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Abstract
We have demonstrated that diets containing fish oil and pectin (FO/P) reduce colon tumor incidence relative to control (corn

oil and cellulose [CO/C]) in part by inducing apoptosis of DNA-damaged colon cells. Relative to FO/P, CO/C promotes

colonocyte expression of the antiapoptotic modulator, Bcl-2, and Bcl-2 promoter methylation is altered in colon cancer. To

determine if FO/P, compared with CO/C, limits Bcl-2 expression by enhancing promoter methylation in colon tumors, we

examined Bcl-2 promoter methylation, mRNA levels, colonocyte apoptosis and colon tumor incidence in azoxymethane

(AOM)-injected rats. Rats were provided diets containing FO/P or CO/C, and were terminated 16 and 34 weeks after

AOM injection. DNA isolated from paraformaldehyde-fixed colon tumors and uninvolved tissue was bisulfite modified

and amplified by quantitative reverese transcriptase-polymerase chain reaction to assess DNA methylation in Bcl-2

cytosine–guanosine islands. FO/P increased Bcl-2 promoter methylation (P ¼ 0.009) in tumor tissues and colonocyte

apoptosis (P ¼ 0.020) relative to CO/C. An inverse correlation between Bcl-2 DNA methylation and Bcl-2 mRNA levels was

observed in the tumors. We conclude that dietary FO/P promotes apoptosis in part by enhancing Bcl-2 promoter

methylation. These Bcl-2 promoter methylation responses, measured in vivo, contribute to our understanding of the

mechanisms involved in chemoprevention of colon cancer by diets containing FO/P.
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Introduction

Epigenetic regulation of gene transcription occurs through
mechanisms that include DNA methylation and histone
modification.1,2 DNA methylation occurs primarily at
cytosine–guanosine dinucleotides (CpG) by the addition
of a methyl group on the 50 carbon position of cytosine.
CpG islands are CpG-rich regions in or near the promoter
region of genes, that when unmethylated allow the tran-
scription of genes.1 Aberrant methylation of promoter
CpG islands has been accepted as a crucial contributor to
cancer development3,4 because the extent of promoter
methylation in tumors is associated with disease pro-
gression, recurrence and survival rates in colon cancer.5,6

A hallmark of tumorigenesis is an inhibition of apoptosis,
and genes involved in apoptosis can be transcriptionally
regulated through DNA methylation.7 Importantly, aber-
rant DNA methylation is potentially reversible by natural

agents in the diet, such as soy isoflavones, apple polyphe-
nols, green tea polyphenols and biologically active com-
pounds present in vegetables,8 – 11 which may lead to
induction of apoptosis in the colon.

We have previously demonstrated that the combination of
fish oil and pectin (FO/P), compared with a diet containing
corn oil and cellulose (CO/C) inhibits colon tumor for-
mation.12 Fish oil is high in n-3 polyunsaturated fatty
acids (PUFA), i.e. eicosapentaenoic acid (EPA, 20:5n-3)
and docosahexaenoic acid (DHA, 22:6n-3), whereas corn
oil is high in the n-6 fatty acid, linoleic acid (LA, 18:2n-6).
Pectin is a highly fermentable fiber that yields butyrate
upon microbial fermentation, whereas cellulose is poorly
fermented. Fish oil did not influence proliferation, but did
significantly enhance colonocyte differentiation and apopto-
sis.12 Pectin reduced the numbers of cells per crypt column,
but this was not the result of reduced proliferation. Similar
to fish oil, pectin’s major effect on cell kinetics was to

ISSN: 1535-3702

Copyright # 2012 by the Society for Experimental Biology and Medicine

Experimental Biology and Medicine 2012; 237: 1387–1393

 at SAGE Publications on June 22, 2016ebm.sagepub.comDownloaded from 

mailto:jlupton@tamu.edu
http://ebm.sagepub.com/


increase apoptosis, and the increase in apoptosis was great-
est when fish oil was combined with pectin.12 Since that
study, we have demonstrated that FO/P contribute to the
regulation of apoptosis through a variety of mechanisms,
including changes in membrane-associated signaling cas-
cades,13,14 and calcium trafficking.15,16

