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1 UvoD

Predkladana habilita¢na praca podla § 72 ods. 3 pismena b) zdkona o vysokych
Skolach je stthrnom §tadii a odbornych textov venujucich sa aktudlnym témam v oblasti
anestéziologie, intenzivnej mediciny a algezioldgie. Pre rozsiahlost’ suboru publikacii a ich
tém je praca rozdelend do 5 celkov, ktoré koreSponduju s hlavnymi cie'mi mojej klinicko-

vyskumnej ¢innosti.

Reaktivne formy kyslika a dusika su atomy, molekuly alebo ich fragmenty, ktoré maja
jeden alebo viac nesparenych elektronov a st schopné, hoci aj kratkej samostatnej existencie.
Castokrat zohravaji dolezita ulohu pri roznych fyziologickych dejoch, akymi st procesy
suvisiace s fagocytozou, podiel’aju sa na Sirokom spektre signaliza¢nych funkcii a mnohych
mechanizmov, ktoré variabilnym pdsobenim v zZivych ststavach udrziavaju stav homeostazy.

Na druhej strane neziaduci efekt nadprodukcie tychto reaktivnych foriem, patri medzi
Siroko skumané procesy v suvislosti s ich podielom na patogenetickom rozvoji rozlicnych
ochoreni. Ddsledok ich negativneho pdsobenia sa oznacuje ako oxidacny stres, ktory je
definovany ako nerovnovaha medzi tvorbou a odstraiiovanim volnych radikalov a d’alSich
reaktivnych latok.

Oxidacny stres stoji na pozadi mnohych t'azkych chorobnych stavov a zohrava ddlezit
ulohu pri amplifikacii imunitnych dejov. U kriticky chorych je zndma jeho aktiva¢na tloha v
patogenéze syndromov SIRS, sepsa, septicky Sok a Sirokého spektra patologickych stavov,
akymi su akatna pankreatitida, neurozapalové procesy, infekéné pneumonie a d’alSie zavazné
diagnozy. Liecba tychto ochoreni je velmi komplexna a pristup je od pacienta k pacientovi
individualny.

Svetovou zdravotnickou iniciativou bola v rokoch 2002 - 2003 snaha o zvySenie
prezivania pacientov so sepsou. Tato iniciativa viedla k vypracovaniu a prijatiu spoloéného
programu za prezitie sepsy pod ndzvom ,,Surviving Sepsis Campaign, ktory pozostaval z
komplexnych a jednotnych odporucanych postupov v diagnostike a liecbe tazkej sepsy.
Odportcania boli prvykrat publikované v roku 2004 a nésledne revidované podl'a novych
dokazov Evidence Based Medicine (EBM -mediciny zalozenej na dokazoch) v rokoch 2008,
2012, 2017 22021 (1, 2). V priebehu tychto ¢asovych obdobi boli prehodnocované rozne
postupy, vratane antioxidacnej suplementacnej terapie formou enterdlnej a parenterdlnej

aplikacie vitaminov, stopovych prvkov (zinok a selén) a podavania glutaminu. Medzi dolezité
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Studie, zaoberajucimi sa touto problematikou v klIi¢ovom obdobi kritického hodnotenia
dokazov, sa radia Stidie autorov Valenta a kol. a Andrews a kol. (3, 4). Jednou z dblezitych
prac nasho lekarsko-vyskumného kolektivu, ktoré podporili negativne zavery liecby selénom,
patri prospektivna observacna klinicka stidia Se-AOX, ktorej vysledky nepotvrdili vyznamny
benefit po suplementécii selénu vzh'adom na sledovanti mortalitu pacientov s tazkou sepsou
a septickym Sokom.
V obdobi 2019 - 2022 svetova verejnost’ Celila virusovej pandémii COVID-19. V
tomto obdobi nés lekarsko-vyskumny tim pracoval na zlepSeni ventilacnych moznosti u
pacientov s nehomogénnym poskodenim pl'ic v dvoch vyznamnych projektoch realizovanych
v ramci ,,Operacného programu Integrovand infrastruktura”, ktoré boli spolufinancované zo
zdrojov Eurdpskeho fondu regiondlneho rozvoja v spolupraci s Ministerstvom Skolstva,
vyskumu, vyvoja a mladeze Slovenskej republiky. Molekularne principy prestavby plicneho
tkaniva na menejcenné fibrozne tkanivo uzko suvisia s excesivnou zapalovou reakciou a
rozvojom oxidacného stresu. V rdmci progndzy a terapeutickej stratégie u pacientov s tazkou
virusovou pneumoniou sme mohli v tomto obdobi vyuzit' nadobudnuté poznatky aj zo Stidie
Se-AOX. Zo ziskanych skusenosti pocas pandémie HINI v roku 2009, ako aj skusenosti
s ventilaciou u septickych pacientov s ARDS, bolo mozné¢ d’alej rozvijat metddy viac-
hladinovej umelej pl'icnej ventilacie. Jej v€asné nasadenie zlepSovalo prezivanie pacientov a
poukazovalo na nizSiu uroven postpneumonickej fibrotickej prestavby plucneho tkaniva.
Pdsobenie oxidacného stresu je neSpecifické s potencidlom zasiahnut’ rézne tkaniva
a organové systémy. Z doterajSich vyskumov vyplyva, Ze oxidacny stres zohrdva vyznamnu
ulohu aj pri chronifikécii bolesti. Sprievodné kaskadové reakcie sprevadzajlice oxidacny stres
vyvolavaji negativne zmeny v centrdlnom nervovom systéme na neurénoch ako aj na
bunkach glie, vzhl'adom na ich vysoku citlivost’ vo¢i oxida¢nym vplyvom a metabolickym
zmenam, ktoré prebiehajii v ramci neurozapalu. Tato téma bola rovnako predmetom zaujmu
naSej vyskumnej prace. Vplyv oxidacného stresu a moznosti jeho supresie pri rozvoji
neurozéapalu, neuropatickej bolesti a pooperacnej kognitivnej dysfunkcie u pacientov po
kardiochirurgickych a nekardiochirurgickych vykonoch aktualne skimame s nasim vedecko-
lekarskym timom v prebiehajucej prospektivnej observacnej klinickej Studii NeuOX-
postSurg Trial. Z experimentalnych vyskumov vyplyva, ze oxidacny stres hra dolezita ulohu
v ramci viacerych mechanizmov, ktoré su zapojené do nociceptivnej modulacie a centralne;j
senzitizacie. Zaroven pretrvavanie prooxida¢ného stavu umociiuje terapeutické pouzivanie
opiatov. DoterajSie dokazy klinickych a experimentalnych Stadii poukazuji na zvysSenu

tvorbu reaktivnych foriem kyslika a dusika pri metabolizacii morfinu, ktoré st vysledkom
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katalyzovanych reakcii aktivovanymi enzymami NOS (syntdzou oxidu dusnatého) a
fosfolipazou D2. Predpoklada sa podobny prooxidacny efekt aj pri metabolizacii d’alSich silny
opidtov z inych farmakologickych skupin. Tieto tedrie overuje nas lekarsko-vedecky tim v
prospektivnej observac¢nej klinickej stadii Opioid-Redox Study.

Dolezitou sucast'ou lekarskej a vedeckej prace, ktord nadvézuje na nas doterajsi vyskum

je Studium akutnej a chronickej bolesti v nemocnicnom a ambulantnom prostredi. Medzi
dolezité klinické Stadie o ktoré sa opiera nas d’alsi vyskum patri §tidium pooperacnej bolesti
sledovany v klinickej  §tadii  VUSCH/POPTlstudy, ktory porovndva  skupiny
kardiochirurgickych pacientov po sternotomiach a torakotomiach, ktori su na konvencnej
analgetickej farmakoterapii a skupiny pacientov po regionalnych nervovych blokadach a
kryoablaénych vykonoch zameranych na interkostalne nervy.
Sledovanie klinického stavu a hodnotenie zmien v kvalite Zivota u pacientov s chronickou
bolestou v ambulantnom prostredi sme realizovali vo viacerych klinickych stadiach. Tieto
klinické Studie boli zamerané prevazne na pacientov s bolest'ou dolnej Casti chrbta tzv. ,,low
back pain” apacientov s kritickou koncatinovou ischémiou. Klinicky stav pacientov
s postlaminektomickym syndromom hodnotila po epiduroskopickom terapeutickom vykone
multicentricka randomizovand dvojito zaslepena klinicka Studia EPCS II. Klinickd $tadia
sledovala efekt samotnej mechanickej lyzy verzus mechanickej 1yzy vratane aplikacie lieciv
do epidurdlneho priestoru. Terapiu lumbalneho fazetového syndromu hodnoti aktudlne
prebiehajuca prospektivna multicentrickd randomizovana klinicka stddia EPCS XI
porovnavajuca 3 skupiny pacientov, ktori podstupuju radiofrekvencénu ablaciu, kryoablaciu
medidlnych nervovych ramienok dorzédlnej vetvy spindlneho nervu a endoskopicky
debridement puzdra fazetového kibu. Dalsou ukongenou 3tudiou zameranou na chirurgicku
lie¢bu aktutneho radikularneho syndromu bola prospektivna observacna stadia EPCS V, ktora
hodnotila pooperacny stav pacientov a komplikacie po endoskopickej diskektomii. V tychto
studiach bola hodnotend kvalita Zivota prostrednictvom dotaznika EQ-5D-5L vyskumnej
skupiny EuroQuol, pricom v spolupraci so Slovenskou Akadémiou Vied boli stanovené
koeficienty §tatistickych vah pre region Slovenskej a Ceskej republiky.

Aktualne realizujeme prospektivnu observacnu klinicka $tadiu: Tevi-LuSy-Study
v spolupraci Vychodoslovenskym tustavom srdcovych a cievnych choréb a s Technickou
Univerzitou v KoSiciach, ktora sa zobera klinickym hodnotenim stavu pacientov a hodnotenim
urovne perfizie dolnych koncatin prostrednictvom termalnych zmien u pacientov s kritickou
ischémiou dolnych koncatin po sympatikolytickych intervencidch. Tento projekt je financ¢ne

podporeny grantom Slovenskej spolo¢nosti pre Stidium a liecbu bolesti.



2 OXIDACNY STRES V PATOGENEZE SEPTICKYCH STAVOV

2.1 Patofyziolégia oxidacného stresu

Reaktivne formy odvodené od kyslika (ROS, reactive oxygen species) vznikaju za
aerobnych podmienok v regulovanych aj neregulovanych procesoch. Medzi ROS patria
atomy alebo molekuly obsahujuce jeden alebo viac nesparenych elektronov. St produktami
latkového metabolizmus a v Zivych organizmoch participuju na Sirokom spektre biologickych
procesov. Patria medzi ne radikalové formy ako superoxidovy radikal (O>"), hydroxylovy
radikal (HO"), oxid dusnaty (NO) alebo neradikalové formy, napr. peroxid vodika (H20.) (5).
ROS zohravaju dolezita tlohu v patogenéze Sirokého spektra chorobnych stavov, vratane
zavaznych ochoreni u kriticky chorych pacientov. Charakteristickd je pre nich vysoka
reaktivita a velmi kratky polCas rozpadu. Medzi ich najvyznamnejSie funkcie patria
antimikrobidlna ochrana a signaliza¢né funkcie (6).

Tvorba ROS prebieha prevazne Styrmi hlavnymi cestami, a to:

. V dychacom retazci prebiehajicom v mitochondridch kazdej bunky, kde O™ vznika
ako vedlaj$i produkt reakcie molekularneho kyslika a semichindénu. Vyznamna je ale aj
produkcia Oz v polymorfonuklearnych leukocytoch, kde maju antimikrobialnu funkciu.

. Druhy sposob je zabezpeceny prostrednictvom, reakcii katalyzovanych enzymami
rodiny NOX, NADPH-oxiddzami, ktorymi disponuji najmid makrofagy a neutrofilné
leukocyty. Touto reakciou vznikd excesivne mnozstvo O>", ktory zohrava dolezith
baktericidnu ulohu.

. Tretia cesta tvorby ROS je katalyzovand enzymom xantinoxidazou, ktora je aktivovana
napriklad pocas ischemickych podmienok spojenych s naslednou reperfiziou tkaniv. Rovnako
aj pri tejto reakcii vznikd masivne mnozstvo O;™ v Case reperfuzie. Jej najvécsia aktivita sa
predpoklada najmai pri polytraume a pri kardiochirurgickych vykonoch.

. Stvrtou variantou je tvorba ROS pri poskodeni buniek. Procesy su spojené s
uvolnovanim intracelularnych redoxne aktivnych ionov (Fe, Cu), ktoré amplifikuju tvorbu
volnych radikalov v Haber-Weissovej a Fentonovej reakcii, kedy dochédza ku konverzii
peroxidu vodika na hydroxylovy radikal (7).

ROS maju schopnost’ poskodzovat’ proteiny, polysacharidy, nukleové kyseliny, nenasytené
mastné kyseliny, ¢o vedie k dramatickému poskodeniu buniek. Navyse ROS mdzu iniciovat’

uvolnovanie cytokinov z imunokompetentnych buniek, aktivovat' zapalovu kaskadu a
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zvySovat expresiu adhéznych molekul na povrchu buniek. VolI'né radikaly spustaju kaskadu
intercelularnych udalosti, spdsobujtcich uvolnenie nuklearneho transkripéného faktora NF-
kB zjeho inhibi¢ného proteinu IxB. NF-«xB faktor sa translokuje do bunkového jadra a naviaze
sa na DNA, ¢o spustia iniciaciu transkripcie génov, ktoré su dolezité z hl'adiska zapalu. NF-
kB kontroluje produkciu mediatorov akutnej fazy ako TNF-a, IL-2 a IL-2 receptorov, ktoré
opat’ aktivuju NF-kB, ¢im amplifikuju zépalovu kaskadu . PosSkodenie tkaniv a zépal veda ku
akumulécii granulocytov v danom tkanive, ¢o vedie k zvySenej produkcii ROS a bludnému

kruhu d’alsSieho oxidacného poskodenia tkaniva (7, 8).

