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ABSTRACT Selenium is an essential trace element for human health, and it has received considerable attention
for its possible role as an anticarcinogenic agent. The purpose of the present study was to determine whether
changes in the amount and the chemical form of selenium would affect DNA methylation and whether this effect
would be modified by arsenic. Caco-2 cells, a human colon cancer cell line, were exposed to 0, 1 or 2 mmol
supplemental selenite/L and 0, 1 or 2 mmol supplemental arsenite/L for 7 d. DNA isolated from Caco-2 cells not
treated with selenite was significantly (P , 0.0001) hypomethylated compared with that from cells treated with 1
or 2 mmol selenite/L. DNA isolated from Caco-2 cells not treated with arsenite was significantly (P , 0.0001)
hypomethylated compared with DNA isolated from cells treated with 1 or 2 mmol arsenite/L. In addition, methyl-
ation of the p53 promoter region of Caco-2 cells decreased when cells were cultured in the absence of selenite and
in the absence of arsenite. Sixty weanling male Fischer 344 rats were fed a torula yeast–based diet supplemented
with 0, 0.1 or 2 mg selenium/kg diet as either selenite or selenomethionine in the presence or absence of 5 mg
arsenic/kg diet as arsenite for 6 wk. Similar to the results with Caco-2 cells, rats fed selenium-deficient diets had
significantly (P , 0.0001) hypomethylated liver and colon DNA compared with rats fed 0.1 or 2.0 mg selenium/g
diets as either selenite or selenomethionine. Thus, alterations in DNA methylation may be a potential mechanism,
whereby deficient dietary selenium increases liver and colon tumorigenesis. J. Nutr. 130: 2903–2909, 2000.
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Selenium is an essential trace element for human health
and has received considerable attention for its possible role as
an effective, naturally occurring, anticarcinogenic agent. Epi-
demiologic studies reveal that selenium intakes correlate in-
versely with death from various types of cancer (Clark et al.
1996, Kneckt et al. 1990) and suggest an increased risk of
colon cancer in humans in geographic areas where selenium is
low in the soil (Clark et al. 1991). In a recent study by Clark
et al. (1996), selenium supplementation reduced the morbidity
and mortality rates from carcinomas at several sites in the
body, including the colon. Diets high in selenium have been
shown to suppress carcinogenesis in many animal tumor mod-
els (Chae et al. 1997, El-Bayoumy et al. 1996, Feng et al. 1999,
Ip and Ganther 1990, Jao et al. 1996. Milner 1986, Reddy et
al. 1996). In general, selenite is more effective than selenome-
thionine in inhibiting the development of chemically induced
tumors (Feng et al. 1999, Ip and Hayes 1989, Thompson et al.
1984). It has been hypothesized that the production of par-
tially methylated forms of selenium may be directly involved

in the anticarcinogenic action of selenium (Ip and Ganther
1990).

Selenium is enzymatically methylated to monomethylated,
dimethylated and trimethylated metabolites that use S-adeno-
sylmethionine (SAM)4 as the methyl donor. Inorganic arsenic
also undergoes enzymatic methylation, yielding monomethyl-
ated, dimethylated and trimethylated species by using SAM as
the methyl donor. Thus, the biomethylation of selenite may
compete with that of arsenic for the methyl donor SAM. In
support of this hypothesis, arsenite inhibits selenium methyl-
ation both in vivo and in vitro, and selenium is a potent
inhibitor of arsenic methylation in vitro (Ganther and Bau-
mann 1962, Hoffman and McConnell 1987, Tandon et al.
1986). It has been observed that diets that are deficient or
excessive in selenium altered arsenate disposition and meth-
ylation (Ganther and Baumann 1962, Levander and Baumann
1966). In addition, when rats are injected with subacutely
toxic doses of arsenic and selenium, exhalation of volatile
selenium compounds is markedly reduced, retention of sele-
nium in the liver is decreased and the amount of selenium
arriving in the intestinal tract is increased (Kenyon et al.
1997). Kraus and Ganther (1989) suggested that arsenite may
block detoxification of methylselenides by inhibiting further
methylation to the trimethylselenonium ion. Furthermore, the
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cancer chemopreventive action of selenite in animals is almost
completely abolished by the coadministration of arsenite (Ip
and Ganther 1988). However, arsenic may form an insoluble
complex with selenium, thereby removing it from the system
independent of an effect on methylation per se (Berry and
Galle 1994, Gailer et al. 2000)

