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Abstract 

Backround: Oxidative stress (OS) has been implicated in pathogenesis of human disorders 

such as depressive disorder, sepsis, cardiovascular disease, acute and chronic pancreatitis, 

and cancer. Increased OS is result of imbalance between increased reactive oxygen and 

nitrogen species (RONS) production and / or insufficient activity of antioxidant defence 

system. Antioxidant system, which is composed of antioxidant enzymes such as 

superoxide dismutase, catalase, glutathione peroxidases (GPX), glutathione reductase (GR) 

and non-enzymatic antioxidant reduced glutathione (GSH) plays an important role in the 

protection of cells against enhanced OS. The aim of this study was to assess the OS 

markers and antioxidant enzymes in different pathophysiological states. 

Materials and methods: Activities of erythrocyte glutathione peroxidase (GPX1), GR and 

concentration of GSH as well as levels of OS markers were analysed in six different 

pathophysiologic states. These parameters were measured in 35 women with depressive 

disorder (DD), 40 patients with metabolic syndrome (MetS), 30 septic patients (S) 

followed up in the course of sepsis; 15 non-septic critically ill patients (NC), 13 patients 

with acute pancreatitis (AP), 50 with chronic pancreatitis (CP) and 50 patients with 

pancreatic cancer (PC), compared to age- and sex-matched controls (CON). Activities of 

GPX1 and GR and levels of GSH were determined spectrophotometrically in erythrocytes.  

Results: The erythrocyte activities of GPX1 has been found to be decreased in DD 

patients, AP, S as well as in CP and PC patients, whereas no significant differences in 

GPX1 activities were observed in MetS patients compared with CON. Moreover, in the 

course of AP GPX1 activities did not differ among individual samplings. In the contrast to 

GPX1 activity, higher GR activity has been observed in DD, MetS and S compared to 

CON and S in comparison with NC. Whereas GR activity was found unaffected in the 

course of sepsis and AP, the decrease in GR activity has been observed in CP and PC 

patients compared to CON. In all aforementioned pathophysiologic states the levels of 

GSH were decreased. 

Conclusion: It has been shown that there are alterations in antioxidant enzymes and 

antioxidants in different pathophysiologic states. Deficiency of antioxidant defence system 

results in increased OS, which is implicated in the pathogenesis all above mentioned 

diseases. 

Key words: oxidative stress, antioxidant enzymes, depressive disorder, metabolic 

syndrome, sepsis, acute and chronic pancreatitis, pancreatic cancer 



Abstrakt 

Úvod: Oxidační stres (OS) hraje významnou úlohu v patogenezi neurodegenerativních 

onemocnění (depresivní porucha), kardiovaskulárních onemocnění, sepse, akutní a 

chronické pankreatitidy a rakoviny. Zvýšený OS je výsledkem nerovnováhy mezi produkcí 

reaktivních forem kyslíku a dusíku (RONS) a / nebo nedostatečnou kapacitou 

antioxidačního systému. V ochraně buněk proti zvýšenému OS a volným radikálům hraje 

důležitou roli glutathionový systém, tvořený antioxidačními enzymy glutathionreduktasou 

(GR) a glutathionperoxidasou (GPX) a redukovaným glutathionem (GSH), hlavním 

intracelulárním neenzymovým antioxidantem. Cílem této disertační práce bylo změřit 

aktivity antioxidačních enzymů GPX1, GR a hladiny GSH za různých patofyziologických 

stavů.  

Materiál a metody: Aktivity GPX1, GR a hladina GSH, stejně jako koncentrace markerů 

OS byly měřeny u šesti různých onemocnění. Tyto parametry byly sledovány u 35 žen 

s depresivní poruchou (DD), 40 pacientů s metabolickým syndromem (MetS), 30 

septických pacientů (S) sledovaných v průběhu sepse; 15 kriticky nemocných neseptických 

pacientů (NC), 13 pacientů s akutní pankreatitidou (AP), 50 s chronickou pankreatitidou 

(CP) a 50 pacientů s rakovinou slinivky břišní a porovnány se zdravými kontrolami 

párovanými podle věku a pohlaví. Aktivity GPX1 a GR a koncentrace GSH v erytrocytech 

byly stanoveny spektrofotometricky. 

Výsledky: U pacientů s DD, AP, S v průběhu sepse, stejně jako u CP a PC pacientů byly 

pozorovány snížené aktivity GPX1 v erythrocytech v porovnání s kontrolami. 

Nepozorovali jsme žádné významné rozdíly v aktivitě GPX1 mezi pacienty s MetS 

a kontrolním souborem. Aktivity GPX1 se také významně nelišily v průběhu AP mezi 

jednotlivými odběry. Naopak aktivita GR byla zvýšená u pacientek s DD a pacientů 

s MetS ve srovnání se zdravými lidmi. Vyšší aktivita GR byla pozorována také u S oproti 

NC, zatímco v průběhu S a AP se aktivita GR významně nelišila. Pacienti s CP a PC měli 

statisticky významně snížené aktivity GR oproti kontrolám. Snížené hladiny GSH byly 

zjištěny u všech výše uvedených patofyziologických stavů. 

Závěr: Prokázali jsme oslabený antioxidační systém u pacientů s různými onemocněními, 

v jejichž rozvoji hraje významnou roli oxidační stres. 

Klíčová slova: oxidační stres, antioxidační systém, sepse, deprese, metabolický syndrom, 

akutní a chronická pankretitida, karcinom pankreatu
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Abbreviations  

 
ANOVA  Analysis of Variance 

AP   acute pancreatitis 

AP1   1 
st 

sampling within 24 hours after onset of acute pancreatitis  

AP3   sampling after 72 hours 

AP5   5 days after onset of signs 

AP10   10 days after admission 

APACHE II  Acute Physiology and Chronic Health Evaluation II score 

CAT   catalase 

CD/LDL  conjugated dienes in precipitated low density cholesterol 

CON   controls 

CP   chronic pancreatitis  

CRP   C- reactive protein 

cGSH-Px  cytosolic or cellular glutathione peroxidase 

cTRAP  calculated total peroxyl radical trapping  

Cys   cysteine 

Da   dalton 

DD   depressive disorder 

DSM   Diagnostic and Statistical Manual of Mental Disorders 

EDTA   ethylen diamnine tetraacetic acid 

ELISA   Enzyme-Linked Immunosorbent Assay 

FAD   flavin adenine dinucleotide 

FCH   familial combined hyperlipidemia 

FH   familial hypercholesterolemia 

Gln   glutamin 

GI-GPx  gastro-intestinal glutathione peroxidase 

GPX1   glutathione peroxidase 1 

GR   glutathione reductase 

GSH   reduced glutathione 

GSSG   oxidized glutathione 

HAM-D  Hamilton Depression Rating Scale 

Hb   hemoglobin 

HDL   high density lipoprotein 
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HSP25, HSP27 heat-shock proteins 

HT   hypertension 

IL   interleukin 

LDL   low density lipoprotein 

MetS   metabolic syndrome 

MDD   major depressive disorder 

mRNA   messenger ribonucleic acid 

NADPH  nicotinamide adenine dinucleotide phosphate 

NC   non-septic  critically ill patients 

NF-κB   nuclear factor-kappaB 

OS   oxidative stress 

ox-LDL  oxidized low density lipoproteins  

PAP   patients after acute pancreatitis (post-acute pancreatitis) 

PC   pancreatic cancer 

PCT   procalcitonin 

pGPX   plasma glutathione peroxidase 

PHGPX  phospoholipid hydroperoxide glutathione peroxidase 

Prx or PRDX   peroxiredoxin 

R7   3 
rd 

sampling of sepsis (7 days after recovery from sepsis) 

RBC   red blood cells 

RONS   reactive oxygen and nitrogen species 

ROS   reactive oxygen species 

S   septic patients 

S1   1 
st 

 sampling of sepsis 

S7   2 
nd  

sampling of sepsis (7 days after onset of sepsis) 

SD   standard deviation 

SeCys   selenocysteine 

SIRS   systemic inflammatory response syndrome  

SOD   superoxide dismutase 

TC    total cholesterol 

TG   triglycerides 

TNF- α  tumor necrosis factor alpha 

Trp   tryptophan 

Tyr   tyrosine 
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1. Introduction 

Reactive oxygen and nitrogen species (RONS) may play a dual role in biological 

systems because their effect can be beneficial or deleterious (Valko et al., 2004, Valko et 

al., 2006). Beneficial effects involve their physiologic role in defence against infectious 

agents or cancer cells and in the number of cellular signalling and regulating pathways 

(Poli et al., 2004; Valko et al., 2006; Bindolli et al., 2008). Reactive oxygen and nitrogen 

species include molecules like superoxide, hydrogen peroxide, hydroxyl and peroxyl 

radical, hydroperoxyl radical, hypochlorous acid, nitric oxide and peroxynitrite (Sies, 

1991; Valko et al., 2006; Goetz and Luch, 2008; Macášek et al., 2011). At high 

concentrations, RONS can be mediators of damage to cell structures especially membranes 

and lipids, proteins and nucleic acids (Bergendi et al., 1999). They are very transient due to 

their high chemical reactivity that leads to lipid peroxidation (peroxidation of 

polyunsaturated fatty acids in membranes), proteins (oxidation of sulfhydryl groups, 

hydroxylation and nitrosylation of aromatic amino acids) and nucleic acid (hydroxylation 

of basis, strand breaks, mutation) oxidative modification (Matés, 2000).  

Reactive oxygen and nitrogen species play a role in a variety of cellular processes. 

ROS react with proteins, mainly with cysteine and methionine residues that lead to their 

inhibition or modification. Furthermore, they react with DNA and chromatin to cause 

mutations or double stranded breaks, important steps in carcinogenesis (Hawkes and 

Alkan, 2010). Enhanced levels of RONS and /or insufficient activity of antioxidant defence 

system result in imbalance and increased oxidative stress (OS) which has been implicated 

in pathogenesis of many diseases, including cancer, sepsis, inflammation, 

neurodegenerative diseases such as Alzheimer and Parkinson´s disease, diabetes mellitus 

and cardiovascular disease (Wu et al., 2004). Redox balance is accomplished by various 

enzymes e.g. antioxidant enzymes that metabolize toxic oxidants, such as RONS. 

In the protection of cells against RONS play an important role antioxidant defence 

system, which is composed of antioxidant enzymes such as superoxide dismutase (SOD), 

catalase (CAT), glutathione peroxidases (GPX) and glutathione reductase (GR), 

peroxiredoxins, thioredixin reductase and nitric oxide synthase. Antioxidant enzymes are 

present in all cells of eukaryotic organism. Antioxidant function also includes several 

biologically important non - enzymatic molecules such as reduced glutathione (GSH), 

vitamin C (ascorbic acid), vitamin E (α- tocopherol), vitamin A, bilirubin, uric acid, 

β - carotene, polyphenols and flavonoids (Valko et al., 2004, Valko et al., 2006).  
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Glutathione peroxidase catalyses the reduction of hydrogen peroxide and 

polyunsaturated fatty acids hydroperoxides to water and related alcohols, respectively. 

Together with the SOD and CAT is the most important antioxidant enzyme in cells. 

Additionally, it was shown that GPX is the most efficient enzyme protecting cells from OS 

(Michiels, et al.1994). The enzyme with indirect antioxidant function is the flavoprotein 

GR which regenerates reduced glutathione from oxidized glutathione disulfide (GSSG) 

which is formed in the reaction catalysed by GPX (Sies, 1993). In addition to these above 

mentioned antioxidant enzymes, antioxidant defence system includes also non-enzymatic 

antioxidants e.g. GSH, which is the major low-molecular-weight thiol that maintains redox 

homeostasis in cells. Glutathione together with its oxidized form GSSG, especially ratio 

GSH/GSSG play a key role in the regulation of the redox potential of the cell (Mittl and 

Schulz, 1994; Filomeni et al., 2002; Wouters et al., 2010). 

 

1.1 Glutathione peroxidase 

1.1.1  Glutathione peroxidases 

There are eight human GPX family members (GPX8 is putative), that are found in 

different cell fractions and tissues. Moreover, they have similar amino acid sequence and 

the presence of conserved redox site (selenocysteine or cysteine) at the active site whereas 

they differ in substrate specificity (Brigelius-Flohé, 1999; Burk and Hill, 2010). Five of 

them contain selenocysteine at the active site (GPX1, GPX2, GPX3, GPX4, and depend on 

species GPX6) and in two or three isozymes selenocysteine is replaced by cysteine. 

Glutathione peroxidases 1,2,3,5,6 are homotetramers, while GPX4 and GPX7 are 

monomers. In mammalian tissues, there are four major selenium containing GPX 

isozymes: classical GPX (GPX1); GPX1 is described in detail below; gastrointestinal 

(GPX2) - expression is not specific for gastrointestinal tract and mRNA has been found in 

epithelial cells, lung, skin, and breast (Hawkes and Alkan, 2010). Cellular localisation of 

GPX2 has been identified in cytosol and nucleus (Chu et al., 1993). Plasma or extracellular 

GPX (pGPX; GPX3) is glycoprotein, which has been found in lung, kidney, epididymus, 

placenta, seminal vesicle, heart muscles and milk (Takahashi et al., 1987).  

Fourth of GPX isozymes is phospholipid hydroperoxide GPX (PHGPx or GPX4), it 

is a monomer in contrast to the other GPXs, which may allow it to bind with wider range 

of substrates than the tetrameric GPXs (Arthur, 2000). It has been supposed that GPX4 is 

able to reduce as substrate fatty acid hydroperoxides in phospholipids. Glutathione 
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peroxidase 4 is present in cytosol and as membrane bound enzyme in nucleus and 

mitochondria. This enzyme is important for embryonal development, spermatogenesis and 

as defence against OS (Margis et al., 2008). Epididymis GPX like protein has also been 

called GPX5 and differs from other GPXs by having cysteine at the active site of enzyme. 

