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Abstract

In recent years, the role of selenium in the
prevention of a number of degenerative
conditions including cancer, inflammatory
diseases, thyroid function, cardiovascular
disease, neurological diseases, aging,
infertility, and infections, has been established
by laboratory experiments, clinical trials, and
epidemiological data. Most of the effects in
these conditions are related to the function of
selenium in antioxidant enzyme systems.
Replenishing selenium in deficiency conditions
appears to have immune-stimulating effects,
particularly in patients undergoing
chemotherapy. However, increasing the levels
of selenoprotein antioxidant enzymes
(glutathione peroxidase, thioredoxin reductase,
etc.) appears to be only one of many ways in
which selenium-based metabolites contribute
to normal cellular growth and function. Animal
data, epidemiological data, and intervention
trials have shown a clear role for selenium
compounds in both prevention of specific
cancers and antitumorigenic effects in post-
initiation phases of cancer.

(Altern Med Rev 2004;9(3):239-258)

Introduction

Selenium’s unigue role in human physi-
ology has been found to include the prevention of
atherosclerosis, specific cancers, arthritis, diseases
of accelerated aging, central nervous system pa-
thologies, male infertility, and altered immuno-
logical function.! Selenium is active in a variety
of selenoproteinsthat include, but are not limited
to, the glutathione reductases.?2 Other
selenoproteins have roles that support immune
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function and, through specific cellular pathways,
may play a preventive role in both the initiation
and promotion of specific cancers.®

Human Selenium Biochemistry

At least 25 selenoproteins have beeniden-
tified in human biochemistry. The functions of
selenium are believed to be carried out by
selenoproteins, in which selenium is specifically
incorporated asthe amino acid selenocysteine.? In
addition to incorporation as selenocysteine, sele-
nium can replace sulfur in methionine, forming
selenomethionine. This compound can be incor-
porated non-specifically into proteins in place of
methionine. Finally, selenium can betightly bound
by certain proteins, known as selenium-binding
proteins, to distinguish them from true
selenoproteins.?

Thefirst true selenoprotein identified was
glutathione peroxidase, which catalyzes the oxi-
dation of reduced glutathione and allows for the
reduction of hydrogen peroxideto water, prevent-
ing lipid peroxidation and cellular damage.* There
arebasically fiveformsof glutathione peroxidase
(GPx) that have been identified in human tissue:
classical GPx (found only inthecell cytosol), gas-
trointestinal GPx (found in the liver and gas-
trointestinal tract), plasmaglutathione peroxidase,
phospholipid-hydroperoxide GPx (PHGPXx), and
sperm nuclei GPx.
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Table 1. Selenium-containing Enzymes'?

Glutathione peroxidase (GSHPXx) plasma, thyroid
Gastrointestinal GSHPx

Glutathione peroxidase (classic)

Phospholipid hydroperoxide glutathione peroxidase (PHGPX) | cell membrane

Sperm nuclei glutathione peroxidase

Thioredoxin reductase
Selenoprotein P

Type | iodothyronine deiodinase
Type Il iodothyronine deiodinase

cytosol

sperm nuclei
tissues, skin, thyroid
blood, thyroid

liver, kidneys, thyroid
brain
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Phospholipid-hydroperoxide GPx is
found in cell nuclei, mitochondria, and the cyto-
sol, and specifically acts to prevent lipid
peroxidation in cell membranes. Thisisaunique
function of this antioxidant enzyme, as most anti-
oxidant enzymes cannot reduce phospholipid hy-
droperoxidesinside cell membranes.® Thisparticu-
lar form of GPx isfound in high concentrationsin
spermatozoa, and isinvolved in sperm maturation
and the prevention of cellular apoptosis. The gjacu-
late of infertile men contains significantly lower
amounts of PHGPx compared to men with nor-
mal sperm countsand motility indexes.°* Asaclass
of enzymes, the PHGPx regulate eicosanoid pro-
duction and cell signaling by reactive oxygen spe-
cies. GPx levelsinthe blood and liver are respon-
siveto early dietary selenium deficiency; whereas,
the phospholipid-rich tissue membranes that con-
tain PHGPx appear to be less affected by mild
selenium deficiency.®

Selenoprotein P, the mgjority of the sele-
nium found in the bloodstream, also acts as an
antioxidant enzyme and a selenium-transporter
and appears to be very sensitive to dietary sele-
nium.”
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Thioredoxin reductase, another
selenoenzymethat acts asan antioxidant, isfound
in all tissues. As a mgjor component of the anti-
oxidant system, thioredoxin reductase is respon-
siblefor degrading peroxides and hydroperoxides
outside cell membranes. Peroxides and hydroper-
oxides have been shown to cause cell death, DNA
damage, and tissue atrophy.® Thioredoxin reduc-
tase also recycleslipoic acid and vitamin C, regu-
|ates the metabolism of vitamin K3, and acts to
regulate cell growth and the activity of tumor-sup-
pressing protein p53.° This selenocystei ne-encod-
ing enzyme exists in large concentrations in
keratinocytes and melanocytes, where it is be-
lieved to providetheinitial line of defense against
ultraviolet light-generated free radical damage.'”
Thioredoxin reductase is responsive to increased
levels of selenium in the cellular environment.
Adding selenium at alow 1 microM concentra-
tion, alevel easily achievablein humansby supple-
mentation, increases the antioxidant activity of
thioredoxin reductase by 40-fold in epithelial cell
lines.™ Table 1 summarizesthe selenium-contain-
ing enzymes.
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Selenium

Bioavailability
Selenium is stored

inthetissuesinvarying den-

General

sity: 30 percent of tissue se- ¢ ¢
leniumisintheliver, 15 per-

cent in the kidney, 30 per- Selenomethionine
centinmuscle, 10 percentin ¢

the plasma, and the remain-
ing 15 percent throughout
other organs.®* Because se-
lenium bindsto mercury and
is deposited in tissue in an
inert complex with a 1:1
molar ratio, this selenium-
mercury complex isunavail-
able for metabolism. When
free non-mercury-bound se-
leniumisdetermined in spe-
cific tissues, tissue concen-
trations are greatest in the
kidney cortex and pituitary
gland, followed by the thy-
roid gland, liver, spleen, and
cerebral cortex.*

There is no homeo-
static control mechanism for
selenium absorption and se-
leniumishighly absorbable.

body proteins

Selenocysteine

HQSe

Figure 1. Selenium Metabolism?
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———» breath

(Trimethylselenonium ion) ——> urine

From: Ip C. Lessons from basic research in selenium and cancer prevention.
J Nutr 1998;128:1845-1854.

Selenium occursnaturally in

plants as selenomethionine, Se-methyl-
selenomethionine, selenocysteine, and
selenocystine.’ Selenite (commercially available
as sodium selenite) is greater than 80-percent
bioavailable and selenomethionine or selenate can
be greater than 90-percent bioavailable.*® Absorp-
tion from food is also efficient and adult human
exposure to selenium via diet ranges in different
parts of the world from 11-5,000 mcg/day. Aver-
age dietary intake usualy falls within the range
of 20-300 mcg/day.*¢ This range is broad enough
to create a difference between normal tissue glu-
tathione peroxidase and subnormal levels. Sele-
nium deficits, correl ated with serum selenium con-
centrations less than 85-90 mcg/L, are common
in parts of Chinawhere juvenile cardiomyopathy
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(Keshan disease) and chondrodystrophy (K aschin-
Beck disease) result from selenium deficiency.'’
In the United States, however, most soilsare sele-
nium replete, and whereas low serum selenium
levels of 11-20 mcg/L in parts of China are com-
mon, serum levelsin South Dakotaand Maryland
have been reported to be as high as 133-197 mcg/
L .18

M etabolism of Selenium

Compounds

Selenomethionine is the major organic
seleno-compound in cereal grains, grassland le-
gumes, and soybeans, as well as in selenium-en-
riched yeast used for sel enium supplementation.*®
In several animal studies measuring the distribu-
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tion of supplemental selenium, tissue storage of
selenium was shown to be higher with
selenomethionine compared to selenocysteine,
selenate, and selenite. Selenomethionine is gen-
erally thought to be the most bioavailable form of
selenium.? Selenomethionine, however, may sub-
gtituteintissue proteinsfor methionine, and chang-
ing the methionine content of the diet will alter
how much selenomethionine is used to satisfy
methionine requirements.>®

Selenoproteins can be produced in the
body from a variety of selenium sources (Figure
1).2t Selenomethionine competes with methion-
ine for absorption on the gut surface, and isincor-
porated and stored in body proteins that contain
methionine. It may also be converted through
transulfuration to selenocysteine and degraded to
hydrogen selenide viathe beta-lyase enzyme. Se-
leniteisalso metabolized to hydrogen selenidevia
a pathway in which it is complexed with glu-
tathione. Hydrogen selenide acts as a precursor
for selenoprotein synthesis and is al so the form of
selenium excreted; it is methylated and excreted
through urine and breath. This is why one of the
symptoms of selenium toxicity is referred to as
“garlic breath” — the odor of dimethylselenide
excreted through the lungs.2 More than 90 per-
cent of animal chemoprevention studies have used
either sodium selenite or selenomethionine asthe
test agent.2

Selenium Toxicity

The U.S. Environmental Protection
Agency (EPA) limit for selenium based on pro-
jected lifetime exposureis5 mcg/kg body weight/
day. The low adverse effect level (LOAEL), the
lowest level of selenium at which any adverse ef-
fect may be seen in humans, has been calculated
at 1540 + 653 mcg/day. Theno adverse effect level
(NOAEL), the level at which no adverse effects
will be expected, has been calculated at 819 + 126
mcg/day.?

