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SaZetak

Reaktivni radikali kisika (ROS) stvaraju se tijekom razlicitih patoloskih procesa
u povecanim koncentracijama. Oni su uzrok peroksidacije lipida i oksidacije
DNA i proteina zbog svoje visoke kemijske reaktivnosti. Medutim, mehanizmi
antioksidacijske zastite, ukljucujudi razlicite antioksidacijske enzime, sprje-
Cavaju ostecenja tkiva i druge komplikacije povezane s ROS. Ovaj je pregled
usredotocen na ucinke razlicitih glutation-peroksidaza (GPX) na molekular-
nu kontrolu toksikoloskog djelovanja reaktivnih kisikovih radikala. Nadalje,
opisuju se specificna biokemijska svojstva, sinteza i uloga svakog izoenzima
glutation-peroksidaze u bioloskim procesima. Male molekule koje djeluju kao
oponasatelji aktivnog mjesta glutation-peroksidaza mogle bi postati novo
sredstvo u lijecenju mnogih oboljenja.

Kljucne rijeci: antioksidacijski proces, glutation-peroksidaza, motiv SECIS,
glutation, selen, izoenzimi
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Abstract

Reactive oxygen species (ROS) are produced during different pathological
processes in increased concentrations. They cause lipid peroxidation and oxi-
dation of DNA and proteins due to their high chemical reactivity. However,
antioxidative defense mechanisms, including different antioxidant enzymes,
prevent tissue damages and other R0S-related complications. The focus of
this review is on effects of different glutathione peroxidases (GPXs) on mo-
lecular control of reactive oxygen species toxicology. Furthermore, specific
biochemical properties, synthesis and role of each glutathione peroxidase
isoenzyme in biological processes are described. Small molecules acting as
mimetics of the active site of glutathione peroxidases could become new too-
Is for treatment of many diseases.
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Uvod

Proteklih je 20 godina pridana velika pozornost ulozi ok-
sidacijskog stresa kojeg uzrokuju reaktivni radikali kisika
(engl. reactive oxygen species, ROS) te razlikama u antiok-
sidacijskim mehanizmima izmedu pojedinaca, posebice
kod bolesti koje ovise o dobi kao $to su karcinom, artritis,
ateroskleroza, neurodegenerativni poremedaji i dr. (1,2).
Antioksidacijska zastita je vazna u uklanjanju slobodnih
radikala jer osigurava maksimalnu zastitu bioloskih mjes-
ta kao $to su tiolne skupine koje su dio aktivnih mjesta
u nekim metaboliziraju¢im enzimima (2,3). Dobar antiok-
sidans specifi¢no potiskuje slobodne radikale, kelira redo-
ks-metale, medusobno djeluje s drugim antioksidansima
unutar antioksidacijske mreze, ima povoljan ucinak na
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Introduction

In the past 20 years great stress has been laid on the ro-
le of oxidative stress caused by reactive oxygen species
(ROS), differences in antioxidant mechanisms among
individuals, especially in age-dependent diseases such
as cancer, arthritis, arteriosclerosis, neurodegenerative
disorders and others (1,2).

Antioxidant defense is important in the removal of free
radicals, providing the maximal protection of biological
sites such as thiol groups which are part of active sites in
some metabolizing enzymes (2,3). A good antioxidant
should specifically quench free radicals, chelate redox
metals, interact with other antioxidants within an antioxi-
dant network, have a positive effect on gene expression,

162



Jurkovic S. i sur.

Molekularni utjecaj glutation-peroksidaza u antioksidacijskim procesima

Jurkovic S. et al.

izrazaj gena, lako se apsorbira, ima fizioloski relevantnu
koncentraciju u tkivima i bioloskim tekué¢inama, te djelu-
je i u vodenim i/ili membranskim domenama (2). Najdje-
lotvorniji enzimski antioksidansi obuhvaéaju superoksid-
dismutazu, katalazu i glutation-peroksidazu. Neenzimski
antioksidansi uklju¢uju tiolne antioksidanse (glutation,
tioredoksin i lipoi¢nu kiselinu), vitamin C, vitamin E, karo-
tenoide, prirodne flavonoide, te druge spojeve (selen) (4).
Ovaj je pregled usredotocen na skupinu enzima, tj. gluta-
tion-peroksidaze (GPX), koji predstavljaju glavne enzime
u mehanizmu antioksidacijske zastite ovisnom o glutatio-
nu. Specificna biokemijska obiljezja, sinteza i uloga sva-
kog izoenzima GPX opisana su u bioloskim procesima.
Identificirano je barem 7 vrsta GPX (5,6) i njihova su obi-
liezja prikupljena u tablici podijeljenoj na sljedece vrste:
citosolne (cGPX ili GPX1), gastrointestinalne (GI-GPX ili
GPX2), plazmatske (pGPX ili GPX3), fosfolipid-hidroperok-
sidne (PHGPX ili GPX4), te glutation-peroksidaze GPX5 i
GPX6. Nadalje, dan je i prikaz neenzimskih antioksidansa
ukljucenih u aktivnost GPX.

Biosinteza glutation-peroksidaza

Biosinteza glutation-peroksidaza je sli¢na biosintezi svih
selenoproteina koja ovisi o dostupnosti selena (Se). Go-
dine 1973. utvrdeno je da je Se strukturna sastavnica ak-
tivnog sredista zivotinjskog enzima stani¢ne glutation-
peroksidaze (GPX1) (6,7). Otada je identificirano 30 novih
selenoproteina, od kojih je 15 procis¢eno te im je karakte-
rizirana bioloska funkcija (7-9).

