Top Med Chem (2016) 17: 87-118

DOI: 10.1007/7355_2015_86

© Springer International Publishing Switzerland 2015
Published online: 6 June 2015

Selenium-Based Drug Design

Sheldon W. May

Abstract The biochemistry, pharmacology and epidemiology of selenium and
selenium-containing compounds continue to be subjects of considerable interest
from the viewpoint of public health. Selenium has a long history of association with
human health and disease, and we now recognize that this element is an essential
nutrient that is critical to key cellular processes. We now know that the
selenoproteins constituting the human selenoproteome are encoded by 25 genes
in the human genome, and much progress is being made in our understanding of
selenium metabolism and the health effects of selenium metabolites in normal and
disease states. The idea that selenium-containing dietary supplements might be
effective in preventing disease has gone through both optimistic and pessimistic
phases in recent years, and the future prospects for such a nutritional approach are
unclear at the present time. In contrast, a significant number of promising efforts are
underway that are aimed at designing and developing pharmaceutical agents that
are selenium-based or that target specific aspects of selenium metabolism. This
chapter focuses on some of these efforts to develop new selenium-based anticancer,
antioxidant, antihypertensive, antiviral, immunosuppressive, and antimicrobial
agents. While most of the efforts that entail designed organoselenium compounds —
as opposed to inorganic selenium metabolites — are still at the preclinical stage,
evidence is emerging that selenium-based compounds can operate via several
beneficial biochemical and pharmacological mechanisms. Since our understanding
of the biology, biochemistry and pharmacology of selenium and selenoproteins is
rapidly expanding, we can anticipate that the coming years will bring further
development of new selenium-based pharmaceutical agents with therapeutic poten-
tial against human diseases.
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1 Introduction

The biochemistry, pharmacology, and epidemiology of selenium and selenium-
containing compounds continue to be a subject of considerable interest, particularly
from the viewpoint of public health. Selenium has a long history of association with
human health and disease [1, 2], and specific populations have historically suffered
from certain diseases that are now recognized to be associated with selenium
deficiency. A widely known example is Keshan disease, which is characterized
by congestive heart failure [3, 4]; healers in Keshan, China, where the disease was
discovered, have traditionally treated it with the common herb, Astragalus, several
species of which accumulate selenium from the soil. Ironically, Astragalus may be
the very plant seen by Marco Polo in the “Succuir” district of China; the explorer
describes how beasts of burden unaccustomed to the area would feast on this plant,
thereby causing the animals to become so ill that their hooves dropped off
[5]. Polo’s description fits what is now known to be an equestrian form of selenosis.
Thus, in retrospect, it is likely that even this very early report underscores the
critical importance of managing the proper dose and molecular form of selenium
when considering therapeutic applications.

It is worth noting that the notion that selenium may exert a protective effect
against human cancer was actually discussed in the mainstream scientific literature
more than four decades ago [6, 7]. Early geographical studies suggested an inverse
correlation between selenium levels and cancer incidence, and cancer mortality
rates were found to be significantly lower in US counties with intermediate or high
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selenium levels as compared to counties with low selenium levels [8]. Similarly,
low selenium concentrations were found in the sera of patients with pancreatic
carcinoma and in the plasma of breast cancer patients, and selenium compounds
have exhibited antitumorigenic activities in a number of animal studies over the
years [5].

Turning to the present time, we now know that selenium (as selenocysteine) is an
essential component of the active sites of the enzymes glutathione peroxidase and
mammalian thioredoxin reductase and is also present in a variety of other mam-
malian selenoproteins [9—13]. Both glutathione peroxidase and thioredoxin reduc-
tase catalyze reactions that are essential to the protection of cellular components
against oxidative and free radical damage. In epidemiological studies, a low
concentration of selenium in plasma was identified as a risk factor for several
diseases including cancer, cardiovascular disease, osteoarthritis, and AIDS
[3, 14-19]. In the United States, the National Academies of Science Institute of
Medicine has issued a dietary reference intake report on selenium and other
antioxidants [20], with the current recommended dietary allowance (RDA) for
selenium being 55 micrograms for adult men and women. It should be noted that
symptoms of selenosis appear when dietary levels of selenium exceed 1 milligram/
day, whereas a selenium dietary intake below 1 microgram/kg can lead to selenium
deficiency diseases such as the aforementioned Keshan disease.

Over the past three decades, there have been a number of efforts aimed at
designing and developing pharmaceutical agents that are selenium based or that
target specific aspects of selenium metabolism (for some relevant reviews, see
[5, 9—-12, 21]). These efforts have focused on the design of selenium-based antihy-
pertensive, anticancer, antiviral, immunosuppressive, and antimicrobial agents.
There has also been much interest in the development of organoselenium com-
pounds capable of reducing oxidative tissue damage and edema. This chapter will
focus on some of the more promising of these efforts to develop new selenium-
based therapeutic agents.

It is very important to mention at the outset that concurrent with these drug
design and development efforts, some findings that looked initially quite promising
emerged from nutritional trials and epidemiological studies. In 1996, Clark and
coworkers [22] reported that their long-term, double-blind, placebo-controlled
study demonstrated significant reductions in incidences of lung, colorectal, and
prostate cancers in patients receiving daily 200 microgram oral doses of “selenium
yeast.” Subsequently, a prospective study of 33,737 men reported [14] that indi-
viduals with the highest selenium levels had only about one-third the likelihood of
developing advanced prostate cancer as did individuals with low selenium levels,
and similar results were reported in other prospective cancer studies (see, e.g., van
den Brandt et al. [15]). In view of findings such as these, the Selenium and Vitamin
E Cancer Prevention Trial (SELECT) was launched [23] by the National Cancer
Institute. SELECT was designed to be a very large, randomized, placebo-controlled
trial of selenium (200 pg/day L-selenomethionine) and/or vitamin E (400 IU/day
racemic a-tocopheryl acetate) supplementation for a minimum of 7 years (maxi-
mum of 12 years) focusing on the prevention of prostate cancer by these agents.
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Unfortunately, SELECT was discontinued since an independent review of the data
being collected showed that selenomethionine and vitamin E, taken together or
alone, were not preventing prostate cancer [24, 25]. Nevertheless, despite this
disappointing result, there still remains much interest from a nutritional perspective
in the development of effective selenium supplementation protocols, if only the
proper selenium formulation and dosage could be identified (see, e.g., the “post-
SELECT” perspective by Ledesma et al. [24]). A detailed discussion of epidemi-
ological and nutritional aspects of selenium supplementation is beyond the scope of
this review.

