compounds
were administered at a rate of 100 mg/kg-day in
drinking water. Water bottles were changed to fresh
solutions twice weekly. Water consumption was
assessed by weighing the water bottles to assure that
PBN administration was ~ 100 mg/kg daily and that
there was no difference in water consumption between
experimental groups. Mice were group housed at five
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per cage and fed lab chow ad Lbitum. All experiments
involving mice were approved by the animal commit-
tee at OMRF and performed according to NIH
guidelines on the use of experimental animals.

Enumeration of tumours

Necropsies were performed on mice when individual
animals began to show signs of illness. To determine
the number and size of tumours, small and large
intestines were removed in their entirety, flushed with
cold PBS and the small intestine divided into equal
portions (proximal, mid and distal segments). All seg-
ments including colons were longitudinally opened,
spread flat with the mucosal surface facing upward
on black blotting paper and tumours immediately
counted and measured to the nearest mm using a
10X-magnifying lens. Volumes were calculated assum-
ing tumours were spherical in shape and using the
diameter to calculate the tumour size.

Magnetic resonance tmaging

MRI was performed using a Bruker Biospec 7.0 Tesla
30 cm bore horizontal small animal imaging system at
the OMRF Small Animal MRI Core Facility. Gado-
linium-enhanced MRI analysis was done on a sub-set
of five mice in each group at four-to-six time points
(variances due to MR imaging scheduling) during
the experiment. To fully delineate the complex three-
dimensional anatomy of the murine colon, we initially
performed a luminal and tissue contrast-enhanced
study on several mice. A Ferumoxide injectable
solution (Feridex®) was instilled into the colon as a
negative contrast agent and gadolinium injected intra-
venously as a positive contrast agent. For this pilot, the
colon was surgically backfilled with Ferumoxide
because timing the delivery of an orally administered
contrast agent with intravenous gadolinium was
considered difficult. Mice were anaesthetized with
isoflurane and through a 5 mm midline abdominal
incision the proximal colon was identified at its junc-
ture to the cecum. Two ligatures 0.5 cm apart were
loosely placed around the colon and a 2 mm incision
made into the colon. A gavage needle was inserted and
colon contents flushed per rectum using sterile PBS.
The rectum was closed with a purse string ligature and
the colon backfilled through the proximal colon inci-
sion with 1.0 ml of 1:10 dilution of Ferumoxide in
saline. Both colonic ligatures were then tied to prevent
backflow of the instilled contrast. The surgical area
was washed with sterile PBS, the colon gently returned
to the peritoneal cavity, the abdominal incision closed
and mice allowed to recover. Gadolinium was then
administered via a tail vein injection and serial gated
transverse scans of the colon were performed from
the upper abdomen to anus (~ 50 slices of 1 mm

thickness). Only signal intensities from the colon
were analysed as tumours in the small intestine were
difficult to reliably identify.

For the remainder of the study, intravenous con-
trast-enhanced MRI, without Ferumoxide was per-
formed on ApcMi™* mice to assess adenoma formation.
MRI analysis was done on mice at~ 7, 12, 16 and 18
weeks of age. Images were obtained using a multi-
slice, multi-echo spin echo sequence with the follow-
ing parameters: TR (repetition time) of 800 ms, TE
(echo time) of 11.64 ms, two averages, a field-of-view
of 30.88 mm X 17.49 mm, a matrix size of 256 X
171, a 1 mm slice thickness, 27 slices throughout the
distal region, axial slice orientation and a spatial res-
olution of 121 X 102 mm?/pixel. Initially, scout
images were obtained to plan slices through the distal
colon region (from kidneys to the rectum). Pre- and
post-Gd-DTPA contrast agent administration was
done (gadolinium diethylene triamine penta acetic
acid; 0.2 mmol/kg, 110 pl volume via a tail-vein cath-
eter). The post-contrast image was obtained 10 min
following administration of Gd-DTPA.