It has been predominantly secreted in epididymis and this association thus protects sperm 

against organic hydroperoxides (Ghyselinck et al., 1991; Burk and Hill, 2010). Olfactory 

metabolizing protein GPX also called GPX6 (found in the Bowman´s gland of the 

olfactory system) contains selenocysteine at the active site in humans but cysteine in mice, 

respectively (Dear et al., 1991; Burk and Hill, 2010). GPX7 is novel protein, monomer and 

non-selenocysteine, containing phospholipid hydroperoxidase, whereas about its function 

is little known. It is known that oesophageal epithelial cells may express high levels of 

GPX7 (Utomo et al., 2004; Toppo et al., 2009; Peng et al., 2012). Finally, presence of 

GPX8 known as probable glutathione peroxidase is assumed. The role of the eight known 

GPX is not fully clear in the present time, nevertheless all are able to detoxify 

hydroperoxides, therefore their function could be related to the removal and metabolism of 

hydroperoxides (Brigelius-Flohé et al., 2009). All of above mentioned members of GPX 

family are summarized in Table 1-1. 
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Table 1-1. Members of glutathione peroxidase family 

Systematic 

designation 

General 

designation 

Presence 

of SeCys 
Expression 

Cellular 

localization 
Species References 

GPX1 

(cGSH-Px) 

 

 

Cytosolic, 

cellular, classical 
Yes 

Lung, kidney, 

red cells, liver, 

any tissue 

Cytosol, 

mitochondria, 

endoplasmic 

reticulum, 

nuclei 

Human, 

rat, mouse, 

rabbit, 

bovine 

Ganther et 

al., 1976; 

Flohé, 1988; 

Sunde, 1994 

GPX2 

(GI-GPX) 
Gastro-intestinal Yes 

Stomach, 

intestine 
Cytosol 

Human, 

rat, mouse 

Chu et al., 

1993 

GPX3 

(pGSH-PX) 

Plasma, 

extracellular 
Yes 

Kidney, lung, 

epididymis, vas 

deferens, 

seminal vesicle, 

placenta, heart, 

muscle 

Secreted/cytosol 

Human, 

rat, mouse, 

bovine 

Takahashi 

and Cohen et 

al., 1987 

GPX4 

(PH-GSH-

PX) 

Phospholipid 

hydrroperoxide 
Yes 

Testis, 

spermatozoa, 

heart, brain 

Membrane-

bound 

(mitochondria), 

nuclei 

Human, 

rat, mouse, 

pig, dog, 

monkey 

Ursini et al., 

1985; 

Brigelius-

Flohé et al., 

1994; Roveri 

et al., 1994 

GPX5 

(ep-GSH-

Px-MEP24) 

Epididymal No 

Epididymis, 

spermatozoa, 

liver, kidney 

Secreted, 

membrane 

bound 

Human, 

rat, mouse, 

pig 

Glyselinck 

et al., 1993 

GPX6 Olfactory 

Yes in 

humans 

No in 

mouse 

Bowman´s 

gland (olfactory 

system) 

Secreted 
Human, 

rat, mouse 

Dear et al. 

1991 

GPX7 

Nonselenocystein

e phospholipid 

hydroperoxide 

No 

Testis, lung, 

kidney, adipose 

tissue, 

mammary gland 

Cytosol 
Human, 

mouse, 

Utomo et al., 

2004 

GPX8 

Probable 

glutathione 

peroxidase 

No Not known 
Membrane-

bound 

Human, 

mouse 

http://www.

uniprot.org/u

niprot/Q8TE

D1 

 

1.1.2 Glutathione peroxidase 1 

Glutathione peroxidase 1 (glutathione: H2O2 oxidoreductase, E.C. 1.11.1.9) was the 

first identified GPX and now is also called as cytosolic or cellular as well as classical GPX. 

Glutathione peroxidase was first described by Mills in 1957 as enzyme which protects red 

blood cells against oxidative damage by hydrogen peroxide (Mills, 1957). Presence of 

GPX1 in other tissues and its ability to catalyse reduction of hydroperoxides of unsaturated 

fatty acids in addition to hydrogen peroxide was determined by Little and O´Brien (Little 

http://www.uniprot.org/uniprot/Q8TED1
http://www.uniprot.org/uniprot/Q8TED1
http://www.uniprot.org/uniprot/Q8TED1
http://www.uniprot.org/uniprot/Q8TED1
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and O´Brien, 1968). Further studies have characterized its kinetic and physiologic function, 

that GPX1 reduces low molecular hydroperoxides or lipid hydroperoxides and thus prevent 

lipid peroxidation (Flohé et al., 1971). In 1973 Rotruck et al. and independently Flohé et 

al. explained essential role of selenium as a structural component of the active site of red 

blood cell GPX1 in rats. Since it was known that glutathione peroxidase does not contain 

heme or flavin or any other functional prosthetic groups (Flohé et al., 1973; Rotruck et al., 

1973). Flohé and co-workers found one atom of selenium per subunit of enzyme (4 g of 

selenium/mole of enzyme) purified from bovine blood thus identifiing GPX1 as a 

selenoenzyme. GPX was discovered as one of the first selenoproteins (Flohé et al., 1973). 

Further research confirmed selenocysteine (an unusual amino acid) as the form of selenium 

in GPX1 structure (Forstrom et al., 1978).  

 

1.1.2.1 Structure 

Three dimensional structure of GPX1 shows that it is homotetramer of total 

molecular weight about 83-95 kDa consisting of four identical asymmetric subunits of ~ 

22-23 kDa (Awasthi et al., 1975; Miwa et al., 1983). Each subunit contains one 

selenocysteine (SeCys) residue at the active site, which is involved in catalytic mechanism. 

Sequence data from cDNA analysis shows that the polypeptide chain of human GPX1 

monomer contains between 202-204 amino acid residues with a selenocysteine at position 

47 (Sunde, 1994; Drevet, 2006; Lubos et al., 2011). Only two crystal structures have been 

known, human plasma GPX3 and the other is bovine erythrocyte GPX1 (Epp et al., 1983; 

Ren et al., 1997). Refined structure of GPX1 at 0.2 nm resolution and schematic drawing 

of the folding pattern of a GPX1 subunit have been shown in Figure 1-1 and Figure 1-2A 

(http://www.rcsb.org; Epp et al., 1983). Glutathione peroxidase subunit consists of central 

β-strands surrounded by α-helices (Epp et al., 1983). One helix connects an antiparallel β-

strand to adjacent β-strand forming βαβ substructure which might constitute the substrate 

binding region (Epp et al., 1983; Lu and Holmgren, 2009). 

 

  

http://www.rcsb.org/
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Figure 1-1. Refined structure of GPX1 at 0.2 nm resolution (http://www.rcsb.org) 

 

 
 

(A)        (B) 

 

Figure 1-2. (A) Schematic drawing of the folding pattern of a GPX1 subunit (Epp et al., 

1983), (B) X ray structure of GPX1 active site (Prabhakar et al., 2008)  

 

The active site is localized in depression on the molecular surface. Catalytically 

active selenocysteine residue 35 is located at the N-terminal end of the helix α1 (Epp et al., 

1983). Important arrangement of active site for catalysis and substrate binding is localized 

near the SeCys-35, where the carboxy ends of two parallel β strands and N-terminal end of 

helix α1 meet one another. Exposure of selenocysteine residues at the molecular surface 

leads to easy access of substrates and thus high reaction GPX rate (Epp et al., 1983). The 

active site includes except SeCys, also Tyr48, Gly50, Leu51, Gln83 and Trp157 residues 

Figure 1-2B (Prabhakar et al., 2008). Amino acid SeCys form with Gln83 and Trp157 

catalytic triad that is important for enzyme-substrate interactions (Epp et al., 1983).  It is 

known that only two molecules of GSH bind to tetramer (Ren et al., 1997). Further it was 

showed that replacement of selenium from active site of enzyme causes a large decrease in 
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GPX1 activity moreover the selenium deficiency causes a rapid loss of GPX1 activity 

(Arthur, 2000; Lu and Holmgren, 2009).   

 

1.1.2.2 Catalytic mechanism 

Mammalian GPX1 catalyses the reduction of wide range organic hydroperoxides, 

organic peroxides and peroxonitrite (or peroxynitrous acid) using reduced glutathione as 

reducing substrate. Glutathione peroxidase can metabolize also lipid hydroperoxides 

produced within membranes by exposure to lipooxygenases pre-treated with phospholipase 

A2 (Grossmann and Wendel, 1983; Sevanian et al., 1983; Sies et al., 1997; Klotz and Sies, 

2003; Toppo et al., 2009).  

ROOH + 2GSH → GSSG + ROH + H2O 

H2O2+ 2GSH → GSSG +2 H2O 

The reaction includes two independent steps; an organic hydroperoxide (ROOH) 

oxidation of enzyme reduced form and then reduction of oxidized form of GPX1 is 

provided by GSH. The basic reaction has tert-uni ping-pong or enzyme substitution 

mechanism. The reaction rate increases linearly with the concentration of substrate and 

GPX1 is unsaturable by GSH (Zhao and Holmgren, 2002). GPX1 is specific for the H 

donor (GSH), whereas for substrate is much less specific (Michiels et al., 1994). The 

catalysis does not comply with the Michaelis-Menten hypothesis, where degradation of 

enzyme-substrate complex is the rate-limiting step and leads to saturation kinetics (Toppo 

et al., 2009). Glutathione peroxidase catalysis is a complex of three-substrate reaction 

involving of 6 forward and 5 reverse steps, schema of catalytic mechanism is shown in 

Figure 1-4.  

Enzymatic reduction of peroxides involves the formation of intermediate stable 

modifications to the SeCys active site of enzyme (Lubos et al., 2011). Active state of the 

SeCys residue could be either selenolate anion- E-Se
-
 or selenol – E-SeH (E)  In the first 

step, the active form of the enzyme (reduced form of the enzyme) (E) is oxidized by 

hydroperoxide substrate to form the corresponding alcohol or in case of hydrogen peroxide 

water and selenenic acid (E-SeOH) (F) (Prabhakar et al., 2008; Burk and Hill, 2010). This 

reaction is one of the reverse steps, but quite hardly reversed. Rate constants for this step 

represents this reaction as one of the fastest ever measured for bimolecular enzymatic 

reactions (5x10
7 

M
-1

s
-1

), only rate constants of enzyme superoxide dismutase are higher, 
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reaching value 2.3 x 10
9
 M

-1
s

-1 
(Bindolli et al., 2008; Brigelius-Flohé and Kipp, 2009; 

Toppo et al.,2009). This extremely fast reaction thus provides fast removal of H2O2. 

 In the second step, the selenenic acid formed reacts with first molecule of GSH to 

form glutathionylated enzyme (a weak selenenic acid - GSH complex (E-SeSG) (G) at the 

active site. Reduced glutathione is covalently bound to enzyme subunit via selenosulfide 

linkage (Epp et al., 1983). The rate of this reaction is dependent on GSH concentration.  

In the third step, selenyl-sulphide bridge of Se-glutathionylated intermediate is 

reduced by a second GSH molecule to form stable end product oxidized glutathione GSSG 

and lead to regeneration of the active site to selenol (E-SeH). The active form of the 

enzyme is regenerated and prepared for a next cycle. It has been suggested that in the 

reductive part of cycle are the rate-limiting steps the complex formations of GSH with F or 

G (Prabhakar et al., 2008; Toppo et al., 2009). The end product is immediately released 

from the complex (E) under physiological conditions thus inhibition of enzyme by GSSG 

is not observed. In the contrast high GSSG levels may cause inhibition of GPX1 (Epp et 

al., 1983).  

 

           

Figure 1-3. Catalytic cycle of GPX1  

A) Schematic presentation of individual reactions. B) Oxidation states of selenocysteine 

corresponding to the enzyme forms. (Toppo et al., 2009), C) Reduction of peroxynitrite to 

nitrite (or peroxynitrous acid to nitrous acid) (Sies et al., 1997).GSH- reduced glutathione, 

GSSG – oxidized glutathione, ONOO
-
 - peroxynitrite, ONO

- 
- nitrite;  E- ground state, F – 

first oxidized intermediate, G – half reduced intermediate; E-Se
- 

selenol, E-SeOH – 

selenenic acid, E-SeOH-GSH – selenenic acid derivate, E-SeSG-GSH – glutathionylated 

enzyme   

C 
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In summary: 

1) (E-SeH) + H2O2 → (E-SeOH) + H2O 

2) (E-SeOH) + GSH → (E-Se-SG) + H2O 

3) (E-Se-SG) + GSH →(E-SeH) + GSSG 

 

1.1.2.3  Function  

Glutathione peroxidase is one of the main antioxidant enzymes of the organism, 

which protects erythrocytes against oxidative stress, where catalyses reduction of hydrogen 

peroxides formed by dissociation of oxyhemoglobin (Hawkes and Alkan, 2010). As 

mentioned above it is selenoenzyme that detoxifies only soluble hydroperoxides (ROOH) 

such as hydrogen peroxide and a wide range of organic hydroperoxides (ROOR´) like 

hydroperoxy long chain fatty acids, cumene hydroperoxide, t-butyl hydroperoxide and also 

may reduce phospholipid monoacylglycerol hydroperoxides but not di- or triacylglycerol 

hydroperoxides (Brigelius Flohé., 1999; Marinho et al., 1997). Furthermore, degradation of 

long chain fatty acids and cholesterol peroxides is dependent on fatty acids release from 

peroxidized membranes by phospholipase A2 (Arthur, 2000). It protects cell membranes 

and other cellular components against oxidative damage. Moreover, it was shown that 

GPX1 decompose also peroxynitrite / peroxynitrous acid yields nitrite, nitrous respectively 

and thus acts as peroxynitrite reductase under physiological condition (Padmaja et al., 

1998; Sies et al., 1997). It was shown that GPX1 cannot be replaced by any other 

selenoprotein in defence against generalized OS (Brigelius-Flohé and Kipp, 2009). High 

levels of GPX1 are found especially in tissues with high rate of H2O2 production, like 

erythrocytes, kidney, lung, liver, and pancreas (Brigelius–Flohé, 1999; Cullen et al., 2003; 

Drevet, 2006; Robertson and Harmon, 2007) shown in Table 1-1.  

The stability of GPX1 mRNA in the Se deficiency is low not only in the hierarchy 

of GPXs but also among all selenoproteins (Brigelis Flohé, 1999; Wingler et al., 1999). 

Some proteins decrease fast in the Se deficiency (GPX1 and GPX3), while others are 

synthesized despite a large selenium deficiency (GPX2 and GPX4) belonging among the 

most stable GPXs (Brigelius-Flohé, 1999; 2009). Activities of GPX1 as well as the GPX1 

protein synthesis are down-regulated during progressive Se deficiency thus demonstrating 

a regulation of GPX1 protein level and activity by selenium level (Takahashi and Cohen, 

1986; Takahashi et al., 1987). Selenium deficiency may also result in the down-regulation 

of the GPX1 mRNA (Brigelius- Flohé, 1999). Moderate Se deficiency leads to a decrease 
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of GPX1 mRNA levels, due to loss of stability (enhanced degradation of the mRNA) and 

also depletion of SeCys that may lead to inability to translate the message for GPX1 

(Takahashi and Cohen, 1986). It is known that Se is incorporated into selenoproteins by 

recognition of the stop codon UGA as a codon for SeCys and deficiency of Se leads to 

terrmination of translation (Bermano et al., 1996; Driscoll and Copeland, 2003). The loss 

of corresponding protein and activity are more pronounced than the decrease in mRNA 

(Wingler et al., 1999, Takahashi et al., 1987; Brigelius-Flohé 1999, 2009). Since 

erythrocytes are unable synthetize proteins, it is possible that inactive GPX1 protein is 

made in erythroid precursors (Cohen et al., 1985). It is also evident that Se is incorporated 

into the active site of enzyme only during erythropoiesis (Zachara et al., 2006). 

Furthermore, abnormal protein may be rapidly degraded and thus is not present in 

circulating erythrocytes (Takahashi and Cohen, 1986).  

