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Abstract

Significance: Adequate and supranutritional selenium (Se) intake, maintaining full expression of selenoproteins,
has been assumed to be beneficial for human health with respect to prevention of cancer. Strikingly, the
effectiveness of dietary Se supplementation depends on many factors: baseline Se status, age, gender, and
genetic background of an individual; type of cancer; and time point of intervention in addition to metabolic
conversion and dose of applied Se compounds. Recent Advances: Se intake levels for optimization of plasma
selenoproteins in humans have been delineated. Regulation, function, and genetic variants of several seleno-
proteins have been characterized in the intestine, where Se-mediated prevention of colorectal cancer appears to
be particularly promising. Critical Issues: Numerous cell culture and animal studies indicate anticarcinogenic
capacity of various Se compounds but, at present, the outcome of human studies is inconsistent and, in large
part, disappointing. Moreover, supranutritional Se intake may even trigger adverse health effects, possibly
increasing the risk for Type 2 diabetes in Se-replete populations. Future Directions: To improve protocols for the
use of Se in cancer prevention, knowledge on cellular and systemic actions of Se compounds needs to be
broadened and linked to individual-related determinants such as the occurrence of variants in selenoprotein
genes and the Se status. Based on better mechanistic insight, populations and individuals that may benefit most
from dietary Se supplementation need to be defined and studied in suitably planned intervention trials. Antioxid.
Redox Signal. 19, 181–191.

Introduction

The essential trace element and micronutrient sele-
nium (Se) has been appreciated for a plethora of potential

health benefits. Se intake from the habitual diet largely de-
pends on the bioavailability and content of Se in crop plants
that relies on Se content in soil. Cereals, milk, meat, and fish
are suitable sources of Se in human nutrition. Recommended
levels for adequate Se intake of adults range between 30 and
85 lg/day, with a ‘‘tolerable upper intake level’’ set at 300–
450 lg/day (20, 73). Although overt Se deficiency is rarely
observed in humans, the consumption of Se-enriched dietary
supplements is common in Europe and more so in the U.S.,
where one-third of the population regularly ingests multivi-
tamin /mineral supplements (3). Inorganic Se compounds

such as sodium selenite and selenate as well as organic
Se-compounds, for example, Se-enriched yeast and garlic
containing high amounts of selenomethionine and gamma-
glutamyl-Se-methylselenocysteine are available (38).

Dietary Se supplementation has been suggested to be use-
ful for the prevention of neurodegenerative and cardiovas-
cular diseases related to chronic oxidative stress and in
treatment of patients suffering from inflammatory disorders,
viral diseases, and sepsis (20, 35, 84). In recent years, Se has
emerged promising to delay the inflammatory process in
autoimmune thyroid disease: daily administration of 200 lg
selenite to patients with Graves’ disease (Morbus Basedow)
improved their quality of life and slowed the progression of
orbitopathy (56). A potential anticarcinogenic capacity of Se
has attracted most public and scientific attention, going back
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to a large epidemiological study in the 1970s that reported an
inverse correlation of Se intake levels with cancer mortality
among individuals from 27 countries (80). Notwithstanding
the disappointing outcome of recent human intervention
studies, Se continues to be considered as a candidate drug for
nutritional cancer prevention. Also, synthetic organoselenium
compounds have been developed for antitumor activity (64).

In February 2013, a PubMed search for the topic ‘‘selenium
and human health’’ yields 672 publications only from the last
5 years, including 158 reviews. For ‘‘selenium and cancer,’’
there are 894 hits from the last 5 years, including 157 reviews.
Against this background of many comprehensive reviews, we
contribute here a short overview within this Forum Issue
‘‘Antioxidants in Cancer Prevention.’’ The recent Cochrane
report by Dennert et al. (17) on the use of Se for human cancer
prevention summarized 49 observational and 6 intervention
studies. Despite some limitations regarding the design of
observational studies and the quality of available data, a
higher Se status appeared to be associated with a lower cancer
incidence and mortality, particularly in males, whereas the
results of intervention studies were inconsistent and raised
concern about potential harmful side effects (17). Here, we
will discuss results from human studies that highlight deter-
minants influencing the tumor-preventive action of Se. A low
Se status has been associated epidemiologically with in-
creased risk to develop colorectal adenoma (41), and an al-
tered expression pattern of selenoproteins is characteristic for
colorectal cancer (CRC) tissue (1, 65). Thus, we will summa-
rize advances in understanding regulation and function of
selenoproteins in the intestine. Lastly, we will provide a
mechanistic approach for understanding epidemiological as-
sociations of an increased risk for Type 2 diabetes mellitus
(T2DM) when ingesting Se at the supranutritional doses ap-
plied for cancer prevention (85, 86).