2.2 Kriticky chory pacient

Kritické ochorenia sa vyznacuju komplexom poriuch vratane excesivnej zapalovej
odpovede, dysfunkcie mitochondrii, bunkovej imunity a rozvojom oxida¢ného stresu.
Oxidacny stres nemusi byt’ len désledkom, ale Coraz viac sa uznava ako klI'iCovy prispievatel
inicianych patofyziologickych procesov, ktoré su zakladom vzniku kritického ochorenia (9)
(10). Prikladom sledu tychto kaskadovych reakcii je syndrém systémovej zapalovej odpovede
(SIRS). Z klinického hl'adiska je medicinsky manazment kriticky chorych pacientov na
intenzivistickom 16Zku zamerany na liecbu Sirokého spektra zavaznych klinickych stavov,
ktoré ohrozuji jedinca na Zzivote, a to zlyhdvanim jedného alebo viacerych orgénovych
systtmov s moznymi prejavmi kardiogénneho, hypovolemického, distribu¢ného,
obstrukéného Soku alebo ich kombinacie (11). Medzi najcastejSie pri¢iny hospitalizacie na
oddeleniach intenzivnej mediciny patria stavy spojené s respiraénym a kardidlnym zlyhanim.
Dalsimi zAvaznymi ochoreniami vyZzadujucimi intenzivnu terapiu s septické stavy, tazké
traumy, maligne poruchy srdcového rytmu, poranenia CNS, cievne mozgové prihody,
rozsiahle nekardiochirurgické a kardiochirurgické operacné¢ vykony, popaleniny a d’alSie
stavy vyzadujuce rozsiahly monitoring vitalnych funkcii, ventilaéna podporu, farmakologicku
vazopresoricku a inotropni podporu, mechanické podpory obehu a srdca, mimotelovl
eliminacnt liecbu, vratane komplexnej nutri¢nej podpory. Pacienti su vystaveni noxam, pri
ktorych dochadza k nadmernej tvorbe volnych radikdlov, zaroven st ohrozeni malnutriciou,
deficitom mikronutrientov a vycCerpanim endogénnych zasob molekal s antioxida¢nymi
vlastnostami (12, 13).

V klinickych Studiach sledujicich zavazné klinické stavy bol hodnoteny terapeuticky efekt

viacerych latok, ktoré disponuji antioxidacnymi vlastnostami. Medzi vyznamné latky, ktoré



su sucastou antioxidacnych systémov, patria vitaminy C, E, p-karotén, kyselina

eikozapentaénova, zinok, selén a glutamin (5, 12 -14).

2.3 Terapeutické vyuzitie selénu

Organizmus disponuje siborom komplexnych obrannych mechanizmov, zahfiiajucich
intra- a extracelularne zlozky, ktoré dokazu za fyziologickych podmienok efektivne
eliminovat’ tvorbu reaktivnych foriem kyslika a dusika. Tymto sposobom je ich celkova
kvantita v ur€itom priestore regulovand, ¢o brani rozvoju nekontrolovanych kaskadovych
oxida¢nych reakcii. Esencialne stopové prvky ako med’, mangan, zinok, Zelezo a selén su
klaicové pre aktivitu enzymov, ako je superoxiddismutiza (SOD), kataldza a
glutationperoxiddaza (GPx). Okrem toho neenzymatické obranné mechanizmy zahfiiaja
molekuly ako glutation, albumin, vitaminy E, C a B-karotén. Na pozadi SIRS mdze
nedostatok tychto endogénnych antioxidantov vzniknat v doésledku faktorov, ako je
presakovanie kapilar, hemodiliicia, neadekvatny prijem stravy a lekarske zasahy, ako je
kontinualna rendlna substitu¢na terapia. NajzavaznejSie pripady SIRS sa casto zhoduju s
najvyraznejSim ubytkom antioxidantov (9, 15). Medzi d’alSie kritické stavy patri sepsa a
septicky Sok. Charakteristickym prejavom sepsy je Zivot ohrozujuce zlyhdvanie organov,
ktoré je spdsobené neprimeranou odpovedou hostitel'a na infekciu (16). Progresiou sepsy do
septického Soku dochadza k porucham krvného obehu a k bunkovym ¢i metabolickym
zmenam, ktoré zvysuju riziko umrtia.

Sepsa napriek enormne vynaloZzenému usiliu predstavuje zavazny medicinsky a socio-
ekonomicky problém. Od roku 2002 bola formou Barcelonskej vyzvy odstartovand kampai
za prezitie sepsy ,,Surviving Sepsis Campaign® (SSC), zaoberajica sa moznostami liecby
tazkych septickych stavov s cielom znizenia mortality. Tento program zahfiial vytvaranie
jednotnych odportcani zameranych na vc€asni diagnostiku a lieCbu sepsy na podklade
mediciny zalozenej na dokazoch. Okrem vcasnej identifikdcie vyvoldvajucich agensov,
empirickej a cielenej antimikrobialnej lieCby, vcasnej tekutinovej resuscitacie obehu a
udrzania cielovych hodnét stredného arteridlneho tlaku, boli posudzované dalSie
predpokladané terapeutické postupy a aplikacia lieciv, ktoré by mohli pozitivne ovplyvnit
priebeh ochorenia (1). Medzi sledovanymi latkami boli aj v tomto Case latky s antioxida¢nymi
vlastnost’ami ako vitamin C, E, alebo latky, ktoré k syntéze antioxida¢ne posobiacich molekul

su potrebné, ako glutamin a mikroprvky zinok a selén (17).
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Prave selén ako kofaktor vyznamnych antioxida¢nych selenoenzymov sa javil na zaklade
vysledkov vtedajsich velkych klinickych stadii ako tzv “magic bullet” alebo “game changer”,
ktory by mohol zvratit nepriaznivy priebeh septickych ochoreni. AvSak na vyslovenie

jednoznacnych ucinkov chybali d’alsie dokazy.

2.4 Klinické studie sledujtce efektivitu selénu

Terapeutické ovplyvnenie oxida¢ného stresu u kriticky chorych pacientov je dlhodobo
predmetom klinického vyskumu. Pozitivny terapeuticky efekt suplementovaného selénu
bol na prelome 20 a 21 storo¢ia zaznamenany v niekol'kych vyznamnych $tadiach.

V roku 1994 boli publikované vysledky klinickej S$tadie zaoberajiicej sa
prospektivnym sledovanim pacientov s diagnostikovanou akutnou pankreatitidou.
U pacientov bol pocas lieCby parenteralne suplementovany pentahydrat selenicitanu sodného.
Stidia prebiehala na jednotkach intenzivnej starostlivosti v Nemeckych mestich v Rostocku
a v Drazd’anoch. Celkovo bolo do $tudie zaradenych 330 pacientov. Po stanoveni diagnozy
bol pacientom podany bolusovou formou 200 pg pentahydratu seleni¢itanu sodného a
nasledne 800 pg kontinualne pocas nasledujiacich 24 hodin. Od druhého diia sa podavalo 500
ng pentahydratu selenic¢itanu sodného denne. S dobre naasovanou terapiou selénom miera
mortality, komplikécii a pocet naslednych operacii dramaticky poklesol. Mortalita v skupine
245 pacientov z Rostocku klesla na nulu. V Dréazd’anoch po suplementacii selénu bolo v
sledovanej skupine zaznamenanych 8 umrti z celkového suboru 85 pacientov, ktori boli
zaradeni do Stadie. Komplikacie sa pridruzili, az ked’ sa terapia zacala prili§ neskoro alebo
ak sa jednalo o bilidrne formy pankreatitidy (18).

Dalsie pozitivne vysledky parenteralnej suplementéacie selénu publikoval Angstwurm
v roku 2007 v casopise Critical Care zhrnutim zaverov prospektivnej randomizovanej,
placebom kontrolovanej multicentrickej §tadie. Celkovo bolo v tejto Stidii zaradenych 249
pacientov so SIRS, sepsou a septickym Sokom, ktorych APACHE III bol viac ako 70 bodov.
Pacientom bol po stanoveni diagnézy podany bolus 1000 pg pentahydratu seleni¢itanu
sodného pocas 30 minut v kontinuédlnej infzii a nasledujucich 14 dni denne bola aplikovana
kontinuéalna infizia 1000 pg pentahydratu selenicitanu sodného. Pocas Studie neboli zistené
neziaduce ucinky alebo znamky preddvkovania selénom. Po analyze podla povodného
lieCebného zadmeru bola stanovena mortalita v placebo skupine (50,0 %) versus skupina
lieCena selénom (39,7 %) (p = 0,109; odds ratio, 0,66; interval spol'ahlivosti, 0,39-1,1). Dalsie

analyzy podskupin odhalili vyznamné znizenie Uimrtnosti medzi pacientmi so septickym
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Sokom komplikovanym diseminovanou intravaskularnou koagulaciou (n =82, p =0,018), ako
aj medzi najkritickejSie chorymi pacientmi so skore APACHE III > 102 (horny kvartil, n =
54, p = 0,040) alebo u pacientov, ktori mali dysfunkciu viac ako troch orgénov (n = 83, p =
0,039) (19).

Sakr v roku 2007 v British Journal of Anaesthesia publikoval vysledky prospektivne;j
observacnej stadie, do ktorej bolo zaradenych 60 pacientov rozdelenych do skupin podla
zévaznosti klinického stavu. Jednalo sa o pacientov s nekomplikovanym priebehom SIRS,
tazkym priebehom SIRS, taZkou sepsou a septickym Sokom. U vSetkych tychto pacientov
boli pocas hospitalizacie dokumentované znizené hladiny plazmatického selénu oproti
referencnej hladine zdravych jedincov. Zistenim bolo, Zze koncentracia plazmatickych
koncentracii selénu klesala v zavislosti od dizky hospitalizacie, pri¢om vyraznej$i pokles bol
pozorovany u pacientov s organovym zlyhanim, najmé v désledku infekcii. Niz§ie hladiny
selénu v plazme boli spojené so zvySenym poskodenim tkaniva, pritomnostou infekcie alebo
organovej dysfunkcie/zlyhania a zvySenou mortalitou na JIS (20).

Optimizmus v odbornych kruhoch zacal upadat’ s pribudanim d’alsich $tadii, ktorych
vysledky neboli natol’ko presvedCivé a nepriniesli oCakavany benefit. Prikladom je
multicentricka, dvojito zaslepend studia, s kontrolnou placebo skupinou, ktora sa uskutocnila
na 11 klinikdch intenzivnej starostlivosti vo Francuzsku. Této Studia bola zamerana na
podavanie selénu u pacientov v septickom Soku. V §tadii sa podévalo 4000 ng pentahydratu
selenicitanu sodného ako bolus v ivodnej davke a 1000 pg na deni v kontinualnej infzii pocas
9 dni. V zavere nebol zaznamenany ziadny signifikantny rozdiel skratenia Casu lieCby medzi
oboma skupinami po vysadeni vazopresorov. Nebol zaznamenany ziadny pozitivny efekt na
dobu pripojenia pacienta na mechanicka ventilaciu, ani diZku hospitalizacie, pobytu na JIS,
vplyvu na vyskyt nozokomialnych pneumonii, alebo zlepSenia renalnych funkcii u pacientov
s renalnou insuficienciou. Nebola zistena toxicita, ale ani sa nepotvrdil pozitivny klinicky

vysledok u pacientov v septickom Soku (21).
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2.5 Stadia SE-AOX

2.5.1 Dizajn klinickej $tudie Se-AOX

Vzhl'adom na rozporuplné vysledky doterajSich klinickych §tudii zaoberajticich sa
suplementéciou selénu a jeho perspektivny terapeuticky potencidl v teoretickych modeloch,
nas vedecko-lekarsky tim pripravil dizajn prospektivnej observacnej klinickej S$tudie
zaoberajucej sa hypotézou ucinnosti lieCby selénom u kriticky chorych pacientov s tazkou
sepsou alebo septickym Sokom.

V roku 2008 bola schvalena Prospektivna observa¢na klinicka Stadia: Therapeutic Effect of
Sodium Selenite on Oxidative Stress in Patients With Severe Sepsis, Akronym: Se-AOX,
ktora bola registrovana v databaze clinicaltrials.gov pod registracnym cislom NCT02026856.
Ciel'om tejto Studie bolo: porovnanie klinickych vysledkov u dvoch skupin pacientov so
sepsou, priCom prvej skupine bol suplementovany pentahydrat seleniCitanu sodného v
kontinudlnej davke 750 pg/24 hod pocas 6 dni. Druht skupinu tvorila placebo skupina
pacientov. Primarne boli pacienti rozdeleni do 4 podskupin, podl'a toho, ¢i podstupili alebo

nepodstupili chirurgicky vykon, selén versus placebo.

sepsa / septicky Sok

[
l I l |

Se placebo Se placebo

chirurgicka skupina chirurgicka skupina nechirurgicka skupina nechirurgicka skupina

Obrazok ¢.1: Flow diagram Studie SE-AOX - prospektivnej analyzy.

Po zozbierani a vyhodnoteni tidajov tejto Casti Studie, sme d’alej hodnotili efektivitu lieCby
vzhl'adom na tGroven oxygendcie arteridlnej krvi v plicach. Pacienti boli sekundéarne
retrospektivne rozdeleni do 4 podskupin podla hodnot oxygenacného indexu (pomeru
parcialneho tlaku kyslika v arterialnej krvi a frakcie inspirovaného kyslika) Skupina OI <200,

OI > 200, selén versus placebo.
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sepsa / septicky Sok

[
| I [ |

Se placebo Se placebo
Ol <200 Ol <200 Ol > 200 Ol > 200

Obrazok ¢.2: Flow diagram §tidie SE-AOX - retrospektivnej analyzy.

V jednotlivych skupinach a podskupinéch bola monitorovana intenzita oxida¢ného stresu
prostrednictvom aktivity antioxidacnych enzymov, a to GPx, glutationreduktdzy (GR) a SOD
v krvnej plazme.

Hodnotené boli dynamické zmeny vybranych laboratdornych parametrov, a to C-reaktivneho
proteinu, laktatu, urey, kreatininu, fibrinogénu, albuminu a celkovych bielkovin, celkového
poctu leukocytov a ich populacii, pomeru neutrofilov k lymfocytom a poctu trombocytov.
Dal§im cielom $tadie bolo hodnotenie klinickych vysledkov v jednotlivych skupinach a
podskupinach, a to vyskyt infekénych komplikacii, respiracnych a renalnych dysfunkcii a

mortalita pacientov.

2.5.2 Kazuistiky v suvislosti so Studiou SE-A0X

Pocas fazy klinickej Stadie, v ktorej sme realizovali zber udajov od pacientov, bolo
zaznamenanych niekol’ko pozoruhodnych pripadov, v ktorych pozitivny zvrat kritického
stavu nastal po aplikovani komplexnej intenzivistickej lieCby vratane suplementacie
pentahydratu seleni¢itanu sodného a glutaminu.

