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Abstract

Reactive oxygen species, such as superoxide and hydrogen peroxide, are generated in all cells by mitochondrial
and enzymatic sources. Left unchecked, these reactive species can cause oxidative damage to DNA, proteins,
and membrane lipids. Glutathione peroxidase-1 (GPx-1) is an intracellular antioxidant enzyme that enzymati-
cally reduces hydrogen peroxide to water to limit its harmful effects. Certain reactive oxygen species, such as
hydrogen peroxide, are also essential for growth factor-mediated signal transduction, mitochondrial function,
and maintenance of normal thiol redox-balance. Thus, by limiting hydrogen peroxide accumulation, GPx-1 also
modulates these processes. This review explores the molecular mechanisms involved in regulating the expres-
sion and function of GPx-1, with an emphasis on the role of GPx-1 in modulating cellular oxidant stress and
redox-mediated responses. As a selenocysteine-containing enzyme, GPx-1 expression is subject to unique forms
of regulation involving the trace mineral selenium and selenocysteine incorporation during translation. In
addition, GPx-1 has been implicated in the development and prevention of many common and complex dis-
eases, including cancer and cardiovascular disease. This review discusses the role of GPx-1 in these diseases and
speculates on potential future therapies to harness the beneficial effects of this ubiquitous antioxidant enzyme.
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I. Introduction

EACTIVE OXYGEN SPECIES (ROS) are generated by all cells

during normal oxidative respiration and, if left un-
checked by antioxidant systems, can cause oxidative damage
to DNA, proteins, and membrane lipids. Intracellularly, ROS
are principally generated by mitochondrial respiration and
redox enzymes, such as uncoupled nitric oxide synthase, cy-
tochrome P-450 isoforms, and NADPH oxidase subtypes
(NOXs), in the form of superoxide (Fig. 1) (222, 338). This
short-lived ROS can combine with nitric oxide (NO - ) to form
the highly reactive peroxynitrite (a reactive nitrogen species
[RNS]) or can spontaneously or enzymatically be dismutated
to form hydrogen peroxide and molecular oxygen (59, 232).
Hydrogen peroxide can also be generated by the 2-electron
reduction of oxygen by various oxidoreductases, including
xanthine oxidase, which, recent findings suggest, predomi-
nately produces hydrogen peroxide (33, 195). Recent studies
also suggest that NOX4 may preferentially produce hydrogen
peroxide rather than superoxide anion, which is the major
ROS produced by other NOX isoforms (97). Hydrogen per-
oxide has a longer half-life than superoxide, and unlike su-
peroxide, hydrogen peroxide can transfer across lipid
membranes by either diffusion or transport through channels,
such as aquaporins (38).

Regulation and removal of hydrogen peroxide prevents the
formation of the highly reactive and damaging hydroxyl
radical, which can be formed by reaction of hydrogen per-
oxide with Fe** (Fenton reaction). Intracellularly, the Fenton
reaction is limited, in part, by the lack of free transition metals
in cells, but may play a role in oxidative damage after ische-
mia-reperfusion or under other oxidative stress conditions
that involve accumulation of high levels of intracellular hy-
drogen peroxide and liberation of Fe?* from intracellular
storage sites (115, 288). Excess hydrogen peroxide can also
lead to oxidation of susceptible cellular protein thiols to sul-
fenic (SOH) or sulfinic (SO,H) acid and irreversible oxidation
to sulfonic (SO;H) acid (284). Low levels of hydrogen perox-
ide, however, maintain essential modifications of protein
thiols including the formation of intra- and intermolecular

disulfides (including mixed disulfides with low molecular
weight thiols like reduced glutathione [GSH]) (133, 284, 390).
Also, atlow levels, hydrogen peroxide plays a role as a second
messenger in signal transduction by modulating the oxidation
state of redox-sensitive cysteines (Cys) to promote kinase
function (133, 284, 390). Extracellular superoxide dismutase
(SOD), cytosolic copper, zinc SOD, and mitochondrially lo-
cated manganese SOD (MnSOD) play a major role in the
formation of hydrogen peroxide, whereas glutathione per-
oxidases (GPxs), catalase, and peroxiredoxins all play a role in
the enzymatic catabolism of this ROS. Catalase is principally
limited to the peroxisomes, and peroxiredoxins are a family of
enzymes with different subcellular distributions. GPxs are a
family of enzymes homologous to the selenocysteine (Sec)-
containing mammalian GPx-1 that uses GSH as an obligate
cosubstrate in the reduction of hydrogen peroxide to water.
Not all GPxs (defined by homology), however, use GSH, nor
do they all contain Sec at the active site; rather, some of these
enzymes are functionally identified as thioredoxin-dependent
peroxidases containing a redox-active Cys in place of the Sec.

GPx-1 is one of the most abundant members of the GPx
family of enzymes that include an epithelial-specific enzyme
that is highly expressed in intestine (GPx-2); a secreted sub-
type (GPx-3); and GPx-4, which is widely expressed and dif-
fers in its substrate specificity compared to the other family
members. Accordingly, GPx-1 is a crucial antioxidant enzyme
involved in preventing the harmful accumulation of intra-
cellular hydrogen peroxide. It is present in all cells; found in
cytosolic, mitochondrial, and, in some cells, in peroxisomal
compartments (113, 129, 225, 326, 331, 370); and has been
found to be more effective than catalase at removing intra-
cellular peroxides under many physiological conditions (11,
74). The relative effectiveness of peroxiredoxins versus GPxs in
modulating intracellular hydrogen peroxide levels has been
debated: peroxiredoxins are abundantly expressed and dif-
ferent peroxiredoxin isoforms are also found in the cytosol
and mitochondria; however, some forms of peroxiredoxins
are susceptible to oxidative inactivation at relatively low mi-
cromolar levels of hydrogen peroxide (133). GPx-1 can also
reduce lipid hydroperoxides and other soluble hydroperox-
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FIG. 1. Modulation of cellular reactive oxygen species
(ROS). Superoxide originates from normal mitochondrial
respiration or from enzymatic sources, such as NADPH ox-
idases (NOX), uncoupled endothelial nitric oxide synthase
(eNOS), or p-450 (CYP) isoforms. Superoxide is dismutated
spontaneously or enzymatically to hydrogen peroxide. Ex-
tracellular superoxide dismutase (ECSOD), intracellular
copper, zinc SOD (Cu, ZnSOD), or mitochondrially localized
manganese SOD (MnSOD) are enzymatic sources of this
conversion. Hydrogen peroxide can also be produced di-
rectly by xanthine oxidase and NADPH oxidase subtype 4.
Under certain oxidative stress conditions such as ischemia-
reperfusion, hydrogen peroxide can react with free iron to
promote the formation of hydroxyl radical. Under normal
cellular conditions the amount of free iron in the cell is low
limiting the flux through this pathway (illustrated by light
gray). Hydrogen peroxide is subsequently enzymatically re-
duced by glutathione peroxidases (GPxs), including GPx-1,
as well as catalase and peroxiredoxins (Prxs). Catalase is
primarily in the peroxisomes, whereas various Prxs localize
to the mitochondria (e.g., Prx 3,5) or cytosol (such as Prx 1,2).
Most Prxs utilize thioredoxin as a source of reducing
equivalents, although Prx 6 appears to function as a reduced
glutathione (GSH)-dependent peroxidase. Importantly, GPx-
1 can be found in the cytosol, in mitochondria, and also in
peroxisomes. GPx-1 utilizes GSH as a cofactor to reduce
hydrogen peroxide, resulting in the formation of oxidized
glutathione (GSSG). For simplicity, peroxisomes, thioredoxin,
and mitochondrial GSH, are not represented in this figure.

ides after their release from membrane lipids (248, 257), and
may also reduce phospholipid-monoacylglycerol hydroper-
oxides, such as 1-linoleoyl lysophosphatidylcholine hydro-
peroxide (247), but not tri- or diacylglycerol hydroperoxides
(247). These other membrane-associated phospholipids are,
instead, reduced by GPx-4, which has a preferential associa-
tion with membranes and appears to have a minimal effect on
intracellular hydrogen peroxide tone (320, 359), although
from an enzymological point of view, GPx-4 is no less efficient
than GPx-1 in reducing hydrogen peroxide or fatty acid hy-
droperoxides. Recent findings suggest that peroxiredoxin 6
may also reduce phospholipid targets in cells (123). In addi-
tion, GPx-1 may also act as a peroxynitrite reductase (327),
thereby, theoretically, modulating peroxynitrite-induced sig-
naling pathways in vivo (325). To date, however, there has
been no compelling evidence to indicate that GPx-1 modu-
lates in vivo peroxynitrite flux; rather, there are studies to
suggest that lack of GPx-1 enhances survival to peroxynitrite
(136) by mechanisms that are not well understood.
Disturbances of normal intracellular (and extracellular)
redox balance contribute to susceptibility and/or pathology
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in many common and complex human diseases. Thus, the
antioxidant GPx-1 has been studied for its effect in modulat-
ing processes in which oxidants play an essential role, in-
cluding normal cellular growth and proliferative responses;
adaptive pathological responses, such as apoptosis or in-
flammation; and disease/tissue injury processes, such as
those involved in atherogenesis, drug toxicity, and ischemia-
reperfusion injury. In addition, studies in human subjects
implicate GPx-1 in some cancers and cardiovascular diseases.
This review will summarize the current knowledge of the
molecular determinants influencing the expression and
function of GPx-1, with an emphasis on the role of GPx-1 in
modulating cellular oxidant stress and redox-mediated sig-
naling responses. Importantly, by regulating cellular hydro-
peroxides (and RNS), GPx-1 may protect against oxidative
stress, but, in excess, GPx-1 may also have deleterious effects
due to a lack of essential cellular oxidants (154, 251) that result
in a reductive stress characterized by a lack of oxidants and/
or excess reducing equivalents (297) (Fig. 2). Although re-
ductive stress may appear to be a new concept, it has been
known for some time that lack of cellular oxidants can di-
minish cell growth responses. Newer evidence points to ad-
ditional cellular and physiological effects caused by lack of
cellular oxidants and accumulation of excess reducing
equivalents, including changes in protein disulfide bond for-
mation, diminished mitochondrial function, and decreased
cellular metabolism. Although, to date, a complete under-
standing of physiological conditions that may create reduc-
tive stress have not been elucidated, conditions, such as
hypoxia, hyperglycemia, and other stresses that inhibit mi-
tochondrial function, are known to cause excess accumulation
of cellular reducing equivalents (199, 270, 358). Further, in
some models of experimental cardiomyopathy, excess re-
ducing equivalents and excess GPx-1 have been linked to the
mechanism of cardiac dysfunction (297, 405). This review
examines evidence for a role of GPx-1 in modulating cellular
redox responses, summarizes the role of GPx-1 in human
health and disease, and speculates on possible future thera-
peutic approaches in disease prevention and treatment.
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FIG. 2. Modulation of oxidative and reductive stress by
GPx-1. GPx-1 is one of several cellular enzymes that may
modulate overall redox stress. Decreased GPx-1 activity can
promote susceptibility to oxidative stress by allowing for the
accumulation of harmful oxidants, whereas excess GPx-1
may promote reductive stress, characterized by a lack of
essential ROS needed for cellular signaling processes. Excess
oxidants or loss of essential ROS can each lead to diminished
cell growth and promote apoptotic pathways.
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Il. GPx-1 Activity
A. Enzymatic mechanisms of GPx

GPx-1 (glutathione:hydrogen-peroxide oxidoreductase; EC
1.11.1.9) was first characterized in 1957 as an erythrocytic
enzyme that protects hemoglobin from oxidative damage
(254). Subsequent analysis found that the trace mineral, sele-
nium, in the form of the amino acid, Sec, is essential for the
activity of GPx-1 (127, 203, 309, 312). Mechanistically, detox-
ification of peroxides by mammalian GPx-1 proceeds by way
of a bi-substrate ping-pong-type enzymatic mechanism in
which saturation kinetics are not observed. Enzymatic re-
duction of peroxides involves the formation of intermediate
stable modifications to the Sec active site (127, 128, 204, 348,
369). After reacting with peroxide, a selenenic acid (Se-OH)
forms at the selenol (Se-H) active site (Fig. 3). One molecule of
GSH reduces the selenenic acid, leading to the formation of a
glutathiolated selenol (Se-SG) intermediate (127, 204, 248).
Evidence for the formation of the Se-SG intermediate was
obtained by mass spectrometry analysis of GPx-4 reaction
intermediates (250). A second GSH allows for reduction of
the Se-SG bond, and results in the restoration of the active
site with the formation of oxidized glutathione (GSSG). The
subsequent resolution of GSSG involves the action of the
NADPH-dependent glutathione reductase; recycling of
NADP*/NADPH links the GSH pathway to glucose-6-
phosphate dehydrogenase and the pentose-phosphate shunt
(Fig. 4). Thus, by its enzymatic detoxification of nonradical
hydroperoxides, GPx-1 regulates cellular oxidant status di-
rectly through elimination of hydroperoxides and via oxida-
tion of GSH, the major low-molecular-weight thiol in cells.
[Rotruck first established the selenium dependence of the
GSH-peroxidase that relied on glucose-6-phosphate dehy-
drogenase-GSH-reductase—driven recycling of GSH to protect
erythrocytes from oxidation (311, 312): in erythrocytes from
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FIG. 3. Reduction of hydrogen peroxide by GPx-1. The
enzymatic inactivation of peroxides by GPx-1 involves the
formation of several stable intermediary modifications to the
active-site selenocysteine (Sec) (127, 204, 248). Thus, the se-
lenol of GPx-SeH (with -SeH representing the Sec active site)
forms a selenenic acid (Se-OH) after reacting with peroxides
(no. 1 in the figure). One molecule of GSH reduces selenenic
acid leading to the Se-SG intermediate (no. 2 in the figure),
which is reduced by the second GSH, resulting in the for-
mation of GSSG (no. 3 in the figure). The net reaction is
shown in the lower part of the figure.
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FIG. 4. Redox pathways involved in maintaining the
cofactors necessary for the activity of GPx-1. GPx-1 re-
ductively inactivates hydrogen peroxide and lipid hydro-
peroxides at the expense of GSH, which is oxidized to form
GSSG. The enzyme glutathione reductase (GR) recycles
GSSG to GSH using NADPH as a source of reducing
equivalents, and glucose-6-phosphate  dehydrogenase
(G6PD) maintains cellular stores of NADPH.

selenium-deficient rats, glucose-mediated reduction of GSH
had no protective effect against oxidation.] In fact, in studies
of hydrogen peroxide metabolism in cultured cells from GPx-
1-deficient and wild-type mice, exposure to hydrogen per-
oxide led to a transient increase in oxidized GSH in wild-type
cells, whereas GSSG did not fluctuate in GPx-1-deficient cells
(229). These data illustrate how the enzymatic action of GPx-1
links it to the intracellular GSH/GSSG redox couple trans-
ferring redox stress in the cell to the easily restored GSSG
rather than reactive protein thiols (189, 196). Indirectly, GPx-1
is also linked to the NADP* /NADPH redox couple, which is
involved in the restoration of normal GSH/GSSG ratios. GPx-
1 oxidation of GSH may also influence the pentose-phosphate
pathway, the activity of which is regulated by NADP™/
NADPH ratios (116).

B. Structure and function: analysis of the active site

The molecular mass of the active purified mammalian GPx-
1 has been estimated to be between 83 and 95 kDa, consisting
of a tetramer of identical subunits of ~22-23kDa (17, 126,
257, 273). Amino acid sequence analysis of the bovine GPx-1
provided evidence for a 198 amino acid monomer with an
approximate mass of 21,900 kDa (148). Sequence data from
cDNA analysis indicate that GPx-1 monomers in humans
are between 202 and 204 amino acids in length (depending
on allelic variant), thus predicting a protein monomer of
~21,800-21,950kDa, in good agreement with the values ob-
tained experimentally for purified human GPx-1 monomers.
Protein sequencing and subsequent cDNA sequence analysis
provided evidence for the presence of Sec in the GPx-1 protein
and proof that it was encoded by a UGA (opal) stop codon
in the gene transcript. Typically, in non-selenocysteine en-
coding transcripts, a UGA codon sequence terminates trans-
lation. Figure 5 shows a sequence comparison of human
Sec-containing GPxs 1-4 based on cDNA sequence data
(5,112, 263, 340, 346).

One theory regarding the essential function of Sec at the
active site of GPxs is that the presence of Sec instead of a Cys at
the active site may enhance the rate of reaction with hydrogen
peroxide because Sec is deprotonated at physiological pH.
According to theoretical modeling studies, however, the pKa
of Sec does not alone account for the catalytic difference be-
tween Sec and Cys-substituted enzymes; rather, the local
tertiary structural environment and accessory amino acids are
essential for the activity of the GPxs (54, 359). Strikingly,
substitution of a Cys for Sec lowers the enzymatic activity of
GPx-1 by orders of magnitude (309), leading to the suggestion



GPx-1 IN HEALTH AND DISEASE

GPx-1
GPx-2
GPx-3
GPx-4

GPx-1
GPx-2
GPx-3
GPx-4

GPx-1
GPx-2
GPx-3
GPx-4

GPx-1
GPx-2
GPx-3
GPx-4

GPx-1
GPx-2
GPx-3
GPx-4 W

1961

FIG. 5. Alignment of predicted human GPx proteins. Protein sequences for the Sec-containing GPxs-1-4 were aligned
using the MacVector analysis program (version 8.1.2 from Accelyrs). Shown are single-letter amino acid codes for the
precursor proteins derived from GenBank reference sequences NM_002083, NM_002084, and NM_002085 for GPx-2, 3, and 4,
respectively, that were based on published cDNA sequences (5, 112, 346). The GPx-1 sequence was derived from a human
cDNA (384) based on published GPx-1 sequences (263, 340). Conserved residues are boxed in gray, and conserved bases
involved in the formation of the enzymatic active site are boxed in white and indicated with asterisks, including the Sec
(represented with a U), Trp, and GIn residues (107). A conserved Asn residue that is part of the active site is marked with an
“#” (359, 361). Arg residues involved in stabilizing the GSH and GPx-1 interactions are circled in white. Note that these Arg
residues are conserved in the highly similar GPx-2 but not in GPx-3 and GPx-4.

that a different mechanism involving a second resolving Cys
is essential for the enzymatic activity of normally occurring
nonselenium (i.e., Cys-containing) forms of GPxs, such as the
GPxs in yeast strains that lack a Sec incorporation mechanism
(359). In some of these non-selenium-containing GPxs (which
often function as thioredoxin-dependent peroxidases), the
active-site Cys is also deprotonated, suggesting a redox-active
site; however, there are also other amino acids such as a sec-
ond resolving Cys that are necessary for their activity (348,
361). Regarding the catalytically advantageous nature of Sec,
studies of Cys-substituted murine GPx-1 indicate that in the
context of mammalian Sec-containing GPxs, the Sec active
site may have the added advantage of being less sensitive to
overoxidation and inactivation in the presence of peroxides
compared to Cys (309). Although Sec in mammalian GPx-1
can be irreversibly inactivated by conversion to dehy-
droalanine (DHA) under excess oxidant exposure (69, 292),
several studies suggest that abundant intracellular GSH nor-
mally protects GPx-1 from oxidative inactivation, illustrating
the importance of the overall cellular redox state in main-
taining GPx-1 function (280, 327, 373) (see also section III.C.,
“Post-translational regulation”).