2 Phenylaminoalkyl Selenides

This author’s laboratory has developed a family of phenylaminoalkyl selenides
[26-31] and we have shown that these selenides possess the ability to propagate a
cycle that depletes reduced ascorbate within adrenergic vesicles. Initially,
dopamine-fB-monooxygenase (DBM) present within the vesicle converts these
selenides to the corresponding selenoxides; however, the product selenoxides are
then nonenzymatically reduced back to the selenides, with the concomitant and
stoichiometric oxidation of reduced ascorbate present in the vesicle to fully oxi-
dized ascorbate. This selenide/ascorbate cycle is a localized process since DBM is
present only in these vesicles and reduced ascorbate does not cross the vesicle
membrane. While adrenergic vesicles possess a cytochrome b561-dependent ascor-
bate recycling system, this native system can only recycle semidehydroascorbate,
which is generated during DBM turnover, and cannot recycle the fully oxidized
ascorbate produced by the nonenzymatic selenoxide/ascorbate reaction. Thus, the
net result of selenide processing in the vesicle is the effective local depletion of
reduced ascorbate — an essential cofactor for DBM — and the consequent diminution
of norepinephrine production. We demonstrated this turnover-dependent ascorbate
depletion process both in vitro and in chromaffin granule ghosts, and we confirmed
cellular and vesicular uptake of the selenides. Moreover, as predicted on the basis of
the redox potentials of selenoxides versus sulfoxides, we showed that while sulfur-
containing analogs undergo DBM-catalyzed sulfoxidation, they are not capable of
propagating such a cycle of ascorbate depletion. Thus, it is clear that the ability of
phenylaminoalkyl selenides to effect turnover-dependent depletion of local reduced
ascorbate is a direct consequence of the redox chemistry of the selenium moiety
present in these compounds (Fig. 1).

The pharmacological testing of phenylaminoethyl selenide (PAESe) confirmed
that this compound exhibits dose-dependent antihypertensive activity when admin-
istered i.p. to spontaneously hypertensive rats, and we have provided evidence that
the adrenergic nerve terminal is indeed the pharmacological site of action of PAESe
in vivo. However, as is true for other peripherally acting pharmacological agents,
the CNS permeability of PAESe is a significant concern, since undesirable side
effects can often result from CNS penetration. Moreover, it is highly desirable from
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Fig. 1 Dopamine f-monooxygenase-catalyzed selenoxidation of 4-hydroxyphenyl-2-methyl-2-
aminoethyl selenide (HOMePAESe), followed by nonenzymatic recycling of the selenoxide
product. This results in the local depletion of reduced ascorbate within the chromaffin vesicle
even in the presence of the b-561-dependent ascorbate recycling system, since the native b561
system can only recycle the semidehydroascorbate generated during DBM turnover but not the
fully oxidized ascorbate produced by the nonenzymatic selenoxide/ascorbate reaction

a therapeutic perspective that pharmacological agents used to treat chronic diseases
such as hypertension be orally active. We therefore proceeded to develop a PAESe
derivative that would exhibit both restricted CNS permeability and oral antihyper-
tensive activity [32].

Briefly, our approach was as follows: First, we employed inductively coupled
plasma/mass spectroscopic (ICP/MS) analysis of plasma samples to determine the
pharmacokinetic parameters for our selenide compounds. Next, an oxidative pro-
cedure for the digestion and processing of tissue samples was then developed in
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order to obtain ICP/MS data on the tissue distributions of selenium-containing
metabolites following the administration of selenide compounds. The results
clearly demonstrated that the aromatic-ring hydroxylation of the selenides results
in a marked reduction in brain levels of selenium-containing metabolites. We also
demonstrated that a-methylation abolishes the activity of the enzyme MAO toward
these compounds and markedly enhances their oral activity; since the intestinal
mucosa possesses a considerable amount of MAO, resistance to MAO-catalyzed
degradation is an essential characteristic for drugs to exhibit good oral bioavail-
ability. Finally, we investigated the comparative effects of PAESe derivatives on
locomotor activity and operant behavior. The results fully corroborated our analyt-
ical data, thus confirming the pharmacological relevance of the ICP/MS results
and providing a compelling basis for drug design. On the basis of these biochem-
ical, pharmacological, inductively coupled plasma/mass spectrometry, and behav-
ioral studies, we successfully demonstrated that the novel compound (S$)-4-
hydroxyphenyl-2-methyl-2-aminoethyl selenide (HOMePAESe) exhibits both
restricted CNS permeability and oral antihypertensive activity [32]. Indeed, this
compound is the first orally active selenium-based antihypertensive agent ever
reported (Fig. 2).

We carried out a series of experiments designed to probe the hemodynamic
mechanism of action of these phenylaminoethyl selenide antihypertensives [33]. In
these experiments, a noninvasive pulsed Doppler ultrasound probe was used to
measure peak blood flow velocity in the aortic arch from the right second intercostal
space. PAESe was found to increase peak aortic blood flow velocity (+44%), heart
rate (+16%), and blood flow acceleration (+105%), while decreasing left ventricular
ejection time (LVET) (—37%) concomitant with a decrease in mean arterial
pressure (—54%). These results were compared with the known vasodilator, hydral-
azine, which had similar effects on mean arterial pressure (MAP) and peak velocity
but caused an increase in LVET (+42%) and a decrease in heart rate (—18%). Taken
together, these results indicate that PAESe decreases blood pressure via a decrease
in peripheral resistance, which overcomes an initial increase in heart rate and
acceleration to give a net decrease in mean arterial pressure.

More recent work in the author’s laboratory has focused on elucidating and
harnessing the redox cycling and antioxidant activity of phenylaminoethyl sele-
nides [34-37]. We established that PAESe reacts rapidly with many cellular
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oxidants, with the selenoxide product generated from this antioxidant activity being
readily recycled back to the selenide by cellular reductants such as ascorbate and
glutathione with no complex side reactions. One of the most predominant of such
cellular oxidants is peroxynitrite, a powerful oxidizing and nitrating agent formed
from a diffusion-controlled reaction between nitric oxide and superoxide in endo-
thelial cells, macrophages, and neutrophils. Reactions of peroxynitrite with cellular
components have been linked to oxidative stress and inflammatory tissue damage,
as, for example, in atherosclerosis and ischemia—reperfusion injury. Peroxynitrite
also reacts readily with DNA where it causes base modification and induction of
double- and single-strand breaks. We showed that phenylaminoalkyl selenides
protect plasmid DNA from peroxynitrite-mediated damage by scavenging this
powerful cellular oxidant and forming phenylaminoethyl selenoxides as the sole
selenium-containing product. Moreover, on the basis of kinetic studies, potentio-
metric titrations, cyclic voltammetry, and MatLab simulations, we demonstrated
that glutathione-based selenoxide redox cycling enhances these protective effects
of the selenides against peroxynitrite-induced DNA damage.

The above results provide support for the idea that exogenously supplied or
metabolically generated organoselenium compounds, capable of propagating a
selenium redox cycle, might supplement natural cellular defenses against the
oxidizing agents generated during metabolism. While several such organoselenium
compounds are under active investigation as potential therapeutic agents, the
chemical characterization of reaction intermediates involved in selenium redox
cycling has been problematical. Among the proposed selenium intermediates in
the redox reactions of organoselenium compounds are species such as selenenic and
seleninic acids, selenones, spirodioxaselenanonanes, and thiolseleninates. Thus, for
example, evidence has been reported for the formation of a thiolseleninate inter-
mediate in the reactions between ebselen oxide and certain thiols [38, 39] and for a
spirodioxaselenanonane intermediate in the reaction between di(3-hydroxypropyl)
selenide and tert-butyl hydroperoxide [40]. The reactivity and instability of some
tetra-coordinate selenium compounds, coupled with fast reaction rates for the
reactions of organoselenium compounds with oxidants or with reducing agents
such as thiols, have made it difficult for several investigators to clearly characterize
thioselenurane-like intermediates (see Cowan et al. [36] for further discussion of
this point).