Another of the mechanisms by which FO/P enhances
apoptosis is suppression of Bcl-2 levels, an antiapoptotic
mediator.17,18 Bcl-2 obstructs the intrinsic apoptotic
pathway by preventing the release of cytochrome c from
the mitochondria, thereby suppressing the downstream
caspase activation.19 In leukemia cells, Bcl-2 is hypomethy-
lated leading to a high Bcl-2 expression.20 These obser-
vations are relevant because high levels of Bcl-2 are
observed in the metastatic state of various types of cancer
including colon cancer.21 Therefore, we hypothesized that
the suppression of Bcl-2 expression in response to a FO/P
diet may result from a previously unidentified modulation
of the Bcl-2 promoter region. To test this, we determined
the methylation status of specific CpG dinucleotides of the
Bcl-2 promoter region and the transcription level of Bcl-2.
This study provides evidence that FO/P modulates apopto-
sis in part by epigenetic regulation of Bcl-2 expression in rat
AOM-induced colon carcinomas.

Materials and methods

Animals and study design

The animal use protocol was approved by the Institutional
Animal Care and Use Committee of Texas A&M
University and conformed to National Institutes of Health
(NIH) guidelines. Ninety-six male Sprague-Dawley rats
(Harlan Teklad, Madison, WI, USA) were housed individu-
ally in a temperature and humidity controlled animal facil-
ity with a 12 h light/dark cycle. Five-week-old rats were
allowed to acclimate to their new environments for one
week prior to starting the experimental diets. The rats con-
sumed the experimental diets for one week prior to being
injected with the colon-specific carcinogen azoxymethane
(AOM, Sigma, St Louis, MO, USA, 15 mg/kg body
weight, subcutaneous) twice, one week apart. Twenty-two
rats (CO/C n ¼ 12, FO/P n ¼ 10) were terminated at
16 weeks and 74 rats (CO/C, n ¼ 41; FO/P, n ¼ 33) were
used for final tumor analysis at 34 weeks after the second
AOM injection. Unfasted rats were killed by CO2 overdose
and cervical dislocation.

Diets

Rats were provided a diet containing either FO/P or CO/C
as previously described.22 The FO/P diet contained higher
amounts of n-3 PUFA (EPA and DHA) and pectin, a
highly fermentable fiber. The CO/C diet had higher
amounts of n-6 PUFA (LA) and cellulose, a poorly fermen-
ted fiber. The fish oil diet included 3.5 g corn oil/100 g diet
to meet essential fatty acid requirements. All diets contained
oils at 15% by weight and 30% of calories, an amount that
corresponds to current human dietary recommendations.
The amount of fiber in the diet was 6% by weight, which
is equivalent to 30 g/d for humans, also within the

recommended range for humans. The antioxidant levels in
the FO/P and CO/C diets were 1.5 g/kg a-tocopherol,
1 g/kg g-tocopherol and 0.025% tertiary butylhydroqui-
none. Fresh diets were provided daily to prevent lipid
oxidation.

Colon cancer incidence

Colons from rats terminated 34 weeks after the second AOM
injection were used to determine tumor incidence. Tumors
were counted and tumor tissues were fixed in 4% PFA for
four hours and embedded in paraffin blocks for histological
examination. Tumor sections (4 mm) were stained with
hematoxylin and eosin, and tumors were classified as ade-
nomas or adenocarcinomas,12 and adenocarcinomas were
counted for colon cancer incidence.