Selen se kao selenocistein (Sec) ugraduje u aktivno mjes-
to rastuceg visepeptidnog lanca kojeg kodira UGA. Kot-
ranslacijska ugradnja Sec u selenoproteine uzrokuje znat-
ne probleme stanici koja mora prepoznati UGA kao Sec-
kodon, a ne kao translacijski STOP-signal (10-12).
Kloniranje GPX1 je dovelo do identifikacije specificnog
eukariotskog Sec-insercijskog sekvencijskog (SECIS) ele-
menta kao strukture s ukosnicom smjestene na 3’ nepre-
vedenim regijama (UTR) mRNA glutation-peroksidaze.
Element SECIS, koji predstavlja aktivnu tocku, jest signal
koji iznova kodira UGA kao dio okvira od Stop-signala do
Sec-kodona (13). Takav slozeni slijed selenu ocito pruza
mnogo mogucnosti za posttranskripcijsku regulaciju bio-
sinteze selenoproteina. Medutim, pomanjkanje selena re-
zultira preranim dovrsetkom lanca na kodonu UGA te po-
vec¢anom razgradnjom mRNA selenoproteina (14).
Najmanja regija koja je potrebna za funkciju SECIS su ocu-
vani slijedovi 5" A/GUGA i 3’ GA. Za tu je regiju naknadno
dokazano da tvori nestandardne (engl. non-Watson-Crick)
parove baza: purinske parove izmedu GA na 5’ bazi pe-
teljke (u o¢uvanom slijedu A/GUGA) te GA u 3’ bazi, kao i
pirimidinske parove koji su grani¢ni za ta dva para. Ispos-
tavilo se da sli¢na nestandardna obiljezja parova baza slu-
ze kao vezna mjesta za nekoliko sekvencijski i strukturno
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be readily absorbed, have a concentration in tissues and
biofluids at a physiologically relevant level, act in both
aqueous and/or membrane domains (2). The most efficie-
nt enzymatic antioxidants involve superoxide dismutase,
catalase and glutathione peroxidase. Non-enzymatic
antioxidants involve thiol antioxidants (glutathione, thio-
redoxin and lipoic acid), vitamin C, vitamin E, carotenoi-
ds, natural flavonoids, melatonin and other compounds
(selenium) (4).

In this review the focus is placed on a group of enzymes,
glutathione peroxidases (GPXs), which are the major en-
zymes in the antioxidative defense mechanism dependi-
ng on glutathione. The specific biochemical properties,
synthesis and the role of each GPX isoenzyme will be
described in biological processes. At least 7 types of
GPXs have been identified (5,6), and their properties will
be collected in a table divided into the following types:
cytosolic- (cGPX or GPX1), gastrointestinal- (GI-GPX or
GPX2), plasma- (pGPX or GPX3), phospholipid hydrope-
roxide- (PHGPX or GPX4) glutathione peroxidase, GPX5
and GPX6. Furthermore, non-enzymatic antioxidants, in-
cluded in the activity of GPXs, will be reviewed.

Biosynthesis of glutathione peroxidases

Biosynthesis of glutathione peroxidases is similar to bio-
synthesis of all selenoproteins which depends on the avai-
lability of selenium (Se). It was established in 1973 that Se
is a structural component of the active center of the ani-
mal enzyme cellular glutathione peroxidase (GPX1) (6,7).
Since then, 30 new selenoproteins have been identified,
15 of them were purified and their biological function
was characterized (7-9).

Selenium is incorporated as selenocysteine (Sec) into the
active site of a growing polypeptide chain encoded by
UGA. This cotranslational incorporation of Sec into sele-
noproteins presents significant problems to the cell whi-
ch must recognize the UGA as a Sec codon rather than a
STOP translation signal (10,11,12).

The cloning of GPX1 has led to the identification of a spe-
cific eukaryotic Sec insertion sequence (SECIS) element
as a stem-loop structure located in the 3" untranslated
regions (UTR) of the glutathione peroxidase mRNAs. The
SECIS element, which is in the active site, is the signal
that recodes the in-frame UGA from a STOP to a Sec co-
don (13). Evidently, this complicated sequence provides
ample opportunity for a posttranscriptional regulation
of selenoprotein biosynthesis by selenium. However, se-
lenium deficiency results in premature chain termination
at the UGA codon as well as in increased degradation of
the selenoprotein mRNAs (14).

The minimal region required for SECIS function are con-
served 5" A/GUGA and 3’ GA sequences. This region has
been subsequently proven to form non-Watson-Crick ba-
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specificnih RNA-veznih proteina. U SECIS-elementima su
ocuvani adenozini sadrzani u jednostavnoj otvorenoj om-
¢i (10,15) (Slika 1).

Umetak Sec u eukariota iziskuje zasebne ¢imbenike pre-
vodenja koji ukljucuju Sec tRNA i ¢imbenik produljenja
uz RNA-element u 3"-neprevedenom odsjecku mRNA ko-
ji pak usmjerava ugradnju Sec kao odgovor na sve kodo-
ne UGA unutar okvira. U stanicama sisavaca taj je proces

ZQ o= oo == = — —

SLIKA 1. Ovasslika prikazuje oblik elementa | SECIS (GPX1). Ocuvani sli-
jed i strukturna obiljezja ukljucuju sredisnje SECIS-nukleotide (A/GUGA
i GA), duljinu peteljke, te o¢uvane adenozine u zavr$noj omci (oznace-
no kao adenosine loop). Tanke crte naznacuju Watson-Crickove parove
baza dok podebljane crte oznacuju ne-Watson-Crickovo - nestandar-
dno sparivanje. Oblik elementa SECIS Il ima dvije peteljke, odvojen je
regijom poglyA i tipi¢an je za GPX3 i GPX4.

u velikoj mjeri reguliran te reagira na dostupnost selena
na razini postojanosti i prevodenja RNA (11,13,14). Za spa-
janje Sec od najvece je vaznosti SECIS-specifi¢ni vezni pro-
tein 2 (engl. SECIS binding protein 2, SBP2) koji takoder ve-
ze ¢cimbenik produljenja EFsec sa specificnosc¢u za seleno-
cisteil-tRNA (tRNA(Sensec) SBP2 se veze za otuvanu regiju
s ne-Watson-Crickovim parovima baza u peteljci elemen-
ta SECIS i ostaje vezan tijekom viSestrukih ciklusa prevode-
nja selenoproteina. tRNAeSec se aminoacilira sa serinom
koji se kasnije pretvara u Sec (13,16,17).