In mammalian cells, the term “DNA methylation” refers to
the postsynthetic methylation of deoxycytosine residues at the
5 position to form 5-methylcytosine (Richardson and Yung
1999). 5-Methylcytosine is synthesized by the enzyme cytosine
DNA methyltransferase, which catalyzes the transfer of methyl
groups from SAM to deoxycytosine residues in DNA. This
produces 5-methylcytosine and S-adenosylhomocysteine
(SAH). Abnormal patterns of DNA methylation have been
recognized as a constant, but poorly understood, molecular
change in human neoplasia (Richardson and Yung 1999).
Vogelstein et al. (1983) established that genomic undermeth-
ylation of DNA was both an early event in human colorectal
carcinogenesis and an event that was present in a very con-
sistent fashion. Cravo et al. (1994) reported that genomic
DNA hypomethylation is also present in the normal colonic
mucosa of individuals who harbor colonic neoplasms; this
indicates that the appearance of DNA hypomethylation may
even precede histologic evidence of dysplasia. Transformed
cells of virtually all types often have, simultaneously, wide-
spread loss of methyl groups from normally methylated sites,
increased total activity of DNA methyltransferase and more
regional areas of hypermethylated DNA (Baylin et al. 1998).

DNA methylation is an important epigenetic mechanism of
transcriptional control (Baylin et al. 1998). Methylation of
such CpG-rich regions in the 59 flanking regions of certain
genes, termed “CpG islands,” is thought to inhibit transcrip-
tion by directly impeding the binding of transcription factors
to their cis-acting sites and/or by promoting the binding of
methyl-DNA binding proteins, which restrict access of tran-
scription factors to DNA (Richardson and Yung 1999). Hy-
pomethylation correlates with gene expression, whereas meth-
ylation results in transcriptional suppression (Richardson and
Yung 1999). Thus, alterations in DNA methylation could
affect the expression of oncogenes and tumor-suppressing
genes. Another mechanism whereby DNA hypomethylation
may promote malignant transformation is by inducing regional
alterations in DNA conformation and chromatin structure.
Local conformational changes can promote genomic instabil-
ity by increasing the accessibility of specific sequences to
DNA-damaging agents (Keshet et al. 1986, Lewis and Bird
1991). The loss of methylated cytosines alter the conformation
and stability of the chromatin structure, presumably by de-
creasing the number of binding sites for methyl-specific pro-
teins. In the absence of methyl-directed protein binding, af-
fected DNA sequences are rendered more accessible to
oxidant- or enzyme-induced DNA strand breakage (Leteurtre
et al. 1994, Smith 1991, Szyf et al. 1986). Thus, dysregulation
of DNA methylation patterns and associated changes in
DNA-protein binding may promote neoplasia not only by
altering the transcription of cancer-related genes but also by
altering local DNA structure and sequence accessibility to
DNA-damaging agents.

Thus, cytosine DNA methyltransferase, as well as selenium
and arsenic, compete for methyl donation from SAM. The
purpose of the present study was to determine whether changes
in the amount and the chemical form of selenium would affect
DNA methylation and whether this effect is modified by
arsenic. This was investigated in Caco-2 cells as well as in rats.

MATERIALS AND METHODS

Cell culture. Caco-2 cells were obtained from American Type
Culture Collection (Rockville, MD). Cells were maintained in Dul-
becco’s modified Eagle’s medium (GIBCO BRL, Gaithersburg, MD)
with 10% fetal bovine serum (Sigma Chemical Co., St. Louis, MO)
in a humidified incubator at 37°C with an atmosphere of 5% CO2.
Sodium arsenite was purchased from Mallinckrodt (St. Louis, MO),
and sodium selenite was purchased from Sigma Chemical Co. Expo-
sure to arsenite, selenite or both occurred 24 h after cells were seeded
onto culture flasks (675,000 cells were plated onto 25 cm2 in 5-mL
medium) to ensure that neither arsenite nor selenite affected attach-
ment to the plastic substrate. Caco-2 cells were exposed to basal
medium supplemented with 0, 1 or 2 mmol selenite/L and 0, 1 or 2
mmol arsenite/L; all determinations were performed in triplicate. The
basal medium with 10% fetal bovine serum contained 0.53 mmol
selenium/L and 0.32 mmol arsenic/L. Medium containing selenite and
arsenite was changed every 2 d. After 7 d of growth in the presence
of selenite and/or arsenite, flasks containing the cells were lysed with
warmed (37°C) 0.5% sodium dodecyl sulfate in 10 mmol Tris and 10
mmol EDTA, pH 8.0, per L. DNA was isolated according to a
procedure that involved enzymatic digestion of protein and RNA,
followed by extraction with phenol and chloroform/isoamyl alcohol
(24:1) (Gupta 1984). DNA concentration was determined spectro-
photometrically at 260 nm by using a value of 50 A260 absorbance
units/mg DNA to calculate its concentration.

