
Arch Toxicol (2011) 85:1313–1359

DOI 10.1007/s00204-011-0720-3

REVIEW ARTICLE

Toxicology and pharmacology of selenium: emphasis on synthetic 
organoselenium compounds

Cristina W. Nogueira · João B. T. Rocha 

Received: 4 January 2011 / Accepted: 18 May 2011 / Published online: 1 July 2011
© Springer-Verlag 2011

Abstract The advance in the area of synthesis and reac-
tivity of organoselenium, as well as the discovery that sele-
nium was the cause of severe intoxication episodes of
livestock in the 1930s and the subsequent determination
that selenium was an essential trace element in the diet for
mammals, has motivated intense studies of the biological
properties of both organic and inorganic selenium com-
pounds. In this review, we shall cover a wide range of
toxicological and pharmacological eVects, in which
organoselenium compounds are involved but the eVects of
inorganic compounds were not discussed in detail here. The
molecular toxicity of inorganic selenium was described in
relation to its interaction with endogenous –SH groups to
allow a comparison with that of synthetic organoselenium
compounds. Furthermore, in view of the recent points of
epidemiological evidence that overexposure to selenium
can facilitate the appearance of chronic degenerative dis-
eases, we also brieXy revised the history of selenium toxic-
ity and physiology and how environmental selenium can
reach inside the mammalian cells. The biological narrative
of the element selenium, in the last century, has been
marked by a contrast between its toxic and its beneWcial
eVects. Thus, the potential therapeutic use of simple orga-
noselenium compounds has not yet been suYciently
explored and, consequently, we cannot discard this class of

compounds as promising pharmaceutical agents. In eVect,
the future of the organochalcogens as pharmacological
agents will depend on more detailed toxicological studies in
the oncoming years.
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Introduction

The advance in the area of synthesis and reactivity of orga-
noselenium and organotellurium compounds, as well as the
discovery that selenium was the cause of severe intoxica-
tion episodes of livestock in the 1930s and the subsequent
determination that selenium was an essential trace element
in the diet for mammals, has motivated intense studies of
the biological properties of both organic and inorganic sele-
nium compounds. In fact, the clinical demonstration that
ebselen exhibited borderline neuroprotective eVects against
pathological conditions associated with brain ischemia
about a decade ago (Saito et al. 1998; Yamaguchi et al.
1998; Ogawa et al. 1999; Parnham and Sies 2000) and the
extensive data obtained with animal models demonstrating
that ebselen was eVective against the deleterious eVects
caused by ischemia/reperfusion (Dawson et al. 1995;
Takasago et al. 1997; Imai et al. 2001; Lapchak and Zivin
2003; Ozaki et al. 1997; Hamacher et al. 2009; Seo et al.
2009; Tunc et al. 2009; Gul et al. 2010) further reinforces
the importance of studying the pharmacology and toxicol-
ogy of organoselenium compounds. The study of the envi-
ronmental and dietary toxicity of inorganic and naturally
occurring organic selenium compounds, which was some-
what abandoned, has returned to the mainstream of public
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attention in view of the epidemiological points of evidence,
indicating that long-term overexposure to dietary selenium
can facilitate the development of chronic degenerative dis-
eases such as amyothrophic lateral sclerosis, diabetes type
II, and some types of cancer (Bleys et al. 2007a, b; Stranges
et al. 2007; Bonvicini et al. 2008; Vinceti et al. 2009, 2010;
Stranges et al. 2010).

In this review, we shall cover a wide range of toxicolog-
ical and pharmacological eVects, in which organoselenium
compounds are involved but the eVects of inorganic com-
pounds will not be discussed in detail here. However, the
molecular toxicity of inorganic selenium will be described
in relation to its interaction with endogenous –SH groups to
allow a comparison with that of synthetic organoselenium
compounds, particularly diselenides (Fig. 1). Furthermore,
particularly in view of the recent points of epidemiological
evidence that overexposure to selenium can facilitate the
appearance of chronic degenerative diseases (for review,
see Vinceti et al. 2009, 2010), we will also brieXy revise the
history of selenium toxicity and physiology and how envi-
ronmental selenium can reach inside the mammalian cells.
Since it is not possible to cite all of the Wndings that have
taken place, we apologize to those whose work has been
omitted.

The chemical structures of representative organosele-
nium compounds that will be discussed in this review are
shown in Fig. 1.

A brief history of selenium: an element with two faces

Selenium was discovered by the Swedish chemist Jöns
Jacob Berzelius in 1817, and the name of the element was
given in honor of the Greek Goddess of the moon, Selene

(Arner 2010; Comasseto 2010). About one century ago,
selenium was incorporated in the periodic table (Chen and
Berry 2003) and now, together with oxygen, sulfur, tellu-
rium, and polonium, it is a member of the group 16 (formerly
group 6A), or the group of chalcogens. Consequently,
selenium shares with sulfur and tellurium some physical
and chemical properties.

Selenium as a component of selenoproteins

Nowadays, selenium is recognized as an essential dietary
element for mammalian and for diVerent classes of living
organisms, including archaea, algae, bacteria, and for many
eukaryotes (Shamberger 1981; Foster and Sumar 1997;
Araie and Shiraiwa 2009; Stock and Rother 2009; Lobanov
et al. 2009; Valdiglesias et al. 2010). In eVect, mammals
has about 25 selenoproteins, and higher number of seleno-
proteins are found in sea-water organisms like Wsh and
algae (Lobanov et al. 2007, 2009; Araie and Shiraiwa
2009). In contrast, there is no concrete evidence for a key
physiological role of Se in high plants and fungi, which
makes the phylogenesis of selenoproteins complex and
intriguing.

In mammalians and in diVerent classes of organisms
listed above, selenium behaves as a kind of “supersulfur”,
exclusively in the chemical form of a selenol/selenolate
(R-SeH/R-Se-; Fig. 2). Indeed, selenolate is a softer and
stronger nucleophile than its thiolate analogue, which con-
fers to a given selenol group a stronger reducing power than
that of an analogue thiol group (Nogueira and Rocha 2010).

Nevertheless, we must emphasize that the role played by
selenium in diVerent classes of prokaryote and eukaryote
cannot be viewed as a simple substitution of the sulfur ana-
logue. In the case of mammals, one of the most important

Fig. 1 The chemical structures of representative organoselenium compounds discussed in this review
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soft nucleophiles found in cells and in the extracellular
Xuids is the sulfhydryl group (thiol/thiolate; Fig. 2), which
can be found in the low-molecular-weight compounds (e.g.,
cysteine and glutathione) or in high-molecular-weight pro-
teins. The concentration of low-molecular-weight thiols can
be as high as 5–10 mmol/L, depending on the tissue consid-
ered (Cooper and Kristal 1997; Dringen 2000; Maciel et al.
2000). The selenohydryl group (selenol/selenolate; Fig. 2)
is a softer and a more powerful nucleophile center than the
sulfhydryl group in living cells; however, selenol groups
are much less abundant than thiols and they are found only
in a small number of selenoproteins (Lobanov et al. 2007,
2009; Araie and Shiraiwa 2009). These considerations
clearly indicate the importance of selenium in biology and
demonstrated that even a molar excess of sulfhydryl/thiol/
thiolate groups over selenohydryl/selenol/selenolate groups
cannot carry out the partially elucidated role of selenium in
cell physiology. In eVect, the evolutionary pressure that has
introduced selenium in biology is still not completely
understood, and certainly, selenium is performing a critical
chemistry that sulfur cannot do in the biological system.

Major milestones along the course of identiWcation that
selenium is an element with biological functions were the
biochemical conWrmation that the mammalian glutathione
peroxidase is a selenoprotein (Flohe et al. 1973; Rotruck
et al. 1973; Oh et al. 1974) and the demonstration that this
element is present in selenoproteins in the form of seleno-
cysteine in prokaryotes (Cone et al. 1976) and eukaryotes
(Forstrom et al. 1978). In short, in the form of selenocysteinyl
residues, selenium is found in diVerent selenoproteins, where it
behaves as a softer and more potent nucleophile than its sul-
fur or oxygen analogues (cysteine and serine, respectively,
Fig. 2; Bock et al. 1991; Burk and Hill 1993; Stadtman 1996;
Arner 2010; Nogueira and Rocha 2010). Thereafter, it was
determined that the majority of selenoproteins contain one
selenocysteinyl residue in their structures (for recent, elegant
and concise reviews about selenoproteins, see Lu and

Holmgren 2009 and Lobanov et al. 2009). There are some
exceptions such as the Wsh and mammalian selenoprotein P,
which contains around ten selenocysteinyl residues in its
functional structure (Lobanov et al. 2007, 2009; Araie and
Shiraiwa 2009). Furthermore, the number of selenoproteins
in invertebrates and vertebrates varies from one in some
nematodes to about 30 in Wsh (Lobanov et al. 2009). As
brieXy commented at the beginning of this review, another
intriguing question about the role of selenium in life is why
plants and fungi do not require selenoproteins?

Thus, the physiological or the natural biological chemis-
try of selenium in prokaryotic and eukaryotic cells is medi-
ated basically by its incorporation into selenoproteins. The
incorporation of a selenium atom in vertebrate selenopro-
teins is complex and expensive and requires several enzy-
matic steps and unique macromolecular components,
including the participation of a speciWc t-RNA that is ini-
tially charged with serine (t-RNA[Ser]Sec), the selenocys-
teine insertion sequence (SECIS) element, and protein
factors (an elongation factor EFSec and the SECIS binding
protein 2, SBP2; for a schematic representation of selenocys-
teine incorporation into proteins, see Fig. 3; Bock et al. 1991;
Burk and Hill 1993; Allmang and Krol 2006; Allmang et al.
2009; Carlson et al. 2009).

Fig. 2 Structures of serine, cysteine (thiol-thiolate form) and seleno-
cysteine (selenol-selenolate form). The pKa for cysteine is about 8 and
pKa for selenocysteine is about 5
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Fig. 3 Schematic representation of the complex and energetically
expensive co-translational incorporation of selenocysteine in seleno-
proteins. The incorporation of Se(IV) or Se(VI) into selenocysteine
requires NADPH and reduced glutathione (GSH) as reducing agents.
After Se(IV) or Se(VI) metabolism to Se-(II), Se incorporation in the
organic moiety of serine is assisted by the concerted action of two
enzymes: Wrst, selenophosphate synthase catalyzes the introduction of
a phosphate in the Se-(II) to form selenophosphate. Selenophosphate is
then incorporated in a speciWc serine-charged t-RNA[Ser]Sec, trans-
forming serine in selenocysteine. This selenocysteine-charged t-RNA
can now deliver the selenocysteyl residue into a selenoprotein. The
incorporation of selenocysteine in the UGA codon needs the assistance
of an elongation factor (EFSec), selenocysteine insertion sequence
(SECIS) and SECIS binding protein 2 (SBP2), these elements are
required to recode the UGA termination codon to UGA selenocysteine
codon
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Indeed, the extremely high chemical reactivity of seleno-
cysteine in the presence of oxygen precludes its existence
as free aminoacid in aerobic cell environment. Thus, to cir-
cumvent this chemical problem, the machinery of synthesis
of selenoproteins has evolved to an expansion of the exist-
ing genetic code and the UGA codon, which is normally a
termination code for eukaryotic and prokaryotic proteins,
codiWes for a selenocysteine, when it is present within the
RNA sequences of selenoproteins. In fact, selenocysteine
incorporation via an in-frame UGA codon is accomplished
by a recoding the machinery that guides ribosomes not
to stop at UGA codon on the mRNA from selenoproteins
(Allmang et al. 2009).

Selenocysteine is enzymatically synthesized by the
incorporation of a selenium atom from a selenophosphate
in place of oxygen in O-phosphoseryl-tRNA([Ser]Sec) and
then generating selenocysteyl-tRNA([Ser]Sec) (Allmang
and Krol 2006; Allmang et al. 2009; Carlson et al. 2009).
The reason why selenocysteine “needs” to be formed from
a hydroxyl group of serine and not from a thiol of cysteine
is an intriguing question of biochemistry of selenoprotein
synthesis. This can have both chemical and biological rea-
sons, i.e., perhaps it is “easier” to enzymatically substitute
the oxygen atom by a selenium atom than to substitute the
sulfur atom by a selenium atom. Biologically, perhaps the
machinery used to synthesize selenoproteins has required a
serine to avoid the misincorporation of cysteine in place of
selenocysteine, i.e., the entire machinery of selenocysteine
incorporation into a nascent peptide of a selenoprotein
could commit more mistakes in deciphering between a
cysteine and a selenocysteine when compared with a ser-
ine residue. Here, we will not give details about the beauti-
ful studies with both prokaryotes and eukaryotes that
unrevealed the incorporation of selenium into selenopro-
teins and that have brought to the biology new dimensions
about central aspects of cell biochemistry and physiology
of selenol group (for either comprehensive or important
reviews about the history of selenium incorporation into
proteins, see Bock et al. 1991; Burk and Hill 1993;
Stadtman 1996).

Selenium as a toxic element

In contrast to its essentiality, the history of selenium was
Wrst marked by its toxicity in mammals, which is certainly
related to the fact that the range between deWciency, essen-
tiality, and toxicity is narrow for selenium (Frost and Olson
1972; Shamberger 1981; Rayman 2008; Vinceti et al. 2001,
2009; Valdiglesias et al. 2010). Selenium was Wrst recog-
nized as poison for livestock and mammals, and then, the
element became notorious for its toxicity. The experimental
demonstration that selenium was toxic to vertebrates cre-

ated a strong negative view of the element, which was
termed “selenophobia” (Frost and Olson 1972). “Seleno-
phobia” persisted even after experimental demonstration of
nutritional essentiality of selenium in prokaryotes (Pinsent
1954) and rodents (Schwarz and Foltz 1957). The identiW-
cation of its role in antioxidant enzymes (Flohe et al. 1973;
Rotruck et al. 1973; Arner and Holmgren 2000; Chen and
Berry 2003) and its possible protective eVect against some
types of cancer (Vinceti et al. 2000, 2009; Rayman 2008;
Brozmanová et al. 2010; Micke et al. 2009) have halted
most of the “selenophobia” in recent decades. In fact, the
over-the-counter intake of nutritional supplements with
“the antioxidant” selenium has been stimulated by diVerent
sources, and the use of dietary supplements is common
worldwide (Rayman 2008; Soni et al. 2010), which some
sporadic disastrous consequences (Schuh and Jappe 2007).
However, the recent growing epidemiological points of evi-
dence indicating that chronic nutritional or environmental
overexposure to selenium can increase the risk of some
types of cancer, diabetes type II, and amyotrophic lateral
sclerosis (Vinceti et al. 1996, 1998, 2001, 2009, 2010;
Stranges et al. 2010) strongly indicates that “selenophobia”
must not be abandoned. Most importantly, these epidemio-
logical data clearly indicate that the dietary levels of sele-
nium intake and, principally, the use of dietary supplements
with selenium should be carefully controlled. Conse-
quently, the prolonged intake of any type of selenium-con-
taining formulation (either inorganic or organic) for
nutritional or therapeutic purposes should be done under
medical supervision. Otherwise, we are under the risk of
seeing selenium in the list of chemicals causing silent wide-
reaching nutritional pandemics.

A brief history of the identiWcation of selenium 
as a toxic element

Selenium toxicity was experimentally demonstrated at the
begin of the twentieth century (Franke 1934a, b; Franke
and Painter 1935; Painter 1941; Moxon and Rhian 1943),
and this was retrospectively associated with the cases of
intoxication of horses at the Fort Randall in USA in 1856
and with poisoning of farming animals in the same region
some years later. Indeed, the Wrst conclusive retrospective
association of selenium intake with intoxication of horses
could be done thanks to observation made by Madison, a
physician from the USA army, who described a fatal dis-
ease among the horses that had grazed in a certain area near
to the fort [Madison TC (1860) cited by Moxon and Rhian
(1943) and by Painter (1941)]. Madison observed that cav-
alry horses brought from non-seleniferous to seleniferous
areas started to lack vitality, become emaciated, and lost
weight and the long hair from the mane and tail within
1 month after they were moved to the seleniferous areas
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near to the Fort Randall. This disease appearing in livestock
after ingestion of plants containing about 25 ppm of Se for
several days or weeks was termed “alkali disease” (Moxon and
Rhian 1943). This was the Wrst well-documented description
of mammalian intoxication by naturally occurring selenium
in plants.

The investigations conducted by Franke and collabora-
tors at South Dakota Agricultural and Experiments Station
with plant feed samples obtained from the seleniferous soils
near to the Fort Randall were critical for the identiWcation
of selenium as the etiological agent of “alkali disease”.
Franke and collaborators demonstrated that ingestion of
these “toxic grains and forages containing high selenium
levels” was extremely toxic to rats (Franke 1934a, b;
Franke and Painter 1935; Painter 1941; Moxon and Rhian
1943). They also demonstrated that “most of the poison”
was associated with plant protein fraction and they could
remove all the selenium from the “toxic protein” hydroly-
sate and found that the selenium-free hydrolysate was not
toxic to rats (Franke and Potter 1935). Indeed, the majority
of selenium in plants is found in selenoaminoacids, such as
methylselenocysteine (MetSeCys) and selenomethionine
(Dumont et al. 2006). However, at that time, there were
several confounding factors in the “toxic plants” that could
account for their toxicity in rats. Consequently, Franke and
Painter (1935) added selenite to a basal diet and unequivo-
cally indicated that selenium was the sole causative factor
of toxicity in rats and, by inference, the etiological agent
causing the “alkali disease” in livestock.

As described above, the Wrst well-documented case of
selenium intoxication in mammals was a consequence of
ingestion of pasture with high selenium level. Of particular
biochemical and toxicological signiWcance, the main chem-
ical forms of selenium bioaccumulated in plants are
organic, namely selenomethionine and methylselenocys-
teine (Dumont et al. 2006; Fig. 1). The high selenium con-
tent in these plants was a consequence of the high levels of
selenium in the soil where they have grown (Painter 1941;
Zhu et al. 2009). This illustrative report highlight the criti-
cal role of selenium content in soil in its biogeochemistry
and, particularly, in the potential environmental toxicity of
selenium. However, we would like to emphasize that two
major types of environmental selenium toxicity can be deW-
ned from literature data: (1) a natural environmental sele-
nium toxicity (which is mainly determined by the natural
occurrence of selenium in a particular soil or in aquatic sed-
iments) and (2) an anthropogenic environmental selenium
toxicity (which is determined by the indiscriminate release
of selenium in the environment by humans, commonly for
agricultural proposes or as a supplement in farming
(Cahpman 1999; Lemly 1999; Fordyce 2007; Schrauzer
and Surai 2009). In recent times, a third class of selenium
toxicity has been observed in humans after consumption of

dietary selenium supplement containing non-appropriated
selenium levels (Schuh and Jappe 2007). Furthermore,
severe selenium toxicity (often followed by fatality) has
been occasionally described after suicidal, criminal, occu-
pational, or accidental poisoning with selenium compounds
(Schellmann et al. 1986; Quadrani et al. 2000; Lech 2002;
Hunsaker et al. 2005, Spiller and PWefer 2007; Sutter et al.
2008; Kamble et al. 2009).

Toxicity of organic selenium

Interaction of selenium with thiols

Here, we will not give details about the pathophysiological
consequences of selenium intoxication, but readers can Wnd
this in excellent classical reviews or in original reports about
the acute or chronic toxicity of selenium to livestock and
humans that were cited early in this review, because our
intention is to give more details about the biochemistry of
interaction of organoselenium compounds, particularly
diselenides with thiols of biological signiWcance. The
molecular mechanism(s) involved in selenium toxicity is
not well deWned; however, the interaction of inorganic and
organic selenium with thiols seems to play a central role in
their molecular toxicity. In eVect, Painter (1941) suggested
that the toxicity of selenite could be related to the oxidation
of endogenous thiols. Accordingly, selenite (Se(IV)) can
catalytically oxidize sulfhydryl groups (Tsen and Tappel
1958), producing disulWde and an unstable intermediary
containing –S–Se–S– bonds (Ganther 1968). Consequently,
from a toxicological point of view, the catalytic oxidation of
endogenous low- and high-molecular-weight thiols by cat-
ionic or organic forms of selenium can play a role in the
long-term toxicity observed in humans and animals exposed
to daily doses of selenium slightly above those considered
safe from a nutritional point of view. More recently, it has
been proposed that selenium-mediated thiol oxidation can
produce reactive oxygen species (ROS) that could mediate
the toxicity of inorganic and organic forms of selenium
(Seko et al. 1989; Kitahara et al. 1993; Spallholz 1994;
Davis and Spallholz 1996; Stewart et al. 1998; Spallholz
et al. 2004; Chen et al. 2007; Plano et al. 2010). Accord-
ingly, in vitro studies have indicated that oxidative stress
can be a factor involved in selenium-induced toxicity and
apoptosis in diVerent types of cells in culture (Kitahara et al.
1993; Shen et al. 2001b; Kim et al. 2007; Xiang et al. 2009).

However, experimental demonstration of catalytic oxi-
dation of thiols on the long-term toxicity of environmen-
tally or nutritionally relevant doses of both inorganic and
organic selenium compounds can be diYcult because the
oxidation of thiols may be restricted to a transitory interac-
tion of selenium compounds with few high-molecular-
weight targets involved in the regulation of cell metabolism
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or cell signaling. In eVect, selenium can modify the activa-
tion of diVerent signaling pathways after in vivo or in vitro
exposure to both organic and inorganic selenium forms
(Ghose et al. 2001; Shen et al. 2001a; Sarker et al. 2003;
Muller et al. 2005; Posser et al. 2011). Therefore, the sys-
tematic study of oxidation of sulfhydryl groups from met-
abolically important thio-containing proteins by inorganic
and organic selenium compounds will facilitate the identi-
Wcation of potential in vivo targets that trigger selenium
toxicity. Since molecules containing vicinal thiols are
more eYciently oxidized by selenium forms than mono-
thiol molecules (Barbosa et al. 1998; Maciel et al. 2000;
Farina et al. 2003a), it will be important to study the inter-
action of inorganic and organic selenium with proteins
containing thiols in close proximity in their tertiary struc-
ture. Alternatively, the computational identiWcation of
metabolically relevant proteins containing vicinal thiol
groups could point out which proteins or metabolic path-
ways are more likely to be the targets of inorganic and
organic selenium toxicity.

In vitro molecular toxicity of organoselenium compounds

The basic molecular mechanism(s) involved in the toxicity
of organoselenium compounds are still not completely
understood. One of the reasons for this is the fact that sim-
ple organoselenium compounds, such as diphenyl disele-
nide, have multiple targets. The absence of a single
molecular target generates a complex puzzle that will
require a long period to be deciphered. However, the chem-
istry of interaction of inorganic selenium with thiols has
helped to shed some light on this problem. In eVect, to
some extent, the interaction of organoselenium compounds
with thiols has some similarities to that observed with inor-
ganic selenium. One interesting aspect that can be indicated
is the interaction of the sulfur atom of thiols with the inor-
ganic or organic selenium atom from diVerent compounds.
The formal establishment of a –S–Se bond between thiols
and selenium, particularly in some organo-monoselenides,
can be diYcult; nevertheless, such type of interaction can
easily occur between inorganic selenium and organo-disel-
enide compounds. Here, we will only brieXy discuss the
interaction of thiols with monoselenides, and we will give
emphasis on the interaction of low- and high-molecular-
weight thiols with diphenyl diselenide.

The toxicity of organo-monoselenides can be associated
with their metabolic transformation to their respective
selonoxides (Chen and Ziegler 1994; Akerboom et al.
1995; Rooseboom et al. 2001; Krause et al. 2006). The sel-
enoxide moiety can react with thiols, regenerating the orig-
inal monoselenide and disulWdes. In line with this, we have
demonstrated that methyl phenylselenide and phenyl sele-
noacetylene, which do not oxidize thiols, can oxidize the

sulfhydryl-containing enzyme delta-aminolevulinic acid
dehydratase (�-ALA-D) after its chemical transformation to
their respective selenoxides (Farina et al. 2001; Bolzan
et al. 2002). Furthermore, the administration of methyl
phenylselenide to rodents caused the inhibition of hepatic
�-ALA-D (Folmer et al. 2004), which can be a consequence
of methyl phenylselenide selenoxidation via monooxygen-
ase (Chen and Ziegler 1994; Rooseboom et al. 2001;
Krause et al. 2006). In summary, the in vivo toxicity of org-
ano-monoselenides can result from their selenoxidation via
monooxygenases, which will form selenoxides that can oxi-
dize cellular molecular targets containing thiol groups.
Thus, at least in part, the toxicity of organoselenium com-
pounds of the type R-Se-R can be mediated by interaction
of their metabolically formed selenoxides with endogenous
thiols.

The interaction of thiols with diselenide compounds can
be easily demonstrated (Caldwell and Tappel 1965; Dickson
and Tappel 1969; Chaudière et al. 1992; Barbosa et al.
1998; Maciel et al. 2000) and is certainly an important fac-
tor in the toxicity of simple diaryl and dialkyl diselenide.
Chaudière et al. (1992) have elegantly demonstrated that
thiol oxidase activity could help explain part of the toxic
eVects of diselenides. They have studied the catalytic eVect
of several diselenides and ebselen, as oxidants of low-
molecular-weight thiols (Chaudière et al. 1992; Fig. 4).
Subsequently, we have demonstrated that diphenyl diselenide
and some derivatives could oxidize dithiothreitol (DTT, a
low-molecular-weight thiol) and the enzyme �-ALA-D.
Based on these results, we have proposed that the toxicity
of diphenyl diselenide could be associated with �-ALA-D
inhibition, which could compromise the synthesis of heme-
containing proteins (Fig. 5).

Fig. 4 Oxidation of thiols by diselenides. This Wgure depicts two path-
ways of interaction between thiol groups and diselenides. The toxic
pathway is that leads to the formation of potentially toxic intermediates
(superoxide anion and hydrogen peroxide). The therapeutic pathway is
that leads to the formation of the selenol intermediate, which can, in
analogy to the native GPx enzyme, decompose peroxides. ModiWed
from Nogueira et al. (2004)
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In this study, we have demonstrated that the inhibitory
eVect of diphenyl diselenide could be attenuated by the
removal of oxygen from the medium (Barbosa et al. 1998).
Interestingly, we have also observed that the plant �-ALA-D
was not inhibited by diphenyl diselenide, which was
explained by the absence of vicinal thiols in the active
center of plant enzyme. Thus, the mammalian �-ALA-D
inhibition by diphenyl diselenide was attributed to the presence
of vicinal thiols in the enzyme active center (Barbosa et al.
1998; Farina et al. 2002). The catalytic oxidation of �-ALA-D
by diphenyl diselenide is schematically depicted in Fig. 6).
Furthermore, the inhibition of �-ALA-D could increase the
concentration of its substrate, the 5-aminolevulinic acid,
which is a pro-oxidant molecule (Pereira et al. 1992; Oteiza
and Bechara 1993; Bechara 1996; Penatti et al. 1996; Costa
et al. 1997). Consequently, �-ALA-D inhibition either could
disrupt the aerobic metabolism or could increase the pro-
duction of oxidative stress.

In view of the fact that diphenyl diselenide could
potentially interact with any thiol-containing protein, we
determined the possible in vitro inhibition of other thiol-
containing enzymes by diphenyl diselenide. We have
observed that diphenyl diselenide was an inhibitor of eryth-
rocyte and cerebral Na+, K+-ATPase (Borges et al. 2005b;
Kade et al. 2008; Santos et al. 2009a) and �-ALA-D from
diVerent sources (fruit Xy and Wsh; Golombieski et al.
2008a, b; Soares et al. 2005). Furthermore, diphenyl disele-
nide was also an in vitro inhibitor of diVerent isoforms of

lactate dehydrogenase (LDH) (Kade et al. 2009c; Lugokenski
et al. 2011).

Of particular toxicological signiWcance, ebselen and
diphenyl diselenide can induce mitochondrial dysfunction
in vitro (Yang et al. 2000a, b; Morin et al. 2003; Puntel
et al. 2010). We have observed that ebselen and diphenyl
diselenide induce mitochondrial dysfunction, which was
associated with mitochondrial thiol group oxidation. The
inability of cyclosporine A to reverse mitochondrial eVects
induced by ebselen and diphenyl diselenide suggested that
the redox-regulated mitochondrial permeability transition
(MPT) pore was mechanistically regulated in a manner that
is distinct from the classical MPT pore (Puntel et al. 2010).
In contrast to our results, Morin et al. (2003) have demon-
strated that mitochondrial dysfunction induced by ebselen
was strictly dependent on the presence of Ca2+ and indepen-
dent of pyrimidine nucleotide oxidation. The reasons for
the discrepancy are not clear at the moment. In spite of this,
the deregulation of mitochondrial functioning seems to be
related to the oxidation of thiol groups located in the inner
mitochondrial membrane, which reinforces the role of thiol
group oxidation as a central molecular mechanism involved
in the toxicity of organoselenium compounds. Indeed, ebse-
len and diphenyl diselenide induced mitochondrial protein
aggregate formation via intermolecular –S–S– cross-link
that was prevented by DTT. Furthermore, the selenium-
induced mitochondrial dysfunction mediated by thiol
oxidation may help explain the induction of apoptosis by
ebselen, diphenyl diselenide, and other organochalcogens
(Yang et al. 2000a, b; Plano et al. 2010; Posser et al. 2011)
and the anticancer activity of diphenyl diselenide in female
rats exposed to N-nitroso-N-methylurea (Barbosa et al.
2008a).

In vivo toxicity of organoselenium compounds

Supporting our in vitro data, in vivo exposure to high doses
of diphenyl diselenide was shown to cause the depletion of

Fig. 5 Schematic representation of pathophysiological consequences
of exposure to high dose of diphenyl diselenide (PhSeSePh) in mice.
We have demonstrated that exposure to diphenyl diselenide causes
inhibition of �-ALA-D and this can result in a decrease in blood hemo-
globin (Maciel et al. 2000; Jacques-Silva et al. 2001)

Fig. 6 Catalytic oxidation of 
�-ALA-D by diphenyl disele-
nide. Oxidation of �-ALA-D by 
diphenyl diselenide generates 
the unstable intermediate selenol 
(selenophenol) that is oxidized 
back to diphenyl diselenide by 
molecular oxygen
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non-protein –SH (NPSH) groups in diVerent tissues of
rodents (Adams et al. 1989; Maciel et al. 2000) and to
inhibit hepatic and cerebral �-ALA-D (Maciel et al. 2000;
Jacques-Silva et al. 2001; Barbosa et al. 1998; Kade and
Rocha 2010). Of particular toxicological signiWcance, the
inhibition of �-ALA-D by high doses of diphenyl disele-
nide caused a reduction in the blood hemoglobin content,
supporting our early assumption that the synthesis of heme-
contaning proteins could be hampered by diphenyl disele-
nide (Fig. 5). Furthermore, diphenyl diselenide (at doses
that did not inhibit �-ALA-D) could enhance the eVects of
Xuphenazine on the hepatic �-ALA-D of mice (Dalla Corte
et al. 2009).

The acute and chronic toxicity of organoselenium com-
pounds has not been extensively reported in the literature.
In spite of this, here, we will discuss only the Wndings
obtained with ebselen and diphenyl diselenide and some
analogues. Data about other organoselenium compounds
can be found in the study by Nogueira et al. (2004) and ref-
erences herein. Nozawa group has studied the toxicity of
ebselen (36.5 and 365 �mol kg¡1) in mice after intragastric
administration and reported no toxicity, when body weight
and death were used as endpoints of toxicity (Nozawa et al.
1996). Otherwise, we have observed that ebselen was more
toxic than diphenyl diselenide after acute intraperitoneal
administration in rats (Table 1) (Meotti et al. 2003).

In contrast to diphenyl diselenide, which was more toxic
for mice than for rats, ebselen showed similar acute lethal
potency in rats and mice when administrated by intraperito-
neal route (Meotti et al. 2003). We have also observed that
diphenyl diselenide caused no mortality after acute adminis-
tration by the subcutaneous (Meotti et al. 2003, Nogueira
et al. 2003) or oral (Wilhelm et al. 2009a) route. In mice, the
LD50 for diphenyl diselenide was higher than 1 mmol kg¡1

after gastric gavage (Savegnago et al. 2007c). However, a
signiWcant reduction in the body weight gain was observed
after exposure to 0.025–1 mmol kg¡1 of diphenyl diselenide,
when compared with the control group. Therefore, diphenyl
diselenide was less toxic to mice when administered by the
oral or subcutaneous route than by the intraperitoneal route.

After repeated subcutaneous administration to rats,
diphenyl diselenide induced no toxicological eVects, when

the doses were lower than 100 �mol kg¡1 (Meotti et al.
2008). However, at doses equal to or higher than this,
diphenyl diselenide caused body weight loss and hepatic
biochemical alteration, including �-ALA-D inhibition
(Meotti et al. 2008).

Ebselen administration to suckling rats (36.5 �mol kg¡1)
for 21 days increased hepatic thiobarbituric acid reactive
species (TBARS) and decreased NPSH (non-protein thiol
groups) (Farina et al. 2004). Consequently, in a similar way
to that observed with diphenyl diselenide, the toxicity of
ebselen can be related to endogenous thiol depletion and
can be associated with the oxidation of thiol-containing
enzymes.

Moreover, diphenyl diselenide supplemented in the diet at
30 ppm, a high dose than that of required nutritionally, for
8 months caused no sign of hepatotoxicity or renotoxicity in
rabbits. Despite the relative absence of gross toxicity, some
biochemical alterations related to pro-oxidant activity, such
as the reduction in ascorbic acid levels, was demonstrated (de
Bem et al. 2006, 2007). In contrast, it was recently reported
that acute intraperitoneal administration of a single low
and moderate dose (5 and 50 �mol kg¡1, respectively) of
diphenyl diselenide was associated with hepatic toxicity,
whereas a single high dose of 500 �mol kg¡1 killed 85% of
the rabbits within 5 days (Straliotto et al. 2010). To study the
inXuence of chemical structure in the diaryl diselenide
toxicity, oral acute toxicity of disubstituted diaryl disele-
nides was evaluated in mice. The LD50 values for disubstituted
diaryl diselenides were similar to that found for diphenyl
diselenide (LD50 > 1 mmol kg¡1 for (p-Cl–C6H4Se)2,
p-(CH3O–C6H4Se)2 and (PhSe)2 and >0.62 mmol kg¡1 for
(m-CF3–C6H4Se)2). Therefore, we have demonstrated that
the introduction of functional groups into the aryl group of
diaryl diselenide did not introduce additional toxicity
(Savegnago et al. 2009).

