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Abstract

Glutathione peroxidase 1 (GPx1) is an important cellular antioxidant enzyme that is found

in the cytoplasm and mitochondria of mammalian cells. Like most selenoenzymes, it has a

single redox-sensitive selenocysteine amino acid that is important for the enzymatic reduction of
hydrogen peroxide and soluble lipid hydroperoxides. Glutathione provides the source of reducing
equivalents for its function. As an antioxidant enzyme, GPx1 modulates the balance between
necessary and harmful levels of reactive oxygen species. In this review, we discuss how selenium
availability and modifiers of selenocysteine incorporation alter GPx1 expression to promote
disease states. We review the role of GPx1 in cardiovascular and metabolic health, provide
examples of how GPx1 modulates stroke and provides neuroprotection, and consider how GPx1
may contribute to cancer risk. Overall, GPx1 is protective against the development and progression
of many chronic diseases; however, there are some situations in which increased expression of
GPx1 may promote cellular dysfunction and disease owing to its removal of essential reactive
oxygen species.
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Glutathione peroxidase 1 (GPx1) is a member of a family of antioxidant enzymes that
reduce hydrogen peroxide and soluble lipid hydroperoxides using glutathione (GSH) as

a source of reducing equivalentst. Although not all GPxs are selenoproteins, GPx1 is a
selenoprotein [1], containing the selenocysteine amino acid at its active site. Its identification
as the first selenoenzyme, and the current understanding of its enzymology are discussed in
a separate article in this issue (Flohé et al., special issue). This review highlights how GPx1,
via its role as a selenocysteine-containing peroxidase, contributes to health and disease.

GPx1 is ubiquitously expressed in all tissues and can be found in the cytosol and
mitochondria. It is one of many cellular antioxidant enzymes, including other GPxs,
peroxiredoxins, and catalases, that reduce hydrogen peroxide [2]. At a cellular level,

owing to its oxidation of cellular glutathione (GSH) and its reduction of cellular hydrogen
peroxide, GPx1 influences the thiol redox state and maintains the balance between necessary
and harmful levels of cellular oxidants. An accumulation of excess intracellular oxidants
can promote redox-mediated signaling events, including antioxidant responses, such as the
activation of nuclear factor erythroid 2-related factor 2 (Nrf2) [3], as well as promote the
activation of proinflammatory pathways that are mediated by redox-sensitive transcription
factors, such as nuclear factor kappa B (NFxB) and activator protein 1 (AP-1) [4-6].
Furthermore, excess oxidants can cause cellular dysfunction owing, in part, to oxidative
damage to proteins, lipids, and DNA to promote cardiovascular diseases, neurodegeneration,
cancer, and other disease states [7, 8].

The term oxidative stress describes a condition in which the production of oxidants exceeds
the antioxidant capacity of the cell. As illustrated by the examples discussed throughout
this review, the consequences of oxidative stress can manifest in many forms, depending,

in part, on the model system under study. Importantly, an accumulation of reactive oxygen
species (ROS) can lead to the additional production of ROS by many different mechanisms.
Thus, activation of NFxB by ROS (or other signaling pathways) upregulates the expression
and activity of ROS generators, such as NADPH oxidase 1 and 2 (NOX1 and NOX2)

that produce superoxide [9, 10]. ROS can also promote the subsequent production of
superoxide or hydrogen peroxide from other enzymatic sources that are not normally ROS
producers: hydrogen peroxide promotes the uncoupling of endothelial nitric oxide synthase
(eNOS) to foster superoxide production rather than nitric oxide production [11, 12] and
hydrogen peroxide can convert xanthine oxidoreductase to xanthine oxidase, a superoxide
and hydrogen peroxide generator, either by reversible cysteine oxidation or by promoting
irreversible proteolysis, [13]. Superoxide is spontaneously or enzymatically converted to
hydrogen peroxide, which can be further reduced by Fe(ll) to generate hydroxyl radicals (via
the Fenton reaction). Non-enzymatic, hydroxyl radical-induced oxidation of free fatty acids
results in the formation of isoprostanes, which are considered stable markers of oxidative
stress. Similarly, the oxidation of lipids can lead to the formation of lipid aldehydes,
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such as 4-hydroxy-2-nonenal (HNE) and malondialdehyde (MDA), that modify proteins

to form other stable markers of oxidative stress. Oxidative modifications to proteins, lipids,
and/or DNA can alter the function of these molecules and may result in the activation of
ER stress, mitochondrial dysfunction, autophagy, and apoptosis, processes that themselves
also generate ROS [14]. Thus, one consequence of oxidative damage to mitochondrial
membranes and proteins is the uncoupling of electron transport and ATP production
resulting in an increase in mitochondrial release of ROS (mostly as hydrogen peroxide,
although some superoxide may also be released) [15]. Thus, by modulating hydrogen
peroxide accumulation, GPx1 may also regulate the production of additional forms of ROS.

Unlike superoxide and hydroxyl radical, which have very short half-lives, hydrogen
peroxide has a longer half-life and functions as a signaling molecule. Low levels ROS,
including hydrogen peroxide, are needed for essential cellular processes, such as growth
factor-mediated signaling, formation of necessary protein-disulfide bonds, and regulation of
normal mitochondrial function [16, 17]. Thus, excess GPx1 may alter cellular function by
limiting essential levels of hydrogen peroxide to create reductive stress, a condition with an
altered redox balance that favors an excess of reducing equivalents that alters cellular redox
functions. Chronic upregulation of GPx1 may also allow tumor cells to evade cell death in
response to ROS-generating chemotherapeutic agents. Nonetheless, evidence suggests that,
overall, GPx1 plays a protective role in mitigating disease development and progression.

Herein, we consider the role of GPx1 in maintaining normal physiological functions and
protecting against the development and progression of disease (Figure 1). In particular,

we discuss the role of GPx1 in cardiovascular disease and stroke, and provide examples

for the role of GPx1 in neurodegenerative disease and in cancers. We review mechanistic
studies in animals and in vitro systems that provide insights into the role of GPx1 in

these biological systems and provide examples of how selenium deficiency and modifiers
of selenocysteine incorporation alter GPx1 expression to promote disease states. Given the
importance of ROS, including hydrogen peroxide, in many cellular events, we also discuss
the consequences of excess or sustained GPx1 activity in biological systems. Thus, in some
cases overexpression of GPx1 can result in a loss of necessary ROS to promote protein
misfolding, alter vascular responses to hydrogen peroxide, attenuate growth factor-mediated
signaling and insulin-mediated metabolism, and, as mentioned above, promote the survival
of some cancer cells. In addition, we consider the role of functional polymorphisms in the
human GPX1 gene on GPx1 expression and activity, and provide an update on the potential
relationship between these polymorphisms and disease risk.

GPx1, and Cardioprotection

GPx1 expression is sensitive to the concentration of the micronutrient selenium, decreasing
with low levels of selenium. Not all selenoproteins are affected by selenium concentration to
the same extent as GPx1; rather, there is a hierarchy of selenoprotein expression under low
selenium conditions, with the expression of some selenoproteins preferentially preserved
when selenium is limited [18, 19]. Recent studies in human cell lines suggest that the
effects of selenium availability on selenoprotein expression vary in different cell types

[20]. Interestingly, in human subjects, as well as in animal models, there appears to be a
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limited range for the beneficial effects of selenium: both too much and too little may have
detrimental effects on health (reviewed in [21, 22]).

Keshan disease is an endemic cardiomyopathy that was originally found in regions of
China with low selenium levels in the soil and food supply [23]. This cardiomyopathy

is characterized by dysfunction of cardiac mitochondria, a decrease in plasma selenium,
decreased cardiac GPx1 expression, increased oxidative stress in the myocardium as
reflected by an increase in 8-hydroxy-2-deoxy-guanosine content of nuclei, and decreased
whole blood GPx1 activity [24, 25]. Cardiomyocyte expression of thioredoxin reductase 1
was also shown to be decreased in cardiac tissue from Keshan disease patients. Owing to
seasonal variations in the occurrence of this disease, it was suggested that a viral cofactor,
such as myocarditic strains of the Coxsackie virus, may contribute to disease onset. Studies
in mouse models provided evidence in support of this concept. In mice, Se supplementation
was found to increase whole blood GPx1 activity and decrease mortality following infection
with a myocarditic Coxsackie virus B3 [26]. Similarly, benign strains of Coxsackie virus
(B3/0) induced myocarditis in selenium-deficient mice but not in mice on normal selenium
diets [27]. Further studies linked the susceptibility to viral-induced myocarditis with a
deficiency of GPx1, as GPx1 knockout (GPx1~/~) mice on a normal selenium diet were
susceptible to viral-mediated myocarditis whereas wildtype (GPx1*/*) mice were protected
from viral-induced cardiac damage [28]. Interestingly, GPx1 has been shown to decrease the
severity of other viral infections, including those caused by influenza A virus [29].

In endemic regions with low soil selenium content, deficiency of selenium can be remedied
by dietary supplementation to decrease the incidence of Keshan disease [30]. Furthermore,
in patients with chronic Keshan disease, supplementation is associated with increased patient
survival [31]. Presumably, selenium decreases disease severity, in part, via augmenting the
expression and activity of selenoproteins, such as GPx1. Although the effect of selenium

on the expression of GPx1 was not analyzed following treatment in the studies cited

above, a study of children in this endemic area reported that selenium supplementation
resulted in significant increases of GPx activity in plasma, red blood cells, and platelets
[32]. The intracellular activity measured would mostly reflect GPx1 activity; whereas the
plasma GPx activity is mostly due to GPx3, based on the relative expression levels of these
GPx enzymes intracellularly and extracellularly and their relative sensitivity to selenium-
mediated changes in expression compared with GPx4. The activity of other selenoproteins,
such as the thioredoxin reductases, were not examined in this report. Selenium is an
important micronutrient that maintains cardiovascular health; however, given the large range
in global selenium distributions, only certain populations with low selenium intake may
benefit from selenium supplementation [30, 33, 34], perhaps related to genetic context.

