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Ceramide mediates inhibition of cyclooxygenase-2 (COX-2) which catalyzes formation of prostaglandin further activating
peroxisome proliferator-activated receptor𝛾 (PPAR𝛾) and Wnt/𝛽-catenin pathway; and hence plays a critical role in cancer.
Therefore, in current study, ceramide, COX-2, 15-deoxy prostaglandin J

2
(15-deoxy PGJ

2
), PPAR𝛾, and 𝛽-catenin were estimated

to evaluate the effect of fish oil on lipid mediated and Wnt/𝛽-catenin signaling in colon carcinoma. Male Wistar rats in Group
I received purified diet while Groups II and III received modified diet supplemented with FO : CO(1 : 1) and FO : CO(2.5 : 1),
respectively. These were further subdivided into controls receiving ethylenediaminetetraacetic acid and treated groups receiving
dimethylhydrazine dihydrochloride (DMH)/week for 4 weeks. Animals sacrificed 48 hours after last injection constituted initiation
phase and those sacrificed after 16 weeks constituted postinitiation phase. Decreased ceramide and increased PPAR𝛾were observed
in postinitiation phase only. On receiving FO+CO(1 : 1)+DMHand FO+CO(2.5 : 1)+DMH in both phases, ceramide was augmented
whereas COX-2, 15-deoxy PGJ

2
, and nuclear translocation of 𝛽-catenin were reduced with respect to cancerous animals. Decrease

was more significant in postinitiation phase with FO+CO(2.5 : 1)+DMH. Treatment with oils increased PPAR𝛾 in initiation phase
but decreased it in postinitiation phase. Hence, fish oil altered lipid mediated signalling in a dose and time dependent manner so
as to inhibit progression of colon cancer.

1. Introduction

Recent reports have shown that lipid mediated signaling
triggers a systemic physiological responsewhich results in the
pathogenesis of cancer [1, 2].The sphingolipids have emerged
as important lipid signaling molecules regulating fundamen-
tal cell responses such as cell death and differentiation, prolif-
eration, and aspects of inflammation. Twomajor sphingolipid
metabolites involved in signaling pathways are ceramide
and sphingosine-1-phosphate (S1P). Ceramide is intimately
involved in a myriad of physiological processes including cell
growth or death, cell adhesion, cell migration, inflammation,
and angiogenesis [3]. It acts as a second messenger for
multiple extracellular stimuli including growth factors and

environmental stresses, such as hypoxia, heat stress, and irra-
diation [4]. It transduces the signaling pathwaysby regulating
specific protein targets such as phosphatases and kinases
[5]. These protein targets, in turn, modulate the components
of signalling pathways, for example, Akt, phospholipase
D, protein kinase C (PKC), c-Raf, and kinase suppressor
of Ras [6]. Therefore, defects in ceramide generation lead
to the survival of cancer cell which further develops into
tumor [4]. Another important mediator of lipid signaling
is the enzyme cyclooxygenase-2 (COX-2). It is an inducible
enzyme and is involved in the modulation of inflammation
by catalyzing the rate-limiting step that leads to the formation
of prostaglandins (PGs) from arachidonic acid. Studies have
shown that cyclooxygenase-2 (COX-2) is overexpressed in
various cancers and leads to the enhancement in production
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of inflammatory prostaglandins such as 15-deoxy delta (12,14)
prostaglandin J

2
(15-deoxy PGJ

2
) [7, 8]. 15-deoxy PGJ

2
, being

a natural ligand, activates peroxisome proliferator-activated
receptor 𝛾 (PPAR𝛾) which then forms the heterodimer
with retinoid X receptor [9, 10]. This complex binds to a
specificDNA sequence [PPAR response element (PPRE)] and
stimulates transcription of genes involved in cell growth and
apoptosis [11]. The inflammatory prostanoids also increased
the release of glycogen synthase kinase 3𝛽 (GSK3𝛽) from axin
complex, thereby relieving 𝛽-catenin and leading to the acti-
vation of Wnt signaling pathway. 𝛽-Catenin is a key effector
molecule in Wnt signaling pathway as T-cell factor (TCF)
transcribes its target genes only when it binds to 𝛽-catenin
[8, 12]. The mutations in adenomatous polyposis coli (APC)
result in the stabilization and activation of 𝛽-catenin that
leads to uncontrolled proliferation [13]. Therefore, overex-
pression of COX-2 and unrestrained Wnt signaling pathway
play a crucial role in the pathogenesis of colorectal cancer.

Cancer is strongly influenced by various environmental
factors, with diet being one of the major modifying agents
[14]. Dietary fats play a crucial role both in the initiation
and the inhibition of tumorigenesis [15]. Reports have shown
that not only the amount but also the types of dietary
fat differing in fatty acid composition are the important
factors in pathogenesis of tumor. Experimental studies have
observed that dietary supplementation of fish oil leads to
the development of healthy state whereas corn oil augments
the progression of diseases [16]. However, both of these are
sources of essential polyunsaturated acids (PUFAs). There-
fore, rather than their absolute intake, a balanced ratio of
these oils in the diet is essential for normal growth and
development [17]. The previous experiments conducted in
our laboratory have demonstrated that the administration
of fish oil (n-3 PUFA)/corn oil (n-6 PUFA) in 2.5/1 ratio
has a better chemopreventive efficacy as compared to 1/1 in
experimentally induced colorectal cancer by altering the cell
cycle progression. Treatment with higher ratios of fish oil
led to G1 arrest and a significant decrease in cell population
in G2M and S phase with reduced expression of cyclin D1
[18, 19]. Another study of our laboratory has shown that
the differential chemopreventive action of fish oil and corn
oil might be mediated through Ras induced Raf/Erk/Mek
signaling pathway [20]. As the ceramide levels and nuclear
localization of 𝛽-catenin play an essential role in the devel-
opment of colon cancer, the present study was conducted to
delineate the effect of both of these PUFAs on lipid mediated
signaling and Wnt signaling. Hence, we analyzed the levels
of ceramide, 15-deoxy PGJ

2
, COX-2 expression, alterations

in Wnt signaling, and PPAR𝛾 expression to outline the role
of lipid mediated signalling events by fish oil in experimental
model of colon carcinogenesis.

