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Abstract

Background: Oxidative stress is supposed to be implicatedhim pathogenesis of
several diseases which are connected with increfasettion of reactive oxygen and
nitrogen species (RONS). Oxidative stress couldy pd@ important role in the
pathogenesis of inflammation and sepsis, acute @dmdnic pancreatitis or in the
development of cancer. Organisms are protectechstg@iONS from antioxidant system
that is composed of antioxidant enzymes and nogreatic antioxidants. To the most
important antioxidant enzymes belong superoxidendiase (SOD), catalase (CAT),
glutathione peroxidase, glutathione reductase amdoponase (PON). The aim of this
Doctoral Thesis was to investigate the behaviouhode of these antioxidant enzymes
— CuznSOD, CAT and PONL in different pathophysiatagstates.

Materials and methodsThe activities of CuZnSOD, CAT and PON1 were meadumn
six different pathophysiological states. Forty eats with metabolic syndrome (MetS),
35 women with depressive disorder (DD), 30 sepatents (SP), 50 patients with
pancreatic cancer (PC), 50 patients with chronicpaatitis (CP) and 13 patients with
acute pancreatitis (AP) were included in differstudies together with sex- and age-
matched healthy controls (CON). Patients with AH &P were observed in the course
of the disease and samples were taken four tintese(ttimes, respectively). The
enzymatic activities were determined with spectadpmetric kinetic methods. In all

these studies also the levels of oxidative stremkans were measured.

Results:The activity of CAT was found to be decreased itigpdés with sepsis or septic
shock, MetS and PC in comparison with CON, whilgatients with DD, CP and AP
no differences in CAT activity were detected. Thtivaties of CuZnSOD were in the
contrast to CAT either increased or unaffectedrdased activities of CuZnSOD were
observed in MetS, DD, PC and SP, while no diffeesnim CuZnSOD activities were
found between CP or AP and CON. In all observedchqgutysiological states the
arylesterase activity of PON1 was measured andfawasd to be decreased (with the

exception of DD) in comparison with CON.

Conclusion: It was shown, that all selected diseases are ctavhesith increased

oxidative stress, which leads to the changes ilmxddant enzymes activities.



Abstrakt

Uvod: U onemociini spojenych se zvySenou tvorbou reaktivnichéain kysliku a
dusiku (RONS) seippoklada tast oxid&niho stresu v jejich patogenezi. Oxida
stres hraje roli ¥ack onemocgini; vyznamnou tlohu ma v patogenezeéram sepse,
akutni a chronické pankreatitidyvzniku rakovinného bujeni. Organismus je proti
puasobeni RONS chré&n antioxid&nim systémem, ktery je tien antioxid&nimi
enzymy a neenzymatickymi antioxidanty. K ne@fitéjSim antioxid&nim enzynim se
fadi superoxiddismutasa (SOD), katalasa (CAT), thidaperoxidasa (GPX),
glutathionreduktasa (GR) a paraoxonasa (PON). Cié¢ondisertani prace bylo
vySeteni aktivity ti téchto antioxidanich enzyni — SOD, CAT, PON zaiznych
patofyziologickych sta.

Material a metody:U Sesti fiznych patofyziologickych sta@vbyly méieny aktivity
CuzZnSOD, CAT a PONL. Do jednotlivych studii byldazeno 40 pacieit

s metabolickym syndromem (MetS), 35 Zen s deprépieruchou (DD), 30 pacieinse
sepsi (SP), 50 paciéns karcinomem pankreatu (PC), 50 padienthronickou
pankreatitidou (CP) a 13 paciérd akutni pankreatitidou (AP). Ke kazdé sledované
skupire pacient byla z&azena téz kontrolni skupina sparovana na zakiegl a
pohlavi (CON). Pacienti s AP a SP byli sledovapribéhu jejich onemoceni a
vzorky byly nabirdny celkem 4x respektive 3x. Akihantioxidanich enzyni byly
stanovovany spektrofotometrickymi kinetickymi mesod. Ve vSech studiich byly

zaroveh méreny markery oxidéniho stresu.

Vysledky:Snizené hladiny aktivit CAT byly pozorovany u pati se sepsii

septickymi Sokem, MetS a PC v porovnani s kontrglaatimco u pacieiits DD, CP a
AP nebyly zjiSény Zzadné rozdily v aktiwitCAT pii srovnani s CON. U paciehs

MetS, DD, PC a SP byly zj&ty zvySené aktivity CuZnSOD, i kdyZ u pacigstCP a
AP nebyly pozorovany rozdily v aktigitCuZnSOD pi srovnani s CON. U vSech
sledovanych patofyziologickych stays vyjimkou depresivnich poruch) byly nalezeny
snizené aktivity PON1 v porovnani s CON.

Zaver: Provedené studie ukazuji, Ze vSechna sledovamaammeni jsou spojena

se zvySenym oxidaim stresem, v ramci kterého dochazi k owivinchovani nami

sledovanych antioxigaich enzyn.
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1. Introduction

Antioxidants are compounds that control the redabaice in biological systems. Even
in small concentrations they prevent the oxidatbmstable substrates and/or eliminate
the reactive oxygen and nitrogen species (RONS).tioRidlants represent
heterogeneous group of chemical compounds withemspo their structure and
function. They could be divided according to thdocation to extracellular
(paraoxonase, albumin, bilirubin, etc.), membrargaihin E, phospholipase$;-
carotene) and intracellular (catalase, glutathi@seorbic acid, etc.) antioxidants and
according to their character to enzymatic and nunsaatic antioxidants. To the most
important antioxidant enzymes belong superoxidendtase (SOD), catalase (CAT),
glutathione peroxidase (GPX), glutathione reduc{&®) and paraoxonase (PON). The

most important non-enzymatic antioxidant is redugiediathione (GSH).

In physiological conditions there is equilibrium tlveen RONS’s creation and
degradation in organism due to the antioxidantghéncourse of metabolic processes
different RONS are created and organism is ableiticze them; for example the
elimination of pathogenic organisms by leukocytes bpitrogen oxide as
neurotransmitter. However, overproduction of RONS connection with impaired
function of antioxidant system leads to oxidatitress. It was shown that RONS and/or
oxidative stress could be involved in the pathogene®f some diseases such as
atherosclerosis, diabetes mellitus, inflammatiord aepsis or neurodegenerative
diseases. The role of RONS in clinical medicine wadetail described by Macasek et

al. (2011; supplement 5).

The research of RONS and antioxidants became aitieisle in medicine in the recent
years. This doctoral thesis deals with the activityhree antioxidant enzymes — SOD,
CAT and PON in different pathophysiological statégtivities of these enzymes
together with levels of oxidative stress markersrewestablished in patients with
metabolic syndrome (MetS), depressive disorder (Ddgpsis or septic shock (SP),

pancreatic cancer (PC), chronic (CP) and acuterpatitis (AP).
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1.1. Catalase

Catalases (CAT, ¥, : H,O, — oxidoreductase, EC: 1.11.1.6), enzymes with long
history, that goes back to the™8entury, when they became one of the first sountes
valuable information about the nature and behavaiuenzymes (Zamock§ Koller,
1999). The name catalase became in 1900 accomliitg ¢atalytic action on hydrogen
peroxide (Loew, 1900). Human catalase belongsdogtbup of monofunctional hem-
containing catalases; members of this large sulpgaoe found in almost all aerobically
respiring organisms (Chelikani et al., 2004; Zanyock Koller, 1999). Catalase is
primarily an intracellular enzyme; the highest camications in mammalians are in
erythrocytes and liver and occasionally in kidn®eigseroth& Dounce, 1970). In
tissues such as liver, catalase is found predortiinam peroxisomes (Quan et al.,

1986). In the following text, human catalase waél discussed.
1.1.1. Structure

Human catalase (Figure 1a) is a tetrameric praieRd4kDa comprising four identical
subunits of 69.7 kDa. Each subunit contains 527/aracid residues, one heme group
with iron in the ferric state and a tightly boundlecule of NADPH (Kirkman&
Gaetani, 1984; Ko et al., 2000; Safo et al., 200he subunit could be conceptually
divided into four domains (Figure 1b): N-terminddré¢ading arm (residues 5-70),
wrapping loop,3-barrel comprised of two four-stranded sheets a#ftelical domain
composed of four helices4 toa7 (residues 155-207) and four C- terminal helc&6

to al9 (residues 440-501). The human catalase is exéyshydrated, only the
hydrophobic-barrel and the immediate vicinity of the activéesare substantially

devoid of the structural water molecules (Putnaial.e2000).

The active site of enzyme is internally located andtains the heme prosthetic group,
namely iron(lll) protoporphyrin IX (Kirkma& Gaetani, 2006). The structure of CAT
shows, that the iron protoporphyrin is pentacoat#d (Figure 1c); to the substrate
accessible at his distal side. The reactivity ef lleme is tuned by electron donation by
the Tyr358 ligand, and neutralization of the cafdate charge by Arg72, Argl12 and
Arg365. In the active site charge relay are invdlfeur amino acid residues on the
proximal side of the heme: His218, Asp348, Arg36d ayr358 (Putnam et al., 2000).

There are three channels that have been implieatgabtentially having a role in access

11



to the active site — the perpendicular = main cekaifRigure 1d), the lateral = minor
channel and channel leading from heme to the decdraty of the tetramer. All three
channels are quite narrow; this restricts accdggilib relatively small molecules.
(Switala& Loewen, 2002).

helical domain

threading _
.:ﬂ". am —~d

Figure 1: Structure of human catalase

A: Structure of human catalase; B: individual uoit human CAT, helices — blug;
barrel - yellow; C: Active site of human catalad®; main channel; E, F: NADPH
binding site, NADPH - bronze; heme —rédutnam et al., 2000).

Human catalase binds the molecules of NADPH orstitface of the molecule at a cleft
between the6 anda7 helices of helical domain and tRebarrel. The NADPH binding
pockets (Figure 1e, f) contain His194, Arg203, \@@3Trp303 and His305, which may
be considered to be signatures for NADPH bindingtr{f@m et al., 2000; Chelikani et
al., 2004). The reduced form of NADP - NADPH has thighest affinity to catalase
surface. The order of affinity is NADPH NADH >> NADP' > NAD". The
dissociation constant for NADPH is less than 10nkirkman & Gaetani, 1984).
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Normal erythrocytes contain 1.31-2gLl CAT/mg Hb. These values correspond to an
expected concentration of 6.6 to 13.KM for catalase-bound NADPH in human
erythrocytes (Kirkman& Gaetani, 1984). The concentration of unbound NADP
human erythrocytes is approximately\ (Kirkman et al., 1987).

Human erythrocyte catalase has been crystallizedorthorhombic, monoclinic,
tetragonal and hexagonal unit cells till now (Matél., 1999; Ko et al., 2000; Putnam
et al., 2000; Safo et al., 2001).

1.1.2. Function

The main function of catalase is the decompositibhydrogen peroxide to water and
oxygen — catalatic activity. It is generally acaghtthat this reaction occurs in two

steps.

(1) H,c=CH CH,

+ H0;

CH,

' i - - .
HOOC-CH,-CH, | CH,-CH,—-COOH
iron(IV) oxo-protoporphyrin I>’%

Tecation radical compound |
(2) H,C=CH
— (l{:(!!z
+ H,0 + 0,
CH,
! | | . : :
HOOC-CH,-CH, | CHyCH,~COOH HOOC-CH,-CH, |  CHy~CH,~COOH
iron(IV) oxo-protoporphyrin IX E
Tecation radical E compound | iron(lll) protoporphyrin IX ferricatalase

Scheme |: Catalatic reaction of catalase

In the first step reacts one molecule of hydrogesroxide with the iron(lll)
protoporphyrin 1X group of CAT (ferricatalase). this step compound-l and one

molecule of water are formed, through what is kn@asrneterolytic scission of peroxide

13



O-0O bond. Compound-I is iron(IV) oxo-protoporphyrrcation radical of CAT. In the
second step compound-l reacts with the second mieleaf hydrogen peroxide, a
molecule of oxygen and molecule of water are preducand the iron(lll)
protoporphyrin IX group of CAT is regenerated (Suleel). Both forms of CAT —
ferricatalase and compound-I — are active formthsf enzyme (Kirkman et al., 1987,

Almarsson et al., 1993; Kirkmaga Gaetani, 2006).

In the reaction of compound | with a single elestad the compound-II, the inactive
form of CAT, is formed. Compound-Il is iron(IV) oxarotoporphyrin 1X (Kirkman&
Gaetani, 2006), however it was provided that itsexialso in iron(IV) hydroxy-
protoporphyrin IX form (Scheme 1), (Rovira, 2005).

(&) Compound | + e Compound I

(b) H,C=CH CH,

HOOC-CH,-¢H, |  CHy-CHy-COOH goOC-CH,-CH, |  CHy~CH,~COOH
E E

iron(1V) oxo-protoporphyrin IX compound Il

Scheme IlI: Formation of compound Il

During lengthy exposure of CAT to,B8,, the CAT bound NADPH became oxidized to
NADP" and the activity of enzyme fell to about one-thafcthe initial value. NADPH
protects CAT against inactivation by,® (Kirkman & Gaetani, 1987). The exact role
and function of NADPH in CAT was discussed in diffiet articles (Kirkman&
Gaetani, 1987; Hillag& Nichols, 1992; Almarsson et al., 1993; OlsbrBruice, 1995;
Kirkman et al., 1999; Rovira 2005; Kirkma Gaetani, 2006). It was estimated, that
NADPH prevents the formation of compound Il andoatsildly increases the rate of
removal of compound Il (Kirkman et al., 1999). Alrean et al. (1993) proposed that
NADPH could react with both - compound | and commbill (Scheme llI).

14



Reaction with compound |

1. Compound | + NADPH- Compound Il + NADPH
2. NADPH" +B - NADP + BH’
3. Compound Il + NADP - ferricatalase + NADP

Reaction with compound I

1. Compound Il + NADPH . ferricatalase + NADPH
2. NADPH" +B - NADP + BH’
3. NADP' + O, -~ NADP' + O,

Scheme llI: Reactions of NADPH with compound | andl

In addition to a very efficient catalatic reactiorode, catalase could also catalyse 2-
electron peroxidations of short-chain aliphaticohlols at reasonable rates (Zamoéky
Koller, 1999). The catalatic reaction predominatgsen the HO, concentration is
higher than 1M, while below this concentration in the presendeap acceptable
hydrogen donor the peroxidatic reaction dominatdaté et al., 1999). Peroxidatic
activity is relatively slow (Kirkman& Gaetani, 2006). There are three families of
enzymes which could remove hydrogen peroxidesviva catalases, glutathione
peroxidases and peroxiredoxins. Catalase may bkethenzyme for kD, removal in
peroxisomes, although peroxiredoxin 5 may contebut low HO, concentrations
GPX1 and peroxiredoxins are responsible for itsradgtion. Although peroxiredoxins
are slower at catalysing.B, degradation than GPX1, it is suggested that atHo@.
concentrations, peroxiredoxins dispose most ofOHgenerated inside the cells
(Halliwell & Gutteridge, 2007).

In 2003 Heck et al. discovered, that in keratinesyCAT could generate reactive
oxygen species (ROS) in response to UV light. Thiéty of the enzyme to generate
ROS depended on the dose of UV light utilized amdhe concentration of CAT (Heck
et al., 2003). Chelikani et al. speculate thatN#&DPH cofactor could have a role in
ROS generation suggesting another role for NADPdaitalase physiology (Chelikani
et al., 2004).
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1.1.3. Determination

For the determination of the activity of CAT numesomethods were used. The first
methods were based on permanganate (von EBuldosephson, 1927) or iodimetric
(Yamagata et al., 1952) titrations. For the reactoth permanganate, the photometric
detection was later applied (Goldbli& Proctor, 1950). In 1958 Dobkin and Glantz
presented colorimetric method for CAT determinati@sed on reaction of hydrogen
peroxide with ferricyanide in alkaline solution (Blon & Glantz, 1958). Another
possibility of colorimetric determination of the srdual hydrogen peroxide after
incubation with CAT was described by Cohen et H896). In this method ferrous ions
and thiocyanate were used for thgdzdetermination (Cohen et al., 1996)

The flotation rate of a paper disk saturated wiil ¢nzyme solution was also utilized
for the CAT activity measurement. The method issdasn the liberation of oxygen due
to the action of catalase on hydrogen peroxide f@agt al., 1959; Lamoureux et al.,
1987). Wheeler et al. (1990) have automated the @éivity determination that was
previously described by Johanss&nBorg (1988). The method measured peroxidatic
activity of CAT and is based on the reaction of #rezyme with methanol in the
presence of an optimal concentration of hydrogemoxpge. The formaldehyde
produced is then measured spectrophotometricallth wi-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (Purpald) as a chromogehe@ér et al., 1990; Johanss&n
Borg, 1988). In 1996 discontinuous measurement @&T Cactivity at nearly
physiological levels of hydrogen peroxide was dégsd by Ou& Wolff. They used

ferrous oxidation in xylenol orange for CAT actiwdetermination (O& Wolff, 1996).

For the determination of CAT activity also polaraghic (Goth& Mészaros, 1975),
gasometric (Siqueira et al., 1999), fluorometric | Wet al.,, 2003) and
chemiluminiscence (Mueller et al., 1997) assaysweilized. However, the most used
method is those of Aebi; it is spectrophotometretimod, based on the measurement of

decomposition of hydrogen peroxide at 240nm (A&8&v4).

Concentration of CAT was determined with immunocluaiassays (Higashi et al.,
1961). The polarography was used as other posgibib measure the CAT
concentration. In this method CAT was measured ksameously with SOD (Rig&
Rotilio, 1977).
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1.2. Superoxide dismutase

In 1969 McCord and Fridovich have shown that cogpeteins that were previously
isolated from bovine (in 1939, “hemocuprein”) anduntan erythrocytes
(“erythrocuprein”) are associated with the enzymattivity of superoxide free radical
anion dismutation. The proteins became its namerduy to its function — superoxide
dismutase (McCoré& Fridovich, 1969).

In mammalians three different isoforms of superexidismutase have been
biochemically and molecularly characterized. FystSOD1, or CuZnSOD (EC
1.15.1.1) that is a copper and zinc-containing hdimer found almost exclusively in
intracellular cytoplasmic space. The second formS@fD containing manganese as
cofactor is SOD2, or MnSOD (EC 1.15.1.1). MnSODnisially synthesized in cytosol
as a tetramer containing a leader peptide whichetarenzyme exclusively to the
mitochondrial spaces. SOD3, or EC-SOD (EC 1.15.&xi3ts as a copper and zinc-
containing tetramer with a signal peptide that dsethis enzyme exclusively to the

extracellular space (Zelko et al., 2002).

This Thesis is focused on the human CuzZnSOD thatdsly distributed in the nucleus
and cytosol of human cells and in lower concerdgratilso in peroxisomes. (Crapo et
al., 1992).

1.2.1. Structure

Human CuzZnSOD is a dimeric enzyme of relative malecmass 32,000 Daltons,

containing two identical subunits of circa 150 amatids. Each monomer is built upon
a p-barrel motif and possesses two large functiona@ityportant loops, called the

electrostatic and zinc loops, which encase the Irbatding region that binds one

copper and one zinc ion (Figure 2a). It has beenddhat in the active site the copper
ion is coordinated by the nitrogen atoms of fowtiline residues (His46, His 48, His
63 and His120) and by a water molecule. One ohtbtdine residues (His63) bridges
copper and zinc when the copper ion is in the oRidation state (Figure 2b).

Coordination of zinc is completed by two other idiste residues (His71 and His80)
and one aspartate residue (Asp83) in a tetrahgemhetry (Figure 2c); (Potter et al.,
2006; Hart et al., 1998; Banci et al., 1999). A togeen bond network further stabilizes
the structure around the metal ions (Valentind.e2805).

17



Figure 2: Structure of human CuZn-Superoxide dismuase

A: The structure of CuzZnSOD dimer, copper ions:egtezinc ions: gray, the
intramolecular disulfide bonds: orange, zinc loopsian, electrostatic loops: pink
(Potter et al., 2006); B: Active center of CuZnSQlat: water (Hart et al., 1998); C:
The coordination of zinc in CuZnSOD (Banci et H999).

1.2.2. Function

The main function of superoxide dismutase is theodw®osition of superoxide to
hydrogen peroxide and oxygen - dismutation. It idely accepted, that this reaction
occurs in two steps. The first step of the reacflecheme 1V) involves the reduction of
Cu(ll) by superoxide, producing dioxygen and Cdghm of SOD. In the second step
Cu(l) form of SOD is oxidized by another superoxigeoducing hydrogen peroxide
(Rotilio et al., 1972a; Rotilio et al., 1972b; KHRpth et al., 1973; Fielden et al., 1974).

(1) 05" + Cu(I)ZnSOD=> O, + Cu(1)ZnSOD
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(2) Oy + Cu(l)ZnSOD + 2H = Cu(l)ZnSOD + HO»
Scheme IV: Reaction mechanism of superoxide dismuta

The reduced Cu(l) form of the enzyme has anothectstre than the oxidized one: the
copper ion undergoes a shift in position, movingyadom the His63 nitrogen where
was bound in the oxidized form of the enzyme. Tdygper ion also releases the water
ligand, going from irregular five-coordinate geonyeb a nearly trigonal planar three-
coordinate configuration. His63 is bind exclusiviythe zinc ion that remains in

tetrahedral geometry (Figure 3); (Valentine et2005).

Figure 3: Active site of CuzZn-Superoxide dismutasén reduced form (Valentine et
al., 2005)

1.2.3. Determination

Indirect two steps methods are mainly used fordétermination of CuZnSOD activity,
because of the low stability of its substrate —esagide (Flohé& Otting, 1984). In the
first step of the reaction superoxide is generagdither enzymaticallyor non-
enzymatically. To give a controlled rate of supédexgeneration, the system»ainthine
plus xanthine oxidase is usell¢Cord & Fridovich, 1969Beaucham@® Fridovich,1971;
Stipek et al. 1995). Superoxide could be generated-enzymatically by the
autooxidation of epinefrin (Misr& Fridovich, 1972) or pyrogallol (Marklund
Marklund, 1974), or by the degradation of potasssuperoxide (Marklund, 1976). In
the second step of the reaction the generatioupérexide is spectrophotometrically

detected using indicator which reacts with supet®xNitro blue tetrazolium salt - NBT
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(Beauchamp& Fridovich, 1971; Stipek et al., 1995) or cytochrome ¢ (McCérd

Fridovich, 1969) could be used as indicators.

1.3. Paraoxonase

Paraoxonase gene family is composed of three menit@N1, PON2 and PON3 that
are located adjacently on chromosome 7 in humarécdgiBrt et al., 2011). The PON
proteins share 60% sequence identity. The nameappanase, is purely historical, as
the PON members are a hydrolase family with onthefbroadest specificities known
(Harel et al., 2004). This thesis is focused onhilnman PONL1.

Paraoxonase-1 (PON1; EC 3.1.8.1.) is synthesizethanliver and secreted into the
blood, where it associates with HDL (high-densiiyoprotein), (Deakin& James,
2004).