Work in the author’s laboratory has provided direct evidence that the reaction
between phenylaminoalkyl selenoxides and glutathione (GSH) proceeds through
the intermediacy of a thioselenurane species [36]. The results of stopped-flow
kinetic experiments were consistent with a rapid and stoichiometric initial reaction
of GSH with selenoxide to generate a kinetically detectable intermediate, followed
by a slower reaction of this intermediate with a second molecule of GSH to produce
the final selenide and GSSG products. Flow injection ESI-MS and ESI-MS/MS
experiments confirmed that the reaction intermediate is indeed a thioselenurane.
Final structural characterization of the thioselenurane intermediate was obtained
from the analysis of the daughter ions produced in flow injection ESI-MS/MS
experiments. These results elucidate the chemical nature of the redox cycling of
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phenylaminoalkyl selenides and represent, to our knowledge, the first evidence for
the intermediacy of a thioselenurane species in the reaction of thiols with
selenoxides. Previously, Kumar et al. [38] had proposed the formation of a
thioselenurane in the reaction between benzenethiol and a substituted phenyl
benzyl selenoxide, since they observed via ESI-MS a cyclization product that
could arise from such a species; however, they were unable to obtain any structural
evidence for this proposed intermediate (Fig. 3).

Hydrogen peroxide, produced in living cells by oxidases and by other biochem-
ical reactions, plays an important role in cellular processes such as signaling and
cell cycle progression [41, 42]. Nevertheless, hydrogen peroxide is capable of
inducing damage to cellular components, and it can be converted through Fenton
chemistry to even more reactive molecules, such as hydroxyl and peroxide radicals.
Indeed, oxidative stress — the cellular state arising from overproduction of hydrogen
peroxide and other reactive oxygen species (ROS) — has been linked to cellular
pathologies ranging from DNA and cellular membrane damage to more complex
disorders such as inflammatory diseases and cancer [43]. In experiments carried out
in the author’s laboratory [37], we made use of peroxalate nanoparticle methodol-
ogy to achieve chemiluminescent imaging of hydrogen peroxide consumption by
phenylaminoethyl selenides. Further, we demonstrated that phenylaminoethyl sel-
enides decrease lipopolysaccharide (LPS)-induced oxidative stress in human
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Fig. 3 Identification of a thioselenurane intermediate in the reaction between phenylaminoalkyl
selenoxides and glutathione
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embryonic kidney cells. We also encapsulated PAESe within poly(lactide-
co-glycolide) nanoparticles, and we showed that these selenide-loaded
nanoparticles exhibit antioxidant activity in a mammalian cell line. Taken together,
these results significantly enhance the attractiveness of phenylaminoethyl selenides
as potential agents for supplementing cellular defenses against reactive oxygen
species.

Anthracyclines such as doxorubicin (DOX) and daunorubicin are widely used
anticancer agents that are effective in the treatment of acute leukemia,
non-Hodgkin’s lymphomas, and breast, ovarian, and lung cancers [44]. However,
the clinical use of anthracycline is limited by severe dose-limiting cardiotoxicities,
such as cardiomyopathy and congestive heart failure. This cardiotoxicity is
now generally believed to result primarily from the generation of reactive free
radicals such as superoxide anion, hydroxyl radical, and peroxynitrite [45,
46]. Dexrazoxane, a potent iron chelator that interrupts anthracycline-iron-
mediated free radical generation, is in clinical use to decrease this free radical-
associated toxicity of DOX [47, 48]. However, dexrazoxane is known to cause
myelosuppression, and recent studies suggest that its use may lead to acute myeloid
leukemia and myelodysplastic syndrome. The FDA has noted (http://www.fda.gov/
Drugs/DrugSafety/ucm263729.htm) that the European Medicines Agency has
announced restrictions on dexrazoxane usage to certain types of patients [48].

In collaboration with the laboratory of Dr. Robert Arnold, we have carried out a
series of studies [49] aimed at determining the potential of PAESe to mitigate
anthracycline-induced cardiotoxicity. First, we determined the effects on the
growth of human prostate carcinoma (PC-3) cells of combined administration of
PAESe with DOX, vincristine, or tert-butyl hydroperoxide (TBHP). DOX and
vincristine are, of course, used clinically as anticancer drugs, whereas fert-
butylhydroperoxide is a potent oxidizing agent known to exert oxidative-mediated
cytotoxicity on PC-3 cells. We found that while PAESe had little effect on the
activities of DOX or vincristine, the selenide significantly decreased the cytotoxic
effect of TBHP in a dose-dependent manner. Moreover, using the cell-permeable
indicator, CM-H,DCFDA, we showed that PAESe decreased the formation of
intracellular reactive oxygen species from either TBHP or DOX. We then
proceeded to determine the effect of PAESe on the antitumor activity of DOX in
an in vivo xenograft tumor model of human prostate cancer in NCr nude mice. We
found that PAESe did not alter DOX antitumor activity and also showed evidence
of direct antitumor activity relative to controls. Most importantly, PAESe decreased
DOX-mediated infiltration of neutrophil and macrophages into the myocardium,
which are early signs of cardiotoxicity. In addition, recent experiments in HOC2
cells have shown that concomitant treatment with PAESe significantly reduced
DOX-mediated expression of ANP and MHC-f, which are markers of cardiac
hypertrophy (unpublished observations). These findings suggest that selenides
such as PAESe may be quite attractive agents for mitigating the cardiotoxicity
associated with clinical use of DOX and related anticancer drugs.
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3 Ebselen and BXT-51072