2. Materials and Methods

N,N-Dimethylhydrazine dihydrochloride (DMH) was
obtained from Sigma Chemical Company (St. Louis, USA).
Monoclonal antibodies against COX-2 and horseradish
peroxidase (HRP)-conjugated anti-mouse IgGwere procured

from Santa Cruz (CA, USA). Monoclonal antibody against
PPAR𝛾 was procured from Cayman Chemicals Company
(Michigan, USA). Fluorescein isothiocyanate- (FITC-)
conjugated goat anti-mouse IgG

1
was bought fromBangalore

Genei (Bangalore, India). Standards of ceramide and 15-
deoxy PGJ

2
were purchased from Sigma Chemical Company

(St. Louis, USA). Maxepa fish oil [180mg eicosapentaenoic
acid (EPA) and 120mg docosahexaenoic acid (DHA)/mL]
was purchased from Merck Chemicals Limited (Goa, India)
and corn oil [containing 58.8% linoleic acid, 26.4% oleic, 1.3%
linolenic, and 12.8% saturated fatty acid] was obtained from
Sigma Chemical Company (St. Louis, USA). The mineral
mixture (Agrimin) was procured from Virbac Animal health
India Pvt. Ltd. (Mumbai, India). All other chemicals used in
the study were of analytical grade.

2.1. Animals andDiet. MaleWistar ratsweighing 100–200 gm
were obtained fromand housed in the Central Animal House,
Panjab University, Chandigarh. The experimental protocols
wereapproved by the “Institutional Animal Ethics Commit-
tee, Panjab University, Chandigarh” (1-12/IAEC 3/9/2009)
and conducted according to guidelines of the “Indian
National Science Academy” for the use and care of experi-
mental animals. The animals were housed in polypropylene
cages in the animal house and were acclimatized before being
used in the experimental study. After one week of acclima-
tization, animals were randomly divided into the different
groups and were fed experimental diet for four weeks. The
composition of all experimental diets was adjusted so that
animals in all the groups would consume the same amount
of calories (Table 1) and has been described earlier [18].

2.2. Experimental Design. The male Wistar rats (𝑛 = 96)
were divided into the six different experimental groups. The
detailed experimental design was given by Sarotra et al., 2012
[18]. A brief summary is given below.

Control Group. These animals received purified diet and a
weekly intraperitoneal injection of 1mM ethylenediaminete-
traacetic acid (EDTA with pH 7.4, a vehicle for DMH) for a
period of 4 weeks.

DMH Treated. The animals of this group received puri-
fied diet and a weekly intraperitoneal injection of DMH
(20mg/kg body weight) for a period of 4 weeks.

FO+CO(1 : 1)+EDTA. Amodified diet supplemented with 1 : 1
ratio of FO and CO was given to the animals along with a
weekly intraperitoneal injection of EDTA for a period of 4
weeks.

FO+CO(1 : 1)+DMH. Animals were given modified diet sup-
plemented with 1 : 1 ratio of FO and CO and a weekly
intraperitoneal injection of DMH for a period of 4 weeks.

FO+CO(2.5 : 1)+EDTA. The animals of this group received
modified diet supplemented with FO and CO in 2.5 : 1 ratio
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Table 1: Composition of the diet.

Synthetic diet
content (%) Control DMH

treated FO+CO(1 : 1)+EDTA FO+CO(1 : 1)+DMH FO+CO+(2.5 : 1)+EDTA FO+CO(2.5 : 1)+DMH

Casein 20 20 23.5 23.5 23.5 23.5

Fat
5

(soya
oil)

5
(soya
oil)

5 + 7.5 CO + 7.5 FO 5 + 7.5 CO + 7.5 FO 5 + 4.3 CO + 10.7 FO 5 + 4.3 CO + 10.7 FO

Carbohydrate 65 65 44.72 44.72 44.72 44.72
Fibre 5 5 5.9 5.9 5.9 5.9
Mineral mix. 3.8 3.8 4.46 4.46 4.46 4.46
Vitamin mix. 1.0 1.0 1.18 1.18 1.18 1.18
Choline
chloride 0.2 0.2 0.24 0.24 0.24 0.24

and a weekly intraperitoneal injection of EDTA for a period
of 4 weeks.

FO+CO(2.5 : 1)+DMH. A modified diet supplemented with
FOandCO in the ratio of 2.5 : 1 was given to the animals along
with a weekly intraperitoneal injection of DMH for a period
of 4 weeks.

The animals which were sacrificed 48 h after the last
EDTA/DMH injections constituted the initiation phase [21]
and the animals kept for 12 weeks after the treatment regimen
constituted the postinitiation phase study. All the animals
were sacrificed by cervical dislocation.

2.3. Isolation of the Colonocytes. The colonocytes were iso-
lated by the method of Sanders et al., 2004 [22]. The entire
colon was cut longitudinally to expose lumen and placed
in warm Ca2+ and Mg2+ free Hank’s buffered salt solution
(HBSS), 30mmol/L EDTA, 5mmol/L dithiothreitol (DTT),
and 0.1% BSA (bovine serum albumin). After a 15min
shaking incubation at 37∘C, the mucosal side was gently
scraped to remove the intact crypts. The isolated cells were
then centrifuged at 2200 rpm and washed twice in warm
HBSS containing 1.3mMCaCl

2
, 1 mMMgSO

4
, and 0.1%BSA.

The cells were counted using a haemocytometer and their
viability was checked by Trypan Blue ExclusionMethod [23].

2.4. Lipid Profile. For the extraction of lipids, isolated colono-
cytes (1−2×106 cells) were lysed with chloroform/methanol
mixture. The samples were kept at room temperature for
30min, centrifuged at 2000 rpm, and then filtered with
Whatman filter paper number 1. The filtrate was pooled in
the stoppered glass tubes, to which normal saline was added.
The tubes were shaken vigorously and left overnight at 4∘C
to separate the aqueous and lipid layer. The upper aqueous
layer was taken out using a glass pasteur pipette without
disturbing the interfacial fluff. The samples were then dried
under nitrogen gas and stored at −20∘C.

