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Abstract
Glutathione peroxidase-1 (GPX1) represents the first identified
mammalian selenoprotein, and our understanding in the metabolic
regulation and function of this abundant selenoenzyme has greatly
advanced during the past decade. Selenocysteine insertion sequence–
associating factors, adenosine, and Abl and Arg tyrosine kinases are
potent, Se-independent regulators of GPX1 gene, protein, and ac-
tivity. Overwhelming evidences have been generated using the GPX1
knockout and transgenic mice for the in vivo protective role of GPX1
in coping with oxidative injury and death mediated by reactive oxy-
gen species. However, GPX1 exerts an intriguing dual role in reactive
nitrogen species (RNS)-related oxidative stress. Strikingly, knockout
of GPX1 rendered mice resistant to toxicities of drugs including ac-
etaminophen and kainic acid, known as RNS inducers. Intracellular
and tissue levels of GPX1 activity affect apoptotic signaling pathway,
protein kinase phosphorylation, and oxidant-mediated activation of
NFκB. Data are accumulating to link alteration or abnormality of
GPX1 expression to etiology of cancer, cardiovascular disease, neu-
rodegeneration, autoimmune disease, and diabetes. Future research
should focus on the mechanism of GPX1 in the pathogeneses and
potential applications of GPX1 manipulation in the treatment of
these disorders.
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GPX1: glutathione
peroxidase-1

Se: selenium

Selenocysteine-
insertion sequence
(SECIS): unique
mRNA stem loop
structure associated
with the
incorporation of
essential
micronutrient
selenium into
selenium-containing
proteins

INTRODUCTION

Discovery of Glutathione
Peroxidase-1 as a Selenoprotein

Glutathione peroxidase-1 (glutathione: H2O2

oxidoreductase, EC 1.11.1.9; GPX1) was ini-
tially discovered by Mills in 1957 as an ery-
throcyte enzyme that protects hemoglobin
from oxidative breakdown (103). In the early
1970s, two groups demonstrated that GPX1 is
a selenium (Se)-dependent enzyme (58, 121).
Subsequently, selenocysteine (Sec) was iden-
tified as the moiety of Se in the GPX1 protein
(21). Today, Sec is recognized as the twenty-
first amino acid, despite similar structure to
cysteine. Although Se may exist in mammalian
proteins in other chemical forms, such as se-
lenomethionine via a nonspecific replacement
of sulfur in methionine and other Se-binding
proteins that do not contain Sec (9), this
essential trace element probably confers its
metabolic functions mainly in the form of Sec

in selenoproteins. A unique consensus Sec-
insertion sequence (SECIS) in the mRNA of
selenoproteins is required for the synthesis
of Sec (12). Using this unique SECIS signa-
ture to search the published genome database,
Gladyshev and coworkers have reported that
there are 25 selenoproteins in humans (85).

Incorporation of Se into GPX1 and
Other Selenoproteins

As discussed above, Se is incorporated into
GPX1 and other selenoproteins in the form
of Sec coded by UGA and directed by
SECIS (12, 21, 125). This SECIS represents
an mRNA stem loop structure and serves
as a platform for the recruitment of spe-
cific translation elongation factors and Sec
tRNA (designated as Sec-tRNA[Ser]Sec). As
such, tRNA[Ser]Sec decodes the UGA codon
for the entire family of selenoproteins. Tar-
geted disruption of this tRNA gene in mice

42 Lei · Cheng · McClung

A
nn

u.
 R

ev
. N

ut
r.

 2
00

7.
27

:4
1-

61
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

or
eh

ea
d 

St
at

e 
U

ni
ve

rs
ity

 o
n 

01
/0

4/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV318-NU27-03 ARI 10 July 2007 6:54

leads to embryonic lethality (14). In bacte-
ria, the SelB protein binds to SECIS and
recruits Sec-tRNA[Ser]Sec (13, 48, 129). In
eukaryotes, the mRNA-tRNA interaction is
more complex, as the eukaryotic SECIS ele-
ment is recognized by a protein complex con-
taining SECIS-binding protein 2 (SBP2) and
elongation factor EFSec (149). The most re-
cent list of eukaryotic tRNA[Ser]Sec-interacting
proteins includes two selenophosphate syn-
thetases, ribosomal protein L30, SECp43, and
soluble liver antigen (22, 128, 145). It seems
that the interaction between SBP2-binding
protein and SECIS mobilizes EFsec and Sec-
tRNA[Ser]Sec to the ribosome, while the bind-
ing of L30 protein to SECIS stimulates
the completion of selenocysteine synthesis
(22).

Enzyme Family of GPX1

In addition to GPX1, there are five other
known GPX enzymes: GPX2–GPX6. Data
from in vitro activity assays suggest that all
members use GSH to catalyze the reduc-
tion of hydrogen peroxide and lipid perox-
ides. Whereas GPX1 is the most abundant se-
lenoperoxidase and is ubiquitously expressed
in almost all tissues (25, 26, 58, 121), GPX2
expression is most prominent in the gastroin-
testinal tract (30). Expression of GPX3 is
greatest in the kidney, although this enzyme
is expressed in various tissues and is secreted
into extracellular fluids as a glycoprotein (135,
147). Different from other glutathione perox-
idases, GPX4, or phospholipid hydroperoxide
GPX, is not a tetramer, but rather a monomer,
and is the only GPX enzyme that reduces
phospholipid hydroperoxides (141). In addi-
tion, GPX4 contains a mitochondrial isoform
that mediates the apoptotic response to ox-
idative stress (3, 112) and has a peroxidase-
independent structural role after sperm mat-
uration (142). Recently, GPX6 was identified
as a selenoprotein in the human genome by
homology search (85). However, GPX6 from
rodents and GPX5 from both humans and ro-
dents do not contain Sec or Se (85).