1.3.1. Structure

Human paraoxonase 1 is glycoprotein with the sfZ3d00 kDa, including 354 amino
acids and four potentidl-linked glycosylation sites (Josse et al., 2001)e Tholecule
of PON1 forms six-bladefl-propeller (Figure 4A, 4B), where each blade cargdour
strands (Harel et al., 2004). A disulfide bond s @1-Cys 352 forms the covalent
closure of the N and C termini which is consernde@uighout the PON family (Josse et
al., 2001).

In the central tunnel of thgpropeller, there are two calcium ions 7.4 A afiamn each
other. One calcium ion could be found at the topl()Cand one in the central section
(Ca2) of the tunnel (Harel et al., 2004; Harel et 2007). Ca2 (Figure 4C) is most
probably a “structural calcium” whose dissociatleads to irreversible denaturation of
protein (Kuo& La Du, 1998)Cal is assigned as the “catalytic calcium” an@@nss to
interact with five protein residues (the side chaxygens of Asn224, Asn270, Asn168,
Asp269 and Glu53) one water molecule and one ofothgens of a phosphate ion
(Figure 4D); (Harel et al., 2004).

There are four potenti®d-glycosylation sites on PONL1: two glycan chainslareed to
asparagine residues in positions 253 and 324 dacsufoops (Kuo% La Du, 1995),
two other potential positions are Asn224 and Asn#YGhe central tunnel of the

propeller and are largely inaccessible (Harel ¢t28104). Glycosylation is not essential

20



for the hydrolytic activities of PONs (Josse et 4099), however may be important in
increasing their solubility and stability, or ingwenting nonspecific binding to the cell

membranes (Harel et al., 2004).

Figure 4: Structure of paraoxonase 1

A: Overall structure of PON1, view of the six-blddg&propeller from above. Shown
are the N and C termini, and the two calcium atamshe central tunnel of the
propeller (Cal, green; Ca2, red); B: Overall struo¢ of PON1, a side view of the
propeller, including the three helices at the tdptlee propeller (H1-H3); C: Detailed

view of PON1's calcium binding site for the innestr@ctural) calcium (Ca-2). D:

Detailed view of PON1’s calcium binding site foethpper (catalytic) calcium (Ca-1);
W: water molecule; N: Asn, E: Glu, D: Adpiarel et al., 2004).

PONL1 is synthesized in the liver and secreted th&o blood, where associates with
HDL particles. In anchoring of PON1 to HDL, the Ingdhobic N terminus of PONL1 is
thought to be involved (Sorenson et al., 1999). @ihtere sequence of the N terminus is
compatible with a transmembrane helix and formshefixes: H1 hydrophilic part of N
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terminus and H2 with amphipathic character. Heliedsand H2 form two adjacent
hydrophobic patches that provide a potential men#standing surface (Figure 5). The
interface with HDL was further defined by a chaeaistic ‘aromatic belt’ rich in
tryptophan and tyrosine side chains (Tyr185, P& I§r190, Trpl194, Trp202) and by
a lysine (Lys 21) side chain on H1 (Harel et 80042).

¥ A HDL

Figure 5: Association of paraoxonase 1 with HDL péicles

Proposed model for anchoring of PON1 to the surfaicélDL. Hydrophobic residues
proposed to be involved in HDL anchoring (side alsayellow). The active site and the
selectivity-determining residues are blue, andghgposed glycosylation sites (Asn253
and Asn324) are redHarel et al., 2004).
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Figure 6: The postulated catalytic site of paraoxoase 1(Harel et al., 2004)
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At the very bottom of the active site cavity laysetupper calcium (Cal), and a
phosphate ion. The study of Josse et al. (2001ptifee four histidine residues
(His115, His134, His243, His285) and one tryptophesidue (W281) to be essential
for the activity of PON1. Later in the study of idhet al. (2004) the His115-His134
dyad was identified (Figure 6) and it was hypothedithat His115 (4.1 A from Cal)
acts as a general base to deprotonate a single mvatecule and generate the attacking
hydroxide, whereas His134 acts in a proton shuttéehanism to increase His115’s
basicity (Harel et al., 2004).

1.3.2. Function

A variety of physiological roles have been propofedPONs. Serum PON1 catalyzes
the hydrolysis and thereby the inactivation of axtike paraoxon (from which it takes
its name; diethyl 4-nitrophenyl phosphate), chloifog oxon and diazoxon which are
toxic metabolites of organophosphate insecticidles parathion Q,0-Diethyl O-(4-

nitrophenyl)  phosphorothioate) and chlorpyriphos ,giethyl 0O-3,5,6-
trichloropyridin-2-yl phosphorothioate). Paraoxomas able to hydrolyze also the nerve
agents sarin ((RS)-propan-2-yl methylphosphonoitlade) and soman (3,3-

dimethylbutan-2-yl methylphosphonofluoridate). Indddion, PON1 hydrolyzes
arylesters like phenylacetate, thiophenylaceta® 2smaphthylacetate (Davies et al.,
1996; Aviram et al., 1998a). It also hydrolyseded#nt aromatic and aliphatic lactones
as well as cyclic carbonates like homogentisic deictone, dihydrocoumariny -
butyrolactone and homocysteine thiolactone (Bilkeak al., 2000; Rajkovic et al.,

2011).

His134 H His134 H
N N
iz B ROH
\: H
His115 ,31) His115

/Y
1|N

H
beH OR
'D'\-._.—d/"l‘ll

o7

= L(:[" = _07;0/
l B (OR

H-

Scheme V: Reaction mechanism of paraoxonasdgHarel et al., 2004)

23



Proposed mechanism of action of PON1 on ester mbstsuch as phenyl and 2-
naphthylacetate is shown in the scheme V. The diiegp involves deprotonation of a
water molecule by the His-His dyad to generate diidie anion that attacks the ester
carbonyl producing an oxyanionic tetrahedral intedmate. This intermediate breaks
down (second step) to an acetate ion and eithengbler 2-naphthol (Harel et al.,

2004).

It was hypothesises (Draganov et al., 2005; Ngwetead., 2009) that the native activity
of PONL1 could be lactonase activity, for which tree cystein 284 in PONL1 structure is
very important (Yilmaz, 2012) and that the physgi@l substrate could be some
derivates of fatty acid oxidation process such dsydroxy - 6E, 8Z, 117, 147 -
eicosatetraenoic acid (5-HETE) lactone that resialé¢DL or some lactones which are
consumed as food ingredients or drug metabolitaatirfs, spironolactone and
glucocorticoid y-lactones). Furthermore was shoWwat thomocysteine thiolactone is
naturally occurring substrate of PON1 (Jakubow2@00). Homocysteine thiolactone is
a metabolite of homocysteine that can impair profenction leading to endothelial
dysfunction and vascular damage (Macharia et @lL2p By detoxifying homocysteine
thiolactone, PON1 protects proteins against homeaygdation (Perla-Kajan&
Jakubowski, 2010; Yilmaz, 2012). Other group oftdaes that could be degraded by
PON1 are acyl-homoserine lactones, small quorunsisgnsignaling molecules of
Gram-negative bacterium Pseudomonas aeruginosaidéteenas aeruginosa uses
these lactones to coordinate phenotypic changedudimg biofilm formation and

virulence factor secretion (Estin et al., 2010;,Rail2).

In vitro assays have shown that PON1 can inhibit {[dw-density lipoprotein) lipid
peroxidation and inactivate LDL-derived oxidizedogpholipids. This could potentially
reduce the serum content of the oxidized lipidsoimed in the initiation of
atherosclerosis (Mackness et al., 1991; Mackneak, €t993; Watson et al., 1995).

It was shown, that PON1 have also peroxidase-liévity (Aviram et al., 1998b;
Précourt et al., 2011) — it is capable to hydrolggdrogen peroxide, reduce lipoprotein

peroxides (by 19%) and cholesteryl linoleate hydrogides (by 90%).
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1.3.3. Determination

The activity of paraoxonase 1 is determined towadiflerent types of substrates. For
the measurement of arylesterase activity of PONehplhacetate as substrate is used
(Eckerson et al., 1983). The paraoxonase actifiB@NL1 is determined using
paraoxon as substrate (Eckerson et al., 1983; kawsder et al., 1998; Ferré et al.,
2002). For the determination of PON1 activity todsaftactones different substrates are
used — methods with 5-thiobutyl butyrolactone (G&al & Tawfik, 2007),
dihydrocoumarin (Draganov et al., 2000), 2-coumanan(Billecke et al., 2000) and

homogentistic acid lactone (Billecke et al., 200@)e previously described.
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2. Aims and scopes

The aim of this doctoral thesis was to investigdte behaviour of three antioxidant
enzymes — superoxide dismutase, catalase and pa@sx in different

pathophysiological states.

This thesis was focused on antioxidant enzymewiiet and their changes in acute
phase of the disease such as sepsis or acute agitisrevhere the activities were

followed up in the course of sepsis or acute paiitie

In chronic states such as metabolic syndrome, paticr carcinoma or chronic
pancreatitis the antioxidant enzymes activitiesemeompared with those of healthy

volunteers.
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3. Materials and Methods

3.1. Pathophysiological states studied

Antioxidant status and oxidative stress markersewasserved in different types of
pathophysiological states. Patients with metabdyndrome (MetS), depressive
disorder (DD), sepsis (SP), pancreatic cancer (Bl@pnic pancreatitis (CP) and with
acute pancreatitis (AP) were involved in the stadi antioxidant status. The short
characteristics of all studied groups are summdrinethe Table 1. Informed consent
was obtained from all participants. The study prote were approved by the Ethical
Committee of the First Faculty of Medicine, Challésversity Prague or by the Ethical
Committee of the University Teaching Hospital, Rrag

Table 1: Characteristics of the studied groups of @tients

N (M/F) | Age (years) Reference

MetS | 40 (20/20)| 58 (53 - 62)| Vavrova et al. (2013) — Supplement 1

DD 35(0/35) | 61.5+16.5 Kodydkova et al. (2009) —dament 3

30 (16/14)| 57.7 £ 15.3| Novak et al. (2010) — Supplement 4
SP
19 (10/9) | 74 (56-79) | Vavrova et al. (under review) — Supplement 7

PC | 50 (40/10)| 63 (56 - 68)
Kodydkova et al. (2013) — Supplement 2

CP | 50 (40/10)| 59 (53 - 65)

AP 13 (9/4) | 56.1+ 21.5 | Vavrova et al. (2012) — Supplement 5

MetS: metabolic syndrome, DD: depressive disor@&#®; patients with sepsis, PC:
pancreatic carcinoma, CP: chronic pancreatitis, Aicute pancreatitis; M: male, F:

female

The exclusion criteria in all studies were the duling: current antioxidant therapy,
excessive alcohol consumptior> (30 g/day), hormonal replacement therapy,
supplementation with polyunsaturated fatty acidstonic, immunosuppressive and

anti-inflammatory therapy; manifestation of cardiegular and/or cerebrovascular
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diseases, diabetes mellitus type 1, liver (witheg@tion of non-alcoholic fatty liver
disease) and kidney diseases (creatinine > 130 /Ppmlicroalbuminuria (urinary
albumin 30 - 300 mg/day), hypothyroidism and redaf¢ctions, malignancies (with
exception of PC). Persons who were operated onruggstrointestinal tract (in the
previous 1 year) and subjects after systemic inflation in the previous 6 months

were also excluded.

3.2. Blood sample collection and preparation

All blood samples were obtained after overnightifas Blood was taken puncturing a
peripheral vein. Activities of CAT and CuzZnSOD weneeasured in haemolysed
erythrocytes and both activities of PON1 were deteed in serum. Serum was also
used for the determination of all other parametéie blood samples for CAT and
CuzZnSOD measurements were collected into the twbds K.EDTA. Erythrocytes
were separated by the centrifugation at 3500 rpAi@tfor 10 minutes and then washed
three times with a NaCl isotonic solution (9 g/8erum was prepared following
coagulation in vacutainer tubes, by centrifuga@r8500 rpm at 4°C for 10 min. The
samples were stored at -80°C until assay. The hadogacal parameters were carried
out by routine laboratory techniques using an awdbaer (Coulter LH750 -
haematological analyzer, Beckman Coulter).

3.3. Measurements of antioxidant enzyme activities

The methods for measurement of antioxidant enzymwesiase, superoxide dismutase
and arylesterase — PON1 activities were descrilmedietail in the publication of
Kodydkova et al. (2009). The CAT activity was detared by the modified method of
Aebi (1974). The determination is based on the twong of the rate of ED;
degradation at 240 nm. The reaction mixture in tlegecontained 87@l of 50 mM
potassium phosphate buffer, pH = 7.2 anduR®f diluted sample. The reaction was
started after 10 minutes of incubation at 30 °Caliglition of 99ul of 10 mM HO..
Blank was run for each sample. Catalase activity walculated using the molar
extinction coefficienbf H,O, 43.6 M* cm* and expressed as kU/g haemoglobin (U =

umol/min).

The activity of CuZnSOD was determined accordingh® modified method of Stipek

et al. (1995). The reaction mixture in cuvettestamed 700ul of 50 mM potassium
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phosphate buffer, pH = 7.2; 30 of xanthine oxidase; 100l of NBT and 50ul of
diluted sample. The reaction was started after Iflut@s of incubation at 25 °C by
addition of 100pl of 1 mM xanthine. The rate of NBT-formazgeneration was
monitored spectrophotometrically at 540 nm. Blankswrun for each sample.
Superoxide dismutase activity was calculated by nweaf calibration curveand
expressed as U/g haemoglobin (Wmol/min).

The arylesterase activity of PON1 was measuredrdompto the method of Eckerson
et al. (1983) using phenylacetate as a substratefly8 900 ul of 20 mM Tris-HCI
buffer containing 1 mM Cagl pH=8.0 was added to cuvettes followed by B0f
diluted serum sample. The reaction was started dmjitian of 50 pl of 100 mM
phenylacetate. The rate of phenol generation wasitored spectrophotometrically at
270 nm. Blank was run for each sample. Arylesteemswity of PON1 was calculated
using the molar extinction coefficient of the prodd phenol, 1310 Ntm™ and

expressed as U/ml serum (Uumol/min).

Paraoxonase activity of PON1 was measured usingogan (O,O-Diethyl O-(4-
nitrophenyl) phosphate) as a substrate in tubetaizong 940ul of 90 mM Tris-buffer
(pH = 8.5, with 2 mM CaG) and 50ul of 100 mM paraoxon. The reaction was started
by addition of 10ul of serum and measured at 405 nm at 25 °C. Theitgctvas
calculated using the molar extinction coefficiehtlee produced p-nitro-phenol, 18053

M™cm™ and expressed in U/l serum.

The lactonase activity of PON1 was determined afingrto the modified method of
Draganov et al. (2000). Briefly, to 800 ul of 50 mMM\RIS-buffer (pH = 8, with 1 mM
CaClb) in cuvettes 100 pul of diluted serum sample watedd The reaction was started
after incubation at 30 °C for 5 minutes with 100 @fl dihydrocoumarin (final
concentration 1 mM). The increase in absorbancg7@tnm was monitored along 2
minutes. Kinetic rate was estimated during thedirghase of reaction and converted to
the enzyme activity using the molar extinction éoednt of the reaction product 3-(2-
hydroxy-phenyl)-propionate: = 1295 dmimol‘cm™), (Rainwater, 2009). The lactonase

activity of PON1 was expressed as U/ml serum (urol/min).
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3.4. Measurements of markers of oxidative stress

In all studies concentrations of conjugated diemeprecipitated LDL (CD-LDL) as
marker of oxidative stress were measured. In sdodies also levels of nitrotyrosine
(NT) and/or oxidized LDL (ox-LDL) were establishe@oncentrations of CD-LDL
were measured by the modified method of Wielandle{1983). Serum low density
lipoproteins were isolated by the precipitation Inoek of Ahotupa et al. (1996). 110
of serum with EDTA (10:1) was added to 1 ml of @4 citrate buffer (pH = 5.05,
with 50.000 U/l heparin), the suspension was thetubated for 10 min at room
temperature. The precipitated lipoproteins wereasspd by centrifugation at 2800 rpm
for 10 min and the pellet was resuspended in [1I06f NaCl isotonic solution (9g/l).
Lipids were extracted by dichlormethan — metharfall) mixture, for the phase
separation 25@l redistilled water was used. The mixture was d¢rged at 3000 rpm
for 5 min. The 80Qul of lower layer (infranatant) was dried under ogen, redissolved
in 300 pl of cyclohexane, and analyzed spectrophotomelyicat 234 nm. The
concentration of CD was calculated using the mekdinction coefficient (2.95 x 10

Mcm™) and expressed as mmol/l serum.

The concentration of NT was measured using the ELd$ (Hycult biotech, HK 501).
The NT ELISA is a solid-phase enzyme-linked immurbent assay based on the
sandwich principle. The levels of ox-LDL were edtied with the ELISA kit
(Mercodia). Oxidized LDL ELISA is a solid phase tsibe enzyme immunoassay. This
method is based on the mouse monoclonal antibodhychwis directed against a
conformational epitope in oxidized ApoB-100.

3.5. Measurements of antioxidant enzyme cofactors

and lipid parameters

The concentrations of serum amyloid A (SAA) werdedained using solid phase
sandwich ELISA kit (Invitrogen, KHA 0011).

All routine clinical tests were measured at thstitute for Clinical Biochemistry and
Laboratory Diagnostics of General University Hoabih Prague: Copper and zinc were
measured using atomic absorption spectrometry. €dration of calcium was

established by the photometric method with o-kféslelxon. High-density lipoprotein
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cholesterol was determined in the supernatant afteeipitation of lipoproteins B by
PTA/Mg®, using the kit (Boehringer Mannheim, Germany). Gmnirations of apo A-|
were measured by the Laurell rocket electroimmusmasising standard and specific

antibodies (Behringwerke Marburg, Germany).

3.6. Statistical analysis

The meant standard deviation (S.D.) for parametric values amedian (2%-75"
percentiles) for non-parametric values were usedhe data expression. Normality of
distribution of data was tested with Shapiro-WiMlks test. Differences between two
compared groups were tested with t-test for paraonlues and Mann-Whitney U test
for non-parametric values. Differences betweenethoe more compared groups were
tested with one-way ANOVA with Scheffé and Newmaedks post tests. For
nonparametric analysis Kruskal-Wallis ANOVA was disé&riedman ANOVA was
used for dependent analysis. The Spearman cooelaefficients were used for
correlation analysis. All statistical analyses weegformed using versions 7.0 to 9.0 of
StatSoft software Statistica (2007, CZ).
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4. Results

4.1. Metabolic syndrome

Into the study were included 40 patients with M&® male/20 female) and 40 sex- and
age matched volunteers (CON) without MetS. The rmbag of MetS was done
according to the International Diabetes Federatiteria (Alberti, 2005). The activities
of CuzZnSOD, CAT and PON1-A were assessed. As madfepxidative stress,
concentrations of CD-LDL were determined. Furthemrievels of CuZnSOD cofactors
— copper and zinc, PON1 cofactor Ca as well asldeskapo-Al and HDL-C were

determined.

In the MetS group, 21 patients (52.5%) had three patients (32.5%) four and 6
patients (15.0%) had all five basic components @t$1(abdominal obesity, raised

glucose levels, raised TG levels, hypertensionjced HDL-C).

The subjects with MetS had elevated activities aiZ@SOD (p < 0.01) and
concentrations of CD-LDL (p < 0.001). On the othand, activities of CAT (p < 0.05)
and PON1-A (p < 0.05) were found to be decreasetels of apo-Al (p < 0.01) and
HDL-C (p < 0.001) were significantly decreasedhe patients with MetS. There were
found no differences in concentrations of Cu, Znl &a between MetS and CON

groups.

In the correlation analysis in MetS group, positteerelation was found between PON1
activity and apo-Al (r = 0.498, p < 0.001) and HDL{r = 0.459, p < 0.01)
concentration. The same correlations were alsoreéddn the whole group (MetS +
CON, N = 80), furthermore -correlations between vatgti of CuzZnSOD and
concentration of Zn (r = 0.363, p < 0.01) were fdumthe whole group. There were no
correlation between CuzZnSOD activity and level efusn copper. Negative correlation
was observed between activity of CAT and concenmmabf CD-LDL (r = -0.233, p <
0.05). The concentration of CD-LDL correlated pesily with the number of MetS
components (r = 0.442, p < 0.01).

More results could be found in the publication @wbva et al., 2013 (Supplement 1).
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4.2. Depressive disorder

In the study of depressive disorder 35 drug-naivenen with DD and 35 age-matched
healthy women were investigated. Depressive disowdes diagnosed according to
Diagnostic and Statistical Manual of Mental DisosjeFourth Edition, DSM-IV

(American Psychiatric Association, 1994). All patie were evaluated using Hamilton
Depression Rating Scale (HAM-D). The activitiesGiZnSOD, CAT and PON1 — A
were observed. As marker of oxidative stress canagons of CD-LDL were

determined. Furthermore levels of CuzZnSOD cofactersopper and zinc, PON1

cofactor Ca as well as levels of apo-Al and HDL-€&evdetermined.

Erythrocyte activities of CuZnSOD and concentradiof CD in precipitated LDL were
increased in depressive women in comparison widtiime CON. Activities of CAT and
PON1-A were not altered in patients with DD. Nof@iénces were also found in

concentrations of copper, zinc, calcium, HDL-C quoAAL.

In women with DD, activities of PON1 were positiyalorrelated with concentrations
of HDL-C (r = 0.457, p < 0.01), apo A-1 (r = 0.3f9< 0.05) and calcium (r = 0.371, p
< 0.05). Furthermore, activities of CuzZnSOD weresipeely correlated with
concentrations of zinc (r = 0.393, p < 0.05), théré were no significant correlation
with copper. Positive correlation was observed ketwactivity of CuZnSOD (r =
0.483, p < 0.01) or CAT (r = 0.550, p < 0.01) amheentrations of CD-LDL in DD
women. In the whole group (DD + CON, N = 70) theules were similar; however
there were no correlation between activity of Cu@itor CAT and levels of CD.

More results could be found in the publication afdydkova et al., 2009 (Supplement
3).

4.3. Sepsis and septic shock

Two different studies were done with the patient$esing from sepsis. In the first pilot
study only the paraoxonase and arylesterase aesivaif PON1 and concentrations of
HDL-C in serum were determined. Thirty septic patse(SP) and 30 age- and sex-
matched outpatient controls (CON) without clinieald laboratory signs of sepsis were
included into this pilot study. Patients fulfilléde criteria of sepsis according to the
Society of Critical Care Medicine/American Collegef Chest Physicians
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SCCM/ACCP) definitions (Bone, 1992) not longer th2éh hours together with the
following criteria for inclusion: APACHE Il score 10 (Knaus, 1985) and C-reactive
protein in serum» 20 mg/l. The samples of SP were taken two timesduhe first 24
hours after onset of sepsis and then 7 days aftavery. The samples after recovery
were available in 11 patients. Six patients (20diep of sepsis. The main source of
sepsis were lungs — in 14 cases, other sourceswegamis catheter infection (6 cases),

abdominal infection (6 cases) or urinary tract dtifen (3 cases).

