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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 

(NFB) 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, 
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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.  
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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 



60 

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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Abstract

Objectives: To investigate the activities of the main antioxidative enzymes and oxidative stress in women with depressive disorder (DD).
Methods: In 35 drug-naive women with DD and 35 age matched healthy women enzymes superoxide dismutase (CuZnSOD), catalase (CAT),

glutathione peroxidase (GPX1), glutathione reductase (GR) and paraoxonase (PON1), concentrations of conjugated dienes (CD), reduced
glutathione (GSH) and anthropometric and clinical data were investigated.

Results: Women with DD were found to have decreased activities of GPX1 (pb0.05), decreased concentrations of GSH (pb0.05), and
increased activities of GR (pb0.05), CuZnSOD (pb0.001), and concentrations of CD (pb0.05). Activity of GPX1 was positively correlated with
concentration of GSH (pb0.05). Concentrations of CD were positively correlated with TG (pb0.01).

Conclusion: Our set of depressive women was characterized by changes indicating an increased oxidative stress, as well as by certain features
of metabolic syndrome.
© 2009 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
Keywords: Depressive disorder; Oxidative stress; Antioxidative enzymes; Conjugated dienes
Introduction

Depressive disorder (DD) belongs to diseases, incidence of
which is now increasing all around the world. In the USA, it was
established, that about 16% of the population fall ill with major
depressive disorder during the lifetime [1]. In Finland, 5%
prevalence of the depression was described [2]. In 2006, 168
new cases of affective disorders per 100,000 inhabitants were
noticed in the Czech Republic, the incidence being 2 times
higher in women than in men [3]. The dysfunction of
serotoninergic, noradrenergic and dopaminergic neurotransmis-
sion [4,5], abnormal regulation in the hypothalamic–pituitary–
adrenal axis (HPA) [6], disturbance of cellular plasticity
including reduced neurogenesis [7], or chronic inflammation,
⁎ Corresponding author. U Nemocnice 2, Praha 2, 128 01, Czech Republic.
Fax: +420224 92 35 24.

E-mail address: jana.kodydkova@seznam.cz (J. Kodydková).

0009-9120/$ - see front matter © 2009 The Canadian Society of Clinical Chemists
doi:10.1016/j.clinbiochem.2009.06.006
connected with higher oxidative stress [8] could play a role in
the pathogenesis of DD.

Large consumption of oxygen (up to 20% of the total
requirement of organism), high amount of polyunsaturated fatty
acids, which are prone to oxidation, high amount of iron and
low activities of antioxidant enzymes contribute to higher
sensitivity of brain to oxidative stress [9]. Oxidative stress is
defined as the imbalance between production of reactive oxygen
and nitrogen species (RONS) and their insufficient decomposi-
tion by the antioxidative system [10]. This defence system
involves enzymatic antioxidants — superoxide dismutase (EC
1.15.1.1.; SOD), glutathione peroxidase (EC 1.11.1.9; GPX),
glutathione reductase (EC 1.6.4.2; GR), catalase (EC 1.11.1.6;
CAT) and paraoxonase (EC 3.1.8.1; PON) as well as none-
nzymatic antioxidants — reduced glutathione (GSH), provita-
min A, vitamin C and E, coenzyme Q10, carotenoids and trace
elements like copper, zinc or selenium. Increased production of
RONS has been observed in patients with neurodegenerative
and psychiatric diseases such as Alzheimer's and Parkinson's
. Published by Elsevier Inc. All rights reserved.
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disease or schizophrenia [11–13]. Neurodegenerative changes,
which are augmented by inflammation and oxidative stress,
play an important role also in the pathogenesis of the DD
[14,15]. The raised level of oxidative stress is supposed to be
one of the factors, standing behind higher incidence of type 2
diabetes mellitus (DM2) and cardiovascular diseases (CVD),
which were observed in patients with depression [16,17].
However, only few studies have studied an oxidative stress in
DD and the results have been inconsistent. The aim of this study
was to determine the activities of main antioxidative enzymes,
concentrations of reduced glutathione and conjugated dienes
(CD) as marker of lipoperoxidation, and their relations to
anthropometric and selected metabolic parameters in women
with DD in comparison with healthy controls.
Methods

Subjects

Thirty five women with DD, recruited from the consecutive
outpatients of the Psychiatric Department of 1st Faculty of
Medicine of Charles University in Prague from May 2006 to
May 2008, and 35 age-matched healthy controls were included
in the study. Depressive disorder was diagnosed according to
Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition, DSM-IV (American Psychiatric Association, 1994)
[18]. All patients were evaluated using Hamilton Depression
Rating Scale (HAM-D).

Exclusion criteria of the study were: history of cardiovas-
cular and cerebrovascular disease, DM, hepatic and/or renal
diseases, hypothyroidism, malignancies, macroalbuminuria
(proteinuria higher than 300 mg/day), excessive alcohol
consumption (N30 g/day), treatment with hypolipidemic
medications, supplementation by vitamins, polyunsaturated
fatty acids and/or antioxidants. Patients have completed the
7 days dietary questionnaire. Food intake was processed by the
software NutriMaster. We have evaluated intake of total energy,
protein, fat, carbohydrate, vitamins and minerals. The study
protocol was approved by the Joint Ethical Committee of the
General Teaching Hospital and the 1st Faculty of Medicine of
Charles University in Prague. Written informed consent was
obtained from all participants.
Blood samples

Blood samples were obtained after overnight fasting.
Activities of CAT, GR, GPX1 and CuZnSOD were measured
in haemolysed erythrocytes. The blood samples were collected
into the tubes with K2 EDTA, erythrocytes were washed three
times with a NaCl isotonic solution (9 g/L). Serum was used for
the determination of all other parameters. The samples were
stored at −80 °C until assay. The haemotological parameters
were measured by routine laboratory techniques using an
autoanalyzer (Coulter LH750 — haematological analyzer,
Beckman Coulter).
Measurement of enzyme activities

Glutathione peroxidase 1
The activity was measured by the modified method of Paglia

and Valentine using tert-butyl hydroperoxide as a substrate [19].
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 minute.

Glutathione reductase
The activity was measured according to the method of

Goldberg et al. [20]. 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 glutathione (GSSG) and 100 μL of diluted
sample. 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
6220M−1 cm−1 and expressed as U/g haemoglobin. One unit of
GR (U) is defined as the amount of enzyme catalyzing the
reduction of 1 μmol of GSSG per minute.

Catalase
The activity was determined by the modified method of

Aebi [21]. The reaction mixture in cuvettes contained 876 μL
of 50 mM potassium phosphate buffer, pH=7.2 and 25 μL of
diluted sample. The reaction was started after 10 min of
incubation at 30 °C by addition of 99 μL of 10 mM H2O2. The
rate of H2O2 degradation was monitored spectrophotometri-
cally at 240 nm. Blank was run for each sample. Catalase
activity was calculated using the molar extinction coefficient of
H2O2 43.6 M−1 cm−1 and expressed as kU/g haemoglobin.
One unit of CAT (U) is defined as 1 μmol of H2O2 decompo-
sition per minute.

CuZn-Superoxide dismutase
The activity was determined according to the modified

method of Štípek et al. [22]. The reaction mixture in cuvettes
contained 700 μL of 50 mM potassium phosphate buffer,
pH=7.2; 50 μL of xanthine oxidase; 100μL of NBT and 50 μL
of diluted sample. The reaction was started after 10 min of
incubation at 25 °C by addition of 100 μL of 1 mM xanthine.
The rate of NBT-formazan generation was monitored spectro-
photometrically at 540 nm. Blank was run for each sample.
Superoxide dismutase activity was calculated by means of
calibration curve and expressed as U/g haemoglobin. One unit



Table 1
Subject characteristics.

Depression Controls

N (female) 35 35
Age (years) 64.5 (50.0–75.1) 65.0 (53.2–77.0)
BMI (kg/m2) 26.1 (24.1–29.4)+ 24.7 (22.7–25.9)
Waist (cm) 87.0 (77.0–96.0)+ 80.5 (77.0–85.5)
Systolic BP (mm Hg) 120.0 (120.0–135.0) 127.5 (120.0–130.0)
Diastolic BP (mm Hg) 80.0 (70.0–80.0) 80.0 (75.0–80.0)
TC (mmol/L) 5.42 (4.55–6.57) 5.92 (4.99–6.48)
TG (mmol/L) 1.32 (0.95–1.8)+ 1.06 (0.87–1.46)
HDL-C (mmol/L) 1.42 (1.24–1.71) 1.68 (1.49–1.94)
LDL-C (mmol/L) 3.14 (2.54–4.05) 3.56 (2.73–4.27)
Apo A-I (g/L) 1.41 (1.26–1.56) 1.45 (1.33–1.61)
Apo B (g/L) 1.02 (0.86–1.34) 1.04 (0.90–1.25)
Glucose (mmol/L) 5.0 (4.6–5.9)++ 4.70 (4.6–4.9)
HOMA-IR 2.32 (1.19–4.35)++ 1.65 (1.19–1.95)
CRP (mmol/L) 3.3 (2.0–7.9) 2.2 (2.0–5.5)
Ca (mmol/L) 2.35 (2.29–2.47) 2.35 (2.28–2.42)
Cu (mmol/L) 21.3 (17.8–23.5) 19.5 (18.3–21.8)
Zn (mmol/L) 15.2 (13.8–16.7) 14.8 (13.7–16.8)
Cu/Zn 1.33 (1.15–1.64) 1.26 (1.11–1.53)

Abbreviations used: BMI: body mass index, BP: blood pressure, TC: total
cholesterol, TG: triglycerides, HDL-C: high density lipoprotein, LDL-C: low
density lipoprotein, CRP: C-reactive protein; Data were expressed as median
(25th–75th percentiles). Statistical analysis: + pb0.05; ++ pb0.01.
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of SOD (U) is defined as the amount of enzyme needed to
exhibit 50% dismutation of the superoxide radical. Superoxide
dismutase standard (Cat. No. S9636-1kU) was purchased from
Sigma Aldrich (St. Louis, MO USA).

Paraoxonase 1
The arylesterase activity of PON1 was measured according

to the method of Eckerson et al. using phenylacetate as a
substrate [23]. Briefly, 900 μL of 20 mM Tris–HCl buffer
containing 1 mM CaCl2, pH=8.0 was added to cuvettes
followed by 50 μL of diluted serum sample. The reaction was
started by addition of 50μL of 100 mM phenylacetate. The rate
of phenol generation was monitored spectrophotometrically at
270 nm. Blank was run for each sample. Arylesterase activity of
PON1 was calculated using the molar extinction coefficient of
the produced phenol, 1310 M−1 cm−1 and expressed as U/mL
serum. One unit of PON1 (U) is defined as 1 μmol of
phenylacetate degradation to phenol per minute.

Measurement of concentration of reduced glutathione

Reduced glutathione was measured by the modified spectro-
photometric method according to Griffith [24]. 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 relatively stable
product of reduction of 5.5′ dithiobis-2-nitrobenzoic acid
(DTNB) reduction by sulfhydryl compounds to yellow product.
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.

Measurement of concentration of conjugated dienes

Serum low density lipoproteins were isolated by precipita-
tion method of Ahotupa et al. [25]. Concentrations of CD in
precipitated LDL were measured by the modified method of
Wieland et al. [26]. Serum samples were stabilized with EDTA
(10:1 v/v) and analyzed within 2 weeks. The precipitation
buffer consisted of 0.064 M trisodium citrate adjusted to pH
5.05 with 5 M HCl, and contained 50,000 IU/L heparin.
Sample (110 μL) of serum with EDTA (10:1 v/v) was added to
1 mL of the heparin-citrate buffer. After mixing, the suspension
was incubated for 10 min at room temperature. The
precipitated lipoproteins were then separated by centrifugation
at 2800 rpm for 10 min. Supernatant was removed and the
pellet was resuspended in 100 μL of NaCl isotonic solution
(9g/L); this process, individual for each sample, did not
exceed 3 s to prevent LDL oxidation. Lipids were extracted
by chloroform–methanol (2:1), the mixture was incubated
for 10 min with intermittent mixing, 250 μL redistilled
water was used for phase separation. The mixture was
centrifuged at 3000 rpm for 5 min. The 800 μL of lower
layer (infranatant) was dried under nitrogen, redissolved in
300 μL of cyclohexane, and analyzed spectrophotometri-
cally at 234 nm. The concentration of CD was calculated
using the molar extinction coefficient 2.95×104 M−1 cm−1

and expressed as mmol/L serum.
Statistical analysis

All data were expressed as median (25th–75th percentiles).
Normality of distribution of data was tested with Shapiro–Wilks
W test. Differences between compared groups were tested with
one-way ANOVA. Mann–Whitney U test was used for non-
parametric comparison of groups. The Spearman correlation
coefficients were used for correlation analysis. All statistical
analyses were performed using version 8.0 of StatSoft software
Statistica (2007, CZ).
Results

The basic characteristics and essential biochemical para-
meters observed in the studied groups are shown in Table 1,
parameters of oxidative stress are presented in Table 2. Patients
with DD had significantly raised values of waist circumference,
TG, glucose and index of insulin resistance (HOMA-IR) in
comparison with control group. The mean systolic and diastolic
blood pressure (SBP and DBP) did not differ significantly.
There were also no significant differences in concentrations of
HDL-C, LDL-C, CRP, apo A-I and apo B, as well as those of
calcium, zinc and copper. We have found no statistical



Fig. 2. Correlation of concentrations of conjugated dienes and concentration s of
triglycerides. Abbreviation used: CD: conjugated dienes, TG: triglycerides;
Statistical analysis: Spearman's rank correlation coefficient.

Table 2
Parameters of oxidative stress.

Depression Controls

GPX1 (U/g Hb) 53.7 (42.7–65.7)+ 64.0 (52.9–70.7)
GR (U/g Hb) 7.95 (6.84–8.62)+ 7.00 (6.19–8.30)
GSH (μg/g Hb) 568.75 (387.93–3484.01)+ 2374.93 (515.16–5668.35)
CuZnSOD

(U/g Hb)
2356.2 (2080.75–2586.5)+++ 1930.5 (1309.2–2249.7)

CAT (kU/g Hb) 174.0 (155.2–217.9) 189.0 (166.6–215.4)
PON1 (kU/L) 161.3 (140.8–196.2) 175.9 (146.2–207.3)
CD (mmol/L) 55.7 (47.7–80.8)+ 53.3 (43.8–62.1)

Abbreviations used: GPX1: glutathione peroxidase1, GR: glutathione
reductase, GSH: reduced glutathione, CuZnSOD: CuZn-superoxide dismutase,
CAT: catalase, PON1: paraoxonase1, CD: conjugated dienes, Hb: haemoglo-
bin; Data were expressed as median (25th–75th percentiles). Statistical
analysis: + pb0.05; ++ pb0.01; +++ pb0.001.

1371J. Kodydková et al. / Clinical Biochemistry 42 (2009) 1368–1374
significant differences in nutritional habits between women
with DD and control group (data not shown).

Erythrocyte activities of GR and CuZnSOD and concentra-
tions of CD in precipitated LDL were increased in depressive
women; however, activities of GPX1 were decreased. Reduced
glutathione was significantly lower in depressive women than in
the control group. Activities of CAT and PON1 were not altered
in patients with DD.

In women with DD, activities of PON1 were positively
correlated with concentrations of HDL-C (r=0.457, pb0.01),
apo A-I (r=0.379, pb0.05) and calcium (r=0.371, pb0.05),
but in control group we have found only positive correlation
with apoA-I (r=0,492; pb0.05). Furthermore, activities of
CuZnSOD were positively correlated with concentrations of
zinc in DD (Fig. 1) and also in control group (r=0.393,
pb0.05; r=0.477, pb0.05, respectively). There was no
significant correlation of CuZnSOD with copper in both
groups.

Activities of GPX1 were positively correlated with concen-
trations of GSH (r=0.284, pb0.05) in DD, but not in control
group. There were no correlations observed between activities
of individual antioxidant enzymes.

Concentrations of serum TG were positively correlated
with concentrations of CD in precipitated LDL in the DD
group (Fig. 2) and in the control one (r=0.480, pb0.01;
r=0.391; pb0.05, respectively). We did not find any
Fig. 1. Activity of CuZnSOD and its correlation with zinc in patients with depressio
analysis: Spearman's rank correlation coefficient; +++pb0.001 (Mann–Whitney U te
correlation between HAM-D score and any of observed
parameters.

Discussion

The most important findings of this study were significantly
increased concentrations of CD in precipitated LDL, indicating
increased lipid peroxidation, accompanied by the decrease in
activity of GPX1 and increase in activities of both CuZnSOD
and GR in women with DD. The presence of IR and certain
features of metabolic syndrome (MetS) in our set of women
with DD were further important findings.

Oxidative stress was accepted to participate in the patho-
physiology of neurodegenerative conditions such as Alzhei-
mer's disease [27,28], HIV-associated dementia [29],
Parkinson's disease [30]. Neurodegenerative changes of brain
have been demonstrated in patients with DD, in which also
markers of oxidative stress were previously described, such as
altered activities of antioxidative enzymes and increased lipid
peroxidation products [31–34].

Glutathione peroxidase is ubiquitous enzyme responsible for
the degradation of lipid hydroperoxides and of H2O2 to
hydroxyderivates and water. Decreased activities of GPX1 in
erythrocytes were found in our depressive patients, similarly as
in the study of Ozcan et al. [35], who described lower activities
of GPX1 in patients with affective disorders in comparison with
healthy controls. However, Bilici et al. [33] found increased
n. Abbreviation used: SOD: superoxide dismutase, Hb: haemoglobin; Statistical
st).
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activities of GPX1 in erythrocytes of patients with major
depression, whereas Andrezza et al. [36] did not find any
significant changes in patients with bipolar disorder. Activity of
GPX1 could be decreased due to lower concentration of its
substrate — GSH that we have found in women with DD.
Reduced glutathione is one of the most important intracellular
antioxidants in the cell and is enzymatically oxidized to GSSG
in a number of biochemical pathways. In the present study we
have observed significantly decreased concentrations of GSH in
depressive women compared to control. To our knowledge,
there has been no clinical study regarding data on GSH
concentrations in patients with depressive disorders. The
observed decrease of GSH were also described in patients
with autism [37,38], schizophrenia [39] and Down syndrome
[40] have reduced levels of total GSH. Reduced glutathione
reacts also nonenzymatically with RONS leading to the
glutathiol radical that reacts with further GSH to GSSG radical
anion formation. Oxidized glutathione radical anion is involved
in the conversion of oxygen to superoxide. The conversion of
GSSG back to GSH is catalyzed by GR. In our study, we have
found increased activities of GR in erythrocytes. Bilici et al.
[33] described raised activities of GR in plasma, but no
significant differences in erythrocytes in patients with major
depression.

