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Abstract

The negative efficacy outcomes of double-blinded, randomized, placebo-controlled Phase III 

human clinical trials with selenomethionine (SeMet) and SeMet-rich selenized-yeast (Se-yeast) for 

prostate cancer prevention and Se-yeast for prevention of non-small cell lung cancer (NSCLC) in 

North America lead to rejection of SeMet/Se-yeast for cancer prevention in Se-adequate 

populations. We identify two major lessons from the outcomes of these trials: 1) The antioxidant 

hypothesis was tested in wrong subjects or patient populations. 2) The selection of Se agents was 

not supported by cell culture and preclinical animal efficacy data as is common in drug 

development. We propose that next-generation forms of Se (next-gen Se), such as methylselenol 

precursors, offer biologically appropriate approaches for cancer chemoprevention but these are 

faced with formidable challenges. Solid mechanism-based preclinical efficacy assessments and 

comprehensive safety studies with next-gen Se will be essential to re-vitalize the idea of cancer 

chemoprevention with Se in the post-SELECT era. We advocate smaller mechanism-driven Phase 

I/II trials with these next-gen Se to guide and justify future decisions for definitive Phase III 

chemoprevention efficacy trials.

1. INTRODUCTION AND SCOPE OF REVIEW

Early clinical studies suggested that supplementation of selenium (Se) in the form of 

selenized yeast (Se-yeast), which contains mostly selenomethionine (SeMet), might decrease 

the risk of cancers in China (1,2) and US (3). The impressive initial “positive” efficacy of 

Se-yeast in the Nutritional Prevention of Cancer Trial (NPCT, also known as the “Clark 
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Trial” after the late Dr. Larry Clark, its principal investigator) in the US to reduce risk of 

cancers of the prostate (Table 1), lung and colon and all cancer-mortality (3–6) motivated 

initiation of a number of Phase III trials in North America against prostate and lung cancer 

(7–11), the first and largest of which being the Selenium and vitamin E Cancer Prevention 

Trial [SELECT] (7,8). All four published trials with cancer incidence as primary endpoint 

showed no efficacy for SeMet or Se-yeast (Table 1). These trials (7–11) all followed the gold 

standard of evidence-based medicine, i.e., they were of a double-blinded, randomized, 

placebo-controlled design, and owing to the rigor of these well-executed trials, the null 

efficacy outcomes are considered conclusive. Follow-up analyses of SELECT have even 

shown slight enhancement of prostate cancer (PCa) risk associated with α-tocopheryl acetate 

form of vitamin E (12) and in a subgroup of men on SeMet that had high baseline Se status 

(13). These outcomes had serious adverse impacts on the credibility and reputation of the 

field of cancer chemoprevention research which had suffered already from the adverse 

outcome of the Alpha-Tocopherol Beta-Carotene (ATBC) trial showing enhancement of risk 

of lung and prostate cancer in male smokers given beta-carotene supplementation (14). 

Potter boldly entitled his 2014 review article “The failure of cancer chemoprevention” (15). 

Because these Se trials conclusively invalidated SeMet and Se-yeast for cancer prevention 

use in populations with adequate Se intake/status, many have cast grave doubts about the 

merit of Se for cancer chemoprevention.

We do not share such pessimism. Given the well documented metabolic and biochemical 

differences between SeMet and other forms of Se (16,17) (Fig. 1), we have argued that the 

failure of SeMet in SELECT should not and cannot be taken to indicate that next-generation 

forms of Se (next-gen Se) are ineffective for cancer prevention (18). Many have opined on 

possible reasons for failure to demonstrate SeMet efficacy as those offered by authors of the 

original paper reporting the outcome of SELECT (8) and in subsequent reviews, including 

baseline Se status of subjects, dosage and chemical forms of Se, and stage of cancer 

development targeted (19–21). We recently elaborated on lessons learned for two major 

causes of the failure of SELECT and other trials with Se (22): 1) The use of non-Se-deficient 

human subjects for testing the Se anti-oxidant hypothesis, and 2) an incorrect choice of Se 

form for cancer chemoprevention in a Se-adequate population.

In this article, we summarize the outcomes of these trials and further expand on these two 

major lessons. We will discuss recent progress on next-gen Se forms that can be considered 

for future translational cancer chemoprevention studies. We posit that it would be a mistake 

to abandon research on next-gen Se because of the failure of SeMet or Se-yeast to prevent 

prostate and lung cancer in Se sufficient human populations. In addition, we highlight some 

novel synthetic Se compounds in the R&D pipeline.

2. LESSONS FROM MAJOR CLINICAL TRIALS THAT FAILED TO VALIDATE 

CANCER PREVENTIVE ACTIVITIES OF SEMET OR SE-YEAST

Summary of human clinical trial outcomes

Table 1 summarizes the primary efficacy outcomes from Clark’s NPCT (3–5) to the latest 

published trials. As evident from the summarized data, the NPCT (3,4) indicated that risk of 
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PCa was reduced in a baseline Se-specific manner in subjects in the lower 2 tertiles of serum 

Se (<106 ng Se/ml and 107–123 ng Se/ml) but there was no risk reduction for the highest 

tertile (>123 ng Se/ml). Lung and colon cancer risks were also reduced by Se-yeast 

supplementation. Limitations of this study were not only that PCa was a secondary endpoint 

not planned in the original design, but also the small number of PCa cases, among others. 

Subsequent trials (7–11) were all designed with either PCa or lung Ca as the primary 

endpoint and adequately powered, but did not find efficacy against PCa and lung cancer. The 

baseline Se levels at enrollment for these newer trials were higher than in NPCT. In 

SELECT, further analyses of the effects of SeMet compared with those of vitamin E (dl-α-

tocopheryl acetate) supplementation stratified by baseline Se status (toe nail Se levels) 

showed that SeMet did not benefit men with low Se status but increased the risk of high-

grade PCa among men with high baseline Se status (13). Vitamin E supplement increased 

the risk of PCa among men with low Se status in this analysis (13). The study authors 

cautioned that men should avoid Se (SeMet) or vitamin E (dl-α-tocopheryl acetate) 

supplementation at doses that exceed recommended dietary intakes. Christensen recently 

discussed the baseline Se and intervention efficacy issues in considerable depth (21), and we 

also articulated two major lessons from these trials (22). In the following sections we offer 

an updated and integrated discussion of these points.

Lesson 1: The antioxidant hypothesis was tested in wrong subjects/patient populations

The best studied biochemical activity of Se is its function as an integral part of Se-dependent 

glutathione peroxidases (SeGPX), which are selenoprotein antioxidant enzymes. It has been 

estimated that achieving 1 µM or 80 ng/mL is the upper limit for a maximal SeGPX 

response to supplemental Se in healthy adults (23) (Fig. 2), which is more than sufficiently 

provided by the National Research Council’s recommended daily allowance of 55 µg Se for 

adults (24). A more recent study in Se-deficient subjects in China with SeMet 

supplementation provided a similar estimate of Se intake needed to support maximal plasma 

levels of selenoprotein P (SEPP1), another selenoprotein (25). Since SeGPX3 and SEPP1 

make up virtually all the selenoproteins in the blood, the authors measured plasma levels of 

these two proteins after a 40-week placebo-controlled, double-blinded SeMet 

supplementation trial in 98 healthy Chinese subjects with baseline daily dietary Se intake of 

14 µg. Fourteen subjects each were assigned randomly to a daily dose of 0, 21, 35, 55, 79, 

102, and 125 µg Se as SeMet. Plasma SEPP1 concentration reached a maximum at the 35-µg 

supplement dose, which amounted to 49 µg total Se ingestion/day. Plasma GPX3 activity 

reached a plateau by 21 µg supplemental Se, i.e., 35 µg total Se ingestion/day. However, the 

total plasma Se levels continued to increase dose-dependently without plateauing. Because 

of its function as Se carrier, SEPP1 was considered the better plasma biomarker for 

assessing optimal expression of all selenoproteins (25). On the basis of the Se intake needed 

for SEPP1 optimization with adjustments for body weight and individual variation, the 

authors extrapolated 75 µg Se/day as the SeMet dose for US residents required to ensure full 

expression of selenoproteins (25).