Significantly decreased arylesterase and paraoroaetivities of PON1 and levels of
HDL-C were found in SP relative to controls. Afteccovery both activities of PON1
reached nearly the control levels, although a Sggmt increase compared to the onset
of sepsis was observed only in activity of PON1A#so the levels of HDL-C reached
the control level and were significantly highereaftecovery in comparison with those
in sepsis. No significant difference between swksvand non-survivors was found in
the PONL1 activities, however there was a trend tdWawver arylesterase PON1 activity
in non-survivors as compared to survivors (64.929483 vs. 94.13 £ 36.14; p = 0.07).
Regardless of the source of sepsis, there wereiffevethces in PON1 activities or

concentrations of HDL-C among septic patients.

In this study strong positive correlation was desiated between both PON1 activities
(r = 0.725, p< 0.001) in the whole group (SP + CON, N = 60) al a®in the SP (r =
0.667, p< 0.001). Both PON1 activities also correlated pesiy with the HDL-C
concentrations (PON1-A: r = 0.684,90.001; PON1-P: r = 0.352, 9 0.01) in the
whole group, while in SP there was significantlysgiwe correlation only between
PON1-A and HDL-C (r = 0.560, £ 0.01).

More results could be found in the publication @Mk et al., 2010 (Supplement 4).

Thirty SP, 30 healthy CON and 15 critically ill patts without sepsis (NS) were
involved into the second study concerned with seplhe criteria of involvement into
the study were the same as in the pilot study.Semeples of SP were taken three times
during the first 24 hours after onset of sepsi9),(31days after the first sampling (S7)
and then 7 days after recovery (R7). The samples efcovery were available in 19

patients. Samples from CON and non-septic grou wbtained once. Eight patients
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(26.7%) died of sepsis and 3 patients were loshffalow up because they never fully

recovered from sepsis.

In the first part of this study the changes in @atant status and oxidative stress
markers were analysed in severe sepsis/septic stnodkafter the clinical recovery
phases and compared with CON. The activities of€@832D, CAT and PON1-A were
determined together with levels of oxidative stresgkers: CD-LDL, ox-LDL and NT.
The concentrations of HDL-C, Apo-Al, Ca, Cu, Zn,dfel SAA were also measured.

In this study CuzZnSOD activity was increased ingtl returned to the CON value
already in S7. The decline in the CAT activity foun S1 and S7, returned to the CON
level in R7. Marked fall in the PONL1 activity appea at the onset (S1) and persisted
until recovery (R7). Decreased PONL1 activity wassely followed by the decrease in
HDL-C and ApoAl concentrations. Whereas SAA coneditn was significantly
increased in S1, marked decline was observed ian87reached nearly CON level in
R7. Furthermore the decrease in Zn was observédtm S1 and S7 compared to HC
nevertheless the decline returned nearly to the G@Mes in R7. However, the
decrease in Fe observed in S1, persisted stillys ddter recovery (R7) and never
reached the CON levels.

The levels of ox-LDL/LDL, CD/LDL and nitrotyrosinavere increased in S1,
culminated in S7 and returned to the HC valuesin R

In the septic group (S1) positive correlation wasnfd between PON1 activity and
concentration of HDL-C (r = 0.613, p < 0.01) andyaigve correlation was observed
between PONL1 activity and levels of CD/LDL (r =682, p < 0.05) and ox-LDL/LDL

(r = -0.605, p < 0.05). The levels of CD/LDL coatdd positively with levels of ox-

LDL/LDL (r = 0.644, p < 0.01). No significant cote¢ion was found between activity
of CuzZnSOD and concentrations of Cu or Zn and betw&AT and concentration of
Fe.

More results could be found in the publication @wbva et al. (currently under

review; supplement 7).

In the second part of this study activities of exiilant enzymes and markers of
oxidative stress in septic patients and non-septically ill patients were compared.

As previously mentioned 15 critically ill patientgthout sepsis were enrolled into the
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study according to their sex, age and APACHE IlIrecd’hese NS patients were
matched with SP patients. The activities of CuZnSQAT and PON1-A were
determined together with levels of oxidative stresskers: CD-LDL and ox-LDL. The

concentrations of HDL-C, Apo-Al, Cu, Zn, Fe and S®Are also measured. The basic

characteristics are summarised in Table 2.

Table 2: Basic characteristics of septic patientsra non-septic patients

SP NS 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 Il score 16 (13-20) 17 (13-20) -
CRP (mg/l) 96.0 (47.0-185.5)*** 84.8 (4.8-130.6)** 2.1 (2.88).
PCT (mg/l) 2.39 (0.79-10.0)%" 0.28 (0.14-0.73) 0.585 (0.32-0.90
IL-6 (ng/l) 114.0 (51.0-313.1)*** 21.5 (10.9-48)** 1.15 (0.58:86)
IL-10 (ug/l) 8.58 (5.12 - 16.57)*** 5.16 (1.76-6.98)*** 0.79 @ - 1.03)
TNF- a(pg/l) 21.8 (11.9 - 39.2)*** 6.54 (4.16 - 9.50) 11.89 (B.814.47)
TC (mmoll/l) 3.04 £ 0.71%** 3.31 £ 1.14*** 577+1.05
TG (mmol/l) 1.30 £ 0.48 1.28 +0.51 1.41 + 0.68
LDL-C (mmol/l) 1.76 = 0.55*** 1.77 £ 0.93*** 3.67 £0.75

Ferritin (pg/l)

336.6 (196.9 - 1297.5)"

356.1 (222.2-1346.

BP78.4 (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)

APACHE Il score: Acute Physiology and Chronic Hedttvaluation Il score, CRP: C-
reactive protein, PCT: procalcitonin, IL: interleuwk TNF-a: tumour necrosis factot,,
LDL: low density lipoprotein, TC: total cholesteyol'G: triglycerides; SP: septic
patients, NS: critically ill patients without sepsiCON: healthy volunteers; *SP or NS
vs. CON, *** p<0.001, ** p<0.01, * p<0.05;"SP vs. NS,"" p <0.001,”" p <0.01,
“p <0.05; one-way ANOVA with Newman-Keuls post tespdoametric and Kruskal-

Wallis ANOVA for non-parametric analysis.
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Figure 7: Oxidative stress markers

SP: septic patients, NS: non-septic criticallypltients, CON: healthy controls; CD:
conjugated dienes, ox-LDL: oxidized LDL, LDL: loendity lipoprotein; *SP or NS vs.
CON, *** p <0.001, ** p<0.01, * p<0.05;"SP vs. NS}" p <0.01,”"" p <0.001;

one-way ANOVA with Newman-Keuls post test.
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Figure 8: Superoxide dismutase and catalase and tineofactors

SP: septic patients, NS: non-septic critically ghtients, CON: healthy controls;
CuZnSOD: copper-zinc superoxide dismutase, CAElase; *SP or NS vs. CON, ***
p <0.001, ** p<0.01, * p<0.05;"SP vs. NS}" p <0.01,”™" p <0.001; one-way
ANOVA with Newman-Keuls post test.
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As shown in Figure 7 the levels of oxidative stresarkers were increased in both
patients group (SP and NS, respectively) compaoe@®N, however there was no
difference between the SP and NS subjects.

The activities of CuzZnSOD were significantly higherSP in comparison with NS and
with CON. In the contrast to CuZnSOD, activitiesSGAT and levels of Zn and Fe were
significantly decreased in SP as well as in NS camagbto CON (Figure 8).

The activities of PON1-A and concentrations of HDLand Apo-Al were depressed in
both patient groups compared to CON. In contrasticentrations of SAA were
elevated in SP and NS in comparison with CON (Fed)c

PON1-A SAA
250 - 2500 - ok k
200 - 2000 s
* %% * %
E 150 - % 1500 -
S 100 3 1000
50 - 500 -
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Figure 9: Paraoxonase and parameters connected witPON1 function

SP: septic patients, NS: non-septic criticallypditients, CON: healthy controls; PON1-
A: paraoxonase — arylesterase activity, HDL-C: hig@nsity lipoprotein cholesterol,
Apo: apolipoprotein, SAA: serum amyloid A; *SP @& Ms. CON, *** p<0.0001, ** p
<0.001;"SP vs. NS, p <0.05; one-way ANOVA with Newman-Keuls post test.
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4.4. Acute pancreatitis

Into our study 13 patients with acute pancreafAiB) were included together with 13
sex- and age- healthy controls (CON) and 13 sed-ame- matched controls enrolled
from persons that suffered from AP 2 — 3 years (&fP). In this study, patients in the
course of AP were observed. The blood samples ta&en four times — in the first 24
et (AP3), on thesday (AP5)
and on the 10 day (AP10) of disease. Gallstones were found astiafogical factor in

hours of disease (AP1), after 72 hours from disesrst

8 cases, alcohol intake in 2 cases, endoscopiagranie cholangio-pancreatography in
one case and 2 cases were idiopathic AP. Eightmtatsuffered from mild form of AP,
four patients from moderate and one patient foritical form of AP.

In all studied groups markers of oxidative strebsvg]l of conjugated dienes in
precipitated LDL and level of oxidized LDL) and dies of CuZnSOD, CAT, PON1-
A and PON1-L were determined. Also the levels of Zn, Fe, Ca, HDL-C and Apo-

Al were established.

In our study increased oxidative stress in AP wasfiomed, with higher levels of
CD/LDL in all AP samplings compared to CON (p <%).@nd with increased levels of
ox-LDL during the AP with the maximum on th& Bay. Both PON1 activities were
depressed in all AP samplings in comparison to COM lowest activity of PON1-A
was observed on thé"Slay. Also the levels of HDL-C and Apo-Al were dexed in
all AP samplings compared to controls. ActivitigGuZnSOD and CAT in AP did not
differ from those of CON.

Positive correlation between both activities of FON= 0.742, p < 0.01) was found in
the AP group (AP1). The activity of PON1-A correldtpositively with Apo-Al(r =

0.657, p < 0.05) and with concentration of Ca (0.669, p < 0.05). The activity of
PON1-L correlated positively with HDL-C (r = 0.664, < 0.05) and also with
concentration of Ca (r = 0.711, p < 0.05). No digant correlation was found between
activity of CuzZnSOD and concentrations of Cu or Znd between CAT and

concentration of Fe.

More results could be found in the article of Vaxaet al. 2012b (Supplement 5).
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4.5. Pancreatic cancer and chronic pancreatitis

The study population consisted of three groupgdients with pancreatic cancer (PC),
50 patients with chronic pancreatitis (CP) and B@ltty controls (CON). All groups
are age and sex matched. Among our 50 patients R@ttihere were following stage
distribution: 9 patients - grade Il, 24 patienggrade Ill, 17 patients - grade IV. Among
50 patients with CP there were 30 patients wittesegrade, 17 with moderate, and 3
with mild grade changes in pancreatic morphologigoAolic CP was diagnosed in 38
patients, obstructive CP in 5 subjects, and 7 petiexperienced idiopathic CP. The
activities of CuzZnSOD, CAT, PON1 — A and PON1 — kre assessed. As marker of
oxidative stress, levels of CD-LDL, Ox-LDL and NTere determined. Furthermore
levels of CuzZnSOD cofactors — copper and zinc, PObfactor Ca as well as levels of
apo-Al, HDL-C and SAA were determined; the concdiins of Fe were also
established.

Elevated levels of oxidative stress markers ox-UM/ and CD/LDL were observed
in CP and PC compared to CON. The concentratiodéTolvere found to be increased
only in CP in comparison with CON. Increased atitgi of CuZnSOD and decreased
activities of CAT, PON1-A and PON1-L were foundR& compared to CP and CON.
The activities of PON1 were depressed also in CRamparison with CON. In
activities of CAT and CuzZnSOD no differences betw&¥® and CON were observed.
Increased levels of Cu, Zn and SAA and decreasezlsi®of Fe, HDL-C and Apo-Al

were observed in PC relative to CON.

In the whole group (CP + PC + CON, N = 150) negaturrelation between activity of
CuzZnSOD and concentration of Zn (r = -0.196, p 85p.was found. Strong positive
correlation between both activities of PON1 (r 80&; p < 0.001) was observed. Both
activities of PON1 correlated positively with HDL{€= 0.453, p < 0.001; r = 0.474, p
< 0.001; respectively) and Apo Al (r = 0.538, p €01; r = 0.515, p < 0.001;

respectively) and negatively with SAA (r = -0.248< 0.01; r = -0.384, p < 0.001;

respectively). The levels of ox-LDL/LDL correlatgmbsitively with concentration of

SAA (r =-0.414, p < 0.001) and negatively with baictivities of PON1 (r = -0.309, p

< 0.001; r =-0.358, p < 0.001; respectively).

More results could be found in the publication aidgdkova et al. 2013 (Supplement 2)
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5. Discussion

Activities of three different antioxidant enzymeserythrocytes: CuzZnSOD, CAT and
PON1 together with markers of oxidative stresserusy — CD-LDL, ox-LDL and NT
were established in six different pathophysiologictates. Furthermore serum
concentrations of enzymatic cofactors such as @u,F&2 and Ca and levels of some
lipid parameters — HDL-C and apo-Al and in soméisticoncentrations of SAA were
determined. Patients with metabolic syndrome, degsive disorder, sepsis or septic
shock, pancreatic carcinoma, chronic and acute rpatits were included into the
studies dealing with oxidative stress and statientibxidant defence system.

In all these above mentioned diseases increasetslefoxidative stress markers were
observed compared to CON. In all studies conceatratof CD-LDL were measured.

The levels of ox-LDL were determined in patientsthwiCP, PC, AP and sepsis.
Although in all studies increased oxidative stregss observed, the activities of
measured antioxidant enzymes were not affectetl ihesse diseases.

51. Catalase

Decreased activities of catalase were observedtiergs with sepsis or septic shock,
MetS and PC in comparison with CON, while in pasewith DD, CP and AP no
differences in CAT activity were detected.

The results of MetS studies previously publishesl iaconsistent. In accordance with
our results Kozirég et al. (2010) found decreasé@d @ctivity in erythrocytes of MetS

compared to CON. However no difference in erythted@AT activity between MetS

and CON were observed in two other studies (Broatel., 2010; Pizent et al. 2010).
Cardona et al. (2008a, 2008b) found increased iaetivof serum CAT in MetS.

Furthermore decreased activities of CAT were dbedriin patients bearing only
individual components of MetS — obesity (Viroonuddrl, 2000), hypertension

(Rodrigo, 2007) or insulin resistance (Shin, 2006).

Activities of CAT in erythrocytes were not alterea our set of DD women, in
accordance with Bilici et al. (2001). However, Gieet al. (2009) observed increased

activity of CAT in erythrocytes in depressive pate compared to CON, Szuster-

41



Ciesielska et al. (2008) found raised activitiesC#T in serum of patients with major
depression. In the study of patients with multipéerosis Miller et al. (2011) found
elevated erythrocyte CAT activity in comparison twitontrols, regardless of the
depression. Ozcan et al. (2004) described decréasddactivities in erythrocytes of

patients with affective disorders.

In the studies dealing with activities of CAT in 8# results are contradictory to our
ones. Increased CAT activity was found in both leytytes and plasma (Warner et al.,
1995) and also in serum (Leff et al., 1992 and let¢fél., 1993) of adult SP. Increased
serum CAT activity was observed also in neonatpsise(Kapoor et al., 2006). Leff et
al. (1993) had reported that SP suffering from easpiratory distress syndrome
(ARDS) had higher activities of serum CAT than &n@&P without ARDS. However
Metnitz et al. (1999) did not find any alteratiomsthe erythrocyte CAT activity in
patients with ARDS.

To the best of my knowledge, there is only one stehling with the CAT activity in
PC and in the contrast to our study, no changeSAM activity were found (Fukui
2004).

No significant difference in CAT activities of CRupents observed in our study, were
consistent with results of Fukui et al. (2004).the contrast, other authors described
increased (Szuster-Ciesielska, 2001a, Szusterelikai 2001b) and also decreased
(Quillot, 2005) CAT activities in patients with CP.

In accordance with our results no difference inttegcyte CAT activity between AP
and CON were found in study of Chmiel et al. (2002was shown, that serum CAT
activity was higher in AP than in CON (Goth, 1989¢th, 1982; Szuster-Czielska,
2001a; Fukui, 2004).

As mentioned above we found either decreased dnamnged activities of erythocyte
CAT in observed disaeses. All these diseases warected with increased oxidative
stress as shown with elavated levels of CD-LDL exxd.DL. Oxidative stress is caused
by the imbalance between RONS production and dagoad It could be supposed, that
in higher concentration of hydrogen peroxide, atke activity of CAT will be

increased. It is known that CAT belongs to the nedfdctive enzymes, the catalactic

rate of catalase is among highest of known enzynraties (Kirkman et al., 2006).
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However it was previously shown that long-term esgpe of CAT to HO, leads to the
oxidation of the catalase bound NADPH to NAD&nd to a decrease in the initial
activity of CAT about to 30 % of the initial acttyi(Kirkman et al., 1987).

5.2. Superoxide dismutase

Increased activities of CuZnSOD were observed in9y®D, PC and SP, while no
difference in CuZnSOD activities were found betwé&hor AP and CON.

The raised CuZnSOD activities in the erythrocytepatients with MetS found in our

study may be compared with the results of DimsrgeSreckovic et al. (2007), who

described slightly increased CuzZnSOD activitiechildren with MetS in comparison

with obese children without MetS. However the poergly described results are not
consistent, then in some studies decreased CuzZn&Dity in MetS patients were

observed (Kozirdg et al., 2010; Broncel et al.,®04nd in study of Pizent et al. (2010)
no difference were found between MetS patients @N. No difference between

MetS and CON were also observed in EC-SOD act{@grdona et al., 2008a).

We have found increased CuZnSOD activities in eogtytes of DD compared with
CON, similarly to Sarandol et al. (2007), Bilici &t (2001), Gatecki et al. (2009) and
Kotan et al. (2011). Inconsistent results were ighild for serum EC-SOD activities.
Herken et al. (2007) and Selek et al. (2008) haved decreased, whereas Khanzode et
al. (2003) and Szuster-Ciesielska et al. (2008yatél EC-SOD activities in patients

with major depression.

In line with our results of the study with patiemtgh sepsisWarner et al. (1995) found

the increased activity of CuZnSOD at the onset epss. On the other hand no
differences in CuZnSOD activity between septic &edlthy children (Cherian et al.,

2007) as well as in patients with ARDS were deté¢Metnitz et al., 1999). Also the

activities of EC-SOD were found to be elevated apt& neonates compared to CON
(Batra et al., 2000; Kapoor et al., 2006). Muh&kt(2011) did not find any difference
in EC-SOD activity between adult septic patientd @ON.

No significant difference in the activities of CUZAD in CP patients and controls,
found in our study, were consistent with the statl@uillot et.al. (2005). On the other
hand, decreased CuzZnSOD activity in CP patientsfaasd in the study of Girish et al.

(2011). Inconsistent results concerning serum S€Rides in hereditary and alcohol-
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related pancreatitis have been published. Somertseegmve described increased
(Mathew et al., 1996) or decreased (Szuster-Casaett al., 2001a) SOD activity and
in some studies no difference in SOD activitiesenfeund (Quillot et al., 2005, Quilliot
et al., 2001).

In the study with AP patients we didn’t find anyfdience between CuzZnSOD activity
in AP and CON. Furthermore the levels of CuZnSODenstable in the course of AP.
The published results about CuZnSOD activity in &f inconsistent. Some studies
observed increased (Chmiel et al., 2002) and sibececased (Abu-Hilal et al., 2006;
Park et al., 2003) CuZnSOD activity in patientshamild and/or severe AP. For EC-
SOD, increased levels in AP were described (Gothl.et1982; Goth, 1989; Szuster-
Czielska et al., 2001a; Thareja et al., 2009).

5.3. Paraoxonase

The arylesterase activity of PON1 was measuredlimbserved pathophysiological
states and was found to be decreased in all thiesgiens (with the exception of DD)
in comparison with CON. In patients with PC, CP @&Rlalso the lactonase activity of
PON1 was determined. In PC, CP and AP patientsR@N1-L activity was found to
be depressed compared with CON. As for paraoxomaatigity of PON1, it was
established only in the pilot study with septicipats. In septic patients lower activity
of PON1-P then in CON was found. The PON1-P agtiwas not determined more
because paraoxon which is used as substrate belmogscinogens.

The finding of decreased PON1-A in our subjecthwietS is in accordance with other
studies (Hashemi et al., 2011; Kappelle et al. 120artinelli et al., 2012). In patients

with MetS were also found decreased PON1-P ads/ifsenti et al., 2003; Garin et al.,
2005; Rizos et al., 2005; Park et al., 2010; Hashetnal., 2011; Akcay et al., 2011,

Martinelli et al., 2012). However in studies of Tabet al. (2010) and Lagos et al.
(2009) equivalent levels of PON1-P and PON1-A intMeatients and in CON were
found. Also in study of Yilmaz et al. (2010) nofdilence in PON1-P activities between
MetS and CON were observed, however MetS patieliitts eoronary artery disease
(CAD) had significantly lower activity of PON1-Peh MetS patients without CAD (p

< 0.008). No difference in PON1-L activities betwddetS and CON were observed
(Martinelli et al., 2012).
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No difference in PON1-A activities between DD an@NCwere found in our study in
accordance with study of Sarandol et al. (2006 phblished results are not consistent
then also decreased levels of PON1-A activitieBhsubjects were already described
(Barim et al., 2009; Kotan et al., 2011). In alidies dealing with PON1-P activity
equal levels of PON1-P were observed in DD subjacts CON (Sarandol et al., 2006;
Barim et al., 2009; Kotan et al., 2011).

In both our studies, deeling with critically ill S®e found lower PON1-A activity in in
comparison with CON in accordance with the studyDohganov et al. (2010). Also
PON1-P activities were found to be decreased inc@Rpared to CON in our pilot
study. Similarly Kedage et al. (2010) observedrelesed activity of serum PON1-P in

septic patients.

We found decreased PON1-A and PON1-L activitieB@hpatients compared to CON.
At the present time, the decreased PONL1 activit@patients was described only in
one study (Akcay et al., 2003a). However decre&@N1-A and/or PON1-P activities
were observed in other malignancies such as insbreancer (Samra et al., 2011),
prostate cancer (Samra et al., 2011), lung carteiirgn et al., 2007; Samra et al.,
2011), laryngeal cancer (Karaman et al., 2010)psamedrial cancer (Arioz et al., 2009),
gastroesophageal cancer (Krzystek-Korpacka e2@D8), gastric cancer (Akcay et al.,
2003b) ovarian cancer (Camuzcuoglu et al., 2008)yix carcinoma (Samra et al.,
2011), lymphoma (Samra et al., 2011), high gradengls (Kafadar et al., 2006) or
meningiomas (Kafadar et al., 2006). There is ndystlealing with PON1-L activities

in patients with any type of cancer.

The activity of PON1-A was established in experitabAP on animal model (36 male
Wistar rats). The pancreatitis was induceddiyograde infusion into the biliopancreatic
duct of 5% sodium taurocholate (severe AP) or ofsbidium taurocholate (mild AP)
Control animals received an intraductal infusiorsaline solution (0.9% NaClhn this
study they found no changes in PON1-A activity 8rdsaafter AP induction, by contrast
after 18 hours after AP induction they observedifitant decrease in PON1-A activity

in severe AP compared to controls (Franco-Ponk,&1G08).