For the signal intensity measurements, image anal-
ysis was done using Bruker Paravision 4.0 software.
Regions of interest (ROIs) in the colon lumen (outer
and inner contours) were delineated and the signal
intensity due to Gd-DTPA measured using the ROI
tool. An arbitrary area of normal muscle was outlined
on each slice for referencing. Signal intensity values
were added for all slices and referenced to the signal
intensity of the dorsal back muscle. Average mean sig-
nal intensity (= SD) was obtained for each treatment
group at different time-points. Trends by treatment
group were estimated using linear equations for data
fitting. Another independent group used perfusion
maps to depict Gd-DTPA uptake in colon adenomas
with pixel values outlined for analysis. The dynamic
contrast enhancement (DCE-MRI) data were evalu-
ated by a General Linear Model (GLM) to compare
differences in slopes of mean signal intensity over time.
Only data from 6-16 weeks were considered in the
analysis since relatively few animals (particularly in the
untreated group) survived beyond 16 weeks and inclu-
sion of outlying data points would have inaccurately
weighted their impact and biased results.

Percentage survival

Survival of each treatment group (untreated, PBN-
treated and 4-OH-PBN-treated) were represented as
the percentage of mice still surviving at given time
points over the course of 156 days.

Cell culture

Stock cultures of HCT116 cells (ATCC) were grown
in Dulbecco’s Modification of Eagle’s Medium
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Table 1. Age and intestinal tumor multiplicity in Apc™Min/*
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mice orally treated with nitrone compounds following weaning.

Treatment groups (+ SE)

Sham 40H-PBN PBN
(n = 10) (n = 20) (n = 15) P values P valuet
Age (days) 127 +£5 135+ 4 148 + 4 0.007 0.001
Tumor no. per mouse 58.9 +£9.2 65.6 £ 6.5 42.1+7.5 0.070 0.02
Tumor volume (mm?) per mouse 177 £ 32 210 £ 23 95 + 26 0.007 0.01
Tumor volume (mm?) per tumor per mouse 8.8+ 1.6 9.6 £ 1.2 3.1+1.3 0.002 <0.0001

(DMEM) containing L-glutamine and supplemented
with 10% FBS, 100 U/mL penicillin and 100 mg/mL
streptomycin. When 80% confluent, cells were plated
onto 24-well plates. Once 80% confluent again, the
medium was replaced with fresh medium containing
treatment compounds.

The amount of cell killing due to oxaliplatin
(Sigma Chemical Company) was determined by
analysing cells using 3-(4,5-dimethylthiazol-2-yl)-
5(3-carboxymethoxphenyl)-2-(4-sulphophenyl)-2H-
tetrazolium (Promega) and phenazine ethosulphate as
an electron coupling reagent reduced by mitochondria
to produce a chromophore with maximum absorption
at 540 nm. HCT116 cells were cultured for 24 or 48 h
in medium containing either oxaliplatin or oxaliplatin
plus various concentrations of PBN. Treated cells
were then washed twice with PBS and cell viability
determined. Linearity with cell number was achieved
at 25 min of incubation and therefore this time was
used to estimate the proportion of live cells.

Statistics

Comparisons among treatment groups were made
using ANOVA assuming unequal variances with p <
0.05 considered significant (JMP version 5.0.1, SAS,
Cary, NC).

Results

Tumour enumeration

Three groups of ApcMi™* mice were treated with

PBN, 4-OHPBN or sham and at necropsy a signifi-
cant decrease in the total number of intestinal
tumours, tumour volume per mouse and tumour vol-
ume per tumour per mouse was seen for the PBN
group compared to the other groups (Table I). An
increased weight gain was consistent with the lack of
any sign of toxicity caused by administering either of
the nitrones. Since anaemia from intestinal haemor-
rhage is the primary cause of death in this model,
increased survival in the PBN group was likely due
to lesser tumour burden. In contrast, no significant
differences were found between the sham and 4-OH-
PBN groups. This observation, viz that 4-OH-PBN
was no different than sham, was unexpected and,

compared to PBN, may have been due to the retro-
spective recognition that this compound had low
solubility in water (see discussion).