Studies have described a variety of intracellular sources of
superoxide that include nitric oxide synthase, xanthine oxidase,
cyclooxygenase and NADPH oxidase [41–44]. The most
important source of superoxide in vascular cells is NADPH
oxidase [45]. Decomposition of superoxide into H2O2 is
catalyzed by SOD. We have found increased CuZnSOD
activities in erythrocytes of depressive patients compared with
healthy persons, similarly to Sarandol et al. [32]. They
suggested that CuZnSOD activity is increased in response to
increased ROS production. Bilici et al. [33] have also observed
increased CuZnSOD activity in erythrocytes of depressive
patients. Inconsistent results were published for serum CuZn-
SOD activities. Herken et al. [34] have found decreased,
whereas Khanzode et al. [46] elevated CuZnSOD activities in
patients with major depression. We have found positive
correlation between CuZnSOD activity and concentration of
zinc, which is responsible for the stability of CuZnSOD
structure as its cofactor [47].

Activities of CAT in erythrocytes were not altered in our set
of women with DD, in accordance with Bilici et al. [33].
However, Szuster-Ciesielska et al. [48] found raised activities
of CAT in serum of patients with major depression and Ozcan
et al. [35] described decreased CAT activities in erythrocytes
of patients with affective disorders. Induction of CAT or SOD
does not necessarily lead to the induction of the other one
[49]. The increased activity of SOD leads to increased
amounts of hydrogen peroxide that is then degraded by
GPX in its low concentrations and by CAT in its high
concentrations [50]. It could be supposed that the concentra-
tion of hydrogen peroxide wasn't enough high to increase
activity of CAT, and that the task of H2O2 degradation remains
on GPX. But GPX activity is dependent on GSH, as its
substrate. This antioxidant is rapidly consumed in oxidative
stress. It is problematic whether GPX could function
appropriately in low GSH concentrations.

The activities of PON1 were not altered in women with DD,
as well as levels of apo A-I, HDL-C and calcium. Apolipopro-
tein A-I plays a key role for PON1 because of the connection of
PON1 to HDL is through apo A-I. We have found positive
correlation between PON1 activity and both apo A-I and HDL-
C concentrations. Paraoxonase is calcium dependent enzyme;
calcium is located in the active site of enzyme. It is consistent
with our finding of a positive correlation between the PON1
activity and calcium concentrations in patients with DD.

Increased concentrations of CD in LDL indicate an elevation
of minimally modified (oxidized) LDL in vivo. Raised
concentrations of CD in LDL were found in insulin-resistant
states such as MetS and DM2 [51–53], however, different
results were published by Gavella et al. [54].

Observed hypertriglyceridemia (HTG) and higher glycae-
mia, the accumulation of visceral fat and IR could play a role in
changes of oxidant/antioxidant balance in our set of depressive
women. In nondiabetic human subjects, both BMI and waist
circumference were closely correlated with the markers of
systemic oxidative stress (plasma TBARS, urinary 8-epi-
PGF2α) [55]. Hypertriglyceridemia was associated with an
increased oxidative stress in experimental rats [56] and also in
humans [57]. Inconsistent results were obtained with regard to
the activities of antioxidant enzymes in insulin-resistant states.
In one study, increased activity of CAT, decreased of GPX and
non-changed of SOD was found in type 2 diabetic patients [58]
while in another study [59] the activities of GPX, SOD and CAT
in red blood cells were significantly decreased in diabetic
subjects when compared with healthy controls. Some authors
suggest decreased GPX1 activity as cardiovascular risk factor
that was in the prospective study associated with increased
extent of atherosclerotic lesions [60].

In summary, we have found significant increase in
CuZnSOD and GR activity and simultaneous decrease of
GPX1 activity as well as elevated concentrations of CD in
precipitated LDL, which positively correlated with TG in our
set of depressive women. These findings are in accordance with
hypothesis that oxidative stress may play an important role in
the pathogenesis of depression. Metabolic changes and markers
of IR in women with DD suggest the relationships between
MetS and DD. Increased oxidative stress could be a possible
connection between depression, IR and increased incidence of
both DM2 and CVD.
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 Abstract 
  Objective:  In the pathogenesis of the metabolic syndrome (MetS), an increase of oxidative 
stress could play an important role which is closely linked with insulin resistance, endothelial 
dysfunction, and chronic inflammation. The aim of our study was to assess several parameters 
of the antioxidant status in MetS.  Methods:  40 subjects with MetS and 40 age- and sex-
matched volunteers without MetS were examined for activities of superoxide dismutase 
(CuZnSOD), catalase (CAT), glutathione peroxidase 1 (GPX1), glutathione reductase (GR), para-
oxonase1 (PON1), concentrations of reduced glutathione (GSH), and conjugated dienes in 
low-density lipoprotein (CD-LDL).  Results:  Subjects with MetS had higher activities of CuZn-
SOD (p < 0.05) and GR (p < 0.001), higher concentrations of CD-LDL (p < 0.001), lower ac-
tivities of CAT (p < 0.05) and PON1 (p < 0.05), and lower concentrations of GSH (p < 0.05), as 
compared with controls. Activity of GPX1 was not significantly changed.  Conclusions:  Our 
results implicated an increased oxidative stress in MetS and a decreased antioxidative defense 
that correlated with some laboratory (triglycerides, high-density lipoprotein cholesterol (HDL-
C)) and clinical (waist circumference, blood pressure) components of MetS. 
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 Introduction 

 Currently, the prevailing notion of the metabolic syndrome (MetS) is that it is charac-
terized by a cluster of risk factors for atherosclerosis and type 2 diabetes mellitus and can 
be regarded as a physiological and clinical entity  [1] . The main components of MetS are accu-
mulation of intra-abdominal fat, impaired metabolism of glucose, atherogenic dyslipidemia 
(low high-density lipoprotein cholesterol (HDL-C), hypertriglyceridemia), and arterial 
hypertension. In pathogenesis, several mechanisms were shown to take part, namely insulin 
resistance, chronic low-grade inflammation, endothelial dysfunction, and oxidative stress; 
their interactions have not been fully elucidated at present. Elevated levels of oxidative 
stress in subjects with MetS were demonstrated in many experimental and clinical studies 
 [2] . 

  Oxidative stress is defined as an imbalance between the production of reactive oxygen 
and nitrogen species (RONS) and their insufficient decomposition by the antioxidant system 
which results in macromolecular damage and disruption of redox signaling and control  [3] . 
Free radicals and non-radical oxidants belong to RONS. Free radicals could induce DNA 
mutations, structural disorders in proteins, and peroxidative damage of cell membrane and 
plasma lipids  [4] . RONS play an important role in the pathogenesis of many cardiovascular 
and neurodegenerative diseases as well as in type 2 diabetes mellitus and its complications 
 [5] .

  The defense mechanisms of the human body against oxidative stress are complex and 
involve cellular and extracellular antioxidant systems which are regulated at multiple levels 
 [6] . Various enzymes, e.g. superoxide dismutase (CuZnSOD), glutathione peroxidase 1 (GPX1), 
catalase (CAT), paraoxonase 1 (PON1), glutathione reductase (GR), as well as nonenzymatic 
antioxidant compounds (e.g. metal chelators, low-molecular-weight antioxidants) take part 
in the antioxidant defense.

  In the first step of the defense mechanism against superoxide anions (O 2  – ), the enzyme 
CuZnSOD catalyzes their dismutation into oxygen and H 2 O 2 . In the second step, CAT and GPX1 
independently convert H 2 O 2  to water. Any increase in the CuZnSOD catalytic activity produces 
an excess of H 2 O 2  that must be efficiently neutralized by either CAT or GPX1; otherwise, H 2 O 2  
reacts with O 2  –  producing in a two-step reaction (the Haber-Weiss reaction) hydroxyl radicals 
OH which are even more dangerous  [5] . Cytosolic GPX1 detoxifies H 2 O 2  in the presence of 
reduced glutathione (GSH), which is oxidized to oxidized glutathione (GSSG) and subse-
quently recycled by GR. GPX1 with the aid of GSH protects lipids against peroxidation. The 
pool of GSH has to be replenished by de novo synthesis that is catalyzed by the enzyme 
glutamate-cystein ligase. The PON1 enzyme as HDL-associated enzyme is implicated in the 
anti-inflammatory and antioxidant activities of HDL and impedes oxidative modification of 
low-density lipoprotein (LDL) thus protecting cell membranes from the damage caused by 
products of lipoperoxidation  [7] .

  This study is focused on the state of the antioxidant defense system in patients with MetS. 
We intend to investigate the wide variety of known antioxidants in association with MetS. The 
activities of several antioxidant enzymes as well as the concentration of GSH were deter-
mined in the erythrocytes. It has been noted that these cells maintain fairly constant concen-
trations of enzymes throughout the life span which had been synthesized during the matu-
ration of erythroid precursors  [8] . Furthermore, levels of albumin, bilirubin, and calculated 
total peroxyl radical trapping (cTRAP) were assessed in serum. As a global marker of systemic 
oxidative stress, conjugated dienes in precipitated low-density lipoproteins (CD-LDL) were 
determined. 

http://dx.doi.org/10.1159%2F000348569
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  Participants and Methods 

 Participants 
 40 Caucasian subjects with MetS (20 male / 20 female) were recruited from outpatients who had been 

subsequently examined (from January 2008 until August 2010) at the Lipid Clinic of the 4th Department of 
Medicine, First Faculty of Medicine, Charles University in Prague. This study group was compared with a 
control group constituted from 40 volunteers without MetS matched for sex and age (20 male / 20 female), 
all Caucasian. 

  MetS was diagnosed according to the International Diabetes Federation criteria  [9] . To be included, 
patients had to have central obesity (waist circumference  ≥  94 cm for men and  ≥  80 cm for women) and fulfill 
any two of the following four criteria: i) raised TG level ( ≥ 1.7 mmol/l), ii) reduced HDL-C (<1.03 mmol/l in 
males and <1.29 mmol/l in females) or specific treatment for these abnormalities, iii) raised blood pressure 
(BP) with systolic BP  ≥  130 or diastolic BP  ≥  85 mm Hg or treatment of previously diagnosed hypertension, 
and iv) raised fasting plasma glucose ( ≥ 5.6 mmol/l) or previously diagnosed type 2 diabetes mellitus. All 
samples were marked with unique anonymized identification numbers, and the data was merged only after 
the assays had been completed. 

  In the MetS group, 21 patients (52.5%) had three, 13 patients (32.5%) four, and 6 patients (15.0%) had 
all five of the above mentioned components of MetS. In the control group, only three subjects (7.5%) met two 
components of MetS, 15 (37.5%) controls met one, and the 22 (55.0%) volunteers showed no components 
of MetS. In the MetS group, 35 patients suffered from hypertension, and of these patients, 21 were under 
antihypertensive treatment. Among them, 12 were treated with an angiotensin converting enzyme (ACE) 
inhibitor or angiotensin receptor type 1 blockers, and the 9 remaining subjects were on a combination of ACE 
inhibitor with calcium channel blockers. 

  Exclusion criteria for both groups were the following: current antioxidant therapy, excessive alcohol 
consumption (>30 g/day), hormonal replacement therapy, supplementation with polyunsaturated fatty 
acids, manifestation of cardiovascular and/or cerebrovascular diseases,  type 1 diabetes mellitus, liver (with 
exception of nonalcoholic fatty liver disease) and kidney diseases (creatinine >130 μmol/l), microalbu-
minuria (urinary albumine 30–300 mg/day), hypothyroidism as well as recent infections and malignancies.

  Informed consent was obtained from all participants. The study protocol was approved by the Ethical 
Committee of the First Faculty of Medicine, Charles University in Prague.

  Blood Samples 
 Blood samples were collected after a 12-hour overnight fast. Activities of antioxidant enzymes (with 

exception of PON1) and concentrations of GSH were measured in hemolysed erythrocytes which had been 
separated from the EDTA plasma and washed three times with saline. Serum was used for all other param-
eters. Samples were stored at –80 °   C until the assay.

  Methods 
 Activities of antioxidant enzymes were measured spectrophotometrically using kinetic methods previ-

ously described  [10] . Briefly, the activity of GPX1 was measured using tert-butyl hydroperoxide as a substrate, 
and the rate of NADPH degradation was monitored. The molar extinction coefficient of NADPH (6,220
mol/l/cm) was used for calculation of activity which was then expressed as U/g hemoglobin. The activity of 
GR was measured by monitoring the rate of NADPH degradation. Activity was calculated using the molar 
extinction coefficient of NADPH and expressed as U/g hemoglobin. The CAT activity was calculated using the 
molar extinction coefficient of H 2 O 2  (43.6 mol/l/cm), whose degradation rate was monitored at 240 nm. 
Activity is expressed as kU/g hemoglobin. The method of CuZnSOD activity assessment is based on the moni-
toring of the rate of NBT-formazan generation. Superoxide dismutase activity was calculated by means of a 
calibrating curve; superoxide dismutase standard (Cat. No. S9636-1kU) was purchased from Sigma Aldrich 
(St. Louis, MO, USA). Activity was expressed as U/g hemoglobin. The arylesterase activity of PON1 was 
measured using phenylacetate as a substrate. Arylesterase activity of PON1 was calculated using the molar 
extinction coefficient of the produced phenol (1,310 mol/l/cm) and expressed as U/ml serum.

  GSH was assessed by the modified spectrophotometric method according to Griffith  [11] ; this method 
is based on the determination of the relatively stable product of the reduction of 5,5 ′  dithiobis-2-nitrobenzoic 
acid (DTNB). The concentration of CD-LDL was assessed by the modified method of Wieland and Seidel at 
234 nm  [12] ; both methods have been fully described in the previously mentioned paper  [10] . 
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  All routine clinical tests were performed at the   Institute for Clinical Biochemistry and Laboratory Diag-
nostics of General University Hospital in Prague: C-reactive protein (CRP) was determined by an immuno-
turbidimetric method using a K-ASSAY CRP kit (Kamiya Biomedical Company, Seattle, WA, USA; cv = max. 
7.6%) on a Hitachi Modular analyzer (Tokyo, Japan). Copper and zinc were measured using atomic absorption 
spectrometry, uric acid by an enzymatic colorimetric method with the uricase-peroxidase system, and bili-
rubin by the 2,5-dichlorophenyldiazonium method with a Hitachi Modular analyzer. Plasma albumin was 
assessed by a colorimetric method using bromocresol green. Plasma concentrations of total cholesterol (TC) 
and triglycerides (TG) were measured by enzymatic-colorimetric methods (Boehringer, Mannheim, 
Germany). HDL-C was determined in the supernatant after precipitation of lipoproteins B by PTA/Mg 2+ , 
using the kit from the same manufacturer; LDL-C was calculated according to Friedewald’s formula. Concen-
trations of apolipoproteins apo B and apo A1 were measured by the Laurell rocket electroimmunoassay using 
standard and specific antibodies (Behringwerke, Marburg, Germany). The concentrations of insulin and 
C-peptide were determined with an electrochemiluminescence immunoassay (Roche, Basel, Switzerland). 
The homeostasis model assessment of insulin resistance (HOMA-IR) index was calculated as HOMA-IR = 
(fasting serum glucose (mmol/l) × fasting serum insulin (μU/ml)) / 22.5  [13] . The TRAP was calculated 
according to the formula: (0.63 (albumin) + 1.02 (uric acid) + 1.50 (bilirubin))  [14] .

  Statistical Analysis 
 Data was expressed as mean and standard deviation or median (25th–75th percentile) for data different 

from normal distribution. Normality of the distribution was tested by the Shapiro-Wilks W test. Comparisons 
between the groups were carried out by the independent t-test. Mann-Whitney U test was used for nonpara-
metric comparisons and Spearman correlation coefficients for correlation analyses. All analyses were 
performed using version 8.0 of StatSoft Statistica software (2007, Czech version). The p value < 0.05 was 
considered statistically significant.

  Results 

 Clinical and biochemical characteristics of the group of subjects with MetS and that of 
healthy controls are shown in  table 1 . The groups did not differ in age. In both groups there 
were no subjects with either type 1 or type 2 diabetes mellitus . The subjects included in the 
MetS group suffer from insulin resistance when the metabolism of glucose was impaired. 

  As expected, subjects with MetS had significantly higher values of body mass index and 
waist circumference. They also had higher values of systolic BP and diastolic BP, glucose, TC, 
TG, apolipoprotein B (apo B), and uric acid as well as a higher level of insulin and insulin resis-
tance, as assessed by the homeostatic model HOMA-IR. Decreased values were observed for 
plasma concentrations of HDL-C and apo A1. The difference in CRP did not reach statistical 
significance. As expected, men have decreased levels of HDL-C and Cu and increased values 
of waist circumference compared to women. 

  Activities of antioxidant enzymes and concentrations of GSH and CD-LDL together with 
levels of cTRAP are presented in  table 2 . In the group of subjects with MetS, activities of 
CuZnSOD and GR as well as concentrations of CD-LDL and levels of cTRAP were significantly 
elevated. On the other hand, activities of CAT and PON1 as well as concentrations of GSH were 
found to be decreased. 

  Spearmen correlations (after Bonferroni adjustment) between selected variables are 
shown in  table 3 . All risk factors of MetS correlated significantly with the number of compo-
nents of MetS, namely abnormal levels of glucose, waist circumference, TG, HDL-C, and 
SBP. Concentrations of CD-LDL significantly correlated with concentrations of TG and 
HDL-C. 

  Activities of CuZnSOD correlated positively with those of GR (r = 0.341, p < 0.01) and 
GPX1 (r = 0.260, p < 0.05), and with concentrations of Zn (r = 0.363, p < 0.01) as well as nega-
tively with the ratio Cu/Zn (r = –0.278, p < 0.05). Activities of PON1 correlated positively with 
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apo A1 (r = 0.479, p < 0.001). Concentrations of CD-LDL correlated positively with TC (r = 
0.565, p < 0.001), apo B (r = 0.597, p < 0.001), and LDL-C (r = 0.384, p < 0.001), and negatively 
with CAT (r = –0.233, p < 0.05).

