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Abstract
Selenium deficiency has been linked with increased cancer risk and, in some studies, selenium
supplementation was protective against certain cancers. Previous studies suggest that selenium
chemoprevention may involve reduced oxidative stress through enhanced glutathione (GSH). Our
objectives were to examine the relationships between selenium and GSH in blood and modifying
effects of race and sex in free living adults and individuals supplemented with selenium. Plasma
selenium concentrations and free and bound GSH concentrations and γ-glutamyl cysteine ligase
(GCL) activity in blood were measured in 336 healthy adults, (161 blacks, 175 whites). Plasma
selenium and blood GSH were also measured in 36 healthy men from our previously conducted
placebo-controlled trial of selenium-enriched yeast (247 μg/day for 9 months). In free-living
adults, selenium concentrations were associated with increased blood GSH concentration and GCL
activity (P<0.05). Further, selenium was significantly higher in whites than in blacks (P<0.01).
After 9 months of supplementation, plasma selenium was increased 114% in whites and 50% in
blacks (P<0.05) and blood GSH was increased 35% in whites (P<0.05) but was unchanged in
blacks. These results indicate a direct association between selenium and GSH in blood of both
free-living and selenium-supplemented individuals, with race being an important modifying factor.

Introduction
Many epidemiological and laboratory investigations show a protective effect of selenium
against the development of cancer at numerous sites including prostate, colon and lung (1,2).
Low soil selenium concentration is highly correlated with cancer mortality throughout the
world (3-5). Both prospective and case control studies have shown associations between low
blood or toenail selenium and increased risk for cancer, particularly of the prostate (6,7). In
a randomized, placebo-controlled clinical trial of selenium-enriched yeast (Nutritional
Prevention of Cancer [NPC]), reductions in prostate, colon and lung cancer incidence were
observed with selenium supplementation in men (8-10). Based upon these finding, multiple
large-scale clinical trials have been initiated worldwide to determine the role of selenium (in
various forms and doses) in the prevention of prostate cancer (11-13). In the US, the
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SELECT trial was designed to assess the efficacy of selenomethionine and vitamin E, either
alone or in combination, on prostate cancer (12), but was prematurely closed in 2008, at
which time, no observable reduction in prostate cancer was apparent (14). However, the test
agent in this study, selenomethionine, was different from that used in the NPC trial,
selenium yeast; the later contains several forms of selenium that are more effective than
selenomethionine in preclinical animal models (15).

Although the mechanisms of chemoprevention by selenium remain unclear, enhanced
protection against oxidative stress may be involved (16-18). Selenium mediates the
biological activity of selenium-containing antioxidant enzymes including glutathione
peroxidase (8) and thioredoxin reductase (19). Preclinical studies have indicated that
selenium supplementation, in various forms, can enhance concentrations the major
intracellular antioxidant, glutathione (GSH) and the activity of its rate-limiting biosynthetic
enzyme, γ-glutatmyl cysteine ligase (GCL), and decrease concentrations of its oxidized
products in tissues and blood (20-24). GSH is a first line of defense against oxidative stress
(25), and decreased GSH can result in increased risk for cancer (26). Glutathionylated
proteins (GSSP) are major products of GSH oxidation, and their formation represents a
potential mechanism by which oxidative stress can impact carcinogenesis (27,28). In healthy
adult men, we observed that supplementation with selenium-enriched yeast (247 μg/d)
resulted in a progressive increase in GSH and decrease in glutathionylated proteins in blood
over 9 months (29).

In the current study, we examined the relationships between selenium and free and bound
GSH concentrations and GCL activity in blood and dietary selenium intake in a large group
of healthy un-supplemented adults and determined the modifying effects of factors such as
race and sex. In addition, we examined these associations in participants of a selenium-
enriched yeast intervention study (29).

Subjects and Methods
Materials

GSH, glutathione disulfide (GSSG), Cys, and cystine, were obtained from the Sigma
Chemical Co. All other chemicals of high purity or HPLC grade were obtained from the
Aldrich Chemical Co., Mallinckrodt, or EM Science.