Glutathione
peroxidases:
antioxidant enzymes
that use glutathione
as a substrate
(reductant) to
catalyze the
breakdown of
peroxides

Knockout (null):
genetically delete or
disrupt functional
expression of
selected single or
multiple genes in
animals

Overexpression:
genetically elevate
the functional
expression of
selected single or
multiple genes above
normal levels in
animals

REGULATION OF GPX1 mRNA,
PROTEIN, AND ACTIVITY
EXPRESSION

Regulation by Se Supply

The expression of GPX1 mRNA, protein,
and activity in tissues is more sensitive to di-
etary Se deficiency than other selenoperoxi-
dases or selenoproteins (11). In fact, Se de-
ficiency in rats results in a 90% loss of liver
GPX1 mRNA and a 99% loss in GPX activ-
ity (122). In cells, Se deficiency results in a
60% reduction in GPX1 mRNA and a 93%
loss in GPX1 activity (4). Nonsense codon-
mediated decay seems to be the mechanism
by which Se deficiency reduces the abundance
of GPX1 mRNA, as the Sec codon reduces
the abundance of cytoplasmic GPX1 mRNA
by a translation-dependent mechanism under
conditions of Se deprivation (106).

Injection of Se into deficient animals re-
sults in the rapid restoration of both GPX
mRNA and activity (132). However, the Se-
induced restoration of GPX1 activity seems to
be saturable in a number of animal models and
cell types (132, 133). Because of the sensitive
and saturable nature of GPX1 activity in re-
sponse to dietary Se, GPX1 has been used as a
biomarker to assess body Se status or the nu-
tritional requirement of Se. Furthermore, the
low rank of GPX1 in the hierarchical parti-
tioning of Se prompted the conception of the
“GPX1 buffer” hypothesis (16, 131). Based
on this hypothesis, GPX1 functions as a body
storage form of Se, instead of as an important
antioxidant enzyme, to release Se for main-
taining the expression of essential selenopro-
teins in Se depletion and to take up Se for
avoiding Se toxicity in Se repletion. However,
two lines of solid evidence from GPX1 knock-
out or overexpressing mice do not support the
GPX1 buffer hypothesis. First, alteration of
GPX1 expression does not affect the mRNA
or activity expression of other selenoproteins
(25, 26). Second, knockout of GPX1 ren-
ders mice susceptible to severe acute oxidative
stress, whereas overexpression of GPX1 con-
fers extra protection against the insult (27).
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Reactive oxygen
species (ROS):
oxygen-containing
molecules that are
more active than the
triplet oxygen
molecule present in
the air and can cause
oxidative stress

Pro-oxidants:
compounds that
induce formation of
reactive oxygen
species and reactive
nitrogen species

Oxidant stress:
exposure to reactive
oxygen or nitrogen
species and (or) the
loss of balance
between antioxidant
defense and
pro-oxidant or
oxidant attack

Regulation by SECIS-Associating
Factors

The SECIS-associating factors may regulate
selenoprotein expression in at least two ways.
First, the intracellular location of SBP2 is
shifted from the cytoplasm to the nucleus
upon exposure to reactive oxygen species
(ROS), suggesting a mechanism by which ox-
idative stress decreases selenoprotein expres-
sion (116). Consistently, tissue GPX1 protein
and activity are decreased after administration
of pro-oxidant paraquat to mice (24). Sec-
ondly, Se status modulates Sec-tRNA[Ser]Sec

methylation at position 34 of this tRNA, and
such modification alters Sec-tRNA[Ser]Sec sec-
ondary and tertiary structure (43). Mice engi-
neered to express a mutant Sec-tRNA[Ser]Sec

(Sec-tRNA[Ser]Sec i6A− transgenic mice) are
unable to carry out this specific tRNA methy-
lation, but expression of various selenopro-
teins in these animals is not equally af-
fected (19). Selenoproteins such as GPX1 and
GPX3, whose expression is highly responsive
to Se deficiency, appear to require the tRNA
methylation (2). In contrast, TR-1 and thiore-
doxin reductase-3 are less affected by Se defi-
ciency, and their expression is independent of
the tRNA methylation.