  Discussion 

 In this study, comparing MetS patients with an age- and sex-matched control group, 
increased activities of CuZnSOD (+15%, p < 0.05) and GR (+19%; p < 0.001) and increased 
levels of CD-LDL (+14.4%; p < 0.001) and cTRAP (+6.5%; p < 0.01) were found in MetS 

Table 1.  Clinical and biochemical characteristics of subjects with the metabolic syndrome and of healthy controlsa

Metabolic syndrome  Controls

all M F al l M F

N 40 20 20 40 20 20
Age, years 58.4 

(53.4 – 62.2)
57.0 
(50.1 – 63.1)

58.7 
(55.9 – 61.6)

58.5 
(52.6 – 64.5)

57.8 
(50.1 – 64.0)

59.5 
(54.0 – 65.0)

Waist, cm 101.4 ± 9.1*** 104.4 ± 6.4***+ 98.3 ± 10.5*** 82.5 ± 11.0 86.9 ± 13.2+ 78.3 ± 6.6
BMI, kg/m2 29.4

(27.4 – 31.7)***
29.0 
(27.7 – 30.3)**

30.6 
(25.9 – 32.4)***

23.9 
(21.9 – 25.5)

25.0 
(21.8 – 26.3)

23.8 
(21.9 – 25.4)

Smoking, N (%) 10 (25.0) 6 (30.0) 4 (20.0) 4 (10.0) 0 (0.0) 4 (20.0)
Hypertension, N (%) 35 (87.5) 18 (90.0) 17 (85.0) 8 (20.0) 5 (25.0) 3 (15.0)
Systolic BP, mm Hg 140 

(130 – 143)**
140  
(130 – 140)***

140 
(130 – 145)

130 
(120 – 130)

128 
(120 – 130)

130
(120 – 140)

Diastolic BP, mm Hg 90 (88 – 95)*** 90 (90 – 95)*** 90 (83 – 95)*** 80 (80 – 80) 80 (80 – 85) 80 (80 – 85)
Glucose, mmol/l 5.4 (4.8 – 6.1)*** 5.0 (4.7 – 5.8) 5.6 (5.1 – 6.3)** 4.7 (4.5 – 5.1) 4.9 (4.5 – 5.4) 4.7 (4.3 – 5.0)
Insulin, mU/l 11.4 (8.7 – 14.8)*** 11.4 (8.6 – 15.1)* 11.3 (9.4 – 14.3)* 7.8 (4.6 – 9.5) 8.5 (4.8 – 10.1) 7.6 (4.6 – 9.1)
C-peptid, nmol/l 0.97 

(0.84 – 1.19)***
0.99
 (0.86 – 1.14)***

0.93 
(0.81 – 1.28)***

0.64 
(0.51 – 0.75)

0.59 
(0.46 – 0.75)

0.68
 (0.55 – 0.73)

HOMA-IR 3.0 (1.9 – 3.8)*** 3.0 (1.8 – 3.7)* 3.0 (2.1 – 4.5)** 1.6 (1.0 – 2.1) 1.8 (1.0 – 2.2) 1.6 (1.0 – 1.9)
TC, mmol/l 6.3 (5.2 – 7.3)* 6.2 (5.2 – 7.1)* 6.5 (5.2 – 7.4) 5.7 (5.0 – 6.2) 5.7 (4.8 – 6.1) 5.8 (5.0 – 6.6)
TG, mmol/l 2.6 (1.9 – 3.7)*** 2.3 (1.9 – 3.6)** 2.7 (1.7 – 3.9)*** 1.1 (0.9 – 1.4) 1.1 (0.8 – 1.4) 1.0 (0.9 – 1.3)
HDL-C, mmol/l 1.2 (1.1 – 1.3)*** 1.1 (1.0 – 1.2)***+ 1.2 (1.1 – 1.3)*** 1.6 (1.3 – 1.8) 1.5 (1.3 – 1.8) 1.6 (1.5 – 1.9)
LDL-C, mmol/l 3.6 (3.1 – 4.3) 3.5 (3.2 – 4.2) 3.6 (3.0 – 4.3) 3.5 (2.8 – 4.3) 3.4 (2.9 – 3.8) 3.6 (2.8 – 4.3)
Apo A1, g/l 1.26 ± 0.25** 1.24 ± 0.25 1.28 ± 0.26** 1.43 ± 0.21 1.36 ± 0.20+ 1.50 ± 0.20
Apo B, g/l 1.34 ± 0.32*** 1.39 ± 0.26*** 1.28 ± 0.37 1.09 ± 0.25 1.06 ± 0.22 1.13 ± 0.28
NEFA, mmol/l 0.50 

(0.39 – 0.72)
0.43 
(0.35 – 0.68)

0.51 
(0.43 – 0.75)

0.55 
(0.43 – 0.71)

0.59 
(0.435 – 0.83)

0.55 
(0.40 – 0.61)

CRP, mg/l 2.7 (2.0 – 6.3) 2.8 (2.0 – 4.3) 2.7 (2.0 – 7.4) 2.3 (2.0 – 6.5) 2.0 (2.0 – 4.3) 4.6 (2.1 – 7.3)
Cu, μmol/l 17.7 

(16.0 – 20.5)
17.0 
(15.5 – 18.4)

19.6
(16.3 – 21.7)

18.5 
(16.3 – 21.5)

16.3 
(14.3 – 18.6)++

19.9 
(18.5 – 23.4)

Zn, μmol/l 16.0 
(13.4 – 17.7)

15.8 
(13.4 – 17.8)

16.3 
(13.8 – 17.1)

15.4 
(14.6 – 19.9)

16.0  
(14.5 – 18.3)

15.2 
(14.7 – 20.8)

Bilirubin, μmol/l 9.1 
(6.8 – 12.9)

10.9 
(7.9 – 13.8)+

7.2 
(6.1 – 9.6)

10.6
(8.0 – 15.2)

13.9 
(9.8 – 18.2)++

9.0 
(7.5 – 12.3)

Uric acid, μmol/l 346 
(290 – 390)**

355 
(312 – 420)*

329 
(275 – 352)**

293 
(236 – 346)

320 
(291 – 370)+++

251 
(195 – 293)

 BP = Blood pressure; TC = total cholesterol; TG = triglycerides; HDL-C = high density lipoprotein; LDL-C = low density lipo-
protein; Apo = apolipoprotein; HOMA-IR = homeostasis model assessment of insulin resistance; QUICKI = quantitative insulin 
sensitivity check index; NEFA = non-esterified fatty acids; CRP = C-reactive protein; Met = metabolic syndrome. 

aData presented as mean ± standard deviation (SD) for parametric and median (IQR) for non-parametric variables; 
MetS versus controls: *p < 0.05, ** p < 0.01, ***p < 0.001. Female versus male: +p < 0.05, ++p < 0.01, +++p < 0.001.
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patients. In contrast, activities of CAT (–7.3%; p < 0.05) and PON1 (–11.7%; p < 0.05) as well 
as serum concentration of GSH (–61%; p < 0.05) were significantly decreased. The HOMA-IR 
demonstrated evidence of a significantly increased insulin resistance in subjects with MetS.

  Under resting physiological conditions, biologic systems generate only small amounts of 
the superoxide anion. Its overproduction can result from mitochondrial electron leakage in 
hyperglycemia  [15] . Other causes of superoxide overproduction are increased activities of 
NAD(P)H oxidases  [16] , xanthine oxidase, lipoxygenase, and cyclooxygenase as well as an 
imbalance in the thioredoxin system  [17] . Large amounts of superoxide and other RONS arise 
in the accumulated fat, mainly due to increased activities of NAD(P)H oxidases and a decreased 
expression of antioxidant enzymes  [18] . Adipose tissue is an important generator of oxidative 
stress and inflammation, contributing to the production of pro-inflammatory cytokines 

Table 2.  Parameters of oxidative stress of studied groups

Metabolic syndrome  Controls

all M F  all M F

GPX1, U/g Hb 59.4 ± 15.8 57.6 ± 18.1 61.1 ± 13.4 59.1 ± 17.7 55.4 ± 19.2 62.8 ± 15.7
GR, U/g Hb 8.19 ± 1.54*** 8.74 ± 1.21***+ 7.63 ± 1.67 6.88 ± 1.66 6.92 ± 1.76 6.83 ± 1.60
GSH, mg/g Hb 0.57 

(0.38 – 2.73)*
0.56 
(0.40 – 0.70)

1.51 
(0.38 – 5.01)

1.46 
(0.41 – 5.22)

1.22 
(0.43 – 5.40)

1.70 
(0.40 – 5.05)

CAT, kU/g Hb 189.6 ± 31.8* 192.5 ± 27.8 186.7 ± 35.8 204.6 ± 33.0 206.1 ± 32.5 203.1 ± 34.4
CuZnSOD, kU/g Hb 2.3 (1.9 – 2.5)** 2.3 (2.2 – 2.5)* 2.0 (1.7 – 2.5)+ 2.0 (1.2 – 2.5) 2.2 (1.1 – 2.6) 2.0 (1.3 – 2.4)
PON1, kU/l 158.9 ± 41.9* 152.0 ± 47.4 165.7 ± 35.4 179.9 ± 42.3 170.2 ± 36.1 189.5 ± 46.5
CD, mmol/l 61.9 

(54.1 – 84.3)***
57.3 
(53.4 – 68.7)*

63.8 
(55.3 – 94.2)*

54.1
(41.3 – 63.6)

53.3
(33.8 – 63.6)

57.5 
(42.9 – 68.1)

cTRAP, μmol/l 823 
(766 – 877)**

875 
(816 – 909)*++

785 
(732 – 835)**

773 
(691 – 820)

809 
(768 – 865)+++

701 
(655 – 776)

 GPX1 = glutathione peroxidase 1; GR = glutathione reductase; GSH = reduced glutathione; CAT = catalase; CuZnSOD = CuZn-
superoxide dismutase; PON1 = paraoxonase1 – arylesterase activity; CD = conjugated dienes in precipitated LDL; cTRAP = 
calculated total peroxyl radical trapping – calculation:  [0.63 (albumin) + 1.02 (uric acid) + 1.50 (bilirubin)]; Met = metabolic 
syndrome; Data presented as mean ± standard deviation (S.D.) for parametric and median (IQR) for non-parametric variables. 

MetS versus controls: *p < 0.05, ** p < 0.01, *** p < 0.001. Female versus male: +p < 0.05, ++ p < 0.01, +++p < 0.001.

Table 3.  Spearman correlation coefficients for components of the metabolic syndrome and parameters of oxidative stress in 
the combined group (metabolic syndrome plus controls) (N = 80)

SBP TG HDL-C Glucose HOMA-IR MetSC CD PON1 GR GPX1 CAT CuZnSOD

Waist 0.313 0.533+++ –0.602+++ 0.402++ 0.570+++ 0.717+++ 0.336 –0.103 0.377+ –0.160 –0.115 0.049
SBP – 0.270 –0.147 0.141 0.103 0.405++ 0.338 –0.039 0.129 0.076 –0.108 –0.097
TG – – –0.631+++ 0.396+ 0.453++ 0.736+++ 0.571+++ –0.170 0.219 –0.067 –0.182 0.017
HDL-C – – – –0.357+ –0.405+ –0.681+++ –0.374+ 0.321 –0.148 0.086 0.133 –0.015
Glucose – – – – 0.555+++ 0.540+++ 0.019 –0.103 0.127 –0.286 –0.081 –0.118
HOMA-IR – – – – – 0.493+++ 0.099 –0.088 0.216 0.025 –0.066 –0.073
MetSC – – – – – – 0.442++ –0.193 0.261 –0.097 –0.249 –0.115

 SBP = Systolic blood pressure; TG = triglycerides; HDL-C = high density lipoprotein; HOMA-IR = homeostasis model assessment of 
insulin resistance; Met = metabolic syndrome; MetSC = number of components of the MetS (N = 1 – 5; waist circumference, glucose, 
triglycerides, HDL-C, SBP); GPX1 = glutathione peroxidase 1; GR = glutathione reductase; CAT = catalase; CuZnSOD = CuZn-superoxide 
dismutase; PON1 = paraoxonase-1-arylesterase activity; CD = conjugated dienes in precipitated LDL. +p < 0.05; ++p < 0.01; +++p < 0.001; 
after Bonferroni adjustment.
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(TNFα, IL-1, IL-6 etc.). Oxidative stress is supposed to worsen the inflammatory state in MetS 
via activation of redox-sensitive transcription factors (particularly NFκB) by RONS, inducing 
the expression of TNFα and IL-6. These cytokines increased CRP synthesis. However, in our 
study, we did not find a statistically significant difference in CRP levels between MetS patients 
and controls. This could be caused by the method used for CRP measurement. The method 
used in our study lacks the sensitivity to differ between low-grade inflammation in MetS (CRP 
between 1.0 and 3 mg/l) and subjects without MetS (CRP < 1.0 mg/l) . 

  The raised CuZnSOD activities in the erythrocytes of patients with MetS found in our 
study may be compared with the results of Mitrijevic-Sreckovic et al.  [19] , who described 
slightly increased CuZnSOD activities in children with MetS in comparison with obese children 
without MetS. Studies on serum CuZnSOD activities did not show consistent results  [20, 21] . 
Increased CuZnSOD activity results in raised amounts of H 2 O 2  which becomes toxic when 
activity of CAT is normal or decreased. Induction of one enzyme (CAT or CuZnSOD) does not 
necessarily lead to the induction of the other one  [22] . Another source of H 2 O 2  is its passage 
through the erythrocyte membrane  [23] . The elevated production of ROS in the endothelium 
could thus lead to increased levels of ROS also in erythrocytes.

  In our study, we have found a significantly decreased activity of CAT. Because of the increased 
activity of CuZnSOD in our study, elevated levels of H 2 O 2  have to be expected. According to study 
of Kirkman et al.  [24] , during lengthy exposure of CAT to H 2 O 2 , the CAT-bound NADPH became 
oxidized to NADP +  and activity of CAT fell to about one third of the initial activity. Consequently, 
the cause of the decrease of CAT activity could be the damage of erythrocyte CAT by H 2 O 2 . 
Contrary to our study, Cardona et al.  [20, 21]  found increased activities of CAT in patients with 
hypertriglyceridemia (concentration of TG > 1.7 mmol/l) apart from the presence of MetS, and 
these activities were further increased after fat overload. Decreased activities of CAT were 
described in patients bearing only individual components of MetS – obesity  [25] , hypertension 
 [26] , or insulin resistance  [27] . Decreased activity of CAT implies stressed condition of erythro-
cytes when complete removal of H 2 O 2  is not possible  [28] . Low activities of CAT were associated 
with an increased risk of diabetes mellitus and its complications  [5, 29] .

  The GPX1 activity in our study was not altered in MetS patients. This result is in accordance 
with the study of Mitrijevic-Sreckovic  [19] . On the contrary, Cardona et al.  [20, 21]  found lower 
activities of GPX1 in a group of subjects with hypertriglyceridemia, a part of MetS presence, and 
the drop of its activity was almost to 75% of that of the control group. Bougoulia et al.  [30]  
showed decreased activity of GPX1 in obese subjects as well as an increase after weight reduction.

  As expected, concentrations of GSH were significantly decreased and activities of GR 
increased in our group of subjects with MetS. Decreased concentrations of GSH with opposite 
changes in GSSG levels were also found in MetS subjects in the study of Cardona et al.  [20] . On 
the other hand, Cardona et al.  [21]  registered a significant drop in GR activity in MetS subjects. 
Increased activity of GR could be attributed to a compensatory protective mechanism of the 
cells against ROS. Furthermore, our expected increase in the GSSG/GSH ratio due to lower 
levels of GSH may stimulate compensatory increase in GR activity in blood to reduce higher 
levels of GSSG into GSH  [31] .

  The finding of decreased arylesterase activities of PON1 in our subjects with MetS is in 
accordance with other studies  [32, 33] . Because it was shown  [34]  that there is a strong 
positive correlation between arylesterase and paraoxonase activity of PON1, we could 
therefore discuss arylesterase and paraoxonase activity of PON1 together. Low activities of 
PON1 have been shown to be associated with oxidative stress, hypercholesterolemia, diabetes 
mellitus, cardiovascular diseases, and sepsis  [34, 35] .

  In the present study, we found significantly higher concentrations of CD-LDL in subjects 
with MetS. This test was shown to be the most sensitive indicator of lipid peroxidation and 
can be regarded as a global marker of systemic oxidative stress  [36] . In this study, several 
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anthropometric and biochemical characteristics of MetS correlated significantly with 
increased concentrations of CD-LDL, which reflect oxidation of the lipid component of LDL. 
This finding is in agreement with the results of our studies concerning the severity of MetS, 
oxidative stress, hypertriglyceridemia, and fatty acid metabolism  [37, 38] . The important role 
of lipid peroxidation in the pathogenesis of MetS has been proven in many experimental and 
clinical studies  [39] . 

  Conclusion 

 In the present study, we estimated a wide variety of antioxidant enzymes, and activities 
of several enzymes were changed in subjects with MetS. Enzyme activities were assessed in 
the erythrocytes where the concentration of enzymes remain stable throughout the life span 
and reflect adaptive changes in their expression in erythroid precursors. According to our 
results, alterations of antioxidant enzymes related to MetS are not uniform. While activities 
of CuZnSOD and GR were higher in the MetS group than in healthy subjects, a decrease in CAT 
and PON1 as well as the absence of the expected increase in GPX1 indicate a disorder in anti-
oxidant defense mechanisms. Our results could be interpreted that the erythrocytes and their 
GSH levels and activities of GR and GPX1 protect against oxidative stress in MetS. The severity 
of MetS, as assessed by the number of its components, significantly correlated with the 
concentrations of CD-LDL. 
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ABSTRACT 

Objective: To observe markers of oxidative stress and antioxidant status in relation to 

inflammatory mediators in septic patients at onset of systemic inflammatory response 

syndrome (SIRS), one week later and one week after the clinical recovery from sepsis. 

Design: The prospective study. 

Setting: Multidisciplinary adult intensive care unit (11 beds). 

Patients: 30 adult patients in severe sepsis and septic shock (SP); 19 SP completed 3 

samplings (S1: enrolled within 24 hours after the onset of sepsis, S7: 7 days after S1, R7: 7 

days after the recovery). 

Interventions: None 

Measurements: C-reactive protein, procalcitonin, interleukins (IL-1β, IL-6, IL-10), tumor 

necrosis factor α, oxidized-LDL (ox-LDL, conjugated dienes (CD), nitrites, nitrotyrosine, 

paraoxonase 1 activity, HDL cholesterol, apoprotein A1, serum amyloid, cofactors of 

antioxidant enzymes, non-enzymatic antioxidants and antioxidant enzyme activities (CuZn-

superoxide dismutase, catalase, glutathione peroxidase 1, glutathione reductase).  

Main Results: Comparing SP with healthy controls (HC), the enhanced concentrations of C-

reactive protein, procalcitonin and bilirubin in serum as well CuZnSOD activity in 

erythrocytes was found in S1 only. The serum levels of ox-LDL, CD, nitrites and 

nitrotyrosine were increased in S1, culminated in S7 and reverted nearly to the HC level in 

R7. The reduction in CAT activity and increased concentration of SAA observed in S1 

endured till S7. The increase in IL-6, IL-10 and TNFα accompanied by the decrease in the 

PON1, GPX1, apo-A1, HDL-C, Se, Zn and albumin appeared in S1 and persisted until R7. 

The increased TNFα in R7 was in the close negative correlation with HDL-C and albumin 

concentrations. 



Conclusions: Increased level of cytokines, lasting after cessation of clinical signs of severe 

sepsis, was accompanied by significant depletion of antioxidant capacity and persistence of 

inflammatory activity. At this critical period of recovery, the patients should be dealt as high 

risk population thus carefully followed up and considered for special antioxidant, nutritional 

and physiotherapeutic interventions.  