In all studies, where two different activities 0OR1 were established, both PON1
activities correlated with each other. PON1-A atig correlated positively with
PON1-P activities in septic patients and with PQN4etivities in patients with PC, CP
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and AP in our studies. Positive correlations betw@&ON1-P and PON1-A were
previously described in patients with MetS (Tabuale 2010; Hashemi et al., 2011) or
with ovarian cancer (Camuzcuoglu et al., 2009).

Because PONL1 is carried in plasma/serum bound td Hdough Apo-Al, the
concentrations of HDL and Apo-Al in serum and datrens between PON1 activities
and concentrations of HDL and Apo-Al were alsoldsthed. In accordance with the
results of PON1-A activity in patients with MetS&psis or septic shock, PC and AP
decreased concentrations of both HDL and Apo-Alewleund. Positive correlation
between PON1-A activity and HDL concentration wasrd in patients with DD, MetS
and sepsis or septic shock. Positive correlatidwéen PON1-A activity and Apo-Al
concentration was observed in patients with DD, 3Jeepsis or septic shock, CP and
AP. It could be hypothesize, that changes in comipasof HDL influence the activity
and function of PON1.

Previously was shown that during the acute phasgorese, HDL structure is modified.
It loses esterified cholesterol, apo-Al, and moktthe HDL-associated enzymes
including PON1 and that afterwards PONL1 is repldog@&AA. These changes lead to
the loss of HDL antioxidative properties (Van Leemy 2003). The relationship
between SAA concentrations and PON1 activities ala® demonstrated in patients
with MetS (Kappelle et al., 2011).

The levels of SAA were investigated in our studieth CP, PC and SP. Patients with
PC and SP had higher concentrations of SAA than C@ile the SAA levels in CP
were equal to those of CON. In these studied groupsorrelations between PON1
activities and levels of SAA were observed. Thelifig of increased SAA levels in PC
patients in our study is consistent with resultethier studies (Yokoi et al., 2005; Firpo
et al., 2009). SAA was associated with tumour peegion and its metastasizing (Malle
et al., 2009). Some authors considered SAA as auumarker for PC, however, SAA
did not reach appropriate specificity and sensitivor PC diagnostics (Yokoi et al.,
2005; Firpo et al., 2009). Elevated levels of SAAsepsis were also demonstrated
previously (Eras et al, 2011; Cetinkaya et al.,20€non et al., 2007).

Severeal mechanisms are supposed to decrease P€@iMly.alt was shown, that
increased oxidative stress connected with elevéedls of oxidized LDL cause

inactivation of PON1. Oxidized LDL appears to ineate PON1 through interactions
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between the enzyme’s free sulfhydryl group and iaeidl lipids, which are formed

during LDL oxidation (Aviram et al., 1999). Hydrapides of LA inhibit the PON1

activity through the reaction with sulfhydryl groug its cystein 284 (Tavori et al.,
2011). Other reason for the decrease in PON1 #ctbauld be the glycation of the
enzyme, which takes place as was shown in diabet#gus (Hedrick et al., 2000). The
acute phase response could also lead to the dedreasivities of PON1 which are
caused by the down-regulation of liver PON1 mRNAe#Rin& James, 2004). In the
model of experimental acute pancreatitis was shomat the decrease of PON1
activities is connected with its inhibition by oxidd lipids and higher proteolytic

degradation (Franco-Pons et al., 2008).
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6. Conclusions

This doctoral thesis was focused on the behaviduthe antioxidant enzymes —
catalase, superoxide dismutase and paraoxonaséerent pathophysiological states.
Activities of these enzymes were investigated itigpés with metabolic syndrome,
depressive disorder, sepsis, pancreatic cancemichiand acute pancreatitis.

In patients with metabolic syndrome activities dif taree enzymes were altered in
comparison with healthy controls. The erythrocytetivities of CuZnSOD were
elevated and activities of CAT in erythrocytes &@N1-A in serum were decreased in
the MetS patients.

In women with depressive disorders only erythrocgtivities of CuZnSOD were
increased compared to controls. Activities of CAIO @ON1-A were not altered in DD

women.

Patients with sepsis had elevated levels of CuZn&€ilvities and decreased activities
of CAT and PON1-A and PON1-P compared to controls.

Patients with pancreatic carcinoma had elevatetthegyte activities of CuZnSOD and
decreased activities of CAT, PON1-A and PON1-L amparison with controls. In
patients with acute and chronic pancreatitis ordiivaies of PON1 were depressed
compared to controls. In activities of CAT and C82D no difference between AP or
CP and CON were observed.

It was also shown that the different types of paoaase activities correlate with each
other.

Our studies show that in pathophysiological st#tesactivity of CuZnSOD is elevated

and activities of catalase and paraoxonase aressgut when changed.
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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-
oxonasel (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 PONL1 (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 (0;7), the enzyme
CuZnSOD catalyzes their dismutation into oxygen and H;0,. In the second step, CAT and GPX1
independently convert H,0, to water. Any increase in the CuZnSOD catalytic activity produces
an excess of H,0, that must be efficiently neutralized by either CAT or GPX1; otherwise, H,0,
reacts with O,~ producing in a two-step reaction (the Haber-Weiss reaction) hydroxyl radicals
OH which are even more dangerous [5]. Cytosolic GPX1 detoxifies H,0; 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.
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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/1), ii) reduced HDL-C (<1.03 mmol/l in
males and <1.29 mmol/1 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/1) 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 ona 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 pumol/1), 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,0, (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. S$9636-1kU) 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%) ona Hitachi Modular analyzer (Tokyo, Japan). Copper and zinc were measured using atomicabsorption
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?*,
using the kit from the same manufacturer; LDL-C was calculated according to Friedewald’s formula. Concen-
trations of apolipoproteins apo Band 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) x fasting serum insulin (WU/ml)) / 22.5 [13]. The TRAP was calculated
according to the formula: (0.63 (albumin) + 1.02 (uricacid) + 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 ofthe 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 Al. 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
shownin 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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Table 1. Clinical and biochemical characteristics of subjects with the metabolic syndrome and of healthy controls®

Metabolic syndrome Controls
all M F all M F
N 40 20 20 40 20 20
Age, years 58.4 57.0 58.7 58.5 57.8 59.5
(53.4-62.2) (50.1-63.1) (55.9-61.6) (52.6-64.5) (50.1-64.0) (54.0-65.0)
Waist, cm 101.4 + 9.1%+ 104.4 + 6 4%+ 98.3 + 10.5%** 825+110 869+13.2* 783+6.6
BMI, kg/m? 29.4 29.0 30.6 23.9 25.0 23.8
(27.4-31.7)*** (27.7-30.3)** (25.9-32.4)** (21.9-25.5) (21.8-26.3) (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, mmHg 140 140 140 130 128 130
(130-143)** (130-140)*** (130-145) (120-130) (120-130) (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/1 54 (48-6.1)** 5.0(4.7-5.8) 5.6 (5.1-6.3)** 4.7 (4.5-5.1) 4.9(4.5-54) 4.7 (43-5.0)
Insulin, mU/1 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/1 0.97 0.99 0.93 0.64 0.59 0.68
(0.84-1.19)*** (0.86-1.14)***  (0.81-1.28)*** (0.51-0.75) (0.46-0.75) (0.55-0.73)
HOMA-IR 3.0(1.9-38)** 3.0(1.8-3.7)* 3.0(2.1-4.5)* 16(1.0-2.1) 18(1.0-2.2) 1.6(1.0-19)
TC, mmol/] 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/1 26(19-3.7)** 23(19-36)* 27(1.7-3.9)*** 11(0.9-14) 1.1(08-14) 1.0(0.9-1.3)
HDL-C, mmol/1 12(1.1-1.3)** 1.1(1.0-1.2)**+ 12(11-13)** 16(1.3-18) 1.5(1.3-1.8) 1.6(1.5-1.9)
LDL-C, mmol/1 3.6(3.1-4.3) 3.5(32-4.2) 3.6(3.0-4.3) 3.5(2.8-4.3) 3.4(29-3.8) 3.6(2.8-4.3)
Apo Al, g/l 1.26 + 0.25%* 1.24 +0.25 1.28 + 0.26%* 143 +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/] 0.50 043 0.51 0.55 0.59 0.55
(0.39-0.72) (0.35-0.68) (0.43-0.75) (0.43-0.71) (0.435-0.83) (0.40-0.61)
CRP, mg/1 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, pmol/1 17.7 17.0 19.6 18.5 16.3 199
(16.0-20.5) (15.5-184) (16.3-21.7) (16.3-21.5) (14.3-18.6)*" (18.5-23.4)
Zn, umol/1 16.0 158 16.3 154 16.0 15.2
(13.4-17.7) (13.4-17.8) (13.8-17.1) (14.6-19.9) (14.5-18.3) (14.7-20.8)
Bilirubin, umol/1 9.1 109 7.2 10.6 13.9 9.0
(6.8-12.9) (7.9-13.8)+ (6.1-9.6) (8.0-15.2) (9.8-18.2)"* (7.5-12.3)
Uric acid, umol/1 346 355 329 293 320 251
(290-390)** (312-420)* (275-352)** (236-346) (291-370)*** (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.

apo Al (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
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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+134 59.1+17.7 55.4+19.2 62.8+15.7
GR,U/gHb 8.19 + 1.54** 874+ 1.21*** 7.63+1.67 6.88 + 1.66 6.92+1.76 6.83+1.60
GSH, mg/g Hb 0.57 0.56 151 1.46 1.22 1.70

(0.38-2.73)* (0.40-0.70) (0.38-5.01) (0.41-5.22) (0.43-5.40) (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+325 203.1+344
CuZnSOD,kU/gHb 2.3 (1.9-2.5)** 2.3(2.2-2.5)* 2.0 (1.7-2.5)* 20(1.2-2.5) 22(1.1-2.6) 2.0(1.3-2.4)
PON1, kU/1 1589 +41.9* 152.0+47.4 165.7 £ 354 179.9+423 170.2+36.1 189.5 + 46.5
CD, mmol/1 619 57.3 63.8 54.1 53.3 57.5

(54.1-84.3)** (534-68.7)*  (55.3-94.2)* (41.3-63.6) (33.8-63.6) (42.9-

cTRAP, umol/1 823 875 785 773 809 701

(766-877)**  (816-909)**  (732-835)** (691-820)  (768-865)*** (655-

68.1)

776)

GPX1 = glutathione peroxidase 1; GR = glutathione reductase; GSH = reduced glutathione; CAT = catalase; CuZnSOD = CuZn-
superoxide dismutase; PON1 = paraoxonasel - 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 0313 0.533** -0.602*** 0.402* 0570** 0.717** 0.336 -0.103 0377+ -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 - - -0.6317* 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*** -0374* 0321 -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.

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
inthe accumulated fat, mainly due to increased activities of NAD(P)H oxidases and adecreased
expression of antioxidant enzymes [18]. Adipose tissue is an important generator of oxidative
stress and inflammation, contributing to the production of pro-inflammatory cytokines
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(TNFaq, IL-1, IL-6 etc.). Oxidative stress is supposed to worsen the inflammatory state in MetS
via activation of redox-sensitive transcription factors (particularly NFkB) by RONS, inducing
the expression of TNFa 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/1) and subjects without MetS (CRP < 1.0 mg/1).

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,0, 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,0, 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 ourstudy, we have found a significantly decreased activity of CAT. Because of the increased
activity of CuZnSOD in our study, elevated levels of H,0, have to be expected. According to study
of Kirkman et al. [24], during lengthy exposure of CAT to H,0,, 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,0,.
Contrary to our study, Cardona et al. [20, 21] found increased activities of CAT in patients with
hypertriglyceridemia (concentration of TG > 1.7 mmol/I) 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,0-, 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 resultis 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 weightreduction.

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 etal. [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 importantrole
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

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 (p<0.05), decreased concentrations of GSH (p<0.05), and
increased activities of GR (p<0.05), CuZnSOD (p<0.001), and concentrations of CD (p<0.05). Activity of GPX1 was positively correlated with
concentration of GSH (p<0.05). Concentrations of CD were positively correlated with TG (p<0.01).

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. Kodydkova).

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

0009-9120/$ - see front matter © 2009 The Canadian Society of Clinical Chemists. 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 Ist 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 (>30 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 K, 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 pL of 172.4 mM tris—HCl buffer containing
0.86 mM EDTA, pH=8.0; 100 uL of 20 mM GSH, 100 pL of
10 U/mL GR, 100 pL of 2 mM NADPH and 100 pL 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 puL 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~ ! cm ! and expressed as U/g haemoglobin. One unit
of GPX1 (U) is defined as 1 pumol of NADPH oxidized to
NADP per minute.

Glutathione reductase

The activity was measured according to the method of
Goldberg et al. [20]. Briefly, 700 pL of 0.127 M potassium
phosphate buffer containing 0.633 mM Na,EDTA-2H,0,
pH=7.2 was added to cuvettes followed by 100 pL of
22 mM oxidized glutathione (GSSG) and 100 pL of diluted
sample. The reaction was started after 10 min of incubation at
37 °C by addition of 100 pL 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 ! em™ ! and expressed as U/g haemoglobin. One unit of
GR (U) is defined as the amount of enzyme catalyzing the
reduction of 1 pmol of GSSG per minute.

Catalase

The activity was determined by the modified method of
Aebi [21]. The reaction mixture in cuvettes contained 8§76 uL
of 50 mM potassium phosphate buffer, pH=7.2 and 25 pL of
diluted sample. The reaction was started after 10 min of
incubation at 30 °C by addition of 99 pL of 10 mM H,0,. The
rate of H,O, degradation was monitored spectrophotometri-
cally at 240 nm. Blank was run for each sample. Catalase
activity was calculated using the molar extinction coefficient of
H,0, 43.6 M ' em™ ! and expressed as kU/g haemoglobin.
One unit of CAT (U) is defined as 1 umol of H,O, decompo-
sition per minute.

CuZn-Superoxide dismutase

The activity was determined according to the modified
method of Stipek et al. [22]. The reaction mixture in cuvettes
contained 700 uL of 50 mM potassium phosphate buffer,
pH=7.2; 50 uL of xanthine oxidase; 100pL of NBT and 50 uL
of diluted sample. The reaction was started after 10 min of
incubation at 25 °C by addition of 100 uL 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
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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 pL of 20 mM Tris—HCI buffer
containing 1 mM CaCl,, pH=8.0 was added to cuvettes
followed by 50 pL of diluted serum sample. The reaction was
started by addition of S0uL of 100 mM phenylacetate. The rate
of phenol generation was monitored spectrophotometrically at
270 nm. Blank was run for each sample. Arylesterase activity of
PONI1 was calculated using the molar extinction coefficient of
the produced phenol, 1310 M~ cm™ ! and expressed as U/mL
serum. One unit of PON1 (U) is defined as 1 pmol 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 pL) was mixed with 100 pL of
diluted acetic acid in water (6%, v/v), haemolysate was vortexed
and 400 pL 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 pL of 0.125 M potassium phosphate buffer
containing 6.3 mmol/L Na,EDTA-2H,0, pH=7.5 was added
to micro-cuvettes followed by 37.5 uL of the sample and
12.5 pL 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 g/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 HCI, and contained 50,000 IU/L heparin.
Sample (110 pL) 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 uL 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 pL redistilled
water was used for phase separation. The mixture was
centrifuged at 3000 rpm for 5 min. The 800 pL of lower
layer (infranatant) was dried under nitrogen, redissolved in
300 pL of cyclohexane, and analyzed spectrophotometri-
cally at 234 nm. The concentration of CD was calculated
using the molar extinction coefficient 2.95x10* M ! cm™!
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

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/m®) 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)
Diastolic BP (mm Hg)
TC (mmol/L)

TG (mmol/L)
HDL-C (mmol/L)
LDL-C (mmol/L)
Apo A-I (g/L)

Apo B (g/L)

Glucose (mmol/L)
HOMA-IR

CRP (mmol/L)

Ca (mmol/L)

Cu (mmol/L)

Zn (mmol/L)

Cu/Zn

120.0 (120.0-135.0)
80.0 (70.0-80.0)
5.42 (4.55-6.57)
132 (0.95-1.8)"
1.42 (1.24-1.71)
3.14 (2.54-4.05)
1.41 (1.26-1.56)
1.02 (0.86-1.34)
5.0 (4.6-5.9)"
2.32 (1.19-4.35)""
3.3 (2.0-7.9)

2.35 (2.29-2.47)
21.3 (17.8-23.5)
15.2 (13.8-16.7)
1.33 (1.15-1.64)

127.5 (120.0-130.0)
80.0 (75.0-80.0)
5.92 (4.99-6.48)
1.06 (0.87-1.46)
1.68 (1.49-1.94)
3.56 (2.73-4.27)
1.45 (1.33-1.61)
1.04 (0.90-1.25)
4.70 (4.6-4.9)
1.65 (1.19-1.95)
2.2 (2.0-5.5)
2.35(2.28-2.42)
19.5 (18.3-21.8)
14.8 (13.7-16.8)
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: * p<0.05; " p<0.01.
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Table 2
Parameters of oxidative stress.

Controls

64.0 (52.9-70.7)

Depression

53.7 (42.7-65.7)"

GPX1 (U/g Hb)

GR (U/g Hb) 7.95 (6.84-8.62)" 7.00 (6.19-8.30)

GSH (ng/g Hb)  568.75 (387.93-3484.01)"  2374.93 (515.16-5668.35)

CuZnSOD 2356.2 (2080.75-2586.5)""  1930.5 (1309.2-2249.7)
(Ulg Hb)

CAT (kU/g Hb)  174.0 (155.2-217.9) 189.0 (166.6-215.4)

PONI (kU/L) 1613 (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: GPXI1: glutathione peroxidasel, GR: glutathione
reductase, GSH: reduced glutathione, CuZnSOD: CuZn-superoxide dismutase,
CAT: catalase, PON1: paraoxonasel, CD: conjugated dienes, Hb: haemoglo-
bin; Data were expressed as median (25th—75th percentiles). Statistical
analysis: ~ »<0.05; *" p<0.01; 7" p<0.001.

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, p<0.01),
apo A-I (r=0.379, p<0.05) and calcium (»=0.371, p<0.05),
but in control group we have found only positive correlation
with apoA-I (r=0,492; p<0.05). Furthermore, activities of
CuZnSOD were positively correlated with concentrations of
zinc in DD (Fig. 1) and also in control group (»=0.393,
p<0.05; r=0.477, p<0.05, 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, p<0.05) 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, p<0.01;
r=0.391; p<0.05, respectively). We did not find any
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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.

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 H,O, 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
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activities of GPXI1 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 H,O, 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 HO, 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
PONI1 to HDL is through apo A-I. We have found positive
correlation between PONI1 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 PONI
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-
PGF2a) [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 simultancous decrease of
GPX1 activity as well as eclevated 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 Paraoxonase 1 is believed to play a role in pre-
venting lipid oxidation and, thus, limiting production of
proinflammatory mediators. Systemic inflammatory response
in sepsis increases oxidative stress and decreases high-
density lipoprotein (HDL) concentrations. The objective of
this study was to investigate serum paraoxonase 1 activities
in critically ill patients with sepsis and after recovery. Serum
paraoxonase 1 arylesterase/paraoxonase activities, concen-
tration of total cholesterol, HDL cholesterol (HDL-C) and
serum C-reactive protein (CRP) in septic patients of a
medical intensive care unit (n = 30) and age/sex-matched
outpatient controls without sepsis (n = 30) were analyzed.
Paired convalescent samples were also taken 1 week after
recovery (n = 11). In septic patients, both arylesterase
(88.3 £36.5 vs. 162.1 +44.8 kU/l, P <0.001) and
paraoxonase (75.2 & 50.0 vs. 125.2 + 69.4 U/l, P < 0.01)
paraoxonase 1 activities decreased as compared to con-
trols. Both activities normalized after recovery. Negative
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correlation was found between CRP and both arylesterase
(r = —0.676, P <0.001) and paraoxonase (r = —0.401,
P < 0.01) as well as positive correlation between HDL-C
and both arylesterase (r = 0.585, P < 0.001) and parao-
xonase (r = 0.405, P < 0.01) paraoxonase 1 activities. The
decreased activity of paraoxonase 1 in negative correlation
with CRP offers a potentially useful marker of sepsis
progress and recovery in critically ill patients.

Keywords Paraoxonase 1 - Sepsis - Critical care -
High-density lipoprotein - C-reactive protein

Introduction

Despite intensive research and attempts to improve
treatment strategies for sepsis and septic shock, infection
remains a major cause of mortality in the intensive care
unit [1]. Immune response in sepsis as well as in other
causes of systemic inflammatory response syndrome
increases reactive oxygen and nitrogen species [2] and
decreases high-density lipoprotein (HDL) concentrations
[3, 4]. Paraoxonase 1 (PONI1), the HDL-associated
enzyme [5], is believed to function as an enzyme that
protects low-density lipoproteins (LDL) and HDL from
peroxidation and possesses anti-inflammatory properties
limiting production of proinflammatory mediators [6].
PONTI stands among the family of HDL anti-inflammatory
factors such as platelet-activating factor acetylhydrolase,
phospholipase A2 and lipopolysaccharide (LPS) binding
capacity [7].

To date, PONI1 has been studied in relation to health
issues involving oxidative stress predominantly of nonin-
fectious causes, including cardiovascular disease [8, 9],
diabetes mellitus [10], chronic renal failure [11],
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inflammatory bowel disease [12], and elective surgery [13].
PONI activity has also been measured in patients with
chronic infection caused by human immunodeficiency
virus [14] or Helicobacter pylori [15]. PONI1 activity
decreased in all of these disease states. As for sepsis, a drop
in PON1 activity has been observed in an animal model
following LPS application [16]. To our knowledge, there
has been no clinical study providing data on PON1 activity
in septic patients.

The objective of this study was to investigate serum
PONI1 activities in critically ill patients with sepsis and
after recovery in relation to serum C-reactive protein
(CRP) and HDL cholesterol (HDL-C) concentrations.

Patients and methods
Subjects

This was a prospective case control study in a medical
adult intensive care unit. Thirty septic patients and 30 age/
sex-matched outpatient controls without clinical and lab-
oratory signs of sepsis were included into the study.
Patients fulfilled the criteria of sepsis according to the
Society of Critical Care Medicine/American College of
Chest Physicians (SCCM/ACCP) definitions [17] not
longer than 24 h together with the following criteria for
inclusion: APACHE 1II score > 10 [18] and C-reactive
protein in serum > 20 mg/l. Exclusion criteria were anti-
oxidant and hypolipidemic therapy, chronic dialysis, his-
tory of diabetes, generalized tumors, immunosuppressive
therapy, and chemotherapy. Lungs were the primary source
of sepsis in 14 cases. Other sources of sepsis were related
to central venous catheter infection (six cases), abdominal
infection (six cases), urinary tract infection (three cases)
and sepsis of unknown origin (one case). Routine serum
samples were taken two times: during the first 24 h after
onset of sepsis and 1 week after recovery. Recovery was
defined as clinical and laboratory cessation of sepsis
symptoms for at least 1 week. Paired convalescent sam-
ples, taken after recovery, were available in 11 patients.
Another 13 patients were not available as they never fully
recovered from infection prior to discharge from the hos-
pital (five patients) or were transferred to another health-
care facility (eight patients), while six patients never
recovered and died of sepsis. Approval of the study pro-
tocol by the locally appointed ethical committee was
obtained, as was informed consent from all subjects.