2.5. Estimation of Phospholipids. Phospholipids were esti-
mated by the method as described by McClare, 1971 [24].

The organic phosphorus of phospholipids is converted to
inorganic phosphorus by digesting with perchloric acid. The
inorganic phosphorus released was estimated by the method
of Fiske and Subbarow, 1925 [25].

2.6. Estimation of Ceramide (Cer) by HPTLC. Cer was esti-
mated by HPTLC using the modified method of Cordis
et al., 1998 [26]. The lipid extracts were reconstituted in
chloroform/methanol mixture and were fractionated by one-
dimensional HPTLC techniques on silica gel 60 Å HPTLC
plates (Whatman, Clifton, NJ). The plates were developed
using toluene: methanol [8 : 2, v/v] mobile phase for Cer
separation in a Camag HPTLC twin-trough chamber. The
lipids were derivatized with primuline [100mg primuline
dissolved in 200mL water and acetone (1 : 4, v/v)]. The plate
was dipped (vertical speed: 2.5 cm/s and immersion time: 1 s)
using the Chromatogram Immersion Device (CAMAG).The
sample zones were quantified by linear scanning at 366 nm
with a Camag TLC Scanner II, a mercury source, and slit
dimension settings of length 4, width 4, and scanning rate of
20mm s−1.The results of Cer were expressed as 𝜇g of Cer/mg
phospholipids.

2.7. Estimation of 15-Deoxy Prostaglandin J
2
(15-deoxy PGJ

2
)

by HPLC. The levels of 15-deoxy PGJ
2
were estimated using

HPLC by the method of Mazid et al., 2006 [27]. For the
extraction of PGJ

2
, colon tissue was homogenized and son-

icated in 0.1M Tris (pH 7.4). Samples were then centrifuged
at 800 g for 15min. The supernatant was mixed with 1M
sodium acetate buffer (pH 3.5), and then the prostaglandins
were extracted with ethyl acetate. The extracts were analyzed
by RP-HPLC on the Waters HPLC system equipped with
a 600 controller, 600 pump, and Waters 2996 photodiode
array detector to which a L-column ODS was connected.The
columnwas eluted with amobile phase of acetonitrile/17mM
phosphoric acid (60 : 40, v/v) at a flow rate of 1mL/min.
The peak of 15d-PGJ

2
was detectable by monitoring the

absorbance at 230 nm. The data of 15-deoxy PGJ
2
was

expressed as ng of 15-deoxy PGJ
2
/gm tissue fraction.
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2.8. Western Blotting of COX-2. Western blotting was car-
ried out according to the procedure of Towbin et al., 1992
[28]. The tissue lysate was prepared in ice-cold lysis buffer
(1% Triton X-100, 150mM sodium chloride, 0.1% sodium
dodecyl sulphate, 10mM Tris pH 7.2, 50mM sodium flu-
oride, 50mM sucrose, and 20𝜇M sodium orthovanadate).
The lysate was incubated on ice for 60min and was cen-
trifuged at 12,000 g for 20min.The supernatant was collected
and the protein content was estimated according to Lowry et
al., 1951 [29]. 100 𝜇g of protein was loaded onto the gel and
was run along with prestained protein marker. The protein
from the gel was transferred onto the PVDF membrane. The
membrane was blocked in 3% nonfat dry milk in TBS for 1
hour at room temperature and was then incubated overnight
at 4∘C with monoclonal antibody against COX-2 which
was diluted (1 : 100) in the blocking buffer. The membrane
was then washed three times in TBST and then incubated
with the corresponding HRP conjugated secondary antibody
diluted (1 : 250) in blocking buffer for 2 hours at room
temperature with constant agitation.Themembranewas then
again washed in TBST. The protein was visualized with PBS
containingDAB (1mg/mL) andH

2
O
2
, substrate forHRP.The

reaction was stopped by washing the membrane with PBS
after which the membrane was photographed.

2.9. Immunohistochemical Analysis of 𝛽-Catenin. 2-3 𝜇m
thick sections were mounted on poly-L-lysine coated slides.
The slides were heated at 65∘C before deparaffinization
in xylene. The slides were rehydrated with serial alcohol
solutions (100%, 90%, 70%, 50%, and 30%). Endogenous
peroxidase activity was quenched by incubating the slides
with 3% H

2
O
2
(in methanol) for 20min at 4∘C. The sections

were blocked using 2% BSA in PBS for 30min at room
temperature. Antigen retrieval was done with retrieval buffer
(pH 6.0) by using the microwave for 5min. The slides were
allowed to cool for 20 minutes. Following antigen retrieval,
the sections were incubated with the diluted antibody 𝛽-
catenin (1 : 100) for overnight at 4∘C in a humid chamber.The
slides were washed in PBS and followed by incubation for
2 hours with HRP-conjugated anti-rabbit antibody (1 : 100)
for 𝛽-catenin at 37∘C in a humid chamber. The slides were
visualized using DAB and H

2
O
2
. Sections were then coun-

terstained with haematoxylin for 2min, followed by rinsing
in deionized H

2
O. Slides were dehydrated and mounted with

DPX for analysis. Images were acquired and analyzed using
the Nikon Eclipse 80i microscope (Japan) and Northern
Eclipse Imaging Elements-D (NIS-D) software.

2.10. Analysis of PPAR𝛾 by Flow Cytometer. The isolated
colonocytes were fixed in 4% paraformaldehyde for 20 min-
utes at room temperature. After washing with PBS twice, the
colonocyteswere permeabilizedwith 100% ice-coldmethanol
(added drop wise) and left for 15min at −20∘C. The cells
were washed again in cold PBS twice. Approximately 1 × 106
cells were added to a FACS tube, resuspended in saponin
buffer (PBS containing 0.1% saponin and 2% BSA), and
incubated for 30min at 4∘C. The colonocytes were then
incubated with diluted PPAR𝛾 (1 : 100) monoclonal antibody

for 30min at room temperature and then washed with
saponin buffer. The colonocytes were then incubated with
diluted FITC conjugated secondary antibody for 45min at
room temperature. The cells were washed once with saponin
buffer and then with PBS.The cells were resuspended in PBS.
The acquisition from each sample was conducted on FACS
Canto (BD Biosciences, USA) and the collected data was
analyzed using the BD FACS Diva software. The results of
PPAR𝛾were represented as themean ofNetMFI (MFI of cells
treated with Ab- MFI of cells only).

