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Abstract The essential trace element selenium has been
shown to have cancer preventive potential by a converging
body of epidemiologic and preclinical studies. Although
randomized controlled trials suggest a benefit against liver
cancer, results at other sites are not as consistent. The
Nutritional Prevention of Cancer Trial provided evidence
that selenium-enriched yeast can protect against total cancer
incidence and the incidence of prostate, lung, and colorectal
cancer. In contrast, in the Selenium and Vitamin E Cancer
Prevention Trial (SELECT), selenomethionine provided no
protection against prostate, lung, or colorectal cancer.
Results from these trials suggest that the cancer protective
effects of selenium probably depend on the baseline seleni-
um status of the individual, chemical form of selenium
utilized, gender, and genetic polymorphisms in selenopro-
teins or in cancer-related processes.
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Introduction

Selenium (Se) is 1 of about 60 essential dietary components
for animals and humans. Our understanding of the

significance and complex metabolic role of Se in human
nutrition has evolved substantially in the past century.
Historically, Se was regarded as a naturally occurring toxic
element causing signs in farm animals such as loss of
hooves and hair, emaciation, stiffness, and even death [1],
and was reported to be a carcinogen [2]. However, this
perspective has undergone radical transformation in the past
50 years. The pioneering work of Schwarz and Foltz [3]
demonstrated the nutritional essentiality of Se when a com-
ponent containing Se was found to prevent hepatic necrosis
in rats consuming a torula yeast– and vitamin E–deficient
diet. This led to the realization that Se deficiency was
responsible for several disorders observed previously in
animals (eg, white muscle disease) as well as a contributing
factor to Keshan disease in humans. The suggestion that Se
might also have a cancer protective role occurred almost a
decade later when an inverse relationship was observed
between cancer mortality rates and forage crop Se concen-
trations in the United States [4]. However, conclusive evi-
dence for a metabolic role of Se came in 1973 with the
discovery that Se is an essential component of glutathione
peroxidase, an enzyme that protects against oxidative injury
[5]. Most of the known metabolic functions of Se are asso-
ciated with specific selenoproteins; however, it can also
react with thiols. Twenty-five selenoproteins have been
identified in the human genome [6]. These include the
glutathione peroxidases, thioredoxin reductases, and thyroid
hormone deiodinases, as well as several uncharacterized
selenoproteins. Many of the selenoproteins catalyze redox
reactions with Se at the active site. This redox activity has
led to the hypothesis that this essential nutrient has a natural
role in cancer prevention. This review focuses on Se
requirements, metabolism, and the evidence to suggest that
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it has a role in cancer prevention, as well as why clinical
studies with Se have not always yielded positive results.

Selenium in Diet and Food

Diet is the predominant source of Se in humans, but it
also can be derived from drinking water, environmental
pollution, and supplementation. The Recommended
Dietary Allowance for Se is 55 μg/d for healthy adults
[7]. Average Se intake in the United States is 122 μg/d
[8]. Dietary sources of Se include grains, meat, eggs,
dairy products, vegetables, and seafood—accounting for
more than half of the dietary Se intake [9]. Most Se in
plants is selenomethionine (SeMet), whereas in meat, it
can be found as SeMet or selenocysteine (SeCys) [10,
11]. Although SeMet and Se-enriched yeast are widely
used in over-the-counter nutritional supplements, infant
formulas and parenteral feeding mixtures contain Se in
the form of sodium selenate or sodium selenite, even
though these are not nutritional forms of Se [12].
Several intervention studies have used Se-enriched yeast
as the source of supplemental Se.

Se enters the food chain through plants, and its concen-
tration in foods is subject to several factors that are directly
related to the amount and bioavailability of Se in the soil
[13]. Most plants contain only low foliar concentrations of
Se, less than 25 μg/g dry weight, and rarely exceed 100 μg/g
dry weight, even when grown on high-Se soils [14]. However,
a limited number of specialized plants, which are often
found growing on soils that are naturally enriched in Se,
can accumulate high concentrations of Se in their foliage. The
best characterized Se accumulator plant is Astragalus,
which can accumulate 1–10 mg of Se per gram [15].
Food plants can also be induced to accumulate Se.
Fertilization techniques have been used to grow garlic
that contains more than 1300 μg/g of Se [16]. This
property of certain species of plants to accumulate Se
has been employed in phytoremediation efforts, which
use plants to decontaminate environmental Se pollution
in soil and water [17, 18].