Additional studies have examined the role of genetics in Keshan disease. These findings
suggest a nutrient-gene interaction between selenium and a functional polymorphism in

the human GPX1 gene that may contribute to disease [35, 36]. The single nucleotide
polymorphism, Pro198Leu (rs1050450), alters the normal Pro codon (CCC) to a Leu codon
(CTC) in the variant GPXZ allele. In cultured cells, the variant Leu allele is less responsive
to selenium-mediated increases in transcript levels and enzyme activity than the Pro allele
[37]. Similarly, in a study of human subjects in New Zealand, selenium supplementation was

Free Radlic Biol Med. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Handy and Loscalzo

Page 5

found to increase GPx1 activity in patients with the Pro/Pro genotype compared to those
with a Leu allele but only if they had a lower baseline plasma selenium concentration [38].
Consistent with a link between low selenium and the effects of the GPx1 polymorphisms, in
regions endemic for Keshan disease, there was a significant difference in the distribution of
alleles in cases and controls, with a greater risk for individuals with the Pro/Leu or Leu/Leu
genotypes of developing Keshan disease [36].

Many other studies provide evidence that a deficiency of GPx1 can exacerbate cardiac
dysfunction. Hearts from heterozygous (GPx1*/~) knockout mice were more susceptible to
diastolic dysfunction following ischemia/reperfusion (I/R) injury than wildtype hearts [39]
and GPx1 7/~ hearts (from male mice) showed both contractile and diastolic dysfunction
following I/R, with an increase in oxidative stress as measured by an increase in

protein carbonylation [40]. Similarly, mitochondria from GPx1~/~ hearts showed increased
production of DCF-detectable reactive oxygen species at baseline, whereas following
hypoxia/reoxygenation, both DCF fluorescence and superoxide production (as measured by
Mitotracker Red) was augmented. In addition, following ischemia/reperfusion, mitochondria
from GPx17/~ hearts had increased levels of 8-hydroxy-2-deoxy guanosine, a DNA marker
of oxidative stress. Mitochondria also showed dysfunction following ischemia reperfusion
as characterized by decreased oxygen consumption rates, decreased ATP production,

and increased mitochondrial membrane depolarization (Aym) [41]. GPx1 deficiency also
enhanced angiotensin ll-mediated cardiac hypertrophy, increasing total cardiac mass, left
ventricular mass, and left ventricular cardiomyocyte cross-sectional area compared to the
changes found in wild type mice. Angiotensin Il is a known vasoconstrictor that promotes
cardiac hydrogen peroxide production; after 7 days of exposure, it also caused a significant
reduction in cardiac shortening fraction only in the GPx1-deficient mice, an indication

that GPx1 deficiency sensitized mice to angiotensin I1-mediated left ventricular dysfunction
[42]. Taken together, these data highlight the role of GPx1 in preventing cardiac injury

in response to physiological stressors. GPx1 also has a beneficial role in decreasing the
severity of cardiotoxicity caused by doxorubicin, a chemotherapeutic agent used to treat
many cancers. In particular, exposure to doxorubicin augmented mitochondrial dysfunction
in GPx1-deficient cardiomyocytes compared to normal cardiomyocytes, uncoupling electron
transfer and oxidative phosphorylation. Furthermore, GPx1-deficient hearts had decreased
cardiac contractility and worse diastolic dysfunction in response to doxorubicin compared
to wild type hearts [43]. Similarly, hearts from transgenic mice overexpressing GPx1

had preserved mitochondrial and cardiac function in the presence of doxorubicin, with
increased efficiency of mitochondrial respiration and better contractility and diastolic
function compared wild type hearts exposed to doxorubicin [44]. Thus, in the context of

a cardiotoxin known to produce superoxide, excess GPx1 mitigated ROS-mediated cardiac
damage. Mitochondrial function is essential for regulating cardiac health, and by preserving
mitochondrial function, GPx1 preserves cardiac contractility (Figure 2).

In contrast, in certain cardiomyopathies induced by protein aggregation, antioxidants,
such as GPx1, are not beneficial. In humans, mutations in the small heat shock protein
aB-crystallin was found to cause a desmin-like myopathy with protein aggregation [45].
Expression of the mutant human a.B-crystallin in mice resulted in a cardiomyopathy, with
progressive heart failure, and sudden, premature death. These mice had a reductive stress
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phenotype [46, 47], characterized, in part, by an increased activity of GPx1 and catalase

as well as increased GSH/GSSG and a corresponding increased expression of enzymes
involved in glutathione biosynthesis and GSSG recycling to GSH. The implication of these
findings is that excess removal of hydrogen peroxide contributes to reductive stress that
promotes protein misfolding and aggregation and the resulting cardiac dysfunction. Heat
shock proteins were upregulated in this model, including Hsp25 and Hsp 27. In cell culture
systems, the upregulation of these heat shock proteins similarly caused reductive stress with
increased GSH and decreased ROS [48, 49]. In vivo, overexpression of Hsp27 resulted in
cardiac hypertrophy, decreased cardiac contractility, and decreased diastolic function with
increased GSH/GSSG and increased GPx1 expression and activity [50]. Cardiomyocytes
from Hsp27 overexpressing mice also had altered histology and ultrastructure with evidence
for increased cardiomyocyte diameter and protein aggregation. Electron microscopy
showed a paucity of Z bands and myofilaments in some sections, vacuolation of the
sarcoplasmic reticulum, and increased density of mitochondria in the HSP27 transgenic
hearts compared to wildtype hearts. Cardiac ROS, as measured by DCF fluorescence in
tissue homogenates, was reduced in HSP27 overexpressing mice. The importance of GPx1
activity in the pathogenesis of protein-aggregation-induced cardiomyopathy was shown

by the improvement of cardiac function and hypertrophy in HSP27 overexpressing mice
treated with mercaptosuccinate to inhibit GPx1 activity. Interestingly, in the context of

the transgenic mice expressing the mutant human a.B-crystallin, heterozygous knockout

of Nrf2 lessened reductive stress decreasing the expression of the enzymes involved

in GSH biosynthesis and recycling, resulting in a decrease in GSH concentration and

the GSH/GSSG ratio. Lack of Nrf2 in this model also restored basal protein oxidation
levels (measured by an increase in 4-hydroxynonenal modification, a byproduct of lipid
peroxidation). Taken together, these changes suggest a return to a normal redox state

with normal cellular levels of oxidant flux. Concurrently, lack of Nrf2 decreased protein
aggregation and cardiac hypertrophy and improved cardiac contractility in the mice
transgenic for the mutant human aB-crystallin, suggesting that the sustained upregulation of
Nrf2 and subsequent increase in GSH-mediated removal of hydrogen peroxide contributes to
the reductive stress phenotype [51].

Vascular reactivity and GPx1

Endothelial cells in the vessel wall regulate vascular homeostasis, in part, via the production
of nitric oxide. Nitric oxide from endothelial cells attenuates thrombosis, inhibits the
proliferation of vascular smooth muscle cells, prevents vascular remodeling, and maintains
vascular tone. Vasodilators, such as acetylcholine or bradykinin, stimulate endothelial
production of nitric oxide by activating endothelial nitric oxide synthase (eNOS). Nitric
oxide released from endothelial cells stimulates soluble guanylyl cyclase in vascular
smooth muscle cells to promote vasodilation. cGMP activates protein kinase G, which
phosphorylates many target proteins involved in regulating contractile function, including
those that modulate intracellular Ca2* [52]. Depletion of bioavailable nitric oxide in the
vasculature by excess oxidants causes endothelial dysfunction, which is characterized by
a decrease in endothelium-dependent vasodilation while retaining the ability of vascular
smooth muscle cells to vasodilate in response to nitric oxide donors, such as sodium
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nitroprusside [53]. Increased oxidant production can promote depletion of nitric oxide

by many mechanisms, including the direct reaction of nitric oxide with superoxide to
produce peroxynitrite. Interestingly, decreased availability of eNOS substrates, L-arginine
or tetrahydrobiopterin (BHy), can promote enzymatic uncoupling of eNOS such that

it generates superoxide instead of nitric oxide [54]. In addition, tetrahydrobiopterin is
susceptible to hydrogen peroxide-mediated oxidation [12] as well as oxidation by other ROS
[55]. The role of GPx1 in endothelial dysfunction is illustrated in Figure 3. As discussed
further below, conditions that are associated with excess vascular ROS are associated

with endothelial dysfunction. Excess oxidants in the vasculature also promote the pro-
inflammatory activation of the endothelium to contribute to atherogenesis. Human subjects
with elevated plasma homocysteine have endothelial dysfunction [56], and endothelial
dysfunction is found in diabetics [57] and is thought to be an early marker of atherosclerosis
[53].