Ebselen (2-phenyl-1,2-benzisoselinazol-3[2H]-one) is an organoselenium com-
pound that has been shown to mediate the reduction of hydroperoxides by thiol
compounds such as glutathione, thereby modeling the enzymatic activity of the
selenoenzyme, glutathione peroxidase [50]. Many researchers have carried out a
number of chemical, biochemical, mechanistic, and pharmacological studies on
ebselen and its chemical analogs, and a commentary providing historical perspec-
tive on the early research and development of ebselen has recently been published
[51]. Over the years, a key rationale underlying much of this interest in ebselen has
been the possibility that selenium redox cycling in ebselen or its derivatives might
supplement natural cellular defenses against oxidizing agents. However, it has now
become quite clear that the redox cycle of ebselen consists of multiple reaction
pathways with several intermediates and by-products [52—55]. Moreover, several
investigations have shown that ebselen is an inefficient catalyst due to deactivating
pathways, where unreactive intermediates hinder the regeneration of the original
compound [54, 56-58]. In contrast, as noted above, stopped-flow kinetic and
ESI-MS/MS results in this author’s laboratory have demonstrated that the redox
cycling of phenylaminoethyl selenides is a rapid and efficient two-step process,
with initial formation of a thioselenurane intermediate followed by complete
regeneration of the original selenide (Fig. 4).
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Fig. 4 Mechanism for the GPx activity of ebselen as proposed by Sarma and Mugesh [54]
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Several years ago, a clinical trial was undertaken in Japan to assess whether
ebselen is capable of protecting against the oxidative tissue damage which occurs
following acute ischemic stroke [59]. The results of this trial showed that the most
significant improvement was achieved in patients who started a 14-day course of
ebselen treatment within 24 h of stroke onset; however, these benefits were statis-
tically significant when evaluated after 1 month but not after 3 months. Subse-
quently, recruitment was announced for a phase III trial in Japan, sponsored by the
Daiichi Pharmaceutical Company, to test the efficacy of ebselen in patients
with acute cerebral infarction (cortical infarction). According to the Web site
http://www.strokecenter.org/trials/TrialDetail.asp?trialName=list/trialPage298.htm,
394 patients were enrolled in this placebo-controlled, double-blind, randomized,
multicenter trial, with enrollment to be completed by November 2002. Unfortu-
nately, results from this trial have never been posted on this Web site, and this
author could not find any publications in the open scientific literature reporting
results from this trial. In their recent commentary on the early research and
development of ebselen [51], Parnham and Sies state that the results of the trial
were submitted for registration to the Japanese regulatory authority (MHLW), but
the reviewers considered the drug efficacy to be insufficient for approval.
According to media reports (see, e.g., http://www.bbsrc.ac.uk/news/health/2013/
130114-n-new-drug-bipolar-disorder.aspx), researchers in Oxford have begun a
small study in healthy volunteers to test whether ebselen has lithium-like effects
on brain function in humans; if successful, these researchers reportedly plan to
move on to a small phase II trial in people with bipolar disorder.

Ebselen has been investigated in animal models in a number of laboratories for
other possible pharmacological activities. For example, Kono et al. [60] reported
that twice-daily treatment of rats with 50 mg/kg ebselen significantly reduces early
alcohol-induced liver injury, as measured by liver enzyme assays, inflammation,
and liver necrosis. Another example is the report of Moussaoui et al. [61] that
ebselen, when administered before, during, and after injections of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), prevents both neuronal loss and clinical
symptoms in a primate MPTP model of Parkinson’s disease. More recently, Chew
et al. [62] studied the antiatherosclerotic and renoprotective effects of ebselen in
diabetic apolipoprotein E/GPx1-double knockout mice that had been injected with
streptozotocin. They found that that ebselen reduced atherosclerosis and that it also
prevented the changes in renal structure and function and the inflammatory
responses associated with nephropathy in the diabetic mice. These findings are
reminiscent of the earlier work of Chander et al. [63], who reported that ebselen
improved renal outcomes in the Zucker diabetic fat rat. Ebselen been reported to
protect neuronal cells in the ventroposterior nucleus of stroke-prone renovascular
hypertensive rats against damage resulting from a cerebral cortical infarction
[64]. Along these lines, Yamagata and coworkers [65] have reported that ebselen
exhibits protective effects against neurodegeneration induced by hypoxia and
reperfusion in stroke-prone spontaneously hypertensive rats.
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BXT-51072 [4,4-dimethyl-2,3-dihydro-1,2-benzoselenazine], an organoselenium
compound that is structurally related to ebselen, is severalfold more reactive than
ebselen in catalyzing hydroperoxide reduction by glutathione [66]. A US patent [67]
describes the development of BXT-51072 and analogs as potential treatments for
inflammatory bowel disease (IBD) and for possible use in treating asthma, chronic
obstructive pulmonary disease, and stroke. A successful phase I trial, carried out by
Oxis International [68], was followed by an early phase II trial that apparently
showed a promising improvement in patients with mild to moderate ulcerative
colitis. However, in a subsequent form 10QSB filing with the US Securities and
Exchange Commission [69], Oxis made the following statement:

“We have granted a licensee exclusive worldwide rights, in certain defined areas of
cardiovascular indications, to develop, manufacture and market BXT-51072 and related
compounds from our library of such antioxidant compounds. The licensee is responsible for
worldwide product development programs with respect to licensed compounds. Due to the
lack of financial resources, we ceased further testing of BXT-51072 but continue to review
the possibility of further developing applications for BXT-51072 and related compounds
outside of the areas defined in the license. However, further development and commercial-
ization of antioxidant therapeutic technologies, oxidative stress assays or currently
unidentified opportunities may require additional capital.”. . .“No assurances can be given
that we will be able to raise such funds in the future on terms favorable to us, or at all.”

In January 2004, Axonyx Inc. acquired approximately 53% of the outstanding
voting stock of Oxis International.

4 Selenazolidine Prodrugs

Roberts and coworkers [70, 71] have made the argument that inorganic forms of
selenium have a relatively narrow therapeutic index, and since their metabolic
conversion to H,Se depletes glutathione, they may exhibit unacceptable toxicity
for long-term or high-dose administration in humans. Moreover, these investigators
pointed out that while the organoselenium compound, selenomethionine (often
present in nutritional supplements as a component of “selenized” yeast), is able to
provide selenium to correct nutritional deficiency, one of its major metabolic fates
is nonspecific incorporation into proteins in place of methionine, which thereby
decreases the therapeutic availability of the selenium by sequestering it inappro-
priately in protein. The metabolism of selenocysteine, on the other hand, does give
rise to an increase in the selenium pool leading to selenoproteins as well as to
formation of methylated metabolites; both of these effects can contribute to
selenium-based anticancer activity. However, selenocysteine is chemically unsta-
ble since it is easily oxidized, and it is therefore relatively difficult to handle.
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Based on these considerations, Roberts and coworkers [70-72] pioneered the
development of selenazolidine-4(R)-carboxylic acids as prodrug forms of
selenocysteine for potential use in therapeutic applications.

OH

selenazolidine-4(R)-carboxylic acid

These prodrugs are condensation products of selenocysteine and carbonyl com-
pounds, and contain selenazolidine rings with various substituents; they are
designed to release selenocysteine either enzymatically or through spontaneous
hydrolysis. The selenazolidines were found to be much less toxic than sodium
selenite in cultured lung fibroblast cells; this is as expected since organoselenium
compounds have generally been perceived as being less toxic than inorganic
selenium species. Treatment of these cells with selenazolidines increased cellular
glutathione peroxidase activity, and a clear stereochemical preference was
observed, with the prodrugs of L-selenocysteine being more active than the
D-enantiomers in increasing glutathione peroxidase activity. Overall, the
selenazolidines exhibited comparable chemopreventive activity to selenocysteine,
with decreased cytotoxicity and greater biological selenium availability than
sodium selenite or selenomethionine.