Selenium is required in the diet but can be toxic if
consumed in excessive amounts. The US Food and
Nutrition Board of the Institute of Medicine has set a
Tolerable Upper Intake Level for Se at 400 μg/d [7].
Chronic toxicity of Se in humans results in a condition
termed selenosis, characterized by hair and nail loss and
brittleness, gastrointestinal problems, skin rash, garlic
breath odor, and nervous system abnormalities [19].
The US Environmental Protection Agency correlated
the whole blood Se level at which clinical selenosis
occurred (1.35 mg/L) with a 1.26 mg/d intake of Se
[20]. It is generally accepted that inorganic forms of Se

are more acutely toxic than organic forms such as SeMet or
Se-enriched yeast because of differences in their metabolism
[12, 21].

Selenium Metabolism

The cellular responses induced by Se compounds are very
diverse and are influenced by the chemical form and dose of
Se. Se undergoes extensive metabolism in animals, as pre-
viously reviewed [19, 22]. The major plant form of Se,
SeMet, is absorbed in the small intestine with high affinity
via the Na+-dependent neutral amino acid transport system
[23]. It is transported in the blood bound to albumin, as low
molecular weight compounds, and as part of selenoproteins
(ie, selenoprotein P and glutathione peroxidase) [24].
Because cells do not discriminate between methionine and
SeMet, SeMet can be incorporated nonspecifically into pro-
teins in exchange for methionine (Fig. 1). This incorporation
likely accounts for the observed dose-dependent increase in
tissue Se concentrations when diets are supplemented with
SeMet compared with other chemical forms of Se [25].
Moreover, a greater percentage of SeMet is incorporated
nonspecifically into body proteins in place of methionine
when dietary methionine is low [26]. This nonspecific incor-
poration into body proteins also provides a means of revers-
ible Se storage in organs and tissues. However, SeMet is
usually converted to SeCys through transsulfuration.
Although SeCys is found at the active site of proteins, pre-
formed SeCys cannot be incorporated directly into
selenoproteins.

Organic and inorganic forms of Se are reduced in the
presence of glutathione to generate hydrogen selenide
(H2Se), which serves a central role in Se metabolism
(Fig. 1). H2Se is an extremely reactive molecule that is
methylated to render it inert, or converted to selenophos-
phate for selenoprotein biosynthesis. Oxidation of H2Se can
generate superoxide and reactive oxygen species. To prevent
this, H2Se is methylated to methylselenol, which can be
reversibly converted back to H2Se. Methylselenol can be
further methylated to dimethylselenide and trimethylseleno-
nium ion, which are excreted in the breath and urine,
respectively.

Evidence suggests that it is the methylated forms of Se,
particularly methylselenol, that may be important in cancer
prevention [27–30]. Se compounds that enter the metabolic
pathway beyond the H2Se pool have potent anticarcinogenic
effects [28]. In addition, Se compounds that can be directly
methylated to methylselenol (ie, Se- methyl-selenocysteine
and selenobetaine) are more efficacious than selenite in
cancer prevention [28, 29]. Arsenite, which competes with
Se for methyl groups, nearly abolishes the protective effect
of selenite [30]. Thus, evidence suggests that in addition to
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selenoproteins, low molecular weight Se species such as
methylselenol may play an active role in cancer prevention.

Selenium and Cancer

Animal Studies

Extensive experimental evidence indicates that Se supple-
mentation reduces the incidence of cancer in animals. Se
supplementation in the diet or drinking water inhibits initi-
ation and/or post-initiation stages of liver, esophageal,
pancreatic, colon, and mammary carcinogenesis and sponta-
neous liver and mammary tumorigenesis [31, 32].
Supplementation during cancer initiation is more efficacious
than during the later stages of carcinogenesis [33]. However,
Se has beneficial effects against tumor promotion/progression.
High-dose Se supplementation (3 ppm in the drinking water)
inhibits the progression of hormone-refractory prostate cancer
and the development of retroperitoneal lymph node metasta-
ses through an inhibition of angiogenesis [34]. Similarly,
high-Se soy protein had a greater inhibitory effect than low-
Se soy protein on pulmonary metastasis of melanoma cells in
mice [35]. However, it is difficult to extrapolate from studies
in experimental animals to humans, as animal studies gener-
ally have used doses at least 10 times greater than those
required to prevent clinical signs of deficiency, which, on a

per-unit body weight basis, are considerably higher than most
human Se intakes.