The crystallographic structure of the bovine erythrocyte
GPx-1 identified GIn and Trp amino acids that, with Sec, form
a catalytic triad that is crucial for enzyme-substrate interac-
tions (107). These residues are highly conserved in all mam-
malian Sec-containing GPxs (see Fig. 5 for a comparison of the
primary sequence of human GPxs 1-4). Mutational analysis of
these sites in GPx-4 provided proof that these residues are
essential for catalytic function (242). Subsequent mutational
analysis of a Drosophila GPx (DmGPx) also suggests a function
for a conserved Asn residue that is necessary for the enzy-

matic function of the GPxs (361). Although this latter study
using DmGPx was based on high-definition crystallographic
data for GPx-4, molecular modeling suggests that the Asn
may also be essential in GPx-1 (359) and that the functional
catalytic site is actually a tetrad. However, DmGPx is a
thioredoxin-dependent peroxidase that has a Cys in the active
site rather than a Sec; therefore, there are other differences
between this enzyme and its Sec-containing counterparts,
including the involvement of a second Cys necessary to re-
generate the active site. Analysis of the crystal structure also
suggests that specific Arg residues in GPx-1 stabilize the in-
teractions between GSH and GPx-1 (107). These residues are
conserved between GPx-1 and the highly similar GPx-2, but
are not found in GPx-3 or GPx-4. Other conserved Arg resi-
dues have also been suggested to be critically involved in
enzymatic mechanisms (369).

C. Inhibitors of GPx

Owing to the structural similarities of the active site of GPx-
1 and the other GPxs, there is no GPx-1-specific inhibitor.
Mercaptosuccinate is one of the most effective and widely
used of the related mercaptans that inhibit GPx-1 by com-
peting with GSH for binding to the active-site Sec (62). Ex-
perimentally, mercaptosuccinate is not used as a GPx-4
inhibitor, but it will likely also inhibit GPx-2 and perhaps
even GPx-3. Methylmercury (MeHg), another highly reactive
compound that can promote neuronal death, has been shown
to inactivate GPx-1 directly in purified enzyme preparations
and in cerebellar granule cells grown in culture (119). Theo-
retically, inactivation of GPx-1 by MeHg involves a direct
interaction of mercury with the selenol of GPx-1. Further, the
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ability of MeHg to inactivate GPx-1 at low nanomolar con-
centrations suggests that loss of GPx-1 activity may contribute
to MeHg toxicity. Other agents, such as gold (19, 61),
may similarly inhibit GPxs by reacting with the selenol.
Similarly, lead may interact with and inactivate GPxs (3).
Other nonspecific methods to inhibit GPxs include the use of
L-buthionine sulfoximine to inhibit y-glutamyl synthetase, an
essential enzyme in GSH synthesis (298). This inhibition
would affect total cellular GSH levels and the function of all
GSH-dependent enzymes, including GPxs.

D. Comparison among mammalian GPxs 1-4

As discussed above, the active sites of the mammalian GPxs
1-4 are highly conserved. In addition, these GPxs have over-
lapping substrate specificities. Thus, activity assays may not
alone be able to distinguish among activities for the various
GPxs, especially GPx-1, —2, and —3 (330). For example, gas-
trointestinal samples will contain both the ubiquitous GPx-1
and the similar GPx-2, which has a more limited tissue distri-
bution. As mentioned previously, GPx-3 is secreted and is the
primary form measurable in plasma, but it is also expressed in
lung tissue and kidney (the source of its plasma secretion).

GPx-4 is found in most cell types. Owing to its unique en-
zymatic properties, GPx-4 activity can be separately deter-
mined using a phospholipid hydroperoxide substrate in
enzymatic assays (386). Possibly due to the ability of GPx-4 to
reduce these membrane-associated hydroperoxides, it is the
only subtype of mammalian GPxs for which the knockout is
lethal (320), but the precise cause of the midgestational le-
thality caused by GPx-4 deficiency (401) is unknown, and may
be unrelated to the reduction of phospholipid hydroperoxides
by GPx-4. In addition, GPx-4 depletion in cell culture also
promotes cell death by apoptotic mechanisms that could not
be alleviated with water-soluble antioxidants, confirming that
intracellularly GPx-4 mainly prevents lipid peroxidation, es-
sentially antagonizing the actions of lipoxygenases and cy-
cloogenase. Unlike the other GPxs, GPx-4 is a monomeric
protein. In addition, GPx-4 has an essential role in sper-
matogenesis and sperm function (180).
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GPx-1 knockout mice are viable, although they and GPx-1-
deficient cells are more susceptible to oxidant-induced injury
(65). GPx-2 knockout mice are also viable (111), as are the
double knockout mice deficient in both GPx-1 and GPx-2
(111). There is an interesting synergy between GPx-2 and
GPx-1 as they are very similar enzymatically, but they have
different gene expression patterns, with the expression of
GPx-2 in gastrointestinal epithelial cells thought to provide
essential protection against gut pathogens and inflammation
(72,111, 114). GPx-2 may also be induced in other tissues as
part of the stress response, such as in lung tissue in response to
cigarette smoke and in breast cancer cells, and its gene ex-
pression is regulated directly by the antioxidant response el-
ement (ARE) (304, 330). Thus, GPx-2 serves a distinct function
in antioxidant and cellular protection in some tissues that
complements that of GPx-1. The roles of GPx-1 and GPx-2 in
the antioxidant response and cancer are discussed further in
sections III.A. and V.A., respectively. Experimental evidence
suggests that the expression of GPx-2 and GPx-4 is less sen-
sitive to variations in selenium levels compared to GPx-1 or
GPx-3 (see section III).

lll. Regulation of GPx-1 Expression and Activity

GPx-1 is subject to transcriptional, post-transcriptional,
translational, and post-translational regulation (Fig. 6). These
forms of regulation contribute to tissue and developmental
patterns of expression, changes in activity in response to
stress, and differences in expression between males and fe-
males (293, 294). A unique mechanism in the regulation of
GPx-1, as a Sec-containing enzyme, is that of Sec incorpora-
tion (100, 334, 336). Essential for this mechanism is selenium,
an essential nutrient that is normally acquired through the
dietary consumption of plants and animals (387). In human
populations, selenium deficiency, due to lack of selenium
in the soil, has been found to cause Keshan disease (6, 138,
216, 305), a cardiomyopathy, and Kashin-Beck disease (287,
393), an osteoarthropathy, in part, due to reductions in GPx-1
expression. This section discusses the mechanisms of GPx-1
regulation by transcriptional and post-transcriptional means,

FIG. 6. Regulation of GPx-1
expression and function. GPx-1

Post-Translational

p SeH . SeH can be regulated by tran-
o 0 scriptional, post-transcriptional,
SeNO  SeH translational, or post-transla-

tional means. Shown is an
overview of the factors that
regulate the expression and ac-
tivity of GPx-1. In addition to
factors that regulate its tran-
scription, GPx-1 can also be
regulated post-transcriptionally
by the presence or absence of
selenium and cofactors in-

Sec-modification/oxidation
kinase activation
protein-protein interaction

volved in Sec biosynthesis and insertion. Represented in the figure is the stem loop structure or SECIS element formed in the 3
untranslated region (UTR) of the GPx-1 transcript. Absence of selenium promotes RNA degradation due to nonsense-mediated
decay (NMD) and/or the presence of SECIS binding factors that interfere with normal translation. Translation involves special
SECIS binding factors, a Sec-specific tRNA (black cloverleaf structure), elongation factor (white oval), and SECIS binding protein
2 (SBP2) (gray oval). Post-translationally, Sec in GPx-1 (reduced form SeH in the figure) may be oxidatively inactivated by excess
ROS or by excess NO (SeNO in the figure). In addition Hg and Pb may inactivate GPx-1 and specific protein—protein inter-
actions (black oval represents regulatory protein that binds GPx-1) may also inhibit GPx-1 activity. Kinases, such as c-abl, may
activate GPx-1 by phosphorylation (indicated by a P in the figure).
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including Sec incorporation and how GPx-1, in particular, is
modulated by selenium restriction.

A. Transcriptional regulation

Comparison of mouse, rat, and human gene sequences in-
dicates a conservation of the sequence and overall structure of
the GPx-1 gene, with the protein coding region contained
within two exons and the Sec codon in the first exon (Fig. 7) (58,
169, 259). The apparent promoter regions are conserved in
these mammalian species with no apparent TATA or CCAAT
box sequences, but several specificity protein 1 nuclear factor
boxes. Additionally, the human GPx-1 gene is downstream
of the 3’-end of the rhoH12 gene, which ends only ~800 bp
upstream of the transcriptional start site for GPx-1 and is
flanked by Alu repeat sequences upstream and downstream
(259). At least for the mouse GPx-1 gene, a 3’ enhancer region
with GATA nuclear factor binding sites regulates transcription
in erythroid cells, which have a higher rate of expression
compared to tissues such as brain (271). The presence of sites
with comparable effects has not been confirmed for the human
GPx-1 gene. In addition, two PU.1 binding sites that are con-
served in human and mouse GPx-1 genes have been proposed
to play a role in the expression of GPx-1 in various myeloid and
lymphoblastoid lineages, including neutrophils and macro-
phages (356). Although one of these sites is located in the 5’
promoter region and the other site in the 3’ flanking region,
both sites are functional, as they have both been shown to bind
the PU.1 nuclear factor in gel mobility shift assays, and both
mediate transcription, as assessed by reporter gene assays.

GPx-1 transcription is also regulated by oxygen tension.
Specifically, the human GPx-1 gene has two oxygen response
elements (OREs) that, under normoxic conditions, are im-
portant for transcription (78). The ORE sequences bind a nu-
clear complex that includes the nuclear factor, Ku (253). In
cardiomyocytes grown in culture, chronic exposure to re-
duced oxygen tension decreased the p70 subunit association
with the OREs, suggesting that this protein may modulate
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FIG. 7. Diagram of GPx-1 gene organization and nuclear
factor binding sites. The GPx-1 gene consists of two exons
(rectangular boxes). The 5" and 3" UTRs are shown as white
boxes, whereas the protein coding region is shown as a gray
box. The TGA Sec codon is in the first exon. Notably, the stop
codon is a TAG nucleotide sequence (amber stop codon). The
promoter region is expanded on the lower line to illustrate
the position of nuclear factor binding sites thought to be
important for GPx-1 transcription. The GATA and NF«B
nuclear factor binding sites have primarily been studied in
mice. All other sites are identified from studies with the
human GPx-1 gene.
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decreased GPx-1 expression in these cells during hypoxia.
Further, it has been proposed that hypoxia-induced sup-
pression of GPx-1 transcription may contribute to reperfusion
injury after low oxygen tension in vivo (253); however, further
analysis is necessary to confirm a role for the Ku antigen
complex and ORE sequences in modulating hypoxic re-
sponses in vivo and in cells other than cardiomyocytes and to
define the mechanism by which they respond to oxygen ten-
sion. Interestingly, hyperoxia enhances GPx-1 transcription in
human umbilical-vein endothelial cells through a mechanism
independent of the ORE (190), suggesting that GPx-1 tran-
scription may be regulated in response to oxygen tension by
more than one mechanism.

GPx-1 may also be transcriptionally upregulated as part of
the cellular response to oxidative stress. Paraquat, a redox
cycler that produces superoxide anion, has been reported to
stimulate GPx-1 promoter activity (89), and p53 can upregu-
late GPx-1 transcription through its action at a classic p53-
consensus binding site (177, 349). It is well known that p53is a
tumor suppressor: it modulates apoptosis, growth arrest,
DNA repair, and cellular senescence in response to many
types of cellular stress (178, 295). Recent data also suggest that
hydroxyurea may upregulate GPx-1 expression in several cell
lines and in circulating erythrocytes, in part, by a p53-
dependent pathway, providing evidence that p53-mechanisms
modulate GPx-1 expression in vivo (68).

Oxidative mechanisms may also regulate GPx-1 gene tran-
scription via nuclear factor kB (NF«B) sites and activator pro-
tein 1 (AP-1) sites in the promoter. In fact, in skeletal muscle
fibroblasts, oxidant-induced upregulation of GPx-1 expression
was transcriptionally mediated by activation of NFxB (410).
Interestingly, NFkB was also proposed to regulate the expres-
sion of GPx-1 in response to estradiol, as NFxB inhibitors at-
tenuated estradiol-mediated upregulation of GPx-1 expression
(42). Possibly, the ability of estradiol to upregulate GPx-1
transcription may contribute to the increased expression of
GPx-1 in females compared to males (43, 294).

Regulation at AP-1 sites in the GPx-1 promoter may involve
a number of nuclear factors. Some of these, such as cjun and
c-fos, are known to be redox sensitive and can be inactivated
by oxidation at critical Cys residues necessary for their DNA-
binding activity (1). In addition, AP-1 sites in the GPx-1 pro-
moter region have been found to modulate transcriptional
responses to phorbol esters in human umbilical-vein endo-
thelial cells (190). Other evidence suggests that GPx-1 tran-
scription may be regulated directly or indirectly by Nrf-
nuclear factors downstream of the transcriptional coactivators
peroxisome proliferator-activated receptor-y coactivator-la
and —-1B (PGC-1a and PGC-1B). PGC-1a or PGC-1 activate
Nrfl and Nrf2 nuclear factors to enhance the expression of
nuclear genes involved in oxidative phosphorylation and
mitochondrial biogenesis (396). In addition, Nrf2 is known to
activate genes with AREs downstream of PGC-1-activation
and after oxidant exposure (290, 291). AREs often overlap AP-
1 sites and coordinately upregulate genes involved in cellular
antioxidant-detoxifying responses; however, to date, the
ability of Nrfl or Nrf2 to regulate GPx-1 gene transcription
has not been proven in reporter gene assays. Nonetheless,
upregulation of GPx-1 in response to PGC-1 activation links
GPx-1 expression to signals enhancing mitochondrial bio-
genesis (337). The concept that Nrf-nuclear factors may con-
trol GPx-1 expression (directly or indirectly) is supported by
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other studies that correlate Nrfl-responses with increased
expression of GPx-1 (168). Further, in Nrf2 knockout mice,
GPx-1 expression is downregulated in lung after exposure to
cigarette smoke (330). Interestingly, Nrf2 clearly regulates the
highly conserved GPx-2 at the level of transcription (23) and is
responsible for its upregulation by cigarette smoke (330).
Genistein, a soy isoflavone, is another effector that may con-
trol GPx-1 transcription by Nrfl-dependent mechanisms (168,
368). Genistein is considered protective against oxidants, in
part, due to its effects on GPx-1 expression that ultimately
prevent hydrogen peroxide-mediated cell death (168, 345). In
addition, this isoflavone may augment glutathione synthesis
by increasing the expression of y-glutamylcysteine synthetase
(264): the y-glutamylcysteine synthetase gene is a well-studied
target of Nrf-nuclear factors (both Nrfl and Nrf2 have been
implicated in its regulation) (353). Thus, these findings sug-
gest that genistein (and possibly other Nrf-activating agents)
coordinately upregulate both the cosubstrate (GSH) and en-
zyme (GPx-1 or GPx-2) necessary for hydrogen peroxide re-
duction, thereby contributing to the overall antioxidant
capacity of the cell.

Taken together, transcriptional mechanisms may augment
GPx-1 expression, in part, to provide increased resistance to
oxidative stress from diverse sources, including mitochon-
drial biogenesis or direct oxidant exposure. To date, these
responses appear to involve the ORE, AP-1, NFxB, and p53
sites. Other nuclear factor binding sites, such as the PU.1 and
GATA sites, may modulate expression during cell differentia-
tion. GPx-1 expression, however, is also highly regulated post-
transcriptionally by translational mechanisms; thus, alterations
in gene transcription may not always affect GPx-1 protein and
enzyme activity levels to the extent suggested by the magnitude
of transcriptional changes.

B. Post-transcriptional and translational regulation

1. Basic mechanisms of Sec incorporation. Many re-
views have been written on the subject of Sec incorporation
during translation of selenoproteins [see, e.g the reviews (100,
334, 336)]. Sec is the 21st amino acid (Fig. 8). Structurally, it is
similar to Cys with Se substituting for S in the amino acid
side chain. Functionally, like Cys, Sec is also redox active.
Incorporation of Sec is limited to ~25 proteins and their re-
lated isoforms in mammalian species (206) in a process that
involves the recognition of a UGA (opal) stop codon as a site
for Sec incorporation rather than termination of translation.
Additional regions in the 3" untranslated region (UTR) are
essential for the incorporation process. These regions form
stem-loop structures called Sec insertion sequences or SECIS
elements (34). Although most UGA-containing transcripts do
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FIG. 8. Comparison of cysteine (Cys) and Sec. Sec is the
21st amino acid. Its structure is similar to that of Cys, and,
functionally, like Cys, Sec is also redox active.
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not facilitate Sec incorporation, transfer of a 3" UTR with a
SECIS element to heterologous gene transcripts with a UGA
codon embedded in an open reading frame is sufficient to
direct Sec incorporation (217, 219, 322). The role of the stem-
loop structure in the SECIS element is to recruit specific RNA
binding proteins that regulate Sec incorporation (63, 77, 323).
One of the most important of these SECIS binding proteins is
SECIS binding protein-2 (SBP2) (77). SBP2 binding to SECIS
elements is thought to facilitate interactions with Sec elonga-
tion factor (eEF**) (117) and specific Sec tRNA (tRNA®*) that
are necessary for Sec incorporation (364, 403) (Fig. 9). SBP2 has
been shown to contain a redox-active Cys, which regulates its
subcellular localization and activity as oxidative conditions
have been shown to sequester this protein in the nucleus and
limit Sec incorporation into some selenoproteins (283). The
importance of this mechanism in regulating GPx-1 expression
under oxidative stress has not been established; nonetheless,
SBP2 is an essential component in Sec incorporation. Other
SECIS-binding proteins that may modulate Sec incorporation
are ribosomal 130, nucleolin, NSEP1, and elF4a3 (28, 49, 99).
L30 and elF4a3 may compete with SBP2, the latter in a manner
that limits translation of GPx-1 under conditions of selenium
restriction (49) (see also below). In addition to its recognition
of the UGA codon (162, 210), the tRNA®** is unique in that it
becomes aminoacylated with Ser, which is then enzymatically
converted to Sec by Sec synthase using selenophosphate as a
selenium donor. In mammalian cells, selenophosphate is
specifically synthesized from selenide and ATP by seleno-
phosphate synthetases (146, 237) in a process similar to that
used by lower organisms (236). Thus, the mechanism of Sec
incorporation is unique and may be modulated by the avail-
ability of Se, the oxidation state of SBP2 (76, 283), and the
expression and function of factors involved in the biosyn-
thesis and insertion of Sec discussed above. For example,
novel SBP2 truncation mutations result in abnormal thyroid
function, delayed bone development, congenital myopathy,
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FIG. 9. Incorporation of Sec at UGA codons. The recog-

nition of the UGA (opal) codon as a site for incorporation of
Sec rather than a stop codon involves many specialized
factors, such as SBP2, which binds to the stem-loop or Sec
incorporation sequence (SECIS) element in the 3" UTR of the
GPx-1 transcript. SBP2 recruits the specific Sec tRNA and the
Sec elongation factor (eEF**°) that are necessary for insertion
of Sec at the ribosomes. Other factors, such as ribosomal L30,
NSEP1, and nucleolin, may also bind to the SECIS element to
modulate incorporation (28, 99). In the absence of selenium,
elF4a3 competes for SBP2 binding, essentially inhibiting
GPx-1 transcription (not shown in figure). UAG (amber) stop
codon specifies translational termination of GPx-1.
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and cognitive impairment in human subjects due to defi-
ciencies in selenoproteins, including GPx-1 (121). Less severe
defects in growth and thyroid function have been noted in
other individuals carrying other functionally deficient muta-
tions in SBP2 (104). These findings highlight the importance of
the components of Sec incorporation and selenoproteins in
normal health and development.

