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The potential of sphingomyelin as a
chemopreventive agent in AOM-induced colon
cancer model: wild-type and p53*~ mice
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A protective effect of sphingolipids on colorectal cancer (CRC) has been reported in certain mouse
strains. It is unknown if sphingolipids are protective in a p53 deficiency mouse model of CRC. This
study investigated the effect of sphingomyelin (SM) on intestinal sphingomyelinase (SMase) activity,
colonic epithelial biology and azoxymethane (AOM)-induced CRC. Groups of wild-type (C57BL/6J)
and p53*~ mice were fed 0.1% SM diet for 4 wk, administered a single AOM injection and then
killed 6 h later to measure apoptosis and proliferation. Separately, both mouse types were fed 0.05%
SM diet, administered three AOM injections and killed 33—38 wk later to measure tumour formation.
SM significantly increased SMase activity and reduced proliferation (p < 0.05) in wild-type and
p53"~ mice. SM did not regulate baseline apoptosis, apoptotic response to AOM or apoptosis in
tumours, nor did it restore defective apoptosis in p53”~ mice. There was a nonsignificant trend to
reduced tumour incidence with SM in wild-type (p = 0.15) and p53”~ (p = 0.12) mice. In conclusion,
while increasing intestinal SMase activity and suppressing proliferation, SM did not promote any
form of apoptosis and failed to achieve significant protection in these mice. Further investigation to
understand the variable effect of SM in preventing CRC is warranted.
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1 Introduction

There is an increasing interest to find dietary agents that
protect against colorectal cancer (CRC), as this has been
suggested as the most cost-effective long-term approach to
protect against this disease [1]. Recently, dietary intake of
sphingolipids inhibited early and late stages of colon carci-
nogenesis in mice treated with 1,2-dimethylhydrazine
(DMH) [2-5] and reduced the number of tumours in all
regions of intestine in APCM™* mice (an inherited genetic
defect) [6, 7]. As sphingolipids are found in commonly con-
sumed food products, which include milk, egg, cheese,
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meat and other food [8—10], it is important to determine
whether they are protective against CRC.

Intestinal epithelial cells are regularly exposed to sphin-
golipid metabolites as a consequence of their hydrolysis/
digestion by sphingomyelinase (SMase) [11]. Metabolites,
such as ceramide, sphingosine and sphingosine-1-phos-
phate are bioactive molecules, and may play important roles
in colon tumorigenesis. For example, a significant decrease
of SMase activity is found in sporadic CRC patients and in
both adenomas and flat mucosa of patients with familial
adenomatous polyposis [12—14]. Mutation of intestinal
alkaline SMase is reported in colon cancer HT-29 cells [15,
16]. In addition, feeding ceramide analogues mimics the
preventive effect of sphingomyelin (SM) [7, 17—-19].

Sphingolipid metabolites have been proposed as impor-
tant messengers in cellular functions for events as diverse
as proliferation, differentiation and apoptosis [10, 20, 21].
The involvement of sphingolipids in cellular function and
behaviour is well documented in many in vitro studies [22—
25]. However, in vivo studies are limited and the underlying
mechanisms of sphingolipids effect are unclear. The associ-
ation of sphingolipids intake and reduced CRC risk has
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been so far only based on few animal studies, using carcino-
gen azoxymethane (AOM) or DMH induced-rat/mouse and
APCM™* mouse models [2—7]. Thus more animal studies
and additional animal models are necessary before the role
of sphingolipids on CRC prevention is fully understood
across a range of different molecular pathways.

The tumour suppressor gene p353 plays an important role
in intestinal homeostatic control by regulating DNA repair
and apoptosis, thus maintaining genomic stability.
Although evidence is emerging which suggests that cellular
response to ceramide may be dependent or independent on
p53 status [18, 26, 27], the role of p53 in ceramide-induced
apoptosis is still not clear. We showed in our previous stud-
ies that administration of AOM to rodents is followed rap-
idly by an acute apoptotic response (termed acute apoptotic
response to genotoxic carcinogen (AARGC)) in the distal
colon which is p53-dependent [28—29]. We also showed
that decreased AARGC in p53 knockout mice is associated
with increased susceptibility to AOM-induced colorectal
oncogenesis demonstrating the importance of AARGC for
controlling DNA damage. Moreover, protection against
CRC by some agents is associated with their ability to up-
regulate AARGC. As such, the p53 knockout mouse
presents the opportunity to determine whether SM can also
overcome defects in homeostatic control mechanisms and
genomic instability subsequent upon p53 dysfunction [28—
31]. Therefore, the aim of this study was to test the protec-
tive effect of SM on intestinal SMase activity, colonic epi-
thelial biology (homeostatic response to DNA damage) and
tumour incidence using AOM-treated wild-type as well as
p537~ mice models.

2 Materials and methods

2.1 Reagents

AOM was purchased from Sigma (St. Louis, MO). SM
(milk, bovine) was purchased from Avanti Polar Lipids
(Alabaster, AL Avantilipids, USA).

2.2 Animals

Wild-type C57BL/6J male mice were obtained from Animal
Resource Centre, Adelaide, South Australia. p53"~ male
mice were bred at the Flinders Medical Centre using the orig-
inal breeding pair (C57BL/6J strain) from the Jackson Labo-
ratory (Bar Harbor, Maine, USA). Mice tail was processed
for genotyping using PCR-based assays to determine p53
status as described previously [32]. Mice were housed in
cages (four per cage) and maintained in a temperature and
humidity-controlled animal facility with a 12 h light—dark
cycle. Mice were given free access to water, weighed weekly
and were monitored closely for clinical signs of ill health
throughout the study. Mice appearing sick were euthanased
immediately. All protocols involving animals were approved
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by the Animal Welfare Committee at Flinders University
and conducted according to their guidelines.