 

Key words: sepsis, oxidative stress, antioxidant enzymes, cytokines, reactants of acute phase, 

paraoxonase 1 

 

 

 

 

 

 

 

 

 

  



INTRODUCTION 

 Sepsis is defined as a systemic inflammatory response syndrome (SIRS) in the 

presence of infection progressing with different degree of severity (1;2).  Patients with severe 

sepsis and septic shock show deregulation of inflammatory process that corresponds to 

extensive exhaustion of individual functional reserves and development of organ dysfunction. 

These patients require intensive care in order to improve survival (3). Nevertheless, many of 

them who survive beyond intensive care and are clinically recovered still possess subclinical 

impairments and thus remain susceptible to secondary complications with negative impact for 

their long-term prognosis. With this respect, using appropriate markers for the identification 

of these patients at risk would enable the follow up care to concentrate the effort and 

resources on sufficient functional recovery. 

 Sepsis arises through the activation of an innate immune response, with changes in the 

expression and activity of many endogenous mediators of pro- and anti-inflammatory 

processes (4-6) interplaying in order to eliminate the insult and establish new homeostasis 

(7;8). SIRS, typically present in early sepsis and lasting 3-5days, is characterized by 

tachycardia, tachypnoe and abnormal body temperature or white blood count. This 

predominately pro-inflammatory period is usually followed by the development of so called 

Compensatory Anti-inflammatory Response Syndrome (CARS), a complex but incompletely 

defined pattern of immunologic responses to attenuate pro-inflammatory reaction of host that 

when unbalanced under severe infection can result in energy and immunosuppression with 

increased susceptibility to the development of a new infection (9-11). From this point of view, 

pro- and anti-inflammatory cytokines facilitating and modulating the response to the 

inflammatory stimulus seem to serve as an important prognostic marker of the subsequent 

patient outcome (12;13). Moreover recent clinical studies have shown that the increased levels 

of IL-6, TNF-α and IL-10 persisting after clinical recovery from sepsis, rather than their initial 



peak, are more characteristic of those patients who ultimately have further complications or 

die (14;15) .  

The activation of leukocytes and release of mediators in sepsis is indispensably 

accompanied by an increased production of reactive oxygen and nitrogen species (RONS) 

(16). RONS are well recognised for playing a dual role as both deleterious and/or beneficial 

species. Beneficial effects occur at low/moderate concentrations of RONS and involve 

physiological role in cellular responses as for example in defence against infectious agents 

and in the function of a number of cellular signalling pathways. Under physiological 

conditions, the balance is established between RONS production and antioxidant defence 

capacity. This balance can be disturbed through variable extent of increased RONS 

production and/or impaired antioxidant defence. The pro-anti-oxidant imbalance, in favour of 

the former, is known as oxidative stress (17). Overproduction of RONS is a deleterious 

process that can be an important mediator of damage to cell structures under pathological 

conditions (18). The oxidative modification of molecules occurring in adult and paediatric 

sepsis is probably an important promoter of sepsis progression toward shock and organ 

dysfunction (16;19). 

The idea of the study was to describe inflammatory process of severe sepsis/septic 

shock in SIRS, CARS and 7 days after the clinical recovery in carefully selected group of ICU 

patients. The analysis of inflammatory mediators together with oxidative stress markers and 

antioxidant status would help to confirm clinical stages of sepsis emphasizing the persistence 

of risk after the recovery (usually after discharge from ICU or hospital) that should be 

addressed in standard follow up measures to determine the patient status and prognosis as 

well the choice of appropriate interventions. To our knowledge, studies of this completeness 

have not been published so far. 

 



PATIENTS AND METHODS 

This prospective study was carried out in medical adult intensive care unit (ICU) of 

the University Teaching Hospital. The study protocol was approved by the institutional 

review board and the Ethics Committee of the General Teaching Hospital in Prague. Written 

informed consent was obtained from all participants.  

Patients: The population under study consisted of two groups: 30 septic patients (SP) and 30 

age and sex matched healthy controls (HC). The sepsis was defined according to the Society 

of Critical Care Medicine/American College of Chest Physicians (SCCM/ACCP) definitions 

(2). SP had to fulfil the following inclusion criteria: APACHE II score  10 and C-reactive 

protein in serum  20 mg/l. Exclusion criteria for SP were: antioxidant therapy, chronic 

dialysis, history of diabetes, generalized tumours, immunosupressive therapy and 

chemotheraphy. Sepsis was treated according to guidelines (5). HC were defined as 

individuals without known major disease.  

Data collection: Samples from SP were collected three times: during the first 24 hours 

after ICU admission (S1), 7 days after S1 (S7) and recovery (R7), e. g. 7 days after the 

cessation of septic clinical sings, CRP < 20 mg/l and temperature < 37 °C. Samples from HC 

group were obtained once. From the group of 30 SP 8 patients died because of sepsis and 3 SP 

were lost from follow up because they never fully recovered from sepsis thus all three 

samplings were available from 19 patients. These SP were compared with group of 19 sex and 

age matched HC. The main source of sepsis was lung, in 13 cases. In all study participants the 

medical history and the intake of any medicaments were documented at the study entry. The 

first seven days after ICU admission, the SOFA score (20;21) was calculated from laboratory 

and clinical parameters in SP. Blood was taken after overnight fasting from an arterial line 

(SP) or by puncturing a peripheral vein (HC).  



 The concentration of C-reactive protein (CRP), procalcitonin (PCT), interleukin 6 (IL-

6), interleukin 10 (IL-10), tumor necrosis factor α (TNFα), serum amyloid A (SAA), oxidized 

LDL (ox-LDL), albumin, bilirubin, uric acid, Cu, Zn, Fe, Se, vitamins A and E  and lipid 

parameters, as well as PON1 activity were measured in serum. Serum was prepared (after 

coagulation in vacutainer tubes) by centrifugation at 3500 rpm at 4 °C for 10 min. Conjugated 

dienes (CD) were measured in precipitated LDL. Activities of antioxidant enzymes were 

measured in haemolysed erythrocytes. The samples were stored at -80 °C until assay. All 

samples were marked with unique identification numbers, merging data only after assays had 

been completed.  

Laboratory measurements: The routine biochemical tests were measured in Central 

Biochemical Laboratory of General Teaching Hospital in Prague. 

Concentration of CRP was measured with immunoturbidimetric method using K-ASSAY 

CRP kit (Kamiya Biomedical Company, USA) on analyzer Hitachi Modular (Japan). 

Concentration of PCT was measured with immunoluminometric assay (ILMA) using 

BRAHMS PCT LIA-Kit (Brahms Diagnostica GmbH; catalogue number 54.1, Berlin, 

Deutschland). Cytokines: IL6, IL10 and TNFα were analyzed using Fluorokine MAP kits 

(R&D Systems, USA) and Luminex
®
100 analyzer. Fluorokine MAP kits are composed of a 

Base kit and a panel of Analyte kits. Each kit contains antibody-coated microparticles and 

biotinylated detection antibodies. SAA concentration was analysed by a solid phase sandwich 

ELISA kit (Invitrogen Corporation, USA). The arylesterase activity of PON1 was measured 

according to the method as previously described by Eckerson et al. using phenylacetate as a 

substrate (22). The rate of phenol generation was monitored spectrophotometrically at 270 

nm. Arylesterase activity of PON1 was calculated using the molar extinction coefficient of the 

produced phenol (1310 M
-1

cm
-1

) and expressed as U/ml of serum. Oxidized-LDL 

measurement was performed by Oxidized LDL ELISA kit (Mercodia, Sweden). Activities of 



antioxidant enzymes were determined by spectrofotometric kinetic methods and concentration 

of CD/LDL was measured as previously described by Kodydková et al. (23). Concentration of 

nitrotyrosine was measured by a solid phase sandwich ELISA kit (Biovendor, Czech 

Republic). The concentration of nitrites and nitrates in serum was assessed by the Griess 

reaction according to method of Guevara et al. (24). The total peroxyl radical trapping was 

calculated according to the formula: [0.63 (albumin) + 1.02 (uric acid) + 1.50 (bilirubin)](25).  

Statistical analysis:  Data are expressed as mean ± S.D. for parametric and median as median 

(25
th
-75

th
 percentiles) for nonparametric variables. Normality of data distribution was tested 

with Shapiro-Wilks W test. Differences between SP and HC were tested with one-way 

ANOVA with Dunnettpost test. For nonparametric analysis Kruskal-Wallis ANOVA was 

used. Friedman ANOVA was used for dependent analysis. All statistical analyses were 

performed using version 8.0 of StatSoft software Statistica (2007, CZ). P < 0.05 was 

considered to be statistically significant. 

 

RESULTS 

Basic characteristics: Table 1 summarizes the demographic and clinical 

characteristics of 19 SP in all three samplings and 19 sex and age matched HC.  

Acute-phase response markers: The serum PCT and CRP concentrations increased in 

S1 but no significant difference was observed, in S7compared to HC. The increased 

concentrations of interleukins (IL-6, IL-10, TNF-α) persisted from S1 till R7 and SOFA 

gradually decreased from S1 till S7 (Figure 1).  

Serum markers of oxidative stress: The levels of ox-LDL, CD and nitrotyrosine 

increased in S1, culminated in S7 and returned to the HC values in R7. Enhanced serum 

concentration of nitrites/nitrates was observed only in S7 (Figure 2).  



Antioxidant capacity: CuZnSOD activity was increased in S1 and returned to the HC 

value already in S7. The decline in CAT activity found in S1 and S7, returned to the HC level 

in R7 while the decrease in GPX1 activity persisted in all three samplings. No significant 

difference in GR activity between HC and individual SP samplings was found (Figure 3). 

Table 2 presents non-enzymatic antioxidants and cofactors of antioxidant enzymes. 

The decrease in concentrations of vitamin A, vitamin E and bilirubin was found in S1 only, 

however, the decrease in Zn was observed in both S1 and S7. The significant decline of uric 

acid and the rise in Cu was observed only in S7 compared to HC. Nevertheless all these 

changes returned nearly to the HC values in R7. On the other hand, the substantial decrease in 

transferrin, Fe, Se and albumin as well the increase in the ferritin concentrations and 

Calculated TRAP observed already in S1, persisted still 7 days after recovery (R7) and never 

reached the HC levels. Marked fall in PON1 activity appeared at the onset (S1) and persisted 

until recovery (R7). The decline in the PON1 activity was closely followed by decreased 

HDL-C and ApoA1 concentrations. SAA concentration was significantly increased in S1 and 

in S7 reaching nearly HC level in R7 (Figure 4). We also measured TC (mmol/l): S1 = 3.3 

(2.5-3.5), S7 = 3.7 (2.8-4.3), R7 = 4.4 (4.0-5.2), HC = 5.7 (4.8-6.7); LDL-C (mmol/l): S1 = 

1.8 (1.2-2.2), S7 = 2.2 (1.1-2.4), R7 = 2.9 (2.2-3.2), HC = 3.7 (3.0-4.3) and TAG (mmol/l): S1 

= 1.3 (0.8-1.9), S7 = 1.8 (1.1-2.4), R7 = 1.5 (1.1-2.1), HC = 1.5 (1.0-1.7).   

 

DISCUSSION 

The design of this study emerged from the recent clinical trials monitoring the basic 

pro-inflammatory (IL-6, TNF-α) and anti-inflammatory (IL-10) cytokines as innate immunity 

markers on greater population of patients with severe sepsis together with their clinical 

outcomes (14). These studies have concluded that despite clinical recovery, the patients 

leaving hospital with increased level of cytokines are exposed to increased risk of death 



during next year (15). Our relatively small but carefully selected group of patients in early 

severe sepsis/septic shock diagnostic category, allowed us to analyse broader set of 

parameters characteristic for different stages and aspects of inflammatory process in the 

similar clinical setting and corresponding (similar) mortality rate (14).  Nineteen patients were 

available for three samplings. The first sampling was done within 24 hours after onset of 

sepsis, the time for second sampling was chosen 7 days later when the signs of SIRS are 

usually over and organ function is restored. In accordance, we present that the SOFA score 

was improved by day 7 in this study. The third sampling, 7 days after cessation of all clinical 

sings of inflammation, reflected the time difference of illness progress in individual subjects. 

This timing enabled us to catch patients in the similar stage of recovery regardless of the 

sepsis duration and subsequent inflammatory complications occurrence. The hospital 

discharge as the time for last sampling, used in the study cited above (26), we considered as 

inappropriate due to bias caused by organisational aspects of health care system such as 

accessibility of follow up care. Despite of this difference in timing, we confirmed the 

persistence of increased levels of cytokines after the cessation of sepsis in R7. Many studies 

have evidenced a significant correlation between the level of individual cytokines and other 

markers of SIRS/sepsis together with its severity and patient outcome. TNF-α and IL-6 are 

known to mediate mainly pro-inflammatory SIRS while IL-10 is the most important in CARS 

response. 

 In our group of patients a significant decrease in IL-10/TNF- α ratio was caused 

mainly by the decrease of serum IL-10 level, whereas TNF- α level declined between S1 and 

S7 and remained practically unchanged after.   As for the main acute-phase response markers 

(CRP, PCT), the enhanced concentrations were observed only in S1 that corresponds with 

other studies showing particularly PCT as a typical marker of early sepsis (27-29).   



We hypothesized that increased levels of cytokines in monitored times would be 

reflected by the concomitant rearrangement of red-ox status that inspired us to analyse the 

markers of oxidative damage together with the levels of enzymatic and non-enzymatic 

antioxidants. As for lipid peroxidation markers, ox-LDL and CD were elevated in S1, 

persisted till S7 and both returned nearly to the values of HC range in R7. In line, the study of 

Behnes et al. also presented the increased concentration  of ox-LDL in patients with severe 

sepsis during the first week of illness (30). Similarly, the endotoxin administration caused a 

sharp rise in plasma levels of CD in the  porcine model of burn and sepsis (31). Another study 

showed increased TBARS and protein carbonyls as markers of lipid peroxidation and protein 

oxidation, respectively. While TBARS normalized during 7 days of sepsis, increased protein 

carbonyls persisted still three months after the onset of sepsis, probably due to the slow 

protein turnover (32). In accordance with other studies (33-35), we present decreased serum 

concentrations of vitamins E and A in S1. These vitamins are lipid phase antioxidants, crucial 

for prevention of lipid peroxidation(36). The increased level of the nitrotyrosine appeared 

already in S1, persisted till S7 while the nitrites/nitrates were increased just in S7 however 

both parameters were normalized after recovery in R7. The rise in these nitrogen compounds 

is in accordance with previous studies on septic shock patients indicating enhanced NO and 

RNS formation during the generalized inflammatory response(32). The observed shift 

between starting of growth in nitrotyrosine and nitrites/nitrates is in line with results of Strand 

et al. who showed that peak of nitrotyrosine need not coincide with the peak of 

nitrites/nitrates concentration in septic shock (37).  

 The important findings of our study reveal that whereas increased concentrations of 

peroxidation products are accompanied by diminished antioxidant capacity in the course of 

sepsis (SIRS and CARS), lowered antioxidant capacity is still persisting after the recovery 

(R7) while peroxidation products are nearly normalized with the close negative correlation of 



ox-LDL to GPX1 and albumin (R = -0.528 and -0.519 respectively). Normal levels of lipid 

markers of peroxidation in R7 are accompanied with low level of antioxidant capacity  

 

We confirmed reduced antioxidant defence capacity in septic critically ill patients (16) 

and we have found that reduction of some its components even lasted in R7. In our study, 

increased CuZnSOD and decreased CAT and GPX1 activities in erythrocytes were found in 

S1. While CuZnSOD normalization was observed already in S7, the decrease in GPX1 and 

the trend to the decline in CAT activities persisted still in R7. In line, Warner et al.(38) also 

found the increased activity of CuZnSOD in erythrocytes at the onset of sepsis. Similarly in 

pediatric sepsis there was also observed apparent trend towards the increase of CuZnSOD 

activity in erythrocytes (39). CuZnSOD is one of the most important antioxidant enzymes 

responsible for the decomposition of superoxide radical while producing H2O2 that is further 

transformed to H2O by the CAT and GPX1 action. It is necessary to note that the increase in 

CuZnSOD activity observed in the early stage of sepsis cannot be, by principle, the result of 

the rise in protein amount because mature erythrocytes do not possess any transcriptional 

apparatus but it is the result of the activity stimulation (40). We propose that the increase of 

CuZnSOD in combination with simultaneous decrease in CAT and GPX1 activities may 

intensify the H2O2 accumulation with subsequent spontaneous formation of highly reactive 

hydroxyl radicals causing escalation of oxidative damage. Therefore, the increased CuZnSOD 

activity in S1 may act predominantly as a pro-oxidant (41) . Published results on erythrocyte 

CAT in sepsis are rather controversial to our study. Warner et al.(38) and Leff et al.(42) 

published increased activity of CAT in both erythrocytes and plasma of SP. The decrease in 

CAT activity observed in our group of SP could possibly be explained by the results of the in 

vitro study published by Kirkman et al.(43) where human erythrocyte CAT was exposed (for 

12-24hr) to H2O2. The catalase-bound NADPH, important for its activity, became oxidized to 

NADP
+
 causing subsequent CAT activity fell down to about one-third of the initial value (43).  



We have found decreased activity of GPX1 during the sepsis and after recovery. The 

main reason could be low level of GSH as well decline in Se concentration observed in sepsis 

(35;44;45). Reduced glutathione (GSH) acts as a reducing substrate of GPX. and Se, bound in 

the active site of the enzyme in the form of one selenocysteine residue, is essential for its 

activity (46).  In accordance suppressed activity of GPX1was accompanied by the decrease in 

the Se concentration till R7. Supplementation with Se has been shown to improve antioxidant 

capacity as demonstrated by increased GPX activity (47). As for the decrease of GPX1 

activity in R7, we have also to consider relatively long regeneration of the enzyme due to the 

slow turnover of mature erythrocytes. The enzyme was shown to protect red blood cells 

against haemoglobin oxidation and haemolysis (48) that is why the diminished antioxidant 

capacity of erythrocytes could impact on the patient outcome in the case of secondary insult.  

Serum PON1 is considered as further antioxidant enzyme playing important role in 

defence against oxidative stress (49;50). We confirmed our pilot study presenting the decline 

of PON1 activity in sepsis (51) and on larger set of patients we have shown that this decrease 

persisted till R7. Simultaneously another authors published the decrease of PON1activity in 

patients at the onset of sepsis compared to HC (52;53). It was found that antioxidative effect 

of HDL on LDL oxidative modifications is mediated by HDL-bound PON1. The inactivation 

of PON1 by ox-LDL involves the interaction of oxidized lipids with its free sulfhydryl group.  

Thus the ability of PON1 to protect LDL against oxidation is together accompanied by 

inactivation of the enzyme (54). 