Prvé kazuistika popisuje uspesnu liecbu pacienta s tazkou akttnou nekrotizujucou
pankreatitidou a s pridruzenym multiorgdnovym zlyhanim, kvalitativnou poruchou vedomia,
rozvinutym Sokovym stavom, s uvodnym APACHE skoére 19 bodov a SOFA skore 6 bodov.
V tvode liecby bol pacient napojeny na umelt plticnu ventilciu pre zavaznu respiracnil
insuficienciu (PaO2/FiO2 = 70) s klinickym a RTG obrazom ARDS. Pre potvrdenu difiznu
peritonitidu bola pacientovi po prijati vykonana abdominalna laparotomia s naslednou lavazou
brusnej dutiny. Nasledujuca liecba d’alej zahfiiala podporu respiracnych funkcii formou
umelej plicnej ventilacie, kombinovanej cielenej antimikrobidlnej terapie podla zistenych
aktualnych kultivacii a ich citlivosti. Pre pridruzené oblickové zlyhanie pacient bol
dialyzovany formou CVVHD. Pacientovi bola aplikovand komplexna parenteralna vyziva
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spolu s adjuvantnou terapiou, ktora zahfiiala suplementaciu selénu intraven6znou aplikaciou
pentahydratu seleni¢itanu sodného v davke 750 pg/den v kontinualnej infizii pocas Siestich
dni. Zaroven bol v infaznom roztoku parenterdlne podavany alanylglutamin v dennej davke
100 ml pocas Siestich dni v tom istom ¢ase. PocCas obdobia suplementacie bola monitorovana
dynamika zapalovych buniek (leukocyty, pomer neutrofilov a lymfocytov, trombocyty) a
zmena dynamiky biochemickych markerov a antioxidaénych enzymov (prokalcitonin,
fibrinogén, CRP, laktat, GPx, GR). Priame meranie dynamiky antioxida¢nych enzymov u
pacienta z kazuistiky poukazalo na ich aktivaciu suplementovanymi mikronutrientmi.
Zaroven bol tento jav sprevadzany poklesom plazmatickych hladin prokalcitoninu a CRP.
Dynamické trendy zvySenia aktivit GPx a GR od aplikacie prvej davky selénu a glutaminu
dokazovala zvySen aktivitu antioxidacného systému. (Aktivita GPx pred suplementaciou -
0,55 pkat/l, 2. den suplementacie - 2,66 pkat/l, 7. deii od zacatia liecby - 3 pkat/l. Aktivita GR
pred suplementéciou - 0,1813 pkat/l, 2. den suplementacie - 0,3 pkat/l, 7. defi od zacatia
liecby - 1,65 pkat/l.) Pomer neutrofilov a lymfocytov vykazoval priaznivia klesajicu tendenciu
aj napriek stipajicej hodnote leukocytov. Stanovenie tohto pomeru korelovalo s intenzitou
zavaznosti  systémového zapalu. V tejto kazuistike bola pozorovana stvislost medzi
zavaznost'ou klinického stavu a mierou neutrofilie a lymfocytopénie. Pacient bol po 10 ditoch
extubovany, s GCS 15b, cirkula¢ne stabilny, bez vazopresorickej podpory a s negativnymi
zapalovymi parametrami bol preloZzeny na oddelenie chirurgie.

Druhé kazuistika popisuje pripad 66-ro¢nej Zeny, u ktorej sa po kolonoskopickom
vySetreni s polypektdmiou rozvinul septicky Sok s cirkulacnou nestabilitou a multiorgdnovym
zlyhanim. U pacientky bola realizovand explorativha abdomindlna laparotémia, d’alSia
intenzivistickd lieCba zahfnala cielenu antibiotickti liecbu, protektivhu umeli plticnu
ventildciu, mimotelovi eliminacna liecbu, komplexni parenterdlnu a enterdlnu vyzivu,
vratane suplementécie selénu vo forme pentahydratu seleni¢itanu sodného v davke 750 pg/den
pocas Siestich dni, ¢o zodpoveda 250 pg selénu na den. Parenteralna vyziva bola obohatena o
glutamin a jeho prekurzory, a to podavanim alanylglutaminu v dennej davke 2 g. Pacientkin
stav sa postupne zlepSoval, vratane hemodynamickych parametrov, bola vysadena
vazopresoricka podpora, operativne realizovana deeskalacia antibiotickej liecby pri poklese
zapalovych parametrov CRP a PCT, poctu leukocytov, renalnych a hepatalnych parametrov.
Pacientka bola postupne odpojena od umelej plicnej ventilacie. Sestnasty den hospitalizacie
bola pacientka v zlepSenom stave prelozenéd do spadovej nemocnice.

Tretia kazuistika popisuje pripad 31 - rocnej pacientky s exacerbovanou Stillovou

chorobou na dlhodobej imunosupresivnej liecbe. Pacientka bola zaradena do $tudie po ndhlom
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rozvoji syndromu systémovej zéapalove] odpovede s multiorganovym zlyhdvanim s
manifestnym hepatorendlnym syndrémom, respiracnym zlyhanim, diseminovanou
intravaskularnou koagulopatiou v obraze prebiehajiceho distribu¢ného Soku. Pacientke bola
poskytnutd komplexna intenzivisticka lieCba vratane enteralnej a parenteralnej vyzivy so
suplementaciou pentahydratu seleni¢itanu sodného v davke 750 pg/den pocas Siestich dni.
Nutri¢né pripravky obsahovali vyssi podiel rozvetvenych esencidlnych aminokyselin (valin,
leucin, izoleucin) a prekurzorov glutatiénu (cystein, glutamin). Pocas liecby sme zaznamenali
zvySenie aktivit antioxidacnych enzymov a to aktivity GPx z vychodiskovej hodnoty
0,117pkat/l na 0,27 pkat/l, aktivity GR z tvodnej 0,267pkat/l na 0,683 pkat/l a aktivity SOD
z 3,98 pkat/l na 4,45 pkat/l. Tento pozitivny trend koreSpondoval s postupne sa zlepSujucim
klinickym stavom az do iplného vysadenia vazopresorickej podpory, zlepSenia respiranych,

hepatalnych a rendlnych parametrov.

16



Suplementicia selénu u pacientov s t’azkou akiitnou

pankreatitidou

Kocan L., Firment J., Simonova J ., Vaskova J., Guzy J.

I. klinika anestezioldgie a intenzivnej mediciny, Fakultnd nemocnica L. Pasteura, Kosice,
Slovenskd republika, prednosta kliniky: doc. MUDr. Jozef Firment, Ph.D.

Stihrn

Koéan L., Firment J., Simonova J., Vaskova J., Guzy J.: Suplementicia selénu u pacientov s t'azkou akiit-

nou pankreatitidou

Suplementécia selénu zlepSuje antioxidacny status u kriticky chorych pacientov s tazkou akitnou pankreatitidou v zdvislosti od dév-
ky a doby poddvania selénu. Cielom price je poukdzat’ na prinos antioxida¢nej terapie hradenim selénu.

Metéda: Pacient s akiitnou pankreatitidou a rozvijajicim sa septickym Sokom bol prijaty na oddelenie intenzivnej mediciny. V rdmci
adjuvantnej terapie bola zahdjend suplementdcia selénu v kontinudlne;j infiizii v divke 750 @g/24 hodin pocas Siestich dni. Meranim bo-
lo zistené zvySenie aktivity antioxidatného enzymu glutation peroxiddzy a zniZenie zdpalovych markerov v ¢ase suplementicie.

Prica poukazuje na moZznosti ovplyvnenia patogenézy syndrému systémovej zdpalovej odpovede v jeho pociatoénej fize a ovplyvne-
nie vyvoja chorobného stavu u pacientov s tazkou akiitnou pankreatitidou.

KUiicové slova: tazka akiitna pankreatitida — sepsa — syndrém systémovej zdpalovej odpovede — selén — glutatién peroxidaza

Summary

Kot¢an L., Firment J., Simonova J., Vaskova J., Guzy J.: Selenium Supplementation in Patients with Se-

vere Acute Pancreatitis

Selenium supplementation improves antioxidant status in critically ill patients with severe acute pancreatitis. It depends on quantum
of dosage and supplementation time. The aim of this analysis is point out on benefit of antioxidant therapy by supplementing selenium.

Methods: Patient with severe acute pancreatitis and developing septic shock was admitted on anesthesiology and intensive care de-
partment. Adjuvant supplementation therapy with selenium was started in continual infusion 750 xg/24 h during next six days. Activity
of antioxidant enzyme glutathione peroxidase and others inflammatory markers were decrease.

A case report presents the possibility to affect on systemic inflammatory response syndrome pathogenesis in initial phase. It has to im-
prove therapeutic progress in patients with severe acute pancreatitis.

Key words: severe acute pancreatitis — sepsis — systemic inflammatory response syndrome — selenium — glutathione peroxidase

Rozhl. Chir., 2010, ro¢. 89, ¢. 1, s.

UvVOoD

Tazk4 akitna pankreatitida predstavuje zdvazny me-
dicinsky problém z hladiska vdZnosti stavu, rapidnej
progresie a vysokej mortality [1, 2, 3]. Stratégia lieCby
vyZzaduje komplexny multidisplindrny pristup. Pacien-
tov je nutné hospitalizovat’ na oddeleniach, ktoré tito
problematiku zvlddaju, a to chirurgického alebo inter-
ného typu. NajtazSie formy akitnej pankreatitidy spo-
jené s respiraénym zlyhanim a multiorgdnovou dys-
funkciou patria na 16zkové Casti oddeleni anestéziol6-
gie a intenzivnej mediciny [4].

Ochorenie sa spdja s rozvojom syndrému systémovej
zapalovej odpovede (SIRS), v patogenéze ktorého do-
chéddza k nadmernej aktivacii imunitnych dejov, zdpa-
lovych mediatorov a vzniku oxida¢ného stresu, ktory sa
v tivodnej fdze vyznamne podiel'a na amplifikdcii z4-
palovych dejov [5]. Vdznou komplikéciou t'azkej akuit-
nej pankreatitidy je multiorganové zlyhanie, ktoré vzni-
kd na podklade SIRS a to vo vCasnej fdze priebehu

ochorenia [6]. Antioxidacna terapia md potencidl zasi-
ahnut’ prostrednictvom vychytdvania vol'nych radikdlov
do priebehu pociato¢nej fazy rozvoja SIRS, ¢o moZe vy-
razne ovplyvnit’ prezivanie pacientov [7].

Klinicky vyznamny benefit bol dokdzany substitici-
ou troch Zivin s antioxida¢nymi vlastnost’ami. Pri po-
ddvani selénu sa zlepSuju klinické vysledky pri infek-
cidch a orgdnovom zlyhani, pri poddvani glutaminu
v rozsiahlych Stididch bolo zistené zniZenie infekénych
komplikdcii u kriticky chorych pacientov. V sivislosti
s kyselinou eikosapentaenovou a mikronutrientmi bol
zaznamenany vyrazny protizdpalovy efekt a otupend
odozva endotoxinu [8]. Z poddvanych mikronutiientov,
sd zdd byt’ selén najviac i¢innou antioxida¢nou litkou
v klinickom meritku, po fiom nasleduje zinok, vitami-
ny C a E a B-karotén.

Ciel'om préce je poukdzat’ prostrenictvom kazuistiky na
prinos suplementacnej adjuvantnej terapie vhodnymi
mikronutrientmi u kriticky chorych pacientov [9].
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METODIKA

Pacientovi bol pocas adjuvantnej terapie v dennej
davke 750 @g v kontinudlnej infizii pocas Siestich dni
suplementovany selén vo forme pentahydrétu selenici-
tanu sodného. Zaroveii bol v infiznom roztoku poda-
vany alanylglutamin do centralneho venézneho katétra
v dennej davke 100 ml pocas Siestich dni v tom istom
Case. Pocas obdobia suplementdcie bola monitorovana
dynamika zdpalovych buniek (leukocyty, pomer neu-
trofilov a lymfocytov, trombocyty) a zmena dynamiky
biochemickych markerov a antioxidacnych enzymov
(prokalcitonin, fibrinogén, CRP, laktat, glutatiénpero-
xiddza, glutation reduktdza).

KAZUISTIKA

Pacient vo veku 50 rokov s akitnou hemoragicko-ne-
krotizujicou pankreatitidou a pridruzenym multiorga-
novym zlyhdvanim bol prelozeny na I. KAIM FNLP
z OAIM NsP Michalovce, kde bol operovany pre di-
fiznu peritonitidu. Bola vykonand drenaz brusnej du-
tiny s lavdzou a zavedenim preplachovych drénov. Pri
prijati bol pacient v komat6znom stave, APACHE 19
bodov a SOFA skére 6 bodov na agresivnej umelej pl’-
ucnej ventilacii (UPV) s cirkuldciou podporovanou no-
radrenalinom. Bolo realizované vstupné CT vySetrenia
abdomenu, pl'ic a mozgu.

Po desiatich dnoch hospitalizdcie pre anemizaciu
a pridruzeny septicky Sok chirurg indikuje reviznu ope-
raciu. Bola realizovand drendZ omentdlnej burzy so za-
vedenim preplachovej drendZe a sticasne bola vykona-
né punké&n4 jejunostémia. Ihned po operécii sa realizo-
vand adjuvantnd antioxidacnd terapia kontinudlnou su-
plementéciou selénu v davke 750 @g/24 hodin pocas
nasledujtcich Siestich dni. Pravidelne boli merané ak-
tivity antioxidacnych enzymov ako aj Standardné zai-
palové parametre (Tab. 1). PoCas hospitalizicie sa roz-
vija obojstranny fluidothorax viac vl'avo, preto boli re-
alizované opakovane evakuacné punkcie aj v spolupra-

ci s hrudnikovym chirurgom. Bola aplikovand kombi-
novand ATB liecba a bolo priddvané antimykotikum
(fluconazol) vzhl'adom na kandidovi infekciu. Pre pri-
druzené akiitne oblickové poskodenie je pacient hemo-
dialyzovany, v tivode bola aplikovand mimotelové eli-
minacna liecba (MEL) formou CVVHD a neskdr MEL
formou intermitentnej hemodialyzy. Pacient sa v dal-
Som priebehu cirkula¢ne stabilizuje a uz nevyzaduje va-
zopresorickd podporu.