Adenosine-Dependent Activation of
GPX1

Adenosine is a widely distributed molecule
with a number of biological functions, in-
cluding protection against myocardial is-
chemia/reperfusion injury (96). It has been
hypothesized that adenosine may impart pro-
tection against ROS, as it attenuates oxidant-
induced damage in cells (88) and animals
(87). Because overexpression of GPX1 in
mice is known to diminish tissue damage
following myocardial ischemia/reperfusion
(146), one recent study examined the abil-
ity of adenosine to affect GPX1 regulation.
In that study, treatment of human primary
pulmonary endothelial cells with adenosine
in the presence of erythro-9-(2-hydroxy-3-

nonyl)adenine (EHNA), an adenosine deam-
inase inhibitor, resulted in increased GPX1
mRNA levels, protein expression, and enzyme
activity (151). The adenosine-driven induc-
tion of GPX1 expression was due to enhanced
mRNA stability. The adenosine-driven induc-
tion of GPX1 conferred protection against
ROS, as adenosine/EHNA-treated cells were
resistant to hydrogen peroxide–induced oxi-
dant stress. Meanwhile, inhibition of GPX1
pharmacologically or by siRNA diminished
the protection by adenosine against ROS.
These findings suggest that adenosine may be
a potent, Se-independent regulator of GPX1
expression, and that the associated GPX1 ac-
tivity change may exert important physiolog-
ical functions.

Regulation Via c-Abl and Arg
Tyrosine Kinases

The c-Abl and Arg nonreceptor tyrosine ki-
nases represent another Se-independent reg-
ulator of GPX1 expression. The cytoplas-
mic forms of these kinases are activated in
response to ROS and may be involved in
the apoptotic response to oxidant stress (18).
In fact, hydrogen peroxide–induced apopto-
sis is attenuated in cells deficient in c-Abl
and Arg (18, 130). Because of the associ-
ation between c-Abl and Arg and oxidant
stress, one recent study explored the inter-
actions between these proteins and GPX1
(17). In that study, it was determined that
c-Abl and Arg associate with GPX1 in a
yeast two-hybrid system and in 293 cells,
and that the interaction is regulated by in-
tracellular oxidant levels. Furthermore, it was
demonstrated that GPX1 functions as a sub-
strate for c-Abl- and Arg-mediated phos-
phorylation at Tyr-96, which induces GPX1
activity. Lastly, treatment of c-Abl- and Arg-
deficient cells with hydrogen peroxide re-
sulted in a greater apoptotic response as com-
pared with wild-type cells, suggesting that the
loss of GPX1 regulation by c-Abl and Arg re-
sults in increased sensitivity to ROS-induced
apoptosis.
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Furthermore, recent studies have demon-
strated that other factors, including epidermal
growth factor receptor (50) and homocys-
teine (67), may participate in the regulation
of GPX1. Factors that may participate in the
regulation of GPX1 gene expression and en-
zyme activity are summarized in Figure 1.

Altered Expression in Diseases

One recent report demonstrated that GPX1
expression was decreased by hyperhomocys-
teinemia (67), a risk factor for cardiovascu-
lar disease. In that study, homocysteine was
shown to interfere with the SECIS read-
through such that GPX1 expression was re-
duced at the translational level. It has also been
observed that GPX1 activity is diminished in
lung cancers with GPX1 loss of heterozygos-
ity (69), and GPX1 protein expression is de-
creased in T cells during HIV infection (64).
Moreover, bone loss induced by estrogen de-
ficiency has been shown to be associated with
hydrogen peroxide formation and increased
GPX1 expression (86).

ROLES OF GPX1 IN REDOX
REGULATION

Protection Against ROS

Although in vitro cellular studies demon-
strated that modulation of GPX1 activity
expression by ectopic expression or anti-
sense RNA down-regulation affected cell
resistance to oxidative stress (104, 140), the
most convincing evidence for the in vivo
antioxidant role of GPX1 was attributed to
the observation that GPX1-overexpressing
[GPX1(+/+)] mice were more resistant,
while GPX1 knockout mice [GPX1(−/−)]
were more susceptible to paraquat-induced
lethality than were wild-type mice (27). In
fact, mouse survival time in these experi-
ments was solely a function of tissue GPX1
activity. Furthermore, GPX1 was not only
antioxidative, but also the mediator of body
Se in protecting against such drastic, acute

GPX1(+/+): GPX1
overexpression

GPX1(−/−): GPX1
knockout

Reactive nitrogen
species (RNS):
highly reactive,
nitrogen-containing
molecules that can
cause oxidative stress

PN: peroxynitrite

oxidative stress (24, 27). Its protection was
conferred by preventing a collapse of redox
status and attenuating oxidation of lipids,
protein, NADPH, and NADH (24, 27).
Meanwhile, the in vivo antioxidant role of
GPX1 has been substantiated by a number
of publications using independently devel-
oped GPX1(−/−) mouse lines and various
ROS-inducing agents (41, 53, 59, 60).

The physiological essentiality of GPX1
protection against ROS-related stress de-
pends upon Se status and the severity of the
stress. After an injection of paraquat at a dose
of 12.5 mg/kg, all Se-adequate mice, regard-
less of their GPX1 status, survived (28). Thus,
GPX1 is not essential for Se-adequate mice
to cope with moderate oxidant stress. How-
ever, even minute amounts of tissue GPX1
activity become important for the antioxi-
dant defense in Se-deficient mice. Although
the majority of Se-deficient wild-type and
GPX1(−/−) mice died of the injection of
paraquat at 12.5 mg/kg, a prior injection of Se
(50 μg/kg as Na2SeO3) that restored only 4%
of the normal GPX1 activity in wild-type mice
resulted in significant reductions in mortal-
ity and severity of liver aponecrosis compared
with Se-injected GPX1(−/−) mice. Liver
injury was more apoptotic in GPX1(−/−)
mice, but more necrotic in wild-type mice.
The repletion of minute GPX1 activity in
wild-type mice also attenuated activation of
caspase-3 and c-Jun N-terminal kinase ( JNK)
and the expression of Bcl-Xs and GADD45
(28, 29).