Combs, however, reports that human se-
lenium toxicity states seen in Chinarequire daily
intakes on the order of 2 mg daily.** No evidence
of selenium toxicity was seen in the Nutritional
Prevention of Cancer Trial at doses of 400 mcg

Review

selenium daily in 424 persons for 1,220 person
years of observation. None of the seven peoplein
the selenium group who withdrew from the study
complained of symptoms of selenosis (changesin
hair, nails, or skin, or garlic breath).

A further trial of selenium in biopsy-
proven prostate cancer in which patients were
randomized to 1,600 or 3,200 mcg/day selenized
yeast for 12 months did not report any selenium-
related toxicity signs or symptoms.%

Selenoproteins and the Thyroid
Gland

Although there is inconsistent data con-
cerning therole of low selenium levelsin thyroid
cancer, the role of selenium in thyroid metabo-
lism is complex, and an understanding of
selenium’s free-radical protective effects are cru-
cia to understanding the role selenium may play
in thyroid cancers.

The human thyroid gland contains one of
the highest selenium contents of any tissuein the
body.?* Selenium is present in thyrocytes and fol-
licular tissue in the form of glutathione peroxi-
dase, selenoprotein P, and thioredoxin. Abundant
amounts of extracellular glutathione peroxidase
are present in thyroid tissue to act as an antioxi-
dant defense system against significant amounts
of hydrogen peroxide resulting from thyroid hor-
mone production.® Glutathione peroxidasein thy-
roid tissue also controls thyroglobulin iodination.
Type | iodothyronine deiodinase, a selenium en-
zyme that requires selenocysteine, catalyzes the
conversion of thyroxine (T4) to triiodothyronine
(T3) in the liver,?® and type Il iodothyronine
deiodinase catalyzes the same reaction in the
brain.?® These enzymes are not found in thyroid
tissue in large amounts, but have effects on circu-
lating thyroid hormone levels due to their rolein
T3 production.?” The deiodinase selenoenzymes
aso catalyze the breakdown of T4 to reverse T3,
degrade T4 to T2, inactivate T3, and regulate the
pituitary-hypothalamic-thyroid axis.?®

Thyroid metabolism is sensitive to the
selenium content in the diet. Significant
depressions in T3/T4 ratios have been observed
in elderly subjects on low-selenium diets.?®
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A depression in selenoenzyme activity, with
subsequent lowering of T3/T4 ratios, hasalso been
documented in a popul ation previously receiving
selenium-rich wheat from Canada and switched
to selenium-poor grain from Europe.® In areas of
Chinawhere both soil selenium and iodine differ
significantly depending on theregion, inhabitants
with subclinical hyperthyroidism had lower levels
of serum selenium (82.6 mcg/L) compared to
controls (87.3 mcg/L).** Normal controls also
demonstrated an inverserelationship between TSH
and serum selenium: when serum levels were
below 80 mcg/L, TSH levels were correlated at
2.1 mU/L, significantly higher than in those with
serum selenium above 80 mcg/L who
demonstrated median TSH levelsof 1.28-1.29 mU/
L. Serum selenium was also inversely correlated
with thyroid autoantibody levels. Those with
thyroperoxidase antibody (TPO Ab) levels > 600
IU/mL had a mean serum selenium of 83.6 1U/L,
while those with TPO Ab levels lower than 600
had mean serum selenium levels between 92.9 and
95.6 meg/L .

Selenium Replacement in
Hypothyroidism

Selenium replacement studiesin hypothy-
roidism have focused on areas of the world where
both selenium and iodine deficienciesare endemic.
Studies using 50 mcg selenium daily in goiter-
endemic areas in Zaire have resulted in signifi-
cant improvement of symptoms, while serum lev-
elsof T4 and reverse T3 dropped to normal range,
serum total T3 improved, and serum TSH levels
stayed within normal ranges.® Because of thein-
teraction of iodine and selenium in thyroid me-
tabolism, and the fact that iodine replacement in-
creases oxidative metabolism in thyroid tissue, it
is recommended that in situations where both se-
lenium and iodine are deficient, replacement of
both minerals is necessary for the normalization
of thyroid function.®

The results of rat studies have led to the
assumption that selenium supplementation in
humans will invariably lead to increased serum
T3levels. Human studies, however, show that may
not always be the case.** Short-term effects of

Alternative Medicine Review [0 Volume 9, Number 3 [0 2004
Copyright©2004 Thorne Research, Inc. All Rights Reserved. No Reprint Without Written Permission

Review Selenium and Cancer

selenium supplementation on thyroid function
reveal a more complex picture of thyroid/
selenoprotein interactions. Studies of iodine-
replete men given either daily doses of 300 mcg
selenium from high-selenium foods or kept on a
selenium-deficient diet of 14 mcg daily have
shown responses that illustrate the unique effect
of selenium on human thyroid metabolism.?® After
99 days, the high selenium group had asignificant
drop in serum total T3 levels and a compensatory
increase in TSH levels. The low-selenium group
had a rise in serum total T3 levels. Because
selenium can be stored in thyroid tissue, evenina
state of selenium deficiency, it is not clear if the
low-selenium diet had a direct effect on thyroid
tissue levels of selenoproteins or whether
deiodinase enzyme levels were affected. This
study is important because it indicates selenium
supplementation is more complex than has been
presumed, and longer trials will indicate whether
these alterationsin hormone levelswith selenium
supplementation are temporary or long-term.

Selenium and Thyroid Cancers

Studies of selenium tissue levels in thy-
roid tumors are not consistent. One study of tis-
sue samples from 135 patients found a slightly
lower level of selenium in both benign and malig-
nant tumors compared to hormal tissue, but also
found significant elevations of silver, cobalt, mer-
cury, and rubidium in both benign and malignant
thyroid tissue compared to normal tissue.®

Another study sampled 43 persons who
developed thyroid cancer an average of 4.8 years
after blood samples were taken.® Compared to
matched controls, cases were significantly lower
in serum selenium than controls. Those with can-
cer who had serum levels less than or equal to
1.25 microM/L had a 7.7-times greater risk for
thyroid cancer compared to controls. Those with
higher levels of serum selenium — 1.26-1.64
microM/L — had a 6.1-times greater chance of
having thyroid cancer. Levelsgreater than or equal
to 1.65 microM/L were associated with no in-
creased risk of thyroid cancer.
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Other studies, however, havefailed to find
links between selenium and thyroid carcinogen-
esis. A study investigating tissue selenium found
no difference in selenium, tissue selenoenzyme
levels, tumor levels of selenium, glutathione per-
oxidase, or other selenoproteins compared to those
in normal thyroid tissue.%

On the other hand, low selenium levels
and lower selenoenzyme activity levelshave been
documented in parathyroid adenomatissue and C-
cell carcinoma tissue — medullary thyroid carci-
noma — when compared to goiter, autoimmune
disease, or differentiated thyroid cancer.®® Mean
zinc and selenium levelsin thyroid tissue of pa-
tients with thyroid carcinoma were found to be
significantly lower than that of patients with non-
cancerous thyroid disorders.® The ratios of cop-
per/zinc, copper/selenium, and zinc/selenium were
significantly higher in those with thyroid carcino-
mas than controls or those with other thyroid dis-
orders.

Epidemiological Studies of Selenium
and Cancer Risk

Erythrocyte, serum, plasma, and urine
selenium levels have been found to be lower in a
variety of cancer diagnoses compared to both
matched and unmatched controls.** The major-
ity of epidemiological studies also provide evi-
dence for selenium as a chemopreventive agent
for specific cancers: prostate,*>4¢ lung,*-4°
colorectal,*5 ssomach,5? and multiple cancers. 4255
The study of plasma sel enium and non-melanoma
skin cancersthat led to the Nutritional Prevention
of Cancer Trial, a 10-year prospective study of
1,738 Americans detailed below, found initial
plasmaselenium levelsinversely correlated to both
non-melanoma skin cancer and colonic
adenomatous polyps.® Those with plasma levels
below the U.S. population median of 128 ng/mL
plasma were four times more likely to have one
or more polyps than those with levels above 128
ng/mL.