Methylselenocysteine is a monomethylated selenoamino
acid that can be found in plants (Dumont et al. 2006), and it
is also being considered for pharmacological approaches.
To characterize methylselenocysteine toxicity, rats were
exposed daily by gavage at doses of 0.5–2.0 mg kg¡1 day¡1

and beagle dogs received daily gavage doses of 0.15–
0.6 mg kg¡1 day¡1 for 28 days. In rats, methylselenocys-
teine induced dose-related hepatomegaly, mild anemia, and
thrombocytopenia. Hepatocellular degeneration, arrested
spermatogenesis, and atrophy of corpora lutea were also
observed. Female rats were more sensitive to methylseleno-
cysteine toxicity than were male rats. In dogs, methylsele-
nocysteine induced mild anemia. Although no alterations in
hepatic morphology were observed in female dogs, mid-
zonal hepatic necrosis was seen in male dogs exposed to all
dose levels of methylselenocysteine (Johnson et al. 2008).
In the form of selenomethionine, selenium functions as an
essential micronutrient at levels of 0.1–0.2 ppm (mg kg¡1)

Table 1 Lethal dose (LD50) for a single intraperitoneal administration
of diphenyl diselenide and ebselen in rodents and in rabbits

Compounds Animal species LD50 (�mol kg¡1)

Ebselen Rats 400

Mice 340

Diphenyl diselenide Rats 1,200

Mice 210

Rabbits 311
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in the diets of experimental animals, but it becomes toxic at
levels exceeding 5 ppm (Jacobs and Frost 1981). Since
plants and particularly selenium-accumulating plants can
transform inorganic selenium obtained from soil into orga-
noselenium compounds, including methylselenocysteine
and selenomethionine (Dumont et al. 2006; Zhu et al.
2009), the earliest reports on selenium toxicity made by
Franke and collaborators (Franke 1934a, b; Franke and
Painter 1935; Painter 1941; Moxon and Rhian 1943) can be
associated with an excessive ingestion of these two sele-
noaminoacids.

Neurotoxicity of diphenyl diselenide Although diphenyl
diselenide represents a compound with relatively low
toxicity, we have consistently observed that it can cause
neurotoxic eVects in rodents, depending on the dose,
vehicle, the route of administration, and age of the animals.
Accordingly, studies carried out by our research group
demonstrated that exposure for 2 weeks to high doses
(250 �mol kg¡1, subcutaneous) of diphenyl diselenide
increased 3 times the total selenium content in the brains of
mice (Maciel et al. 2003). Additionally, strong evidence has
been accumulated indicating that diphenyl diselenide pre-
sents convulsant activity. In fact, intraperitoneal, but not
subcutaneous or oral (Savegnago et al. 2007c), administra-
tion of diphenyl diselenide provoked seizures in mice (Brito
et al. 2006), suggesting that the neurotoxicity of diphenyl
diselenide depends on the route of administration and possi-
bly depends on its metabolism to a neurotoxic intermediate
that can be accumulated to toxic levels only in mice after
intraperitoneal administration. In contrast to that observed
after intraperitoneal administration of diphenyl diselenide to
mice, subcutaneous injection of diselenide protected mice
from the convulsant and lethal eVect of 4-aminopyridine
(Brito et al. 2009). Consequently, the organoselenium neu-
rotoxic eVect is related to species and the route of adminis-
tration, since diphenyl diselenide administration, either
intraperitoneal or subcutaneous (Nogueira et al. 2003), pro-
duced no seizure episodes in rats. In the same way, rabbits
exposed to lethal doses of diphenyl diselenide did not pres-
ent overt sign of neurotoxicity (Straliotto et al. 2010).

Further, in the case of alteration in the chemical structure
of diphenyl diselenide, the introduction of functional
groups into the aryl group of diaryl diselenide (p-methyldi-
phenyl diselenides, p-chlorodiphenyl diselenides, o-amino-
diphenyl diselenides, and m-triXuoromethyldiphenyl
diselenides) abolished the convulsive eVect in mice. In the
case of alkyl diselenides, the latency for onset of seizures
increased as the aliphatic chain increased from 1 to 3 car-
bon atoms. Furthermore, dibutyl diselenide, dipentyl disele-
nide, and dihexyl diselenides did not induce seizures in
mice (Nogueira et al. 2003).

In addition to the inXuence of the species considered, the
neurotoxicity of diphenyl diselenide is also modiWed by the
age of the rats. In fact, diphenyl diselenide administrated by
the oral route, which causes no sign of neurotoxicity in
adult rats, caused seizure in rat pups (Prigol et al. 2007). In
an extension of this study, we showed a signiWcant negative
correlation between the latency for the Wrst seizure episode
and the levels of diphenyl diselenide in the brains of rat
pups (Prigol et al. 2010).

Data on toxicokinetic of oral administration of diphenyl
diselenideat the dose of 500 mg kg¡1 to adult rat and mouse
revealed that peak plasma diphenyl diselenide levels were
13.13 and 10.11 �g ml¡1 (Cmax), respectively, and occurred
at 0.5 h (Tmax) post-dosing (Prigol et al. 2009d).

Pharmacology of organoselenium compounds

The pioneering study of Schwarz and Foltz in the early
1950s provided the initial observations of that selenium, the
essential part of the kidney extract from which selenium
was Wrst identiWed, the active organic Factor 3, prevents
liver necrosis in rats fed a selenium-deWcient torula yeast-
based diet (Schwarz and Foltz 1957). The association
between selenium and liver pathology led rapidly to the
recognition that selenium is a nutritionally important trace
element and the picture of selenium story started to change
(OldWeld 1987; Navarro-Alarcon and Cabrera-Vique 2008),
particularly after the demonstration of its molecular func-
tion in mammalian cells. The identiWcation of selenocys-
teine in the active center of hepatic rat glutathione
peroxidase brought to scene a new nucleophile, i.e., the sel-
enolate. This group participates as a powerful reducing
agent in antioxidant enzymes such as glutathione peroxi-
dase and thioredoxin reductase (Flohe et al. 1973; Rotruck
et al. 1973; Oh et al. 1974; Lu and Holmgren 2009; Nogueira
and Rocha 2010).

Since glutathione peroxidase catalyzes the reduction of a
wide variety of hydroperoxides but has some shortcomings,
such as instability, poor availability, and high molecular
weight, which limit its therapeutic application, considerable
eVorts have been made to Wnd organoselenium compounds
capable of imitating the enzymatic properties of glutathione
peroxidase and free of drawbacks. In this context, several
research groups have developed a number of small mole-
cules, including substituted diselenides, N-Se heterocycles,
and other type of organoselenium compounds with glutathi-
one peroxidase-like activity (Bhabak and Mugesh 2010).
Additionally, semisynthetic enzymes, obtained by enzyme
engineering, have been also suggested as glutathione perox-
idase-like catalytic molecules (Ren et al. 2002; Luo et al.
2003).
123



1322 Arch Toxicol (2011) 85:1313–1359
Antioxidant activity

Oxidative stress is the harmful condition characterized by a
shift toward the pro-oxidant in the pro-oxidant/antioxidant
balance in living cells. Several factors including exposure
to xenobiotic, radiation, trauma, infection, air pollution,
excess intake of lipids and sugar, and strenuous physical
activity could favor a pro-oxidative status of the cells and,
consequently, can facilitate the development of a variety of
diseases. In fact, oxidative stress has been implicated in
many diseases such as Alzheimer, Parkinson, myocardial
infarction, atherosclerosis, and diabetes.

Organoselenium compounds, able of propagating the
redox cycle of selenium, with the property of imitating the
redox physiological chemistry of selenol/selenolate groups,
might supplement natural cellular defenses against the oxi-
dizing agents. Therefore, synthetic organoselenium com-
pounds could represent a novel therapeutic target for
diseases where oxidative stress plays a role (Arteel and Sies
2001). However, one of constrains in the development of
organoselenium compounds is their instability, when they
are in the selenol intermediate form, their poor water solu-
bility, and the futile thiol oxidase cycle that consumes thiol
without decomposing peroxide. Indeed, here two aspects
must be considered: (1) an eYcient and rapid interaction of
a –Se–Se– bond with reduced thiols is essential for the for-
mation of selenol intermediate molecules (RSeH); but (2)
an extremely reactive selenol that could easily react with
oxygen is inadequate, because a diselenide of this type
could initiate a futile cycle that could consume a large
quantity of endogenous thiols without decomposing perox-
ides. For an organoselenium compound to act as an antioxi-
dant, it must show nucleophilicity necessary for glutathione
peroxidase-like activity, free radical scavenger activity, and
low toxicity. In this way, pharmacological research with
organoselenium compounds has provided fascinating chal-
lenges in dose–response relationships because of its con-
trasting behavior that is dose dependent (Nogueira and
Rocha 2010).

Glutathione peroxidase-like activity

The Wrst organoselenium compound reported in the litera-
ture as glutathione peroxidase mimetic molecule was ebse-
len. Ebselen in the presence of glutathione catalyzes the
reduction in a wide variety of hydroperoxides and can assist
cellular defense system against so-called oxidative stress
(Parnham and Kindt 1984; Wendel et al. 1984; Müller et al.
1984). The mechanism of the catalytic reduction in hydro-
peroxides by ebselen was proposed by Maiorino and
co-workers and appeared kinetically identical to that of the
enzyme reaction, a ter uni ping-pong mechanism (Maiorino
et al. 1988). As demonstrated in Fig. 7, ebselen reacts with

the thiols to aVord a selenenyl sulWde. The selenenyl sulWde
reacts with a second equivalent of GSH to yield a single
product that is characterized as selenol. Finally, the selenol
reacts with H2O2 or organic hydroperoxide to form H2O or
the respective alcohol (ROH) and ebselen selenenic acid,
which spontaneously produces another molecule of H2O
and regenerates ebselen. However, it is diYcult to accept
that the selenenic acid intermediate of ebselen could spon-
taneously regenerate ebselen. It is more plausible to sup-
pose that, in analogy to that occurs in the active center of
native seleno-glutathione peroxidase, selenenic acid inter-
mediate reacts successively with two thiol equivalents to
regenerate the selenol intermediate of ebselen.

It is important to point out that contrasting to the reac-
tion catalyzed by the enzyme, which contains binding sites
conferring substrate speciWcity, ebselen and other organo-
selenium compounds can utilize a variety of thiols (Wendel
et al. 1984; Müller et al. 1984; 1985; Fischer and Dereu
1987; Engman et al. 1992; Iwaoka and Tomoda 1994;
Mugesh et al. 2001), in addition to GSH, as a substrate
(Cotgreave et al. 1987; Maiorino et al. 1988; Haenen et al.
1990).

On the other hand, a set of points of evidence have indi-
cated that ebselen displays relative catalyst activity in the
reduction in hydroperoxides with aryl and benzylic thiols
(Back and Moussa 2002, 2003; Back et al. 2004). Back has
demonstrated that alkylselenenyl sulWdes undergo a deacti-
vation pathway that competes with the main catalytic cycle
(Fig. 8). Thus, this Wgure can help explain the reduction in
the catalytic property of ebselen (Back and Moussa 2003).

The fact that the glutathione peroxidase mimetic activity
of ebselen depends on the reduction of the selenenic acid to
selenol by thiols motivated Mugesh and collaborators to
study the eVect of the nature of the thiols on peroxidase

Fig. 7 The mechanism of the catalytic reduction of hydroperoxides by
ebselen. ModiWed from Nogueira et al. (2004)
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activity of ebselen. The Mugesh’s study was the Wrst exper-
imental evidence that any substituent that is capable of
enhancing the nucleophilic attack of thiol at sulfur in the
selenenyl sulWde intermediate would enhance the antioxi-
dant potency of ebselen and other organoselenium com-
pounds. It was demonstrated that the use of thiol having an
intramolecular coordinating group would enhance the bio-
logical activity of ebselen. According to Fig. 9, S–N inter-
actions modulate the attack of an incoming thiol at the
sulfur atom in ebselen selenenyl sulWde (Sarma and
Mugesh 2005).

In an extension of this research, Bhabak and Mugesh
further revealed that the nature of the peroxide has little
eVect on the catalytic eYciencies, while the nature of thiols
shows a dramatic eVect on the catalytic activity of ebselen
and its analogues (Bhabak and Mugesh 2007).

The inXuence of electronic and steric eVects on the GPx-
like activity of ebselen has been also reported. The incorpo-
ration of a substituent ortho to the selenium atom sterically
hinders the attack of a nucleophile at selenium, prevents
thiol exchange reactions, and promotes the production of
selenol, the GPx-active form, and thus, the GPx-like activ-
ity is greatly enhanced. This study further demonstrated
that the electronic nature of the substituents is less impor-
tant than their steric eVects to the peroxidase-like activity
(Pearson and Boyd 2008).

In 2008, Sarma and Mugesh postulated a revised mech-
anism for the GPx-mimetic activity of ebselen. Consider-
ing the complications associated with the catalytic
mechanism of ebselen and that none of the intermediates

other than the selenenyl sulWdes have been conWrmed, a
reversible cyclization pathway was demonstrated
(Fig. 10). This study shows the Wrst structural evidence
that the seleninic acid, which was never proposed as an
intermediate in the catalytic mechanism of ebselen, is the
only stable and isolable product in the reaction of ebselen
with peroxides. Cycle A shows that ebselen could be oxi-
dized to the selenoxide derivative a by the reaction with
hydrogen peroxide (Cycle A, step 1). In the presence of
excess thiol, under physiologically relevant conditions,
the Se-N bond in ebselen selenoxide a is readily cleaved
by the thiol to produce the corresponding thiolseleninate
b followed by the formation of selenenic acid c (Cycle A,
step 3). The nitrogen nucleophilic attack to the selenium
atom regenerates ebselen and water (Cycle A, step 4). On
the other hand, the thiol group could cleave ebselen to
give selenyl sulWde d which reacts with the thiol group
and gives the ebselen selenol e (Cycle B, step 2). Ebselen
selenol e could be oxidized to selenenic acid c (Cycle B,
step 3), participating in cycle A. The disproportionation
of the selenenyl sulWde d to produce the corresponding
diselenide f (Cycle C, step 2) was demonstrated to be
more important than the generation of selenol. Finally, the
authors suggest that the regeneration of ebselen by cycli-
zation of the selenenic acid under a variety of conditions
protects the selenium moiety from irreversible inactiva-
tion (Sarma and Mugesh 2008).

The decade of the 1990s was characterized by an enormous
development in the Weld of small synthetic organoselenium
compounds that mimic glutathione peroxidase catalytic
activity, such as benzoselenazinones (Jacquemin et al. 1992),
benzoselenazolinones (Galet et al. 1994), camphor-derived
selenenamide (Back and Dick 1997), 2-phenylselenenyl-
naphthol (Engman et al. 1995), alfa-(phenylseleny)ketones
(Engman et al. 1994), and oxygen-containing diselenides
(Wirth 1998).

Moreover, a number of attempts have been made to
design and synthesize ebselen-related GPx mimics based
on substituent eVects or isosteric replacements, most of
them met with limited success. Ebselen derivatives, ben-
zisochalcogenazolones, contain intramolecular interactions
as Se-O increased the catalytic activity of ebselen. For
instance, benzisoselenazolones N-alkyl substituted were
more active than ebselen. However, benzisoselenazolone
N-phenyl substituted showed lower peroxidase activity than
ebselen, which could be attributed to its poor solubility.

Fig. 8 Alkylselenenyl sulWdes undergo a deactivation pathway that
competes with the main catalytic cycle, reducing the catalyst property.
ModiWed from Back and Moussa (2003)
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Following the rule that reactivity toward hydroperoxides
increases as one descends the chalcogen group, benzisotel-
lurazolone was 1.5 times more active than the selenium
analogue (Zade et al. 2004).

In this context, it has been reported that the synergistic
eVect of selenium and pyrroline substituents greatly
enhances the GPx-like activity of ebselen (Kalai et al.
2005).

Attempts have been made to improve the water solubil-
ity of organochalcogen compounds. Thus, organochalco-
gens with an o-hydroxy function in close proximity to the
selenium atom have been tested as glutathione peroxidase
mimetic. The results demonstrated that hydroxybenzyl
diselenide and cyclic seleninate ester were more eYcient
catalysts in comparison with ebselen and have comparable
activity to that of aliphatic seleninate ester. Allyl and
hydroxybenzyl selenides have a poor GPx-like activity. A
spirocyclic compound, containing selenium in oxidation

state IV, was less active than the cyclic seleninate ester. It is
important to point out that although the introduction of an
o-hydroxy function close to the selenium atom of disele-
nides improved the GPx-like activity, in the case of sele-
nides, the enhancement of catalytic activity was not
observed (Tripathi et al. 2005).

Additionally, the GPx-like activity of tertiary- and
secondary-amide-substituted diaryl diselenides has been
investigated. Thus, tertiary-amide-substituted diselenides
showed higher activity than the corresponding secondary-
amine-based compounds (Bhabak and Mugesh 2009a). The
authors also showed that diVerent catalytic mechanisms
may account for the lower GPx-mimetic activity of the
secondary-amine-based compounds as compared to that of
the tert-amide-substituted diselenides (Bhabak and Mugesh
2008).

A series of sec-amine-substituted diselenides were
reported as GPx-mimetic compounds. N-methyl derivative
and N-alkyl-based compounds were signiWcantly more
active than the corresponding N,N-dimethyl derivative and
N,N-dialkyl derivatives. The replacement of the tert-amino
groups in N,N-dialkyl benzylamine-based diselenides by
sec-amine moieties increased the GPx-like activity, for gen-
erating the catalytically active selenols. Taken together, the
authors concluded that the absence of thiol exchange reac-
tions in the selenenyl sulWdes may account for the highest
catalytic activity of sec-amine-based diselenides (Bhabak
and Mugesh 2009b).

Recently, a series of chiral amino acid derivatives con-
taining selenium were investigated with respect to their
GPx-mimetic activity. Thereupon, concluding that disele-
nides derived from L-phenylalanine, containing carbon
chains with three and four atoms, exhibited higher peroxi-
dase catalytic activity than diphenyl diselenide. By con-
trast, diselenide containing a short chain length, one carbon
atom, was a poor catalyst. It was clearly demonstrated that
the increase in the chain length between the selenium atom
and the carbonyl group of the amino acid increases the GPx
catalytic activity (Alberto et al. 2009).

Furthermore, a previous study from our laboratory indi-
cated that p-chlorodiphenyl diselenide, diphenyl diselenide,
and diethyl diselenide were more catalytic than ebselen.
Diselenides, p-aminodiphenyl diselenide, and dibutyl disel-
enide had poor GPx-like activity, while p-methoxyldiphe-
nyl diselenide and dipropyl diselenide had no eVect (Meotti
et al. 2004; Wilson et al. 1989). Additionally, we have
demonstrated that dicholesteroyl diselenide, which has a
bulky organic moiety, markedly decreased GPx-like activ-
ity when compared with diphenyl diselenide (Kade et al.
2008).

Dihydro quinoline, an antioxidant used to protect poly-
unsaturated fatty acids in Wshmeal and various animal feeds
(de Koning 2002), has been used as prototype drug to

Fig. 10 A revised mechanism for the GPx-mimetic activity of ebselen
proposed by Sarma and Mugesh (2008). Cycle A shows that ebselen
could be oxidized to the selenoxide derivative a by the reaction with
hydrogen peroxide (Cycle A, step 1). In the presence of excess thiol, the
Se-N bond in the ebselen selenoxide a is readily cleaved by the thiol to
produce the corresponding thiolseleninate b followed by the formation
of selenenic acid c (Cycle A, step 3). The nitrogen nucleophilic attack
to the selenium atom regenerates ebselen and water (Cycle A, step 4).
The thiol group could cleave ebselen to give selenyl sulWde d which
reacts with the thiol group and gives the ebselen selenol e (Cycle B,
step 2). Ebselen selenol e could be oxidized to selenenic acid c (Cycle
B, step 3), participating in cycle A. The disproportionation of the
selenenyl sulWde d produces the corresponding diselenide f (Cycle C,
step 2)
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synthesize selenide analogues with the perspective to
obtain GPx-mimetic compounds. Ethylseleno analogue was
more catalytic than diphenyl diselenide, while phenylseleno
analogue had peroxidase activity similar to diphenyl disele-
nide, a reference compound in this study. The corresponding
telluro analogues were the most eYcient catalysts (Kumar
et al. 2007).

Allyl 3-hydroxypropyl selenide after a series of oxida-
tion and [2,3] sigmatropic rearrangement steps in situ gen-
erated the corresponding cyclic seleninate, which has
higher GPx-mimetic activity than ebselen. Results from
Bach group reXect that O–Se compounds can be even more
eVective catalysts than the more widely studied N–Se ana-
logues (Back and Moussa 2002, 2003). The exceptional
GPx-mimetic activity of di(3-hydroxypropyl) selenide was
also reported by Back and collaborators. Of particular
importance, the mechanism for peroxidase catalytic activity
of di(3-hydroxypropyl) selenide is distinct from that
employed by GPx enzyme and by many of its small-mole-
cule mimetics and involves a spirodioxaselenanonane, as an
intermediate (Fig. 11) (Back et al. 2004).

GPx-like catalytic activity of trans-3,4-dihydroxysele-
nolane, a water-soluble cyclic selenide, was reported.
Cyclic selenide exhibited higher GPx-mimetic catalytic
activity than linear analogue. The increased catalytic activ-
ity is attributed to the cyclic structure, which elevates the
highest occupied molecular orbital (HOMO) energy level
and makes the selenium atom more exposed to the sur-
roundings (Kumakura et al. 2010).

Lipid peroxidation and radical-scavenging activity

In the last two decades, the antioxidant activity of ebselen
(Hermenegildo et al. 1990; Gustafson and Pritsos 1991;
Pritsos et al. 1992; Geiger et al. 1993; Miyazawa et al. 1993;
Christison et al. 1994; Li et al. 2000; Rossato et al. 2002a;
Tiano et al. 2003) and other organoselenium compounds
(Andersson et al. 1994; Ostrovidov et al. 2000; Rossato
et al. 2002b; Meotti et al. 2004) has been reported in diVerent

experimental models. A number of studies emphasize that
organoselenium compounds can eVectively scavenge and
eliminate reactive oxygen species.

A series of newly synthesized analogues of ebselen
(2-(5-chloro-2-pyridyl)-7-azabenzisoselenazol-3(2H)-one,
2-phenyl-7-azabenzisoselenazol-3(2H)-one, 2-(pyridyl)-7-
azabenzisoselenazol-3(2H)-one, 7-azabenzisoselenazol-
3(2H)-one, and bis(2-aminophenyl) diselenide) were
screened for antioxidant activity in human blood platelets.
Among these compounds, only bis(2-aminophenyl) disele-
nide inhibited lipid peroxidation and this antioxidant eVect
was higher than that of ebselen. Bis(2-aminophenyl) disele-
nide was also eVective in preventing the generation of oxi-
dized low-molecular-weight thiols (GSH, cysteine CSH,
cysteinylglycine CGSH) in platelets (Saluk-Juszczak et al.
2006).

Ebselen and its related derivatives were investigated on
horseradish peroxidase (HRP) activity as well as on the
antioxidant activity in terms of GPx-like, oxygen singlet,
and lipid peroxidation. a good negative correlation between
GPx-like and the HRP activities of ebselen and its tellurium
derivative has been demonstrated. By contrast, Se-methyl
and Se-benzyl derivatives of ebselen showed GPx-mimetic
activity but did not inhibit HRP activity. As discussed in
the above section, the GPx-mimetic activity of organosele-
nium compounds not only depends on the reactivity of the
selenol intermediates toward hydrogen peroxide but also
depends on the reactivity of the selenenyl sulWde intermedi-
ates toward thiols. Since in the Mugesh’s study there was
no addition of thiol in the HRP assay, the reactivity of ebse-
len and its tellurium derivative toward hydrogen peroxide
may account for their inhibitory action in the HRP activity.
Moreover, ebselen was the most potent in protecting
against �-radiation-induced lipid peroxidation, while ebse-
len diselenide was the least eVective (Mishra et al. 2006).

A simple, stable, and water-soluble diselenide derivative
of selenocystine, 3,3�-diselenodipropionic acid, was exam-
ined for in vitro antioxidant activity, free radical reactions,
GPx-mimetic activity, and cytotoxicity. 3,3�-Diselenodiprop-
ionic acid and ebselen were equally eVective in protecting
red blood cells from hemolysis. 3,3�-Diselenodipropionic
acid was an excellent scavenger of peroxyl radicals and
showed GPx-like activity with higher substrate speciWcity
toward peroxides than toward thiols. Although the peroxi-
dase catalytic activity of ebselen is much higher than that of
3,3�-diselenodipropionic acid, the diselenide of selenocystine
is a non-toxic water-soluble molecule that could be used as a
model for the synthesis of more active and potent selenium
antioxidants (Kunwar et al. 2007).

Simple diaryl diselenides have been screened for in vitro
antioxidant activity (Meotti et al. 2004). Thereupon,
concluding that diaryl diselenides, diphenyl diselenide
and p-chlorodiphenyl diselenide, and dialkyl diselenides

Fig. 11 The mechanism for peroxidase catalytic activity of
di(3-hydroxypropyl) selenide is distinct from that employed by GPx
enzyme and involves a spirodioxaselenanonane, as an intermediate.
ModiWed from Back et al. (2004)
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such as diethyl, dipropyl, and dibutyl diselenides, were the
most potent antioxidants in the brain homogenate of mouse
in vitro (Meotti et al. 2004). Although there are few pub-
lished studies on molecular mechanisms involved in
diphenyl diselenide antioxidant property, diphenyl disele-
nide is generally thought to exert its antioxidant action by
mimicking glutathione peroxidase. It is possible to
hypothesize that the formation of stable selenolate ions
increases the reducing property of this molecule and its
antioxidant property. Therefore, the eVect of pH on GPx-
mimetic activity and other possible mechanisms involved
in the diphenyl diselenide antioxidant activity were inves-
tigated. On the one hand, diphenyl diselenide had neither
free radical-scavenging nor Fe2+-chelating ability. How-
ever, diphenyl diselenide exhibited increasing ability to
reduce Fe3+ with increasing pH. On the other hand, the
GPx-like activity of diphenyl diselenide was maximum at
physiological pH and totally abolished in the acidic
medium. Furthermore, irrespective of the pH of the
medium, diphenyl diselenide signiWcantly inhibited both
deoxyribose degradation under hydrogen peroxide and
Fe2+ assault as well as lipid peroxidation; suggesting that
the antioxidant mechanism of diphenyl diselenide in the
acidic medium may not be related to its generally accepted
GPx-mimetic activity (Ogunmoyole et al. 2009; Hassan
et al. 2009a, b, c, d).

In support to the in vitro evidence of diphenyl diselenide
antioxidant activity, a number of studies revealing its
antioxidant action in diVerent models of oxidative stress
in brain, kidney, and liver of rodents and platelets of
humans have been reported (Posser et al. 2006; Puntel
et al. 2007; Luchese et al. 2007, 2009a, b; Kade et al.
2009c; Dalla Corte et al. 2009; Prigol et al. 2009c). In this
context, the antioxidative property of disubstituted diaryl
diselenides has been also demonstrated. From experi-
ments with diphenyl diselenide, m-triXuoromethyldiphenyl
diselenide, p-chlorodiphenyl diselenide, and p-methoxyldi-
phenyl diselenide, it was possible to conclude that all
diselenides were able to protect against oxidative damage
caused by sodium nitroprusside in the brains of mice (Prigol
et al. 2009b).

Further, a series of alkynylselenoalcohols were screened
for in vitro antioxidant activity. The results revealed that
the antioxidant activity of selenides depends on their chem-
ical structures. For instance, alkynylselenide containing a
butyl group bonded to the selenium atom showed better
antioxidant proWle than alkynylselenoalcohol with a
hydroxypropyl group. The substitution of phenyl for butyl
group in alkynylselenoalcohol did not modify the eVect of
the former compound on lipid oxidation. Alkynylselenide
containing a butyl group bonded to the selenium atom
showed DPPH radical-scavenging activity. Alkynylseleno-
alcohol having a hydroxypropyl group and its tellurium

analogue inhibited isocitrate-mediated oxidation of Fe2+

(Acker et al. 2009a).

Peroxynitrite scavenging activity

In addition to the recognized eYciency of organoselenium
compounds in reacting with hydroperoxides, an increasing
amount of evidence shows that ebselen and other organose-
lenium compounds can also protect against peroxynitrite, a
potent inXammatory mediator (Sies et al. 1998; Woznichak
et al. 2000; Masumoto and Sies 1996; Masumoto et al.
1996; Roussyn et al. 1996; Filipovska et al. 2005).

In fact, peroxynitrite (ONOO¡) is a strong oxidizing and
nitrating agent that is produced by the diVusion-limited
reaction of nitric oxide and superoxide anion. The forma-
tion of peroxynitrite may be beneWcial in inXammatory
reactions in terms of an oxidative destruction of intruding
microorganisms. Higher concentrations and an uncon-
trolled generation of peroxynitrite, however, may result in
an unwanted oxidation and the consecutive destruction of
host cellular constituents.

Taking this into account, ebselen reacts with peroxyni-
trite eYciently, exhibiting one of the highest second-order
rate constants for a low-molecular-weight compound
(Masumoto and Sies 1996).

The mechanism proposed to explain the catalytic reduc-
tion of peroxynitrite by ebselen, in analogy with the gluta-
thione peroxidase catalytic cycle, is depicted in Fig. 12.
According to Fig. 12, ebselen acts catalytically in reducing
peroxynitrite to nitrite, giving the ebselen selenoxide, as the
sole selenium-containing product at 1:1 stoichiometry
(Masumoto et al. 1996), followed by the reduction of this
selenoxide back to ebselen in two consecutive one-electron
reduction steps via the selenodisulWde, utilizing reducing
equivalents in the form of glutathione. Ebselen selenoxide
can also be reduced by the mammalian selenoprotein thio-
redoxin reductase at the expense of NADPH (Arteel et al.
1999).

Fig. 12 Peroxynitrite is an oxidizing and nitrating agent and may
result in an unwanted oxidation and the consecutive destruction of host
cellular constituents. ModiWed from Masumoto et al. (1996)
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Diaryl diselenides, diphenyl diselenide and p-chlorodi-
phenyl diselenide, and ebselen were reported as inhibitors
of lipid peroxidation induced by sodium nitroprusside, a
NO and ferricyanide generator, which is a redox-active
compound (Rossato et al. 2002b). The results clearly dem-
onstrated that ebselen was more eVective than diselenides
in scavenging NO generated by lipid peroxidation. Thus,
further studies are necessary to establish whether disele-
nides can react directly with NO in addition to NOO¡ or
whether the antioxidant eVects of these organoselenium
compounds against sodium nitroprusside-induced lipid per-
oxidation are mediated by an interaction with lipids from
brain and not related to NO itself.

Evidence has been found to suggest that organoselenides
are able to catalytically reduce peroxynitrite. Phenylamino-
ethyl selenides protected plasmid DNA from peroxynitrite-
mediated damage by scavenging this powerful cellular
oxidant. The protective eVect of phenylaminoethyl selenide
was potentiated by GSH-mediated redox cycling of selenium
forming phenylaminoethyl selenoxide as the sole selenium-
containing product (Fig. 13) (De Silva et al. 2004).

The in vitro eVect of bis(2-aminophenyl)-diselenide was
compared with ebselen on the level of carbonyl group for-
mation, tyrosine nitration, and lipid peroxidation induced
by peroxynitrite in plasma. From this study, a similar pro-
tective eVect of bis(2-aminophenyl)-diselenide and ebselen
against peroxynitrite-induced oxidative/nitrative damage to
human plasma proteins and lipids was revealed (Nowak
et al. 2006).

The protection against peroxynitrite-mediated nitration
reaction by diorganoselenides has been investigated. The data
presented by the authors clearly demonstrated that selenides,
having basic amino groups with weak intramolecular Se-N–C
single bond interaction, were more active than the selenides
having imino groups with strong Se-N–C double bond

interaction against peroxynitrite-mediated nitration reactions.
The selenoxides of diorganoselenides, which can be reduced
back to selenides, showed better protective action in the
peroxynitrite assay than diorganoselenides. Intramolecularly,
coordinated diaryl selenoxides, aryl benzyl selenoxides, and
aryl alkyl selenoxide, lacking a �-hydrogen, did not undergo
any selenoxide elimination reaction (Kumar et al. 2006).

Selenomethionine protects against peroxynitrite (NO3
¡)

more eVectively than methionine, the sulfur analogue
(Briviba et al. 1996). This selectivity is attributed to a more
easily oxidation of the selenium than sulfur atom. The oxi-
dized selenomethionine is eVectively reduced to selenome-
thionine by GSH, which involves the formation of a
transient species of Se-N important for the reduction pro-
cess (Fig. 14) (Assmann et al. 1998, 2000).

Organoselenium compounds can be substrates 
of mammalian thioredoxin reductase

The mammalian selenium-containing protein thioredoxin
reductases have wide range of substrate speciWcity (Holmgren
1985), reducing not only diVerent thioredoxins but also
sodium selenite (Kumar et al. 1992), selenodiglutathione
(Björnstedt et al. 1992), selenocystine (Björnstedt et al.
1997), selenenyl iodides (Mugesh et al. 2002, 2003), ebse-
len (Sies and Masumoto 1997; Zhao and Holmgren 2002;
Zhao et al. 2002; Lu et al. 2009), diphenyl diselenide, and
some analogues (Freitas et al. 2010). Thiredoxin reductase
can reduce the selenenyl sulWde complex of serum albu-
min–ebselen and release free ebselen (Arteel et al. 1999).

Strong evidence from the Zhao group indicates that the anti-
oxidant and other pharmacological properties of ebselen are, to
a large extent, due to its reactions with the thioredoxin system
(Zhao and Holmgren 2002). The thioredoxin system consists
of NADPH, thioredoxin (Trx), and thioredoxin reductase
(TrxR). Thioredoxin reductase is a dimeric FAD-containing
enzyme that catalyzes the NADPH-dependent reduction of the
active-site disulWde in oxidized thioredoxin to give a dithiol in
reduced thioredoxin (Trx(SH2) (Tapiero et al. 2003).