2. Selenium, nonsense-mediated decay of GPx-1 mRNA,
and translational repression. Dietary selenium restriction
has an unequal effect on the expression of selenoproteins and
their transcripts. One suggested theory by which to explain
the unequal effect of selenium restriction is that this hierarchy
of selenoprotein expression preserves the expression of some
selenoproteins in cases of selenium depletion. GPx-1 is an
example of a selenoprotein that falls low in the hierarchy, as
its expression is diminished by selenium deficiency in cell
culture systems as well as in in vivo studies (20, 31, 56, 342,
385). Importantly, these effects are not due to alterations in
transcription, but have been thought to be due, in part, to
nonsense-mediated mRNA decay and/or suppression of
translation. Nonsense-mediated mRNA decay is a cotransla-
tional mechanism that recognizes premature stop codons and
targets such nonsense codon transcripts for degradation (328).
One theory is that this process occurs specifically when a UGA
is in the middle of an open reading frame and at least 50
nucleotides upstream from a splice junction. The TGA codon,
encoding Sec, is found in the first exon of the human GPx-1
gene at amino acid 48 (of about 203 total), and it is located
~ 105 nucleotides from the splice junction, suggesting that the
GPx-1 gene transcript may be susceptible to nonsense-medi-
ated decay. In some cells, however, selenium restriction re-
duces GPx-1 activity and protein to nearly undetectable levels
with modest or no change in transcript levels (20, 56), sug-
gesting that nonsense-mediated decay does not mediate
suppression of GPx-1 protein expression under conditions of
selenium restriction in all cells. Theoretically, GPx-4 would
also meet the requirements for nonsense-mediated decay
(NMD); yet, its transcript is considered to be relatively stable
in the absence of selenium (32, 158, 385), although it has been
suggested that GPx-4 transcripts may be susceptible to NMD
in some cell culture systems (341). Similarly, GPx-2 transcripts
are upregulated by selenium deficiency under conditions that
diminish GPx-1 transcript levels (389). Taken together, these
studies suggest that there may be cell-specific components
that regulate the mRNA decay mechanisms compared to
translational suppression of GPx-1; however, from these
studies the requirements for NMD remain unresolved and
NMD does not alone explain the in vivo hierarchy of seleno-
protein expression.

Previous studies suggest that the hierarchy of selenoprotein
expression is dependent on sequences in the 3" UTR of Sec-
gene transcripts, as an exchange of 3’ UTRs (including the
SECIS elements) among various selenoprotein mRNAs al-
tered their translational efficiency in selenium-depleted cells
(30). Recent findings further clarify this mechanism by iden-
tifying a role for eukaryotic initiation factor 4a3 (eIF4a3) in the
selective recognition of SECIS element subsequences that
differ among various Sec transcripts (49). Essentially, two
major forms of SECIS element exist, type 1 and type 2, which
differ, in part, by the location of an AAR nucleotide motif in
the stem-loop structure. Apparently, the type 1 SECIS found
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in GPx-1 interacts with elF4a3, a factor that is induced in
selenium deficiency. The interaction between elF4a3 and the
GPx-1-SECIS element limits GPx-1 expression by competing
for the binding of SBP2, thereby selectively inhibiting GPx-1
translation under conditions of selenium restriction (49).
Currently, it is unknown whether other conditions associated
with alterations in GPx-1 translation and mRNA stability (see
below) affect the expression or binding of elF4a3 or other
regulatory SECIS-binding factors.

3. Post-transcriptional upregulation of GPx-1. Factors
other than selenium also modulate GPx-1 expression by
post-transcriptional mechanisms. In human endothelial
cells, adenosine causes an upregulation of GPx-1 expression
and activity that depends on increased transcript stability
rather than alterations in GPx-1 gene transcription (406).
These findings may relate to protection during ischemic
preconditioning when local concentrations of adenosine can
increase up to 50-fold (262). Although the molecular deter-
minants stabilizing GPx-1 transcripts have not yet been
identified, protein kinase C (PKC)-mediated pathways are
essential for adenosine-mediated GPx-1 upregulation, as bi-
sindolylmaleimide-1, a nonspecific PKC-inhibitor, blocked
upregulation. In addition, a binding site for nucleolin, a nu-
cleic acid-binding protein that has been implicated in stabi-
lizing transcripts (332), was identified in the 3° UTR of the
GPx-1 transcript. In support of a possible role for nucleolin in
mediating GPx-1 transcript stability, nucleolin has been re-
ported to bind to the 3° UTR of the human GPx-1 transcript
(394). Nucleolin is also activated by some forms of PKC (409),
thereby suggesting a plausible link between PKC-pathways
and mRNA stability. Further analysis, however, is necessary
to determine whether nucleolin may specifically influence the
stability or expression of GPx-1. More recent data suggest that
nucleolin may preferentially regulate translation of other
SECIS-containing transcripts and not GPx-1 (255). It is unclear
whether these contradictory findings are a consequence of
analyzing the rat GPx-1 SECIS in the latter study (255) rather
than the human GPx-1 SECIS region that was analyzed in the
earlier study (394).

Other post-translational mechanisms do not involve alter-
ations in GPx-1 transcript stability. For example, cyclic gua-
nosine monophosphate (cGMP) was recently shown to
upregulate GPx-1 protein without affecting transcript levels
(339). Interestingly, in this study, cGMP coordinately in-
creased the expression of both GPx-1 and catalase in a manner
dependent on protein kinase G-dependent mechanisms.
Further, although antioxidant enzyme activity was not di-
rectly measured in this study, the cGMP-mediated upregu-
lation of GPx-1 and catalase consequently enhanced
protection against hydrogen peroxide-induced cell death
(339). This cGMP-mediated increase in cellular antioxidant
enzymes warrants further investigation to determine whether
it plays a beneficial role in vivo, and whether it is relevant to
the actions of receptor-mediated (particulate) guanylyl cy-
clase-activation pathways (e.g., through atrial natriuretic
peptide) or soluble guanylyl cyclase (sGC) pathways (e.g.,
stimulated by NO- ) that activate protein kinase G.

4. Inhibition of GPx-1 translation. In general, Sec incor-
poration is an inefficient process that is affected by selenium
concentration, the context of the UGA codon, the SECIS



1966

element structure and sequence, and the expression of cofac-
tors involved in Sec-incorporation. Translation of GPx-1 may
be even less robust than that of other Sec-transcripts (219, 385).
Several studies have reported that a substitution of Cys for
Sec in the context of a selenoprotein sequence increases
translational efficiency concurrent with substantial decreases
in enzyme-specific activity (36, 207, 214, 408). Thus, compared
to other amino acid incorporation events, Sec incorporation
may be less efficient, in part, due to limitations in the avail-
ability of cofactors involved in normal Sec-translation and the
relative efficiency of normal translation termination events
that occur at UGA stop codons. In support of this concept,
cotransfection of cofactors, including SBP2 or tRNA®**, en-
hance the expression of various selenoproteins in different cell
culture systems (35, 39).

Possibly owing to the inefficiencies of Sec incorporation,
incorporation of this amino acid is also sensitive to amino acid
substitution after exposure to aminoglycoside (AMG) antibi-
otics (153). AMGs are known to facilitate suppression of
termination (at UGA or other stop codons) by altering proof-
reading on ribosomes (246). In the context of GPx-1 expres-
sion, G418, an AMG, was found to augment GPx-1 protein
expression while decreasing enzyme activity. Specifically,
AMG treatment caused a misincorporation of Arg for Sec in
GPx-1 as determined by mass spectrometry (153). These
findings suggest that the AMG-mediated decrease in GPx-1-
specific activity was caused by loss of a key amino acid at the
enzymatic active site. Further, substitution of Arg for Sec may
not be a random amino acid insertion, as two of the six Arg
codons (CGA and AGA) have only a single base difference
with the UGA codon. Interestingly, the effect of AMG on
translation was enhanced during selenium restriction, sug-
gesting that under conditions of adequate selenium, the
presence of cofactors involved in Sec incorporation may
protect against AMG-induced misincorporation. Subsequent
studies support this hypothesis, as the presence of SBP2 in an
in vitro translation system was found to decrease G418-
mediated read-through of susceptible UGA-containing tran-
scripts (151). These findings are especially of interest because
AMG antibiotics are being considered as therapeutic agents to
overcome nonsense mutations like those associated with
some genetic variants causing cystic fibrosis, Duchenne’s
and Becker’s muscular dystrophy, nephrogenic diabetes in-
sipidus, and cardiac-specific arrhythmias (172, 193, 352, 388,
413). This class of drugs, however, is also associated with
enhanced oxidative stress in susceptible cells. Specifically,
they have been linked with oxidant-dependent ototoxicity
and nephrotoxicity, and, in some studies, have been shown to
decrease GPx-1 activity in vivo (108, 286, 321, 395). Taken to-
gether, these studies suggest the utility of monitoring Se and
cofactor levels to minimize some of the deleterious conse-
quences of AMG treatment.

Other studies have found that GPx-1 protein expression
and activity are decreased by modest increases in homo-
cysteine concentrations in vivo and in cell culture systems
(155, 384). In vitro analysis suggests that this effect involves
translational mechanisms that decrease the incorporation of
Sec rather than alter transcript levels (155). These findings
may, in part, explain the effects of modest (pathological) levels
of homocysteine on the enhanced oxidative stress found in
hyperhomocysteinemic mice (106). At high (millimolar) con-
centrations, homocysteine is known to cause endoplasmic
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reticulum stress, a process that alters the translational pro-
gram of the cell and dramatically decreases GPx-1 transcript
levels (279). It is possible that due to the inefficient nature of
Sec incorporation, translation of GPx-1 is readily disrupted by
homocysteine, before alterations in transcript stability or
transcription. Alternatively, other effects of homocysteine on
translation cannot be excluded.

C. Post-translational regulation

1. Sec oxidation. Several reports indicate that activity of
GPx-1 may be modulated by post-translational modification. I
vitro the Sec active site in GPx-1 can be oxidatively inactivated
in the presence of millimolar concentrations of hydrogen per-
oxide (69, 292). GPx-1 can be irreversibly inactivated in vivo, as
shown in recent studies of human isolated red blood cells
(RBC). Interestingly, the degree of irreversible GPx-1 activation
was increased in older circulating RBC and involved a loss of
reactive selenol sites in GPx-1 rather than a decrease in protein
levels. In fact, mass spectrometry (MS/MS) sequence analysis
indicated that the underlying molecular cause of diminished
GPx-1-specific activity was a conversion of Sec to dehy-
droalanine (DHA) by B-elimination (loss of H,SeO5) after ex-
cess hydrogen peroxide-induced oxidation of Se-OH to SeO,H
(69). As described in this report, the irreversible conversion of
Sec to DHA can be monitored using biotin-conjugated cyste-
amine to tag DHA residues. This method may prove useful for
understanding the physiological and pathological conditions
under which overoxidized, DHA-containing forms of GPx-1
may accumulate in cells other than RBC. Previous studies in
keratinocytes indicated that adequate intracellular stores of
GSH protect against peroxide-mediated loss of GPx-1 activity,
as addition of GSH to cultures minimized enzymatic inacti-
vation of GPx-1 by exposure to high concentrations of perox-
ides, whereas buthionine sulfoximine, an inhibitor of GSH
biosynthesis, augmented sensitivity to peroxide-induced GPx-
1 inactivation (373). Therefore, these findings suggest that
peroxide-induced inactivation of GPx-1 is dependent on cel-
lular redox state and availability of the GSH cosubstrate. Thus,
RBC, which have a nominal ability for de novo protein syn-
thesis, may accumulate oxidized proteins (69), including those
necessary for maintaining NADPH stores (Fig. 4). Subse-
quently, over time or after chronic stress, RBC may exhaust
their supply of reduced GSH, thereby promoting the suscep-
tibility of GPx-1 to irreversible oxidation and loss of the Sec
active site. Interestingly, in GPx-1-replete cells, compared to
those with GPx-1 deficiency, the presence of GPx-1 can mediate
a dramatic decrease in GSH and GSH/GSSG ratios in response
to acute oxidative stress (136, 229). These findings suggest that
accelerated loss of GSH can occur under oxidative stress, in
part, due to GPx-1-mediated reduction of peroxides; however,
this deficiency is eventually restored in cells that can recycle
reduced GSH and synthesize new GSH to replenish GSH
stores.

Other ROS and RNS can inactivate GPx-1. For example,
GPx-1 can be inactivated by NO - generated by inducible
NO - synthase (NOS) or by NO - donors, such as SNAP (S-
nitroso-N-acetyl-D,L-penicillamine) (15, 16). Additionally, the
reactive compounds, superoxide and peroxynitrite (ONOO ),
can both inhibit GPx-1 (16, 41, 280). The molecular mecha-
nisms involved in inactivation of GPx-1 by superoxide and
peroxynitrite have not been completely elucidated, and it is
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not clear whether these reactive molecules inactivate GPx-1
in vivo. In in vitro studies, however, GPx-1 inactivation by
peroxynitrite is prevented by GSH (280, 327), in the presence
of which GPx-1 can act as a peroxynitrite reductase. Thus,
similar to peroxide-mediated inactivation of GPx-1, the in vivo
role of RNS-mediated pathways of GPx-1 inactivation may
depend on the overall intracellular redox environment, in-
cluding concentrations of GSH, the ratio of GSH/GSSG, and
the amount of RNS produced.

2. Stimulation by signal transduction and/or protein—
protein interactions. GPx-1 activity may also be enhanced by
mechanisms such as phosphorylation or protein—protein in-
teractions. For example, moderate concentrations of free fatty
acids were found to augment GPx-1 activity in human ECV-
304 and murine fibroblasts in a manner dependent on epi-
dermal growth factor receptor (EGFR) activation (105). In
these cells, increased GPx-1 activity was correlated with de-
creased ROS accumulation, illustrating a functional effect for
increased GPx-1 activity. Although it is unclear how EGFR
activation modulates GPx-1 activity, the increase in activity
was rapid and peaked within 15 min, suggesting an event that
required activation of existing GPx-1, possibly by phosphor-
ylation or through alterations in protein—protein interactions.
In proof of the concept that GPx-1 may be a target for kinase
phosphorylation, GPx-1 was shown to be a substrate for the
tyrosine kinases, c-Abl and Arg, which are important in the
cellular response to oxidants (52). Specifically, recombinant
tagged GPx-1 was found to coimmunoprecipitate with re-
combinant c-Abl or Arg; these kinases phosphorylated GPx-1
in cell culture and in in vitro assays with GST-fusion proteins.
The specific Abl-family kinase inhibitor, ST15171, decreased
cellular GPx-1 activity; and overexpression of recombinant c-
Abl, but not a kinase- dead mutation, increased GPx-1-specific
activity in cells (52). Taken together, these results suggest that
GPx-1 activity may be modulated by the action of this class of
nonreceptor tyrosine kinase enzymes. Functionally, the c-Abl
kinases are known to mediate many cellular effects, including
responses to oxidative stress, but, overall, they are believed to
regulate pro-apoptotic pathways (227). Thus, the concerted
upregulation of GPx-1 along with other pro-apoptotic path-
ways stimulated by c-Abl kinases may mitigate apoptosis
under some circumstances. This last point is speculative;
however, the finding that c-Abl modulates GPx-1 activity is
notable in that it demonstrates regulation of GPx-1 activity by
kinase-mediated phosphorylation.

Post-transcriptional mechanisms that regulate GPx-1 ac-
tivity may prove to be crucial to maintaining cellular redox
balance. In support of this view, a recent study suggests that
protein—protein interactions between GPx-1 and selenium
binding protein-1 may repress GPx-1 activity in some cancer
cell lines (118). These findings highlight the need for addi-
tional studies to understand better the complex regulation of
GPx-1 expression and function as alterations in GPx-1 activity
may alter cellular redox, modulate tissue damage, and con-
tribute to disease mechanisms.

IV. GPx-1 and Oxidant-Dependent Cellular Processes

Oxidative stress plays an essential role in modulating cell
death in response to many stresses. In addition, oxidants play
essential roles in cell signaling, growth, and proliferation.
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Thus, this section focuses on the importance of GPx-1 in
modulating intracellular oxidant-driven pathways.

A. Oxidative damage and cell death, apoptosis,
and injury

1. Role of oxidants in cell death and apoptosis. Overall,
oxidative stress can contribute to cell death, and excess cel-
lular oxidants play an important role in mediating the com-
plex cascade of events leading to cell death via apoptotic
pathways. Apoptosis is a process of programmed cell death
that can contribute to pathological cell and tissue damage in
cardiovascular and neurodegenerative diseases, and during
the response to toxins (including chemotherapeutic agents),
sepsis, or other environmental and physiological stimuli.