Po tyzdni opdtovne dochddza k anemizacii pacienta,
kontrolné CT vySetrenie abdomenu odhalilo subkapsu-
larneho hematém sleziny. Konzilidrny chirurg odporu-
¢il konzervativny postup. Vzhl'adom na vzostup zapa-
lovych markerov je napokon pacient revidovany, retro-
peritonedlny absces bol vydrénovany a bola ponecha-
nd preplachovd drendz s Betadinovym roztokom. Na od-
deleni intenzivnej jednotky pokracujeme v ATB liecbe
a podpornej UPV. Z hladiska dal$ej prognézy dlhodo-
bej a potreby podpornej UPV je vykonana perkutdnna
dilatacnd tracheostémia. Priebeh hospitalizdcie bol
komplikovany hematemézou a melénou, pri endosko-
pickom ndleze bol zisteny vred v bulbe duodéna a ero-
zivna ezofagitida. Krvdcanie z horného GIT-u bolo
zvladnuté konzervativne. Pri kontrolnom CT vySetreni
pretrvdva septovany fluidotorax vl'avo, preto konzulto-
vany hrudnikovy chirurg, ktory odporica dekortikdciu
plic. Po Styroch tyzdinoch hospitalizacie na I. KAIM
je celkovy stav pacienta stabilny, pacient je pri vedo-
mi s GCS 15 b, na tlakovej podpornej ventildcii, je od-
pdjany od UPV cez tracheostémiu (netoleruje zit'az),
pretrvava oligiria s potrebou pokracovania v MEL, je
kardidlne kompenzovany, pre sinusovi tachykradiu v li-
ecbe ponechany metoprolol. Postupne pacient dycha
spontianne cez Ayrovo T s ndslednou dekanyldciou tra-
cheostomie. Pocas rehabilitacnej lieCby pacienta verti-
kalizujeme a za¢ina chodit’. Dochddza k miernej tpra-
ve azotémie, preto nefrolég neindikuje dlhodoby dia-
lyzacny program. Kombinovand antihypertenznd liecba
bola postupne redukovana. Po Siestich tyzdnoch hospi-
talizdcie je pacient pri vedomi, dycha spontdnne cez O,
masku, je hemodynamicky kompenzovany, preto po do-
hode s chirurgom bol preloZeny na chirurgickd JIS
v stabilizovanom stave.

Tab. 1. Laboratérne vysledky pacienta z kazuistiky pred zacatim a v priebehu suplementicie selénu
Tab. 1. Laboratory results from casuistic research before start selenium supplementation and within therapy

Pred podanim selénu 2. den terapie 7. deri terapie

Leukocyty (109/1) 6.6 129 209
Neutrofily/Lymfocyty 9.9 11 12

Trombocyty (109/1) 233 138 313
Fibrinogén (g/1) 5,76 6 533
Laktat (mmol/l) 101 224 185
CRP (mg/l) 171 163 132
Prokalcitonin (ug/1) 100 203 10,6
GPx (ukat/l) 0,55 2,66 3

GR (ukat/l) 0,1813 03 1,65
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DISKUSIA

VoI'né radikdly zohrdvaji délezitd dlohu v patogené-
ze syndromu systémovej zdpalovej odpovede, sepsy,
tazkej sepsy, septického Soku a akitnej pankreatitidy
[5]. Samotné voIné radikdly, ako produkt leukocytov
majui v prvotnej fdze sepsy ddleziti antimikrobidlnu
dlohu pri ni¢eni patogénnych mikroorganizmov. Prob-
1émom sa stdvaji aZ vtedy, ked ich tvorba je nekontro-
lovatel'nd a d'aleko prevySuje vychytdvaciu schopnost
antioxidantov, a tak dochddza k vzniku oxidacného stre-
su a aktivacii patologickych kaskad [9].

Vznik a dcinok volnych radikdlov je v rovnovihe
s pdsobenim antioxida¢ného obranného systému orga-
nizmu [5]. Exhaustnd tvorba kyslikovych radikdlov in-
dukuje tvorbu cytokinov imunokompetentnymi bunkami,
ktoré dalej aktivuju zdpalovi kaskddu a vplyvajd na ex-
presiu adhéznych molekiil na povrchu buniek. VoI'né ra-
dikdly ovplyviiuji kaskddu interceluldrnych dejov, coho
vysledkom je aktivédcia génov doleZzitych z hladiska za-
palu. Principom tejto suplementacnej antioxidaCnej tera-
pie je ovplyvnenie zdpalovej kaskddy eSte v pociatku
SIRS a tym priaznivo ovplyvnit’ klinicky priebeh [5, 10].

V skorom $tiddiu ochorenia u pacientov s t'azkou pan-
kreatitidou bola experimentdlne zistend vysokd tvorba
volnych radikdlov. Takisto prijem a plazmatické hladi-
ny selénu si v tejto skupine zniZené. V niektorych me-
dicinskych centrdch vyuzivaji adjuvantni terapiu se-
Iénom pri akiitnej pankreatitide dlhsi Cas a boli zazna-
menané sl'ubné vysledky. Prikladom je vysledok retro-
spektivnej stidie, kde bolo zistené v priebehu desiatich
rokov zniZenie mortality u pacientov s akitnou pan-
kreatitidou z 35 % na 16 % [8]. Pri experimentdlnych
meraniach hladiny selénu u kriticky chorych pacientov
so sepsou a SIRS bol zisteny markantny pokles plaz-
matického selénu a bola zaznamenand signifikantnd ne-
gativna koreldcia medzi plazmatickou hladinou selé-
nu, APACHE II a SAPS II [11].

Referen¢nd hodnota plazmatického selénu je v roz-
piti 89-114 Kg/l. Tieto tazké stavy sa spdjajd s presu-
nom vitaminov a stopovych prvkov do tkaniv, v ktorych
sa syntetizuji proteiny teraz v ovela vicSej miere ako
za fyziologickych podmienok. Tento presun sposobuje
relativny deficit cirkulujicich antioxidantov. Klinické
Stidie u pacientov so SIRS, sepsou, ARDS a pankrea-
titidou poukazuji na to, Ze suplementdcia selénu pri-
aznivo ovplyviiuje preZivanie [8]. Poddvanie selén ob-
sahujticich doplnkov sa zdd byt prospe$nym z hladiska
zniZenia mortality [5]. Problémom pri tejto terapii je
spravne nacasovanie, odhad ddvky, a doby podavania.

Suplementdcia v neskorych fazach SIRS a t'azkej se-
psy sa zdd byt netdcinnou terapiou [12].

Selén je dolezity mikronutrient. Tvori nebielkovino-
vii sicast'ou dolezitého antioxidaéného enzymu gluta-
tiéonperoxiddzy (GPx), od ktorej tizko zdvisi integrita
bunkovych a subceluldrnych membran. Antioxida¢né
vlastnosti enzymu su bytostne zavislé od pritomnosti

selénu [13]. Prisun vysokych ddvok selénu u zdravych
I'udi pocas dlhého obdobia niekol'kych rokov sa spdja
s ochorenim selendzou. Intoxikdcie selénom u kriticky
chorych pacientov pozorované doteraz neboli, a to ani
pri $tididch kde poddvali vyssie davky selénu [10].

Dévka 1000 @g/den podand intravendézne bola dob-
re tolerovana pacientmi na JIS [5]. Davkovanie selénu
pri tazkej akiitnej pankreatitide nie je striktne odporu-
¢ané, preto sme pouzivali priemerné davkovanie vy-
chddzajic z vysledkov viacerych randomizovanych §ti-
dii [7, 14]. Selén sa uplatiiuje ako kofaktor enzymu glut-
hationperoxidézy, ktory patri do skupiny enzymov vy-
kazujicich peroxiddzovi aktivitu, jej hlavnou dlohou je
ochrana bunkovych $truktir pred oxida¢nym poSkode-
nim. Biochemickd funkcia GPx je redukovat lipidové
peroxidy na im korenspodujiice alkoholy a redukovat’
vol'ny peroxid vodika na vodu. Substratom pre tiito re-
akciu je glutatién [15, 16]. Suplementdciou glutaminu
sa zvySuje efektivita i¢inku GPx. Regenerdcia GSH
z oxidovanej formy GSSG je katalyzovand glutation re-
duktdzou. To Ze u pacienta z kazuistiky nedochddza
k zvy$eniu aktivity GR, je mozné vysvetlit' z tohto hl'a-
diska, Ze regenerdcia GSSG na GSH nie je zatial' nut-
nd, kedZe zdroven poddvame aj alanylglutamin, pre-
kurzor GSH [13].

Priame meranie dynamiky antioxidacnych enzymov
u pacienta z kazuistiky poukazuje na ich aktivéaciu suple-
mentovanymi mikronutrientmi. Zarovei je tento jav sp-
revddzany poklesom plazmatickej hladiny prokalcitoni-
nu, ¢o je znamkou efektivnej terapie sepsy. TaktieZ v pri-
ebehu lie¢by dochddza k vyznamnému poklesu hladiny
CRP. Laktét sa vyrazne nemeni. ZvySend hodnota GPx
v siedmy deri od aplikécie prvej davky selénu a glutami-
nu sved¢i o zvySenej aktivite antioxida¢ného systému. Po-
mer neutrofilov a lymfocytov ma priaznivi klesajicu ten-
denciu aj napriek stipajicej hodnote leukocytov. Pomer
neutrofilov a lymfocytov jednoducho a spolahlivo vysti-
huje mieru zdvaZnosti oxida¢ného stresu a systémového
zépalu. Bola zistend stvislost’ medzi zdvaznost'ou klinic-
kého stavu a mierou neutrofilie a lymfocytopénie [17].
Vysledky tejto kazuistiky potvrdzujd priaznivy vplyv su-
plementicie selénu na tazkd formu akitnej pankreatitidy
a jej septické komplikdcie.

ZAVER

Podpora antioxida¢nych mechanizmov sa zda byt’ pri-
nosnd pre pacientov s diagnostikovanou t'azkou aktitnou
pankreatitidou. Nacasovanie a ddvkovanie antioxidantov
a kofaktorov antioxidaénych enzymov je pre terapiu za-
sadné. Tato Specifickost’ ddvkovania je vel'mi vyznamna
najma pri terapii selénom. Optimdlna terapeutickd ddvka,
ku ktorej sme dospeli na podklade vysledkov viacerych
$tidif bola uréend na 750 mg/den a doba suplementacie
Siestich dni. So suplementéciou je nutné zagat’ ihned po
stanoveni diagnézy.
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Zoznam skratiek:

APACHE 11 Acute Physiology and Chronic Health
Evaluation II

ARDS akitny syndrém systémovej zdpalovej
odpovede acute respiratory

CVVHD

CRP C-reaktivny protein

GCS Glasgow coma scale

GPx glutation peroxiddza

GSH redukovand forma glutationu
GSSG oxidovand forma glutationu

MEL mimotelovd eliminacna liecba
SAPS I Simplified Acute Physiology Score
SIRS syndrém systémovej zdpalovej

odpovede systemic inflammatory
response syndrome
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Pbvodni prace

Akutne multiorgdnové zlyhanie
po kolonoskopii s polypektémiou

Ladislav Ko¢an, Janka Vaskové, Ladislav Vasko, Lucia Lakyovd, Hana
Ko&anovd, Jana Simonovd, Rébert Simon, Jozef Firment

I. klinika anestéziolégie a intenzivnej mediciny, Kosice, Slovenskda republika

SOUHRN

Vychodisko. Zavazné intraabdominélne infekcie patria medzi Zivot ohrozujice ochorenia. Vznikaju na podklade Sirenia lokalizovanych
zapalov alebo naru$enia integrity ¢revnej steny.

Metody a vysledky. Liecebnou stratégiou je chirurgicka intervencia, antimikrobialna terapia, liecba distribuéného Soku a cielena nutricna
podpora (1). Predpoklada sa, Ze suplementacia glutaminu a selénu zlep$uje funkciu ¢revnej bariéry a regeneruje antioxida¢nt obranu
(2). U pacientky po endoskopickej polypektomii sa rozvinul septicky Sok s multiorganovym zlyhavanim a rozvojom katabolizmu s vyraznym
poklesom albuminu. Origo sepsy zobrazovacimi metédami a probatérnou laparotémiou nebolo zistené. Liec¢bou distribuéného Soku, po-
davanim Sirokospektralnych antibiotik, enteralnym a parenteralnym hradenim nutrientov doslo k vyraznému zlep$eniu zdravotného sta-
vu. V ramci adjuvantnej terapie boli intavendzne suplementované: glutamin v dennej davke 2 g a pentahydrat selenic¢itanu sodného
v kontinudlnej infizii v davke 750 ug/24 hodin v priebehu 6 dni. Pocas terapie do$lo k poklesu zapalovych markerov: C-reaktivny protein,
prokalcitoninu, leukocytov, neutrofilov. Doslo k zvy$eniu hladin albuminu.

Zaveéry. Praca poukazuje na terapeutické moznosti pri liecbe septického Soku a moznostami reverzie katabolickej fazy ochorenia.
Kracové slova: kolonoskopia, septicky Sok, multiorganové zlyhanie, enteralna vyZziva, parenteralna vyziva.

SUMMARY

Koéan L, Vaskova J, Vasko L, Lakyova L, Koéanova H, Simonova J, Simon R, Firment J. Acute multiple organ failure after endoscopic
polypectomy

Background. Serious intraabdominal infections belong among life treating diseases. They are based on spreading infections from focal
sources of inflammation in abdomen or damaged intestinal wall.

Methods and results. Treatment strategies are surgical intervention, antimicrobial therapy, distributional shock treatment and accurate
nutritional support (1). Glutamine and selenium supplementation may improve intestinal functions and restore antioxidant defence (2).
Septic shock with multiple organ failure accompanied by serious catabolism and decrease of albumin had developed in a patient after
endoscopic polypectomy. Infection source was not discovered by medical imaging examinations non surgical laparotomy. After distributi-
ve shock treatment, wide spectral antibiotics and enteral and parenteral nutrition the patient's health improved. As adjuvant therapy in-
travenous supplementation was administered: glutamine in daily dose 2g and sodium selenite in continual infusion in daily dose 750 ug
over 6 days. During intensive therapy, inflammatory markers decreased: C-reactive protein, procalcitonin, leukocyte count and neutrop-
hils. Albumin levels increased.

Conclusions. The paper describes therapeutic options during septic shock treatment and reversion possibilities in the catabolic phase of
disease.

Key words: colonoscopy, septic shock, multiorgan failure, enteral nutrition, parenteral nutrition. Ko.