 In this study, the decrease in PON1, HDL-C and apo-A1concentrations was closely 

followed by a marked increase of SAA persisting until R7. It is known that during 

inflammation SAA replaces Apo-A1 and displaces PON1 from the association with HDL, 

accompanied by the decrease in its activity (55). Our finding of decreased PON1 activity in 

SP is consistent with the aforementioned parallels and therefore this enzyme activity should 



be classified among the negative acute phase parameters. Together with the PON1 decrease 

and in accordance with others, we observed the fall down of total cholesterol (TC) which just 

as PON1 and HDL-C did not normalized in R7. Similar decrease of HDL-C, in the course of 

severe sepsis, was also observed in the study of van Leeuwen et al.(56). The fall in HDL-C 

negatively correlated with persisting increase in TNF-α.  

We have measured decreased values of TC, LDL-C and HDL-C in SP in all three 

samplings. Similarly to serum lipids, the decrease in serum albumin, Apo-A1, transferrin and 

Fe in all three samplings was also observed. In line with our results Gordon et al. showed that 

in critically ill patients, the mean high-density lipoprotein cholesterol (HDL-C) concentration  

was significantly lower in patients with an infection compared to patients without infection 

(57).  

We have seen a good positive correlation of HDL-C with albumin and to a lesser 

extent with CRP (58) and the correlation with HDL-C found in this study points towards 

HDL-C as an acute phase reactant. Changes in acute-phase protein synthesis are mediated by 

cytokines produced in response to a variety of stimuli in multiple cell types that include 

macrophages, monocytes, T lymphocytes, endothelial and parenchymal cells (59). Several 

clinical and experimental studies suggest that high circulating levels of different cytokines 

may be responsible for the cholesterol decrease in acute illness (60). 

 We have seen a good correlation of HDL-C with albumin and, to a lesser extent, with 

CRP. Albumin and CRP are well known as acute phase proteins (49) and the correlation with 

HDL-C found in this study points towards HDL-C as an acute phase reactant. Changes in 

acute-phase protein synthesis are mediated by cytokines produced in response to a variety of 

stimuli in multiple cell types that include macrophages, monocytes, T lymphocytes, 

endothelial and parenchymal cells (49). Several clinical and experimental studies suggest that 

high circulating levels of different cytokines may be responsible for the cholesterol decrease 



in acute illness (60-62). The correlation of HDL-C and IL-6 found in this study strengthens 

the association of HDL-C with the acute phase response. We observed also a correlation 

between HDL-C and procalcitonin. Clinical and laboratory parallels with low grade 

inflammatory process in atherosclerosis – the higher markers of inflammation the higher 

probability of complications (ischemia, infections etc.). Moreover in the well-functioning 

elderly subjects, preinfection systemic levels of TNF- α. and IL-6 were associated with higher 

risk of subsequent infection (15). 
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 Table 1. Clinical characteristics of studied groups    

 
SP 

HC 
S1 S7 R7 

N (M/F) 10/9 10/9 

AGE (years) 74 (56-79) 71 (56-78) 

APACHE II 16.0 (13.0-23.0) - - - 

Diagnosis 

(medical/surgical) 
11/8 - 

Source of sepsis 

(lungs/others) 
12/7 - 

Day of sampling 1 7 22.0 (14.0-34) - 

ICU hospitalization 

(days) 
20.0 (9-53) - 

Hospitalization (days) 24.0 (16.0-61) - 

Duration of sepsis 

(days) 
14.0 (6.0-26) - 

SOFA 7.0 (2.5-10.0) 3.0 (1.5-9.0) - - 

APV 

(number/percent) 
7 (36.8 %) 7 (36.8 %) 1 (5.3 %) - 

CRRT 

(number/percent) 
0 3 (15.8 %) - - 

SP: septic patients; S1: SP enrolled within 24 hours after the onset of sepsis, S7: septic 

patients 7 days after S1 and R7: septic patient one week after the recovery from sepsis, HC: 

healthy controls; SOFA: Sequential Organ Failure Assessment, APV: Artificial Pulmonary 

Respiration, CRRT: Continuous Renal Replacement Therapy; data presented as median and 

interquartile range (25
th
-75

th
 percentile). 

  



Table 2. Non-enzymatic antioxidants, cofactors of antioxidant enzymes and other parameters 

of antioxidant capacity 

S1: patients enrolled within 24 hours after the onset of sepsis, S7:  patients 7 days after S1 and 

R7: one week after the recovery, HC: healthy controls; cTRAP: calculated total peroxyl 

radical trapping - calculation:  [0.63 (albumin) + 1.02 (uric acid) + 1.50 (bilirubin)]; data 

presented as mean ± S.D. for parametric and median (25
th

-75
th

 percentile) for nonparametric 

variables; 
a
 septic patients (all samplings) vs. healthy controls, 

b
 S1 vs. S7, 

c 
S1 or S7 vs. R7; p 

< 0.05. 

 SP 

HC 

(n = 19) 

 S1 

(n = 19) 

S7 

(n = 19) 

R7 

(n = 19) 

Vitamin E (mg/l) 12.2 ± 4.6
a,c 

14.5 ± 4.55 16.4 ± 5.0 18.2 ± 8.6 

Vitamin A (mg/l) 0.52 ± 0.20
a,b,c

 0.81 ± 0.28 0.96 ± 0.44 0.97 ± 0.27 

Fe (µmol/l) 2.8 (2.0-3.3)
a,b,c 

7.1 (4.8-10.0)
a,c 

11.6 (7.5-13.6)
a 

20.0 (15.6-27.3) 

Ferritin (µg/l) 452 (240-1436)
a 

356 (222-1347)
a 

278 (194-646)
a 

84 (67-161.3) 

Transferin (g/l) 1.58 (1.13-1.91)
a,b,c 

1.86 (1.55-2.18)
a,c 

2.19 (2.05-2.35)
a 

2.65 (2.45-3.09) 

Ceruloplasmin (g/l) 0.43 ± 0.08 0.47 ± 0.12 0.45 ± 0.10 0.40 ± 0.07 

Cu (µmol/l) 20.3 ± 3.7 22.5 ± 5.1
a 

21.6 ± 4.7 18.5 ± 3.2 

Zn (µmol/l) 8.9 ± 2.9
a,b,c 

11.8 ± 2.6
a,c 

14.1 ± 3.6 15.1 ± 1.7 

Se (µg/l) 33.3 ± 13.3
a,c 

46.5 ± 28.4
a 

53.7 ± 24.3
a 

72.5 ± 13.8 

Albumin (mol /l) 437 ± 95
a,c 

438 ± 118
a,c 

548 ± 944
a
 707 ± 63 

Bilirubin (mol/l) 14.8 (9.4-25.9)
c 

12.5 (6.1-21.4) 7.7 (6.7-17.0) 10.3 (7.3-14.5) 

Uric acid (mol/l) 270 ± 103 224 ± 106
a,c

 293 ± 122 331 ± 90 

cTRAP (mol/l) 585 ± 143
a,c 

535 ± 157
a,c 

669 ± 143
a 

781 ± 132 



Table 3. Correlations of inflammatory markers, albumin, HDL-C and ox-LDL  

  Albumin HDL-C Ox-LDL/LDL-C 

CRP 

S1 
-0,556

**
 -0,384 0,398 

S7 
-0,743

***
 -0,546

***
 0,464

*
 

R7 
-0.306 -0.018 -0.070 

HC 
-0.512

*
 -0,242 0,117 

PCT 

S1 
-0,324 -0,472

*
 0,405 

S7 
-0,563

* 
-0,680

** 
0,548

* 

R7 
-0.341 -0.140 0.511

*
 

HC 
-0,173 0,051 0,075 

IL-6 

S1 
-0,448 -0,123 -0,116 

S7 
-0,641

**
 -0,351 0,465

*
 

R7 
-0.120 -0.169 0.049 

HC 
-0,637

** 
-0,247 -0,009 

IL-10 

S1 
0,172 -0,052 -0,093 

S7 
-0,456

*
 -0,387 0,349 

R7 
-0.712

***
 -0.302 0.144 

HC 
-0,380 0,026 -0,043 

TNF 

S1 
0,060 -0,299 0,116 

S7 
-0,503

*
 -0,523

*
 0,552

*
 

R7 
-0.775

***
 -0.456

*
 0.464

*
 

HC 
0,234 0,669

** 
0,526

* 

 

S1: patients enrolled within 24 hours after the onset of sepsis, S7:  patients 7 days after S1 and 

R7: one week after the recovery, HC: healthy controls; *** p  0.001, ** p  0.01, * p  0.05 



Figure 1. Changes in inflammation markers and SOFA  in the course of sepsis.   

S1: septic patients enrolled within 24 hours after the onset of sepsis, S7:  septic patients 7 

days after S1 and R7: septic patients one week after the recovery, HC: healthy controls; PCT: 

procalcitonin, TNF-α: tumor necrosis factor α, IL-6: interleukin-6, IL-10: interleukin-10; Data 
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presented as median (quartile, range), * S1 or S7 or SR7 vs. HC; 
+
 S1 or S7 vs. R7; 

b
 S1 vs. 

S7; *** p  0.001, ** p  0.01, * p  0.05  

  



 

Figure 2. Changes in PON1 activity and associated parameters in the course of sepsis  

  

S1: septic patients enrolled within 24 hours after the onset of sepsis (n = 19), S7:  septic 

patients 7 days after S1 (n = 19) and R7: septic patients one week after the recovery (n = 19), 

HC: healthy controls (n = 19); PON1: enzyme paraoxonase1 – arylesterase activity, SAA: 

serum amyloid A, Apo-A1: apolipoprotein A1,
 
HDL-C: high density lipoprotein cholesterol,  

data presented as mean ± S.D., * S1or S7 or R7 vs. HC; 
+
 S1 or S7 vs. R7; 

b
 S1 vs. S7; *** p 

 0.001, ** p  0.01, * p  0.05 
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Figure 3.  Changes in activities of oxidative stress parameters in the course of sepsis   

S1: septic patients enrolled within 24 hours after the onset of sepsis (n = 19), S7:  septic 

patients 7 days after S1 (n = 19) and R7: septic patients one week after the recovery (n = 19), 

HC: healthy controls (n = 19); Ox-LDL: oxidized low density lipoproteins, CD: conjugated 

dienes in precipitated LDL, LDL-C: low density lipoprotein cholesterol, NT: 3-nitrotyrosine; 

data presented as mean ± S.D., * S1or S7 or R7 vs. HC; 
+
 S1 or S7 vs. R7; 

b
 S1 vs. S7; *** p 

 0.001, ** p  0.01, * p  0.05 
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Figure 4. Changes in activities of antioxidant enzymes in the course of sepsis   

S1: patients enrolled within 24 hours after the onset of sepsis (n = 19), S7: patients 7 days 

after S1 (n = 19) and R7: one week after the recovery (n = 19), HC: healthy controls (n = 19); 

CuZnSOD: superoxide dismutase, CAT: catalase, GPX1: glutathione peroxidase1, GR: 

glutathione reductase; data presented as mean ± S.D., * S1or S7 or R7 vs. HC; 
+
 S1 or S7 vs. 

R7; 
b
 S1 vs. S7; *** p  0.001, ** p  0.01, * p  0.05 
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SOUHRN
Cíl studie: �stanovení parametrů oxidačního stresu a statutu antioxidačního systému v průběhu akutní pankreatitidy
Typ studie: �observační, strukturálně vyvážená studie případů a kontrol
Materiál a metody: �Do studie bylo zařazeno 13 pacientů s akutní pankreatitidou (AP) a dále na základě věku a pohlaví 
spárované dvě kontrolní skupiny, a to skupina zdravých osob (KON) a osob, které prodělaly v minulých 2-3 letech akutní 
pankreatitidu (PAP). Pacientům s AP byly odebírány vzorky celkem 4, nejprve během prvních 24 hodin od objevení příznaků, 
poté po 72 hodinách, třetí odběr byl prováděn 5. den a poslední odběr 10. den onemocnění. U všech pacientů byly sta-
novovány kromě základních klinických a biochemických parametrů aktivity antioxidačních enzymů, koncentrace některých 
antioxidantů (redukovaný glutation (GSH), vitamin A a E) a parametry oxidačního stresu (konjugované dieny v precipitova-
ných LDL (CD/LDL) a oxidované LDL(ox-LDL)). Ke statistickému zpracování výsledků byl použit program STATISTICA (Stat 
Soft, CZ).
Výsledky: �Výsledky naší studie potvrzují zvýšený oxidační stres u pacientů s AP, a to zvýšenými hladinami CD/LDL u všech 
odběrů AP ve srovnání s CON (p < 0,05) a vzrůstajícími hladinami ox-LDL v průběhu AP s maximem 5. den AP. Pozorovali 
jsme rovněž změny v antioxidačním systému u AP pacientů; u těchto pacientů jsme zjistili snížené aktivity glutationperoxi-
dázy a arylesterázové  i laktonázové paraoxonázy  během všech odběrů a dále pak snížené hladiny sérových antioxidantů 
– albuminu, vitaminu A a vitaminu E při porovnání s kontrolní skupinou. 
Závěr: �Ve studii byl pozorován zvýšený oxidační stres a porušený antioxidační systém v časné fázi AP s gradací mezi třetím 
a pátým dnem AP. 
Klíčová slova: �akutní pankreatitida, oxidační stres, antioxidační enzymy

SUMMARY 
Vávrová L., Kodydková J., Macášek J., Ulrych J., Žák A.: Oxidative stress in the course of acute pancreatitis 
Objective: �to assess oxidative stress and antioxidant status in acute pancreatitis and their natural course over the 10-day 
period. 
Design: �observation, matched case-control study
Material and methods: �Into our study 13 patients with acute pancreatitis (AP) were included together with 13 sex- and age- 
healthy controls (CON) and 13 sex- and age- matched controls enrolled from persons that suffered from AP 2 – 3 years ago 
(PAP). We observed the antioxidant status of AP patients during the disease and the samplings were taken four times – on 
the first 24 hours of disease (AP1), after 72 hours from disease onset (AP3), on the 5th (AP5) and on the 10th day (AP10). 
In all studied groups markers of oxidative stress (level of conjugated dienes in precipitated LDL, oxidized LDL) and levels 
of antioxidants were assessed. We measured activities of superoxide dismutase (CuZnSOD), catalase (CAT), glutathione 
peroxidase 1 (GPX1) and glutathione reductase (GR) in erythrocytes and arylesterase (PON1-A) and lactonase (PON1-L) 
activities of paraoxonase in serum and concentrations of reduced glutathione (GSH) in erythrocytes and concentrations of 
vitamins E and A in serum. 
Results: �In our study we confirmed increased oxidative stress in AP, with higher levels of CD/LDL in all AP samplings com-
pared to CON (p < 0.05) and with increasing levels of ox-LDL during the AP with the maximum on the 5th day. We have 
shown altered status of antioxidant system; the activities of both PON1 activities as well as activity of GPX1 were depres-
sed in all AP samplings in comparison to CON. We have also observed decreased levels of serum antioxidants – albumin, 
vitamin A and vitamin E in AP 
Conclusion: �High oxidative stress and impaired antioxidant status was observed during early phase of AP with the gradation 
between 3rd and 5th day of AP.
Key words: �acute pancreatitis, oxidative stress, antioxidant enzymes 

Úvod

V  patogenezi všech akutních zánětlivých procesů 
hrají důležitou roli reaktivní formy kyslíku (ROS), které 
se uplatňují v  časné fázi zánětu, jako vysoce aktivní 
metabolity vedoucí k  poruše buněčné homeostázy, 
k poškození DNA a k peroxidaci membránových lipidů 
s následným zvýšením permeability a k buněčné smrti 
[1]. Udržení oxidační rovnováhy organismů zajišťuje an-
tioxidační systém, tvořený antioxidačními enzymy – su-

peroxiddismutáza (SOD), kataláza (CAT), glutationpe-
roxidáza (GPX), glutationreduktáza GR) a paraoxonáza 
(PON) – a neenzymovými antioxidanty, kde nejdůležitěj-
ším je redukovaný glutation (GSH) [2].

Cílem naší práce bylo sledovat změny antioxidační-
ho systému v průběhu akutní pankreatitidy (AP), která 
představuje rychle se rozvíjející zánětlivý proces spojený 
s  významnými metabolickými změnami a  významnou 
klinickou odezvou. Klíčovými patogenetickými pocho-
dy, které probíhají během rozvoje AP, jsou autodiges-
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ce, patologická stimulace zánětlivých buněk, ischemie, 
reperfuze a hemoragie. Významným faktorem, který se 
uplatňuje v patogenezi AP je oxidační stres (OS), [1]. 
Mezi nejčastější etiologické faktory vedoucí k rozvoji AP 
se řadí alkohol a cholelitiáza [3].

Materiál a metody

Do pilotní observační studie bylo celkem zařazeno 
13 pacientů s AP a dále pak na základě věku a pohlaví 
spárované dvě kontrolní skupiny – skupina 13 zdravých 
osob (CON) a skupina 13 osob, jež během 2-3 let před 
odběrem prodělaly akutní pankreatitidu a v době studie 
byly bez obtíží (PAP). U pacientů s AP byly provádě-
ny celkem 4 náběry krevních vzorků: první náběr byl 
proveden během prvních 24 hodin od objevení prvních 
příznaků (AP1), druhý odběr po 72 hodinách (AP3), třetí 
náběr byl uskutečněn 5. den (AP5) a  poslední náběr 
pak 10. den onemocnění (AP10). Pacienti s AP byli vy-
bíráni na JIP IV. Interní kliniky a JIP I. chirurgické kliniky 
hrudní, břišní a úrazové chirurgie 1. LF UK a VFN v Pra-
ze. U těchto pacientů probíhala diagnostika a zařazení 
do studie na základě následujících kritérií: aktivita AMS, 
APACHE II skóre, Ransonova kriteria, koncentrace  
C-reaktivního proteinu (CRP), CTSI skóre, kontrastního 
CT vyšetření. Na základě nové klasifikace závažnosti AP 
dle Petrova et al. (2010) [4] se v jednom případě jedna-
lo o kritickou AP (pacient v průběhu studie zemřel), ve  
4 případech o středně těžkou a v 8 případech o  leh-
kou formu AP. U 8 pacientů byla AP biliárního původu,  
u 2 pacientů se jednalo o etylickou AP a u 2 o idiopatic-
kou AP, v jednom případě byla AP vyvolána endosko-
pickou retrográdní cholangio-pankreatografií (ERCP).