Genomic DNA methylation. The methylation status of CpG
sites in genomic DNA was determined by the in vitro methyl accep-
tance capacity of DNA by using [methyl-3H]SAM as a methyl donor
and a prokaryotic CpG DNA methyltransferase, as described previ-
ously (Choi et al. 1999, Cravo et al. 1994, Kim et al. 1995). The
manner in which this assay is performed produces a reciprocal rela-
tionship between the endogenous DNA methylation status and the
exogenous methyl-3H incorporation. Briefly, 2 mg of DNA was incu-
bated with 185 kBq of [methyl-3H]SAM (Amersham Life Science
Products, Piscataway, NJ), 4 U of Sss1 methyltransferase (New En-
gland Biolabs, Beverly, MA), 13 Sss1 buffer (50 mmol NaCl, 10
mmol Tris-HCl, 10 mmol EDTA and 1 mmol dithiothreitol, pH 8.0,
per L) in a total volume of 50 mL for 3 h at 37°C. Sss1 methylase was
denatured by heating at 65°C for 20 min. Reaction mixtures con-
taining no enzyme were used as background controls for each DNA
sample. The incubation mixtures were applied onto disks of What-
man DE-81 ion exchange filters (Fisher Scientific, Springfield, NJ) by
using a vacuum filtration apparatus; the disks were then washed with
0.35 mol Na2PO4/L for 45 min. The disks were dried at 95°C for 30
min, and the resulting radioactivity of the DNA retained on the disks
was measured by scintillation counting. All analyses were done in
duplicate.

Quantitative HpaII-polymerase chain reaction assay for gene-
specific methylation. The methylation status of the p53 gene was
assessed by using polymerase chain reaction (PCR) with primers
flanking the HpaII cleavage sites (CCGG) within the gene, as pre-
viously described (Mass and Wang 1997). Genomic DNA (1.5 mg)
from treated or control Caco-2 cells was digested with 6 U of HpaII or
MspI (Stratagene, La Jolla, CA) in restriction enzyme buffer, incu-
bated at 37°C overnight and then inactivated at 95°C for 10 min; a
parallel restriction enzyme control contained no HpaII or MspI. The
HpaII restriction enzyme will cleave CCGG sequences that are not
methylated at the internal or external cytosines, whereas the isoschi-
zomer control, MspI, will cleave both methylated and nonmethylated
CCGG sequences. The p53 promoter region contains two CCGG
sites. Primers were designed such that PCR amplification could not be
performed if one of the CCGG sequences had been cleaved (Mass
and Wang 1997). DNA resistant to HpaII digestion is methylated on
at least one of the two cytosines in the CCGG sequence and then can
be amplified and analyzed quantitatively with PCR.

An aliquot (0.5 mg) of the digested DNA was added to a PCR
mixture containing 200 mmol deoxynucleotide triphosphates/L, 50
pmol of primers (forward 59-AGGGAATTCGGCACCAGGTCG-
GCGAGAAT-39, reverse 59-AGGATCGATGGACTCATCAAG-
TTCAGTCA-39), 5 mL of 103 PCR buffer and 1 U of Taq polymer-
ase (Promega Life Science, Madison, WI) in a total volume of 50 mL.
After initial denaturation at 94°C for 5 min, the mixture was sub-
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jected to 28 cycles of 94°C for 1 min, 58°C for 70 s, 72°C for 3 min
and then a final extension step at 72°C for 5 min. A 10-mL aliquot
of the reaction mixture was incubated 1:10,000 (v/v) with Vistra
Green (Amersham Pharmacia Biotech, Piscataway, NJ) for 15 min
before electrophoresis on 2% agarose gels. The fluorescence intensi-
ties of the PCR products after HpaII digestion or without restriction
enzyme treatment were quantified with a Storm 860 (Molecular
Dynamics, Sunnyvale, CA). Values are expressed as the percentage of
gene product resistant to HpaII digestion. No PCR products were
observed when DNA was incubated with MspI.

Methylation-specific PCR. Methylation-specific PCR was car-
ried out essentially according to the method of Wong et al. (1999)
and was based on the principle that the treatment of DNA with
bisulfite results in the deamination of unmethylated cytosine residues
into uracil. Methylated cytosine residues, on the other hand, would
remain unchanged. Thus, the DNA sequences of methylated and
unmethylated genomic regions after bisulfite conversion would differ
and would be distinguishable by sequence-specific PCR primers.

Bisulfite conversion was carried out by using the reagents provided
in a CpGenome DNA modification kit (Intergen, Purchase, NY).
Caco-2 DNA (1 mg) was treated with sodium bisulfite according to
the manufacturer’s recommendations. After conversion, the bisulfite-
converted DNA was suspended in a total volume of 25 mL.