Fig. 13 The mechanism proposed to explain the catalytic reduction of
peroxynitrite by phenylaminoethyl selenide. Phenylaminoethyl sele-
nide acts catalytically in reducing peroxynitrite to nitrite, giving the
phenylaminoethyl selenoxide, followed by the reduction of this selen-
oxide back to phenylaminoethyl selenide in two consecutive one-elec-
tron reduction steps via the selenodisulWde, utilizing reducing
equivalents in the form of glutathione. ModiWed from De Silva et al.
(2004)
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According to Fig. 15, ebselen is a highly eYcient perox-
iredoxin mimic catalyzing the hydroperoxide reduction by
the mammalian Trx system. Ebselen can be rapidly reduced
both by TrxR in the presence of NADPH or by reduced Trx
to form the ebselen selenol, which reacts with hydroperox-
ide yielding an ebselen selenenic acid derivative. Ebselen
selenol can also undergo a rapidly oxidation to form the
ebselen diselenide that acts as a substrate for the mamma-
lian TrxR, forming the active selenol as a Wnal product
(Zhao and Holmgren 2002; Zhao et al. 2002). Recently, it
was also demonstrated that diphenyl diselenide and some of its
analogues 4,4�-bistriXuoromethyldiphenyl diselenide, 4,4�-bis-
methoxydiphenyl diselenide, and 4,4�-bischlorodiphenyl

diselenide could also be substrates for rat hepatic TrxR. Of
particular pharmacological signiWcance, diphenyl disele-
nide and 4,4�-bischlorodiphenyl diselenide were reduced
more eYciently by the hepatic TrxR than ebselen (Freitas et al.
2010). In this study, a dissociation between two pathways for
peroxide degradation was also observed (either via substrate
for TrxR or as a mimic of GPx) for some of the studied
disubstituted diphenyl diselenide. For instance, bis-
methoxydiphenyl diselenide had no GPx activity and was a
good substrate for reduction by TrxR, whereas bistriXuo-
romethyldiphenyl diselenide had a good GPx activity and
was a relative weak substrate for reduction by TrxR (Freitas
et al. 2010).

The mammalian thioredoxin system is a dehydroascor-
bic acid (DHA) reductase recycling ascorbic acid essential
for cell functions (May et al. 1997). In a similar way, ebse-
len and ebselen diselenide have been reported as able to
recycle ascorbic acid. There has been revealed that in the
presence of ebselen, the mammalian TrxR and Trx rapidly
form ebselen selenol, which eYciently reduces dehydroa-
scorbic acid in view of the high nucleophilicity and leaving
character of the arylselenolate moiety (Fig. 16) (Jung et al.
2002; Zhao and Holmgren 2004).

The mimetic activity of tocopherol-quinone reductase
has been also attributed to ebselen. Holmgren and collabo-
rators have clearly shown that alphatocopherol-quinone can
be reduced by ebselen in the presence of TrxR and
NADPH. According to the mechanism depicted in Fig. 17,
ebselen gives ebselen selenol that partly dissociates in pH
7.5 forming the selenolate anion. The selenolate anion, a
high nucleophilic species, attacks tocopherol-quinone eVec-
tively, and the better leaving character of organoselenium
group produces tocopherol hydroquinone, regenerating
ebselen. Therefore, tocopherol-quinone reductase mimetic
activity could help explain the eVects of ebselen as an anti-
oxidant in vivo (Fang et al. 2005).

Fig. 15 The peroxiredoxin mimic activity of ebselen. Ebselen can be
rapidly reduced by both TrxR in the presence of NADPH or by reduced
Trx to form the ebselen selenol, which reacts with hydroperoxide
yielding an ebselen selenenic acid derivative. Ebselen selenol can also
undergo a rapidly oxidation to form the ebselen diselenide that acts as
a substrate for the mammalian TrxR, forming the active selenol as a
Wnal product. ModiWed from Nogueira et al. (2004)
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In addition to the catalytic mimetic activities, ebselen is
capable of potently inducing the cysteine-target oxidation
of cellular proteins. Sakurai and his colleagues elegantly
showed the ebselen electrophilic potential of mediating the
formation of selenenyl sulWde and intra- and intermolecular
disulWde linkages within Trx, a representative redox-active
protein. By taking advantage of ebselen antioxidant and
eletrophilic property, a translational modiWcation of Kelch-
like ECH-associated protein 1 (Keap 1), an electrophile
sensor protein, which represses the ability of the transcrip-
tion factor NF-E2-related factor 2(Nrf2) upon induction of
the phase 2 detoxiWcation response, was demonstrated

(Sakurai et al. 2006). Previously, the increase in ebselen
antioxidant activity or indirect induction of cellular antioxi-
dant defenses by inducing Nrf-2 transcription was reported
in cell line culture (Tamasi et al. 2004).

Even though data regarding the dehydroascorbic acid
(DHA) reductase mimetic activity of simple diaryl disele-
nides and selenides are yet scarce in the literature, the DHA
reductase-like activity of diphenyl diselenide was reported by
our research group (Luchese and Nogueira 2010). We pro-
posed the mechanism shown in Fig. 18 to explain the DHA
reductase-like activity of diphenyl diselenide. In this pro-
posed mechanism, diphenyl diselenide is reduced to its sele-
nol form, phenylselenol, at the expense of GSH, giving the
oxidized form, glutathione disulWde, GSSG. Phenylselenol
reacts with DHA to generate phenylseleno-hemiketal, which
reacts with another molecule of GSH to release ascorbic acid
and the intermediate, phenylseleno-glutathione sulWde.
Finally, phenylseleno-glutathione sulWde reacts with another
GSH to regenerate diphenyl diselenide and GSSG. Based on
the stoichiometry of the reaction and the detection of diphe-
nyl diselenide after DHA reductase-like assay, we suggest
that this is a catalytic cycle (Luchese and Nogueira 2010).

Anti-inXammatory and antinociceptive activities

Oxidants play a signiWcant role in causing oxidative stress,
which has been implicated in the pathogenesis of a wide
range of human disorders, particularly in inXammatory dis-
orders (Emerit et al. 2004; Wang et al. 2004; Gill et al.
2010). Thus, enormous eVorts have been made to search
scavengers and inhibitors of reactive oxygen species with
low toxicity. One of the approaches taken in this search has
been to investigate synthetic organoselenium compounds

Fig. 17 The mimetic activity of tocopherol-quinone reductase of
ebselen. Ebselen gives ebselen selenol which partly dissociates in pH
7.5 forming the selenolate anion. The selenolate anion attacks tocoph-
erol-quinone (TQ) eVectively and produces tocopherol hydroquinone
(TQH2), regenerating ebselen. TrxR (thioredoxin reductase). ModiWed
from Fang et al. (2005)
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that may be therapeutically beneWcial in the treatment of
inXammatory diseases. The anti-inXammatory activity of
organoselenium compounds was previously reviewed else-
where (Nogueira et al. 2004; Nogueira and Rocha 2010).

In this way, ebselen and other organoselenium com-
pounds able to mimic the GPx activity have been shown to
be eYcient anti-inXammatory agents in a variety of in vitro
(Parnham and Kindt 1984; Kuhl et al. 1986; Ichikawa et al.
1987; Leurs et al. 1989; Cotgreave et al. 1989; Issekutz and
Lopes 1992; Patrick et al. 1993; Aruoma 1997) and in vivo
models of inXammation. Table 2 illustrates a wide range of
experimental models in which ebselen was demonstrated to
be an eVective anti-inXammatory agent in diVerent species.

The anti-inXammatory eVects of ebselen can be partially
mediated by its selenol intermediate via the modulation of
the peroxide tonus or via inhibition of the pro-inXammatory
enzymes, 5- and 15-lipoxygenases, even in the absence of
GSH (Schewe et al. 1994). Moreover, an investigation into
the molecular mechanisms by which ebselen and methylse-
lenocysteine may aVect the inXammatory response demon-
strates that both attenuate ONOO¡-mediated nuclear
accumulation of the transcription factors NF-kB and activa-
tor protein (AP-1) and suppress IL-8 gene expression and
production in human leukocytes (Jozsef and Filep 2003).

The inhibitory eVect of ebselen on ATP and ADP hydro-
lysis in the platelets of rats was also reported and may rep-
resent an important approach for the use of ebselen as an
anti-inXammatory agent (Fürstenau et al. 2004). However,
the inhibition of nucleotides hydrolysis was obtained only
at non-pharmacological concentration of ebselen (about
500 �M).

The screening of anti-inXammatory activity of simple
disubstituted diaryl diselenides revealed that they are eVec-
tive compounds against carragenin-induced paw edema in
rats (Table 3). It is interesting to note that 2-amine-5-acetyl
diaryl diselenide has an anti-inXammatory activity at a very

low dose and that the substitution of the diaryl diselenide
molecule with an electron-withdrawing (chloro) or an elec-
tron-donating (methyl) group reduced considerably the
anti-inXammatory action of a non-substituted diaryl disele-
nide, diphenyl diselenide (Table 3).

Diaryl diselenides substituted with a hydroxyl group
have been found to be potential anti-inXammatory com-
pounds in an in vitro model of inXammation (Shen et al.
2004). As a result, bis(3-hydroxyphenyl) diselenide was
demonstrated to be the most potent of diselenides against
nitric oxide production in lipopolysaccharide-activated
macrophage cells (Table 4). Dipyridyl diselenide was less
potent than all other diselenides tested (Table 4).

Kyung-Min et al. (2009) reported that bis(3-hydroxy-
phenyl) diselenide acts at the transcriptional level by block-
ing nuclear factor (NF-KB) activation in RAW 264.7
macrophages.

2-Alkylselenyl benzoic acid derivatives and p-alkylsele-
nobenzamides have been screened as anti-inXammatory
agents on granuloma induced by subcutaneous implantation
of cotton pellets in rats. Thus, it was found that 2-alkylsele-
nyl benzoic acid derivatives decreased the inXammatory
process, while selected alkylselenobenzamides did not have
anti-inXammatory activity (Martinez-Ramos et al. 2008).

Antinociceptive activity

Diphenyl diselenide administered by both subcutaneous
and oral routes was demonstrated to be an antinociceptive

Table 2 Anti-inXammatory eVect of ebselen in diVerent experimental
models

Experimental model Animal 
species

Reference

Cobra venom paw edema Rats Jozsef and Filep (2003)

Glucose oxidase-induced 
monoarthritis

Mice Schalkwijk et al. (1986)

H2O2-induced foot 
pad edema

Rats GriYths et al. (1992)

Alveolitis and bronchiolits Rats Cotgreave et al. (1988)

Allergic neuritis Rats Hartung et al. (1986)

Airway inXammation Guinea pigs Zhang et al. (2002)

Compound 48/80-induced 
histamine release

Rats Tchoumkeu-Nzouessa 
and Rebel (1998)

Lung-transplanted Rats Hamacher et al. (2009)

Table 3 Anti-inXammatory eVect of diselenides against carragenin-
induced paw edema in rats

Diselenides Maximal 
inhibition (%)

Dose 
(mg kg¡1)

Reference

2-Amine-5acetyl 
diaryl diselenide

45 3 Galet et al. (1994)

Diphenyl diselenide 63 100 Nogueira et al. (2003)

p-Chloro-diphenyl 
diselenide

37 100 Nogueira et al. (2003)

p-Methyl-diphenyl 
diselenide

10 100 Nogueira et al. (2003)

Table 4 The half maximal inhibitory concentration (IC50) of diaryl di-
selenides against nitric oxide production in lipopolysaccharide-activat-
ed macrophage cells

a Kyung-Min et al. (2009)

Diselenidesa IC50 (�M)

Bis(2-hydroxyphenyl) diselenide 7.9

Bis(3-hydroxyphenyl) diselenide 5.0

Bis(4-hydroxyphenyl) diselenide 5.3

Dipyridyl diselenide 15.9
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compound, due to its eVective action on experimental
models such as tail-Xick, formalin, acetic acid-induced
abdominal writhing, and capsaicin (Nogueira et al. 2003;
Savegnago et al. 2008c). Interestingly, at subcutaneous
route, diphenyl diselenide was more eVective than ebselen
(Table 5) (Nogueira et al. 2003).

Investigating the mechanisms by which diphenyl disele-
nide elicits its antinociceptive action in the formalin test,
the participation of NO/cyclic GMP/Ca2+ and K+ channel
pathways (Savegnago et al. 2008c) and 5-HT3 receptor
(Zasso et al. 2005) was demonstrated.

Diphenyl diselenide and ebselen have a signiWcant antin-
ociceptive local action in the late phase of the formalin test
(Zasso et al. 2005). Additionally, intraplantar administra-
tion of diphenyl diselenide produced an antinociceptive
eVect when co-injected with glutamate in mice (Savegnago
et al. 2007c). In contrast, ebselen produced nociceptive
behavior and had a synergistic eVect with glutamate. The
pronociceptive eVect of ebselen was blocked by buthio-
nine-sulphoximine (BSO), a reduced glutathione (GSH)-
depleting agent (Meotti et al. 2009).

Considering the reported Wndings on diphenyl disele-
nide’s anti-inXammatory and antinociceptive actions, this
compound was investigated as a candidate for relieving
neuropathic and inXammatory pain as well as acute thermal
hyperalgesia. Oral administration of diphenyl diselenide
inhibited tactile allodynia induced by persistent models of
pain: sciatic nerve partial constriction and chemical CFA-
induced inXammation in mice (Savegnago et al. 2007a).

The evidence that the antinociceptive action of diphenyl
diselenide depends on its selective interaction with NMDA
receptor was reinforced by the demonstration that diphenyl
diselenide prevents glutamate and NMDA-induced biting
response. The interaction with vanilloid and peptidergic
receptors as well as with pro-inXammatory cytokines has
also been demonstrated (Savegnago et al. 2007d).

In an attempt to understand the mechanisms behind
diphenyl diselenide antinociceptive action in a thermal

model of nociception, this organoselenium compound was
evaluated in the hot-plate test. Therefore, A2B receptors
were demonstrated to be involved in the antinociceptive
eVect caused by diphenyl diselenide in the hot-plate in mice
(Savegnago et al. 2008a).

The substitution of an H at the aryl group of diaryl disel-
enide by an electron-donating substituent did not alter the
pharmacological action of p-methoxydiphenyl diselenide
when compared with diphenyl diselenide but ameliorated
its eVect in the acetic acid test (Pinto et al. 2008). Similar to
the mechanisms related to the diphenyl diselenide antinoci-
ceptive eVect, an interaction with glutamatergic system, nit-
rergic system, 5HT3, D1, B1 and B2 receptors is involved in
p-methoxydiphenyl diselenide antinociceptive action (Jesse
et al. 2009).

The presence of an electron-withdrawing functional group,
triXuoromethyl, at the aryl group of diaryl diselenide did not
alter the antinociceptive proWle of a non-substituted diaryl
diselenide, diphenyl diselenide. However, diVerent from
diphenyl diselenide, m-triXuoromethyldiphenyl diselenide
antinociceptive action in diVerent models of pain involves an
interaction with the central opioid system, more speciWcally
�-opioid and �-opioid receptors (Bruning et al. 2010).

Bis selenide alkene derivatives were antinociceptive
agents in diVerent models of pain (acetic acid, capsaicin,
and tail-Xick) without altering motor performance in mice
(Savegnago et al. 2006a). Bis selenide alkene derivatives
inhibited neurogenic and inXammatory pain induced by for-
malin and the nociceptive response and edema caused by
intraplantar injection of glutamate, serotonin, histamine,
and compound 48/80 in mice (Jesse et al. 2007, 2008). Bis
selenide produced antinociception at spinal sites through
multiple sites such as the activation of ATP-sensitive and
voltage-gated K+ channels, the interaction with kainate and
trans-ACPD receptors and vanilloid and pro-inXammatory
cytokines (Jesse et al. 2008).

Antidepressant-like and anxiolytic activities

Considerable evidence suggests that a low selenium status
leads to depressed mood and anxiety (Sher 2000, 2007;
Rayman 2000), while high dietary or selenium supplemen-
tation could improve mood and depression status (Benton
2002; Benton and Cook 1991). Therefore, it is plausible
that organoselenium compounds could improve mood and
reduce anxiety.

In this context, diVerent organoselenium compounds
have been evaluated in the experimental models predictive
of depressant activity. It is clearly depicted in Table 6 that
the minimal eVective dose to elicit antidepressant-like
activity varies depending on the chemical structure of com-
pounds, the route of administration, and the animal species
investigated. Ebselen reduced the immobility time in the

Table 5 Minimal eVective dose of subcutaneously ebselen and diphe-
nyl diselenide administered in mice in diVerent experimental models of
nociception

a Doses tested up to 100 mg/kg

Experimental 
model

Ebselen 
(mg kg¡1)

Diphenyl 
diselenide 
(mg kg¡1)

Formalin

First phase Non-eVectivea 5

Second phase 10 5

Capsaicin 100 10

Acetic acid 100 5

Tail-Xick Non-eVectivea 50
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forced swimming test (FST) but did not cause any eVect in
the tail suspension test (TST) (Table 6).

The involvement of noradrenergic (�1 and �2-adreno-
ceptors) and dopaminergic (D1 and D2 receptors) systems
in ebselen antidepressant-like action was pharmacologi-
cally demonstrated. It is important to point out that the
ebselen action was independent of interaction with seroto-
nergic system (Posser et al. 2009).

Regarding the mechanisms involved in diphenyl disele-
nide antidepressant action, the involvement of the seroto-
nergic (5-HT1A, 5-HT2A/C, and 5-HT3), noradrenergic (�1

and �2), and dopaminergic (D1, D2 and D3) receptors was
demonstrated (Savegnago et al. 2007b). In an extension of
this study, the inhibition of L-arginine-NO-cGMP pathway
and modulation of K+ channels and PPAR� receptors were
also reported (Savegnago et al. 2008b; Wilhelm et al.
2010).

Diphenyl diselenide has also been proposed to have anx-
iolytic action in diVerent animal models. In fact, diphenyl
diselenide had anxiolytic action in the elevated plus-maze,
light–dark box, and open-Weld tests in complete absence of
adverse eVects, such as alterations in locomotor activity or
memory (Ghisleni et al. 2008a; Savegnago et al. 2008b).
The potential mechanisms underlying the anxiolytic-like
action of diphenyl diselenide were reported to be 5-HT1A,
5-HT2A/C, and GABAA receptors (Ghisleni et al. 2008a).

It is important to point out that although most of the
mechanisms involved in diphenyl diselenide, ebselen, and
biselenide actions were indirectly demonstrated, using
pharmacological tools, these organoselenium compounds
appear to have multiple sites of action rather than a very
speciWc target (Table 7).

One important set of pharmacological and neurochemi-
cal evidence supports a role of 5-HT1A, 5-HT2A/C, and
5-HT3 receptors in the anxiolytic action of m-triXuoro-
methyl-diphenyl diselenide in two well-consolidated mod-
els of anxiety, the elevated plus-maze and the light–dark

choice tests, without modifying the locomotor and explor-
atory activities of mice. This study also indicated that
m-triXuoromethyldiphenyl diselenide may be a selective
inhibitor of mono amino oxidase A (MAO-A) activity in
the cerebral cortex of mouse (Brüning et al. 2009).

Hepatoprotective activity

The recognition of selenium as nutritionally important trace
element came with the discovery of its ability to prevent
liver pathology (Schwarz and Fredga 1969). Therefore, sel-
enorganic compounds have been extensively studied
against liver damage and the various clinical conditions in
which hydroperoxides play a role. Table 8 shows some
organoselenium compounds with hepatoprotective action in
diVerent experimental models in rodents.

With respect to the mechanism by which ebselen acts as
a hepatoprotective agent, Shimohashi and collaborators
have reported that ebselen suppresses TNF-� and NO pro-
duction by lipopolysaccharide-activated KupVer cells by
the modulation of Jun-N-terminal kinase and the NFkB sig-
naling pathway (Shimohashi et al. 2000). This pharmaco-
logical proWle suggests that ebselen has a promising
potential in the therapy of diseases that are characterized by
an initial overactivation of the immune system.

According to Table 8, diphenyl diselenide has hepatopro-
tective activity against 2-nitropropane, cadmium, and acetomi-
nophen-induced hepatic damage in rats. By contrast,

Table 6 Minimal eVective dose of diVerent organoselenium compounds evaluated in experimental models predictive of depressant activity

* Dose up to 30 mg/kg, forced swimming test (FST), tail suspension test (TST), subcutaneous (s.c.)
a Bis selenide -[(Z)-2,3-bis(4-chlorophenylselanyl)prop-2en-1-ol]
b Depressant-like behavior induced by chronic constriction injured (CCI)

Compound Test Dose (mg kg¡1) Route Species Reference

Ebselen FST 10 s.c Mice Posser et al. (2009)

TST Non-eVective* s.c Mice Posser et al. (2009)

Diphenyl diselenide FST 0.1 Oral Rats Savegnago et al. (2007b)

FST induced by malathion 50 Oral Rats Acker et al. (2009b)

TST 5.0 Oral Mice Savegnago et al. (2008b)

Bis selenidea FST 0.5 Oral Mice Jesse et al. (2010a)

TST 0.5 Oral Mice Jesse et al. (2010b)

FST induced by CCIb 1.0 Oral Mice Jesse et al. (2010c)

Table 7 Multiple sites of action involved in the antidepressant-like
activity of organoselenium compounds

a Bis selenide -[(Z)-2,3-bis(4-chlorophenylselanyl)prop-2en-1-ol]

Receptor Ebselen Diphenyl diselenide Bis selenidea

Serotonergic 1A, 2A/C, 3 2A/C, 3

Adrenergic �1, � 2 �1, �2

Dopaminergic D1, D2 D1, D2, D3
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hepatotoxicity caused by CCl4 was potentiated by repeated
administration of diphenyl diselenide in rats. It has been
accepted that inhibitors of cytochrome P450s can impair the
bioactivation of CCl4 into their respective reactive spe-
cies and thus provide protection against the hepatocellu-
lar damage (Janbaz and Gilani 2000). Thus, pharmacological
evidence supports the hypothesis that diphenyl diselenide acti-
vates CCl4 biotransformation by inducing hepatic cytochrome
P450s, potentiating CCl4-induced hepatic damage (Nogueira
et al. 2009).

Gastroprotective activity

The most common side eVect of all non-steroidal anti-
inXammatory drugs (NSAIDS) is irritation of the gastric
mucosa. In this regard, it appears relevant that organosele-
nium compounds have no irritant or damaging eVect on the
gastric mucosa.

In this context, ebselen prevents ulceration induced by
aspirin, diclofenac (Leyck and Parnham 1990), HCl and
acidiWed ethanol (Kurebayashi et al. 1989), 48/80 com-
pound (Ohta et al. 2002), ethanol (Tabuchi et al. 1995), and
water-immersion restraint stress (Tabuchi and Kurebayashi
1993).

Diphenyl diselenide has also been eVective in pre-
venting and reversing gastric ulcers induced by ethanol
and indomethacin, as well as inhibiting gastric acid
secretion in pylorus-ligated rats (Savegnago et al.
2006b; Ineu et al. 2008). Similarly, ebselen can inhibit
gastric acid secretions in pylorus-ligated rats (Tabuchi
and Kurebayashi 1993) and H+, K+ ATPase in parietal
cells (Tabuchi et al. 1994; Beil et al. 1990), indicating

that this antisecretory action is involved in the antiulcer
eVect of this compound in rats.

The inhibition of H+, K+ ATPase sulfhydryl groups has
been associated with ebselen and diphenyl diselenide pro-
tective action on mucosal damage. This eVect on the
enzyme responsible for acid secretion can counteract
the undesirable side eVects caused by non-steroidal
anti-inXammatory drugs. Thus, from the point of view of
anti-inXammatory drugs, organoselenium compounds are
versatile with regard to gastric ulcers, because not only do
they block the inXammatory cascade, which can impair gas-
tric endogenous protective factors against HCl, but also do
they inhibit the HCl secretion. Since the therapeutic
approach toward a variety of diseases is changing from a
single to a multi-target one, it would be very useful to
evaluate the possible synergism of the association of
organoselenium compounds with other non-steroidal anti-
inXammatory drugs with respect to the anti-inXammatory
response and the antagonism of gastric ulcer development.

Renoprotective activity

There are only a few published studies dealing with organo-
selenium action on renal damage. In this way, ebselen pro-
tected against ischemic acute renal failure injury by
improving renal function due to the suppression of perox-
ynitrite production or its scavenging activity, consequently
preventing lipid peroxidation and oxidative DNA damage
(Noiri et al. 2001). The scavenging peroxynitrite activity of
ebselen has also been associated with the amelioration of
microvasculopathy and angiogenesis of nephropathy in
Zucker diabetic fat rats (Gealekman et al. 2004).

Table 8 Protective eVect of diVerent organoselenium compounds against experimental models of hepatic damage in rodents

a Diselenole—(E)-2-benzylidene-4-phenyl-1,3-diselenole

Compounds Experimental model Reference

Ebselen Galactosamine Wendel and Tiegs (1986)

Paracetamol Li et al. (1994), Rocha et al. (2005)

CCl4 Wasser et al. (2001)

Lipopolysaccharide/
Propionibacterium acnes

Koyanagi et al. (2001)

Ethanol Oshita et al. (1994), Kono et al. (2001), 
Pivetta et al. (2006)

Ischemia–reperfusion Ozaki et al. (1997)

Diphenyl diselenide 2-Nitropropane Borges et al. (2005a, 2006)

Cadmium Borges et al. (2008)

Paracetamol Wilhelm et al. (2009a)

m-TriXuoromethyl-diphenyl diselenide 2-Nitropropane Wilhelm et al. (2009c)

p-Methoxyldiphenyl diselenide Lipopolysaccharide/galactosamine Wilhelm et al. (2009b)

Binaphthyl diselenide 2-Nitropropane Ibrahim et al. (2010)

Diselenolea 2-Nitropropane Wilhelm et al. (2011)
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The nephrotoxicity of cisplatin, a highly eVective anti-
neoplastic DNA alkylating agent, has been well docu-
mented. Therefore, ebselen alone or combined with
allopurinol signiWcantly reduced cisplatin-associated nep-
horotoxicity (Yoshida et al. 2000; Lynch et al. 2005).

Despite beneWcial eVects of gentamicin, a widely used
amino glycoside antibiotic, it has considerable nephrotoxic
eVects. In this context, ebselen protected against genta-
micin-induced oxidative and nitrosative renal damage
(Dhanarajan et al. 2006).

Recently, diphenyl diselenide and binaphthyl diselenide
were tested and proved to be eVective against acute renal
failure induced by glycerol in rats (Brandao et al. 2009;
Ibrahim et al. 2011).

Cardioprotective activity

Keshan and Kashin–Beck diseases, endemic cardiomyopa-
thies, are the best-documented examples of extreme dietary
selenium deWciencies (Navarro-Alarcon and López-Martínez
2000). Therefore, selenium status has been associated with
cardiovascular disorders. Hypercholesterolemia has also
been associated with selenium deWciency (Huang et al.
2002; Lee et al. 2003), which lead to an increased HMG-CoA
reductase activity, the rate-controlling enzyme in the cho-
lesterol biosynthesis, that in turn resulted in increased
endogenous cholesterol synthesis (Nassir et al. 1997).
Moreover, inorganic selenium supplementation is responsi-
ble for upregulation of both low-density lipoprotein receptor
activity and mRNA expression in experimental hypercho-
lesterolemia in rats (Dhingra and Bansal 2006).

In this way, organoselenium compounds have been stud-
ied in diVerent models of cardiovascular damage. Ebselen
was eVective against daunorubicin-induced cardiomyopa-
thy in rats. In fact, ebselen can normalize serum cardiac
enzymes creatine kinase, lactate dehydrogenase, and gluta-
thione peroxidase (Saad et al. 2006).

Considering that atherosclerosis aVects vascular wall
and leads to coronary artery diseases and that lipoprotein
oxidation is a key early stage in the development of athero-
sclerosis, the potential beneWcial eVect of diphenyl disele-
nide in protecting low-density lipoprotein (LDL) oxidation
in vitro was investigated. Thereupon, concluding that
diphenyl diselenide inhibited lipid peroxidation and pre-
vented the oxidation of protein moieties in human isolated
LDL in vitro (de Bem et al. 2008). Of particular pharmaco-
logical signiWcance, we have demonstrated that low doses
of diphenyl diselenide reduced the formation of atheroscle-
rotic lesion in hypercholesterolemic LDL receptor knock-
out (LDLr¡/¡) mice, which was accompanied by
improved endothelium-dependent vasorelaxation and low-
ered nitrotyrosine and MDA levels. Furthermore, there was
a decrease in vessel wall inWltration by inXammatory cells

and the upregulation of the proatherogenic monocyte che-
moattractant protein-1 (MCP-1) in hypercholesterolemic
LDL receptor knockout (LDLr¡/¡) mice was blunted by
diphenyl diselenide (Hort et al. 2011).

Based on the fact that hyperlipidemia is one of the major
risk factors for atherosclerosis, the hypolipidaemic poten-
tial of diphenyl diselenide was investigated in cholesterol-
fed rabbits. Thus, supplementation with 10 ppm diphenyl
diselenide reduced total cholesterol levels (de Bem et al.
2009). From experiments with Triton WR-1339 model of
hyperlipidemia, the hypolipidemic potential of diphenyl
diselenide was further conWrmed. The hypolipidemic action
of diphenyl diselenide was characterized by the reduction
in the total cholesterol, non-high-density lipoprotein cho-
lesterol, and triglycerides levels. One important Wnding of
this investigation is that oral administration of diphenyl
diselenide increased the levels of high-density lipoprotein
cholesterol in Triton WR-1339-treated mice (da Rocha
et al. 2009).

Additionally, ebselen attenuates H2O2-induced endothe-
lial cell death through the inhibition of signaling pathways
mediated by p38 MAP kinase, caspase-3, and cytochrome c
release, suggesting ebselen as a potential drug for the treat-
ment of atherosclerosis (Ali et al. 2004). Ebselen also
reduces nitration and restores voltage-gated potassium
channel function in small coronary arteries of diabetic rats.
Therefore, ebselen may be beneWcial for the therapeutic
treatment of vascular complications (Bubolz et al. 2007).

Insulin mimetic activity

The selenate form of selenium has been known for a num-
ber of insulin-like actions and potential antidiabetic agent.
This has been adequately revised by Stapleton and will not
be dealt with further here (Stapleton 2000). However, the
current knowledge concerning the hypoglycemic action of
selenium compounds is limited to inorganic derivatives. On
the topic of organoselenium compounds, a few studies deal-
ing with insulin mimetic activity have appeared in the liter-
ature in recent years.

In this way, chronic treatment with diphenyl diselenide,
but not with ebselen, caused a signiWcant reduction in blood
glucose levels, glycated proteins, and some parameters of
oxidative stress of streptozotocin-treated rats (Barbosa
et al. 2006). Supplementation with diphenyl diselenide con-
tributed to the prevention of diabetic complications associ-
ated with oxidative stress (Barbosa et al. 2008c; Kade et al.
2009a, b).

Selenium in the diet exists mainly as selenoaminoacids;
therefore, hypoglycemic properties of methylselenocys-
teine in alloxan diabetic rats were investigated. As a result,
methylselenocysteine normalized blood glucose concentra-
tion and renal function in diabetic rats (Kiersztan et al.
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2009). Similarly, diphenyl diselenide treatment reduced the
blood glucose and fructosamine levels, which were
increased in alloxan-treated adult rats (Barbosa et al.
2008b). These results are somewhat in contrast with the
recent epidemiological studies demonstrating that overex-
posure to dietary selenium can increase the incidence of
diabetes type II in human populations (Vinceti et al. 2009;
Stranges et al. 2010).

Neuroprotective activity

Neuroprotection may be deWned as an attempt to maintain
the highest possible integrity of cellular interactions in the
brain resulting in an undisturbed neural function. The
search for neuroprotective agents aims at identifying com-
pounds that can be translated into therapeutic strategies in
humans. With this idea in mind, organoselenium com-
pounds have been investigated as potential neuroprotective
drugs.

In this regard, ebselen was used in clinical trials about
10 years ago for the treatment of neuropathological condi-
tions associated with oxidative stress (Saito et al. 1998).
The use of ebselen in human clinical studies was supported
by successful results of this organoselenium compounds in
diverse experimental models. Ebselen has been proved to
protect against brain damage from diVerent models of per-
manent focal ischemia (Johshita et al. 1990; Takasago et al.
1997), transient focal ischemia (Dawson et al. 1995), and
hypoxia/ischemia-induced neuronal damage (Knollema
et al. 1996). It was also demonstrated that ebselen amelio-
rated cerebral vasospasm in a canine two-hemorrhage
model (Watanabe et al. 1997), inhibited cerebral vasospasm
after subarachnoid hemorrhage in rats and primates (Handa
et al. 2000; Gul et al. 2010), protected against cerebral
ischemia, and accelerated the recovery during reperfusion
(Kondoh et al. 1999). Moreover, ebselen can protect
against cerebral injury in stroke-prone spontaneously
hypertensive rats. The inhibition of inducible nitric oxide
synthase (iNOS) protein expression was associated with
neuroprotective eVect of ebselen (Sui et al. 2005; Yamagata
et al. 2008).

Oxidative DNA damage has been proposed to be a major
contributor to focal cerebral ischemic injury. Therefore, the
role of oxidative damage in the degeneration of the tha-
lamic ventroposterior nucleus after focal cerebral cortical
infarction in hypertensive rats was investigated. Thereupon,
concluding that ebselen attenuated oxidative DNA damage,
enhanced its repair activity, and protected the thalamus
against the secondary damage (He et al. 2007).

Additionally, N-acetylcysteine was eVective in potentiating
the neuroprotective eVect of ebselen against hydroxynonenal-
induced neurotoxicity in cerebellar granule neurons. These
data further suggest that ebselen exerts a neuroprotective

eVect under the conditions of increased glutathione produc-
tion, a consequence of N-acetylcysteine pretreatment
(Arakawa et al. 2007).

In an in vitro ischemic model, ebselen protected the
brain against oxygen and glucose deprivation (Porciúncula
et al. 2003). As ischemic insults decrease cellular glutathi-
one levels, Shi and co-workers have investigated the role of
glutathione in ebselen-induced cell death under ischemia,
providing persuasive evidence that depletion of cellular
glutathione plays an important role in ebselen-increased C6
glioma cell damage under ischemic condition (Shi et al.
2006).

Furthermore, ebselen attenuated, in a concentration-
dependent manner, the degeneration caused by an in vitro
model of ischemia and simultaneous depletion of glutathi-
one in astrocytes (Gabryel and Malecki 2006). In an exten-
sion of this study, Malecki demonstrated that ebselen
normalized neuronal viability and increased glutathione
levels in normoxia and ischemia (Pawlas and Malecki
2007).