According to the Third National Health and Nutrition Examination Survey (NHANES III), 

the mean Se intake in the US of individuals of all ages in 1999–2000 was 103 µg (26), 

nearly twice the NRC daily allowance of 55 µg for adults (24). The mean serum Se 
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concentration in US adults was 1.58 µM and the median was 1.56 µM based on more than 

18,000 samples in NHANES III (27,28). In the NPCT study the placebo group had a similar 

baseline plasma Se level of 113 ng Se/ml (1.4 µM) (Table 1), and the plasma Se level in the 

supplemented group was increased by some 67% to 190 ng/mL or 2.4 µM (3,5). Only 1.5% 

of all subjects had Se levels lower than 80 ng/mL (5). In spite of the increase of total Se level 

in the plasma, the plasma GPX3 activity of selected subjects before and after Se 

supplementation was not increased in NCPT (29).

In SELECT, the median baseline plasma Se level was 136 ng/ml (1.72 µM), higher than that 

in the NPCT, and SeMet supplementation increased median levels to 223, 232, 228 and 251 

ng/ml in four subsequent years (2.82–3.17 µM) (8) (Table 1). In the SWOG9917 trial in men 

with high grade prostatic intraepithelial neoplasia (HG-PIN), the baseline median plasma/

serum Se level was 135 to 138 ng/mL in the placebo and Se supplemented group, 

respectively (9) (Table 1). In the NBT study with Se-yeast in men with elevated PSA but 

negative biopsies, the mean baseline Se values were 125, 127, and 127 ng/ml, respectively 

for the placebo, 200-µg and 400-µg cohort (10). In the report of the lung cancer trial with Se-

yeast, the baseline Se values were not presented, but only fewer than 1% of subjects were 

rated below the normal range (11). In all these Se trials, the baseline Se status was therefore 

more than nutritionally adequate. Based on analyses of baseline Se in these trials and work 

by Combs (30) and Richie (31), Christensen re-emphasized the notion of a threshold dose as 

suggested by the PCa outcome in the lowest tertile group in the NPCT, a dose below which 

SeMet/Se-yeast might be beneficial as a supplement to improve Se anti-cancer function (21). 

However, subjects with such low Se status are rare in the US. In other words, Se status in 

most US residents is more than adequate from a nutritional perspective. Thus, the hypothesis 

of cancer prevention by dietary Se can only be tested in populations with marginal to 

deficient Se intake.

Lesson 2. The dose levels and selection of Se agents was not supported by cell culture 
and animal efficacy data

Dose levels in cell culture and human studies—In cell culture studies, SeMet 

exposure levels of 2 orders of magnitude higher than circulating total Se level are needed to 

show modest growth inhibitory effects in cancer cell lines. For example, SeMet exposure 

inhibited the growth of A549 lung cancer cells with an IC50 of 65 µM and of HT29 colon 

cancer cells with an IC50 of 130 µM (32). In PCa cells, 100–500 µM SeMet were needed to 

induce growth suppression and apoptosis (33). Two additional studies with colon cancer cell 

lines reported cell cycle arrest with SeMet levels above 100 µM (34,35). Whether colonic 

luminal SeMet concentrations can reach such high levels following dietary exposure should 

be evaluated to assess the relevance of these observed effects.

For non-alimentary tract cancers, the only likely route of exposure to SeMet as dietary 

supplement is through absorption and delivery via the blood stream. It is very unlikely that 

such extreme high SeMet levels are achievable through oral SeMet supplements. Indeed, the 

highest mean Se level resulting from supplementation of SeMet or Se-yeast in the reported 

trials was 305 ng Se/mL (3.9 µM) (Table 1). In a Phase I dose escalation study, 4,800 and 

7,200 µg SeMet/dose (twice per day for 7 days) resulted in serum Se levels of 15 µM and 20 
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µM on day 8, respectively (36). The 7,200 µg SeMet dose, twice per day regimen 

represented a Se intake that was 29 fold higher than that used in the SELECT and other PCa 

trials (Table 1), but the resulting blood level was lower than that needed in cell culture 

experiments to reduce growth.

Combs and coworkers (30) evaluated the relationship of serum levels of selenoproteins 

(GPX3, SEPP1) and plasma Se in a cohort of healthy, Se-replete men (n = 106) and women 

(n = 155) from North Dakota at baseline in a SeMet supplementation study. Plasma Se was 

142 ng/ml, with GPX3 and serum-derived SEPP1 calculated to comprise 20% and 34%, 

respectively, of the total plasma Se. The balance, non-specific components (calculated from 

difference between total Se minus Se in GPX3 and SEPP1 pools) accounted for virtually all 

of the inter-individual variation in total plasma Se. After a year-long supplementation of 

these healthy American adults with SeMet at doses of 50, 100 or 200 µg Se/day vs. placebo 

(37), GPX3 activity or SEPP1 concentrations were not increased, but the Se contents of 

plasma, urine and buccal cells were increased dose-dependently and each of these plateaued 

after 9 months and were linearly related to the “effective” Se dose defined as µg/day per 

kg0·75 (metabolic body weight). The authors concluded that the most responsive Se-

biomarkers in this Se-sufficient cohort were those related to body Se pools, i.e., plasma, 

buccal cell and urinary Se concentrations. As the plasma selenoprotein pools were saturated 

without supplementation, the percentage represented by the non-specific pool increased with 

increasing doses of supplementation as illustrated in Figure 2.

Richie et al. directly compared SeMet and Se-yeast supplement in men and measured serum 

Se forms(31). Less than 1 ng/mL SeMet was observed in the circulation of either SeMet- or 

Se-yeast-supplemented subjects. Non-specific incorporation of SeMet into general proteins 

is the most probable fate of the supplemented SeMet. Therefore, it is likely that SeMet in 
vivo will be in nM range and cannot elicit cellular responses observed in the µM range of 

exposure in cell culture models.

Animal models showed no efficacy of SeMet or α-tocopheryl acetate—Two 

general types of animal models had been used for efficacy assessment: primary 

carcinogenesis induced by chemical-hormonal carcinogenesis in immune-competent rodents 

and “take” and growth of primary and metastatic PCa xenografts in immunocompromised 

mice or allografts in syngeneic mice. For the former category, a couple of studies conducted 

in the late 1990’s before SELECT did not find any efficacy of SeMet and α-tocopheryl 

acetate alone or in combination or of Se-yeast on a prostate carcinogenesis model in rats. 