Cas. Lék. es. 2012; 151: 568-578

uvop

Tazka intraabdominalna infekcia ako aj generalizovana pe-
ritonitida su Zivot ohrozujuce stavy vyzadujuce si okamzitu chi-
rurgickl intervenciu vzhladom na vysoku mortalitu.
NajCastejSou pric¢inou vzniku komplikovanej intraabdominal-
nej infekcie byva divertikulitida, apendicitida, ¢i perforacia
gastrointestinalneho traktu (3). Vznik kolitidy po kolonoskopii
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je velmi zriedkava komplikacia. Byva sprevadzana tenezma-
mi a krvavymi hnackami, objavuje sa najCastejSie do 48 ho-
din po kolonoskopii, alebo sigmoidoskopii (4). V literatdre su
dokumentované zriedkavé pripady vzniku ischemickej koliti-
dy po endoskopickom vySetreni. Ako mechanizmus vzniku sa
popisuje nadmerna distenzia hrubého ¢reva po jeho naplne-
ni plynom pri vySetreni, ¢o znizZuje prietok krvi ¢revom
z mukozy do serdzy, alebo je to mechanicky tlak endoskopu
po zavedeni. Ischémia s nekrézou ¢revnej steny moze za-
siahnut' hlboko do &revnej steny, a porusit tak bariéru
a sposobit naslednu translokaciu baktérii. Pridruzené ko-
morbidity u pacienta zhor$uju nasledne morbiditu a mortalitu
(6). Ako jedna z dalSich moznych vyvolavajucich pricin koli-
tidy po kolonoskopii je pouzivanie glutaraldehydu pri dezifek-
cii endoskopu. Po vySetreni vznika difizny edém mukozy cre-
va, pricom klinicka prezentacia a morfologicky vzhlad sliznice
moze mimikovat ischemickl kolitidu, alebo infekénu kolitidu
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(5). Hlavnou lie¢bou je podavanie antibiotik, prednizonu (ste-
roidov) a mesalazinu (4, 5). Prognéza pacientov je zvy¢ajne
dobra, pokial nedodjde k perforacii ¢reva. Vtedy dochadza
k vysokej mortalite vzhladom na to, Ze infekcia sa dostane do
dutiny brusnej. V nizkom percente pripadov méze tento vnu-
trobrusny zdroj infekcie vyustit az do multiorganového zlyha-
nia (MOFS) (3).

Optimalna liecba a poopera¢na starostlivost je stale kon-
troverzna. Od Sestdesiatych rokov sa preferuje antibioticka lie¢-
ba proti gram-negativnym a anaerébnym baktériam. Tato kom-
binacia zvySuje prezivanie u septickych pacientov (7). V ramci
intenzivnej starostlivosti je délezité zvolenie vhodnej nutricnej
podpory, jej nacasovanie, vyber, davkovanie vhodnych nu-
trientov a sposob ich aplikacie. Podporou metabolizmu sa za-
bezpecia energetické poziadavky ale aj zvySena potreba uz
chybajucich (resp. vy€erpanych zdrojov) aminokyselin a anti-
oxidaénych molekul. So stavom imunosupresie a muilti-
organového zlyhania koreluju nizke hladiny glutaminu, preto
obzvlast dolezitl ulohu zohrava prave doplnenie glutaminu
a jeho prekurzorov. TaktieZ suplementacia selénu kriticky cho-
rym pacientom zlep$uje antioxidacny obranny systém orga-
nizmu. Nemenej dbleziti Ulohu predstavuje v€asna enteralna
vyziva v boji voéi atrofii klkov tenkého ¢reva a naslednej
translokacie baktérii z ¢reva do krvného obehu (8).

V prezentovanom pripade ide o zriedkavy pripad vnutro-
brusnej infekcie spésobenej kolitidou v koincidencii s oboj-
strannou pneuméniou, ¢o vyustilo az do syndrému systémo-
vej zapalovej odpovede (SIRS) a popis vlastnych skusenosti
s Uspesne zvladnutou poopera¢nou lie€bou Specialnymi pa-
renteralnymi pripravkami, Sirokospektralnym antibiotickym kry-
tim ako aj enteralnou vyzivou.

SOUBOR NEMOCNYCH A POUZITE METODY

Vykonané terapeutické postupy su na nasej klinike rutinne
pouzivané. Pacienti, ktorym bol suplementovany selén
a glutamin, boli zaradeni do Studie Se-AOX schvalenej Etickou
komisiou Univerzitnej nemocnice L. Pasteura.

KAZUISTIKA

Zena, 66 rokov, podsttpila ambulantnou formou preventiv-
ne kolonoskopické vySetrenie s polypektomiou v celkovej
anestézii. V nasledujici den sa rozvinul kolapsovy stav
s hypotenziou TK 60/40 v domacom prostredi. Pacientka bo-
la prvotne oSetrend posadkou rychlej lekarskej pomoci.
Vzhladom na cirkulaénu nestabilitu pacientky bola jej podana
katecholaminova podpora (efedrin v bolusovej forme).
Nasledne bola hospitalizovana v okresnej nemocnici na in-

ternom oddeleni. Hospitalizacia trvala dva dni. Vstupné labo-
ratérne vysledky poukazovali na systémovu zapalovu reak-
ciu (tab. 1). U pacientky nadalej pretrvavala zavazna hypo-
tenzia vyzadujuca katecholaminovu podporu. Pre podozrenie
na infekciu neznameho pévodu bola zacata empiricka liecba
Sirokospektralnymi antibiotikami (Cefotaxim, Metronidazol,
Ampicilin-Sulbaktam, Ciprofloxacin) a az nasledne boli odo-
braté vzorky krvi na hemokultivaciu. RTG vysetrenie pltuc od-
halilo bilateralnu bronchopneumoniu, viac vpravo. RTG
vySetrenim brucha bol zisteny lahko distendovany, pneuma-
tizovany Zaludok s primeranou plynatostou ¢riev bez jasnych
znamok pneumoperitonea. Konziliarny chirurg vyjadril podo-
zrenie na perforaciu hrubého ¢reva vzhladom na predcha-
dzajucu anamnézu polypektomie. Nasledne indikoval chirur-
gicku exploraciu. Pri revizii bolo ¢revo vitélne, bez znamok
perforacie a bez pritomnosti volnej tekutiny. V. pooperaénom
obdobi sa rozvinula akutna renalna insuficiencia kombinova-
nej etiolégie s nutnostou zahajenia mimotelovej eliminacnej
lieCby s pretrvavanim zvySenych zapalovych markerov.
Zistené kultivacie z odobranych krvnych vzoriek nepotvrdili
pritomnost’ mikroorganizmov. U pacientky postupne docha-
dzalo k respiracnému zlyhaniu, ¢o si vyzadovalo zaistit dy-
chacie cesty orotrachealnou kanylou a napojit pacientku na
umell ventilaciu pluc (UVP). Pre rozvinuty syndrom systé-
movej zapalovej odpovede (SIRS) bez zisteného infekéného
fokusu, bola pacientka prelozena na vyssie odborné praco-
visko za U¢elom dalSieho dodiferencovania klinického nalezu
a liecby septického Soku.

Po prijme na I. kliniku anestézioldgie a intenzivnej medici-
ny Univerzitnej nemocnice Louisa Pasteura v KoSiciach sme
znova odobrali krvné vzorky, obsahy brusnych drénov
a material z dolnych dychacich ciest na mikrobiologické vy-
Setrenie. Eskalovali sme antibioticku liecbu proti G+ (linezo-
lid) a G- (imipenem) a anaerébnym baktériam (metronida-
zol), do lieéby sme zaradili aj antimykotika (flukonazol)
a imunomodulancia (polyoxidénium a gamaglobuliny).

Realizovali sme echokardiografické vySetrenie srdca, kto-
ré vylucilo infekénu endokarditidu ako i kontrolné CT vySet-
renie hrudnika a brucha. CT vySetrenie hrudnika odhalilo in-
filtrativne zmeny v lavom laloku pluc v hrotovom segmente,
v laterobazalnom a posterobazalnom segmente splyvali do po-
merne homogénneho nevzdus$ného infiltratu s pozitivnym
bronchogramom. Vpravo bola zvySena denzita pfucneho pa-
renchymu v rozsahu celého dolného laloka a cCiastocne
v zadnom segmente horného laloka. CT vySetrenie brucha
odhalilo malé abscesové lozisko v pravom laloku pecene
o velkosti 0,5 cm, a zvacSeny ZI¢nik o Sirke 4,25 cm.

Intrahepatalne ZI€ové cesty boli bez dilatacie a a perihe-
patélny priestor bol bez pritomnosti volnej tekutiny. Mensie
mnozstvo volnej tekutiny bolo zobrazené v perisplenickom
a v lavom subfrenickom priestore, taktiez obojstranne peri-

Tab. 1. Dynamicky vyvoj hematologickych a biochemickych parametrov po¢as hospitalizacie

v okresnej nemochnici

Cas hospitalizacie Zaciatok ochorenia 24 hodin 48 hodin
leukocyty (10.1'") 25,8 27,6 29,8
neutrofily (%) 95,5 92,3 93,4
lymfocyty (%) 2,7 3.1 35
trombocyty (103 I'") 165 94 69
albumin (g.I'") 41,4 27,2 25,2
fibrinogén (g.I"") 1,9 1,1 1,72
urea (mmol/l) 14,4 14,7 211
kreatinin (umol.I"") 180 333 447
laktat (mmol.I'") 2,9 3,1 3,4
CRP (mg.I") 127,9 210,9 213,2
prokalcitonin (ug.I") 100 216 70
AST (pkat.I') 3,92 5,15 4,12
ALT (pkat.I'") 2,2 2,89 3,12
GGT (pkat.I'") 1,99 1,1 1,13
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Tab. 2. Dynamicky vyvoj hematologickych a biochemickych parametrov po¢as hospitalizacie na

I. KAIM
1. defi pred . .

zacatim terapie 8. dedt 16. den
leukocyty (109.1"") 16,94 15,8 12,84
neutrofily (%) 94 86 85
lymfocyty (%) 3,8 3,9 3,8
trombocyty (103.17) 100 170 419
albumin (g.I'") 22,8 30,1 41,2
fibrinogén (g.I") 2,03 2,06 2,12
urea (mmol/l) 25 15,91 15,13
kreatinin (umol.I"") 517 235,7 105
laktat (mmol.I'") 3,6 21 2
CRP (mg.I'") 196 267,1 75
prokalcitonin (ug.I") 9,55 1,1 0,78
AST (pkat.I'") 3 2,12 1,76
ALT (pkat.I'") 2,6 1,12 1,01
GGT (pkat.I'") 1,09 0,89 0,9

renalne, ale bez priznakov abscesu. V pravom hypogastriu,
v tesnej blizkosti drénu, bol zretelny konvolut vzajomne fixo-
vanych ¢revnych kluciek, ktoré naliehali na brusnu stenu ako
aj v lavom mezogastriu s nalezom konvolutu fixovanych crev-
nych kluciek svedciacich pre pritomnost kolitidy bez prizna-
kov abscesového loZiska. Konziliarny chirurg vzhladom na CT
nalez odporucal pokracovat' v doterajSom konzervativnom po-
stupe. Pre akutne oblickové poskodenie v $tadiu F, podla kla-
sifikacie RIFLE, bola zahajena mimotelova elimina¢na liecba
(MEL) formou kontinudlnej veno-vendznej hemodialyzy
(CVVHD) inicidlne s citratovou (Ci-Ca) antikoagulaciou.

Pre cirkulaénu instabilitu boli do lie€by zaradené katecho-
laminy v kontinualnej infuzii (noradrenalin 0,5 ug/kg/min).
Pacientka bola nadalej napojena na umell ventilaciu plic
s rezimom tlakovej podpory so zaradenim vy$$ich hodnét po-
zitivneho endexpiraéného tlaku. Prijem Zivin bol zabezpece-
ny enteralnou vyZivou cez nazogastrickli sondu (Nutrison-
Multifibre) a podporeny parenteralnymi vyzivovymi roztokmi
podavanymi intravenézne (Smofkabiven a Aminomix II).
Vyziva bola obohatena o glutamin a jeho prekurzory (ala-
nylglutamin do centralneho venézneho katétra v dennej dav-
ke 2 g). Do lie¢by boli pridané lie¢iva s antioxidacnymi u¢in-
kami. Vitamin C, vitamin E a v kontinualnej infuzii selén
v dennej davke 750 ug pocas Siestich dni (vo forme penta-
hydratu seleni¢itanu sodného, ¢o zodpoveda 250 g selénu
na den). Pre vyraznu expektoraciu a opakovany vzostup za-
palovych parametrov na zaklade mikrobiologickych vysledkov
z dychacich ciest bola antibioticka liecba deeskalovana na
Cefoperazon/Sulbaktam (Sulperazon) v davke 2 g kazdych
8 hodin. Opakované RTG vysetrenia hrudnika v nasledujucich
drioch hospitalizacie potvrdili regresiu infiltrativnych zmien.

Kontrolné CT vySetrenie brucha s aplikaciou kontrastnej
latky Ultravist 370/100 ml v dvojfazovom rezime bolo reali-
zované po siedmich diioch. V peceni v pdvodnej lokalizacii
pretrvavala pévodnéa cystoidna lézia bez signifikantného
postkontrastného zvyraznenia a bez evidentnej progresie
velkosti. Perisplenicky, perihepatalne a v malej panve bolo
zistené mensie mnozstvo tekutinovych kolekcii. Dutina brus-
na bola bez znamok pneumoperitonea. V porovnani s pred-
chadzajucim CT vySetrenim doslo k Ustupu prejavov koliti-
dy, s pretrvavanim edematéznych prejavov v oblasti steny
colon descendes a sigmy. Na lateralnej stene colon des-
cendes sa zobrazoval divertikel o priemere 13 mm. Nalez
na Creve poukazoval na mozné reaktivne zmeny pri diver-
tikulitide.

Klinicky stav pacientky sa postupne zlepSoval, hodnoty za-
palovych parametrov postupne vykazovali klesajicu tenden-
ciu, cirkulacia sa stabilizovala, ¢o umoziovalo postupne zni-
zovat vysoké davky noradrenalinu az po jeho vysadenie
z lie€by. Pre pretrvavajucu renalnu insuficienciu musela byt
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nadalej vedena MEL formou intermitentnej hemodialyzy
s nutnou prisnou tekutinovou bilanciou.

Pacientka bola postupne odpéajana od UVP a extubovana.
Pri sporadickych poklesoch saturacie krvi kyslikom bola na-
pojena na dychaci rezim neinvazivnej ventilacie pomocou tva-
rovej masky. Antibioticka lieCba bola postupne vysadena.
Vzhladom na inicidlne vysoké davky noradrenalinu
pre cirkulacnu instabilitu ako aj napojenie pacientky na konti-
nualnu eliminaciu bolo polohovanie pacientky problematické
s naslednou poruchou celistvosti koZe v sakralnej oblasti, kto-
ra bola oSetrovana polyvidonjodidom (Betadine) a kyslikom.