We and others have shown a role for GPx1 in regulating endothelial function and
pro-inflammatory activation. We found that the cardiovascular risk factor homocysteine
decreased NO production in endothelial cells by a mechanism that involved decreased
expression of GPx1 [58]. Our experiments in mouse models of mild hyperhomocysteinemia
caused by a deficiency in cystathionine beta-synthase in CBS*/~ (heterozygous deficient)
mice found that increased plasma total homocysteine caused abnormal responses to
endothelium-dependent vasodilators. Circulating levels of homocysteine in normal mice
are 3-5 uM and heterozygous CBS deficiency in mice causes a modest increase in plasma
homocysteine of approximately 1.5-2-fold [59, 60]. We found that this modest increase

in homocysteine correlated with a decrease in endothelium-dependent vasodilation both

in isolated aortic rings as well as in situ mesenteric micro-vessels from CBS*/~ mice

[59, 61]. Strikingly, in the mesenteric arterioles, the CBS*/~ vessels showed paradoxical
vasoconstriction to the endothelium-dependent vasodilators p-methacholine and bradykinin
rather than the normal vasodilation found in wildtype vessels. These changes were found

to be caused by endothelial cell dysfunction rather than a smooth muscle cell defect, as
stimulation of mesenteric vessels with the NO donor sodium nitroprusside yielded the same
vasodilatory response in CBS*/~ and wildtype vessels. Furthermore, hyperhomocysteinemia
correlated with decreased GPx1 activity and increased oxidative and nitrosative stress (as
measured by 3-nitrotyrosine), consistent with a role for GPx1 in modulating endothelial
superoxide production and the subsequent ROS-mediated formation of peroxynitrite. We
found that these parameters were improved by treatment with the cysteine donor L-2-
oxothiazolidine-4-carboxylic acid (OTC), which increased the GSH/GSSG ratio [61].

Interestingly, plasma and endothelial P-selectin, were increased in the CBS*/~ mice
compared to the wildtype mice. P-selectin is an adhesion molecule that contributes

to leukocyte recruitment to endothelial cells, an early step in atherogenesis. Its cell

surface localization from storage granules is caused by oxidative stress or exposure to
pro-inflammatory signals, such as cytokines and endotoxin [62]. The soluble form is
generated by alternative splicing that eliminates the cytoplasmic tail; the soluble form

can also be shed from activated platelets that express membrane bound P-selectin [63]. L-2-
oxothiazolidine-4-carboxylic acid (OTC) treatment attenuated plasma and tissue P-selectin
levels, suggesting that the upregulation of P-selectin in hyperhomocysteinemic mice is
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also regulated by redox mechanisms [61]. Similarly, endothelium-mediated vasodilator
responses were restored when a transgene for GPx1 was introduced into the CBS*/~ mice by
crossbreeding transgenic GPx1 overexpressing mice and CBS deficient mice, suggesting that
increased expression of GPx1 could compensate for the negative effects of homocysteine

on bioactive NO [60]. Consistent with these in vivo effects, we found that bradykinin-
stimulated production of NO was enhanced by vector-mediated GPx1 overexpression in
cultured endothelial cells at baseline and in the presence of exogenous homocysteine [60].

In our early studies we found that millimolar levels of homocysteine decreased GPx1
mRNA levels in endothelial cells [58]; however, micromolar levels of homocysteine are
sufficient to decrease GPx1 activity. Thus, we hypothesized that homocysteine may alter
GPx1 expression in a manner related to mechanisms of selenocysteine incorporation
(Figure 4). The insertion of selenocysteine (Sec) during translation involves a unique set

of specialized translational cofactors, including a Sec-specific elongation factor, a tRNASEC
that recognizes the UGA codon, and RNA binding proteins, such as SBP2 (SECIS binding
protein 2) that bind to stem-loop structures in the 3’-untranslated region of the selenoprotein
transcripts denoted selenocysteine incorporation sequence or SECIS (for review see [64,
65]). The biosynthesis of selenocysteine is also unique as selenocysteine is synthesized on
the tRNASEC after it isfirst amino-acylated with serine [66]. There are two major forms of
the tRNASEC that differ in the presence of a methyl group on the ribosyl moiety of position
34 (the wobble position of the anticodon) resulting in 5-methoxy-carbonylmethyl-2’- O
methyluridine (mecm®Um) or the 5-methoxy-carbonylmethyluridine (mecm>3U) that lacks
ribosyl methylation [67]. The methylation status of the tRNASEC is dependent on selenium
status, and the presence of the ribosyl methylation regulates the efficient translation

of a subset of selenoprotein transcripts, including GPx1. Using mammalian cells in

culture, we found that micromolar levels of homocysteine decreased GPx1 expression

and activity without changing the levels of GPx1 mRNA [68]. Furthermore, by using

a luciferase reporter system with a UGA codon inserted in the protein coding region

of the luciferase reporter gene, we confirmed that selenium-dependent expression was
independent of the GPx1 promoter [68]. Our subsequent studies in human endothelial

cells showed that the homocysteine metabolite, S-adenosylhomocysteine, a potent inhibitor
of many methyltransferases, decreased tRNASEC methylation to suppress GPx1 expression
and activity [69]. Decreased expression of GPx1, due to the cellular accumulation of
S-adenosylhomocysteine, was found to promote oxidative stress, as hydrogen peroxide
release from cells (measured by Amplex Red) as well as intracellular hydrogen peroxide
production (measured by Hyper, a live-cell hydrogen peroxide probe) were enhanced by
exposure of endothelial cells to increased amounts of S-adenosylhomocysteine. In addition,
the increase in hydrogen peroxide production due to the suppression of GPx1 resulted in a
proinflammatory activation of human endothelial cells, as characterized by the upregulation
of the adhesion molecules ICAM1 and VCAML. Treatment with N-acetyl-L-cysteine, an
antioxidant, or adenovirus-mediated overexpression of GPx1 attenuated the upregulation
of adhesion molecules, confirming the role for GPx-1 suppression and hydrogen peroxide
accumulation in these proinflammatory responses.

Consistent with the link between homocysteine-mediated GPx1 suppression and endothelial
dysfunction, endothelial dysfunction was also found in GPx1 knockout mice [39, 70,
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71]. Thus, we found that mesenteric arterioles of homozygous mice (GPx1~/") and older
heterozygous (GPx1*/~) knockout mice had a loss of NO-dependent vasodilatory responses
to B- methacholine and bradykinin, instead showing a vasoconstrictor response to these
mediators that cause vasodilation in wildtype arterioles [39, 71]. Similarly, Dayal et al

[70] found that GPx deficiency attenuated the acetylcholine-mediated relaxation-response
of aortic rings. Our studies also showed a decrease in nitric oxide-mediated responses

in aortic rings from GPx1*/~ or GPx1~/~ mice characterized by decreased accumulation

of aortic cGMP following bradykinin treatment. In addition, aortic and plasma levels

of the isoprostane iPF,-111, a marker of oxidative stress and lipid peroxidation, were
elevated in the GPx1 deficient mice [39, 71]. Furthermore, consistent with ROS-mediated
inactivation of bioavailable NO in the absence of GPx1, aortic 3-nitrotyrosine staining,

a marker of peroxynitrite formation, was augmented by GPx1 deficiency [71]. OTC
treatment was found to restore endothelium-dependent vasodilator responses and return
cGMP responses to normal while decreasing the levels of circulating isoprostanes in
GPx17/~ mice [71]. Presumably, OTC-dependent increases in intracellular thiols improve
cellular antioxidant defenses in the absence of GPx1. Interestingly, we found increased
interstitial fibrosis and vascular abnormalities consistent with inflammation and fibrosis

in coronary and aortic sections from older GPx1*/~ mice [39], illustrating the detrimental
effects of chronic oxidative stress on the vasculature. Another group similarly reported that
vascular dysfunction and ROS levels were augmented in older GPx1~~ mice compared with
age matched wildtype mice [72]. In addition, heterozygous GPx1*/~ mice had augmented
endothelial dysfunction, characterized by a decrease in acetylcholine-mediated vasodilator
responses, in carotid arteries following exposure to angiotensin 11, a known activator of
NADPH-oxidase-dependent ROS generation [73].

The above findings suggest that GPx1 prevents endothelial dysfunction by limiting the
damaging effects of excess ROS which preserves bioavailable NO and normal endothelial
vasodilator responses; however, in some settings, hydrogen peroxide can promote (normal)
vasodilation. Thus, in the cerebral arterioles, arachidonic acid promoted vasodilation

that was dependent on hydrogen peroxide, and excess antioxidant enzymes, including
GPx1, attenuated hydrogen peroxide-mediated vasodilation [74]. It has been proposed that
hydrogen peroxide may mediate its effects by promoting oxidative modifications of redox-
active cysteine residues that augment hyperpolarization of potassium channels in vascular
smooth muscle cells resulting in vasodilation. Specifically, hydrogen peroxide was found
to promote reversible disulfide bond formation between cGMP-dependent protein kinase
(PKG) monomers to enhance kinase activity and promote K*-channel hyperpolarization
[75]. Similarly other oxidative mechanisms, such as the hydrogen peroxide-dependent
S-glutathionylation of 4-aminopyridine-sensitive K, channels, have been suggested to
contribute to the vasodilatory effects of hydrogen peroxide [76].

GPx1 also has a role in maintaining endothelial progenitor cell function. Endothelial
progenitors are endothelial cell precursors that maintain vascular homeostasis by promoting
vascular repair, neoangiogenesis, and revascularization. We found that endothelial progenitor
cells from GPx1~/~ mice were more susceptible to hydrogen peroxide-induced apoptosis
compared to progenitors from wildtype mice. In addition, lack of GPx1 attenuated the ability
of progenitors to form vascular networks in culture [77]. In vivo, GPx1 ™~ mice had a
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deficiency of progenitor cells as they failed to increase progenitor cell number following
subcutaneous injection of vascular endothelial growth factor or in response to ischemic
injury in the hindlimb ischemia model. Thus, GPx1~~ mice had impaired neovascularization
in the hindlimb ischemia model with a decrease in capillary density and a decrease in the
recovery of hindlimb blood flow following surgically-induced hindlimb ischemia compared
to wildtype mice. In addition, administration of harvested endothelial progenitor cells from
GPx17/~ mice failed to augment revascularization in wildtype mice, whereas the wildtype
endothelial cells improved blood flow and capillary density in the GPx1~/~ mice, suggesting
that elevated levels of ROS in the GPx1-deficient cells are detrimental to endothelial
progenitor cell function [77].