Kao $to je prikazano na Slici 2., element SECIS privlaci
SBP2 u jezgri, a kompleks SECIS-SBP2 moze privudi kom-
pleks EFsec-tRNA i uputiti ga prema ribosomu u kodiraju-
¢oj regiji. Cinjenica da je element SECIS smjesten u 3’ UTR
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se pairs: purine pairs between the GA at the 5" base of the
stem (in the conserved A/GUGA sequence) and the GA
at the 3’ base, and pyrimidine pairs flanking these two.
Similar non-standard base-pairing features turned out to
serve as binding sites for several sequence- and structu-
re- specific RNA-binding proteins. In SECIS elements, the
conserved adenosines are contained in a simple open
loop (10,15) (Figure 1).

ADENOSINE LOOP
10-14 N.T.

STEM
9-11b p

SECIS
CORE

FIGURE 1. This figure shows the form of | SECIS element (GPX1). Conser-
ved sequence and structural features include the SECIS core nucleoti-
des (A/GUGA and GA), the stem length, and conserved adenosines in a
terminal loop (marked as adenosine loop). The thin lines indicate Wat-
son-Crick base pairs while the bold lines designate non-Watson-Crick
pairing. The Form Il SECIS element is the one with two stems, separa-
ted by a polyA region and is typical for GPX3 and GPX4.

The Sec insertion in eukaryotes requires dedicated tran-
slation factors including a Sec tRNA and elongation fac-
tor in addition to the RNA element in the 3’-untranslated
portion of the mRNA that directs Sec incorporation in
response to all in-frame UGA codons. In mammalian cells,
this process is highly regulated and responsive to sele-
nium availability, both at the levels of RNA stability and
translation (11,13,14). Crucial for the Sec incorporation
is a SECIS-specific binding protein, termed SECIS bindi-
ng protein 2 (SBP2) which also binds to the elongation
factor EFsec with specificity for selenocysteyl-tRNA (tR-
NAGensec) SBP2 binds to a conserved, non-Watson-Crick
base-paired region in the stem of the SECIS element and
remains bound through multiple cycles of selenoprotein
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SLIKA 2. Spajanje Sec pomoc¢u GPX vodeno s 3’ UTR. Otvoreni okvir
¢itanja eukariotske mRNA selenoproteina oznacen je crnom prugom,
s ribosomom (oznaceno toc¢kicama) koji dekodira kodon UGA Sec. UTR
su naznaceni tankom crnom crtom. Kompleks SECIS-SBP2-EFsectRNA
prikazan je sastavljen u 3-UTR uz savijanje unazad prema ribosomu.

TABLICA 1. Geni koji su potrebni za sintezu selenoproteina u eukariota

FIGURE 2. Sec incorporation of GPX directed from 3’ UTR. The open
reading frame of an eukaryotic selenoprotein mRNA is depicted by
the black bar with a ribosome (dots) decoding the UGA Sec codon. The
UTRs are indicated by the thin black line. The SECIS-SBP2-EFsectRNA
complex is shown assembled in the 3-UTR and looping back to the ri-
bosome.

TABLE 1. Genes required for selenoprotein synthesis in Eukaryotes

SelA SEC

Efsec Selenocysteyl-tRNA-specific elongation factor
SBP2 SECIS binding factor that interacts with EFsec

selC tRNA (Ser)Sec

SPS1 Selenophosphate synthetase (non-selenoenzyme)
SPS2 Selenophosphate synthetase (selenoenzyme)

u eukariota, a ne u kodirajucoj regiji kao u prokariota, uk-
lanja potrebu za disocijacijom i ponovnim spajanjem kom-
pleksa SECIS-SBP2 sa svakim ugradbenim ciklusom. Takav
sustav moze omoguciti ponovno stvaranje kompleksa SE-
CIS-SBP-EFsec-tRNA iz dva pojedinacna kompleksa RNA-
protein nakon svakog popunjavanja ciklusa EFsec-tRNA
za sljededi priblizavajuci ribosom. Ujedno je povoljan kod
prevodenja proteina koji sadrzi viSestruke ostatke Sec po-
put selenoproteina P (5,11,13).

Specificna t-RNAGeNsec se najprije opterecuje serinom,
zatim pretvara u selenocisteil- tRNA®eNSec s selenofosfa-
tom kao davateljem selena i vezanim sa svojom antiko-
donskom regijom na kodon UGA mRNA (14,15).
Zanimljivo je da izgleda da je postojanost mRNA poveza-
na s djelotvorno3cu relevantnih elemenata SECIS u potis-
kivanju stop-kodonaiili spajanju selenocisteina. To je zapa-
zanje dovelo do fascinantne hipoteze da vezanje SelC za
motiv SECIS ima dvojne ucinke u eukariota uz posljedi¢no
ponovno kodiranje kodona UGA i stabilizaciju mRNA ovis-
nu o selenu (18).

translation. tRNAGesecjs aminoacylated with serine whi-
ch is subsequently converted to Sec (13,16,17).

As shown in Figure 2, the SECIS element recruits the SBP2
in the nucleus and the SECIS-SBP2 complex could recruit
the EFsec-tRNA complex and deliver it to a ribosome in
the coding region. Because the SECIS element is located
in the 3" UTR in eukaryotes, not in the coding region
as in prokaryotes, it obviates the need for dissociation
and reassociation of the SECIS-SBP2 complex with each
incorporation cycle. This scheme could allow a rapid re-
formation of SECIS-SBP-EFsec-tRNA complexes from two
individual RNA-protein complexes after each EFsec-tRNA
delivery cycle reloading for the next approaching riboso-
me. This would also be advantageous in the translation
of a protein containing multiple Sec residues such as sele-
noprotein P (5,11,13).

A specific t-RNAGensec s first loaded with serine, then
transformed into selenocysteyl-tRNAGensec with selenop-
hosphate as the selenium donor and bound with its anti-
codon region to a UGA codon of the mRNA (14,15).