Dual Roles Against Reactive
Nitrogen Species

Although reactive nitrogen species (RNS)
such as nitric oxide (NO), peroxynitrite (PN),
and their reactive intermediates are produced
constantly in aerobic metabolism, their dis-
tinct features are not often recognized from
those of ROS. Nitric oxide is an uncharged
lipophilic molecule that contains a single un-
paired electron that causes it to be reac-
tive with other molecules, including GSH.

www.annualreviews.org • Glutathione Peroxidase-1 45
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APAP:
acetaminophen

SOD: superoxide
dismutase

Release of NO by nitric oxide synthase (NOS)
may result in the production of superoxide
(76). When superoxide is produced in par-
allel with NO, the two react to form PN,
which is highly cytotoxic (8) and is capable
of oxidizing numerous biomolecules, includ-
ing lipids, amino acids, and DNA (127). PN
is especially harmful to proteins due to its
ability to react with tyrosine residues to form
3-nitrotyrosine. This chemical modification,
called protein nitration, may lock enzymes or
proteins in an inactive form by preventing the
phosphorylation of tyrosine residues (136).

Early in vitro studies suggested that the
GPX1 enzyme and its mimetic ebselen cat-
alyzed PN reduction and prevented tyrosine
nitration in cell lysates (127). However, a re-
cent study demonstrated a promotion, in-
stead of a protecting, role of GPX1 in cop-
ing with the PN-induced cell death (61).
In that study, primary hepatocytes isolated
from GPX1(−/−) mice were more resis-
tant than those from wild-type mice to
PN-induced apoptosis, DNA fragmentation,
cytochrome-c release, caspase activation, and
cellular GSH depletion.

The promoting role of GPX1 in RNS-
related stress and its metabolic relevance have
been well illustrated in a number of ani-
mal studies with acetaminophen (APAP). As
the vascular production of PN is induced
by APAP overdose, PN formation has been
suggested as a critical mediator of APAP-
induced hepatotoxicity (81, 82, 102). Initially,
Mirochnitchenko and coworkers (105) found
that mice overexpressing GPX1 had reduced
survival time and increased oxidant damage
as compared with wild-type mice when both
groups were treated with 450 mg of APAP/kg.
Meanwhile, another group demonstrated that
GPX1(−/−) mice were not more suscepti-
ble to an injection of 300 mg of APAP/kg,
but had lower plasma alanine aminotrans-
ferase activity increases than did wild-type
mice (81). Furthermore, double knockout
of GPX1 and Cu,Zn-superoxide dismutase
(SOD1) rendered primary hepatocytes (152)
and mice (90) more resistant to APAP-induced

toxicity than wild-type controls. In addition,
the enhanced resistance of GPX1(−/−) mice
to kainic acid–mediated mortality and seizures
(75) represents another strong in vivo evi-
dence for the promoting role of GPX1 in
RNS-related stress, as kainic acid is a neu-
rodegenerative drug that has been shown to
induce PN formation in brain (117). Thus,
GPX1 may play dual roles in coping with ox-
idative stress mediated by ROS versus RNS
(Figure 2).

ROLE OF GPX1 IN SIGNAL
TRANSDUCTION

Apoptotic Signaling Pathway

Results from early studies suggested a role of
GPX1 in hydrogen peroxide–induced apop-
tosis in bovine renal epithelial cells (79) and in
murine myeloid progenitor cells (115). More
directly, primary hepatocytes isolated from
GPX1(−/−) mice were more susceptible
to ROS-induced apoptosis, but were more
resistant to RNS-induced apoptosis than cells
from wild-type mice (61). After the treatment
with each of the oxidants, cells of the two
genotypes displayed completely opposite pro-
files including cell viability, DNA fragmen-
tation, capase-3 activation, p21WAF1/CIP1,
cytochrome C release, protein nitration, and
the GSH/GSSG ratio. As mentioned above,
repletion of minute amounts of GPX1 activity
in liver of wild-type mice exerted a significant
impact on paraquat-mediated activation of
caspase-3, p53 stability, and expression of
Bcl-Xs and GADD45 (28, 29). In addition,
increased GPX1 activity was associated with
the inhibition of apoptosis induced by growth
factor withdrawal from pro-B-lymphocytes
(70) or by c-Myc (115). Because levels of ROS
were low in such condition, GPX1 likely mod-
ulated apoptosis caused by factors other than
oxygen tension. In human endothelial cells,
overexpression of GPX1 alone, in the absence
of exogenous stress, resulted in a significant
decrease in the expression of the proapop-
totic Bax, whereas that of antiapoptotic
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Bcl-2 remained unchanged (57). Primary
myoblasts isolated from GPX1(−/−) mice in
the absence of exogenous apoptotic stimuli
consistently showed increased rates of apop-
tosis (89). Interestingly, primary hepatocytes
isolated from GPX1(−/−) mice were more
resistant to APAP-induced cell death due to an
attenuation in APAP-induced GSH depletion
(152).