Male beagle dogs, a species that spontaneously develops
prostate cancer, more closely reflect the human situation.
Studies in these dogs revealed that supplementation with Se
as SeMet or high-Se yeast for 7 months significantly reduced
DNA damage and unregulated epithelial cell apoptosis in the
prostate compared with dogs with non-supplemented diets
[36]. However, a “U-shaped” dose response was evident,
and those dogs with high Se status to begin with had adverse
effects from increased SeMet [37]. Further study of the pro-
cess of carcinogenesis within the prostate of animal species
vulnerable to spontaneous cancer development may provide
important insights into the putative anticancer mechanisms of
Se and identify biomarkers that predict the prostate’s response
to Se.

Epidemiologic Studies

Evidence for the cancer protective effects of Se in humans
was initially obtained by means of ecological and correla-
tional studies. Geographic correlation data in different
regions worldwide and in the United States have noted an
inverse association between Se levels in forage crops or diet
and cancer mortality in the same area [4, 38–40].
Furthermore, statistically significant inverse associations
were obtained when cancer mortalities were correlated with
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Fig. 1 Metabolism of selenium (Se) compounds found in the diet.
Selenomethionine can be nonspecifically incorporated into general
body proteins in place of methionine or converted to selenocysteine.
Selenocysteine and selenite undergo glutathione-dependent reduction
to hydrogen selenide (H2Se). H2Se can then be utilized as a precursor
to the synthesis of selenoproteins or undergo methylation to form
methylselenol. Se-methyl-selenocysteine is a direct precursor for

methylselenol. Methylselenol formation has been associated with can-
cer suppression. Methylselenol can be converted back to H2Se or
undergo further metabolism to selenosugars, which are excreted in
the urine or methylation to form dimethylselenide ([CH3]2Se) and
trimethylselenonium ion ([CH3]3Se

+), which are excreted in the breath
and urine, respectively
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the blood Se levels of healthy donors in different US cities
[41], as well as with the apparent dietary Se intakes in
different countries [38]. In China, the mean Se concentra-
tions in blood samples drawn from healthy adults in 24
regions were compared with the corresponding cancer mor-
tality rates. Strong and significant inverse correlations were
observed for overall cancer mortality (r0-0.62), particularly
for stomach and esophagus [40]. These studies suggested
significant protective effects of Se against major forms of
cancer. However, other dietary and non-dietary factors that
differ among these regions may account for this association.

Subsequently, several case–control studies were performed
to investigate the correlation between Se status and
cancer susceptibility. In these studies, Se levels in
blood, serum, hair, or toenails were compared between
healthy individuals and those of cancer patients. In most
cases, a lower Se status in patients compared with
controls was reported [42, 43]. However, a few case–
control studies detected no difference between the two
groups or even higher tissue Se in cancer patients. The
inverse associations between short-term biomarkers of
Se exposure, such as serum or plasma Se levels, and
cancer stage and progression observed in some case–
control studies suggest that Se status can be utilized in
the diagnosis and prognosis of cancer [44, 45]. Some
cohort studies have indicated that individuals with pre-
clinical disease may also have lower serum Se concen-
trations. Interestingly, individuals had lower serum Se
concentrations 4–7 years prior to the appearance of lung
[46] or thyroid tumors [47]. However, other studies
have not confirmed an association between serum Se
concentrations and preclinical disease [48, 49]. More
recently, toenail selenium levels were found to be inversely
associated with levels of chromosomal damage following
exposure to γ irradiation as assessed by the micronucleus test
in female BRCA1 mutation carriers, but not in non-carriers,
suggesting that Se may also be protective in those individuals
at increased risk of developing cancer because of genetic
polymorphisms [50].

Although these studies demonstrate that low Se levels
occur in certain cancer patients, it does not necessarily
mean that this is a risk factor for cancer. Because Se
levels were determined after the diagnosis of cancer, the
lower Se levels may be a reflection of Se sequestration
by the tumor, other metabolic consequences of the tumor,
cancer treatment, or poor dietary Se intake. For example,
radiotherapy in breast cancer patients resulted in a significant
reduction in plasma Se concentrations (86.4 and 47.8 μg/L
before and after radiation, respectively) [51•]. Thus, low Se
status may be a consequence of food aversions caused by the
illness or its treatment rather than being a cause of cancer.

Prospective studies, in which the tissue samples are col-
lected before the onset of the disease, avoid many of the

potential problems described above for case–control studies.
However, the major disadvantage of prospective studies is
that even over a moderately extended period of time, the risk
of any given individual developing cancer is generally quite
low. Thus, samples must be taken from a large number of
individuals, who must then be observed over several years
for onset of the disease to allow for an adequate sample size.