As discussed below, many cancers are known to overexpress thioredoxin reduc-
tase, and knockdown of thioredoxin reductase can enhance the sensitivity of cancer
cells to anticancer agents. Accordingly, Poerschke and Moos [73] extended the
earlier work of Roberts by utilizing a lentiviral microRNA delivery system to
knockdown thioredoxin reductase expression in human lung adenocarcinoma
cells and then examining the cytotoxic activities of the selenazolidine prodrugs,
2-butylselenazolidine-4(R)-carboxylic acid and 2-cyclohexylselenazolidine-4-(R)-
carboxylic acid. They found that thioredoxin reductase knockdown increased the
cytotoxicity of selenazolidines in these adenocarcinoma cells via a mechanism
involving mitochondrial dysfunction and caspase-independent activation of the
apoptosis-inducing factor.

5 Selenium-Carrier Conjugates

In a series of US patents [74—76], Spallholz and Reid described the methodology for
preparing selenium-carrier conjugates which could then be specifically targeted for
delivery to tumors or to sites of pathogenic infection. The underlying rationale of
this methodology is the idea of utilizing specific organoselenium compounds to
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generate superoxide and other free radicals in a localized environment. Selenium
Ltd. (http://www.selenbio.com), a company established in 2004 based on the work
of these investigators, claims to have developed the necessary technology for
covalently attaching selenium-containing molecules to antibodies, peptides, poly-
mers, and drugs. Thus, for example, selenium-modified humanized antibodies and
proteins have been used to effectively kill human prostate, colorectal, and lym-
phatic cancer cells in tissue culture, with the operative mechanism being the
generation of superoxide by the antibody-linked organoselenium compound at the
target site which induces apoptosis and destroys the tumor cell. Similarly, an
organoselenium-labeled CD-4 peptide directed against the HIV-1 virus destroyed
the virus before it was able to infect T cells, with 95% of a virulent isolate of HIV
being inactivated in 2 h.

Another potential use for selenium-carrier conjugates is in the treatment of
infections caused by bacteria, especially in a biofilm. Tran et al. [77] examined
the ability of an organoselenium—methacrylate polymer (Se-MAP) to block biofilm
formation by both Pseudomonas aeruginosa and Staphylococcus aureus. These
bacteria were chosen since they cause a major share of wound infections and
because drug-resistant forms of these bacteria have become a serious problem in
the treatment and management of such infections. The results showed that 0.2%
(wt/wt) Se in Se-MAP, covalently attached to cellulose disks, completely inhibited
P. aeruginosa and S. aureus biofilm formation. The authors surmise that inhibition
of biofilm formation is due to damage to bacterial cell walls and DNA by superox-
ide, which is generated via selenium-mediated thiol oxidation. The authors also
found that the Se-MAP coating is stable and not cytotoxic to mammalian cells.
Thus, they suggest that the application of Se-MAP-coated gauze to the debrided
tissues of burn wounds may prevent the development of biofilms and facilitate
wound healing. This approach might also be used for dental applications [78] and to
combat infections in hospitals caused by catheters and other medical implants.

Kunstelj et al. [79] have patented the idea of producing a water-soluble polymer
possessing a reactive selenium group (e.g., PEG coupled to selenocysteine or
selenocystamine). The polymer is then reacted with a pharmaceutically active
agent such as granulocyte colony-stimulating factor (G-CSF) to form a conjugate
through linkage of the polymer’s Se moiety to a Cys of the pharmaceutically active
agent via an —Se—S— bond. The inventors visualize the use of this type of conjugate
for the treatment of diseases such as neutropenia. Miki et al. [80] have patented an
approach for inhibiting tumor cell growth that entails the administration of a
selenium-containing prodrug while also administrating directly to the tumor an
expression system for an enzyme for which the prodrug is a substrate. Thus, for
example, SeMet is administered together with a vector for expression of methionine
lyase, such that the vector preferentially replicates in rapidly proliferating cells or is
under control of a promoter that is operable selectively in tumor tissue, thus
conferring specificity for tumor cells. The lyase cleaves the prodrug at the C—Se
bond, thus liberating a toxic form of selenium (presumably RSe™) at the site of the
tumor in an amount sufficient to inhibit tumor cell growth.
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6 Targeting the Thioredoxin—Thioredoxin Reductase
System

A number of investigators have been pursuing the development of compounds that
target the mammalian selenoenzyme, thioredoxin reductase (TrxR), which cata-
lyzes the NADPH-dependent reduction of the redox protein, thioredoxin (Trx). The
Trx/TrxR system functions as a donor of reducing equivalents for enzymes such as
ribonucleotide reductase, which is essential for DNA synthesis, and protein disul-
fide reductase, which is critically involved in thiol/disulfide redox regulation
(Fig. 5). Therefore, the inhibition of TrxR would be expected to be highly detri-
mental to the growth of tumor cells, especially since the levels of both TrxR and Trx
have been found to be elevated in tumor cell lines, and expression profiles of
thioredoxin family proteins correlate with cell proliferation, survival, and tumor
grade [81-84]. Moreover, knockdown of thioredoxin reductase in murine lung
carcinoma cells reversed the malignant phenotype and decreased tumor growth
and metastasis [85].

As mentioned above, Poerschke and Moos [73] have reported that knockdown of
thioredoxin reductase in human lung adenocarcinoma cells using a lentiviral
microRNA delivery system increased the cytotoxicity of selenazolidines in these
adenocarcinoma cells. In earlier work, Powis and coworkers [86] found that certain
organoselenium and organotellurium compounds, primarily of the diaryl chalco-
genide type, were inhibitors of TrxR and also growth inhibitors of cultured tumor
cells; these compounds, with one exception, did not inhibit glutathione reductase.
Subsequently, these investigators reported [87] that water-soluble organotellurium
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Fig. 5 The mammalian thioredoxin—thioredoxin reductase (Trx/TrxR) system is linked to many
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compounds of the diaryl telluride, alkyl aryl telluride, and dialkyl telluride types are
very potent inhibitors of TrxR, and these tellurides inhibited the growth of MCF-7
and HT-29 human cancer cells in culture at the 5—10 micromolar level; however,
their hydrophilicity did seem to restrict cellular uptake.

In 2002, Holmgren and coworkers reported [88] that ebselen is an excellent
substrate for human TrxR. They showed that TrxR, in the presence of thioredoxin,
catalyzes a very rapid reduction of ebselen to ebselen selenol, with NADPH serving
as the electron donor. The reduced ebselen can, in turn, react rapidly with hydrogen
peroxide (peroxidase activity), thus setting up a catalytic cycle whereby hydrogen
peroxide and lipid peroxides can be eliminated. Since TrxR and Trx are present in all
cells throughout the body, the authors proposed that this peroxidase activity provides
a mechanistic explanation for the antioxidant and anti-inflammatory effects of
ebselen and, in particular, for its activity in protecting cells against ischemic tissue
damage. They further stated that their results “demonstrate that the mechanism of
action of ebselen may be predominantly via the thioredoxin system rather than via
glutathione.” Recently, Lu and Holmgren [89] have pointed out that the absence of a
glutathione-based antioxidant system in pathogenic bacteria such as Helicobacter
pylori, Mycobacterium tuberculosis, and S. aureus makes the bacterial thioredoxin-
based antioxidant system essential for the survival of such organisms under condi-
tions of oxidative stress. They therefore conclude that the inhibition of TrxR
accounts for ebselen’s antibacterial activity in such organisms.