Methods

Blood was obtained for paraoxonase 1 (PON1) activities,
total cholesterol (TC) and HDL-C concentrations, CRP and
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other routine biochemical parameters for APACHE II
score. Serum was prepared following coagulation in vac-
utainer tubes by centrifugation at 1600g for 10 min at 4°C.
CRP was measured in serum by immunoturbidimetric
method using a K-ASSAY CRP kit (Kamiya Biomedical
Company, USA) on a Hitachi Modular (Japan) analyzer.
Arylesterase and paraoxonase activities of PONI1 (EC
3.1.8.1) were determined spectrophotometrically in serum
according to the method of Eckerson et al. [19]. Aryl-
esterase activity was measured with phenylacetate as a
substrate in tubes containing 945 pl of 20 mM Tris—HCI
(pH 8.0) with 1 mM CaCl, and 50 pl of serum. These tubes
were incubated at 25°C for 5 min. The reaction was started
by 50 pul of 100 mM phenylacetate. The rate of phenol
generation was monitored at 270 nm. Paraoxonase activity
was measured using paraoxon (O,0-Diethyl O-(4-nitro-
phenyl) phosphate) as a substrate in tubes containing
940 pl of 90 mM Tris—HCI buffer (pH 8.5) with 2 mM
CaCl, and 50 pl of 100 mM paraoxon. The reaction was
started by addition of 10 pl of serum and measured at
405 nm at 25°C. Both PONI activities were expressed in
U/l of serum. TC was analyzed in serum using a com-
mercially purchased enzymatic Biola-test cholesterol 2500
kit (Pliva-Lachema, Czech Republic). HDL-C measure-
ment was performed in the supernatant of serum samples,
after selective precipitation of LDL-cholesterol, using a
BIO-LA-TEST HDL-Cholesterol kit (Pliva-Lachema) on a
Cobas Mira analyzer (Roche, Switzerland). All of the
chemicals were purchased from Sigma (USA), unless
otherwise indicated.

Statistical analysis

Data are expressed as mean + standard deviation. Nor-
mality of data distribution was tested using the Shapiro—
Wilk W test. Differences between controls and patients
were tested by one-way ANOVA. Differences between the
onset of sepsis and 1 week after recovery in patients who
recovered were tested as dependent variables using Wil-
coxon signed-rank test. Spearman’s correlation coefficient
was used for correlation analysis. All statistical analyses
were performed using version 8.0 of StatSoft software
Statistica (2007, Czech Republic). P < 0.05 was consid-
ered to be statistically significant.

Results

Table 1 presents the basic clinical and biochemical char-
acteristics of 30 septic patients enrolled within 24 h after
the onset of sepsis (Sepsisl) and 30 age/sex-matched out-
patient controls (Controll), as well as a subgroup of 11
septic patients enrolled within 24 h after the onset of sepsis
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and attaining recovery (Sepsis2), the same subgroup
1 week after the clinical and laboratory cessation of sepsis
symptoms (Recovery), and appropriate outpatient controls
(Control2). There was no sex difference in any parameter
observed (not shown). APACHE II and CRP were signifi-
cantly increased in Sepsisl as well as in Sepsis2 as com-
pared to the corresponding control. On the other hand, the
decrease in concentrations of TC and HDL-C in Sepsis] as
well as in Sepsis2 was found. We observed no difference
between Recovery and Control2 in any of the monitored
parameters.

Figure 1 shows decreased arylesterase and paraoxonase
activities of PONI in sepsis relative to controls. Seven days
after recovery, a significant increase only in arylesterase
activity of PON1 compared to the onset of sepsis was
observed. Both activities of PON1 reached nearly the
control levels after recovery.

In the present study, 6 from 30 patients died because of
sepsis. We found no significant difference between survi-
vors and non-survivors, but there was a trend toward lower
arylesterase PON1 activity in non-survivors as compared to
survivors (64.94 + 29.83 vs. 94.13 4+ 36.14; P = 0.07).
Regardless of the source of sepsis, there were no differ-
ences in PONI1 activities or concentrations of HDL-C and
TC among septic patients (data not shown).

Decrease of both PON1 activities, as well as of TC and
HDL-C concentrations, was negatively correlated with
increased CRP concentration. Positive correlations in both
PON1 activities with TC and HDL-C concentrations
were found. Furthermore, arylesterase activity of PONI
was positively correlated with the paraoxonase activity
(Table 2). We found no correlation between both PON1
activities and APACHE II score in septic patients (aryl-
esterase, r = —0.203, ns; paraoxonase r = 0.026, ns).

Table 1 Basic demographic and biochemical characteristics

Discussion

In this study, we found lower PON1 activity in critically ill
septic patients in good correlation with decreased HDL-C
and increased CRP in comparison with healthy controls.
Decreased PONI1 activity, low level of circulating HDL,
and modest increase in CRP have drawn considerable
interest, and especially through this combination’s relation
to atherosclerosis that exemplifies a low-grade chronic
inflammatory process [9]. Mackness et al. [10] supposed
that there to be a link between atherosclerosis development
and combination of higher CRP level with low PONI
activity. A similar pattern characterized by very low HDL
and high CRP concentrations has been found in sepsis
representing a high-grade acute inflammatory state caused
by infection [3]. In patients with severe sepsis, an early
rapid decrease in HDL lipoproteins and increase in CRP
concentration have been observed. There was significant
correlation between increased CRP and serum amyloid A,
both positive acute phase reactants [4]. Therefore, our
finding of decreased PONI1 activity in septic patients is
consistent with the aforementioned parallels.

PONI1 is predominantly expressed in the liver and is
carried in plasma bound to HDL, which provides the
optimal acceptor complex in terms of both stimulating
PONI1 secretion and/or stabilizing the secreted PONI
protein. Therefore, changes in lipid and protein composi-
tion of HDL caused by inflammation influence PONI
activity and function [5]. During the acute phase response,
HDL is losing apolipoprotein Al, esterified cholesterol,
and most of the HDL-associated enzymes (including
PONI). PONT1 is replaced mainly by serum amyloid A with
the concomitant loss of HDL antioxidative properties [20].
A recent study suggests that HDL-associated PONI

Group Sepsisl Control 1 Sepsis2 Recovery Control2

N 30 30 11 11 11

Gender (male/female) 16/14 16/14 4/7 4/7 4/7

Age (years) 577 £ 153 577 £ 155 63.7 + 14.6 63.7 £ 4.6 64.0 + 13.5
Source of sepsis (lungs/other) 15/15 - 7/4 7/4 -
APACHE II 20.1 £+ 6.8 - 20.7 £ 7.8 - -

CRP (mg/1) 124.4 £ 80.6%*** 6.2 £ 8.0 156.3 £ 95.5%#* 27.0 £ 199" 79 £ 12.1
TC (mmol/l) 3.3 £ |7k 5615 3.3 & 1.5%* 47 £ 13+ 57+ 14
HDL-C (mmol/l) 0.6 £ 0.4k 1.1 £04 0.6 +£04 1.0 £ 06" 1.1 £0.6

Data are expressed as mean + SD

Sepsisl all septic patients at the onset of sepsis, Sepsis2 septic patients at the onset of sepsis who later recovered and were evaluated, Recovery
sepsis2 1 week after the cessation of sepsis, Controll, Control2 age/sex matched healthy outpatient controls, APACHE II acute physiology and
chronic health evaluation score, CRP C-reactive protein, 7C total cholesterol, HDL-C high-density lipoprotein cholesterol

* Sepsisl, Sepsis2 versus Controll, Control2, respectively: ** P < 0.01, *** P < 0.001, **** P < (0.0001; + Recovery versus Sepsis2:
* P <005t P<001
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arylesterase-PON1 (kU/I)

paraoxonase-PON1 (kU/I)

m Controls
250 0.25
200 + 0.20 A Patients
150 + flal 0.15 *k
100 0.10
50 0.05
0
n=30 n=30 n=11 n=30 n=30 n=11
Sepsis Recovery Sepsis Recovery

Fig. 1 Paraoxonasel activities measured in age-matched healthy
outpatient controls (Control), in patients at the onset of sepsis (Sepsis)
and patients 1 week after recovery (Recovery). PON1 (enzyme

Table 2 Spearman’s correlation coefficients within the whole group

CRP TC HDL-C  Paraoxonase-
PONI1
TC —0.556%** —
HDL-C —0.599%*% (.485%** _
Paraoxonase-PON1 —0.401** 0.405%* 0.352%*% —

Arylesterase-PON1  —0.676%%* (.585%** (.684%** (.725%%%*

N = 60 (Controll + Sepsisl)

CRP C-reactive protein, 7C total cholesterol, HDL-C high-density
lipoprotein cholesterol, PONI paraoxonase 1, Sepsisl all septic
patients at the onset of sepsis, Controll age-matched healthy outpa-
tient controls

** P <0.01, ***P < 0.001

promotes an apoprotein-dependent lactonase activity [21]
that protects lipoproteins, probably via degradation of
proinflammatory oxidized fatty acids [6].

The decrease in PON1 activity during sepsis has been
demonstrated in the serum of Syrian hamsters, a model of
Gram-negative bacterial infection, within 24 h following
LPS treatment. A marked decrease in the liver PONI
mRNA as early as 4 h after a single LPS treatment also has
been observed. Moreover, independent tumor necrosis
factor-« and interleukin-1 cytokines administration without
LPS treatment moderately decreased serum PONI activity
and PON1 mRNA levels in the liver, indicating a partial
direct effect of these cytokines on PON1 expression [16].

PON1 that decreases during the inflammatory response
is classified among the negative acute phase proteins. We
found significant negative correlation between PONI
activity and CRP concentration. CRP is one of the positive
acute phase proteins induced by increased production of
interleukin-1 and interleukin-6 in the liver [22].

In conclusion, the present study has identified lower
serum PON1 activity in critically ill septic patients. It is
likely that the oxidizing environment induced by sepsis
could result in an increased binding of free radicals to the

@ Springer

paraoxonasel). Data are expressed as mean £+ SD. *Sepsis (n = 30)
versus Control (n = 30): **P < 0.01, ***P < 0.001; +Recovery
(n = 11) versus Sepsis (n = 11): TP < 0.05

PONI leading to the decrease of PONI1 activity in the
circulation. Monitoring of PON1 activity during infection
in critically ill patients offers a potentially useful marker of
sepsis progress and recovery.
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Oxidaéni stres v prabéhu akutni pankreatitidy
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SOUHRN

Cil studie: stanoveni parametrti oxidacniho stresu a statutu antioxidacniho systému v priibéhu akutni pankreatiticly

Typ studlie: observacni, strukturalné vyvazena studie pripadd a kontrol

Material a metody: Do studie bylo zafazeno 13 pacientll s akutni pankreatitidou (AP) a déle na zakladé véku a pohlavi
sparovane dve kontrolni skupiny, a to skupina zdravych osob (KON) a osob, které prodélaly v minulych 2-3 letech akutni
pankreatitidu (PAP). Pacientlim s AP byly odebirany vzorky celkem 4, nejprve béhem prvnich 24 hodin od objeveni priznaki,
poté po 72 hodinach, tieti odbér byl provadén 5. den a posledni odbér 10. den onemocnéni. U viech pacient(l byly sta-
novovany kromé zakladnich klinickych a biochemickych parametr( aktivity antioxidacnich enzymt, koncentrace nékterych
antioxidant( (redukovany glutation (GSH), vitamin A a E) a parametry oxidac¢niho stresu (konjugované dieny v precipitova-
nych LDL (CD/LDL) a oxidované LDL (ox-LDL)). Ke statistickému zpracovani vysledk( byl pouzit program STATISTICA (Stat
Soft, C2).

Wledky: Vysledky nasi studie potvrzuiji zvy$eny oxidacni stres u pacient(l s AP, a to zvySenymi hladinami CD/LDL u vSech
odbér AP ve srovnani s CON (p < 0,05) a vzriistajicimi hladinami ox-LDL v priibéhu AP s maximem 5. den AP. Pozorovali
jsme rovnéz zmény v antioxidacnim systému u AP pacient(; u téchto pacient(i jsme Zzijistili snizené aktivity glutationperoxi-
dazy a arylesterazové i laktonazové paraoxonazy béhem vSech odbért a dale pak snizené hladiny sérovych antioxidantt
— albuminu, vitaminu A a vitaminu E pfi porovnani s kontrolni skupinou.

zavér: Ve studii byl pozorovan zvyseny oxidacni stres a poruseny antioxidacni systém v casné fazi AP s gradaci mezi tretim
a patym dnem AP.

Klicova slova: akutni pankreatitida, oxidacni stres, antioxidacni enzymy

SUMMARY

Vavrova L., Kodydkova J., Macasek J., Ulrych J., Zak 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 5" (AP5) and on the 10" 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.

Resuilts: 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 5" 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 3 and 5" day of AP.

Key words: acute pancreatitis, oxidative stress, antioxidant enzymes

Uvod

V patogenezi véech akutnich zanétlivych proces(
hraji dllezitou roli reaktivni formy kysliku (ROS), které
se uplatiuji v Casné fazi zanétu, jako vysoce aktivni
metabolity vedouci k poruse bunécné homeostazy,
k poskozeni DNA a k peroxidaci membranovych lipidd
s naslednym zvySenim permeability a k bunécné smrti
[1]. UdrZeni oxidacni rovnovahy organismd zajistuje an-
tioxidacni systém, tvofeny antioxidaCnimi enzymy — su-

peroxiddismutaza (SOD), katalaza (CAT), glutationpe-
roxidaza (GPX), glutationreduktaza GR) a paraoxonaza
(PON) — a neenzymovymi antioxidanty, kde nejddilezit&;-
§im je redukovany glutation (GSH) [2].

Cilem na8i prace bylo sledovat zmény antioxidacni-
ho systému v pribéhu akutni pankreatitidy (AP), ktera
predstavuje rychle se rozvijejici zanétlivy proces spojeny
S vyznhamnymi metabolickymi zmé&nami a vyznamnou
klinickou odezvou. KliCovymi patogenetickymi pocho-
dy, které probihaji béhem rozvoje AP, jsou autodiges-
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ce, patologicka stimulace zanétlivych bungk, ischemie,
reperfuze a hemoragie. Vyznamnym faktorem, ktery se
uplatfiuje v patogenezi AP je oxidacni stres (OS), [1].
Mezi nejcastéjsi etiologické faktory vedouct k rozvoji AP
se fadi alkohol a cholelitiaza [3].

Material a metody

Do pilotni observacni studie bylo celkem zafazeno
13 pacientd s AP a déle pak na zékladé véku a pohlavi
sparovane dvé kontrolni skupiny — skupina 13 zdravych
0sob (CON) a skupina 13 osob, jez béhem 2-3 let pred
odbérem prodélaly akutni pankreatitidu a v dobé studie
byly bez obtizi (PAP). U pacientll s AP byly provadg-
ny celkem 4 nabéry krevnich vzorkd: prvni nabér byl
proveden b&hem prvnich 24 hodin od objeveni prvnich
piiznak (AP1), druhy odbér po 72 hodinach (AP3), treti
nabér byl uskutecnén 5. den (AP5) a posledni nabér
pak 10. den onemocnéni (AP10). Pacienti s AP byli vy-
birani na JIP IV. Interni kliniky a JIP |. chirurgické Kliniky
hrudni, bfisni a Urazoveé chirurgie 1. LF UK a VFN v Pra-
ze. U téchto pacient] probihala diagnostika a zarazeni
do studie na zakladé nasledujicich kritérii: aktivita AMS,
APACHE II skére, Ransonova kriteria, koncentrace
C-reaktivniho proteinu (CRP), CTSI skdre, kontrastniho
CT vySetrfeni. Na zakladé nové klasifikace zavaznosti AP
dle Petrova et al. (2010) [4] se v jednom pfipade jedna-
lo o kritickou AP (pacient v pribéhu studie zemrel), ve
4 pripadech o stfedné tézkou a v 8 piipadech o leh-
kou formu AP. U 8 pacientt byla AP biliamiho plvodu,
u 2 pacientt se jednalo o etylickou AP a u 2 o idiopatic-
kou AP, v jednom pfipadé byla AP vyvolana endosko-
pickou retrogradni cholangio-pankreatografii (ERCP).

Do kontrolni skupiny CON byli zarazeni zdravi dob-
rovolnici, do druhé kontrolni skupiny PAP byli zarazeni
dobrovolnici vybirani z pacient(, ktefi byli pred 2-3 roky
hospitalizovani na IV. Interni klinice s diagndzou akut-
ni pankreatitidy a v dobé studie netrpéli zadnym chro-
nickym onemocnénim pankreatu. Z téchto 13 osob, 6
prodélalo v minulosti t&zkou formu AP a 7 lehkou formu
AP, v 5 piipadech se jednalo o bilidrni, ve 4 pfipadech
0 etylickou a ve 3 piipadech o idiopatickou pankrea-
titidu, v jednom pfipadé byla AP vyvolana vySetfenim
ERCP. Pro v8echny osoby platila stejna vylucovaci
kritéria: zavedena terapie antioxidanty (farmakologic-
ké davky vitaminu C a E, allopurinol, N-acetylcystein),
chronicka dialyza, imunosuprese, manifestni diabetes
mellitus, generalizace tumoru a chemoterapie. Studie
byla schvédlena Etickou komisi VFN Praha. VSechny
osoby zarazené do studie podepsaly informovany sou-
hlas.

U v8ech osob zarazenych do studie byly provadény
odbéry krevnich vzorkl po celonocénim lagnéni (min. 10
hodin). Odebrané krevni vzorky byly zpracovany do 1
hodiny od nabéru a material pro dalsi analyzy byl ucho-
vavan pri -80°C. U pacient( byly sledovany zakladni kli-
nické, antropometrické a biochemické parametry, dale
pak byly stanovovany aktivity antioxidacnich enzym(
CAT, GPX1, GR, CuzZnSOD v erythrocytech a aryles-
terazové a laktonazové aktivity PON1 v séru, koncen-

trace antioxidant(l jako je redukovany glutation (GSH)
v erythrocytech, &i vitaminy E a A, albumin a bilirubin
v séru. Jako parametr oxidacniho stresu byla méfena
koncentrace konjugovanych diend v precipitovanych
LDL (CD/LDL) a hladina oxidovanych LDL (ox-LDL)
v séru. Specidini vySetient (hladiny antioxidant(, marke-
ry oxidacniho stresu) byla provadéna v laboratofich 1V.
Interni” Kliniky, rutinni biochemické parametry a stano-
veni hladin vitaminG bylo provedeno v Ustavu lékafské
biochemie a laboratorni diagnostiky VFN Praha. Metody
ke stanoven aktivity antioxida¢nich enzymt a koncent-
raci GSH a CD/LDL byly podrobné popsany v publikaci
Kodydkové et al. (2009) [5], ke stanoveni ox-LDL byl
wyuZit komercné dodavany ELISA kit od firmy Merco-
dia. Ke stanoveni hladin selenu byla vyuzita atomova
absorpéni spektrometrie s elektrotermickou atomizaci
(ETAAS) na Varian Spectra A220 FS. Koncentrace vita-
min¥ A a E byla stanovena pomoci diagnostickych kit
(Radanal s. r. 0., CR) a metody vysokoucinné kapalino-
vé chromatografie (HPLC) s UV detektorem (Ecom).

Vysledky jsou vyjadreny jako pramér + S. D. pro pa-
rametrické veli¢iny a jako median (0,25-0,75 percentil)
pro neparametrické veliciny. Normalita byla testovana
prostrednictvim Shapiro-Wilkova W testu. Rozdily mezi
jednotlivymi skupinami AP vs. kontrolni soubory byly
zkoumany pomoci jedno-faktorové ANOVY s Neuman-
Keulsovym post-testem. Pro neparametrickou analyzu
byla pouzita Kruskal-Wallisova ANOVA. P¥i testovani
rozdill mezi jednotlivymi odbéry pacientd s AP byla
pouZzita ANOVA pro zavislé vzorky. Pro v8echny statis-
tické analyzy byl pouzivan program STATISTICA 10.0
(Stat Soft, CZ). Za statisticky signifikantni byly povazo-
vany vysledky s p < 0,05.

Vysledky

Do studie bylo zatazeno celkem 13 pacient( s dia-
gnostikovanou AP s prdmérmym APACHE Il skére
(APACHE Il = 5,7 + 3,8) pfi vstupu do studie. Zakladni
biochemické charakteristiky jednotlivych skupin jsou
shrnuty v Tabulce 1.

Hlavnimi sledovanymi parametry byly antioxidanty
a markery OS. Jako markery OS byly méfeny hladiny
CD/LDL a ox-LDL. V koncentraci CD/LDL nebyly zjisté-
ny zadné signifikantni rozdily mezi jednotlivymi odbéry
AP, ale vy3si hladiny CD/LDL byly pozorovany u pa-
cientll s AP b&hem véech odbérd ve srovnani s CON
(p < 0,05). Hladina ox-LDL se v pribéhu AP zvySovala
a svého maxima dosahla 5. den onemocnéni (obr. 1).

Ze sledovanych antioxidanich enzym( dochéze-
lo k nejv&tdim zménam aktivit v pribéhu AP u obou
sledovanych aktivit PON1. Ob& PON1 aktivity byly ve
v8ech odbérech AP signifikantng& snizené pfi srovnani
den AP (obr. 2). V aktivitach GPX1, GR a CuZnSOD ne-
byly pozorovany zadné rozdily mezi jednotlivymi odbé-
ry u AP. Aktivita CAT byla signifikantné zvy3ena v AP1
oproti AP10 (231,7 = 21,2 vs. 219,8 + 26,0; p < 0,05).