Biochemia Medica 2008;18(2):162-74
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Struktura GPX

Premda su GPX1, GPX3 i GI-GPX2 homotetrameri, GPX4 je
monomer s molekularnom veli¢éinom manjom od podjedi-
nicadrugih glutation-peroksidaza. Zbog svoje male velici-
ne i vodoodbojne povrsine GPX4 imaju sposobnost reagi-
ranja sa slozenim membranskim lipidima (19).

Struktura GPX u sisavaca takoder je analizirana raCunalom
uz pomo¢ molekularnog modeliranja. Dobiveni modeli
ukazuju da su osnovne faze katalize tri zasebne redoks-
promjene selena na aktivnom mjestu koji se u osnovnom
stanju pojavljuje na povrsini selenoperoksidaza kao sre-
diste karakteristi¢ne trijade koju izgraduju selenocistein,
glutamin i triptofan. U GPX ¢etiri argininska ostatka i lizin-
ski ostatak osiguravaju elektrostati¢an ustroj koji u sva-
kom reduktivnom koraku usmjerava glutation donorskog
supstrata (engl. donor substrate glutathione, GSH) prema
katalitickom sredistu tako da njegova sulfhidrilna skupina
mora reagirati s dijelom molekule selena. Stovise, meha-
nizmi vezanja kosupstrata su jedinstveni za klasi¢nu vrstu
GPX1, no ne djeluju kod GPX3 i GPX4 (11) (Slika 3).
Analizom selenoproteoma karakterizirane su funkcije i sli-
jed Sest glutation-peroksidaza (GPX) u sisavaca: citosolne
(cGPX, GPX1), prvog identificiranog selenoproteina kod
sisavaca (6,15), fosfolipid-hidroperoksidne GPX (PHGPX,
GPX4) koja je prvi put opisana 1982. godine i kasnije sek-
venciranjem potvrdena kao selenoprotein (21,22), te dru-
ge sekvencirane plazmatske GPX (pGPX, GPX3) (23), gas-

Molecular impact of glutathione peroxidases in antioxidant processes

Interestingly, the stability of the mRNAs appears to corre-
late with the efficiencies of the pertinent SECIS elements
in stop-codon suppression or selenocysteine incorpora-
tion. This observation has led to an intriguing hypothesis
that SelC binding to the SECIS motif has dual effect in
eukaryotes, resulting in the recoding of the UGA codon
and stabilization of the mRNA in a selenium-dependent
manner (18).

The structure of GPXs

Although GPX1, GPX3 and GI-GPX2 are homotetramers,
the GPX4 is a monomer with a molecular size smaller
than the subunits of other glutathione peroxidases. Due
to their small size and hydrophobic surface, GPX4s have
the ability to react with complex lipids in membranes
(19).

The structure of mammalian GPXs was also analyzed by
computer-assisted molecular modelling. The obtained
models show that essential steps of catalysis are three
distinct redox changes of the active site selenium, which
in the ground state presents itself at the surface of seleno-
peroxidases as the center of a characteristic triad built by
selenocysteine, glutamine and tryptophan. In GPX, four
arginine residues and a lysine residue provide an electros-
tatic architecture which in each reductive step directs the
donor substrate glutathione (GSH) towards the catalytic
center in such a way that its sulfhydryl group must react

SLIKA 3. Strukturni model GPX1 kao homotetramera (kruznice s oko-
mitim linijjama oznacavaju aktivna mjesta - selenocistein na 47-ami-
nokiselini; najsvjetlije sive kruznice: GIn 82; bijele s tockicama: Trp160;
kruznice s vodoravnim linijama: Arg 52 i Arg 179).

Biochemia Medica 2008;18(2):162-74

FiGURE 3. Structural model of GPX1 as a homotetramer (spheres with
vertical lines indicate the active sites - selenocysteine at amino acid 47,
the brightest grey spheres: GIn 82, white dotted spheres: Trp 160, sphe-
res with horizontal lines: Arg 52 and Arg 179).
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trointestinalne GPX (GI-GPX, GPX2) (24) te kod ljudi GPX6
koja je ogranicena na olfaktorni sustav (19).

Glutation i selen su znacajni u mehanizmima
antioksidacijske zastite povezanima s GPX

Glutation-peroksidaza je ukljucena u zastitu od oksidacij-
skog stresa, pri cemu glutation koristi kao supstrat. Gluta-
tion takoder djeluje kao supstrat u drugim detoksificiraju-
¢im enzimima protiv oksidacijskog stresa kao Sto su gluta-
tion-transferaze. On sudjeluje u prijenosu aminokiselina
kroz plazmatsku membranu i izravno cisti hidroksilni ra-
dikal i singletni kisik te time detoksificira vodikov perok-
sid i lipidne perokside katalitickim djelovanjem GPX. Glu-
tation moze obnoviti najvaznije vitamine, tj. vitamine Ci
E, natrag u njihove aktivne oblike (2).

Zahvaljujuci cisteinu koji sadrzi tiolnu skupinu, glutation
je vazan unutarstani¢ni neenzimski antioksidans. Gluta-
tion je obilato prisutan u citosolu (1-11 mM), jezgrama (3-
15 mM) i mitohondrijima (5-11 mM) te je glavni topljivi an-
tioksidans u stani¢nim odjeljcima (2,25).

Unutarstani¢ni sadrzaj glutationa ovisi o ¢imbenicima
okolisa i funkcionira kao ravnoteza izmedu njegova isko-
ridtenja i sinteze. Izlaganje ROS (ukljucujuci H,0,)/RNS, ili
spojevima koji mogu stvarati ROS, moze povecati sadrzaj
GSH povecanjem brzine sinteze GSH (2).

Znacajno je da se GPX natjecu s katalazom za H,0, kao
supstrat. Redoks-ciklus glutationa je glavni izvor zastite
od blagog oksidacijskog stresa, dok katalaza postaje sve
vaznija u zastiti od teskog oksidacijskog stresa (26).
Medutim, u stanicama zivotinja, a posebice u ljudskim
eritrocitima, GPX se ve¢ dugo smatra vodecim antioksida-
cijskim enzimom za detoksifikaciju H,0, jer katalaza ima
mnogo maniji afinitet za H,0, nego GPX (2,27).