Briefly, there are two pathways of apoptotic cell death, the
extrinsic and intrinsic pathways. The extrinsic pathway in-
volves the activation of a protease cascade intitated by the
activation of caspase 8 through the action of death receptors
and their ligands, for example, FasL, and tumor necrosis
factor-o (181). Once activated, caspase 8 cleaves downstream
caspases 3 and 7, called effector caspases (48). These effectors
mediate the pathways directly leading to cell death. In addi-
tion, caspase 8 can cleave Bid (Bcl-2 interacting domain), a
pro-apoptotic factor that, once cleaved, activates the intrinsic
pathway of apoptosis by interaction with pro-apoptotic fac-
tors Bak and Bax. Alternatively, the intrinsic pathway medi-
ates the effects of ROS and many other stimuli, such as
hypoxia, toxins, and ischemia-reperfusion injury, that may
evoke an apoptotic response, in part, due to ROS generation.
The intrinsic pathway involves mitochondrial release of pro-
apoptotic factors (apoptogens), such as cytochrome c and
apoptosis-inducing factor (AIF), from the intermembrane
space and antiapoptotic Bcl-2 family members (Bcl-2, Bel-XL)
that prevent the apoptosis-associated release of apoptogens
(277, 319). Released AIF translocates to the nucleus where it
promotes chromatin condensation and DNA fragmentation.
Other apoptogens, including cytochrome c, promote further
caspase activation (48, 102, 223) to potentiate cell death.

ROS generated by apoptotic cytokines, such as tumor ne-
crosis factor-o, simultaneously activate antiapoptotic path-
ways, such as Akt, mitogen-activated protein kinases
(MAPK), and NFkB pathways, that promote cell survival
(Fig. 10). Extracellular signal-related kinases 1 and 2, an
MAPK, and NF«B specifically upregulate the expression of
several IAP family members that attenuate apoptosis (137,
343). Further, NFkB modulates the pro-apoptotic actions
of c-Jun-amino terminal (stress-activated) kinase, which is
also activated by ROS, by inducing the expression of
Gadd45p, an inhibitor of MAPK (282). Akt activation also
attenuates apoptosis indirectly by antagonizing forkhead box
subfamily O transcription factor 3a pathways to promote the
expression of the caspase 8 inhibitor, FLICE-inhibitory protein
(181, 333).

2. Role of GPx-1 in cell death and apoptosis. In apo-
ptotic cascades, there are several steps in which GPx-1 may
influence phenotypic outcome, theoretically, by regulating
oxidant accumulation. In cultured neurons isolated from GPx-
1 knockout (GPx-1~/") mice, enhanced susceptibility to hy-
drogen peroxide-induced apoptosis correlates with increased
accumulation of intracellular ROS and decreased activation of
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FIG. 10. Role of GPx-1 in
modulating apoptosis. The
extrinsic pathway of apopto-
sis involves activation of cas-
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and pro-apoptotic pathways.
cytochrome ¢ The end result (cell death or
AIF survival) may depend on the

| extent and levels of ROS
generated. Interestingly, ex-

cess ROS as found in GPx-1
| deficiency may alter nuclear
factor kB (NFkB) signaling to

promote pro-apoptotic re-
sponses. Normally, NF«B ac-

\Bel-2 \/

tivation results in the upregulation of IAPs and other antiapoptotic genes. Similarly, extracellular signal-related kinase (ERK)
and Akt activation can promote IAP or FLICE-inhibitory protein (FLIP) expression to inhibit caspase cascades. c-Jun-amino
terminal (stress-activated) kinase (JNK) activation, which can be attenuated by NF«kB, augments apoptotic pathways by
further stimulating ROS production. GPx-1 overexpression has been shown to specifically suppress the activation of Akt and
NF«B pathways. GPx-1 specifically blocks NFkB activation by preventing the degradation of the NF«B inhibitor inhibitor of
kB. The intrinsic pathway of apoptosis involves the release of apoptogens like apoptosis-inducing factor (AIF) or cytochrome
¢ from mitochondria. These pathways may be activated by ROS (including hydrogen and lipid hydroperoxides) and caspase
cascades that promote Bid (Bcl-2 interacting domain) cleavage. GPx-1 has been shown to attenuate AIF release and enhance

the expression of Bcl-2, an antiapoptotic factor.

the phosphatidylinositol 3-kinase (PI3K)/Akt survival path-
way (89, 351). Similarly, aortic smooth muscle cells from
GPx-1"/~ mice exposed to low-density lipoprotein had signifi-
cantly higher rates of apoptosis compared to similarly treated
cells from wild-type mice (150). Other cells from GPx-1"/~
mice, including astrocytes, fibroblasts, and endothelial pro-
genitor cells (EPCs), also exhibit enhanced susceptibility to
peroxide-mediated cell death and apoptosis (90, 139, 228,
371). These findings are consistent with those for other anti-
oxidant enzymes: for example, lack of peroxiredoxin 3, a mi-
tochondrially localized antioxidant enzyme, also augments
apoptotic signaling in some cell types (60). Hydrogen perox-
ide-mediated toxicity is normally kept in check by several
antioxidant enzymes that are essential in preserving cellular
homeostasis. Absence of any of these enzymes may enhance
susceptibility to cell death in response to excess oxidant ac-
cumulation. Interestingly, loss of GPx-4 promotes apoptotic
signaling by allowing for the accumulation of oxidized
membrane phospholipids, thereby stimulating AIF transmi-
gration from mitochondria to the nucleus to initiate apoptotic
signaling (320). In a separate analysis in neuronal cells,
overexpression of GPx-1 and other antioxidant enzymes also
blocks AIF-translocation from mitochondria to the nucleus in
a model of ischemia-induced apoptosis (404), suggesting that
intracellular oxidants can promote AIF transmigration. From
these studies, it is unclear whether, ultimately, it is the accu-
mulation of oxidized phospholipids that is essential for the
nuclear transmigration of AIF or whether hydrogen peroxide
stimulates apoptogen release by other mechanisms.

In general, increased expression of GPx-1 is protective
against many apoptotic stimuli. This observation is consistent
with the effects of antioxidants, such as N-acetyl-L-cysteine;
MitoQ, a mitochondrially targeted antioxidant lipophilic tri-
phenylphosphonium cation covalently bound to a ubiquinol

antioxidant (2); and diphenylene iodonium, an inhibitor of
NOX, in attenuating ROS-induced apoptosis. The protective
effect of GPx-1 against oxidant-mediated stress was first
shown in T47D breast cancer cells overexpressing recombi-
nant GPx-1. These overexpressing cells had decreased oxi-
dative modification of mitochondrial DNA and enhanced
resistance to oxidant-induced cell death (215, 256). In subse-
quent studies, it was reported that GPx-1 could also protect
against cell death in response to cytotoxic drugs, such as
doxorubicin, and in response to direct ligand-mediated apo-
ptosis, by ligand for CD95 receptor (CD95L) (142, 143). Me-
chanistically, GPx-1 was proposed to promote survival to
CD95-induced apoptosis via reduction in cellular ROS. In
support of this hypothesis, GPx-1 overexpression attenuated
caspase 8 and caspase 3 activation and diminished release of
cytochrome c into the cytosol, concomittant with decreased
accumulation of ROS after CD95L activation. Further, con-
sistent with the essential role of ROS in these pathways and
GPx-1 as their modulator, inhibition of GSH synthesis blocked
the protective action of GPx-1, whereas enhanced protection
could be replicated by N-acetyl-L-cysteine treatment in non-
overexpressing cells. Similarly, in a model of neurotoxicity,
excess GPx-1, as well as antioxidants, such as MitoQ, atten-
uated cellular ROS, thereby leading to a decrease in activation
of the caspase cascade and a reduction in apoptotic cell death
(191). Excess expression of other antioxidants, such as per-
oxidredoxin 3, can similarly attenuate apoptotic signaling
(269).

GPx-1 overexpression, however, is protective against apo-
ptosis only in circumstances where there is a disruption in
normal redox balance favoring oxidation (i.e., under condi-
tions of oxidative stress). Thus, in some tumor cells, doxoru-
bicin-induced apoptosis apparently does not rely on oxidant
generation, as excess GPx-1 overexpression fails to protect
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against apoptosis (379). Alternatively, the level of ROS-
generated in these cells may not be overcome by only over-
expressing a single antioxidant enzyme, or, perhaps, the basal
level of hydrogen peroxide is low such that its removal may
promote apoptosis. The latter option, that loss of oxidants can
augment apoptosis, is supported by findings that correlate
increased cellular hydrogen peroxide levels with resistance to
apoptotic signaling in some cell systems (18, 86), as catalase
overexpression in either cytoplasmic or mitochondrial com-
partments potentiated apoptosis, whereas inhibiting endog-
enous catalase promoted cell survival. Additional studies tied
the catalase-induced decrease in hydrogen peroxide with di-
minished activation of nuclear factor kB (NFkB) survival
pathways that are necessary to counteract apoptotic signaling
(240). These findings with catalase suggest that excess GPx-1
may potentiate apoptosis as a consequence of the disruption
of normal (adaptive) oxidant signaling (i.e., a reductive stress
leading to lack of survival) and not by other properties of GPx-
1. Among the molecular targets affected by increased ex-
pression of GPx-1, it has been shown that GPx-1 may modify
the ratio of Bax:Bcl-2 to create a more antiapoptotic environ-
ment (120). Also, as discussed above and in the following
sections, GPx-1 can regulate apoptogen-mediated signaling in
apoptosis (404), alter the activation of NF«B (205, 224), and
modulate Akt pathways (154, 351) to affect cellular prolifer-
ation and survival, suggesting that GPx-1 may have pleio-
tropic effects on apoptotic susceptibility. Given the role of
hydrogen peroxide in promoting both protective and apo-
ptotic pathways, GPx-1 modulation of intracellular hydrogen
peroxide flux will ultimately regulate both apoptotic and
survival pathways. The net result of manipulating GPx-1 ex-
pression on apoptosis will depend on levels of other intra-
cellular antioxidant enzymes; regulation of oxidant
producing enzymes, such as NOXs, and, possibly, the sub-
cellular compartment in which ROS is produced.

3. GPx-1 and response to in vivo ROS. Consistent with
increased apoptosis and cell death of isolated cells grown in
culture, lack of GPx-1 in vivo sensitizes mice to death in re-
sponse to the oxidant generators, diquat and paraquat (89,
135, 371). Thus, at doses that wild-type mice typically survive,
there is a toxic, fatal response in GPx-1"/~ mice within the
first 24 h. Superficially, GPx-1-deficient mice appear normal;
however, these mice are highly sensitive to oxidant genera-
tors. In addition, these mice are highly susceptible to injury
after insults that augment in vivo oxidative stress. Thus, lack of
GPx-1 enhances cell injury, apoptosis, and cell death in many
in vivo models of disease and toxicity. For example, in cold-
induced head trauma, brains from GPx-1~/"~ mice have more
apoptotic cell loss than those from wild-type mice (125).
Further, GPx-1~/"~ mice are more susceptible to injury in a
cerebral ischemia-reperfusion model of stroke involving mid-
cerebral artery (MCA) occlusion (83). In this model, cerebral
injury correlated with an increase in oxidative stress markers
and accelerated caspase 3 activation. Overall, GPx-1-deficient
neurons are especially susceptible to ROS-mediated apoptosis
after treatment in cell culture or in vivo after MCA-ischemia-
reperfusion. In contrast, GPx-1-overexpressing mice are more
protected against neuronal damage after MCA-ischemia-re-
perfusion than wild-type mice (383). GPx-1 was also found to
be protective against traumatic brain injury. In this model,
GPx-1 overexpression was found to improve subsequent
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spatial learning after brain injury in young mice, possibly due
to the early reduction in oxidative injury in mice with excess
GPx-1 compared to wild-type mice (363). Similarly, the use
of ebselen, a GPx mimetic, attenuates cerebral ischemia-
reperfusion injury in GPx-1~/"-deficient mice (392).
Importantly, ebselen mimics the activities of all the selenium-
dependent mammalian GPxs and has other effects on redox
status (243, 249). Thus, its protective effects overlap those of
GPx-1. Mechanistically, augmented ischemia-reperfusion in-
jury in the absence of GPx-1 may be caused by increased NF«xB
activation, as pyrrolidine dithiocarbamate (PDTC), an NF«kB
inhibitor, partially protects against neurotoxicity in this model
(82). This observation is interesting, as NFkB activation is
considered antiapoptotic and pro-survival, in part, due to its
role in augmenting the expression of IAPs, which attenuate
caspase activation. PDTC, however, may improve neurotox-
icity by other redox-active effects, such as its role as a metal
chelator.

It is possible that in the context of GPx-1 deficiency, excess
accumulation of cellular ROS alters cellular NF«kB responses.
In support of this concept, excess intracellular hydrogen
peroxide has been shown to regulate differentially the ex-
pression of various NFkB component proteins. Alternatively,
activation of NF«kB in the presence of excess hydrogen per-
oxide has been shown to enhance the duration and intensity of
the NF«B activation. These alterations in the composition or
quantity of the NFxB dimer have been found to alter down-
stream target gene expression, contributing, in some cells, to
increased expression of pro-inflammatory genes and a pro-
apoptotic environment (170, 197, 275). In addition, intracel-
lular hydrogen peroxide may differentially activate various
components of the inhibitor of kB (IkB) kinase (IKK)-complex,
as overexpression of GPx-1 in MCF-7 breast cancer cells in-
hibits ROS-mediated upregulation of IKK« and not IKKf ki-
nases (224). These findings are consistent with previous
studies that implicated GPx-1 modulation of intracellular
hydrogen peroxide with modulation of the phosphorylation
of IxBo, the NFkB inhibitor, and one of the targets of IKK
kinases (205). Phosphorylation of the NF«B inhibitor proteins,
IxBa and IxBp, by IKK kinases causes their subsequent pro-
teasomal degradation and promotes the translocation of
NFkB to the nucleus (275).

Other oxidant-dependent injury processes are enhanced in
GPx-1-deficient mice. GPx-1"/~ mice have enhanced sus-
ceptibility to neurotoxins, such as lead and methylmercury
(MeHg), and to treatments that mimic damage found in
neurodegenerative disease, such as Huntington and Parkin-
son diseases (37, 93, 119, 200). Thus, GPx-1-deficient mice
have been found to be more sensitive to neuronal injury in
response to a variety of neurotoxins, including the mito-
chondrial toxins; malonate and 3-nitropropionic acid, which
inhibit succinate dehydrogenase; and methylphenyltetrahy-
dropyridine, which inhibits complex I in the respiratory
chain (200). In contrast, GPx-1-overexpressing mice are par-
tially protected from dopaminergic damage in response to 6-
hydroxydopamine-induced toxicity (29). Similarly, lentiviral
overexpression of GPx-1 confers a beneficial effect to neuro-
blastoma cells in culture and to nigral dopaminergic neurons
exposed to 6-hydroxydopamine in vivo (308). GPx-1 is also
protective against amyloid beta peptide (Abeta-toxicity),
which promotes intracellular ROS accumulation and has been
proposed to have a central role in neurological dysfunction in
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Alzheimer disease pathology (24, 81). Thus, GPx-1-deficient
neurons have enhanced cell death after exposure to Abeta,
whereas ebselen or N-acetyl-L-cysteine treatment or over-
expression of GPx-1 significantly attenuated Abeta-induced
toxicity (200). In addition, GPx-1~/" mice are more suscep-
tible to target tissue damage, such as liver parenchymal cell
death, in acute models of inflammatory injury (185); hearing
loss, in a noise-induced model (274); cataract formation (302);
and enhanced cardiac injury in response to doxorubicin or
ischemia-reperfusion (131, 231, 357, 402).

B. Redox-dependent cell signaling, growth,
and survival

ROS may play an essential role in receptor activation and
downstream signaling (64, 122, 141, 145). In fact, hydrogen
peroxide can be generated directly by EGF binding to its
cognate receptor (96), and overexpression of intracellular
antioxidant enzymes, such as catalase, peroxiredoxins, or
GPx-1, have been shown to interfere with cellular prolifera-
tion and growth factor-mediated responses by removing hy-
drogen peroxide essential for normal signaling responses
(154, 269, 324). Relevant to understanding the role of GPx-1 in
mediating cell signaling, modest (approximately twofold)
overexpression of GPx-1 in permanently transfected cells was
found to be sufficient to decrease accumulation of intracellu-
lar ROS and attenuate EGFR-mediated signal transduction in
response to hydrogen peroxide or its cognate ligand, EGF.
Further, diminished growth factor signaling under these
conditions significantly attenuates cellular proliferation (154).
Interestingly, loss of intracellular hydrogen peroxide or lipid
hydroperoxides by overexpression of catalase or GPx-4,
respectively, inhibits cell cycle progression from Gy/G;- to
S-phase (278, 377). In catalase-overexpressing cells, these an-
tiproliferative responses were found to be the result of de-
creased activities in cyclin-dependent kinases (cdk) caused, in
part, by the upregulation of Cdk inhibitors p21 and p27 (278).
These findings with catalase suggest potential molecular tar-
gets that may be modulated by loss of intracellular hydrogen
peroxide, although a role for GPx-1 in the regulation of cyclins
and cell-cycle progression has not yet been shown.

Theoretically, hydrogen peroxide may modulate signal
transduction through the (reversible) oxidation of proteins at
redox-active Cyss, including free thiols in tyrosine kinase
phosphatases (307). Reversible oxidation of phosphatases
may be modulated by GPx-1, at least in some cells. Thus, in
skeletal muscle of GPx-1~/~ mice following a high-fat diet,
insulin augmented phosphatase and tensin homolog deleted
on chromosome 10 (PTEN) phosphatase oxidation (235).
PTEN is a phosphatase that antagonizes PI3K-mediated sig-
naling; thus, oxidative inactivation of PTEN would promote
Akt activation, and, in the skeletal muscle cells, PTEN oxi-
dation corresponded with enhanced Akt phosphorylation.
Peroxiredoxin 1 has specifically been shown to protect PTEN
from oxidative inactivation and may play an essential role in
tumorigenesis by limiting the activation of growth and sur-
vival pathways (53). Other factors may, however, modulate
ROS-induced Akt activation. Thus, in GPx-1-overexpressing
cells grown in culture, excess GPx-1 failed to alter PTEN ox-
idation; rather, in these cells, attenuated growth factor-me-
diated Akt activation was attributable to alterations in
mitochondrial ROS (154) (Fig. 11), consistent with a role for
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FIG. 11. Role of ROS in cell signaling. Cellular ROS is
necessary for the cellular responses to growth factor stimu-
lation, the protective responses to excess ROS, and cell pro-
liferation and growth. One of the ways ROS can mediate
these pathways is by the oxidative inactivation of phospha-
tases, such as phosphatase and tensin homolog deleted on
chromosome 10 (PTEN), which antagonizes the action of
phosphatidylinositol-3-kinase (PI3K). Inactivation of PTEN
promotes Akt signaling. In addition, ROS can modulate
growth-factor-mediated trans-activation. ROS from mito-
chondria are essential in these signaling pathways.

mitochondrial ROS in growth factor-mediated signaling (50).
A role for GPx-1 in regulating mitochondrial oxidant output is
also supported by previous studies that found liver mito-
chondria from GPx-17/~ mice generated more hydrogen
peroxide than those from wild-type mice (110). GPx-1 is well
suited to regulate oxidants generated from mitochondrial
sources or other cellular sources as it localizes to the mito-
chondria, cytosol, and peroxisomes. GPx-1 may, therefore,
diminish proliferative and survival signaling activated in re-
sponse to cytokines, growth factors, or vasoactive substances
that activate ROS-generating NOXs (9). Other antioxidants,
such as catalase or peroxiredoxins, may similarly diminish the
effects of ROS on proliferative and survival signaling (53, 154).