Atherogenesis and cardiovascular risk

In the presence of risk factors, such as high fat diet and diabetes, GPx1 deficiency

was found to augment atherosclerosis in the context of apolipoprotein E deficient mice
(GPx17"~ApoE~") [78, 79]. Compared with ApoE~~ alone, GPx1~/~ApoE~'~ double
knockouts had increased oxidative stress in the vessel wall as measured by an increase

in superoxide after 6 weeks on a high fat diet. Aortic rings and isolated heart mitochondria
from the GPx1~/~ApoE mice also showed increased superoxide production compared to
ApoE~~ mice [78]. Furthermore, acetylcholine-induced production of bioavailable nitric
oxide was lower in aortic rings from GPx1~~ApoE mice than ApoE~/~ mice, and the double
knockout mice had increased 3-nitrotyrosine staining in atheromatous plaques, similar to
earlier findings of endothelial dysfunction in GPx1-deficient mice [39, 70, 71]. Plaques
from the double knockout mice also had augmented macrophage infiltration at 12 weeks
and increased smooth muscle cell content at 24 weeks compared with the lesions in

the ApoE~'~ mice [78]. These changes may account for the accelerated progression of
atherosclerosis in the high fat diet fed GPx1~~ApoE~~ mice. Similarly, in the context of
diabetes, GPx1™/~ApoE~'~ mice had augmented atherosclerosis with increased macrophage
infiltration, increased nitrotyrosine levels, and increased expression of proinflammatory and
profibrotic markers in mouse aorta [79]. In a separate analysis of ApoE~~ mice on an
atherogenic diet for 12 weeks, GPx1 mRNA (detected by /n situ hybridization) and GPx1
protein (detected by immunostaining) were highly concentrated in macrophage- and smooth
muscle cell (SMC)-rich areas of atherosclerotic lesions of ApoE ™~ aortas [80]. It is likely
that GPx1 in macrophages and SMC may mitigate the effects of oxidized low-density
lipoproteins (oxLDL) and inflammatory cytokines during atherogenesis, whereas loss of
this protection in GPx1~~ApoE ™~ may accelerate lesion development. Consistent with
this concept, isolated peritoneal macrophages from GPx1~/~ApoE ™~ mice had enhanced
proliferative responses to macrophage colony stimulating factor (MCSF) compared to
macrophages from ApoE~~ mice [80]. The proliferative responses may be due, in part,

to increased activation of extracellular signal-related kinase 1/2 (ERK1/2) pathways in the
double knockout cells. Activation of ERK1/2, a mitogen-activated protein kinase (MAPK),
is associated with cell proliferation and survival. Consistent with this function of ERK1/2,
treatment with ebselen, a GPx mimetic and antioxidant, decreased ERK1/2 activation

as well as the rate of macrophage cell proliferation [80]. These findings suggest that

GPx1 modulates proliferation by limiting hydrogen peroxide-mediated effects, such as the
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activation of ERK1/2. In other cell culture studies that are discussed further below, loss of
GPx1 caused excess activation of MAPK pathways to contribute to increased inflammatory
responses in endothelial cells [6].

In diabetic ApoE~'~ mice, ebselen treatment was also shown to be beneficial; it decreased
total aortic lesion area, although lesion burden in the aortic sinus was not altered [81].
Ebselen also decreased 3-ntirotyrosine content in the lesions, as well as the expression of
NOX2, and it altered the cellular composition of the lesions, decreasing the infiltration of
macrophages. These findings suggest that increasing GPx activity with ebselen may mitigate
some of the pro-atherogenic effects of diabetes. In cultured human aortic endothelial cells,
ebselen attenuated hydrogen peroxide-mediated upregulation of pro-inflammatory pathways
that are associated with atherogenesis, such as the activation of NFkB and JNK signaling
and the increased expression of TNF-a and NOX2 [81]. Nonetheless, in a small crossover
study of 26 human diabetic patients, 4 weeks of ebselen treatment did not alter plasma levels
of oxidative stress markers, such as GSH/GSSG, isoprostanes, and nitrotyrosine, compared
to placebo treatment [82]. It was suggested that the dose and timing of ebselen may not have
been sufficient to reduce oxidative stress in these subjects. However, the patients treated in
this study were a mix of type | and type Il diabetics. A previous meta-analysis indicated that
most studies using dietary antioxidant supplementation failed to improve vascular function
in type 2 diabetics and that subpopulations of subjects without obesity may have better
responses to antioxidant treatments [83].

In vitro analysis of primary endothelial cells lacking GPx1 finds that they also manifest
increased oxidative stress. GPx1-deficient endothelial cells were more susceptible to

the effects of inflammatory mediators, such as TNFa (tumor necrosis factor a) and
lipopolysaccharide, than cells with normal levels of GPx1. Cells deficient in GPx1 generated
more ROS, in the presence and absence of TNFa., as measured intracellularly by DCF
fluorescence or extracellularly, as measured by Amplex Red detection of hydrogen peroxide
in the media [6]. Additionally, oxidative stress and the enhanced proinflammatory activation
of GPx1-deficient cells can be mitigated by improving antioxidant balance in the cells

[6, 84, 85]. Thus, in human endothelial cells, we found that adhesion molecules, such as
vascular adhesion molecule 1 (VCAM1) and intercellular adhesion molecule 1 (ICAM1),
are upregulated by the absence of GPx1 and the expression of adhesion molecules is further
augmented with exposure to TNFa or lipopolysaccharide. Overexpression of GPx1 has the
opposite effect, decreasing the expression of the adhesion molecules [6, 84]. Furthermore,
enhanced inflammatory activation in GPx1-deficient cells is attenuated by the antioxidant
N-acetyl-L-cysteine in the presence or absence of TNFa [6, 84]. In GPx1-deficient human
endothelial cells, we found that NFxB mediated the inflammatory activation at baseline,
although there is a role for NFxB and MAPK pathways (c-Jun N-terminal kinase or JNK
and ERK1/2) in the augmented responses of these cells to TNFa as well [6]. Microarray
and gene enrichment studies provided insights into novel TNFa targets that are modified

by GPx1 deficiency. Specifically, GPx1 deficiency augmented TNFa suppression of the
dual specific phosphatase DUSP4 to promote ERK1/2 activation, linking GPX1 and oxidant
stress to MAPK regulation [6]. We also found evidence that GPx1 deficiency upregulated
CD14 expression to enhance lipopolysaccharide-mediated endothelial cell activation [84].
Although many ROS generators in the cell contribute to the proinflammatory activation
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of endothelial cells, NADPH oxidase 4 (NOX4) appeared to have the greatest effect on
hydrogen peroxide generation with knockdown of NOX4 significantly lowering oxidant
accumulation in GPx1-deficient cells in the presence or absence of TNFa [6]. Consistent
with our findings, studies with mouse aortic endothelial cells isolated from GPx1~/~ and
wildtype mice reported that GPx1-deficiency promotes ROS production (both superoxide
and hydrogen peroxide), enhances MAPK and NFxB activation, and upregulates VCAM1
expression in response to TNFa [85]. These proinflammatory changes were shown to
increase the binding of fluorescently-labeled leukocytes to the GPx1-deficient endothelial
cells compared to the wildtype cells [85]. Leukocyte-binding to adhesion molecules on
endothelial cells is an early event in atherogenesis, and the upregulation of leukocyte binding
in GPx1-deficient cells is consistent with enhanced lesion development in atherosclerotic-
susceptible mice. Ebselen pretreatment was found to be an effective means to suppress
the upregulation of VCAML, as well as the enhanced leukocyte adhesion caused by GPx1
deficiency in mouse endothelial cells [85].

Human studies also provide evidence that GPx1 is protective against cardiovascular disease.
Thus, a prospective study on the risk of cardiovascular events in patients with coronary
artery disease (CAD) established a link between erythrocyte GPx1 activity and the risk
of future cardiovascular events. Patients in the highest quartile of GPx1 activity had a
hazard ratio of 0.29 (95% CI, 0.15-0.58) compared to those in the lowest quartile [86].

In a follow-up study, homocysteine and GPx1 were the strongest predictors of future
cardiovascular event risk, and those with low GPx-1 activity had a nearly 3-fold increase
in risk if they also had homocysteine levels above the median [87]. Furthermore, a recent
study in human subjects showed a significant association between quartiles of serum
homocysteine levels and coronary microvascular endothelial dysfunction in patients with
early coronary atherosclerosis [88], confirming the detrimental effect of homocysteine on
endothelial function.

The association of the GPXZ Pro198Leu variant with coronary artery disease has been
analyzed in human cohort studies. In a study of 265 unrelated CAD patients and age- and
sex-matched controls from China, subjects with one or two copies of the Leu variant were
found to have a significantly higher risk of CAD (adjusted OR, 2.02, 95%Cl, 1.2-3.22)
[89]. In a meta-analysis the above results were considered along with three other studies

(2 of which were from China and one from India) to examine the association of the GPXZ
rs1050450 Pro198Leu variant with coronary heart disease. Each of these studies individually
reported an association between the Leu variant and coronary heart disease, with a final
number of 1,560 CAD patients and 978 controls, resulting in a significant OR, 1.61 (95%
Cl, 1.25-2.07) [90]. Similarly, increases in intima-media thickness of the common carotid
arteries, presence of coronary heart disease, and the presence of peripheral artery disease
correlated with the Pro/Leu genotype compared to those homozygous for the Pro allele in a
study of type 2 diabetic patients in Japan [91], consistent with a role for this polymorphism
in cardiovascular risk. A recent study in Sri Lanka analyzed the association between the
GPX1rs1050450 Pro198Leu variant and coronary artery disease and reported that the
variant was increased in patients compared to controls (OR, 2.84; 95% Cl, 1.15-6.98).