In aprospective study of 39,268 men and
women in Finland, risk for severa cancers was
significantly elevated in men who had the lowest

Review

level of serum selenium —for cancersof the stom-
ach, pancreas, and lung specifically.® The mean
levels of serum selenium found in those who de-
veloped cancer — 53-63 mcg/L — would be con-
sidered low in the United States.>”

A prospective study of 4,857 Japanese
patients followed serum selenium levels in those
who developed cancers of all types over a 36-
month period.*® Those who devel oped cancer dur-
ing the trial period had significantly lower serum
selenium levels at baseline than those who were
cancer free. Studies in China's Qidong Province
demonstrated a significant inverse association
between the incidence of primary hepatocellular
carcinoma and plasma selenium levels.® In an
eight-year retrospective trial in Washington
County, Maryland, those with low plasma sele-
nium had a two-fold increased risk for bladder
cancer.®® A U.S. study of 11,000 hypertensives
followedfor fiveyears showed atwo-fold increase
inrisk for all cancersinthoseinthelowest (< 115
ng/mL) quintile compared to those in the highest
quintile (> 154 ng/mL) of plasma selenium.*?

A meta-analysis of large prospective stud-
ies has shown a consistent relationship between
low prediagnostic levelsof serum seleniumin can-
cer patients compared to cancer-free controls.®
The meta-analysis examined nine studies that as-
sessed prediagnostic levels of antioxidantsand 10
specific types of cancer. The levels of serum sele-
nium in those who developed cancer of the stom-
ach, pancreas, lung, and bladder were significantly
lower than controls. The difference was most pro-
nounced for pancreatic cancer.

Several studieshave demonstrated no pro-
tective association between selenium and cancer
risk.6263 Some studies that found no relationship
between selenium and cancer risk used toenail
selenium as a marker for selenium intake.®® This
method of ng dietary selenium exposure and
assuming toenail selenium as a reflection of tis-
sue stores has been questioned by Schrauzer®
when there is insufficient difference among
quintiles of toenail selenium, raising concerns
about toenail selenium being an imprecisetool in
determining selenium status.
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The Nutritional

Figure 2. Plasma Levels of Selenium on Entry in NPC Trial®
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From: Combs GF. Impact of selenium and cancer prevention findings on the
nutrition-health paradigm. Nutr Cancer 2001;40:6-11.

basal cell epithelioma had
significantly lower plasma
selenium levels compared to controls.5” When com-
pared to cancer-free controls, those with the lowest
levelsof plasmasd eniumwere5.8timesmorelikely
to have either cancer.

Thesedataencouraged astudy of the effects
of selenium supplementation in cancer prevention
and led to the now well-known Nutritional Preven-
tion of Cancer Trid (NPC Trial).® The NPC Trial is
the only prospective double-blind, placebo-con-
trolled, randomized tria in the Western world to test
a selenium supplement on a large population and
measure cancer incidence.

Thestudy originaly attempted to assessthe
ability of selenized yeast containing 200 mcg of
elemental selenium to prevent recurrences of non-
melanoma skin cancer in 1,312 residents of the
southeastern United States, where soil selenium
levels are the lowest in the nation. Because of
unexpected results, thetrial wasunblinded early; i.e.,
selenium supplementation significantly decreased the
total cancer incidenceby 50 percent, and specifically

Alternative Medicine Review [0 Volume 9, Number 3 [0 2004
Copyright©2004 Thorne Research, Inc. All Rights Reserved. No Reprint Without Written Permission

dropped the incidence of lung cancer by 48
percent, prostate cancer by 63 percent, and
colorectal cancer by 58 percent.®® Analysis of more
extended data from the original trial found the
protective effect of selenium, although still
impressive, decreased to astatistically significant
25-percent reduction in total cancer incidence, a
42-percent reduction in prostate cancer incidence,
and a 51-percent reduction in total cancer
mortality. In thisfollow-up report the decreasein
lung cancer incidence was no longer statistically
significant, while a 54-percent reduction in
colorectal cancer incidence was marginally
significant (p=0.057).” Because 75 percent of the
trial group was male, the effects were confined to
males and were most prominent in smokers and
those with baseline plasmaselenium level s below
121.6 ng/mL. Those who entered the trial with
plasma selenium levels less than 106 ng/mL
showed both the greatest protection from selenium
and the highest rates of subsequent cancer in the
control group (Figures 2, 3, and 4).3
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Figure 3. Protective Effect of Selenium on Subjectsin NPC Tria in Lowest Tertile of Selenium?
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Figure 4. Cancer Incidence in Placebo Group by Baseline Selenium Level®
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Thoseinthe highest tertile of baseline se-
lenium — over 121.6 ng/mL — actually had a non-
significant increased total cancer incidence and
did not appear to benefit from selenium supple-
mentation at 200 mcg daily. The breast cancer in-
cidencedatain thistrial demonstrated that the fe-
male subjects in the study taking selenium actu-
ally experienced an increase in the incidence of
breast cancer, but as authors of the NPC Trial data
point out, theincidenceisnot significant and may
be irrelevant due to an inadequate numbers of fe-
males.”® The same insignificant increase was true
for other sites, including melanoma, esophagus,
bladder, brain, leukemias, and lymphomas.” Fi-
nally, an evaluation by one of the principal inves-
tigators in the NPC Trial reported that, derived
from the data, 96-300 mcg of elemental selenium
daily as selenomethionine is indicated for both
adequate antioxidant defense and tumor inhibi-
tion.®

The Qidong and Linxian Studies

The other large clinical intervention tri-
as involved two Chinese provinces where sele-
nium deficiency and chronic hepatitis B are en-
demic. Thefirst, atrial giving 30-50 mcg of daily
elemental selenium from sodium seleniteto 20,847
inhabitants of Qidong Province, resulted in a sta-
tistically significant 50-percent drop in the inci-
dence of primary liver cancer.” In asubset of this
population at high risk for primary liver cancer,
2,474 families received 200 mcg elemental sele-
nium daily from ahigh-selenium yeast or placebo.
At the end of the two-year study, those receiving
selenium had a statistically significant 35-percent
reduction in the incidence of primary liver can-
cer.™

In Linxian Province, the mortality from
esophageal cancer isthe highest in the world. An
antioxidant intervention trial followed different
groups taking antioxidant supplements for five
years, during which time cancer mortality from
stomach and esophageal cancer accounted for 32
percent of all cancer deaths in the control
population. In the group supplemented daily with
beta-carotene, vitamin E, and 50 mcg elemental
selenium from high-selenium yeast, total cancer
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mortality wasreduced by 13 percent, astatistically
significant drop.” Follow-up data found a
significant inverse association between baseline
serum selenium and mortality from esophageal
squamous cell carcinoma and gastric cardia
cancer.” The effect of selenium in thistrial may,
in large part, have resulted from the treatment of
selenium deficiency and normalization of
selenoprotein levels, including glutathione
peroxidase. The mean serum selenium
concentration in the study population was 73 mecg/
L; deficiency inthisstudy wasdefined asany level
below 78 mcg/L.

Animal Chemoprevention Studies:
The Search for Active M etabolites

of Selenium

In the NPC Trial, only six of the 1,312
subjectshad initial plasma selenium levels below
80 ng/mL.™° Thisisconsidered the minimum level
of plasma selenium necessary in the bloodstream
for maximum production of selenoproteins (glu-
tathione peroxidases, thioredoxin reductase, etc.).™
In other words, the chemoprevention observed in
the NPC Trial was not the result of increased lev-
els of the glutathione peroxidases or other
selenoproteins. This hypothesis, that the
antitumorigenic effect of seleniumworksviapath-
ways other than selenoprotein production, hasbeen
supported in more than 100 studies of animal
models of selenium chemoprevention.”™

Animal studies have consistently shown
a beneficial effect of high selenium levels in the
prevention of cancer.”™ Of these studies, the ma-
jority have shown a clear antitumorigenic/
chemopreventive effect of selenium in mammary
gland, liver, skin, pancreas, esophagus, and colon
cancers.? At least half of these studies have shown
a reduction of tumor yield by more than 50 per-
cent with selenium supplementation of 1-2.5 mg/
kg inadditionto an already selenium-repletediet.®
Reviews of these studies have concurred that high-
level exposureto specific selenium compoundsis
antitumorigenic.” The studies show dose-depen-
dent responses at levels that do not show toxicity
(Table 2). This high level of supplementation,
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however, has not been repli-
cated in human studies as it
would necessitate level ssignifi-
cantly higher than those cur-
rently used in human research.