Study of racial differences in smoking-related metabolism in Mt. Vernon, NY
Data and biological samples for the current analysis was obtained from a community-based
study of >600 current smokers and non-smokers from Mount Vernon, Yonkers, Valhalla,
and other areas in southeastern-mid Westchester County, NY (30,31). This recruitment
strategy was aimed at minimizing differences in socioeconomic status which are thought to
contribute to elevated cancer rates in blacks (32) since Mt. Vernon NY has a population that
is approximately 50% black and 50% white and comparable sociodemographic
characteristics among its residents (31,33). The methods and details of the study recruitment
were described previously (30,31). In brief, subjects were healthy adults recruited using
fliers, public service announcements, assistance from community and church leaders and
other methods. Trained personnel interviewed the subjects using a structured questionnaire
that contained items on demographics, smoking history, and other lifestyle habits. All
subjects signed a consent form that was approved by the former Institute for Cancer
Prevention (originally known as the American Health Foundation, Valhalla, NY)
Institutional Review Board.

Data and biological samples were retrieved for a total of 336 randomly selected subjects for
the current study. Subjects were equally divided by gender and race (Table 1). Questionnaire
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data included sociodemographic information, lifestyle factors, smoking and alcohol usage
and medical history. Since the original study was designed to examine the effects of tobacco
usage on parameters of health, the recruitment strategy included emphasis on smokers. Thus,
nearly two thirds of the subjects were smokers, significantly greater than the prevalence of
smoking in the general population. No major differences were noted by race for age, BMI,
sociodemographic variables and smoking status (Table 1). As observed previously (31),
whites smoked significantly more cigarettes per day than blacks, contributing to higher pack
year values for whites compared to blacks. Data were also collected on occupation and
related occupational exposures and no gender or race differences were observed (data not
shown). Usual dietary intake data were collected using the National Cancer Institute's semi-
quantitative food frequency questionnaire (Diet History Questionnaire, DHQ,
http://riskfactor.cancer.gov/DHQ/). Nutrient data were calculated using the DIETSYS + Plus
version 5·9 dietary analysis program (Block Dietary Data Systems, Berkeley, California).

Study of selenium yeast supplementation
The subject recruitment and clinical protocols were described in detail previously (29). In
brief, a randomized, double-blinded, placebo-controlled study of Se-enriched yeast (247 μg/
d) was conducted in Valhalla, NY to determine the effects on biomarkers of oxidative stress,
glutathione, hormone status and circulating PSA concentrations. Subjects were healthy adult
men (19–43 years of age) randomized into either the selenium or placebo arm (Table 2).
Baseline data were collected on demographics, lifestyle habits, and usual dietary practices.
Supplementation occurred daily for 9 months followed by a 3 month washout period. Blood
and urine were collected at baseline and at 3, 9, and 12 months. Compliance was confirmed
by pill count and plasma selenium concentrations. The study design was approved by the
institutional review board of the former Institute for Cancer Prevention.

Blood analyses
Plasma selenium determinations were performed at Huffman Laboratories, Inc. (Golden,
CO) by ICP-MS using a Perkin-Elmer Sciex 6100 DRC Plus instrument. Free and bound
GSH was measured in whole blood as described previously (30). Protein concentration in
the RBC lysates was measured by the bicinchonic acid procedure (Pierce, Rockford, IL).
GCL activity was determined by measuring the amount of the GCL product, γ-
glutamylcysteine, formed after incubating the red blood cell protein lysates with cysteine
and glutamic acid as described previously (34). In brief, protein lysates from packed red
blood cells were purified by centrifugal ultrafiltration (molecular weight cutoff 3000; 12,000
g/25 min) and were incubated for 30 min with 20-fold of 100 mM Tris buffer containing
substrates glutamic acid (20 mM), cysteine (5 mM) and ATP (10 mM). The reaction was
stopped by precipitating proteins with 1 volume of 5% MPA. Precipitated proteins were
separated by centrifugation and the concentrations of γ-glutamylcysteine in supernatants
were determined by HPLC with coulometric detection using a Bio-Sil ODS-5S, 5-μm, 4.0 ×
250 mm, C18 column (Bio-Rad, Life Science Research Group, Hercules, CA) eluted with a
mobile phase consisting of 50 mM NaH2PO4, 0.05 mM octane sulfonic acid, 1% (v/v)
acetonitrile and 0.5% N,N dimethylformamide (v/v) (pH 2.52) at a flow rate of 1 ml/min.