Optimization of Selenoprotein Biosynthesis
Through Se Supplementation

Most of the biological capacity of Se relies on selenoproteins
(84). Selenocysteine is co-translationally incorporated into
selenoproteins, as distinguished from proteins that contain
nonspecifically incorporated selenomethionine. In the human
genome, 25 genes encoding selenoproteins have been identi-
fied (49). Humans with genetically impaired biosynthesis of
selenoproteins develop a multisystem disorder (78). Se
availability is the single most important determinant for bio-
synthesis of many selenoproteins. Thus, optimized expression
of selenoproteins through adequate or supranutritional Se
intake represents both a key objective and a biomarker of Se-
replete status in intervention trials that use Se for cancer
prevention (27). When Se supply is inadequate, biosynthesis
of individual selenoproteins decreases according to their
ranking in the so-called selenoprotein hierarchy. Generally,
mRNA and protein expression of glutathione peroxidase 1
(GPx1) are rapidly downregulated under Se-deficient condi-
tions, whereas GPx4 and thioredoxin reductase 1 (TrxR1)
levels remain largely unaltered (5, 54). In hepatocytes, Se
deficiency causes a substantial decrease in secretion of sele-
noprotein P (SeP) (31), the selenoprotein with the highest Se
content and a primary function as physiological Se transport
protein (9, 84). Different tissues retain their Se content and
their selenoprotein expression to a different extent under

limited Se supply, thus providing a second level in the hier-
archy (5, 9). This attribute of Se metabolism may hamper es-
timates of the Se intake required to optimize expression of
individual selenoproteins in selected target tissues.

As surrogate parameter to determine the Se status of an
individual, the Se content in hair, toenails, or plasma is rou-
tinely measured. However, plasma levels of the two extra-
cellular selenoproteins GPx3 and SeP might be preferable as
biomarkers to assess Se status and outcome of dietary Se
supplementation. Maximal GPx3 activity in plasma is
achieved at a daily intake of *70 lg Se and plasma Se levels of
90 ng/ml (18), whereas SeP plasma levels reach a plateau at
*105 lg Se/day and plasma Se levels of 124 ng/ml (36). This
pattern indicates that protection against some cancers is as-
sociated rather with optimization of SeP than with optimi-
zation of GPx3 in plasma (20). However, changes in plasma Se
or selenoprotein levels do not necessarily reflect changes in
expression and activity of selenoproteins in tissues at risk of
developing cancer. Effects of Se-enriched milk protein and Se-
yeast on rectal selenoprotein mRNA levels have been com-
pared in Australians with adequate Se status (basal plasma Se
levels of *100 ng/ml). While increases in plasma Se levels
were similar in both Se-supplemented groups, dairy-Se was
more effective to stimulate gene expression of selenoproteins.
Dairy-Se increased rectal SeP, GPx1, and GPx2 mRNA levels,
whereas Se-yeast only increased rectal SeP mRNA levels (33).
First attempts have been undertaken to identify suitable bio-
markers of Se status in selected tissues. Feeding mice a mar-
ginally Se-deficient diet resulted in decreased gene expression
of the selenoproteins GPx1, SelW, SelH, and SelM in colon
(44). By gene expression analysis of human lymphocytes,
several non-selenoprotein genes encoding ribosomal proteins
and translation factors have been found to respond to Se
supplementation (66).

Is Se Capable of Preventing Cancer?
Lessons from Human Studies

The above-mentioned observations by Schrauzer et al. (80)
inspired intervention trials that aimed to test the influence of
dietary supplementation with various Se compounds—
administered alone or in combination with other antioxidants—
on the incidence of different types of cancer and cancer
mortality (27, 88). Table 1 lists human intervention studies
discussed in this review and the dietary Se compounds and
Se doses used therein. If suboptimal Se intake and the re-
sulting low Se status are risk factors to develop cancer, in-
dividuals who live in areas with low Se in the soil are
expected to benefit most from Se supplements. Se-poor soils
are characteristic for some regions in China and several
European countries, whereas high Se contents are common
for North and South American soils (20).