2.3 Diets

The experimental diets fed to the animals were based on the
modified AIN-76A standard diet for rats and mice [33]. It
contained 20% casein, 5% alpha cellulose, 20% sunflower
oil, 20% sucrose, 30% corn starch, 3.5% mineral mix, 1%
vitamin mix, 0.3% DL-methionine and 0.1% choline. The
SM diet was made by adding 0.05—0.1% of SM to the con-
trol diet which was sphingolipid-free [2]. The diets were
made fresh and kept in a sealed container at 4°C. SM
(0.1%) was used for experiment 1 to study the effect of SM
on colonic epithelial biology, as previous studies have
found that SM at this level is protective in rodent models [5,
34]. However, 0.05% SM was used for experiment 2 to
study the effect of SM on oncogenesis, as a trend towards
weight loss was observed when feeding 0.1% of SM to
p53"~ mice. The control groups were fed an AIN 76A diet
without SM supplementation throughout the study.

2.4 Experimental procedure

2.4.1 Experiment 1: Effect of SM on AOM-induced
DNA damage

Ten-wk old wild-type mice were randomized into four
groups (n = 12/group) according to diet and AOM treatment.
Mice that did not receive SM supplementation or AOM were
used as a control group to examine baseline apoptosis and
cell proliferation. The mice that received SM supplementa-
tion without AOM treatment were used to examine the effect
of SM on baseline apoptosis and cell proliferation. The mice
that received both SM supplementation and AOM treatment
were used to examine the effect of SM on the AARGC. After
4 wks on SM or control diets, two groups of mice were given
a single subcutaneous injection of AOM (10 mg/kg) to
induce acute apoptosis in response to AOM-induced DNA
damage, two groups did not receive AOM injection. Six
hours following AOM, animals were killed by CO, induced
asphyxiation, this being the time of maximal apoptotic
response to AOM in the rodent [35]. Immediately following
death, 2 cm of distal colon was rapidly removed, then placed
in 10% paraformaldehyde overnight, before being changed
to 70% ethanol. Tissue was embedded in paraffin. Trans-
axial sections of 5 um thickness were taken for histological
and immunohistological examination. Small intestine and
the remaining colon were immediately frozen in liquid nitro-
gen for SMase activity assay.

10 wk old p53*~ mice were randomized into two groups
(n = 12/group) according to diet treatments. After 4 wk on
SM or control diets, all mice were given a single AOM
injection. Animal euthanasia, tissue processing and section
preparation were the same as for the method used for wild-
type mice.
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2.4.2 Experiment 2: Effect of SM on AOM-induced
colon tumour formation

At 4 wk of age, wild-type and p53"~ mice were each
randomized into four groups according to diet treatments
(n=19-25), all commencing at 4 wks of age. All mice
received AOM s/c injections (10 mg/kg) once a week for
3 wk commencing at age 6 wk after 10 wk of SM or control
diet. All mice remained on the same diet throughout the
experiment until killed 30 wk after the last AOM injection
for wild-type mice and 25 wk for p53*~ mice. Our previous
studies showed that p53"~ mice are more susceptible to
AOM-induced tumour formation in colon than wild-type
mice [28]. Colon was immediately removed, opened longi-
tudinally, flattered on hibond C paper and fixed in 10% par-
aformaldehyde overnight and examined for tumour out-
come. Tumours were further examined histologically by
H&E staining and histology assessed as previously [35].

2.5 Assay of SMase activity

The AmplexTM SMase Assay kit (Molecular Probes,
Eugene, OR) was used for measuring total neutral and alka-
line SMase activity in the mucosa of small intestine and
colon [36]. Twelve small intestinal and colon samples from
wild-type and p53*~ mice fed with SM or control diet were
measured for SMase activity. In brief, the mucosa was
obtained by scraping a 50 mm length of intestine using a
glass slide. The mucosa was then homogenized in a buffer
containing 0.25 M sucrose, 5 mM MgCl,, 0.15M KClI,
50 mM K,HPO,4, 1 mM benzamidine and 6 mM taurocho-
late (pH 7.4) and centrifuged at 5000 rpm for 20 min at
4°C. The protein concentration in the supernatant fractions
was measured using the BioRad Protein assay. The enzy-
matic hydrolysis of SM to ceramide by neutral SMase was
measured in buffer containing 50 mM Tris, 0.15 M NaCl
and 2mM MgCI2 pH 7.4 for 30 min at 37°C, which
involved a series of reactions. First, SMase hydrolyses the
SM to yield cetrimide and phosphocholine. After the action
of alkaline phosphatase, which hydrolyses phosphocholine,
choline is oxidized by choline oxidized to betaine and
H,0,. Finally, H,O, in the presence of horseradish peroxi-
dase reacts with Amplex Red to generate the highly fluores-
cent product, resorufin. The fluorescence intensity was
measured immediately at 590 nm (excitation at 560 nm)
using Fluostar Galaxy (BMG Labtechnologies). The activ-
ity of alkaline SMase was measured by the similar proce-
dure as neutral SMase with higher pH buffer (containing
100 mM Tris, 0.15 M NaCl and 2 mM EDTA pH 9.0).