The mechanism behind the neuroprotective eVect of
ebselen against ischemic damage in the hippocampal CA1
region was disclosed. A set of evidence was reported dem-
onstrating that GABA shunt enzymes are involved in the
neuroprotective eVect of ebselen. Treatment with ebselen
increased the expression of glutamic acid decarboxylase
(GAD), GABA transaminase (GABA-T), and succinic
semialdehyde dehydrogenase (SSADH) in the hippocampal
CA1 region (Seo et al. 2009).

Although a discrete line of evidence for the absence of
ebselen neuroprotection arises from the data obtained with
rats subjected to severe focal ischemia (Salom et al. 2004),
data from clinical trials have consistently demonstrated that
ebselen reduced brain damage in patients with delayed neu-
rological deWcits after aneurismal subarachnoid hemor-
rhage (Saito et al. 1998) and improved the outcome of acute
ischemic stroke, suggesting that ebselen may be a promis-
ing neuroprotective agent (Yamaguchi et al. 1998).

It has been clearly indicated that ebselen protects neuro-
nal cells from injury induced by glutamate by blocking
lipid peroxidation and inhibiting the synaptosomal release
of glutamate (Porciúncula et al. 2001; Nogueira et al.
2002). However, ebselen displayed a dual eVect on vesicu-
lar glutamate uptake. In fact, low concentrations of ebselen
increased, while high concentrations inhibited, the vesicu-
lar glutamate uptake (Porciúncula et al. 2004).

The mechanisms underlying the protective actions of
ebselen on glutamate-induced neurotoxicity have been
explored. Excitotoxic concentrations of glutamate resulted
in an increase in Bax protein expression and a decrease
in Bcl-2 protein expression. The neuroprotective eVect
of ebselen was associated with the regulation of Bcl-2
and Bax proteins, antiapoptotic eVect, but unrelated to
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glutamate-mediated increase in intracellular calcium (Xu
et al. 2006).

In addition, neuronal diVerentiation induced by ebselen
has been attributed to the activation of the classical Ras/
MAPK (mitogen-activated protein kinase) cascade rather
than to regulation of the redox state (Nishina et al. 2008;
Satoh et al. 2004).

Consistent with these Wndings, studies in vivo have
found that ebselen has neuroprotective eVect against spinal
cord injury in rats. Ebselen has neuroprotective and restor-
ing eVects on secondary pathochemical events after spinal
cord injury, suggesting that ebselen treatment might have
potential beneWt in spinal cord tissue damage on clinical
grounds (Kalayci et al. 2005). In view of the well-reported
antioxidative and neuroprotective properties of ebselen, the
hypothesis tested by Liu and co-workers is that the covalent
attachment of the biologically active ebselen moiety to C60-
fullerene may lead to the formation of a new C60-based
ebselen derivative. The results showed that the antioxida-
tive and protective activities of C60-based ebselen deriva-
tive against H2O2-mediated neuronal injury were
signiWcantly higher than those of C60-derivative, ebselen
derivative, and the equimolar mixture of both (Liu et al.
2007a, b).

Besides the neuroprotective eVect of ebselen in several
experimental models of excitotoxicity (Moussaoui et al.
2000; Farina et al. 2003b, c; Satoh et al. 2004; Centurião
et al. 2005; Moussaoui et al. 2000; Porciúncula et al. 2001;
Rossato et al. 2002a, b), it has been tested and proved to be
eVective against noise-induced hearing loss (Yamasoba
et al. 2005), immobilization stress (Lee et al. 2006), super-
oxide dismutase 1 (SOD1)-related familial motor neuron
degeneration (Wood-Allum et al. 2006), alcohol-induced
rat hippocampal stress (Johnsen-Soriano et al. 2007), and
demyelination lesion caused by ethidium bromide
(Mazzanti et al. 2009).

Despite the well-documented neuroprotective eVect of
ebselen in diVerent experimental in vitro and in vivo condi-
tions, this organoselenium compound does not appear to
exhibit neuroprotective eVects against dopaminergic toxicity
induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) in the nigrostriatal tract of mice (Dhanasekaran et al.
2006).

Regarding selenomethionine, the major component of
dietary selenium, there have been few studies of its neuro-
protective action. A study performed by Lovell demon-
strated that pretreatment of primary cortical neurons with
selenomethionine decreased free radical production by
�-amyloid and Fe2+/H2O2 and increased glutathione peroxi-
dase activity, suggesting its potential use as a therapeutic
agent in neurodegenerative diseases (Xiong et al. 2007).

Diphenyl diselenide has been reported as a neuroprotec-
tor agent in a classical model of in vitro ischemia (Ghisleni

et al. 2003). Interestingly, ebselen and diphenyl diselenide
blocked the increase in inducible nitric oxide synthase
(iNOS) overexpression caused by glucose and oxygen
deprivation in rat brain slices. Thus, we can suppose that
they inhibited the excessive NO production by iNOS,
which occurs after brain ischemia in vitro. This inhibitory
eVect can be a common molecular mechanism underlying
part of the neuroprotection aVorded by these compounds
after brain ischemia. Furthermore, since iNOS is involved
in the inXammatory process (Bredt and Snyder 1994; Gross
and Wolin 1995), it is possible that organoselenium com-
pounds have part of their anti-inXammatory activity medi-
ated by chemically decreasing iNOS overexpression.
Regulation of this important molecular pathway can help
injured tissues to more eYciently handle the oxidative
stress. Thus, in addition to reacting and directly neutraliz-
ing NOO¡ derived from NO, organoselenium compounds
block an early complex molecular pathway that involves
the repression of the synthesis of an important protein
involved in cell death mechanisms. Although there is a
scarcity of studies on the molecular mechanisms behind
diphenyl diselenide neuroprotective action, a decrease in
lipid peroxidation and inhibition of H2O2-induced MAPKs
phosphorilation (ERK-1/2 activation) have been demon-
strated (Posser et al. 2008). The prevention of ecto-
enzymes activation, essential for the maintenance of puri-
nergic/glutamatergic signaling interaction, has also been
reported as a mechanism by which diphenyl diselenide
protects against glutamate toxicity in cultured neurons
(Ghisleni et al. 2008b).

Considering that hyperphosphorilation of cytoskeletal
proteins is associated with neuronal dysfunction and neuro-
degeneration, diphenyl diselenide and ebselen can prevent
hyperphosphorylation of the high-salt Triton-insoluble neu-
roWlament subunits (NF-M and NF-L), glial Wbrillary acidic
protein (GFAP), and vimentin induced by the neurotoxic
agent diphenyl ditelluride (Moretto et al. 2005).

Tardive dyskinesia, a serious neurological syndrome
characterized by involuntary orofacial movements, is most
frequently found in older patients using typical antipsy-
chotic agents. In this context, the neuroprotective action of
diphenyl diselenide and ebselen in dyskinesia induced by
antipsychotics in rats was tested (Table 9).

As demonstrated in Table 9, diphenyl diselenide showed
modest protective eVect against reserpine-induced orofacial
dyskinesia in old rats (Burger et al. 2004), while ebselen
was eVective in this experimental model (Burger et al.
2003). It is important to note that the dose used of diphenyl
diselenide was 3 times lesser than the eVective dose of
ebselen in reserpine-induced orofacial dyskinesia in old rats
(Table 9). In addition, not only diphenyl diselenide but also
ebselen attenuated dyskinesia induced by haloperidol
(Burger et al. 2005, 2006). Diphenyl diselenide can also
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decrease orofacial dyskinesia caused by Xuphenazine
(Fachinetto et al. 2007), and ebselen was not investigated in
this model.

Low selenium concentrations in the eldery have been
signiWcantly associated with senility and cognitive decline
(Berr et al. 2000). In this way, diphenyl diselenide and its
analogues were reported as neuroprotective agents in diVer-
ent experimental models (Table 10).

Diphenyl diselenide, a non-substituted diaryl diselenide,
has been demonstrated to be an inductor of facilitation of
memory in rats (Rosa et al. 2003; Stangherlin et al. 2008;
Table 10).

Although p-methoxyldiphenyl diselenide has been
investigated in a diVerent experimental model of neurotoxi-
cidade if compared to diphenyl diselenide, the introduction
of a methoxyl group into the aryl group of diaryl diselenide
yields a compound with neuroprotective action. In fact,
p-methoxyldiphenyl diselenide was able to reverse the
learning and memory impairments induced by intracerebro-
ventricular injection of streptozotocin, a model of sporadic
dementia of Alzheimer’s type, in mice (Table 10). The
impairment of learning and memory was accompanied by
increasing activity of cerebral acetylcholinesterase and
diphenyl diselenide normalized the enzyme activity (Pinton
et al. 2010).

Another substitution into the aryl group of diaryl disele-
nide, the introduction of a triXuoromethyl group, gives an
organoselenium compound with neuroprotective proWle.
In a model of apomorphine-induced stereotypy in mice,
m-triXuoromethyldiphenyl diselenide attenuated behavioral
features associated with a mouse model of psychosis
(Table 10). Of particular importance is the author’s
observation that at the highest dose (10 mg kg¡1) used

m-triXuoromethyldiphenyl diselenide did not aVect open-Weld
behavior, habituation or aversively motivated memory
(Machado et al. 2006).

Additionally, m-triXuoromethyldiphenyl diselenide has
been tested and proved to be an anticonvulsant agent against
pentylenetetrazole-induced seizures in mice (Table 10).
The detailed mechanism behind the anticonvulsant action
remains incompletely understood; however, it appears to
involve an increase of GABA levels in the synaptic cleft by
inhibiting GABA uptake (Prigol et al. 2009a).

Potential use of selenium

Chemopreventive activity

The dual faces of selenium are sharply identiWcable in
cancer studies. In the early 1940s, a variety of selenium
forms were reported as carcinogens in liver of rats
(Nelson et al. 1943). Twenty some years later, Shamberger
and Frost associated the selenium element with the cancer
risk (Shamberger and Frost 1969). After that, a substantial
body of research has established that selenium reduces
experimental carcinogenesis. Besides, solid evidence
based on epidemiological studies shows an inverse rela-
tionship between selenium intake and risk of cancers in
humans (El-Bayoumy 1991, 1994, 2001; El-Bayoumy
et al. 1995, 1997, 2001; KelloV et al. 1996; Montoya and
Wargovich 1997; Ip 1998; Combs and Gray 1998; Sugie
et al. 2000; Reddy 2000; Raich et al. 2001; Combs 2001a,
b; Combs et al. 2001; Gopalakrishna and Gundimeda
2002; Czeczot et al. 2006; Trumbo 2005; Wei et al. 2004;
Donaldson 2004).

Table 9 Neuroprotective eVect of ebselen and diphenyl diselenide against dyskinesia—induced by antipsychotics in rats

Antipsychotic Compound Dose (mg kg¡1), route EVect Reference

Haloperidol Ebselen 30, i.p. EVective Burger et al. (2005)

Diselenide 5, s.c. EVective Burger et al. (2006)

Reserpine Ebselen 30, i.p. EVective Burger et al. (2003)

Diselenide 10, i.p. Modest Burger et al. (2004)

Fluphenazine Diselenide 1, s.c. EVective Fachinetto et al. (2007)

Table 10 Neuroprotective action of diphenyl diselenide and its analogues in diVerent experimental models in rodents

Compound Model Animal species Reference

Diphenyl diselenide Object recognition memory Rats Rosa et al. (2003)

Spatial memory Rats Stangherlin et al. (2008)

p-Methoxyldiphenyl diselenide Memory impairment induced by streptozotocin Mice Pinton et al. (2010)

m-TriXuoromethyldiphenyl diselenide Apomorphine-induced stereotypy Mice Machado et al. (2006)

Pentylenetetrazole-induced seizures Mice Prigol et al. (2009a)
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Several mechanisms have been proposed for the antican-
cer activity of selenium which include its eVects on antioxi-
dant defenses (selenoenzymes), programmed cell death,
DNA repair, carcinogen detoxiWcation, immune system,
neo-angiogenesis, regulation of cell proliferation and tumor
cell invasion (Fig. 19) (Whanger 2004; Zeng and Combs
2008). It is possible that selenium does not reduce tumori-
genesis by a single mechanism, but instead by multiple
ones.

In the 1980s, the research group of El-Bayoumy was the
birth of synthetic organoselenium compounds as chemopre-
ventive agents in laboratory animals. The chronology
started with p-methoxybenzeneselenol, an eVective inhibi-
tor of benzo(a)pirene-induced forestomach tumors in mice
(El-Bayoumy 1985) and azoxymethane-induced hepato
(Tanaka et al. 1985; Reddy et al. 1985b) and colon carci-
nogenesis in rats (Reddy et al. 1985b). However, this
compound was quickly abandoned in favor of benzylselen-
ocyanate.

Benzylselenocyanate, a versatile organoselenium che-
mopreventive agent in several model systems (Foiles et al.
1993, 1995), has been reported to inhibit the development
of colon (Reddy et al. 1987; Fiala et al. 1991) and mam-
mary tumors in rats (Nayini et al. 1989). The potential
genotoxic and antiproliferative activities of benzylseleno-
cyanate were demonstrated as well (Khalil and Maslat
1990; Fiala et al. 1997, 1998).

Based on mechanistic and metabolic studies (Sohn et al.
1991; El-Bayoumy et al. 1991), the structure of benzylse-
lenocyanate (Reddy et al. 1985a) was modiWed to develop a

more eVective and less toxic (Maslat and Khalil 1991) che-
mopreventive agent. As a consequence, p-phenylene-
bis(methylene)selenocyanate arose as a compound less
toxic than benzylselenocyanate (Conaway et al. 1992).
Thus, the eYciency of p-phenylenebis(methylene)seleno-
cyanate in experimental models for carcinogenesis at both
initiation and post-initiation stages in colon (Reddy et al.
1992, 1997; Narayanan et al. 2004), mammary glands
(El-Bayoumy et al. 1992; Ip et al. 1994), lung (El-Bayoumy
et al. 1992, 1993, 1996, 2006; Tanaka et al. 2000;
Prokopczyk et al. 1997; Rosa et al. 1998; Prokopczyk et al.
1996, 2000; Richie et al. 2006), liver (Prokopczyk et al.
1996), intestine (Rao et al. 2000), tongue (Chen et al. 2009)
and oral tissues (Tanaka et al. 1997; Von Pressentin et al.
2000), has been widely reported. No attempt is made
here to thoroughly discuss the chemepreventive eVects of
p-phenylenebis(methylene)selenocyanate, as these have been
adequately reviewed elsewhere (El-Bayoumy and Sinha
2004).

Ip has proposed the hypothesis that selenium compounds
which directly generate monomethylated selenium are more
eVective chemopreventive agents than selenium compounds
that are metabolized to H2Se. The data on chemopreventive
activity of selenobetaine and methylselenocysteine, which
are metabolized to monomethylated selenium, compared to
sodium selenite and selenomethionine further support this
hypothesis since selenobetaine and methylselenocysteine
were more eVective as chemopreventive agents than the
other two forms, which generate H2Se (Ip 1998).

In this context, methylselenocysteine and selenocysteine
have been extensively studied as chemopreventive agents.
Methylselenocysteine holds eVective potential as a chemo-
preventive agent especially against mammary tumorogene-
sis (Ip and Ganther 1992). Accordingly, an anti-angiogenic
activity of methylselenocysteine has been demonstrated
and characterized by the intratumoral vessel density and a
vascular endothelial growth factor in mammary carcinoma
(Jiang et al. 1999). In this way, Sinha convincingly demon-
strated that the methylselenocysteine inhibitory eVect on
the growth of mouse mammary tumor epithelial cells coin-
cides with a speciWc blocking of cdk2 kinase activity, with
the increase of gadd gene expression and with apoptosis
(Sinha and Medina 1997). A synchronized mouse mam-
mary cell line TM6 has been used to demonstrate that meth-
ylselenocysteine increased caspases 3, 6 and 8 activities,
leading to apoptosis in the methylselenocysteine-treated
TM6 cells (Unni et al. 2001).

Based on the knowledge that phosphatidylinositol
3-kinase (PI3-K) regulates diverse cellular functions such
as growth, survival and malignant transformation through
its multiple enzymatic functions, namely lipid kinase and
protein kinase activities (Krasilinikov 2000), and acts either
synergistically with the Raf pathway or in opposition to it

Fig. 19 Mechanisms involved in anticancer activity of organosele-
nium compounds
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(Hu et al. 1996; Rodriguez-Viciana et al. 1997), the eVects
of methylselenocysteine on the components of the PI3 K–
Akt and signal-related kinase Raf–MEK–ERK pathways
were investigated to gain a better understanding of the
mechanisms of growth inhibition in the TM6 mouse mam-
mary tumor cell line. Methylselenocysteine inhibited PI3-K
activity and subsequently inactivated Akt, by dephospho-
rylation. The phosphorylation of p38 MAPK was also
downregulated by methylselenocysteine. In parallel experi-
ments methylselenocysteine inhibited the Raf–MEK–ERK
signaling pathway. Therefore, methylselenocysteine blocks
multiple pathways in mouse mammary tumor cells in vitro
(Unni et al. 2005).

Lu and collaborators have demonstrated that selenite
inhibits cell growth through predominantly non-speciWc
genotoxic eVects which are manifested by single-strand
DNA breaks and cytotoxicity. In contrast, methylseleno-
cysteine, which is metabolized predominantly to methylsel-
enol, induced growth inhibition in the absence of DNA
single-strand breakage. Consequently, these Wndings sup-
port the hypothesis that selenite and organoselenium com-
pounds have diVerent and distinct modes of action in the
growth inhibition of cells in vitro (Lu et al. 1995; Sinha
et al. 1999).

Combined with a chemotherapeutic agent, methylsele-
nocysteine and selenomethionine provide protection
against the toxicity of diVerent chemotherapeutic agents.
Chemotherapy with irinotecan, a topoisomerase I poison,
alone and in combination with other anticancer drugs is
limited by lack of therapeutic selectivity and resistance.
The challenge in chemoprevention is to develop new
drugs and treatment modalities that will signiWcantly
impact cure rates, but with minimal toxicity. In this con-
text, there has been reported that the combination of
methylselenocysteine and irinotecan signiWcantly
increased the cure rates of human head and neck xeno-
grafts and protected animals from irinotecan-induced
death (Cao et al. 2004). To better understand the basis for
the eYcacy of methylselenocysteine in increasing the
therapeutic index of irinotecan against human tumor
xenografts a new study was performed. Methylselenocys-
teine in a dose-dependent manner enhances antitumor
activities of irinotecan and protects from its toxicity.
However, intratumoral total selenium concentration was
not predictive of the combination therapy response rates
(Azrak et al. 2007).

In contrast, some authors have described that rats sup-
plemented with methylselenocysteine had more 3,2�-dime-
thyl-4-aminobiphenyl-induced colonic DNA adducts and
greater aberrant crypt foci formation in the colon than those
supplemented with inorganic selenium. These Wndings sug-
gest that the supplementation of selenium in the form of
methylselenocysteine in the diet does not inhibit the pre-

neoplasic lesions in the colon (Reddy et al. 2000; Davis
et al. 1999; Feng et al. 1999). Thus, even though methylse-
lenocysteine has been shown to be the most eVective orga-
noselenium compound in the reduction of mammary
tumorigenesis, it may not be able to reduce colon tumors.

The inhibitory capacity of selenocysteine conjugates
toward seven of the most important human P450 was exam-
ined. The most potent inhibitor was benzylseleno-seleno-
cysteine, but the majority of the selenocysteine conjugates
produced inhibition of cytochrome 1A1 at �M range, sug-
gesting that this eVect may contribute to their chemopre-
ventive activity (Venhorst et al. 2003). Additionally,
promising results were observed with prodrugs of seleno-
cysteine, selenazolidines, as potential selenium delivery
agents for cancer chemoprevention. Of note, selenazoli-
dines exhibited reduced toxicity to V79 cells (Short et al.
2003).

Selenocystine and selenodiglutathione have also been
reported to inhibit phorbol ester-induced transformation of
epidermal cells. Besides, these organoselenium compounds
induce a redox modulation of protein kinase C, compart-
mentally independent from the cytosolic GSH, but inti-
mately connected to an NADPH-dependent reductase
system (Gopalakrishna et al. 1997).

A mechanistic study of in vitro anticancer activity of
selenocystine further revealed that reactive oxygen species
play a key role in the signaling pathway of selenocystine-
mediated apoptosis in susceptible cancer cells (Tianfeng
and Yum-Shing 2009). Apoptosis triggered by selenocys-
tine involves caspase-independent apoptosis and activates
reactive oxygen species-mediated mitochondrial pathway
and p53 phosphorylation. Bcl-2 family members regulated
the release of apoptosis-inducing factor from mitochondria
to the cytosol, which translocated into nucleus and induced
chromatin condensation and DNA degradation and Wnally
resulted in apoptotic cell death (Fig. 20) (Chen and Wong
2009).

During the past few years, the mechanism of cytotoxic-
ity proposed for the potential cancer therapeutic action of
selenium has been the generation of reactive oxygen spe-
cies (Drake 2006; Chen et al. 2007). To gain further insight
into the cytotoxic mechanism for the chemoprevention the
role of glutaredoxin (Grx), proteins with a central function
in maintaining the redox balance within the cell, has been
explored. Selenite, selenodiglutathione and selenocystine
were shown to be substrates of human Grx1. According to
Fig. 21a, selenodiglutathione and selenide, substrates for
Grx1, are reduced to selenol, generating reactive oxygen
species. By contrast, selenocystine is stoichiometrically
reduced by Grx1 with 1:1 oxidation of NADPH, yielding
its complete reduction and absence of reactive oxygen spe-
cies formation (Fig. 21b). The authors suggest that citotox-
icity caused by selenocystine may involve a diVerent
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pathway independent on the reactive oxygen species gener-
ation (Wallenberg et al. 2010).

The study elegantly performed by Spallholz and
co-workers investigated selenomethionine and methylsele-
nocysteine for their toxicity and mutagenicity as well as
potential detrimental eVects on DNA yeast Saccharomyces
cerevisiae. At equimolar concentrations, selenomethionine
and methylselenocysteine were less toxic than inorganic
selenium, sodium selenite, in S. cerevisiae and this was
attributed to diVerences between sodium selenite and sele-
nomethionine or methylselenocysteine in their ability to
redox cycle and generate superoxide. Therefore the results
demonstrated that sodium selenite but not selenomethio-
nine and methylselenocysteine is toxic and may be muta-
genic in yeasts (Letavayova et al. 2008). Further the
genotoxic potential of selenomethionine as compared to
sodium selenite against DNA damage induced by doxorubi-

cin was investigated. Both selenomethionine and sodium
selenite were able to prevent DNA damage induced by
doxorubicin in peripheral blood cells of rats. The authors
suggest that the antioxidant mechanism may account for the
chemoprotective activity (dos Santos et al. 2007).

Previous studies show that selenomethionine exerts can-
cer chemopreventive properties by regulating ERK phos-
phorylation leading to cell-cycle arrest in human colon
cancer cells (Goulet et al. 2005). Selenomethionine was
described as a low-toxic chemotherapeutic agent able to
inhibit tumor growth in a model of colorectal carcinoma by
downregulating the expression of the protein Bcl-xL,
increasing the expression of Bax and Bad and activating
caspase-9 (Yang et al. 2009). Selenomethionine inhibits
human prostate cancer cell viability; however, in contrast to
1,4-phenylenebis(methylene)selenocyanate, it is not active
at physiologically relevant doses (Pinto et al. 2007).

The selenium supplementation in human trials revealed
that selenomethionine as selenium-yeast reduced the inci-
dence of colon, lung, and prostate cancer by nearly 50%
(Clark et al. 1996). However, the selenium and vitamin E
cancer prevention trial (SELECT) for the prevention of
prostate cancer in men over 50 years of age (http://
www.crab.org/select/) failed to show the eYcacy of seleno-
methionine for prostate cancer prevention (Drudge-Coates
2009; Zhang et al. 2010). In human prostate cancer cells,
selenomethionine was also reported as unable to inhibit
androgen receptor and Akt signaling (Facompre et al.
2010).

As mentioned previously, methylselenol is postulated to
be the selenium metabolite responsible for the dietary che-
moprevention of cancers. The study of Spallholz further
conWrmed that methylselenol, a metabolite of methioninase
catalysis of selenomethionine, generates superoxide in the
presence of glutathione. Further, methylselenocysteine in
vivo is very likely carcinostatic in like manner to selenome-
thionine by generating methylselenol from other enzymatic
activity, i.e., beta-lyase or amino acid oxidases. Redox
cycling, oxidative stress-induced apoptosis by methyl and
other selenides appears to account for the carcinostatic
attributes of selenium supplementation to animals and
humans (Spallholz et al. 2004).

Seo and co-workers have reported that tumor suppressor
p53 was activated by selenomethionine via the modulation
of redox status. In an extension of their study, they were
able to demonstrate that methyl methanesulfonate-induced
base excision repair was enhanced under the modulation of
p53 in the presence of selenomethionine. From this study
emerges a possibility of a novel chemopreventive activity
of selenomethionine to play a role in preventing mutagene-
sis in normal cells from various oxidative metabolites to
induce base damages in DNA (Seo et al. 2002; Jung et al.
2009).

Fig. 20 Selenocystine induces caspase-independent apoptosis

Fig. 21 a Selenodiglutathione (GS-Se-SG) and selenide, substrates
for glutaredoxin (Grx), are reduced to selenol, generating reactive
oxygen species (ROS). b Selenocystine (CysSeSeCys) is completely
reduced by Grx with oxidation of NADPH without ROS generation.
ModiWed from Wallenberg et al. (2010)
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The hypothesis that selenomethionine protective eVects
against ionizing radiation, a widely employed therapy in
the cancer treatment, are mediated by p53 pathway was
tested. The activity of p53 was modulated by redox factor 1
in response to selenomethionine treatment (RaVerty et al.
2003; Jeong et al. 2009).

Cyclophosphamide, a widely used antineoplastic drug,
causes myelosuppression in normal cells. Therefore, the
possible protective eVect of selenomethionine on cyclo-
phosphamide-induced toxicity of the blood and bone mar-
row of rats was investigated. The data revealed that
selenomethionine at a select dose range had hematoprotec-
tive eVect against cyclophosphamide toxicity (Ayhanci
et al. 2009).

There has been shown that the administration of daily
selenomethionine starting 1 week before initiation of
weekly irinotecan therapy reduces irinotecan-induced tox-
icity and improves antitumor activity in preclinical models
(Cao et al. 2004; Azrak et al. 2005). Consequently, a phase
I study to determine the maximum tolerated dose of irino-
tecan with Wxed, non-toxic high dose of selenomethionine
was performed. The dose of selenomethionine investigated
on this study (2,200 �g Se) resulted in suboptimal concen-
trations of selenium on day 8 of treatment (<10 �molL¡1 in
all patients on the Wrst day of irinotecan), which may
explain the lack of protective eVects and the inability to
escalate irinotecan beyond the previously maximum toler-
ated dose. The authors suggest that higher doses of seleno-
methionine are needed to test adequately for normal tissue
toxicity protection. Based on the data obtained in this phase
I trial, a new study designed to determine the recommended
dose of selenomethionine in combination with irinotecan
that consistently results in a protective plasma selenium
concentration >15 �M after 1 week of SLM loading was
carried out. It is evident from the data that a safe dose of
selenomethionine for 1 week can produce a level of 15 �M
selenium concentration in plasma. Although no major pro-
tection against irinotecan toxicity was established; minimal
gastrointestinal toxicity was noted-supporting the investi-
gation of this combination in future trials (Fakih et al. 2006,
2008).

In addition to methylselenocysteine, methylseleninic
acid is also believed to be a direct precursor of methylsele-
nol, the key metabolite responsible for selenium’s antican-
cer activity (El-Bayoumy and Sinha 2004). Accordingly,
methylseleninic acid has been reported to protect against
prostate cancer by inhibiting cell proliferation, by modulat-
ing the expression of androgen receptor and androgen
receptor-regulated genes and by inducing carcinogen
defenses (Zhao et al. 2004). The increased expression of
both prometastatic genes, matrix metalloproteinases, and
antimetastatic genes, tissue inhibitor metalloproteinase, in
HT1080 tumor cells has been attributed to methylselenol.

The net eVect of these increases is the inhibition of pro-
metalloproteinase activation and of tumor cell migration
and invasion capacity (Zeng et al. 2006).

In parallel to a number of pharmacological properties
reported, ebselen has been studied as a chemopreventive
compound. In this way, ebselen inhibits the cell growth in
human breast and colon cancer cells (Engman et al. 1997),
and induces apoptosis in the human hepatoma cell line
HepG2 (Yang et al. 2000a). The apoptotic eVect of ebselen
involves its ability to deplete thiols and to alter the mito-
chondrial permeability transition (Yang et al. 2000b).

Evidences concerning the direct eVect of ebselen on
MAP kinase activity in neuronal cells arose from Yoshi-
muzi group. Thus, ebselen speciWcally inhibits H2O2-
induced JNK activation but not ERK ½ and p38 activation
in PC12 cells. Ebselen was also found to attenuate H2O2-
induced PC 12 cell death including apoptosis (Yoshizumi
et al. 2002).

In addition to its capacity to provoke cell death, ebselen has
been shown to inhibit apoptosis (Kotamraju et al. 2000;
Maulik and Yoshida 2000). In fact, ebselen was found to pre-
vent nitrogen mustard-induced apoptosis in normal and trans-
formed thymocytes (Holl et al. 2000) and to protect cells from
radiation-induced apoptosis (Ramakrishnan et al. 1996).

Ebselen has been reported as able to induce cellular
necrosis in the murine hybridoma cell line. In the same
study, ebselen completely inhibits caspase activation
induced by cycloheximide treatment, indicating that the cell
death mechanisms triggered by ebselen interfere with the
apoptotic death machinery (Guerin and Gauthier 2003).

The thioredoxin system has been described to be impor-
tant for cancer cell growth and inhibition of apoptosis. The
thioredoxin system was originally studied for its ability to
provide reducing equivalents to ribonucleotide reductase,
the Wrst unique step in DNA synthesis (Laurent et al. 1964).

A number of investigators have been pursuing an
approach to the development of chemepreventive agents,
which targets the mammalian selenoenzyme thioredoxin
reductase. In fact, inhibition of thioredoxin reductase would
be expected to be highly detrimental to the growth of tumor
cells, especially since the levels of both thioredoxin reduc-
tase and thioredoxin have been found to be elevated in
tumor cell lines. However, it has been reported that thiore-
doxin stimulates the proliferation of at least some types of
human tumor cells (Powis et al. 1994; Biguet et al. 1994;
Gasdaska et al. 1995).

In an attempt to investigate new chemopreventive
agents, ebselen has been evaluated as inhibitor of thiore-
doxin reductase. As a result, ebselen was an eVective inhib-
itor of thioredoxin reductase (IC50 value of 4.2 �M). By
contrast, supra nutritional levels of methylselenocysteine
and methylseleninic acid did not aVect thioredoxin reduc-
tase activity (Ganther and Ip 2001).
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A balance between therapeutic activity and toxic eVects
of a compound is an important parameter when evaluating
its usefulness as a pharmacological agent. In this way, the
cytotoxicity of organoselenium compounds could be
employed in anti-proliferative therapy. Accordingly, one
important set of evidence indicates that diphenyl diselenide
has genotoxic potential (Rosa et al. 2004). In a model of
yeast mutant strains defective in antioxidant defenses,
diphenyl diselenide was reported as a pro-oxidant agent.
The pro-oxidant eVect was characterized by depletion of
free glutathione, probably via direct coupling of the drug to
the sulfhydryl group of the cysteine residue in glutathione
and thus sensitizing the cell to reactive oxygen species
(Rosa et al. 2005).

Table 11 illustrates that ebselen diVerent from diphenyl
diselenide (Rosa et al. 2004) was neither cytotoxic nor
mutagenic in Saccharomyces cerevisiae (Miorelli et al.
2008).

The hypothesis that structural modiWcations into the aryl
group of diaryl diselenide could achieve greater chemopre-
ventive eYcacy with minimal toxic side eVects stimulated
the investigation of antimutagenic potential of diaryl disele-
nide derivatives. As a result, genotoxic, mutagenic and pro-
tective eVects of m-triXuoromethyl-diphenyl diselenide
were reported. At high concentrations, m-triXuoromethyl-
diphenyl diselenide was a weak cytotoxic agent and had
genotoxic eVects on V79 cells. Two mutagenic experimen-
tal models, bacteria and yeast, were used to evaluate the
DNA damage induced by m-triXuoromethyldiphenyl disel-
enide, in contrast to the high level of frameshift mutation in
S. typhimurium and in S. cerevisiae (Table 11) haploid strain
caused by diphenyl diselenide, m-triXuoromethyldiphenyl
diselenide was not mutagenic for these biological models.
The authors demonstrated that m-triXuoromethyldiphenyl
diselenide protective eVect against hydrogen peroxide-

induced mutagenesis involves catalase mimetic activity
(Machado et al. 2009).

Additionally, other symmetrical diselenide derivatives,
namely p-chlorodiphenyl diselenide, p-methyldiphenyl
diselenide and p-methoxyldiphenyl diselenide, were screened
for cytotoxicity and mutagenicity, using the yeast Saccha-
romyces cerevisiae as a model organism. p-Methoxyldiphe-
nyl-diselenide was the most cytotoxic compound tested
(Table 11).

Similar to diphenyl diselenide, the mutagenic potential
of p-methoxyldiphenyl diselenide could be associated to its
ability to deplete thiols and generates oxidative stress. Con-
versely, the introduction of a chloro or a methyl group into
the aryl group of diaryl diselenide confers lower capacity
than methoxyl to disturb the redox homeostasis and/or
interact directly with DNA by intercalation, since frame-
shift mutations are not observed in yeast.

Taken these data together it is possible to conclude that
the introduction of a methoxyl group into the aryl group of
diaryl diselenide increases cytotoxic and genotoxicity of
diphenyl diselenide (Table 11). It is also important to
emphasize that p-methoxyldiphenyl diselenide was more
cytotoxic and mutagenic than diphenyl ditelluride, a diphe-
nyl diselenide analogous (Table 11) (Degrandi et al. 2010).
Moreover, the introduction of a methyl group increases the
cytotoxicity of the compound without aVecting mutagenic-
ity (Rosa et al. 2010) (Table 11).

Based on pro-oxidant and mutagenic properties of diphe-
nyl diselenide in diVerent cells (Rosa et al. 2007a), the
threshold of dose at which the molecule presents genotoxic
eVects was investigated in mice. Thus, this study revealed
that diphenyl diselenide induces DNA damage in brain,
kidney, liver and testes of mice. The systemic genotoxicity
was clearly dependent on the dose, ranging from 75 to
200 �mol kg¡1 when administered by intraperitoneal route.