2.11. Statistical Analysis. The results were expressed as Mean
± S.D. The differences between the groups were assessed
by ANOVA after ascertaining normality by Q-Q plot. The
statistical significance was determined by one-way ANOVA
with Bonferroni’s multiple comparison post hoc tests, and
differences were considered significant for P < 0.05.

3. Results

3.1. Effect of Different Ratios of Fish Oil and Corn Oil on
Ceramide Levels. As ceramide, a bioactive lipid, has been
proposed to play important role in growth arrest, differ-
entiation, and apoptosis, we thought whether the different
ratios of fish oil and corn oil might alter the ceramide levels
in the initiation and postinitiation phase of rodent model
of colon cancer. The levels of ceramide were measured by
HPTLC and peak of ceramide is shown in Figures 1(a) and
1(b). The ceramide levels of DMH treated animals of both
initiation and postinitiation phases were compared with the
corresponding control animals. It has been shown that, on
treatment with DMH in the initiation phase, there was no
significant alteration in the levels of ceramide in comparison
to control animals; however, it was decreased markedly in
the postinitiation phase. On receiving FO+CO(1 : 1)+DMH
and FO+CO(2.5 : 1)+DMH in both phases, ceramide lev-
els were augmented significantly with respect to DMH
treated animals. The elevation in the levels of ceramide was
more marked with FO+CO(2.5 : 1)+DMH as compared to
FO+CO(1 : 1)+DMH. These observations clearly suggest that
the supplementation of dietary fish oil modulates the lipid
mediator, ceramide, in DMH induced experimental colon
carcinogenesis.

3.2. Effect of Different Ratios of Fish Oil and Corn Oil on the
Expression of COX-2. As the overexpression of another lipid
mediator, COX-2, has been considered to be the hallmark
of colorectal cancer progression, next we examined the
expression of COX-2 enzyme. The expression of COX-2 is
represented in Figure 2. In the present study, COX-2 enzyme
was increased significantly on treatment with DMH as com-
pared to control animals in both of the phases. On receiving
the FO+CO(1 : 1)+DMH and FO+CO(2.5 : 1)+DMH, the
expression of COX-2 was decreased in both phases as
compared to DMH treated animals. The effect was more
marked with FO+CO(2.5 : 1)+DMH in the postinitiation
phase.
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0.79 ± 0.16
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3.62 ± 0.57###, ††† 
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Figure 1: Effect of different ratios of fish oil and corn oil on ceramide levels in experimentally induced colon cancer. Chromatogramdepicts (a)
peak of ceramide standard, (b) peak of test sample, (c) band intensity in different groups of initiation phase, and (d) band intensity in different
groups of postinitiation phase. (e) represents expression of ceramide in the initiation and postinitiation phase. Lane 1-band intensity of std.
ceramide, 2-control, 3-DMH treated, 4-FO+CO(1 : 1)+EDTA, 5-FO+CO(1 : 1)+DMH, 6-FO+CO(2.5 : 1)+EDTA, and 7-FO+CO(2.5 : 1)+DMH.
The results are expressed as Mean ± S.D. for 𝑛 = 8. ∗∗∗𝑃 < 0.001with respect to control, ###𝑃 < 0.001with respect to DMH, ##𝑃 < 0.01with
respect to DMH, and †††𝑃 < 0.001with respect to FO : CO(1 : 1)+DMH.
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Figure 2: Alterations on the expression of COX-2 on administration of both of the ratios of fish oil and corn oil in experimentally induced
colon cancer. (a) depicts band intensity in the initiation phase of different groups and (b) represents band intensity in postinitiation phase. (c)
depicts quantitative analysis of COX-2 expression in the initiation and postinitiation phase. Lane 1-band intensity of control, 2-DMH treated,
3-FO+CO(1 : 1)+EDTA, 4-FO+CO(1 : 1)+DMH, 5-FO+CO(2.5 : 1)+EDTA, and 6-FO+CO(2.5 : 1)+DMH.The results are expressed as Mean ±
S.D. for 𝑛 = 4. ∗∗∗𝑃 < 0.001 with respect to control, ∗∗𝑃 < 0.01with respect to control, ###𝑃 < 0.001with respect to DMH, ##𝑃 < 0.01with
respect to DMH, and †††𝑃 < 0.001with respect to FO : CO(1 : 1) + DMH.
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Figure 3: Downregulation of 15-deoxy PGJ
2
on administration of different ratios of fish oil and corn oil in experimentally induced colon

cancer. Chromatogram represents (a) peak of standard 15-deoxy PGJ
2
and (b) peak of test sample. (c) Table depicting the levels of 15-deoxy

PGJ
2
in both the initiation and postinitiation phase. The results are expressed as Mean ± S.D. for 𝑛 = 8. ∗∗∗𝑃 < 0.001with respect to control,

###
𝑃 < 0.001with respect to DMH, and †††𝑃 < 0.001with respect to FO : CO(1 : 1) + DMH.

3.3. Effect of Different Ratios of Fish Oil and Corn Oil on
the Expression of 15-Deoxy PGJ

2
. Since the overexpression

of COX-2 leads to the formation of proinflammatory
eicosanoids and it has been observed in the present study
that both ratios reduced the expression of COX-2, we further

examined whether these fatty acids in both ratios alter
the expression of 15-deoxy PGJ

2
. The levels of 15-deoxy

PGJ
2
were analyzed by HPLC and the representative peak

of standard and sample is given in Figures 3(a) and 3(b).
On treatment with DMH, the levels of 15-deoxy PGJ

2
were
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Table 2: Effect of fish oil and corn oil on PPAR𝛾 expression in experimentally induced colon cancer.