U velikom je broju studija ustanovljena povezanost izme-
du pojavnosti karcinoma i razli¢itih poremecaja funkcija
enzima povezanih s GSH, dok se za glutation S-transfe-
raze (GST) ¢eSce izvjeStava s obzirom na promjene gluta-
tion-peroksidaza (2,3,25).

Selen, kao dio aktivhog mjesta u GPX, jest osnovni mik-
ronutrijent za kojeg je pokazano da smanjuje pojavnost
karcinoma debelog crijeva te zariSta aberantnih kripti u
zivotinjskim modelima (27-29). Ukazano je i na njegovu
mogucu uklju¢enost u kemoprevenciju nekih karcinoma.
U studijama na ljudima podatci pokazuju da su koncentra-
cije selena obrnuto povezane sa smrtnos¢u i pojavnoscu
karcinoma (20,30,31).

Stoga se ¢ini da selen funkcionira kao antimutageni age-
ns koji sprje¢ava zlo¢udnu preinaku normalnih stanica. Ci-
ni se da su ti njegovi zastitni ucinci ponajprije povezani s
aktivnoscu glutation-peroksidaza. Koncentracije GPX1 su
osobito odgovorne za kolebanja koncentracija selena u
usporedbi s ostalim selenoproteinima (6).

Molecular impact of glutathione peroxidases in antioxidant processes

with the selenium moiety. Moreover, cosubstrate binding
mechanisms are unique for the classical type of GPX1 but
cannot operate in GPX3 and GPX4 (11) (Figure 3).

Analysis of selenoproteome characterized the functions
and sequence of 6 glutathione peroxidases (GPXs) in mam-
mals: cytosolic GPX (cGPX, GPX1), the first identified mam-
malian selenoprotein (6,15), phospholipid hydroperoxide
GPX (PHGPX, GPX4) which was first described in 1982 and
later verified as selenoprotein by sequencing (21,22), and
other sequenced plasma GPX (pGPX, GPX3)(23), gastroin-
testinal GPX (GI-GPX, GPX2)(24) and, in humans, GPX6
which is restricted to the olfactory system (19).

Glutathione and selenium are important in GPX-
related antioxidative defense mechanisms

Glutathione peroxidase is involved in protection against
oxidative stress, and thus uses glutathione as a substrate.
Glutathione also acts as a substrate in other detoxifying
enzymes against oxidative stress, such as glutathione
transferases. It participates in amino acid transport throu-
gh the plasma membrane, scavenges hydroxyl radical
and singlet oxygen directly, detoxifying hydrogen pe-
roxide and lipid peroxides by the catalytic action of GPX.
Glutathione is able to regenerate the most important an-
tioxidants, vitamins C and E back to their active forms (2).
Due to cysteine that comprises a thiol group, glutathione
is an important intracellular non-enzymatic antioxidant.
Glutathione is highly abundant in the cytosol (1-11mM),
nuclei (3-15mM), and mitochondria (5-11mM) and is a ma-
jor soluble antioxidant in cell compartments (2,25).

The intracellular content of glutathione depends on en-
vironmental factors and functions as a balance between
its utilization and synthesis. Exposure to ROS (involving
H,0,)/RNS, or to compounds which can generate ROS,
can increase the content of GSH by increasing the rate of
GSH synthesis (2).

Significantly, GPX competes with catalase for H,0, as a
substrate. Glutathione redox cycle is a major source of
protection against mild oxidative stress, whereas catala-
se becomes increasingly important in protection against
severe oxidative stress (26).

However, in animal cells, and especially in human erythro-
cytes, the principal antioxidant enzyme for H,0, detoxifi-
cation has for a long time been considered to be GPX, as
catalase has much lower affinity for H,0O, than GPX (2,27).
A large number of studies have established an associa-
tion between cancer incidence and various disorders of
GSH-related enzyme functions, while glutathione S-tran-
sferases (GSTs) have been more frequently reported with
regard to alterations of glutathione peroxidases (2,3,25).
Selenium, as part of the active site in GPXs, is an essential
micronutrient shown to reduce colon cancer incidence
and preneoplastic aberrant crypt foci in animal models
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Specificna bioloska svojstva ljudskih
glutation-peroksidaza

A. Funkcije glutation-peroksidaza

Unato¢ njihovu posvudasnjem izrazaju, koncentracije sva-
ke izoforme variraju ovisno o vrsti tkiva. Sve glutation-pe-
roksidaze reduciraju vodikov peroksid i alkilne hidrope-
rokside na racun glutationa. Njihove se specificnosti za
hidroperoksidni supstrat, medutim, izrazito razlikuju. Ci-
tosolne i mitohondrijske glutation-peroksidaze (cGPX ili
GPX1) reduciraju samo topljive hidroperokside kao $to je
H,0, te neke organske hidroperokside kao 5to su hidrope-
roksi-masne kiseline, izopropil-benzen-hidroperoksid ili
t-butil-hidroperoksid. GPX1 i fosfolipid-hidroperoksidna
glutation-peroksidaza GPX4 (ili PHGPX) nalaze se u vecini
tkiva. GPX4 je smjesten i u citosolu i u membranskoj frak-
ciji. Nadalje, GPX4 moze izravno reducirati sloZenije lipide
poputfosfatidilkolin-hidroperoksida, hidroperoksidamas-
nih kiselina i hidroperoksida kolesterola koji se stvaraju u
peroksidiranim membranama i oksidiranim lipoproteini-
ma (32-35). GPX3 je usmjeren na izvanstani¢ne odjeljke i
luce ga razlicita tkiva u dodiru s tjelesnim tekuc¢inama. On
reducira fosfolipidne hidroperokside i doprinosi izvansta-
ni¢nom antioksidacijskom stanju kod ljudi. Medutim, vaz-
nost njegove funkcije jo$ uvijek je upitna zbog niske kon-
centracije glutationa u plazmi (33).

GPX1 sprjecava citotoksi¢no, peroksidima izazvano oksi-
dacijsko ostecenje, peroksidaciju lipidairazgradnju protei-
na. GPX4 je potreban za embriogenezu i musku plodnost.
Tocna funkcija GPX3 jos$ uvijek je nepoznata, dok bi GPX2
mogao biti protuupalni i antikancerogeni enzim (36).