Table 11 Cytotoxicity and mutagenicity of ebselen, diphenyl diselenide and its analogues in strains of Saccharomyces cerevisiae

Treatment in stationary phase

Non-mutagenic—Non-mut (up to 100 �M), Non-toxic (up to 100 �M)
a LYS1 locus
b HIS 1 locus
c HOM 3 locus

Cytotoxicity 
(�M)

Mutagenicity (�M) Reference

LYSa HISb HOMc

Ebselen Non-toxic Non-mut Non-mut Non-mut Miorelli et al. (2008)

Diphenyl diselenide 100 100 100 1 Rosa et al. (2004)

m-TriXuoromethyldiphenyl diselenide 120 Non-mut Non-mut Non-mut Machado et al. (2009)

p-Chlorodiphenyl diselenide Non-toxic Non-mut Non-mut Non-mut Rosa et al. (2010)

p-Methyldiphenyl diselenide 10 Non-mut Non-mut Non-mut Rosa et al. (2010)

p-Methoxyldiphenyl diselenide 1 0.1 1 0.1 Rosa et al. (2010)

Diphenyl ditelluride 10 100 50 5 Degrandi et al. (2010)
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The study clearly demonstrated a correlation between the
pro-oxidant eVect and DNA damage (Rosa et al. 2007b).

The antigenotoxic and antimutagenic eVects of diphenyl
diselenide on Chinese hamster V79 cell line have been
investigated. The experimental data revealed diphenyl
diselenide as a potential chemopreventive agent using sev-
eral mutagens. At low concentrations diphenyl diselenide
protects against methyl methanesulfonate, UVC radiation
and hydrogen peroxide-induced cytotoxicity, DNA dam-
age, and clastogenesis in V79 cells by increasing glutathi-
one peroxidase activity (Rosa et al. 2007c).

Using animal model of carcinogenesis, the chemopre-
ventive eVect of dietary diphenyl diselenide was reported in
N-nitroso-N-methylurea (NMU)-induced mammary in rats.
Supplementation with diphenyl diselenide promoted pro-
nounced increase in the latency to the onset of tumor devel-
opment and reduction in the incidence and frequency of
tumors. The results indicated that diphenyl diselenide pre-
sents a protective eVect against the tumor development,
even when supplemented at a relatively low concentration
(1 ppm) (Barbosa et al. 2008a).

Additionally, a new class of amino acid derivatives was
investigated by comparing their cytotoxic and genotoxic
properties to that of simple diaryl diselenides in human leu-
kocytes cells. The exposure of leukocytes to (S)-tert-butyl
1-diselenide-3-methylbutan-2-ylcarbamate, (S)-tert-butyl
1-diselenide-3-phenylpropan-2-ylcarbamate, ditriXuorom-
ethyl diphenyl diselenide, dimethoxy diphenyl diselenide,
dichloro diphenyl diselenide induced a signiWcant loss of
cell viability (cytotoxic) (Table 12). All aminoacid deriva-
tives and simple diaryl diselenides caused DNA damage
(genotoxic) at low concentrations in human leukocytes
cells (Table 12) (Santos et al. 2009a).

We have demonstrated that diphenyl diselenide and diphe-
nyl diselenide as well as their organotellurium analogous,
diphenyl telluride and diphenyl ditelluride, decreased at similar
concentrations the osmotic stability of human erythrocytes in
vitro (Schiar et al. 2009; Santos et al. 2009b) (Table 13).
(S)-2-Amino-1-diselenide-3-methylpropanyl showed hemo-

lytic eVect at the concentration of 100 �M (Table 13). The
hemolytic eVect was strictly related to the presence of Se
and Te atoms in their moieties, since the organic structure
without these elements did not alter the eVect. Indeed,
diphenyl selenide which had the greatest hemolytic eVect
was genotoxic to leukocytes cells (Santos et al. 2009b).

Induction of Phase II enzymes has emerged as an eVec-
tive strategy for cancer chemoprevention. Thus Xiao and
Parkin reported that among twenty-seven selenium and six-
teen structurally related organosulfur compounds tested the
most potent were dimethyl diselenide, 2,5-diphenyl-selen-
ophene, dibenzyl diselenide, methylseleninic acid, diphenyl
diselenide, benzeneseleninic acid, benzene selenol, triphe-
nylselenonium chloride and ebselen, increasing quinone
reductase and glutathione S transferase activities in murine
hepatoma (Hepa IcIc7) cells, at low micromolar concentra-
tions. The concentration-dependence of quinone reductase
induction and cell growth inhibition were linearly corre-
lated among the group of organoselenium compounds
(dimethyl diselenide, dibenzyl diselenide, methylseleninic
acid, diphenyl diselenide, benzeneseleninic acid, benzene
selenol and ebselen) with putative selenol-generating
potential, implying that both responses of Hepa IcIc 7 cells
were based on these selenol metabolites (Xiao and Parkin
2006).

Table 12 Cytotoxicity and 
genotoxicity of amino acid 
derivatives and simple diaryl 
diselenides in human leukocytes 
cells

Compound Genotoxicity (�M) Cytotoxicity (�M)

Damage frequency Cell viability

(S)-Tert-butyl 1-diselenide-3-methylbutan-2-ylcarbamate 40 10

(S)-Tert-butyl 1-diselenide-3-phenylpropan-2-ylcarbamate 10 10

(S)-2-Amino-1-diselenide-3-methylpropanyl 10 >40

(S)-2-Amino-1-diselenide-3-phenylpropanyl 10 >40

m-TriXuoromethyldiphenyl diselenide 40 10

p-Methoxyldiphenyl diselenide 10 40

p-Chlorodiphenyl diselenide 40 40

Hexamethyldiphenyl diselenide 40 >40
Santos et al. (2009a)

Table 13 Minimal concentration of organoselenium and their analo-
gous organotellurium required to cause hemolysis in human erithro-
cytes

Santos et al. (2009b)

Compounds Minimal 
concentration 
(�M)

Diphenyl selenide 75

Diphenyl telluride 75

Diphenyl diselenide 100

Diphenyl ditelluride 100

(S)-2-Amino-1-diselenide-3-methylpropanyl 100
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Conclusion

The biological narrative of the element selenium in the last
century has been marked by a contrast between its toxic and
its beneWcial eVects. Indeed, selenium was Wrst described as
an extremely toxic element to mammalian organisms,
which has given rise to a lasting negative view of Selenium.
Posteriorly, with the clear demonstration that selenium was
essential to mammals, the perceptions about the element
selenium started to change slowly and about a half a cen-
tury after the publication of the classical paper of Schwarz
and Foltz (1957), the awareness about the element has been
changed from the negative toxic to an exaggerate positive
view of selenium as an antioxidant. In fact, the use of sele-
nium supplementation have been stimulated in the last
decades without a scientiWc support and with a complete
negligence about the dual chemistry of selenium in biology:
inorganic selenium found in the environment and organic
forms of selenium found in plants (e.g., selenomethionine
and methylselenocysteine) can be potentially pro-oxidant
and not anti-oxidant in vertebrate cells; whereas the amino-
acid residue selenocysteyl found in some selenoproteins
can perform antioxidant roles in biology. Of particular
importance for animal and human health, cumulative and
recent epidemiological observations have clearly indicated
that dietary overexposure to selenium can increase the inci-
dence of chronic degenerative diseases such as diabetes II,
amyothrophic lateral sclerosis and some types of cancer
(Vinceti et al. 2009, 2010).

The molecular bases for the long-term dietary toxicity of
selenium are still obscure, but possibly involve the oxida-
tion of thiols from speciWc proteins by inorganic and
organic selenium compounds. From the toxicological point
of view, we suggest that the study of interaction of inor-
ganic and naturally occurring organic selenium compounds
with speciWc thiol-containing proteins be stimulated. Based
on the results of the recent epidemiological studies, we
strongly recommend that the scientiWc community with
expertise in the Weld of selenium biology call attention to
the necessity of more cautionary and restrictive policies for
the use of dietary selenium supplementation.

Otherwise, we are under the risk of having a silent out-
break of long-term selenium intoxication in the next few
decades. Indeed, our knowledge about the precise nutri-
tional biochemistry of inorganic and naturally occurring
organic selenium compounds is still incipient. Conse-
quently, to Wnd the Wne balance between the nutritional
requirements and the long-term potential toxicological con-
sequences of inadequate selenium intake (both under- or
overexposure) much more detailed epidemiological, nutri-
tional and toxicological studies will be needed. In this
review we have also presented the toxicological and phar-
macological eVects of a variety of synthetic organosele-

nium compounds, giving a particular emphasis to the
general molecular bases of their actions. Regarding their
ample pharmacological eVects without the identiWcation of
deWnite targets strongly suggest that most of their beneWcial
eVects are related to the modulation of the redox status of
the living cells. Consequently, we can deduce that the anti-
oxidant activities of ebselen and diphenyl diselenide are
linked to their reductive metabolism to intermediates that
“can imitate” the natural role played by the selenol/seleno-
late groups found in selenoporteins. Accordingly, ebselen
and diphenyl diselenide are mimetics of the native glutathi-
one peroxidase and can be substrates of thioredoxin reduc-
tase, which metabolizes ebselen to ebselen selenol and
diphenyl diselenide to selenophenol. On the other hand, the
molecular toxicology of organoselenium is not known with
detail. However, the ability to oxidize sulfhydryl groups
from biological molecules can be involved both in their
pharmacological and toxicological eVects. In fact, organo-
selenium can induce thiol oxidation and apoptosis in vitro.
Similarly, exposure to high doses of organoselenium can
cause the depletion of endogenous reduced glutathione in a
variety of tissues. However, the depletion of endogenous
thiols by diphenyl diselenide and analogues does not
strictly follow the in vitro reactivity of these organochalco-
gens toward low-molecular-weight thiols, emphasizing the
necessity of more detailed studies about the potential in
vivo oxidation of high-molecular-weight thiol-containing
targets by a variety of promising simple organochalcogens.

We realize that in vitro properties of organochalcogens
such as their thiol-peroxidase-like activity and their ability
to be reduced by TrxR should guide future in vivo studies
with rodents. Furthermore, computational simulation
should be performed to identify those molecules that could
interact with speciWc and biologically relevant proteins.
From these studies, a rational chemical and biological
hypothesis could be constructed about the tentative reactiv-
ity of organochalcogens toward widespread endogenous
thiols, particularly glutathione and speciWc thiol-containing
proteins. Thus, the design of compounds that could not oxi-
dize glutathione and could react with speciWc targeted pro-
teins to modulate therapeutically relevant pathways, would
represent an important step for accelerating the develop-
ment of new organoselenium compounds with therapeutic
eYcacy. The sporadic use of ebselen in 3 clinical trials in
the 1990s and the abandonment of its clinical use without a
clear explanation by the Japanese pharmaceutical company
can be viewed either as a deterring or stimulating fact.
Badly, it is possible that ebselen had been used in large
trials without the conWrmation of the results obtained in
the preliminary small clinical trials or, alternatively, the
eYcacy observed initially could not be conWrmed in the
longitudinal following up of the patients engaged in the 3
clinical trials. Optimistically, we can say that ebselen was
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apparently not toxic for humans after short-term intake
schedules, which can indicate that other organoselenium
compounds, such as diphenyl diselenide, could also be safe
for acute therapeutic use.

Thus, the potential therapeutic use of simple organosele-
nium compounds has not yet been suYciently explored and,
consequently, we can not discard this class of compounds
as promising pharmaceutical agents. In eVect, the future of
the organochalcogens as pharmacological agents with the
capacity of imitating the natural chemistry of selenium in
mammals and performing beneWcial biological eVects will
depend on more detailed toxicological studies in the
oncoming years.

Acknowledgments The authors wish to sincerely thank their
coworkers listed in the references for their dedicated collaboration and
devotion. Financial support by UFSM, CAPES, CNPq and FAPERGS
is acknowledged. The authors are also thankful to the FINEP research
grant “Rede Instituto Brasileiro de Neurociência (IBN-Net)”
# 01.06.0842-00, INCT for Excitotoxicity and Neuroprotection-CNPq
and FAPERGS/CNPq (PRONEX) research grant # 10/0005-1.

References

Acker CI, Brandão R, Rosário AR, Nogueira CW (2009a) Antioxidant
eVect of alkynylselenoalcohol compounds on liver and brain of
rats in vitro. Environ Toxicol Pharmacol 28:280–287

Acker CI, Luchese C, Prigol M, Nogueira CW (2009b) Antidepres-
sant-like eVect of diphenyl diselenide on rats exposed to mala-
thion: involvement of Na+K+ ATPase activity. Neurosci Lett
455:168–172

Adams WJ, Kocsis JJ, Snyder R (1989) Acute toxicity and urinary
excretion of diphenyldiselenide. Toxicol Lett 48:301–310

Akerboom TPM, Sies H, Ziegler DM (1995) The oxidation of ebselen
metabolites to thiol oxidants catalyzed by liver-microsomes and
perfused-rat-liver. Arch Biochem Biophys 316:220–226

Alberto EE, Soares LC, Sudati JH, Borges ACA, Rocha JBT, Braga
AL (2009) EYcient synthesis of modular amino acid derivatives
containing selenium with pronounced GPx like activity. Eur J Org
Chem 4211–4214

Ali N, Yoshizumi M, Tsuchiya K, Kyaw M, Fujita Y, Izawa Y, Abe S,
Kanematsu Y, Kagami S, Tamaki T (2004) Ebselen inhibits p38
mitogen-activated protein kinase-mediated endothelial cell death
by hydrogen peroxide. Eur J Pharmacol 485:127–135

Allmang C, Krol A (2006) Selenoprotein synthesis: UGA does not end
the story. Biochimie 88:1561–1571

Allmang C, Wurth L, Krol A (2009) The selenium to selenoprotein
pathway in eukaryotes: More molecular partners than anticipated.
Biochim Biophys Acta-gen Subj 1790:1415–1423

Andersson CM, Hallberg A, Linden M, Brattsand R, Moldeus P,
Cotgreave I (1994) Antioxidant activity of some diarylselenides
in biological systems. Free Radic Biol Med 16:17–28

Araie H, Shiraiwa Y (2009) Selenium utilization strategy by microal-
gae. Molecules 14:4880–4891

Arakawa M, Ishimura A, Arai Y, Kawabe K, Suzuki S, Ishige K, Ito Y
(2007) N-Acetylcysteine and ebselen but not nifedipine protected
cerebellar granule neurons against 4-hydroxynonenal-induced
neuronal death. Neurosci Res 57:220–229

Arner ESJ (2010) Selenoproteins—what unique properties can arise
with selenocysteine in place of cysteine? Exp Cell Res 316:1296–
1303

Arner ESJ, Holmgren A (2000) Physiological functions of thioredoxin
and thioredoxin reductase. Eur J Biochem 267:6102–6109

Arteel GE, Sies H (2001) The biochemistry of selenium and the gluta-
thione system. Environ Toxicol Phar 10:153–158

Arteel GE, Briviba K, Sies H (1999) Function of thioredoxin reductase
as a peroxynitrite reductase using selenocystine or ebselen. Chem
Res Toxicol 12:264–269

Aruoma OI (1997) Scavenging of hypochlorous acid by carvedilol and
ebselen in vitro. Gen Pharmacol 28:269–272

Assmann A, Briviba K, Sies H (1998) Reduction of methionine selen-
oxide to selenomethionine by glutathione. Arch Biochem Bio-
phys 349:201–203

Assmann A, Bonifacic M, Briviba K, Sies H (2000) One-electron reduc-
tion of selenomethionine oxide. Free Radical Res 32:371–376

Ayhanci A, Yaman S, Appak S, Gunes S (2009) Hematoprotective
eVect of selenomethionine on cyclophosphamide toxicity in rats.
Drug Chem Toxicol 32:424–428

Azrak RG, Yu J, Pendyala L, Smith PF, Cao SS, Li X, Shannon WD,
Durrani FA, McLeod HL, Rustum YM (2005) Irinotecan pharma-
cokinetic and pharmacogenomic alterations induced by methylse-
lenocysteine in human head and neck xenograft tumors. Mol
CancerTher 4:843–854

Azrak RG, Cao S, Pendyala L, Durrani FA, Fakih M, Combs GF Jr,
Prey J, Smith PF, Rustum YM (2007) EYcacy of increasing the
therapeutic index of irinotecan, plasma and tissue selenium con-
centrations is methylselenocysteine dose dependent. Biochem
Pharmacol 73:1280–1287

Back TG, Dick BP (1997) A novel camphor-derived selenamide that
acts as a glutathione peroxidase mimetic. J Am Chem Soc
119:2079–2083

Back TG, Moussa Z (2002) Remarkable activity of a novel cyclic sel-
eninate ester as a glutathione peroxidase mimetic and its facile in
situ generation from allyl 3-hydroxypropyl selenide. J Am Chem
Soc 124:12104–12105

Back TG, Moussa Z (2003) Diselenides and allyl selenides as
glutathione peroxidase mimetics. Remarkable activity of cyclic
seleninates produced in situ by the oxidation of allyl omega-
hydroxyalkyl selenides. J Am Chem Soc 125:13455–13460

Back TG, Moussa Z, Parvez M (2004) The exceptional glutathione
peroxidase-like activity of di(3-hydroxypropyl) selenide and the
unexpected role of a novel spirodioxaselenanonane intermediate
in the catalytic cycle. Angew Chem Int Ed 43:1268–1270

Barbosa NBV, Roch JBT, Beque M, Emanuelli T, Zeni G, Braga AL
(1998) EVect of organic forms of selenium on delta-aminolevuli-
nate dehydratase from liver, kidney, and brain of adult rats.
Toxicol Appl Pharmacol 149:243–253

Barbosa NBV, Rocha JBT, Wondracek DC, Perottoni J, Zeni G,
Nogueira CW (2006) Diphenyl diselenide reduces temporarily
hyperglycemia: possible relationship with oxidative stress. Chem
Biol Interact 163:230–238

Barbosa NBD, Nogueira CW, Guecheva TN, Bellinaso MD, Rocha
JBT (2008a) Diphenyl diselenide supplementation delays the
development of N-nitroso-N-methylurea-induced mammary
tumors. Arch Toxicol 82:655–663

Barbosa NBD, Oliveira C, Araldi D, Folmer V, Rocha JBT, Nogueira
CW (2008b) Acute diphenyl diselenide treatment reduces hyper-
glycemia but does not change delta-aminolevulinate dehydratase
activity in alloxan-induced diabetes in rats. Biol Pharm Bull
31:2200–2204

Barbosa NBV, Rocha JBT, Soares JCM, Wondracek DC, Gonçalves
JF, Schetinger MRC, Nogueira CW (2008c) Dietary diphenyl
diselenide reduces the STZ-induced toxicity. Food Chem Toxicol
46:186–194

Bechara EJH (1996) Oxidative stress in acute intermittent porphyria
and lead poisoning may be triggered by 5-aminolevulinic acid.
Braz J Med Biol Res 29:841–851
123



1346 Arch Toxicol (2011) 85:1313–1359
Beil W, Staar U, Sewing KF (1990) Interaction of the anti-inXammatory
seleno-organic compound ebselen with acid secretion in isolated
parietal cells and gastric H+/K+-ATPase. Biochem Pharmacol
40:1997–2003

Benton D (2002) Selenium intake, mood and other aspects of psycho-
logical functioning. Nutr Neurosci 5:363–374

Benton D, Cook R (1991) The impact of selenium supplementation on
mood. Biol Psychiatry 29:1092–1098

Berr C, Balansard B, Arnaud J, Roussel AM, Alperovitch A (2000)
Cognitive decline is associated with systemic oxidative stress: the
EVA study. J Am Geriatrics Soc 48:1285–1291

Bhabak KP, Mugesh G (2007) Synthesis, characterization, and antiox-
idant activity of some ebselen analogues. Chem Eur J 13:4594–
4601

Bhabak KP, Mugesh G (2008) A simple and eYcient strategy to
enhance the antioxidant activities of amino-substituted glutathi-
one peroxidase mimics. Chem Eur J 14:8640–8651

Bhabak KP, Mugesh G (2009a) Amide-based glutathione peroxidase
mimics: eVect of secondary and tertiary amide substituents on
antioxidant activity. Chem Asian J 4:974–983

Bhabak KP, Mugesh G (2009b) Synthesis and structure-activity corre-
lation studies of secondary- and tertiary-amine-based glutathione
peroxidase mimics. Chem Eur J 15:9846–9854

Bhabak KP, Mugesh G (2010) Functional mimics of glutathione
peroxidase: bioinspired synthetic antioxidants. Acc Chem Res
43:1408–1419

Biguet C, Wakasugi N, Mishal Z, Holmgren A, Chouaib S, Tursz T,
Wakasugi H (1994) Thioredoxin increases the proliferation of
human b-cell lines through a protein-kinase c-dependent mecha-
nism. J Biol Chem 269:28865–28870

Björnstedt M, Kumar S, Holmgren A (1992) Selenodiglutathione is a
highly eYcient oxidant of reduced thioredoxin and a substrate for
mammalian thioredoxin reductase. J Biol Chem 267:8030–8034

Björnstedt M, Kumar S, Björkhem L, Spyrou G, Holmgren A (1997)
Selenium and the thioredoxin and glutaredoxin systems. Biomed
Envirom Sci 10:271–279

Bleys J, Navas-Acien A, Guallar E (2007a) Selenium and diabetes:
more bad news for supplements. Ann Int Med 147:271–272

Bleys J, Navas-Acien A, Guallar E (2007b) Serum selenium and dia-
betes in US adults. Diabetes Care 30:829–834

Bock A, Forchhammer K, Heider J, Leinfelder W, Sawers G, Veprek
B, Zinoni F (1991) Selenocysteine—the 21st amino-acid. Mol
Microbiol 5:515–520

Bolzan RC, Folmer V, Farina M, Zeni G, Nogueira CW, Rocha JBT,
Emanuelli T (2002) Delta-Aminolevulinate dehydratase inhibi-
tion by phenyl selenoacetylene: eVect of reaction with hydrogen
peroxide. Pharmacol Toxicol 90:214–219

Bonvicini F, Vinceti M, Marcello N, RodolW R, Rinaldi M (2008) The
epidemiology of amyotrophic lateral sclerosis in Reggio Emilia,
Italy. Amyotr Lateral Sclerosis 9:350–353

Borges LP, Borges VC, Moro AV, Nogueira CW, Rocha JBT, Zeni G
(2005a) Protective eVect of diphenyl diselenide on acute liver
damage induced by 2-nitropropane in rats. Toxicology 210:1–8

Borges VC, Rocha JBT, Nogueira CW (2005b) EVect of diphenyl
diselenide, diphenyl ditelluride and ebselen on cerebral Na+,
K+-ATPase activity in rats. Toxicology 215:191–197

Borges LP, Nogueira CW, Panatieri RB, Rocha JBT, Zeni G (2006)
Acute liver damage induced by 2-nitropropane in rats: eVect of
diphenyl diselenide on antioxidant defenses. Chem Biol Interact
160:99–107

Borges LP, Brandão R, Godoi B, Nogueira CW, Zeni G (2008) Oral
administration of diphenyl diselenide protects against cadmium-
induced liver damage in rats. Chem Biol Interact 171:15–25

Brandao R, Acker CI, Leite MR, Barbosa NBV, Nogueira CW (2009)
Diphenyl diselenide protects against glycerol induced renal dam-
age in rats. J Appl Toxicol 29:612–618

Bredt DS, Snyder SH (1994) Nitric oxide: a physiologic messenger
molecule. Annu Rev Biochem 63:175–195

Brito VB, Folmer V, Puntel GO, Fachinetto R, Soares JC, Zeni G,
Nogueira CW, Rocha JB (2006) Diphenyl diselenide and 2, 3-
dimercaptopropanol increase the PTZ-induced chemical seizure
and mortality in mice. Brain Res Bull 68:414–418

Brito VB, Rocha JB, Folmer V, Erthal F (2009) Diphenyl diselenide
and diphenyl ditelluride increase the latency for 4-aminopyridine-
induced chemical seizure and prevent death in mice. Acta Bio-
chim Pol 56:125–134

Briviba K, Roussyn I, Sharov VS, Sies H (1996) Attenuation of oxida-
tion and nitration reactions of peroxynitrite by selenomethionine,
selenocystine and ebselen. Biochem J 319:13–15

Brozmanová J, Mániková D, Vlbková V, Chovanec M (2010) Sele-
nium: a double-edged sword for defense and oVence in cancer.
Arch Toxicol 84:919–938

Bruning CA, Prigol M, Roehrs JA, Zeni G, Nogueira CW (2010) Evi-
dence for the involvement of mu-opioid and delta-opioid recep-
tors in the antinociceptive eVect caused by oral administration of
m-triXuoromethyl-diphenyl diselenide in mice. Behav Pharmacol
21:621–626

Brüning CA, Prigol M, Roehrs JA, Nogueira CW, Zeni G (2009)
Involvement of the serotonergic system in the anxiolytic-like
eVect caused by m-triXuoromethyl-diphenyl diselenide in mice.
Behav Brain Res 205:511–517

Bubolz AH, Wu QP, Larsen BT, Gutterman DD, Liu YP (2007) Ebse-
len reduces nitration and restores voltage-gated potassium chan-
nel function in small coronary arteries of diabetic rats. Am J
Physiol Heart Circ Physiol 293:H2231–H2237

Burger ME, Alves A, Callegari L, Athayde FR, Nogueira CW, Zeni G,
Rocha JB (2003) Ebselen attenuates reserpine-induced orofacial
dyskinesia and oxidative stress in rat striatum. Prog Neuropsy-
chopharmacol Biol Psychiatry 27:135–140

Burger M, Fachinetto R, Calegari L, Paixao MW, Braga AL, Rocha
JBT (2004) EVects of age on reserpine-induced orofacial dyskine-
sia and possible protection of diphenyl diselenide. Brain Res Bull
64:339–345

Burger ME, Fachinetto R, Zeni G, Rocha JBT (2005) Ebselen attenu-
ates haloperidol-induced orofacial dyskinesia and oxidative stress
in rat brain. Pharmacol Biochem Behav 81:608–615

Burger ME, Fachinetto R, Wagner C, Perottoni J, Pereira RP, Zeni G,
Rocha JBT (2006) EVects of diphenyl-diselenide on orofacial
dyskinesia model in rats. Brain Res Bull 70:165

Burk RF, Hill KE (1993) Regulation of selenoproteins. Ann Rev Nutr
13:65–81

Cahpman PM (1999) Selenium—a potential time bomb or just another
contaminant Hum. Ecol Risk Assess 5:1123–1138

Caldwell KA, Tappel AL (1965) Acceleration of sulfhydryl oxidations
by selenocystine. Arch Biochem Biophys 112:196–200

Cao S, Durrani F, Rustum YM (2004) Selective modulation of the
therapeutic eYcacy of anticancer drugs by selenium containing
compounds against human tumor xenografts. Clin Cancer Res
10:2561–2569

Carlson BA, Yoo MH, Tsuji PA, Gladyshev VN, HatWeld DL (2009)
Mouse models targeting selenocysteine trna. Expression for
elucidating the role of selenoproteins in health and development.
Molecules 14:3509–3527

Centurião FB, Dalla Corte CL, Paixão MW, Braga AL, Zeni G,
Emanuelli T, Rocha JBT (2005) EVect of ebselen and organoch-
alcogenides on excitotoxicity induced by glutamate in isolated
chick retina. Brain Res 1039:146–152

Chaudière J, Courtin O, Leclaire J (1992) Glutathione oxidase activity
of selenocystamine: a mechanistic study. Arch Biochem Biophys
296:328–336

Chen J, Berry MJ (2003) Selenium and selenoproteins in the brain and
brain diseases. J Neurochem 86:1–12
123



Arch Toxicol (2011) 85:1313–1359 1347
Chen T, Wong YS (2009) Selenocystine induces caspase-independent
apoptosis in MCF-7 human breast carcinoma cells with involve-
ment of p53 phosphorylation and reactive oxygen species gener-
ation. Int J Biochem Cell Biol 41:666–676

Chen GP, Ziegler DM (1994) Liver microsome and Xavin-containing
monooxygenase catalyzed oxidation of organic selenium-com-
pounds. Arch Biochem Biophys 312:566–572

Chen JJ, Boylan LM, Wu CK, Spallholz JE (2007) Oxidation of gluta-
thione and superoxide generation by inorganic and organic sele-
nium compounds. Biofactors 31:55–66

Chen KM, Sacks PG, Spratt TE, Lin JM, Boyiri T, Schwartz J, Richie
JP, Calcagnotto A, Das A, Bortner J, Zhao Z, Amin S, Guttenplan
J, El-Bayoumy K (2009) Modulations of benzo[a]pyrene-induced
DNA adduct, cyclin D1 and PCNA in oral tissue by 1, 4-phenyl-
enebis(methylene)selenocyanate. Biochem Biophys Res Comm
383:151–155

Christison J, Sies H, Stocker R (1994) Human blood cells support the
reduction of low-density-lipoprotein-associated cholesteryl ester
hydroperoxides by albumin-bound ebselen. Biochem J 304:341–
345

Clark LC, Combs GF Jr, Turnbull BW, Slate EH, Chalker DK, Chow
J, Davis LS, Glover RA, Graham GF, Gross EG, Kongrad A,
Lesher JL Jr, Park HK, Sanders BB Jr, Smith CL, Taylor JR
(1996) EVects of selenium supplementation for cancer prevention
in patients with carcinoma of the skin. JAMA 276:1957–1963

Comasseto JV (2010) Selenium and tellurium chemistry: historical
background. J Braz Chem Soc 21:2027–2031

Combs GF Jr (2001a) Considering the mechanisms of cancer preven-
tion by selenium. Adv Exp Med Biol 492:107–117

Combs GF Jr (2001b) Impact of selenium and cancer-prevention Wnd-
ings on the nutrition-health paradigm. Nutr Cancer 40:6–11

Combs GF Jr, Gray WP (1998) Chemopreventive agents: selenium.
Pharmacol Ther 79:179–192

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

Conaway CC, Upadhyaya P, Meschter CL, Kurtzke C, Marcus LA,
El-Bayoumy K (1992) Subchronic toxicity of benzyl selenocya-
nate and 1, 4-phenylenebis(methylene)selenocyanate in F344
rats. Fundam Appl Toxicol 19:563–574

Cone JE, Del Río RM, Davis JN, Stadtman TC (1976) Chemical char-
acterization of the selenoprotein component of clostridial glycine
reductase: identiWcation of selenocysteine as the organoselenium
moiety. Proc Natl Acad Sci USA 73:2659–2663

Cooper AJL, Kristal BS (1997) Multiple roles of glutathione in the
central nervous system. Biol Chem 378:793–802

Costa CA, Trivelato GC, Pinto AM, Bechara EJ (1997) Correlation be-
tween plasma 5-aminolevulinic acid concentrations and indica-
tors of oxidative stress in lead-exposed workers. Clin Chem
43:1196–1202

Cotgreave IA, Sandy MS, Berggren M, Moldeus PM, Smith MT
(1987) N-acetylcysteine and glutathione-dependent protective
eVect of PZ51 (Ebselen) against diquat-induced cytotoxicity in
isolated hepatocytes. Biochem Pharmacol 36:2899–2904

Cotgreave IA, Johansson U, Westergren G, Moldeus PW, Brattsand R
(1988) The anti-inXammatory activity of ebselen but not thiols in
experimental alveolitis and bronchiolitis. Agents Actions 24:313–319

Cotgreave IA, Duddy SK, Kass GEN, Thompson D, Moldeus P (1989)
Studies on the anti-inXammatory activity of ebselen: Ebselen
interferes with granulocyte oxidative burst by dual inhibition of
nadph oxidase and protein kinase C. Biochem Pharmacol 38:649–
656

Czeczot H, Scibior D, Skrzycki M, Podsiad M (2006) Glutathione and
GSH-dependent enzymes in patients with liver cirrhosis and
hepatocellular carcinoma. Acta Biochim Pol 53:237–241

da Rocha JT, Sperança A, Nogueira CW, Zeni G (2009) Hypolipidae-
mic activity of orally administered diphenyl diselenide in Triton

WR-1339-induced hyperlipidaemia in mice. J Pharm Pharmacol
61:1673–1679

Dalla Corte CL, Fachinetto R, Puntel R, Wagner C, Nogueira CW,
Soares FAA, Rocha JBT (2009) Chronic treatment with Xuphen-
azine alters parameters of oxidative stress in liver and kidney of
rats. Basic Clin Pharmacol Toxicol 105:51–57

Davis RL, Spallholz JE (1996) Inhibition of selenite-catalyzed
superoxide generation and formation of elemental selenium (Se
degrees) by copper, zinc, and aurintricarboxylic acid (ATA). Bio-
chem Pharmacol 51:1015–1020

Davis CD, Feng Y, Hein DW, Finley JW (1999) The chemical form of
selenium inXuences 3, 2�-dimethyl-4-aminobiphenyl-DNA adduct
formation in rat colon. J Nutr 129:63–69

Dawson DA, Masayasu H, Graham DI, Macrae IM (1995) The neuro-
protective eYcacy of ebselen (a glutathione-peroxidase mimic)
on brain-damage induced by transient focal cerebral-ischemia in
the rat. Neurosci Lett 185:65–69

de Bem AF, Portella RDL, Perottoni J, Becker E, Bohrer D, Paixao
MW, Nogueira CW, Zeni G, Rocha JBT (2006) Changes in bio-
chemical parameters in rabbits blood after oral exposure to diphe-
nyl diselenide for long periods. Chem Biol Interact 162:1–10

de Bem AF, Portella RD, Farina M, Perottoni J, Paixao MW, Nogueira
CW, Rocha JBT (2007) Low toxicity of diphenyl diselenide in
rabbits: a long-term study. Basic Clin Pharmacol Toxicol
101:47–55

de Bem AF, Farina M, Portella RL, Nogueira CW, Dinis TC,
Laranjinha JA, Almeida LM, Rocha JBT (2008) Diphenyl disel-
enide, a simple glutathione peroxidase mimetic, inhibits human
LDL oxidation in vitro. Atherosclerosis 201:92–100

de Bem AF, Portella RD, Colpo E, Duarte MMMF, Frediane A, Taube
PS, Nogueira CW, Farina M, da Silva EL, Rocha JBT (2009)
Diphenyl diselenide decreases serum levels of total cholesterol
and tissue oxidative stress in cholesterol-fed rabbits. Basic Clin
Pharmacol Toxicol 105:17–23

de Koning AJ (2002) The antioxidant ethoxyquin and its analogues: a
review. Int J Food Prop 5:451–461