Although the mecha-
nisms have not yet been clearly
outlined, it has been shown in
animal modelsthat seleniumin-
hibits tumorigenesis during
both the initiation and later
stages of carcinogenesis, and
that it inhibits both chemically
and viraly induced tumors. The
effects of selenium appear to be
reversible, in that the
anticarcinogenic effect is re-
versed when selenium is with-
drawn.”” Selenium also alters
carcinogen metabolism, inhib-

Selenite

Compound

Selenobetaine

Selenocystine

Table 2. Antitumorigenic Effect of Different Selenium Compounds

Dose of Selenium for 50%
inhibition (ppm)

Se-methylselenocysteine

Selenobetaine methyl ester

Selenomethionine

From: Whanger PD. Selenocompounds in plants and animals and
their biological significance. J Am Coll Nutr 2002; 21: 223-232.

its tumor cell proliferation, en-
hances apoptosi's, and suppresses tumor angiogen-
esis.? Supranutritional levels of selenium supple-
mentation, exceeding that necessary to make ad-
eguate levels of glutathione peroxidase, have also
been shown to increase the cytotoxic activities of
natural killer cellsand macrophages, and up-regu-
late the expression of interleukin-2 receptors.”
This immune-enhancing effect has been demon-
strated both in animal ™ and human studies,®® where
eight-week doses of 200 mcg yeast-based selenium
in humans significantly increased cytotoxic lym-
phocyte and macrophage activity.®' Because the
antitumorigenic effects of selenium in rodent stud-
iesoccurred at levels of 100 meg/kg body weight
(average human selenium intake is 1-4 mcg/kg
body weight worldwide), research hasfocused on
the metabolically active forms of selenium that
would allow for nontoxic levels of selenium
supplementation.®

Antitumorigenic activity hasbeen observed
in metabolites of naturally occurring forms of sele-
nium: selenomethionine, selenocysteine,
methylselenocysteine, and inorganic selenium sats
— selenite and selenate metabolized to
selenodiglutathione.® The selenized yeast usedinthe
NPC Trial contained only 20-percent

sel enomethionine. Theremaining selenocompounds
were selenocysteine, Se-methylselenocysteine,
selenoethionine, selenoglutathione, seleno-
diglutathione, and sdenite?*® |p and colleagues™
compared sodium selenite to selenomethionine and
demongtrated that selenitewas moreeffectivein pre-
venting chemically induced mammary tumors, even
though tissue levels of selenium were significantly
higher in those given selenomethionine. These data,
showing the effects of selenium compounds were
not based on tissue levels but on the specific meta-
bolic fatesof different formsof selenium, haveiniti-
ated research on selenium metabolites as
chemopreventive agents.

Earlier studiesfound low-molecular weight
forms of selenium not used in synthesis of
selenoproteins are instrumental in the metabolism
of selenium. These methylated sel enium compounds
arefound in plants and in the metabolic breakdown
of sodium selenide in humans, and were ultimately
found to be responsible for the chemopreventive
effect of sdlenium (Figure 5).% In one study, the
methylated selenium compound selenium
methylselenocysteinewasfound to bemore effective
in suppressing mammary tumorsthan either selenite
or selenomethionineinthedosagerange of 1-3 ppm.®
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Figure 5. Methylated Selenium Compounds and their Entry into the Inorganic Selenium Pool

HsSe

v

CH3Se(0)CHg

(Dimethylselenoxide)

v

(Methylselenide)

(CH3)2Se
Dimethylselenide " (Selenobetaine methyl ester)

(CHg)3Se*
(Trimethylselenonium ion)

(Hydrogen selenide)

v

CH3SeCH2CHNH2COOH —>» CH3SeH <— CH3SeCHoCOO™ <— (CH3)2Se*CH2COO0-
(Se-methylselenocysteine)

(Selenobetaine)

(CH3)2Se*CH2COOCHS3

From: Ganther HE, Lawrence JR. Chemical transformations of selenium in living organisms.
Improved forms of selenium for cancer prevention. Tetrahedon 1997;53:12299-12310.

Sour ces of Se-methylselenocysteine

Se-methylselenocysteine occurs naturally
in plants. It is found in high levels in Astragalus
and in selenium-enriched garlic, broccoli, leeks,
and onions.®® Astragalus species may accumu-
late 1,000-10,000 mcg selenium/g, 80 percent as
Se-methylselenocysteine.® These plants also ac-
cumulate selenium as selenopeptides,
selenocystathionine, and other selenium com-
pounds. There are no or very little measurable
amounts of selenium occurring asselenitein these
accumulator plants.t® Selenium-enriched yeast has
been found to contain from six- to 20-percent Se-
methylselenocysteine and  85-percent
selenomethionine (Table 3).8° Accumulator plants
produce methylated forms of selenium as a way
to detoxify inorganic selenate. Methylated forms
of selenium, such as Se-methylselenocysteine,
have atoxicity equal to selenomethionine, amini-
mally toxic form of selenium.®

Selenium and Breast Cancer

Human Epidemiological Studies

In four studies, plasma, serum, or eryth-
rocyte levels of selenium were found to be sig-
nificantly lower in breast cancer cases compared
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to healthy controls.®%* A study of Japanesewomen
using toenail selenium revealed a significant dif-
ference between the levels in newly diagnosed
breast cancer patients and those of healthy
women.® The nail levels in the healthy women
correlated with an apparent protective effect of
selenium at daily intakes of 200-300 mcg. Sele-
nium toenail levels in the breast cancer patients,
conversely, correlated with a selenium intake of
roughly one-half of this amount, which is closer
to the intakes observed in Western industrialized
countries. However, other epidemiological stud-
ies show no relationship between toenail selenium
levels, %% serum selenium levels, %% or dietary
selenium® and breast cancer risk or incidence.
The well-publicized trial of 62,641
women in the Nurses' Health Study also showed
no protective effect of selenium on breast cancer.®”
This study involved assessing selenium intake as
reflected in toenail clippings and found arelative
risk for breast cancer of 1.1 for thosein thelowest
quintile of selenium and no trends for increasing
protection across rising quintiles of toenail sele-
nium levels. Unfortunately, toenail selenium mea-
surements in this study were found to be a poor
method of measuring selenium: the correlation
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Table 3. Variations in Selenocompounds in Various Yeasts

Percentage of Distribution
Sources of Yeast

SUNY-Albany
Norwich England
Nutrition 21

SeCys and SEM, respectively, indicate selenocysteine and
selenomethionine but no SeMCYS was found in any of

these yeasts.

From: Whanger PD. Selenocompounds in plants and

animals and their biological significance. J Am Coll Nutr 2002;
21:223-232.

that  Se-methylselenocysteine,
selenobetaine, and a garlic-based
form, Se-allylselenocysteine, are the
most efficacious forms of seleniumin
mammary tumor preventionin animal
models. For an in-depth review of se-
lenium and mechanisms of action in
mammary tumor chemoprevention see
Medinaet al.*°

Methylselenocysteine, a me-
tabolite of selenomethionine, istwice
as active as selenomethionine at sup-
pressing mammary tumors in rodents
at 2 meg Se/g diet.’®® Adding sele-
nium-enriched garlic at the dosage of

3 mcg/g diet reduced mammary tumor
incidence in rodents from 83 percent
to 33 percent, while plain garlic alone
reduced the incidence to 60 percent.
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coefficient for two measurements of toenail sele-
nium was only 0.48, and the measurement of one
sample of toenail selenium would only account
for 25 percent of the variability in toenail sele-
nium levels.!% Ascriticized by Clark, lead inves-
tigator of the Nutritional Prevention of Cancer
Trial, the Nurses' Health Study use of toenail se-
lenium as a measurement, “ suggests the potential
for considerable misclassification in the exposure
variable that could result in a substantial attenua-
tion of the observed relative risk.”1% In other
words, the negative findings of the Nurses’ Health
Study could be aresult of using amethod of mea-
suring selenium that does not correlate with sub-
sequent measurements or selenium intake, and
would result in inadequate data on selenium and
breast cancer risk.

Breast Cancer Animal Studies

The mammary gland has been the most
studied of all the organs in which tumorigenesis
is affected by selenium.®® Selenium has been
shown to inhibit many different mammary tumor
models. mouse virus-induced mammary tumors,
chemical carcinogen-induced mammary tumors,
and spontaneous mammary tumors in the mouse.
The research of Medina and colleagues® found

Se-allylselenocysteinewas al so effec-
tive at reducing tumor yield, indicating the natu-
rally occurring form of selenium found in garlic
may also be part of achemoprevention strategy.*
Both Se-methylselenocysteine and Se-
allylselenocysteine have no toxicity, low body
accumulation, and greater in vivo efficacy, as op-
posed to selenite or selenate. %

One animal study, however, did show se-
lenium supplementation (4 mcg/mL drinking wa-
ter) actually increased fibroadenomaincidence by
adenovirus type 9 in rats.’** The same study
showed that the same amount of selenium also
inhibited the incidence of carcinogen-induced
large bowel cancers, while facilitating the inci-
dence of carcinogen-induced small bowel cancers.
No explanation was given for the differing effects
of selenium in these carcinogenic states.