These negative results were initially communicated in meeting proceedings and the full 

results were only published after SELECT results had been published (38) (39). In one 

study, the potential of SeMet and α-tocopheryl acetate was examined to modulate PCa 

development in testosterone plus estradiol-treated Noble (NBL/Crl) rats, a model that 

involves sex hormone-induced oxidative stress and prostatic inflammation (39). One week 

following the implantation with hormone-filled Silastic implants, rats were fed diets 

containing SeMet (1.5 or 3.0 mg/kg) or dl-α-tocopheryl acetate (2,000 or 4,000 mg/kg), in a 

natural ingredient diet. The development of prostate carcinomas was not affected by dietary 

treatment with either agent. In the other study (38), McCormick et al. stimulated prostate 

epithelial cell proliferation by a sequential regimen of cyproterone acetate followed by 
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testosterone propionate in Wistar-Unilever (WU) rats which subsequently received a single 

i.v. injection of the methylating carcinogen N-methyl-N-nitrosourea (MNU) followed by 

chronic androgen stimulation via subcutaneous implantation of testosterone-containing 

Silastic implants. From 1 week post-MNU, carcinogen-treated rats were fed either a control 

basal diet or a diet supplemented with SeMet (3 or 1.5 mg/kg diet), dl-α-tocopheryl acetate 

(vitamin E, 4,000 or 2,000 mg/kg diet), SeMet + vitamin E (3 + 2,000 mg/kg diet or 3 + 500 

mg/kg diet), or Se-yeast (Se levels at 9 or 3 mg/kg diet). At termination of experiment 13 

months post-MNU, PCa incidence as verified by histopathology was not statistically 

significant different in any group receiving dietary supplementation with Se or Se-yeast 

alone or Se and vitamin E. In the group receiving only vitamin E, slightly but significantly 

more animals developed carcinomas in the dorsolateral or anterior prostate, similar to what 

occurred in SELECT. Together, both studies showed that SeMet and/or α-tocopheryl acetate 

supplementation did not prevent PCa in rats fed diets with nutritionally adequate levels of Se 

and vitamin E. Importantly, in hindsight, the results of these animal studies were predictive 

of the outcome of SELECT.

In a recently published study (40), we examined modulation of testosterone plus 17β-

estradiol-induced prostatic oxidative stress, dysplasia, and inflammation by SeMet at 1.5 or 

3.0 mg Se/kg in NIH-07 diet in Noble (NBL)/Crl rats treated with these hormones via slow-

release Silastic implants for 16 wk. Hormone treatment increased immunohistochemical 

staining for 8-hydroxydeoxyguanosine (8-OHdG) in the prostatic sites of hormone-induced 

preneoplasia (P < 0.05), but SeMet did not attenuate 8-OHdG staining and dysplasia in the 

lateral prostate. Glutathione-peroxidase (SeGPXs) activity (P < 0.05) and mRNA expression 

were induced by testosterone plus 17β-estradiol (P < 0.0001) but not changed by SeMet. 

SeMet did not cause significant responses in expression and activity of SeGPX and 

manganese superoxide dismutase (MnSOD), except for a reduction of MnSOD protein 

expression in the lateral prostate (P < 0.01). We noted significant (P < 0.01) opposite 

apoptosis/cell proliferation balance responses to SeMet to testosterone plus 17β-estradiol in 

the lateral and dorsal prostate, which may help to account for why these hormones induce 

lesions selectively in the lateral lobe of NBL rats.

Xenograft studies conducted before or since SELECT was initiated did not support any in 
vivo anti-cancer activity of SeMet (41,42). In a study with orthotopic PC3 xenograft tumors 

in the prostates of 6-week-old male nude mice fed a Se adequate diet (0.07 mg/kg), 

supplementation with different Se forms at two different concentrations (0.3 and 3 mg/L) in 

drinking water, SeMet, Se-Yeast, or MSeC did not retard the growth of primary prostatic 

tumors and the development of retroperitoneal lymph node metastases, yet surprisingly 

sodium selenate did (41). We evaluated the growth inhibitory effects of SeMet and selenite 

in comparison to the next-gen Se forms MSeA and MSeC (See Fig. 1 for structure and 

metabolism) on DU145 and PC-3 human PCa xenografts in athymic nude mice (42). Each 

Se was given by a daily single oral dose regimen starting the day after subcutaneous 

inoculation of cancer cells. Serum, liver, and tumor Se content confirmed supplementation 

status. SeMet did not have any inhibitory effect in spite of an order of magnitude higher Se 

retention in liver and tumors of the SeMet-treated mice than in those from mice treated with 

selenite or MSeA and MSeC in either model. MSeA and MSeC each exerted a dose-

dependent inhibition of DU145 xenograft growth. Selenite treatment increased DNA single-
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strand breaks in peripheral lymphocytes, whereas the other Se forms did not. In the PC-3 

xenograft model, only MSeA was growth inhibitory at a dose of 3 mg/kg body weight. 

These data demonstrated superior in vivo growth inhibitory efficacy of MSeA over SeMet 

and selenite, against two human PCa xenograft models without the genotoxic effects of 

selenite.

Recently, Yan and DeMars compared the effects of dietary supplementation with SeMet vs. 

MSeA on metastasis of murine Lewis lung carcinoma in syngenic male C57BL/6 mice (43). 

Mice were fed AIN93G control diet or that diet supplemented with MSeA or SeMet at 2.5 

mg Se/kg for 4 weeks at which time they were given a intramuscular or subcutaneous 

injection of the tumor cells. Dietary MSeA reduced lung metastasis yield two weeks after 

intramuscular injection or two weeks after surgical removal of subcutaneous tumors. 

However, SeMet did not have any inhibitory effect.

In summary, the data from cell culture studies and the animal models do not support cancer 

preventive activity of SeMet or SeMet-rich Se-yeast, even with doses much higher than 

those tested in multiple clinical trials.

3. NEXT-GEN SE COMPOUNDS IN CANCER CHEMOPREVENTION: 

METHYLSELENOL-MSEA REDOX AND POTENTIAL MECHANISMS OF 

ACTION

Non-selenoprotein Se metabolites and the mono-methyl Se pool hypothesis

As discussed in preceding section, Se deficiency is not a health concern in the US (See 

schematic in Fig. 2). Thus, most animal models and cell culture studies since the mid-1980s 

have dealt with supra-nutritional or potentially therapeutic levels of Se. Cell culture studies 

have by necessity used cancerous cells as the cell targets due to lack of appropriate 

precancerous cell culture models. Most animal models have shown cancer chemopreventive 

activity of Se intake that is 20–50 times greater than the rodent nutritional requirement (17). 

Based on a large body of data from these studies, Ip and Ganther as well as Combs (17,44) 

articulated that cancer chemoprevention by Se in the nutritionally adequate subjects is 

independent of the antioxidant activity of plasma or tissue SeGPX. This paradigm was based 

on the observation that the dietary level of Se (2 ppm [mg/kg] or greater as selenite or other 

Se forms) needed to achieve a significant cancer preventive activity in rodent animal models 

far exceeded that required (i.e., 0.1 ppm) to support maximal SeGPX (SeGPX3) expression 

in the blood or the target tissues from which experimental cancers arise. This view has been 

extended to the other selenoproteins identified subsequently in the past 2 decades, including 

phospholipid glutathione peroxidase (Ph-SeGPX, also known as GPX4), selenoprotein P 

(SEPP1 also known as Sel-P), selenoprotein W (Sel-W), and thyroixine de-iodinases (TDI) 

and thioredoxin reductases (TrxR) (16,45,46). Studies with suppression of selenoproteins in 

genetically modified mice (increased prostate and colon cancer risk when SeGPXs is 

decreased in the presence of adequate dietary Se) and with TrxR1 knockdown cells 

(decreased lung cancer cell growth when TrxR1 is knocked down) indicate likely 

contradicting roles of several of these proteins as regulators of cancer risk in the nutritional 

range of Se intake (47). Pertinent to the role of selenoprotein in mouse prostatic epithelium, 
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Luchman et al (48) created mice with a prostate-specific deletion of Trsp, a gene that 

encodes a transfer RNA (Sec tRNA) required for the insertion of selenocysteine residues 

into all selenoproteins during their translation. By 6 weeks of age, these Trsp-deficient mice 

exhibited widespread PIN lesions in all prostatic lobes, which then progressed to high-grade 

dysplasia and microinvasive carcinoma by 24 weeks with increased lipid peroxidation 

markers in Trsp-deficient epithelial cells. This novel model of prostate neoplasia is 

consistent with the idea that SeGPXs and possibly other selenoproteins are tumor 

suppressors in the murine prostate. Dietary Se deficiency thus conceivably increases cancer 

risk in these mice and correction of this deficiency should lower cancer risk (anti-oxidant 

hypothesis).