When the average number of colon adenomas was
analysed, no significant differences were found
between shams and 4-OH-PBN-treated mice. Because
we suspected that the 4-OHPBN-treated group had
been under-treated and since the average number of
colon adenomas in the ApcMi* mice is typically less
than five per mouse, we performed a post-hoc analy-
sis that compared PBN-treated mice to combined
data for sham- and 4-OHPBN-treated groups. Using
these assumptions, PBN-treated mice showed a non-
significant trend toward fewer average number of
colon adenomas compared to controls (1.8 = 0.3 vs
2.3+0.2,p > 0.05), but tumour volumes (mm?) were
significantly decreased (17 £ 11 vs 55 £ 8, p < 0.01)
as were adenoma volume (mm?) per adenoma (26 +
3.7vs 6.9 £4.9,p < 0.01).

Percentage survival

PBN treatment was associated with significantly
improved survival compared to the other groups. The
percentage survival of mice in untreated, PBN-treated
and 4-OH-PBN-treated mice are shown in Figure 1,
which shows the PBN-treated animals with the best
median survival of 152 days (all mice were sacrificed

__ 100 -, t- Untreated
S l ! —— PBN
>
g L, --- 4-OH-PBN
& 50 b= ]
= [}
i
g =

0 50 100 150 200

Age (days)

Figure 1. Calculation of percentage survival for non-treated, PBN-
treated and 4-OH-PBN-treated mice over a period of 156 days of
age when remaining mice were sacrificed. PBN-treated mice have
increased percentage survival (z = 17; median survival 152 days
with 35% surviving to 154 days) in comparison to non-treated mice
(n = 10; median survival 124 days with 10% surviving to 154 days)
and 4-OH-PBN-treated mice (# = 19; median survival 131 days
with 11% surviving to 154 days).
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at 156 days), with 35% of these mice still surviving
at 154 days. Comparatively, the untreated mice with
the worst survival had a median survival of 124 days,
with only 10% surviving at 154 days; and the 4-OH-
PBN-treated mice had a mean survival of 131 days,
with 11% surviving at 154 days.

Morphological MRI assessment

To verify our ability to identify colon tumours by
MRI, we tested a dual contrast method in several Apc-
Min/+ mice using Ferumoxide instilled into the colon
as a negative contrast agent and Gd-DTPA injected
intravenously as a positive contrast agent. MRI scans
showed that adenomas were readily detected in the
wall of the colon (Figure 2). Next, a sub-set of sham
and PBN- or 4-OHPBN-treated mice were followed
longitudinally for 6-18 weeks of age for changes in
colonic MRI signal intensity following Gd-DTPA
administration. Analysis at 18 weeks was not feasible
because too many sham- and 4-OHPBN-treated mice
died between 16-18 weeks of age to permit valid
comparisons. For other time points, the relative
MRI signal intensities (referenced to back muscle)
were measured for each colon image slice and all
slices compiled to obtain a total colonic MRI signal

intensity. Sham-treated mice showed a significant
increase in MRI signal intensity over 7-16 weeks of
age (Figure 3A, p < 0.05). In contrast, PBN treat-
ment resulted in a significant decrease in MRI signal
intensity (Figure 3B, p < 0.05). 4-OH-PBN treat-
ment showed a non-significant decrease in MRI sig-
nal intensity (p > 0.05) and was not significantly
different compared to shams (p > 0.05). Representa-
tive colon adenomas detected by contrast-enhanced
MRI are illustrated in Figures 3D and E.

Finally, a second MRI analysis was performed on
these same data using pixel values by an independent
MRI group (Figure 4). Perfusion maps were used to
depict Gd-DTPA uptake in colon adenomas with pixel
values outlined for analysis (Figure 4D). The slopes
across the three groups (untreated, PBN and 4-OH-
PBN) were evaluated with respect to days of treatment.
This produced an F(2,123) of 6.44, which indicated
significant differences between the regression coeffi-
cients (p < 0.0055). Consistent with prior findings,
shams (untreated) showed a significant increase in MRI
pixel values for colon adenomas over time (Figure 4A,
p < 0.05). In contrast, nitrone-treated mice demon-
strated decreased MRI pixel values over time, compared
to shams, that were significant for both the PBN-treated
group (Figure 4B, p < 0.01) and the 4-OH-PBN-treated