Selenium and Colon Cancer
Epidemiological Studies of Selenium

in Colorectal Cancer

It is expected that 50 percent of the
population in Western countries will develop at
least one colorectal tumor by age 70.1% Epidemio-
logical studies have found an inverse association
between dietary intake of selenium and colon can-
cer risk.®® Colorectal cancer patients were found
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to have significantly lower serum selenium (41.8
mcg/mL) and significantly higher serum manga-
nese and iron levels compared to controls.1%107
Studies of selenium status in patients with stom-
ach and colorectal cancer found that both plasma
levels of selenium, erythrocyte selenium, and
plasmaglutathione-peroxidase levelswere signifi-
cantly lower than healthy subjects.® On follow-
up in 2002, the Nutritional Prevention of Cancer
Trial ° showed amarginally significant preventive
effect of selenized yeast supplementation on the
incidence of colorectal cancer (p=0.057). Thistrial
also included an active colorectal screening pro-
gram. Of 1,312 randomized subjects in the trial,
599 underwent endoscopic screening for colorectal
cancer during the time of the blinded trial. Those
on selenium experienced a borderline significant
decrease in risk of incident colorectal polyps.®

Animal Studies of Seleniumin

Colorectal Cancer

Although there is an epidemiological as-
sociation in humans between increased dietary
selenium and decreased incidence of colon can-
cer, dietary selenomethionine does not appear to
have a chemopreventive effect in animal studies
of colorectal cancer.1%®

Selenium-enriched broccoli has been used
as a food source of Se-methylselenocysteine. A
study using thissource of seleniumin rodentswith
preneoplastic colon tumors found it was statisti-
cally more effective at reducing premalignant
changes and colon tumor incidence than equiva-
lent concentrations of low-selenium broccoli, se-
lenite, selenate, or selenomethionine.!'* Rats fed
the high-selenium broccoli received 1 mcg/g diet
and demonstrated a significant 50-percent reduc-
tion intheincidence of two types of preneoplastic
lesions (p=0.01; p=0.02). The selenomethionine-
fed animals had no reduction in the incidence of
tumors and, although the standard
selenomethionine, selenate and selenite diets
showed higher levels of glutathione peroxidasein
the liver, they were not effective at reducing the
incidence of colon tumors.

The multiple-intestinal neoplasia mouse,
a genetic model for human intestinal cancer and
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familial adenomatous polyposis, hasresponded in
trials to dietary additions of selenium-enriched
broccoli with significant decreases in both small
and large intestinal tumors.*'! The mice were fed
high-selenium broccoli, the equivalent of 2.1 mcg
selenium/g food for 10 weeks. The tumors that
did occur were significantly smaller, and even
though there was only aminimal increasein liver
and plasma selenium levels, the increase corre-
lates negatively with tumor number.

Selenium and Prostate Cancer

An epidemiological, case-control study of
33,737 men followed for six years compared toe-
nail selenium levels and incidence of advanced
prostate cancer.*> When those with the highest
level of selenium were compared to those with
the lowest, the former had a 65-percent reduced
risk of getting advanced prostate cancer. Therange
of toenail selenium levelswasreflective of alarge
range of dietary selenium intakes and reflected the
differencesthat would befoundin the diets of resi-
dents of Boston, Massachusetts (0.74 mcg/g), an
area of low-selenium soil content, and South Da-
kota (1.17 mcg/g), an area of relatively high-sele-
nium soil content.!'3

A similar study followed 10,456 men for
six yearsand evaluated those diagnosed with pros-
tate cancer during that period.** The men who had
plasma selenium levels and plasma alpha- and
gamma-tocopherol levels above the median had a
50-percent reduced risk of prostate cancer. These
data correspond to other work showing a protec-
tive effect of selenium and vitamin E against pros-
tate cancer.'

The NPC Trial reported a 63-percent
lower incidence of prostate cancer in individuals
taking selenium and, as a result, there has been
heightened interest in research exploring mecha-
nismsfor selenium in prostate chemoprevention.®
A follow-up of thetria, including three additional
yearsof treatment (1993-1996), saw theincidence
remain significantly lessat 52 percent (p=0.005).7
There are currently four trials in progress exam-
ining the effect of selenomethionine or high-sele-
nium baker’syeast on specific populations of pros-
tate cancer patients.
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Thefirst, the Negative Biopsy Trial, will
evaluate 700 men with persistently elevated pros-
tatic specific antigen (PSA) and recent negative
biopsy. The hypothesisis that selenium may pre-
vent the progression of cancer inthe 25 percent of
men in this population who have early cancer
missed by biopsy. They will be randomized to 200
or 400 mcg selenium from high-selenium yeast or
placebo for 57 months.

The HGPIN Tria (High-Grade Prostatic
Intragpithelial Neoplasia) will evaluate 470 men
with high-grade prostatic intragpithelial neopla-
siawho are at risk for subsequent prostate cancer,
but have not been treated with surgery or irradia-
tion. If these men are biopsy-negative for cancer,
they will be given either placebo or 200 mcg sele-
nium as selenomethionine and will be followed
for three years. This study will evaluate the abil-
ity of selenium to prevent the transformation of
neoplasia to invasive cancer.

The Preprostatectomy Trial will evaluate
110 men with prediagnosed, localized prostate
cancer who choose treatment with prostatectomy.
Further treatment will consist of either 200 or 400
mcg selenium from high-selenium yeast or pla-
cebo for 6-8 weeks prior to surgery. Thistrial will
evaluate biomarkers of inflammation and tissue
selenium levels.

The Watchful Waiting Trial will evaluate
264 men with localized cancer and low-grade tu-
mors and a life expectancy of less than 10 years
who have elected not to participate in standard
treatment. Watchful waiting with no treatment is
considered an acceptable alternative in this popu-
lation. They will be given 200 or 800 mcg high-
selenium yeast or placebo. Moreinformation about
theseand other seleniumtrialsisavailableat http:/
[clinicaltrials.gov/

In apreliminary trial with a design simi-
lar to the Watchful Waiting Trial, 24 men with bi-
opsy-proven prostate cancer were given either
1,600 or 3,200 mcg selenized yeast for an aver-
age of 12 months.*” Although subjects on 3,200
mcg daily reported side effects, they did not cor-
respond to plasmaselenium levelsand all subjects
in the study had normal blood chemistriesfor the
duration of the study.

Review

Mechanisms of selenium in prostate can-
cer have not been fully explained, but thereisevi-
dence that selenium induces apoptosisin prostate
cancer cells, while having no detrimental effect
on normal prostate epithelium. This apoptotic ac-
tion may be prevented by arachidonic acid and
the 5-lipoxygenase products formed from arachi-
donic acid metabolism. **® This knowledge may
lead to recommendations that high fat diets con-
taining arachidonic acid should be avoided in those
on selenium-containing protocolsfor the treatment
of prostate cancer.

Studies of Selenium
Supplementation with
Chemother apy

The use of selenium repletion in cancer
patients to normalize selenoprotein levels and act
asanimmune-augmentive strategy has been stud-
ied in several cancer types. One study, using both
zinc and selenium, was conducted with patients
beginning chemotherapy for the treatment of
colorectal carcinoma, gastric adenocarcinoma, or
esophageal carcinoma.'*® All patients had received
60 daysof chemotherapy and had significantly low
serum selenium and zinc levels at initiation of
treatment. Thirty were given nutritional supple-
mentation of 200 mcg/day selenium in addition
to 21 mg/day zinc during the course of chemo-
therapy; 30 controls were given no selenium or
zinc. At the end of the chemotherapy course, 70
percent of those given the nutritional supplements
showed no sign of further decline in nutritional
status and actually had an improvement in appe-
tite and energy level. Their serum selenium and
zinc levels rose significantly, although not to the
level of cancer-free controls (Table4). Eighty per-
cent of those on chemotherapy without the supple-
ments, however, had a significant worsening in
nutritional status (prealbumin, albumin/globulin
ratio, transferrin, cholesterol, total protein) and
symptoms related to malnutrition.

Sel enium supplementation was eval uated
in 62 women diagnosed with ovarian cancer cur-
rently undergoing chemotherapy.® The patients
had previously undergone surgery and one cycle
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of intravenous therapy with
cisplatin and cyclophospha-
mide. Half were given an an-
tioxidant formula daily: 60
mg beta-carotene, 800 mg vi-
tamin C, 144 mg vitamin E,
18 mgriboflavin, 180 mg nia-
cin, and 200 mcg selenium
from yeast in divided doses.
Theremaining 31 patientsre-
ceived only chemotherapy.
While the control group had
a consistent decline in sele-
nium hair and serum levels

Zinc (ug/dL)
Copper (ug/dL)

Table 4. Serum Zinc and Selenium Levels in Chemotherapy
Patients and Controls

Selenium (ug/dL)

55.7+7.3 62.4 +9.3"
78.9+7.8 | 842+54"
110.9 £ 16" [101.1 £12.8"

65.0 + 12.0
87.5+9.70
95.5+13.2

*P<0.01 AvsC;**P<0.05Bvs A; **P<0.02Bvs A
From: Federico A, lodice P, Federico P, et al. Effects of selenium and zinc supplements on
nutritional status in patients with cancer of the digestive tract. Eur J Clin Nutr 2001;55:293-297.

during chemotherapy, the
supplemented group had an
increase in both parameters in addition to an in-
crease in erythrocyte glutathione peroxidase lev-
els and a significant stabilization of neutrophil
count compared to controls. After two and three
months, the supplemented group had a significant
decrease of hair loss, flatulence, abdominal pain,
weakness, malaise, and anorexia.