Pfi srovndni aktivit t&chto enzymd u AP s kont-
rolnimi skupinami, byla pozorovana snizena aktivita
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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) 56.1 215 54.8 +20.8 55.8 +19.4
Glucose (mmol/l) 6.6 £2.9" 6.1 +1.4* 52+04
TC (mM) 49+3.3 49+13 52+1.2
a-AMS (ukat/l) 10.5 (7.0 — 19.4)*+* 0.4 (0.3-0.4) 0.5(0.3-0.6)
ALT (ukat/l) 1.7 (0.7 - 4.6)* 0.4 (0.3-0.6) 0.5(0.4-0.6)
AST (pkat/l) 1.8 (0.7 - 3.9y 0.5(0.4-0.6) 0.4 (0.4-0.5
GGT (pkat/l) 4.3 (1.9 -85 0.6(0.4-0.7) 0.4 (0.3-0.5)
WBC (*10°%/1) 13,2 + 5,6%*+* 6.6 1.0 6.6+1.5
PCT (ug/l) 0.16 (0.13 = 0.84)*** 0.05 (0.05 - 0.05) 0.03 (0.02 - 0.03)
Albumin (g/1) 36.5 + 7.8 48.4 + 4.1 471 + 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, a-AMS: panceatic a-amylase, ALT: alanin-amino-transferase, AST: Aspartat-amino-transferase, GGT: y-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
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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, ¢k p < 0.05; sk p < 0.01 ® AP1 or AP3
vs. AP5, ep < 0.05, eep < 0.01; ¢ AP1 vs. AP3, ¢ p < 0.05, ¢¢ p < 0.01;

GPX1 béhem vdech AP odbér v porovnani s CON,
a dale pak shizena hodnota GPX1 u PAP ku CON
(obr. 3). U CAT byla pozorovana zvySena aktivita
u pacientl s AP béhem 1., 3. a 5. dne pfi srovnani
s PAP (p < 0,05). Aktivita CAT pii AP10 se jiz sig-
nifikantng neliSila od PAP, ale zato byl pozorovan
trend ke snizenym hodnotam vici CON (p = 0,06).
Pri ostatnich odbérech byla CAT u AP srovnatelna
s hodnotami CON. Pro aktivity GR a CuzZnSOD ne-
byly zjistény zadné rozdily mezi kontrolnimi skupina-
mi a AP.

Z neenzymatickych antioxidantl byla sledovana
koncentrace GSH, ktera byla signifikantné nejvyssi 3.
den AP (obr. 1) a hladiny sérového albuminu (Tabulka
1) a bilirubinu. Hladiny albuminu byly u vdech AP odbé-
r0 signifikantné snizené oproti obé&ma kontrolnim sku-
pinam a mezi sebou se nelisily. Koncentrace bilirubinu
byly nejvyssi pri zachytu AP a postupné dochazelo k je-
jich poklesu (obr. 1). Déle pak byla stanovovana kon-
centrace vitamin( E a A pfi AP1 a srovnavana s obéma
kontrolnimi skupinami (obr. 3), koncentrace obou vita-
mind byla snizend u AP1 ve srovnani s CON.
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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,
< 0.01; % AP1 or AP3 or AP5 vs. AP10, ¢k p < 0.05; sk p < 0.01 © AP1 or AP3 vs. AP5, ep < 0.05, *ep < 0.01; ¢ AP1 vs. AP3, ¢ p <
0.05, ¢ p < 0.01;
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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 Rvs. CON, ** p < 0.01
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Diskuse

V nadi studii jsme se zaméili na sledovani jednot-
livych komponent antioxidacniho systému a méreni
markert peroxidace v prabéhu AP. Nade vysledky uka-
ZUji na zvySeny oxidacni stres u tohoto onemocnéni,
ktery je doprovazen zménou ve fungovani nékterych
sloZzek antioxidacniho systému. Nejvétsi zmény je moz-
no pozorovat v arylesterazové a lakionazove aktivité
PON1 a v aktivite GPX1, déle pak v koncentraci vita-
mind A aE.

U nékterych antioxidacnich enzym( jsme v8ak ne-
pozorovali Zadné zmény spojené s onemocnénim AP.
K t&mto enzymlm se fadi CuZnSOD, u které byly
hodnoty aktivit t¢méF konstantni v priibéhu AP. Ne-
pozorovali jsme ani rozdil mezi aktivitou CuzZnSOD
u AP a u kontrolnich skupin. Dosud publikované vy-
sledky aktivit CuZnSOD v erytrocytech u pacient(l s AP
jsou nejednotné. Byly publikovany jak snizené [6, 7],
tak zvySené [8] aktivity CuZnSOD u pacientd s t&zkou
i lehkou formou AP. ZvySena aktivita extracelularni SOD
(EC-SOD) byla pozorovana v prabéhu AP (1., 3., 7.den)
v porovnani s kontrolami [9], kdy 1. den byla signifi-
kantné vy3si nez 3. a 7. den. ZvySenou EC-SOD u AP
pfi srovnani s kontrolami pozorovali ve svych studiich
i Goth (1982, 1989) [10, 11] a Szuster-Czielska (2001 a)
[12]. CuZnSOD ma v organismu za ukol odbouravat
superoxidovy radikal, ze kterého pfi této reakci vznika
peroxid vodiku, za jehoZ degradaci jsou zodpovédné
CAT, GPX1 a peroxiredoxiny. Pi nizkych — fyziologic-
kych — koncentracich je H,O, odbouravan GPX1 a pe-
roxiredoxiny, naopak pfi zvySeném oxidacnim stresu
a vys8ich koncentracich je za odbourdavani odpovédna
CAT [13].

V nasi studii byly aktivity CAT 1., 3. a 5. den srov-
natelné s hodnotami zdravych kontrol, ale signifikantné
se liSily od hodnot ziskanych u skupiny osob, které AP
prodélaly pred 2-3 lety. Pri odbéru provadéném desaty
den (AP10) byl pozorovan signifikantni pokles v aktivi-
tach CAT ve srovnani s AP1 a i se zdravymi kontrola-
mi, i kdyz zde je mozno miuvit pouze o trendu. Tyto
vysledky ukazuji, Zze pfi dlouhodobém vystaveni CAT
plsobeni oxida¢niho stresu, mize dojit k poklesu jejf
aktivity. Kirkman a Gaetani (1987) ve své studii ukaza-
li, Ze dlouhodobé vystaveni CAT plsobeni H,0, mlize
vést k oxidaci NADPH na NADP+ a naslednému snize-
ni aktivity CAT aZ na 1/3 jeji plvodni aktivity [14]. Ve
studii, ktera se zabyvala erythrocytarni aktivitou CAT
nebyly pozorovany Zadné vyznamné rozdily mezi pa-
cienty s AP a kontrolami [8]. Doposud ziskané vysledky
aktivity CAT v séru ukazuji zvySené aktivity u pacient
s AP ve srovnani s kontrolni skupinou [10 — 12, 15].

Degradace H,0O, neni jedinou funkci GPX1, dale je
také zodpovédna za odbouravani lipidovych peroxidd.
Glutationperoxidaza 1 je selenoprotein, jehoZ aktivita
je zavisla nejen na dostatku selenu, ale ke své funkci
potiebuje GSH jako druhy substrat. U pacientl s AP
jsme pozorovali snizené koncentrace selenu a snizené
aktivity GPX1 ve srovnani s CON. Aktivita GPX1 byla
snizena u véech odbérl AP a také u skupiny PAP. Ve
studii, kde se zabyvali aktivitou GPX1 v erythrocytech

v pribéhu AP, pozorovali snizenou hladinu GPX1 u AP
az pfi odbéru 9. den AP [16]. V séru byly pozorova-
ny snizené hladiny GPX1 u pacient(l s AP vzhledem ke
i kdyz existuje i studie, kde nenasli zadny rozdil mezi
pacienty a kontrolami [12]. U koncentraci GPX1 v séru
nebyl nalezen rozdil mezi AP a ambulantnimi kontrola-
mi [20]. Také sniZzené koncentrace Se v séru u pacient(
s AP byly jiz dfive publikovany [16, 19], i kdyZ opét ne
ve vSech pracech [21].

Koncentrace GSH byla u nadich pacientll s AP
srovnatelna s koncentracemi u CON, pouze pfi odbéru
3. den nemoci (AP3) bylo pozorovano zvyseni koncetra-
ce GSH oproti ostatnim odbérdm AP i oproti CON. Na
rozdil od nasi studie Rahman et al. (2004, 2009) [22, 23]
ve svych studiich pozoroval shizené hladniny GSH v eryt-
rocytech u lehkeé i t&zke formy AP ve srovndni s kontrolni
skupinou, stejné tak pro GSH v séru byly pozorovany
signifikantné snizené koncentrace u AP v porovnani
s CON [17]. MoZnym vysvétlenim zvySenych hladin GSH
u AP3 je obranna reakce organismu na aktualné vznikly
oxidacni stres, ale i mozna desynchronizace aktivit GPX1
a GR v obdobi 2. odbéru (AP3).

S GPX1 spolupracuje v organismu GR, ktera udr-
Zuje hladinu GSH zpétnou redukci oxidovaného gluta-
tionu vzniklého plsobenim GPX1. V nasi studii jsme
nepozorovali zadné signifikantni zmény v aktivité GR
v pribéhu akutni pankreatitidy a nezjistili jsme ani
Zadny rozdil pii srovndni pacientd s AP s kontrolnimi
skupinami, tento vysledek je ve shodé s jiZz dfive pub-
likovanou studii [17].

Dalsimi  sledovanymi antioxidanty byly vitaminy
A a E. Koncentrace obou vitaminl byla signifikantné
snizena u pacientd s AP ve srovnani s CON. Snizené
hladiny vitaminu A byly pozorovany téz ve studii Musil
et al. (2005) [12], zatimco u koncentrace vitaminu E ne-
byl nalezen zadny rozdil [12, 21].

Poslednim sledovanym antioxidacnim enzymem
byla s HDL asociovana paraoxonaza, u niz byly méreny
dvé jeji riizné aktivity, a to arylesterdzova a laktonazova.
Obé tyto aktivity byly v celém pribéhu AP signifikantné
shizené oproti zdravym kontrolam. U obou aktivit 162
doslo k daldimu snizeni v ramci odbérd AP3 a AP5, kdy
arylesterazova aktivita dosahla svého minima u odbé-
ru 5. den AP. V tento den byly naméfeny téz nejvyssi
koncentrace oxidovanych-LDL, jako markeru lipidové
peroxidace. Kinetika zmén aktivit PON v prinéhu AP
odpovida zménam aktivit PON1, které byly pozorova-
ny v prabéhu sepse a béhem jejiho zotavovani, a které

maji zfrejmé obecngjsi zakonitosti [24].
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Prehledovy ¢lének

Reaktivni kyslikové a dusikové slouéeniny |
v klinické medicin&

Jaroslav Macések, Miroslav Zeman, Marek Vecka, Lucie Vavrova,
Jana Kodydkové, Eva Tvrzicka, Aled Zak

Univerzita Karlova v Praze, 1. lékafska fakulta, IV. interni klinika VFN

SOUHRN

V posledni dobé dochézi k rychlému risty poznatkis o reaktivnich kyslikovych a dusikovych slougeninach (RONS, reactive oxygen and nitrogen
species) v Klinické medicing. Jejich vyznamna loha byla popséna v patogenezi mnoha chorob véetné téch, které znaéné zatézuji zdravotnické
systémy vyspélych statd. Vyzkumu reaktivnich kyslikovych a dusikovych radikalo je proto vénovano velké sili. Jednd se o nestabilni castice
ochotné reaguiici s biomolekulami v organismech. Tyto reakce se fetézové propaguji a vedou k mnohogemému poskozeni bunéenych systému,
co se uplatiiuje v patogenezi mnoha chorob. Chemickou podstatou téchto &astic je pritomnost nesparovaného elekironu v zevnim orbitalu. Patfi
sem také slougeniny snadno oxidujici jiné molekuly. Volné kyslikové radikaly vznikaji béhem fyziologickych procest, jako jsou oxidativni
fosforylace v mitochondriich, fagocytéza & pfi metabolismu puring. Pfi nadmérné tvorbé ROS bshem téchto procest moze dojit k poskozeni
tkang. Dusikaté radikaly vznikaji predeviim pii metabolismu oxidu dusnatého, ktery reguluje mnoho procesd v organismu, rozpfazenim jeho
syntézy pusobenim napf. asymetrického dimetylargininu. PFi vzniku radikalo i oxidaéné pusobicich latek hraji roli mnohé enzymy jako
peroxizomalni oxidazy, NAD(PH oxidéza, xanthinoxidaza, syntéza NO, myeloperoxidéza, lipooxygenaza a mnoho dalsich. RONS svij
negativni G¢inek zprostredkovavaiji chemickou modifikaci DNA, proteind a lipidy, &imz zasahuiji do zdkladnich biochemickych a molekulérng
biologickych d&jo bungk. Profi pusobeni RONS zasahuji antioxidagni systémy, které se d&li na enzymatické a neenzymatické. RONS se uplatfivji
v rozvoji mnoha chorobnych stavi, z nichz jmenujme aterosklerézu a jeji kardiovaskulrni komplikace, diabetes mellitus, hyperlipidémii,
neurodegenerativni & psychiatricka onemocnéni.

Kli¢ova slova: RONS, radikély, superoxidovy anion, radikél oxidu dusnatého, antioxidanty, ateroskleréza, diabetes mellitus, neurodegenerativni
a psychiatrickd onemocnéni.

SUMMARY

Macések J, Zeman M, Vecka M, Vévrova L, Kodydkova J, Tvrzicka E, Zak A. Reactive oxygen and nitrogen species in the clinical medicine
Vast knowledge has accumulated recently on the role of reactive oxygen and nitrogen species (RONS) in clinical medicine. Strong evidence was
disclosed on their important role in the pathogenesis of several diseases. Free radicals have unpaired electron and this is the reason for extreme
reactivity causing propagation reactions that lead to the multiple damage to cells. Oxidizing agents belong to the family of reactive species.
Reactive oxygen species are produced during biochemical processes such as oxidative phosphorylation, phagocytosis and metabolism of purins.
Overproducion of reactive oxygen species can cause the tissue damage. Reactive nifrogen species are produced by inhibition of nitric oxide
synthase by the action of asymmetric dimethylarginine. Peroxisomal oxidases, NAD(P) oxidase, xanthinoxidase, nitric oxide synthase,
myeloperoxidase and lipooxygenase catalyze biochemical reactions producing reactive oxygen and nitrogen species. Biochemical and molecular
processes in cells are negatively influenced by chemical modification of DNA, proteins and lipids caused by the action of reactive oxygen and
nitrogen species. Anfioxidant metabolites and enzymes work together fo stop and to prevent oxidative modification of biomolecules. Reactive
oxygen and nitrogen species play an important role in the pathogenesis of many diseases such as atherosclerosis, diabetes, hyperlipidaemia and
neurodegenerative diseases.

Key words: RONS, radicals, superoxide anion, nitric oxide radical, antioxidants, atherosclerosis, diabetes mellitus, neurodegenerative and
psychiatric diseases. Ma.
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and nitrogen species). Mezi tyto latky patfi nejen volné radi-
kaly, ale i slouceniny, které nejsou v chemickem slova smys-

V klinické mediciné je dnes vénovéana velka pozornost po-
chodtim spojenym s oxidaénim stresem a pusobenim reak-
tivnich slouéenin kysliku a dusiku (RONS — reactive oxygen
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lu radikaly, ale snadno oxiduiji jiné latky, nebo se na radikaly
méni. Vétsina chemickych sloucenin obsahuje v zevnich or-
bitalech sparované elektrony. Tzv. volné radikaly obsahuji
v zevnim orbitalu jeden neparovy elektron, coz je pro né ener-
geticky nevyhodné, a tudiz se snazi sparovat elektron vazbou
s jinym atomem ¢&i molekulou. Ziskanim elektronu od jiného
atomu ¢&i molekuly (redukce) nebo jeho odevzdanim na jiny
atom ¢&i molekulu (oxidace) prejde atom ¢i molekula do ener-
geticky stabilngjiho stavu s nizsi reaktivitou. Mezi radikaly
v organismu patfi napfikiad superoxidovy anion ‘O,-, oxid dus-
naty ‘NO, nebo hydroxylovy radikal ‘OH. Mezi neradikalové re-
aktivni substance patfi napfiklad peroxid vodiku (H,0,), ky-
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Tab. 1. Prehled reaktivni slougenin kysliku a dusiku

riich, reakce katalyzované pe-

volné radikaly

Reaktivni formy kysliku

tripletovy kyslik 30,2 roxizomalnimi oxidazami,

superoxidovy anion O;- NAD(P)H oxidazami, xantinoxi-

dazou nebo jednoelektronova

hydroxylovy radikal HO redukce kysliku syntazami NO

alkoxyl RO v piipadé deficitu argininu ne-
hydroperoxyl HO, bo tetrahydrobiopterinu (obr.
peroxyl ROO' 1). P oxidativni fosforylaci pro-

biha v dychacim fetézci v mi-

latky, které nejsou
volnymi radikaly

peroxid vodiku H,0,

tochondriich redukce molekuly

kyselina chlorna HCIO atmosférického kysliku na dvé

ozon O, molekuly vody, spojena s tvor-

singletovy kyslik 'O, bou ATP (4). Redukce moleku-

volné radikaly

larniho kysliku na vodu vyza-

oxid dusnaty NO duje celkem &tyfi elektrony,

oxid dusicity NO, pokud se uskutecni transfer

nitroxylovy anion NO~ - pouze jednoho elektronu, vzni-

Reaktivni formy dusiku

latky, které nejsou
volnymi radikaly

HresBmiui NO™ ka superoxidovy anion (4).

dimer oxidu dusi¢itého N,O,

kyselina dusita HNO, O, +e— 0, R}

oxid dusity N,Os

nitronium NO,* Na superoxidovy anion je

- prevedeno az 3 % molekul mi-
peroxynitrit ONOO -

tochondrialniho kysliku (5).
NAD(P)H oxiddza je enzym

alkylperoxynitrit ROONO

a Kyslik v zakladnim energetickém stavu (®Sy) je viastné biradikal; jeho reaktivita je diky tomu, Ze reak-
ce tripletové molekuly se singletovou (vétsina molekul) je spinové zakazana, relativné nizka. Protoze je

ale molekula kysliku hojné rozsifena, v prehledu ji uvadime.

selina chlorna (HCIO) a peroxynitrit (ONOO-). Pfiklady nej-
dulezitéjsich reaktivnich latek jsou uvedeny v tabulce 1.

Reaktivni formy kysliku i dusiku vznikaji v pribéhu meta-
bolickych pochodi u v8ech aerobnich organisml. Na jejich
vzniku se podileji i vnéjsi vlivy, jako je ionizaéni zareni, xe-
nobiotika, toxiny &i léky. Buriky a tkané Zivych organismu jsou
pred poskozenim témito latkami chranény antioxida¢nimi
ochrannymi systémy (enzymatickymi i neenzymatickymi).
V organismu véak RONS nepUsobi pouze jako patogeny, ale
podileji se také na obrané vici infekénim agens a v pfiméfe-
nych koncentracich ovliviuji signalni transdukci a genovou
transkripci, pfi¢emz oxid dusnaty (NO') je jednou z nejvy-
znamnéjsich signalnich molekul v lidském organismu (1).

Nadmérna tvorba a/nebo nedostateéné odstranovani
RONS, resp. zvySeny pomér prooxidacni k antioxidaéni akti-
vité je oznacovana pojmem oxidaéni stres (0S) (2). V dU-
sledku OS mize dojit k: 1. adaptaci bufiky nebo organismu se
zvySenim aktivity obrannych systému, 2. poskozeni buriky
s oxidativni modifikaci lipida, DNA, proteint, sacharidd atd.,
3. bunééné smri (3). Oxidaéni stres podle soucasnych nazo-
ri hraje roli zejména u onemocnéni, v jejichz patogenezi se
uplatiuje zanét, ktery je s OS spojen. Jde o fadu rozsifenych
chorob, jako je ateroskleréza a jeji komplikace (ischemicka
choroba srdeéni — ICHS), ischemicka kolitida, ischemicke cév-
ni mozkové piihody, arteridini hypertenze, diabetes mellitus,
neurodegenerativni neurologicka onemocnéni (Alzheimerova
nemoc, roztrousena skleroza, Parkinsonova nemoc), psy-
chiatricka onemocnéni (schizofrenie, deprese) i zhoubné na-
dory (4).

ZDROJE A VZNIK RONS
V LIDSKEM ORGANISMU

Reaktivni slou¢eniny kysliku (ROS)

K nejvyznamnéjsim ROS se pocitaji superoxidovy anion
‘0, hydroxylovy radikal ‘OH a latka neradikélové povahy pe-
roxid vodiku H,O,. K hlavnim zdrojim ‘O, patfi v lidském or-
ganismu reakce provazejici oxidativni fosforylaci v mitochond-
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vazany na bunéénou membra-
nu, ktery pouziva elektrony po-
chéazejici z NADPH k redukci
molekularniho kysliku na ‘O,

NAD(P)H + 2 O,— NAD(P)* + H* + 2 'Oz 2]

Enzym se nachazi v neutrofilnich leukocytech, monocytech
& makrofazich, kde je zdrojem velkého mnozstvi ‘O, ktery
ma baktericidni ucinky. Strukturainé ponékud odliSna je
NAD(P)H oxidaza obsazena v endotelu cév. Jeji produkce 'Oy
je ve srovnani s formou obsazenou ve fagocytech o nékolik
¥adh nizdi. Aktivita cévni NAD(P)H oxidazy a nésledna tvor-
ba ‘O, je zvy$ovana plsobenim fady faktorti UCastnicich se
v patogenezi aterosklerézy, jako jsou angiotenzin |l pusobici
vazokonstrikci, PDGF (platelet derived growth factor) paso-
bici hyperplazii hladkych svalovych bunék nebo trombin (6).
Superoxid vznika také pusobenim enzymu xantinoxidoreduk-
tazy. Tento flavoproteinovy enzym obsahujici molybden exis-
tuje ve dvou formach: xanthin oxidaza (XO) a xantin dehyd-
rogenaza (XD). Enzym katalyzuje postupnou oxidativni
hydroxylaci hypoxanthinu na xanthin a déale na kyselinu mo-
govou (ve formé XD), ale mize také redukovat kyslik na 'Oy
(forma XO). Je zajimave, Ze je lokalizovan hlavné v endoteli-
alnich a epitelialnich burikach, coz dobfe nekoresponduje s je-
ho funkei v metabolismu purind, ale spise naznacuje vyznam
v systému antimikrobidlni ochrany (7). Xantinoxidaza hraje vy-
znamnou Ulohu v patofyziologii reperfuzniho syndromu. PFi hy-
poxii zplisobené nedostatecnym privodem kysliku krvi (nizka
perfuze tkani napf. pfi infarktu myokardu) dochazi k vzestu-
pu hladiny ADP, ktery je za fyziologickych okolnosti pfemé-
fovan pasobenim XO na hypoxantin, xantin a mocovou ky-
selinu. P#i hypoxii je enzym inhibovan; poté, co dojde
k reperfuzi a opétovnému obnoveni dodavky kysliku, zvysi XO
svoji aktivitu s cilem odstranit nahromadéné ADP a jako ved-
lejsi produkt jsou ve zvySenem mnozstvi produkovany enzy-
mem XO i ROS s naslednym paradoxnim prohloubenim po-
&kozeni po obnové dodavky kysliku.

Vznikajici ‘0, je pisobenim enzymu superoxid dismutazy
(SOD) pfeménovan na H,0,, ze kterého pak ucinkem lyzo-
zomalni katalazy nebo mitochondridlni glutathion peroxidazy
(GPx) vznika voda a kyslik (obr. 2). Glutathion, pouzivany GPx
jako donor vodiku béhem eliminace H,0,, je regenerovan glu-
tathion reduktazou (GR). Soucasti obrannych mechanism lid-
ského organismu proti infekénim agens je také enzym mye-
loperoxidaza (MPO), nachazejici se v azurofilnich granulech
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sferaza, TRRed — thioredoxin reduktaza, CAT — kataldza, LH — mastna kyselina, SOD — superoxid dismutaza

neutrofill a lyzozomech monocyti. Enzym, ktery hraje roli ve
fagocytéze, vytvaii kyselinu chlornou (HCIO) z peroxidu vo-
diku (H,0,) a chloridli. Reakce HCIO se superoxidem muze
vést ke vzniku mimofadné reaktivnino hydroxylového radika-
lu (8).