In these patients, GPx1 activity was inversely associated with disease severity, although
there was no association between GPx1 genotypes and GPx1 activity [92]. In another
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study examining the risk of restenosis after stenting, carriers of the Leu allele had lower
erythrocyte GPx1 activity than homozygous carriers of the Pro allele, and the Leu allele
conferred an increased risk of restenosis (OR, 2,9; 95% Cl, 1.23-6.82) [93]. Interestingly,
a study of in stent-restenosis in ApoE~/~ and GPx1~/~ApoE~'~ mice found that lack of
GPx1 promoted vascular remodeling by mechanisms that involved reductive stress-induced
proliferation of vascular smooth muscle cells [94]. In this model, the deficiency of GPx1
caused excess vascular superoxide and decreased bioavailable nitric oxide, and vascular
injury by balloon angioplasty and stenting increased the expression of GSH enzymes,

with a corresponding increase in GSH and the GSH/GSSG ratio. In the context of GPx1
deficiency, the lack of GPx1 activity may contribute to the increase in GSH [95]. The
enhanced proliferative response of vascular smooth muscle cells was shown to be caused
by the inactivation of the SH2 domain-containing protein tyrosine phosphatase 2 (SHP-2
phosphatase) by glutathionylation to allow for the sustained phosphorylation and activation
of the tyrosine kinase ROS1 (ROS proto-oncogene 1, receptor tyrosine kinase).

Metabolism and GPx1

Overall, the effects of GPx1 on metabolism and diabetes is complex. This subject

has recently been reviewed by Huang and colleagues [96]. GPx1 knockout mice were
shown to have improved sensitivity to insulin compared with GPx1 overexpressing mice.
GPx1-deficient mice had excess generation of hydrogen peroxide in pancreatic islets that
correlated with increased p53 and p38 MAPK phosphorylation, decreased islet cell mass,
and hypoinsulinemia. Islets also showed impaired glucose-stimulated insulin secretion. In
muscle of GPx1 knockout mice, Akt phosphorylation was increased following exposure of
fasted mice to an insulin injection, presumably owing to increased production of hydrogen
peroxide caused by GPx1 deficiency [97]. Nonetheless, in other studies, GPx1-deficient
mice on a high fat diet were found to have hyperglycemia and attenuated insulin secretion
due to defects in pancreatic p-cell function owing to increased oxidative stress [98]. In a
model of hepatocyte-specific GPx1 deficiency, enhanced insulin sensitivity was found, as
select hepatic tyrosine phosphatases showed increased oxidation compared to control mice.
Furthermore, after 12 weeks on a high-fat diet, there was an increase in insulin-mediated
phosphorylation of the insulin receptor and Akt in livers from the hepatocyte-specific
GPx1 deficient mice [99]. In contrast, GPx1 overexpressing mice were found to have
alterations in B-cell function that caused hyperinsulinemia. Insulin resistance in the GPx1
overexpressing mice altered glucose metabolism and caused a type 2 diabetes phenotype,
owing, in part, to a decrease in cellular - hydrogen peroxide that normally oxidatively
inactivates protein phosphatases [100, 101]. Excess phosphatase activity results in the
attenuation of insulin-stimulated phosphorylation of the insulin receptor and Akt in liver
and skeletal muscle in GPX1 overexpressing mice. Interestingly, in the context of ob/ob
mice, B-cell overexpression of GPx1 is beneficial, decreasing hyperglycemia and preserving
B-cell volume and the accumulation of insulin stores in granules [102]. In human subjects,
several studies suggest that high selenium supplementation increases the risk of type 2
diabetes [103, 104], and, in mouse models, increased expression of selenoproteins as well
as selenoprotein deficiency was also correlated with metabolic dysregulation [105]. Taken
together with the studies in knockout and transgenic GPx1 models, these findings suggest
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a role for GPx1 in the regulation of insulin and glucose metabolism and suggest that
modulation of selenoprotein expression, including GPx1, may influence metabolism in
humans, as well.

Stroke and Neuroprotection

Oxidative stress plays a role in promoting neurological damage in stroke. Thus, absence of
GPx1 in knockout mice was found to augment neuronal damage in the middle cerebral
artery occlusion ischemia-reperfusion (MCAQO) model of stroke, with increased infarct
volume and increased apoptosis in brains of GPx1™~ mice compared with wildtype

mice [106]. Additionally, GPx1 overexpression protected against cell death and decreased
infiltration of inflammatory cells in the MCAO model [107]. Subsequent studies showed

a role for upregulation of the pro-inflammatory mediator NFxB in the GPx1 ™/~ brain
following MCAQ-induced injury, and found that NFxB contributes, in part, to the enhanced
injury in the GPx1 ™/~ mice compared to wildtype mice [108]. Additional studies showed
that mice lacking GPx1 were more susceptibility to vascular complications in the MCAQO
model. Thus, following MCAO, GPx1~~ mice had decreased microvascular perfusion

and increased vascular permeability compared to wildtype mice. Ebselen pretreatment
restored microvascular perfusion and attenuated the increases in infarct size and vascular
permeability found in GPx1~~ mice in this model of stroke [109], consistent with a role for
ROS in this model.

In a human trial to test ebselen as a treatment for acute ischemic stroke, ebselen significantly
improved outcomes when given within 24 h of stroke onset [110]; however, more studies

are needed to confirm the usefulness of ebselen in human subjects. Regarding association
studies between the GPXZrs1050450 Pro198L eu variant and stroke, two published studies,
one in Finnish/Swedish subjects and one in Turkish subjects, reported that there was no
association of the GPX1 rs1050450 Pro198Leu variant and risk of stroke [111, 112].
Furthermore, the Finnish/Swedish study reported no difference in erythrocyte GPx1 activity
among the various genotypes [112].

Oxidative stress is thought to play a major role in neurodegeneration caused by traumatic
brain injury and exposure to neurotoxins, and may be a factor in the course of many chronic
neurodegenerative diseases, including Alzheimer disease (AD). A recent study reported

that traumatic brain injury decreased the antioxidant capacity of the brain through the
downregulation of Nrf2 and the resulting decrease of antioxidant proteins, such as GPx1.

A corresponding increase in the expression of oxidant generators, such as NOX1 and
inducible nitric oxide synthase, also contributed to inflammation and apoptosis in this brain
injury model [113]. Interestingly, in traumatic brain injury, GPx1 deficiency was associated
with decreased mitochondrial bioenergetic capacity compared to wildtype mice, whereas
transgenic GPx1 mice had no decrease in mitochondrial function [114] GPx1 deficiency also
enhanced apoptosis and inflammation in a cold-induced brain injury model [115]. Similarly,
several studies suggest a protective effect of GPx1 against neurotoxicity in response to a
variety of harmful substances, including 6-hydroxydopamine and malonate (reviewed in
[116]).
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Oxidative stress is also thought to play a role in the seizure-inducing effects of kainic

acid; however, GPx1 expression regulates the response to kainic acid in an unexpected
manner: GPx1 knockout mice are more resistant to kainic acid-induced epileptic seizures
than wildtype mice and transgenic GPx1 mice have augmented responses to kainic acid
exposure [117, 118]. Compared to wildtype mice, GPx1 knockout mice have increased
levels of oxidative stress in the brain as measured by increased DCF fluorescence before or
after kainic acid exposure, and increased lipid peroxidation (measured by malondialdehyde),
and increased protein carbonyl content following kainic acid treatment. Nonetheless, kainic
acid-induced seizure activity and neurodegeneration were attenuated in the knockout

mice. N-methyl-D-aspartate (NMDA) receptors have been found to regulate kainic acid-
induced seizure activity and subsequent neuronal damage [119]. Previous studies have
shown that oxidants can inhibit NMDA receptor activity by modifying redox-sensitive
sulfhydryl groups [120]. GPx1-deficient mice had decreased activity of NMDA receptors,
and consistent with an oxidative modification of thiol residues influencing this activity, DTT
treatment enhanced NMDA activity, especially in the GPx1 knockout. In addition, there
was a decrease of reduced sulfhydryl groups in the NR1 subunit of the NMDA receptor

in the GPx1 knockout. By contrast, GPx1 overexpressing mouse showed increased seizures
and neuronal cell death in response to kainic acid. Neurons from transgenic GPx1 mice

had increased NMDA responses compared to those from wildtype mice, and DTT had no
effect on the NMDA activity. Basal brain GSSG levels were decreased in transgenic mice
compared to wildtype mice, possibly due to the excess GPx1 activity in overexpressing
mice. Although it is not exactly clear how GPx1 upregulation is affecting NMDA activity
following kainic acid, exposure of GPx1 overexpressing neurons grown in culture caused
an accumulation of GSSG in the media, compared to the effects of kainic acid on wildtype
neurons. GSSG has previously been shown to inhibit NMDA activity by fostering oxidation
of the redox modulatory site of the NMDA receptor [121]; however, other studies suggest
that GSSG may also function as a agonist of the NMDA receptor [122].

In Alzheimer disease (AD) model systems, GPx1 was shown to protect against ROS-
mediated neurotoxicity caused by the toxic amyloid beta (Ap) peptide. Cultured neurons
isolated from GPx1~/~ mice had increased AR peptide-induced cell death and apoptosis
compared to wildtype neurons [123]. Furthermore, the increased toxicity to AB peptide
exposure could be reversed by pretreatment with NAC or ebselen, illustrating the role

of excess oxidants, such as hydrogen peroxide, in these responses. Similarly, in GPx17/~
mice, deficiency of GPx1 increased ROS (as measured by DCF fluorescence of brain
homogenates), lipid peroxidation, and protein carbonylation in brains exposed to the Ap
peptide, whereas forced overexpression of GPx1 in the GPx1~/~ mice attenuated these
detrimental effects [124]. Interestingly, ERK1/2 signaling plays an important role in memory
formation and retrieval [125], and brains exposed to the AB peptide have decreased
activation of ERK1/2 due, in part, to a deficiency in protein kinase C pll (PKC BlI)-
mediated signaling [124]. These deficits in PKC BII/ERK signaling correlate with memory
impairment and are augmented by GPx1 deficiency. In this model, excess ROS plays a
role in decreasing the expression of PKC BII, as overexpression of GPx1 increases PKC
Bl expression and ERK1/2 activation. The mechanism by which ROS suppresses PKC Bl1
protein expression is unclear. It is well known that some PKCs can become activated by
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ROS-induced modifications; however, inactivation of some PKCs by oxidative modifications
has also been reported [126].