Oxidants are also necessary for normal protein folding and
disulfide bond formation that regulate the structure and
function of many cellular proteins. Mitochondrial oxidants
play an essential role in disulfide bond formation, as inhibi-
tors of mitochondrial oxidant production dramatically de-
crease overall levels of cellular disulfide bonds in many cells,
including Chang liver cells and bovine aortic endothelial cells,
whereas other oxidant-generating cellular enzymes (such
as NOXs) do not affect these pathways (400). Interestingly,
GPx-1 overexpression also decreases this oxidant-dependent
process in a manner dependent on its mitochondrial effects
(154). This is consistent with the findings that overexpression
of a mitochondrially targeted catalase decreases overall
global disulfide bond formation (400), suggesting that these
effects are due to the lack of mitochondrial oxidants and not
other effects of GPx-1 overexpression (154). The significance
of this reduction in global disulfide bond formations is
not completely understood; however, alterations in protein
oxidation state can alter the subcellular localization and
function of proteins (45, 147, 266, 316). In the context of excess
GPx-1, reduction of protein disulfides corresponded with di-
minished growth factor-mediated signaling and a reduction
in mitochondrial function, characterized by a reduction in



GPx-1 IN HEALTH AND DISEASE

mitochondrial potential and a decrease in ATP generation
(154). Taken together, these findings illustrate a role for GPx-1
in modulating mitochondrial generation of oxidants that
regulate redox-dependent processes involved in growth fac-
tor signal transduction.

Interestingly, dysfunction caused by lack of GPx-1 also
attenuates cell growth in some cell types. For example, fi-
broblasts isolated from GPx-1~/" mice had an overall slower
rate of proliferation with reduced rates of DNA synthesis in
response to growth factors and an increase in markers of
senescence (90). In addition, isolated neurons from GPx-1"/"~
mice had significant reductions in the activation of the PI3K-
Akt survival pathways after hydrogen peroxide or nerve
growth factor stimulation (351). Similarly, the in vivo activa-
tion of these survival pathways was diminished after MCA-
cerebral ischemia-reperfusion. Lack of Akt activation in these
cells suggests that a lack of pro-survival pathways may con-
tribute to the increased rates of cell death and apoptosis
in GPx-1-deficient cells. Possibly, in the absence of GPx-1,
accumulated oxidants may oxidatively damage proteins in-
volved in signaling to suppress survival responses. Alter-
natively, some GPx-1-deficient cells may be overwhelmed by
oxidants because they lack other partially compensatory an-
tioxidant mechanisms, resulting in heightened sensitivity to
ROS and a lack of adequate pro-survival signaling. Although
further study is necessary to understand the reason for the
lack of growth factor receptor responses in some but not all
GPx-1-deficient cells, the end result of these attenuated pro-
survival pathways would be decreased cell growth and aug-
mented apoptosis. On the molecular level, Akt activation is
part of the cell survival response. Strikingly, loss of Akt acti-
vation occurs in some GPx-1-deficient cells as well as in cells
with diminished hydrogen peroxide accumulation caused by
excess GPx-1. Taken together, these findings suggest a com-
plex relationship among normal ROS flux, heightened ROS
generation, and (patho)biological processes that can be reg-
ulated, in part, by GPx-1. Thus, excess GPx-1 can promote a
reductive stress by limiting oxidant accumulation, whereas
lack of GPx-1 can promote oxidative stress (Fig. 2). Conse-
quently, either extreme may upset the crucial redox balance
needed for normal functional phenotypes in cells: too much or
too little ROS will interfere with cell growth and survival.

V. GPx-1 and Cancer

There are many studies linking GPx-1 to cancer develop-
ment and risk. In epidemiological studies, low levels of die-
tary selenium correlate with increased risk of cancer (75, 184,
411). Owing to the selenoprotein hierarchy, GPx-1 is one of the
selenoproteins most readily affected by selenium levels. Thus,
several studies show decreased cancer risk after supplemental
selenium intake (73); however, the beneficial effects of sele-
nium supplementation have not been observed in all indi-
viduals, nor in all studies (233), and, in some studies,
protection was only found among subjects who began in the
bottom tertile of plasma selenium (75). In the latest prostate
cancer prevention trial, selenium and vitamin E cancer pre-
vention trial (SELECT), selenium supplementation had no
effect on cancer risk (233). One possible explanation for these
mixed effects of selenium supplementation is that different
nutritional forms of selenium supplements were used in the
recent negative study compared to previous studies with
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positive outcomes (163). Another possibility is that initial
plasma selenium levels were higher in the SELECT popula-
tion compared with previous studies. Relevant to a discussion
of GPx-1 in cancer, evidence from experimental mouse mod-
els suggests that, at least for some cancers, selenium is pro-
tective, in part, through GPx-1, although expression of other
selenoproteins will be modulated by a range of dietary Se
concentrations (98, 182). Supplemental Se may also promote
inhibition of cell growth and apoptosis by multiple mecha-
nisms, including the enhanced accumulation of Se-metabo-
lites that could be toxic to cells (75, 303). Antiproliferative
effects of Se may not be limited to the accumulation of harmful
Se-metabolites; as discussed above, excess antioxidant en-
zyme expression can similarly inhibit cell growth (154) and
cause apoptosis under some circumstances, as well (18, 86).
Another line of reasoning linking GPx-1 to cancer-causing
mechanisms is its role in regulating cellular oxidants. Thus,
GPx-1 may limit oxidant-induced cell mutagenesis and in-
flammatory responses that promote certain cancers. Loss of
GPx-1 in early stages of carcinogenesis may contribute to
cancer initiation, and, in later stages of cancer, GPx-1 deficiency
may promote proliferative responses. In contrast, excess GPx-1
may prevent oxidative damage (such as DNA-oxidation) and
inflammation, but may also block apoptotic cell death, leading
to enhanced survival of transformed cells. Thus, GPx-1 has a
complex effect on the development and progression of cancer
due, in part, to its role modulating intracellular ROS (46). These
findings are discussed further below, along with a summary of
genetic studies that have analyzed the effects of GPx-1 gene
polymorphisms on cancer risk in human subjects.

A. GPx-1 and the mechanisms of cancer susceptibility

GPx-1 has been implicated in both pro- and anticarcino-
genic mechanisms in different experimental model systems. It
has been suggested that decreased expression of GPx-1 may
influence cancer susceptibility and development. Although its
expression is not suppressed in all cancers, many cancers have
reductions in GPx-1 expression (85, 140). Further, in cultured
cells, manipulation of GPx-1 expression specifically alters the
rate of UV-induced mutagenesis. Thus, selenium supple-
mentation and GPx-1 overexpression were found to reduce
DNA damage, as measured by micronuclei formation, and
enhance cell survival in response to UV-irradiation (22),
whereas knockdown of GPx-1 was found to increase UV-
induced damage (21). These findings are consistent with
in vivo studies using a transgenic mouse with a mutant
tRINA® to assess the role of selenoproteins in cancer devel-
opment. I vivo, this mutant tRNA®** decreases the expression
of selenoproteins with the greatest suppression found in
the expression of GPx-1 (261). Concurrent with reductions in
expression of GPx-1 (and other selenoproteins), these mice
show enhanced susceptibility to precancerous changes in
a model of prostate cancer and to preneoplastic alterations
indicative of colon cancer susceptibility in another model
system (98, 182).

Mice deficient solely in GPx-1 do not develop cancer;
however, mice deficient in both GPx-1 and GPx-2 (double
knockout mice) have increased bacterial-induced cancer of the
colon and intestine that may be caused by increased inflam-
matory responses in these tissues (72). In fact, mice deficient
in both of these GPxs (GPx-1~/~GPx-2"/") spontaneously
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develop tumors. A small percentage of mice with only one
copy of the GPx-1 allele and complete deficiency of GPx-2
develop mild ileocolitis (GPx-1* ~“GPx-27/7), whereas a
single copy of the GPx-2 gene (GPx-1~/~GPx-2*/ ") protects
against inflammation, leading to the suggestion that GPx-2
has a greater protective effect in the intestine than GPx-1 (114),
although an earlier study reported that one copy of either
of these GPx genes was sufficient to prevent the develop-
ment of intestinal cancer (72). Given the high degree of ex-
pression of GPx-2 in the colon and its overlapping activities
with GPx-1, deletion of both GPxs is apparently necessary to
develop robust inflammatory responses in the colon (111) that
may promote neoplastic changes in this model (72). Sub-
sequent studies have established that this overall deficiency in
colonic GPx-1 and -2 results in higher DNA mutation rates in
ileum and colonic epithelial cells; increased rates of epithelial
cell proliferation, as measured by bromodeoxyuridine (BrdU)
incorporation; and increased apoptosis in these tissues (212).
Taken together, these findings support a role for GPx-1 (and
GPx-2) in protecting against neoplastic transformation in in-
testinal cells.

As suggested by GPx-1’s effect on cell growth and apo-
ptosis reviewed in section IV, GPx-1 overexpression may have
an antitumorogenic effect in some cancers theoretically by
limiting oxidants (234), whereas it may allow for the survival
of transformed cells in other cancers by limiting apoptotic
mechanisms (238). Thus, GPx-1 overexpression was found to
reduce the growth of some cancer cell lines in culture and
decrease their tumorigencity after their injection into nude
mice (234). In contrast, in a model of skin carcinogenesis, GPx-
1-overexpressing mice have an accelerated pattern of lesion
development, have more tumors per mouse, and have tumors
with increased growth rates, as measured by BrdU labeling
(238). Subsequent studies of this chemically induced skin
cancer model implicate inflammation and apoptosis as crucial
components modulating tumor development (198), and, in
many studies, GPx-1 has been shown to attenuate both in-
flammation and apoptosis, suggesting that these effects may
contribute to tumor development in some models. These and
other data discussed above suggest that the overall redox
state of the cell influences whether excess GPx-1 is pro- or
antisurvival.

B. GPx-1 and genetic polymorphisms

The human GPx-1 gene localizes to human chromosome
3p21, a region that has been associated with loss of hetero-
zygosity (LOH), a process that involves deletion of a chro-
mosomal region from one of two autosomes leading to the
detection of only one allelic variant in individuals who are (in
all other tissues) heterozygous. Involvement of the GPx-1
gene locus in LOH events has been shown for cancers of the
lung, breast, head and neck, and colon (159, 174-176, 260).
Importantly, tumors with LOH have lower measurable GPx-1
enzyme activity and increased accumulation of 8-hydro-
xydeoxyguanosine, a pro-mutagenic DNA-oxidation prod-
uct, suggesting that LOH results in oxidative stress in these
tumors. The GPx-1 gene is not the only gene deleted in these
LOH events, and a DNA repair gene, hOGG1, which may also
repair oxidized DNA, is often deleted together with GPx-1. It
is unclear whether loss of GPx-1 is causative or whether it
occurs secondary to cellular transformation to promote sub-
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sequent tumor growth (presumably by enhanced hydrogen
peroxide-mediated growth factor responses).

Overall, 38 single-nucleotide polymorphisms (SNPs) have
been reported for the GPx-1 gene; most of these SNPs are in
the 5" and 3’ flanking region (134). Of the polymorphisms that
alter the protein coding region, two major polymorphic sites
of the GPx-1 gene are commonly studied due to their fre-
quency and resulting alterations in the amino acid sequence of
GPx-1 (Fig. 12). One of the polymorphisms involves a variable
number of “GCG” tri-nucleotide repeats in the first exon of the
human GPx-1 gene that results in five, six, or seven alanines
near the N-terminus. The other common polymorphism in-
volves a Leu substitution in place of the more common Pro at
amino acid 198 due to a substitution of T (codon, CTC) fora C
(CCQ). Although one study reported an effect for the Ala
repeats in modulating GPx-1 expression in response to sele-
nium (412), most studies have analyzed the consequences of
the Leu/Pro polymorphism on expression and activity. The
Leu/Pro polymorphism (at SNP 151050450, commonly referred
to as Pro198Leu) shows an interesting gene—environment ef-
fect in that these allelic forms differ in their expression in
response to selenium. Thus, in studies comparing the ex-
pression of recombinant forms of GPx-1 in breast cancer cells,
the Leu allele was found to be less responsive to increased
selenium levels than the Pro allele (175). This interaction be-
tween genotype and selenium was also verified in cardio-
myocytes where selenium was found to have a diminished
effect on stimulating the expression of the Leu variant (216).
Further, in cardiomyocytes, the decreased GPx-1 activity of
cells carrying the Leu variant was proposed to contribute to
their increased apoptosis under serum restriction. These
findings may be relevant to explaining the contribution of the
Leu polymorphism to the development of a cardiomyopathy
(Keshan disease) associated with regional selenium deficiency
in China (see also below) (216). Similarly, reduced activity of

GPx-1 Coding polymorphisms

Amino Acid 7 Protein Expression
(GCG)4; Ala Se sensitivity ?
Amino Acid 198 Protein Expression
CCC Pro Se sensitive
CTC Leu Se insensitive

GPx-1 NonCoding polymorphisms

-602 +2 Promoter activity
A C 100%
G C 90%
G T 75%

FIG. 12. GPx-1 gene polymorphisms. There are two com-
mon sets of polymorphisms in the GPx-1 protein coding re-
gion. One is at the N-terminal region and involves the
presence of five, six, or seven in-frame GCG repeats that
result in 5-7 Ala residues. The presence of seven Ala repeats
may reduce the expression of the protein in response to se-
lenium. Similarly, the single-nucleotide polymorphism at
amino acid 198 involves a T for C change that results in a
Leu-containing polypeptide (Leu encoded by CTC) with re-
duced expression in response to selenium compared to the
Pro-containing form. The noncoding polymorphisms at —
602 upstream of the start site and +2 from the start site in
linkage disequilibrium: these pairs of linked changes ap-
parently affect promoter activity in a reporter gene assay.
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the Leu allele compared to the Pro allele was reported in
transfected bovine aortic endothelial cells, suggesting that
differences between these polymorphic forms may affect GPx-
1 activity in many different cell types (152).

The effect of genotype on GPx-1 activity in vivo, however,
may depend on many factors, including levels of selenium in
the diet. Thus, although selenium can modulate GPx-1 ex-
pression in vivo, at a certain level of plasma selenium, the
effects of this trace element on GPx-1 expression plateau (268).
Nonetheless, the association of GPx-1 polymorphisms (spe-
cifically the Pro198Leu) with GPx-1 activity has been assessed
in isolated blood cells from human subjects. In a study com-
posed primarily of young, healthy, college-aged Caucasian
and Asian/Pacific Islanders in the United States, an interac-
tion between gender and genotype was found. Males with the
TT genotype (homozygous for Leu variant) were reported to
have the lowest GPx-1 activity (25), whereas genotype had no
affect on GPx-1 activity level in females in this study. Al-
though selenium was not measured in this study, adequate
nutritional intake of selenium could potentially mask other
differences between genotypes in this population. In a sepa-
rate analysis of GPx-1 activity in red blood cells from young
adult smokers and nonsmokers in Denmark, selenium levels
were measured and found to be lower than that needed for
optimal GPx-1 activity (244). In this population, GPx-1 activ-
ity was lower in males than in females, and smoking influ-
enced GPx-1 activity. In contrast with the study from the
United States, the effects of genotype on activity were sig-
nificant in females rather than in males. Thus, in females from
the Danish study, the highest levels of activity were associated
with Pro homozygotes, and the lowest levels were found in
Leu homozygotes. No interactions were found between GPx-1
genotypes and selenium levels in this population, although in
males, the lowest quartile of serum selenium associated with
the lowest level of GPx-1 activity by unadjusted linear re-
gression analysis.

Other studies have reported correlations between genotype
and activity (157, 301) or between selenium and GPx-1 activity
(285, 355). Additionally, one study of over 400 human subjects
found different regression profiles for selenium and GPx-1
activity for each genotype: the correlation of GPx-1 activity
with plasma selenium concentrations was higher for the Pro/
Pro genotype than the Leu/Leu genotype, providing evi-
dence that GPx-1 genotypes can modulate the expression of
GPx-1 in response to selenium in vivo (183).

In addition to the genetic polymorphisms that alter protein
expression, other SNPs were found to influence GPx-1 pro-
moter function (152). Thus, in a study of genetic variants in the
GPx-1 locus in a Japanese population, a total of three major
haplotypes were identified that involve two SNPs in tran-
scriptional regulatory regions in combination with the Ala
repeat and codon 198 polymorphism (152). Of the three
haplotypes, the upstream genetic alterations that were in
linkage disequilibrium with the Leu allele were also found to
have the lowest level of activity in a transcription reporter
gene assay, causing a 25% suppression in promoter activity
(152). Taken together, these findings suggest a genetic basis
for differences in GPx-1 gene expression, although many of
these findings have not been replicated in other studies.

Taken together, these findings suggest that GPx-1 activity
may be modulated in vivo by many interacting factors, in-
cluding genotype, sex, smoking, and dietary selenium. The
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parameters affecting GPx-1 activity are even more compli-
cated, as illustrated by findings from the SELGEN study. The
purpose of SELGEN was to identify genetic polymorphisms
in selenoprotein P (SelP) that may modulate in vivo selenium
usage. Selenoprotein P is known to play a role in the delivery
of selenium to cells throughout the body. Subsequently, in this
analysis, an association was found between polymorphisms
in SelP and the activity of Sec-containing proteins, including
lymphocyte GPx-1 (252). Thus, these findings highlight the
complex factors contributing to in vivo GPx-1 activity.