Figure 2. MRI of colon regions: (A) lower to mid-colon and (C) mid to upper colon of non-treated wild type mice in the supine position
pre- (i) and post-contrast (ii) following administration of Ferumoxides by intra-colonic injection and intravenous Gd-DTPA via tail vein.
Note that colon lumen (1) is better defined in contrast-enhanced images and that possible small adenomas are highlighted in Bii (4). Other
anatomical features include the spinal cord and vertebrae (2), and back muscles (3). In the lower to mid-colon regions (A), peristalsis
resulted in slight differences in co-registration of pre- and post-contrast images.
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Figure 3. MRI signal intensity (A-C) from uptake of Gd-DTPA in colon adenomas in ApcMi®* mice that over 16 weeks were treated with
(A) sham (n = 15), (B) PBN (z = 13) or (C) 4-OHPBN (z = 14). Note that PBN-treated mice show decreased MRI signal intensity
compared to increased signals in sham-treated mice. MRI images (D and E) depict adenomas (arrow) that have taken up Gd-DTPA and
have increased MRI signal intensities in a non-treated mouse. Linear slopes were calculated for each treatment group over 7-16 weeks of

observation.

mice (Figure 4C, p < 0.05). Regarding 4-OH-PBN
treatment, although the MR signal intensity analyses
were not significantly different compared to shams
(Figure 3C), a decreasing trend was apparent.

PBN effect on oxaliplarin killing of colon cancer cells

We next sought to determine the effect PBN on oxali-
platin-mediated killing of cancer cells. HCT116 colon
cancer cells were treated with 10 uM oxaliplatin and
after 2 days showed significant cell death (Table II).
In contrast, PBN showed no significant effect on kill-
ing up to 1 mM. When PBN was combined with
oxaliplatin, slight protection was noted against oxali-
platin toxicity at 2 mM PBN with a decrease relative

to control from 29.3% to 24.7% at 2 mM. The effect
of PBN on HCT116 cells at 2 mM was then tested
across a range of oxaliplatin concentrations (0—20
uM). This concentration of PBN, in the absence of
oxaliplatin, had no discernable toxic effects on
HCT116 cells. When oxaliplatin was added to cells
there was only slightly decreased susceptibility at the
lower concentrations compared to oxaliplatin alone
(Figure 5 Finally, we evaluated the effect of PBN on
oxaliplatin-mediated apoptosis in HCT116 cells.
HCT116 cells generated the active fragment of cas-
pase 3 following treatment with oxaliplatin at 10 and
20 uM for 24 and 48 h (Figure 6). Addition of PBN
at 2 mM slightly decreased the amount of active frag-
ment caspase 3 for cells exposed to oxaliplatin at 24 h
but showed no effect at 48 h.
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Figure 4. Calculation of MRI pixel values from perfusion maps obtained following Gd-DTPA uptake in (A) sham-treated, (B) PBN-treated
and (C) 4-OH-PBN-treated mice from 7-16 weeks of age. (D) Perfusion map of Gd-DTPA uptake in adenomas (arrows). PBN- and
4-OH-PBN-treated mice show decreased pixel values in colon lumen compared to sham-treated mice.

Discussion

This study is the first to demonstrate the anti-cancer
activity of orally administered PBN in the ApcMin+
model of intestinal neoplasia. The PBN-induced
decrease in intestinal tumours (Table I) was con-
firmed by contrast-enhanced MRI studies of the
colon (Figures 2 and 3). The MRI data also suggested
that PBN maintained effectiveness throughout the
treatment period, with a steady downward trend in
colon tumour volume over 10 weeks of observation
using this technique. In contrast, and as expected,
sham-treated mice showed a gradual time-dependent
increase in total colon MRI signal intensity (Figures
2B and 3B). These data indicate that PBN was able to
diminish tumour volume in ApcM™* mice over time—
a therapeutic effect—and, by enumerating adenomas

in both large and small intestines, also decrease the
total number of adenomas—a preventive effect. The
percentage survival data (Figure 1) supports the anti-
cancer effect of PBN.