In prospective studies, low Se status has been associated
with significant increased risks of cancer incidence and
mortality. Risk has been twofold to sixfold higher in the
lowest compared with the highest tertile or quintile of serum
Se concentration [42, 52]. In several of these studies, higher
Se status appeared more protective against advanced dis-
ease. In contrast, a study by Allen et al. [53] failed to detect
significant associations between serum Se concentration and
subsequent risk of cancer in the European Prospective
Investigation into Cancer cohort, and Hunter et al. [54] did
not find a relationship between toenail Se concentrations
and risk of breast cancer in the Nurses’ Health Study cohort.
Moreover, when individuals in Northern Italy were acci-
dently exposed to long-term consumption of high levels of
inorganic Se in their drinking water, they had a significant
increase in melanoma mortality (OR, 4.15 [95% CI, 0.21–
20.47] and OR, 10.98 [95% CI, 1.84–36.27] in women and
men, respectively) compared with non-exposed individuals
in the same municipality [55].

Because epidemiologic studies have failed to consistently
link low Se status with increased risk of cancer, meta-
analyses and systematic reviews have been conducted to
quantitatively summarize the existing epidemiologic litera-
ture. Forty-nine prospective observational studies with more
than 1 million participants were included in a Cochrane
review [56••]. They found that the epidemiologic data sup-
ported a reduced cancer incidence (OR, 0.69 [95% CI, 0.53–
0.91]) and mortality (OR, 0.55 [95% CI, 0.36–0.83]) with
higher Se exposure. This effect was more pronounced in
men (OR, 0.66 [95% CI, 0.42–1.05]) than in women (OR,
0.90 [95% CI, 0.45–1.77]). However, it was not possible
from these studies to determine that Se level or Se intake
was the real reason for the lower risk of cancer in some
people.

Genetic polymorphisms may be partially responsible
for variations in individual responses to Se. Individuals
are found to differ substantially in their ability to increase
selenoprotein activity in response to additional dietary Se
[57]. This interindividual variation in selenoprotein levels
may be a result of single nucleotide polymorphisms in genes
encoding selenoproteins and may determine the efficacy
with which individuals can incorporate Se into seleno-
proteins [58–60]. Furthermore, several epidemiologic
studies have shown interactions among single nucleotide
polymorphisms in selenoproteins, Se status, and cancer
risk [61–66].
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Human Intervention Studies

Few intervention trials have looked at Se supplementation
without supplementing other nutrients. Three trials in China
investigated the efficacy of Se supplementation against pri-
mary liver cancer in different high-risk populations [67–69].
In a community of about 21,000 people, supplementation
with selenite-fortified salt from 1985 through 1992 resulted
in a 35% decrease in the incidence of primary liver cancer
[67]. In a study in which 226 hepatitis B antigen carriers
were randomly assigned to 200 μg of Se-enriched yeast or a
placebo, no cases of hepatocellular carcinoma occurred in
the supplemented group after 4 years of supplementation,
while 7 cases of hepatocellular carcinoma occurred in the
placebo group [67]. Similarly, in a study of 2,065 male
hepatitis B antigen carriers, 4 cases of liver cancer occurred
in the 1,112 individuals who received 500 μg/d selenite,
compared with 57 cases in the 953 placebo controls (relative
risk [RR], 0.51 [95% CI, 0.34–0.77]) [68]. In combination,
these studies clearly suggest a protective effect of Se sup-
plementation against liver cancer in China.

The Nutritional Prevention of Cancer trial (NPC), carried
out in the United States by Clark and co-workers [70], was
the first double-blind, placebo-controlled intervention trial
in a Western population and was designed to test the
hypothesis that Se supplementation would reduce the
risk of skin cancer. This study involved 1,312 patients
who were recruited because of a recent history of basal
cell and/or squamous cell carcinoma of the skin.
Although Se supplementation (200 μg/d as Se-enriched
yeast) was associated with a statistically significant ele-
vated risk of squamous cell carcinoma and of total
nonmelanoma skin cancer [71], secondary end point analyses
showed that the mineral supplementation resulted in a signif-
icant reduction in total cancer mortality (RR, 0.5); total cancer
incidence (RR, 0.63); and incidence of lung (RR, 0.54), colo-
rectal (RR, 0.42), and prostate (RR, 0.37) cancer [60].
Admittedly, the number of cases was low. Participants with
baseline plasma Se concentration in the lowest two tertiles
(<121.6 ng/mL) experienced reductions in total cancer inci-
dence, whereas those in the highest tertile showed an elevated
incidence (hazard ratio [HR], 1.20 [95% CI, 0.77–1.86]) [72].
Reanalysis of incidence data through the end of the blinded
clinical trial indicated that supplementation significantly
reduced lung [73] and prostate [74] cancer only in
individuals with the lowest baseline Se concentrations.
These results suggest that there may be a narrow win-
dow for the most beneficial dose of dietary Se.