C. GPx-1: genetic polymorphisms and cancer risk

As discussed above, the association of GPx-1 gene poly-
morphisms with GPx-1 activity is not straightforward, as
nutritional, environmental, and genetic factors can influence
the expression and activity of this crucial antioxidant enzyme.
Similarly, the biological effects of GPx-1 may depend on cell
type and cellular redox-status and the regulation of other
antioxidant enzymes and ROS-producing enzymes that are
expressed (Fig. 1). As may be anticipated from these complex
interactions, there is no consensus regarding an association of
GPx-1 polymorphisms with cancer risk or predicted survival.
Early studies pointed to a role for the Pro198Leu variant (i.e.,
Leu allele) in cancer risk; however, subsequent studies did not
confirm this finding and other studies found that the Leu
variant was protective rather than disease-associated (see
Table 1 and discussion below for details). Some differences
regarding which allele confers risk may be attributable to
comparisons among studies of different cancers, and may
reflect underlying differences in carcinogenic mechanisms
and tissue-specific expression of other modifying factors, in-
cluding other GPxs. Inconsistent results, however, were also
found among studies of the same cancer. For example. in lung
cancer, the presence of the Leu allele has been associated with
increased risk (300) in one population and with protection in
other populations (296, 310) (Table 1). Interestingly, within
the same study on lung cancer risk, the effect of the Pro/Pro
genotype in conferring risk or protection differed according to
smoking status, but only in those diagnosed with cancer at an
older age (399). These findings illustrate how nutritional and
lifestyle differences may confound any genetic epidemiolog-
ical analysis. In addition to these environmental factors, other
population differences, such as linkage disequilibrium of the
GPx-1 locus with other specific modifying genes, the influence
of other gene variants that act to modulate GPx-1 activity
[such as the SelP subtypes mentioned above (252)], and/or
the presence of other gene variants that act in concert with
GPx-1 to modify disease risk may also explain differences
among studies performed in different populations. There is
some evidence to support the latter concept that other gene
variants can modulate the effects of GPx-1 polymorphisms, as
two studies (one in breast cancer and one in bladder cancer)
find significant risk associated with a combination of GPx-1
(Leu variant) and MnSOD (Ala variant) genotypes (80, 179).
The MnSOD gene polymorphism (Vall6Ala, also referred to
as Val9Ala in some studies) results in an Ala variant at posi-
tion 9 in the mature protein (position 16 in the precursor
protein) that increases the efficiency at which MnSOD is
transported into the mitochondria, theoretically promoting
hydrogen peroxide generation in this organelle (381). Thus, a
functional overexpression of MnSOD, caused by presence of
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the Ala variant, combined with a potential deficiency of GPx-
1, caused by the Leu variant, could potentially create a redox
imbalance leading to enhanced hydrogen peroxide flux. Fur-
ther research is necessary to test whether a combination of
these genetic polymorphisms alters intracellular ROS accu-
mulation to explain the molecular basis for the gene-gene
interactions. Overall, these findings suggest that additional
analysis is necessary to understand the modifiers of GPx-1
expression and activity and the role of GPx-1 in modulating
cellular growth and transformation. These also suggest the
necessity for performing large studies, analyzing multiple
genes in addition to GPx-1, and collecting detailed informa-
tion on environmental and lifestyle factors to assess the true,
likely complex role of GPx-1 in modifying cancer disease risk.

1. Breast cancer. Initial studies of breast cancer risk as-
sociated with GPx-1 Pro198Leu polymorphisms reported a
higher frequency of the Leu/Leu genotype in breast cancer
tissues from African American women than the Pro/Pro ge-
notype compared to the distribution of these genotypes in
normal cancer free individuals (175). This study, however,
compared genotypes taken from cancerous tissue to those
found in lymphocytes from cancer-free individuals; thus,
other factors, such as LOH, may contribute to the increased
frequency of Leu/Leu in tumors compared to normal cells.
Overall, there are inconsistent results regarding the associa-
tion between the Leu allele and breast cancer risk. In support
of a role for the GPx-1 polymorphisms in breast cancer risk, a
nested case—control study from Denmark found that Leu
carriers (i.e heterozygous, Leu/Pro, plus homozygous, Leu/
Leu) had significantly increased risk of breast cancer com-
pared to Pro/Pro homozygotes (301). Other studies, however,
failed to find an association between the GPx-1 Pro198Leu
polymorphisms and risk of breast cancer, including one study
in a Canadian population (201), one from the United King-
dom (SEARCH) (55) and two studies from the United States
(4, 79), including a study from the large prospective Nurses
Health Study and a large case—control study, the Long Island
Breast Cancer Study (79). Interestingly, although the Long
Island Breast Cancer Study yielded an overall negative result,
in a subgroup analysis from this study, nulliparous women
homozygous for the Leu allele had significant increased risk
compared to homozygous Pro parous women. Not surpris-
ingly, a meta-analysis combining the outcomes of these major
studies failed to find an overall significant association be-
tween the Leu allele and breast cancer risk (173). A subgroup
analysis from the meta-analysis, however, found that the Leu
allele was significantly associated with risk in African
Americans, using either an additive (odds ratio = 1.91, 95%
confidence interval [CI]: 1.02-3.58) or recessive (odds ra-
tio = 2.09, 95% CI: 1.16-3.76) model, suggesting the need for
additional studies, as the numbers of cases in this subgroup
were small (173). Similar to the lack of overall breast cancer
risk with GPx-1 genotype, no significant association was
found between GPx-1 genetic variations, including the
Pro198Leu, and prognosis in individuals with breast cancer in
a large case—control study involving SEARCH participants
(366). In contrast, as mentioned above in a follow-up nested
case—control study from the Nurses Health Study, it was re-
ported that a combination of a polymorphism in the MnSOD
gene together with the Leu/Leu genotype in the GPx-1 gene,
confers a significant increased risk of breast cancer (80).
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2. Lung cancer. Tobacco smoke is a known risk factor for
lung cancer development, and antioxidant enzymes, such as
GPx-1, may play essential roles in eliminating pro-carcino-
genic oxidants caused by smoke inhalation. Similar to breast
cancer, lung cancer is also known to have LOH and reduced
expression of GPx-1, suggesting that decreased intracellular
GPx-1 activity may contribute to malignant transformation. In
a Finish study of male smokers, there was a significant asso-
ciation of the Leu allele with increased risk of lung cancer
(300). Consistent with a role of the Leu allele in lung cancer
risk, a case-control study of lung cancer from Korea found
that individuals with at least one Leu allele had increased
levels of urinary 8-hydroxydeoxyguanosine, the mutagenized
DNA oxidation product compared to Pro/Pro (211), as well as
a greater risk for lung cancer. However, not all studies report
increased risk with the Leu allele. In fact, in a study from
Denmark, there was a trend for a protective effect for the
variant (Leu) allele in lung cancer cases compared to controls
(296), and, similarly, other studies have found a protective
effect for the Leu allele (144, 399). In a study of genetic poly-
morphisms in lung cancer in young (average age diagnosis
42.9 + 5.5) versus old (average age diagnosis 83.2 + 2.1) sub-
jects from the Mayo Clinic in the United States, there was a
distinct difference in the risk allele in these age groups (399).
Thus, in a comparison of 165 cases and 170 controls for early
onset cancer, there was no significant effect of the Pro/Pro
genotype on lung cancer risk in smokers or those who never
smoked. In contrast, in the older age group, comparing 69
cases to 67 controls, the Pro/Pro genotype conferred signifi-
cant risk for disease in smokers but had a protective effect in
those who never smoked. The different mechanisms in lung
cancer development in older versus younger individuals may
explain some of these findings; however, in Germany, a risk
reduction was found in carriers of the Leu-allele in young
lung cancer patients (age of onset <50 years) (144). This latter
study did not examine risk in the elderly; however, these
findings are not entirely consistent with the U.S. study that
found no association of the Pro198Leu polymorphism with
lung cancer risk in the young. There is no single explanation
for these inconsistencies in the at-risk allele from these vari-
ous studies. Instead, it has been suggested that modifiers
of GPx-1 activity and expression, such as nutritional effects
(dietary selenium), other gene variants (regulating GSH lev-
els, for example, or those in linkage disequilibrium with the
198 polymorphism in different populations), or other lifestyle
differences (fitness, alcohol consumption), may modulate the
effects of GPx-1 polymorphism in disease risk (144). One
possibility not analyzed in any of these studies is the signifi-
cance of GPx-3 or GPx-2 polymorphisms. Both GPx-3 and
GPx-2 are also expressed in lung, and, at least in mouse
models, GPx-2 was found to be upregulated in response to
cigarette smoke. Thus, these other GPxs may also be crucial in
lung protection.

3. Prostate cancer. Epidemiological studies suggest an
inverse correlation between selenium and prostate cancer
risk; however, as mentioned above, the most recent preven-
tion trial (SELECT) has not found the same protective effects
as earlier studies. Importantly, earlier studies found the
greatest beneficial effect of selenium supplementation in in-
dividuals with the lowest plasma selenium levels (103). Re-
garding any protective effect of selenium, there is not always
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a correlation between GPx-1 activity and plasma selenium
concentrations. Thus, in a study in normal, healthy individ-
uals with adequate selenium levels (347) [that is, all individ-
uals had plasma selenium concentrations above the threshold
values that modulate in vivo circulating GPx activity (268)],
plasma selenium concentrations were found to correlate with
prostate selenium levels, but neither of these selenium mea-
surements correlated with prostate GPx-1 activity. Further
analysis of these parameters in individuals with low selenium
levels, in combination with genotype analysis, may provide a
better understanding of the prostate-specific modulation of
GPx-1 activity.

Similar to other cancer association studies, there have been
inconsistent results regarding the association of GPx-1 poly-
morphisms with prostate cancer risk. One published report on
GPx-1 and risk of prostate cancer found a protective effect for
the Leu/Pro genotype compared to Pro/Pro genotype in
subjects from Macedonia. In this study, overall erythrocyte
GPx-1 activity was also significantly lower in subjects with
prostate cancer compared with controls, although there was
no effect of the GPx-1 polymorphism on GPx-1 activity (14).
One study that analyzed prostate cancer risk and the GCG
copy number (Ala) polymorphism in a group of young-onset
prostate cancer patients (202) also found no significant asso-
ciation between Ala copy number and prostate cancer risk.
Similarly, in a separate analysis of the Pro198Leu polymor-
phisms and prostate cancer risk in heavy smokers, no asso-
ciated risk was found for any GPx-1 genotype (70). Failure to
find consistent association with GPx-1 in prostate cancer may
be attributable to linkage disequilibrium with other disease
SNPs, differences among populations, including environ-
mental factors, and other factors that regulate prostate GPx-1
levels.

4. Bladder cancer. In a small case—control study from
Poland comparing 33 bladder cancer cases to 47 controls, no
associations were found with GPx-1 genotype; however, in
this study, transcript levels of several selenoprotein genes,
including GPx-1, were found to be downregulated in the
leukocytes of these cancer patients compared to those from
controls (306). The significance of this finding is not clear, but
could relate to alterations in leukocyte populations and
cancer-related immune responses that may warrant further
analysis in patients with bladder and other cancers. Another
larger study from Japan, comparing 213 cases with 209
controls, found that the presence of the Leu allele was as-
sociated with an increased risk of bladder cancer (179). In-
terestingly, the Pro/Leu genotype was also significantly
associated with more advanced stages of disease, and, fur-
ther, the risk was greater in the presence of a MnSOD Ala9
variant (179). A previous study of recurrence of bladder
cancer from the United States followed recurrence rates over
36 months in 224 bladder cancer patients after tumor resec-
tion and treatment for superficial bladder cancer (407). This
study found an opposite effect in the at-risk allele, in that
individuals with the Pro/Pro genotype had reduced overall
cancer-free survival compared with those carrying the Leu
allele. These opposite findings as to the at-risk allele in dis-
ease risk and recurrence may either relate to different
mechanisms of cancer initiation versus recurrence, or could
be the result of other genetic and lifestyle differences in the
groups assessed.

LUBOS ET AL.

5. Other cancers. Several studies find no association of
GPx-1 polymorphisms with risk for other cancers such as
basal-cell carcinoma (374) or colorectal cancer, as reported
from the Prostate, Lung, Colorectal and Ovarian Trial in the
United States in which a nested analysis of over 700 cases and
controls was performed (289). These negative findings are
consistent with those from Norwegian and Danish popula-
tions (156, 157). In contrast, interactions of GPx-1 genotypes
with lifestyle factors may combine to create increased risks for
some cancers. For example, an interesting genotype—envi-
ronment effect was reported in the nested case-control study
from Denmark in that alcohol consumption and smoking
modulated colorectal cancer risk in Leu/Leu homozygous
individuals (157). In this study, risk was found to be higher in
Leu/Leu homozygotes according to their alcohol consump-
tion or among homozygous Leu/Leu smokers. This study
also found a significant effect of gender, diet, smoking, and
alcohol on GPx-1 activity by univariate analysis (157), con-
sistent with a role of these factors in modulating GPx-1. Other
studies similarly report that the GPx-1 genotype may interact
with environmental factors to modify the effects of lead ex-
posure on adult brain tumors, such as glioblastoma and me-
ningioma (37). Another study reported that antioxidant gene
profile may predict carcinoma development secondary to
cirrhosis (344): in patients with alcohol-induced cirrhosis, in-
dividuals with at least one Ala variant for MnSOD and at least
one Leu variant for GPx-1 had a hazard ratio of 2.0 (95% CI:
1.311-3.052).

VI. GPx-1, Diabetes, and Cardiovascular Disease

Oxidative, and, in some cases reductive, stress have a role
in the pathogenesis of various forms of cardiovascular dis-
ease. This section will review experimental clinical and ge-
netic studies analyzing the contribution of GPx-1 to diabetes,
angiogenesis, endothelial dysfunction, atherogenesis, and
cardiac dysfunction (a discussion of GPx-1 in stroke and
neurotoxicity may be found in section IV.A.3., above.)

A. GPx-1 and the mechanisms of susceptibility
to diabetes and cardiovascular disease

1. Diabetes mellitus. One of the unexpected conse-
quences of GPx-1 overexpression in mice is their development
of insulin resistance, hyperinsulinemia, and obesity, which
attenuates normal insulin-mediated Akt signaling (251). Loss
of cellular ROS most likely causes this phenotype, as excess
GPx-1 and lack of cellular ROS similarly attenuates growth-
factor-mediated responses in cell culture models (154). In
contrast, knockdown of GPx-1 in cells grown in culture aug-
ments receptor-mediated activation, theoretically by increas-
ing oxidant-mediated responses (154). In mice, GPx-1
deficiency protects against high-fat-induced insulin resis-
tance, with enhanced insulin-mediated ROS production, in-
creased insulin-mediated Akt signaling, and preserved
glucose uptake in muscle (235). These findings suggest that
under some circumstances, decreased expression of GPx-1
and enhanced production of ROS (and hydrogen peroxide in
particular) may be beneficial (235).

The concept that excess GPx-1 may lead to development of
a insulin resistance phenotype, whereas GPx-1 deficiency may
prevent this phenotype, is surprising, as oxidative mecha-
nisms are thought to play a crucial role in the development of
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insulin resistance, a common feature in type 2 diabetes and
the metabolic syndrome. One common mechanism that may
connect insulin resistance in GPx-1-overexpressing mouse
and oxidative stress-mediated mechanisms of insulin resis-
tance is loss of normal mitochondrial oxidative phosphory-
lation and decreased production of ATP. In the case of GPx-1
overexpression, this phenotype results, in part, from de-
creased cellular ROS that suppresses mitochondrial function
and blunts growth-factor-mediated signaling (154). Although
there are some studies to the contrary, decreased mitochon-
drial function and/or content are associated with insulin re-
sistance in animal models as well as in human subjects (44,
171, 194, 365).

In many cases, insulin resistance also correlates with in-
creases in mitochondrial ROS generation, possibly due to
excess glucose or fatty acid substrates. Thus, in high-fat-
induced insulin resistance, excess ROS emanating from
mitochondria contribute to insulin insensitivity in skeletal
muscle, as overexpression of a mitochondrially targeted cat-
alase in skeletal muscle or acute treatments with antioxidants
improve insulin-mediated glucose uptake (7). In contrast,
GPx-1-deficient mice on a high-fat diet are spared from insulin
resistance, and antioxidants make them less sensitive to in-
sulin (235). Perhaps the protective nature of GPx-1 deficiency
in the context of the high-fat diet has to do with overall energy
expenditure and resistance to obesity in these mice, which is
caused, in part, by their increased sensitivity to growth factor-
mediated signaling (235), which may subsequently alter the
efficiency of mitochondrial substrate oxidation. Although the
findings from the GPx-1-deficient and GPx-1-overexpressing
mice provide complementary data regarding insulin sensi-
tivity and insensitivity, these findings are counterintuitive
with the concept that oxidative stress plays a causative role in
insulin resistance. Possibly, the deleterious or protective ef-
fects of excess oxidants on metabolic regulation may depend
on multiple factors, including their local concentrations,
time course and sites of production, and duration of their
accumulation.

Interestingly, targeted overexpression of GPx-1 solely in
pancreatic B-cells is protective against diabetes in some ani-
mal models (160). Specifically, overexpression of GPx-1 in
pancreatic B-cells (under the regulation of the insulin pro-
moter) protects these cells from streptozotocin-induced dia-
betes by preserving islets and reducing hyperglycemia.
Streptozotocin normally induces diabetes by selectively de-
stroying B-cells through a process dependent, in part, on ox-
idative stress in the B-cells, which lack high levels of
endogenous antioxidant enzymes. Further, in the context of
db/db mice, targeted overexpression of GPx-1 reduces pan-
creatic B-cell loss and attenuates hyperglycemia (160). Simi-
larly, previous studies suggested a protective role for excess
antioxidant enzymes in limiting ROS damage to B-cells in
mouse islet grafts (265). It should be mentioned that GPx-1
transgenic overexpressing mice, which express GPx-1 under
its native promoter, also have increased B-cell mass. In this
context, their enhanced glucose-stimulated insulin secretion
has been suggested to contribute to chronic hyperinsulinemia
(382). Of course, in this global overexpression model, the lack
of receptor-mediated responses in skeletal muscles and liver
also contributes to the overall phenotype in these mice (i.e.,
hyperinsulinemia, hyperglycemia, and obesity). Nonetheless,
these findings suggest the utility of further studies to under-
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stand the role of excess GPx-1 in modulating B-cell homeo-
stasis. Thus, although it seems that GPx-1 overexpression is
protective in B-cells, which are highly susceptible to oxidant-
mediated cell death, in other cells, such as skeletal muscle and
liver, excess GPx-1 can be detrimental by suppressing essen-
tial ROS necessary for signal transduction, contributing to an
insulin-resistant phenotype.