This issue of the relationship between the thioredoxin-based and glutathione-
based antioxidant systems, and the possibility of cross talk between these systems,
is very relevant to the findings of Casagrande et al. [90], who showed that Trx
undergoes glutathionylation in human T cell blasts that had been exposed to
oxidative stress. Glutathionylation, which was shown by MALDI-TOF mass spec-
trometry to occur on rhTrx’s Cys72 residue, abolished the ability of Trx to act as a
disulfide reductase in the presence of TrxR and NADPH. The authors conclude that
their finding of Trx regulation by glutathionylation indicates that cross talk exists
between the thioredoxin and the glutathione systems.

With the recognition that many tumor cells exhibit a high level of expression of
Trx and TrxR, which renders such cells more resistant to apoptosis and chemother-
apy, there is obviously considerable interest in the clinical evaluation of TrxR
inhibitors as potential anticancer agents. Ethaselen (1,2-[bis(1,2-benzisosele-
nazolone-3(2H)-ketone)]ethane), a novel organoselenium compound developed
by Zeng and coworkers [91], is the first selenium-containing inhibitor of mamma-
lian TrxR1.
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Ethaselen

Ethaselen specifically targets the catalytically essential cysteine—selenocysteine
(Cys—Sec) redox pair at the C-terminal active site of mammalian TrxR thereby
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inhibiting the enzyme, and this leads to an accumulation of oxidized Trx and
increased levels of reactive oxygen species. Ethaselen exhibits anticancer activity
with low toxicity in tumor cells and in animal models, and inhibition of cancer cell
growth by ethaselen correlates with TrxR1 inactivation in several tumor cell lines.
As of June 2014, recruitment was underway in China for a phase lc single-arm
study of ethaselen for the treatment of non-small cell lung cancer in patients who
had previously received more than two lines of standard treatment (clinicaltrials.
gov identifier: NCT02166242). Reportedly, ethaselen has now entered phase II
clinical trials — presumably in China — targeting gastric, lung, and colon cancers
(see Li et al. [92]).

It should be noted that a number of non-selenium-based anticancer drugs
undergoing clinical evaluation are thought to target the Trx/TrxR system. Among
these are PX-12 (1-methylpropyl 2-imidazolyl disulfide) for patients with advanced
gastrointestinal cancers (phase Ib) [93] and motexafin gadolinium, in combination
with doxorubicin (phase I) for patients with advanced solid tumors [94] and in
combination with pemetrexed (phase II) for second-line treatment of patients with
non-small cell lung cancer [95]. In addition, a number of well-established chemo-
therapeutic agents are known inhibitors of the Trx system (see Mahmood et al. [96]
and references therein).

7 Selenium-Containing Metabolites

Several years ago, Combs [97, 98] pointed out that a number of selenium com-
pounds had been found to be antitumorigenic in a variety of animal models at
intakes that are substantially greater than those associated with maximal expression
of the known selenocysteine-containing enzymes. This supports the view that the
antitumorigenic effects seen in selenium supplementation studies arise at least in
part from enhanced production of specific Se-containing metabolites, not just from
maximal expression of selenoenzymes. Combs proposed a two-stage model in
which selenium supplementation of individuals with low, nutritionally deficient,
natural intakes of this element enhances the activities of protective selenoenzymes,
whereas selenium supplementation of individuals who are not selenium deficient
results in the beneficial buildup of antitumorigenic selenium metabolites. At about
the same time, Ganther [99] reemphasized that alterations in selenoenzyme activity
had failed to explain the anticancer effects of selenium, and therefore mechanisms
involving low-molecular-weight selenium metabolites must also be involved. In
subsequent years, a number of low-molecular-weight selenium-containing com-
pounds known — or, quite often, simply postulated — to be formed in the course of
selenium metabolism have been studied for possible therapeutic potential
(see [100, 101] for recent reviews).

In this author’s view, it stands to reason that the specific metabolic state of a
particular cell, tissue, or organ should sensitively affect the bioactivity of a given
selenium supplement or metabolite. Thus, for example, as recently mentioned by
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Zeng and coworkers [91], the well-studied chemopreventive selenium compounds
selenite, selenodiglutathione, and methylseleninate are all substrates of mammalian
TrxR1, and the product selenium metabolites formed from these compounds play
important roles in selenium-induced cytotoxicity and apoptosis in cancer cells.
Therefore, the degree to which TrxR1 activity is upregulated or downregulated in
a given metabolic situation or disease state would be expected to have a very
significant effect on the steady-state levels of these bioactive product metabolites.
In this regard, Weekley and Harris recently published [101] an excellent compre-
hensive review of the current evidence for the various metabolic pathways of
common dietary selenium compounds, such as selenite, selenomethionine,
methylselenocysteine, and selenocysteine. They conclude that dietary selenium
compounds should be considered prodrugs, whose biological activity depends on
the activity of the various metabolic pathways in, and the redox status of, cells and
tissues. Obviously, such factors will need to be considered carefully when selecting
selenium compounds for future trials of disease prevention and treatment by
selenium supplementation.

As stated at the outset, a full discussion of the numerous studies on nutritional
and epidemiological aspects of selenium metabolites and supplements is beyond the
scope of this review. Nevertheless, a few illustrative examples will be mentioned
here (Fig. 6).
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The initial step in metabolism of inorganic selenite (Se0;327) is its reaction with
glutathione to form selenodiglutathione (GS-Se-SG), which is subsequently
reduced enzymatically to hydrogen selenide (HSe™). Selenodiglutathione has
been extensively studied by many investigators and shown to be a potent
carcinostatic agent in animals and an inhibitor of cell growth and inducer of
apoptosis in tumor cells [102—104]. Spyrou et al. [105] have shown that both
selenodiglutathione and selenite inhibit the binding of the transcription factor
AP-1 to DNA nuclear extracts of 3B6 lymphocytes. Selenodiglutathione is also a
facile substrate for the thioredoxin reductase system and glutathione reductase
[106] and was found to inhibit human thioredoxin by oxidation of structural thiol
groups [107]. It should be noted that there are numerous published studies reporting
anticancer effects of inorganic selenite itself, and it is possible that some
chemoresistant malignant cells may exhibit enhanced sensitivity to selenite
[108]. One promising study in human patients was reported by Asfour
et al. [109], who found that administering high doses of sodium selenite along
with standard chemotherapy increased apoptosis of lymphoma cells in adult
patients with non-Hodgkin’s lymphoma.