Pacientka bola po dohovore preloZzena do spadovej ne-
mochnice v zlepSenom zdravotnom stave, s potrebou pokra-
Covania intermitentnej hemodialyzy.

DISKUSIA

U pacientky z kazuistiky, ktora podstupila diagnosticku ko-
lonoskopiu s polypektémiou, doslo k rozvinutiu symptémov
distribuéného Soku, ktory je charakteristicky pre septicky Sok.
Podla nazoru Wellsa a Erlandsena (9), aj ked dostupné su
len nepriame dokazy, je za rozvojom bakteriémie a sepsy
translokacia baktérii z ¢reva do krvného obehu. Niektoré nov-
Sie Studie (10) v8ak klinicky vyznam translokacie baktérii spo-
chybriuju. Réntgenovym zobrazenim brucha nebola zistena
pritomnost’ pneumoperitonea, ktoré by poukazovalo na per-
foraciu v gastrointestinalnom trakte, ale konziliarny chirurg ne-
vylucil poSkodenie ¢revnej steny a indikoval reviznu laparo-
témiu brucha, nakolko perforacia hrubého ¢reva predstavuje
zavaznu komplikaciu, ktora méze vyustit do vzniku sterkoral-
nej peritonitidy so septickym Sokom. Poskodenie fyziologickej
¢revnej bariéry umoznuje prifnavost, alebo internalizaciu ¢rev-
nych baktérii bunkami ¢reva (9, 10). Uz translokacia baktérii
alebo toxinov do ¢&revnej steny moéze vyvolat SIRS
a dysfunkciu vzdialenych organov tym, Ze aktivuje ¢revnu za-
palovu odpoved, aj ked su baktérie odstranené imunologic-
kymi bunkami ¢reva. Za tychto podmienok sa v ¢reve masiv-
ne tvoria cytokiny a dalSie prozapalové faktory, ¢im sa
mezenterialna mikrocirkulacia stava miestom aktivacie cirku-
lujucich neutrofilov (10). Na druhej strane, naru$enie intesti-
nalnej steny a nasledna translokacia baktérii je u imunode-
ficientnych pacientov vyvolana mnohymi faktormi a méze viest
k bakteriémii, sepse a MOFS (11).

Sterkoralna peritonitida vSak reviziou potvrdena nebola, ne-
boli zachytené mikroorganizmy z odobratych vzoriek krvi, pre-
to sa nedal urcit septicky $ok ako pri¢ina daného stavu pa-
cienta. Uvazovali sme teda o rozvinutom syndréme zapalovej
odpovede s multiorgdnovym zlyhavanim, ktory vznikol na pod-
klade tazkej bilateralnej pneumonie, pritomnej divertikulitide
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a dekompenzacii po celkovej anestézii, ktory vznika po uvol-
neni prozapalovych cytokinov do krvného obehu.

Crevo patri k najcitlivejsim a zarover svojou anatémiou,
spektrom funkcii a prebiehajucimi metabolickymi pochodmi
k najkomplikovanej$im organom v tele. Vedla délezitej travia-
cej funkcie a absorpcie Zivin, pIni funkciu endokrinného orga-
nu, ktory produkuje gastrointestinalne hormény. Je bohaté na
obsah lymfatického tkaniva, ma podstatnu funkciu v imunitnom
systéme a tvori vitalne dolezitu velkoplo$nu bariéru medzi von-
kaj§im a vnutornym prostredim v organizme. Terapeuticka
stratégia dalSej lieCby bola zaloZzena na chirurgickom konzer-
vativnom postupe, a to preplachovanim brusnej dutiny poly-
vidonjodidovymi roztokmi cez brusné drény, podavanim Siro-
kospektralnych intravenéznych antibiotik a volbou kombinacie
enteralnej a parenterdlnej vyzivy. Z hladiska udrzania Struk-
turélnej a funkénej integrity crevnej sliznice je preferovana en-
teralna vyziva. Doplnkova parenteralna vyziva je vhodna na
substittciu tych Zivin, ktoré sa obtiazne suplementuju enteral-
nou formou. Vplyvom parenteralnej vyzivy bohatej na amino-
kyseliny sa ovplyviuju proteosyntetické procesy, ¢o ma pozi-
tivny vplyv na bilanciu dusika. Odport¢ana davka aminokyselin
je 1,5 g/kg telesnej hmotnosti za deri. Toto mnozstvo by malo
pozitivne ovplyvnit endogénnu proteosyntézu, kym na uroven
katabolizmu nema zasadny vplyv. Kriticky chori pacienti maju
tazky deficit glutaminu. Koncentracia glutaminu vyrazne kle-
sa pri tazkych katabolickych stavoch, ako su velké traumy, taz-
ka sepsa, velké operacné vykony. Vyrazny ubytok glutaminu
sa prejavuje zhor§enim regeneracnych a imunitnych procesov,
ako aj narusenim integrity ¢revnej bariéry. Ten je vyznamnym
zdrojom energie pre enterocyty a imunokompetentné bunky.
Nizke hladiny glutaminu koreluju so vznikom multiorganové-
ho zlyhania. Suplementécia glutaminu jednoznacne zlepSuje
antioxidacny stav pacienta, znizuje vyskyt infekénych kompli-
kacii a skracuje dobu hospitalizacie. Pre nestabilitu sa
v roztokoch pripravuje zakomponovany vo forme dipeptidov,
ako je napriklad kombinacia glutamin-alanin alebo glutamin-
glycin (11, 12). PocCiatocna faza metabolizmu glutaminu je rov-
naka pre vSetky imunitné bunky, syntetizuje sa v nej reduko-
vany nikotinamidadenindinukleotidfosfat (NADPH) a arginin.
Cim sa vysvetluju aj vysoké naroky na mnozstvo glutaminu
a samotnu ucinnost tychto buniek obzvlast u tazko chorych,
ktoré prave NADPH vyuzivaju na tvorbu aktivnych zliéenin vo-
¢i mikroorganizmom. NADPH vznika z malatu pri premene na
pyruvat a je vychodiskovou latkou pre syntézu superoxidove-
ho radikalu NADPH oxidazou obzvlast u fagocytujucich bu-
niek, ktorymi st neutrofily, makrofagy ako aj lymfocyty,
a v kombinacii s reakciou katalyzovanou myeloperoxidazou
vytvara najsilnejsi fyziologicky oxidant a mikrobicid, kyselinu
chlérnu. Z argininu vznika ucinkom syntazy oxidu dusného
NO, ktory vytvara so superoxidom dalSiu ucinnu latku peroxi-
nitril.

Aplikacia aj malého mnozstva glutaminu vyrazne napoma-
ha udrziavat' bariérovu funkciu ¢reva, indukuje tvorbu imu-
noglobulinov v ¢reve a zlepSuje perfuziu splanchnickej oblas-
ti (12).

Pri¢inou vzniku lymfocytopénie u pacientky z kazuistiky mo-
Ze byt reakcia na vysoké hladiny katecholaminov, kortizolu
a prolaktinu pri zatazovych situaciach, ako je ich marginacia
v RES (retikulo-endotelovy systém) tkanivach, lymfatickych
Struktarach a slizniénom imunitnom systéme asociovanom
s ¢revom (GALT) alebo ich urychlena apoptéza. Pri¢iny ne-
utrofilie su viaceré. Hypotézy zaloZzené na experimentalnych
vysledkoch poukazuju na moznost zvySenia poctu neutrofi-
lov ich demarginaciou z cievnej steny ako aj indukciou tvorby
zapalovymi mediatormi (13).

U pacientky do$lo pocas terapie k Uprave trombocytopénie,
ktora je Castym nalezom u septickych pacientov. Pokles mnoz-
stva trombocytov u septickych pacientov pod 150 x 10° I'' sa
vyskytuje v 35-44 %. Mechanizmus trombocytopénie u sep-
tickych pacientov je multifaktorialny (14). Uprava trombocytov
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a populacii bielych krviniek do referenéného rozmedzia sved-
¢i pre pokles zapalovej odpovede (15). Aj zvySeny prisun selé-
nu zvySuje antioxidacnu ochranu a napomaha zvladnut' oxi-
dacny stres pri SIRS, a to dvojako, prooxida¢nym t¢inkom pred
zabudovanim a vyrazne po zabudovani do selenoproteinov.
Mb6ze tym zvysit prezivanie pacientov so sepsou (9). Podla me-
ta-analyzy Finley (1999) mézu byt aj trombocyty ukazovatelom
adekvatneho prijmu selénu. V priebehu 7 dni po zahajeni lie¢-
by (tab. 2), ich pocetnost vyrazne stapol (16).

U kriticky chorych pacientov sa ¢revo povazuje nielen za
cielové miesto pésobenia, ale aj za miesto produkcie media-
torov zapalu, ktoré prispievaju k vzniku SIRS ako aj bakte-
riémie, sepsy alebo septického Soku s multiorganovym zly-
havanim. Crevo sa méze stat zdrojom zapalovych mediatorov.
Nebakterialne faktory produkované v creve a nachadzajice
sa v mezenterialnej lymfe vedu nasledne k poskodeniu vzdia-
lenejSich organov. Tato interpretacia tGlohy ¢reva ako hlavné-
ho organu zodpovedného za produkciu zapalovych mediato-
rov SIRS a pre vznik MOFS (17) sa teda javi ako vhodné
vysvetlenie aj napriek negativnym vysledkom hemokultivacie.
KedZe pacientke bola nasadena empiricka lieCba Siroko-
spektralnymi antibiotikami uz v periférnej nemocnici, pritom-
nost’ mikroorganizmov skutoéne nemusela byt preukazana. Aj
na zaklade vysokych hodnét prokalcitoninu (PCT) (vid tab.
1) predpokladame generalizovant infekciu, ktort organizmus
zvladol, ¢o potvrdzuje aj vyvoj hodnét C-reaktivneho protei-
nu (CRP) (vid tab. 2).

Poskodenie pecene sa prejavilo poklesom syntetickej ¢in-
nosti a to znizenim albuminu a fibrinogénu. Silny pokles al-
buminu mohol participovat na vyskyte tekutin v brusnej duti-
ne zistenych pri CT vySetreni. Podporna liecba, prisun
aminokyselin a dalSich Zivin enteralnou a parenteralnou vy-
Zivou zabezpecili obnovu funkcii pecene, ¢o sa prejavilo na-
vratom uvedenych bielkovin do rozmedzia normalnych hod-
noét. Aktivity enzymov ALT, AST, GGT tiez poklesli, ale ich
zvyS$enie nemusi odzrkadlit len poskodenie pecene, nakolko
nie su organovo Specifické. Pokles hodndt urey a kreatininu
su vyvolané hemodialyzou, ale poukazuju na stale nedosta-
to€nd funkénost obliciek.

ZAVER

Zvladnutie septického Soku je komplexny problém vyzadu-
juci si multidisciplinarny pristup. Zakladom liecby je najdenie
origa infekcie a cielena chirurgicka lie¢ba v pripade vnutro-
brusnej infekcie. Pri rozvoji MOFS si vyzaduje kriticky stav pa-
cienta nielen Sirokospektralnu ATB liecbu, parenteralnu
a enteralnu vyzivu. V tazkom katabolickom stave a oxidac-
nom strese prinaSa benefit aj suplementacia glutaminu
a selénu. Udrziava sa tym bariérova funkcia ¢reva, zlepsuje
perfuzia splanchnickej oblasti, indukuje sa tvorba imunoglo-
bulinov v ¢reve a podpori sa antioxidaéna obrana organizmu,
¢o zvySuje pravdepodobnost prezitia pacienta.

Skratky

ATB — antibiotika

Ci-Ca - citratovy — kalciovy modul
CRP — C-reaktivny protein

CT — pocitacova tomografia

CVVHD - kontinualna veno-ven6zna hemodialyza

GALT — s ¢revom asociovany slizniény imunitny systém
MEL — mimotelova eliminacna liecba

MOFS - syndréom multiorganoveho zlyhania

NADPH - redukovany nikotinamidadenindinukleotidfosfat

NO — oxid dusnaty

PCT — prokalcitonin

RES — retikularny endotelialny systém

RIFLE - klasifikaény systém pre akutne poSkodenie obliciek
SIRS — syndréom systémovej zapalovej odpovede

UvpP — umela ventilacia pluc

571

24



LITERATURA

.

D72

Zahorec R, Firment J, Strakova J, Mikula J, Malik P, Novak
I, Zeman J, Chlebo P. Epidemiology of severe sepsis in inten-
sive care units in the Slovak Republic. Infection 2005; 33(3):
122-128.

Andrews P, Avenell A, Noble D, Campbell M, Croal B,
Simpson W, Vale L, Battison C, Jenkinson D, Cook J.
Randomised trial of glutamine, selenium, or both, to supplement
parenteral nutrition for critically ill patients. British Medical Journal
2011; 342: d1542.

Spirt MJ. Complicated intra-abdominal infections: a focus on ap-
pendicitis and diverticulitis. Postgrad Med 2010; 122(1): 39-51.
Caprilli R, Viscido A, Frieri G, Latella G. Acute colitis following
colonoscopy.Endoscopy 1998; 30(4): 428—431.

Yiiksel, Osman MD; Demirezer Bolat, Aylin MD; Kokli,
Seyfettin MD; Altparmak, Emin MDi; Albayrak, Murat MD;
Caner, Sedat MD. Ischemic Colitis, An Unusual Complication of
Colonoscopy Southern. Medical Journal 2008; 101(9): 972-973.
Ferzoco LB, Raptopoulos V, Silen W. Acute Diverticulitis. N
Engl J Med 1998; 338: 1521-1526.

Grendel T, Hudak V, Firment J. Low-dose corticosteroids and
septic shock. Rozhl Chir 2008; 87(3): 158-164.

Koéan L, Vaskova J, Vasko L, Hokova H, Majernik M,
Kristofova B, Simonova J, Firment J. Tazky priebeh Stillovej
choroby s multiorganovym zlyhavanim a zavaznou peceriovou
dysfunkciou. Anest intenziv Med 2011; 22(6): 337-342.

10.

.
12,
13.

14.

15.

16.

17;

Wells CL, Erlandsen SL. Bacterial translocation: Intestinal epit-
helial permeability. In: Rombeau JL, Takala J. (eds.) Gut
Dysfunction in critical illness. Berlin: Springer-Verlag 1996;
131-149.

Deitch EA. Bacterial translocation or lymphatic drainage of to-
xic products from the gut: What is important in human beings?
Surgery 2002; 131: 241-244.