Two small case-control studies analyzed the association of the Pro198Leu (rs1050450)
polymorphism with AD, with different results. In an Ecuadorian population, the Leu allele
was found to be associated with AD risk [127], whereas in a Brazilian population, the Pro
allele conferred increased risk of AD [128].

Multiple studies have shown that ERK1/2 suppression and memory impairment are
attenuated by GPx1 upregulation or ebselen treatment [129, 130]. Nevertheless, excess GPx1
may also attenuate beneficial ERK1/2 activation that may be promoted, in some instances
by ROS production. Thus, overexpression of GPx1 had a completely different effect on
hypoxic preconditioning. Hypoxic preconditioning may protect the brain against damage
caused by ischemia. Surprisingly, GPx1 overexpression caused a loss of the protective effect
of hypoxic preconditioning that correlated with an attenuation of ERK1/2 activation in the
brain [131]. It is not entirely clear if attenuation of ERK1/2 activation is the reason for the
loss of the beneficial effects of hypoxic preconditioning; however, these findings highlight
one of the complexities of using antioxidant therapies, as increased GPx1 activity was
correlated with enhanced ERK1/2 activation when analyzing memory, whereas increased
GPx1 correlated with a decrease in ERK1/2 activation in the hypoxic preconditioning study,
presumably due to the loss of hydrogen peroxide-mediated ERK1/2 activation.

Cancer and GPx1

The role of GPx1 in cancer development and progression is complicated. Owing to its
antioxidant properties, it has been suggested that GPx1 may inhibit cancer initiation by
limiting ROS-mediated DNA damage; however; its ability to modulate ROS may also limit
apoptosis and cell death in cancer cells to promote rampant cell growth and resistance to
chemotherapy [see [132] for review]. Nonetheless, the forced overexpression of GPx1 has
been shown to suppress cellular proliferation and migration of pancreatic cancer cells [133,
134], suggesting that GPx1 is a tumor suppressor in some cancers.

In many cancers, the increased expression and/or activity of GPx1 is associated with

poor prognosis; however, the histopathology of the cancer is crucial to understanding

the relationship between GPx1 expression and prognosis. Thus, upregulation of GPx1

was associated with poor prognosis in some but not all types of renal cell carcinoma:
upregulation in kidney chromophobe cell carcinoma and renal clear cell carcinoma was

an indicator of a poor prognosis, whereas in renal papillary cell carcinoma, upregulation

of GPx1 was associated with better outcomes [135]. Consistent with a role for GPx1 in
promoting the progression (of some forms) - of renal carcinoma, it was found that short
hairpin RNA-mediated suppression of GPx1 expression decreased cell growth and colony
formation in a number of renal cancer cell lines grown in culture [136]. Similarly, in
laryngeal cancer, GPx1 upregulation was associated with lymph node metastasis and cancer
stage and was an independent predictor of patient survival (HR, 2.101, 95%Cl, 1.011-4.367)
[137]. Elevated expression of GPx1 was also associated with poor survival for other cancers,
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including oral squamous cell carcinoma [138], acute myeloid leukemia [139], gliomas [140],
and invasive ductal cell carcinoma [141].

Mechanistically, there may be a link between the expression of GPx1 and the PI3K/Akt
pathway. Akt activation is associated with cell survival and growth. In pancreatic ductal
carcinoma cells, suppression of GPx1 expression promoted ROS-induced Akt signaling
(measured by Akt phosphorylation) to drive an epithelial-mesenchymal transition that is
associated with enhanced tumor growth, whereas overexpression of GPx1 decreased the
phenotypic changes in pancreatic ductal carcinoma cells by decreasing ROS-mediated pro-
survival signaling in these cells [134]. Furthermore, treatment with N-acetyl-L-cysteine also
decreased Akt phosphorylation in GPx1 deficient cells. In our studies in Chang liver cells,
we similarly showed a dependence of cell growth on ROS-dependent pathways; excess
GPx1 decreased growth factor stimulated cellular proliferation, and reduced growth factor
mediated signal transduction and activation of Akt [16]. Overexpression of catalase similarly
suppressed growth factor mediated signaling in these cells and GPx1 overexpression
attenuated hydrogen peroxide-mediated increases in DCF-fluorescence, illustrating the
effectiveness of GPx1 in preventing an accumulation of cellular oxidants. Interestingly in
pancreatic carcinomas the survival advantage of low GPx1 was associated with resistance
to gemcitabine, a chemotherapeutic agent, in patients, and enhanced resistance to cell

death in cell culture as well as increased xenograph tumor growth in mice. Interestingly,

in other cancers GPx1 upregulation is associated with resistance to chemotherapy. In
non-small cell lung cancer, GPx1 overexpression promotes cisplatin resistance; however,
unlike the studies in the pancreatic carcinoma cells, increased GPx1 expression in non-small
cell cancer cells was associated with increased Akt activation and decreased apoptotic
signaling [142]. Thus, increased cellular GPx1 activity provides a survival advantage in
some cancer cells by eliminating harmful ROS generated by chemotherapy agents, such as
cisplatin. Given the role of GPx1 in promoting cell survival pathways, the effectiveness

of other chemotherapeutic agents, such as the isothiocyanate iberin, may be due, in

part, to their ability to decrease GPx1 expression. In particular, iberin suppresses GPX1
gene transcription. Decreased expression of GPx1 by iberin results in an accumulation

of detrimental concentrations of ROS (measured by DCF fluorescence) that inhibits

cell proliferation, induces cell cycle arrest, and promotes apoptosis, whereas the forced
upregulation of GPx1 or antioxidant treatment attenuates these therapeutic actions [143].

Mechanistic studies have uncovered numerous mechanisms by which GPx1 provides a
survival advantage in various cancers. For example, in triple negative breast cancer cells,
defined by lack of estrogen receptor, progesterone receptor, and human epidermal growth
factor receptor, GPx1 was associated with the autophosphorylation of focal adhesion kinase
or FAK, a tyrosine kinase known to play a role in malignancy [144]. Loss of GPx1
downregulated FAK autophosphorylation and c-src activation and decreased the migration,
invasiveness, adhesiveness, and spreading of the breast cancer cells. Based on these findings,
it was suggested that protein-protein interactions between GPx1 and FAK may facilitate the
protection of FAK from local hydrogen peroxide, but further examination is necessary to
understand the precise mechanism by which FAK is inactivated by ROS. In other studies,

it was found that GPx1 can also mitigate activation of the ROS-induced apoptosis signal-
regulating kinase 1 (ASK1)/JNK-mediated apoptosis [145]. In unstressed cells, ASK1 is
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complexed with redox-active thioredoxin, but under many stress conditions, an accumulation
of hydrogen peroxide oxidizes thioredoxin to release ASK1 [146]. Subsequently, ASK1

can then bind to tumor necrosis factor receptor-associated factors (TRAF2 and TRAF6)

to potentiate the sustained activation of JINK which is necessary for apoptosis[147]. In

a study of apoptotic responses to TNFa in cancer lines, GPx1 was shown to decrease
thioredoxin oxidation to maintain the inactive thioredoxin-ASK1 complex by reducing ROS,
as measured by DCF fluorescence. In addition, protein-protein interactions of GPx1 with
TRAF prevents the formation of the active TRAF/ASK1 complex to prevent apoptosis

[148] (Figure 5). Association of GPx1 with TRAF may also promote the local reduction of
hydrogen peroxide to contribute to maintaining thioredoxin in a reduced state. Consistent
with these findings, cancer cells with GPx1 knockdown had augmented apoptosis in
response to TNF-a.. This effect could be recapitulated in vivo: tumor volume of GPx1-
deficient cells was lowered by exposure to TNF-a [148].

Many studies have examined the role of the GPXZ rs1050450 Pro198Leu variant and breast,
lung, prostate, bladder, and other forms of cancer. As previously reviewed, (see [2, 149]),
studies of the association of the rs1050450 SNP with cancer have yielded mixed results
with some studies reporting an association of risk with the Leu variant or the Pro variant
and other studies reporting no association between these alleles and cancer risk. Below we
review some of the recent findings.