Groups Net MFI of PPAR𝛾
Initiation phase Postinitiation phase

Control group 129.33 ± 7.11 148.50 ± 11.22
DMH treated 116.33 ± 7.89 356.83 ± 29.48∗∗∗

FO : CO(1 : 1)+EDTA 276.83 ± 18.47 153.89 ± 9.32
FO : CO(1 : 1)+DMH 239.60 ± 34.01### 207.33 ± 13.38###

FO : CO(2.5 : 1)+EDTA 162.60 ± 8.73 163.00 ± 16.31
FO : CO(2.5 : 1)+DMH 156.33 ± 16.42###,††† 134.67 ± 8.09###,†††

The results are expressed as Mean ± S.D. for n = 8.
∗∗∗P < 0.001 with respect to control, ###P < 0.001 with respect to DMH, and †††P < 0.001 with respect to FO : CO(1 : 1)+DMH.

Table 3: Effect of fish oil and corn oil on expression and nuclear localization of 𝛽-catenin in the colon cancer.

Groups
Initiation phase

(% of 𝛽-catenin positive cells)
Postinitiation phase

(% of 𝛽-catenin positive cells)
Membranous Cytoplasmic Nuclear Membranous Cytoplasmic Nuclear

Control group 5.85 ± 3.95 — — 8.56 ± 2.35 — —
DMH treated 12.47 ± 1.29∗∗∗ 18.36 ± 5.34∗∗∗ 16.89 ± 1.56∗∗∗ 45.32 ± 4.22∗∗∗ 19.03 ± 2.94∗∗∗ 15.45 ± 2.34∗∗∗

FO : CO(1 : 1)+EDTA 6.71 ± 2.54 — — 10.43 ± 0.88 — —
FO :CO(1 : 1)+DMH 8.56 ± 1.58### 6.67 ± 2.69### — 20.68 ± 2.36### 5.96 ± 3.87### 3.40 ± 0.56###

FO : CO(2.5 : 1)+EDTA 8.36 ± 3.62 — — 7.68 ± 1.65 — —
FO :CO(2.5 : 1)+DMH 11.91 ± 2.56† — — 4.56 ± 1.23### — —
The results are expressed as Mean ± S.D. for n = 8.
∗∗∗P < 0.001 with respect to control, ###P < 0.001 with respect to DMH, and †P < 0.05with respect to FO : CO(1 : 1)+DMH.

elevated considerably as compared to control animals in both
phases. However, on receiving both of the ratios of fish oil
and corn oil in initiation and postinitiation phase, the levels
of 15-deoxy PGJ

2
were decreased significantly with respect to

DMH treated animals. The decrease was more pronounced
with FO+CO(2.5 : 1)+DMH.

3.4. Effect of Different Ratios of Fish Oil and Corn Oil on the
Levels of PPAR𝛾. Since 15-deoxy PGJ

2
is the natural ligand

of PPAR𝛾, we next determined the effect of these PUFAs
on PPAR𝛾 in experimentally induced colon cancer. It has
been demonstrated that, in the initiation phase, there was no
significant alteration in the expression of PPAR𝛾on treatment
with DMH in comparison to control animals; however, in the
postinitiation phase, expression of PPAR𝛾 was considerably
augmented (Table 2). On receiving FO+CO(1 : 1)+DMH and
FO+CO(2.5 : 1)+DMH in the initiation phase, the expression
of PPAR𝛾 was elevated significantly with respect to DMH
treated animals, whereas it was decreased significantly in the
postinitiation phase.

3.5. Effect of Different Ratios of Fish Oil and Corn Oil on the
Expression of 𝛽-Catenin. In order to further corroborate the
effects of dietary fish oil and corn oil, we evaluated the nuclear
localization of 𝛽-catenin. Overexpression of prostaglandins
induces the stabilization of 𝛽-catenin, which interacts with
Tcf/Lef1 transcription factors and activates the expression
of downstream genes. The results on the expression and
localisation of 𝛽-catenin in colon tissue are summarized

in Table 3 and Figure 4. As shown by the immunohisto-
chemical staining, 𝛽-catenin was localized at the membrane
of epithelial cells in colonic mucosa of control animals.
On treatment with DMH, an increase in the expression
as well as nuclear localization of 𝛽-catenin was observed
(Figures 4(b) and 4(f)) in both phases as compared to
control animals. On treatment with FO+CO(1 : 1)+DMH,
expression of 𝛽-catenin was reduced in both membrane and
cytoplasm as compared to DMH treated animals. In contrast,
animals receiving FO+CO(2.5 : 1)+DMH have demonstrated
moderate immunoreactivity of 𝛽-catenin on the membrane
only. The nuclear translocation of 𝛽-catenin was found to be
inhibited on treatment with both of the ratios in both phases
as compared to DMH treated animals.

4. Discussion

The sphingolipid ceramide is an important molecule that
regulates diverse signaling pathways by triggering specific
protein targets such as phosphatases and kinases. Activation
of phosphoprotein phosphatase 1 (PP1) by ceramide induces
dephosphorylation of retinoblastoma (Rb), thus implicating
it in cell cycle arrest. Ceramide also induces the apopto-
sis which may be mediated through SAPK/JNK signaling
pathway [30]. Here we reported that treatment with DMH
resulted in a decrease in ceramide in the initiation phase but
the decrease was not significant with respect to control ani-
mals. However, there was a significant decrease in ceramide
levels in the postinitiation phase as compared to control
animals. Ceramide leads to a decline in the proliferative
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Figure 4: Effect of different ratios of fish oil and corn oil on the expression and nuclear localization of𝛽-catenin in initiation and postinitiation
phase. → represents cytoplasmic expression and[ depicts membrane localization.

potential and also affects the cell differentiation [31, 32].
Hence, the reduced level of ceramide in the present study
suggests the progression of colorectal cancer in the current
model.Thediminished levels of ceramide in the present study
are in corroboration with the results of our previous study
which had shown the increased cell proliferation in a similar

model [20]. On treatment with both ratios of fish oil and corn
oil, the levels of ceramide were increased in both phases in a
dose dependent manner which should lead to the activation
of apoptosis or inhibition of cell proliferation which indeed
was the observation in our previous study [20]. It has been
reported earlier also that supplementation of DHA or EPA
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leads to an increased ceramide formation in breast cancer
cells [33]. Elevated levels of ceramide are considered to be
highly effective in inducing apoptosis and preventing colon
cancer [32].