In situ apoptosis

Apoptosis was measured by TdT-mediated UTP-biotin nick
end labeling (TUNEL assay) of fragmented pieces of DNA
using 4 mm sections of PFA-fixed, paraffin-embedded
tissue. Apoptotic cells with condensed chromatin, apoptotic
bodies and intense brown staining were counted in 25 crypt
columns for each animal. The apoptotic index was calcu-
lated as 100 times the mean number of apoptotic cells per
crypt column divided by the mean number of cells per
crypt column.12

DNA extraction and preparation

Genomic DNA was extracted from 10 mm PFA-fixed colon
carcinomas and non-involved tissue sections using a
QIAamp DNA FFPE tissue kit (Qiagen, Valencia, CA,
USA). In addition, to prepare a universally methylated
reference sample, rat liver genomic DNA was treated with
CpG methyltransferase (M.SssI, New England Biolabs,
Ipswich, MA, USA), which methylates cytosines in CpG
dinucleotides with S-adenosyl methionine (SAM) as a
methyl donor. Briefly, genomic DNA of rat liver was
treated with M.SssI (0.05 units/mL final concentration) and
SAM overnight, followed by another overnight incubation
with an additional M.SssI (0.09 units/mL final concen-
tration) and SAM.23 The M.SssI-treated DNA was purified
using a DNA Clean and Concentrator kit (Zymo Research,
Irvine, CA, USA).

Sodium bisulfite modification and DNA recovery

Two microgram of genomic DNA or M.SssI treated DNA
was sodium bisulfite modified using a Zymo EZ DNA
Methylation Kit (Zymo Research, Irvine, CA, USA) as per
the manufacturer’s instructions. Sodium bisulfite converts
unmethylated cytosines to uracils, but does not affect the
methylated cytosines.

Quantative polymerase chain reaction detection of
Bcl-2 promoter methylation status

After sodium bisulfite conversion, genomic and M.SssI
treated DNA were amplified by fluorescence-based
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Quantative polymerase chain reaction (qPCR) using an ABI
7900 unit. Serial dilutions of M.SssI treated DNA were
included on each plate to generate a standard curve. PCR
amplification was performed with a final reaction mixture
of 25 mL consisting of 600 nmol/L of each primer,
200 nmol/L probe, 200 mmol/L dNTPs, 3.5 mmol/L
MgCl2, 10 � TaqMan buffer without Uracil DNA glycosy-
lase (AMPerase), 10 � stabilizer and water. Bisulfite-
converted DNA was amplified at 958C for 10 min, followed
by 50 cycles at 958C for 15 s and 608C for one minute.24

Primers and probes, designed specifically for bisulfite-
converted DNA, were used for Bcl-2 and Col2a1, a reference
gene to normalize for input DNA. Bcl-2 primers and probe
were designed to contain seven CpG dinucleotides in a CpG
island located in the first exon of Bcl-2 (Figure 1). Primers
and the probe were designed using Primer Express
Software 3.0 (Applied Biosystem, Foster City, CA, USA) in
a region of the Col2a1 gene that lacks any CpG dinucleotides
to allow for equal amplification, regardless of methylation
levels. The percentage of fully methylated molecules at a
specific locus was calculated by dividing the Bcl-2:Col2a1
ratio of a sample by the Bcl-2:Col2a1 ratio of M.SssI-treated
DNA and multiplying by 100. The primer and probe
sequences are listed in Table 1.

RNA extraction and transcription level measurement
using quantitative reverse transcription-PCR

Total RNA was extracted from colon carcinomas using
Totally RNA (Ambion, Grand Island, NY, USA), followed
by treatment with DNase. cDNA was synthesized from
2 mg of total RNA using oligo dT primer and SuperScript
II reverse transcriptase (Invitrogen, Grand Island, NY,
USA). Quantitative reverse transcription-PCR was per-
formed using an ABI 7900 and TaqMan gene expression
assays (Applied Biosystems) to quantify mRNA expression
levels of Bcl-2. The expression level of Bcl-2
(Rn99999125_m1) was normalized to Eukaryotic 18S
rRNA expression (Hs99999901_s1).17 Accuracy of the assay
was validated by establishing linearity of response for
each assay. Negative controls consisted of reverse transcrip-
tion reaction components without RT enzyme.