Excess Se beyond the need for selenoprotein synthesis (i.e., hydrogen selenide is co-

translationally incorporated into SeCys-containing selenoproteins) is methylated to 

methylselenol, which is further methylated and excreted as dimethylselenide (volatile and 

excreted via the breath) and trimethylselenonium (excreted in urine) or converted into 

selenosugars (See Fig. 1). SeMet is predominantly incorporated into general proteins in 

place of Met (non-specific substitution) or metabolized to SeCys through a trans-selenation 

pathway similar to the transulfuration pathway in Met-cysteine cycle. The efficiency of the 

latter pathway will be dependent on the metabolic capacity of the cell types and organs.

Ip and Ganther originated the active metabolite hypothesis based on data from mammary 

chemical carcinogenesis models (17,49) which identified as the likely active Se form a 

mono-methylated Se species, presumably methylselenol. They proposed that the 

chemopreventive efficacy of a given Se compound depends on the rate of its metabolic 

conversion to this active Se form(s). Circumstantial evidence in support of this hypothesis 

was obtained by comparing the cancer chemopreventive efficacy of forms of Se that fed into 

different Se metabolite pools, with precursors of methylselenol displaying greater preventive 

efficacy than those for hydrogen selenide or dimethylselenide in the chemically induced 

rodent mammary carcinogenesis model (50,51). Their subsequent work showed that the 

alkylselenol and allylselenol precursor compounds were more active against mammary 

carcinogenesis than methylselenol precursors on an equal molar basis of dietary Se intake 

(52,53). However, these structure-activity studies have not been extended beyond the 

mammary carcinogenesis model for assessing the general applicability of this hypothesis for 

other organ sites.

Cell culture studies by us and others have shown that next-gen Se compounds that are 

putative precursors of methylselenol induce numerous cellular, biochemical and gene 

expression responses that are distinct from those induced by the forms of Se that enter the 

hydrogen selenide pool (16,17,22,45,46). These major cellular and biochemical effects are 

schematically summarized in Figure 1 and detailed in earlier reviews (16,22,45).

Sodium selenite and sodium selenide are examples of genotoxic forms of Se that feed into 

the hydrogen selenide (H2Se) pool. Selenite rapidly (within a few hours of Se exposure) 

induce DNA single strand breaks (SSBs), S phase or G2/M cell cycle arrest, and subsequent 

cell death by apoptosis and necrosis (16). Sodium selenide and SeCys recapitulate the DNA 

SSB and apoptosis inducing effects of selenite in mouse mammary carcinoma cells (54). An 
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MnSOD mimetic compound, copper dipropylsalicylate, blocked DNA SSBs and apoptosis, 

indicating that ROS, but not selenite per se triggered these events (55). More studies have 

provided further support for ROS (superoxide generation) as intermediates for activating p53 

by Serine phosphorylation in apoptosis induction by selenite in LNCaP PCa cells (56,57). 

We have further shown that selenite at a daily oral dose of 3 mg/kg body weight to xenograft 

tumor bearing nude mice increased DNA SSBs in peripheral lymphocytes, whereas the same 

dose of MSeA or MSeC did not have this effect (42). Further studies in animal models and 

in humans will be necessary to confirm the in vivo genotoxicity of selenite.

Methylselenol precursors

Putative methylselenol precursors such as methylselenocyanate (MSeCN) and MSeC have 

been shown to induce apoptosis of mammary tumor epithelial cells and leukemia cells 

without the induction of DNA SSBs (54,58,59). Furthermore, methyl Se-induced cancer cell 

apoptosis was caspase-dependent, whereas caspase involvement in selenite-induced cell 

death appeared to vary with the p53 status. Methyl Se compounds or methylselenol 

generated enzymatically led to G1 arrest (58–63) or G2 arrest (64) in many cancer cells. 

Inhibitory effects on cyclin dependent kinases (63,65) and protein kinase C (66) have been 

attributed to the methyl Se pool. With regards to genotoxicity, a daily oral dose of 3 mg/kg 

body weight of MSeA and MSeC significantly suppressed DU145 human PCa xenograft 

growth without increasing DNA SSBs in the peripheral lymphocytes of the host mice, 

whereas the same dosage of selenite caused increased DNA SSBs and was ineffective for 

suppressing xenograft growth (42).

In addition to these cellular effects, MSeA exerts a rapid inhibitory effect on the expression 

of key molecules involved in angiogenesis regulation. For example, sub-apoptotic doses of 

MSeA inhibited the expression and secretion of the angiogenic factor VEGF in several 

cancer cell lines (67). MSeA also inhibited the expression of matrix metalloproteinase 

(MMP)-2 in the vascular endothelial cells (67,68). These effects in combination with a 

potent inhibitory effect on cell cycle progression of vascular endothelial cells (61,62) 

indicate a key inhibitor function of MSeA on angiogenic switch regulation in early 

neoplastic lesions and tumors (16). Furthermore, MSeA and methylselenol released by 

methioninase from SeMet inhibited expression of the androgen receptor and its signaling to 

regulate prostate specific antigen (PSA) expression (69–71) as well as PSA protein stability 

(69) in PCa cells. MSeA has been also shown to inhibit estrogen receptor signaling in breast 

and endometrial cancer cells (72–75) and is a novel suppressor of aromatase expression in 

human ovarian tumor cells (76). MSeA can also potentiate apoptosis signaling induced by 

chemotherapeutic drugs or biologics in various cancer cell types through inhibition of 

survival molecules such as survivin, Bcl-XL (77), and Mcl-1(78,79).

Methylselenol-MSeA redox cycle through thioredoxin reductase

Gromer and Gross (80) examined Ganther’s hypothesis (49) that methylselenol and MSeA 

might exert their effects by inhibition of the selenoenzyme thioredoxin reductase (TrxR) via 

irreversible formation of a diselenide bridge. However, they showed that MSeA did not act 

as an inhibitor of mammalian TrxR but was an excellent substrate for reduction by this 

enzyme. Nascent methylselenol efficiently reduced both H2O2 and glutathione disulfide 
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(GSSG). They also found that MSeA was a poor substrate for human glutathione reductase, 

which is not a selenoprotein, and that the catalytic SeCys residue of mammalian TrxR was 

essential for MSeA reduction to methylselenol.