For 4-OH-PBN treatment, percentage survival
data was not as strong as observed for PBN, but a
slight increase in survivability was seen in comparison
to shams. The discrepancies in these data (tumour
enumeration, MRI evaluations and percentage sur-
vival) for 4-OH-PBN compared to shams was unex-
pected since 4-OH-PBN had been previously shown
to have anti-cancer activity in the choline deficient
model of liver cancer [4,6]. We should note, however,
that in the liver cancer study 4-OH-PBN was admin-
istered as a dietary additive and not in drinking water
as was done in this study. Because of differences in

Table 2. PBN effect on oxaliplatin (OXPN) killing of HCT-116 cells.

Optical density of MTS reduction product

PBN Added (mM) Control no OXPN

Treated 10 uM OXPN

% Decrease relative to control

0 0.700 (+£0.003)
0.5 0.745 (+0.004)
1.0 0.740 (+£0.001)
2.0 0.772 (+0.006)

0.495 (+0.006) 29.3
0.498 (+0.023) 33.1
0.536 (+0.002) 29.0
0.581 (+0.014) 24.7
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Figure 5. Killing of HCT116 cells at 48 h post-incubation by
oxaliplatin in the presence of 2 mM PBN (shaded bars). Increased
optical density is directly proportional to the number of live cells
present.

route of administration and despite one authoritative
publication indicating that 4-OH-PBN is more water-
soluble than PBN [34], we retested the solubility of
4-OH-PBN and PBN to determine whether the route
of administration might explain the discrepancy in
4-OH-PBN results. PBN proved to be readily soluble
in drinking water to ~ 150 mM, a 35-fold higher con-
centration than needed to deliver 100 mg/kg-day as
designed for this study. The maximum solubility of
4-OH-PBN, however, was only 500 uM, a concentra-
tion that provided only 13 mg/kg-day rather than 100
mg/kg-day as intended. The previously reported water
solubility for 4-OH-PBN was based on data collected
in an octanol/water partition experiment [34]. Under
these conditions, large quantities of 4-OH-PBN were
found in the aqueous phase, probably due to octanol-
induced and micelle-enhanced solubility. In the pres-
ent study, however, we only added a small amount of
crystalline 4-OH-PBN to drinking water (37 mg per
100 mL) and failed to visually detect inadequate
dissolution. This 10-fold smaller available dose of
4-OH-PBN likely explains the less than expected
observations and the activity of this nitrone in
ApcMin't mice remains to be determined. Future stud-
ies using 4-OH-PBN may need to take into consid-
eration alternative treatment preparations (e.g.
different routes of administration).

After confirming the anti-cancer activity of PBN in
the ApcMiv* model, we next wanted to determine
whether PBN, as a representative nitrone, was com-
patible with at least one chemotherapeutic agent cur-
rently used in the treatment of CRC. We exposed a
human CRC cell line with oxaliplatin and found that
at a high concentration of PBN (2 mM) there was
only a small suppressive effect on oxaliplatin killing.
PBN also suppressed Kkilling at lower oxaliplatin con-
centrations, although the overall effect was even smaller
(Figure 5).To ascertain whether PBN altered apoptotic
processes due to oxaliplatin killing, we measured the
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Figure 6. Western blotting of active fragment of caspase 3 in
HCT116 cells treated with either 10 uM or 20 pM oxaliplatin or
in the presence of 2 mM PBN (OX10-P; OX20-P).

« Caspase-3

active fragment of caspase 3 at several oxaliplatin con-
centrations while PBN was fixed at 2 mM. The amount
of caspase 3 active fragment at 24 and 48 h generally
reflected the number of surviving cells as assessed by
the MTS assay (data not shown). These data suggested
that PBN had only a slight negative effect on oxaliplatin
killing of cancer cells iz vitro and this effect was enhanced
at high PBN-to-oxaliplatin ratios. Perhaps at high con-
centration PBN decreases oxaliplatin uptake, although,
by whatever mechanism, the effect appeared small
when the ratio of PBN-to-oxaliplatin was 100:1 (2 mM
PBN and 20 uM oxaliplatin). A concentration of 2 mM
PBN is much higher than would be expected n vivo
(~ 100 uM) and so little if any effect on oxaliplatin
killing of cancer cells is anticipated iz vivo, although
this remains to be tested.