Statistical analyses

Data were analyzed using independent samples t-test to
determine the effect of diet (FO/P versus CO/C) on apopto-
sis and Bcl-2 methylation. Colon tumor incidence was
analyzed by Chi square analysis and reported as the percen-
tage of rats bearing tumors. The relationship between DNA
methylation and gene expression was determined by
regression analysis. The values are reported as means+
standard error of the mean. Differences between treat-
ments were regarded as significant when P values were
,0.05.

Results

Food intake and body weight gain

There were no differences in food intake between diet
groups at either time point (data not shown). Initial body
weight was similar between the CO/C (67.94+ 1.34 g)
and FO/P (66.58+ 1.51 g) rats, and because weight gains
were not affected by diet, final body weight was similar
between the CO/C (520.67+ 7.51 g) and FO/P (526.40+
11.74 g) rats.

FO/P diet promotes apoptosis and reduces colon
tumor incidence

Rats receiving the FO/P diet (51.5%, 17 of 33) had a signifi-
cantly lower colon tumor incidence compared with those
receiving the control CO/C diet (75.6%, 31 of 41) (P ¼
0.016, Figure 2a). In addition, rats consuming the FO/P
diet had a higher (P ¼ 0.028) number of apoptotic cells
per crypt column (0.85+ 0.17) compared with those con-
suming the CO/C diet (0.47+ 0.08). This resulted in an
elevated apoptotic index (percentage of apoptotic cells in
crypt column) in the non-tumor (uninvolved) regions of
the colon in FO/P rats at 16 and 34 weeks after AOM injec-
tion, compared with CO/C (P ¼ 0.020, Figure 2b).

FO/P enhances Bcl-2 promoter methylation in tumors
at 34 weeks after AOM injections

At the 16 weeks time point, Bcl-2 promoter methylation
tended to decline with the FO/P diet, but this effect was
not significant (CO/C 0.94+ 0.16, FO/P 0.65+ 0.12, P ¼
0.083, Figure 3a). In contrast, at the 34 weeks time point,
FO/P enhanced Bcl-2 promoter methylation, which was sig-
nificant (P ¼ 0.009) in carcinomas (CO/C 0.57+ 0.06, FO/P
0.91+ 0.19) but not in uninvolved colonic mucosa (CO/C
0.37+ 0.04, FO/P 0.50+ 0.11) (P ¼ 0.20, Figure 3b). Bcl-2
promoter methylation was lower in uninvolved tissues at
34 weeks (0.42+ 0.05) compared with those of 16 weeks
(0.79+ 0.10) (P ¼ 0.001, Figure 3c), which likely reflects
the continued progression of tumorigenesis.

Bcl-2 gene expression is negatively regulated by
promoter methylation

Our hypothesis was that FO/P would increase Bcl-2 promo-
ter methylation, leading to lower gene transcription. In

Figure 1 Genomic structure of rat Bcl-2 and the location of primers and

probe for DNA methylation. The j and B represent cytosine–guanosine

(CpG) dinucleotides. (A color version of this figure is available in the online

journal)
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carcinomas collected at 34 weeks, Bcl-2 promoter methyl-
ation was elevated in rats receiving the FO/P diet, which
was associated with numerically lower Bcl-2 transcript
levels in carcinomas compared with CO/C (P ¼ 0.13,
Figure 3d). When the extent of Bcl-2 promoter methylation
was compared with Bcl-2 expression in carcinomas of all
rats, the anticipated negative correlation (slope¼20.005,
R2 ¼ 0.16) was observed, even though it was not significant
(P ¼ 0.25) (Figure 4).