Initiated in 2001, the Se and Vitamin E Cancer Prevention
Trial (SELECT) was a phase 3, randomized, placebo-
controlled human trial to investigate the effects of Se
(200 μg/d as SeMet), vitamin E (400 IU/d as α-tocopherol
acetate), or both with a planned follow-up of a minimum of

7 years and maximum of 12 years for prostate cancer preven-
tion in 35,533men [75••]. SeMet was chosen as the form of Se
because it was believed to be the major form of Se in the Se-
enriched yeast used in the NPC trial. SELECTwas terminated
early (in October 2008) because of both safety concerns
(trends toward increased prostate cancer in the vitamin E
group and increased diabetes in the Se group) and negative
data for the formulations and doses given. Moreover,
continued follow-up of the participants found that vitamin E
supplementation was associated with a significantly increased
risk of prostate cancer (HR, 1.17 [99% CI, 1.004–1.36]),
while the results for selenium alone (HR, 1.09 [99% CI,
0.93–1.27]) and the combination of vitamin E and selenium
(HR, 1.05 [99% CI, 0.91–1.24]) were null [76]. Similarly, a
recent trial in Canada of 303 men with high-grade prostatic
intraepithelial neoplasia randomly assigned to Se (200 μg/d,
form not specified), vitamin E (800 IU/d), and soy (40 g/d)
also found no effect of supplementation on prostate cancer
development (HR, 1.03 [95% CI, 0.67–1.60]) versus placebo
[77]. On the basis of these outcomes, many scientists believe
that Se may not be efficacious for prostate cancer prevention.

Rather than considering this trial a failure, scientists
should consider why the SELECT trial yielded different
results than the NPC study and use this information to better
understand who might benefit from Se supplementation and
who might be placed at risk. Differences in baseline Se
status or formulation of the Se supplement may have con-
tributed to the differences observed between the two studies.
In fact, in the SELECT trial, median baseline serum levels
were 135 ng/mL, compared with 114 ng/mL observed in the
NPC trial, and 78% of participants in the SELECT trial
would have been classified as being in the upper tertile of
baseline Se in the NPC trial (the group that had a nonsig-
nificant increased cancer risk with Se supplementation).
Another important difference between the two studies is
the form of Se provided. The NPC trial utilized Se-
enriched yeast, whereas the SELECT trial used SeMet.
Although Se-enriched yeast is predominantly SeMet, minor
Se compounds in the yeast, such as Se-methyl-selenocysteine,
but not SeMet, can be metabolized to α-keto acids, which
function as histone deacetylase inhibitors and lead to de-
repression of silenced tumor suppressor proteins [78]. These
data suggest that different metabolites may have different
biological effects. Moreover, a later analytical study reported
that the SeMet distribution in the Se-enriched yeast
utilized in the NPC trial only accounted for 27% of
the total Se [79]. Thus, it is possible that the effect of
Se in the NPC trial was not caused by SeMet, but
rather by other Se compounds or the combination of
Se-containing compounds in the yeast. A better under-
standing of who might benefit from Se supplementation
and who might be placed at risk based on baseline Se
status, genetic polymorphisms in selenoproteins or in
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cancer-related processes, cancer site, dose, and form of
Se is needed.

Conclusions

Strong preclinical and epidemiologic data suggest that Se
may be protective against cancer. Although the mechanisms
for this protective effect are not fully understood, potential
targets include antioxidant protection by selenoproteins,
inhibition of tumor cell growth by low molecular weight
metabolites, modulation of cell cycle and apoptosis, and
stimulation of DNA repair. Low Se status has been associ-
ated with a higher risk of lung, prostate, and colon cancer in
cohort studies. However, it is important to account for a
variety of confounding factors, such as geographical loca-
tion, gender, age, cancer site, and genetic susceptibility.
Although randomized controlled trials suggest a benefit
against liver cancer, results at other sites are not as compel-
ling. Results from clinical trials suggest that only Se-
deficient individuals may benefit from Se supplementation
leading to decreased risk of cancer. In contrast, such sup-
plementation in Se-replete individuals may even cause
higher risk of cancer. Future studies, rather than being large
intervention studies focused on cancer incidence as the
primary end point, should be smaller, shorter, less expen-
sive, biomarker-based studies that can serve as a link from
mechanistic and epidemiologic research to human cancer
prevention trials. Moreover, these studies must give careful
consideration to baseline Se status, form of Se administered,
and genetic polymorphisms in selenoproteins.
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