Each chemically modified DNA sample was amplified with each of
three oligonucleotide primer sets, including “U, M and W,” supplied
in the CpG WIZ p16 amplification kit (Intergen Company, Purchase,
NY). The “U primer” set will anneal to unmethylated DNA that has
undergone a chemical modification. The “M primer” set will anneal
to methylated DNA that has undergone a chemical modification.
The “W primer” set serves as a control for the efficiency of chemical
modification; this primer will anneal to any DNA (unmethylated or
methylated) that has not undergone chemical modification. After
initial denaturation at 95°C for 5 min, the mixture was subjected to
35 cycles of 95°C for 45 s, 60°C for 45 s, 72°C for 1 min and then a
final extension step at 72°C for 5 min. A 10-mL aliquot of the
reaction mixture was incubated 1:10,000 (v/v) with Vistra Green
(Amersham Pharmacia Biotech) for 15 min before electrophoresis on
2% agarose gels. The fluorescence intensity of the PCR products with
each of the different primer sets was quantified with a Storm 860
(Molecular Dynamics).

Animals and diets. Sixty male weanling Fischer 344 rats were
purchased from Sasco (Omaha, NE). All rats were housed individu-
ally in stainless steel wire-bottomed cages in a room with controlled
temperature and light. Animals were provided free access to demin-
eralized water and purified diet. The basal diet was a selenium-
deficient, torula yeast–based diet. The basal diet contained 30%
torula yeast, 0.3% DL-methionine, 59% sucrose, 5% corn oil, 3.5%
selenium-deficient AIN-76A mineral mix (American Institute of
Nutrition 1977), 1.2% calcium carbonate, 1% AIN-76A vitamin
mix, 0.1% choline bitartrate and 0.001% menadione sodium bisulfite
complex. The basal diet contained ,1.6 mg selenium/kg diet and
,44.1 mg arsenic/kg diet by analysis. The basal diet was supple-
mented with a 0, 0.1 or 2 mg selenium/kg diet as either selenite or
selenomethionine in the presence or absence of 5 mg arsenite/kg diet.
Six rats were allowed free access to each of these 10 diets for 6 wk
before killing. Rats were exsanguinated by cardiac puncture following
ketamine/xylazine anesthesia.

This study was approved by the Animal Care Committee of the
Grand Forks Human Nutrition Research Center, and the animals
were maintained in accordance with the NIH guidelines for the care
and use of laboratory animals.

DNA isolation. Portions of the liver and colon were promptly
removed, rinsed and immediately frozen in liquid nitrogen. Livers and
colons were stored at 270°C until DNA isolation. DNA was isolated
from 0.5-g portions of liver and colon by using a standard procedure
that involved enzymatic digestion of protein and RNA, followed by
extraction with phenol and chloroform/isoamyl alcohol (24:1)
(Gupta 1984).

Liver SAM and SAH. Portions of fresh liver were weighed and
homogenized at 11,500 3 g in 0.4 mol HClO4/L with a Mark II
Tissuemizer (Tekamr, Cincinnati, OH). Samples were centrifuged at
2000 3 g at 4°C for 30 min. The supernatant was stored at 270°C

until analysis. SAM and SAH were measured with a Dionex 40000i
(Dionex Corp., Sunnyvale, CA) according to the procedure of Bott-
liglieri (1990).

Plasma homocysteine. Total homocysteine was determined in
heparinized plasma by using HPLC according to the procedure of
Durand et al. (1996).

Selenium status. Selenium concentrations in the plasma and
liver were determined by hydride-generation atomic absorption spec-
trometry according to a previously published procedure (Finley et al.
1996). Samples were prepared for analysis by predigestion in nitric
acid and hydrogen peroxide, followed by high-temperature ashing
while in the presence of MgNO3 as an aid to prevent Se volatiliza-
tion.

Glutathione peroxidase enzyme activity was determined according
to the coupled enzymatic method of Paglia and Valentine (1967),
which uses hydrogen peroxide as the substrate.

Blood arsenic. Whole blood was digested with magnesium ni-
trate-saturated nitric acid. Digestion tubes were placed in an alumi-
num block heater until the samples appeared dried. The samples were
then ashed in a muffle oven at 635°C for 12 h. Ashed samples were
diluted in hydrochloric acid. The samples were analyzed by hydride
generation with a Perkin–Elmer FIAS-100 and a Perkin–Elmer
5100PC atomic absorption spectrophotometer (Perkin–Elmer Cetus,
Norwalk, CT).

Statistical analyses. The data were analyzed by a two-way
ANOVA (diet selenium and arsenic) using the SAS General Linear
Models program (SAS Version 6.12; SAS Institute, Cary, NC).
Tukey’s contrasts were used to differentiate among means for vari-
ables that had been significantly (P , 0.05) affected by selenium or
by a selenium 3 arsenic interaction. Values are reported as means
6 SEM in the text. Data with unequal variances (plasma selenium and
blood arsenic concentrations) were not transformed before statistical
analysis because the unequal variances did not affect the results.