HOCI + 0, — ‘OH + CI + O, [3]
HOCI + Fe?* — "OH + CI + Fe** [4]

Chlornanové anionty reaguji také s nizkomolekularnimi ami-
ny za vzniku chloramind, které stejné jako chlornany maji sil-
ny baktericidni a¢inek (4). Hemo-peroxidazy, jako je MPO i eo-
zinofilni peroxidazy, katalyzuiji také v pfitomnosti H,O, a nitritu
NO, nitraci tyrozinu v proteinech, a mohou tak nepfiznivé mo-
difikovat jejich funkci, jako napf. v pfipadé apolipoproteinu A-1
a apolipoproteinu B.

Reaktivni slouceniny dusiku
Mezi nejvyznamnéjsi reaktivni formy dusiku patii radikal oxi-

du dusnatého NO a peroxynitrit ONOO-. Radikal oxidu dus-
natého ‘NO je tvofen oxidaci L-argininu pisobenim syntazy
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oxidu dusnatého (NOS) za vzniku citrulinu a NO. U Elovéka
Ize rozlisit tfi hlavni izoformy NOS: endoteliaini NOS (eNOS),
inducibilni (iNOS) a neuronalni (nNOS). nNOS a eNOS jsou
konstitutivné exprimované enzymy, aktivované vzestupem hla-
diny intracelularniho kalcia (Ca2*). Ca®* se vaze na kalmodu-
lin a komplex Ca2*/kalmodulin aktivuje nNOS nebo eNOS.
iNOS obsahuje pevné vazany kalmodulin s kalciem a jeji syn-
téza je indukovana zanétlivymi cytokiny, jako je interleukin-1
(IL-1), tumor nekrotizujici faktor alfa (TNF-0!), interfferon gam-
ma (IFN-y), ale i antigeny bakterii a nadorovych bunék.

Za fyziologickych okolnosti se ‘NO vyznamné podili na tzv.
endotel-dependentni vazodilataci a regulaci cévniho tonu, ma
protizanétlivé G¢inky, inhibuje agregaci krevnich desticek a ad-
hezi leukocyttl i desti¢ek na endotel a reguluje proliferaci a di-
ferenciaci bunék cévni stény. V burice hladkého svalu cévy
aktivuje 'NO enzym guanylat cyklazu. Aktivace guanylat cy-
klazy vede k syntéze cyklického GMP a k vazorelaxaci.

Ke spravné funkci vyzaduji NOS pét kofaktori: flavinade-
nindinukleotid (FAD), flavinmononukleotid (FMN), hem, tetra-
hydrobiopterin (BH,) a Ca®*-kalmodulin. Jestlize chybi L-ar-
ginin — substrat pro NOS nebo jeden z jeho kofaktori, mize
NOS produkovat ‘O,” misto ‘NO, coz je oznacovano jako roz-
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prazeny (uncoupled) stav NOS (9). K rozpfaZeni reakce ve-
de téz zvyseni hladiny inhibitoru NOS, asymetrického dime-
tylargininu (ADMA), jehoz zvySené koncentrace jsou spojeny
s endotelialni dysfunkci u hypercholesterolémie, inzulinové re-
zistence ¢i hyperhomocysteinémie. Rozprazeni eNOS v cév-
ni sténé plsobi oxidacni stres jednak poklesem tvorby ‘NO,
jednak zvysenou tvorbou ‘O,". Pokud jsou tvoreny souc¢asné
‘NO a ‘O, vznika toxicky peroxynitrit ONOO". Peroxynitrit re-
aguje s CO,, ktery je v télesnych tekutinach obsaZen ve vy-
sokych koncentracich, a vytvafi jednoelektronové oxidanty
‘NO, a CO,", které oxidaci aminokyseliny tyrozinu vedou ke
vzniku tyrozinového radikalu Tyr a nasledné 3-nitrotyrozinu,
3-NQO,-Tyr . Z ONOO" muze také vzniknout ‘OH, plsobici pe-
roxidaci lipidd, mutace DNA, jejich fragmentaci nebo modifi-
kace proteint (obr. 2). Peroxynitrit vedle pfimého toxického
plsobeni oxiduje BH,, coZ rovnéz pfispiva k rozpfazeni
eNOS.

Lipoxygendaza

Lipoxygendzy jsou dioxygenazy obsahujici zelezo, které
katalyzuji stereospecifickou inzerci molekularniho kysliku do
molekuly vicenenasycené mastné kyseliny. Aktivni forma en-
zymu obsahuje v katalytickém centru trojmocné Zelezo, for-
ma lipoxygenazy s dvojmocnym Zelezem neni aktivni. PUso-
beni lipoxygenaz na kyselinu arachidonovou vede k tvorbé
5-, 11- a 15- hydroperoxyeikosatetraenovych mastnych ky-
selin (HPETE), které jsou v tkanich rychle redukovany na od-

povidajici hydroxyeikosatetraenové kyseliny (HETE), jako
jsou 5S-hydroxy-6t,8c,11c,14c-, 12S-hydroxy-5¢,8¢,10t,14c-
a 15S-hydroxy-5¢,8¢c,11c,13t-eikosatetraenové mastné ky-
seliny (10). Z téchto derivatl jsou 5-hydroxy izomery pfed-
chiidci biologicky aktivnich leukotrient a lipoxind (obr. 3), kte-
ré hraji vyznamnou roli v patofyziologii zanétu. 5-HETE ma
chemotakticky uéinek na neutrofily, leukotrien B, (LTB,) pu-
sobi chemotakticky na fagocyty, LTC,, LTD, a LTA, plisobi
vazokonstrikci, bronchokonstrikci a zvySuji permeabilitu cév.
Lipoxiny maji naopak ucinky protizanétlivé.

Myeloperoxidaza

Myeloperoxidaza (MPO) je enzym, obsahujici hem, ktery
se nachazi v azurofilnich granulech neutrofild a lyzozomech
monocytl. Enzym vytvafi kyselinu chlornou (HCIO) z peroxi-
du vodiku (H,O,) a chloridd. MPO hraje roli pfi fagocytoze
a produkty jejiho plsobeni se podileji na destrukci bakteril, in-
tracelularnich parazitti i nadorovych bunék. Reakce kyseliny
chlorné se superoxidem muze vést ke vzniku mimoradné re-
aktivniho hydroxylového radikalu (8). Chlornanoveé anionty re-
aguji také s nizkomolekularnimi aminy za vzniku chloramind,
které stejné jako chlornany maji silny baktericidni ucinek (4).
Hemo-peroxidazy, jako je MPO i eozinofilni peroxidazy, kata-
lyzuji také v pfitomnosti H,O, a nitritu NO,™ nitraci tyrozinu
v proteinech, a mohou tak nepfiznivé modifikovat jejich funk-
ci, jako napf. v pfipadé apolipoproteinu A-1 a apolipoprotei-
nu B. Oxidované produkty ptusobeni MPO jsou ve vysokych

NO; 0, 2 NO; RNH, NO;  RR,NH NO;
| ROH
nitrosace | N,O, N, N,O, RNNO
.OONOz / 2 2
’ LR A .N02
2 *OH
2°NO, A N
e 7 r~-..~_---. H+
03" . cor
I N N
rozpfazena , NO ——> ONOO- co, *NO

eNOS p

L-citrulin [Fe*]-sGC

L-arginin
[Fe*-NOJ-sGC

cGMP

vazodilatace

Obr. 2. Vznik a pisoben( reaktivnich forem dusiku (dle 6, 11, 16, 17)
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koncentracich prokazovany v ¢asticich LDL lokalizovanych
v aterosklerotickych platech. Pfedpoklada se, ze aktivita MPO
souvisi s vulnerabilitou ateromovych platt (11). MPO muze
také modifikovat lipoprotein HDL, coZ vede k poruse reverz-
niho transportu cholesterolu. Nejvyssi kvartily MPO v krvi a le-
ukocytech vyznamné korelovaly s pfitomnosti koronarni ate-
rosklerézy. Ve studii u nemocnych s AKS predpovidaly hladiny
MPO rozvoj IM nezavisle na jinych rizikovych faktorech, jako
napf. CRP (12). Zda se, ze MPO je vyznamnym ¢initelem, po-
dilejicim se na destabilizaci ateromového platu a stanoveni
MPO by mohlo slouZit jako nezavisly prognosticky ukazatel
u nemocnych pfijatych k observaci pro bolest na hrudi.

MECHANISMY PUSOBENI REAKTIVNICH CASTIC

Nukleové kyseliny, lipidy a proteiny mohou byt poskozeny
pusobenim RONS, coz mlze vést az k bunééné smrti (5). Je-
jich ptisobeni neni vSak jen nepfiznivé, aktivuji také rizné bu-
nécné signalni kaskady, které reguluji proliferaci, detoxifika-
ci, reparaci DNA nebo apoptézu. V pfipadé snizené tvorby
RONS mze dojit k poruse imunitni odpovédi na cizorodou
noxu nebo k poruse proliferace. V zavislosti na koncentraci
a typu RONS mohou byt aktivovany bud signaini cesty pro-
tektivni (napf. reparace DNA) anebo bunééna apoptoza.

Poskozeni lipidd

Plsobenim radikalové latky, nejcastéji ‘OH, na lipidy, ze-
jména na vicenenasycené mastné kyseliny (polyunsaturated
fatty acids, PUFA), vede k lipoperoxidaci (viz obr. 2). Oxiduji-
ci latka vytrhne elektron z metylenové skupiny uhlovodikoveé-
ho fetézce PUFA (-CH,") za vzniku lipidového radikalu (L). Po
vytrzeni vodiku dojde ke zméné elektronového usporadani
v uhlovodikovém fetézci PUFA tak, ze mezi dvéma dvojnymi
vazbami je jedna vazba jednoducha (konjugovany dien) (4).
Konjugované dieny se snadno spojuji s molekularnim kysli-
kem za vzniku peroxylového radikalu LOO'. Peroxylovy radi-
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kal mudze vytrhnout elektron ze sousedni mastné kyseliny, kte-
ra se stava radikalem, zatimco peroxyl se méni na hydroper-
oxid LOOH. Radikéalova reakce se pak fetézovité sifi dal (pro-
pagace), dokud neni ukonéena (terminace) setkanim radikalu
mastné kyseliny s jinym radikalem nebo vitaminem E (4). Li-
poperoxidacnimi pochody vznikaji hydroperoxidy a cyklické
peroxidy mastnych kyselin, které v pfitomnosti pfechodnych
kov (jako Ca?*, Fe?*) podléhaji tzv. Fentonové reakci za vzni-
ku alkoxylového radikalu LO" a hydroxidového aniontu OH.

(5]

Lipoperoxidace nakonec vede ke vzniku stabilnich latek,
které |ze laboratorné stanovit, jako je napf. MDA (malondial-
dehyd) a nebo 4-hydroxynonenal (4-HNE). Malondialdehyd
velmi ochotné reaguje s nukleofilnimi skupinami (aminosku-
piny), a zpUsobuje tak modifikaci struktury a nasledné funkce
proteint (zesitovani kolagenu). Dal$i produkt oxidace vice-
nenasycenych mastnych kyselin 4-hydroxynonenal, elektro-
filni o,B-nenasyceny aldehyd, zpusobuje kovalentni modifi-
kaci DNA, coz zpusobuje vznik mutaci, a proteinl signalnich
drah, a ovliviiuje tak genovou expresi zodpovédnou za pro-
dukci sloZzek antioxidaéniho systému, heat shock proteint
a proteind U€astnicich se reparace poskozené DNA. 4-hyd-
roxynonenal je téz uzivan jako biomarker oxidativniho po-
skozeni bunék. Jinymi vyznamnymi produkty pusobeni oxi-
dacniho stresu na lipidy jsou F,-izoprostany (13). Izoprostany
jsou latky podobné F,-prostaglandinu vznikajici neenzyma-
tickou peroxidaci kyseliny arachidonové pusobenim radikald.
F,-izoprostany vSak in vivo prodélavaji dalsi preménu v E,-,
D2-, A2-, J2-izoprostany, izotromboxany a vysoce reaktivni
ketoaldehydy zvané izoketaly. Podobné slouceniny vznikaji
téZ z kyseliny dokosahexaenové, ktera je hojna v neuronech,
a proto se slouc¢eniny vzniklé jeji radikalovou neenzymatickou
peroxidaci nazyvaji neuroprostany ¢i neuroketaly. F,-izopro-
stany jsou nejenom markery lipoperoxidace, ale jako ligandy
specifickych receptort zpusobuji i vazokonstrikci. U riznych
onemocnéni (napf. diabetu) dochazi ke vzniku oxidativné mo-
difikovanych LDL ¢éastic tzv. oxLDL, jejichz hlavnimi kompo-

LOOH + Fe* {Cu*} — LO + Fe* {ClP*} + OH-
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nentami jsou 9-hydroxy-1 0,12-oktadekadienova (9-HODE)
a 13-hydroxy-9,11-oktadekadienova (1 3-HODE) kyselina. Vz-
nikaji ptisobenim ROS na linolovou kyselinu. Bylo zjisténo, Ze
9-HODE i 13-HODE jsou endogennimi aktivatory PPAR-y
(peroxisome proliferator-activated receptor gamma) a hraji vy-
znamnou tlohu napiklad pfi rozvoji diabetické nefropatie tim,
7e stimuluji mezangialni proliferaci.

Poskozeni DNA

Podobné jako lipidy jsou nukieové kyseliny poskozovany
predevéim ‘OH. Hydroxylovy radikal reaguje se véemi sloz-
kami DNA a poskozuje jak purinové, tak pyrimidinové baze
i strukturu deoxyribézy. Dochazi k vyjmuti vodikového ato-
mu z deoxyribézy s naslednou destrukci sacharidu a preru-
Seni fetézce. Hydroxylovy radikal vytvafi addukty s purino-
vymi i pyrimidinovymi bazemi a modifikovane baze pak slouZi
jako marker poskozeni DNA, napf. 8-hydroxydeoxyguano-
zin (8-OH-dG), 8-hydroxy-guanin a 8-hydroxy-guanozin (4).
Modifikace nukleovych kyselin pak vede k chybnym parova-
nim bazi pfi replikaci DNA a k naslednym zménam genetic-
ké informace.

Poskozeni bilkovin

Oxidativni modifikace pogkozuje strukturu bilkovin. Oxi-
dace aminokyselin v proteinech vede k nevratnym zme-
nam. Dochazi k fragmentaci a agregaci bilkovin. V du-
sledku konformaénich zmén se zvySuje citlivost
k proteolytickému $tépeni. Citlivost proteini vUci oxidaci

Tab. 2. Dilezité komponenty antioxidacniho systému (dle 30, 31, 36)

dehyd je velice reaktivni sloucenina vytvarejici vazby pre-
devéim s amino-skupinami aminokyselin, coz zapficinuje
zesitovani proteinii a ztratu jejich funkce. U diabetikd se
zvysuje glykace kolagenu, jenz se pusobenim malondia-
Idehydu zesituje a tento déj sekundarné urychluje rozvoj
aterosklerozy.

ANTIOXIDACNI SYSTEM V LIDSKEM
ORGANISMU

Slozité biochemické déje neustale probihajici v Zivych or-
ganismech vytvareji RONS, které mohou mit jak nepfiznive,
tak i pfiznivé aginky. Pro spravne fungovani metabolickych
proces( je tak nutné stale ustavovat rovnovazny stav mezi
vznikem a odbouravanim RONS. K udrzeni homeostazy v si-
tuaci, kdy jsou neustale vytvareny RONS, slouzi systém anti-
oxidantt (tab. 2). Dfive se pomyslelo, ze RONS maji pouze
negativni Gginky, ukazalo se vak, ze maji i pfiznive ucinky.
V leukocytech slouZi k likvidaci infekénich castic cestou re-
spiraéniho vzplanuti za Uéasti NADPH oxidazy, hraji dulezitou
dlohu v signalnich drahach (ovliviuji nuklearni faktor kB, mi-
togen- activated proteinkinazu atd.), proliferaci, prezivani, mi-
graci a adhezi bunék.

Enzymatické antioxidanty

Mezi enzymatické antioxidanty pati napf. superoxid dis-
mutaza (SOD), kataléaza (CAT), glutathion peroxidaza, glu-

Lokalizace

Intracelularni Antioxidanty [

bunééna membrana

extraceluldrni antioxidanty

enzymové slozky

hem oxygenaza |

superoxiddismutaza fosfolipazy SOD-3
katalaza EC-CAT
glutathionperoxidaza GPx-3
peroxidaza paraoxonaza
DT-diaforaza selenoprotein P?
proteolytické enzymy peroxiredoxiny

neenzymové slozky

Intraceluldrni Antioxidanty

bunééna membrana

extracelularni antioxidanty

Glutathion
kyselina askorbova
kyselina lipoova
vazebné proteiny kov — feritin (Fe?*gFe®),
metallothioneiny (Cu*)
opravné systémy DNA — excize basi
glykosylazami, homologni rekombinace,
spojovani nehomolognich koncu

vitamin E  B-karoten

glutathion
kyselina askorbova
vitamin E *
proteiny vazajici pfechodné kovy — transferin
(Fe3*), laktoferin (Fe3*), ceruloplasmin (Cu?¥),
haptoglobiny (hemoglobin)
a hemopexin (hem)
albumin, bilirubin, kyselina mo¢ova,
thioredoxin

* \itamin E je nejsilngjdim antioxidantem v membranach, mimo né vykazuje pouze slabé antioxidacni schopnosti.

je ovliviovana také pfitomnosti jontd kovl schopnych ka-
talyzovat reakci Fentonova typu (14). Modifikovany jsou
zejména aminokyseliny postrannich fetézcu, zejména cys-
tein a methionin, pficemz oxidaci cysteinovych zbytkd
vznikaji smigené disulfidy mezi thiolovymi skupinami bil-
kovin (-SH) a nizkomolekularnimi thioly, zejména GSH
(15). Oxidace proteinii vede také k fragmentaci polypep-
tidovych fetézcd a k intra- i intermolekularnimu sitovani
(cross-linking). Takto modifikované proteiny snaze pod-
|éhaji degradaci. Je znamo, Ze glykovany kolagen zvysSu-
je tvorbu malondialdehydu a 4-hydroxynonenalu, produktt
oxidace vicenenasycenych mastnych kyselin. Malondial-
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tathion reduktaza. Enzymy glutathion peroxidaza a gluta-
thion reduktaza se nachazeji v cytoplazmé, mitochondriich
i v jadFe. Glutathion peroxidaza méni H,0,na vodu za spo-
lutcéasti glutathionu (GSH) jako darce vodiku. Vznikajici
glutathion disulfid (GSSG) je pfemériovan zpét na GSH pu-
sobenim GR, jejimz kofaktorem je NADPH. Pusobenim
SOD dochazi k preméné 20, na H,0,, ktery je detoxikovan
bud katalazou, ktera v lyzozomech rozklada H,O,na vodu
a kyslik, nebo u¢inkem GPx v mitochondriich (viz obr. 1).
Glutathion reduktaza regeneruje GSH, ktery je pouzivan ja-
ko donor vodiku glutathion peroxidazou béhem eliminace
H,0,.

CASOPIS LEKARU CESKYCH 2011; 150 (¢



Neenzymatické antioxidanty

Mezi neenzymatické antioxidanty patfi vitaminy A, C a E,
glutathion, kyselina alfa-lipoova, déle karotenoidy, stopové prv-
ky jako méd, zinek a selen, koenzym Q,, (Co Q,,) a kofakto-
ry jako kyselina listova, vitaminy B;, B,, Bsa B,,, déle téz mo-
¢ovina, albumin ¢&i bilirubin. Hlavnim intracelularnim
antioxidantem je GSH, ktery pusobi jako pfimy scavenger
a soucasné jako kosubstrat pro GPx. Vitamin E je oznadeni
pro skupinu osmi pfibuznych tokoferolll a tokotrienold, které
zabranuji peroxidaci lipidd. U lidi je nejaktivnéjsi forma o-to-
koferolu. Hydroxylovy radikal reaguje s tokoferolem za vzni-
ku stabilniho fenolického radikalu, ktery je redukovan zpét na
fenol askorbatem a NAD(P)H dependentnimi reduktazami
(16). Koenzym Q,, plisobi jako elektronovy nosié v komplexu
Il mitochondridiniho elektronového transportniho fetézce. Je
to v tucich rozpustny antioxidant, ktery ve vy$sich koncentra-
cich plsobi jako scavenger 2O, (17). Vitamin C (kyselina as-
korbova) stabilizuje kofaktor NOS, tetrahydrobiopterin (BH,),
coz podporuje tvorbu NO (18). Kyselina o-lipoova je hydrofil-
ni antioxidant, pasobici jak ve vodném, tak v lipidovém pro-
stfedi, Jeji redukovand forma, dihydrolipoat, je schopna re-
generovat jiné antioxidanty, jako jsou vitamin C nebo vitamin
E (18). Bilirubin je v posledni dobé& intenzivné studovan jako
neenzymaticky antioxidant. Kromé toho plsobi antiaterogen-
né tim, Ze inhibuje oxidaci LDL &astic a lipidii obecné a pohl-
cuje kyslikové radikaly. Mnohé studie prokazaly inverzni vztah
hladin bilirubinu k vyskytu kardiovaskularnich chorob. Lidé
s Gilbertovym syndromem (nekonjugovanéa hyperbilirubiné-
mie) maji niz&i incidenci koronarni choroby (19).