Glutathione peroxidase, CAT and peroxiredoxins are all able to detoxified H2O2, 

but it depends on hydrogen peroxide concentrations. It has been suggested that at low 

physiological H2O2 levels peroxiredoxins reduce the most H2O2 produced inside cells, 

whereas they are inactivated by increased H2O2 concentration (Halliwell and Gutteridge, 

2007; Burk and Hill, 2010). Moreover, peroxiredoxins has by one to three orders of 

magnitude lower catalytic efficiency (~10
5 

M
-1

s
-1

) than that of GPX1 (~10
8 

M
-1

s
-1

) or CAT 

(~10
6 

M
-1

s
-1

), but this fact may be compensated by their abundance in the cytosol (0.1 to 

0.8 % of soluble proteins) and higher affinity toward H2O2 (Wood et al., 2003; Rhee et al., 

2005; Halliwell and Gutteridge, 2007). Catalase is localized predominantly in 

peroxisomes, so it may be the key enzyme for H2O2 removal in these organelles 

(peroxiredoxin (Prx) V may contribute), this reduction requires its diffusion into 

peroxisomes (Halliwell and Gutteridge, 2007). Early papers suggested that CAT plays an 

important role in removing of higher H2O2 intracellular concentrations, whereas it has been 

shown that the bacterial Prx alkyl hydroperoxide reductase C22 is responsible for 

detoxification of endogenously generated H2O2 (Jones et al., 1981; Gaetani et al., 1989; 

Spolarics and Wu, 1997, Wood et al., 2003). Glutathione peroxidase is probably more 

important in the elimination of H2O2 than CAT due to its localization in the same 

intracellular organelles as SOD (Halliwell, 1989).  

Combination of GPX, CAT and SOD better maintain integrity of cells against 

oxidative damage. Glutathione peroxidase also catalyzes reduction of lipid peroxides, thus 

indirectly protecting the hydrophobic part of cell membrane, whereas CAT and SOD act in 

hydrophilic part of the cell membrane (Michiels et al., 1994). Hydroperoxides that are not 
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longer detoxified will accumulate causing lipid peroxidation and cell death. Similarly, 

decrease in GSH concentration induces a comparable effect (Michiels et al., 1994). Cells 

compensate enhanced generation of hydrogen peroxide by increasing GPX or CAT activity 

(Michiels et al., 1994). Expression of GPX1 parallels metabolic activity, which complies 

with an antioxidant function of GPX1 (Brigelius-Flohé, 1999).  

Glutathione peroxidase 1 may play a role in modulating nuclear factor-kappaB 

(NF-κB) activation. Overexpression of GPX1 inhibits NF-κB activation induced by 

hydrogen peroxide or tumor necrosis factor alpha (TNF-α) (Kretz-Remy and Arrigo, 

2001). GPX1-mediated decrease of ROS leads to inhibition of hydrogen peroxide-

mediated 1κB-α phosphorylation (an inhibitory component of the inactive cytosolic NF-κB 

complex) followed by subsequent degradation (Kretz-Remy and Arrigo, 2001). Since 

degradation of 1κB-α precedes NF-κB activation (Kretz-Remy et al., 1996). It was 

suggested that GPX1 could play a role in NF-κB activation by the following factors such 

as inhibition of lipooxygenase and cyclooxygenase activities which may prevent NF-κB 

activation (Brigelius Flohé, 1999). Glutathione peroxidase 1 was identified as endogenous 

inhibitor of 5-lipooxygenase and 15-lipooxygenase activity in vitro, the key enzyme in 

biosynthesis of leukotrienes where catalyzes conversion of arachidonic acid into 

leukotrienes (inflammatory mediators) (Brigelius-Flohé and Flohé, 2003; Werz and 

Steinhilber, 2005), thus contributes to generation of ROS, leading to activation of NF-κB 

(Bonizzi et al., 1999; Jatana et al., 2006; Chung et al., 2008). It has been found that GPX1 

is very effective suppressor of 5-lipooxygenase activity in monocytic cells (Straif et al., 

2000). Glutathione peroxidase may suppress activity of cyclooxygenase, key enzyme in 

prostaglandin synthesis, which is dependent on level of hydroperoxides regulated by GPX1 

(Kulmacz, 2005). 

Glutathione peroxidase has been suggested as a storage form for selenium and thus 

maintains physiological levels of Se for metabolic functions (Cheng et al., 1998). 

Furthermore selenium deficiency facilitated activation of NF-κB, whereas in Se-

supplemented cells NF-κB activation by H2O2 was decreased (Sappey et al., 1994), 

probably via the oxidative activation of NF-κB is GPX1 upregulated by estrogens (Borrás 

et al., 2005). Selenium stimulation of GPX1 activity also induces a protective effect 

against cell activation by TNF-α (Brigelius-Flohé, 1999; Sappey et al., 1994).  

Glutathione peroxidase can regulate the cellular redox state by modulating the 

concentrations of the H2O2, GSH and NADPH molecules that are critical players in the 
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cellular redox system, thus GPX1 plays an important role in the regulation of cellular 

redox state (Li et al., 2000).  

 

1.1.3  Peroxiredoxins 

Peroxiredoxins (Prx or PRDX) are a family of thiol-specific antioxidant proteins, 

also called thioredoxin peroxidases and alkyl-hydroperoxide-reductase – C22 proteins that 

reduce and detoxify H2O2, peroxynitrite and also wide range of organic hydroperoxides 

using thioredoxin, glutathione or tryparedoxin as the reducing substrate (Wood et. al, 

2003). Peroxiredoxins control cytokine-induced H2O2 levels which have been shown to 

mediate signalling cascades (Wood et. al, 2003). They contain cysteine at the active site 

but no prosthetic group (Georgiou and Masip, 2003; Halliwell and Gutteridge, 2007). All 

Prx have conserved cysteine residue in the N-terminal region that is site of oxidation by 

H2O2 (Rhee et al., 2005). The first Prx was identified in yeast. In mammalian cells was 

found six Prx isoforms (Prx I-VI) (Flohé et al., 2003; Rhee et al., 2005; Halliwell and 

Gutteridge, 2007). Peroxiredoxins use redox active cysteines to reduce peroxides and can 

be divided according to the number and location of catalytic cysteines into three classes: 2-

Cys Prx (Prx I-IV) are the typical and the most common, which contain two conserved 

cysteine residues; one is in the N-terminal region and the other in C-terminal region and 

both of them are important for catalytic function; atypical 2-Cys Prx (Prx V) contains only 

N-terminal cysteine residue but for catalytic activity needs non-conserved additional 

cysteine residue and the 1 Cys Prx (Prx VI), which contains only N-terminal conserved 

cysteine residue and requires the conserved cysteine for catalytic function (Seo et al., 

2000; Wood et. al, 2003; Rhee et al., 2005; Burk and Hill, 2010). Peroxiredoxins I, II and 

VI are cytosolic, whereas Prx III occurs in mitochondria, and Prx IV is extracellular. 

Peroxiredoxin V is found in cytosol, mitochondria and peroxisomes (Halliwell and 

Gutteridge, 2007; Burk and Hill, 2010). Peroxiredoxins are the second or third the most 

abundant protein in erythrocytes (Wood et. al, 2003). In Prx1, II and III has been shown to 

be thioredoxin peroxidases, whereas in Prx VI has been described to have glutathione 

peroxidase activity (Fisher et. al, 1999). 

Peroxiredoxins reduce low levels of hydroperoxides and peroxinitrites that are 

formed by normal cellular metabolism in the cytosol. However, increased H2O2 production 

results in inactivation of Prx by hyperoxidation (Georgiou and Masip, 2003; Burk and Hill, 

2010).  
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1.2 Glutathione reductase 

Glutathione reductase (NADPH: oxidized glutathione oxidoreductase, E.C. 1.6.4.2) 

is ubiquitous enzyme that catalyzes reduction of oxidized form of glutathione (GSSG) to 

two molecules of reduced glutathione using nicotineamide adenine dinucleotide phosphate 

(NADPH) generated by hexose monophosphate cycle (Yan et al., 2012). This reaction is 

supposed to be essential for red blood cell (RBC) stability and integrity (Tandoǧan and 

Ulusu, 2006). Glutathione reductase maintains a high ratio of GSH/GSSG and thus 

reducing environment within the cells (Mittl and Schulz, 1994). It plays an important role 

in regulation of hexose monophosphate pathway in erythrocytes (Beutler, 1969) and 

particularly in biosynthesis of deoxyribonucleotides (Rescigno and Perham, 1994). 

Mammalian GR is localized in the cytosol and in the mitochondria. Glutathione reductase 

has been considered one of the thermostable enzymes (Tandoǧan and Ulusu, 2006).  

1.2.1 Structure  

Human GR is a homodimeric flavoprotein with two 55 kDa subunits with one FAD 

molecule per subunit (Figure 1-4). In the absence of thiols GR tends to form tetramers and 

larger aggregates (Worthington and Rosemeyer, 1975). The polypeptide chain of human 

GR contains 478 amino acid residues with a blocked alanine which is N-terminus 

(Untucht-Grau, 1981). The GR molecule consists of two identical polypeptide chains 

which are covalently connected by a disulfide bond. Each subunit contains three domains 

named according their function; from the N-terminus: a flavin adenine dinucleotide 

(FAD)-binding domain (residues 1-140; 265-336), an NADPH-binding domain (residues 

158-293) and a dimerization (interface) domain (365-478) follow at the COOH terminal 

side (Untucht-Grau, 1981; Krauth-Siegel et al., 1982; Pai and Schulz, 1983). The two 

active sites are at the dimer interface with the substrate glutathione bond by residues in 

both subunits (Bashir et al., 1995). Glutathione reductase has a central five-stranded 

parallel beta sheet (β1, β2, β3, β7 and β8), which is surrounded by α-helices 1 and 2 with a 

crossover connection of a three-stranded antiparallel β-sheet (β4-6) (Dym and Eisenberg, 

2001). 

The FAD and NADPH domains are at the active site, in which both monomers 

participate (Berkholz et al., 2008).  The FAD-binding domain is formed by N-terminal part 

of amino acid residues and contains the redox-active dithiol which represents the centre of 

the enzyme’s catalytic site (Untucht-Grau et al., 1981). The NADPH is bound in an 

extended conformation in a cleft and most of contacts being made with the NADPH-
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binding domain (Rescigno and Perham, 1994). Residues from the FAD-binding domain 

and the interface domain contribute to the binding of the reduced nicotinamide. This 

orientation is important for the transfer of electrons from reduced nicotinamide to the 

isoalloxazine ring of the prosthetic group FAD (Rescigno and Perham, 1994). It was 

shown that the isoalloxazine ring of the prosthetic group of FAD separates the binding sites 

for the two substrates in GR (Krauth-Siegel et al., 1998). Active site of GR is distributed 

over both domains (Mittl and Schulz, 1994). Dimeric form of enzyme is important for its 

catalytic function, because each subunit has essential residues, which contributes to the 

constitution of the active site. Enzyme is inactive in the monomer form (Nordhoff et al., 

1997). In the active site of GR are highly conserved tyrosine residues Tyr114 (in the GSSG 

site) and Tyr197 (in the NADPH site) that play role in catalysis by human GR, moreover 

Tyr 197 also plays a stabilizing role in NADPH-EH2 complex. Reduced nicotinamide ring 

is positioned between isoalloxazine ring of FAD and the phenol ring of Tyr197 (Pai et al., 

1988). Mutations of both tyrosine residues may negatively affect the catalysis. Mutation of 

Tyr114 leads to a decrease in Km for the substrate in opposite substrate binding site 

(NADPH) as well as mutation of Tyr197 leads to a decrease in Km for GSSG (Krauth-

Siegel et al., 1998). Tyrosine residue Tyr114 represents the catalytic site of GR since it 

contributes to interaction between the GSSG and redox active dithiol Cys58/Cys63 by 

making direct hydrogen bond with GSSG (Schönleben-Janas et al., 1996).  

 

Figure 1-4. The overall structure of human glutathione reductase dimer. f1 and f2 indicate 

FAD domains 1 and 2,; n is NADPH domain; the interface domain is highlighted in colour. 

(Kamerbeek et al., 2007) 
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1.2.2  Catalytic mechanism 

The catalytic centre of GR is divided into two parts; one part binds GSSG and the 

other one NADPH (Pai and Schulz, 1983). The catalytic cycle has two stages involving a 

reductive and an oxidative reaction, where oxidative half-reaction is 2-3 times slower than 

the reductive one (Sweet and Blanchard, 1991). The maximum rate of GR occurs at pH 

8.6. Glutathione reductase exists in two stable forms EH2 and E. E state of enzyme is 

characterized by disulphide bridge between Cys58 and Cys63 at the active site, whereas 

stable two-electron reduced form of the enzyme EH2 is characterized by characteristic 

charge-transfer complex with the prosthetic group FAD (Pai and Schulz, 1983). 

Glutathione reductase has high substrate specificity. It has been suggested that GR is acting 

according two mechanisms (ping-pong and sequential) and moreover it depends on 

substrate concentration (Worthington and Rosemeyer, 1976). In low GSSG concentration 

the ping-pong mechanism prevails. Dinucleotides FAD and NADPH as well as the 

substrate GSSG and amino acid residues are important for catalysis. The active site of GR 

is not easily accessible for NADPH; the binding cleft is blocked by Tyr 197 residue, 

therefore catalytic mechanism includes movement of this tyrosine away from flavin 

(Karplus and Schulz, 1987). First NADPH binds and reduces the flavin and reducing 

equivalents are transferred to redox-active disulphide (Pai and Schulz, 1983). In the second 

stage, resulting dithiol reacts with GSSG at the active site. The catalytic centre is 

surrounded by protein so that the NADPH and GSSG binding sites are in deep pockets. 

The catalytic cycle consists of six steps; each of its two substrates - NADPH and GSSG 

react in the absence of the other (Figure 1-5)  

Stage 1: Reductive half reaction 

In the first step oxidized enzyme, which contains a redox active disulphide bond between 

Cys63 and Cys58, binds NADPH as the enzyme’s first substrate forming an enzyme – 

substrate complex, E-NADP
+
.
 
NADPH immediately reduces

 
flavin. Reduced flavin anion 

(FADH
-
) has only transient existence and quickly breaks a disulphide bond (Cys58-Cys63) 

resulting in thiol groups forming of both cysteines (Voet and Voetová, 1995; Voet and 

Voet, 2011). An electron pair is rapidly transferred from S63 to the flavin ring through the 

transient formation of a covalent bond from S63 (the S atom of Cys63) to flavin atom 4a. 