RESULTS

Cell culture studies. By using SssI methylase, the relative
content of 5-methyl cytosine was assessed in samples of DNA
from Caco-2 cells grown in the presence of 0, 1 or 2 mmol
added selenite, arsenite or both/L for 2 wk. In this assay, the
amount of methyl groups incorporated into DNA in the pres-
ence of 3H-SAM and bacterial SssI methylase is proportional
to the original number of CpG sites available for methylation.
Thus, it is inversely proportional to the methylation status of
DNA. The DNA isolated from Caco-2 cells not treated with
selenite was significantly (P , 0.0001) hypomethylated com-
pared with that isolated from cells treated with 1 or 2 mmol
selenite/L (Fig. 1). Similarly, the DNA isolated from Caco-2
cells not treated with arsenite was significantly (P , 0.0001)
hypomethylated compared with Caco-2 cells treated with 1 or
2 mmol arsenite/L. However, in contrast to the results ob-
served with selenite, in which there were no differences in
DNA methylation between cells treated with 1 or 2 mmol
selenite/L, cells treated with 2 mmol arsenite/L were signifi-
cantly hypomethylated compared with cells treated with 1
mmol arsenite (77,292 dpm/ng DNA versus 60,500 dpm/ng
DNA for 2 and 1 mmol arsenite/L, respectively).

The amount of HpaII-resistant DNA that was amplified
by the PCR specific for the p53 promoter region in selenite-
and/or arsenite-exposed cells significantly (P , 0.0001)
increased with the concentration of selenite in which the
cells were cultured (2.48 versus. 6.76 versus 13.34% for 0, 1
and 2 mmol selenite/L averaged over all three arsenite
concentrations, respectively) and increased significantly (P
, 0.0001) when the cells were cultured with 2 mmol
arsenite/L regardless of selenite concentration (10.31%)
rather than 0 or 1 mmol arsenite/L (5.64 and 6.63%, re-
gardless of selenite concentration, respectively) (Fig. 2). In
all samples, incubations with the isoschizomer MspI resulted
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in complete cleavage of the CCGG sites, and no PCR
products were produced.

In contrast to the results observed when investigating
methylation of the p53 promoter region of Caco-2 cells, all
of the samples showed complete methylation of the pro-
moter region for the p16 tumor suppressor gene. No PCR
products from sample DNA were visualized when the prim-
ers for unmethylated DNA were used; however, products
were visualized when a control DNA sample supplied with

the kit and the primers for unmethylated DNA were used
(data not shown).

Animal studies. The concentration and chemical form of
selenium and arsenic in the diet did not significantly influence
food intake or body weight (data not shown). The weight of
the rats at the end of the study was 224 6 2 g.

Similar to the results with Caco-2 cells, rats fed seleni-
um-deficient diets had significantly (P , 0.0001) lower
amounts of methylated DNA in their livers and colons
compared with rats fed 0.1 or 2.0 mg selenium/g diet as
either selenite or selenomethionine (Figs. 3, 4). The chem-
ical form of selenium did not influence liver DNA methyl-
ation. However, rats fed 2 mg selenomethionine/g diet had
significantly (P , 0.0001) hypermethylated colonic DNA
compared with rats fed 0.1 or 2.0 mg selenium/g diet as

FIGURE 1 Analysis of global DNA methylation status in Caco-2
cells cultured in the presence of 0, 1 or 2 mmol selenite/L and 0, 1 or 2
mmol arsenite/L for 1 wk. The extent of global DNA methylation is
inversely proportional to the incorporation of methyl groups by bacterial
SssI methyltransferase in the presence of [methyl-3H]-S-adenosylme-
thionine. Values are means 6 SEM, n 5 3. Bar graphs without common
superscript letters are significantly (P , 0.05) different as determined by
Tukey’s contrasts.

FIGURE 2 Quantitative polymerase chain reaction (PCR) assay for
resistance to HpaII digestion in the p53 promoter gene of Caco-2 cells
cultured in the presence of 0, 1 or 2 mmol selenite/L and 0, 1 or 2 mmol
arsenite/L for 1 wk. An aliquot of DNA (1.5 mg) was digested with 6 U of
HpaII; a parallel restriction enzyme control reaction contained no HpaII
enzyme. An aliquot (0.5 mg) of the digested DNA was amplified in a PCR
that spanned bases 638–978 of the p53 promoter. A 10-mL aliquot of
the PCR was incubated 1:10,000 with Vistra Green for 15 min before
electrophoresis on 2% agarose gels. The fluorescence intensity of the
PCR products after HpaII digestion or with no restriction enzyme treat-
ment was quantified with a Storm 860. Data are expressed as the
percentage of gene product resistant to HpaII digestion. Values are
mean 6 SEM, n 5 3. Bar graphs without common superscript letters are
significantly (P , 0.05) different as determined by Tukey’s contrasts.