Three separate cancer models now show that
PBN-related nitrones have broad anti-cancer activ-
ity. We initially discovered this property using a cho-
line deficient model of liver cancer [3-6]. In those
studies, PBN and 4-OHPBN demonstrated signifi-
cant anti-cancer activity when administered in the
diet. Similarly, PBN showed anti-cancer activity in
the rat orthotopic (C6 cells) glioblastoma model
[7]. These observations and the finding that PBN
reduces tumour burden in the ApcM™* model pro-
vide strong evidence for the potential of nitrones in
cancer treatment and/or prevention.

The mechanistic basis for the anti-cancer activity
of nitrones is unknown. Clearly PBN does not act as
a classical cancer chemotherapeutic agent to directly
kill cancer cells (Table II). One possible hypothesis
involves the anti-inflammatory properties of these
compounds [18]. Our group [35], along with Lala
and Chakraborty [36] and Lirk et al. [37], reviewed
the field and noted enhanced iNOS expression in
many human tumours, including CRC, and for
multiple experimental models of cancer including
ApcMint mice [38]. Based on these findings and our
own experimental observations [5,35,39], we specu-
late that PBN inhibits tumour growth by suppressing
iNOS and NO [18]. Mechanisms by which NO might
promote cancer are unclear, but the formation of
S-nitrosylation adducts in key cysteines of essential
proteins and enzymes is probably important [18]. For
example, S-nitrosylation of caspases can inhibit apop-
tosis and prevent cancer cell death [40-42]. Data
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from the choline deficient model of liver cancer sup-
ports such a mechanism. Our observations using this
model show that PBN (1) decreased the size of pre-
neoplastic liver lesions, (2) decreased iNOS and NO
production in the liver and (3) enhanced apoptosis in
pre-neoplastic ‘islands’, but not in cells of surround-
ing normal tissue [5]. These findings suggest that
administering PBN decreases NO production and
accelerates caspase-mediated apoptosis resulting in
enhanced death of pre-neoplastic ‘islands’ [5].

Several animal models of intestinal neoplasia have
demonstrated the importance of iNOS and NO in
cancer development. In the azoxymethane-induced
rat model, Rao et al. [30,43] showed that inhibition
of INOS slowed cancer development. Another
approach using ApcMi™* mice produced similar sup-
portive data [44]. In a study by Ahn and Ohshima
[44], aminoguanidine, a specific iNOS inhibitor,
administered in drinking water suppressed adenoma
formation. These investigators also knocked out Nos2,
the iNOS gene, and noted that ApcM™*INOS~~ mice
as well as ApcM*INOS*~ mice had significantly
fewer adenomas than ApcMiv+INOS** mice. This
observation clearly implicates iNOS and NO in the
development of intestinal adenomas in this model.

Finally, COX-2, an inducible pro-inflammatory
enzyme, is strongly associated with adenoma and CRC
formation. Expression of COX-2 is also inhibited by
PBN [45]. In previous work by our group, we showed
that PBN suppressed COX-2 by inhibiting signal
transduction [46]. In the choline deficient model of
liver cancer, PBN also suppressed PGE,, a downstream
product of COX-2, but showed little effect on COX-2
mRNA or protein expression in the liver [5]. It should
be noted that PBN levels in the liver are insufficient to
alter the catalytic activity of COX-2. Recent studies
indicate that NO from iNOS enhances COX-2 activity
through S-nitrosylation of the protein [47]. Therefore,
decreased COX-2 activity due to PBN could be, in
part, the result of iNOS inhibition. We were unable
to examine tumours from PBN-treated and control
ApcMi+ mice for iNOS and COX-2 expression in this
study, but this is an area for future investigation.

In summary, PBN, a prototypical nitrone, showed
significant anti-cancer activity in the ApcM™* model.
Although 4-OH-PBN, a related nitrone, had less
activity than PBN, this was likely related to the poor
water-solubility of this compound and its efficacy
remains to be established. These data indicate that
nitrones are highly promising novel agents for the pre-
vention and/or treatment of CRC.
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