Gopalakrishna’s group showed (81) that MSeA, but not methylselenol, inactivated specific 

protein kinase C (PKC) isoforms, especially those involved in tumor progression. They 

showed that MSeA inactivated pure PKC enzyme activity, which could be reversed by the 

TrxR system or thiol agents, but methylselenol did not. In DU145 and LNCaP human PCa 

cell lines under serum-starved conditions, MSeA (at 5 µM) decreased PKC activity within 5 

to 15 minutes. The extent of PKC inactivation in these cell lines was observed to be less than 

that of the pure PKC enzyme, possibly due to TrxR-mediated MSeA-MSeH redox cycling to 

remove MSeA from the site of action. The increase in PKC inactivation, in particular 

PKCepsilon isoform, was associated with increased apoptosis and cell arrest. As an 

illustration of selectivity, a 10-times higher concentration of MSeA was required to 

inactivate protein kinase A. The PKC inactivation was further enhanced when MSeA was 

converted from methylselenol by PKC-bound phospholipid peroxides within close proximity 

to PKC thioclusters. Nanomolar Se concentrations were needed for oxidation of the catalytic 

unit of PKC by the MSeA-methylselenol redox cycle, highlighting the specificity of MSeA 

in inactivating PKC.

The same group subsequently showed that MSeA at submicromolar concentrations 

prevented the transformation of prostate epithelial cells but micromolar levels were required 

to inhibit cell growth, invasion and induce apoptosis in PCa cells (82). Over-expression of 

PKCepsilon attenuated MSeA inhibition of epithelial cell transformation and PCa cell 

apoptosis. In addition, increased TrxR expression caused resistance to MSeA treatment and 

inhibition of TrxR increased the sensitivity of cancer cells to MSeA (82). These studies 

suggest that both PKCepsilon and TrxR can negate the anti-cancer efficacy of MSeA. 

Therefore, methylselenol, MSeA, and their redox cycling intermediates, especially in the 

localized protein microenvironment of thioclusters, may provide specific targeting niches to 

negatively regulate enzymatic activities involved in cancer promotion or growth. In 

retrospect, many of the reported activities that we and others attributed to the “methylselenol 

pool” likely represent the summation of actions of the dynamic MSeA-MSeH redox cycling 

(See Figure 1).

Recent findings that MSeA induced senescence of normal primary lung fibroblasts suggest a 

possible mechanism to increase a barrier to early cancer lesion progression (83). In this 

study, normal primary fibroblasts and PC3 PCa and HCT116 colon cancer cells were treated 

with low micromolar concentrations of MSeA for 48 h, followed by a recovery of 1–7 days. 

Cellular senescence, as evidenced by senescence-associated beta-galactosidase staining and 

lack of 5-bromo-2-deoxyuridine incorporation, was observed in normal fibroblastic cells, but 

not in cancer cells. In addition, the ataxia telangiectasia mutated (ATM) DNA damage 

response protein was rapidly activated by MSeA and its kinase activity was required for the 

induced senescence response. Subsequently depletion of p53 was demonstrated to attenuate 

senescence, disrupt the MSeA-induced cell cycle arrest, and increased genome instability 

(84). Pretreatment with KU55933, an ATM kinase inhibitor, or NU7026, an inhibitor of 

DNA-dependent protein kinase, desensitized MSeA cytotoxicity in normal fibroblasts but 
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not in fibroblasts with knocked down p53. These results suggest that ATM-p53 DNA 

damage response is critical for senescence induction by MSeA in normal cells. In particular 

relevance to PCa chemoprevention, we have obtained preliminary evidence that MSeA 

treatment of Pten-K/O mice super-activated p53 and senescence in vivo in the early prostate 

lesions (see later in this review).

Pertinent to the MSeA-MSeH hypothesis, MSeA, MSeC and dimethylselenide (DMDSe) 

were observed to stimulate the cell surface expression of ligands for the lymphocyte receptor 

NKG2D in Jurkat T cells, specifically inducing the expression of MICA/B major 

histocompatibility complex class I related chain genes, which are up-regulated in stressed 

cells for immune system recognition (85). MSeA and DMDSe induced a maximal MICA/B 

response at 5 µM, whereas selenite, selenate, SeMet, selenocysteine, and hydrogen selenide 

had no effect on the cell surface expression of MICA/B at the protein and mRNA level. 

These data suggest that next-gen methyl Se could improve NKG2D-based cancer immune 

surveillance and prevention. Taken together, cell culture studies suggest that next-gen Se 

affects multiple cellular processes related not only to pre/cancerous epithelial cells but also 

to their microenvironments including endothelial cells and immune cells conducive for 

chemopreventive action.

4. EFFICACY STUDIES OF NEXT-GEN SE TO INHIBIT PROSTATE AND 

OTHER PRECLINICAL CANCER MODELS

Whereas both MSeC and MSeA have been shown to inhibit chemically-induced mammary 

carcinogenesis in the 1990’s (51,86), their anti-cancer efficacy in prostate or other non-

mammary organs has only recently been tested by us and others. The lack of interest in 

further studying these next-gen Se in mammary carcinogenesis models was due, in major 

part, to the NPCT outcome of 2 breast cancer cases in placebo group vs. 6 cases in Se-yeast 

group of the very few women enrolled in that trial (3).

Xenograft models

We have shown that orally-administered MSeA and MSeC dose-dependently (1 and 3 mg 

Se/kg) inhibited the growth of DU145 human PCa xenografts in athymic nude mice, 

whereas selenite and SeMet did not (42). MSeA was more active than MSeC against PC-3 

xenograft growth. Measurement of tissue Se content showed that SeMet treatment led to 9.1-

fold more liver Se retention and approximately 3.6 times higher tumor Se levels than mice 

treated with an equal dose of methyl-Se, despite no potency of SeMet to inhibit DU145 or 

PC-3 xenograft growth. The observed massive tissue Se accumulation supports non-specific 

incorporation of SeMet into proteins. The lack of anti-cancer efficacy of SeMet in the 

presence of elevated circulating and tissue Se accumulation agreed well with earlier work 

with SeMet in conventional rodent models (51,87). Oral bolus administration of MSeA 

activity against breast cancer xenograft growth has also been reported (88).

Allograft models

Lindshield and coworkers (89) evaluated the effects of dietary lycopene (250 mg/kg diet), 

MSeC (1 mg/kg diet), and γ-tocopherol (200 mg/kg diet) alone and in combination on the 
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growth of androgen-dependent Dunning R3327-H rat prostate adenocarcinomas in male, 

Copenhagen rats. AIN-93G diets containing these micronutrients were fed for 4 to 6 weeks 

prior to subcutaneous tumor implantation. After 18 weeks, MSeC consumption significantly 

(P = 0.003) decreased final tumor area and tumor weight, but lycopene and γ-tocopherol did 

not alter these parameters. Tumor growth inhibition by MSeC was not associated with 

affecting circulating male hormone level; none of these agents consumed alone or in 

combination altered serum testosterone or dihydrotestosterone concentrations.

Metastasis models

Yan and DeMars (43) showed that AIN93G diet supplemented with MSeA at 2.5 mg Se/kg 

(ppm) significantly reduced pulmonary metastatic yield compared with controls, but SeMet 

did not have such an effect. Supplementation with MSeA also decreased plasma 

concentrations of urokinase-type plasminogen activator and plasminogen activator 

inhibitor-1. Furthermore, MSeA reduced plasma concentrations of VEGF, bFGF, and PDGF. 

SeMet did not affect any of the aforementioned measurements. Thus, inhibition of tumor 

cell invasion and angiogenesis may be a mechanism by which MSeA inhibited tumor 

metastasis.