FIGURE 3 Analysis of global DNA methylation status in liver DNA
of rats fed torula yeast–based diets supplemented with 0, 0.1 or 2 mg
selenium/kg diet as either selenite or selenomethionine in the presence
or absence of 5 mg arsenite/kg diet for 6 wk. The extent of global DNA
methylation is inversely proportional to the incorporation of methyl
groups by bacterial SssI methyltransferase in the presence of [methyl-
3H]-S-adenosylmethionine. Values are mean 6 SEM, n 5 6. Bar graphs
without common superscript letters are significantly (P , 0.05) different
as determined by Tukey’s contrasts.

FIGURE 4 Analysis of global DNA methylation status in colon DNA
of rats fed torula yeast–based diets supplemented with 0, 0.1 or 2 mg
selenium/kg diet as either selenite or selenomethionine in the presence
or absence of 5 mg arsenite/kg diet for 6 wk. The extent of global DNA
methylation is inversely proportional to the incorporation of methyl
groups by bacterial SssI methyltransferase in the presence of [methyl-
3H]-S-adenosylmethionine. Values are mean 6 SEM, n 5 6. Bar graphs
without common superscript letters are significantly (P , 0.05) different
as determined by Tukey’s contrasts.
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selenite and rats fed 0.1 mg selenium/g diet as selenomethi-
onine. Dietary arsenic did not significantly affect liver or
colon DNA methylation.

Rats fed the selenium-deficient diets had significantly (P
, 0.0001) lower plasma homocysteine concentrations com-
pared with rats fed 0.1 or 2.0 mg selenium/g diet as either
selenite or selenomethionine (Table 1). The chemical form of
selenium did not influence plasma homocysteine concentra-
tions. An interaction between selenium and arsenic showed
that dietary arsenic significantly increased plasma homocys-
teine concentrations only when rats were fed a diet containing
2 mg Se/g diet as selenomethionine. Neither dietary selenium
nor dietary arsenic significantly affected liver SAM, liver SAH
or the SAM/SAH ratio.

Liver glutathione peroxidase activity was significantly (P

, 0.0001) lower in rats fed deficient dietary selenium than in
rats fed 0.1 or 2.0 mg selenium/g diet as either selenite or
selenomethionine (Table 2). Dietary arsenic increased liver
glutathione peroxidase activity only when rats were fed 2.0 mg
Se/g diet as selenite. Liver cytosolic and plasma selenium
concentrations were significantly (P , 0.0001) less in the
selenium-deficient rats than in the those supplemented with
selenium, regardless of the chemical form (Table 2). The
selenium concentrations increased with dietary selenium.
However, both liver cytosol and plasma selenium concentra-
tions were significantly greater in rats fed 2.0 mg selenome-
thionine/kg diet than in those fed 2.0 mg selenite/kg diet.
Dietary arsenic did not influence liver cytosolic or plasma
selenium concentrations. Blood arsenic concentrations were
significantly (P , 0.0001) elevated when rats were fed high

TABLE 1

Effect of dietary selenium and arsenic on plasma homocysteine, liver S-adenosylmethionine (SAM), S-adenosylhomocysteine
(SAH) and the ratio of SAM/SAH in rats1

Dietary selenium
Dietary
arsenic

Plasma
homocysteine Liver SAM Liver SAH

Liver
SAM/SAH

mg/kg diet mmol/L nmol/g

Deficient 0 3.07 6 0.14c 95.7 6 4.3 11.5 6 0.4 8.3 6 0.3
5 3.17 6 0.09c 98.3 6 3.9 12.5 6 0.9 8.1 6 0.5

0.1 Selenite 0 7.27 6 0.16ab 96.0 6 4.4 12.9 6 0.4 7.4 6 0.2
5 6.82 6 0.55ab 99.5 6 3.7 12.6 6 0.4 7.9 6 0.4

2.0 Selenite 0 6.91 6 0.36ab 102.5 6 3.4 12.7 6 0.7 8.1 6 0.3
5 6.30 6 0.16ab 96.2 6 4.5 13.0 6 0.4 7.5 6 0.4

0.1 Selenomethionine 0 6.87 6 0.43ab 99.1 6 5.0 12.4 6 0.9 8.1 6 0.3
5 6.31 6 0.35ab 103.1 6 4.1 13.0 6 0.6 8.0 6 0.4

2.0 Selenomethionine 0 6.19 6 0.26b 85.6 6 5.0 11.4 6 0.1 7.5 6 0.5
5 7.77 6 0.29a 93.9 6 2.8 12.6 6 0.4 7.5 6 0.2

Selenium2 0.0001 NS NS NS
Arsenic2 NS NS NS NS
Selenium 3 arsenic2 0.007 NS NS NS

1 Values are means 6 SEM (n 5 4–6). Means in a column without common superscript letters are significantly different (P , 0.05) as determined
by Tukey’s contrasts. NS, not significant, P $ 0.05.