The reports have demonstrated that deprivation of DHA
and EPA (n-3PUFAs) activates arachidonic acid metaboliz-
ing enzymes like COX-2 which lead to the development
of cancer [34].Thedata of the current study has demonstrated
that, on treatment with DMH, the levels of COX-2 were
increased in both the initiation and the postinitiation phase
in comparison to control animals. An elevation in COX-2
activity results in cell proliferation, increases the metastatic
potential, prevents the apoptosis, and, therefore, has a sig-
nificant role in colon carcinogenesis [35, 36]. According to
the canonical process of signal transduction, the observed
increase in expression of COX-2 upon treatment with DMH
is expected to be correlated with enhanced downstream
signaling. The activated COX-2 would lead to an increase
in the production of prostaglandins, for example, 15-deoxy
PGJ
2
, observed in the current study.We observed an increase

in 15-deoxy PGJ
2
levels on treatment with DMH in both

the initiation and the postinitiation phase as compared to
control animals. It has been reported that inflammatory
prostanoids activate G protein-coupled receptor and lead to
the association of 𝛼 subunit of G protein with the signaling
domain of axin; this results in the release of GSK-3𝛽 from
its complex, hence leading to the accumulation and nuclear
localization of 𝛽-catenin [8, 10]. We have also found the
enhanced expression of 𝛽-catenin in membrane, cytoplasm,
and nucleus on treatment with DMH in both phases.The ele-
vation in the expression of 𝛽-catenin was more pronounced
in the postinitiation phase. The nuclear translocation of 𝛽-
catenin induces the target gene expression involved in cellular
proliferation, such as c-myc, cyclin D1, and PPAR𝛾 [37–39].
The previous study conducted in our laboratory has also
reported an increase in the levels of cyclin D1 levels on
treatment with DMH and the increase was more significant
in the postinitiation phase [19]. Hence, the enhanced activity
of COX-2, 15-deoxy PGJ

2
, and aberrant Wnt signaling in

the current study suggests the involvement of this crucial
signaling pathway in DMH induced colon cancer.

On treatment with fish oil and corn oil, the expression
of COX-2 and 15-deoxy PGJ

2
was decreased in both phases

as compared to DMH treated animals. The decrease was
more significant with FO+CO(2.5 : 1)+DMH as compared to
FO+CO(1 : 1)+DMH. It has been observed that, on treat-
ment with FO+CO(1 : 1)+DMH, 𝛽-catenin was expressed
in membrane and cytoplasm; however, treatment with
FO+CO(2.5 : 1)+DMH and 𝛽-catenin was found to be
expressed on membrane only in both phases. Hence, the
localization of 𝛽-catenin from cytoplasm to nucleus was

inhibited, suggesting the inactivation of Wnt signaling in a
dose dependent manner. It has been observed earlier also
that supplementation of DHA inhibits COX-2 expression and
induces apoptosis inWM266-4metastaticmelanoma cell line
[40]. DHA supplementation also induced the formation of 𝛽-
catenin/axin/GSK-3𝛽 complex and, hence, inhibited nuclear
localization of 𝛽-cateninin hepatocellular carcinoma cell line
[41]. Furthermore, it has been reported that n-3 PUFAs
decreased PGE

2
signaling through downregulation of COX-

2 in HCC cell line [41]. This is the first study in the animal
model which shows that the supplementation of fish oil and
corn oil in different ratios exerts the differential effect in the
inhibition of COX-2 expression and Wnt signaling in a dose
and time dependent manner.

As PPAR𝛾 is the direct receptor of inflammatory
prostanoids, that is, 15-deoxy PGJ

2
; therefore, the expression

of PPAR𝛾 was also analyzed. Here, the results have shown
that, on treatment with DMH, the expression of PPAR𝛾
was slightly decreased in initiation phase as compared to
control animals whereas it was increased in the postinitiation
phase. Amarginal decrease in the expression of PPAR𝛾 in the
initiation phase might be related to the early stages of colon
cancer. The results of an elevated PPAR𝛾 in postinitiation
phase in the current study are contrary to other reports which
have revealed a decreased expression of PPAR𝛾 in cancer
[42, 43]. However, in the presence of mutation in APC gene,
PPAR𝛾 has been reported to be elevated in the later stages
and promote the progression of colon cancer [44, 45]. It has
been documented earlier also that PPAR𝛾 can act as a tumour
promoter, only in the presence of APC mutation or aberrant
Wnt signaling pathway which indeed is the observation in
the current study [46]. Activation of PPAR𝛾 during tumour
progression is deleterious as it also has an important role in
the modulation of tumour microenvironment by altering the
immune status in epithelial cancers [47]. Another reason for
the activation of PPAR𝛾 in the present study might also be
related to the elevated levels of its ligand 15-deoxy PGJ

2
by

COX-2.
The results of PPAR𝛾 in the present study suggest

that, on treatment with FO+CO(1 : 1)+DMH and
FO+CO(2.5 : 1)+DMH, PPAR𝛾 was induced in comparison
to DMH treated animals in the initiation phase. Even though
there is a decrease in the expression of COX-2, 15-deoxy
PGJ
2
, and nuclear localization of 𝛽-catenin, we still observed

an elevation in the expression of PPAR𝛾.This could be related
to the direct activation of PPAR𝛾 by DHA and its metabolites
17-OH DHA as reported earlier [48]. On treatment with
FO+CO(1 : 1)+DMH and FO+CO(2.5 : 1)+DMH in the
postinitiation phase, the levels of PPAR𝛾 were found
to be decreased as compared to DMH treated animals.
The decrease in PPAR𝛾 was more pronounced with
FO+CO(2.5 : 1)+DMH as compared to FO+CO(1 : 1)+DMH.
The reduced expression of PPAR𝛾 in the current study
might be related to the decrease in expression of COX-2,
15-deoxy PGJ

2
, and nuclear localization of 𝛽-catenin. As

the supplementation of fish oil and corn oil reverses the
expression of PPAR𝛾 as compared to DMH treated animals,
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it reflects the role of PPAR𝛾 in the chemoprevention offered
by the ratios of these PUFAs in colon carcinogenesis.