Indeed, long-term Se supplementation has been found
preventive in two Chinese populations at high risk for cancer.
Both selenite and Se-yeast lowered the infection rate with
hepatitis B virus and the incidence of primary liver cancer in
participants of a study in the Chinese province of Qidong (92).
Participants of the Linxian study who received for 5 years a
combination of Se-yeast, a-tocopherol and b-carotene showed
significantly decreased cancer mortality and a lower incidence
of esophageal/gastric cardia cancers (4), and moreover, the
risk to develop those cancers was inversely correlated with
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serum Se levels (57). A recently published follow-up of the
Linxian study reported that the beneficial effects of Se, a-
tocopherol and b-carotene on overall and gastric cancer
mortality were still evident 10 years after termination. Parti-
cipants who were younger than 55 years at the beginning of
the study benefited most from dietary supplementation,
suggesting an age-dependent effect of Se (72).

To date, the strongest indication for a tumor-preventive
capacity of dietary Se supplements in humans derives from
the Nutritional Prevention of Cancer (NPC) trial, carried out
with individuals from the Eastern U.S. who received 200 lg
Se/day in the form of Se-yeast or a placebo for 4.5 years (13).
The NPC trial was designed to examine whether Se supple-
mentation suppresses the recurrence of skin cancer. This pri-
mary aim was not achieved. Actually, the risk to develop
basal cell and squamous cell carcinoma was nonsignificantly
increased for Se-supplemented individuals. However, sec-
ondary endpoint analyses revealed decreased cancer mortal-
ity and lower incidence of prostate cancer and CRC in male
subjects of the Se-treated group. The initial Se status of the
volunteers turned out to be a key determining factor for the
efficacy of Se-mediated tumor prevention, as only Se-sup-
plemented men with baseline plasma Se levels in the lowest
two tertiles (< 122 ng/ml) had a decreased cancer incidence,
whereas those in the highest tertile even showed an elevated
incidence (13, 19). The exciting outcome of the NPC trial en-
tailed several successor studies. Below, we will discuss ob-
servations that are suitable for emphasizing both promises
and constraints in regard to the use of Se for prevention of
prostate cancer and CRC in some detail.

Se in prevention of prostate cancer

The most severe setback for chemopreventive use of Se
resulted from the negative outcome of the U.S. Selenium and
Vitamin E Cancer Prevention Trial (SELECT) (53). SELECT
intended to test whether daily administration of l-
selenomethionine (200 lg), vitamin E (400 IU), or a combina-
tion of the two antioxidants protects against prostate cancer.
Neither selenomethionine nor vitamin E prevented prostate
cancer in healthy men at the age ‡ 50 years. Moreover, the trial
was terminated early, as Se alone increased (nonsignificantly)
the risk for Type 2 diabetes and, contrary to expectations,

vitamin E alone increased (nonsignificantly) the risk for
prostate cancer (53). A follow-up of SELECT revealed a
significantly increased risk for participants in the vitamin E
group to develop prostate cancer, while confirming that the
increased diabetes risk for individuals in the Se group was
not significant (46). Limitations in the design of SELECT that
may have contributed to its failure and possible strategies to
overcome them have been discussed elsewhere (28, 45, 74,
79). With respect to Se, those comments summarized that the
most obvious critical factors are the choice of the dietary Se
compound and the baseline Se status of trial participants.
The chemical nature of the Se compound used for supple-
ments is critical both for in vitro cultivated cells and for
dietary intake (8). l-selenomethionine might be less efficient
for cancer prevention than Se-enriched yeast or selenite. On
the other hand, supplementation of elderly beagle dogs
with either selenomethionine or Se-enriched yeast did not
yield significant differences in biomarkers of prostate ho-
meostasis such as epithelial cell DNA damage, proliferation,
and apoptosis between the groups receiving these two Se
compounds (91). Compared with the NPC participants, the
baseline plasma Se levels in SELECT volunteers were con-
siderably higher, ranging from 122 to 152 ng/ml (mean
136 ng/ml). In Figure 1, baseline plasma Se levels of the NPC
and SELECT participants are depicted in relation to the
plasma Se levels associated with optimized activity and
expression of the selenoproteins GPx3 and SeP.