Zadak Z. Uméla vyziva pii poskozeni ¢reva. In: Zadak Z. Vyziva
v intenzivni péci. Praha: Grada Publishing 2008; 383-391.
Pachl J, Roubik K. Zaklady anesteziologie a resuscitacni péce
dospélych i déti. Praha: Karolinum 2005; 253-267.

Zahorec R. Ratio of neutrophil to lymphocyte counts-rapid and
simple parameter of systemic inflammation and stress in critically
ill. Bratis| Lek Listy 2001; 102(1): 5-14.

Kirschenbaum L, Mckevitt D, Rullan M, Reisbeck B, Fujii T.
Importance of platelets and fibrinogen in neutrophil-endothelial
cell interactions in septic shock. Critical Care Medicine 2004;
32: 1904-1909.

Spakova T, Rosocha J, Lacko M, Harvanova D, Gharaibeh
A. Treatment of knee joint osteoarthritis with autologous platelet-
rich plasma in comparison with hyaluronic acid. Am J Phys Med
Rehabil 2012; 91(5): 411-417.

Finley JW, Duffield A, Ha P, Vanderpool RA, Thomson CD.
Selenium supplementation affects the retention of stable isoto-
pes of selenium in human subjects consuming diets low in sele-
nium. Br J Nutr 1999; 82: 357-360.

De-Souza DA, Greene LJ. Intestinal permeability and systemic
infections in critically ill patients: Effect of glutamine. Crit Care
Med 2005; 33: 1125-1135.

CASOPIS LEKARU CESKYCH 2012; 151 (12)

25



KAZUISTIKA

Tazky priebeh Stillovej choroby s multiorganovym
zlyhavanim a zavaznou pecenovou dysfunkciou
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KriStofova Beata2, Simonova Janal, Firment Jozef!
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SUHRN

Stillova choroba je ochorenie neznamej etiolégie a patogenézy. Je charakterizovana febrilitami, artritidou,
exantémom a moznym postihnutim dalSich organov. Kazuistika sa zaobera popisom akutnej exacerbacie
a liecby Stillovej choroby u 31-roénej pacientky dlhodobo lie¢enej kortikoidmi. Pacientka bola prijata na
I. kliniku anestéziolégie a intenzivnej mediciny pre febrility do 40 °C, s kvantitativhou poruchou vedomia
(sopor) a s prejavmi multiorganového zlyhavania (pecene, aktitneho zlyhavania obli¢iek, kardiovaskularne-
ho systému, dychania a disseminovanej intravaskularnej koagulopatie). Komplexnymi vySetreniami sa v§ak
zdroj sepsy, malignita, hematologické ochorenia a ani infekéné agens nezistili (opakované vysetrenia vzo-
riek krvi boli negativne). Stav bol definovany ako akutna exacerbacia Stillovej choroby dospelych
v. s. komplikovana syndromom nadmernej aktivacie makrofagov so sekundarnym multiorganovym zlyhanim.
Do lieéby bolo zahrnuté podavanie pulznej kortikoterapie, hepatoprotektiv, dopinkovej umelej vyzivy vrata-
ne parenterdlnej suplementacie selénu, Sirokospektralnych antibiotik (ATB), umelej ventilacie plic
a mimotelovej eliminacnej liecby, v ktorej sa po stabilizacii stavu pokracovalo na Internej klinike. Komplex-
ny terapeuticky pristup viedol k vyznamnej regresii hepatalnej insuficiencie. Pacientka bola po 28 diioch hos-
pitalizacie vo vyznamne zlepSenom stave prepustena do ambulantnej starostlivosti.

Klucové slova: Stillova choroba — syndrom systémovej zapalovej odpovede — selén — enteralna vyziva — pa-
renteralna vyziva — glutation peroxidaza

Abstract

Severe course of Still’s disease with multiple organ failure with predominant liver failure

Still’s Disease is a disease of unknown aetiology and pathogenesis. It is characterized by fever, arthritis, sal-
mon-coloured rash and organ failure in severe cases. This is a case report of a 31-year old female patient
on long-term steroid treatment who suffered from adult Still's disease. She was admitted to the Clinic of Ana-
esthesiology and Intensive Care with fever up to 40 °C, unconsciousness and signs of multi-organ failure
(liver, acute kidney failure, cardiovascular system, lungs, and disseminated intravascular coagulation).
A complex of examinations did not confirm the cause to be sepsis, malignancy, a haematological disease
or an infectious disease (repeated blood cultures were negative). We concluded this was an acute exacer-
bation of adult Still’s disease complicated by the syndrome of oversize macrophage activation with secon-
dary multi-organ failure. The patient’s condition required pulse steroid therapy, hepato-protective therapy and
supplementary nutrition inclusive of parenteral selenium supplementation, antibiotics, mechanical ventila-
tion and extra-corporeal elimination therapy. The therapy continued at the Clinic of Internal Medicine. The
complex therapy resulted in great regression of the liver insufficiency. After 28 days of hospitalization the
patient was discharged in an improved condition.

Keywords: Still’s disease — systemic inflammatory response syndrome - selenium — enteral nutrition — pa-
renteral nutrition — glutathione peroxidase

Anest. intenziv. Med., 22, 2011, C. 6, s. 337-342

Anesteziologie a intenzivni medicina

337

26



Uvod

Kriticky chori pacienti st zatazeni dysfunkciou réz-
nych organovych systémov. Rozdielnosti v metabo-
lickych pochodoch si vyzaduju $pecificky terapeuticky
pristup adekvatne reagujuci na metabolické poziadav-
ky organizmu. Existencia Sirokého spektra enteralnych
a parenteralnych nutriénych pripravkov poskytuje U¢in-
né terapeutické moznosti zvratenia nepriaznivej me-
tabolickej situacie. Obzvlast zavazna situacia nastava
pri stavoch spojenych so zlyhavanim pecene. Ide
o chorobné stavy, akymi su napriklad systémové, he-
matologické ochorenia, sepsa a Stillova choroba. Stil-
lova choroba dospelych je akutny febrilny syndrom do-
spelych, typicky postihujuci niekolko organov s klinic-
kymi a laboratérnymi abnormalitami, pri¢om k plnému
rozvoju priznakov méze doéjst az v priebehu niekol-
kych tyzdnov ¢ mesiacov. Stanovenie diagnézy je ob-
tiazne a nasleduje az po vyluceni ostatnych pricin sys-
témovych prejavov, ako su horucky, vyrazky, hepato-
splenomegdlia, lymfadenopatia a sérozitida. Artritida,
ktora sa moze objavit kedykolvek v priebehu ochore-
nia, ma rézny charakter. Asi v polovici pripadov prebie-
ha ako tazka, destruktivna polyartritida. Medzi ostat-
né priciny systémovych prejavov patria infekéné
a systémové afekcie a malignita. LieCba spociva
v podavani nesteroidnych antireumatik, glukokortikoi-
dov, liekov modifikujucich ochorenie a u tazSich foriem
je indikovana aj biologicka lie¢ba. Toto ochorenie bolo
po prvykrat popisané anglickym pediatrom Ericom By-
watersem v r. 1971 [1], ktory zaznamenal 14 pripadov
Stillovej choroby.

Délezitou ulohu v patogenéze chorobnych stavov
u kriticky chorych pacientov (syndrém systémovej za-
palovej odpovede, sepsa a hepatalne zlyhavanie) zo-
hravaju volné kyslikové radikaly a reaktivne kyslikové
Castice (ROS, reactive oxygen species). Za normal-
nych okolnosti vznika superoxidovy radikal (O,.”) mo-
novalentnou redukciou molekularneho kyslika v kaz-
dom Zivom systéme, najma v reakciach spojenych
s mitochondridlnym elektréonovym transportom. Diz-
mutaciou O,.” sa tvori peroxid vodika (H,0,), ktory nie
je volnym radikalom, avSak vedie k tvorbe hydroxylo-
vych radikalov (.OH), ktoré su povazované vobec za
najreaktivnejsie [2]. Produkcia ROS v§ak v organizme
moze byt zamerna a mohutna ako v pripade aktivacie
neutrofilov a je suc¢astou antimikrobialnej ochrany.
Ovplyvnenie ale aj zvladnutie oxidacného stresu je te-
da vyznamné z hladiska ovplyvnenia patofyzioldgie
danych ochoreni [3].

Parenteralne sa na podporu antioxidaéného systé-
mu vyuziva suplementéacia selénu [4], ktory je kofakto-
rom antioxidaéného enzymu glutation peroxidazy
(GPx). Mnohé studie potvrdzuju priamu suvislost me-
dzi hladinou selénu v plazme, selenoenzymov a zavaz-
nostou septického stavu [5]. Etiolégia Stillovej choroby
je dosial neznama. NajpravdepodobnejSou hypotézou
je prehnana reakcia organizmu na infekéné agens ale-
bo urcity toxicky substrat komplexnou interakciou. Popi-

sovany pripad priblizuje Uspesnost zvolenej terapie pri
Stillovej chorobe komplikovanej systémovym prejavom
zapalu spojenym zo zlyhavanim pecene.

Metodika

Vykonané terapeutické postupy st na nasej klinike
rutinne pouzivané. Pacienti, ktorym boli stanovené ak-
tivity antioxida¢nych enzymov, boli zaradeni do $tudie
Se-AOX schvalenej Etickou komisiou Univerzitnej ne-
mocnice L. Pasteura.

Kazuistika

Pacientka vo veku 31 rokov s dlhodobou imunosu-
presivnou lie¢bou kortikoidmi a s dokumentovanou
Stillovou chorobou bola hospitalizovana pre vertebro-
algicky syndrom v cervikalnej a lumbosakralnej oblas-
ti na neurologickom oddeleni okresnej nemocnice.
Priebeh hospitalizacie bol komplikovany febrilitami
a rozvojom Sokového stavu, syndrémom systémove;j
zapalovej odpovede (SIRS) nejasnej etioldgie
a multiorgdnovym zlyhavanim. U pacientky doslo
k rozvoju diseminovanej intravaskularnej koagulopa-
tie (DIC). Pre zhorsujuci sa stav bola pacientka prelo-
zena na |. kliniku anestézioldgie a intenzivnej medici-
ny (I. KAIM) Univerzitnej nemocnice L. Pasteura v Ko-
Siciach za ucelom dalSej intenzivnej terapie. Ihned po
prijati na KAIM sa realizovala adjuvantna antioxidac-
na terapia kontinualnou suplementaciou selénu
v davke 750 pg/24 hodin pocas nasledujucich Siestich
dni. Vyziva bola zabezpecena podavanim nutrientov
enteralnym i parenteralnym pristupom. Nutriéné pri-
pravky obsahovali vy$$i podiel rozvetvenych esencial-
nych aminokyselin (valin, leucin, izoleucin) a pre-
kurzorov glutatiéonu (cystein, glutamin). Pravidelne bo-
li merané aktivity antioxidac¢nych enzymov, ako aj $tan-
dardné zapalové parametre (tab. 1). Bola zacata oxy-
genoterapia a empiricka kombinovana Sirokospektral-
na antimikrobialna lie¢ba. Pre cirkulaénu instabilitu si
stav vyziadal vazopresoricku podporu noradrenalinom
v davke 0,06 pg . kg-! . min-1.V laboratérnom skrinin-
gu pri prijati dominovali elevované aminotransferazy,
hyperbilirubinémia, zvySena hladina urey v sére, ané-
mia, leukocytéza, hypokoagulaény stav s trom-
bocytopéniou v ramci DIC a zvySené zapalové mar-
kery C-reaktivny protein (CRP) a prokalcitonin (PCT)
— vid tabulka 1. Po konzultéacii s hematolégom bola
realizovana substitu¢na hemoterapia. Vzhladom na
rozvijajucu sa oliguriu, po konzultacii s nefrolégom,
bola indikovana mimotelova elimina¢na lie¢ba (MEL)
formou kontinualnej veno-vendznej hemodialyzy
(CVVHD, Ci-Ca modul). Do terapie boli zaradené he-
patoprotektiva a vitaminova liecba. Po konzultacii
s internistom stav hodnoteny ako exacerbacia Stillovej
choroby a nasledne aplikovana pulzna lie¢ba metyl-
prednisolonom (inicidlne 500 mg i. v. po¢as 4 dni). Na
3. den hospitalizacie bola pacientka pre progresiu res-
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Tabulka 1. Laboratérne hodnoty poc¢as hospitalizacii na I. klinike anestéziolégie

a intenzivnej mediciny

Po Siestich dnoch bolo parenteralne po-
davanie selénu ukonéené. Pacientku sme

. 2.den 6. den v stabilizovanom stave prelozili na jednot-
A RS terapie terapie ku intenzivnej starostlivosti I. internej klini-

Leukocyty (109/1) 13,05 12,77 8,54 ky UNLP.
Neutrofily/Lymfocyty ( 109/l) 10 115 13 Pri prijme na internu kliniku bola pa-
Trombocyty ( 109/) 41 45 68 cientka pri vedomi, afebrilna, bez preja-
Albumin (g/l) 30,7 29,2 30,9 vov respiracnej insuficiencie, hemodyna-
Celkové bielkoviny (g/l) 51,6 48,4 50,8 micky stabilna, nadalej pretrvavala anu-
Fibrinogén (g/l) 0,15 0,87 1,07 ria. Vysledky vstupnych laboratérnych vy-
ALT (ukat/l) 69.1 224 6,44 Setreni su uvedené v tabulke 2. Realizo-
AST (pkat/l) 173,1 22,4 1,65 vané kompletné mikrobiologické vySetre-
Bilirubin celkovy (mmol/l) 31 49,3 37,6 nia vratane hemokultur boli negativne.
Kreatinin (umol/l) 261,5 2459 194,4 Pre akutne obli¢kové zlyhanie sme nada-
Urea (mmol/l) 11,34 8,56 10,52 lej pokracovali v mimotelovej eliminacnej
Laktat (mmol/l) 7,16 3.15 2,31 lieCbe, s postupnou Upravou kreatininu na
CRP (mg/l) 78,6 39,08 4,77 135,9 pmol . I-1. Taktiez sme pokracovali
Prokalcitonin (ug/l) 25,66 2,3 0,866 v pulznej kortikoterapii (v davke 250 mg
Protrombinovy &as (%) 19 41 95 metylprednisolonu na der) s postupnou
APTT (s) 54,3 41,9 30,2 redukciou davky az prechodom na pero-
GPx (ukat/l) 0,1166 0,1912 0,27 ralnu liecbu prednisonom v davke 40 mg
GR (pkat/l) 0,2666 0,4122 0,6833 na den. Pacientke bol odstraneny central-
SOD (U/ml) 3,975 4,112 4,450 ny venézny katéter, nutricia bola zabez-

piracnej insuficiencie intubovana a prechodne napo-
jena na umelu ventilaciu plic (UVP). Boli realizované
pomocné zobrazovacie vySetrenia v ramci detekcie
zdroja tazkej sepsy. CT vyS$etrenie brucha nevylucilo
kolitidu v cékoascendentnej oblasti a v oblasti pravé-
ho colon transversum. Zaroven bolo pritomné edema-
tézne presiaknutie oboch obliciek. CT vySetrenie pluc
potvrdilo obojstranny fluidotorax a infiltrativne zmeny
v dorzobazalnych ¢astiach oboch plucnych kridel. Pre
meningealny syndrom a kvadruspasticitu bola realizo-
vana lumbalna punkcia, vySetrenie likvoru vSak bolo
negativne. Po aplikovanej lie€be doslo k parcialnemu
zlepSeniu laboratornych parametrov. Nadalej pretrva-
vala andria, boli nutné denné nefrologické konzilia pre
vyzadujucu MEL, postupne z CVVHD zmenenej na in-
termitentnd hemodialyzu. Po tyzdni hospitalizacie na
I. KAIM bol pacientkin celkovy zdravotny stav zlepSe-
ny, pacientka bola afebrilna, so spontannym dycha-
nim, parametre acidobazickej rovnovahy boli v norme,
preto bola extubovana, hemodynamicky stabilna bez
nutnosti pokra¢ovania v katecholaminovej lieCbe. ATB
lieCba bola ukonéena, antimykotikum ponechané len
v profylaktickej davke. Nutricia bola nadalej zabezpe-
¢end kombinaciou enteralnej a parenteralnej vyZzivy.