Advanced squamouscell carcinomaof the
head and neck is associated with significant
immunosuppression and hasapoor prognosiswith
surgery or chemotherapy. Patients with this type
of cancer who had previously received no
chemotherapy were given 200 mcg sodium
selenite starting on the first day of surgery or
radiation treatment and followed for 60 days.**
Compared to a placebo group with the same
staging who also received radiation or surgical
interventions, the selenium-supplemented group
demonstrated a significant increase in immune
activity: tumor cytolysis by cytotoxic
lymphocytes, lymphocyte proliferation, and
response to phytohemagglutinin, a mitogen that
stimulates T lymphocyte responses. Those who
received selenium or placebo, but no treatment,
showed no improvement in immune parameters.
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Conclusion

Adequate selenium is necessary for nor-
mal functioning of the immune system and thy-
roid gland. Selenium deficiency has been associ-
ated with thyroid disease and avariety of cancers.
In numerous animal studies, selenium has dem-
onstrated cytotoxic activity against tumor cellsand
significant immune-enhancing properties. Sele-
nium isthe basis of several key selenoprotein en-
zymes that have antioxidant effects. The doses of
selenium used in animal and human
chemoprevention studies have been greater than
doses necessary for the maximal production of
these enzymes, and it has been hypothesized the
activity of selenium at these levelsis dueto other
selenium compounds such as Se-
methylselenocysteine, selenobetaine, and Se-
alylselenocysteine. The benefit of using selenium
in conjunction with chemotherapy or radiation
therapy in specific cancers appears worthy of fur-
ther investigation.

References

1 Rayman MP. The importance of selenium to
human health. Lancet 2000;356:233-241.

2. Behne D, KyriakopoulosA. Mammalian
selenium-containing proteins. Annu Rev Nutr
2001;21:453-473.

3. Combs GF Jr. Impact of selenium and cancer-
prevention findings on the nutrition-health
paradigm. Nutr Cancer 2001;40:6-11.

Page 253



Selenium and Cancer

10.

11

12.

13.

14.

15.

Page 254

Rotruck JT, Pope AL, Ganther HE, et al.
Selenium: biochemical role as a component of
glutathione peroxidase. Science 1973;179:588-
590.

Imai H, NakagawaY. Biologica significance
of phospholipid hydroperoxide glutathione
peroxidase (PHGPx, GPx4) in mammalian
cells. Free Radic Biol Med 2003;34(2):145-
196.

Imai H, Suzuki K, IshizakaK, et al. Failure of
the expression of phospholipid hydroperoxide
glutathi one peroxidase in the spermatozoa of
human infertile males. Biol Reprod
2001;64:674-683.

Deagen JT, Butler JA, Zachara BA, Whanger
PD. Determination of the distribution of
selenium between glutathione peroxidase,
selenoprotein P, and abumin in plasma. Anal
Biochem 1993;208:176-181.

Maiorino M, Thomas JP, Girotti AW, Ursini F.
Reactivity of phospholipid hydroperoxide
glutathione peroxidase with membrane and
lipoprotein lipid hydroperoxides. Free Radic
Res Commun 1991;12-13:131-135.

Mustacich D, Powis G. Thioredoxin reductase.
Biochem J 2000;346:1-8.

Schallreuter KU, Wood JM. The role of
thioredoxin reductase in the reduction of free
radicals at the surface of the epidermis.
Biochem Biophys Res Commun 1986;136:630-
637.

Gallegos A, Berggren M, Gasdaska JR, Powis
G. Mechanisms of the regulation of
thioredoxin reductase activity in cancer cells
by the chemopreventive agent selenium.
Cancer Res 1997;57:4965-4970.

Joint Food and Agriculture Organization of the
United Nations/World Food Organization of
the United Nations (FAO/WHO). Expert
consultation on human vitamin and mineral
reguirements. Manual on human nutritional
requirements. September 1998.

Leavander OA. Selenium. In: Mertz W, ed.
Trace Elements in Human and Animal Nutri-
tion. 5" ed. Orlando, FL: Academic Press Inc;
1987:209-279.

Drasch G, Mail der S, Schlosser C, Roider G.
Content of non-mercury-associated selenium
in human tissues. Biol Trace Elem Res
2000;77:219-230.

Combs GF Jr, Combs SB. The nutritional
biochemistry of selenium. Annu Rev Nutr
1984;4:257-280.

16.

17.

18.

19.

20.

21

22,

23.

24,

25,

26.

27.

28.

29.

Review

World Health Organization. Selenium, Geneva
World Health Organization. Environmental
Health Criteria 58.

Yang GQ, Zhu LZ, Liu SJ, et al. Human
supplementation in China. In: Combs GR,
Spallholz JE, Levander OA, Oldfield JE, eds.
Selenium in Biology and Medicine. New York,
NY: AVI Van Nostrand; 1984:589-607.

Levander OA, MorrisVC. Dietary selenium
levels needed to maintain balance in North
American adults consuming self-selected diets.
Am J Clin Nutr 1984;39:809-815.

Whanger PD. Selenocompounds in plants and
animals and their biological significance. JAm
Coll Nutr 2002;21:223-232.

Patterson BH, Zech LA, Swanson CA,
Levander OA. Human [ 74Se] selenomethionine
metabolism: a kinetic model. Am J Clin Nutr
1991;54:917-926.

Ip C. Lessons from basic research in selenium
and cancer prevention. J Nutr 1998;128:1845-
1854.

Whanger P, Vendeland S, Park YC, Xiay.
Metabolism of subtoxic levels of seleniumin
animals and humans. Ann Clin Lab ci
1996;26:99-113.

Reid ME, Stratton MS, LillicoAJ, et al.
Unpublished data.

Dickson RC, Tomlinson RH. Seleniumin
blood and human tissues. Clin Chim Acta
1967;16:311-321.

Kohrle J. The trace element selenium and the
thyroid gland. Biochimie 1999;81:527-533.

Beckett GJ, Beddows SE, Morrice PC, et al.
Inihibition of hepatic deiodination of thyroxine
is caused by selenium deficiency inrats.
Biochem J 1987;248:443-447.

Ramauge M, Pallud S, Esfandiari A, et al.
Evidence that type |11 iodothyronine
deiodinase in rat astrocyte is a selenoprotein.
Endocrinology 1996;137:3021-3025.

Hawkes WC, Keim NL. Dietary selenium
intake modulates thyroid hormone and energy
metabolism in men. J Nutr 2003;133:3443-
3448,

Olivieri O, Girelli D, Stanzial AM, et al.
Selenium, zinc, and thyroid hormonesin
healthy subjects: low T3/T4 ratio in the elderly
isrelated to impaired selenium status. Biol
Trace Elem Res 1996;51:31-41.

Alternative Medicine Review [0 Volume 9, Number 3 [0 2004
Copyright©2004 Thorne Research, Inc. All Rights Reserved. No Reprint Without Written Permission



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

MacPherson A, Barclay MN, Scotts R, Yates
RWS. Loss of Canadian wheat imports lowers
selenium intake and status of the Scottish
population. In: Fischer PWF, L’ Abbe MR,
Cockell KA, Gibson RS, eds. Trace Elements
in Man and Animals — Proceedings of the 9"
International Symposium on Trace Elementsin
Man and Animals. Ottawa, Canada: NRC
Research Press; 1997:201-202.

TongYJ, Teng WP, JinY, et a. An epidemio-
logical study on the relationship between
selenium and thyroid function in areas with
different iodine intake. Zhonghua Yi Xue Za
Zhi 2003;83:2036-2039. [Article in Chinese]

Contempre B, Duale NL, Dumont JE, et al.
Effect of selenium supplementation on thyroid
hormone metabolism in an iodine and sele-
nium deficient population. Clin Endocrinol
(Oxf) 1992;36:579-583.

Contempre B, Dumont JE, Ngo B, et al. Effect
of selenium supplementation in hypothyroid
subjects of an iodine and selenium deficient
area: the possible danger of indiscriminate
supplementation of iodine-deficient subjects
with selenium. J Clin Endocrinol Metab
1991;73:213-215.

Ruz M, Codoceo J, Galgani J, et a. Single and
multiple selenium-zinc-iodine deficiencies
affect rat thyroid metabolism and ultrastruc-
ture. J Nutr 1999;129:174-180.

Zaichick VYe, Tsyb AF, Vtyurin BM. Trace
elements and thyroid cancer. Analyst
1995;120:817-821.