The key importance of the baseline Se status for the efficacy
of Se supplementation in prostate cancer prevention is further
highlighted by the recently published outcome of the Phase III
trial of Se to prevent prostate cancer in men with high-grade
prostatic intraepithelial neoplasia (SWOG S9917). Although
there was no difference in prostate cancer incidence between
the groups of l-selenomethionine (200 lg/day) and placebo-
supplemented patients, the prostate cancer risk was (nonsig-
nificantly) decreased in the Se-treated men within the lowest
quartile of baseline plasma Se levels (< 106 ng/ml) (58). Mir-
roring these results, a non-linear U-shaped dose–response
relationship between Se status/Se intake and the extent of
DNA damage in the aging prostate of elderly beagle dogs has
been demonstrated (90).

An intervention study in a Se-poor area, the French
supplémentation en vitamines et minéraux antioxydants trial,

Table 1. Dietary Selenium Compounds Applied for Cancer Prevention

in Human Intervention Studies Discussed in This Review

Se compound Intervention study Se dose

Sodium selenite Qidong study (92) 15 ppm Se (in table salt)
L-selenomethionine SELECT study (46, 53) 200 lg Se/day

SWOG S9917 study (58) 200 lg Se/day
Se-enriched yeast Linxian study (4, 57, 72) 50 lg Se/day

SU.VI.MAX study (61) 100 lg Se/day
NPC study (13, 19) 200 lg Se/day
Qidong study (92) 200 lg Se/day

Se-enriched yeast is produced by growing yeast in culture medium containing selenomethionine. Please note that Se has been administered
in a combination of antioxidants in the Linxian study (Se, vitamin E, and b-carotene) and in the SU.VI.MAX study (Se, vitamin C, vitamin E,
b-carotene, and zinc). In SELECT, Se has been used either alone or in combination with vitamin E.

Se, selenium; NPC, Nutritional Prevention of Cancer; SELECT, Selenium and Vitamin E Cancer Prevention Trial; SU.VI.MAX,
supplémentation en vitamines et minéraux antioxydants.

SELENIUM IN CANCER PREVENTION 183



examined the influence of an Se-containing antioxidant
combination (Se-yeast, vitamin C, a-tocopherol, b-carotene,
and zinc) on various health parameters of middle-aged vol-
unteers. Antioxidant supplementation for 8 years signifi-
cantly lowered the incidence of prostate cancer only in men
with normal baseline prostate-specific antigen (PSA) levels
(PSA < 3 lg/L), whereas antioxidant-supplemented men with
already elevated PSA levels at the beginning of the study
(PSA ‡ 3 lg/L) had even a higher risk to develop prostate
cancer than men from the placebo group (61).

A recent meta-analysis of randomized controlled trials,
case–control studies and prospective cohort studies included
a total of 13254 participants and 5007 cases of prostate cancer
(37). Lower prostate cancer risk was associated with plasma/
serum Se levels up to 170 ng/ml and with toenail Se levels
between 0.85 and 0.94 lg/g (37).

Se in prevention of CRC

The Wheat Bran Fiber Trial, the Polyp Prevention Trial, and
the Polyp Prevention Study tested effects of various nutri-
tional interventions in patients with a history of colorectal
adenoma, a precursor of CRC. A pooled analysis of data from
the three studies corroborated that variations in Se status may
affect CRC risk: adenoma recurrences were significantly
lower (51% vs. 63%) in the quartile with highest plasma Se
levels (150 ng/ml) compared with the quartile with lowest Se
(113 ng/ml) (41). Additional determinants have been identi-
fied by case–control studies. Data from the North Carolina
Colon Cancer Study suggest that high folate intake ( > 354 lg/
day) may decrease the risk to develop CRC in individuals
with high serum Se levels ( > 140 ng/ml) (14). A Spanish study
reported significantly lower serum Se levels in two groups of

patients with large-size colorectal adenomas or CRC com-
pared with healthy control subjects only for the age group
£ 60 years, whereas there was no difference among older in-
dividuals (22). In participants of an U.S. cancer screening trial,
aged 55 to 74 years, a significant inverse association between
serum Se levels and the occurrence of advanced colorectal
adenomas was observed only among the high-risk group of
recent smokers (68). However, another U.S. case–control
study did not find any clear association between serum Se
levels and the risk of recurrent CRC (89), and a recent meta-
analysis of intervention trials came to the conclusion that oral
administration of antioxidants including Se was not effective
to prevent colorectal neoplasia in the general population (67).