De Silva V, Woznichak MM, Burns KL, Grant KB, May SW (2004)
Selenium redox cycling in the protective eVects of organosele-
nides against oxidant-induced DNA damage. J Am Chem Soc
126:2409–2413

Degrandi TH, Oliveira IM, d’Almeida GS, Garcia CRL, Villela IV,
Guecheva TN, Rosa RM, Henriques JAP (2010) Evaluation of the
cytotoxicity, genotoxicity and mutagenicity of diphenyl ditellu-
ride in several biological models. Mutagenesis 25:257–269

Dhanarajan R, Abraham P, Isaac B (2006) Protective eVect of ebselen,
a selenoorganic drug, against gentamicin-induced renal damage
in rats. Basic Clin Pharmacol Toxicol 99:267–272

Dhanasekaran M, Uthayathas S, Karuppagounder SS, Parameshwaran
K, Suppiramaniam V, Ebadi M, Brown-Borg HM (2006) Ebselen
eVects on MPTP-induced neurotoxicity. Brain Res 1118:251–254

Dhingra S, Bansal MP (2006) Hypercholesterolemia and LDL receptor
mRNA expression: modulation by selenium supplementation.
Biometals 19:493–501

Dickson RC, Tappel AL (1969) Reduction of selenocystine by cysteine
or glutathione. Arch Biochem Biophys 130:547–550

Donaldson MS (2004) Nutrition and cancer: a review of the evidence
for an anti-cancer diet. Nutr J 3:1–21

dos Santos RA, Jordão Jrb AA, Vannucchi H, Takahashi CS (2007)
Protection of doxorubicin-induced DNA damage by sodium sele-
nite and selenomethionine in Wistar rats. Nutr Res 27:343–348

Drake EN (2006) Cancer chemoprevention: selenium as a prooxidant,
not an antioxidant. Med Hypotheses 67:318–322

Dringen R (2000) Metabolism and functions of glutathione in brain.
Prog Neurobiol 62:649–671

Drudge-Coates L (2009) SELECT shows no eVect on prostate cancer
prevention. Int J Urol Nurs 3:13–15
123



1348 Arch Toxicol (2011) 85:1313–1359
Dumont E, Vanhaecke F, Cornelis R (2006) Selenium speciation from
food source to metabolites: a critical review. Anal Bioanal Chem
385:1304–1323

El-Bayoumy K (1985) EVects of organoselenium compounds on
induction of mouse forestomach tumors by benzo(a)pyrene.
Cancer Res 45:3631–3635

El-Bayoumy K (1991) The role of selenium in cancer prevention. In:
Devita VT Jr, Hellmann S, Rosenberg SA (eds) Cancer preven-
tion, 4th edn. JB Lippincott Company, Philadelphia, pp 1–15

El-Bayoumy K (1994) Evaluation of chemopreventive agents against
breast cancer and proposed strategies for future clinical interven-
tion trials. Carcinogenesis 15:2395–2420

El-Bayoumy K (2001) The protective role of selenium on genetic dam-
age and on cancer. Mutat Res 475:123–139

El-Bayoumy K, Sinha R (2004) Mechanisms of mammary cancer che-
moprevention by organoselenium compounds. Mutat Res 551:181–
197

El-Bayoumy K, Upadhyaya P, Date V, Sohn OS, Fiala ES, Reddy B
(1991) Selenium in the chemoprevention of carcinogenesis.10.
Metabolism of [c-14] benzyl selenocyanate in the F344 rat. Chem
Res Toxicol 4:560–565

El-Bayoumy K, Chae YH, Upadhyaya P, Meschter C, Cohen LA,
Reddy BS (1992) Inhibition of 7, 12-dimethylbenz(a)anthracene-
induced tumors and DNA adduct formation in the mammary
glands of female Sprague–Dawley rats by the synthetic organose-
lenium compound, 1, 4-phenylenebis(methylene)-selenocyanate.
Cancer Res 52:2402–2407

El-Bayoumy K, Upadhyaya P, Desai DH, Amin S, Hecht SS (1993)
Inhibition of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
tumorigenicity in mouse lung by the synthetic organoselenium
compound, 1, 4-phenylenebis(methylene)selenocyanate. Carci-
nogenesis 14:1111–1113

El-Bayoumy K, Upadhyaya P, Chae YH, Sohn OS, Rao CV, Fiala E,
Reddy BS (1995) Chemoprevention of cancer by organoselenium
compounds. J Cell Biochem Suppl 22:92–100

El-Bayoumy K, Upadhyaya P, Desai DH, Amin S, HoVmann D,
Wynder EL (1996) EVects of 1, 4-phenylenebis(methylene)sele-
nocyanate, phenethyl isothiocyanate, indole-3-carbinol, and
d-limonene individually and in combination on the tumorigenicity
of the tobacco-speciWc nitrosamine 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone in A/J mouse lung. Anticancer Res
16:2709–2712

El-Bayoumy K, Chung FL, Richie J Jr, Reddy BS, Cohen L, Weisburger
J, Wynder EL (1997) Dietary control of cancer. Proc Soc Exp Biol
Med 216:211–223

El-Bayoumy K, Rao CV, Reddy BS (2001) Multiorgan sensitivity to
anticarcinogenesis by the organoselenium 1, 4-phenylene-
bis(methylene)selenocyanate. Nutr Cancer 40:18–27

El-Bayoumy K, Das A, Narayanan B, Narayanan N, Fiala ES, Desai D,
Rao CV, Amin S, Sinha R (2006) Molecular targets of the chemo-
preventive agent 1, 4-phenylenebis (methylene)-selenocyanate in
human non-small cell lung cancer. Carcinogenesis 27:1369–1376

Emerit J, Edeas M, Bricaire F (2004) Neurodegenerative diseases and
oxidative stress. Biomed Pharmacother 58:39–46

Engman L, Stern D, Cotgreave IA, Andersson CM (1992) Thiol perox-
idase-activity of diaryl ditellurides as determined by a H-1-NMR
Method. J Am Chem Soc 114:9737–9743

Engman L, Andersson C, Morgenstern R, Cotgreave IA, Andersson
CM, Hallberg A (1994) Evidence for a common selenolate inter-
mediate in the glutathione peroxidase-like catalysis of A-(phe-
nylselenenyl) ketones and diphenyl diselenide. Tetrahedron
50:2929–2938

Engman L, Stern D, Frisell H, Vessman K, Berglund M, Ek B, Andersson
CM (1995) Synthesis, antioxidant properties, biological activity
and molecular modelling of a series of chalcogen analogues of the

5-lipoxygenase inhibitor DuP 654. Bioorg Med Chem 3:1255–
1262

Engman L, Cotgreave I, Angulo M, Taylor CW, Paine-Murrieta GD,
Powis G (1997) Diaryl chalcogenides as selective inhibitors of
thioredoxin reductase and potential antitumor agents. Anticancer
Res 17:4599–4605

Fachinetto R, Villarinho JG, Wagner C, Pereira RP, Puntel RL, Paixão
MW, Braga AL, Calixto JB, Rocha JBT, Ferreira J (2007) Diphe-
nyl diselenide decreases the prevalence of vacuous chewing
movements induced by Xuphenazine in rats. Psychopharmacol-
ogy 194:423–432

Facompre ND, El-Bayoumy K, Sun YW, Pinto JT, Sinha R (2010) 1,
4-Phenyle nebis(methylene)selenocyanate, but not selenomethio-
nine, inhibits androgen receptor and akt signaling in human pros-
tate cancer cells. Cancer Prev Res 3:975–984

Fakih MG, Pendyala L, Smith PF, Creaven PJ, Reid ME, Badmaev V,
Azrak RG, Prey JD, Lawrence D, Rustum YM (2006) A phase I
and pharmacokinetic study of Wxed-dose selenomethionine and
irinotecan in solidtumors. Clin Cancer Res 12:1237–1244

Fakih MG, Pendyala L, Brady W, Smith PF, Ross ME, Creaven PJ,
Badmaev V, Prey JD, Rustum YM (2008) A Phase I and pharma-
cokinetic study of selenomethionine in combination with a Wxed
dose of irinotecan in solid tumors. Cancer Chemother Pharmacol
62:499–508

Fang J, Zhong L, Zhao R, Holmgren A (2005) Vitamin E and organo-
selenium prevent the cocarcinogenic activity of arsenite with solar
UVR in mouse skin. Toxicol Appl Pharmacol 207:S103–S109

Farina M, Folmer V, Bolzan RC, Andrade LH, Zeni G, Braga AL,
Rocha JBT (2001) Selenoxides inhibit delta-aminolevulinic acid
dehydratase. Tox Let 119:27–37

Farina M, Barbosa NBV, Nogueira CW, Folmer V, Zeni G, Andrade
LH, Braga AL, Rocha JBT (2002) Reaction of diphenyl disele-
nide with hydrogen peroxide and inhibition of delta-aminolevuli-
nate dehydratase from rat liver and cucumber leaves. Braz J Med
Biol Res 35:623–631

Farina M, Brandao R, Lara FS, Soares FAA, Souza DO, Rocha JBT
(2003a) Mechanisms of the inhibitory eVects of selenium and
mercury on the activity of delta-aminolevulinate dehydratase
from mouse liver, kidney and brain. Toxicol Let 139:55–66

Farina M, Dahm KCS, Schwalm FD, Brusque AM, Frizzo ME, Zeni
G, Souza DO, Rocha JBT (2003b) Methylmercury increases glu-
tamate release from brain synaptosomes and glutamate uptake by
cortical slices from suckling rat pups: modulatory eVect of ebse-
len. Toxicol Sci 73:135–140

Farina M, Frizzo MES, Soares FA, Schwalm FD, Dietrich MO, Zeni
G, Rocha JBT, Souza DO (2003c) Ebselen protects against meth-
ylmercury-induced inhibition of glutamate uptake by cortical
slices from adult mice. Toxicol Lett 144:351–357

Farina M, Soares FA, Zeni G, Souza DO, Rocha JB (2004) Additive
pro-oxidative eVects of methylmercury and ebselen in liver from
suckling rat pups. Toxicol Lett 146:227–235

Feng Y, Finley JW, Davis CD, Becker WK, Fretland AJ, Hein DW
(1999) Dietary selenium reduces the formation of aberrant crypts
in rats administered 3, 2�-dimethyl-4-aminobiphenyl. Toxicol
Appl Pharmacol 157:36–42

Fiala ES, Joseph C, Sohn OS, El-Bayoumy K, Reddy BS (1991)
Mechanism of benzylselenocyanate inhibition of azoxymethane-
induced colon carcinogenesis in F344 rats. Cancer Res 51:2826–
2830

Fiala ES, Sohn OS, Li H, El-Bayoumy K, Sodum RS (1997) Inhibition
of 2-nitropropane-induced rat liver DNA and RNA damage by
benzyl selenocyanate. Carcinogenesis 18:1809–1815

Fiala ES, Staretz ME, Pandya GA, El-Bayoumy K, Hamilton SR
(1998) Inhibition of DNA cytosine methyltransferase by chemo-
preventive selenium compounds, determined by an improved
123



Arch Toxicol (2011) 85:1313–1359 1349
assay for DNA cytosine methyltransferase and DNA cytosine
methylation. Carcinogenesis 19:597–604

Filipovska A, Kelso GF, Brown SE, Beer SM, Smith RAJ, Murphy MP
(2005) Synthesis and characterization of a triphenylphosphonium
conjugated peroxidase mimetic. J Biol Chem 280:24113–24126

Fischer H, Dereu N (1987) Mechanism of the catalytic reduction of
hydroperoxides by ebselen: a selenium-77 NMR study. Bull Soc
Chim Belg 96:757–768

Flohe L, Gunzler WA, Schock HH (1973) Glutathione peroxidase: a
selenoenzyme. FEBS Lett 32:132–134

Foiles PG, Miglietta L, Dolan LR, El-Bayoumy K, Ronai Z (1993)
Modulation of carcinogen-induced polyoma dna-replication by
organoselenium and organosulfur chemopreventive agents. Int J
Oncol 2:413–418

Foiles PG, Fujiki H, Suganuma M, Okabe S, Yatsunami J, Miglietta
LM, Upadhyaya P, El-Bayoumy K, Ronai Z (1995) Inhibition of
pkc and pka by chemopreventive organoselenium compounds. Int
J Oncol 7:685–690

Folmer V, Farina M, Maciel EN, Nogueira CW, Zeni G, Emanuelli T,
Rocha JBT (2004) Methyl phenyl selenide causes heme biosyn-
thesis impairment and its toxicity is not modiWed by dimethyl
sulphoxide in vivo. Drug Chem Toxicol 27:331–340

Fordyce F (2007) Selenium geochemistry and health. Ambio 36:94–97
Forstrom JW, Zakowski JJ, Tappel AL (1978) IdentiWcation of the cat-

alytic site of rat liver glutathione peroxidase as a selenocysteine.
Biochemistry 17:2639–2644

Foster LH, Sumar S (1997) Selenium in health and disease: a review.
Crit Rev Food Sci Nutr 37:211–228

Franke KW (1934a) A new toxicant occurring naturally in certain sam-
ples of plant foodstuVs: I. Results obtained in preliminary feeding
trials. J Nutr 8:597–608

Franke KW (1934b) A new toxicant occurring naturally in certain sam-
ples of plant foodstuVs: II. The occurrence of the toxicant in the
protein fraction. J Nutr 8:609–613

Franke KW, Painter EP (1935) Selenium in proteins from toxic food-
stuVs: IV. The eVect of feeding toxic proteins, toxic protein
hydrolysates, and toxic protein hydrolysates from which the sele-
nium has been removed. J Nutr 10:599–611

Franke KW, Potter VR (1935) A new toxicant occurring naturally in
certain samples of plant foodstuVs: IX. Toxic eVects of orally
ingested selenium. J Nutr 10:213–221

Freitas AS, Prestes AS, Wagner C, Sudati JH, Alves D, Porciúncula
LO, Kade IJ, Rocha JBT (2010) Reduction of diphenyl diselenide
and analogs by mammalian thioredoxin reductase is independent
of their gluthathione peroxidase-like activity: a possible novel
pathway for their antioxidant activity. Molecules 15:7699–7714

Frost DV, Olson OE (1972) The two faces of selenium—can seleno-
phobia be cured? CRC Crit Rev Toxicol 1:467–514

Fürstenau CR, Spier AP, Rücker B, Berti SL, Battastini AMO, Sarkis
JJF (2004) The eVect of ebselen on adenine nucleotide hydrolysis
by platelets from adult rats. Chem Biol Interact 148:93–99

Gabryel B, Malecki A (2006) Ebselen attenuates oxidative stress in
ischemic astrocytes depleted of glutathione. Comparison with
glutathione precursors. Pharmacol Rep 58:381–392

Galet V, Bernier JL, Hénichart JP, Lesieur D, Abadie C, Rochette L,
Lindenbaum A, Chalas J, de la Faverie JFR, PfeiVer B, Renard P
(1994) Benzoselenazolinone derivatives designed to be glutathi-
one peroxidase mimetics feature inhibition of cyclooxygenase/5-
lipoxygenase pathways and anti-inXammatory activity. J Med
Chem 37:2903–2911

Ganther HE (1968) SelenotrisulWdes formation by reaction of thiols
with selenious acid. Biochemistry 7:2898–2905

Ganther HE, Ip C (2001) Thioredoxin reductase activity in rat liver is
not aVected by supranutritional levels of monomethylated sele-
nium in vivo and is inhibited only by high levels of selenium in
vitro. J Nutr 131:301–304

Gasdaska JR, Berggren M, Powis G (1995) Cell-growth stimulation by
the redox protein thioredoxin occurs by a novel helper mecha-
nism. Cell Growth DiVer 6:1643–1650

Gealekman O, Brodsky SV, Zhang F, Chander PN, Friedli C, Nasjletti
A, Goligorsky MS (2004) Endothelial dysfunction as a modiWer
of angiogenic response in Zucker diabetic fat rat: amelioration
with ebselen. Kidney Int 66:2337–2347

Geiger PG, Lin F, Girotti AW (1993) Selenoperoxidase-mediated
cytoprotection against the damaging eVects of tert-butyl hydro-
peroxide on leukemia cells. Free Radic Bio Med 14:251–266

Ghisleni G, Porciúncula LO, Cimarosti H, Rocha JBT, Salbego CG,
Souza DO (2003) Diphenyl diselenide protects rat hippocampal
slices submitted to oxygen-glucose deprivation and diminishes
inducible nitric oxide synthase immunocontent. Brain Res
986:196–199

Ghisleni G, Kazauckas V, Both FL, Pagnussat N, Mioranzza S, Rocha
JBT, Souza DO, Porciúncula LO (2008a) Diphenyl diselenide
exerts anxiolytic-like eVect in Wistar rats: putative roles of
GABAA and 5HT receptors. Prog Neuro-Psychopharmacol Biol
Psychiatry 32:1508–1515

Ghisleni G, Porciúncula LO, Mioranzza S, Boeck CR, Rocha JBT,
Souza DO (2008b) Selenium compounds counteract the stimula-
tion of ecto-nucleotidase activities in rat cultured cerebellar gran-
ule cells: putative correlation with neuroprotective eVects. Brain
Res 1221:134–140

Ghose A, Fleming J, Harrison PR (2001) Selenium and signal trans-
duction: roads to cell death and anti-tumour activity. Biofactors
14:127–133

Gill R, Tsung A, Billiar T (2010) Linking oxidative stress to inXamma-
tion: toll-like receptors. Free Rad Biol Med 48:1121–1132

Golombieski RM, Graichen DAS, da Rocha JBT, Valente VLD,
Loreto ELD (2008a) Over-activation of the Drosophila mela-
nogaster hsp83 gene by selenium intoxication. Gen Mol Biol
31:128–135

Golombieski RM, Graichen DAS, Pivetta LA, Nogueira CW, Loreto
ELS, Rocha JBT (2008b) Diphenyl diselenide [(PhSe)(2)] inhib-
its Drosophila melanogaster delta-aminolevulinate dehydratase
(delta-ALA-D) gene transcription and enzyme activity. Comp
Biochem Physiol C-Tox Pharmacol 147:198–204

Gopalakrishna R, Gundimeda U (2002) Methylselenol, the active
metabolite of selenium, selectively inhibits protein kinase C in
precancer cells at the promotional stage of carcinogenesis. J Nutr
132:3819S–3823S

Gopalakrishna R, Chen ZH, Gundimeda U (1997) Selenocompounds
induce a redox modulation of protein kinase C in the cell, compart-
mentally independent from cytosolic glutathione: its role in
inhibition of tumor promotion. Arch Biochem Biophys 348:37–48

Goulet AC, Chigbrow M, Frisk P, Nelson MA (2005) Selenomethio-
nine induces sustained ERK phosphorylation leading to cell-cycle
arrest in human colon cancer cells. Carcinogenesis 26:109–117

GriYths HR, Dowling EJ, Sahinoglu T, Blake DR, Parnham M, Lunec
J (1992) The selective protection aVorded by ebselen against lipid
peroxidation in an ROS-dependent model of inXammation.
Agents Actions 36:107–111

Gross SS, Wolin MS (1995) Nitric oxide: pathophysiological mecha-
nisms. Annu Rev Physiol 57:737–769

Guerin PJ, Gauthier ER (2003) Induction of cellular necrosis by the
glutathione peroxidase mimetic ebselen. J Cell Biochem 89:203–
211

Gul S, Bahadir B, Hanci V, Acikgoz S, Bektas S, Ugurbas E, Ankarali
H, Kalayci M, Acikgoz BJ (2010) EVects of ebselen versus nimo-
dipine on cerebral vasospasm subsequent to experimental sub-
arachnoid hemorrhage in rats. Clin Neurosci 17:608–611

Gustafson DL, Pritsos CA (1991) Inhibition of mitomyein-C aerobic
toxicity by the seleno-organic antioxidant PZ-51. Cancer Che-
moth Pharmacol 28:228–230
123



1350 Arch Toxicol (2011) 85:1313–1359
Haenen GRMM, de Rooij BM, Vermeulen NPE, Bast A (1990) Mech-
anism of the reaction of ebselen with endogenous thiols. Mol
Pharmacol 37:412–422

Hamacher J, Stammberger U, Weber E, Lucas R, Wendel A (2009)
Ebselen improves ischemia-reperfusion injury after rat lung trans-
plantation. Lung 187:98–103

Handa Y, Kaneko M, Takeuchi H, Tsuchida A, Kobayashi H, Kubota
T (2000) EVect of an antioxidant, ebselen, on development of
chronic cerebral vasospasm after subarachnoid hemorrhage in
primates. Surg Neurol 53:323–329

Hartung HP, Schafer B, Heininger K, Toyka KV (1986) Interference
with arachidonic acid metabolism suppresses experimental aller-
gic neuritis. Ann Neurol 20:168

Hassan W, Ibrahim M, Deobald AM, Braga AL, Nogueira CW, Rocha
JBT (2009a) pH-Dependent Fe(II) pathophysiology and protec-
tive eVect of an organoselenium compound. FEBS Lett
583:1011–1016

Hassan W, Ibrahim M, Nogueira CW, Ahmed M, Rocha JBT (2009b)
EVects of acidosis and Fe(II) on lipid peroxidation in phospho-
lipid extract: comparative eVect of diphenyl diselenide and ebse-
len. Environ Toxicol Pharmacol 28:152–154

Hassan W, Ibrahim M, Nogueira CW, Braga AL, Mohammadzai IU,
Taube PS, Rocha JBT (2009c) Enhancement of iron-catalyzed
lipid peroxidation by acidosis in brain homogenate: comparative
eVect of diphenyl diselenide and ebselen. Brain Res 1258:71–77

Hassan W, Ibrahim M, Rocha JBT (2009d) Low pH does not modulate
antioxidant status of diphenyl ditelluride but exacerbates Fe(II)-
induced lipid peroxidation in liver preparation. Drug Chem Toxi-
col 32:438–442

He M, Xing S, Yang B, Zhao L, Hua H, Liang Z, Zhou W, Zeng J, Pei
Z (2007) Ebselen attenuates oxidative DNA damage and enhances
its repair activity in the thalamus after focal cortical infarction in
hypertensive rats. Brain Res 1181:83–92

Hermenegildo C, Nies E, Monsalve E, Puertas FJ, Higueras V, Romero
FJ (1990) Some aspects of cardiac antioxidant defense: ebselen
(PZ 51) treatment increases glutathione peroxidase activity in the
rat heart. Biochem Soc Trans 18:1193–1194

Holl V, Coelho D, Silbernagel L, Keyser JF, Waltzinger C, Dufour P,
BischoV PL (2000) Prevention of nitrogen mustard-induced apop-
tosis in normal and transformed lymphocytes by ebselen. Bio-
chem Pharmacol 60:1565–1577

Holmgren A (1985) Thioredoxin. Annu Rev Biochem 54:237–271
Hort MA, Straliotto MR, Netto PM, da Rocha JB, Bem AF, Ribeiro-do-

Valle RM (2011) Diphenyl diselenide eVectively reduces athero-
sclerotic lesion in LDLr¡/¡ mice by attenuation of oxidative stress
and inXammation. J Cardiovasc Pharmacol [Epub ahead of print]

Hu E, Kim JB, Sarraf P, Spiegelman BM (1996) Inhibition of adipo-
genesis through MAP kinase-mediated phosphorylation of
PPARgamma. Science 274:2100–2103

Huang K, Liu H, Chen Z, Xu H (2002) Role of selenium in cytoprotec-
tion against cholesterol oxide-induced vascular damage in rats.
Atherosclerosis 162:137–144

Hunsaker DM, Spiller HA, Williams D (2005) Acute selenium poison-
ing: suicide by ingestion. J Forensic Sci 50:942–946

Ibrahim M, Prigol M, Hassan W, Nogueira CW, Rocha JBT (2010)
Protective eVect of binaphthyl diselenide, a synthetic organosele-
nium compound, on 2-nitropropane-induced hepatotoxicity in
rats. Cell Biochem Funct 28:258–265

Ibrahim M, Luchese C, Pinton S, Roman SS, Hassan W, Nogueira CW,
Rocha JBT (2011) Involvement of catalase in the protective eVect
of binaphthyl diselenide against renal damage induced by glyc-
erol. Exp Toxicol Pathol 63:331–336

Ichikawa S, Omura K, Katayama T, Okamura N, Ohtsuka T, Ishibashi
S, Masayasu H (1987) Inhibition of superoxide anion production
in guinea pig polymorphonuclear leukocytes by a seleno-organic
compound, ebselen. J Pharmacobiodyn 10:595–597

Imai H, Masayasu H, Dewar D, Graham DI, Macrae IM (2001)
Ebselen protects both gray model of focal and white matter in a
rodent cerebral ischemia. Stroke 32:2149–2156

Ineu RP, Pereira ME, Aschner M, Nogueira CW, Zeni G, Rocha JBT
(2008) Diphenyl diselenide reverses gastric lesions in rats:
involvement of oxidative stress. Food Chem Toxicol 46:3023–
3029

Ip C (1998) Lessons from basic research in selenium and cancer pre-
vention. J Nutr 128:1845–1854

Ip C, Ganther HE (1992) Comparison of selenium and sulfur analogs
in cancer prevention. Carcinogenesis 13:1167–1170

Ip C, El-Bayoumy K, Upadhyaya P, Ganther H, Vadhanavikit S,
Thompson H (1994) Comparative eVect of inorganic and organic
selenocyanate derivatives in mammary cancer chemoprevention.
Carcinogenesis 15:187–192

Issekutz AC, Lopes N (1992) EVect of Ebselen on polymorphonuclear
leukocyte adhesion to and migration through cytokine-activated
vascular endothelium. Int J Immunopharmacol 14:1383–1390

Iwaoka M, Tomoda S (1994) A model study on the eVect of an amino
group on the antioxidant activity of glutathione peroxidase. J Am
Chem Soc 116:2557–2561

Jacobs M, Frost C (1981) Toxicological eVects of sodium selenite in
Sprague–Dawley rats. J Toxicol Environ Health 8:575–585

Jacquemin PV, Christiaens LE, Renson MJ (1992) Synthesis of 2H,
3-4-Dihydro-1, 2-benzoselenazin-3-one and derivatives : a new
heterocyclic ring system. Tetrahedron Lett 33:3663–3866

Jacques-Silva MC, Nogueira CW, Broch LC, Flores EMM, Rocha JBT
(2001) Diphenyl diselenide and ascorbic acid changes deposition
of selenium and ascorbic acid in liver and brain of mice. Pharma-
col Toxicol 88:119–125

Janbaz KH, Gilani AH (2000) Studies on preventive and curative
eVects of berberine on chemical-induced hepatotoxicity in
rodents. Fitoterapia 71:25–33

Jeong SW, Jung HJ, Rahman MM, Hwang JN, Seo YR (2009) Protec-
tive eVects of selenomethionine against ionizing radiation under
the modulation of p53 tumor suppressor. J Med Food 12:389–393

Jesse CR, Savegnago L, Nogueira CW (2007) Role of nitric oxide/
cyclic GMP/K+ channel pathways in the antinociceptive eVect
caused by 2, 3-bis(mesitylseleno)propenol. Life Sci 81:1694–
1702

Jesse CR, Savegnago L, Nogueira CW (2008) Spinal mechanisms of
antinociceptive eVect caused by oral administration of bis-sele-
nide in mice. Brain Res 1231:25–33

Jesse CR, Rocha JBT, Nogueira CW, Savegnago L (2009) Further anal-
ysis of the antinociceptive action caused by p-methoxyl-diphenyl
diselenide in mice. Pharmacol Biochem Behav 91:573–580

Jesse CR, Wilhelm EA, Bortolatto CF, Nogueira CW (2010a)
Evidence for the involvement of the serotonergic 5-HT2A/C and
5-HT3 receptors in the antidepressant-like eVect caused by oral
administration of bis selenide in mice. Prog Neuro Psychophar-
macol Biol Psychiatry 34:294–302

Jesse CR, Wilhelm EA, Bortolatto CF, Rocha JBT, Nogueira CW
(2010b) Involvement of L-arginine–nitric oxide–cyclic guanosine
monophosphate pathway in the antidepressant-like eVect of bis
selenide in the mouse tail suspension test. Eur J Pharmacol
635:135–141

Jesse CR, Wilhelm EA, Nogueira CW (2010c) Depression-like behav-
ior and mechanical allodynia are reduced by bis selenide treat-
ment in mice with chronic constriction injury: a comparison with
Xuoxetine, amitriptyline, and bupropion. Psychopharmacology
212:513–522

Jiang C, Jiang WQ, Ip C, Ganther H, Lu LX (1999) Selenium-induced
inhibition of angiogenesis in mammary cancer at chemopreven-
tive levels of intake. Mol Carcinogen 26:213–225

Johnsen-Soriano S, Bosch-Morell F, Miranda M, Asensio S, Barcia
JM, Roma J, Monfort P, Felipo V, Romero FJ (2007) Ebselen
123



Arch Toxicol (2011) 85:1313–1359 1351
prevents chronic alcohol-induced rat hippocampal stress and
functional impairment. Alcohol Clin Exp Res 31:486–492

Johnson WD, Morrissey RL, Kapetanovic I, Crowell JA, McCormick
DL (2008) Subchronic oral toxicity studies of Se-methylseleno-
cysteine, an organoselenium compound for breast cancer preven-
tion. Food Chem Toxicol 46:1068–1078

Johshita H, Sasaki T, Matsui T, Hanamura T, Masayasu H, Asano T,
Takakura K (1990) EVects of ebselen (PZ-51) on ischaemic brain
oedema after focal ischaemia in cats. Acta Neurochir Suppl
(Wien) 51:239–241

Jozsef L, Filep JG (2003) Selenium-containing compounds attenuate
peroxynitrite-mediated NF-kappaB and AP-1 activation and
interleukin-8 gene and protein expression in human leukocytes.
Free Radic Biol Med 35:1018–1027

Jung CH, Washburn MP, Wells WW (2002) Ebselen has dehydro-
ascorbate reductase and thioltransferase-like activities. Biochem
Biophys Res Commun 291:550–553

Jung HJ, Lee JH, Seo YR (2009) Enhancement of methyl methanesul-
fonate-induced base excision repair in the presence of selenome-
thionine on p53-dependent pathway. J Med Food 12:340–344

Kade IJ, Rocha JBT (2010) Comparative study on the inXuence of sub-
cutaneous administration of diphenyl and dicholesteroyl disele-
nides on sulphydryl proteins and antioxidant parameters in mice.
J Appl Toxicol 30:688–693

Kade IJ, Paixão MW, Rodrigues OE, Barbosa NB, Braga AL, Avila
DS, Nogueira CW, Rocha JB (2008) Comparative studies on
dicholesteroyl diselenide and diphenyl diselenide as antioxidant
agents and their eVect on the activities of Na+/K+ ATPase and
delta-aminolevulinic acid dehydratase in the rat brain. Neuro-
chem Res 33:167–178

Kade IJ, Borges VC, Savegnago L, Ibukun EO, Zeni G, Nogueira CW,
Rocha JBT (2009a) EVect of oral administration of diphenyl disel-
enide on antioxidant status, and activity of delta aminolevulinic acid
dehydratase and isoforms of lactate dehydrogenase, in streptozoto-
cin-induced diabetic rats. Cell Biol Toxicol 25:415–424

Kade IJ, Nogueira CW, Rocha JBT (2009b) Diphenyl diselenide and
streptozotocin did not alter cerebral glutamatergic and cholinergic
systems but modulate antioxidant status and sodium pump in dia-
betic rats. Brain Res 1284:202–211

Kade IJ, Paixao MW, Rodrigues OED, Ibukun EO, Braga AL, Zeni G,
Nogueira CW, Rocha JBT (2009c) Studies on the antioxidant
eVect and interaction of diphenyl diselenide and dicholesteroyl
diselenide with hepatic delta-aminolevulinic acid dehydratase and
isoforms of lactate dehydrogenase. Toxicol In Vitro 23:14–20

Kalai T, Mugesh G, Roy G, Sies H, Berente Z, Hideg K (2005) Com-
bining benzo[d]isoselenazol-3-ones with sterically hindered ali-
cyclic amines and nitroxides: enhanced activity as glutathione
peroxidase mimics. Org Biomol Chem 3:3564–3569

Kalayci M, Coskun O, Cagavi F, Kanter M, Armutcu F, Gul S,
Acikgoz B (2005) Neuroprotective eVects of ebselen on experi-
mental spinal cord injury in rats. Neurochem Res 30:403–410

Kamble P, Mohsin N, Jha A, Date A, Upadhaya A, Mohammad E,
Khalil M, Pakkyara A, Budruddin M (2009) Selenium intoxica-
tion with selenite broth resulting in acute renal failure and severe
gastritis. Saudi J Kidney Dis Transpl 20:106–111

KelloV GJ, Boone CW, Crowell JA, Steele VE, Lubet RA, Doody LA,
Malone WF, Hawk ET, Sigman CC (1996) New agents for cancer
chemoprevention. J Cell Biochem Suppl 26:1–28

Khalil AM, Maslat AO (1990) Chromosome-aberrations, sister-chro-
matid exchanges and cell-cycle kinetics in human peripheral-
blood lymphocytes exposed to organoselenium invitro. Mutat Res
232:227–232

Kiersztan A, Baranska A, Hapka M, Lebiedzinska M, Winiarska K,
Dudziak M, Bryla J (2009) DiVerential action of methylseleno-
cysteine in control and alloxan-diabetic rabbits. Chem Biol Inter-
act 177:161–171

Kim EH, Sohn S, Kwon HJ, Kim SU, Kim MJ, Lee SJ, Choi KS (2007)
Sodium selenite induces superoxide-mediated mitochondrial
damage and subsequent autophagic cell death in malignant gli-
oma cells. Can Res 67:6314–6324

Kitahara J, Seko Y, Imura N (1993) Possible involvement of active
oxygen species in selenite toxicity in isolated rat hepatocytes.
Arch Toxicol 67:497–501

Knollema S, Elting JW, Dijkhuizen RM, Nicolay K, Korf J, Ter Horst
GJ (1996) Ebselen (PZ-51) protects the caudate putamen against
hypoxia/ischemia induced neuronal damage. Neurosci Res
Commun 19:47–56

Kondoh S, Nagasawa S, Kawanishi M, Yamaguchi K, Kajimoto S,
Ohta T (1999) EVects of ebselen on cerebral ischemia and reper-
fusion evaluated by microdialysis. Neurol Res 21:682–686