2. Cardiac dysfunction and toxicity. Similar to the find-
ings with insulin resistance, evidence exists for a negative
effect of reductive stress in cardiac tissue, characterized by
excess GSH, NAD(P)H, reduced ROS-accumulation, and up-
regulation of antioxidant enzymes. Specifically, reductive
stress was found to contribute to cardiomyopathy in response
to an accumulation of a mutant form of the of-crystallin
protein in transgenic of-crystallin mutant mice. Subsequent
upregulation of heat shock protein (Hsp)25 in these mutant
mice contributed to the reductive phenotype, which was
characterized by increased levels of cardiac NADPH and
GSH, and excess expression of glucose-6-phosphate dehy-
drogenase (G6PD) and the antioxidant enzymes catalase and
GPx-1 (297). Although ROS were not measured in these mice,
excess G6PD has previously been shown to decrease effec-
tively intracellular ROS accumulation (218). Crosses between
these af-crystallin mutant mice and G6PD-deficient mice re-
duced NADPH production and rescued the cardiomyopathy,
confirming the idea that the disease pathology was caused
by reductive stress. In a subsequent study, cardiac over-
expression of a different Hsp, Hsp27, similarly caused re-
ductive stress with elevated GSH, increased GSH/GSSG ratio
and increased cardiac GPx-1 protein and activity that con-
tributed to cardiomyopathy (405). Importantly, in this latter
study it was shown that these redox alterations correlated
with diminished cardiac ROS accumulation. Accordingly,
treatment with mercaptosuccinate, an inhibitor of GPx-1,
improved cardiac function and decreased heart weight in the
transgenic Hsp27 mice. Although the molecular mechanisms
by which reductive stress leads to cardiomyopathy are not yet
understood, these studies confirm that shifting the normal
cellular redox balance in either direction can be detrimental.

A link between selenium deficiency and heart disease has
been recognized for some time, as selenium deficiency is as-
sociated with Keshan disease, an endemic cardiomyopathy
that is found in regions of China with low soil selenium and is
characterized by mitochondrial insufficiency and reductions
in GPx-1 activity (66, 138). Notably, selenium supplementa-
tion has substantially lessened the incidence of disease in
these regions; however, there may also be an infectious
component to the disease, possibly due to Coxsackie virus
infection. Studies in mouse models confirm that selenium
deficiency enhances the sensitivity to developing myocarditis
when infected with virulent strains of Coxsackie. There may
also be a role for other selenoproteins that are suppressed
during selenium restriction in the pathogenesis of myocarditis
and cardiomyopathy. Other studies, however, suggest that
GPx-1-deficient mice developed myocarditis in response to
avirulent strains of Coxsackie virus that were found to mutate
readily in the GPx-1-deficient hosts, similar to the findings in
selenium deficiency (26, 220). Taken together, these studies
suggest that GPx-1 may protect against virally induced car-
diac inflammation, which may be a possible contributor to
cardiomyopathy in Keshan disease.
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Similarly, GPx-1 is protective against agents that mediate
cardiotoxicity by augmenting mitochondrial generation of
oxidants. Thus, doxorubicin, an anthracycline antibiotic and
antitumor drug, has cardiotoxic side effects that are believed
to involve superoxide generation (47) by mechanisms asso-
ciated with disruption of mitochondrial respiration. In cells
grown in culture, excess GPx-1 specifically decreased doxo-
rubicin-induced NF«xB-activation and apoptosis (380). Simi-
larly, in mouse models, cardiac-specific GPx-1 overexpression
protects against doxorubicin-induced cardiac dysfunction,
specifically attenuating mitochondrial dysfunction and im-
pairing contractile function (397). In contrast, lack of GPx-1, in
GPx-17/~ mice, potentiates doxorubicin-induced cardiac in-
jury leading to increased impairment of contractility and di-
astolic function, deficiencies in coronary blood flow, and
suppressed heart rate. These functional cardiac changes cor-
respond with enhanced apoptosis in this model and suggest a
crucial role of GPx-1 in modulating cardiomyocyte oxidative
toxicity.

3. Ischemia/reperfusion injury, angiogenesis, and EPC
function. Other studies suggest that GPx-1 preserves cardiac
function after ischemia/reperfusion injury. In support of this
idea, older mice with heterozygous gene knockout of GPx-1
(GPx-1"/7) were reported to have structural abnormalities of
the myocardial vasculature, including changes consistent with
augmented fibrosis and intimal thickening. These structural
changes may contribute to the diastolic dysfunction that de-
velops after myocardial ischemia-reperfusion injury (131).
Subsequent analysis suggests that hearts from male but not
female GPx-1-deficient mice are susceptible to decreased
myocardial recovery after ischemia-reperfusion, due, in part, to
substantial differences in intracellular thiols, levels of reduced
ascorbate, and nitrate/nitrite concentrations in GPx-1""" fe-
males after ischemia-reperfusion injury. These findings suggest
that females, but not males, compensate for the loss of GPx-1 by
upregulation of other antioxidant systems. Previous studies
have reported sex-specific differences in hydrogen peroxide,
GSH, and GPx-1 levels, with females having the more protec-
tive phenotype (lower peroxide, higher GSH, and increased
GPx-1) (43, 186). These findings may partially explain the lower
rates of ischemic heart disease in premenopausal women.

Mechanistically, reduced recovery in GPx-1"/~ mice after
cardiac ischemia-reperfusion may be a result of increased
mitochondrial injury caused by excess oxidants. Thus, in a
study that only examined male mice in a model of hypoxia
reperfusion injury, GPx-1"/~ mice had augmented mito-
chondrial oxidant production, increased mitochondrial DNA
damage, and decreased expression of mitochondrial proteins,
leading to a reduction in NADH and ATP (357). Similar to
previous studies of liver mitochondria (110), baseline pro-
duction of hydrogen peroxide was also augmented in mito-
chondria from GPx-1-deficient hearts. These data suggest a
protective role for GPx-1 in modulating mitochondrially
generated oxidants at baseline and during hypoxia and re-
oxygenation. In support of these findings, GPx-1 deficiency
was found to increase hypoxia-induced ROS accumulation
in mouse pulmonary artery smooth muscle cells, whereas
excess GPx-1 or catalase decreased ROS accumulation during
hypoxia (378).

GPx-1 deficiency appears to attenuate neovascularization
in a model of hindlimb ischemia by mechanisms that suggest
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enhanced sensitivity of EPCs to oxidant-mediated cell death.
The defect in EPC function is characterized by a lack of in vivo
proliferative response to ischemic injury or to direct vascular
endothelial growth factor injections in GPx-1~/~ mice (139).
Thus, in response to hindlimb ischemia, GPx-1"~ /= mice have
significantly decreased recovery of hindlimb blood flow over
28 days with apparent reductions in CD31-positive cells in the
ischemic tissue, indicative of reduced capillary density. EPC
from GPx-1~/"~ mice also show decreased ability to migrate
or form angiogenic networks compared to EPCs from wild-
type mice. In addition, GPx-1-deficient cells are more sensitive
to ROS, as they accumulate more intracellular oxidants and
have enhanced apoptosis in response to hydrogen peroxide
compared to wild-type EPCs. It has previously been proposed
that EPCs are subject to high levels of oxidative stress ac-
counting for the relatively high levels of antioxidant enzymes
in these cells compared to endothelial cells (95, 165). Thus,
lack of GPx-1 in EPCs may leave them susceptible to oxidative
stress-induced apoptosis. Similarly, muscle progenitor cells
from GPx-1"/" mice also have decreased survival responses
with deficiencies in proliferation, impairments in differentia-
tion, and augmented rates of apoptosis (213). Interestingly, a
recent study found differences in the apoptotic rates of human
EPCs isolated from older subjects (average age 72 years)
compared to younger subjects (average age 24 years) after
their exposure to hydrogen peroxide (164). Overall, EPCs
from older subjects had reduced survival and increased ap-
optosis to hydrogen peroxide stress, possibly due to the
substantial decrease of GPx-1 activity and protein in these
EPCs compared with EPCs from younger subjects. Thus, these
findings suggest a role of enhanced oxidative stress in EPCs
that correlates with the age-related decrease in GPx-1 ex-
pression. These findings are of interest because loss of EPC
function may promote vascular dysfunction and diseases of
aging, such as atherosclerosis (167, 313).

4. Endothelial dysfunction and vascular tone. Endo-
thelial cells play a crucial role in regulating vascular homeo-
stasis, in part, through their production of NO- (281). Under
normal physiological conditions, NO- is formed in these cells
after activation of the endothelial NOS (eNOS) by mechanical
stress or agonists such as bradykinin and acetylcholine (124).
Nitric oxide mediates many of the actions of the endothe-
lium, including stimulation of sGC, which, in the vascular
smooth muscle cells, promotes relaxation (94). Nitric oxide
also attenuates platelet activation and smooth muscle cell
growth, and inhibits cytokine-mediated adhesion molecule
expression. Thus, normal production of NO- is antithrom-
botic and antiatherogenic (372). Oxidative stress can neutral-
ize these protective actions by promoting endothelial
dysfunction.

Endothelial dysfunction implies a loss of normal endothe-
lial function characterized by a decrease in bioavailable
NO- and a loss in normal endothelium-dependent vasor-
elaxation responses (161). Mechanistically, NO- may become
inactivated in response to ROS by the diffusion-limited reac-
tion of NO- with superoxide to form peroxynitrite, a highly
reactive RNS that further enhances oxidant production;
modifies DNA, proteins, and lipids; and has other cytotoxic
effects. ROS, including hydrogen peroxide, can also contrib-
ute to endothelial dysfunction by a number of mechanisms
that may ultimately influence bioavailable NO-. Thus, excess
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hydrogen peroxide can augment superoxide production by
stimulating NOX activation (226). Additionally, ROS can in-
activate enzymes such as dihydrofolate reductase that are
necessary to generate eNOS cofactors, leading to eNOS un-
coupling (and superoxide generation) (57). Alternatively,
hydrogen peroxide may cause an increase in the intracellular
labile iron pool, which promotes a loss of bioavailable NO -
through transition metal-dependent redox inactivation (354).
Importantly, endothelial dysfunction is considered a marker
for increased cardiovascular risk (51, 84).

Owing to the antioxidant actions of GPx-1 in removing in-
tracellular hydrogen peroxide, GPx-1 plays an essential role in
preserving endothelial function and NO - bioavailability. In
mice, GPx-1 deficiency (as is found in homozygous GPx-1~/~ or
heterozygous GPx-1*/~ knockout mice) alters vascular
responses to agents that normally elicit endothelium-dependent
vasorelaxation (131, 132). Thus, unlike the vasodilatory response
of normal mesenteric vessels, vessels from GPx-1-deficient mice
contract in response to bradykinin or acetylcholine. Responses to
sodium nitroprusside, an NO- generator, are, however, pre-
served in GPx-1-deficient mice. These findings suggest that
vascular smooth muscle cells are capable of generating cGMP in
response to NO- by activation of sGC, but that endothelium-
dependent responses are deficient, due to loss of endothelial
generated NO- needed to activate sGC. In support of this con-
cept, isolated aortic rings from deficient mice have a significant
reduction in acetylcholine-induced cGMP generation (132) and
other studies have reported similar deficiencies in relaxation for
carotid arteries from GPx-1"/" mice (71). Further, in studies of
spontaneous hypertensive rats compared to normotensive con-
trol rats, endothelial dysfunction was similarly associated with
decreased expression of GPx-1 and other antioxidant enzymes.
Importantly, in this model, there was no detectable change in the
expression or activation of eNOS (367), suggesting a crucial
role for antioxidant enzymes, such as GPx-1, in modulating
NO - bioavailability. In the context of increased ROS and
preserved eNOS expression, as in the GPx-1-deficient mice,
correction of the redox imbalance is sufficient to restore nor-
mal agonist-induced production of cGMP and in vivo vasoac-
tive responses in GPx-1-deficient mice (131, 132). In contrast,
when eNOS expression is directly downregulated, over-
expression of GPx-1 is not sufficient to correct endothelial
dysfunction (187).

GPx-1 may also play a role in modulating the effects of
hyperhomocysteinemia on endothelial function and cardio-
vascular risk. Modest increases in homocysteine can reduce
GPx-1 expression in cell culture as well as in in vivo models
(384) due to decreased translation of GPx-1 transcripts (155).
Thus, in heterozygous cystathionine-beta-synthase knockout
mice, hyperhomocysteinemia was found to lead to endothe-
lial dysfunction (106), which could be corrected by over-
expression of GPx-1 to increase bioavailable NO and restore
normal endothelial function (384). Similarly, in other studies,
endothelial function in aortae from GPx-1~/~ mice was di-
minished by hyperhomocysteinemia (88). Although there is
controversy regarding the importance of modest elevations in
homocysteine to cardiovascular risk (10), in clinical studies,
homocysteine and GPx-1 activity measurements have been
found to be predictors of cardiovascular risk in coronary ar-
tery disease patients (314). Further, in this population, sub-
jects with the lowest GPx-1 activity and highest homocysteine
had a nearly threefold increased risk for cardiovascular
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events, whereas homocysteine had no influence on risk on
those with the highest levels of GPx-1 activity (314).

Additional studies suggest that GPx-1 protects against
vascular dysfunction in response to ROS-inducing agents,
such as angiotensin II (AII) (71). Al is a bioactive product of
the renin-angiotensin pathway that plays a major role in
promoting vascular remodeling, inflammation, and tissue
organ damage found in hypertension, atherosclerosis, and
diabetes (166). In vascular cells, AIl can stimulate ROS
through the activation of NOX, leading to a reduction in
bioavailable NO and subsequent endothelial dysfunction in
mouse models and in human subjects (8, 209, 245, 376). Thus,
consistent with a beneficial role of GPx-1 in preserving en-
dothelial function, GPx-1 deficiency was found to augment
endothelial dysfunction in response to All in carotid arteries
of heterozygous GPx-1"/~ mice, whereas catalase treatment
or GPx-1 overexpression decreased the harmful effects of Al
on endothelium-dependent relaxation (71). These findings
suggest that modest alterations in GPx-1 expression can
significantly alter endothelial function by modulating the
accumulation of intracellular oxidants in response to AIL
This observation may be significant for human subjects,
as well, as GPx-1 activity was inversely correlated with
endothelium-dependent vasodilation in a recent study mea-
suring acetylcholine-induced vasodilation in human hyper-
tensive subjects (92).

By affecting blood pressure, vascular remodeling, and left
ventricular hypertrophy, AIl promotes cardiac dysfunction.
GPx-1 appears to be protective against these deleterious ef-
fects of this vasoactive peptide. Thus, by echocardiography,
hearts from GPx-1~/~ and wild-type mice are not substan-
tially different at baseline; however, after 7 days of systemic
All infusion, GPx-1-deficient hearts have increased left ven-
tricular hypertrophy and dysfunction (13). Interestingly, there
were no differences in vascular parameters after short-term
AIl administration: AIl exposure raised blood pressure in
GPx-1"/~ mice to a similar extent as in the wild-type mice,
and there were no apparent differences in vascular remodel-
ing between these treated groups.

Overall, GPx-1 deficiency contributes to endothelial dys-
function, whereas GPx-1 overexpression is protective, pre-
sumably by modulating hydrogen peroxide in endothelial
cells to preserve NO. Paradoxically, arachidonic acid medi-
ates vascular tone by producing hydrogen peroxide in some
vascular beds (101, 276). In support of a role for hydrogen
peroxide in mediating arachidonic acid-induced vasodilation,
exogenous catalase blocked ~50% of maximal dilatory re-
sponse to arachidonic acid in the basilar cerebral arterioles
in an in vivo model of vasoactivity (258). In addition, similar
attenuated responses to arachidonic acid-induced vasor-
elaxation were found in cerebral vessels from GPx-1-
overexpressing mice compared to control mice. Further,
excess GPx-1 attenuated direct hydrogen peroxide-mediated
vasodilation (using 10 micromolar hydrogen peroxide) in
isolated vessels analyzed in vitro. Taken together, these data
are another example of reductive stress characterized by loss
of oxidants that are essential for a biological response. In
support of the significance of these pathways, hydrogen
peroxide has been shown to cause relaxation of preconstricted
vessels from a variety of vascular beds by endothelium-de-
pendent and endothelium-independent mechanisms (12).
Overall, the effect of hydrogen peroxide on the vasculature
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may depend on a myriad of factors, such as the source of
hydrogen peroxide, the levels of hydrogen peroxide, the sta-
tus of K* channels, eNOS-activation state, and the specific
vascular bed.

5. Inflammation and atherogenesis. Owing to the im-
portance of oxidative stress to inflammatory pathways (317),
several studies have analyzed atherogenic susceptibility in
GPx-1-deficient mice. Modest atherogenic lesions can be in-
duced in the aortic sinus of C57Bl/6 mice fed a high-fat diet
over 20 weeks. Surprisingly, GPx-1~/~ mice on a C57Bl/6
background showed decreased development of lesions com-
pared with wild-type C57Bl/6 mice fed this atherogenic diet
(91). This unexpected effect may be due to protective lipid
profiles in the GPx-1"/~ mice compared to the wild-type
mice. Thus, at the end of the 20 weeks of high-fat diet, GPx-
17/~ mice had decreased triacylglycerol and higher high-
density lipoprotein than the wild-type control mice. Further,
GPx-1"/~ mice fed a high-fat diet had a compensatory in-
crease in the expression of glutaredoxin-2 that was not found
in control mice after dietary treatment. Glutaredoxin-2 may
play a significant role in preserving thiol function by modu-
lating reversible protein thiol-glutathionylation in the mito-
chondria and nucleus (27, 188), and its actions may serve to
limit oxidative damage and decrease apoptosis (230). In con-
trast with this study, deficiency of GPx-1 has been shown to
augment atherosclerosis in susceptible mice with combined
apolipoprotein E (ApoE)/GPx-1 deficiency (ApoE~/ ~/GPx-
1~/ 7) in two independent studies, one that used a Western
diet and one that induced diabetes with streptozotocin to
promote atherogenic lesion development (221, 360). Unlike
the lesions in C57B1/6 mice fed a high-fat diet, in the context
of ApoE deficiency, robust atherosclerotic lesions develop
throughout the aorta over time on a normal chow diet; nota-
bly, a Western diet or diabetes accelerates lesion develop-
ment. Thus, in the context of ApoE deficiency, GPx-1
deficiency caused a significant increase in atherosclerotic le-
sion area and augmented markers associated with oxidative
stress (221, 360). In addition, macrophages from ApoE"/ =/
GPx-1"/~ mice had increased proliferative responses com-
pared with those from ApoE™/~ mice and, in the context of
streptozotocin-induced diabetes, ApoE~/~ /GPx-1"/~ mice
had increased expression of pro-inflammatory and pro-
fibrotic markers compared with diabetic ApoE™/~ mice.
Taken together, these findings suggest that GPx-1 deficiency
promotes inflammatory responses that augment atherogene-
sis in susceptible models. In support of a role for GPx-1 in
protecting against atherogenesis, subsequent studies showed
that ebselen treatment substantially reduced total aortic le-
sions in diabetic ApoE ™/~ mice (67). Interestingly, although
aortic lesion area was reduced with this treatment, lesion
development within the aortic sinus region was not improved
by ebselen. Oxidative stress markers were decreased in both
the aorta and sinus region by ebselen treatment, as measured
by decreased expression of NOX subunits and decreased ni-
trotyrosine staining. In contrast, pro-atherogenic markers,
such as the receptor for advanced glycation end-products,
were reduced in the aorta but not in the aortic sinus. These
findings are consistent with those using the antioxidant pro-
bucol as an antiatherogenic treatment: probucol also had a
regional effect on attenuating lesion formation, which was
attributed, in part, to regional hemodynamic factors (391). It is
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important to note that ebselen also mimics the activity of other
GPxs, including the phospholipid GPx-4 (243), and that
overexpression of GPx-4 can also slow the progression of
atherogenesis in ApoE ™/~ mice possibly due to its effects in
reducing the accumulation of oxidized phospholipids (149).
Nonetheless, the effects of ebselen are consistent with the
enhancement of atherosclerosis promoted by GPx-1 defi-
ciency in ApoE~/~ mice.