Primary prostate carcinogenesis in transgenic/knockout mice models

We used the transgenic adenocarcinoma mouse prostate (TRAMP) model to test the efficacy 

of MSeA and MSeC against prostate carcinogenesis and to characterize potential 

mechanisms (18). Sexually mature male TRAMP mice of C57B/6 background (8 weeks old) 

were given a daily oral dose of MSeA or MSeC at 3 mg Se/kg body weight and were 

euthanized at either 18 or 26 weeks of age. By 18 weeks of age, the dorsolateral prostate 

weights for the MSeA- and MSeC-treated groups were lower than for the water control (P < 

0.01) and at 26 weeks genitourinary weight (reflecting tumor load) was much lower. The 

efficacy was accompanied by delayed histologic lesion development, increased apoptosis, 

and decreased proliferation without changes of T-antigen expression in the dorsolateral 

prostate of Se-treated mice. In another experiment, MSeA given to TRAMP mice from 10 or 

16 weeks of age increased their survival to 50 weeks of age and delayed the time of death 

due to neuroendocrine carcinomas and other lesions in the prostate and seminal vesicle 

hypertrophy. Wild-type mice receiving MSeA from 10 weeks did not exhibit decreased body 

weights or genitourinary weight compared with the control mice and serum alanine 

aminotransferase (a sign of hepatic toxicity) was not increased. Therefore, these Se 

compounds selectively inhibit prostate carcinogenesis without toxicity or effects on the 

normal prostate.

Christensen and coworkers studied the interaction of MSeC with isoflavones in TRAMP 

mice (90). They did not observe efficacy of MSeC (at 3ppm Se in diet) against TRAMP 

tumor readouts (urogenital tract weight, lesion severity). They pointed out several 

differences from the studies done by our group. These include route/dose of MSeC delivery 

(15 µg Se per mouse throughout a day by diet vs. 75 µg Se per mouse as daily bolus dose) 

and mouse genetic background (C57/B/FVB hybrid vs. C57B background). Additionally, the 

small number of mice per group and inability to separate NE-Ca lineage from epithelial 

lesions limited their statistical power (90).
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In a more recent study, we documented the inhibition of prostate specific Pten-knockout 

(KO)-driven carcinogenesis by MSeA in association with a super-activation of p53/p21-

senescence axis as a preventive barrier to prostate tumorigenesis in vivo (Wang et al, 

submitted to Cancer Prevention Research, 2015). We utilized probasin-Cre (Pb-Cre) 

transgenic mice expressing Cre to delete Pten in prostate epithelium to investigate whether 

oral administration of MSeA inhibited AKT-driven prostate lesion severity and progression, 

relevant to human prostate cancer etiology. We treated Pten-KO and age-matched wild type 

male mice from 8 weeks of age with water or MSeA at a dose of 3 mg Se/kg body weight 

five times a week for 4 or 25 weeks. After 4 weeks, MSeA treatment significantly increased 

expression of P53 and P21Cip1 proteins and senescence-associated-β-galactosidase staining, 

and reduced the Ki-67 cell proliferation index in Pten KO prostate epithelium. After 25 

weeks, MSeA administration significantly suppressed development of HG-PIN, reduced 

tumor weight, and prevented emergence of invasive carcinoma. Mechanistically, the long-

term MSeA treatment not only sustained P53-mediated senescence, but also markedly 

reduced AKT phosphorylation and androgen receptor abundance in the Pten KO prostate. 

Importantly, these cellular and molecular changes were not observed in the prostate of wild 

type littermates treated with MSeA. Since P53 signaling is likely to be intact in HG-PIN 

compared to advanced PCa, the selective super-activation of P53-mediated senescence by 

MSeA in these mouse studies and the results of the aforementioned cell culture studies in 

normal fibroblasts indicating senescence induction by MSeA (83) (84), suggest a new 

mechanistic paradigm of cancer chemoprevention by strengthening a barrier to cancer 

progression through induction of irreversible senescence with additional suppression of 

oncogenic androgen receptor and AKT signaling. A comparison of the efficacy of MSeA 

and MSeC with SeMet remains to be determined regarding the specificity of effects via the 

p53-p21-senescence pathway.

5. “MOLECULAR TARGETS” OF NEXT-GEN SE IN CANCER MODELS

We also examined the impact of acute high dose Se treatments (i.e., daily single oral gavage 

of 2 mg Se per kilogram of body weight for 3 days) of female Sprague-Dawley rats bearing 

1-methyl-1-nitrosourea-induced mammary carcinomas to increase the probability of 

detecting in vivo apoptosis and the associated gene/protein changes in the cancerous 

epithelial cells (91). Whereas control carcinomas doubled in volume in 3 days, MSeC and 

selenite treatments caused regression of approximately half of the carcinomas, accompanied 

by a 3- to 4-fold increase of morphologically detectable apoptosis and approximately 40% 

inhibition of 5-bromo-2’-deoxyuridine incorporation index of the cancerous epithelial cells. 

The mRNA levels of growth arrest-DNA damage inducible 34 (gadd34), gadd45, and 

gadd153 genes were not higher in the Se-treated carcinomas than in the gavage or diet 

restriction control groups contrary to expectation (59). The gadd34 and gadd153 proteins in 

the Se-treated carcinomas were localized in the nonepithelial stromal cells and not induced 

in the epithelial cancer cells. On the other hand, both Se forms decreased the expression of 

cyclin D1 and increased levels of P27Kip1 and c-Jun NH2-terminal kinase activation in a 

majority of the mammary carcinomas. The lack of induction of gadd genes in vivo by MSeA 

was confirmed in a human PCa xenograft model in athymic nude mice. Collectively, these 

experiments showed the induction of cancer epithelial cell apoptosis and inhibition of cell 
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proliferation by Se in vivo through the potential involvement of cyclin D1, P27Kip1, and c-

Jun NH2-terminal kinase pathways, but cast doubt on the three gadd genes as mediators of 

Se action in vivo.

Proteomic profiling

We have applied iTRAQ (isobaric tag for relative and absolute quantization [iTRAQ, 

Applied Biosystems])-proteomic approaches to profile protein changes of the TRAMP 

dorsolateral prostate and to characterize their modulation by MSeA and MSeC to identify 

potential molecular targets of Se (92). The expression of 75 proteins was significantly 

different between TRAMP and wild-type mice. MSeA mainly affected proteins related to 

prostate functional differentiation, androgen receptor signaling, protein (mis)folding, and 

endoplasmic reticulum-stress responses (e.g., GRP78), whereas MSeC affected proteins 

involved in phase II detoxification (e.g., GSTM1) or cytoprotection, and in stromal cells. 

Although MSeA and MSeC were about equally efficacious against tumor development in the 

TRAMP model, their distinct affected protein profiles suggest biological differences in their 

molecular targets.

We also analyzed the proteome signatures of prostate from mice treated with MSeA, MSeC, 

SeMet and selenite for hypothesis generation concerning their potential in vivo molecular 

targets and cancer risk modification (93). Nude mice bearing subcutaneous PC-3 xenografts 

were treated daily with each Se form (3 mg Se/kg) orally for 45 days. This analysis indicated 

that 72 proteins were significantly modulated by one or more Se forms. MSeA and MSeC 

each induced separate sets of tumor suppressor proteins and suppressed different onco-

proteins. A similar spectrum of proteins was induced by selenite and MSeC which were 

related to energy metabolism (e.g., fatty-acid synthase), whereas those induced by SeMet 

included vimentin and heat-shock protein-70. While proteome changes induced by MSeA 

were associated with PCa risk reduction, desirable risk-reducing signatures induced by 

MSeC (e.g., inducing GSTM1 and increasing GPX-3) were counterbalanced by risk-

promoting patterns shared with selenite and SeMet (e.g., inducing fatty acid synthase, a 

known metabolic oncoprotein for PCa). The balance of oncogenic vs. suppressor protein 

patterns in the prostate may impact the direction of PCa risk modification by a given Se 

form.