2 Significant effects as determined by two-way ANOVA.

TABLE 2

Effect of dietary selenium and arsenic on indicators of selenium and arsenic status in rats1

Dietary selenium
Dietary
arsenic

Liver glutathione
peroxidase

Liver cytosol
selenium

Plasma
selenium Blood arsenic

mg/kg diet U/mg protein mmol/L mmol/L

Deficient 0 21.4 6 3.7c 0.20 6 0.06 0.31 6 0.03 8.8 6 0.4
5 21.8 6 4.9c 0.13 6 0.04 0.37 6 0.08 1598 6 102

0.1 Selenite 0 1033.3 6 37.6b 1.51 6 0.04 6.95 6 0.18 8.5 6 0.5
5 826.1 6 94.6b 1.46 6 0.14 6.88 6 0.32 1644 6 159

2.0 Selenite 0 1160.7 6 92.1b 2.62 6 0.22 8.17 6 0.24 8.6 6 0.6
5 1578.7 6 133.9a 2.73 6 0.19 8.09 6 0.22 1613 6 118

0.1 Selenomethione 0 1045.8 6 146.0b 1.66 6 0.12 7.25 6 0.22 10.7 6 0.5
5 960.7 6 78.0b 1.68 6 0.14 6.81 6 0.12 1585 6 324

2.0 Selenomethione 0 1018.7 6 89.4b 3.59 6 0.28 10.96 6 0.29 7.2 6 1.0
5 1159.4 6 107.9ab 4.11 6 0.11 10.55 6 0.59 1759 6 179

Selenium2 0.0001 0.0001 0.0001 NS
Arsenic2 NS NS NS 0.0001
Selenium 3 arsenic2 0.02 NS NS NS

1 Values are means 6 SEM (n 5 5 or 6). Means in a column without common superscript letters are significantly different (P , 0.05) as determined
by Tukey’s contrasts. NS, not significant, P $ 0.05.

2 Significant effects as determined by two-way ANOVA.
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dietary arsenic. Dietary selenium did not influence blood ar-
senic concentrations.

DISCUSSION

These results demonstrate that a dietary deficiency of sele-
nium causes global hypomethylation of liver and colon DNA
in experimental animals. A possible direct role for DNA
hypomethylation in the neoplastic process has been proposed
based on experimental animal findings. In rodents, the deple-
tion of methyl groups by dietary restriction leads to a decrease
in SAM that results in liver carcinogenesis and in liver DNA
hypomethylation, which precedes tumor development
(Christman et al. 1993, Phgribny et al. 1995, Wainfin and
Poirier 1992). In humans, selenium supplementation has been
shown to significantly decrease the incidence of liver cancer in
selenium-deficient persons living in Qidong, China (Yu et al.
1991 and 1997). Global hypomethylation has also been asso-
ciated with colon carcinogenesis in both experimental animals
and humans (Cravo et al. 1994, Feinberg and Vogelstein
1983). We have observed previously that animals fed sele-
nium-deficient diets have significantly increased formation of
aberrant crypt foci, a preneoplastic lesion for colon cancer,
compared with rats fed nutritional or supranutritional amounts
of dietary selenium in the form of the inorganic salts, selenite
and selenate (Feng et al. 1999). In addition, rats fed selenium-
deficient diets tended to have increased formation of aberrant
crypt foci compared with those fed organic selenium as sel-
enomethionine (Feng et al. 1999). Furthermore, selenium-
deficient rats also have been shown to have a significantly
greater karyorhectic index (a measure of acute carcinogen-
induced nuclear toxicity) in the colonic mucosa when they
were treated with azoxymethane. These data suggest that se-
lenium deficiency increases the risk of colon cancer (Nelson et
al. 1996). Thus, alterations in DNA methylation may be a
potential mechanism whereby deficient dietary selenium in-
creases colon and liver tumorigenesis.