The methylated selenium metabolites methylselenocysteine and methylseleninic
acid inhibit the progression and metastasis of cancer and increase survival in the
transgenic adenocarcinoma of prostate mouse model [110]. Methylseleninic acid
reduces the spontaneous metastasis of Lewis lung carcinoma in mice [111] and also
increases the apoptosis potencies of the topoisomerase I inhibitor 7-ethyl-10-
hydroxycamptothecin, the topoisomerase II inhibitor etoposide, or the microtubule
inhibitor paclitaxel/taxol, in cell lines of advanced human metastatic prostate
cancer against which standard chemotherapeutic treatments have limited efficacy
[112]. Methylselenocysteine, which is found in foods such as garlic, onions, and
broccoli, has been shown in combination with tamoxifen to inhibit MCF-7 breast
cancer xenografts in nude mice through elevated apoptosis and reduced angiogen-
esis [113]. Methylselenocysteine and methylseleninic acid are cleaved metaboli-
cally to produce methylselenol (MeSe™); Ganther and coworkers [114] have shown
that the production of this monomethylated selenium metabolite is a key step in
cancer chemoprevention by compounds such as methylselenocysteine and
methylseleninic acid. Methylselenocysteine has recently been called “a promising
antiangiogenic agent for overcoming drug delivery barriers in solid malignancies
for therapeutic synergy with anticancer drugs” [115].

Selenomethionine is the form of selenium used in the National Cancer Institute’s
SELECT trial and in a number of other selenium supplementation studies.
Selenomethionine is capable of binding to methionine t-RNA and becoming incor-
porated into proteins in place of methionine [116]. Selenomethionine at micromolar
concentration was found to inhibit growth of three human tumor cell lines, whereas
growth inhibition of normal diploid fibroblasts required millimolar concentrations
[117]. Thus, at least in these cell lines, cancer cells apparently exhibit greatly
enhanced sensitivity to the growth inhibitory effects of selenomethionine. Mice
treated orally or topically with selenomethionine were found to have significantly
lowered UV irradiation-induced skin damage and reduced incidence of skin cancer
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[118]. Frenkel and Caffrey [119] have reported that two selenium compounds,
selenite and selenomethionine, are able to reduce the induction of resistance by
ovarian cancer cells or xenografts to the chemotherapeutic agents melphalan or
cisplatin. Similarly, selenomethionine and selenite were found to prevent the
induction of resistance to the antitumor agent cisplatin in mice bearing tumors
derived from human ovarian cells [120]. These are interesting findings, since the
development of drug resistance is considered to be a major cause for the failure of
chemotherapy in several types of cancer.

A clever approach to selenium-based gene-directed enzyme prodrug therapy for
cancer was devised by Miki et al. [121]. Their strategy exploits the toxic prooxidant
property of methylselenol, which is released from selenomethionine by cancer cells
that had been transduced with the adenoviral-delivered methionine a,y-lyase gene.
In these cells, the cytotoxicity of the selenomethionine prodrug was increased up to
1,000-fold compared with nontransduced cells. A strong bystander effect occurred
due to methylselenol release from the transduced cells and uptake by surrounding
tumor cells. Methylselenol damaged the mitochondria via oxidative stress and
caused cytochrome c release into the cytosol, thereby activating the caspase
cascade and apoptosis. These investigators also reported that treatment using their
prodrug approach inhibited tumor growth in rodents and significantly prolonged
their survival.

8 Diaryl Diselenides

In a series of nutritional and behavioral studies, diphenyl diselenide compounds
were found to improve memory in a rodent model of Alzheimer’s-type sporadic
dementia, thereby ameliorating learning performance in these animals [122]. In
subsequent studies, these investigators investigated the molecular mechanism of
neuroprotection by p,p’-methoxyl-diphenyl diselenide in cortical neurons exposed
to amyloid-p (AP) peptide as well as in AP-infused mice [123]. The diselenide
compound was found to prevent AB-induced cell death associated with the inhibi-
tion of caspase-3 and caspase-9 activities, poly(ADP-ribose) polymerase cleavage,
and JNK activation. In addition, oral administration of the diselenide at 5 mg/kg for
5 days rescued memory impairment in mice that had been exposed to A fragment
via intracerebroventricular infusion. Taken together, these findings are both timely
and noteworthy, given the intense current interest in developing new approaches for
the treatment of Alzheimer’s disease.

Diaryl diselenides have also been investigated as potential anti-inflammatory
agents. Shin et al. [124] reported that bis-(3-hydroxyphenyl) diselenide inhibits
LPS-stimulated iNOS and COX-2 expression in RAW 264.7 macrophages. The
diselenide compound also significantly reduced the release of TNF-«, interleukin
(IL)-1B, and IL-6, and the authors provided evidence that these activities are due to
the downregulation of NF-kB binding activity. In addition, disubstituted diaryl
diselenides have been found to reduce carrageenan-induced paw edema in rats
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[100], and there is a report [125] that diphenyl diselenide produces a significant
peripheral antinociceptive (i.e., analgesic) effect via a mechanism that is unlike the
activation of opioid, dopaminergic D2, or muscarinic cholinergic receptors.

It should be noted that in a recent review article, Nogueira and Rocha [126] refer
to diphenyl diselenides as ‘“Janus-faced” molecules, since the interaction of
diphenyl diselenide with thiols can give rise to either toxic or beneficial effects.
In truth, this appellation could apply as well to a number of other organoselenium
compounds (see below).

9 Selenium Versus Sulfur in Drug Design

Although selenium and sulfur are members of the same periodic table group, there
are important differences between the chemical properties of these two elements
(see Iwaoka and Arai [127] and references therein for a detailed comparison).
Selenium has a lower electronegativity and larger atomic radius than sulfur. Bond
dissociation energies for C—Se, Se—-H, and Se—Se covalent bonds are 58, 67, and
44 kcal/mol, respectively, whereas the corresponding values for sulfur are 65, 88,
and 63 kcal/mol. Thus, organoselenium compounds should be more reactive than
organosulfur compounds; selenols are more reactive than thiols and Se—Se bonds
can be more easily cleaved than S—S bonds. Importantly, the ability of selenoxides
to act as mild oxidizing agents has been recognized for decades [128].

The differences between selenium and sulfur can be very significant from the
perspective of drug design. One illustrative example is provided by work carried
out in this author’s laboratory on the markedly differing effects of selenide versus
sulfide compounds on norepinephrine production in adrenal chromaffin granules
[26-29]. Both phenylaminoethyl selenide and its sulfur cognate, phenylaminoethyl
sulfide, are readily taken up into chromaffin granules, where they undergo facile
DBM-catalyzed heteroatom oxygenation to produce the corresponding selenide or
sulfoxide product, respectively. However, only the selenoxide product has the
ability to propagate a turnover-dependent redox cycle that results in local depletion
of reduced ascorbate within the chromaffin vesicle. In contrast, the sulfoxide
product formed enzymatically from phenylaminoalkyl sulfide is not capable of
propagating such a redox cycle, and depletion of reduced ascorbate in the chro-
maffin granule consequently does not occur with the sulfide compound. We dem-
onstrated [34] on the basis of potentiometric titrations that these findings are fully
consistent with the redox potentials of the phenylaminoethyl selenoxides, which
range from +410 to +480 mV (depending on the ring substituents) at the pH of the
chromaffin granule milieu. Cyclic voltammetry experiments confirmed that the
peak potentials for the reductive waves, Epc, for sulfoxides are ca. 500 mV lower
than the Epc for the corresponding phenylaminoethyl selenoxides.