5. Conclusion

In summary the results of the current study suggest that, on
supplementation of fish oil, ceramide levels were increased
whereas expression of COX-2, 15-deoxy PGJ

2
, and Wnt/𝛽-

catenin signaling was reduced in both phases with the
effect being more pronounced with the higher ratio, that
is, FO+CO(2.5 : 1)+DMH in the postinitiation phase. Hence,
it can be concluded that fish oil exerts dose and time
dependent chemopreventive effect in experimentally induced
colon cancer which may be mediated through an inhibition
in lipid mediated signaling and aberrant Wnt signaling.
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Fernandez-Checa, “Sphingolipids and cell death,” Apoptosis,
vol. 12, no. 5, pp. 923–939, 2007.

[6] S. Basu, S. Bayoumy, Y. Zhang, J. Lozano, and R. Kolesnick,
“BAD enables ceramide to signal apoptosis via Ras and Raf-1,”
The Journal of Biological Chemistry, vol. 273, no. 46, pp. 30419–
30426, 1998.

[7] D. Wang and R. N. Dubois, “Eicosanoids and cancer,” Nature
Reviews Cancer, vol. 10, no. 3, pp. 181–193, 2010.

[8] M. D. Castellone, H. Teramoto, B. O. Williams, K. M. Druey,
and J. S. Gutkind, “Medicine: prostaglandin E

2
promotes colon

cancer cell growth through a Gs-axin-𝛽-catenin signaling axis,”
Science, vol. 310, no. 5753, pp. 1504–1510, 2005.

[9] J. N. Feige, L. Gelman, L. Michalik, B. Desvergne, and W.
Wahli, “Frommolecular action to physiological outputs: perox-
isome proliferator-activated receptors are nuclear receptors at
the crossroads of key cellular functions,” Progress in Lipid
Research, vol. 45, no. 2, pp. 120–159, 2006.

[10] A. Krishnan, S. A. Nair, and M. R. Pillai, “Biology of PPAR𝛾 in
cancer: a critical review on existing lacunae,” Current Molecular
Medicine, vol. 7, no. 6, pp. 532–540, 2007.

[11] C. W. Cheon, D. H. Kim, D. H. Kim, Y. H. Cho, and J. H. Kim,
“Effects of ciglitazone and troglitazone on the proliferation of
human stomach cancer cells,” World Journal of Gastroenterol-
ogy, vol. 15, no. 3, pp. 310–320, 2009.

[12] J. I. Kim, V. Lakshmikanthan, N. Frilot, and Y. Daaka,
“Prostaglandin E

2
promotes lung cancer cell migration via EP4-

𝛽Arrestin1-c-Src signalsome,”Molecular Cancer Research, vol. 8,
no. 4, pp. 569–577, 2010.

[13] A. Gregorieff and H. Clevers, “Wnt signaling in the intestinal
epithelium: from endoderm to cancer,”Genes and Development,
vol. 19, no. 8, pp. 877–890, 2005.

[14] S. Gallus, A. Tavani, and C. La Vecchia, “Pizza and risk of acute
myocardial infarction,” European Journal of Clinical Nutrition,
vol. 58, no. 11, pp. 1543–1546, 2004.

[15] J. A. Menendez, R. Lupu, and R. Colomer, “Targeting fatty acid
synthase: potential for therapeutic intervention in Her-2/neu-
overexpressing breast cancer,” Drug News and Perspectives, vol.
18, no. 6, pp. 375–385, 2005.

[16] A. P. Simopoulos, “The importance of the omega-6/omega-
3 fatty acid ratio in cardiovascular disease and other chronic
diseases,” Experimental Biology andMedicine, vol. 233, no. 6, pp.
674–688, 2008.

[17] A. P. Simopoulos, “The importance of the ratio of omega-
6/omega-3 essential fatty acids,” Biomedicine and Pharma-
cotherapy, vol. 56, no. 8, pp. 365–379, 2002.

[18] P. Sarotra, G. Sharma, S. Kansal et al., “Chemopreventive effect
of different ratios of fish oil and corn oil in experimental colon
carcinogenesis,” Lipids, vol. 45, no. 9, pp. 785–798, 2010.

[19] P. Sarotra, S. Kansal, R. Sandhir, and N. Agnihotri, “Chemo-
preventive effect of different ratios of fish oil and corn oil
on prognostic markers, DNA damage and cell cycle in colon
carcinogenesis,” European Journal of Cancer Prevention, vol. 21,
no. 2, pp. 147–154, 2012.

[20] S. Kansal, A. K. Negi, A. Bhatnagar, and N. Agnihotri, “Ras
signaling pathway in the chemopreventive action of different
ratios of fish oil and corn oil in experimentally induced colon
carcinogenesis,” Nutrition and Cancer, vol. 64, no. 4, pp. 559–
568, 2012.

[21] P. Latham, E. K. Lund, and I. T. Johnson, “Dietary n-3 PUFA
increases the apoptotic response to 1,2-dimethylhydrazine,



BioMed Research International 11

reduces mitosis and suppresses the induction of carcinogenesis
in the rat colon,” Carcinogenesis, vol. 20, no. 4, pp. 645–650,
1999.

[22] L. M. Sanders, C. E. Henderson, M. Y. Hong et al., “An increase
in reactive oxygen species by dietary fish oil coupled with the
attenuation of antioxidant defenses by dietary pectin enhances
rat colonocyte apoptosis,” Journal of Nutrition, vol. 134, no. 12,
pp. 3233–3238, 2004.

[23] R. I. Freshney, “Culture of animal cells,” in A Manual of Basic
Technique, p. 287, Wiley-Liss, New York, NY, USA, 3rd edition,
1994.

[24] C. W. F. McClare, “An accurate and convenient organic phos-
phorus assay,” Analytical Biochemistry, vol. 39, no. 2, pp. 527–
530, 1971.

[25] C. H. Fiske and Y. Subbarow, “The colorimetric determination
of phosphorus,”The Journal of Biological Chemistry, vol. 66, pp.
375–400, 1925.

[26] G. A. Cordis, T. Yoshida, and D. K. Das, “HPTLC analysis
of sphingomylein, ceramide and sphingosine in ischemic/
reperfused rat heart,” Journal of Pharmaceutical and Biomedical
Analysis, vol. 16, no. 7, pp. 1189–1193, 1998.