B. Regulacija sinteze

Za egzogenu je opskrbu selenom utvrdeno da kontrolira
enzimsku aktivnost ljudskog GPX1. U okolini s pomanjka-
njem selena u stanicama postoji oko 5% normalne ljud-
ske aktivnosti GPX1. Medutim, na koncentraciju GPXT mR-
NA ne utjece koncentracija selena, $to pak ukazuje da je
ljudski GPX1 gen posttranskripcijski reguliran selenom
(37,38).

Nedavno je utvrdeno da GPX1 inducira etopozid, koji je in-
hibitor topoizomeraze I, pobudivac apoptoze i aktivator
p53. Analizama vezanja DNA dokazano je da p53 povolj-
no regulira uzlazni promotorski element gena GPXI. Ta
transaktivacija GPXT7 pomocu p53 povezuje signalni put
p53 s putem antioksidacije (38). Stovise, analiza apopto-
ze potaknute s p53 u ljudskom karcinomu debelog crije-
va pokazala je da je povisen izrazaj p53 povezan s povise-
nim GPX1 (38,39).

Osim toga, hiperhomocisteinemija je jedan od rizi¢nih
¢imbenika ateroskleroznog oboljenja krvnih zila. Za ho-
mocistein je navedeno da inhibira izrazaj GPX1 i dovodi
do povecanja ROS kojima su inaktivirani dusi¢ni oksid i
pospjesena endotelna disfunkcija. Ta se endotelna disfun-
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(27, 28, 29). It has also been implicated in possible che-
moprevention of some cancers. In human studies, data
have indicated that selenium levels are inversely associa-
ted with cancer mortality and incidence (20,30,31).

Thus, it appears to function as an antimutagenic agent,
preventing the malignant transformation of normal cells.
These protective effects of Se seem to be primarily asso-
ciated with the activity of glutathione peroxidases. GPX1
levels are particularly responsive to fluctuations in sele-
nium levels compared with other selenoproteins (6).

Specific biological properties of human
glutathione peroxidases

A. Functions of glutathione peroxidases

Although their expression is ubiquitous, the levels of
each isoform vary depending on tissue type. All glutat-
hione peroxidases reduce hydrogen peroxide and alkyl
hydroperoxides at the expense of glutathione. Their spe-
cificities for hydroperoxide substrate, however, differ mar-
kedly. Cytosolic and mitochondrial glutathione peroxida-
ses (cGPXs or GPX1) reduce only soluble hydroperoxides,
such as H,0,, and some organic hydroperoxides, such as
hydroperoxy fatty acids, cumene hydroperoxide or t-bu-
tyl hydroperoxide. GPX1 and the phospholipid hydrope-
roxide glutathione peroxidase GPX4 (or PHGPX) are found
in most tissues. GPX4 is located in both the cytosol and
the membrane fraction. Furthermore, it can also directly
reduce more complex lipids such as phosphatidylcholine
hydroperoxides, fatty acid hydroperoxides and choleste-
rol hydroperoxides which are produced in peroxidized
membranes and oxidized lipoproteins (32-35). GPX3 is
directed to extracellular compartments and is excreted
from various tissues in contact with body fluids. It redu-
ces phospholipid hydroperoxides and contributes to
extracellular antioxidant status in humans. However, the
importance of its function is still questionable because of
the low plasma concentration of glutathione (33).

GPX1 prevents cytotoxic peroxide-induced oxidative da-
mage, lipid peroxidation and protein degradation. GPX4
is required for embryogenesis and male fertility. The exa-
ct function of GPX3 is still unknown and GPX2 might be
an anti-inflammatory and anti-carcinogenic enzyme (36).

B. Regulation of synthesis

Exogenous selenium supply has been found to control
the enzymatic activity of human GPX1. In a selenium-defi-
cient environment, cells have about 5% of normal human
GPX1 activity. However, GPX1 mRNA level is not affected
by selenium level, which suggests that human GPX7 gene
is regulated post-transcriptionally by selenium (37,38).

Recently, it has been found that GPX1 is induced by eto-
poside, a topoisomerase Il inhibitor, an apoptosis inducer
and a p53 activator. DNA-binding assays have proved that
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kcija potaknuta homocisteinom rijesila uvecanim izraza-
jem GPX1 (40,417).

C. Stani¢no signaliziranje

GPX1 neutralizira dogadaje modulirane hidroperoksi-
dom, kao npr. signaliziranje citokina i apoptozu potaknu-
tu s CD95, radi uklanjanja neoplasti¢nih stanica (42,43).
GPX1 ima takoder vaznu ulogu u infekciji virusom ljudske
imunodeficijencije (HIV) (44).

Glutation-peroksidaze moduliraju aktivaciju NF-kB, $to
je potvrdeno sljede¢im razmatranjima: inhibitori ciklook-
sigenaza i lipooksigenaza inhibiraju aktivaciju NF-kB, ak-
tivnost ciklooksigenaza ovisi o tonu hidroperoksida ko-
jeg reguliraju glutation-peroksidaze, aktivacija NF-kB je
inhibirana u stanicama s nadopunom selena, a olak3ana
kod pomanjkanja selena. Stovise, pokusima je ukazano
da pretjerani izrazaj GPX1 u ljudskim kancerogenim sta-
nicama T47D inhibira aktivaciju NF-kB potaknutu s TNF
i modulira obrazac fosforilacije hsp27 nakon tretmana s
TNF. Za GPX4 je, medutim, dokazano da je privla¢niji kan-
didat za suzbijanje lipooksigenaza i utjecaj na signalizira-
nje citokina (45).