2.6 Detection and measurement of apoptosis

The frequency of epithelial cells undergoing apoptosis was
determined on paraffin-embedded sections stained with
haematoxylin [35]. Apoptotic cells were identified by char-
acteristic morphology, which included cell shrinkage,
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nuclear condensation and formation of apoptotic bodies
and/or a halo observed around apoptotic cells. Twenty com-
plete crypts from distal colonic segments of each mouse
were chosen and assessed by an independent observer who
was unaware of the experimental condition at a magnifica-
tion of 100 x . The apoptotic index was calculated as the
number of apoptotic cells per crypt column divided by the
total number of cells in the column and multiplied by 100.

Apoptotic cells in tumours were quantified as described
by us previously [28]. Briefly, a grid added to the ocular
lens was used to count apoptosis in epithelial cells. Ten ran-
dom grid fields were chosen for each tumour and counted
by an independent observer who was unaware of the exper-
imental condition. The total number of apoptotic cells from
ten grid fields was summed, then the total number of apop-
totic cells was divided by the total number of epithelial cells
to give the apoptotic index. Observers were blinded to the
experimental intervention.

2.7 Measurement of epithelial proliferation

Proliferative activity of epithelial cells was measured using
immunohistochemical staining with antiproliferating cell
nuclear antigen (PCNA) mAb (PC-10 clone, Santa Cruz,
USA) [28]. In all cases, an independent observer who was
unaware of the experimental conditions determined the
quantification of PCNA-positive cells. The scoring for cell
proliferation was the same as the method used to score
apoptosis. PCNA-positive staining was determined by
counting 20 separate crypts per section. Proliferation was
expressed as cell turnover, i. e. proportion of cells stained
by PCNA. The proliferation index was calculated as the
number of 3,3’-diaminobenzidine (DAB)-positive cells
stained by PCNA divided by the total number of cells on
each crypt multiplied by 100.

Proliferative activity in tumour epithelial cells was meas-
ured by staining with PCNA antibody, and the proportion of
PCNA-positive cells scored as for apoptosis in tumours.

2.8 Colon tumour analysis

Using a dissecting microscope, the colon was scored for
tumour number and location by an independent observer
who was unaware of experimental condition and mouse gen-
otype. Tumour size was measured as the tumour size index
(TSI) using the formula: Tumour size index = log10[X (7 (-
diameter 1 + diameter 2))*/2] [37]. Tumours were fixed in
formalin, embedded in paraffin and sectioned (5 um) for his-
tologic examination by H&E staining and morphology
assessed based on the criteria described previously [38].

2.9 Statistical analyses

Statistical analyses were performed using SPSS for Win-
dows, version 10.0 (SPSS, Chicago, IL) or State version 8
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for Windows. Data are expressed as means with standard
errors of mean. Comparisons of apoptosis, PCNA-positive
cells and SMase activity between SM and control diet
groups were analysed using one-way ANOVA with correc-
tion for multiple comparisons by Tukey's post hoc test. All
incidence data (the proportion of mice with tumours) were
analysed with a generalized linear model to compare SM
and control diet groups. A two group chi-square test with a
0.05 one-sided significance level has 80% power to detect
the difference between a group 1 proportion of 20% and a
group 2 proportion of 55% (35% difference) with a sample
size in each group of 23. All nonparametric data (tumour
multiplicity and tumour size index) were analysed using
Mann—Whitney test. A probability value of p =0.05 was
used as the critical level for significance.

3 Results

3.1 Effect of the dietary SM on weight gain

In experiment 1, there was a slight but nonsignificant fall in
body weight in p53"~ mice (22.5 g = 2.5) fed the 0.1% SM
diet compared to mice (26.4 g + 2.0) fed control diet. There
was no architectural change in the cells within the colonic
crypt, such as loss of orientation of cells or nuclear atypia
with disturbed cytoplasmic/nuclear ratio. In experiment 2,
we changed the dose of SM from 0.1 to 0.05 g/100 g diet
due to concern of possible further weight loss during the
longer study period. There was no effect of SM (0.05%)
intake on weight for either wild-type or p53*~ mice during
experiment 2.

3.2 Effect of the dietary SM on SMase activity

Dietary SM intake significantly increased intestinal SMase
activity in the small intestine and colon; for both neutral
and alkaline SMase (Fig. 1A). This effect was found to be
independent of genotype, as the changes in SMase activity
were observed in both wild-type and p53*~ mice (Fig. 1B).
Enzymes activity was significantly higher in the small
intestine than in the colon, which is in agreement with other
previous studies in animals and humans [39, 40].

3.3 Effect of the dietary SM on apoptosis

Dietary SM intake had no significant effect on baseline
apoptosis in wild-type mice, i.e. in mice not given AOM,
the baseline apoptotic index was 1.7% in mice fed SM diet,
compared to 1.2% in mice fed control diet (Fig. 2A). Simi-
larly, AARGC was not affected by SM in wild-type mice, it
was 15.2% compared to 13.5% in mice fed the control diet
(Fig. 2A). SM intake also did not affect apoptosis in
tumours in wild-type mice (Fig. 3A).

In p53*~ mice, AARGC was 7.5% in mice fed SM diet
compared to 9.2% in mice fed control diet, but again this
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Figure 1. Increase of intestinal neutral and alkaline SMase
activity by 0.1% dietary SM intake (4 wk). Data are mean =
SEM, n=12. The increase of small intestine and colon SMase
activity relative to control were significant at *p < 0.05 for both
wild-type (A) or p53*~ mice (B).
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Figure 2. Apoptotic (baseline apoptosis and AARGC) and
PCNA labelling index in distal colon of wild-type mice fed 0.1%
SM or control diet. Data are mean + SEM, n=12. The sup-
pression of cell proliferation in the low half of crypts relative to
control was significant at *p < 0.05 (B), but no effect of dietary
SM on baseline apoptosis and AARGC was observed (A).

was not significant (Fig. 4). SM did not restore defective
AARGC seen in p53"~ mice [39, 40]. There was also no
significant effect of SM on rates of apoptosis in tumours in
p537~ mice (Fig. 3A).