Do kontrolní skupiny CON byli zařazeni zdraví dob-
rovolníci, do druhé kontrolní skupiny PAP byli zařazeni 
dobrovolníci vybíraní z pacientů, kteří byli před 2-3 roky 
hospitalizováni na IV. Interní klinice s diagnózou akut-
ní pankreatitidy a v době studie netrpěli žádným chro-
nickým onemocněním pankreatu. Z těchto 13 osob, 6 
prodělalo v minulosti těžkou formu AP a 7 lehkou formu 
AP, v 5 případech se jednalo o biliární, ve 4 případech 
o etylickou a ve 3 případech o  idiopatickou pankrea-
titidu, v  jednom případě byla AP vyvolána vyšetřením 
ERCP. Pro všechny osoby platila stejná vylučovací 
kritéria: zavedená terapie antioxidanty (farmakologic-
ké dávky vitaminu C a E, allopurinol, N-acetylcystein), 
chronická dialýza, imunosuprese, manifestní diabetes 
mellitus, generalizace tumoru a chemoterapie. Studie 
byla schválena Etickou komisí VFN Praha. Všechny 
osoby zařazené do studie podepsaly informovaný sou-
hlas.

U všech osob zařazených do studie byly prováděny 
odběry krevních vzorků po celonočním lačnění (min. 10 
hodin). Odebrané krevní vzorky byly zpracovány do 1 
hodiny od náběru a materiál pro další analýzy byl ucho-
váván při -80°C. U pacientů byly sledovány základní kli-
nické, antropometrické a biochemické parametry, dále 
pak byly stanovovány aktivity antioxidačních enzymů 
CAT, GPX1, GR, CuZnSOD v erythrocytech a aryles-
terázové a laktonázové aktivity PON1 v séru, koncen-

trace antioxidantů jako je redukovaný glutation (GSH) 
v erythrocytech, či vitaminy E a A, albumin a bilirubin 
v séru. Jako parametr oxidačního stresu byla měřena 
koncentrace konjugovaných dienů v  precipitovaných 
LDL (CD/LDL) a  hladina oxidovaných LDL (ox-LDL) 
v séru. Speciální vyšetření (hladiny antioxidantů, marke-
ry oxidačního stresu) byla prováděna v laboratořích IV. 
Interní kliniky, rutinní biochemické parametry a stano-
vení hladin vitaminů bylo provedeno v Ústavu lékařské 
biochemie a laboratorní diagnostiky VFN Praha. Metody 
ke stanovení aktivity antioxidačních enzymů a koncent-
rací GSH a CD/LDL byly podrobně popsány v publikaci  
Kodydkové et al. (2009) [5], ke stanovení ox-LDL byl 
využit komerčně dodávaný ELISA kit od firmy Merco-
dia. Ke stanovení hladin selenu byla využita atomová 
absorpční spektrometrie s elektrotermickou atomizací 
(ETAAS) na Varian Spectra A220 FS. Koncentrace vita-
minů A a E byla stanovena pomocí diagnostických kitů 
(Radanal s. r. o., ČR) a metody vysokoúčinné kapalino-
vé chromatografie (HPLC) s UV detektorem (Ecom). 

Výsledky jsou vyjádřeny jako průměr ± S. D. pro pa-
rametrické veličiny a jako medián (0,25-0,75 percentil) 
pro neparametrické veličiny. Normalita byla testována 
prostřednictvím Shapiro-Wilkova W testu. Rozdíly mezi 
jednotlivými skupinami AP vs. kontrolní soubory byly 
zkoumány pomocí jedno-faktorové ANOVY s Neuman-
Keulsovým post-testem. Pro neparametrickou analýzu 
byla použita Kruskal-Wallisova ANOVA. Při testování 
rozdílů mezi jednotlivými odběry pacientů s  AP byla 
použita ANOVA pro závislé vzorky. Pro všechny statis-
tické analýzy byl používán program STATISTICA 10.0 
(Stat Soft, CZ). Za statisticky signifikantní byly považo-
vány výsledky s p < 0,05.

Výsledky

Do studie bylo zařazeno celkem 13 pacientů s dia-
gnostikovanou AP s  průměrným APACHE II skóre 
(APACHE II = 5,7 ± 3,8) při vstupu do studie. Základní 
biochemické charakteristiky jednotlivých skupin jsou 
shrnuty v Tabulce 1. 

Hlavními sledovanými parametry byly antioxidanty 
a markery OS. Jako markery OS byly měřeny hladiny 
CD/LDL a ox-LDL. V koncentraci CD/LDL nebyly zjiště-
ny žádné signifikantní rozdíly mezi jednotlivými odběry 
AP, ale vyšší hladiny CD/LDL byly pozorovány u  pa-
cientů s AP během všech odběrů ve srovnání s CON 
(p < 0,05). Hladina ox-LDL se v průběhu AP zvyšovala 
a svého maxima dosáhla 5. den onemocnění (obr. 1). 

Ze sledovaných antioxidačních enzymů docháze-
lo k  největším změnám aktivit v  průběhu AP u  obou 
sledovaných aktivit PON1. Obě PON1 aktivity byly ve 
všech odběrech AP signifikantně snížené při srovnání 
s CON. Nejnižší aktivita u PON1-A byla pozorována 5. 
den AP (obr. 2). V aktivitách GPX1, GR a CuZnSOD ne-
byly pozorovány žádné rozdíly mezi jednotlivými odbě-
ry u AP. Aktivita CAT byla signifikantně zvýšená v AP1 
oproti AP10 (231,7 ± 21,2 vs. 219,8 ± 26,0; p < 0,05). 

Při srovnání aktivit těchto enzymů u  AP s  kont-
rolními skupinami, byla pozorována snížená aktivita 



190	 Klinická biochemie a metabolismus 3/2012

GPX1  během všech AP odběrů v porovnání s CON, 
a  dále pak snížená hodnota GPX1 u  PAP ku CON 
(obr. 3). U  CAT byla pozorována zvýšená aktivita 
u pacientů s AP během 1., 3. a 5. dne při srovnání 
s PAP (p < 0,05). Aktivita CAT při AP10 se již sig-
nifikantně nelišila od PAP, ale zato byl pozorován 
trend ke sníženým hodnotám vůči CON (p = 0,06). 
Při ostatních odběrech byla CAT u  AP srovnatelná 
s hodnotami CON. Pro aktivity GR a CuZnSOD ne-
byly zjištěny žádné rozdíly mezi kontrolními skupina-
mi a AP. 

Z  neenzymatických antioxidantů byla sledována 
koncentrace GSH, která byla signifikantně nejvyšší 3. 
den AP (obr. 1) a hladiny sérového albuminu (Tabulka 
1) a bilirubinu. Hladiny albuminu byly u všech AP odbě-
rů signifikantně snížené oproti oběma kontrolním sku-
pinám a mezi sebou se nelišily. Koncentrace bilirubinu 
byly nejvyšší při záchytu AP a postupně docházelo k je-
jich poklesu (obr. 1). Dále pak byla stanovována kon-
centrace vitaminů E a A při AP1 a srovnávána s oběma 
kontrolními skupinami (obr. 3), koncentrace obou vita-
minů byla snížená u AP1 ve srovnání s CON.

Table 1: Basic biochemical characteristics of the studied groups

AP1 PAP CON

N (M/F) 13 (9/4) 13 (9/4) 13 (9/4)

Age (years) 56.1 ± 21.5 54.8 ± 20.8 55.8 ± 19.4

Glucose (mmol/l) 6.6  ± 2.9** 6.1 ± 1.4** 5.2 ± 0.4

TC (mM) 4.9 ± 3.3 4.9 ± 1.3 5.2 ± 1.2

α-AMS (µkat/l) 10.5 (7.0 – 19.4)**+++ 0.4 (0.3 - 0.4) 0.5 (0.3 - 0.6)

ALT (µkat/l) 1.7 (0.7 – 4.6)**+ 0.4 (0.3 - 0.6) 0.5 (0.4 - 0.6)

AST (µkat/l) 1.8 (0.7 – 3.9)**+ 0.5 (0.4 - 0.6) 0.4 (0.4 - 0.5)

GGT (µkat/l) 4.3 (1.9 – 8.5)***++ 0.6 (0.4 - 0.7) 0.4 (0.3 - 0.5)

WBC (*109/l) 13,2 ± 5,5***+++ 6.6 ± 1.0 6.6 ± 1.5

PCT (µg/l) 0.16 (0.13 – 0.84)***+ 0.05 (0.05 - 0.05)* 0.03 (0.02 - 0.03)

Albumin (g/l) 36.5 ± 7.8***+++ 48.4 ± 4.1 47.1 ± 3.1

AP1: acute pankreatitis- first sampling, CON: healthy controls, PAP: controls 2-3 years after AP; M: male, F: female, TC: total cholesterol, TG: 
triacylglycerols, α-AMS: panceatic α-amylase, ALT: alanin-amino-transferase, AST: Aspartat-amino-transferase, GGT: γ-glutamyl-transferase, 
PCT: procalcitonin, WBC: white blood cells; * AP or PAP vs. CON, * p < 0.05, ** p < 0.01, *** p < 0.001; + AP vs. PAP, + p < 0.05; ++ p < 0.01, 
+++ p < 0.001

Fig. 1. Parameters of oxidative stress and antioxidant status in course of acute pancreatitis
ox-LDL: oxidized LDL, CRP: C-reactive protein, GSH: reduced glutathione; AP: patients with acute pancreatitis (1, 3, 5, 10: days of sampling), 
CON: healthy controls; * AP group vs. CON, * p < 0.05, ** p < 0.01;  AP1 or AP3 or AP5 vs. AP10,  p < 0.05;  p < 0.01 • AP1 or AP3 
vs. AP5, •p < 0.05, ••p < 0.01;  AP1 vs. AP3,  p < 0.05,  p < 0.01;
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Fig. 2. Paraoxonase and its associate parameters in course of acute pancreatitis
PON1-A: arylesterase activity of paraoxonase 1, PON1-L: lactonase activity of paraoxonase 1, HDL-C: high density lipoprotein, Apo-A1: 
apolipoprotein A1; AP: patients with acute pancreatitis (1, 3, 5, 10: days of sampling), CON: healthy controls; * AP group vs. CON, * p < 0.05, 
** p < 0.01;  AP1 or AP3 or AP5 vs. AP10,  p < 0.05;  p < 0.01 • AP1 or AP3 vs. AP5, •p < 0.05, ••p < 0.01;  AP1 vs. AP3,  p < 
0.05,  p < 0.01;

Fig. 3. Antioxidants in acute pancreatitis
GPX1: glutathione peroxidase 1, AP1: patients with acute pancreatitis, CON: healthy controls, PAP controls 2-3 years after AP; * AP or PAP 
vs. CON, * p < 0.05, ** p < 0.01, *** p < 0.001; + AP or R vs. CON, ++ p < 0.01
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Diskuse

V naší studii jsme se zaměřili na sledování jednot-
livých komponent antioxidačního systému a  měření 
markerů peroxidace v průběhu AP. Naše výsledky uka-
zují na zvýšený oxidační stres u  tohoto onemocnění, 
který je doprovázen změnou ve fungování některých 
složek antioxidačního systému. Největší změny je mož-
no pozorovat v  arylesterázové a  laktonázové aktivitě 
PON1 a v aktivitě GPX1, dále pak v koncentraci vita-
minů A a E.

U některých antioxidačních enzymů jsme však ne-
pozorovali žádné změny spojené s onemocněním AP. 
K  těmto enzymům se řadí CuZnSOD, u  které byly 
hodnoty aktivit téměř konstantní v  průběhu AP. Ne-
pozorovali jsme ani rozdíl mezi aktivitou CuZnSOD 
u  AP a  u  kontrolních skupin. Dosud publikované vý-
sledky aktivit CuZnSOD v erytrocytech u pacientů s AP 
jsou nejednotné. Byly publikovány jak snížené [6, 7], 
tak zvýšené [8] aktivity CuZnSOD u pacientů s těžkou 
i lehkou formou AP. Zvýšená aktivita extracelulární SOD 
(EC-SOD) byla pozorována v průběhu AP (1., 3., 7.den) 
v  porovnání s  kontrolami [9], kdy 1. den byla signifi-
kantně výšší než 3. a 7. den. Zvýšenou EC-SOD u AP 
při srovnání s kontrolami pozorovali ve svých studiích 
i Góth (1982, 1989) [10, 11] a Szuster-Czielska (2001a) 
[12]. CuZnSOD má v  organismu za úkol odbourávat 
superoxidový radikál, ze kterého při této reakci vzniká 
peroxid vodíku, za jehož degradaci jsou zodpovědné 
CAT, GPX1 a peroxiredoxiny. Při nízkých – fyziologic-
kých – koncentracích je H2O2 odbouráván GPX1 a pe-
roxiredoxiny, naopak při zvýšeném oxidačním stresu 
a vyšších koncentracích je za odbourávání odpovědná 
CAT [13]. 

V naší studii byly aktivity CAT 1., 3. a 5. den srov-
natelné s hodnotami zdravých kontrol, ale signifikantně 
se lišily od hodnot získaných u skupiny osob, které AP 
prodělaly před 2-3 lety. Při odběru prováděném desátý 
den (AP10) byl pozorován signifikantní pokles v aktivi-
tách CAT ve srovnání s AP1 a i se zdravými kontrola-
mi, i  když zde je možno mluvit pouze o  trendu. Tyto 
výsledky ukazují, že při dlouhodobém vystavení CAT 
působení oxidačního stresu, může dojít k poklesu její 
aktivity. Kirkman a Gaetani (1987) ve své studii ukáza-
li, že dlouhodobé vystavení CAT působení H2O2 může 
vést k oxidaci NADPH na NADP+ a následnému sníže-
ní aktivity CAT až na 1/3 její původní aktivity [14]. Ve 
studii, která se zabývala erythrocytární aktivitou CAT 
nebyly pozorovány žádné významné rozdíly mezi pa-
cienty s AP a kontrolami [8]. Doposud získané výsledky 
aktivity CAT v séru ukazují zvýšené aktivity u pacientů 
s AP ve srovnání s kontrolní skupinou [10 – 12, 15].

Degradace H2O2 není jedinou funkcí GPX1, dále je 
také zodpovědná za odbourávání lipidových peroxidů. 
Glutationperoxidáza 1 je selenoprotein, jehož aktivita 
je závislá nejen na dostatku selenu, ale ke své funkci 
potřebuje GSH jako druhý substrát. U pacientů s AP 
jsme pozorovali snížené koncentrace selenu a snížené 
aktivity GPX1 ve srovnání s CON. Aktivita GPX1 byla 
snížená u všech odběrů AP a také u skupiny PAP. Ve 
studii, kde se zabývali aktivitou GPX1 v erythrocytech 

v průběhu AP, pozorovali sníženou hladinu GPX1 u AP 
až při odběru 9. den AP [16]. V  séru byly pozorová-
ny snížené hladiny GPX1 u pacientů s AP vzhledem ke 
kontrolám již v  několika dřívějších studiích [17 – 19], 
i  když existuje i  studie, kde nenašli žádný rozdíl mezi 
pacienty a kontrolami [12]. U koncentrací GPX1 v séru 
nebyl nalezen rozdíl mezi AP a ambulantními kontrola-
mi [20]. Také snížené koncentrace Se v séru u pacientů 
s AP byly již dříve publikovány [16, 19], i když opět ne 
ve všech pracech [21]. 

Koncentrace GSH byla u  našich pacientů s  AP 
srovnatelná s koncentracemi u CON, pouze při odběru  
3. den nemoci (AP3) bylo pozorováno zvýšení koncetra-
ce GSH oproti ostatním odběrům AP i oproti CON. Na 
rozdíl od naší studie Rahman et al. (2004, 2009) [22, 23] 
ve svých studiích pozoroval snížené hladniny GSH v eryt-
rocytech u lehké i těžké formy AP ve srovnání s kontrolní 
skupinou, stejně tak pro GSH v  séru byly pozorovány 
signifikantně snížené koncentrace u  AP v  porovnání 
s CON [17]. Možným vysvětlením zvýšených hladin GSH 
u AP3 je obranná reakce organismu na aktuálně vzniklý 
oxidační stres, ale i možná desynchronizace aktivit GPX1 
a GR v období 2. odběru (AP3).  

S GPX1 spolupracuje v organismu GR, která udr-
žuje hladinu GSH zpětnou redukcí oxidovaného gluta-
tionu vzniklého působením GPX1. V naší studii jsme 
nepozorovali žádné signifikantní změny v aktivitě GR 
v  průběhu akutní pankreatitidy a  nezjistili jsme ani 
žádný rozdíl při srovnání pacientů s AP s kontrolními 
skupinami, tento výsledek je ve shodě s již dříve pub-
likovanou studií [17]. 

Dalšími sledovanými antioxidanty byly vitaminy 
A  a  E. Koncentrace obou vitaminů byla signifikantně 
snížená u pacientů s AP ve srovnání s CON. Snížené 
hladiny vitaminu A byly pozorovány též ve studii Musil 
et al. (2005) [12], zatímco u koncentrace vitaminu E ne-
byl nalezen žádný rozdíl [12, 21].

Posledním sledovaným antioxidačním enzymem 
byla s HDL asociovaná paraoxonáza, u níž byly měřeny 
dvě její různé aktivity, a to arylesterázová a laktonázová. 
Obě tyto aktivity byly v celém průběhu AP signifikantně 
snížené oproti zdravým kontrolám. U obou aktivit též 
došlo k dalšímu snížení v rámci odběrů AP3 a AP5, kdy 
arylesterázová aktivita dosáhla svého minima u odbě-
ru 5. den AP. V tento den byly naměřeny též nejvyšší 
koncentrace oxidovaných-LDL, jako markeru lipidové 
peroxidace. Kinetika změn aktivit PON v průněhu AP 
odpovídá změnám aktivit PON1, které byly pozorová-
ny v průběhu sepse a během jejího zotavování, a které 
mají zřejmě obecnější zákonitosti  [24].
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Antioxidant Status and Oxidative Stress Mar~~rs in 
Pancreatic Cancer and Chronic Pancreat1t1s 
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Tomas Krechler, MD, PhD, and Ales Zak, MD, PhD 

Objectlves: Oxidativc strcss has becn implicatcd in the pathogene~is 
ofchronic pancrcatitis (CP) and pancreatic canccr (PC). The study atm 
was to assess thc oxidative stress markers and antioxidant defense 
system in patients with CP and those with PC. 
Methods: Activities ofsupcroxide dismutasc l {SOD I), cata\ase (CAT), 
glutathione pcroxidase 1 (GPXI), glutathione reductase (GR), arylesterase 
(PONI-A) and lactonase (PONl-L) activities of paraoxonase 1 (PONI) 
and concentrations of reduced glutathione, conjugated dienes in low­
density lipoprotein (CDILDL) and oxidized LDL (ox-LDLILDL) were 
assesscd in 50 PC and 50 CP patients and 50 age and sex-matched controls. 
Results: Comparison of PC and CP groups to controls fotmd the 
following changes: glutathione peroxidase 1 (GPXJ) (-20.2%, -25.5%; 
P < 0.001), glutathione reductase (GR) (-9.5%, -1 1.9%; P < 0.05), 
SOD! (-+-22.9%; P<O.Ol), CAT(-10.6%;P <0.05), PONl-A(-34.3%, 
-16.0%; P < 0.001), PONl-L (-44.2%; -17.0%; P < 0.01), conju­
gated dicnes in LDL (CDILDL) (+20%, + 33.3%; P < 0.05) and ox-LDLI 
LDL (+42.2%, +14.4%; P < 0.05). The patients witl1 PC bad changed 
activities and lcvels of SOD! (+24 .2%), CAT (-10.4); P < 0.01), 
PONI-A (-21.7%), PONI-L (-32.9%), and ox-LDLILDL (+24.3%); 
(all P < 0.0 I) compared with the patients with CP. 
Conclusions: Reduced antioxidant dcfcnse system capacity and in­
creased markcrs of oxidative stress were found in PC and CP. PONI-L and 
CAT activities, a\ong with ox-LDULDL leve\s, were thc independent 
factors differentiating the patients with PC from the patients with CP. 