Protein Kinase Phosphorylation

The p38 mitogen-activated protein kinase
(MAPK) and JNK pathways impart essen-
tial roles in ROS-induced apoptosis (95, 114).
Overexpression of GPX1 in mouse embry-
onic fibroblasts has been shown to prevent
p38 MAPK phosphorylation at Thr-180/Tyr-
182 under hypoxia that presumably induces
oxidative stress (52). However, decomposing
endogenous ROS by expression of GPX1 in
GPX1-underexpressed MCF-7 cells did not
affect p38 MAPK expression and phospho-
rylation (110). Also, GPX1 had no signifi-
cant impact on p38 MAPK phosphorylation in
mice and cells treated with paraquat or diquat
(29, 61). Interestingly, low GPX1 activity (4%
of the adequate level) in Se-deficient mice was
sufficient to attenuate JNK phosphorylation
at Thr-183/Tyr-185 mediated by a low dose of
pro-oxidant (29). In addition, protein kinase
B (also known as Akt) phosphorylation at Ser-
308 was reduced in MCF-7 cells overexpress-
ing GPX1 (110), or in GPX1(+/+) mice fol-
lowing an insulin challenge (99). Meanwhile,
fibroblasts from GPX1(−/−) mice showed
decreased Akt phosphorylation at Ser-473
upon stimulation with hydrogen peroxide
(139).

Oxidant-Mediated Activation
of NFκB

NFκB is a transcriptional factor involved in
regulating cellular responses to a variety of
environmental stressors (78). Overexpres-
sion of GPX1 has been implicated in the
reduction of hydrogen peroxide–induced

NFκB activation in MCF-7 cells (92, 93).
Recent evidence has suggested that GPX1
and the c-Src tyrosine kinase likely function
in the same process of IκBα phosphorylation
that leads to NFκB activation in response
to hypoxia (56). Strikingly, both GPX1 and
catalase, but not Mn-SOD (SOD2) or SOD1,
modulate IκBα phosphorylation, suggesting
a difference between hydrogen peroxide
and superoxide in the activation of NFκB.
Conversely, NFκB activation was found
to be elevated in GPX1(−/−) embryonic
fibroblasts treated with hydrogen peroxide
(139) or GPX1(−/−) brains after stroke (36).

The effect of GPX1 expression level on the
NFκB pathway has clinical implications. For
instance, bone resorption depends on osteo-
clasts that express high levels of GPX1 pro-
tein and require NFκB activation for cell de-
velopment (86). The level of GPX1 activity
may also affect pathogenesis involving COX-
2 up-regulation, as Se-deficient macrophages
show increased NFκB activation and subse-
quent COX-2 up-regulation (148). The signal
pathways that involve GPX1 are summarized
in Figure 3.

ROLES OF GPX1 IN CANCER
AND CHRONIC DISEASES

GPX1 Expression and Cancer

Cells from cancer patients often show defects
in the regulation of proliferation, apopto-
sis, and senescence (40). Analysis of a long-
term clinical trial concluded that daily supple-
mentation with Se at a supranutritional dose
(200 μg) resulted in significant reductions in
mortality associated with total carcinomas as
well as lung, prostate, and colon cancers (31,
32). It remains unclear as to how Se decreases
cancer risk and whether GPX1 is involved in
the action. It is also unclear whether the an-
ticarcinogenic properties of Se are a result
of pro-oxidant or antioxidant function (46,
113). The paradox is that Se compounds per
se are known to initiate ROS-induced apop-
tosis in cancer cells, yet some selenoproteins
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attenuate ROS levels in the body (24, 113).
In the Sec-tRNA[Ser]Sec i6A− transgenic mouse
model, GPX1 is one of the selenoproteins that
demonstrate reduced expression (19). Using
this line of transgenic mice that has a prefer-
ence for GPX1 suppression among all seleno-
proteins, azoxymethane treatment resulted in
aberrant crypts in the colon as compared with
wild-type mice.

Although GPX1 was unlikely to be the
only selenoprotein involved, these results
suggested the involvement of GPX1 in the
chemoprevention imparted by dietary Se.
However, this finding raises a question re-
garding GPX2 involvement, as its expression
is primarily confined to the gastrointestinal
system (30). This issue was partially addressed
by a recent report showing that GPX1, in-
stead of GPX2, was expressed in selective
colon locations including lymphatic tissues
(47). Using a TGFα/c-Myc mouse model of
cancer, Novoselov et al. (113) suggested that
both selenoproteins and Se compounds con-
tributed to the inhibition of liver carcinogen-
esis, although it was unclear as to the relative
contribution of GPX1 to this protection. On
the other hand, GPX1 expression has been
found to be decreased or repressed in estro-
gen receptor–positive breast cancer cells (54),
in a mouse model for liver tumors, and in a
prostate cancer cell line (63). It will be of great
interest to discern whether GPX1 expression
and the associated ROS changes are directly
involved in the chemopreventive effects of
dietary Se.