3.4 Effect of the dietary SM on cell proliferation

Dietary SM intake significantly reduced the epithelial pro-
liferation rate (PCNA index) in both wild-type and p53*-
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Figure 3. Apoptotic and PCNA labelling index in tumours of
wild-type and p53Y~ mice fed 0.5% SM or control diet. Data
are mean = SEM, n= 12. No effect of dietary SM on apoptosis
was observed in either wild-type or p53*~ mice (A), although
SM significantly suppressed cell proliferation. The suppression
of cell proliferation in tumours by SM relative to control was
significant at *p < 0.05.

mice. The PCNA index in wild-type mice on control diet was
18.8% without AOM administration and 20.8% with AOM
administration. SM intake significantly decreased the
PCNA index from 18.8 to 14% and 20.8 to 15.2%, respec-
tively. The reduction was 24% in mice without AOM admin-
istration and 27% in mice with AOM administration, p <
0.05 (Fig. 2B). PCNA positive cells were mostly located in
the lower half of the colonic crypts, where cells have been
shown to divide. A significant effect of SM on proliferation
rate was also found in tumours; PCNA index was 25.6% in
wild-type mice fed SM diet compared to 34.2% in the control
group; the reduction was 25%, p < 0.05 (Fig. 3B). Loss of
P33 had no effect on intestinal epithelial cell proliferation,
and SM intake reduced the PCNA index from 22% in p53*'~
mice fed control diet to 16% in p53"~ mice fed SM diet, the
reduction being 28% (p < 0.05) (Fig. 4). Similarly, a signifi-
cant reduction in cell proliferation was seen in tumours; it
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Figure 4. AARGC and PCNA labelling index in distal colon of
p537~ mice 0.1% SM or control diet. Data are mean = SEM,
n=12. The suppression of cell proliferation in the low half of
crypts relative to control was significant at *p < 0.05, but the
restore of defective AARGC in p53~ mice relative to control
was not significant. See Fig. 4 for the level of AARGC in wild-
type mice.

was 22.8% in p53"~ mice fed SM diet and 30.8% in p53*/~
mice fed control diet, p <0.05 (Fig. 3B).

3.5 Effect of the dietary SM on colon tumour
formation

The effect of dietary SM intake on AOM-induced colon
tumour incidence, multiplicity and size in wild-type and
P53~ mice is summarized in Table 1. SM administration
produced a trend to lower tumour incidence in wild-type as
well as p53"~ mice but this failed to reach significance.
The tumour incidence in wild-type and p53"~ mice fed with
control diet was 36% and 52.6%, consistent with increased
genomic instability and susceptibility to AOM in the p537~
mice. SM intake reduced the tumour incidence to 24% and
38.1% respectively. Post-hoc power calculations, at these
levels of difference, showed that group sizes of at least 198
would be needed to achieve significance.

The risk ratio for developing colon tumours in the wild-
fype and p53"~ mice relative to the controls was 0.75 and
0.74 and the corresponding 95% confidence intervals were
0.3—-1.8 and 0.3—1.6. These trends also failed to reach stat-
istical significance (p =0.15 for wild-type mice and
p=0.12 for p53"~ mice). There were also a trend to
reduced tumour multiplicity and tumour size in mice fed

Table 1. Effect of dietary SM intake on AOM-induced colon tumour formation in wild-type and p53"~ mice

Genotype No.ofmice Diet Incidence Jod Tumour multiplicity p° Tumour size index  p°
(Mean + SEM) (Mean + SEM)

wild-type 25 Control 9/25 (36%) 0.57 +0.23 0.60 + 0.22

wild-type 25 SM 6/25 (24%) 0.15 0.42 + 0.31 0.14 0.35+0.18 0.18

p537- 19 Control 10/19 (52.6%) 0.740.29 0.79=0.15

p53'- 21 SM 8/21 (38.1%) 0.12 0.52 + 0.25 0.17 0.52+0.27 0.12

A generalized linear model was used for tumour incidence.Mann-Whitney test was used for tumour multiplicity and tumour size
index. p°, significance versus control mice. No significant differences were found in tumour incidence, tumour multiplicity or tumour

size index between mice fed SM and control diet.
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the SM diet relative to control diet in both wild-type and
p53"~ mice. Most of the tumours were found in the middle
or distal region of the colon, with similar incidence of
adenomas and carcinomas in mice fed with either control or
SM diet (data not shown).

4 Discussion

In this study, dietary supplementation of SM in wild-type
and p53"~ mice increased intestinal mucosal neutral and
alkaline SMase activity. The activation of alkaline SMase
may be important for CRC prevention as it is expressed spe-
cifically in human and animal intestinal tract and is the key
enzyme responsible for digestion of dietary SM [39—41].
Previous studies suggested that there is a direct correlation
between the level of ceramide in the colonic mucosa and
the amount of SM intake [9]. Mass spectrometry analysis of
dietary sphingolipids hydrolysis in the intestinal mucosa
show that most dietary sphingolipids are digested over time
in parallel with substantial production of ceramide and
sphingosine [5, 39, 42]. Our results indicate that by feeding
SM to animals, SM metabolic products are likely to be
delivered to the intestinal epithelial cells following activa-
tion of SMase.