Apoptoza ili programirana smrt stanica ima vaznu ulogu
tijekom razvoja zametka, u pregradnji tkiva, uravnoteze-
nju karcinogeneze i u sustavu obrane domacina. Moguce
ga je pobuditi u T-stanicama pomocu ROS, antigena Fas
ili pomoc¢u TNF. Vecina istrazivanja uloge GPX1 u apopto-
zi provedena je na stanicama dobivenima iz limfocita. Po-
jacana aktivnost GPX1 je inhibirala apoptozu potaknutu
hidroperoksidima. Ta je ¢injenica potvrdena nadopunom
govedih bubreznih epitelnih stanica sa selenom ili pretje-
ranim izrazajem konstrukta GPX1 u mijeloi¢noj stani¢noj
liniji (33,46,47).

Konacno, uloga GPX u infekciji HIV-om je podrobno istra-
zivana. Umnozavanje HIV-a ovisi o aktivaciji NF-kB. Niske
koncentracije GSH i glutation-peroksidaza u stanicama
CD4+ povisuju koncentraciju hidroperoksida i time dovo-
de to poticanja apoptoze. Stanice zarazene HIV-om umiru
tijekom procesa apoptoze. Apoptozu djelotvorno inhibi-
ra antiapoptoticki produkt gena Bcl-2 kojemu je dokaza-
na antioksidacijska funkcija. Sli¢ni su rezultati dobiveni
sa stanicama koje prejako izrazavaju GPX1. Stoga GPX1 i
Bcl-2 pokazuju sli¢ne ucinke na antioksidacijski dogadaj
u signalnoj kaskadi i dovode do inhibicije apoptoze, iako
razli¢itim mehanizmima. GPX1 izravno reducira hidrope-
rokside, dok Bcl-2 sprjecava njihov nastanak. Na temelju
tih studija te studija koje ukljucuju depleciju GSH zakljuce-
no je da bi se smanjenjem koncentracija GSH i aktivnosti
GPX prije infekcije moglo smanijiti Sirenje virusa zahvalju-
juci apoptozi uzrokovanoj oksidacijskom mikrookolinom
(48,49).

D. Patofizioloske funkcije enzima

U slucaju karcinoma glave i vrata za gubitak GPX1 alela
je dokazano da se dogada u histopatolosko normalnom

Molecular impact of glutathione peroxidases in antioxidant processes

p53 positively regulates an upstream promoter element
of the GPXT gene. This transactivation of GPX7 by p53 lin-
ks the p53 signalling pathway to the antioxidant pathway
(38). Moreover, analysis of the p53-induced apoptosis in
a human colon cancer cell line showed that elevated p53
expression was associated with elevated GPX1 (38,39).

In addition, hyperhomocysteinemia is one of the risk fac-
tors for atherosclerotic vascular disease. Homocysteine
has been reported to inhibit the expression of GPX1 and
lead to an increase in reactive oxygen species that inacti-
vated nitric oxide and promoted endothelial dysfunction.
The overexpression of GPX1 rescued this homocysteine-
induced endothelial dysfunction (40,41).

C. Cellular signalling

GPX1 counteracts hydroperoxide-modulated events, su-
ch as cytokine signalling and CD95-triggered apoptosis,
to eliminate neoplastic cells (42,43), and GPX1 also has an
important role in human immunodeficiency virus (HIV)-
infection (44).

Glutathione peroxidases modulate NF-kB activation, whi-
ch has been confirmed by the following considerations:
inhibitors of cyclo-oxygenases and lipooxygenasesinhibi-
ted activation of NF-kB, the activity of cyclo-oxygenases
depends on the hydroperoxide tone which is regulated
by glutathione peroxidases, NF-kB activation was inhi-
bited in selenium-supplemented cells and facilitated in
selenium deficiency. Moreover, experiments have impli-
cated that GPX1 overexpression in human T47D carcino-
ma cells inhibited TNF-induced activation of NF-kB and
modulated the phosphorylation pattern of hsp27 upon
TNF treatment. However, GPX4 proved to be a more at-
tractive candidate for silencing lipooxygenases and in-
fluencing cytokine signalling (45).

Apoptosis or programmed cell death plays an important
role during embryonic development, in tissue remodelli-
ng, balancing carcinogenesis and host defense system. It
can be induced in T cells by ROS, Fas antigen or TNF. Most
of the studies of the GPX1 role in apoptosis were done in
cells derived from lymphocytes. Enhanced GPX1 activity
inhibited apoptosis induced by hydroperoxides. This fact
was confirmed by supplementation of bovine renal epit-
helial cells with selenium or by overexpression of GPX1
construct in a myeloic cell line (33,46,47).

Finally, the role of GPX in HIV infection has been studied
in detail. The replication of the HIV depends on the activa-
tion of NF-kB. Low levels of GSH and glutathione peroxi-
dases in CD4+ cells enhance the level of hydroperoxides,
leading to stimulation of apoptosis. The HIV-infected cells
diein an apoptotic process. The apoptosis is efficiently in-
hibited by the anti-apoptotic Bcl-2 gene product, which
has been shown to exert an antioxidant function. Similar
results have been obtained with the cells overexpressing
GPX1. Thus, GPX1 and Bcl-2 display analogous effects on
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tkivu u blizini tumora, $to ukazuje da bi gubitak na tom
mjestu mogao biti rani dogadaj u razvoju karcinoma. Ge-
neticki modificirani misevi s GPX1 razvijeni su radi istra-
Zivanja posljedi¢ne fizioloske funkcije tog enzima. Ti su
misevi rasli i razvijali se normalno, bez histopatoloskih
ocitovanja sve do dobi od 15 mjeseci, 5to je ukazalo na og-
rani¢enu ulogu GPX1 tijekom normalnog razvoja pod fi-
zioloskim uvjetima (50). Medutim, nakon stresa uzrokova-
nog parakvatom, GPX1(-,-) miSevi su umrli brze nego oni
iz kontrolne skupine. Neuroni u genetic¢ki manipuliranih
GPX1 miSeva takoder su bili osjetljiviji na H,0,. U tih su mi-
Seva i ocne lec¢e bile manje sposobne za oporavak nego u
kontrolnih miseva nakon izlaganja fotokemijskom stresu.
GPX1 (-,-) miSevi su izrazavali nepromijenjene koncentra-
cije GPX4, GPX3 i GPX2, $to bi posebice moglo zamijeniti
pomankanje GPX1 (50).