Key Words: oxidative stress, oxidative stress markers, antioxidant 
enzymes, chronic pancreatitis, pancreatic cancer, discriminant analysis 
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Risk Index, NT - nitrotyrosine, ox-LDL - oxidized LDL, PC - pru1creatic 
carcinoma, PONI - paraoxonase I, PONI-A- PONI arylesterase, 
PON 1-L- PON l !actonase, RONS - reactive oxygen and nitrogen 
species, ROS - reactive oxygen species, SAA - serum amyloid A, 
SOD 1 - Cu-Zn superoxide dismutase 
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O verproduction of reactive oxygen and .uitr~gen s~ecies 
(RONS) and oxidative stress have been nnphcate? m the 

pathogenesis ofpancreatitis, both in its acute and chrome form, 
as well as in the pathogenesis of pancreatic cancer cP9· 1 

Chronic pancreatitis (CP) shares risks with PC such as smoking 
and alcohol abuse as well as being a risk factor per se for PC. 1-

3 

Among them, cigarette smoking, alcohol abuse, diabetes m~lli~s, 
and other insulin resistance (IR) states are connected w1th m­
creased RONS fonnation and oxidative stress. 1 Chronic pan­
creatitis is a progressive inflammatory disease with irreversible 
damage to the paucreas and the destruction of exocrine and 
endocrine tissue.4 The underlying causes of CP seem to be 
multifaceted, including environmental as well as genetic fac­
tors but its pathogenesis to date has not been completely un­
der;tood. Although most cases of CP have been attributed to 
alcohol abuse and/or genetic predisposition, other etiologie 
risk factors such as enhanced oxidative stress could play ru1 
important role.5

•
6 

Reactive oxygen and nitrogen species are generated dur­
ing endogenous oxidative stress that is linked to the pancreatic 
renin-angiotensin system 7 or exogenous oxidative stress caused 
by environrnental or lifestyle-relé:ted xenobiotics, which is 
connected with the detoxification system.3 lt has been proposed 
that local oxidative stress and reactive oxygen species (ROS) gen­
eration, caused by overexpression of membrane nonmitochondrial 
nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase, 
is connected with pancreatic (patho)biology such as cell growth 
regulation and apoptosis, acinar cell in:flammation, fibrosis, ru1d 
disturbed islet rnicrocirculation. 7•8 The inflarnmatory process is 
associated with increased production ofRONS resulting in local or 
systemic oxidative stres s. 9• 10 A munber of experimental and clinical 
studies have demonstrated impaired antioxidant status that may be 
a contributing factor for increasing oxidative stress in CP. The 
involvement of oxidative stress in CP has been described botl1 in 
experimental and clinical studies.1·3 

Oxidative stress could not on ly be the cause of CP ( and PC) 
but also a consequence of the underlying disease (CP or PC, re­
spectively). Moreover, increased RONS production and oxidative 
stress seem to be independent from the etiology of CP.1 

•1 1 

In patients with CP, decreased levels of antioxidant thiols 
(cysteine, glutathione, ru1d cysteinylglycine), decreased total 
antioxidant capacity, along with increased carbonylated pro­
teins, thiobarbituric acid-reactive substances, malondialdehyde 
and 4-hydroxynonenal levels were found. 10•12- 14 Similarly, in 
patients with CP (both alcoholic and tropical), decreased con­
centrations of glutathione, vitamin C, and zinc in erythrocytes 
were connected with elevated thiobarbituric acid-reactive 
substances. 15 

Levels of conjugated dienes (CD) are the most sensitive 
indicator of lipid peroxidation and can be regarded as a global 
marker of systemic oxidative stress 16 and also are a marker of 
minimally oxidatively modified low-density lipoprotein (LDL). 
On the contrary, oxidized LDL (ox-LDL) reflects concentration 
of malondialdehyde and 4-hydroxynonenal, the highly reactive 
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end products oflipid peroxidation that are bound, as adducts, to 
e-amino group of lysine in molecule of apolipoprotein 8.17 
Increased susceptibility of LDL to oxidation (LDL oxidability) 
was observed in CP. 18 Concentration of ox-LDL has not yet 
been studied in human PC. 
. Among enzymes that regulate RONS, glutathione perox­
rdase (GPX) and catalase (CAT) play an important role by the 
reduction of hydro gen peroxide, which is generated by super­
oxide dismutase (SOD) in the dismutation of superoxide. The 
main ROS scavenger in the pancreas is supposed to be reduced 
glutathione (GSH), which is recycled back to its reduced form 
by glutathione reductase (GR). 1•19 The enzyme paraoxonase 1 
(PONl) as high-density lipoprotein (HDL)-associated enzyme 
is irnplicated in the anti-inflarnmatory and antioxidant activi­
ties of HDL and impedes oxidative modification of LDL, 
protects cell membranes from the damage caused by products of 
lipoperoxidation, and eliminates carcinogenic lipid-soluble 
radica!s?0- 22 

The activities of some antioxidant enzymes in CP were 
already studied: SOD activity in the studies by Girish et a!, 15 

Quillot et a!, 18 and Szuster-Ciesielska et a!23 and GPXl activity 
in the studies by Quillot et al 18 and Szuster-Ciesielska et a!. 18 •23 

These studies show lowered antioxidant capacity in CP. 
The aim of the study was to ascertain the irnportance of 

lipoperoxidation markers (CD and ox-LDL) in relation to the 
group of main antioxidant enzymes, such as SOD, CAT, GPXl, 
GR, and PONl in patients with CP and PC. Because there are 
intercorrelations between oxidative stress rnarkers and antiox­
idant enzymes activities, both in CP and PC groups, we used 
the multivariate discriminant analysis to differentiate PC from 
CP as well as to evaluate the discrirninative power of different 
oxidative stress markers and antioxidant enzymes. 

MATERIALS AND METHODS 
This prospective study was carried out at the Fourth De­

partment of Interna! Medicine of General University Hospital 
frorn January 2009 to September 2011. The study protocol was 
approved by the institutional review board and the Ethics 
Committee ofthe General University Hospital in Prague. Written 
informed consent was obtained from all participants. 

Patients 
The study population consisted of 3 groups: 50 patients 

with PC, 50 patients with CP, ar1d 50 healthy controls. All 
groups are age and sex rnatched. 

Diagnosis ofPC was confirmed in all ofthe patients (based 
on histological exarnination of pa.ncreatic resection or endo­
scopic ultrasonography-guided aspiration cytology). The tumor 
staging was evaluated by the combination of criteria issued by 
the Union Intemationale Contre le Cancer and the American 
Joint Corrunittee on Cancer (UICC/AJCC 2002).24 The clinical 
diagnosis of CP was based on clinical features (abdominal pain, 
nausea and/or vomiting, anorexia and/or malnutrition, and ste­
atorrhea) confinned by 2 or more imaging rnethods (abdominal 
ultrasonography [USG], contrast-enhanced computed tornogra­
phy [CT]), endoscopic retrograde cholangiopancreatography, 
magnetic resonance cholangiopancreatography (MRCP), and 
endoscopic ultrasonography (BUS). Only patients with defmite 
CP were included. The grade ofCP (mile!, modcrate, or severe) was 
assessed according to the M-ANNHEIM pancreatic imaging 
criteria25 (M-ANNHEIM stands for M, multiple risk factor classi­
fication; A, alcohol consurnption; N, rucotine consurnption; N, 
nutritional factors; H, hereditary factors; E, efferent pancreatic duet 
factors ; I, Immunological factors; M, rrúscella.neous and rnetabolic 
factors) . All the patients were assessed by the combination ofEUS 
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and other irnagi.ng methods (CT, or USG, or MRCP) because EUS 
does not di:fferentiate between the moderate and severe grades, and 
ether methods (CT, or USG, or .MR.CP) cannot differentiate be­
tween mild and moderate changes.25 

Exclusion criteria for all the 3 groups were the following: 
cm-rent antioxidant therapy (eg, vitamin C, vitaminE, allopu­
rinol, N-acetylcysteine, supplementation with n-3 polyunsatu­
rated fatty acids), kidney disease (creatinine >150 f.llllOl!L), 
clinically manifest proteinuria (urinary protein >500 mg/L), 
and liver cirrhosis, decompensate diabetes mcllitus, concmrutant 
malignancies, chroruc, immunosuppressive, and anti-inflammatory 
therapy, as well as chemotherapy. Further criteria for exclu­
sion were the following: endocrine disease, acute pancreatitis, 
or acute relapse of CP; unstable angina pectoris, stage within 
1 year after acute myocardial infarction; coronary aortic bypass 
grafting, or percutaneous coronary intervention, and stroke. 
Persons who were operated on in the upper gastrointestinal tract 
(in the previous year) and subjects after systemic inflammation 
in the previous 6 months were also excluded. Patients with CP 
enrolled into the study were reexamined after 2 years to exclude 
the development of PC and thus to avoid enrollment of paticnts 
with initial stages of PC into the study. 

Among our 50 patients with PC, there were 22 patients 
with diabetes. In this group were the following stage distri­
butions: 9 patients with stage II (2 patients with stage llA and 
7 patients with stage liB) disease, 24 patients with stage III 
disease, and 17 patients with stage IV disease. Alcoholic CP 
was diagnosed in38 patients, obstructive CP in 5 subjects, and 
idiopathíc CP in 7 patients. Among the 50 patients with CP, 
there were 30 patients with severe grade, 17 patients with 
moderate, and 3 patients with mild grade changes in pancreatic 
rnorphology. Severe exocrine dysfunction (concentration of 
pancreatic stoo! elastase 1 <200 ng/g) was found in 29 patients 
with CP. Complications (ascites, bleeding, obstrúction/or stricturc 
ductus choledochus, pancreatic fistula, duodenal stenosis, 
splenic and/or portal vein thrombosis, and segrnental portal 
hypertension) were found in 28 patients with CP. 

Data Collection 
Samples from aU participants were obtained after ovemight 

fast (at least 10 hours). AU study participants' medical history 
and intake of any rnedications were documented at study entry. 
Blood was taken by puncturing a peripheral vein. Concentra­
tions ofC-reactive protein (CRP), conjugated dienes (CD/LDL) 
in precipitated LDL, semm amyloid A (SAA), 3-růtrotyrosine 
(NT), tumor markers (CA 19-9, CA 72-4, and CEA), albumin, 
bilimbin, uric acid, calcium, copper, zinc, iron, selenium, vita­
mins A and E, and lipid parameters, as well as activity ofroutine 
biochernical tests (pancreatic amylase, alanine transaminase, 
aspartate aminotransferase, 'Y-glutamyltransferase, cholinester­
ase alkaline phosphatase [data not shown}), PONl arylesterase 
(PONl-A), PONl lactonase (PONl-L), and oxidized-LDL 
(ox-LDL) were rneasured in serum. Serum was prepared after 
coagulation in vacutainer tubes by centrifugation at 3500 rpm 
at 4 oc for 1 O minutes. Activities of antioxidant enzym es CAT, 
GPXl, GR, and Cu-Zn superoxide dismutase (SOD!), as well 
as the concentration of GSH were measured in hemolyzed 
erythrocytes. The samples were stored at -80°C until assay. 
All sarnples were marked with unique identification nurnbers 
made anonymous, and the data were merged only aftcr the 
assays had been completed. 

Laboratory Measurements 
Activities of antioxidant enzymes were determined by 

spectrophotometric kinetic methods, and the concentration of 
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GSH werc asscssc.d sp~:ctrophotornetrically as previously de­
scribcd by Kodydková ct a!Y' Thc lactonasc activity of PON 1 
was measurcd according to the modified method describcd 
carlicr~ 7 using dihydrocoumarin (tinal concentration, 1 nunol/9 
as a substratc. The increasc in absorbance at 270 um was mom­
tored for 2 minutes. Thc enzyme activity was calculated from the 
molnr cxtinct coefficicnt of thc rcaction product [3-(2-hydroxy- · 

3 -1 -1)) . d phcnyl)-propionate (E = 1295 dm mol cm cst1mate 
during the linear phasc ofreaction.2x Thc conccntration ofCD 
in precipitated LDL was determincd by thc Wicland modified 
spectrophotometric mcthod at 234 nm.2'1·30 

Thc Jcvcls of SAA, 3-NT, and ox-LDL were established 
using sandwich enzyme-linkcd immunosorbent assay kits 
(lnvitrogen, Camarillo, Calif; Biovcndor, Bmo, Czech Republic, 
Czech Republic; and Mercodia. Upsala, Swedcn; respectively). 

All routine clinical tests were measured at thc Institute 
for Clinical Biochemistry and Laboratory Diagnostics of General 
University Hospital in Prague. Concentration of CRP was mea­
sured by the immunoturbidimetric meů10d using a K-ASSAY 
CRP kit (Kamiya Biomedícal Company, Seattle, Wash) on a 
Hitachi Modular analyzer (Tokyo, Japan). Tumor markers 
(CEA, CA 19-9, and CA 72-4) were measured by chemilu­
minescence assay on ADVIA Centaur analyzer, Siemens 
(Tarryt0\111, NY). Selenium, coppcr, and zinc wcre mcasured 
using atomic absorption spectrometry. Concentrations of to tal 
cholesterol and triglycerides wcre measured by enzymatic­
colorimetric methods. High-density lipoprotein cholesterol 
was detcrmined in the supematant after precipitation of lipo­
proteins B byphosphotungstic acid!Mť+ (Boeluinger Mrumheirn, 
Germany); LOL cholesterol was calculated according to the 
Friedewald formula. Apolipoprotein B and apolipoprotein Al 
were mcasurcd by thc Laurell rocket electroimmunoassay using 
standards and specific antibodics (Behringwerke Marburg, 
Germany). The homeostasis model assessmcnt of insulin resis­
tance (HO MA-IR) index was calculated as HO MA-IR= [fasting 
serum glucose (mmoi!L) x fasting serum insulin (f.LU/mL)] I 
22.5.ll Malnutrition was categorized into the mild, moderate, and 
severe forms according to the Nutritional Risk Index (NRI). 32 The 
NRI was calculated according to the following formula: NRI = 
( 1.519 x albumin + 41.7 x current body weight!usual body 
weight), and thc classification was as follows: norma! nutrition, 
NRI > 100; mild malnutrition, NRl = 97.5-100; moderate mal­
nutrition, NRI = 83.0-97.4; severe rnalnutrition, NRI < 83 .0. 

Statlstical Analysis 
Data are expressed as mean ± SD for parametric and as 

median and interquartile rangc (25th-75th percentiles) for 
nonparametric data. Normality of data distribution was tested 
with the Shapiro-Wilks W test. Differences between the com­
pared groups (PC, CP, and controls) were tested with the one­
way analysis ofvariance with Scheffé and Newman-Keuls post­
tests. For nonparametric analysis, the Kruskai-Wallis analysis 
of variance was used. For correlation analysis, the Spcarmen 
coefficient was used. All prcviously described statistical anal­
yses were performed using StatSoft Statistica version 9.0 
software (2007, Czech Republic). P < 0.05 was considered 
statistically significant. 

The multivariate discrimínant analysis (MDA) was carried 
out ~y using Statistical Analysis System (SAS, Cary, NC), JMP 
vemon 9 software. The process of MDA is carried out in a 
stepwise manner using thc minimum Wilks }.. (within-groups 
sum of squares-total sum of squares ratio) as a measure of 
gro.up discrimination. At each step in the process , the variable, 
wh1ch contains the most discriminating power, is identified and 
its coefficient i s determined. The relative importance of each 
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variable is indicating by so-called approximate F statistic. This 
i s a transformation of Wilks A., which can be compared with 
F distribution. The process is stopped when the remaining 
variables are determined to lack significant discriminating 
power (P > 0.05). We used discri.minan! models. for classifica~on 
into the groups ofPC and CP. Only vanables w1th an appropnate 
final F statistic (P < 0.05) were included in our discriminant 
functions. The oxidative stress and inflarnmatory markers (CD/ 
LDL, ox-LDLILDL, and SAA), the antioxidant enzymes (SODl, 
CAT, GPXl , GR, PONl-A, PONl-L), and their combinations 
as variables were subjected into the discriminant functions. 

RESULTS 
This study was focused on the antioxidant status in patients 

with PC and CP. Fifty patients with PC and 50 patients with CP 
were enrolled in the study. The basic clinical and biochemical 
data of the studied groups are summarized in Tahle 1. 

As markers of oxidative stress, the levels of CD/LOL, 
ox-LDLILDL, and NT were determined. The levels of CD! 
LDL and ox-LDLILDL were significantly increased in both 
the patients with PC and those with CP comparcd with the 
controls (Figs. lA, B). Furthermore, the patients with PC had 
higher levels of ox-LDLILDL than the patients with CP 
(P < 0.001). There was an increase in the concentration of 
3-NT only in the patients with CP (P < 0.01) in comparison 
with the contro1s (Fig. 1 C). 

Erythrocyte activity of S ODl was increased and CAT ac­
tivity was decreased in the patients with PC compared with the 
patients with CP and the controls (Figs. 2A, B). In addition, the 
serum concentration of SOD 1 cofactor Cu was observed as el­
evated; and the serum concentration of Fe, the CAT cofactor, 
was decreased in the patients with PC in comparison with the 
controls (Tahle 2). The concentration of Zn was increased in the 
patients with CP compared with the controls. Conversely, de­
creased erythrocyte activities of GPX1 and GR were found in 
patients with PC and those with CP as compared with the 
controls (Figs. 2C, D). The decreased GPX1 activities in both 
the PC and CP groups were accompanied with lower serum 
selenium levels compared with the controls (Tahle 2). The 
concentration of GSH in erythrocytes in the patients with PC 
differed from that of the subjects with CP and controls, re­
spectively (Fig. lD). We have found that semm concentrations 
of Zn negatively correlate with activity of SOD1 in the entire 
group (r = -0.312; P < 0.001), in the patients with PC 
(r = -0.357; P < 0.05) and also in the patients with CP 
(r = -0.458; P < 0.001). There was a significant correlation 
between Se and GPXl in the entire group (r= 0.319; P< 0.01) 
and also in the patients with CP (r = 0.470; P < 0.01). 