There is great interest in the role that SM and its metabo-
lites may play in regulating apoptosis, as a mechanism for
protecting against CRC [11, 17, 43—46]. Although the link
between SM and increased apoptosis has been shown in in
vitro studies, the results of in vivo studies are inconclusive.
Lemonnier et al. [34] showed that dietary intake of SM nor-
malized apoptosis, but not beyond the level of control
group. Other studies have shown no difference between the
number of apoptotic cells in the colonic epithelium of con-
trol and SM diet [5, 34, 47]. With respect to the potential of
dietary SM on preventing tumour initiation, our particular
interest was to examine whether SM regulated the apoptotic
response to DNA damage (AARGC), which is important
for eliminating DNA-damaged cells during tumour initia-
tion [35]. Our previous studies have shown that defective
AARGC is associated with increased risk for CRC in p53*/~
and p53~~ mice [28, 29], and that up-regulation of
AARGC by a variety of dietary agents and drugs is associ-
ated with protection for CRC [29, 35, 48—52]. In keeping
with earlier studies [5, 34, 47], our study showed that SM
intake (0.05—0.1%) did not affect baseline apoptosis. Fur-
thermore, it did not increase AARGC or apoptosis in
tumours nor did it restore defective AARGC characteristic
of p53*~ mice. The lack of significant effect of SM on
AARGC is perhaps surprising, given that an intrinsic func-
tion of the SM pathway is to respond to a variety of stress
signals, whether environmental or pharmacologic [53, 54].
As we did not observe an effect of SM on any form of apop-
tosis measured, this suggests that regulation of apoptosis
would not seem to be a primary mechanism by which SM
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might prevent CRC. The reason for a lack of effect on apop-
tosis is not clear, as metabolites of SM include the proapop-
totic ceramide and sphingosine. However, sphingosine-1-
phosphate on the other hand has an opposite effect by pro-
moting cell survival and inhibiting apoptosis [10]. It is pos-
sible that the balance between SM metabolites in colonic
epithelial cells may also be important in this regard and fur-
ther investigation is needed.

Sphingolipid metabolites are also considered major anti-
proliferative molecules that might regulate tumorigenesis
[6]. In vitro studies using HT-29 colon carcinoma cells have
shown that SMase inhibits proliferation in both dose
dependent and time-dependent manners without inducing
apoptosis [24]. In animal studies, dietary sphingolipids sup-
press cell proliferation and formation of aberrant crypt foci
(ACF) [6, 12, 19, 47]. Lemonnier et al. [34] reported that
SM reduced proliferation to the normal level but did not
decrease it any further. The decrease in proliferation is
more evident in the upper half of crypt than in the lower
half of the crypt [3—5]. In agreement with these reports, an
antiproliferative effect of dietary SM was observed in our
study, suggesting the level of SM (0.1%) administrated was
sufficient to influence sphingolipid metabolism, epithelial
function and behaviour. Importantly, we found inhibition of
proliferation was primarily in the base of the crypt, where
initiating mutational events have the greatest impact on
tumour development [55]. Furthermore, reduced cell prolif-
eration was found in tumours, which may account for the
trend to reduced tumour size in mice fed the SM diet
(0.05%) relative to control diet. This would be consistent
with SM having a continuing antiproliferative effect
throughout the processes of oncogenesis. Thus, inhibition
of cell proliferation rather than induction of apoptosis
might be relevant to any protective effect of SM.

We found a nonsignificant trend to reduced tumour inci-
dence with SM in both wild-type (p =0.15) and p537-
(» =0.12) mice. This was found to be the case for all meas-
ures of tumour burden. Several other animal studies have
shown protection by sphingolipids. Lemonnier et al. [34]
report that long-term intake of sphingolipids (0.05%) inhib-
ited colonic tumour incidence by 60%. Approximately 50%
inhibitory effect on ACF was found for milk SM and syn-
thetic SM in short-term studies [4, 5]. The reason for a less
clear effect of dietary SM on tumour suppression in our
studies is not clear, especially as we did see an increase in
SMase activity and a reduction in colonic epithelial prolif-
eration. Tumour susceptibility to AOM is strain-dependent;
C57BL/6J mice, the background strain for the knockout
mice in this study, are susceptible although more suscepti-
ble strains such as A/J mice have been described [56, 57].
Whether strain differences confer different susceptibilities
to SM, perhaps because active SM metabolites vary
between strains, is unclear but possible and should be
addressed in future studies. Sphingolipids have been tested
in DMH-induced colon cancer models on CF1 mice and
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F344 rats for their anticancer effects [2—5, 47] while this is
the first study to test SM in AOM-induced CRC in C57BL/
6J mice. Differences in SM metabolism might account for
the difference and this would raise major questions about
the broad applicability of SM as a preventive agent.

One important factor that may contribute to the effective-
ness of SM in colon cancer risk is the dietary concentration
of SM. Previous animal studies have added sphingolipids to
the diet at intakes of 0.025—-0.1% with inconsistent results
on ACF and tumour incidence. While some studies showed
sphingolipids exhibited a dose dependent inhibition [7, 19,
58], some studies showed no difference between intakes of
0.025 and 0.1% [3, 5]. It is possible that high intakes of SM
(0.1%) might produce better protection at least in wild-type
mice, as at this level SM significantly inhibited cell prolif-
eration without causing weight loss. Factors that affect
intestinal epithelial SMase pathway and absorption may
also influence the efficacy of sphingolipids. Thus, further
studies are required to determine the concentration and effi-
cacy of dietary sphingolipids with regard to their ability to
prevent colon tumours.