Cys 58 is thus released and form thiolate anion. Short-lived covalent intermediate Cys63-

flavin quickly breaks followed by formation a charge-transfer complex between the flavin 

and Cys63 thiolate (Berkholz et al., 2008; Voet and Voet, 2011). S63 contacts the flavin 
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ring near its 4a position. A charge-transfer complex provides a non-covalent interaction in 

which an electron pair is partially transferred from a donor, in this case S63, to an acceptor, 

in this case the oxidized flavin ring. The NADP
+
 is then released yielding reduced form of 

enzyme (EH2), which contains an oxidized flavin and a reduced disulfide (open Cys58-

Cys63) disulphide bridge (Pai and Schulz, 1983). The phenol side chain of Tyr 197 

continues to block access of solvent to the flavin ring of FAD, so as to prevent the 

enzyme’s oxidation by oxygen (Voet and Voet, 2011).  

Figure 1-5. Catalytic mechanism of glutathione reductase (Voet and Voet, 2011) 

Stage 2: Oxidative half reaction 

The enzyme’s second substrate, GSSG binds to EH2 to form EH2-GSSG. In the 

next step S58 (thiol Cys58) nucleophically attacks the nearest sulphide (S1) in the GSSG 

molecule to form mixed disulphide (GS1-Cys58) and GSII
-
 anion. His467 then protonates the 

first glutathione thiolate anion and enzyme release the first GSH molecule. Glutathione I is 
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tightly bound to protein to form mixed disulphide with the protein (E-SG), therefore 

glutathione II leaves the enzyme first (Pai and Schulz, 1983). It has been shown that this 

step to be rate limiting in the oxidative half-reaction (Wong et al., 1988). Finally Cys63 

nucleophilically attacks S58 to reform the redox-active disulphide and breaks mixed 

disulphide. Releasing GS
-
 anion which picks up a second proton from His467 and yields 

GSH as the reaction’s second product thereby is completed the catalytic cycle (Voet and 

Voetová, 1995). 

It has been shown inactivation of GR by NADPH via an intermolecular association, 

a possible mechanism is that NADPH reduces a site on one molecule and interacts with 

this site, thus blocks a site on a second molecule, which may lead to an enzyme 

aggregation (Worthington and Rosemeyer, 1976). The high concentration of reduced 

glutathione protects GR against inactivation in erythrocytes (Worthington and Rosemeyer, 

1976). Inhibition of GR by substrate has been shown for GSSG concentration about 1mM 

(Janes and Schulz, 1990).  

In the mammalian glutathione system is usually not glutathione reductase a rate 

limiting enzyme. Regeneration of GSH from GSSG is dependent on supply of NADPH, 

which in most tissues predominantly depends on pentose-phosphate cycle, thus formation 

of NADPH determines detoxification rate of hydrogen peroxide by GPX (Toppo et al., 

2009). There is evidence that a low activity of GR could still be sufficient in recycling of 

GSH from GSSG for the GPX activity (Michiels et al., 1994). 

 

1.2.3 Function  

Glutathione reductase maintains the GSH/GSSG ratio to facilitate the transfer of 

electrons from glucose to H2O2 within the cytosol thus prevents oxidative damage and 

plays the role in the regulation of phagocytic oxidative burst (Yan et al., 2012). It is known 

that GR plays an important role in the innate immune system against massive bacterial 

infection (Yan et al., 2012). It has been shown in GR deficient mice that GR deficient 

neutrophils produce less ROS with weakened oxidative burst (Yan et al., 2012). Exact 

mechanism is unclear; the authors assumed that GR deficient neutrophils are less resistant 

to the oxidative damage. In the cytosol is H2O2 detoxified by GPX therefore regeneration 

of GSH from GSSG by GR facilitates detoxification of H2O2 in the cytosol and thus 

protects cells against oxidative damage. Glutathione reductase deficiency is characterized 
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by hemolysis due to increased sensitivity of erythrocyte membrane to H2O2 exposure 

(Tandoǧan and Ulusu, 2006).  

 

1.3 Reduced glutathione  

In 1888 de Rey Pailhade discovered the substance “hydrogénant le soufre” which 

proved to be GSH, as unravelled by Sir Frederick Gowland Hopkins in the 1929 and 

Harrington and Maed (Harrington and Maed, 1935; Sies, 1999; Cotgreave and Gerdes, 

1998). Glutathione is the tripeptide  L-γ-glutamyl-L-cysteinyl-glycine synthesized from the 

amino acid precursors (L-glutamate, L-cysteine and glycine) that contains an unusual γ 

amide bond between glutamate and cysteine (Figure 1-6) (Anderson, 1998). Glutathione 

exists in thiol (reduced) and disulphide (oxidized) form and its molecular weight is 307.32; 

612.63, respectively. It is found in all mammalian tissues, especially high concentration is 

in the liver (Jefferies et al., 2003; Lu and Holmgren, 2009). Reduced glutathione is present 

in the cytosol (almost 90 % of cellular GSH), 10 % in the mitochondria and small amount 

is found in the endoplasmic reticulum and nucleus. The synthesis of GSH takes place only 

in the cytoplasm (Wu et al., 2004; Anderson, 1998). Under normal conditions is 

intracellular concentration of GSH (1-10 mM) whereas in plasma, its concentration is 

relatively low (~ 0.01 mM) due to rapid break down in the circulation (Hammond et al., 

2001, Balendiran et al., 2004, Lu and Holmgren, 2009). In the cytoplasm, the GSH/GSSG 

ratio 30-100:1 is the major redox couple that determines the antioxidative capacity of cells 

and leads to redox potential approximately – 230 mV (Wouters et al., 2010). After 

synthesis, GSH is transported to mitochondria, endoplasmic reticulum and nucleus. 

Glutathione can also undergo transport across plasma membrane into the extracellular 

space such as blood plasma and bile where can be utilized by other cells and tissues 

(Ballatori et al., 2009). 

Glutathione plays essential role as the most efficient intracellular thiol substrate for 

GPX, and a protective molecule against oxidants and xenobiotics (Dickinson and Forman, 

2002; Brigelius-Flohé, 1999; Meister and Anderson, 1983). Glutathione is maintained in its 

reduced form by NADPH dependent enzyme GR. Synthetized GSH can go across cell 

membrane into the extracellular compartment. Impaired response to severe cellular OS 

may lead to accumulation of GSSG within the cytosol followed by depletion of cellular 

GSH (Lu, 1999). To protect the cell from redox imbalance, GSSG can be exported out of 

the cell or react with a sulfhydryl group of proteins forming protein-glutathione mixed 

disulphides (Deneke and Fanburg, 1989). 
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Figure 1-6. Structure of glutathione (Voet and Voet, 2011) 

 

 Glutathione is major thiol “redox buffer” that maintains thiol/disulphide redox 

potential (Sies, 1999). Homeostasis of glutathione is regulated by controlling the rates of 

its synthesis and export from cells. Cellular GSH levels are also affected by agents that 

modify the thiol-redox state which results in the formation of glutathione S-conjugates and 

/or disrupt the GSH distribution among intracellular organelles. In addition, it can be 

influenced by nutritional status and hormonal levels (Ballatori et al., 2009). 

 

1.3.1  Synthesis 

Reduced glutathione is synthesized in the cytosol of all mammalian cells from L- 

glutamate, L- cysteine and glycine in the two steps sequentially catalysed by two ATP - 

requiring enzymes: (1) glutamate cysteine ligase (GCL) (formerly γ-glutamyl-cysteine 

synthetase), which is supposed to be the rate limiting enzyme, and (2) GSH synthase 

(formerly glutathione synthetase) (Figure 1-7) (Sies, 1999; Meister and Anderson, 1983). 

The liver is the main source of GSH synthesis (Sies and Akerboom, 1984). Erythrocytes 

also can synthesize GSH from cysteine, glutamate and glycine, because they contain all of 

the enzymes important for its biosynthesis, daily produce significant percentage of GSH by 

de novo synthesis (Giustarini et al., 2008) that depends on two factors, cysteine availability 

as a substrate and GCL activity (Lu, 2000). Cysteine seems to be the limiting amino acid 

for GSH synthesis in humans (Wu et al., 2004). 
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Figure 1-7. Glutathione synthesis as part of the γ-glutamyl cycle of glutathione 

metabolism. (1) γ-glutamylcysteine synthetase, (2) glutathione synthetase, (3) γ-glutamyl 

transpeptidase, (4) γ-glutamyl cyclotransferase, (5) 5-oxoprolinase, and (6) 

cysteinylglycine dipeptidase. (Voet and Voet, 2011). 

 

The γ-glutamyl cycle, as a part of GSH synthesis provides mechanism for amino 

acids transport into cells through the synthesis and breakdown of GSH (Voet and Voet, 

2011). Synthesis of GSH is two-step reaction; in the first reaction GCL catalyses the 

formation of γ-glutamyl cysteine from L-glutamate and L-cysteine followed by second 

reaction catalysed by glutathione synthase where γ-glutamylcysteine reacts with glycine to 

form GSH (Anderson, 1998). Steps 1 and 2 involved ATP hydrolysis, where the γ- 

carboxyl group of glutamate is activated for reaction with the amino group of cysteine and 

synthesis of peptide bond to form an acyl phosphate intermediate (Voet and Voet, 2011). 

The specific γ-amide bond protects GSH against hydrolysis by intracellular 

aminopeptidases (Wu et al., 2004).  

The degradation of GSH is catalysed by γ-glutamyl transpeptidase, γ-glutamyl 

cyclotransferase, 5-oxoprolinase, and cysteinylglycine dipeptidase. Glutathione is found 

and synthesized intracellularly, whereas degradation of GSH occurs only in the 

extracellular space and in the cells expressing γ-glutamyl transpeptidase (Hammond et al., 

2001). Additionally, GSH is transported to the external surface of the cell membrane where 
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is the γ-glutamyl group of GSH cleaved by γ-glutamyl transpeptidase to form γ-glutamyl 

enzyme. This enzyme intermediate then accepts an external amino acid, followed by 

transport of cysteine γ-glutamyl amino acid back into the cell by sodium-dependent 

aminoacid transporter system and where is immediately converted to glutamate by two 

steps (Singh et al., 2012). Transported amino acid is released by reaction catalysed by γ-

glutamyl cyclotransferase that forms 5-oxoproline (a cyclic form of glutamate) and the 

corresponding amino acid. Finally, the ring of 5-oxoproline is opened by 5-oxoprolinase 

using ATP to form glutamate (Voet and Voet, 2011). GSH synthase catalyses the ATP-

dependent formation of GSH from γ-glutamylcysteine and glycine. 

Synthesis of GSH can be regulated by GCL and amino acids. Nuclear factor κB 

(NFB) cause the up-regulation of GCL expressions in response to OS and inflammation 

(Wu et al., 2004). Formation of GSSG between cysteine of protein and glutathione 

prevents further oxidation of thiols in cell signalling, it is thus protective mechanism for 

thiols (Bindolli et al., 2008). Reduced glutathione is regenerated from the reaction 

catalysed by GR (Michiels et al., 1994). GSH deficiency can be caused by using a selective 

irreversible inhibitor of GCL L-buthionine sulphoximine (BSO) which inhibit GSH 

synthesis (Meister, 1988). In addition, it was shown the link between NO and GSH 

metabolism by S-nitrosation of GCL protein by S-nitrosocysteine or S-nitroso-L-

cysteinylglycine (NO donors) followed by reduction of GCL activity and thus GSH 

depletion (Dalle-Donne et al., 2008). 

 

1.3.2  Biological function 

Reduced glutathione is the main intracellular non-protein thiol and redox buffer that 

maintains reducing environment important for the activity of the most enzymes and 

macromolecules within the cell. Glutathione and enzymes related to its synthesis form a 

system that maintains reducing environment in the cells and acts as a primary defence 

against ROS overproduction (Morales et al., 1998). This system is involved in the 

metabolism and maintenance of sulfhydryl groups of proteins and low molecular weight 

compounds such as cysteine and coenzyme A (Anderson, 1998; Lu, 1999). Cysteine can be 

autoxidized to cystine, forming toxic oxygen radicals, thus most of the non-protein 

cysteine is stored as GSH to avoid this toxic autoxidation reaction (Olney et al., 1990; Wu 

et al., 2004; Hammond et al., 2001). Thus GSH serves as a main storage and transport 

form of cysteine in the body (Anderson, 1998; Hammond et al., 2001). Factors e.g. insulin 
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and growth factors increase intracellular GSH levels by stimulating uptake of cysteine into 

cells (Wu et al., 2004). 

Reduced glutathione is involved in many cellular reactions, having number 

physiological roles because of its high reactivity (Balendiran et al., 2004; Sies 1999; 

Townsend et al., 2003). Glutathione is also important non-enzymatic antioxidant; it is able 

to scavange ROS and peroxides non-enzymatically via formation of mixed disulphide 

(Anderson, 1998; Singh et al., 2012). Glutathione plays an essential role in antioxidant 

defence such as scavenger of free radicals and RONS (e.g. superoxide and hydroxyl 

radical, hydrogen peroxide, peroxynitrite, lipid peroxyl radical) through enzymatic 

reactions catalysed by e.g. GPX, glutathione S-transferase, formaldehyde dehydrogenase 

and glyoxalase I (Wu et al., 2004; Estrela et al., 2006); in detoxification of electrophiles 

(e.g. alkenes, alkyl halides, lactones, epoxides, and heavy metals); physiologic metabolites 

(e.g. estrogens, prostaglandins, leukotrines) as well as xenobiotics (e.g. bromobenzene, 

acetaminophen, etc.). Xenobiotics form conjugates in reactions catalysed by glutathione-S-

transferase; GSH conjugation irreversibly consumes intracellular GSH (Lu and Holmgren, 

2009). The sulfhydryl group of GSH cysteine has a high affinity for metals, forming via 

non-enzymatic reactions thermodynamically stable but kinetically labile mercaptides with 

a number of metals, such as copper, zinc, selenium, chromium, mercury, silver, cadmium, 

arsenic, lead, gold (Ballatori et al., 2009; Hammond et al., 2001).  

Glutathione is involved in nitric oxide (NO) metabolism, where reacts with NO to 

form S-nitrosoglutathione (Balendiran et al., 2004). It maintains reduced form of ascorbic 

acid (Anderson, 1998). Glutathione and ascorbate play a role in detoxification of ROS that 

may cause DNA modification. It was shown negative correlation between both GSH and 

ascorbate and oxidative DNA damage in human lymphocytes (Lenton et al., 1999). 

Furthermore, GSH regulates protein and DNA synthesis via thiol-disulphide 

exchange reactions and by maintaining reduced glutaredoxin and thioredoxin, which are 

essential for ribonucleotide reductase, the rate-limiting enzyme in DNA synthesis 

(Holmgren, 1981). It is involved in activation of transcription factors within the cells and 

also may influence caspase activity and S-glutathionylation of proteins (e.g. peroxiredoxin 

1, thioredoxin, cytochrome c oxidase, and ubiquitin-conjugating enzyme) (Sies, 1999; 

Townsend et al., 2003; Wu et al., 2004; Ballatori et al., 2009; Singh et al., 2012). 