Glattre E, ThomassenY, Thoresen SO, et al.
Prediagnostic serum selenium in a case-control
study of thyroid cancer. Int J Epidemiol
1989;18:45-49.

Kohrle J, Schmutzler C, Fedete E, et al. The
role of selenium in human thyroid carcinoma.
Exp Clin Endocrinol 1995;103:171.

Dreher |, Kohrle J. Therole of selenium and
selenoproteins in thyroid tissue. Thyroid
1996;6:145.

Kucharzewski M, Braziewicz J, Majewska U,
Gozdz S. Copper, zinc, and selenium in whole
blood and thyroid tissue of people with various
thyroid diseases. Biol Trace Elem Res
2003;93:9-18.

Robinson MF, Godfrey PJ, Thomson CD, et a.
Blood selenium and glutathione peroxidase
activity in normal subjects and in surgical
patients with and without cancer in New
Zedland. Am J Clin Nutr 1979;32:1477-1485.

41.

42.

43.

45.

46.

47.

48.

49,

50.

51.

52.

Alternative Medicine Review [0 Volume 9, Number 3 [0 2004
Copyright©2004 Thorne Research, Inc. All Rights Reserved. No Reprint Without Written Permission

Selenium and Cancer

Salonen JT, Alfthan G, Huttunen JK, Puska P.
Association between serum selenium and the
risk of cancer. AmJ Epidemiol 1984;120:342-
349,

Willett WC, Polk BF, Morris JS, et .
Prediagnostic serum selenium and the risk of
cancer. Lancet 1983;2:130-134.

Sanz Alagjos M, Diaz Romero C. Urinary
selenium concentrations. Clin Chem
1993;39:2040-2052.

Li H, Stampfer MJ, Giovannucci EL, et al. A
prospective study of plasma selenium levels
and prostate cancer risk. J Natl Cancer Inst
2004;96:696-703.

Combs GF. Status of selenium in prostate
cancer prevention. Br J Cancer 2004;91:195-
199.

Hardell L, Degerman A, Tomic R, et al. Levels
of selenium in plasma and glutathione peroxi-
dasein erythrocytes in patients with prostate
cancer or benign hyperplasia. Eur J Cancer
Prev 1995;4:91-95.

Piccinini L, BorellaP, Bargellini A, et a. A
case-control study on selenium, zinc, and
copper in plasma and hair of subjects affected
by breast and lung cancer. Biol Trace Elem Res
1996;51:23-30.

Zachara BA, Marchaluk-Wisniewska E,
Maciag A, et a. Decreased selenium concen-
tration and glutathione peroxidase activity in
blood and increase of these parametersin
malignant tissue of lung cancer patients. Lung
1997;175:321-332.

Knekt P, Marniemi J, Teppo L, et al. Islow
selenium status arisk factor for lung cancer?
Am J Epidemiol 1998;148:975-982.

Ghadirian P, Maisonneuve P, Perret C, et al. A
case-control study of toenail selenium and
cancer of the breast, colon, and prostate.
Cancer Detect Prev 2000;24:305-313.

Salonen JT, Salonen R, Lappetelainen R, et al.
Risk of cancer in relation to serum concentra-
tions of selenium and vitaminsA and E:
matched case-control analysis of prospective
data. Br Med J (Clin Res Ed) 1985;290:417-
420.

Nelson RL, Davis FG, Sutter E, et al. Serum
selenium and colonic neoplastic risk. Dis
Colon Rectum 1995;38:1306-1310.

Page 255



Selenium and Cancer

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 256

Fex G, Pettersson B, Akesson B. Low plasma
selenium as arisk factor for cancer death in
middle-aged men. Nutr Cancer 1987;10:221-
229.

Comstock GW, Bush TL, Helzlsouer K. Serum
retinol, beta-carotene, vitamin E, and selenium
asrelated to subsequent cancer of specific
sites. AmJ Epidemiol 1992;135:115-121.

Clark LC, Hixson LJ, Combs GF Jr, et al.
Plasma selenium concentration predicts the
prevalence of colorectal adenomatous polyps.
Cancer Epidemiol Biomarkers Prev
1993;2:41-46.

Knekt P, AromaaA, Maatela J, et al. Serum
selenium and subsequent risk of cancer among
Finnish men and women. J Natl Cancer Inst
1990;82:864-868.

Niskar AS, Paschal DC, Kieszak SM, et al.
Serum selenium levelsin the US popul ation:
Third National Health and Nutrition Examina
tion Survey, 1988-1994. Biol Trace Elem Res
2003;91:1-10.

Ujiie S, ItohY, Kikuchi H. Serum selenium
contents and the risk of cancer. Gan To Kagaku
Ryoho 1998;25:1891-1897. [Article in Japa-
nese|

Blot WJ, Li JY, Taylor PR, et a. The Linxian
trials: mortality rates by vitamin-mineral
intervention group. AmJ Clin Nutr
1995;62:1424S-1426S.

Helzlsouer KJ, Comstock GW, Morris JS.
Selenium, lycopene, alpha-tocopherol, beta-
carotene, retinol and subsequent bladder
cancer. Cancer Res 1989;49:6144-6148.

Burney PG, Comstock GW, Morris JS.
Serologic precursors of cancer: serum micro-
nutrients and the subsequent risk of pancreatic
cancer. Am J Clin Nutr 1989;49:895-900.

Rogers MA, Thomas DB, Davis S, et al. A
case-control study of oral cancer and pre-
diagnostic concentrations of selenium and zinc
in nail tissue. Int J Cancer 1991;48:182-188.

Garland M, Morris JS, Stampfer MJ, et al.
Prospective study of toenail selenium levels
and cancer among women. J Natl Cancer Inst
1995;87:497-505.

Schrauzer GN. Anticarcinogenic effects of
selenium. Cell Mal Life Sci 2000;57:1864-
1873.

Clark LC. The epidemiology of selenium and
cancer. Fed Proc 1985;44:2584-2589.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Review

Clark LC, Cantor KP, Allaway WH. Selenium
in forage crops and cancer mortality in U.S.
counties. Arch Environ Health 1991;46:37-42.

Clark LC, Graham GF, Crounse RG, et al.
Plasma selenium and skin neoplasms: a case-
control study. Nutr Cancer 1984,6:13-21.

Clark LC, Combs GF Jr, Turnbull BW, €t al..
Effects of selenium supplementation for cancer
prevention in patients with carcinoma of the
skin. A randomized controlled trial. Nutritional
Prevention of Cancer Study Group. JAMA
1996;276:1957-1963.

Combs GF Jr, Clark LC, Turnbull BW. An
analysis of cancer prevention by selenium.
Biofactors 2001;14:153-159.

Duffield-Lillico AJ, Reid ME, Turnbull BW, et
al. Baseline characteristics and the effect of
selenium supplementation on cancer incidence
in arandomized clinical trial: a summary
report of the Nutritional Prevention of Cancer
Trial. Cancer Epidemiol Biomarkers Prev
2002;11:630-639.

Yu SY, ZhuYJ, Li WG. Protective role of
selenium against hepatitis B virus and primary
liver cancer in Qidong. Biol Trace Elem Res
1997;56:117-124.

Li B, Taylor PR, Li JY, et a. Linxian nutrition
intervention trials. Design, methods, partici-
pant characteristics, and compliance. Ann
Epidemiol 1993;3:577-585.

Wel WQ, Abnet CC, Qiao YL, et al. Prospec-
tive study of serum selenium concentrations
and esophageal and gastric cardia cancer, heart
disease, stroke, and total death. Am J Clin Nutr
2004;79:80-85.

Hill KE, XiaY, Akesson B, et al.
Selenoprotein P concentration in plasmais an
index of selenium statusin selenium-deficient
and selenium-supplemented Chinese subjects.
J Nutr 1996;126:138-145.

Combs GF Jr, Combs S. Selenium and cancer.
In: Combs GF, Combs SB, eds. The Role of
Seleniumin Nutrition. San Diego, CA:
Academic Press; 1997:413-462.

El-Bayoumy K. Therole of selenium in cancer
prevention. In: DeVitaVT, Hellman S,
Rosenburg SS, eds. Practice of Oncology. 4™
ed. Philadelphia, PA: Lippincott; 1993:1-15.

Combs GF Jr, Gray WP. Chemopreventive
agents: selenium. Pharmacol Ther
1998;79:179-192.

Alternative Medicine Review [0 Volume 9, Number 3 O 2004

Copyright©2004 Thorne Research, Inc. All Rights Reserved. No Reprint Without Written Permission



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kiremidjian-Schumacher L, Roy M, Wishe HI,
et a. Supplementation with selenium and
human immune cell functions. 1. Effect on
cytotoxic lymphocytes and natural killer cells.
Biol Trace Elem Res 1994;41:115-127.