One of our interests of this study was to determine whether
SM was protective in the context of genomic instability asso-
ciated with p53 dysfunction. This is the case for APCMI™*
mice, where the specific genetic defects seem to be bypassed
or normalized by SM [7]. The fact that SM activates SMase
activity, and inhibits cell proliferation in p353”~ mice,
together with its protection in 4APCM™* mice [7, 58, 59] sug-
gest that the protective effect of SM is not limited to the
chemically (carcinogen) induced CRC animal model [2—5].
Therefore it remains plausible that dietary SM consumption
might also have potential to influence human CRC risk.

In conclusion, dietary SM increases intestinal SMase
activity and reduces epithelial proliferation but does not
enhance apoptosis, a proposed mechanism for protection.
While suppressing epithelial proliferation, SM failed to
achieve significant protection against CRC in AOM-treated
wild-type and p53"~ mice, despite showing a trend to pro-
tection. Further studies are required to better understand the
context in which protection might be achieved and whether
varying metabolism of dietary SM is important. Therefore,
the efficacy of milk SM and indeed other sources of SM,
need further investigation with regard to their ability to pre-
vent colon tumorigenesis.

This study was supported by Dairy Australia and an
NHMRC of Australia project grant.

The authors have declared no conflict of interest.

5 References

[1] Corpet, D. E., Pierre, ., Point: From animal models to pre-
vention of colon cancer. Systematic review of chemopreven-
tion in min mice and choice of the model system, Cancer Epi-
demiol. Biomarkers Prev. 2003, 12,391-400.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2008, 52, 558 —566

[2] Dillehay, D. L., Webb, S. K., Schmelz, E. M., Merrill, A. H.,
Jr., Dietary sphingomyelin inhibits 1,2-dimethylhydrazine-
induced colon cancer in CF1 mice, J Nutr. 1994, 124, 615—
620.

[3] Schmelz, E. M., Dillehay, D. L., Webb, S. K., Reiter, A., et
al., Sphingomyelin consumption suppresses aberrant colonic
crypt foci and increases the proportion of adenomas versus
adenocarcinomas in CF1 mice treated with 1,2-dimethylhy-
drazine: Implications for dietary sphingolipids and colon car-
cinogenesis, Cancer Res. 1996, 56,4936—4941.

[4] Schmelz, E. M., Bushnev, A. S., Dillehay, D. L., Liotta, D. C.,
Merrill, A. H., Jr., Suppression of aberrant colonic crypt foci
by synthetic sphingomyelins with saturated or unsaturated
sphingoid base backbones, Nutr. Cancer 1997, 28, 81-85.

[5] Schmelz, E. M., Sullards, M. C., Dillehay, D. L., Merrill, A.
H., Jr., Colonic cell proliferation and aberrant crypt foci for-
mation are inhibited by dairy glycosphingolipids in 1, 2-
dimethylhydrazine-treated CF1 mice, J. Nutr. 2000, 130,
522-527.

[6] Exon, J. H., South, E. H., Effects of sphingomyelin on aber-
rant colonic crypt foci development, colon crypt cell prolifer-
ation and immune function in an aging rat tumor model, Food
Chem. Toxicol. 2003, 41,471 -476.

[7]1 Schmelz, E. M., Roberts, P. C., Kustin, E. M., Lemonnier, L.
A., et al., Modulation of intracellular beta-catenin localiza-
tion and intestinal tumorigenesis in vivo and in vitro by sphin-
golipids, Cancer Res. 2001, 61, 6723 —6729.

[8] Blank, M. L., Cress, E. A., Smith, Z. L., Snyder, F., Meats and
fish consumed in the American diet contain substantial
amounts of ether-linked phospholipids, J. Nutr 1992, 122,
1656—1661.

[9] Vesper, H., Schmelz, E. M., Nikolova-Karakashian, M. N.,
Dillehay, D. L., et al., Sphingolipids in food and the emerging
importance of sphingolipids to nutrition, J. Nutr. 1999, 129,
1239-1250.

[10] Merrill, A. H., Jr., Schmelz, E. M., Dillehay, D. L., Spiegel,
S., et al., Sphingolipids — the enigmatic lipid class: Biochem-
istry, physiology, and pathophysiology, Toxicol. Appl. Phar-
macol. 1997, 142,208 -225.

[11] Hannun, Y. A., Linardic, C. M., Sphingolipid breakdown
products: Anti-proliferative and tumor-suppressor lipids, Bio-
chim. Biophys. Acta 1993, 1154,223-236.

[12] Hertervig, E., Nilsson, A., Bjork, J., Hultkrantz, R., Duan, R.
D., Familial adenomatous polyposis is associated with a
marked decrease in alkaline sphingomyelinase activity: A
key factor to the unrestrained cell proliferation? Br. J. Cancer
1999, 81,232-236.

[13] Hertervig, E., Nilsson, A., Nilbert, M., Duan, R. D., Reduc-
tion in alkaline sphingomyelinase in colorectal tumorigenesis
is not related to the APC gene mutation, Int. J Colorectal
Dis. 2003, 18,309-313.

[14] Hertervig, E., Nilsson, A., Nyberg, L., Duan, R. D., Alkaline
sphingomyelinase activity is decreased in human colorectal
carcinoma, Cancer 1997, 79, 448 —453.

[15] Wu, J,, Cheng, Y., Nilsson, A., Duan, R. D., Identification of
one exon deletion of intestinal alkaline sphingomyelinase in
colon cancer HT-29 cells and a differentiation-related expres-
sion of the wild-type enzyme in Caco-2 cells, Carcinogenesis
2004, 25,1327-1333.