GPX1 Polymorphisms and Allelic
Changes

In the 201 amino acid–containing GPX1 pro-
tein peptide, the single-nucleotide polymor-
phism (SNP) that alters particular amino acid
sequences is associated with certain diseases.
Moscow et al. (107) first reported an SNP
within the GPX1 gene that resulted in ei-
ther a proline (Pro) or leucine (Leu) at codon
198 in lung cancer specimens. This SNP
has also been reported to be associated with

bladder cancer (73). Although the SNP was
later found in some breast cancer patients
(72, 118), there is no consistent evidence to
support an association between the GPX1
Pro198Leu polymorphism and susceptibility
to breast cancer (1, 20, 34). Likewise, another
GPX1 polymorphism GCG in exon 1 was
not associated with prostate cancer risk (84).
Nonetheless, analysis of breast and colorec-
tal cancer DNA revealed that 36% to 42%
of GPX1 genes showed loss of heterozygos-
ity during tumor formation (71, 72). It seems
that the GPX1 Pro198Leu SNP resulted in
a decreased response of GPX1 catalytic ac-
tivity to Se supplementation (72), suggesting
that GPX1 activity may involve the regula-
tion of carcinogenesis via modulation of ROS
levels. Consistent with this notion, a recent
report using samples from alcoholic patients
with cirrhosis suggested that polymorphisms
in GPX1 and Mn-SOD likely collaborated to
regulate carcinogenesis in liver (134). Iden-
tification of additional GPX1 SNPs and sys-
tematic evaluation of their associations with
cancer will help expand our ability to diag-
nose and treat GPX1-related cancers.

Cardiovascular Diseases

The GPX1 protein is expressed in blood
vessels and has been implicated in cardio-
vascular disease (83). Atherosclerosis occurs
predominantly at low sheer stress areas,
and such stress has been shown to enhance
GPX1 mRNA levels in cultured bovine aortic
endothelial cells (137). An important associ-
ation between GPX1 expression and plasma
homocysteine levels has been documented
(67). Elevated levels of homocysteine can
increase levels of ROS, leading to en-
dothelial injury in the pathogenesis of
atherogenesis (66). In cultured bovine
aortic endothelial cells, overexpression of
GPX1 alleviated homocysteine-induced
endothelial dysfunction (144), and the ad-
dition of homocysteine suppressed GPX1
expression at the translation level (67).
Homocysteine likely interrupts the UGA
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read-through such that GPX1 expression is
down-regulated. Moreover, a report using
GPX1(−/−) mice suggested that GPX1
contributed to the protection of Se against
myocarditis induced by a benign strain of
coxsackievirus B3 that likely increased cellular
oxidative stress (7). Taken together, these re-
sults suggest that GPX1 may protect against
atherogenesis in vessels and virus-induced
myocarditis by reducing ROS levels.

Neurodegenerative Diseases

Considerable evidence links GPX1 to the
pathogenesis of neurodegenerative diseases,
most likely through its peroxide-eliminating
activity. GPX1 is known to localize primar-
ily in glial cells (138), in which GPX1 ac-
tivity is tenfold higher than in other brain
regions (124). Moreover, there is an in-
crease in GPX1 expression surrounding the
damaged brain regions in Parkinson’s dis-
ease patients (38). Ridet et al. (119) em-
ployed a lentivirus-based system delivering
GPX1 to neuroblastoma cells in vitro, in
which a twofold increase in GPX1 expression
protected cells from 6-hydroxydopamine-
induced neurotoxicity. Furthermore, the de-
livery of GPX1 to nigral dopaminergic neu-
rons in vivo attenuated 6-hydroxydopamine
toxicity in a mouse model of Parkinson’s
disease (119). Similarly, knockout of GPX1
rendered mouse neurons more susceptible
to damage induced by neurotoxins such as
malonate, 3-nitropropionic acid, and tetrahy-
dropyridine (80, 150), whereas overexpression
of GPX1 protected mice against neurotoxicity
(10).

Furthermore, GPX1 may also play a role
in Alzheimer’s disease. Although amyloid β-
peptide-induced oxidative stress has been im-
plicated in the pathogenesis of this disease,
cultured neurons from GPX1(−/−) mice are
more susceptible to treatment of amyloid β-
peptides (35), and overexpression of GPX1
in the PC12 pheochromocytoma cells or rat
embryonic cultured cortical neurons renders
these cells more resistant to the peptides (5).

DM: diabetes
mellitus

In stark contrast, in comparison with wild-
type mice, knockout of GPX1 rendered mice
more resistant to kainic acid–mediated mor-
tality and seizures (75). As mentioned above,
kainic acid is a neurodegenerative drug that
induces PN formation in brain (117). It is
likely that the roles of GPX1 in neurodegen-
erative diseases are case- or cause-specific.

Autoimmune Diseases

Low dietary Se intake has been suggested to
correlate with a 20-fold increase in the risk
of developing AIDS in HIV-infected individ-
uals (6). Consistently, HIV-infected individu-
als have diminished total body Se content and
GPX1 activity (51). Analysis of 75Se-labeled
human Jurkat T cells has revealed four 75Se-
containing proteins including GPX1, GPX4,
TR1, and Sep15 (64). Based on the known
function of these selenoproteins, we may spec-
ulate that Se imparts its function in the patho-
genesis of AIDS via redox regulation. Sim-
ilarly, a GPX protein from the Molluscum
contagiosum virus (80% homology to human
GPX1) conferred protection against hydro-
gen peroxide insult when expressed in HeLa
cells (126). One possible mechanism is that
GPX1 may protect HIV-infected individuals
from loss of helper T cells by the prevention
of oxidant-induced apoptosis.