Geneti¢ke promjene u ljudi dovode do smanjene aktiv-
nosti GPX, redukcije GSSG ili opskrbe NADPH-om, $to os-
taje asimptomaticno (33).

Chu i suradnici su predlozili mogucu zastitnu ulogu GPX2
protiv karcinoma debelog crijeva. Takva je uloga doka-
zana temeljem kromosomskog mapiranja misjeg gena
GPX2 blizu lokusa CcsT na kromosomu 12 koji sadrzi gen
osjetljiv na karcinom debelog crijeva. Zapazeno je da su
koncentracije GPX2 mRNA viSe nego u miSeva osjetljivih
na ICR/HA (317).

GPX3 je najprije otkriven u plazmi no njegova mRNA je
pretezito nadena u epitelnim stanicama proksimalnih tu-
bula bubrega. Bolesnici s bubreznim bolestima imali su vr-
lo malu aktivnost GPX3, ukljucujudii bolesnike podvrgnu-
te dijalizi. Takvo smanjenje GPX3 u plazmi nije bilo pove-
zano s pomanjkanjem selena kod bolesnika. Ta ¢injenica
predstavlja antioksidacijsku zastitnu ulogu tog enzima u
proksimalnim tubulima bubrega (51,52).

Hibridizacijom in situ otkriveno je da je GPX4 jako izrazen
u kasnim spermatogenim stanicama. Oksidacijska inakti-
vacija GPX4 je ocevidno klju¢an korak u dozrijevanju sper-
me. Za jezgreni se oblik GPX4 vjeruje da doprinosi kon-
denzaciji kromatina (53). Za GPX4 je takoder dokazano
da funkcionira kao strukturni protein u glavama spermija
gdje Cini 50% proteina (54).

Neka obiljezja razlicitih GPX zajedno su prikazana u Tab-
lici 2.
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an antioxidative event in the signalling cascade leading
to inhibition of apoptosis, although by different mecha-
nisms. GPX1 directly reduces hydroperoxides, whereas
Bcl-2 prevents their formation. Based on these studies
and studies involving GSH depletion, it was concluded
that a reduction in GSH levels and GPX activity before
infection could decrease spread of the virus due to apop-
tosis caused by oxidative microenvironment (48,49).

D. Pathophysiologic functions of enzymes

In case of head and neck cancers, GPX1 allelic loss has
been shown to occur in histopathologically normal tissue
adjacent to tumors, indicating that loss at this locus may
be an early event in cancer evolution. GPX1 knockout
mice have been created to study the consequent physio-
logic function of this enzyme. These mice grew and de-
veloped normally and did not show any histopathologies
up to 15 months of age, indicating a limited role of GPX1
during normal development and under physiologic con-
ditions (50).

However, when stressed with paraquat, GPX1(--) mice
died faster than controls. Neurons from GPX1 knockout
mice were also more sensitive to Hzoz- Moreover, eye
lenses from knockout mice were less able to recover than
those of control mice when exposed to photochemical
stress. GPX1 (--) mice expressed unchanged levels of
GPX4, GPX3 and GPX2, which may particularly substitute
for the GPX1 deficiency (50).

Human genetic alterations lead to asymptomatic state of
decreased GPX activity, GSSG reduction or NADPH sup-
ply (33).

Chu et al. suggested a possible protective role of GPX2
against colon cancer. Such role has been shown from
chromosomal mapping of the mouse GPX2 gene near the
Ccs1 locus on chromosome 12, which contains a colon
cancer susceptible gene.-GPX2 mRNA levels were obser-
ved to be higher than in sensitive ICR/HA mice (31).

GPX3 has been first detected in plasma, yet its mRNA was
predominantly found in epithelial cells of renal proximal
tubules. Patients with renal diseases had very low GPX3
activity, including those undergoing renal dialysis. This
decrease in GPX3 in plasma was not associated with se-
lenium deficiency in patients. This fact represents the an-
tioxidative protective role of this enzyme in the proximal
tubules of the kidney (51,52).

In situ hybridization revealed that GPX4 is abundantly
expressed in late spermatogenic cells. Oxidative GPX4
inactivation is obviously a crucial step in sperm matura-
tion. The nuclear form of GPX4 is believed to contribute
to chromatin condensation (53). GPX4 was shown to
function as a structural protein in sperm heads, where it
constitutes 50% of the protein (54). Some characteristic
of different GPXs are assembled below in table 2.
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TABLE 2. Characteristics of different GPXs

TABLICA 2. Karakteristike razli¢itih GPX
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Zakljucci

Zaklju¢no, identificirano je barem sedam vrsta glutation-
peroksidaza. Uz njihove intrinzi¢ne funkcije Cistaca, tocan
smjestaj razlicitih GPX u tkivima govori u prilog specifi¢-
nih uloga tih enzima. Svaki GPX takoder moze funkcioni-
rati kao senzor vodikovog peroksida koji regulira koncen-
traciju H,0,. Zanimljivo je da specifi¢na kotranslacijska ug-
radnja Sec u GPX ima dvojni u¢inak kod eukariota, kao sto
su ponovno kodiranje kodona UGA i stabilizacija mRNA
ovisna o selenu, $to bi se u buduénosti moglo istraziti za
svaki tip GPX.

Zbog antioksidacijske i antimutagene uloge GPX postoji
znatno zanimanje za njihovom terapijskom primjenom
kao antioksidansima. Tu je moguéa uporaba prirodno
dostupnih antioksidansa ili potpuno sintetskih molekula.
Nadalje, prevelik izrazaj GPX mogao bi zastititi razlicite sta-
nice od oksidacijskog stresa. Aktivnost tih enzima mogu
pojacati adenovirusi (62), selenidi, diselenidi i ebselen kao
oponasatelji GPX s malim molekulama (63-65). Od obliko-
vanja novih tvari koje oponasaju razli¢ite GPX i njihova pri-
jenosa do specifi¢cnih mjesta u antikancerogenoj terapiji
ili sprjeCavanju karcinoma ocekuje se da uskoro postanu
trend u znanstvenom istrazivanju.
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Conclusions
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