Discussion

DNA methylation is a well-established epigenetic mechan-
ism that leads to changes in gene expression without
DNA sequence alterations. Aberrant hypermethylation of
promoters is a recognized mechanism by which the
expression of tumor suppressor genes is inhibited during
colon cancer development.3,4 In contrast to hypermethyla-
tion of tumor suppressor genes, a region in the first exon
of Bcl-2 oncogene is completely demethylated allowing
high-levels of Bcl-2 expression in B-cell chronic lymphocytic
leukemia.20 Aberrant promoter methylation has been pro-
posed as a prognostic marker of cancers, and the extent of
methylation in a tumor is associated with disease pro-
gression, recurrence and survival rates in various types of
cancer.25 – 27 For instance, colon cancer patients with promo-
ter hypermethylation exhibit shorter cancer-specific survival
compared with those without promoter hypermethylation.6

The combination of FO/P has been extensively studied
to identify its chemoprotective mechanisms in colon

carcinogenesis, including suppression of PPARd and prosta-
glandin E2 concentrations,28 and especially its ability to
synergistically induce apoptosis.15,16,29 Apoptosis can be
induced by changes in the regulation of histone acetylation,
another epigenetic means of regulating gene transcrip-
tion.30,31 In addition, we have recently demonstrated that
FO/P modulates non-coding microRNA in AOM-induced
colon cancer, another epigenetic mechanism whereby
FO/P regulates gene transcription.32,33

In this study, we investigated the ability of FO/P to
modulate the methylation based epigenetic regulation of
the Bcl-2 gene in the AOM-induced colon cancer model.
Methylation of the Bcl-2 promoter was targeted because
we previously demonstrated that the combination of
FO/P, compared with CO/C, suppressed the level of Bcl-2
expression, which occurred in parallel with the induction
of colonocyte apoptosis.17 Therefore, the goal of this paper
was to determine if a diet enriched in FO/P modulates the
level of Bcl-2 gene expression by enhancing promoter
methylation in vivo.

As we previously reported,34 the incidence of colon
tumors in rats consuming a FO/P diet was lower than in
those consuming a CO/C diet. Part of the protection
against tumor formation may be attributable to the
enhanced apoptotic index in the rats consuming FO/P com-
pared with those from rats consuming CO/C (Figure 2).

Our results indicated that AOM-induced colon carci-
nomas exhibited a higher relative methylation of the Bcl-2
promoter in rats consuming a chemoprotective FO/P diet,
compared with CO/C. Interestingly, this effect was not
observed in the uninvolved tissue sections. Although no
other studies have investigated the effect of diet on methyl-
ation of Bcl-2, several reports have demonstrated dietary
effects on DNA methylation in other genes within
cancer cells or animal models of cancer. For example,
Nandakumar et al.10 demonstrated that green tea polyphe-
nols restored the expression of the tumor suppressor genes
Cip1/p21 and p16INK4a in human skin cancer cells by sup-
pressing DNA methylation. Fang et al.8 reported that genis-
tein, a soy isoflavone, reversed hypermethylation and
reactivated RARb, p16INK4a and MGMT in human esopha-
geal squamous cancer cells. Recently, the methylation state
of the tumor suppressor C/EBPd in leukemia cells was
found to be regulated by eicosapentaenoic acid.35 Using
the AOM-treated ApcMin/þ mouse model, Volate et al.36

determined that consumption of low concentrations of
green tea led to demethylation of the RXRa promoter
region, which restored RXRa expression in colon mucosa.
The current study is the first to demonstrate Bcl-2 promoter
methylation regulation by diet in vivo.

Table 1 Primer and probe sequence of promoter methylation

Gene

GenBank

number

Amplicon

start, end Forward primer 50 to 30 Reverse primer 50 to 30 Probe sequence 50 to 30

Bcl-2 NM_016993 496–573 GGATATTTTTGTAAAGTCGCGACG ACCTATAATCCACCTAACCCTCCG 6FAM-CTAAAAATAAC

TTCTCTCGTCGCT-MGB�

Col2a1 NM_012929 13,169–

13,244

GGTATTTTTGTTGTTTTGAAGAG-

TAGTTG

CCTTCTCTCCTCCTTAAACTCCAA 6FAM-ACCTCTAATCCCTCCCAAA-

MGB

�MGB refers to a Minor Groove Binder non-fluorescent quencher in the 30 terminus of the probe (MGBNFQ)