Protein S-glutathionylation is post-translational modification of protein cysteine 

residues by reversible GSH conjugation to cysteine sulfhydryl groups of proteins. It yields 

mixed disulphides during oxidative and nitrosative stress (Dalle Donne et al., 2008; 
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Townsend et al., 2003). Protein cysteinyl residues are more susceptible to ROS attack; thus 

GSH is involved in the control of protein function by this modification, storage of 

glutathione and particularly in cell signalling processes associated with tumor necrosis 

factor alpha (TNF-) induced apoptosis and viral infection (Pan and Berk, 2007; 

Prinarakis, 2008; Dalle-Donne et al., 2009). This reversible oxidation may also protect 

protein thiols from irreversible oxidation (Dalle-Donne et al., 2007). S glutathionylated 

protein may be formed from exchange between protein thiols and GSSG, direct interaction 

between partially oxidized protein thiols and GSH; reactions between protein thiols and S-

nitrosothiols (Dale-Donne et al., 2008). It is supposed that S-glutathionylation is the 

general mechanism of protein redox regulation that can lead to phenotypic changes such as 

increased cell proliferation and apoptosis (Townsend et al., 2003; Singh et al., 2012). 

Moreover, S-glutathionylation may serve as a storage mechanism for GSH in pro-oxidant 

conditions within the cell because GSH oxidized to GSSG could be rapidly excluded from 

the cell (Dalle-Donne et al., 2007; Sies and Akerboom, 1984). 

Reduced glutathione also plays an important role in modulation of cell proliferation 

and apoptosis, in regulation of the immune response and cytokine production, in the 

regulation of signal transduction and in gene expression. Decreased GSH is capable to 

stimulate activation of NF-κB by regulation the expression of genes containing the NF-κB 

binding sites (Balendiran et al., 2004). An increase in GSH is associated with an early 

proliferative response in e.g. lymphocytes and fibroblasts and is important for the cell to 

enter the S phase, thus is important in the regulation of cellular proliferation (Shaw and 

Chou, 1986; Hamilos et al., 1989).  

It has been shown that GSH is one of the important factors in the apoptosis pathway 

and depletion of the intracellular GSH inducing cell death in various cell types (Cotgreave 

and Gerdes, 1998; Armstrong and Jones, 2002; Lu and Holmgren 2009). The role of GSH 

in the apoptosis pathway depends on the cell type and pro-apoptotic stimuli. Glutathione 

regulates redox state of specific thiol residues of proteins such as NFκB, caspases and 

kinases involved in the cell death. Decreased glutathione in the course of apoptosis is 

accompanying by increased extracellular GSH levels, indicating that GSH is exported in its 

reduced form into the extracellular space, but the precise mechanism is not well known 

(Hammond et al., 2007). Glutathione is extruded by the cells undergoing apoptosis before 

the lost of plasma membrane integrity indicating that depletion in apoptosis is not a 

consequence of OS and ROS (Franco and Cidlowski, 2006). It is known that reduction of 

GSH might be the cause of OS by altering the redox status of cells (Ghibelli et al., 1998, 



34 

Hammond et al., 2001). Glutathione release during apoptosis is mediated by the transport 

proteins (multidrug resistance-associated protein family) and it is required for the 

activation of specific apoptotic signalling pathways (Franco and Cidlowski, 2006; 

Hammond et al., 2007). Conversely, elevation of intracellular GSH levels caused by 

cysteine precursors, drugs, growth regulatory protein and protein synthesis inhibitors, leads 

to increased resistance of cells against apoptosis (Cotgreave and Gerdes 1998; Singh et al., 

2012; Chiba et al., 1996).   

Reduced glutathione is involved in apoptotic process by affecting activation of 

caspases and transcription factor, ceramide production and thiol-redox signalling 

(Hammond et al., 2001). Caspases are aspartate specific cysteine proteases that contain 

cysteine residues in their active sites and require a presence of GSH. Reduced glutathione 

as reductant can provide activation of caspases to prevent oxidation of these residues and 

thus maintain their catalytic activity (Hentze et al., 2002; Singh et al., 2012). It has been 

shown that low levels of intracellular GSH can prevent apoptosis and lead to the cell 

survival and recovery by regulating the activity of the redox sensitive caspases. The 

depletion of mitochondrial as well as cellular GSH opens the permeability transition pore 

inducing apoptosis (Armstrong and Jones, 2002). The levels of GSH in apoptosis are 

regulated by the specific pro- and anti-apoptotic proteins such as Bcl-2, heat-shock 

proteins (HSP25 and HSP27) and protein p53. Protein Bcl-2 inhibits apoptosis and release 

of cytochrome c and also regulates the activation of the caspase cascade of apoptosis 

(Singh et al., 2012). Increased expression of anti-apoptotic protein Bcl-2 may lead to the 

enhanced level of intracellular GSH, whereas experimentally induced GSH depletion 

causes degradation and loss of Bcl-2 protein (Celli et al., 1998). Similarly heat-shock 

proteins prevent apoptosis, their overexpression increases levels of intracellular GSH that 

facilitates the inhibition of apoptosis (Baek et al., 2000). 

Oxidative stress has effect on the progression of apoptosis. It has also been shown 

that physiologic levels of GSH maintain cytochrome c in a reduced and thus in inactive 

form and thus block the association of cytochrome c with apoptosome. Oxidized form of 

cytochrome c is required for its apoptotic activation and thus development of apoptosis 

(Jefferies et al., 2003, Singh et al., 2012). During OS, cytochrome c is released from 

mitochondria because of the depletion of cytoplasmic GSH which leads to oxidation of 

cytochrome c. It was shown in in vitro studies that depletion in GSH is important for 

apoptosome formation (Singh et al., 2012). Reduction of GSH efflux out of cells leads to 

inhibition of apoptosis (Ghibbelli et al., 1998). 
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Finally, GSH is required for the synthesis of leukotrienes and prostaglandins being 

essential in conversion of prostaglandin H2 (derived from arachidonic acid) into 

prostaglandin D2 and E2, in reactions catalysed by prostaglandin isomerase (Lu, 2000).  
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2. Aims and Scopes 

 

1. The aim of the doctoral thesis study was to ascertain the importance of antioxidant 

enzymes - glutathione peroxidase, glutathione reductase and non-enzymatic 

antioxidant reduced glutathione in relation to oxidative stress markers in different 

pathophysiologic states - depressive disorder, metabolic syndrome, sepsis, chronic 

and acute pancreatitis and pancreatic cancer compared with healthy controls. 

2.  Antioxidant status together with oxidative stress markers have been followed up in 

acute phase of sepsis, septic shock and acute pancreatitis, in the course of these 

diseases and after clinical recovery phase. 

3. This doctoral thesis is focused on the state of antioxidant defense system in various 

pathophysiologic states. We assume that oxidative stress plays a key role in 

pathophysiology of above mentioned diseases. 
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3. Materials and Methods 

3.1 Subjects and Studies 

Basic characteristics of enrolled patients and inclusion criteria of individual studies 

are presented in Table 3-1. All of these prospective studies were carried out at the 4
th

 

Department of Internal Medicine of General University Hospital in Prague except patients 

with depressive disorder (DD). Patients with DD were recruited from the consecutive 

outpatients of the Psychiatric Department of General University Hospital in Prague and 1
st
 

Faculty of Medicine of Charles University in Prague. All patients were compared to 

healthy controls (CON) matched for sex and age. Healthy controls were defined as 

individuals without known signs and symptoms of the disease and major disease. The 

protocols of all studies were approved by the institutional review board and the Ethics 

Committee of the First Faculty of Medicine, Charles University in Prague and General 

University Hospital in Prague. Written informed consent was obtained from all 

participants.  

Table 3-1. Basic characteristic of enrolled patients into the individual studies 

Study 
Number of subjects 

(Male/Female) 

Inclusion criteria 

according to 
References 

Depressive disorder 35 (0/35) 

Diagnostic and statistical 

Manual of Mental 

Disorders, 4
th
 Edition, 

American Psychiatric 

Association, 1994 

(American Psychiatric 

association,1994) 

Kodydkova et al., 2009 

Supplement 1 

Metabolic syndrome 40 (20/20) 

International Diabetes 

Federation criteria. (Alberti 

et al., 2005) 

Vavrova et al., 2013 

Supplement 2 

Sepsis 

- course 

- sepsis (septic shock ) 

- critically ill patients 

 

19 (10/9) 

15 (9/6) 

15 (9/6) 

The Society of Critical 

Care Medicine/American 

College of Chest Physicians 

definitions 

(Bone et al., 1992) 

 

Vavrova et al., 2013 

now under review 

Supplement 3 
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Acute pancreatitis 13 (9/4) 

Classification of the 

severity of acute 

pancreatitis, 2010 

(Petrov and Windsor, 2010) 

Vavrova et al., 2012 

Supplement 4 

Pancreatic cancer 

Chronic pancreatitis 

50 (40/10) 

50 (40/10) 

PC staging according to the 

TNM system (Clasification 

of Malignant Tumors) and 

Union Internationale 

Contre le Cancer with 

American Joint Committee 

on Cancer  (Greene et al., 

2003) 

The grade of according to  

M-ANNHEIM pancreatic 

imaging criteria 

(Schneider et al, 2007) 

Kodydkova et al, 2013 

Supplement 5 

 

The common exclusion criteria for all studied subjects were the following: current 

antioxidant therapy (e.g. vitamin C, vitamin E, allopurinol, N-acetylcysteine, 

supplementation with n-3 polyunsaturated fatty acids), chronic dialysis, kidney disease 

(creatinine  150 mol/l), clinically manifest proteinuria (urinary protein  500 mg/l), and 

liver cirrhosis, decompensate DM, concomitant malignancies, chronic, immunosuppressive 

and anti-inflammatory therapy, as well as chemotherapy. Further exclusion criteria were 

history of cardiovascular and cerebrovascular disease, hepatic and/or renal diseases, 

hypothyroidism, macroalbuminuria, treatment with hypolipidemic medications, unstable 

angina pectoris, stage within 1 year after acute myocardial infarction, respectively 

coronaro-aorto bypass grafting, or percutaneous coronary intervention, and stroke. 

For patients with pancreatic cancer (PC) were further exlusion criteria: acute 

pancreatitis, endocrine disease or acute relapse of chronic pancreatitis. Patients who were 

operated for gastrointestinal tract (in the previous 1 year) and subjects after systemic 

inflammation in the previous 6 months were also excluded. Patients with chronic 

pancreatitis enrolled into the study were re-examined after 2 years to exclude the 
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development of PC and thus to avoid enrolment of patients with initial stages of PC into 

the study. 

 

3.2  Blood sample collection and preparation 

Blood samples were obtained after overnight fasting. Samples were processed 

immediately after collection. For plasma samples we used K2EDTA as anticoagulant and 

centrifuged the anticoagulated blood for at least 15 min at 2500 g at 4 °C to obtain cell-free 

plasma. After separation of plasma, fraction of red blood cells was further processed. The 

remaining erythrocytes were washed three times in proportion 1:10 with physiological 

saline (0.9% sodium chloride) solution and centrifuged at 2500 g at 4 °C for 5 min. For 

analysis of GPX1 and GR activities was used hemolysate of washed erythrocytes. 

Hemolysate was prepared by suspending washed RBC in cold redistilled water in a ratio 

1:4. Prepared hemolysate was diluted before measurement 30 times with phosphate buffer. 

Serum samples were prepared after coagulation in vacutainer tubes by centrifugation at 

2500 g at 4 °C for 10 min. The plasma, serum samples and suspension of washed 

erythrocytes were stored at -80 °C until assay. 

3.3  Measurement of antioxidant enzyme activities 

Glutathione peroxidase 1 

The glutathione peroxidase activity was measured by the modified method of 

Paglia and Valentine using tert-butyl hydroperoxide as a substrate (Paglia and Valentine, 

1867). Briefly, 580 μL of 172.4 mM tris–HCl buffer containing 0.86 mM EDTA, pH = 8.0; 

100 μL of 20 mM GSH, 100 μL of 10 U/mL GR, 100 μL of 2 mM NADPH and 100 μL of 

diluted sample were pipetted into the cuvettes. The reaction was started after 10 min of 

incubation at 37 °C by the addition of 20 μL of 9.99 mM tert-butyl hydroperoxide. The rate 

of NADPH degradation was monitored spectrophotometrically at 340 nm. Blank was run 

for each sample. Activity of GPX1 was calculated using the molar extinction coefficient of 

NADPH 6220 M
− 1

 cm 
− 1

 and expressed as U/g haemoglobin. One unit of GPX1 (U) is 

defined as 1 μmol of NADPH oxidized to NADP per min. 

Glutathione reductase 

The activity of GR was measured according to the method of Goldberg (Goldberg, 

1983). Briefly, 700 μL of 0.127 M potassium phosphate buffer containing 0.633 mM 

Na2EDTA·2H2O, pH = 7.2 was added to cuvettes followed by 100 μL of 22 mM oxidized 
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glutathione and 100 μL of diluted hemolysate. Hemolysate was prepared by suspending 

washed RBC in cold redistilled water in a ratio 1:4. Prepared hemolysate was diluted 

before measurement 30 times with phosphate buffer. The reaction was started after 10 min 

of incubation at 37 °C by addition of 100 μL of 1.7 mM NADPH. The rate of NADPH 

degradation was monitored spectrophotometrically at 340 nm. Blank was run for each 

sample. Activity of GR was calculated using the molar extinction coefficient of NADPH 

6220 M
− 1

 cm
− 1

 and expressed as U/g haemoglobin. One unit of GR (U) is defined as the 

amount of enzyme catalysing the reduction of 1 μmol of GSSG per minute. 

3.4  Measurement of markers of oxidative stress 

Conjugated dienes in precipitated low density lipoproteins 

Serum low density lipoproteins were isolated by precipitation method of Ahotupa et 

al. (Ahotupa et al, 1996). The concentration of CD in precipitated LDL (CD/LDL) was 

measured by the modified method of Wieland and Seidel (Wieland and Seidel, 1983). 

Serum samples were stabilized with EDTA in portion 10:1 (v/v) and analysed within 2 

weeks. Briefly, 110 μL of sample was added to 1 mL of the heparin-citrate precipitation 

buffer consisting of 0.064M trisodium citrate adjusted to pH 5.05 by addition of 5 M HCl 

and contained 50000 IU/L heparin. Precipitated lipoproteins were separated by 

centrifugation at 2800 rpm for 10 min after 10 min incubation. The pellet was resuspended 

in 100 μL of NaCl solution (9 g/L). Lipids were extracted by chloroform–methanol 

mixture (2:1) and then were incubated for 10 min with intermittent mixing. For phase 

separation was used 250 μL of redistilled water. After 5 min centrifugation the 800 μL of 

lower layer was dried under nitrogen, redissolved in 300 μL of cyclohexane. Conjugated 

dienes were analysed spectrophotometrically at 234 nm. The concentration of CD was 

calculated using the molar extinction coefficient 2.95 × 10
4
 M

− 1
 cm

− 1
 and expressed as 

mmol/L serum. 