On the other hand, animal studies provided compelling
evidence that Se protects against experimentally-induced
carcinogenesis in the colon. The formation of dimethylhy-
drazine-induced aberrant crypts was significantly increased
in rats fed a Se-deficient diet compared with rats fed selenite-
supplemented diets; both Se-adequate (0.1 mg Se/kg) and
Se-supranutritional (2 mg Se/kg) diets were capable of sup-
pressing preneoplastic lesions (16). The efficacy of dietary Se
supplementation might be further enhanced through the use
of Se-enriched plant- or animal-derived foods, probably due
to better Se bioavailability and/or different metabolic con-
version. Selenized proteins isolated from the milk of cows fed
a Se-supplemented diet and selenized broccoli protected the
large intestine of rodents against chemically-induced carci-
nogenesis (23, 34). Se-enrichment of broccoli and other cru-
ciferous vegetables might be particularly suitable for cancer
prevention, as those plants contain high amounts of glucosi-
nolates that are capable of inducing Nrf2-mediated produc-
tion of cellular antioxidant enzymes (6). Transgenic mice with
a mutated form of the tRNASec gene, resulting in diminished

FIG. 1. Baseline plasma selenium (Se) levels of Nutritional Prevention of Cancer (NPC) and Selenium and Vitamin E
Cancer Prevention Trial (SELECT) participants. Thick horizontal lines indicate the range between lowest and highest
baseline plasma Se levels of NPC and SELECT study participants. As depicted by dashed vertical lines, significantly lowered
cancer incidence was observed only among the Se-supplemented NPC participants whose baseline Se levels were in the first
and second tertile (91–122 ng/ml Se). For comparison, plasma Se levels associated with optimization of plasma selenoproteins
are marked by dotted vertical lines. Se-mediated cancer prevention in the NPC study appears to be associated with opti-
mization of plasma selenoprotein P (SeP) levels.
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biosynthesis of several selenoproteins, are more susceptible
than wild-type mice to azoxymethane-induced aberrant crypt
formation. However, this was partly overcome through ad-
ministration of selenite at a supranutritional dose (2 mg Se/kg
diet), indicating that both selenoproteins and constituents of
the non-selenoprotein pool of Se metabolites may fulfill anti-
carcinogenic functions in the intestine (39).

Advances in Delineating the Role of Selenoproteins
in the Intestine

In the following, we summarize advances in under-
standing the altered expression pattern of selenoproteins in
CRC tissue. A summary of the selenoproteins with increased
or decreased expression levels in tumorous colonic tissue is
given in Figure 2. For more detailed presentations regarding
the role of individual selenoproteins in carcinogenesis and
prevention of carcinogenesis, we refer to a number of com-
prehensive reviews (7, 29, 59, 74, 94).

Glutathione peroxidases

All of four major GPx (GPx1–4) are expressed in the intes-
tine. As GPx isoenzymes represent major constituents of the
cellular defense system against oxidative stress, their poten-
tial role in colorectal carcinogenesis has been addressed (7).
Aberrant GPx expression has been reported in sporadic and
ulcerative colitis-associated CRC: compared with non-
neoplastic tissue, GPx1 and GPx3 were decreased, whereas
GPx2 was increased in tumorous colonic tissue (65). GPx2
expression is also retained under Se-deficient conditions,
ranking it highest in the selenoprotein hierarchy (5). In colon
and rectum, GPx2 is mainly localized at the crypt ground (25).
GPx2 knockout mice have been shown to experience an in-
creased apoptosis rate in the crypt ground; however, the loss
of GPx2 was partially compensated by upregulation of GPx1
(24). Mice carrying a double knockout (GPx1 - / - and
GPx2 - / - ) were highly susceptible to bacteria-induced intes-
tinal inflammation and cancer (12).

GPx3 has been described to be attached to basement
membranes of epithelial cells in the gastrointestinal tract (10),

where it supposedly protects against hydroperoxide-induced
damage. GPx4 is localized in the cytoplasm and nuclei of epi-
thelial cells of the small and large intestine (81). GPx4 might be
particularly interesting in regard to Se-dependent chemopre-
vention, given its nuclear localization and its broad and unique
substrate spectrum, including lipid and thymine hydroperox-
ides. As recently summarized by Méplan and Hesketh (59),
there are inconsistent data from studies in different human
populations, suggesting a potential influence of a gene variant
(rs713041) located in the 3-UTR of GPx4 on CRC risk. Various
single nucleotide polymorphisms (SNPs) of the human GPx
genes have been identified, but none has been proven to affect
the CRC risk, though two-loci interactions were observed for
the GPx4 gene with the genes of thioredoxin reductase 2
(TXNRD2) and selenoprotein P (SEPP1) (60).