[27] M. A. Mazid, A. A. Chowdhury, K. Nagao et al., “Endogenous
15-deoxy-Δ12,14-prostaglandin J

2
synthesized by adipocytes

during maturation phase contributes to upregulation of fat
storage,” FEBS Letters, vol. 580, no. 30, pp. 6885–6890, 2006.

[28] H. Towbin, T. Staehelin, and J. Gordon, “Electrophoretic trans-
fer of proteins frompolyacrylamide gels to nitrocellulose sheets:
procedure and some applications,” Biotechnology, vol. 24, pp.
145–149, 1992.

[29] O. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall,
“Protein measurement with the Folin phenol reagent,” The
Journal of Biological Chemistry, vol. 193, no. 1, pp. 265–275, 1951.

[30] M. Verheij, R. Bose, X. H. Lin et al., “Requirement for ceramide-
initiated SAPK/JNK signalling in stress-induced apoptosis,”
Nature, vol. 380, no. 6569, pp. 75–79, 1996.

[31] K.M. Sprott,M. J. Chumley, J.M.Hanson, andR. T. Dobrowsky,
“Decreased activity and enhanced nuclear export of CCAAT-
enhancer-binding protein 𝛽 during inhibition of adipogenesis
by ceramide,” Biochemical Journal, vol. 365, no. 1, pp. 181–191,
2002.

[32] M. Selzner, A. Bielawska, M. A. Morse et al., “Induction
of apoptotic cell death and prevention of tumor growth by
ceramide analogues in metastatic human colon cancer,” Cancer
Research, vol. 61, no. 3, pp. 1233–1240, 2001.

[33] M. Wu, K. A. Harvey, N. Ruzmetov et al., “Omega-3 polyun-
saturated fatty acids attenuate breast cancer growth through
activation of a neutral sphingomyelinase-mediated pathway,”
International Journal of Cancer, vol. 117, no. 3, pp. 340–348, 2005.

[34] J. C. DeMar Jr., K. Ma, J. M. Bell, and S. I. Rapoport, “Half-
lives of docosahexaenoic acid in rat brain phospholipids are
prolonged by 15 weeks of nutritional deprivation of n-3 polyun-
saturated fatty acids,” Journal of Neurochemistry, vol. 91, no. 5,
pp. 1125–1137, 2004.

[35] M. Oshima, J. E. Dinchuk, S. L. Kargman et al., “Suppression of
intestinal polyposis in Apc(Δ716) knockout mice by inhibition
of cyclooxygenase 2 (COX-2),” Cell, vol. 87, no. 5, pp. 803–809,
1996.

[36] S. M. Prescott and R. L. White, “Self-promotion? Intimate
connections between APC and prostaglandin H synthase-2,”
Cell, vol. 87, no. 5, pp. 783–786, 1996.

[37] M. Shtutman, J. Zhurinsky, I. Simcha et al., “The cyclin D1 gene
is a target of the 𝛽-catenin/LEF-1 pathway,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 96, no. 10, pp. 5522–5527, 1999.

[38] T.-C. He, A. B. Sparks, C. Rago et al., “Identification of c-MYC
as a target of the APC pathway,” Science, vol. 281, no. 5382, pp.
1509–1512, 1998.

[39] R. H. Giles, J. H. van Es, and H. Clevers, “Caught up in a Wnt
storm: Wnt signaling in cancer,” Biochimica et Biophysica Acta:
Reviews on Cancer, vol. 1653, no. 1, pp. 1–24, 2003.

[40] S. Serini, E. Fasano, E. Piccioni et al., “DHA induces apop-
tosis and differentiation in human melanoma cells in vitro:
involvement of hur-mediated COX-2 mRNA stabilization and
𝛽-catenin nuclear translocation,” Carcinogenesis, vol. 33, no. 1,
pp. 164–173, 2012.

[41] K. Lim, C. Han, Y. Dai, M. Shen, and T. Wu, “Omega-3
polyunsaturated fatty acids inhibit hepatocellular carcinoma
cell growth through blocking 𝛽-catenin and cyclooxygenase-
2,”Molecular Cancer Therapeutics, vol. 8, no. 11, pp. 3046–3055,
2009.

[42] Y. Terashita, H. Sasaki, N. Haruki et al., “Decreased peroxisome
proliferator-activated receptor gamma gene expression is cor-
related with poor prognosis in patients with esophageal cancer,”
Japanese Journal of Clinical Oncology, vol. 32, no. 7, pp. 238–243,
2002.

[43] B. Farrow, K. L. O’Connor, K. Hashimoto, T. Iwamura, and B.
M. Evers, “Selective activation of PPAR𝛾 inhibits pancreatic
cancer invasion and decreases expression of tissue plasminogen
activator,” Surgery, vol. 134, no. 2, pp. 206–212, 2003.

[44] F. Richter, A. Joyce, F. Fromowitz et al., “Immunohistochemical
localization of the retinoic acid receptors in human prostate,”
Journal of Andrology, vol. 23, no. 6, pp. 830–838, 2002.

[45] K.Gyftopoulos, G. Sotiropoulou, I. Varakis, andG.A. Barbalias,
“Cellular distribution of retinoic acid receptor-𝛼 in benign
hyperplastic and malignant human prostates: comparison with
androgen, estrogen and progesterone receptor status,” European
Urology, vol. 38, no. 3, pp. 323–330, 2000.

[46] T. Inamoto, J. B. Shah, and A. M. Kamat, “Friend or foe?
Role of peroxisome proliferator-activated receptor-𝛾 in human
bladder cancer,” Urologic Oncology: Seminars and Original
Investigations, vol. 27, no. 6, pp. 585–591, 2009.

[47] G. D. Girnun and B. M. Spiegelman, “PPAR𝛾 ligands: taking
Ppart in chemoprevention,”Gastroenterology, vol. 124, no. 2, pp.
564–567, 2003.

[48] A. González-Périz, A. Planagumà, K. Gronert et al., “Docosa-
hexaenoic acid (DHA) blunts liver injury by conversion to pro-
tective lipid mediators: protectin D1 and 17S-hydroxy-DHA,”
The FASEB Journal, vol. 20, no. 14, pp. 2537–2539, 2006.