Figure 2 (a) Colon tumor incidence (n ¼ 74), (b) the effect of diet on mean of

apoptotic index in rats terminated at 16 and 34 weeks after azoxymethane

injections (n ¼ 40). The apoptotic index was calculated as 100 times the

mean number of apoptotic cells per crypt column divided by the mean

number of cells per crypt column. The data are means+ standard error of

the mean. �Different from CO/C, P , 0.05. FO/P, fish oil/pectin diet and

CO/C, corn oil/cellulose diet
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Babidge et al.37 demonstrated that specific CpG dinucleo-
tides in the Bcl-2 gene were methylated in 20% of human
colorectal tumors, but that four CpG dinucleotides in the
promoter region were not methylated in any colorectal
tumors. In the current study, Bcl-2 promoter methylation

declined from the levels observed at the intermediate
stage of tumorigenesis (16 weeks) to those found in the non-
involved tissues at 34 weeks after AOM injections. By mod-
ulating the transcriptional regulation of Bcl-2 at the tumor
stage, levels of apoptosis were suppressed as is recognized
to occur in colon cancer.17,18,38 However, the FO/P diet
was able to enhance Bcl-2 promoter methylation in carci-
nomas, which should enhance apoptosis. Indeed, Koelink
et al.39 demonstrated that decreased tumor apoptosis
was associated with a significantly higher probability of
disease recurrence in colon tumors. Since cancer cells are
resistant to the induction of apoptosis, reversing Bcl-2
promoter hypomethylation by a FO/P diet could offer a
therapeutic approach.

The levels of Bcl-2 transcripts were numerically lower in
tumors from rats consuming a diet containing FO/P com-
pared with CO/C. Even though the difference between
diet groups was not significant, the pattern of response
was similar to previous data,17 and reflects the elevated
methylation state in carcinomas from the FO/P rats in this
study. An extensive comparison could not be made due to
the relatively small number of samples for which both
DNA and RNA was available. However, other researchers
have demonstrated that diets rich in fish oil prevented the
expression of Bcl-2 in the colon cancer cells,38,40 as well as

Figure 3 (a) Relative Bcl-2 promoter methylation 16 weeks after azoxymethane (AOM) injections (6 rats/group). (b) Relative Bcl-2 promoter methylation 34 weeks

after AOM injections (14–25 rats/group). (c) Relative Bcl-2 promoter methylation of uninvolved tissues 16 and 34 weeks after AOM injections (n ¼ 12 at 16 weeks,

n ¼ 36 at 34 weeks). Bcl-2 promoter methylation at each time point includes values for both the FO/P and CO/C groups. (d) Relative Bcl-2 gene expression in

carcinomas (3–4 rats/group). The data are means+SEM. �Different from CO/C, P , 0.05. FO/P, fish oil pectin diet and CO/C, corn oil/cellulose diet

Figure 4 Negative correlation of Bcl-2 promoter methylation and gene

expression in carcinomas (slope¼20.005, R2 ¼ 0.16, P ¼ 0.25)
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other cell types.41 Moreover, this result is comparable
to those of Zhu et al.42, who reported that the Bcl-2 gene
promoter is hypomethylated in colorectal cancer tissues,
and that Bcl-2 methylation was inversely correlated with
Bcl-2 protein expression in those tissues. Similar results
were also demonstrated by Carvalho et al.43 who found
that Bcl-2 mRNA expression was inversely correlated
with promoter methylation in advanced stage prostate
carcinomas.

In summary, we have shown that dietary FO/P promotes
apoptosis in part by enhancing Bcl-2 promoter methylation
in colon tumors relative to a CO/C diet. This finding con-
tributes to our understanding of the mechanisms whereby
diets containing FO/P are chemoprotective against colon
cancer. In order to fully appreciate how a diet containing
FO/P modulates DNA methylation during colon carcino-
genesis, the effects of FO/P on DNA methyltransferases
(the enzymes responsible for DNA methylation) should be
investigated.
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