Selenoprotein P

SeP is primarily produced and secreted by the liver, even
though abundant SeP gene expression has been demonstrated
in other tissues, including the intestine (9, 84). A significant
decline in SeP mRNA levels has been detected in CRC tissue in
comparison with the corresponding normal mucosa (1). Ex-
pression of SeP substantially decreases during progression of
CRC that has originated from ulcerative colitis (65). Association
studies have identified four SNPs in the human SeP gene
(SEPP1) that are either linked to colorectal adenoma (rs3797310,
rs2972994, and rs12055266) or CRC risk (rs7579) (60, 69). The
rs7579 variant of the SEPP1 gene has consequences for
the function of SeP as a plasma Se transport protein, affecting
the pattern of SeP isoforms in plasma and the activities of se-
lenoproteins in lymphocytes (60). Apart from such effects on
whole body Se distribution, SEPP1 gene variants and/or
downregulated SeP biosynthesis in CRC tissue might result in
impaired extracellular antioxidant protection within intestinal
epithelia, given the additional enzymatic function of SeP as an
(extracellular) hydroperoxide-reducing enzyme (2, 76).

Recently, we have investigated the regulation of intestinal
SeP biosynthesis (82), using Caco-2 intestinal epithelial cells as
in vitro model. SeP gene expression and secretion were strongly

FIG. 2. Altered expression pattern of selenoproteins in colorectal cancer (CRC). Selenoproteins showing decreased or
increased expression in tumorous colonic tissue compared with the corresponding non-neoplastic colonic mucosa are ar-
ranged left and right, respectively, of a histological section of healthy human colon that has been stained with hematoxylin
and eosin (micrograph, courtesy Dr. H.J. Bidmon). To see this illustration in color, the reader is referred to the web version of
this article at www.liebertpub.com/ars
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upregulated in the course of enterocytic differentiation of
Caco-2 cells through increased binding of the transcription
factor hepatocyte nuclear factor-4a to an upstream promoter
element (82). Conversely, it is tempting to speculate that SeP
might affect the differentiation of enterocytes, as it has been
shown for adipocytes. Knockdown of SeP inhibited adipogenic
differentiation of 3T3-L1 cells in vitro, probably by concomitant
upregulation of proinflammatory cytokines (93). We observed
nitric oxide synthase 2-mediated downregulation of SeP bio-
synthesis upon treatment of Caco-2 cells with proinflammatory
cytokines in the colon of mice after induction of chronic ex-
perimental colitis (82). It still needs to be figured out whether
lowered expression of SeP is merely coincidental or may con-
tribute to the pathogenesis of (ulcerative colitis-related) CRC.

Thioredoxin reductases

Conflicting results have been obtained regarding the levels
of TrxR and its substrate Trx in tumorous versus normal colon
tissue. Increased expression of TrxR1 and Trx has been re-
ported for a number of cancers including CRC (52), whereas
another study did not observe differences in TrxR1 and Trx
expression between tumorous and corresponding normal
colon tissue (65). Supporting the former study, TrxR1 and
GPx1 were reciprocally regulated in liver tumors of mice and
in a human colon cancer cell line (26). An association between
a variant (rs35009941) of the human gene for TrxR1
(TXNRD1) and advanced colorectal adenoma has been iden-
tified (59). A pro-carcinogenic role of the TrxR/Trx system is
supported by observations of an increased sensitivity of CRC-
derived cell lines toward methylseleninic acid-induced
cytotoxicity after knockdown of TrxR (32). Knowledge on
modulation of intestinal TrxR by Se intake is still incomplete.
Dietary Se supplementation has been reported to increase
TrxR activity in ileum and colon of mice (48). Contrarily, rectal
TrxR mRNA levels in humans with adequate Se status did not
respond to supranutritional Se supply (33).