[16] Wu, J., Nilsson, A., Jonsson, B. A., Stenstad, H., ef al., Intesti-
nal alkaline sphingomyelinase hydrolyses and inactivates pla-
telet-activating factor by a phospholipase C activity, Bio-
chem. J. 2006, 394,299 —-308.

www.mnf-journal.com



Mol. Nutr. Food Res. 2008, 52, 558 —-566

[17]

(18]

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

(33]

Selzner, M., Bielawska, A., Morse, M. A., Rudiger, H. A., et
al., Induction of apoptotic cell death and prevention of tumor
growth by ceramide analogues in metastatic human colon
cancer, Cancer Res. 2001, 61, 1233 —-1240.

Ahn, E. H., Schroeder, J. J., Sphingoid bases and ceramide
induce apoptosis in HT-29 and HCT-116 human colon cancer
cells, Exp. Biol. Med. (Maywood) 2002, 227,345—353.

Schmelz, E. M., Bushnev, A. S., Dillehay, D. L., Sullards, M.
C., et al., Ceramide-beta-D-glucuronide: Synthesis, diges-
tion, and suppression of early markers of colon carcinogene-
sis, Cancer Res. 1999, 59,5768 —5772.

Davis, M. A, Flaws, J. A., Young, M., Collins, K., Colburn,
N. H., Effect of ceramide on intracellular glutathione deter-
mines apoptotic or necrotic cell death of JB6 tumor cells, 7ox-
icol. Sci. 2000, 53,48—55.

Sweeney, E. A., Sakakura, C., Shirahama, T., Masamune, A.,
et al., Sphingosine and its methylated derivative N,N-dime-
thylsphingosine (DMS) induce apoptosis in a variety of
human cancer cell lines, Int. J. Cancer 1996, 66, 358 —366.
Merrill, A. H., Jr., Schmelz, E. M., Wang, E., Dillehay, D. L.,
et al., Importance of sphingolipids and inhibitors of sphingo-
lipid metabolism as components of animal diets, J Nutr.
1997, 127, 830S—833S.

Westwick, J. K., Bielawska, A. E., Dbaibo, G., Hannun, Y. A.,
Brenner, D. A., Ceramide activates the stress-activated pro-
tein kinases, J. Biol. Chem. 1995, 270, 22689 —22692.

Hertervig, E., Nilsson, A., Cheng, Y., Duan, R. D., Purified
intestinal alkaline sphingomyelinase inhibits proliferation
without inducing apoptosis in HT-29 colon carcinoma cells,
J. Cancer Res. Clin. Oncol. 2003, 129, 577—-582.

Modrak, D. E., Rodriguez, M. D., Goldenberg, D. M., Lew,
W., Blumenthal, R. D., Sphingomyelin enhances chemother-
apy efficacy and increases apoptosis in human colonic tumor
xenografts, Int. J. Oncol. 2002, 20, 379—384.

Sawada, M., Nakashima, S., Kiyono, T., Nakagawa, M., et
al., p53 regulates ceramide formation by neutral sphingomye-
linase through reactive oxygen species in human glioma cells,
Oncogene 2001, 20, 1368—1378.

Pruschy, M., Resch, H., Shi, Y. Q., Aalame, N., et al., Ceram-
ide triggers p53-dependent apoptosis in genetically defined
fibrosarcoma tumour cells, Br. J. Cancer 1999, 80, 693 —698.

Hu, Y., Le Leu, R. K., Young, G. P, Absence of acute apop-
totic response to genotoxic carcinogens in pS3-deficient mice
is associated with increased susceptibility to azoxymethane-
induced colon tumours, Int. J. Cancer 2005, 115,561 —-567.

Hu, Y., Le Leu, R. K., Young, G. P, Sulindac corrects defec-
tive apoptosis and suppresses azoxymethane-induced colonic
oncogenesis in p53 knockout mice, Int. J. Cancer 2005, 116,
870-875.

Hursting, S. D., Perkins, S. N., Donehower, L. A., Davis, B. .,
Cancer prevention studies in p53-deficient mice, Toxicol.
Pathol. 2001, 29, 137—141.

Hursting, S. D., Perkins, S. N., Phang, J. M., Barrett, J. C.,
Diet and cancer prevention studies in p53-deficient mice, J.
Nutr: 2001, 131,3092S-3094S.

Hu, Y., Le Leu, R. K., Young, G. P, Absence of acute apop-
totic response to genotoxic carcinogens in p53-deficient mice
is associated with increased susceptibility to azoxymethane-
induced colon tumours, /nt. J. Cancer 2005, 115,561 —567.

American Institute of Nutrition, Report of the American
Institute of Nutrition ad hoc Committee on Standards for
Nutritional Studies, J. Nutr. 1977, 107, 1340—1348.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(34]

[35]

[36]

(37]

[38]

[39]

(40]

[41]

[42]

(43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

Lemonnier, L. A., Dillehay, D. L., Vespremi, M. J., Abrams,
., et al., Sphingomyelin in the suppression of colon tumors:
Prevention versus intervention, Arch. Biochem. Biophys.
2003,419,129-138.

Hu, Y., Martin, J., Le Leu, R., Young, G. P, The colonic
response to genotoxic carcinogens in the rat: Regulation by
dietary fibre, Carcinogenesis 2002, 23,1131-1137.

He, X., Chen, F., McGovern, M. M., Schuchman, E. H., A flu-
orescence-based, high-throughput sphingomyelin assay for
the analysis of Niemann-Pick disease and other disorders of
sphingomyelin metabolism, Anal. Biochem. 2002, 306, 115—
123.

Mclntyre, A., Gibson, P. R., Young, G. P., Butyrate production
from dietary fibre and protection against large bowel cancer
in a rat model, Gut 1993, 34,386-391.