Oxidized low density lipoproteins  

The measurement of oxidized LDL (ox-LDL) was performed by commercially 

available kits Oxidized LDL Competitive ELISA (Enzyme-Linked Immunosorbent Assay) 

(Mercodia, Sweden). Oxidized LDL in the sample competes with a fixed amount of ox- 

LDL bound to the microtiter wells for the binding of the biotin-labelled specific antibodies.  

Unreacted sample components were removed and bound biotin-labelled antibody was 

detected by Streptavidin HRP enzyme conjugate. After incubation and washings steps the 
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bound conjugate was detected by reaction with 3,3´,5,5´- tetramethylbenzidine. The 

reaction was stopped by addition of stop solution (0.5 M H2SO4) and measured 

spectrophotometrically at 450 nm. Oxidized-LDL reflects concentration of 

malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4-HNE), the highly reactive end-

products of lipid peroxidation that are bound as adducts to the ε-amino-group of lysine in 

molecule of apolipoprotein B. 

3.5  Measurement of non-enzymatic antioxidants and selenium 

Reduced glutathione 

Reduced glutathione was measured by the modified spectrophotometric method 

described earlier (Griffith, 1985). Suspension of washed erythrocytes (500 μL) was mixed 

with 100 μL of diluted acetic acid in water (6%, v/v), haemolysate was vortexed and 

400 μL of 5-sulphosalicylic acid 10% (w/v) was immediately added. After centrifugation at 

10 000 g for 2 min, supernatant solution was collected for analysis. This method is based 

on the determination of 5,5′ - dithio-bis(2-nitrobenzoic acid) (DTNB), relatively stable 

yellow product of reduction by sulfhydryl compounds. Briefly, 50 μL of 0.125 M 

potassium phosphate buffer containing 6.3 mmol/L Na2EDTA·2H2O, pH = 7.5 was added 

to micro-cuvettes followed by 37.5 μL of the sample and 12.5 μL of 6 mmol/L DTNB. The 

absorbance of the yellow product (reduced chromogen) was measured at 412 nm. 

Concentration was calculated by means of calibration curve and was expressed as μg/g 

haemoglobin. 

Vitamins and selenium 

Vitamins A and E were assayed by high performance liquid chromatography in 

laboratories of Institute of Medical Biochemistry and Laboratory Diagnostics, First Faculty 

of Medicine, Charles University in Prague and General University Hospital in Prague. 

Selenium was analysed by atomic absorption spectrometry with thermal atomization in the 

same abovementioned laboratories.  

The Total Peroxyl Radical Trapping (cTRAP) was calculated according to formula 

of Roth et al. (Roth et al. 2004) - cTRAP (mol/l) = [(albumin) 0.63 + (uric acid) 1.02 + 

(bilirubin) 1.50)]. 
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3.6  Statistical analysis 

Data are expressed as mean ± SD (standard deviation) for parametric, and as 

median and interquartile range (IQR, 25
th

-75
th

 percentiles) for non-parametric data. 

Normality of data distribution was tested with the Shapiro-Wilks W test. Difference 

between compared groups (PC, CP and CON; S, NC and CON) were tested with the one-

way ANOVA with Scheffé and Newman-Keuls post-tests or Dunnett´s post-hoc test (in 

septic studies). For nonparametric analysis, the Kruskal-Wallis ANOVA was used. 

Comparison between two independent groups was carried out by the independent t-test for 

parametric variables or Mann-Whitney U test for non-parametric data e.g. patients with 

depression or with metabolic syndrome. Friedman ANOVA was used for dependent 

analysis e.g. patients with acute pancreatitis. For correlation analysis, the Spearmen 

coefficient was used.  

All above described statistical analyses were performed using version 8.0, 9.0 and 

10.0 of Statistica programme (StatSoft software CZ). P < 0.05 was considered to be 

statistically significant.  
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4. Results 

4.1 Depressive disorder 

Subject and biochemical characteristic as well as other biochemical data are shown 

in the publication of Kodydkova et al., 2009; Supplement 1, Table 1 and Table 2. 

Thirty five women with DD were enrolled in the study and compared with 35 sex- and age- 

matched CON. We have observed activities of GPX1 and GR as well as concentration of 

GSH and oxidative stress marker levels (CD/LDL) in women with DD. Increased 

erythrocyte GR activities were observed in patients with DD than in CON (p  0.05), 

whereas GPX1 activities were lower in DD patients (p  0.05). Similarly concentration of 

GSH was significantly decreased in depressive women compared to controls (p  0.05). In 

the contrast CD/LDL levels were higher in patients with DD when they were compared to 

CON (p  0.05). Furthermore, we found positive correlation of GPX1 with GSH (r = 

0.284, p ˂ 0.05) in patients with DD, whereas there was no significant correlation between 

GPX1 and GSH in healthy controls. 

4.2 Metabolic syndrome 

Clinical and biochemical characteristics and other results of subjects with MetS and 

that of healthy controls are shown in the publication of Vavrova et al., 2013; Supplement 

2, Table 1.  

In 40 patients with MetS, activities of antioxidant enzymes and concentrations of 

GSH and CD/LDL together with levels of calculated cTRAP were observed and compared 

with 40 sex and age matched CON. All patients fulfilled the inclusion criteria for diagnosis 

of MetS abdominal obesity (waist circumference ≥ 94cm for men and ≥ 80cm for women) 

and fulfilled any two of the following four factors: a) raised TG level (≥ 1.7 mmol/l) b) 

reduced HDL-C (< 1.03 mmol/l in males and < 1.29 mmol/l in females), or specific 

treatment for these abnormalities, c) raised blood pressure (BP): systolic BP ≥ 130 or 

diastolic BP ≥ 85 mm Hg, or treatment of previously diagnosed hypertension, d) raised 

fasting plasma glucose (≥ 5.6 mmol/l), or previously diagnosed type 2 of diabetes mellitus. 

In patients with MetS, 21 patients had three, 13 patients four and 6 patients had all five 

components of metabolic syndrome. 

 Patients with MetS had significantly increased activities of GR than CON (p  

0.001), whereas no significant differences were observed in GPX1 activities in comparison 
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with CON. In the contrast, concentration of GSH was found to be decreased in MetS 

patients compared to CON (p  0.05). Levels of CD/LDL and c TRAP were significantly 

higher in MetS than in CON (p  0.001, p  0.01, respectively). Furthermore, Spearmen 

correlations between selected variables were observed. Concentrations of CD/LDL 

significantly correlated with concentrations of TG and HDL-C.  

 Activities of GR and GPX1 correlated positively with those of CuZnSOD (r = 

0.341, p < 0.01) and (r = 0.260, p < 0.05). Concentrations of CD/LDL correlated positively 

with total cholesterol (r = 0.565, p < 0.001), apo B (r = 0.597, p < 0.001) and LDL (r = 

0.384, p < 0.001) and negatively with CAT (r = -0.233, p < 0.05). 

 

4.3 Sepsis  

Thirty septic patients (S) were enrolled into this study; 15 sex, age and APACHE II 

matched non-septic (NC) critically ill patients with systemic inflammatory response 

syndrome (SIRS) (non-septic control group) and 30 age and sex matched healthy controls 

without clinical and laboratory signs of inflammation, sepsis or known major disease. 

Samples from septic patients were collected three times: 24 – hours after intensive care 

unit admission (S1), 7 days after first sampling (S7) and finally after recovery (7 days after 

absence of clinical signs and normal values of CRP and temperature) (R7). These free 

samplings were available only from 19 septic patients, because 8 patients died and 3 

patients never fully recovered from sepsis. Firstly, we compared these 19 septic patients 

with all three samplings with 19 sex and age matched CON. Furthermore, we compared 15 

septic patients with 15 sex-, age- and APACHE II score matched NC with SIRS and 15 

sex- and age- matched CON.  

Course of sepsis 

Demographic and clinical characteristics of 19 septic patients in all three samplings  

(S1, S7, R7) and 19 sex- and age- matched CON are shown in the publication of Vavrova 

et al. (now under review); Supplement 4 and Table 1. 

Activities of antioxidant enzymes, levels of non-enzymatic antioxidants, vitamins 

and markers of oxidative stress were observed. Decrease in GPX1 activity persisted in all 

three samplings in comparison with controls. In the contrast, no significant difference in 

GR activity between individual S samplings and CON was found. The GPX1 activity and 

selenium (Se) level were substantially decreased in all three septic samplings and never 

reached CON values. In addition lower concentrations of Se were found in both S1 and S7 
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samplings compared to R7. There was also decrease in concentrations of vitamin E, 

vitamin A and bilirubin in S1 only and the decline of uric acid was found only in S7 

compared to CON. The levels of ox-LDL and CD/LDL were increased in S1, culminated 

in S7 and returned to CON values in R7.  

Calculated TRAP (cTRAP) closely followed the values of GPX1, the decrease was found 

in all three samplings in comparison with CON; S1 and S7 values were significahtly higher 

compared to R7. 

Activity of GPX1 in S1 group positively correlated with CRP (r = 0.467; p  0.05). 

Positive correlations between GPX1 activity and levels of CRP (r = 0.584; p  0.01) and 

PCT (r = 0.617; p  0.01) were found in S7 group, but GPX1 negatively correlated with 

vitamin A (r = -0.457; p  0.05) and cTRAP (r =-0.574; p  0.05). After recovery there was 

negative correlation between GPX1 activity and vitamin A (r = -0.458; p  0.05), vitamin 

E (r = -0.460; p  0.05), markers of oxidative stress CD/LDL (r = -0.553; p  0.05) and ox-

LDL/LDL (r = -0.528; p  0.05), and IL-6 (r = -0.654; p  0.01).  

 

Septic patients versus non-septic critically ill patients 

In this part of the study we compared erythrocyte activities of GPX1, GR and GSH 

as well as markers of oxidative stress CD/LDL and ox-LDL and vitamins A and E in 15 

septic patients with 15 sex, age and APACHE II score matched NC and 15 sex- and age- 

matched CON. Basic clinical data and characteristic of patients are shown in Table 4-1. 

These results have not yet been published. 
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Table 4-1. Clinical and biochemical data of septic, on-septic critically ill patients and 

healthy controls 

 S NC CON 

N (M/F) 15 (9/6) 15 (9/6) 15 (9/6) 

Age (years) 74 (61 - 79) 70 (57 - 79) 71 (58 - 79) 

APACHE II score 16 (13 - 20) 17 (13 - 20) - 

CRP (mg/L) 96.0 (47.0 - 185.5)*** 84.8 (4.8 - 130.6)** 2.1 (2.8 - 7.8) 

PCT (mg/L) 2.39 (0.79 - 10.0)*
+++

 0.28 (0.14 - 0.73) 0.585 (0.32 - 0.90) 

IL-6 (µg/L) 114.0 (51.0 - 313.1)*** 21.5 (10.9 - 48)** 1.15 (0.58 - 2.86) 

IL-10 (µg/L) 8.58 (5.12 - 16.57)*** 5.16 (1.76 - 6.98)*** 0.79 (0.00 - 1.03) 

TNF- α (µg/L) 21.8 (11.9 - 39.2)*** 6.54 (4.16 - 9.50) 11.89 (6.82 - 14.47) 

TC(mmol/L) 3.04 ± 0.71*** 3.31 ± 1.14*** 5.77 ± 1.05 

HDL-C(mmol/L) 0.66 ± 0.29***
+
 0.96 ± 0.45** 1.41 ± 0.42 

LDL-C(mmol/L) 1.76 ± 0.55*** 1.77 ± 0.93*** 3.67 ± 0.75 

TG (mmol/L) 1.30 ± 0.48 1.28 ± 0.51 1.41 ± 0.68 

Ferritin (µg/L) 336.6 (196.9 - 1297.5)** 356.1 (222.2 - 1346.8)
 

278.4 (193.9 - 646.4)
 

Transferin (g/L) 1.58 (1.46 - 1.91)*** 1.92 (1.40 - 2.47)***
 

2.50 (2.45 - 2.65)
 

Albumin (mol /L) 416.3 ± 98.2***
++ 

513.9 ± 105.9***
 

685.8 ± 56.6 

Bilirubin (mol/L) 14.8 (9.6 - 45.1)
 

10.5 (8.1 - 13.5) 12.9 (7.3 - 15.8) 

Uric acid (mol/L) 261.9 ± 94.4
+ 

363.7 ± 117.3 324.3 ± 61.3 

 

Comments and abbreviations used:  

S: septic patients after onset of sepsis, NC: non-septic critically ill patients (non-septic 

control), CON: healthy controls; APACHE II score: Acute Physiology and Chronic Health 

Evaluation II score, CRP: C- reactive protein, PCT: procalcitonin, IL: interleukin TNF-: 

tumor necrosis factor-, LDL: low density lipoprotein, HDL-C: high density lipoprotein, 

TC: total cholesterol, TG: triglycerides. Data are expressed as mean  standard deviation 

(SD) for parametric and median (IQR) for non-parametric variables. * S or NC vs. CON, 
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***
 
p  0.001, **

 
p  0.01, *

 
p  0.05; 

+ 
S vs. NC: 

+++ 
p  0.001, 

++ 
p  0.01, 

+ 
p  0.05; 

(one-way ANOVA with Newman-Keuls post-test for parametric and Kruskal-Wallis 

ANOVA for non-parametric analysis). 

 

  

Figure 4-1. Erythrocyte GPX1 and GR activities.  

Legend and abbreviations used S: septic patients after onset of sepsis, NC: non-septic 

critically ill patients (non-septic control group), CON: healthy controls; GPX1: glutathione 

peroxidase 1, GR: glutathione reductase. Data are expressed as mean ± S.D. * S or NC vs. 

CON, **
 
p  0.01, * p  0.05; 

+ 
S vs. NC: 

+ 
p  0.05; (one-way ANOVA with Newman-

Keuls post-test) 

 

Figure 4-1 shows erythrocyte activities of GPX1 and GR in S, NC and CON. 

Activity of GPX1 in S patients was decreased to those found in NC and controls (both p  

0.05). In the contrast, GR activity was increased in S patients compared to NC patients and 

CON (p  0.05, p  0.01, respectively). No significant difference in activities of GPX1 and 

GR were found between NC patients and healthy controls. 

The mean serum vitamin A, E and selenium concentrations as well as levels of c 

TRAP are presented in Figure 4-2. The serum concentration of Se was significantly lower 

in S patients compared with NC and CON (p  0.01, p  0.001, respectively). Critically ill 

patients also possesed the decrease in Se concentration compared to CON (p  0.001). 

Similarly to these findings the value of c TRAP was the lowest in septic patients. 

Concentrations of vitamin A and E were decreased in patients with S as well as in NC 

group in comparison with CON (p  0.01). 
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Figure 4-2. Concentration of vitamin A, E, selenium and calculated TRAP.  