More than two decades ago, Ip and Ganther [104] compared the cancer chemo-
preventive efficacy in a rat mammary tumor model of three pairs of selenium and
sulfur analogs; the compounds tested were selenocystamine/cysteamine,
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Se-methylselenocysteine/S-methylcysteine, and selenobetaine/sulfobetaine. In all
cases, the selenium compounds were found to be far more active in chemopreven-
tion than their structurally similar sulfur cognates, and the authors concluded that
selenium compounds may both prevent cellular transformation and delay or inhibit
the expression of malignancy after carcinogen exposure. More recently, Xiao and
Parkin [129] investigated the effects of 27 selenium compounds and 16 structurally
related organosulfur compounds on phase II enzyme activity induction
(a chemopreventive mechanism) in murine hepatoma cells, and identified nine
highly active species, all of which were organoselenium compounds (Fig. 7).

The issue of the relative activities of organoselenium versus organosulfur com-
pounds as antioxidants has been discussed by a number of investigators. For
example, Steinmann et al. [130] found that the reactions of selenocysteine and
selenoglutathione with tyrosyl radicals in N-Ac-Tyr-NH, and in insulin proceed
orders of magnitude more rapidly than the reactions of the corresponding sulfur
analogs. These authors point out that the effective concentration of a selenocysteine
residue in the microenvironment of a selenoprotein is much higher than its concen-
tration in the aqueous compartments of the cell, so a protective function that entails
repair of radical damage to neighboring residues can be envisioned for
selenocysteine. Similarly, phenylaminoethyl selenides have been found to be
much more effective in protecting pUC19 DNA against peroxynitrite-induced
damage than the corresponding sulfur analogs [34]. Iwaoka and Arai [127] have
expressed the view that “progress in selenium biology [has] allowed researchers in
biological chemistry to expand their research arena from sulfur to selenium.” While
this statement is quite evidently true, there are likely major differences between the
mechanisms that underlie the biological activities of organoselenium versus
organosulfur compounds, and this must certainly be kept in mind when extrapolat-
ing to selenium from the large body of information that has accumulated over the
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years about the biology of sulfur compounds. It is reasonable to expect that relevant
mechanistic details will continue to be further elucidated in future investigations.

10 Conclusions and Perspectives

Selenium has a long history of association with human health and disease. We now
recognize that this element is an essential nutrient that is critical to key cellular
processes and to the activities of a number of important enzymes. Great strides have
been made over the past few years in our understanding of the biochemistry of
selenium metabolism, and these efforts have been facilitated by structural determi-
nations of low-concentration metabolites using advanced separation and mass
spectral techniques. With regard to selenoproteins, we now know that the
selenoproteins constituting the human selenoproteome are encoded by 25 genes
in the human genome [13], and very significant progress is being made in charac-
terizing selenoproteins and their physiological functions. As discussed by
Labunskyy et al. in their excellent and very recent review [131], selenoproteins
not only function as antioxidant enzymes but also in diverse cellular processes such
as thyroid hormone function, selenophosphate synthesis, protein folding, and pro-
tein degradation. However, the biological functions of approximately half of the
human selenoproteins still remain unknown [84]. Over the coming years, we can
anticipate that research efforts will be directed at answering important questions
about selenoprotein function and the mechanisms by which these functions are
linked to the health effects of dietary selenium and selenium metabolites in normal
and disease states.

The idea that selenium-containing dietary supplements could be effective in
preventing disease has gone through both optimistic and pessimistic phases. It has
been recognized for decades that a deficiency of dietary selenium in certain
populations is linked to cancer, cardiovascular disease, and various other disorders.
Approximately 20 years ago, the Associated Press, Reuters, the New York Times,
newspapers and media in many cities, and numerous Internet sites all enthusiasti-
cally reported the results of large epidemiological studies indicating that higher
selenium levels are associated with a reduced risk of advanced prostate cancer. The
subsequent failure of the very large and expensive SELECT trial a decade later
greatly dampened the initial enthusiasm for the notion that simple dietary selenium
supplementation could be an effective approach for cancer prevention. Some
subsequent “postmortem” analyses of perceived flaws in the SELECT protocols
did mitigate this disappointment to some extent, but it seems unlikely that govern-
ment funding would be provided in the foreseeable future for any large-scale
selenium supplementation trials similar to SELECT. As recently noted by Weekley
and Harris [101], “with regards to the connection between selenium supplementa-
tion and disease prevention and treatment, there is an astounding gap between the
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efficacy observed in laboratory studies and the mixed results of clinical
trials. . .choice of selenium supplement speciation [sic] in laboratory and clinical
studies may explain some of this efficacy gap.” Another concern that also needs to
be addressed in any future long-term supplementation protocol is the possibility of
long-term dietary selenium toxicity. As well stated by Nogueira and Rocha [100], a
balance must be struck in supplementation studies between nutritional requirements
and the potential toxicological consequences of over- or under-selenium intake.
Clearly, careful attention needs to be paid to the proper formulation and dosage of
selenium dietary supplements.

Dietary supplementation on the one hand and the development of new thera-
peutic entities on the other are quite different matters. Glutathione peroxidase
(GPx) was the first mammalian enzyme whose activity was clearly shown to be
dependent on selenium. Since this selenoenzyme plays such an essential role in
cellular defense against detrimental oxidants, a very strong impetus emerged for the
development of selenium-containing small-molecule “GPx mimics” as potential
therapeutic agents against disease states known to be associated with oxidative
stress. In this regard, Roberts and coworkers [70] state as follows: “GPx activity has
been previously observed to plateau with increased selenium administration, even
as chemoprevention increases. . .this is one reason that it is no longer thought to
play an important role in selenium-mediated chemoprevention.” In this author’s
opinion, it is very unlikely that this statement holds true for all classes of selenium-
based compounds. As detailed in this review, many current efforts continue to focus
on compounds that modulate the glutathione-based — as well as the thioredoxin-
based — antioxidant systems. Nevertheless, a general concern regarding the disap-
pointing clinical outcomes to date of therapy with natural antioxidants in general
must be kept in mind. As stated by Murphy [132], “a large number of well-
conducted clinical trials have been carried out using several different antioxidants
on a range of pathologies with little improvement in clinical outcome for the
patients.” Clearly, as Murphy himself concludes, more sophisticated drug design
efforts are needed in the development of new chemical entities as antioxidants. It
should be clear from the work described in this review that a number of such efforts
with selenium-based compounds are underway.

In conclusion, it is quite evident that a number of selenium-based molecules with
therapeutic potential are under development. While most of the efforts that entail
designed organoselenium compounds — as opposed to inorganic selenium metabo-
lites — are still at the preclinical stage, evidence is emerging that selenium-based
compounds can operate by several biochemical and pharmacological mechanisms.
Since our understanding of the biology, biochemistry, and pharmacology of sele-
nium and selenoproteins is rapidly expanding, we can anticipate that the coming
years will bring further development of new selenium-based pharmaceutical agents
with therapeutic potential against human diseases.
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