Statistical analyses
The overall differences in biochemical parameters were tested using one-way analysis of
variance (ANOVA). Pairwise differences between treated groups and their respective
controls were determined using Scheffe's procedure. All P values are two-tailed and
considered statistically significant below the 0·05 level. Chi-squared analyses were
performed to compare differences in distributions of plasma selenium concentrations
between blacks and whites.
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Results
Mount Vernon Study

Plasma selenium—Plasma selenium concentrations were normally distributed ranging
from 56 to 228 ng/ml with a mean ± SD of 130 ± 17.7 ng/ml (Figure 1A). Selenium
concentrations fell within the expected range for US residents (100 ± 30 ng/ml) (1). When
plasma selenium was analyzed by race and gender, significantly different distributions were
observed between blacks and whites for both males and females (Figure 1B). When
examined by quartile, a greater representation of blacks was observed in the lowest selenium
group compared to whites while a greater representation of whites was observed in the
highest selenium group compared to blacks (P<0.001). These racial differences were
apparent for both males and females. Significant differences were also observed in mean
plasma selenium concentrations between blacks and whites (Table 3). Plasma selenium was
9% higher in whites vs. blacks (P<0.01).

Dietary selenium intake—To determine if differences in selenium intake could explain
the observed racial differences in plasma selenium concentrations, dietary selenium intake
was measured by analysis of food frequency questionnaire data (Table 4). Selenium intake
values were not different by race in either males or females. However, significantly lower
intake values were observed for females compared to males, regardless of race (P<0.005).

Blood glutathione in blacks and whites—Whole blood free and protein-bound GSH
were determined for all subjects and gender and race differences were examined (Table 5).
Values for both free and bound GSH were similar to those observed previously in healthy
adults (30,35). In women, GSH concentrations were 16% higher among whites than blacks
(P<0.005), however, no differences were observed among men. Protein-bound GSH
concentrations in women and men combined were 35% greater in whites than in blacks
(P<0.05), whereas, differences by race within each gender group were not significant.
Gender differences for GSH were observed in blacks with men having 16% higher
concentrations than women (P<0.01).

Associations between plasma selenium and blood GSH and GCL—To examine
if plasma selenium concentrations were associated with blood GSH concentration and/or
GCL activity, mean free and bound GSH values and GCL activity were compared between
selenium concentration quartile groups (Table 6). A trend of increasing GSH was observed
from the lowest to the highest selenium quartile (P<0.01) with mean GSH concentrations in
the highest quartile being 21% higher than those in the lowest quartile (P<0.05). A similar
trend was observed for GCL activity, which increased from lowest to highest selenium
quartile by 38% (P<0.01). These relationships between GSH and GCL and selenium levels
were observed in both smokers and non-smokers (data not shown). For protein-bound GSH,
the highest concentrations were observed in the lowest selenium quartile which were 45%,
54% and 37% higher than those observed for quartiles 2, 3 and 4, respectively (P<0.01).
However, in contrast to GSH and GCL, no consistent dose response relationship was
observed for protein-bound GSH.

In all subjects, free GSH was significantly correlated with plasma selenium (r=0.19,
P<0.05). However, this association was limited to whites only (r=0.20, P<0.05) as there was
no significant correlation between GSH and selenium in black subjects (r=0.08). GCL
activity measured in a random subset of subjects (n=76) was also significantly correlated
with plasma selenium concentrations (r=0.25, P<0.05). This association was stronger in
blacks (r=0.37, n=37, P<0.02) than in whites (r=0.19, n=39, P=0.2). Protein-bound GSH was
inversely correlated with selenium in all subjects (r=–0.25, P<0.05). As with GSH, this
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association was observed in whites only (r=–0.36, P<0.05) as there was no significant
correlation between GSSP and selenium in blacks (r=–0.04).