The PON1-A and PON1-L activities in serum were de­
creased in the patients with PC and those with CP in compar­
ison with the controls (Figs. 2E, F). Furthermore, decreased 
activities ofthese enzymes in the patients with PC compared 
with the patients with CP (both P < 0.001) were observed. 
Both PON 1 activities were significantly correlated in the PC 
(r=0.711; P < O.OOl) and CP (r= 0.811; P< 0.001) groups and 
in the controls (r= 0.687; P< 0.001) as well as in all the studied 
groups (r = 0.806; P < 0.001). The levels of both PONl 
activities correlated negatively with ox-LD LILO L (r = -O. 3 09; 
P < 0.001; and r = -0.358; P < 0.001; respectively) in the 
entire group. 

Serum amyloid A concentrations were higher in the 
patients with PC than in the patients with CP and in the controls 
(both P < 0.001 ; Tahle 1). The studied groups did not differ in 
concentrations of PONI cofactor-calcium. Additional!y, we 
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TABLE 1. Basa! Clinical and Biochemical Characteristics 

PC CP CON 
No. patients (M/F) 50 (40/10) 50 (40/10) 50 (40/10) Age (range), yrs 63 (56-68) 59 (53-65) 60 (55-65) Smokers, n (%) 34 (68) 15 (30) 13 (26) DM, no. patients (M/F) 28 (24/4) 30 (2317) 
NRI, kg/m2 

96.4 ± 12.3* 109.1 ± 7.3 
CRP, mg/L 10.9 (5 .8-54.8)***; +H 4.5 (2.0- 10.3)"' 2.1 (1.0-4.9) SAA, f.Lg/mL 49.0 (21.7-134,2)***; +H 14.5 (7.2-49.8) 12.7 (4.6-25 .6) CEA, f.Lg/L 2.75 (1.65- 6.45) ** "' 2.37 (1.44-3.42)"'** 0.71 (0.5-1.45) CA 19-9, kUlL 105.2 (24-2301.3)***; +++ 14.6 (8.5-26.5)* 8.7 (6.1-10.7) 
CA 72-4, kU/L 2.32 (1.3 1- 9.70)*; ++ 1.45 (0.97-2.23) 1.44 (1 .02-3 .86) 
Glucose, rnrnol/L 6.5 (5 .2- 8.9) *** 6.6 (5.8-7.6)"'** 5.1 (4.9-5.3) 
Glycated hemoglobin, mmo1/mol 5.46 ± 1.85*** 5.11 ± 1.49**"' 3.91 ± 0.34 
TC, mmoVL 4.7 (3 .7-6.6)* 4.9 (4.4-6.0) 5.4 (4.6-5.9) 
TG, mmol/L 1.67 (1.26-2.12) *** 1.48 (1.10-2.01)*** 1.06 (0.79-1.34) 
HDL-C, mmol/L 0.92 (0.73-1.05)***; +++ 1.42 (1.21-1.59) 1.5 (1.27-1.73) 
LDL-C, mmoVL 2.76 (2.12-3.24)* 2.73 (2 .34-3.17)* 3.33 (2 .72-3 .73) 
Apo Al, g/L 0.88 ± 0.32***; +H 1.61 ± 0.44 1.53 ± 0.30 
NEFA, mmol/L 0.71 ± 0.35** 0.62 ± 0.40* 0.48 ± 0.24 

Data are expressed as mean ± SD for parametric variables, and as median and interquattile range (IQR, 25th-75th percentile) for nouparametric vatiables; 
PC or CP versus CON: ***P < 0.001 , "'"P < 0.01 , and "'P < 0.05; PC versus CP: +++p < 0.001 , +p < 0.05 (one-way analysis of variance (ANOVA) with Newman-Keuls posttest), and ++p < 0.01. 
Apo-Al, apolipoprotein Al; CA, carbohydrate antigen; CEA, carcinoembryonic antigen; CON, control subjects; NEFA, nonesterified fatty acids; TC, total cholesterol; TG, triglycerides. 

have observed statistically decreased concentrations ofvitamin 
A, albumin, and uric acid and higher levels of bilirubin in the 
patients with PC compared with the patients with CP and the 
controls {Table 2) . 
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Discriminant models for classification into the groups of 
PC and CP are shown in Table 3. The concentrations of ox-LDL 
and CD/LDL were the best discriminators (model A) when only 
oxidative stress and inflammatory markers were entered in to the 
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FIGURE 1. Serum concentration of oxidative stress markers and reduced glutathlone. Data are expressed as mean ± SD for parametric variables and as median and IQR (25th-75th percentile) for nonparametric varlables. PC orCP versus CON: ***P< 0.001, **P< 0.01, and *P < 0 .05; PC versus CP: +++p < 0 .001 and +p < 0.05 (one-way ANOVA with Newman-Keuls posttest or Kruskai-Wallis ANOVA). 
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FIGURE 2. Activities ofantioxidantenzymes. Data are expressed as mean ±SOj PC orCP versus CON: ***P< 0.001, **P< 0.01, *P< 0.05; PC versus CP: +-+ p < 0.01 (one way ANOVA, Newman-Keuls posttest) and +++ •n ' rip < 0.001 P < 0.001, 

MDA. Using only antioxidant enzymes as discriminating vari­
ab1es resulted in 73% ofthe final correct classification. Variables 
subjected into the analysis were PON1-L, SOD 1, and CAT 
(model B). A combination ofboth models resulted in 83% ofthe 
final correct classification. The activity ofPONl-L, the levels of 
ox-LDLILDL, and the activity of CAT, in that order, were found 
to be the best set of independent factors discrirninating PC and 
CP, with higher values for PC (model C). 

Tahle 2 presents data of nonenzymatic antioxidants and of 
cofactors of antioxidant enzymes. 

DISCUSSION 
The present study demonstrates contemporary changes in 

the levels ofselected inflamrnatory and oxidative stress markers 

as well as a set of the antioxidant defense system (both enzy­
rnatic and nonenzymatic) in the patients with PC and those with 
CP in comparison with age- and sex-matched controls. The 
reduced capacity of the antioxidant defense system and atl in­
creased oxidative stress in patients with PC and those with CP 
was confirmed in our study. The antioxidant system seems to 
be more affected in the patients with PC compared with the 
patients with CP. 

The groups of CP and PC differed statistically signifi­
cantly in many oxidative stress and antioxidant variables using 
univariate analysis. Moreover, there were intercorrelations be­
tween oxidative stress markers and activities of antioxidant 
enzymes. Therefore, multivariate discriminant analysis was 
perforrned to deterrnine the set of independent oxidative stress 

TABLE 2. Nonenzymatic Antioxidants, Cofactors of Antioxidant Enzymes, and Other Parameters of Antioxidant Capacity 

PC CP CON 
Vitamin A, mg/L 0.51 ± 0.24*; + 0.80 ± 0.41 0.83 ± 0.35 VitaminE, mg/L 16.0 ± 7.7 12.3 ± 5.0 14.4±6.1 Fe, f.LIDOIIL 13.5 ± 8.3*** 16.4 ± 7.2 19.2 ± 7.9 Ca,rnrnol!L 2.26±0.16 2.24 ± 0.13 2.27 ± 0.13 Cu, f.LillOI!L 21.9 ± 6.3***; +++ 18.8 ± 4.5 15 .6 ± 3.1 Zn, J.LIDOl!L 19.2 ± 4.7 19.9±3.9* 17.8 ± 2.6 Znl Cu 0.86 ± 0.34***: +++ 1.13 ± 0.38 1.15 ± 0.40 Se, !J.g/L 31.3 ± 10.9*** 43.1 ± 21.5* 58.9 ± 26.0 Albumin, giL 41.4 (37.7-45.5)***: +++ 45.7 (42.5-46.9) 47.2 (44.9-48.6) Bilirubin, !J.ffiOl/L 18.7 (11.0-64.1)***; +++ 10.2 (7.2-14.2) 11.0 (8.0-15.3) Uric acid, fJ.ffiOl!L 257 ± 108**; ++ 324 ± 90 310 ± 76 

Data are exprcssed as mean ± SD for parametric variables and as rnedian and IQR (25th -75th percentile) for nonparametric variables; PC or CP versus CON: ***P < 0.001, **P< 0.01, and *P < 0.05; PC versus CP: +++p < 0.001, +-+p < 0.01, and +p < 0.05 (one-way ANOVA with Newrnan-Keuls posttest). 
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TABLE 3. Discriminant Models for Classification of CP and PC 

Model A 
ox-LDL/LDL 
ox-LDL/LDL + CD/LOL 

Model B 
PONl-L 
PONl-L +SOD! 
PON!-L +SOD! + CAT 

Model C 
PONl-L 
PONI-L + ox-LDL!LDL 
PONl-L + ox-LDL/LDL + CAT 

F-Statistic (df) 

13.80 (l, 98) 

11.32 (2, 97) 

31.77 (1, 98) 
19.33 (2, 97) 
14.83 (3' 96) 

31.77 (I, 98) 
27.72 (2, 97) 
21.32 (3' 96) 

Oxidative Stress in Pancreatic Disease 

Flnal Correct Classification Pcrccnt 

CP 74.0 
PC 72.0 

To tal 73.0 

CP 68.0 
PC 74.0 

To tal 71.0 

CP 80.0 
PC 86.0 

To tal 83.0 

Mode~ A: Only oxidative stress and inflammatory markers included in the analysis (CD/LOL, Ox-LDULDL, and SAA). Model B: Only activities 
ofantiox1dant enzymes mcluded in the analysis (SOD!, CAT, GPXl, GR, PONl-A, and PONI-L). Model C: combination ofthe model A and the 
model B. 

df, degrees of freedom; 
F statistic (so-called an approximate F statistic), transformation of Wilks h. 

and antioxidant variables giving the most discrimination power 
to separate CP and PC. 

Multivariate discriminant analysis indicated that the nctiv­
ities of PONl-L aud CAT, along with ox-LDLILDL levels (in 
the order of PONl-L, ox-LDL/LDL, and CAT), are the inde­
pendent factors discrirninating the patients with PC and those 
withCP. 

Antioxidant enzymes play an important role in the defense 
of cells against RONS and thus may protect the pancreas against 
development of CP, which is a risk factor of PC. The first 
scavenger ofROS is SOD, which converts superoxide radical to 
H20 2, which should be later removed by GPXl and CAT. Our 
study found increased SOD! activity in erythrocytes of the 
patients with PC in comparison with the patients with CP and 
the controls. Some experimental studies have described re­
lationships between the expression of SOD, its activity, and PC 
cell growth in vitro, on the one lumci, and tumor growth and 
survival in nude mice, on the other. 8 The insignificant differ­
ences in the erythrocyte activities of SOD! in the patients with 
CP and controls found in our study were consistent with the 
study of Quillot et al. 18 On the other band, decreased SOD 1 
activity in the patients with CP was found in the study of Girish 
et al. 15 Inconsistent results conceming serum SOD activities in 
hereditary and alcohol-related pancreatitis have been published. 
Some reports bave described increased23·33 serum SOD activity, 
and in some studies, no differences in serum SOD activities 
were found. 18·34 It could be supposed that discordance in ele­
vated activity of SODl without an appropriate change in the 
GPXl and/ar CAT activities in the patients with PC resulted in 
the increased production of H20 2, which caxmot be detoxified 
by the action of GPXl and CAT. Accumulation of H202 can 
thus participate in a Haber-Weiss reaction and generate hy­
droxyl radicals. 35·36 Catalase and glutathione peroxidase are 
both able to deto:xifY H20 2 . Under physiologic conditions, H202 
is mainly removed by GPXl. The activity of CAT is involved 
in the degradation of H20 2 in severe oxidative stres s cotmected 
with higher H20 2 concentrations.37 It was previously sbown 
that long-term exposure ofCAT to H20 2 leads to the oxidation 
ofthe catalase-bound NADPH to NADP+ and to a decrease in 
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the activity of CAT to approximately 30% of the initial activ­
ity.38 Because our patients with PC had the highest Ieve! of 
oxidative stress markers associated with decreased erythrocyte 
CAT activity, our results implicated that under stressed conditions, 
erythrocyte CAT is unable to detoxify H20 2• In contrast, no 
changes in serum CAT activity in the patients with PC were 
found.39 The insignificant differences in CAT activities in 
erythrocytes of the patients with CP observed in our study 
were consistent with the results of Fukui et al, 39 deali.ng with 
serum CAT activities in patients with CP. In the contrast, other 
authors described increased serum CAT23•40 or decreased se­
rum and erythrocyte CAT18 activities in patients with CP. 

Glutathione peroxidases use GSH to metabolize H20 2 and 
lipid hydroperoxi.des to water/related alcohols.1 We have found 
decreased activity of erythrocyte GPXl in the patients with PC 
and those with CP compared wíth the controls. The decreased 
erythrocyte GPXl in CP was a! s o found in the study of Girish 15 

but also no differences in erythrocyte GPXl activity in patients 
with CP and the controls were observed.18·33 Published results 
in serum and plasma GPX activities are inconsistent. 18·23

•
33·34

.4° 

Decreased GPXl activity may be explained by tbe lowered se­
rum levels of selenium in both groups and/or decreased con­
centrations of reduced glutathione in erythrocytes found in the 
patients with PC. Selenium is bo1md as the selenocysteine at the 
active site of GPXl, and it is cssential for its activity. Moreover, 
selenium deficiency leads to decreased GPXl activities.35 

Glutathione reductase is a NADPH-dependent enzyme 
that catalyzes the regeneration of GSH from oxidized gluta­
thione (GSSG) and thus maintains a constant supply of GSH 
for GPX.41 In the present study, a decrease in GR erythrocyte 
activity was observed in the patients with PC and those with CP 
and decreased erythrocyte levels of GSH in PC but not in the 
patients with CP in comparison with the controls. It is supposed 
that depletion in GSH concentration may be caused by accu­
mulation of GSSG as a result of impaired GR (pentose-phos­
phate pathway may limit NADPH supply). Formed GSSG 
could react with the sulfhydryl group, via mixed disulphide 
reactions, or could be secreted out ofthe cell. It is supposed that 
the abovementioned processes may lead to GSH depletionY In 
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cnntrast to nu r study, dccreascd lcvcls of reduccd glutathione 
wcre oh~crvcd in the paticnts with CP..\\ 

Wc f(nmd a decreasc in scnnn activities of arylesterase as 
well as lactonasc uctivity of PON I in thc paticnts with PC and 
thosc with CP. Thc lowest PON I activities were obscrvcd in thc 
paticnts with PC. At prcscnt, thc dccrcased PON I activity in 
paticnts with PC has bccn dcscribed only in one study,44 and 
thcre i s no study dealing with PON I activities in CP. A m1mber 
of studics have shown dccrcased serum arylestcrnse and/or 
pamoxonase activities of PON l in diffcrent malignancies.45 

Under conditions oť systemic inflammation and/or oxi­
dativc strcss, several mcchanisms are implicated in a drop of 
PON J activities. Arnong tl1em, displacemcnt of PON I froru its 
linkagc to apolipoprotein Al in HDL by SAA,46 dowu-regulation 
of Jivcr PONL lipopolysaccharidcs and cytokines (tumor ne­
crosis factor n and intcrleukín-1} vía IL-6,20 and inhibition of 
PON I activity by oxidized phospholipids47 nre the most im­
portaut. Al! the abovcmentioned mechanisms can be related to 
cancer-related decrease in PON I activities. Using MDA, the 
PONJ-L activity had the most discriminating power to differ­
cntiate PC from PC. 

The finding of incrcascd SAA levels in the paticnts with 
PC in our study is consistent with the results of other stud­
ies.4~·4<J Serum amyloid A ís implicated in carcinogenesís, and it 
was associated with tumor progression and its metastasizing.50 

Somc authors considered SAA as a tumor marker for PC. 
However, SAA did not rcach appropriate specificity and sensi­
tívity as U1mor marker for PC diagnostics. 48.4~ 

Human scrum PONI should contribute to the detoxifica­
tion of organophosphorus compounds and carcinogenic lipid­
soluble radicals from lipid peroxidation and, moreover, should 
impede oxidative rnodification ofLDLs.22 In this study, we fotmd 
a negative corrclation between PON 1 activities and ox-LDLILDL 
levels. The reduced PON I activities in the patients with .PC and 
those with CP could lead to the increase in ox-LDLILDL levels. 
Oxidatively modified LDL represcnts heavily oxidized LDL 
characterized by oxidative altered both the lipid and the apoli­
poprotein B, moiety of particlc. Low-density lipoprotein is 
supposed to be oxidize not only within U1e artery wall (by endo­
thelia) cells, smooth muscle cells, and rnonocyte/macrophages) 
but also at peripheral tissues altered by inflammation (by neu­
trophils and tibroblasts).51 

In aur study, increascd concentmtions of CD/LDL in the 
patients with PC and those with CP compared with the controls 
were found. Coucentrations of CDILDL are partly considercd 
as_ ~ marker o~ _systemic oxidative stress and partly reflect 
mmun~lly modif~e_d L~~2 in which on ly the lipid cornponent is 
oxJdatively modificct.~ · Currently, semm concentration of 
CD in CP patients was described only in thc study of Santini 
e~ aJ,5

.l where the levels ofCD and lipid hydroperoxides did not 
d1ffer between patients with CP and controls. However the 
patients with CP, in comparison with the controls, had in­
~r~ased lcvcls of_ CD_ and J~pid hydroperoxides in pancrcatic 
JUlCe after secretm stunulatlon. These results indicated local 
~nhanced oxidative stress in pancreas without systemic oxida­
tJ~e stress response. An increase of lipid peroxidation connected 
wtth_ P_C and C~ w~re observed in many studies using products 
of hptd peroxtdat!On (such as thiobarbiturate-reactive S\Jb­

sta_nces, 1maloudialdehyde, 4-hydroxynonenal, lipid hydroper­
oxJdes}. ·3 The importance of ox-LDLILDL and CD/LDL was 
pomted out in ~iscríminating PC from CP using MDA. 

. ln concl~sJOn,_ our study demonstrates the persisting oxi­
dal!v~ stress _lil pat1ents with CP and those with PC, which is 
assoc~ated Wtth thc reduced capacity ofthe antioxidant defense 
system. The oxidative stress defense system scerns to be more 

620 I www.pancreasjournal.com 

Pancreas • Volume 42, Number 4, May 2013 

affected in patients with PC compared with those with CP. 
Multivariate discriminant analysis indicates the importance of 
PON 1-L and CAT activities, along with ox -LDL/LDL levels, as 
the independent factors discriminating patients with PC and 
those with CP. Further studies concerning antioxidant defense 
systerus and oxidative stress are warranted, especially with re­
spect to potential diagnostic and therapeutic implications. 
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