Experimental antitumorigenic effects of selenium have
been consistently associated with supranutritional concentra-
tions of exposure to the element, that is, concentrations for
animals of .1 mg/g diet (Coombs and Gray 1998). These
concentrations are at least 10 times those required to prevent
clinical signs of selenium deficiency and to support near-
maximal tissue activities of selenoenzymes in animals. It
should be noted that the majority of animal tumor model
studies have used selenite as the source of selenium (Coombs
and Gray 1998) The lack of a dose response in either colon or
liver DNA methylation to changes in dietary selenite from 0.1
to 2.0 mg selenium/g diet suggests that alterations in DNA
methylation do not appear to be the mechanism for the
chemopreventive effect of supranutritional concentrations of
selenium.

Caco-2 cells, a human-derived colon adenocarcinoma cell
line, were used to determine whether selenite also would affect
DNA methylation in a cell culture model. Plasma selenium
concentrations ranged from 0.31 to 8.2 mmol/L in rats fed 0–2
mg selenite/kg diet. Because the main differences in DNA
methylation were observed when animals were fed deficient
dietary selenium, we exposed Caco-2 cells to 0–2 mmol sele-
nite/L. However, it should be noted that in experimental
animals, most of the plasma selenium is bound to protein
rather than free. Similar to our results in experimental ani-
mals, we observed that deficient selenium caused global hy-
pomethylation in Caco-2 cells. In addition, methylation of the
p53 promoter region of Caco-2 cells decreased when cells were
cultured in the absence of selenite. In contrast to the results

with the tumor suppressor gene p53, the tumor suppressor gene
p16 was completely methylated regardless of dietary treat-
ments. Caco-2 cells are a colon cancer–derived cell line. Many
cancer cells, despite widespread genomic hypomethylation,
demonstrate hypermethylation of tumor suppressor genes. Ab-
errant hypermethylation in cancer cells often occurs in the
CpG-rich promoter regions (CpG islands) of many tumor
suppressor genes and is associated with gene inactivation (Bay-
lin et al. 1998, Richardson and Yung 1999). Hypermethyla-
tion-induced inactivation of the p16 gene is an early event in
oncogenesis (Nuovo et al. 1999). However, p53 may be re-
sponding to the global state of methylation.

The results of dietary arsenic on methylation of DNA in
experimental animals and in Caco-2 cells were less consistent
than the results with dietary selenium. Dietary arsenic did not
significantly affect liver or colon DNA methylation in rats.
However, Caco-2 cells treated with 0 or 2 mmol arsenite/L
were significantly hypomethylated compared with cells treated
with 1 mmol arsenite/L. Furthermore, despite higher global
methylation, Caco-2 cells treated with 1 mmol arsenite/L had
significantly less methylation of the p53 tumor suppressor gene
than Caco-2 cells treated with 2 mmol arsenite/L. These
results suggest that moderate concentrations of arsenic affect
DNA differently than low or high concentrations of arsenic.
These results also suggest that arsenic and selenium are not
competing with cytosine DNA methyltransferase for methyl
donation from SAM as originally hypothesized. One possible
explanation is that the concentrations of selenium and arsenic
in cells are at least 2 orders of magnitude lower than the
concentration of SAM. Thus, it is unlikely that the metabo-
lism of selenium and arsenic will reduce the supply of SAM to
an extent that there will not be sufficient SAM available for
cytosine DNA methyltransferase. Furthermore, in the present
study, despite changes in DNA methylation, neither dietary
selenium nor dietary arsenic significantly affected liver SAM,
liver SAH or the SAM/SAH ratio. Thus, a competitive mech-
anism whereby the availability of SAM affects the methylation
of DNA is not supported as an explanation for the hypo-
methylation of DNA during selenium deficiency.

Rats fed the selenium-deficient diets had significantly lower
plasma homocysteine concentrations than rats fed 0.1 or 2.0
mg selenium/g diet as either selenite or selenomethionine.
Similarly, Bunk and Combs (1981) observed a qualitative
decrease of free homocysteine concentrations in plasma from
selenium-deprived chicks. Homocysteine is formed from the
hydrolysis of SAH to form homocysteine and adenosine. Pos-
sibly, a decrease in plasma homocysteine concentrations is a
reflection of changes in liver homocysteine concentrations.
Studies are under way to determine whether liver homocys-
teine concentrations are affected by selenium deficiency. An-
other explanation for the decreased plasma homocysteine con-
centrations in the selenium-deficient animals is that more
homocysteine is directed toward the transulfuration pathway
to increase glutathione production. The effect of selenium
deficiency on glutathione production is currently being inves-
tigated.

In conclusion, these results demonstrate that deficient di-
etary selenium causes global hypomethylation of liver and
colon DNA in experimental animals and in Caco-2 cells.
Thus, alterations in DNA methylation may be a potential
mechanism whereby deficient dietary selenium increases tu-
morigenesis but is not the mechanism for the chemoprotective
effect of supranutritional intakes of selenium.
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