While methylselenol has been assumed an in vivo active anti-cancer metabolite pool (16,17), 

the proteomic data suggest unique potential molecular targets for each of these diverse 

chemoprevention-active Se forms with surprisingly little “protein targets” overlap between 

MSeA and MSeC. Together, the proteomic data suggest MSeA and MSeC are not 

interchangeable and point to a possible adverse PCa risk profile for MSeC through onco-

proteins such as fatty acid synthase. These data, when considered in the framework of 

dynamic MSeA-MSeH redox cycling, would be reasonable depending on the entry point of 

the next-gen Se to fuel the redox cycle. Whether such findings are relevant for the mammary 

gland and other organ sites should be examined to assess their generalizability. Pre-IND 

standard toxicology and toxico-omic investigations of the tissues/organs exposed to these 

two Se forms in non-rodent mammalian species such as dog, pig, or primate may help to 
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predict and inform the potential adverse impacts of each next-gen Se form for human 

translational consideration.

6. SPECIATION OF SE METABOLITES

Although extremely challenging technologically, the identification and quantitation of Se 

species in tissues and bodily fluids can be important to understanding their anti-cancer 

functions and hypothesis testing. In general, characterization of these chemicals in Se-

enriched plants and microorganisms is less thorny due to their higher abundance than for 

animal specimens. The dominant chemical forms and their abundance in Se-enriched yeast, 

garlic, broccoli, carrot, onion, as well as unfortified grains, vegetables, meats and seafood 

have been documented (94). Currently, techniques such as high performance liquid 

chromatography (HPLC) and gas chromatography (GC) coupled with different mass 

spectrometry (MS) are routinely used for Se speciation and quantitation. Following earlier 

methods developed by Gromer and Gross for trapping methylselenol (80), procedures for 

trapping of volatile Se compounds in nitric acid or hydrogen peroxide have been developed 

and evaluated for the analysis of volatile metabolites such as dimethylselenide (DMSe) and 

dimethyl diselenide (95). Inductively coupled plasma mass spectrometry (ICP-MS) is the 

most sensitive and robust detection method for elemental selenium available to date. 

Selenium has 5 naturally occurring stable isotopes: 74Se, 76Se, 77Se, 78Se, and 80Se. 82Se 

has a very long half-life and, for practical purposes, can be considered to be stable. Their 

molar fractions in naturally occurring Se are 0.9%, 9.4%, 7.6%, 23.8%, 49.6% and 8.7%, 

respectively (96). These Se isotopes can be detected and quantitated by ICP-MS, but since 

ICP-MS provides only elemental information about Se compounds, it is effective only when 

the retention times of samples in analysis with ICP-MS coupled with HPLC/GC can be 

matched with those of certified Se standards. On the other hand, electrospray ionization, 

atmospheric pressure chemical ionization, and matrix-assisted laser desorption ionization-

tandem mass spectrometry have been used for the identification of unknown Se metabolites, 

but these methods are limited by their detection sensitivity. HPLC/GC coupled with 

elemental and molecular MS can provide complementary data to increase accuracy of Se 

speciation (97,98).

Using stable isotopic tracing, Suzuki et al. pioneered analysis of the bioavailability and 

metabolism of MSeA by comparing the uptake, distribution, and metabolism of MSeA with 

selenite, selenate, and methylselenonic acid (99). They depleted the rats of endogenous Se 

with a single stable isotope (the most abundant stable isotope, 80Se as selenite) and then fed 

such rats a Se deficient diet (less than 0.02 µg/g) and Se-free distilled water for 10 days. 

Then four isotopic pure 82Se-selenite, 78Se-selenate, 77Se-MSeA and 76Se-methylselenonic 

acid simultaneously were administered by gavage, each at the dose of 25 µg Se/kg body 

weight. Analysis of serum, urine, and organs over various time points indicated that the 

overall availability of Se was, in decreasing order of magnitude, selenate (6+ valent) > 

selenite (4+) = MSeA (4+) > methylselenonic acid (6+). All 4 Se compounds, especially 

selenate, were efficiently transformed into selenosugar (in liver and urine), cellular 

glutathione peroxidase (cGPx, in liver, kidney, lung, and pancreas), extracellular glutathione 

peroxidase (eGPx, plasma SeGpx3) and selenoprotein P (in serum). The 6+valent Se 

(selenate and methylselenonic acid) were detected in serum, lung, pancreas, and urine in 
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their intact forms, whereas 4+valent Se forms (MSeA and selenite) were not detected in the 

intact forms at all. Trimethylselenonium (TMSe) was detected in the lung, kidney, and urine 

from rats administered MSeA or methylselenonic acid, but not selenite and selenate. 

Overall, these data are consistent with MSeA producing MSeH, which in turn either is 

methylated to TMSe or is demethylated to selenide for the synthesis of selenosugar and 

selenoproteins (99).

Subsequently, the same group (100) compared the tissue distribution of Se by orally 

administering a mixture of 76Se-MSeC, 82Se-MSeA and 82Se-selenite (10 µg Se/kg each) to 

rats that had been depleted of natural abundance Se as described above (99). Three hours 

after administration, the Se in MSeC was taken up more efficiently by most organs, 

especially the pancreas and duodenum, than Se in MSeA and selenite, which delivered 

similar amounts of Se to most organs except kidney, liver, and spleen. In these three organs, 

these compounds were retained to the same extent as after MSeC administration. HPLC-

ICP-MS detected the intact form of MSeC, but not MSeA and selenite in the liver 

supernatant, consistent with the previous report (99). The metabolic fates of these Se 

compounds in individuals adequate in Se are unknown.

Using similar approaches, availability and metabolism of SeMet and MSeC were studied by 

Ohta et al. using MSeA as a reference methylselenol source (101). A mixture of 77Se-

SeMet, 76Se-MSeC, and 82Se-MSeA (each at 25 µg Se/kg) was orally administered to rats 

and urine and exhaled gas were analyzed by HPLC-ICP-MS and GC-ICP-MS, respectively. 

The proportion of 77Se-TMSe was much less than that of 76Se- and 82Se-TMSe in urine, 

suggesting that 77Se-SeMet was less efficiently metabolized to TMSe. In exhaled gas, there 

was significantly less DMSe originating from 77Se-SeMet than 76Se-DMSe and 82Se-DMSe 

originating from 76Se-MSeC and 82Se-MSeA, respectively. Since DMSe and TMSe are 

generally accepted as the metabolites of MSeH, the results suggested that both MSeA and 

MSeC were converted to MSeH more efficiently than SeMet. The dosages of Se compounds 

used in these studies (10–25µg Se/kg) were much less than those used in efficacy studies 

reported by us (3 mg Se/kg) and others. Taken together, these pioneering studies 

documented the different pharmacokinetic behaviors of next-gen Se compounds MSeA and 

MSeC compared to SeMet and selenite. These data were consistent with both MSeA and 

MSeC being able to generate MSeH in vivo, and indicated that MSeC could deliver more Se 

to target organ(s), partially in its parent form, than MSeA.