A meta-analysis performed in 2010 that included 5509 breast cancer patients and 6542
controls from 6 case-control studies found no association of the Leu allele with risk in the
combined population, although there was an elevated risk in African American carriers of
the Leu allele in this study [150]. Subsequent studies have found associations with different
alleles. In a Danish cohort, carriers of the Leu/Leu genotype were found to have an increased
risk of nonductal breast cancer (OR, 1.88; 95%CI, 1.08-3.28), whereas there was no risk
associated with breast cancer in the combined analysis of 975 cases and controls or in the
ductal breast cancer subgroup [151]. In contrast, a recent study in Polish women found,
instead, a significant decrease of breast cancer risk in individuals with the Leu variant,
with an adjusted OR of 0.61 (95%Cl, 0.38-0.97) [152]. In this study of 136 breast cancer
cases and 183 controls, erythrocyte GPx1 activity was also significantly higher in breast
cancer cases compared to controls. The Breast and Prostate Cancer Cohort Consortium,
which combined cohort studies from multiple studies in the US and European nations,
examined 10,726 breast cancer cases with matched controls, found no association between
the rs1050450 SNP and breast cancer [153]. In prostate cancer, the Consortium study
examined 7532 prostate cancer cases and controls and found a weak inverse association
between cancer risk and Leu carriers (OR 0.87, 95% XI 0.79-0.97). This finding, however,
contrasts with other meta-analyses that concluded that the GPXZ rs1050450 Pro198Leu
polymorphism was not associated with the risk of prostate cancer [154, 155]. In bladder
cancer, the Leu allele was associated with increased risk in 2 overlapping meta-analyses
[155, 156].
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Drug-mediated regulation of GPx1 expression

In addition to iberin, which is discussed above, other chemical agents regulate GPx1
expression: docosahexaenoic acid [157] and Lfcin-B [158] suppress GPx1 expression,
whereas other compounds, such as genistein [159] and resveratrol [160], upregulate GPx1
expression. Although the mechanisms by which these reagents modulate GPx1 expression
are not clear, it has been shown that GPx1 can be upregulated by activation of the
peroxisome proliferator-activated receptor-ry-coactivator-1a (PGCla) pathway, possibly via
the subsequent activation of Nrf2 [161]. Nrf2 is well known for mediating the expression
of antioxidant and detoxifying proteins in response to oxidative and electrophilic stress
(reviewed in [162, 163]). Normally, Nrf2 is sequestered in the cytoplasm by Keapl
(Kelch-like ECH-associated protein 1), a protein that also acts as an adaptor protein for

the Cullin 3-dependent E3 ubiquitin ligase to mediate the ubiquitination and degradation
of Nrf2. Oxidative inactivation of redox sensitive cysteine residues in Keapl, specific
phosphorylation of Nrf2, or increased expression of p62, which competes with Nrf2 for
Keap 1 binding, disrupts the Keap1/Nrf2 interactions to foster the stabilization and nuclear
translocation of Nrf2 where it promotes transcription of a variety of protective antioxidant
genes via the antioxidant response element or ARE in their promoter regions. There is
some controversy regarding whether Nrf2 directly regulates the transcription of GPx1;
however, the activation (or suppression) of Nrf2 appears to be tightly associated with the
increased (or decreased) expression of GPx1 in many instances [164-167], possibly owing
to the regulation of GSH biosynthesis by Nrf2 and/or the concurrent activation of additional
antioxidant response pathways. Nevertheless, the regulation (direct or indirect) of GPx1 by
Nrf2-linked pathways is intriguing as GPx1 can modulate oxidant stress to mitigate Nrf2
activation.

Two classes of drugs can alter selenocysteine-dependent translation to suppress GPx1
expression. We found that aminoglycosides, a class of antibiotics that can promote the read-
through of stop codons, decreased selenium-dependent expression of GPx1 and facilitated
the insertion of L-arginine for selenocysteine to decrease GPx1 specific activity [168].
Subsequent studies found that selenium deficiency enhances the aminoglycoside-mediated
misincorporation of amino acids at the selenocysteine-specific UGA-codon [169]. Statins
were also found to decrease the expression of some selenoproteins, including GPx1 [170,
171] due to their effects on the biosynthesis of isopentyl pyrophosphate. Statins inhibit the
rate-limiting step of cholesterol biosynthesis, blocking the reduction of HMG-CoA reductase
to mevalonate. Isopentyl pyrophosphate, a metabolite of mevalonate, is important for the
isopentenylation of tRNASEC, a modification that regulates the expression of selenoproteins
[172]. It has been suggested that the statin-induced decrease of antioxidant selenoprotein
expression in muscle may contribute to oxidant stress-induced myotoxicity, which is a
known side-effect of statins [172]. It is not clear why this side-effect of statins occurs in
some but not all patients taking this medication; however, one possibility is that individuals
with low selenium may be more susceptible to statin-induced decreases in selenoproteins
[173].
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Studies in human subjects and animal models highlight the role of the selenoenzyme

GPx1 in many physiological functions. By modulating cellular ROS, GPx1 protects against
the development of many diseases. GPx1 has an important role both in mitochondria

as well as in cytoplasm in removing hydrogen peroxide and prevented ROS-mediated

ROS production. Interestingly, only a few studies have examined the role of GPx1 in
modulating mitochondrial ROS production. At baseline, GPx1 deficient cardiomyocyte

and liver mitochondria show increased mitochondrial ROS production [41, 174], with
measurable alterations in respiration in liver mitochondria. In human Chang liver cells,
overexpression of GPx1 was found to decrease ATP production and mitochondrial ROS-
mediated functions such as disulfide bond formation and growth factor-mediated signaling
[16]. GPx1 deficiency was found to promote mitochondrial dysfunction in response to stress,
such as I/R and doxorubicin exposure in cardiomyocytes and in trauma models in brain,
whereas GPx1 overexpression limited the mitochondrial respiratory stress [41, 43, 44, 114].
Mitochondrial bioenergetics is important for the function of the heart and brain, however, in
most other model systems discussed in this review the role of mitochondria have not been
examined.

Cardiovascular studies provide the most complete picture of the role of GPx1 in health

and disease. In cardiomyocytes GPx1 preserves mitochondrial function and protects against
cardiac dysfunction in response to many physiological stressors (such as in ischemia/
reperfusion [41]), as well as with cardiotoxins [43, 44]. Cardiac function in response to other
stressors such as All [42] or viral agents [28] is also preserved by GPx1 overexpression.

In humans, GPx1 is one (of many) selenoprotein(s) that may play a role in Keshan disease,
a cardiomyopathy which is found in areas of China with low selenium levels [23]. A
combination of low selenium and genetics may play a role in the susceptibility to Keshan
disease as individuals carrying the Leu198 variant of GPXZ, which is associated with

lower expression, especially in the context of lower selenium levels, are at greater risk of
developing Keshan disease [36]. Studies in primary endothelial cells grown in culture, as
well as in animal models illustrate that a deficiency of GPx1 alters endothelial dependent
vasodilation by regulating bioavailable nitric oxide [39, 60, 61, 70, 71]. Deficiency of

GPx1 also promotes pro-inflammatory activation of endothelial and other cell types, and
accelerates atherogenesis in susceptible animal models [6, 78, 79, 84, 85]. In human
subjects, erythrocyte GPX1 activity is correlated with the risk of future cardiovascular events
[86], and the Leu198 allele has been associated with increased risk of cardiovascular disease
[89-92]. Furthermore, animal studies suggest that a deficiency of GPx1 promotes VSMC
proliferation after stenting [93], consistent with findings in human subjects that found the
Leu allele was associated with lower erythrocyte GPX1 activity and an increased risk of
restenosis [94].

Additional evidence for a protective role of GPx1 can be in many other disease

models, including stroke [106-109], and neurodegeneration caused by trauma [114, 115],
neurotoxins [116], and AD [123, 124]; however, far less information exists about how GPx1
influences these outcomes in humans. For stroke, a trial of ebselen treatment and stroke
showed some promising results of ebselen in improving outcomes [110], however this study
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has not been replicated and there is no clear association of stroke risk or outcomes with
GPx1 polymorphisms [111, 112]. In AD, the genetic studies that have been reported show
opposite results regarding the association of the Pro198Leu (rs1050450) polymorphism with
AD [127, 128].

The complex findings regarding GPx1 in diabetes and cancer can be related in part to the
heterogeneity of these disorders. Thus, with metabolic function, it appears that too much and
too little GPx1 can alter the response of insulin target cells in liver and skeletal muscle to
attenuate (GPx1 overexpression) [100] or enhance (GPx1 knockdown) [97] insulin-mediated
signaling. GPx1 overexpression and knockdown also cause changes in the p-cell, altering
the production of insulin. Thus, GPX1 overexpressing B-cells produce more insulin, whereas
B-cell mass is reduced in GPx1 deficient mice, leading to hypoinsulinemia and decreased
glucose-stimulated insulin secretion [96]. In humans, high selenium supplementation (which
may increase the expression of GPx1, as well as that of other selenoproteins) was associated
with increased risk of type 2 diabetes [103, 104].

In cancer, GPx1 is thought to protect against cancer initiation, but in tumor cells, the role
of GPx1 is not always protective. Thus, excess GPx1 can promote cancer cells survival in a
number of cancers by a number of different mechanisms, including promoting cell survival
pathways, such as those mediated by Akt, and inhibiting apoptotic cell death [142-144,
148]. In breast cancer and prostate cancer there was no consensus finding of association

of the Pro198Leu (rs1050450) polymorphism with these cancers among various studies
[150-154]; however, in bladder cancer the Leu allele was associated with increased risk in
meta-analyses [155, 156].