15-kDa selenoprotein

15-kDa selenoprotein (Sep15) resides in the lumen of the
endoplasmic reticulum (ER) in a complex together with uridine
diphosphate-glucose:glycoprotein glucosyltransferase, sug-
gesting a role in the quality control of folding of N-glycosylated
proteins (47). Expression of Sep15 has been shown to be con-
trarily regulated by adaptive and acute ER stress (50). Inability
to cope with ER stress may trigger intestinal inflammation (42).
Two SNPs in the gene encoding Sep15 (rs5845 and rs5859) have
been shown to modulate the risk of rectal cancer in a Korean
population, though significant associations were only seen for
the male gender (87). Knockdown of Sep15 resulted in de-
creased anchorage-independent growth of CT26 colon cancer
cells in vitro and lowered their ability to form tumors and to
metastasize when injected into mice (40). Though these obser-
vations suggest a pro-carcinogenic role of Sep15 in the intestine,
further studies are required to address this question more di-
rectly and to uncover the precise function of Sep15 within the
ER, for example, through generation of Sep15 knockout mice.

Se-binding protein 1

In contrast to the above-mentioned selenoproteins, Se-
binding protein 1 (SBP1) does not contain co-translationally

incorporated selenocysteine, binding Se in a mode that re-
mains to be clarified. Its function is not known, but it might be
involved in intra-Golgi protein transport (71). SBP1 physically
interacts with GPx1 in colonic epithelial cells, and expression
of these two Se-containing proteins is regulated reciprocally
(21). Expression of SBP1 is frequently downregulated in co-
lorectal carcinoma tissue, and low SBP1 expression levels are
correlated with poorer patient survival rates, as shown in two
independent studies (43, 51). Similar to the selenoproteins SeP
and GPx4 (82, 81), SBP1 levels increase during enterocytic
cellular differentiation. Maximal SBP1 expression is observed
in terminally differentiated cells of the intestinal epithelium
(51). Knockdown of SBP1 in Caco-2 and SW620 cells was
paralleled by a downregulation of the epithelial differentia-
tion marker carcinoembryonic antigen (51). So far, it has not
been studied whether SBP1 protein levels in the intestine re-
spond to Se supplementation, which would be a prerequisite
for being a candidate mediator of the chemopreventive effects
of ingested Se.

Attenuation of Akt-Mediated Signaling by Se:
Tradeoff Between Cancer Prevention
and Increased Diabetes Risk?

Another secondary analysis of the landmark NPC trial re-
vealed that Se-supplemented individuals were more likely to
develop Type 2 diabetes mellitus (T2DM) than those assigned
to placebo (86). However, only the NPC participants whose
baseline plasma Se levels exceeded 122 ng/ml (top tertile)
experienced a significantly increased risk of developing
T2DM when they were supplemented with Se-enriched yeast
(86). Among the selenomethionine-supplemented group of
volunteers of the SELECT study, the risk for T2DM was
nonsignificantly increased (46, 53). The risk potential of su-
pranutritional Se intake as a diabetogenic factor is subject of
ongoing discussion (85). Results of cross-sectional studies are
inconsistent so far, as a majority though not all of the studies
provided evidence for an association between high plasma Se
levels with hyperglycemia and dyslipidemia (20, 63, 85). Re-
cently, plasma adiponectin, a surrogate marker of insulin re-
sistance and T2DM, was measured in elderly (60–74 years)
participants of the UK Prevention of Cancer by Intervention
with Selenium (PRECISE) trial. There was an inverse cross-
sectional association between baseline plasma Se and adipo-
nectin levels. However, Se supplementation for 6 months with
100, 200, or 300 lg Se/day in the form of Se-enriched yeast did
not affect the adiponectin level in plasma, arguing against
Se-induced development of insulin resistance in this
population (75).

Abundant expression of antioxidant selenoenzymes such
as GPx1 may interfere with insulin-regulated cellular path-
ways through reduction of hydrogen peroxide (H2O2) (85)
that otherwise enhances the early insulin signaling cascade
and stimulates insulin-induced glucose uptake by transient
inhibition of counter-regulatory phosphatases (15, 55).
Figure 3 schematically outlines the current concept on Se-
mediated attenuation of insulin signaling. Consistent with
this hypothesis, patients with genetically impaired biosyn-
thesis of selenoproteins exhibit enhanced systemic and cellu-
lar insulin sensitivity (78). Both low-molecular-weight Se
compounds (e.g., selenite and methylseleninic acid) and SeP
are capable of attenuating insulin-induced phosphorylation
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(activation) of protein kinase B (Akt) in hepatocytes and in
myocytes (62, 70), and conversely, insulin downregulates
hepatic biosynthesis of SeP (62, 83), thus providing a potential
feedback loop.