Selenium Intervention Trial
Racial differences in effects of selenium supplementation on plasma selenium
—To determine if the racial differences in plasma selenium concentrations were also
apparent in selenium-supplemented individuals, we re-analyzed the data from a previously
conducted randomized double-blinded placebo-controlled trial of selenium-enriched yeast
(29). Initially, plasma selenium was compared at baseline, 3 and 9 months of selenium
supplementation and after a 3 month washout period between blacks (n=5) and whites
(n=12) in the selenium arm (Figure 2, top panel). At baseline, the concentrations of selenium
were similar in both blacks and whites. After both 3 and 9 months, a progressive increase
was observed for both racial groups reaching a maximum at 9 months, after which
concentrations returned toward baseline values. Racial differences in the response to
selenium supplementation was apparent as the mean selenium concentration reached at 9
months in whites was 35% higher than that observed in blacks (P<0.05). The overall
increase in selenium from baseline was 116% for whites compared to 50% for blacks. No
differences in selenium was observed in either blacks or whites in the placebo group (data
not shown).

Racial differences in effects of selenium supplementation on free and bound
GSH in healthy men—Previously we observed in healthy men that supplementation with
selenium enriched yeast was associated with an increase in blood GSH and a decrease in
blood protein-bound GSH (29). To examine for racial differences in these responses, we re-
analyzed the GSH data generated from our previous trial. For GSH, baseline concentrations
were similar between blacks and whites and thereafter, a progressive increase in GSH was
observed after 3 and 9 months for whites only, which returned toward baseline during the 3
month washout period (Figure 2, middle panel). While there was a trend toward increased
GSH among blacks after 9 months, this increase was not significant. After 9 months, blood
GSH was 18% greater in whites than in blacks (P<0.05).

For protein-bound GSH, baseline concentrations were similar between blacks and whites
and thereafter, a progressive decrease was observed after 3 and 9 months for whites only,
which returned toward baseline during the 3 month washout period (Figure 2, bottom panel).
While there was a trend toward decreased bound GSH among blacks after 3 and 9 months,
these changes were not significant. After 9 months, bound GSH was 9% lower in whites
than in blacks, however, this difference was not significant. For both free and protein bound
GSH, no differences in selenium concentrations were observed in either blacks or whites in
the placebo group (data not shown).

Discussion
These results support hypothesis that plasma selenium concentrations as well as selenium
supplementation are associated with enhanced GSH and reduced glutathionylated proteins
concentrations in blood. We had previously demonstrated this relationship in a clinical study
of selenium supplementation, but here we have observed an association in free-living un-
supplemented adults where plasma selenium concentrations and the overall daily intake of
selenium were substantially lower (29). This link between selenium and GSH may represent
an important mechanism responsible for the anti-cancer properties of selenium. It has long
been known that selenium has antioxidant properties in biological systems based on its
essential roles in selenoproteins including glutathione peroxidase and thioredoxin reductase
(17). Selenium supplementation has been shown to reduce biomarkers of oxidative stress in
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humans (29,36,37). In the present study, decreases in oxidative stress associated with both
increasing plasma selenium and selenium supplementation were indicated based on our
findings of decreased protein glutathionylation, a redox sensitive post-translational
regulatory mechanism for many diverse cellular and metabolic processes including cell
proliferation and apoptosis (27,30,38). These results suggest that increased GSH may also be
playing a role in the protection against oxidative stress by selenium. In addition to protecting
against oxidation, GSH also plays numerous roles in defense against cancer development
(39).

The mechanism by which selenium enhances GSH is likely to involve the upregulation of its
rate limiting biosynthetic enzyme GCL. In previous studies, we observed that
organoselenium compounds were highly effective at enhancing lung GSH in a preclinical
mouse model (20) and others have shown that other selenium containing compounds,
including sodium selenite and ebselen, were effective at increasing GSH and activity of
GCL in liver or mammary tissues of rats (21-24). One potential pathway for GCL
upregulation involves the activation of the nuclear factor-erythroid 2-related factor 2 (nrf2)/
antioxidant response element (ARE) signaling pathway. Activation of this pathway has been
implicated in the induction of GCL and GSH by ebselen (40). Recently we observed that the
induction of GSH and GCL by the selenium-containing chemopreventive agent 1,4-
phenylenebis(methylene)selenocyanate (p-XSC) also occurred through the activation of the
nrf2/ARE pathway (20) (unpublished results).