Kono H, Arteel GE, Rusyn I, Sies H, Thurman RG (2001) Ebselen pre-
vents early alcohol-induced liver injury in rats. Free Radic Biol
Med 30:403–411

Kotamraju S, Konorev EA, Joseph J, Kalyanaraman B (2000) Doxoru-
bicin-induced apoptosis in endothelial cells and cardiomyocytes
is ameliorated by nitrone spin traps and ebselen-Role of reactive
oxygen and nitrogen species. J Biol Chem 275:33585–33592

Koyanagi T, Nakamuta M, Enjoji M, Iwamoto H, Motomura K, Sakai
H, Nawata H (2001) The selenoorganic compound ebselen sup-
presses liver injury induced by Propionibacterium acnes and lipo-
polysaccharide in rats. Int J Mol Med 7:321–327

Krasilinikov MA (2000) Phosphatidylinositol-3 kinase dependent
pathways: the role in control of cell growth, survival, and malig-
nant transformation. Biochemistry (Mosc) 65:59–67

Krause RJ, Glocke SC, Sicuri AR, Ripp SL, Elfarra AA (2006) Oxida-
tive metabolism of seleno-L-methionine to L-methionine selenox-
ide by Xavin-containing monooxygenases. Chem Res Toxicol
19:1643–1649

Kuhl P, Borbe HO, Discher H, Romer A, Safayhi H (1986) Ebselen
reduces the formation of LTB4 in human and porcine leukocytes
by isomerisation to its 5S, 12R–6-trans-isomer. Prostaglandins
31:1029–1048

Kumakura F, Mishra B, Priyadarsini KI, Iwaoka M (2010) A water-
soluble cyclic selenide with enhanced glutathione peroxidase-like
catalytic activities. Eur J Org Chem 3:440–445

Kumar S, Björnstedt M, Holmgren A (1992) Selenite is a substrate for
calf thymus thioredoxin reductase and thioredoxin and elicits a
large non-stoichiometric oxidation of NADPH in the presence of
oxygen. Eur J Biochem 207:435–439

Kumar S, Singh HB, Wolmershauser G (2006) Protection against per-
oxynitrite-mediated nitration reaction by intramolecularly coordi-
nated diorganoselenides. Organometallics 25:382–393

Kumar S, Engman L, Valgimigli L, Amorati R, Fumo MG, Pedulli GF
(2007) Antioxidant proWle of ethoxyquin and some of its S, Se,
and Te analogues. J Org Chem 72:6046–6055

Kunwar A, Mishra B, Barik A, Kumbhare LB, Pandey R, Jain VK,
Priyadarsini KI (2007) 3, 3�-Diselenodipropionic acid, an
eYcient peroxyl radical scavenger and a GPx mimic, protects
erythrocytes (RBCs) from AAPH-induced hemolysis. Chem Res
Toxicol 20:1482–1487

Kurebayashi Y, Tabuchi Y, Akasaki M (1989) Gastric cyto- protection
by ebselen against the injury induced by neerotizing agents in rats.
Drug Res 39:250–253

Kyung-Min S, Liulan S, Seung JP, Jin-Hyun J, Kyung-Tae L (2009)
Bis-(3-hydroxyphenyl) diselenide inhibits LPS-stimulated iNOS
and COX-2 expression in RAW 264.7 macrophage cells through
the NF-kB inactivation. J Pharm Pharmacol 61:479–486

Lapchak PA, Zivin JA (2003) Ebselen, a seleno-organic antioxidant, is
neuroprotective after embolic strokes in rabbits-synergism with
low-dose tissue plasminogen activator. Stroke 34:2013–2018

Laurent TC, Moore EC, Reichard P (1964) Enzymatic synthesis of
deoxyribonucleotides.4. isolation + characterization of thioredoxin
123



1352 Arch Toxicol (2011) 85:1313–1359
hydrogen donor from escherichia coli B. J Biol Chem 239:3436–
3444

Lech T (2002) Suicide by sodium tetraoxoselenate(VI) poisoning.
Forensic Sci Int 130:44–48

Lee O, Moon J, Chung Y (2003) The relationship between serum sele-
nium levels and lipid proWles in adult women. J Nutr Sci Vitami-
nol (Tokyo) 49:397–404

Lee YJ, Choi B, Lee EH, Choi KS, Sohn S (2006) Immobilization
stress induces cell death through production of reactive oxygen
species in the mouse cerebral cortex. Neurosci Lett 392:27–31

Lemly DA (1999) Selenium impacts on Wsh: an insidious time bomb.
Hum Ecol Risk Assess 5:1139–1151

Letavayova L, Vlasakova D, Spallholz JE, Bromanova J, Chovanec M
(2008) Toxicity and mutagenicity of selenium compounds in Sac-
charomyces cerevisiae. Mutat Res 638:1–10

Leurs R, Timmerman H, Bast A (1989) Inhibition of superoxide anion
radical production by ebselen (PZ 51) and its sulfur analogue (PZ.
25) in guinea pig alveolar macrophages. Biochem Int 18:295–299

Leyck S, Parnham MJ (1990) Acute antiinXammatory and gastric
eVects of the seleno-organic compound ebselen. Agents Actions
30:426–431

Li QJ, Bessems JG, Commandeur JN, Adams B, Vermeulen NP (1994)
Mechanism of protection of ebselen against paracetamol- induced
toxicity in rat hepatocytes. Biochem Pharmacol 48:1631–1640

Li J, Chen JJ, Zhang F, Zhang C (2000) Ebselen protection against
hydrogen peroxide-induced cytotoxicity and DNA damage in
HL-60 cells. Acta Pharmacol Sin 21:455–459

Liu J, Luo G, Shen J (2007a) Progress in selenoenzyme mimics. Progr
Chem 19:1928–1938

Liu X, Guan WC, Ke W (2007b) C-60-based ebselen derivative: Syn-
thesis by Bingel cyclopropanation and enhanced antioxidative
and neuroprotective activity. J Braz Chem Soc 18:1322–1328

Lobanov AV, Fomenko DE, Zhang Y, Sengupta A, HatWeld DL,
Gladyshev VN (2007) Evolutionary dynamics of eukaryotic sele-
noproteomes: large selenoproteomes may associate with aquatic
life and small with terrestrial life. Gen Biol 8:R198

Lobanov AV, HatWeld DL, Gladyshev VN (2009) Eukaryotic seleno-
proteins and selenoproteomes. Biochem Biophys Acta (general
subjects) 1790:1424–1428

Lu J, Holmgren A (2009) Selenoproteins. J Biol Chem 284:723–730
Lu J, Jiang C, Kaeck M, Ganther H, Vadhanavikit S, Ip C, Thompson

H (1995) Dissociation of the genotoxic and growth inhibitory
eVects of selenium. Biochem Pharmacol 50:213–219

Lu J, Berndt C, Holmgren A (2009) Metabolism of selenium com-
pounds catalyzed by the mammalian selenoprotein thioredoxin
reductase. Biochim Biophys Acta 1790:1513–1519

Luchese C, Nogueira CW (2010) Diphenyl diselenide in its selenol
form has dehydroascorbate reductase and glutathione S-transfer-
ase-like activity dependent on the glutathione content. J Pharm
Pharmacol 62:1146–1151

Luchese C, Stangherlin EC, Ardais AP, Nogueira CW, Santos FW
(2007) Diphenyl diselenide prevents oxidative damage induced
by cigarette smoke exposure in lung of rat pups. Toxicology
230:189–196

Luchese C, Pinton S, Nogueira CW (2009a) Brain and lungs of rats are
diVerently aVected by cigarette smoke exposure: antioxidant
eVect of an organoselenium compound. Pharmacol Res 59:194–
201

Luchese C, Stangherlin EC, Gay BM, Nogueira CW (2009b) Antioxi-
dant eVect of diphenyl diselenide on oxidative damage induced by
smoke in rats: involvement of glutathione. Ecotoxicol Environ
Safety 72:248–254

Lugokenski TH, Müller LG, Taube PS, Rocha JB, Pereira ME (2011)
Inhibitory eVect of ebselen on lactate dehydrogenase activity
from mammals: a comparative study with diphenyl diselenide and
diphenyl ditelluride. Drug Chem Toxicol 34:66–76

Luo GM, Ren XJ, Liu JQ, Mu Y, Shen JC (2003) Towards more eY-
cient glutathione peroxidase mimics: substrate recognition and
catalytic group assembly. Curr Med Chem 10:1151–1183

Lynch ED, Gu RD, Pierce C, Kil J (2005) Reduction of acute cisplatin
ototoxicity and nephrotoxicity in rats by oral administration of
allopurinol and ebselen. Hearing Res 201:81–89

Machado MS, Rosa RM, Dantas AS, Reolon GK, Appelt HR, Braga
AL, Henriques JAN, Roesler R (2006) An organic selenium com-
pound attenuates apomorphine-induced stereotypy in mice.
Neurosci Lett 410:198–202

Machado MS, Villela IV, Moura DJ, Rosa RM, Salvador M, Lopes NP,
Braga AL, Roesler R, SaY J, Henriques JAP (2009) 3, 3-Dit-
riXuoromethyldiphenyl diselenide: A new organoselenium com-
pound with interesting antigenotoxic and antimutagenic
activities. Mutat Res 673:133–140

Maciel EN, Bolzan RC, Braga AL, Rocha JBT (2000) Diphenyl disel-
enide and diphenyl ditelluride diVerentially aVect delta-aminolev-
ulinate dehydratase from liver, kidney, and brain of mice.
J Biochem Mol Toxicol 14:310–319

Maciel EN, Flores EMM, Rocha JBT, Folmer V (2003) Comparative
deposition of diphenyl diselenide in liver, kidney, and brain of
mice. Bull Environ Contam Toxicol 70:470–476

Maiorino M, Roveri A, Coassin M, Ursini F (1988) Kinetic mechanism
and substrate speciWcity of glutathione peroxidase activity of
ebselen (PZ51). Biochem Pharmacol 37:2267–2271

Martinez-Ramos F, Salgado-Zamora H, Campos-Aldrete MH, Melendez-
Camargo E, Marquez-Flores Y, Soriano-Garcia M (2008) Synthe-
sis and anti-inXammatory activity evaluation of unsymmetrical
selenides. Eur J Med Chem 43:1432–1437

Maslat AO, Khalil AM (1991) Mutagenic eVects of 2 suspected
anticarcinogenic organoselenium compounds in salmonella-
typhimurium. Toxicol Environ Chem 33:23–29

Masumoto H, Sies H (1996) The reaction of ebselen with peroxynitrite.
Chem Res Toxicol 9:262–267

Masumoto K, Kissner R, Koppenol WH, Sies H (1996) Kinetic study
of the reaction of ebselen with peroxynitrite. FEBS Lett 398:179–
182

Maulik N, Yoshida T (2000) Oxidative stress developed during open
heart surgery induces apoptosis: reduction of apoptotic cell death
by ebselen, a glutathione peroxidase mimic. J Cardiovasc Phar-
macol 36:601–608

May JM, Mendiratta S, Hill KE, Burk RF (1997) Reduction of dehy-
droascorbate to ascorbate by the selenoenzyme thioredoxin
reductase. J Biol Chem 272:22607–22610

Mazzanti CM, Spanevello R, Ahmed M, Pereira LB, Goncalves JF,
Correa M, Schmatz R, Stefanello N, Leal DBR, Mazzanti A,
Ramos AT, Martins TB, Danesi CC, Graca DL, Morsch VM,
Schetinger MRC (2009) Pre-treatment with ebselen and vitamin
E modulate acetylcholinesterase activity: interaction with demye-
linating agents. Int J Dev Neurosci 27:73–80

Meotti FC, Borges VC, Zeni G, Rocha JBT, Nogueira CW (2003)
Potential renal and hepatic toxicity of diphenyl diselenide, diphenyl
ditelluride and Ebselen for rats and mice. Toxicol Lett 143:9–16

Meotti FC, Stangherlin EC, Zeni G, Nogueira CW, Rocha JBT (2004)
Protective role of aryl and alkyl diselenides on lipid peroxidation.
Environ Res 94:276–282

Meotti FC, Borges VC, Perottoni J, Nogueira CW (2008) Toxicologi-
cal evaluation of subchronic exposure to diphenyl diselenide in
rats. J Appl Toxicol 28:638–644

Meotti FC, Coelho IS, Franco JL, Dafre AL, Rocha JBT, Santos ARS
(2009) Redox modulation at the peripheral site alters nociceptive
transmission in vivo. Clin Exp Pharmacol Physiol 36:272–277

Micke O, Schomburg L, Buentzel J, Kisters K, Muecke R (2009) Selenium
in oncology: from chemistry to clinics. Molecules 14:3975–3988

Miorelli ST, Rosa RM, Moura DJ, Rocha JC, Lobo LAC, Henriques
JAP, SaY J (2008) Antioxidant and anti-mutagenic eVects of
123



Arch Toxicol (2011) 85:1313–1359 1353
ebselen in yeast and in cultured mammalian V79 cells. Mutagen-
esis 23:93–99

Mishra B, Priyadarsini KI, Mohana H, Mugesh G (2006) Horseradish
peroxidase inhibition and antioxidant activity of ebselen and
related organoselenium compounds. Bioorg Med Chem Lett
16:5334–5338

Miyazawa T, Suzuki T, Fujimoto K, Kinoshita M (1993) Elimination
of plasma phosphatidylcholine hydroperoxide by a seleno-organic
compound, ebselen. J Biochem 114:588–591

Montoya RG, Wargovich MJ (1997) Chemoprevention of gastrointes-
tinal cancer. Cancer Metastasis Rev 16:405–419

Moretto MB, Funchal C, Zeni G, Rocha JBT, Pessoa-Pureur R (2005)
Organoselenium compounds prevent hyperphosphorylation of cyto-
skeletal proteins induced by the neurotoxic agent diphenyl ditelluride
in cerebral cortex of young rats. Toxicology 210:213–222

Morin D, Zini R, Ligeret H, Neckameyer W, Labidalle S, Tillement JP
(2003) Dual eVect of ebselen on mitochondrial permeability tran-
sition. Biocheml Pharmacol 65:1643–1651

Moussaoui S, Obinu MC, Daniel N, Reibaud M, Blanchard V,
Imperato A (2000) The antioxidant ebselen prevents neurotox-
icity and clinical symptoms in a primate model of Parkinson’s dis-
ease. Exp Neurol 166:235–245

Moxon AL, Rhian M (1943) Selenium poisoning. Physiol Rev 23:305–
337

Mugesh G, Panda A, Singh HB, Punekar NS, Butcher RJ (2001) Glu-
tathione peroxidase-like antioxidant activity of diaryl diselenides:
a mechanistic study. J Am Chem Soc 123:839–850

Mugesh G, du Mont WW, Wismach C, Jones PG (2002) Biomimetic
studies on iodothyronine deiodinase intermediates: modeling the
reduction of selenenyl iodide by thiols. Chembiochem 3:440–447

Mugesh G, Klotz LO, du Mont WW, Becker K, Sies H (2003) Selene-
nyl iodide: a new substrate for mammalian thioredoxin reductase.
Org Biomol Chem 1:848–2852

Muller AS, Most E, Pallauf J (2005) EVects of a supranutritional dose
of selenate compared with selenite on insulin sensitivity in type II
diabetic dbdb mice. J Anim Physiol Anim Nutr 89:94–104

Müller A, Cadenas E, Graf P, Sies H (1984) A novel biologically active
seleno-organic compound I. Glutathione peroxidase-like activity
in vitro and antioxidant capacity of PZ 51 (ebselen). Biochem
Pharmacol 33:3235–3239

Müller A, Gabriel H, Sies H (1985) A novel biologically active seleno-
organic compound—IV: protective glutathione-dependent eVect
of PZ 51 (Ebselen) against ADP-Fe induced lipid peroxidation in
isolated hepatocytes. Biochem Pharmacol 34:1185–1189

Narayanan BA, Narayanan NK, Desai D, Pittman B, Reddy BS (2004)
EVects of a combination of docosahexaenoic acid and 1, 4-pheny-
lene bis(methylene) selenocyanate on cyclooxygenase 2, induc-
ible nitric oxide synthase and beta-catenin pathways in colon
cancer cells. Carcinogenesis 25:2443–2449

Nassir F, Moundras C, Bayle D, Serougne C, Gueux E, Rock E,
Rayssiguier Y, Mazur A (1997) EVect of selenium deWciency on
hepatic lipid and lipoprotein metabolism in the rat. Br J Nutr
78:493–500

Navarro-Alarcon M, Cabrera-Vique C (2008) Selenium in food and the
human body: a review. Sci Total Environ 400:115–141

Navarro-Alarcon M, López-Martínez MC (2000) Essentiality of sele-
nium in the human body: relationship with diVerent diseases. Sci
Total Environ 249:347–371

Nayini J, El-Bayoumy K, Sugie S, Cohen LA, Reddy BS (1989) Che-
moprevention of experimental mammary carcinogenesis by the
synthetic organoselenium compound, benzylselenocyanate, in
rats. Carcinogenesis 10:509–512

Nelson AA, Fitzhugh OG, Calvery HO (1943) Liver tumors following
cirrhosis caused by selenium in rats. Cancer Res 3:230–236

Nishina A, Sekiguchi A, He Y, Koketsu M, Furukawa S (2008)
Ebselen, a redox regulator containing a selenium atom, induces

neuroWlament m expression in cultured rat pheochromocytoma
PC12 cells via activation of mitogen-activated protein kinase.
J Neurosci Res 86:720–725

Nogueira CW, Rocha JBT (2010) Diphenyl diselenide: a Janus faced
compound. J Braz Chem Soc 21:2055–2071

Nogueira CW, Rotta LN, Zeni G, Souza DO, Rocha JBT (2002) Expo-
sure to Ebselen changes glutamate uptake and release by rat brain
synaptosomes. Neurochem Res 27:283–288

Nogueira CW, Quinhones EB, Jung EAC, Zeni G, Rocha JBT (2003)
Anti-inXammatory and antinociceptive activity of diphenyl disel-
enide. InXamm Res 52:56–63

Nogueira CW, Zeni G, Rocha JBT (2004) Organoselenium and
organotellurium compounds: toxicology and pharmacology.
Chem Rev 104:6255–6285

Nogueira CW, Borges LP, Souza ACG (2009) Oral administration of
diphenyl diselenide potentiates hepatotoxicity induced by carbon
tetrachloride in rats. J Appl Toxicol 29:156–164

Noiri E, Nakao A, Uchida K, Tsukahara H, Ohno M, Fujita T, Brodsky
S, Goligorsky MS (2001) Oxidative and nitrosative stress in acute
renal ischemia. Am J Physiol Renal Physiol 281:F948–F957

Nowak P, Saluk-Juszczak J, Olas B, Kolodziejczyk J, Wachowicz B
(2006) The protective eVects of selenoorganic compounds against
peroxynitrite-induced changes in plasma proteins and lipids. Cell
Mol Biol Lett 11:1–11

Nozawa R, Arai M, Kuruto R, Motohashi T, Masayasu H (1996) Sus-
ceptibility of mice to bacterial and fungal infections after intra-
gastric administration of ebselen. J Pharm Pharmacol 48:64–67

Ogawa A, Yoshimoto T, Kikuchi H, Sano K, Saito I, Yamaguchi T,
Yasuhara H (1999) Ebselen in acute middle cerebral artery occlu-
sion: a placebo-controlled, double-blind clinical trial. Cerebro-
vasc Dis 9:112–118

Ogunmoyole T, Rocha JBT, Okoronkwo AE, Kade IJ (2009) Altered
pH homeostasis modulates the glutathione peroxidase mimics and
other antioxidant properties of diphenyl diselenide. Chem Biol
Interact 182:106–111

Oh SH, Ganther HE, Hoekstra WG (1974) Selenium as a component
of glutathione peroxidase isolated from ovine erythrocytes. Bio-
chemistry 13:1825–1829

Ohta Y, Kobayashi T, Inui K, Yoshino J, Nakazawa S (2002) Protec-
tive eVect of ebselen, a seleno-organic compound, against the pro-
gression of acute gastric mucosal lesions induced by compound
48/80, a mast cell degranulator, in rats. Jpn J Pharmacol 90:295–
303

OldWeld JE (1987) The two faces of selenium. J Nutr 177:2002–2008
Oshita M, Takei Y, Kawano S, Fusamoto H, Kamada T (1994) Protec-

tive eVect of ebselen on constrictive hepatic vasculature: preven-
tion of alcohol-induced eVects on portal pressure in perfused
livers. J Pharmacol Exp Ther 271:20–24

Ostrovidov S, Franck P, Joseph D, Martarello L, Kirsch G, Belleville
F, Nabet P, Dousset B (2000) Screening of new antioxidant mol-
ecules using Xow cytometry. J Med Chem 43:1762–1769

Oteiza PI, Bechara EJ (1993) 5-aminolevulinic acid induces lipid per-
oxidation in cardiolipin-rich liposomes. Arch Biochem Biophys
305:282–287

Ozaki M, Nakamura M, Teraoka S, Ota K (1997) Ebselen, a novel anti-
oxidant compound, protects the rat liver from ischemia-reperfu-
sion injury. Transpl Int 10:96–102

Painter EP (1941) The chemistry and toxicity of selenium compounds,
with special reference to the selenium problem. Chem Rev
28:179–213

Parnham MJ, Kindt S (1984) A novel biologically-active organosele-
nium compound 3. EVects of PZ-51 (ebselen) on glutathione-per-
oxidase and secretory activities of mouse macrophages. Biochem
Pharmacol 33:3247–3250

Parnham M, Sies H (2000) Ebselen: prospective therapy for cerebral
ischaemia. Exp Op Inv Drugs 9:607–619
123



1354 Arch Toxicol (2011) 85:1313–1359
Patrick RA, Peters PA, Issekutz AC (1993) Ebselen is a speciWc inhib-
itor of LTB4-mediated migration of human neutrophils. Agents
Actions 40:186–190

Pawlas N, Malecki A (2007) EVects of ebselen on glutathione level in
neurons exposed to arachidonic acid and 4-hydroxynonenal dur-
ing simulated ischemia in vitro. Pharmacol Rep 59:708–714

Pearson JK, Boyd RJ (2008) EVect of substituents on the GPx-like
activity of ebselen: steric versus electronic. J Phys Chem A
112:1013–1017

Penatti CA, Bechara EJ, Demasi M (1996) delta-Aminolevulinic acid-
induced synaptosomal Ca2+ uptake and mitochondrial permeabi-
lization. Arch Biochem Biophys 335:53–60

Pereira B, Curi R, Kokubun E, Bechara EJ (1992) 5-Aminolevulinic
acid-induced alterations of oxidative metabolism in sedentary and
exercise-trained rats. J Appl Physiol 72:226–230

Pinsent J (1954) The need for selenite and molybdate in the formation
of formic dehydrogenase by members of the coli-aerogenes group
of bacteria. Biochem J 57:10–16

Pinto JT, Sinha R, Papp K, Facompre ND, Desai D, El-Bayoumy K
(2007) DiVerential eVects of naturally occurring and synthetic
organoselenium compounds on biomarkers in androgen respon-
sive and androgen independent human prostate carcinoma cells.
Int J Cancer 120:1410–1417

Pinto LG, Jesse CR, Nogueira CW, Savegnago L (2008) Evidence for
the involvement of glutamatergic and GABAergic systems and
protein kinase A pathway in the antinociceptive eVect caused by
p-methoxy-diphenyl diselenide in mice. Pharmacol Biochem
Behav 88:487–496

Pinton S, da Rocha JT, Zeni G, Nogueira CW (2010) Organoselenium
improves memory decline in mice: involvement of acetylcholin-
esterase activity. Neurosci Lett 472:56–60

Pivetta LA, Pereira RP, Farinon M, de Bem AF, Perottoni J, Soares JC,
Duarte MFM, Zeni G, Rocha JBT, Farina M (2006) Ethanol
inhibits �-aminolevulinate dehydratase and glutathione peroxi-
dase activities in mice liver: protective eVects of ebselen and
N-acetylcysteine. Environ Toxicol Pharmacol 21:338–343

Plano D, Baquedano Y, Ibanez E, Jimenez I, Palop JA, Spallholz JE,
Sanmartin C (2010) Antioxidant-prooxidant properties of a new
organoselenium compound. Molecules 15:7292–7312

Porciúncula LO, Rocha JBT, Boeck CR, Vendite D, Souza DO (2001)
Ebselen prevents excitotoxicity provoked by glutamate in rat cer-
ebellar granule neurons. Neurosci Lett 299:217–220

Porciúncula LO, Rocha JBT, Cimarosti H, Vinade L, Ghisleni G,
Salbego CG, Souza DO (2003) Neuroprotective eVect of ebselen
on rat hippocampal slices submitted to oxygen-glucose depriva-
tion: correlation with immunocontent of inducible nitric oxide
synthase. Neurosci Lett 346:101–104

Porciúncula LO, Rocha JBT, Ghisleni G, Tavares RG, Souza DO
(2004) The eVects of ebselen on [3H]glutamate uptake by synaptic
vesicles from rat brain. Brain Res 1027:192–195

Posser T, Moretto MB, Dafre AL, Farina M, Rocha JBT, Nogueira
CW, Zeni G, Ferreira JS, Leal RB, Franco JL (2006) Antioxidant
eVect of diphenyl diselenide against sodium nitroprusside (SNP)
induced lipid peroxidation in human platelets and erythrocyte
membranes: an in vitro evaluation. Chem Biol Interact 164:126–
135

Posser T, Franco JL, dos Santos DA, Rigon AP, Farina M, Dafré AL,
Rocha JBT, Leal RB (2008) Diphenyl diselenide confers neuro-
protection against hydrogen peroxide toxicity in hippocampal
slices. Brain Res 1199:138–147

Posser T, Kaster MP, Baraúna SC, Rocha JBT, Rodrigues ALS, Leal
RB (2009) Antidepressant-like eVect of the organoselenium com-
pound ebselen in mice: evidence for the involvement of the mono-
aminergic system. Eur J Pharmacol 602:85–91

Posser T, de Paula MT, Franco JL, Leal RB, da Rocha JB (2011)
Diphenyl diselenide induces apoptotic cell death and modulates

ERK1/2 phosphorylation in human neuroblastoma SH-SY5Y
cells. Arch Toxicol 85:645–651

Powis G, Oblong JE, Gasdaska PY, Berggren M, Hill SR, Kirkpatrick
DL (1994) The thioredoxin thioredoxin reductase redox system
and control of cell-growth. Oncol Res 6:539–544

Prigol M, Wilhelm EA, Schneider CC, Rocha JBT, Nogueira CW, Zeni
G (2007) Involvement of oxidative stress in seizures induced by
diphenyl diselenide in rat pups. Brain Res 147:226–232

Prigol M, Brüning CA, Godoi B, Nogueira CW, Zeni G (2009a) m-Tri-
Xuoromethyl-diphenyl diselenide attenuates pentylenetetrazole-
induced seizures in mice by inhibiting GABA uptake in cerebral
cortex slices. Pharmacol Rep 61:1127–1133

Prigol M, Bruning CA, Zeni G, Nogueira CW (2009b) Protective eVect
of disubstituted diaryl diselenides on cerebral oxidative damage
caused by sodium nitroprusside. Biochem Eng J 45:94–99

Prigol M, Luchese C, Nogueira CW (2009c) Antioxidant eVect of
diphenyl diselenide on oxidative stress caused by acute physical
exercise in skeletal muscle and lungs of mice. Cell Biochem Funct
27:216–222

Prigol M, Schumacher RF, Nogueira CW, Zeni G (2009d) Convulsant
eVect of diphenyl diselenide in rats and mice and its relationship
to plasma levels. Toxicol Lett 189:35–39

Prigol M, Pinton S, Schumacher R, Nogueira CW, Zeni G (2010) Con-
vulsant action of diphenyl diselenide in rat pups: measurement
and correlation with plasma, liver and brain levels of compound.
Arch Toxicol 84:373–378

Pritsos CA, SokoloV M, Gustafson DL (1992) PZ-51 (Ebselen) in vivo
protection against Adriamycin- induced mouse cardiac and hepatic
lipid peroxidation and toxicity. Biochem Pharmacol 44:839–841

Prokopczyk B, Cox JE, Upadhyaya P, Amin S, Desai D, HoVmann D,
El-Bayoumy K (1996) EVects of dietary 1, 4-phenylenebis(meth-
ylene)selenocyanate on 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone-induced DNA adduct formation in lung and liver of
A/J mice and F344 rats. Carcinogenesis 17:749–753

Prokopczyk B, Amin S, Desai DH, Kurtzke C, Upadhyaya P,
El-Bayoumy K (1997) EVects of 1, 4-phenylenebis(methylene)
selenocyanate and selenomethionine on 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone-induced tumorigenesis in A/J mouse
lung. Carcinogenesis 18:1855–1857

Prokopczyk B, Rosa JG, Desai D, Amin S, Sohn OS, Fiala ES,
El-Bayoumy K (2000) Chemoprevention of lung tumorigenesis
induced by a mixture of benzo(a)pyrene and 4-(methylnitrosami-
no)-1-(3-pyridyl)-1-butanone by the organoselenium compound 1,
4-phenylenebis(methylene)selenocyanate. Cancer Lett 161:35–46

Puntel RL, Roos DH, Paixao MW, Braga AL, Zeni G, Nogueira CW,
Rocha JBT (2007) Oxalate modulates thiobarbituric acid reactive
species (TBARS) production in supernatants of homogenates
from rat brain, liver and kidney: eVect of diphenyl diselenide and
diphenyl ditelluride. Chem Biol Interact 165:87–98

Puntel RL, Roos DH, Folmer V, Nogueira CW, Galina A, Aschner M,
Rocha JBT (2010) Mitochondrial dysfunction induced by diVer-
ent organochalchogens is mediated by thiol oxidation and is not
dependent of the classical mitochondrial permeability transition
pore opening. Toxicol Sci 117:133–143

Quadrani DA, Spiller HA, Steinhorn D (2000) A fatal case of Gun Blue
ingestion in a toddler. Vet Hum Toxicol 42:96–98

RaVerty TS, Green MH, Lowe JE, Arlett C, Hunter JA, Beckett GJ,
McKenzie RC (2003) EVects of selenium compounds on induc-
tion of DNA damage by broadband ultraviolet radiation in human
keratinocytes. Br J Dermatol 148:1001–1009

Raich PC, Lu J, Thompson HJ, Combs GF Jr (2001) Selenium in can-
cer prevention: clinical issues and implications. Cancer Invest
19:540–553

Ramakrishnan N, Kalinich JF, McClain DE (1996) Ebselen inhibition
of apoptosis by reduction of peroxides. Biochem Pharmacol
51:1443–1451
123



Arch Toxicol (2011) 85:1313–1359 1355
Rao CV, Cooma I, Rodriguez JG, Simi B, El-Bayoumy K, Reddy BS
(2000) Chemoprevention of familial adenomatous polyposis
development in the APC(min) mouse model by 1, 4-phenylene
bis(methylene)selenocyanate. Carcinogenesis 21:617–621

Rayman MP (2000) The importance of selenium to human health.
Lancet 356:233–241

Rayman MP (2008) Food-chain selenium and human health: emphasis
on intake. Br J Nutr 100:254–268

Reddy BS (2000) Novel approaches to the prevention of colon cancer
by nutritional manipulation and chemoprevention. Cancer Epi-
demiol Biomarkers Prev 9:239–247

Reddy BS, Tanaka T, El-Bayoumy KJ (1985a) Selenium in chemopre-
vention of carcinogenesis.2. Inhibitory eVect of dietary para-
methoxybenzeneselenol on azoxymethane-induced colon and
kidney carcinogenesis in female F344 rats. Natl Cancer Inst
74:1325–1328

Reddy BS, Tanaka T, Simi B (1985b) EVect of diVerent levels of die-
tary trans fat or corn-oil on azoxymethane-induced colon carcino-
genesis in f344 rats. J Natl Cancer Inst 75:791–798

Reddy BS, Sugie S, Maruyama H, El-Bayoumy K, Marra P (1987)
Chemoprevention of colon carcinogenesis by dietary organosele-
nium, benzylselenocyanate, in F344 rats. Cancer Res 47:5901–
5904

Reddy BS, Rivenson A, Kulkarni N, Upadhyaya P, El-Bayoumy K
(1992) Selenium in chemoprevention of carcinogenesis.14. che-
moprevention of colon carcinogenesis by the synthetic organose-
lenium compound 1, 4-phenylenebis(methylene)selenocyanate.
Cancer Res 52:5635–5640

Reddy BS, Rivenson A, El-Bayoumy K, Upadhyaya P, Pittman B, Rao
CV (1997) Chemoprevention of colon cancer by organoselenium
compounds and impact of high- or low-fat diets. J Natl Cancer
Inst 89:506–512

Reddy BS, Hirose Y, Lubet RA, Steele VE, KelloV GJ, Rao CV (2000)
Lack of chemopreventive eYcacy of DL-selenomethionine in
colon carcinogenesis. Int J Mol Med 5:327–330

Ren XJ, Jemth P, Board PG, Luo GM, Mannervik B, Liu JQ, Zhang K,
Shen JC (2002) A semisynthetic glutathione peroxidase with high
catalytic eYciency: selenoglutathione transferase. Chem Biol
9:789–794

Richie JP Jr, Kleinman W, Desai DH, Das A, Amin SG, Pinto JT,
El-Bayoumy K (2006) The organoselenium compound 1, 4-phenyl-
enebis(methylene)selenocyanate inhibits 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone-induced tumorgenesis and enhances
glutathione-related antioxidant levels in A/J mouse lung. Chem
Biol Interact 161:93–103

Rocha JBT, Gabriel D, Zeni G, Posser T, Siqueira L, Nogueira CW,
Folmer V (2005) Ebselen and diphenyl diselenide change bio-
chemical hepatic responses to overdosage with paracetamol.
Environ Toxicol Pharmacol 19:255–261

Rodriguez-Viciana P, Warne PH, Khwaja A, Marte BM, Pappin D,
Das P, WaterWeld MD, Ridley A, Downward J (1997) Role of
phosphoinositide 3-OH kinase in cell transformation and control
of the actin cytoskeleton by Ras. Cell 89:457–467

Rooseboom M, Commandeur JNM, Floor GC, Rettie AE, Vermeulen
NPE (2001) Selenoxidation by Xavin-containing monooxygena-
ses as a novel pathway for beta-elimination of selenocysteine
Se-conjugates. Chem Res Toxicol 14:127–134