On the one hand, Akt integrates actions of insulin on en-
ergy metabolism, and its impaired activation may result in
insulin resistance, a key feature of T2DM (77). On the other
hand, Akt mediates mitogenic effects of insulin and growth
factors (e.g., insulin-like growth factor 1, epidermal growth
factor, and platelet-derived growth factor) on angiogenesis,
protein translation, cellular proliferation, and survival (30).
Dys-regulation of those pathways is implicated in carcino-
genesis. In many types of cancer, Akt is hyper-activated and
components of Akt-related signaling pathways are mutated
(30). Interestingly, a synthetic Akt inhibitor has been dem-
onstrated to block tumor growth in nude mice, while causing
transient insulin resistance and reversible hyperglycemia and
hyperinsulinemia as side effects (11). It is tempting to specu-
late that a mild impairment of insulin sensitivity through di-
etary Se compounds and antioxidant selenoproteins might be
the tradeoff for their cancer-preventive action, with Akt being
in the focal point. However, such a relation would demand
some caution regarding the use of Se-containing nutritional
supplements by patients suffering from T2DM.

Concluding Remarks

The landmark studies by Schrauzer et al. (80) and Clark et al.
(13) raised the hope that adequate nutritional Se supply might
help to decrease cancer incidence and mortality. However,
pooled data from present intervention and cross-sectional
studies in humans are inconsistent, arguing against the use of
Se for cancer prevention in the general population (17, 67). This
might be particularly true with respect to Se-replete popula-
tions such as in the United States. In our opinion, four points

should be considered for better success in the future: (i) the
strikingly high number of genetic and metabolic determinants
that may affect the individual outcome of dietary Se supple-
mentation, (ii) differences in metabolization and, therefore,
biological impact of the different Se compounds, (iii) timing of
intervention with regard to the stage of carcinogenesis (effec-
tive in prevention) and age of the subject (< 60 years), and (iv)
potential adverse health effects of supranutritional Se intake.
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and disease. Cell Signal 23: 1515–1527, 2011.

31. Hill KE, Chittum HS, Lyons PR, Boeglin ME, and Burk RF.
Effect of selenium on selenoprotein P expression in cultured
liver cells. Biochim Biophys Acta 1313: 29–34, 1996.

32. Honeggar M, Beck R, and Moos PJ. Thioredoxin reductase 1
ablation sensitizes colon cancer cells to methylseleninate-
mediated cytotoxicity. Toxicol Appl Pharmacol 241: 348–355,
2009.

33. Hu Y, McIntosh GH, Le Leu RK, Upton JM, Woodman RJ,
and Young GP. The influence of selenium-enriched milk
proteins and selenium yeast on plasma selenium levels and
rectal selenoprotein gene expression in human subjects. Br J
Nutr 106: 572–582, 2011.

34. Hu Y, McIntosh GH, Le Leu RK, Woodman R, and Young
GP. Suppression of colorectal oncogenesis by selenium-
enriched milk proteins: apoptosis and K-ras mutations.
Cancer Res 68: 4936–4944, 2008.

35. Huang Z, Rose AH, and Hoffmann PR. The role of selenium
in inflammation and immunity: from molecular mechanisms
to therapeutic opportunities. Antioxid Redox Signal 16: 705–
743, 2012.

188 STEINBRENNER ET AL.



36. Hurst R, Armah CN, Dainty JR, Hart DJ, Teucher B, Goldson
AJ, Broadley MR, Motley AK, and Fairweather-Tait SJ. Es-
tablishing optimal selenium status: results of a randomized,
double-blind, placebo-controlled trial. Am J Clin Nutr 91:
923–931, 2010.

37. Hurst R, Hooper L, Norat T, Lau R, Aune D, Greenwood
DC, Vieira R, Collings R, Harvey LJ, Sterne JA, Beynon R,
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Abbreviations Used

Akt¼protein kinase B
CRC¼ colorectal cancer

ER¼ endoplasmic reticulum
GPx¼ glutathione peroxidase

NPC¼Nutritional Prevention of Cancer
PSA¼prostate-specific antigen

SBP1¼ selenium-binding protein 1
Se¼ selenium

SELECT¼ Selenium and Vitamin E Cancer
Prevention Trial

SeP¼ selenoprotein P
Sep15¼ 15-kDa selenoprotein

SNP¼ single nucleotide polymorphism
SU.VI.MAX¼ supplémentation en vitamines et

minéraux antioxydants
T2DM¼ type 2 diabetes mellitus

Trx¼ thioredoxin
TrxR¼ thioredoxin reductase
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