The current results also indicate that race is a determinant of plasma selenium concentration.
Plasma selenium as significantly lower in blacks vs. whites in both men and women. The
reanalysis of our previous selenium clinical trial data (29) indicated that the increase in
plasma selenium by selenium yeast supplementation was much lower in black men than in
white men. These results are consistent with recent analyses of US population data from the
National Health and Nutrition Examination Survey (NHANES III) (41), where selenium
concentrations were~6% lower in blacks than in whites after adjustment for known
predictors of serum selenium (P<0.0001). It is not likely that the race differences are a result
of differences in smoking or occupational exposures as black smokers tended to smoke
fewer cigarettes per day, similar to previous reports and national trends (31,42) and no
differences were noted for occupation or related exposures between the races. Given the
proposed protective roles of selenium in cancer and the inverse relationship observed
between selenium and cancer risk in both black and white men (6,7,43), our findings suggest
that lower selenium in blacks may, in part, contribute to their higher rates of cancer,
particularly prostate cancer (44).

Our findings suggest that diet may not be responsible for differences in plasma selenium
between blacks and whites. No differences in selenium intake were observed between the
racial groups based upon food frequency questionnaire data, consistent with previous studies
where no differences in selenium intake or supplement usage between different racial groups
were observed (41,45,46). It is of interest to note that selenium intake values were
significantly lower for females than for males, while no differences were observed for
plasma selenium by gender. While the nature of this gender discrepancy is not known, an
identical trend has also been observed in NHANES data (47). It should be noted that dietary
selenium intake data derived from food frequency questionnaire are often fraught with
inaccuracies due to the large variation in the selenium content of foods based upon
geographic differences in selenium concentrations in soil (48). However, in our study, we
would expect that variation in the selenium content of foods to be rather low as all subjects
were recruited from the same relatively small geographic location in southeastern
Westchester County, (Mt. Vernon) NY. Plasma selenium is not solely dependant on dietary
selenium intake but can also be impacted by other factors such as absorption, metabolism
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and distribution in the body. Thus, variation in plasma selenium may not necessarily be
driven by differences in dietary intake.

The finding that selenium supplementation was less effective at increasing plasma selenium
in black men than in white men are consistent with our population based data of lower
plasma selenium in blacks than in whites and may reflect potential racial differences in
selenium absorption, metabolism or distribution. To our knowledge, there are no previous
data comparing the chemopreventive efficacy of selenium supplementation in blacks and
whites. It should be noted that the trial from which these data were derived was small,
consisting of only 5 blacks, and was not specifically designed to test for racial differences in
selenium efficacy. Thus, further investigations into this possibility are warranted. However,
if confirmed, these findings might indicate that higher doses of selenium may be required in
blacks to attain the same blood concentrations and, hence, level of protection against cancer
than whites.

In summary, using data from a community-based biomarker study of blacks and whites as
well as a small-scale selenium intervention trial, we observed decreased concentrations of
plasma selenium in blacks compared to whites that appears to be due to reduced
bioavailability of supplemental dietary selenium. In addition, we observed associations
between both blood selenium and selenium supplementation with blood GSH and reduced
levels of oxidative stress which were significantly stronger in whites than in blacks.
Together these results suggest that decreases in selenium status and its subsequent effects on
GSH and oxidative stress may be playing an important role in the mechanism by which
blacks are at greater risk for certain cancers, including prostate cancer. These findings may
translate into race-specific prevention strategies involving selenium-containing compounds,
many of which are currently under development for use as chemopreventive agents.
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Figure 1.
Plasma selenium concentrations in participants of the Mt. Vernon Study. A. Frequency
distribution of plasma selenium. B. Racial differences in plasma selenium by quartile in men
and women.
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Figure 2.
Racial differences in plasma selenium and blood free and protein-bound glutathione
concentrations during selenium yeast supplementation in healthy adult men. Subjects were
randomized into placebo (black n=6; white n=13) or selenium yeast, 247 □g/day, (black
n=5; white n-12) groups for 9 months. Blood samples were obtained at baseline and 3, 9 and
12 months and analyzed for selenium and glutathione as described in text. Values are mean
± SD.
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Table 2

Subject characteristics, Selenium Yeast Intervention Trial

Black White

Placebo Se-yeast Placebo Se-yeast

No. of Subjects 6 5 13 12

Age (yr)

Mean ± SD 28.5 ± 4.59 30.0 ± 6.41 30.4 ± 6.81 31.8 ± 5.19

Range 23-36 25-43 23-41 23-41

BMI 25.8 ± 4.61 24.9 ± 5.10 24.8 ± 4.01 24.0 ± 4.32
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