Legend and abbreviations used: S: septic patients after onset of sepsis, NC: non-septic 

critically ill patients (non-septic control group), CON: healthy controls; cTRAP: calculated 

total peroxyl radical trapping – calculation:  [0.63 (albumin) + 1.02 (uric acid) + 1.50 

(bilirubin)]. Data are expressed as mean ± S.D. * S or NC vs. CON, ***
 
p  0.001, **

 
p  

0.01, 
+ 

S vs. NC: 
++ 

p  0.01, 
+ 

p  0.05; (one-way ANOVA with Newman-Keuls post-test) 

 

Figure 4-3 shows levels of oxidative stress markers - ox-LDL/LDL and CD/LDL, 

respectively, observed for the S and NC patients in comparison with CON. For S patients, 

levels of ox-LDL/LDL and CD/LDL were similar to those found in NC patients, whereas 

concentration of ox-LDL in both S and NC group was higher than in CON (both p  

0.001). Furthermore, levels of CD/LDL were also increased in S and NC subjects in 

comparison with CON (p  0.01). 
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Figure 4-3. Levels of oxidative stress markers.  

Legend and abbreviations used: S: septic patients after onset of sepsis, NC: non-septic 

critically ill patients (non-septic control group), CON: healthy controls; ox-LDL/LDL: 

oxidized low density lipoproteins, CD: conjugated dienes in precipitated LDL, LDL: low 

density lipoprotein cholesterol. Data are expressed as mean ± S.D. * S or NC vs. CON, ***
 

p  0.001, **
 
p  0.01; (one-way ANOVA with Newman-Keuls post-test) 

 

4.4 Acute pancreatitis  

Into the study were enrolled 13 patients with acute pancreatitis (AP) diagnosis and 

two sex- and age- matched control groups: 13 healthy controls (CON) and group of 13 

patients that within 2-3 years prior to sampling had an acute pancreatitis and during the 

study were without signs of acute pancreatitis (PAP). In patients with AP were taken 4 

samplings: first sampling within 24 hours after onset of acute pancreatitis (AP1), AP after 

72 hours (AP3), AP five days after onset of signs (AP5) and finally 10 days after 

admission (AP10). Main antioxidant enzymes, non-enzymatic antioxidants and markers of 

oxidative stress were followed up in the course of the acute pancreatitis and compared with 

controls.  

Basic anthropometric and clinical data are shown in the publication of Vavrova et 

al., 2012; Supplement 3 and Table 1. In the course of acute pancreatitis, activities of GPX1 

and GR did not differ among individual samplings. However patients with AP had 

decrease in GPX1 activity in all individual samplings in comparison with CON. The 

decreased GPX1 activity was found in PAP patients compared to CON (p ˂ 0.05). 

Furthermore, no differences in GR activities among individual AP samplings and in 

individual AP samplings in comparison with both control groups were found.  



50 

We have also observed levels of main non-enzymatic antioxidant GSH. Decreased 

levels of GSH were found in AP1 sampling in comparison with sampling the third day 

(AP3) (p  0.05); in the contrast concentration of GSH in AP3 sampling was higher than in 

AP5 and AP10 samplings (both p ˂ 0.05). Increased levels of GSH were also in AP3 

sampling compared to CON (p ˂ 0.01). No significantly different levels of GSH have been 

found between PAP patients and CON. There were no significant differences in the 

CD/LDL ratio among individual AP samplings; however increased levels of CD/LDL in all 

AP samplings in comparison with CON were observed (all p ˂ 0.05). Concentration of ox-

LDL/LDL was rising in course of acute pancreatitis; the highest level was found in AP5 

(all p ˂ 0.05). 

Furthermore, we observed Se and vitamins A and E levels. Concentration of Se was 

lower in AP and PAP patients than those in CON (both p ˂ 0.01). Patients with AP had 

also decreased levels of vitamin A and E in comparison with both PAP and CON groups. 

(p ˂ 0.001, p ˂ 0.05 respectively). Moreover, vitamin A was lower in AP patients than in 

PAP patients (p ˂ 0.01). Trend to lowered concentration of vitamin E was found in PAP 

patients compared to CON (p = 0.07).  

 

4.5 Chronic pancreatitis and pancreatic cancer  

Clinical and biochemical characteristics of the 50 patients in studied groups -

patients with chronic pancreatitis (CP), pancreatic cancer (PC) and CON are summarizes in 

the publication of Kodydkova et al., 2013; Supplement 5 and Table 1. In patients with CP, 

PC and CON were measured activities of antioxidant enzymes, concentration of GSH and 

markers of OS. The erythrocyte activities of GPX1 and GR in PC and CP patients were 

significantly different from those in CON. Both groups of patients had lower GPX1 

activity than did CON (both p ˂ 0.001). Activities of GR were decreased in PC subjects in 

comparison with CON (p ˂ 0.05). Similarly to these findings, patients with CP had lower 

activity of GR compared to CON (p ˂ 0.01). 

When we compared patients with pancreatic cancer and those with chronic 

pancreatitis, patients with PC had significantly lower levels of GSH than those with CP (p 

˂ 0.05). Moreover, patients with PC had decreased GSH concentrations in comparison 

with CON (p ˂ 0.001). No significant differences of GSH were found between patients 

with chronic pancreatitis and healthy controls. 
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Mean serum vitamin A concentrations were lower in PC patients than in the CP and 

CON (p ˂ 0.05, p ˂ 0.05, respectively), whereas no significant differences in vitamin E 

levels was found between PC and CP patients and compared to CON. The lower Se levels 

were found in both PC and CP groups as compared to CON (p  0.001, p  0.05, 

respectively). No significant difference was found in c TRAP among PC, CP groups and 

CON. Furthermore, when we compared difference in CD/LDL ratio between both groups 

of patients and CON, an increase was observed in PC and CP groups compared to CON (p 

˂ 0.05, p ˂ 0.01, respectively), though CD/LDL levels did not significantly differ between 

groups of patients. In addition, significantly increased levels of ox-LDL/LDL were found 

in patients with PC in comparison with CP and CON (both p ˂ 0.001). Patients with 

chronic pancreatitis also had higher levels of ox-LDL/LDL than CON group (p ˂ 0.05).   

There was a significant correlation between Se and GPX1 in the whole group (r = 

0.319; p  0.01) and also in CP patients (r = 0.470; p  0.01). Positive correlation was 

found between vitamin A and E in the whole group (r = 0.580; p  0.01) as well as in PC 

and CP groups (r = 0.790; p  0.001; r = 0.638; p  0.001, respectively). Serum levels of 

CD/LDL positively correlated with ox-LDL/LDL levels in PC and CP group (r = 0.438; p 

 0.01; r = 0.445; p  0.01, respectively), but not in controls. 
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5. Discussion 

 

We have studied activities of main antioxidant enzymes such as GPX1 and GR as 

well as non-enzymatic, low molecular-weight antioxidant GSH in six different 

pathophysiologic states - depressive disorder, metabolic syndrome, sepsis, acute and 

chronic pancreatitis and pancreatic cancer. In all aforementioned pathophysiologic states, 

levels of CD/LDL were also measured. In patients with S, CP, PC and AP we also 

analysed levels of ox-LDL. Furthermore, serum concentrations of Se and serum levels of 

vitamin A and E were determined in some studies. Our results demonstrated increased 

levels of OS markers in all aforementioned studies. 

In the pathogenesis of abovementioned states we have assumed the role of OS, 

because it has been implicated in variety of human diseases such as neurodegenerative, 

cardiovascular diseases and cancer (Sies, 1991). Critical illnesses, such as sepsis or acute 

respiratory distress syndrome are characterized by ROS overproduction and increased 

production of other radical species with subsequent OS (Gutteridge and Mitchel et al., 

1999). The prolonged OS may lead to reduction of antioxidant enzymes activities and 

excessive peroxidation of lipids. Sepsis and acute pancreatitis have similar pathogenetic 

mechanisms that have been implicated in the progression of multiple organ failure.  

 

5.1 Glutathione peroxidase 

Glutathione peroxidase is important ubiquitous selenoenzyme, which catalyses 

degradation of not only H2O2, but also a wide range of hydroperoxides to water and 

corresponding alcohol, respectively. Therefore this enzyme plays a role in the protection of 

cells against RONS induced OS. We have studied activities of erythrocyte GPX1 in 

patients with depressive disorder in comparison with healthy controls. Decrease in GPX1 

activities has been found in patients with major depression than those in healthy controls 

(Kodydkova et al., 2009). Major depression is characterized by decreased levels of a 

number of important antioxidants and by lowered antioxidant status. Moreover lowered 

GPX1 activity is supposed to be one of the characteristic features for depression and play a 

role in pathogenesis of depression (Maes et al., 2011a). Similarly to our findings Maes et 

al. observed that whole blood GPX1 was significantly decreased in patients with major 

depressive disorder (MDD) compared to controls (Maes et al., 2011b). In the contrast 

according to study of Bilici et al. (Bilici et al., 2001), patients with major depression had 
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increased erythrocyte GPX1 activity, especially patients with melancholia. They suggested 

that depressive disorder is associated with overproduction of RONS. Another studies on 

patients with MDD reported that activity of GPX1 did not differ between patients with 

MDD and healthy subjects (Sarandol et al., 2007; Galecki et al., 2009). Srivastava et al. 

observed no significant changes in activities of GPX1 in polymorphonuclear leukocytes 

from the patients with depression (Srivastava et al., 2002). Decreased GPX1 activity was 

also found in animal models with induced depression in cortex of the brain (Eren et al., 

2007a; Eren et al., 2007b). It has been shown that GPX1 exhibit neuroprotective effects 

against cell death, DNA and neuronal damage (Leonard and Maes, 2012).  

Furthermore, there are several studies focused on activities of antioxidant enzymes 

in different neuropsychiatric disorders (e.g. schizophrenia, affective disorder and bipolar 

disorder). In schizophrenic patients have been shown decreased erythrocyte GPX1 

activities compared to control groups (Li et al., 2006; Ben Othmen et al., 2008; Yapişlar, 

2012). On the other hand, there are also some contradictory results. Some studies showed 

increased GPX1 activities in schizophrenic patients than in controls (Herken et al., 2001; 

Kuloglu et al., 2002). Ozcan et al. reported significantly lower GPX1 activity in patients 

with affective disorder than had healthy controls (Ozcan et al., 2004). No changes in GPX1 

activities have been shown in bipolar disorder (Kuloglu et al., 2002; Andrezza et al., 

2009). 

Metabolic syndrome is associated with a number of pathophysiologic processes 

such as increased OS, activation of inflammatory cytokines and prothrombic mediators. 

The erythrocyte GPX1 activity in our study was not altered in MetS patients in comparison 

with healthy controls (Vávrová et al., 2013). In accordance with our findings, in other 

studies also observed no significant changes in GPX1 in erythrocytes of patients with MetS 

compared to healthy controls (Dimitrijevic-Sreckovic et al., 2007; Broncel et al., 2010; 

Sánchez-Rodríguez et al., 2010; Mansego et al., 2011; Kowalczyk et al., 2012). On the 

contrary, Cardona et al. found lower activities of GPX1 in a group of subjects with 

hypertriglyceridemia, a component of MetS, that is associated with increased OS, and the 

decrease of its activity was almost to 75 % of the control group (Cardona et al., 2008a, b). 

Bougoulia et al. showed decreased activity of GPX1 in obese subjects with its increase 

after weight reduction (Bougoulia et al., 2006). Similarly in the study of Koziróg et al. and 

Chen et al. found that patients with MetS had significantly lower GPX1 activities 

compared to healthy controls (Koziróg et al., 2011, Chen et al., 2012). In the contrast Ferro 
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et al. investigated activities of erythrocyte GPX1 in obese women with metabolic 

syndrome and compared to healthy controls. They found higher GPX1 activity in obese 

women with MetS than in controls (Ferro et al., 2011). Similarly, higher activities of 

erythrocyte GPX1 have been observed in obese children and in elderly subjects with MetS 

in comparison with elderly controls without MetS (Erdeve et al., 2004; Pizent et al., 2010). 

The key role of OS has been shown in pathogenesis of sepsis (Crimi et al., 2006b). 

In the part of study dealing with sepsis, we compared patients in the course of sepsis with 

healthy controls. We have shown decreased GPX1 activities in erythrocytes at the onset of 

sepsis in the comparison with healthy controls. This decrease in activity of GPX1 persisted 

still after recovery. Decreased GPX1 activity was accompanied by depletion in selenium 

levels at the onset of sepsis as well as after recovery in comparison with healthy controls. 

When we compared septic patients with critically ill patients (non-septic patients) and 

healthy controls, septic patients exhibited decreased GPX1 activity in comparison with 

critically ill and control subjects, whereas there was no difference in erythrocyte GPX1 

activity between critically ill patients and controls. Decrease in Se levels has been observed 

in both septic and critically ill patients compared to healthy controls. Moreover, septic 

patients had lower selenium levels than did critically ill. It is known that GPX1 requires 

GSH as a substrate in the milimolar range, which is at intracellular space. The decrease in 

GPX1 activity can be possibly explained by two main reasons: low level of GSH observed 

in erythrocytes of septic patients by others (Mühl et al., 2011) and/or decreased 

concentration of selenium that is bound at the active site of the enzyme in the form of 

SeCys residue and is essential for its activity (Brigelius-Flohé, 1999; Burk and Hill, 2010).  

By contrast to our findings, Mishra et al. compared patients with systemic 

inflammatory response syndrome (SIRS) with those of severe sepsis. Erythrocyte GPX1 

activities did not differ between these groups (Mishra et al., 2005). Similarly, Leff et al. 

found no significant difference in serum GPX activity between patients with sepsis with or 

without adult respiratory distress syndrome (Leff et al., 1993). No significant difference 

has been observed in erythrocyte GPX1 activity between severe septic patients with high 

dose and normal selenium supplementation (Mishra et al., 2007), whereas in the study of 

Valenta et al. septic patients with high dose selenium supplementation had increased whole 

blood GPX1 activity than did septic patients with normal selenium dose, except baseline 

levels (Valenta et al., 2011). Further, Forceville et al. studied patients with septic shock or 

severe systemic SIRS with organ failure and patients without sepsis or SIRS, there were 
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found no significant differences in plasma GPX activity between septic patients, non-SIRS 

or healthy controls (Forceville et al., 2009), whereas Manzanares et al. observed decreased 

plasma GPX activity in patients with SIRS compared to patients without SIRS and controls 

(Manzanares et al., 2009). Critically ill patients without SIRS had similar plasma GPX 

activity compared to healthy controls (Manzanares et al., 2009). Higher serum GPX 

activities were found in premature neonates with septicaemia, where increased activities 

might be a protective mechanism against higher free radicals production (Bartra et al., 

2000; Kapoor et al., 2006). 