Diabetes

Diabetes mellitus (DM) is a chronic state
of glucose imbalance that affects 20 million
Americans (39), and the prevalence will likely
rise from 6% to more than 10% in the next
decade (120). There are three forms of DM.
Type I DM, or juvenile diabetes, is caused by
an autoimmune inflammatory reaction affect-
ing the β-cells in the pancreatic islet. Type
II DM is characterized by an inability to uti-
lize glucose in the presence of insulin, and
is associated with weight gain and adiposity,
hyperinsulinemia and insulin resistance, and
impaired glucose tolerance (91). The third
form of DM, gestational diabetes, occurs only
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Antioxidant
enzymes: proteins
that catalyze
reactions to suppress
the formation of free
radicals or to repair
the oxidative
damage. Free
radicals are chemical
species with
unpaired electrons,
in general reactive
and attacking other
molecules

during pregnancy and is associated with in-
sulin resistance and, in extreme cases, β-cell
insufficiency (77).

Oxidant stress has been implicated in both
the pathogenesis and complications associ-
ated with all three types of DM. In hu-
mans and animals with DM, persistent hyper-
glycemia results in the elevated production
of ROS due to the direct autoxidation pro-
cesses of glucose and the nonenzymatic gly-
cation of proteins resulting in the formation of
glucose-derived advanced glycosylation end
products (15). Other mechanisms that may re-
sult in the formation of ROS during DM in-
clude metabolic stress due to weight gain and
changes in energy metabolism, activation of
RNS (33), activation of xanthine oxidase (42),
increased expression of inflammatory medi-
ators, and altered expression of antioxidant
enzymes (101).

It is likely that ROS and RNS contribute to
the destruction of the pancreatic β-cell during
the pathogenesis of type I DM, as these cells
express low levels of antioxidant enzymes, in-
cluding GPX (65). Furthermore, significant
reductions in erythrocyte GPX activity and
total GSH content occur in young type I DM
patients as compared with age-matched con-
trols (44, 98). Although the specific roles of
GPX1 in the pathogenesis of type I DM have
not been identified, Se is known to protect
against the destruction of pancreatic β-cells in
streptozotocin-induced diabetic mice. Treat-
ment of these mice with sodium selenite re-
sults in nearly complete attenuation of hyper-
glycemia, lipid peroxidation, and plasma GSH
depletion (45, 100, 108).

Although human studies have not estab-
lished a direct link between GPX1 activity and
type II DM, recent studies have proposed a
role for ROS and altered antioxidant enzyme
expression in the development of disease (55,
120). Depletion of antioxidants is associated
with the pathogenesis of type II DM, as re-
duced vitamin E and C status is a predictor
of disease (123, 143), and patients with type
II DM exhibit high SOD3 (extracellular), but
low GPX3 activity (101).

Insulin resistance occurs during normal
pregnancy and results in gestational diabetes
when women become glucose intolerant (77).
One recent study investigated the association
of erythrocyte GPX1 activity with insulin re-
sistance during pregnancy (23). Interestingly,
erythrocyte GPX activity increased signifi-
cantly during the course of normal pregnancy,
and the activity was positively associated with
fasting plasma insulin and glucose concentra-
tions and incidence of insulin resistance. The
authors concluded that enhanced maternal
GPX1 activity might be a protective response
to pregnancy-induced increases in ROS and
that there might be a link between GPX ac-
tivity, insulin resistance, and β-cell function.

Transgenic mice overexpressing GPX1
have been utilized in two recent studies in-
volving glucose homeostasis and insulin func-
tion. The first study reported the develop-
ment of insulin resistance and obesity in
GPX1(+/+) as compared with age-matched
wild-type mice (99). The GPX1(+/+) mice
developed hyperglycemia, hyperinsulinemia,
and elevated plasma leptin concentrations,
as well as reduced phosphorylation of Akt
(a kinase downstream of the insulin recep-
tor) in both liver and muscle after insulin
stimulation. It is possible that the increased
GPX1 activity might interfere with insulin
function by overquenching intracellular ROS
that are required for insulin signaling. This
finding is supported by a recent report that
β-cell-specific overexpression of catalase and
metallothionein in mice resulted in acceler-
ated spontaneous diabetes and altered insulin
signaling (94).

A second study utilized pancreatic islets
isolated from GPX1(+/+) mice to study
the effects of oxidant injury on glucose
metabolism following grafting to STZ-
treated wild-type mice (109). In that study,
islets that were isolated from GPX1(+/+)
mice were not protected from pro-oxidant-
induced cell death in vitro; however, islets
isolated from animals overexpressing both
GPX1 and SOD (both SOD1 and SOD2)
were protected. Furthermore, when islets
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from transgenic animals were grafted into
streptozotocin-treated mice, overexpression
with both GPX1 and SOD enzymes resulted
in significantly improved control of blood
glucose. However, overexpression of GPX1
alone had no significant effect.