7. TRANSLATIONAL INVESTIGATIONS INVOLVING NEXT-GEN SE

Pre-IND toxicology for MSeC

Preclinical toxicology studies of MSeC, in both short and long term experiments, have been 

conducted by the National Cancer Institute (NCI) through its Division of Cancer Prevention 

Rapid Access to Preventive Intervention Development (RAPID) Program (102) and enabled 

IND approval for MSeC. In short term experiments, CD rats were treated by daily gavage at 

doses of 0, 0.5, 1.0, or 2.0 mg Se/kg/day (0, 3, 6, or 12 mg/m2/day), and beagle dogs at 

doses of 0, 0.15, 0.3, or 0.6 mg Se/kg/day (0, 3, 6, or 12 mg/m2/day) for 28 days. In rats, 

MSeC induced dose-related hepatomegaly in both sexes. Blood analyses and biochemistry 

routines showed mild anemia, thrombocytopenia, and elevated liver enzymes in high dose 
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females only. Microscopic examination revealed hepatocellular degeneration (in high dose 

males and in females of all dose groups); arrested spermatogenesis (in high dose males); and 

atrophy of corpora lutea (in middle and high dose females). In dogs, MSeC induced mild 

anemia in middle and high dose males, and in high dose females. Microscopic lesions in 

dogs in the liver consisted of peliosis and vacuolar degeneration in high dose males and 

midzonal necrosis in males in all dose groups. Based on liver pathology seen in female rats 

in all dose groups, the no observed adverse effect level (NOAEL) for MSeC in rats was 

estimated to be less than 0.5 mg Se/kg/day. In dogs, the NOAEL for MSeC was estimated to 

be less than 0.15 mg Se/kg/day based on alterations in hematology parameters and liver 

morphology in male dogs in all dose groups. Taking the NOAEL of dogs as reference (~ 0.1 

mg Se/kg), an equivalent value extrapolated allometrically (by factor of 2) to humans for a 

70 kg person is 3,500 µg Se/day. We are not aware of similar studies for MSeA that would 

need to be done to obtain an IND.

Human pharmacokinetics study with MSeC

The first human single-dose pharmacokinetic study of MSeC was conducted by Marshall 

and colleagues (103). They randomized healthy male volunteers in double-blinded fashion to 

receive either a single oral dose of MSeC at one of three different concentrations or placebo. 

In the first step, five subjects received 400 µg of Se and one received placebo; in the second 

step, five subjects received 800 µg of Se and one received placebo; in the third step, five 

subjects received 1,200 µg of Se and one received placebo. The results show that the most 

distinct concentration curve is for the 1,200 µg dose, with an apparent dose-response pattern 

for lower doses over that of placebo. For the three MSeC dose cohorts, tmax were similar, 

ranging between 3 and 5 hours. The mean Se Cmax increased from 10 for placebo to 22.8, 

30.75, and 63.2 ng/mL (~0.8 µM) in the low, medium, and high dose subjects, respectively. 

Similar studies would be conducted once IND status has been granted for MSeA and other 

next-gen Se.

8. NOVEL SYNTHETIC SE COMPOUNDS IN R&D PIPELINE

Since the early 1990s, el-Bayoumi and colleagues have generated synthetic aromatic 

selenocyanate compounds and evaluated their chemopreventive efficacy in many preclinical 

carcinogenesis models with clear efficacy (104). Their exemplary compound was 1,4-

phenylenebis-(methylene)selenocyanate (p-XSC) and the NCI-Chemoprevention Branch 

supported plans for its further preclinical development (105). In spite of favorable 

subchronic dietary exposure safety profiles in rat models (106), NCI contract-supported 

toxicological studies in dogs showed unacceptable liver damage, abolishing further human 

translational consideration of this class of compounds

More recently, Sharma, Amin and colleagues have developed novel Se compounds through 

substitution of sulfur with Se in existing drugs/compounds of a number of anti-cancer 

functional drug categories with improved anti-cancer actions against a number of organ sites 

including melanoma and lung cancer (107–110). Additional novel drug approaches include 

synthesis of an isosteric Se analog of the PPARbeta/delta agonist GW501516 (111) and 

rational incorporation of Se into temozolomide that elicited superior in vitro antitumor 

activity associated with both apoptotic and autophagic cell death (112). Such agents are in 
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early stage development and merit rigorous evaluations. Other investigators have attempted 

to conjugate redox-active Se to monoclonal antibodies in hope of enhancing targeted cancer 

delivery for greater therapeutic benefit, but the success of this approach is not yet clear 

(113).

9. CONCLUSIONS AND FUTURE DIRECTIONS

The outcomes of the four published randomized trials with SeMet or Se-yeast for prevention 

of prostate and lung cancer in Northern America have had a negative impact on the field of 

Se cancer research. We elaborated on two factors that, in our opinion, were the major 

reasons for the failure of these studies to detect preventive efficacy of SeMet or Se-yeast, 

namely inappropriate subject/patient populations selected for testing the anti-oxidant 

hypothesis and forms of Se chosen for human clinical trials that were ineffective in cell 

culture and animal models. Mechanistic studies have indicated that both Se forms and 

dosages are critical factors for chemoprevention efficacy, depending on their entry into two 

distinct Se metabolite pools. In cell culture models, the MSeA-MSeH redox pair exert many 

desirable attributes of cancer chemoprevention, including targeting of key signaling 

pathways, angiogenic switch regulators, immune surveillance, and invasion and metastasis 

molecules as well as sex hormone signaling in gender-specific cancers. Accumulating data 

support MSeC and MSeA as more promising candidates than SeMet for future clinical 

investigations of cancer chemopreventive efficacy. Proteomic profiling has uncovered more 

differences than similarities for the proteome affected by distinct next-gen Se forms. Based 

on lessons learned from the past Se clinical trials, it will be essential and necessary that 

efficacy validation and chronic safety evaluations (including diabetes risk of SeMet 

exposure) as well as the molecular targets and cellular pathways affected be thoroughly 

investigated in relevant preclinical animal models with respect to each of these effective 

next-gen Se to provide scientific rationale for future translational studies in humans. 

Mechanism-driven smaller Phase I/II trials should and must be carried out with next-gen Se 

agents that are preclinically proven safe and efficacious to guide decisions about future 

definitive Phase III chemoprevention efficacy trials.
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Fig. 1. Structures and possible metabolic pathways for methylseleninic acid (MSeA), Se-
methylselenocysteine (MSeC), selenoamino acids and inorganic selenite in a chemoprevention 
context
For selenoamino acids, tissue cysteine β-lyases release hydrogen selenide and methylselenol 

from selenocysteine and methylselenocysteine, respectively. SeMet leads to massive tissue 

accumulation of Se due to its non-specific incorporation into general proteins in place of 

Met. Selenite can cause DNA damage, likely through reactive oxygen species. 

Methylselenol pool may be selectively enriched by precursor compounds or functional foods 

such as Se-garlic, bypassing the hydrogen selenide pool. Depending on the entry point to a 

likely MSeA-MSeH redox cycle, the cellular effect and molecular targets of a next-gen 

methyl Se will be the integrative balance of MSeA, MSeH and their redox intermediary 

metabolites. Reported cellular effects and molecular targets of MSeA-MSeH are 

summarized.
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Fig. 2. Schematic relationship of different pools of Se in blood circulation as a function of Se 
intake level in the nutritional range and in chemoprevention range
Mean or medium baseline plasma Se at enrollment for NPCT vs. SELECT was marked in 

reference to plasma Se threshold value to support full selenoprotein activity.
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