Normal expression of GPx1, however, is associated overwhelmingly with protection, in
that normal expression of GPx1 results in less severe consequences than conditions with
GPx1 deficiency in many diseases and, in diseases where ROS-mediated damage plays a
crucial role in the pathogenesis, excess GPx1 is beneficial. Only in a limited context is

a loss of GPx1 beneficial. GPx1 knockout was found to attenuate epileptic seizures in
response to kainic acid due to an increased oxidation of redox-sensitive thiols in NMDA
receptors that block their activity [117, 118]. However, brains of GPx1 deficient mice have
increased oxidative stress at baseline, and increased production of ROS in response to kainic
acid. GPx1 deficiency may also (partially) protect liver hepatocytes against acetaminophen-
mediated toxicity by mechanisms that decrease protein nitration and cell death, whereas
GPx1 overexpressing mice are more sensitive to acetaminophen-mediated hepatotoxicity,
in part due to an exhaustion of GSH [175]. Mitochondria isolated from livers of GPx1
deficient mice, however, were found to have an increased release of hydrogen peroxide,
with a decreased respiratory control ratio [174]. As mentioned above, increased sensitivity
to insulin-mediated signaling in GPx1 knockout mice is offset by increased ROS in the
pancreas and decreased plasma insulin in these mice. These findings show how difficult

it is to predict the effects, even of a protective, antioxidant enzyme, in every situation

(see also [175] and references therein). Our growing understanding of redox-mediated
cellular events, however, suggest that some ROS is essential for normal cellular processes,
such as disulfide bond formation and growth factor receptor-mediated signaling, which
requires oxidative inactivation of certain phosphatases. Therefore, it is not surprising that
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excess GPx1 may adversely alter other (normal) cellular processes. Thus, excess GPx1 was
found to attenuate hydrogen peroxide-mediated vasodilation responses [74] and attenuate
ROS-mediated signaling to affect insulin sensitivity and promote type 2 diabetes in a
mouse model system [100]. Reductive stress, caused in part by excess GPx1 and enhanced
GPx1 activity is also associated with protein aggregation-induced myopathies [47, 50].
Furthermore, in some cancers, excess GPx1 may allow for cell survival and promote

cell growth by decreasing apoptosis or by stabilizing the activity of oncogenic proteins
[142-144, 148] (Figure 6). These negative effects of GPx1 overexpression, however, are
associated with prolonged upregulation of GPx1 or its activity, as found in GPx1 transgenic
models, or in models with sustained activation of Nrf2 to foster increased production

and recycling of GSH. A similar dysregulation of GPx1 expression concurrent with other
oncogenic changes may contribute to a role for other mechanisms in cancer cells.

Taken together, these findings suggest that there is an exquisite balance between necessary
and harmful cellular oxidants and that GPx1 plays a crucial role in modulating this balance.
As discussed in this review, in many pathophysiological conditions GPx1 plays a protective
role and excess GPx1 can attenuate disease development and progression, however, evidence
also suggests that the role of GPx1 can differ in other cellular contexts.
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AB amyloid beta

AD Alzheimer disease

Akt protein kinase B

AP-1 activator protein 1

ApoE~/~ apolipoprotein E-deficient mice

ARE antioxidant response element

ASK1 apoptosis signal-regulating kinase 1
BH4 tetrahydrobiopterin

CAD coronary artery disease

CBS*- mice heterozygous deficient for cystathionine beta-synthase
ERK1/2 extracellular signal-regulated kinase 1/2
eNOS endothelial nitric oxide synthase

FAK focal adhesion kinase
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GPx1
GPx1**
GPx17~
GPx1*/~
GSH
GSSG
ICAM1
I/IR
INK
Keapl
MAPK
MCAO
mcm°U
mcm°Um
MCSF
NFxB
NMDA
NOX1
NOX2
NOX4
Nrf2
OoTC
oxLDL
PGCla
PI3K
PKC BII
ROS
ROS1

SBP2

glutathione peroxidase 1

GPx1 wild type mice

homozygous GPx1 knockout mice
heterozygous GPx1 knockout mice
reduced glutathione

oxidized glutathione

intercellular adhesion molecule 1
ischemia reperfusion

c-Jun N-terminal kinase

Kelch-like ECH-associated protein 1
mitogen-activated protein kinase
middle cerebral artery occlusion
5-methoxy-carbonylmethyluridine
5-methoxy-carbonylmethyl-2’- O-methyluridine
macrophage colony stimulating factor
nuclear factor kappa B
N-methyl-D-aspartate

NADPH oxidase 1

NADPH oxidase 2

NADPH oxidase 4

nuclear factor erythroid 2-related factor 2
L-2-oxothiazolidine-4-carboxylic acid

oxidized low-density lipoproteins

peroxisome proliferator-activated receptor-y-coactivator la

phosphatidylinositol 3-kinase

protein kinase C beta Il

reactive oxygen species

ROS proto-oncogene 1, receptor tyrosine kinase

SECIS binding protein 2
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Sec selenocysteine

SECIS selenocysteine incorporation sequence

SHP-2 SH2 domain-containing protein tyrosine phosphatase-2
TNFa tumor necrosis factor alpha

TRAF tumor necrosis factor receptor-associated factor
VCAM1 vascular cell adhesion molecule 1
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Highlights

. GPx1 is a selenoenzyme that reduces hydrogen peroxide and lipid
hydroperoxides.

. Selenium availability and translational mechanisms regulate the expression of
GPx1.

. GPx1 modulates the balance between necessary and harmful levels of H,O,.

. Removal of essential reactive oxygen species can promote dysfunction and
disease.

. Overall, GPx1 protects against the progression and development of many
diseases.
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Beneficial effects of GPx1. By attenuating the accumulation of cellular reactive oxygen
species, GPx1 protects against dysfunction and disease in many biological systems.

Arrows indicate that GPx1 expression is associated with these changes and that GPx1
deficiency attenuates these protective effects. Overexpression of GPx1 or use of ebselen,

a GPx1 mimetic, has been shown to augment many of these protective effects of GPx1.
Regarding metabolism, both the loss and the overexpression of GPx1 may promote
metabolic dysfunction. Other examples where increased expression of GPx1 may alter
normal function are discussed further in the text. I/R, ischemia/reperfusion; NO, nitric oxide;
EPC, endothelial progenitor cells.
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Figure 2.
Dysfunction of cardiac mitochondria is augmented by GPx1 deficiency. Stressors such

as ischemia reperfusion (I/R) and exposure to cardiotoxins, such as doxorubicin (Doxo),
are associated with increased production of superoxide and/or hydrogen peroxide. In the
absence of GPx1, ROS accumulates and promotes mitochondrial dysfunction. Oxidant
mediated damage to mitochondrial lipids, proteins, and DNA enhances the accumulation
of oxidants, in part, by uncoupling mitochondrial oxygen consumption and ATP production
to produce more superoxide and increase mitochondrial release of ROS (mostly as hydrogen
peroxide but superoxide may also be released). Mitochondrial dysfunction correlates with
cardiac dysfunction including decreased cardiac contractility and hypertrophy, changes that
are augmented with GPx1 deficiency. Note that in the context of doxorubicin exposure,
transgenic mice overexpressing GPX1 showed less cardiac and mitochondrial dysfunction
than wildtype hearts expressing normal levels of GPx1.
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Figure 3.
Endothelial dysfunction caused by GPx1 deficiency. The binding of the vasodilators

acetylcholine (Ach) and bradykinin (BK) to their receptors, ACHR (muscarinic receptor)
and BKR (bradykinin receptor), on endothelial cells (EC) activates endothelial nitric oxide
synthase (eNOS) to promote the production of nitric oxide. Nitric oxide (NO) produced in
endothelial cells (EC) promotes the relaxation of vascular smooth muscle cells (VSMC)

via the cGMP-mediated activation of protein kinase G (PKG) to dilate blood vessels.

Nitric oxide binding to the soluble guanylyl cyclase (sGC) stimulates the conversion of

GTP to cGMP. In normal EC cells, basal NADPH oxidase (NOX) activity (primarily

the hydrogen peroxide producing NOX4) and mitochondrial respiration provide most of

the cellular ROS. GPx1 deficiency is associated with increased levels of ROS including
increases in hydrogen peroxide and superoxide. Loss of GPx1 can promote the upregulation
of superoxide generators, such as NOX2, and increased production and release of ROS

from mitochondria, in part, due to ROS-mediated ROS production. ROS, including hydrogen
peroxide, can oxidize the eNOS cofactor tetrahydrobiopterin (BH4) to uncouple eNOS.
Uncoupling of eNOS results in substantially lower production of nitric oxide by eNOS

and greater production of superoxide. The increased production of superoxide by eNOS
promotes the formation of peroxynitrite, an oxidant that promotes additional oxidation of
BH4, as well as the modification of protein tyrosine residues (3-nitrotyrosine modifications,
not illustrated) and lipids. Note that decreased production of NO by EC results in diminished
production of cGMP by sGC and a decrease in vasorelaxation and, in some cases,
paradoxical vasoconstriction in response to agonist stimulation. GPx1 deficiency, however,
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does not affect the ability of VSMC to relax in response to nitric oxide donors, consistent
with endothelial dysfunction.
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Figure 4.
Incorporation of selenocysteine at a UGA codon during translation. Selenocysteine

incorporation involves many unique cofactors to allow for the insertion of selenocysteine
(Sec) at a UGA codon instead of terminating translation. The selenocysteine tRNA
associates with the elongation factor for selenocysteine incorporation (EFSEC) and the SBP2
protein. SBP2 also binds to the stem-loop structure (SECIS element) in the 3’ untranslated
region of selenoprotein transcripts. Additional proteins may bind to the SECIS element
(represented by the unlabeled shaded circle). Note that the codon that terminates GPx1
translation is UAG. (Modified from Lubos et al [2]).
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Figure 5.
The antiapoptotic effect of GPx1 upregulation promotes cell survival in some cancers.

ASK-1 is maintained in an inactive state by its association with the redox-sensitive
thioredoxin (Trx). TNFa-induced oxidative stress can promote the oxidation of thioredoxin,
leading to the association of TRAF2 and ASK1 oligomers. These active complexes promote
JNK-mediated pathways of apoptosis. In some cancer cells, the presence of GPx1 can
decrease the oxidation of Trx to keep ASK-1 in an inactive state. Furthermore, association of
GPx1 with TRAF2 may prevent the formation of active ASK1/TRAF2 complexes to block
JNK activation and apoptosis. Other mechanisms may promote cells survival in other types
of cancer, as discussed in the text.
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Excess GPx1 and dysfunction and disease. Although, GPx1 protects against dysfunction
and disease in many biological systems, in some systems the effect of excess GPx1 is not
beneficial. The effects of GPx1 are dependent on many factors including cellular redox
state, signaling pathway, and biological or disease model. In some cases, excess GPx1 can
eliminate essential ROS or create reductive stress to augment pathological effects.
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