In accordance with our findings, there are some studies where decreased levels of 

selenium in septic patients have been also found (Weber et al., 2008; Sakr et al., 2007; 

Forceville et al., 1998, Forceville et al., 2009), while in patients with SIRS, Sakr et al. 

found higher selenium levels at admission compared with patients without SIRS and those 

with severe sepsis (Sakr et al., 2007). Furthermore, in patients with SIRS, severe sepsis 

and septic shock has been shown an early significant decrease in plasma selenium levels 

(Hawker et al., 1990; Forceville et al., 1998), which correlates with the severity of the 

disease and mortality (Manzanares et al., 2009; Sakr et al., 2007). Significant decrease of 

selenium levels has been shown during the stay at intensive care unit in patients with SIRS 

and severe SIRS (Sakr et al., 2007). Supplementation with selenium improved antioxidant 

capacity, as demonstrated by increased GPX activity (Mishra et al., 2007). Levels of 

vitamin A and E were declined in septic patients in the course of sepsis only at the onset of 

sepsis, in septic patients and critically ill patients compared to healthy controls. In 

accordance with these findings, Weber et al. observed lower vitamin E levels in severe 

septic patients than did critically ill without sepsis and healthy controls (Weber et al., 

2008). 

The aim of our study focused on acute pancreatitis was to observe changes in the 

antioxidant system during the course of the acute pancreatitis, which is rapidly developing 

inflammatory process associated with significant metabolic changes and clinical response. 

Oxidative stress plays an important role in progression of AP and its intensity correlates 

with the severity of disease. Our study showed that the activity of GPX1 was lower at the 

onset of acute pancreatitis and persisted lowered in all AP samplings (after 72 hours, five 

days after onset of signs and finally 10 days after admission) in comparison with healthy 

controls (Vávrová et al., 2012). Decrease in GPX1 activity has also been observed in post 

acute pancreatitis patients. Decreased GPX1 activity was accompanied by lower plasma 
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levels of selenium in patients with AP and PAP in comparison with healthy controls 

(Vávrová et al., 2012). In accordance with our results, Musil et al. measured antioxidants 

such as GPX1 activity and selenium in the course of severe and mild acute pancreatitis 

compared to healthy controls. They found a significant decrease in erythrocyte GPX 1 in 

patients who had severe AP from admission to day 8 of the study, same findings has been 

obtained for selenium concentrations (Musil et al., 2005). Another study focused on 

patients with AP determined the concentration of GPX activity and selenium levels in 

serum with respect to AP severity (Wereszczynska-Siemiatkowska et al., 2004). They 

observed significantly lower serum GPX in patients with severe form of AP during the 10 

days observation period. The decrease was most pronounced during the first 2 days of 

hospitalization compared to the serum concentrations in patients with the mild type of AP 

and healthy controls. Furthermore, decreased serum GPX concentration in acute 

pancreatitis was found in other studies (Czeczot et al., 2009; Modzelewski, 2005), whereas 

in the study of Szuster- Ciesielska et al., the serum level of GPX was comparable to that of 

controls (Szuster-Ciesielska et al., 2001a). 

Our findings are in accordance with other studies in patients with AP where has 

been shown the decrease in selenium levels (Musil et al., 2005; Wereszcynska-

Siemiatkowska et al., 2004), whereas in the study of Morris et al. there were no differences 

in plasma selenium levels in AP patients in comparison with patients with chronic 

pancreatitis and healthy controls (Morris-Stiff et al., 1999). Furthermore, there are several 

studies showing that chronic pancreatitis is associated with a decrease in plasma selenium 

concentration (Mathew, 1996; Quillot, 2000; Quillot, 2005). Other antioxidants that have 

been measured were vitamins A and E. Vitamin E plays an essential role in the protection 

of cell membranes against free radical damage and affects the response of cells to OS. 

Vitamin A is also known to have antioxidant capacity (Niki, 1989). We have found 

decreased vitamin A and E levels in patients with AP compared to controls. The decrease 

in levels of vitamin A and E during acute pancreatitis has been demonstrated in study of 

Curran et al. (Curran et al., 2002). Decreased levels of vitamin A have also been observed 

in the study of AP patients by Musil et al., while the concentration of vitamin E did not 

differ (Musil et al., 2005; Morris-Stiff et al., 1999). Plasma levels of vitamins A and E also 

significantly differed among patients with chronic pancreatitis, lower levels of vitamin A 

and E has been found in CP patients compared to controls (Van Gossum et al.1996; Quillot 

et al., 2000; Quillot et al., 2005). 
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Decrease in erythrocyte GPX1 activity we have been also observed in pancreatic 

cancer and in patients with chronic pancreatitis compared to healthy controls (Kodydkova 

et al., 2013). Similarly to our findings, Girish et al. found lower erythrocyte GPX1 activity 

in patients with tropical and alcoholic chronic pancreatitis as compared with healthy 

controls (Girish et al., 2011). In the contrast to our study, Quillot et al. showed that 

erythrocyte GPX1 activity did not differ significantly between patients with CP and 

healthy controls (Quillot et al., 2000; Ouillot et al., 2005). Published results in serum and 

plasma GPX activities are inconsistent. Szuster-Ciesielska et al. and Van Gossum et al. 

found significantly decreased GPX concentration in patients with chronic pancreatitis in 

serum and plasma (Van Gossum et al., 1996; Szuster-Ciesielska et al., 2001 a, b), while in 

other studies observed no significant difference (Mathew et al., 1996; Quillot et al., 2000; 

Ouillot et al., 2005). Lowered GPX1 activity may be explained by the depletion in 

selenium levels in both groups and/or decreased concentrations of GSH found in PC 

patients. 

Depression, sepsis, acute and chronic pancreatitis are inflammatory disorders. It is 

known that inflammatory response leads to the increased production of RONS and 

induction of OS. Insufficient protection against RONS due to lowered GPX1 activity may 

lead to oxidative damage of membrane lipids (lipid peroxidation) and DNA. Depletion in 

GPX1 activity in aforementioned diseases may be explained by decreased GSH levels in 

these pathophysiologic states. 

  

5.2 Glutathione reductase 

Glutathione reductase is the enzyme responsible for reduction of GSSG to the GSH. 

It has been shown that GR is up-regulated in response to OS (Schuliga et al., 2002; 

Gawryluk et al., 2011). We have found increased GR erythrocyte activities in depressive 

women than in healthy controls (Kodydkova et al., 2009). Similarly to our findings, Bilici 

et al. also found increased plasma GR activities in MDD with melancholia compared to 

controls (Bilici et al., 2001). They suggested that major depression is associated with 

elevated antioxidant enzymes activities (Bilici et al., 2001). Andrezza et al. observed 

significant increase in the late stage of bipolar disorder in comparison with controls 

(Andrezza et al., 2009). Gibson et al. assayed GR protein expression in cultured fibroblasts 

under glucose conditions in patients with MDD and showed increased GR protein 

expression in MDD patients group than in controls (Gibson et al., 2012). 
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In patients with metabolic syndrome we have found elevated GR activities in 

comparison with healthy controls (Vávrová et al., 2013). On the other hand, Cardona et al. 

observed a significant depletion in GR activity in patients with hypertriglyceridemia with 

and without MetS compared to control subjects and also in other study in patients with 

MetS compared to controls (Cardona et al., 2008 a, b). Increased activity of GR could be 

attributed to a compensatory protective mechanism of the cells against RONS. 

We have measured GR activities in septic patients, critically ill patients and healthy 

controls. In the course of sepsis there were no significant difference in all samplings of 

septic patients in comparison with healthy controls, but at the onset there is a trend to 

increased GR activities in septic patients in comparison with healthy controls. On the other 

hand, there was an increase in GR activity in comparison with critically ill and healthy 

controls. GR activities did not differ between critically ill and controls. There are no 

studies on GR activity in septic patients, whereas it has been shown a higher activity of GR 

in liver of septic rats compared to pair-fed rats (Malmezat et al., 2000). This is in 

accordance with the results of Hunter and Grimble who also observed that rats treated with 

tumor necrosis factor alpha had increased GR activity (Hunter and Grimble, 1997). This 

response of liver to an inflammatory challenge may lead to the maintenance of a high 

GSH/GSSG ratio. 

In patients with acute pancreatitis we have not found significantly different 

activities of GR in the course of AP compared with healthy controls (Vávrová et al., 2012). 

Our findings are in accordance with only once study of Czeczot et al. where activity of GR 

did not differ in patients with acute pancreatitis and controls (Czeczot, 2009).  

We have shown decreased erythrocyte GR activity in patients with pancreatic 

cancer and chronic pancreatitis in comparison with healthy controls (Kodydkova et al., 

2013). To our knowledge there are no studies focused on analysis of GR activity in patients 

with pancreatic cancer. Decrease in GR activity may lead to a reduction in a GSH content, 

which we have found in patients with pancreatic cancer. 

Increase in GR activities could be a compensatory mechanism to reduce further 

oxidative damage and progression of illness during oxidative stress. 
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5.3 Reduced glutathione  

Reduced glutathione represents a major intracellular defence system against 

oxidative stress. It is one of the most important intracellular redox regulators in the body 

protecting brain against oxidative damage by free radicals (Samuelsson et al., 2012). It 

recycles inactive vitamin C and E to their active form and may act as antioxidants. 

Reduced glutathione is the major scavenger of ROS in the brain. We have described 

disturbed GSH metabolism in depressive patients (Kodydkova et al., 2009). We have 

shown decreased levels of reduced glutathione in patients with depressive disorder 

compared to controls. In the study of Samuelsson et al., they did not found differences in 

total GSH in plasma or blood GSH levels of depressive patients before and after 

electronvulsive therapy (Samuelsson et al., 2012). Gawryluk et al. examined post-mortem 

brain tissues of patients with bipolar disorder, MDD, schizophrenia and compared with 

non-psychiatric, non-neurological control group. Supporting our findings GSH levels were 

also reduced in psychiatric illness in this study. Decreased levels of GSH have been 

measured in animal models with stress induced depression (Pal et al., 1994; Eren et al., 

2007b). 

We have found significant depletion of erythrocyte GSH levels in patients with 

MetS (Vávrová et al., 2013). Decreased concentrations of GSH with opposite changes in 

GSSG levels were also found in MetS subjects in the study of Cardona et al., where 

patients with hypertriglyceridemia with or without MetS had lower GSH levels than 

control group (Cardona et al., 2008 a, b). Furthermore, in other study also observed 

decreased levels of GSH in subjects with different cardiovascular risk factors such as 

hypertension (HT) with and without MetS, familial hypercholesterolemia (FH) and familial 

combined hyperlipidemia (FCH), where patients with HT had the lowest GSH 

concentration among FH, FCH and control groups (Mansego et al., 2011). Furthermore, 

our expected increase in the GSSG/GSH ratio due to lower levels of GSH may stimulate 

compensatory increase in GR activity to reduce increased levels of GSSG in GSH. 

The erythrocyte GSH concentration of patients with AP was increased during the 

first 3 days of hospitalization compared to other days and controls and the most 

pronounced was 3
rd

 day. Other samplings of AP patients did not differ significantly from 

the values found in erythrocytes of control subjects (Vávrová et al., 2012). In the study of 

Bansal et al. measured levels of antioxidants in patients with severe acute pancreatitis that 

were randomly assigned to antioxidant treatment group (received vitamin C, E and A) or to 
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a control group. Levels of reduced glutathione did not significantly differ at baseline in 

both the groups, increase in GSH levels were observed after 7 days in both the groups, but 

these changes from baseline were not stastically significant (Bansal et al., 2011). In the 

contrast to our study, significantly reduced GSH levels have been found in patients with 

mild and severe form of acute pancreatitis compared with healthy controls (Rahman et al, 

2004; Rahman et al., 2009). Also in serum has been observed decreased GSH levels in AP 

patients in comparison with control subjects (Czeczot et al, 2009). 

It is known that deficiency of glutathione may lead to progression of many 

pathologic states (Balendiran et al., 2004). We have observed in patients with pancreatic 

cancer decreased levels of GSH compared to chronic pancreatitis and healthy controls, 

whereas we have found no significant difference in patients with CP compared to controls 

(Kodydkova et al., 2013). In the contrast to our findings, Girish et al. found decreased 

concentration of GSH in patients with tropical and alcoholic chronic pancreatitis in 

comparison with controls; moreover patients with alcoholic form of CP had lower GSH 

levels than patients with tropical form (Girish et al., 2010, 2011). Similarly, Czeczot et al. 

observed lower GSH concentration in CP patients than in control group (Van Gossum et 

al,. 1996; Czeczot et al., 2009). To our knowledge, there are no studies on concentration of 

reduced glutathione and pancreatic cancer. 

Increased oxidation could be explained by the impaired GSH function and 

weakened GSH redox efficiency. Increase in GSH levels could be a part of an adaptive 

response to elevated oxidative stress. 
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6. Conclusion 

 

This doctoral thesis is dealing with activities of antioxidant enzymes - glutathione 

peroxidase, glutathione reductase and non-enzymatic antioxidant reduced glutathione in 

various pathophysiologic states. These parameters were measured in patients with 

depressive disorder, metabolic syndrome, sepsis, acute and chronic pancreatitis and in 

pancreatic cancer.  

 In women with depressive disorder were observed decreased erythrocyte activities 

of GPX1 and levels of GSH, while activities of GR were elevated in comparison 

with healthy controls. 

 Patients with metabolic syndrome had increased activities of GR, but decreased 

concentrations of GSH in erythrocytes compared to healthy controls. We have 

found no significant difference in erythrocyte activities of GPX1 between patients 

with metabolic syndrome and controls. 

 The decrease in GPX1 activity has been found in septic patients in the course of 

sepsis (persisted in all three samplings) in comparison with controls. In the contrast, 

no significant difference in GR activity in the course of sepsis has been observed 

between individual S samplings and controls. The decrease in activities of GPX1 

has been also found among septic patients, critically ill non-septic patients and 

control subjects. In the contrast, GR activity was increased in sepsis compared to 

critically ill patients and CON. No significant changes in activities of GPX1 and 

GR were found between critically ill patients and healthy controls.  

 Patients with chronic pancreatitis and pancreatic cancer had lower GPX1 activities 

than did controls. Similarly, activities of GR were decreased in pancreatic cancer 

and chronic pancreatitis in comparison with controls. No significant differences 

have been found between pancreatic cancer and chronic pancreatitis. Moreover, 

patients with pancreatic cancer had lower GSH concentration than those with 

chronic pancreatitis and controls. No significant differences were found in GSH 

concentration between patients with chronic pancreatitis and healthy controls.  

 In the course of acute pancreatitis activities of GPX1 and GR did not differ among 

individual samplings. However, patients with acute pancreatitis had decrease in 

GPX1 activity in all individual samplings in comparison with healthy controls. 

Furthermore, no difference in GR activities among individual AP samplings and 
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controls. Decreased levels of GSH were found in patient with acute pancreatits at 

baseline in comparison with AP3 sampling where the concentration of GSH was 

the highest  

 

In conclusion, our findings indicate that the cumulative effect of continuous oxidative 

stress results in the imbalance of oxidant/antioxidant system. Increased oxidative stress 

leads to decrease and exhaustion of antioxidant defence system. These findings show that 

oxidative stress may have pathophysiologic role in aforementioned diseases.    
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