Rosa JG, Prokopczyk B, Desai DH, Amin SG, El-Bayoumy K (1998)
Elevated 8-hydroxy-2�-deoxyguanosine levels in lung DNA of
A/J mice and F344 rats treated with 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone and inhibition by dietary 1, 4-phenylene-
bis(methylene)selenocyanate. Carcinogenesis 19:1783–1788

Rosa RM, Flores DG, Appelt HR, Braga AL, Henriques JA, Roesler R
(2003) Facilitation of long-term object recognition memory by
pretraining administration of diphenyl diselenide in mice. Neuro-
sci Lett 341:217–220

Rosa RM, Sulzbacher K, Picada JN, Roesler R, SaY J, Brendel M,
Henriques JAP (2004) Genotoxicity of diphenyl diselenide in
bacteria and yeast. Mutat Res 563:107–115

Rosa RM, Oliveira RB, SaY J, Braga AL, Roesler R, Dal-Pizzol F,
Moreira JCF, Brendel M, Henriques JAP (2005) Pro-oxidant
action of diphenyl diselenide in the yeast Saccharomyces cerevisiae
exposed to ROS-generating conditions. Life Sci 77:2398–2411

Rosa RM, Hoch NC, Furtado GV, SaY J, Henriques JAP (2007a) DNA
damage in tissues and organs of mice treated with diphenyl disel-
enide. Mutat Res 633:35–45

Rosa RM, Moura DJ, Silva ACR, SaY J, Henriques JAP (2007b) Anti-
oxidant activity of diphenyl diselenide prevents the genotoxicity
of several mutagens in Chinese hamster V79 cells. Mutat Res
631:44–54

Rosa RM, Picada JN, SaY J, Henriques JAP (2007c) Cytotoxic, geno-
toxic, and mutagenic eVects of diphenyl diselenide in Chinese
hamster lung Wbroblasts. Mutat Res 628:87–98

Rosa RM, Guecheva TN, Oliveira IM, Braga AL, Henriques JAP
(2010) Genetic toxicity of three symmetrical diselenides in yeast.
J Braz Chem Soc 21:2119–2124

Rossato JI, Zeni G, Mello CF, Rubin MA, Rocha JBT (2002a) Ebselen
blocks the quinolinic acid-induced production of thiobarbituric
acid reactive species but does not prevent the behavioral altera-
tions produced by intra-striatal quinolinic acid administration in
the rat. Neurosci Lett 318:137–140

Rossato JI, Ketzer LA, Centuriao FB, Silva SJN, Ludtke DS, Zeni G,
Braga AL, Rubin MA, Rocha JBT (2002b) Antioxidant properties
of new chalcogenides against lipid peroxidation in rat brain. Neu-
rochem Res 27:297–303

Rotruck JT, Pope AL, Ganther HE, Swanson AB, Hafeman DG,
Hoekstra WG (1973) Selenium—biochemical role as a compo-
nent of glutathione peroxidase. Science 179:588–590

Roussyn I, Briviba K, Masumoto H, Sies H (1996) Selenium-contain-
ing compounds protect DNA from single-strand breaks caused by
peroxynitrite. Arch Biochem Biophys 330:216–218

Saad SY, Najjar TA, Arafah MM (2006) Cardioprotective eVects of
subcutaneous ebselen against daunorubicin-induced cardiomyop-
athy in rats. Basic Clin Pharmacol Toxicol 99:412–417

Saito I, Asano T, Sano K, Takakura K, Abe H, Yoshimoto T, Kikuchi
H, Ohta T, Ishibashi S (1998) Neuroprotective eVect of an antiox-
idant, ebselen, in patients with delayed neurological deWcits after
aneurysmal subarachnoid hemorrhage. Neurosurgery 42:269–277

Sakurai T, Kanayama M, Shibata T, Itoh K, Kobayashi A, Yamamoto
M, Uchida K (2006) Ebselen, a seleno-organic antioxidant, as an
electrophile. Chem Res Toxicol 19:1196–1204

Salom JB, Perez-Asensio FJ, Burguete MC, Marin N, Pitarch C,
Torregrosa G, Romero FJ, Alborch E (2004) Single-dose ebselen
does not aVord sustained neuroprotection to rats subjected to
severe focal cerebral ischemia. Eur J Pharmacol 495:55–62

Saluk-Juszczak J, Wachowicz B, Wojtowicz H, Kloc K, Bald E,
Glowacki R (2006) Novel selenoorganic compounds as modula-
tors of oxidative stress in blood platelets. Cell Biol Toxicol
22:323–329

Santos DB, Schiar VPP, Paixao MW, Meinerz DF, Nogueira CW,
Aschner M, Rocha JBT, Barbosa NBV (2009a) Hemolytic and
genotoxic evaluation of organochalcogens in human blood cells
in vitro. Toxicol In Vitro 23:1195–1204

Santos DB, Schiar VPP, Ribeiro MCP, Schwab RS, Meinerz DF,
Allebrandt J, Rocha JBT, Nogueira CW, Aschner M, Barbosa
NBV (2009b) Genotoxicity of organoselenium compounds in
human leukocytes in vitro. Mutat Res 676:21–26

Sarker KP, Biswas KK, Rosales JL, Yamaji K, Hashiguchi T, Lee KY,
Maruyama I (2003) Ebselen inhibits NO-induced apoptosis of
diVerentiated PC12 cells via inhibition of ASK1-p38 MAPK-p53
and JNK signaling and activation of p44/42 MAPK and Bcl-2.
J Neurochem 87:1345–1353
123



1356 Arch Toxicol (2011) 85:1313–1359
Sarma BK, Mugesh G (2005) Glutathione peroxidase (GPx)-like anti-
oxidant activity of the organoselenium drug ebselen: unexpected
complications with thiol exchange reactions. J Am Chem Soc
127:11477–11485

Sarma BK, Mugesh G (2008) Antioxidant activity of the anti-inXam-
matory compound ebselen: a reversible cyclization pathway via
selenenic and seleninic acid intermediates. Chem Eur J
14:10603–10614

Satoh T, Ishige K, Sagara YS (2004) Protective eVects on neuronal
cells of mouse aVorded by ebselen against oxidative stress at mul-
tiple steps. Neurosci Lett 371:1–5

Savegnago L, Jesse CR, Moro AV, Borges VC, Santos FW, Rocha
JBT, Nogueira CW (2006a) Bis selenide alkene derivatives: a
class of potential antioxidant and antinociceptive agents. Pharma-
col Biochem Behav 83:221–229

Savegnago L, Trevisan M, Alves D, Rocha JBT, Nogueira CW, Zeni
G (2006b) Antisecretory and antiulcer eVects of diphenyl disele-
nide. Environ Toxicol Pharmacol 21:86–92

Savegnago L, Jesse CR, Pinto LG, Rocha JBT, Nogueira CW (2007a)
Diphenyl diselenide attenuates acute thermal hyperalgesia and
persistent inXammatory and neuropathic pain behavior in mice.
Brain Res 1175:54–59

Savegnago L, Jesse CR, Pinto LG, Rocha JBT, Nogueira CW, Zeni G
(2007b) Monoaminergic agents modulate antidepressant-like
eVect caused by diphenyl diselenide in rats. Prog Neuro Psycho-
pharmacol Biol Psychiatry 31:1261–1269

Savegnago L, Pinto LG, Jesse CR, Alves D, Rocha JBT, Nogueira CW,
Zeni G (2007c) Antinociceptive properties of diphenyl disele-
nide: evidences for the mechanism of action. Eur J Pharmacol
555:129–138

Savegnago L, Pinto LG, Jesse CR, Rocha JBT, Nogueira CW, Zeni G
(2007d) Spinal mechanisms of antinociceptive action caused by
diphenyl diselenide. Brain Res 1162:32–37

Savegnago L, Jesse CR, Nogueira CW (2008a) CaVeine and a selective
adenosine A(2B) receptor antagonist but not imidazoline receptor
antagonists modulate antinociception induced by diphenyl disele-
nide in mice. Neurosci Lett 436:120–123

Savegnago L, Jesse CR, Pinto LG, Rocha JBT, Barancelli DA, Nogueira
CW, Zeni G (2008b) Diphenyl diselenide exerts antidepressant-like
and anxiolytic-like eVects in mice: involvement of L-arginine-nitric
oxide-soluble guanylate cyclase pathway in its antidepressant-like
action. Pharmacol Biochem Behav 88:418–426

Savegnago L, Jesse CR, Santos ARS, Rocha JBT, Nogueira CW
(2008c) Mechanisms involved in the antinociceptive eVect caused
by diphenyl diselenide in the formalin test. J Pharm Pharmacol
60:1679–1686

Savegnago L, Jesse CR, Nogueira CW (2009) Structural modiWcations
into diphenyl diselenide molecule do not cause toxicity in mice.
Environ Toxicol Pharm 27:271–276

Schalkwijk J, Vandenberg WB, Vandeputte LBA, Joosten LAB (1986)
An experimental model for hydrogen peroxide—induced tissue
damage. EVects of a single inXammatory mediator on (peri)artic-
ular tissues. Arthr Rheum 29:532–538

Schellmann B, Raithel HJ, Schaller KH (1986) Acute fatal selenium
poisoning—toxicological and occupational medical aspects. Arch
Toxicol 59:61–63

Schewe C, Schewe T, Wendel A (1994) Strong inhibition of mamma-
lian lipoxygenases by the antiinXammatory seleno-organic com-
pound ebselen in the absence of glutathione. Biochem Pharmacol
48:65–74

Schiar VPP, dos Santos DB, Paixão MW, Nogueira CW, Rocha JBT,
Zeni G (2009) Human erythrocyte hemolysis induced by sele-
nium and tellurium compounds increased by GSH or glucose: a
possible involvement of reactive oxygen species. Chem Biol
Interact 177:28–33

Schrauzer GN, Surai PF (2009) Selenium in human and animal nutri-
tion: resolved and unresolved issues. A partly historical treatise in
commemoration of the Wftieth anniversary of the discovery of the
biological essentiality of selenium, dedicated to the memory of
Klaus Schwarz (1914–1978) on the occasion of the thirtieth anni-
versary of his death. Crit Rev Biotechnol 29:2–9

Schuh B, Jappe U (2007) Selenium intoxication: undesirable eVect of
a fasting cure. Br J Dermatol 156:177–178

Schwarz K, Fredga A (1969) Biological potency of organic selenium
compounds I. Aliphatic monoseleno- and diseleno-dicarboxylic
acids. J Biol Chem 244:2103–2110

Schwarz K, Foltz CM (1957) Selenium is an integral part of factor-3
against dietary necrotic liver degeneration. J Am Chem Soc
79:3292–3293

Seko Y, Saito Y, Kitahara J, Imura N (1989) Selenium in biology and
medicine. In: Wendel A (ed) Springer, Berlin, pp 70–73

Seo YR, Kelley MR, Smith ML (2002) Selenomethionine regulation of
p53 by a ref1-dependent redox mechanism. Proc Natl Acad Sci
USA 99:14548–14553

Seo JY, Lee CH, Cho JH, Choi JH, Yoo KY, Kim DW, Park OK, Li H,
Choi SY, Hwang IK, Won MH (2009) Neuroprotection of ebselen
against ischemia/reperfusion injury involves GABA shunt
enzymes. J Neurol Sci 285:88–94

Shamberger RJ (1981) Selenium in the environment. Sci Tot Environ
17:59–74

Shamberger RJ, Frost DV (1969) Possible protective eVect of selenium
against human cancer. Can Med Assoc J 100:682–685

Shen HM, Yang CF, Ding WX, Liu J, Ong CN (2001a) Superoxide
radical-initiated apoptotic signalling pathway in selenite-treated
HEPG(2) cells: Mitochondria serve as the main target. Free Radic
Biol Med 30:9–21

Shen CL, Song W, Pence BC (2001b) Interactions of selenium com-
pounds with other antioxidants in DNA damage and apoptosis in
human normal keratinocytes. Cancer Epidemiol Biomarkers Prev
10:385–390

Shen LL, Shin KM, Lee KT, Jeong JH (2004) Synthesis of new disel-
enide compounds as antiinXammatory agents. Arch Pharm Res
27:816–819

Sher L (2000) Selenium and human health. Lancet 356:943–944
Sher L (2007) Possible role of selenium deWciency in the neurobiology

of depression and suicidal behavior in patients with alcohol use
disorders. Int Disabil Human Development 6:227–230

Shi H, Liu S, Miyake M, Liu KJ (2006) Ebselen induced C6 glioma
cell death in oxygen and glucose deprivation. Chem Res Toxicol
19:655–660

Shimohashi N, Nakamuta M, Uchimura K, Sugimoto R, Iwamoto H,
Enjoji M, Nawata H (2000) Selenoorganic compound, ebselen,
inhibits nitric oxide and tumor necrosis factor-alpha production
by the modulation of Jun-N-terminal kinase and the NF-kappa B
signaling pathway in rat KupVer cells. J Cell Biochem 78:595–
606

Short MD, Xie Y, Li L, Cassidy PB, Roberts JC (2003) Characteristics
of selenazolidine prodrugs of selenocysteine: toxicity and gluta-
thione peroxidase induction in V79 cells. J Med Chem 46:3308–
3313

Sies H, Masumoto H (1997) Ebselen as a glutathione peroxidase mimic
and as a scavenger of peroxynitrite. Adv Pharmacol 38:229–246

Sies H, Klotz LO, Sharov VS, Assmann A, Briviba K (1998) Protec-
tion against peroxynitrite by selenoproteins. Z Naturforsch
53:228–232

Sinha R, Medina D (1997) Inhibition of cdk2 kinase activity by meth-
ylselenocysteine in synchronized mouse mammary epithelial
tumor cells. Carcinogenesis 18:1541–1547

Sinha R, Kiley SC, Lu JX, Thompson HJ, Moraes R, Jaken S, Medina
D (1999) EVects of methylselenocysteine on PKC activity, cdk2
123



Arch Toxicol (2011) 85:1313–1359 1357
phosphorylation and gadd gene expression in synchronized
mouse mammary epithelial tumor cells. Cancer Lett 146:135–145

Soares FA, Farina M, Boettcher AC, Braga AL, Rocha JBT (2005)
Organic and inorganic forms of selenium inhibited diVerently Wsh
(Rhamdia quelen) and rat (Rattus norvergicus albinus) delta-ami-
nolevulinate dehydratase. Environ Res 98:46–54

Sohn OS, Blackwell L, Mathis J, Asaad WW, Reddy BS, El-Bayoumy
K (1991) Excretion and tissue distribution of selenium following
treatment of male F344 rats with benzylselenocyanate or sodium
selenite. Drug Metab Dispos 19:865–870

Soni MG, Thurmond TS, Miller ER, Spriggs T, Bendich A, Omaye ST
(2010) Safety of vitamins and minerals: controversies and per-
spective. Toxicol Sci 118:348–355

Spallholz JE (1994) On the nature of selenium toxicity and carcino-
static activity. Free Rad Biol Med 17:45–64

Spallholz JE, Palace VP, Reid TW (2004) Methioninase and selenome-
thionine but not Se-methylselenocysteine generate methylselenol
and superoxide in an in vitro chemiluminescent assay: implica-
tions for the nutritional carcinostatic activity of selenoamino
acids. Biochem Pharmacol 67:547–554

Spiller HA, PWefer E (2007) Two fatal cases of selenium toxicity.
Forensic Sci Int 171:67–72

Stadtman TC (1996) Selenocysteine. Ann Rev Biochem 65:83–100
Stangherlin EC, Luchese C, Pinton S, Rocha JBT, Nogueira CW

(2008) Sub-chronical exposure to diphenyl diselenide enhances
acquisition and retention of spatial memory in rats. Brain Res
1201:106–113

Stapleton SR (2000) Selenium: an insulin-mimetic. Cell Mol Life Sci
57:1874–1879

Stewart MS, Spallholz JE, Neldner KH, Pence BC (1998) Selenium
compounds have disparate abilities to impose oxidative stress and
induce apoptosis. Free Rad Biol Med 26:42–48

Stock T, Rother M (2009) Selenoproteins in Archaea and Gram-posi-
tive bacteria. Biochem Biophys Acta Gen Subj 1790:1520–1532

Straliotto MR, Mancini G, de Oliveira J, Nazari EM, Müller YM,
Dafre A, Ortiz S, Silva EL, Farina M, Latini A, Rocha JB, de Bem
AF (2010) Acute exposure of rabbits to diphenyl diselenide: a
toxicological evaluation. J Appl Toxicol 30:761–768

Stranges S, Marshall JR, Natarajan R, Donahue RP, Trevisan M,
Combs GF, Cappuccio FP, Reid ME (2007) EVects of long-term
selenium supplementation on the incidence of type 2 diabetes: a
randomized trial. Ann Int Med 147:217–223

Stranges S, Sieri S, Vinceti M, Grioni S, Guallar E, Laclaustra M, Muti
P, Berrino F, Krogh V (2010) A prospective study of dietary sele-
nium intake and risk of type 2 diabetes. BMC Pub Health 10:564

Sugie S, Tanaka T, El-Bayoumy K (2000) Chemoprevention of carci-
nogenesis by organoselenium compounds. J Health Sci 46:422–
425

Sui H, Wang W, Wang PH, Liu LS (2005) Protective eVect of antiox-
idant ebselen (PZ51) on the cerebral cortex of stroke-prone spon-
taneously hypertensive Rats. Hypertens Res 28:249–254

Sutter ME, Thomas JD, Brown J, Morgan B (2008) Selenium toxicity:
a case of selenosis caused by a nutritional supplement. Ann Int
Med 148:970–971

Tabuchi Y, Kurebayashi Y (1993) Antisecretory and antiul- cer eVects
of ebselen, a seleno-organic compound, in rats. Jpn J Pharmacol
61:255–257

Tabuchi Y, Ogasawara T, Furuhama K (1994) Mechanism of the inhi-
bition of hog gastric (H+, Kt)-ATPase by the seleno-organic com-
pound ebselen. Drug Res 44:51–54

Tabuchi Y, Sugiyama N, Horiuchi T, Furusawa M, Furuhama K (1995)
Ebselen, a seleno-organic compound, protects against ethanol-
induced murine gastric mucosal injury in both in vivo and in vitro
systems. Eur J Pharmacol 272:195–201

Takasago T, Peters EE, Graham DI, Masayasu H, Macrae IM (1997)
Neuroprotective eYcacy of ebselen, an anti-oxidant with antiin-

Xammatory actions, in a rodent model of permanent middle cere-
bral artery occlusion. Br J Pharmacol 122:1251–1256

Tamasi V, JeVries JM, Arteel GE, Falkner KC (2004) Ebselen aug-
ments its peroxidase activity by inducing nrf-2-dependent tran-
scription. Arch Biochem Biophys 431:161–168

Tanaka T, Reddy BS, El-Bayoumy K (1985) Selenium in chemopre-
vention of carcinogenesis.3. Inhibition by dietary organosele-
nium, para-methoxybenzeneselenol, of hepatocarcinogenesis
induced by azoxymethane in rats. Jpn J Cancer Res 76:462–467

Tanaka T, Makita H, Kawabata K, Mori H, El-Bayoumy K (1997)
1, 4-Phenylenebis(methylene)selenocyanate exerts exceptional
chemopreventive activity in rat tongue carcinogenesis. Cancer
Res 57:3644–3648

Tanaka T, Kohno H, Murakami M, Kagami S, El-Bayoumy K (2000)
Suppressing eVects of dietary supplementation of the organosele-
nium 1, 4-phenylenebis(methylene)selenocyanate and the Citrus
antioxidant auraptene on lung metastasis of melanoma cells in
mice. Cancer Res 60:3713–3716

Tapiero H, Townsend DM, Tew KD (2003) The antioxidant role of
selenium and seleno-compounds. Biomed Pharmacother 57:134–
144

Tchoumkeu-Nzouessa GC, Rebel G (1998) DiVerential eVect of ebse-
len on compound 48/80- and anti-IgE-induced histamine release
from rat peritoneal mast cells. Biochem Pharmacol 56:1525–1528

Tianfeng C, Yum-Shing W (2009) Selenocystine induces reactive oxy-
gen species-mediated apoptosis in human cancer cells. Biomed
Pharmacother 63:105–113

Tiano L, Fedeli D, Santoni G, Davies I, Wakabayashi T, Falcioni G
(2003) Ebselen prevents mitochondrial ageing due to oxidative
stress: in vitro study of Wsh erythrocytes. Mitochondrion 2:428–
436

Tripathi SK, Patel U, Roy D, Sunoj RB, Singh HB, Wolmersha G,
Butcher RJ (2005) o-Hydroxylmethylphenylchalcogens: synthe-
sis, intramolecular nonbonded chalcogen. OH interactions, and
glutathione peroxidase-like activity. J Org Chem 70:9237–9247

Trumbo PR (2005) The level of evidence for permitting a qualiWed
health claim: FDA’s review of the evidence for selenium and can-
cer and vitamin E and heart disease. J Nutr 135:354–356

Tsen CC, Tappel AL (1958) Catalytic oxidation of glutathione and
other sulfhydryl compounds by selenite. J Biol Chem 233:1230–
1232

Tunc T, Uysal B, Atabek C, Kesik V, Caliskan B, Oztas E, Ersoz N,
Oter S, Guven A (2009) Erdosteine and ebselen as useful agents
in intestinal ischemia/reperfusion injury. J Surg Res 155:210–216

Unni E, Singh U, Ganther HE, Sinha R (2001) Se-methylselenocys-
teine activates caspase-3 in mouse mammary epithelial tumor
cells in vitro. Biofactors 14:169–177

Unni E, Koul D, Yung WKA, Sinha R (2005) Se-methylselenocysteine
inhibits phosphatidylinositol 3-kinase activity of mouse mammary
epithelial tumor cells in vitro. Breast Cancer Res 7:R699–R707

Valdiglesias V, Pasaro E, Mendez J, LaVon B (2010) In vitro evalua-
tion of selenium genotoxic, cytotoxic, and protective eVects: a
review. Arch Toxicol 84:337–351

Venhorst J, Rooseboom M, Vermeulen NP, Commandeur JN (2003)
Studies on the inhibition of human cytochromes P450 by seleno-
cysteine Se-conjugates. Xenobiotica 33:57–72

Vinceti M, Guidetti D, Pinotti M, Rovesti S, Merlin M, Vescovi L,
Bergomi M, Vivoli G (1996) Amyotrophic lateral sclerosis after
long-term exposure to drinking water with high selenium content.
Epidemiology 7:529–532

Vinceti M, Rothman KJ, Bergomi M, Borciani N, Serra L, Vivoli G
(1998) Excess melanoma incidence in a cohort exposed to high
levels of environmental selenium. Can Epidemiol Biomarkers
Prev 7:853–856

Vinceti M, Rovesti S, Bergomi M, Vivoli G (2000) The epidemiology
of selenium and human cancer. Tumori 86:105–118
123



1358 Arch Toxicol (2011) 85:1313–1359
Vinceti M, Wei ET, Malagoli C, Bergomi M, Vivoli G (2001) Adverse
health eVects of selenium in humans. Rev Environ Health
16:233–251

Vinceti M, Maraldi T, Bergomi M, Malagoli C (2009) Risk of chronic
low-dose selenium overexposure in humans: insights from epide-
miology and biochemistry. Rev Environ Health 24:231–248

Vinceti M, Bonvicini F, Rothman KJ, Vescovi L, Wang F (2010) The
relation between amyotrophic lateral sclerosis and inorganic sele-
nium in drinking water: a population-based case-control study.
Environ Health 9:77

Von Pressentin MM, El-Bayoumy K, Guttenplan JB (2000) Mutagenic
activity of 4-nitroquinoline-N-oxide in upper aerodigestive tissue
in lacZ mice (MutaMouse) and the eVects of 1, 4-phenylene-
bis(methylene)selenocyanate. Mutat Res 466:71–78

Wallenberg M, Olm E, Hebert C, Bjornstedt M, Fernandes AP (2010)
Selenium compounds are substrates for glutaredoxins: a novel
pathway for selenium metabolism and a potential mechanism for
selenium-mediated cytotoxicity. Biochem J 429:85–93

Wang T, Liu B, Qin L, Wilson B, Hong JS (2004) Protective eVect of
the SOD/catalase mimetic MnTMPyP on inXammation-mediated
dopaminergic neurodegeneration in mesencephalic neuronal-glial
cultures. J Neuroimmunol 147:68–72

Wasser S, Lim GY, Ong CN, Tan CE (2001) Anti-oxidant ebselen
causes the resolution of experimentally induced hepatic Wbrosis in
rats. J Gastroenterol Hepatol 16:1244–1253

Watanabe T, Nishiyama M, Hori T, Asano T, Shimizu T, Masayasu H
(1997) Ebselen (DR3305) ameliorates delayed cerebral vaso-
spasm in a canine two-hemorrhage model. Neurol Res 19:563–
565

Wei WQ, Abnet CC, Qiao YL, Dawsey SM, Dong ZW, Sun XD, Fan
JH, Gunter EW, Taylor PR, Mark SD (2004) Prospective study of
serum selenium concentrations and esophageal and gastric cardia
cancer, heart disease, stroke, and total death. Am J Clin Nutr
79:80–85

Wendel A, Tiegs G (1986) A novel biologically active seleno-organic
compound–VI. Protection by ebselen (PZ 51) against galac-
tosamine/endotoxin-induced hepatitis in mice. Biochem Pharma-
col 35:2115–2118

Wendel A, Fausel M, Safayhi H, Tiegs G, Otter R (1984) A novel bio-
logically active seleno-organic compound-II. Activity of PZ 51 in
relation to glutathione peroxidase. Biochem Pharmacol 33:3241–
3246

Whanger PD (2004) Selenium and its relationship to cancer: an update.
Brit J Nutr 91:11–28

Wilhelm EA, Jesse CR, Leite MR, Nogueira CW (2009a) Studies on
preventive eVects of diphenyl diselenide on acetaminophen-
induced hepatotoxicity in rats. Pathophysiology 16:31–37

Wilhelm EA, Jesse CR, Nogueira CW (2009b) Protective eVect of
p-methoxyl-diphenyl diselenide in lethal acute liver failure
induced by lipopolysaccharide and d-galactosamine in mice. Fun-
dam Clin Pharmacol 23:727–734

Wilhelm EA, Jesse CR, Nogueira CW, Savegnago L (2009c) Introduc-
tion of triXuoromethyl group into diphenyl diselenide molecule
alters its toxicity and protective eVect against damage induced by
2-nitropropane in rats. Exp Toxicol Pathol 61:197–203

Wilhelm EA, Jesse CR, Bortolatto CF, Barbosa NBV, Nogueira CW
(2010) Evidence of the involvement of K+ channels and PPAR�
receptors in the antidepressant-like activity of diphenyl diselenide
in mice. J Pharm Pharmacol 62:1121–1127

Wilhelm EA, Jesse CR, Bortolatto CF, Nogueira CW (2011) (E)-2-
benzylidene-4-phenyl-1, 3-diselenole has antioxidant and
hepatoprotective properties against oxidative damage induced by
2-nitropropane in rats. Fund Clin Pharmacol 25:80–90

Wilson SR, Zucker PA, Huang RRC, Spector A (1989) A development
of synthetic compounds with glutathione peroxidase activity.
J Am Chem Soc 111:5936–5939

Wirth T (1998) Glutathione peroxidase-like activities of oxygen-
containing diselenides. Molecules 3:164–166

Wood-Allum CA, Barber SC, Kirby J, Heath P, Holden H, Mead R,
Higginbottom A, Allen S, Beaujeux T, Alexson SE, Ince PG,
Shaw PJ (2006) Impairment of mitochondrial anti-oxidant
defence in SOD1-related motor neuron injury and amelioration by
ebselen. Brain 129:1693–1709

Woznichak MM, Overcast JD, Robertson K, Neumann HM, May SW
(2000) Reaction of phenylaminoethyl selenides with peroxynitrite
and hydrogen peroxide. Arch Biochem Biophys 379:314–320

Xiang N, Zhao R, Zhong WX (2009) Sodium selenite induces apopto-
sis by generation of superoxide via the mitochondrial-dependent
pathway in human prostate cancer cells. Can Chem Pharmacol
63:351–362

Xiao H, Parkin KL (2006) Induction of Phase II enzyme activity by
various selenium compounds. Nut Cancer Int J 55:210–223

Xiong S, Markesbery WR, Shao C, Lovell MA (2007) Seleno-L-methi-
onine protects against �-amyloid and iron/hydrogen peroxide-
mediated neuron death. Antioxid Redox Signal 9:457–467

Xu JH, Hu HT, Liu Y, Qian YH, Liu ZH, Tan QR, Zhang ZJ (2006)
Neuroprotective eVects of ebselen are associated with the regula-
tion of Bcl-2 and Bax proteins in cultured mouse cortical neurons.
Neurosci Lett 399:210–214

Yamagata K, Ichinose S, Miyashita A, Atagami M (2008) Protective
eVects of ebselen, a seleno-organic antioxidant on neurodegener-
ation induced by hypoxia and reperfusion in stroke-prone sponta-
neously hypertensive rat. Neuroscience 153:428–435

Yamaguchi T, Sano K, Takakura K, Saito I, Shinohara Y, Asano T,
Yasuhara H (1998) Ebselen in acute ischemic stroke-A placebo-
controlled, double-blind clinical trial. Stroke 29:12–17

Yamasoba T, Pourbakht A, Sakamoto T, Suzuki M (2005) Ebselen pre-
vents noise-induced excitotoxicity and temporary threshold shift.
Neurosci Lett 380:234–238

Yang CF, Shen HM, Ong CN (2000a) Ebselen induces apoptosis in
HepG(2) cells through rapid depletion of intracellular thiols. Arch
Biochem Biophys 374:142–152

Yang CF, Shen HM, Ong CN (2000b) Intracellular thiol depletion
causes mitochondrial permeability transition in ebselen-induced
apoptosis. Arch Biochem Biophys 380:319–330

Yang Y, Huang F, Ren Y, Xing L, Wu Y, Li ZS, Pan HZ, Xu CM
(2009) The anticancer eVects of sodium selenite and selenomethi-
onine on human colorectal carcinoma cell lines in nude mice.
Oncol Res 18:1–8

Yoshida M, Iizuka K, Terada A, Hara M, Nishijima H, Shimada A,
Nakada K, Satoh Y, Akama Y (2000) Prevention of nephrotoxi-
city of cisplatin by repeated oral administration of ebselen in rats.
Tohoku J Exp Med 191:209–220

Yoshizumi M, Kogame T, Suzaki Y, Fujita Y, Kyat M, Dirima K,
Ishizawa K, Tsuchiya K, Kagami S, Tamaki T (2002) Ebselen
attenuates oxidative stress-induced apoptosis via the inhibition of
the c-Jun N-terminal kinase and activator protein-1 signalling
pathway in PC12 cells. Br J Pharmacol 136:1023–1032

Zade SS, Panda S, Tripathi SK, Singh HB, Wolmershauser G (2004)
Convenient synthesis, characterization and GPx-like catalytic activ-
ity of novel ebselen derivatives. Eur J Org Chem 18:3857–3864

Zasso FB, Goncales CEP, Jung EAC, Araldi D, Zeni G, Rocha JBT,
Nogueira CW (2005) On the mechanisms involved in antinoci-
ception induced by diphenyl diselenide. Environ Toxicol Pharma-
col 19:283–289

Zeng H, Combs GF (2008) Selenium as an anticancer nutrient: roles in
cell proliferation and tumor cell invasion. J Nutr Biochem 19:1–7

Zeng H, Briske-Anderson M, Idso JP, Hunt CD (2006) The selenium
metabolite methylselenol inhibits the migration and invasion
potential of HT1080 tumor cells. J Nutr 136:1528–1532

Zhang MJ, Nomura A, Uchida Y, Iijima H, Sakamoto T, Iishii Y,
Morishima Y, Mochizuki M, Masuyama K, Hirano K, Sekizawa
123



Arch Toxicol (2011) 85:1313–1359 1359
K (2002) Ebselen suppresses late airway responses and airway
inXammation in guinea pigs. Free Radic Bio Med 32:454–464

Zhang JH, Wang L, Anderson LB, Witthuhn B, Xu YJ, Lu JX (2010)
Proteomic proWling of potential molecular targets of methyl-sele-
nium compounds in the transgenic adenocarcinoma of mouse
prostate model. Cancer Prev Res 3:994–1006

Zhao R, Holmgren A (2002) A novel antioxidant mechanism of ebselen
involving ebselen diselenide, a substrate of mammalian thioredoxin
and thioredoxin reductase. J Biol Chem 277:39456–39462

Zhao R, Holmgren A (2004) Ebselen is a dehydroascorbate reductase
mimic, facilitating the recycling of ascorbate via mammalian thi-
oredoxin systems. Antioxid Redox Signal 6:99–104

Zhao R, Masayasu H, Holmgren A (2002) Ebselen: a substrate for
human thioredoxin reductase strongly stimulating its hydroperox-
ide reductase activity and a superfast thioredoxin oxidant. Proc
Natl Acad Sci 99:8579–8584

Zhao H, WhitWeld ML, Xu T, Botstein D, Brooks JD (2004) Diverse
eVects of methylseleninic acid on the transcriptional program of
human prostate cancer cells. Mol Biol Cell 15:506–519

Zhu YG, Pilon-Smits EAH, Zhao FJ, Williams PN, Meharg AA (2009)
Selenium in higher plants: understanding mechanisms for biofor-
tiWcation and phytoremediation. Trends Plant Sci 14:436–442
123


	Toxicology and pharmacology of selenium: emphasis on synthetic organoselenium compounds
	Abstract
	Introduction
	A brief history of selenium: an element with two faces
	Selenium as a component of selenoproteins

	Selenium as a toxic element
	A brief history of the identification of selenium as a toxic element
	Toxicity of organic selenium
	Interaction of selenium with thiols
	In vitro molecular toxicity of organoselenium compounds
	In vivo toxicity of organoselenium compounds
	Neurotoxicity of diphenyl diselenide



	Pharmacology of organoselenium compounds
	Antioxidant activity
	Glutathione peroxidase-like activity
	Lipid peroxidation and radical-scavenging activity
	Peroxynitrite scavenging activity
	Organoselenium compounds can be substrates of mammalian thioredoxin reductase

	Anti-inflammatory and antinociceptive activities
	Antinociceptive activity

	Antidepressant-like and anxiolytic activities
	Hepatoprotective activity
	Gastroprotective activity
	Renoprotective activity
	Cardioprotective activity
	Insulin mimetic activity
	Neuroprotective activity

	Potential use of selenium
	Chemopreventive activity

	Conclusion
	Acknowledgments
	References