Disruptions in insulin sensitivity often in-
volve diminished signaling at the insulin re-
ceptor, which is a tyrosine kinase (49). The
role of hydrogen peroxide and oxidant tone
at the insulin receptor is controversial. Nega-
tive effects of hydrogen peroxide include the
inhibition of insulin-induced tyrosine phos-
phorylation of the insulin receptor β sub-
unit in NIH-B cells (68) and the inhibition of
insulin-induced Akt phosphorylation in vas-
cular smooth muscle cells (62). In contrast,
early studies suggested that hydrogen perox-
ide could function as an insulin mimetic (37),
and more recent reports suggest that insulin
stimulation generates a burst of hydrogen per-
oxide in hepatoma and adipose cells that is as-
sociated with a reversible oxidative inhibition
of overall cellular tyrosine phosphatase activ-
ity (97). Maintenance of tyrosine phosphatase
activity is essential for the regulation of tyro-
sine phosphorylation in the insulin signaling
cascade, and as such, insulin sensitivity. When
considered in conjunction with the findings
from GPX1(+/+) mice, it appears that the
appropriate concentration of hydrogen perox-
ide is a key factor for insulin signaling. Likely,
GPX1 plays a critical role in regulating the
concentration of hydrogen peroxide through
the enzyme-substrate reaction.

CONCLUSIONS AND
PERSPECTIVES

Our understanding of GPX1 function and
regulation has advanced significantly during
the past ten years. Several new factors such as

c-Abl and Arg tyrosine kinases and adenosine
have been identified as Se-independent regu-
lators of GPX1 expression. These identifica-
tions help explain responses of GPX1 gene ex-
pression and enzyme activity to changes other
than Se supply in cells and tissues. It will be
interesting to find out if and how these new
regulators, as well as other regulators not yet
identified, affect the functional coordination
between GPX1 and other selenoproteins or
antioxidant enzymes in various metabolic cir-
cumstances. The application of GPX1 knock-
out and transgenic mouse models has gener-
ated convincing evidence for the in vivo role of
GPX1 in protecting against ROS-related ox-
idative stress. The physiological importance
of that protection by GPX1 varies with sever-
ity of the employed stress and status of body
Se. Strikingly, RNS-related oxidative stress
is potentiated by GPX1. Knockout of GPX1
renders mice resistant to toxicities of RNS in-
ducers acetaminophen and kainic acid. It will
be scientifically fascinating and clinically im-
portant to determine how GPX1 exerts dual
roles in coping with ROS and RNS. The il-
lustration of GPX1 impact on signal trans-
duction related to cell death, protein kinase
phosphorylation, and oxidation allows us to
unveil mechanisms of GPX1 functions at the
cell biology level. Data from human studies
and animal experiments increasingly show as-
sociations between alteration or abnormal-
ity of GPX1 expression and incidences of
cancer, cardiovascular disease, neurodegen-
eration, autoimmune disease, and diabetes.
Although it remains as a challenge to eluci-
date the mechanism of GPX1 in the patho-
genesis of these common disorders, it will be
helpful to develop novel tools and therapies to
diagnose and treat these diseases through ma-
nipulation of GPX1 expression and function.

SUMMARY POINTS

1. Glutathione peroxidase-1 is the first identified and most abundant mammalian
selenium-containing protein and has been considered a major intracellular antiox-
idant enzyme.
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2. Although selenium serves as the primary regulator of GPX1 expression,
selenocysteine-insertion sequence-associating factors, adenosine, c-Abl and Arg tyro-
sine kinase, homocysteine, and epidermal growth factor receptor may impart potent
impacts on the levels of GPX1 mRNA, protein, and activity.

3. Application of GPX1-overexpressing or knockout mouse models has produced con-
vincing evidence for the in vivo protection of GPX1 against oxidative injuries and
mortality mediated by reactive oxygen species.

4. Knockout of GPX1 renders mice and their primary hepatocytes resistant to, whereas
overexpression of GPX1 sensitizes mice to, oxidative injuries or death mediated by
reactive nitrogen species.

5. GPX1 functions in cellular signaling pathways, including cell death and survival,
protein kinase phosphorylation, and oxidant-mediated activation of NFκB.

6. Development of hyperglycemia, hyperinsulinemia, insulin resistance, and obesity in
GPX1-overexpressing mice, along with the strong positive correlation between ges-
tational diabetes and elevation of erythrocyte GPX1 activity in pregnant women,
indicates the importance of maintaining normal GPX1 activity in regulating body
glucose homeostasis.

7. Alteration or abnormality of GPX1 expression may be associated with etiology of a
number of chronic diseases including cancer, cardiovascular disease, neurodegenera-
tion, autoimmune disorder, and diabetes.

8. Future research should be focused on the molecular mechanisms of GPX1 in the
development of chronic diseases and the potential application of GPX1 manipulation
in treating the diseases.
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Figure 1

Regulators of GPX1 expression and activity.

Figure 2

Dual roles of GPX1 in ROS- versus RNS-related oxidative stress.
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κ

Figure 3

Roles of GPX1 in ROS-induced signal transduction; ↑ � promotion by GPX1; � inhibition by
GPX1.
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