Other studies also support a beneficial role of GPx-1 in
protecting against pro-atherogenic alterations in the vascu-
lature. One recent study suggested that upregulation of GPx-1
expression in response to biomechanical forces in the vessel
wall attenuates pro-atherogenic gene expression in human
and mouse endothelial cells. Thus, knockdown of GPx-1 ex-
pression in these cells resulted in an augmented expression
of the vascular cell adhesion molecule-1 and monocyte
chemoattractant protein-1 after cyclic stretch (375). These
findings suggest a crucial role for GPx-1 in modulating pro-
inflammatory responses. Similarly, in human endothelial
cells, GPx-1 was found to be protective against endotoxin-
induced expression of inflammatory mediators, such as vas-
cular cell adhesion molecule-1 and intercellular adhesion
molecule-1, in part, by mechanisms that regulated intracel-
lular ROS and the expression of CD14 (239). These findings
also suggest a role for GPx-1 in modulating innate immune
responses by modulating endothelial levels of CD14, an es-
sential factor for Toll-like receptor 4 activation by endotoxin.

GPx-1 activity may similarly modulate atherogenic sus-
ceptibility in human subjects. In patients with suspected
coronary artery disease, erythrocyte GPx-1 activity was found
to correlate inversely with the extent of atherosclerosis and, in
this population, cardiovascular event rates were inversely
associated with GPx-1 activity with a hazard ratio of 2.3 (95%
CI: 1.4-4.0) for the lowest compared with the highest tertile of
GPx-1 (109). Further, risk is greatest in individuals with the
lowest GPx-1 activity and greatest extent of atherosclerosis
(109). These findings suggest that GPx-1 can modify vascular
risk in the context of atherogenesis.

B. Epidemiologic and genetic studies of GPx-1
and cardiovascular disease

Several studies implicate GPx-1 as a factor contributing to
cardiovascular disease risk in human subjects. In the Ather-
oGene prospective study of 636 patients with coronary heart
disease, GPx-1 activity was one of the strongest univariate
predictors of future cardiovascular events, and the risk of
future cardiovascular events was inversely related to eryth-
rocyte GPx-1 activity levels (40). In particular, GPx-1 was
found to be protective, with individuals in the top quartile of
GPx-1 activity almost threefold less likely to have an event
than those with the lowest levels of GPx-1. In a follow-up
study, individuals with high GPx-1 activity were found to be
more protected from the deleterious effects of elevated
homocysteine (314). Further, it was found that those with the
lowest levels of GPx-1 and the most extensive atherosclerosis
were at the greatest risk for cardiovascular events (109). In
support of the importance of GPx-1 (and other antioxidant
enzymes) in preventing cardiovascular disease, a meta-anal-
ysis that examined 42 case-control and three prospective
studies found that increased cellular GPx, SOD, and catalase
activity levels are all protective against coronary heart
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disease. (Although this study used the generic term “GPx,”
many of these studies assayed GPx activity from erythrocytes,
platelets, or lymphocytes, cell sources that would mostly ex-
press GPx-1 and not the related GPx-2 nor the extracellular
GPx-3. Thus, in these lysates, GPx-1 activity would be the
predominant determinant of assayed activity, although some
assays may also detect GPx-4 activity as well.) Overall,
modest increases in “GPx” activity correlated with a pooled
odds ratio of 0.51 (95% CI: 0.35-0.75) (130).

Other studies in human subjects examined whether there is
a genetic component modulating the effects of GPx-1 on car-
diovascular disease risk. In the case of Keshan disease, a
cardiomyopathy primarily due to the dietary deficiency of
selenium, presence of the GPx-1 Leu variant (Pro198Leu) was
found to associate with selenium deficiency and impaired
GPx-1 activity (216). As discussed above, theoretically, the
Leu variant may result in decreased GPx-1 activity, especially
under inadequate selenium conditions. Not all studies, how-
ever, found this association between genotype and activity in
samples from human subjects, and the significance of these
polymorphic forms to in vivo effects is not totally understood.
Nonetheless, unlike the studies of genetic risk and cancer,
many of the studies of cardiovascular risk and GPx-1 geno-
type report the Leu allele to be associated with increased
disease risk (Table 2).

Owing to the importance of oxidative stress in the devel-
opment and pathobiology of type 2 diabetes mellitus and the
metabolic syndrome, many studies have performed association
analyses for polymorphisms in antioxidant genes and the as-
sociated cardiovascular consequences of these common disor-
ders. In one of these studies in Japan, the GPx-1 Leu variant was
found to associate with macrovascular disease, including in-
creased intima-media thickness of the carotid arteries, coronary
heart disease, and peripheral vascular disease in a small cohort
of type 2 diabetics in Japan (152). Similarly, in another small
study of 91 type 2 diabetic subjects in Japan, coronary artery
calcification showed a trend of association with the Pro/Leu
genotype (267). In a larger, cross-sectional analysis of 1128
males and 1105 females in a Japanese population, the Leu
variant was associated with the metabolic syndrome in men
but not in women (208). Similarly, in other cardiovascular
studies, the Leu variant was significantly associated with an
increased risk for restenosis after stenting in a Japapanese study
(272) and increased risk of coronary artery disease in a case—
control study from China (350). The molecular basis for the Leu
variants’ effect on disease risk are unclear, but may relate to
differences in GPx-1 expression levels, which were not tested in
these populations, or other functional differences in the regu-
lation or function of the Leu variant not yet recognized.

In contrast to the above studies associating cardiovascular
risk with the Leu variant of GPx-1, in a study of thoracic aortic
aneurysm (TAA) in 1351 hypertensive patients, the Leu var-
iant was associated with reduced risk of TAA (192). Similarly,
in a study analyzing the genetic components of longevity, the
Leu allele conferred protection in the oldest old (over 92 years
of age) (335). Additionally, in these old subjects, the Leu allele
was highly synergistic with the MnSOD Val6Ala variant that
has theoretically more activity in the mitochondria. Thus, in
this aged population, the combination of GPx-1 Leu and
MnSOD Ala significantly reduced mortality (HR = 0.76, 95%
CI: 0.647-0.894) (335). Although there may be other functional
differences between the GPx-1 Pro and Leu alleles that are as

Reference
350
267
272
208
192

Comments
coronary angiogram at 6 months of follow-up

in 91 subjects with type 2 diabetes

Subgroup analysis of males only, risk associated with
variant allele.

Case—control, assessment of calcification score
Consecutive bare-metal stent implants; quantitative
Cross-sectional population study, overall ns.

Protective effect of variant allele.

Stratified by age

Within males
Nonsmokers

Overall

1.27-3.22
1.16-4.98
1.09-3.18
1.15-5.01

0.97-13.42
1.0-3.4
1.3-3.15

0.12-0.78

OR  95% confidence interval

3.61
1‘15b

Genotype
Pro/Leu + Leu/Leu 2.02
Pro/Leu + Leu/Leu 2.41
Pro/Leu + Leu/Leu 1.86
Pro/Leu + Leu/Leu 2.40
Pro/Leu + Leu/Leu 1.9
Pro/Leu + Leu/Leu 2.02
Pro/Leu + Leu/Leu 0.34

Pro/Leu
glutathione peroxidase-1 genotype and cardiovascular disease risk.

ns, not significant in overall group. NS studies are included because of positive subgroup analysis, which are also listed.

265
80
354
1871
1243

Cases Controls

1
107
312

8

TABLE 2. ASSOCIATION OF GLUTATHIONE PEROXIDASE-1 POLYMORPHISMS WITH CARDIOVASCULAR DISEASE®
256

< 64 Years

Males

Nonsmokers
Males
Shown are studies with an association between

Japanese coronary stent patients
b

Japanese type 2 diabetics
Japanese hypertensives

Chinese
Japanese

Disease population subgroup
Coronary artery disease
Coronary artery calcification
Coronary artery restenosis
Metabolic syndrome

Aortic aneurysm
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of yet unknown, it is possible that excess oxidants may be
beneficial under some circumstances.

VIl. GPx-1 and Future Directions
for Therapeutic Applications

Although overall GPx-1 can be considered protective
against oxidative stress, it is important to consider that
changes in redox balance in either direction, oxidative or re-
ductive, may also influence the protective or harmful roles of
GPx-1. Under some circumstances, enhanced expression of
GPx-1 may promote reductive stress by removing essential
oxidants resulting in detrimental physiological effects, such as
diminished growth factor-mediated signaling (which may
contribute to insulin resistance), decreased cellular prolifera-
tion, and, in some cases, enhanced apoptosis. In addition, as
discussed in the previous section, excess GPx-1 may contrib-
ute to some forms of cardiomyopathies (Fig. 13). Other than
these cardiomyopathies that have been caused by genetic
manipulation of mice, physiological or pathological condi-
tions that contribute to upregulation of GPx-1 to the extent
that it causes reductive stress are unclear and most likely will
depend on the overall redox state. In lower eurkaryotic or-
ganisms, reductive stress has been suggested to reduce life-
span and alter protein folding (299, 329, 362), as antioxidant
treatments decreased lifespan in nematodes (318). Thus, the
consequences of excess GPx-1 should be considered in any
therapeutic scheme. Nonetheless, therapeutically, the most
likely successful strategies would be those that target GPx-1
overexpression to modulate excess oxidative stress associ-
ated with disease pathobiology. Selenium supplementation is
clearly of consideration in this regard. In fact, as has been
shown in human populations with lower concentrations of
plasma selenium (i.e., below the threshold for saturation of
GPx-1 activity), supplemental selenium can augment GPx-1
expression (and possibly that of other selenoproteins). This
was recently shown for coronary artery disease patients, in
that 12 weeks of supplemental sodium selenite increased GPx-
1 activity in a dose-dependent manner (315). The protective
nature of this supplementation, however, was unclear from
this short-term treatment, as there were no apparent im-
provements in either flow-mediated endothelial function or
other biomarkers of oxidative stress after this short-term
treatment. One consideration regarding supplementation is
whether the form of selenium administered may affect effi-
cacy (163). Thus, SELECT, a trial that found no protective
anticancer effect of selenium supplementation, used selenium
in the form of purified L-selenomethionine, whereas previous
studies that suggested protective effects of selenium in re-
ducing risk of prostate cancer used selenite or selenium-en-
riched baker’s yeast as sources of supplemental selenium (73,
163, 233). Of course, selenium treatment may also upregulate
other selenoproteins and may have other nonselenoprotein
effects. GPx-1, however, is one of the selenoproteins most
likely to be affected by selenium supplementation or restric-
tion; therefore, this antioxidant enzyme may play an essential
role in any physiological effect of selenium supplementation.
In Keshan disease, for example, addition of selenium in table
salt essentially eliminates the incidence of this cardiomyopa-
thy and increases GPx-1 activity (66).

Similarly, antioxidant thiols such as N-acetyl-L-cysteine
have been shown to be beneficial against inflammation, ap-
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FIG. 13. Protective and harmful effects of GPx. This dia-
gram illustrates some of the protective effects (top half) and
harmful actions (bottom half) of GPx-1 that are mediated by
decreasing cellular ROS. Thus, elimination of excess ROS can
protect against apoptotic cell loss or injury during ischemia-
reperfusion (including coronary and neuronal); protect
against cell toxicity to drugs (preserving neurons, cardio-
myocytes, and other cells); and protect cells and susceptible
cells against high ROS, including endothelial progenitor cells
(EPCs), and B-cells in pancreatic islets. In addition, removal
of excess ROS can preserve bioavailable NO, preserving vas-
cular function, which also decreases thrombosis and is anti-
atherogenic. GPx-1 has also been shown to protect against
inflammatory stimuli that may promote a proatherogenic state
and foster carcinogenesis. In addition, GPx-1 prevents DNA
mutagenesis, which also decreases carcinogenic potential.
Harmful effects of GPx-1. Note that many of the harmful
effects of GPx-1 occur under conditions of excess GPx-1,
which may be induced by physiological conditions such as
mechanical stress in the vasculature (375) or under patho-
logical conditions such as in certain cardiomyopathies (297,
405). Overall, by reducing excess oxidants, GPx-1 may allow
for tumor survival and growth. Further, removal of es-
sential oxidants can create a reductive stress characterized
by loss of normal physiological responses, including re-
duced vascular responses to hydrogen peroxide and arachi-
donic acid; decreased mitochondrial function and growth
factor (GF) signaling that can cause insulin insensitivity and
decreased cell proliferation; and development of cardiomy-
opathies by mechanisms not completely understood but
presumed to involve a reduction in essential levels of hydro-
gen peroxide.

optosis, and ischemia-reperfusion injury (N-acetyl-L-cysteine
is commonly given as a therapy for liver toxicity caused by
acetaminophen overdose and its corrective effects are par-
tially due to a regeneration of liver GSH stores). Thus, along
with its properties as an antioxidant, N-acetyl-L-cysteine will
also increase GSH, possibly preserving or enhancing GPx-1
function.
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A more targeted way to eliminate hydrogen peroxide is
through the use of small molecule GPx-1 mimics, such as the
selenium-containing ebselen. Mechanistically, ebselen is
thought to detoxify hydrogen peroxide, lipid, and phos-
pholipid hydroperoxides, the latter substrates for GPx-4, by
utilizing small molecular thiols like GSH as a cofactor (243).
Ebselen may also mediate its beneficial effects, in part, by
reducing peroxynitrite (249, 325). In addition, it may bind
directly to protein thiols, possibly affecting their function
(87). Although there is an active field of research into de-
veloping more potent GPx-1 mimics, ebselen has been suc-
cessfully used to reduce damaging oxidants in several
models involving oxidative injury. Ebselen has been shown
to prevent noise-induced hearing loss (241), lessen athero-
sclerosis (67), and reduce neurotoxicity in a variety of ex-
perimental animal models (81, 392) in which GPx-1
deficiency was previously shown to have the opposite effect.
Clinically, ebselen has also been shown to improve neuro-
logical outcomes after ischemic stroke in human subjects
(398); however, to date, the utility of this compound to treat
human disease is not clear. Further, ebselen mimics the ac-
tivities of all the selenium-dependent mammalian GPxs and
has other effects on redox status. Thus, its protective effects
overlap those of GPx-1. Nonetheless, similar therapies to
augment GPx-like activity could potentially improve out-
comes in a variety of disease pathologies that involve
oxidative stress. In addition, notwithstanding current issues
with vector-based therapies, gene-targeting therapies to
overexpress GPx-1 may similarly provide future mecha-
nisms by which to reduce oxidative stress and lessen tissue
damage in certain pathological disease states. However,
additional analysis is needed to develop further and test the
in vivo utility of any GPx-specific treatments.

Much has been learned about GPx-1 redox biology since its
discovery as a crucial antioxidant enzyme that inactivates
peroxides. Since then, GPx-1 has been studied for its role in
cancer susceptibility and prevention, and as a protective agent
in neurological and cardiovascular diseases. Importantly,
GPx-1 has many cellular functions: to protect cells from
oxidative damage; to regulate metabolism and mitochondrial
function; and to control cellular processes, such as apoptosis,
growth, and signaling by modulating intracellular levels of
hydrogen peroxide and the overall intracellular redox
balance. In fact, the complex effects of GPx-1 in biological
systems appear to stem from the delicate balance between
intracellular oxidants and antioxidants and the deleterious
effects of shifting the balance too far in either direction, which
can result in an oxidative or reductive stress. The findings to
date suggest the usefulness of further studies into the mech-
anisms regulating the expression and function of this crucial
antioxidant enzyme, as well as the need for future studies to
understand better the mechanisms by which GPx-1 contrib-
utes to health and disease.
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Abbreviations Used

Abeta =amyloid beta peptide
AIF = apoptosis inducing factor
All = angiotensin II
AMG = aminoglycoside
AP-1 = activator protein 1
ApoE = apolipoprotein E
ARE = antioxidant response element
Bid = Bcl-2 interacting domain
CD95L =ligand for CD95 receptor
c¢GMP = cyclic guanosine monophosphate
Cu, ZnSOD = copper, zinc superoxide dismutase
Cys = cysteine
DHA = dehydroalanine
ECSOD = extracellular superoxide dismutase
eEF** = selenocysteine elongation factor
EGEFR = epidermal growth factor receptor
eNOS = endothelial nitric oxide synthase
EPC = endothelial progenitor cell
ERK1/2 = extracellular signal-related kinases 1
and 2
FLIP = FLICE-inhibitory protein
GPx = glutathione peroxidase
GSH =reduced glutathione
GSSG = oxidized glutathione
Hsp = heat shock protein
IxB = inhibitor of kB
IxK =IxB kinase
JNK = Jun-amino terminal (stress-activated)
kinase
LOH =1loss of heterozygosity
MAPK = mitogen-activated protein kinase
MCA = mid-cerebral artery
MnSOD = manganese superoxide dismutase
NF«xB = nuclear factor kB
NMD = nonsense-mediated decay
NO- =nitric oxide
NOX=NADPH oxidase
ORE = oxygen response element
PGC = peroxisome proliferators-activated
receptor-y coactivator
PI3K = phosphatidylinositol 3-kinase
PKC = protein kinase C
PTEN = phosphatase and tensin homolog deleted
on chromosome 10
RNS = reactive nitrogen species
ROS =reactive oxygen species
SBP2 = SECIS binding protein-2
Sec = selenocysteine
SELECT = selenium and vitamin E cancer
prevention trial
sGC = soluble guanylate cyclase
SNP = single-nucleotide polymorphism
SOD = superoxide dismutase
tRNAS® = specific Sec tRNA
UAG =nucleotide sequence of amber stop codon
in RNA, TAG in DNA
UGA =nucleotide sequence of opal stop codon
in non selenocysteine encoding RNA,
Sec codon in selenocysteine transcripts,
TGA in DNA
UTR = untranslated region