UPLATNENI RONS V KLINICKE MEDICINE

Volné radikaly i ostatni RONS plni v organismu vyznamné
funkce. Jsou sou¢astmi obranného systému organismu pro-
ti bakterialni infekci, intracelularnim parazittim, cizorodym lat-
kam i nadorovym burikdm. V pfipadé bakteridlni infekce se
v neutrofilnich leukocytech a makrofazich aktivuje enzym
NAD(P)H oxidaza, vznika superoxidovy anion. Takto aktivo-
vané buriky zvy$i spotfebu O, (tzv. oxidaéni nebo respiraéni
vzplanuti, respiratory burst). Vznikajici O," se pfeméfiuje na
H,0,. Enzym myeloperoxidaza zase v polymorfonuklearnich
leukocytech katalyzuje tvorbu kyseliny chlorné z H,0, a chlo-
ridoveho iontu. Vyznamnou soucasti obrany organismu pro-
ti riznym mikrobdm, intracelularnim parazitim i nadorovym
burkam, je aktivita iINOS. Exprese enzymu je indukovana pu-
sobenim mikrobl a riiznych cytokint a vede k produkci NO

mnohem vys§i, nez ke které dochazi v dusledku aktivity,

eNOS. Soucasné vytvareny O, vSak piisobi zvyseni kon-
centraci peroxynitritu ONOO", ktery ma baktericidni Gginky
(4). V nizkych koncentracich se RONS podileji na nitrobu-
nec¢nych signalnich pochodech. V tzv. signalni transdukci
je zprostfedkovén prenos informace pfichazejici zvenéi pro-
stfednictvim hormond, cytokint, ristovych faktort &i neuro-
transmitert az do bunééného jadra. Transkripéni faktory po
vazbeé na specifické sekvence DNA reguluji aktivitu RNA po-
lymerazy II. Nékteré signaini cesty v burice jsou zprostfed-
kovany RONS, které v tomto pfipadé hraji roli ,druhotnych
poslu® (second messengers). Pravdépodobné nejvyraznéji se
RONS uplatriuji pfi ovlivnéni systému MAP kindz (mitogen
associated protein kinase), ktery pfedstavuje kaskadu fosfo-
rylaénich reakei, ve kterych se postupné aktivuji enzymy
a dalsi proteiny s vyslednym ovlivnénim jadernych tran-
skripénich faktordl, regulujicich bunéény rast, diferenciaci
i apoptozu. Patfi sem faktory NF-xB (nuclear factor kappa B),
vyznamny u zanétlivych procest, AP-1 (activated protein-1),
ovliviujici rist a diferenciaci bunék a p53, coz je protein, kte-
1y pomaha udrzovat stabilitu genomu (zdsahem do reparaé-
nich mechanismi DNA a také do regulace proliferace a di-
ferenciace buriky) (20).
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VYBRANA ONEMOCNENI,
V JEJICHZ ETIOPATOGENEZI )
JSOU VYZNAMNE VOLNE RADIKALY

Ateroskleréza a jeji komplikace

Aterosklerdzu je mozno charakterizovat jako chronické za-
nétlive fibroproliferativni onemocnéni, ve kterém hraje pod-
statnou roli proliferace hladkych svalovych bunék (SMC)
a makrofagu, tvorba pojivové tkané burikami hladké svalovi-
ny a hromadéni lipidl, zejména volného (FC) a esterifikova-
ného cholesterolu (CE), v burikdch a mezibunééné hmots.
V aterogenezi hraje oxidacni stres vyznamnou roli. Uplatiiuje
se zejména ‘O,, H,0,a 'NO. Nadmérna tvorba RONS vede
k aterogennim a trombogennim zménam ve smyslu zvy$ené
adheze monocytd, agregace krevnich destidek a porugené va-
zodilatace. Pisobenim RONS jsou ve sténé cévy modifiko-
vany LDL ¢astice a vznikaji tzv. minimainé modifikované a oxi-
dované LDL (mmLDL - minimally modified and
oxLDL-oxidized), mmLDL maiji zoxidovanou pouze lipidovou
slozku a u oxLDL dochazi k oxidaéni modifikaci i proteinové
slozky. Tyto ¢astice nasledné inhibuji vazodilataci a ptisobi
proaterogenné tim, Ze aktivuji zanétlivou odpovéd, prolifera-
ci buneék, ale i jejich apoptézu. Syntéza proaterogennich ad-
heznich molekul je zvySovéana cytokiny (interleukiny, tumor
necrosis factor alfa, angiotenzin Il, endoteliaini ristovy faktor
VEGF) mechanismy zahrnujicimi RONS. Inaktivace ‘NO pu-
sobenim 'O, a zvy$ena tvorba H,O, inhibuje vazodilataci. Oxi-
dacni stres plsobi také zvy$enou apoptdzu endotelialnich bu-
nék cestou aktivace signaini cesty proteinkinazy C (21). H,0,
i ‘O, vyznamné ovliviuji migraci hladkych svalovych bunék do
cevni stény indukci MCP-1 (monocyte chemotactic protein-1)
i proliferaci hladkych svalovych bunék. Zvysenim sekrece i ak-
tivity metaloproteinazy 9 se RONS podileji i na zvyseném od-
bouravani extracelularni matrix (22), coz ma vyznam pfi vy-
voji nestabilniho ateromového platu a nasledné trombdzy.

Diabetes mellitus

U diabetes mellitus zvySeny oxidaéni stres pochazi z né-
kolika zdroju: 1. neenzymatické zdroje, tj. zejména hypergly-
kemie, 2. zdroje enzymatické, kde vznikaji RONS v disledku
aktivity enzymd, hlavné NAD(P)H oxidazy, xanthinoxidazy,
cyklooxygendzy a 3. mitochondrialni elektronovy fetézec
v prubéhu oxidativni fosforylace (23). Hyperglykémie zvysuje
tvorbu volnych radikald nékolika zplsoby (24). B&hem tzv. au-
tooxidace glukozy, katalyzované pfechodnymi kovy, dochazi
ke vzniku redukovanych kyslikovych derivati, jako jsou 2O,
ZOH a H,0, ale i reaktivnich ketoaldehydl. Glukdza je dale
schopna vazat se neenzymaticky adici k aminoskupiné pro-
teinu (glykace), timto vznikaji pfes meziprodukt (Schiffovy ba-
ze) tzv. Amadoriho produkty. Disledkem intramolekularnich
presmykl v Amadoriho produktech je vznik vysoce reaktivnich
dikarbonylovych latek, glyoxalu, methylglyoxalu a 3-deoxy-
glukosonu. Radove béhem tydnu jsou Amadoriho produkty po
intra- a intermolekulérnich pfestavbach pfeménovany na no-
vou tfidu molekul, tzv. Maillardovy slougeniny, neboli AGE
(advanced glycation end products). U hyperglykémie se me-
tabolismus glukézy ubira i polyolovou cestou, ktera také ve-
de ke zvy$ené tvorbé *0,". Glukéza je nejprve redukovana
aldozoreduktazou za tcasti NADPH na sorbitol, ten je oxido-
van NAD* s naslednym zvySenim poméru NADH/NAD* v cy-
tosolu (hyperglykemicka pseudohypoxie).

Zdrojem zvy$ené tvorby superoxidu O, jsou u diabetu
vedle hyperglykémie také enzymatické aktivity NAD(P)H oxi-
dazy, xanthinoxidazy i cyklooxygenazy, jejichz plisobenim
vznika *O, jednoelektronovou redukeci kysliku. Se vzestupem
hladiny 2O,", mozna v dusledku poklesu BH, jsou spojeny sta-
vy spojené s inzulinovou rezistenci jako obezita, arteriaini hy-
pertenze a diabetes mellitus (25). Superoxid, tvofeny v mito-
chondridlnim systému za hyperglykemickych podminek,
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Obr. 4. Oxidacéni stres a hyperglykémie v patofyziologii diabetu (dle 26)
COX-2 — izoforma 2 cyklooxygenazy, SOD — superoxid dismutaza, PKC — proteinkindza C, F-3-P — fruktda 3-fosfataza, GFAT - glutamin:
fruktéza 6-fosfat aminotransferaza, Gin — glutamin, Glu — glutamat, PGs — prostaglandiny

aktivuje enzym poly (ADP-ribdza) polymerazu (PARP). To pa-
sobi inhibici glyceraldehydfosfat dehydrogenazy (GAPDH)
s naslednym zvySenim koncentrace glyceraldehyd-3-fosfatu
a aktivaci 4 patologickych mechanisma: 1. polyolové cesty,
2. glukozaminové cesty, 3. zvySené tvorby methylglyoxalu
a AGE, 4. vzniku diacylglycerolu (DAG), ktery aktivuje PKC
(proteinkinazu C) (26). Aktivaci PKC je mozné vysvétlit né-
které cévni abnormality pozorované u diabetu (zmény funkci
bunék endotelidlnich, mezangialnich, bunék hladkého sval-
stva cév s vyslednymi zménami permeability, kontraktility
a syntézy bazalni-membrany). PKC muze také modulovat pi-
sobeni hormon(, ristovych faktori a iontovych kanalld. Nas-
tin plsobeni oxidacniho stresu v patofyziologii komplikaci dia-
betu je podan na obrazku 4.

Hyperlipidémie

Hypercholesterolémie i hypertriglyceridémie (HTG) jsou
zdrojem zvySeného oxidacéniho stresu. Je u nich zjisStovana
zvysena tvorba 20, zfejmé v disledku zvy$ené aktivity xan-
tin oxidazy (27) a NAD(P)H oxidazy (28). Léciva uzivana k lé¢-
bé téchto dvou stavdl, statiny a fibraty, nesnizuji pouze hladi-
nu lipidd, ale maji tzv. pleiotropni Géinky, mezi které patfi
i pfiznivé U¢inky na oxidacéni stres. U nemocnych s HTG lé-
¢enych fibraty byl popsan pokles hladiny konjugovanych die-
nu, prodlouzeni lag faze lipoproteinovych ¢astic VLDL a LDL
i vzestup aktivity SOD a GPx (29).

Neurodegenerativni onemocnéni

Mozek je viéi oxidaénimu stresu vysoce citlivy, protoZe vy-
uziva 20 % kysliku spotfebovavaného organismem (30). Mo-
zek takeé obsahuje velké mnozstvi vicenenasycenych mast-
nych kyselin a Zeleza a nizkou koncentraci antioxida¢nich
enzymul.

Parkinsonova nemoc. U Parkinsonovy nemoci dochazi
k degeneraci neurontl v substantia nigra, secernujicich do-
pamin, které se podili na kontrole a planovani pohybu. Pred-
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poklada se, ze v patofyziologii choroby se uplatriuje tvorba
RONS a oxidace dopaminu (31). U pacientl s Parkinsono-
vou nemoci jsou silné dukazy o pusobeni oxida¢niho stre-
su. V. mozku pacientt s Parkinsonovou nemoci byla zji§té-
na zvySena mnozstvi oxidovanych forem protein(, lipidd
a nukleovych kyselin, jako jsou karbonyly proteint, 4-hyd-
roxy-2-nonenol a 8-hydroxy-2-deoxyguanozin (2, 3, 5,
9-11).

Alzheimerova nemoc. Podobné se oxidacéni stres podle
soucasnych nazorl uplatiiuje také v patogenezi Alzheimero-
vy nemoci. Alzheimerova nemoc (AD) je heterogenni one-
mocnéni, za jejiz hlavni rys je povazovano ukladéani amyloi-
du beta (AB) v mozku. Beta-amyloid je ukladan extracelularné
v tzv. senilnich placich a je tvoren z téla viastniho amyloido-
vého prekurzorového proteinu (APP). Dal§im patologickym
proteinem u AD je degenerovany protein tau, uloZzeny intra-
celularné (32). Tvorba RONS, jako napf. H,O, provazejici re-
dukci kovovych iontd, vedla k oxidaénimu poskozeni neuro-
nt a vzniku AB. AB sam je zdrojem oxidacniho stresu. Béhem
progrese AD byla prokazana lipoperoxidace, oxidaéni posko-
zeni proteind i DNA.

V mozkové tkani jsou u pacientl s AD prokazovany mar-
kery oxida¢niho stresu, jako je zvySena aktivita hem-oxyge-
nazy 1 (HO-1) a koncentrace 8-hydroxyguaninu (8-OHG). Se-
nilni plaky nesou znamky oxidativniho poskozeni jako
modifikace Maillardovymi sloué¢eninami (AGE), karbonylace,
+Sitovani“ (cross-linking) proteinli. V mozkové tkani nemoc-
nych s AD jsou také prokazovany zvySené koncentrace Zele-
za a meédi. Pfesné mechanismy spojeni mezi oxidaénim stre-
sem a smrti neuronl, vedouci k porucham poznavacich
procesu, véak zatim nebyly objasnény (33).

Psychiatricka onemocnéni
V posledni dobé je uloha oxida¢niho stresu sledovana
i u nékterych psychiatrickych onemocnéni, zejména schizo-

frenie, ale i depresivnich poruch, obsedantni kompulzivni po-
ruchy (OKP) a autismu.
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Schizofrenie. U pacientl se schizofrenii je vétsinou pro-
kazovana dysfunkce antioxidaéniho systému spojena s vy-
stupriovanou lipoperoxidaci. Mechanismy vzniku a pisobeni
oxidaéniho stresu u schizofrenie nejsou jasné, néktefi autofi
ukazuji na vyznam zvy$eného obratu katecholamind u ne-
mocnych se schizofrenii (34).

Depresivni poruchy. V etiopatogenezi deprese se pfredpo-
klada acast oxidacniho stresu, a protoze mozek obsahuje vel-
ké mnozstvi vicenenasycenych mastnych kyselin, Zeleza a niz-
kou koncentraci antioxidaénich enzymu je k jeho plsobeni
nachyiny. Deprese je Casto spojena i se subklinickym zanétem
provazenym zvy$enymi hladinami zanétlivych cytokind, zvy-
Sujicich tvorbu reaktivnich ¢astic (35). Byla popsana korelace
zavaznosti symptomU deprese s hladinou lipoperoxidil v séru.

ZAVER

RONS i antioxidaéni systémy hraji v organismu dtlezitou
Ulohu. Jejich vyvoj Sel ruku v ruce s vyvojem aerobniho me-
tabolismu a ochrany pred toxicitou kysliku. Role RONS neni
pouze negativni Ucasti v patofyziologickych mechanismech
ruznych chorob, ale RONS maji téz fadu pfiznivych uginkd
a jsou soucasti pfirozenych bunéénych signalinich drah. Je-
jich patologické pusobeni zavisi hiavné na nerovnovéze pro-
oxidacnich a antioxidacnich systémd. V sou¢asné dobé je je-
jich studiu vénovana zvy$ena pozornost a Ize doufat v brzké
uplatnéni poznatkd pro Ié€bu chorob, v jejichz rozvoji se
RONS uplatriuji.

Zkratky
13-HODE - a 13-hydroxy-9,11-oktadekadienova kyselina

4-HNE — 4-hydroxynonenal

8-OH-dG - 8-hydroxydeoxyguanozin

8-OHG — 8-hydroxyguanin

9-HODE - 9-hydroxy-10,12-oktadekadienova kyselina

AD — Alzheimerova nemoc

ADMA — asymetricky dimetylarginin

AGE — advanced glycation end products
AP-1 — activated protein-1

APP — amyloidovy prekurzorovy protein
AB — amyloid beta

BH, ~ tetrahydrobiopterin

Ca?t — intracelularni kalcium

CAT — katalaza

CE — esterifikovany cholesterol

cGMP - cyklicky guanylmonofosfat

Co Qyq —koenzym Q,,

COX — cyklooxygenaza

COX-2 — izoforma 2 cyklooxygenazy
CRP — C-reaktivni protein

cysLT - cysteinylleukotrieny

DAG — diacylglycerol

eNOS — endothelialni syntdza NO

F-3-P - fruktoza 3-fosfatdza

FAD - flavinadenindinukleotid

FC - volny cholesterol

FMN — flavinmononukleotid

GAPDH - glyceraldehydfosfat dehydrogenazy

GFAT — glutamin: fruktéza 6-fosfat aminotransferaza
Gin — glutamin

Glu — glutamat

GPx — glutahion peroxidéaza

GR — glutathion reduktaza

GSH - glutathion

GSSG — glutathion disulfid

GST — glutathion S-transferaza

H,0, — peroxid vodiku

HclO — kyselina chlorna

HETE — hydroxyeikosatetraenova kyselina

HO-1 — hem-oxygenaza

HPETE — hydroperoxyeikosatetraenova mastna kyselina
HTG — hypertriglyceridémie

IFN-y — interferon gamma
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ICHS — ischemicka choroba srdeéni

IL — interleukin

iNOS — inducibilni NOS

LDL — lipoproteiny o nizké hustoté

LH — mastna kyselina

LO-x - lipoxygenaza

LT — leukotrieny

LX — lipoxiny

MCP-1 — monocyte chemotactic protein-1

MDA — malondialdehyd

mmLDL - minimalné modifikované a oxidované LDL (minimally
modified and oxLDL-oxidized)

MPO — myeloperoxidaza

NF-xB — nuclear factor kappa B

nNOS — neuronalni NOS

NO — oxid dusnaty

NOS — syntaza oxidu dusnatého
OKP — obsedantni kompulzivni porucha
ONOOr — peroxynitrit

(OS] — oxidacni stres

PDGF — platelet derived growth factor

PGs — prostaglandin

PKC — proteinkinaza C

PPAR-y - peroxisome proliferator-activated receptor gamma
PUFA — polyunsaturated fatty acids

RONS — reactive oxygen and nitrogen species
ROS — reaktivni slouc¢eniny kysliku

sGC — solubilni guanylat cyklaza

SMC - proliferace hladkych svalovych bunék
SOD — superoxid dismutaza

TNF-a — tumor nekrotizujici faktor alfa

TRRed — thioredoxin reduktaza

XD - xanthin dehydrogenaza

X0 — xanthaxanthin oxidaza
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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-1B, IL-6, IL-10), tumor
necrosis  factor a,oxidized-LDL  (ox-LDL, conjugated dienes (CD), nitrites,
nitrotyrosine,paraoxonase  lactivity, = HDL  cholesterol, apoprotein =~ Al, 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 CuZnSODactivity in
erythrocytes were found in Slonly. 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 TNFaaccompanied bythe decrease in the

PON1, GPXI1, apo-Al, HDL-C, Se, Zn and albumin appeared in S1 and persisted until R7.



The increased TNFa 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 3-5 days, 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 anergy 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-a and IL10 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 wvariable 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 processof 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 thiscompleteness

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 a. (TNFa), serum amyloid A (SAA), oxidized
LDL (ox-LDL), albumin, bilirubine, 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 TNFa were analyzed using Fluorokine MAP Kkits
(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'cm™) 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/LDLwas measured as previously described by Kodydkova 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"-75™ 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 S7 compared to HC. The increased concentrations
of interleukins (IL-6, IL-10, TNF-a) persisted from S1 till R7 and SOFA gradually decreased
from S1 till S7 (Figurel).

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 PONT1 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 ApoAl 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/): 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-a) 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-a 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-4 ratio was caused mainly
by the decrease of serum IL-10 level, whereas TNF-o 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 inmonitored times would be
reflected by the concomitant rearrangement of redox 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 onsetof 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 vitaminsare 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 reducedantioxidant defencecapacity 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
paediatric 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 H,O, that is further
transformed to H,O 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
CuZnSODin combination with simultaneous decrease in CAT and GPXI1 activities may
intensify the H,O, accumulation withsubsequent 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
12-24 hr) to H,O,. 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 SeCys residue, is essential for its activity (46).
In accordance suppressed activity of GPX1 was 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 GPXI
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 PONI 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 PONI1 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 PON1 activity 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 PONT1 by ox-LDL involves the interaction of oxidized lipids with its free sulthydryl 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-Alconcentrations was closely followed
by a marked increase of SAA persisting until R7. It is known that during inflammation SAA
replaces Apo-Al 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 Leeuwen et al. (56). The fall in HDL-C negatively
correlated with persisting increase in TNF-a.

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-Al, 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 proteinsynthesis 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 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
11/8 -
(medical/surgical)
Source of sepsis
12/7 -
(lungs/others)
Day of sampling 1 7 22.0 (14.0-34) -
ICU hospitalization
20.0 (9-53) -
(days)
Hospitalization (days) 24.0 (16.0-61) -
Duration of sepsis
14.0 (6.0-26) -
(days)
SOFA 7.0 (2.5-10.0) 3.0 (1.5-9.0) - -
APV
7 (36.8 %) 7 (36.8 %) 1 (5.3 %) -
(number/percent)
CRRT
0 3 (15.8 %) - -
(number/percent)

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™-75" percentile).




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

of antioxidant capacity

Vitamin E (mg/1)
Vitamin A (mg/l)
Fe (umol/l)
Ferritin (ng/l)
Transferin (g/l)
Ceruloplasmin (g/l)
Cu (pmol/l)

Zn (nmol/l)

Se (ng/)

Albumin (umol /1)
Bilirubin (umol/1)
Uric acid (umol/l)

¢TRAP (tmol/l)

S1
(m=19)
12.2 +4.6*°
0.52 + 0.20*"¢
2.8 (2.0-3.3)*"¢
452 (240-1436)*
1.58 (1.13-1.91)*"¢
0.43 + 0.08
20.3+3.7
8.9 +2.9%b<
33.3+13.3%¢
437 £ 95
14.8 (9.4-25.9)°
270 + 103

585 + 143*¢

SP
S7
(n=19)
14.5+4.55
0.81 £0.28
7.1 (4.8-10.0)*¢
356 (222-1347)"
1.86 (1.55-2.18)"¢
0.47 £0.12
22.5+5.1°
11.8 £2.6*°
46.5 £28.4"
438 +£118*¢
12.5(6.1-21.4)
224 + 106*¢

535 + 157*¢

R7
(n=19)
16.4 £ 5.0
0.96 + 0.44
11.6 (7.5-13.6)*
278 (194-646)*
2.19 (2.05-2.35)*
0.45+0.10
21.6 4.7
14.1 £3.6
53.7 +£24.3"
548 + 944"
7.7 (6.7-17.0)

293 £ 122

669 + 143°

HC

(n=19)

18.2 £ 8.6
0.97+0.27
20.0 (15.6-27.3)
84 (67-161.3)
2.65 (2.45-3.09)
0.40 + 0.07
18.5+3.2
151417
72.5+ 13.8
707 £ 63
10.3 (7.3-14.5)
331+ 90

781 + 132

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"™-75" percentile) for nonparametric

variables; * septic patients (all samplings) vs. healthy controls, ®S1vs. S7, €SI or S7 vs. R7; p

<0.05.



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

Albumin HDL-C Ox-LDL/LDL-C
S1 0,556™ 10,384 0.398
S7 sk sk *
CRP 0,743 10,546 0.464
R7 0306 0.018 0.070
HC 0.512° 0,242 0,117
51 0,324 0,472° 0,405
S7 * %k *
T 10,563 10,680 0,548
R7 -0.341 -0.140 0511"
HC 0,173 0,051 0.075
S1 10,448 0,123 0,116
S7 *%k *
e 0,641 0351 0,465
R7 20.120 -0.169 0.049
HC 0,637 0,247 20,009
S1 0.172 20,052 0,093
S7 ;
_— 0,456 0,387 0.349
R7 0.712" 10302 0.144
HC 10,380 0,026 0,043
S1 0,060 10,299 0.116
S7 ) ; ;
INF 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
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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-a: tumor necrosis factor a, IL-6: interleukin-6, IL-10: interleukin-10; Data



presented as median (quartile, range), * S1 or S7 or SR7 vs. HC; * S1 or S7 vs. R7; ®S1 vs.

S7; #*% p < 0.001, ** p < 0.01, * p < 0.05
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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 paraoxonasel — arylesterase activity, SAA:
serum amyloid A, Apo-A1l: apolipoprotein A1, HDL-C: high density lipoprotein cholesterol,
data presented as mean = S.D., * Slor S7 or R7 vs. HC; "S1orS7vs.R7; ®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., * Slor S7 or R7 vs. HC; "S1orS7vs.R7; ®S1vs. 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 peroxidasel, GR:

glutathione reductase; data presented as mean = S.D., * Slor S7 or R7 vs. HC; "S1orS7 vs.

R7; ®S1vs. S7; *** p <0.001, ** p<0.01, * p < 0.05
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