Ward, J. M., Morphogenesis of chemically induced neo-
plasms of the colon and small intestine in rats, Lab. Invest.
1974, 30, 505-513.

Duan, R. D., Nyberg, L., Nilsson, A., Alkaline sphingomyeli-
nase activity in rat gastrointestinal tract: Distribution and
characteristics, Biochim. Biophys. Acta 1995, 1259,49-55.

Duan, R. D, Hertervig, E., Nyberg, L., Hauge, T., ef al., Dis-
tribution of alkaline sphingomyelinase activity in human
beings and animals. Tissue and species differences, Dig. Dis.
Sci. 1996, 41, 1801—1806.

Duan, R. D, Cheng, Y., Hansen, G., Hertervig, E., et al., Puri-
fication, localization, and expression of human intestinal
alkaline sphingomyelinase, J. Lipid Res. 2003, 44, 1241—
1250.

Schmelz, E. M., Crall, K. J., Larocque, R., Dillehay, D. L.,
Merrill, A. H., Jr., Uptake and metabolism of sphingolipids in
isolated intestinal loops of mice, J Nutr: 1994, 124, 702—
712.

Hannun, Y. A., Obeid, L. M., Ceramide: An intracellular sig-
nal for apoptosis, Trends Biochem. Sci. 1995, 20,73 -77.

Hannun, Y. A., Luberto, C., Argraves, K. M., Enzymes of
sphingolipid metabolism: From modular to integrative sig-
nalling, Biochemistry 2001, 40, 4893 —-4903.

Mathias, S., Pena, L. A., Kolesnick, R. N., Signal transduc-
tion of stress via ceramide, Biochem. J. 1998, 335, 465—480.

Kolesnick, R. N., Kronke, M., Regulation of ceramide pro-
duction and apoptosis, Annu. Rev. Physiol. 1998, 60, 643 —
665.

Inamine, M., Suzui, M., Morioka, T., Kinjo, T., ef al., Inhibi-
tory effect of dietary monoglucosylceramide 1-O-beta-gluco-
syl-N-2'-hydroxyarachidoyl-4,8-sphingadienine  on  two
different categories of colon preneoplastic lesions induced by
1,2-dimethylhydrazine in F344 rats, Cancer Sci. 2005, 96,
876—881.

Hong, M. Y., Chapkin, R. S., Davidson, L. A., Turner, N. D.,
et al., Fish oil enhances targeted apoptosis during colon
tumor initiation in part by downregulating Bcl-2, Nutr. Can-
cer2003, 46,44-51.

Le Leu, R. K., Brown, I. L., Hu, Y., Young, G. P, Effect of
resistant starch on genotoxin-induced apoptosis, colonic epi-
thelium, and lumenal contents in rats, Carcinogenesis 2003,
24,1347-1352.

Le Leu, R. K., Hu, Y., Young, G. P, Effects of resistant starch
and nonstarch polysaccharides on colonic luminal environ-
ment and genotoxin-induced apoptosis in the rat, Carcino-
genesis 2002, 23,713-719.

www.mnf-journal.com




566

Y.Huetal.

[51]

[52]

[53]

[54]

[55]

Hong, M. Y., Lupton, J. R., Morris, J. S., Wang, N., ef al.,
Dietary fish oil reduces O6-methylguanine DNA adduct lev-
els in rat colon in part by increasing apoptosis during tumor
initiation, Cancer Epidemiol. Biomarkers Prev. 2000, 9,
819-826.

Hu, Y., Le Leu, R. K., Young, G. P, Defective acute apoptotic
response to genotoxic carcinogen in small intestine of APC(-
Min/+) mice is restored by sulindac, Cancer Lett. 2007, 248,
234-244.

Kolesnick, R., The therapeutic potential of modulating the
ceramide/sphingomyelin pathway, J. Clin. Invest. 2002, 110,
3-8.

Obeid, L. M., Linardic, C. M., Karolak, L. A., Hannun, Y. A.,
Programmed cell death induced by ceramide, Science 1993,
259,1769—-1771.

Rogers, K. J., Pegg, A. E., Formation of O6-methylguanine
by alkylation of rat liver, colon, and kidney DNA following
administration of 1,2-dimethylhydrazine, Cancer Res. 1977,
37,4082-4087.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[56]

[57]

[58]

[59]

Mol. Nutr. Food Res. 2008, 52, 558 —566

Winkelmann, 1., Diehl, D., Oesterle, D., Daniel, H., Wenzel,
U., The suppression of aberrant crypt multiplicity in colonic
tissue of 1,2-dimethylhydrazine-treated C57BL/6J mice by
dietary flavone is associated with an increased expression of
Krebs cycle enzymes, Carcinogenesis 2007, 28, 1446 —1454.

Zhang, Z.,Li, J., Lantry, L. E., Wang, Y., et al., p53 transgenic
mice are highly susceptible to 1, 2-dimethylhydrazine-
induced uterine sarcomas, Cancer Res. 2002, 62, 3024—
3029.

Symolon, H., Schmelz, E. M., Dillehay, D. L., Merrill, A. H.,
Jr., Dietary soy sphingolipids suppress tumorigenesis and
gene expression in 1,2-dimethylhydrazine-treated CF1 mice
and ApcMin/+ mice, J. Nutr. 2004, 134, 1157—1161.

Berra, B., Colombo, 1., Sottocornola, E., Giacosa, A., Dietary
sphingolipids in colorectal cancer prevention, Eur. J. Cancer
Prev. 2002, 11,193-197.

www.mnf-journal.com