Ip C, White G. Mammary cancer
chemoprevention by inorganic and organic
selenium: single agent treatment or in combi-
nation with vitamin E and their effectsonin
vitro immune functions. Carcinogenesis
1987,;8:1763-1766.

Kiremidjian-Schumacher L, Roy M, Wishe HI,
et al. Supplementation with selenium aug-
ments the functions of natural killer and
lymphokine-activated killer cells. Biol Trace
Elem Res 1996;52:227-239.

Roy M, Kiremidjian-Schumacher L, Wishe HI,
et al. Supplementation with selenium and
human immune cell functions. |. Effect on
lymphocyte proliferation and interleukin 2
receptor expression. Biol Trace Elem Res
1994;41:103-114.

Bird SM, Ge H, Uden PC, et a. High-perfor-
mance liquid chromatography of selenoamino
acids and organo selenium compounds.
Speciation by inductively coupled plasma
mass spectrometry. J Chromatogr A
1997;789:349-359.

Ip C, Hayes C. Tissue selenium levelsin
selenium-supplemented rats and their rel-
evance in mammary cancer protection.
Carcinogenesis 1989;10:921-925.

Ganther HE, Lawrence JR. Chemical transfor-
mations of selenium in living organisms.
Improved forms of selenium for cancer
prevention. Tetrahedron 1997;53:12299-
12310.

Ip C, Ganther HE. Relationship between the
chemical form of selenium and
anticarcinogenic activity. In: Wattenberg L,
Lipkin M, Boone CW, Keloff GJ, eds. Cancer
Chemoprevention. Boca Raton, FL: CRC
Press; 1992:479-488.

Ip C, Zhu Z, Thompson HJ, et al.
Chemoprevention of mammary cancer with
Se-allylselenocysteine and other selenoamino
acidsin the rat. Anticancer Res 1999;19:2875-
2880.

Ip C, Lisk DJ, Thompson HJ. Selenium-
enriched garlic inhibits the early stage but not
the late stage of mammary carcinogenesis.
Carcinogenesis 1996;17:1979-1982.

Selenium and Cancer

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

Alternative Medicine Review [0 Volume 9, Number 3 [0 2004
Copyright©2004 Thorne Research, Inc. All Rights Reserved. No Reprint Without Written Permission

Brown T, Shrift A. Exclusion of selenium from
proteins of selenium-tolerant Astragalus
species. Plant Physiol 1981;67:1061-1081.

Ip C, Birringer M, Block E, et a. Chemical
speciation influences comparative activity of
selenium-enriched garlic and yeast in mam-
mary cancer prevention. J Agric Food Chem
2000;48:2062-2070.

Medina D, Thompson H, Ganther H, Ip C. Se-
methylselenocysteine: a new compound for
chemoprevention of breast cancer. Nutr
Cancer 2001;40:12-17.

McConnell KPR, Jager RM, Bland K1, Blotcky
AJ. Therelationship of dietary selenium and
breast cancer. J Surg Oncol 1980;15:67-70.

Subramaniam S, Shyama S, Jagadeesan M, et
al. Oxidant and antioxidant levelsin the
erythrocytes of breast cancer patients treated
with CMF. Med Sci Res 1993;21:79-80.

Capel ID, Williams DC. Selenium and
glutathione peroxidase in breast cancer. IRCS
Med i Biomed Technol 1979;7:425.

Hardell L, Danell M, Angqvist CA, et al.
Levels of selenium in plasma and glutathione
peroxidase in erythrocytes and the risk of
breast cancer. A case-control study. Biol Trace
Elem Res 1993;36:99-108.

Schrauzer GN, Molenaar T, Mead S, et al.
Selenium in the blood of Japanese and
American women with and without breast
cancer and fibrocystic disease. Jpn J Cancer
Res 1985;76:374-377.

Mannisto S, Alfthan G, Virtanen M, et al.
Toenail selenium and breast cancer — a case-
control study in Finland. Eur J Clin Nutr
2000;54:98-103.

Hunter DJ, Morris JS, Stampfer MJ, et al. A
prospective study of selenium status and breast
cancer risk. JAMA 1990;264:1128-1131.

van den Brandt PA, Goldbohm RA, van't Veer
P, et a. Toenail selenium levels and the risk of
breast cancer. Am J Epidemiol 1994;140:20-
26.

van't Veer P, van der Wielen RP, Kok FJ, et al.
Selenium in diet, blood, and toenailsin
relation to breast cancer: a case-control study.
Am J Epidemiol 1990;131:987-994.

Dorgan JF, Sowell A, Swanson CA, et al.
Relationships of serum carotenoids, retinol,
alpha-tocopherol, and selenium with breast
cancer risk: results from a prospective study in
Columbia, Missouri (United States). Cancer
Causes Controls 1998;9:89-97.

Page 257



Selenium and Cancer

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112.

113.

Page 258

Garland M, Morris JS, Rosner BA, et al.
Toenail trace element levels as biomarkers;
reproducibility over a 6-year period. Cancer
Epidemiol Biomarkers Prev 1993;2:493-497.

Clark LC, Alberts DS. Selenium and cancer:
risk or protection. J Natl Cancer Inst
1995:87:473-475.

Ip C, Lisk DJ, Stoewsand GS. Mammary
cancer prevention by regular garlic and
selenium-enriched garlic. Nutr Cancer
1992;17:279-286.

Ankerst J, Sjogren HO. Effect of selenium on
the induction of breast fibroadenomas by
adenovirus type 9 and 1,2-dimethylhydrazine-
induced bowel carcinogenesisin rats. Int J
Cancer 1982,29:707-710.

Kinzler KW, Vogelstein B. Lessons from
hereditary colorectal cancer. Cell 1996;87:159-
170.

Milde D, Novak O, StukaV, et al. Serum
levels of selenium, manganese, copper and
iron in colorectal cancer patients. Biol Trace
Elem Res 2001;79:107-114.

van den Brandt PA, Goldbohm RA, van't Veer
P, et al. A prospective cohort study on toenail
selenium levels and risk of gastrointestinal
cancer. J Natl Cancer Inst 1993;85:224-229.

Pawlowicz Z, Zachara BA, Trafikowska U,
Nowicki A. Low levels of selenium and
activity of glutathione peroxidase in blood of
patients with gastrointestinal neoplasms. Pol
Tyg Lek 1993;48:554-556. [Articlein Polish]

Reddy BS, HiroseY, Lubet RA, et a. Lack of
chemopreventive efficacy of DL-
selenomethionine in colon carcinogenesis. Int
J Mol Med 2000;5:327-330.

Finley JW, Davis CD. Selenium (Se) from
high-selenium broccoli is utilized differently
than selenite, selenate, and selenomethionine,
but is more effective in inhibiting colon
carcinogenesis. Biofactors 2001;14:191-196.

Davis CD, Zeng H, Finley JW. Selenium-
enriched broccoli decreases intestinal tumori-
genesisin multiple intestinal neoplasiamice. J
Nutr 2002;132:307-309.

Yoshizawa K, Willett WC, Morris JS, et al.
Study of prediagnostic selenium level in
toenails and the risk of advanced prostate
cancer. J Natl Cancer Inst 1998;90:1219-1224.

Morris JS, Stampfer MJ, Willet WC. Dietary
selenium in humans: toenails as an indicator.
Biol Trace Elem Res 1983;5:529-537.

114.

115.

116.

117.

118.

119.

120.

121.

Review

Helzlsouer KJ, Huang HY, Alberg AJ, et al.
Association between al pha-tocopheral,
gamma-tocopherol, selenium, and subsequent
prostate cancer. J Natl Cancer Inst
2000;92:2018-2023.

Taylor PR, Albanes D. Selenium, vitamin E
and prostate cancer —ready for prime time? J
Natl Cancer Inst 1998;90:1184-1185.

Marshall JR. Larry Clark’s legacy: random-
ized, controlled, selenium-based prostate
cancer chemoprevention trials. Nutr Cancer
2001,40:74-77.

Mary Reid, PhD, Roswell Park Cancer
Institute. Personal communication.

Ghosh J. Rapid induction of apoptosisin
prostate cancer cells by selenium: reversal by
metabolites of arachidonate 5-lipoxygenase.
Biochem Biophys Res Commun 2004;315:624-
635.

Federico A, lodice P, Federico P, et al. Effects
of selenium and zinc supplementation on
nutritional statusin patients with cancer of the
digestive tract. Eur J Clin Nutr 2001;55:293-
297.

SigaK, Talerczyk M. Selenium as an element
in the treatment of ovarian cancer in women
receiving chemotherapy. Gynecol Oncol
2004;93:320-327.

Kiremidjian-Schumacher L, Roy M. Effect of
selenium on the immunocompetence of
patients with head and neck cancer and on
adoptive immunotherapy of early and estab-
lished lesions. BioFactors 2001;14:161-168.

Alternative Medicine Review [0 Volume 9, Number 3 O 2004

Copyright©2004 Thorne Research, Inc. All Rights Reserved. No Reprint Without Written Permission