Tabulka 2. Laboratérne hodnoty poc¢as hospitalizacie I. klinike in-
ternej mediciny

Pri prijati Pri prepusteni
Leukocyty (109/1) norma norma
ALT (pkat/l) 4,54 1,67
AST (pkat/l) 1,35 0,67
GMT (ukat/l) 9,68 6,9
ALP (pkat/l) 1,78 1,48
Kreatinin (umol/l) 374,4 norma
Urea (mmol/l) 21,12 norma
CRP (mg/l) Norma norma

pecena uz len enteralnou formou. Ane-
micky syndrom sme korigovali krvnymi prevodmi.
Vzhladom na postihnutie pe¢ene bola pacientke po-
Cas hospitalizacie podavana hepatoprotektivna liecba
zahajena uz na KAIM, pri ktorej do$lo k parcialnemu
poklesu aminotransferaz (tab. 2). Stav pacientky sa po
celkovo 28 dfioch hospitalizacie vyrazne zlepsil
a pacientku sme prepustili do ambulantnej starostli-
vosti.

Diskusia

Exacerbacia Stillovej choroby u pacientky bola vy-
volana neznamou pricinou. Infekéna etioldgia nebola
potvrdena, po diagnostikovani kritérii SIRS a odobrati
hemokultdr boli preventivne podavané Sirokospektral-
ne antibiotika. Laboratérne boli po prijme potvrdené
znamky rozvijajuceho sa hepatalneho zlyhavania,
enormne zvy$ené aktivity hepatalnych enzymov, po-
kles koagulacnych parametrov a opakovany sklon
k hypoglykémiam. Stav si vyziadal podavanie pulznej
kortikoterapie, hepatoprotektiv, umell pltcnu ventila-
ciu, mimotelovu eliminaénu liecbu a Specificku nutric-
nu podporu, formou enteralnej a parenteralnej vyzivy
re$pektujucej hepatalne poskodenie.

Délezitou ulohou terapie je ovplyvnenie SIRS, kedy
dochadza k masivnej produkcii volnych kyslikovych
radikalov (ROS) v organizme. ROS zohravaju vyznam-
nu amplifikaénu ulohu v Uvodnej faze SIRS. Ak pro-
dukcia reaktivnych foriem kyslika daleko prevysuje ich
vychytavanie, dochadza k spustaniu kaskad imunit-
nych a zapalovych dejov, siborne oznacovanych ako
oxidacény stres [6]. Ovplyvnit oxidacny stres podporou
metabolizmu zavisi aj od optimalne zvolenej parente-
ralnej a enteralnej vyzivy, ktora okrem iného aktivuje
antioxida¢nu obranu organizmu a doplni chybajiuce
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stopové prvky a spotrebované zasoby vitaminov.
U kriticky chorych sa zda byt obzvlast prospesna pa-
renteralna suplementacia selénu ako aj prekuzorov
glutationu. Studie potvrdili zlep&enie klinickych vysled-
kov pri podavani selénu, ktory napomahal zlepSovaniu
zdravotného stavu pacientov pri infekciach a orga-
novom zlyhani. Pri podavani glutaminu v rozsiahlych
Studiach sa potvrdilo znizenie infekénych komplikacii
u kriticky chorych pacientov [7].

Pecen je ustrednym metabolickym organom s ex-
kre€nymi, metabolickymi, detoxikaénymi, hematologic-
kymi, hemostatickymi funkciami a radou dal$ich déle-
zitych funkcii. V zaciatoénej faze hepatalneho zlyhania
dochadza k vy$Siemu metabolizmu proteinov s pre-
vahou katabolickych dejov. Ustrednu ulohu pri tychto
dejoch zohravaju katabolické hormdény. Prvotnym in-
zultom zodpovednym za nasledujuce deje su noxy
roznej etiolégie, ako napriklad infekcie, sepsa a vplyv
roznych toxinov. Dochadza k akceleracii zapalovej od-
povede, do obehu sa uvolfuju mediatory zapalu
a zvysuje sa tvorba proteinov akutnej fazy. Tato faza je
do urcitej miery reverzibilna, za podmienky dostatoc-
nych kompenzaénych mechanizmov, zahrfajucich
imunitné, metabolické a terapeutické faktory.

Umela vyziva u kriticky chorych je limitovana funkg-
nostou gastrointestinalneho traktu z hladiska volby vy-
Zivy enteralnej, doplnkovej alebo parenteralnej. Dru-
hou limitaciou je utilizacia zivin v peceni, ktora pri he-
patalnom zlyhavani méze byt nedostato¢na a je ne-
vyhnutné podavat synteticky pripravené zakladné sta-
vebné makromolekuly zivin. Organovo Specificka vyzi-
va pri hepatéalnom zlyhavani je zalozena na vyuziti
anaplerotickych (AS) a Specificky nutriénych substra-
tov (SS) [8]. Narugenim jednej giastkovej reakcie do-
chadza k zastaveniu celej metabolickej cesty. Suple-
mentaciou AS sa doplni substrat za preruSenou reak-
ciou, ¢im moze sled biochemickych reakcii dalej po-
kradovat. Suplementacia SS za danych podmienok je
vyhodna z hladiska lepSej utilizacie a zlepSenia ener-
getickej rovnovahy [8]. Vyhodnou alternativou sa zda
byt vyziva doplnkova. Délezitym nutrientom, ktory by
mala obsahovat enteralna vyziva, si mastné kyseliny.
Predstavuju vyznamny zdroj pre regeneraciu hepato-
cytov. Vhodné je aj podavanie prebiotik (laktuldzy),
respektive probiotik v ramci enteralnej vyzivy,
z dévodu zvratenia hnilobnych procesov v ¢reve na
kvasné. Pri parenteralnej vyzive je vhodné pacientom
podavat 40-45 % rozvetvenych aminokyselin, ako aj
vy§Sie mnozstva esencialnych aminokyselin s vynim -
kou aromatickych, ktorych prijem je potrebné reduko-
vat [9].

Za priaznivych podmienok dochadza k obnoveniu
fyziologickych funkcii pe¢enového tkaniva a dochadza
k reparacii naruSenych pecenovych lalé¢ikov ad inte-
grum. Pri nadmernom pdsobeni noxy, moze tato faza
prekrocit kompenzaéné limity a stat sa ireverzibilnou
a vyustit do fulminantného hepatalneho zlyhania [8].
Délezitu ulohu v tomto procese zohravaju aktivované
Kupfferove bunky. Su to mononuklearne makrofagy,
ktoré pod vplyvom noxy uvolfiuju enormné mnozstvo

volnych radikalov (ROS) do svojho okolia. Tvorba ROS
za fyziologickych podmienok prebieha kontinualne
v ramci aerébneho metabolizmu. ROS sluzia podobne
ako aj v inych tkanivach na eliminaciu baktérii a su
spustacom uvolfiovania signalnych molekul. Tkaniva
st voci ROS chranené antioxidaénym systémom. ROS
v peceni Ucinkuju na vSetky dolezité biomolekuly, pro-
teiny, lipidy a nukleové kyseliny. Poskodenie bunko-
vych membran hepatocytov je spésobené ich lipoper-
oxidaciou ako aj sekundarnym poskodenim vznikaju-
cimi produktami lipoperoxidacie. ROS su zodpovedné
za zvySenie aktivity fosfolipazy-A2, ¢im dochadza
k Stepeniu fosfolipidov bunkovych membran a poru-
cham intracelularnej homeostazy Ca2+ [9].

Peroxidované lipidy su nasledne rozlozené na al-
dehydy, ketony, alkoholy a laktény, ktoré samotné ma-
ju toxické ucinky. Dolezité je spomenut rozklad hemo-
globinu v peceni, ktory méze proces lipoperoxidacie
iniciovat. Uvolnena skupina hému, ktora obsahuje i6-
ny zeleza ma katalyticky Gc¢inok na tvorbu peroxidov.
Podla laboratérnych vysledkov dochadzalo k zvySenej
dekompozicii hemoglobinu, ¢im sa zvysil aj obsah he-
moproteinov, respektive idnov kovov, ktoré proces pe-
roxidacie organickych substratov urychlovali. Zvyse-
nie aminotransferaz, bilirubinu, znizenie albuminov
potvrdzuje poskodenie pecene. Okrem klinickych pri-
znakov poskodenia obli¢iek to potvrdzuju aj zvySenia
kreatininu a mocoviny v krvi. Pritom nie je mozné vy-
I¢it ani postihnutie svalov, nakolko aminotransferazy
su sucastou kazdej bunky véitane svalov a na zvyse-
ni hodn6t sa mohli podielat aj svalové aminotransfera-
zy. Podobne kreatinin vznika vo svaloch odburavanim
kreatinfosfatu, ale na zvySeni kreatininu v sére moze
posobit znizené vylu€ovanie oblickami. Spominané
latky sa ale dialyzou odstranuju.

Za fyziologickych okolnosti je glykogén uskladneny
v peceni lahko mobilizovatelny, a je preto délezitym
zdrojom glukdzy pre ostatné organové systémy. Naru-
Senim funkcie glykogenfosforylazy dochadza k po-
klesu jeho premeny na D-glukézu. Pacienti s hepa-
talnym zlyhavanim su preto nachylni na hypoglyké-
miu. Dochadza k poklesu proteosyntézy, ¢o sa preja-
vuje znizenim hladin celkovych bielkovin a dochadza
najma k poklesu plazmatického albuminu, prealbumi-
nu, transferinu, transkortinu a retinol-viazuceho pro-
teinu [9]. U pacientky z kazuistiky boli zaznamenané
znizené hladiny celkovych bielkovin a najma albumi-
nu v krvi poéas hospitalizacie na I. KAIM. Dalej dochéa-
dza pri hepatalnom zlyhani k vyraznému zvyseniu
plazmatickej koncentracie aromatickych kyselin feny-
lalaninu, tyrozinu a tryptofanu, ktoré su za fyziologic-
kych podmienok metabolizované prevazne v peceni.
Narusenie metabolickych ciest vedie k ich akumulacii
v krvi. NaruSenie ureosyntézy spdsobuje vzostup
amoniaku v krvi, ktory sa v pokrocilych stadiach ocho-
renia podiela na rozvoji hepatalnej encefalopatie [8].

Esencialne aminokyseliny s rozvetvenym uhlovodi-
kovym retazcom valin, leucin a izoleucin su len nepa-
trne metabolizované v peceni. SU vyznamnym zdro-
jom energie pre svaly, ktoré ich aktivne vychytavaju
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z krvi a mbézu nahradzat energiu pochadzajucu
z glukdzy. Ich aminoskupiny timia acidézu tym, ze sa
premenia na NH4+ a st vylu¢ované oblickami. Podava-
nie spominanych aminokyselin do vyzivy preto moh-
lo pozitivne vplyvat aj na regeneraciu svalov
a kompenzovanie aciddzy, ktora sa prejavila v danom
pripade aj zvySenim laktatu v krvi. Podavanie gluta-
minu, ktorého syntéza v organizme vyzaduje ATP tiez
mohlo vyznamne pozitivne vplyvat na regeneracné
procesy, pretoze glutamin je vychodiskovou latkou pri
syntéze pyrimidinovych a purinovych baz, ktoré su za-
kladnymi bazami nukleovych kyselin, ale aj energetic-
ky bohatych trifosfatov ako ATP, GTP, UDP atd. Tie
maju vyznamnu uUlohu okrem syntetickych dejov
i v regulacii metabolizmu prenosom signalov
a usmerfiovanim metabolizmu, napr. druhy poslovia
(cAMP, cGMP). Prebyto¢ny glutamin nevyuzity
k syntéze spomenutych baz méze poskytnut amoniak,
ktory pribratim H+ kompenzuje acid6zu, podobne ako
amoniak z rozvetvenych aminokyselin.

Selén sa uplatiuje ako kofaktor enzymu glutation
peroxidazy, ktory patri do skupiny enzymov vykazuju-
cich peroxidazovu aktivitu [10]. Jej hlavnou ulohou je
ochrana bunkovych $truktdr pred oxidaénym posko-
denim. Biochemicka funkcia GPx je redukovat lipido-
vé peroxidy na im koreSpondujuce alkoholy a redu-
kovat volny peroxid vodika na vodu. Substratom pre
tuto reakciu je glutation (GSH) [11, 12]. Suplementa-
ciou glutaminu alebo jeho prekurzorov sa zvySuje
efektivita Gcinku GPx. Regeneracia oxidovanej formy
glutatiénu (GSSG) na GSH je katalyzovana glutation
reduktazou (GR). Priame meranie dynamiky antioxi-
dacénych enzymov u pacientky z kazuistiky poukazuje
na ich aktivaciu suplementovanymi mikronutrientmi.
U pacientky z kazuistiky dochadza aj k zvySeniu akti-
vity GR, ¢o je mozné vysvetlit si¢asnym podavanim
prekurzorov syntézy GSH. Zvy$ena hodnota GPx
v Siesty den od aplikacie prvej davky selénu a gluta-
minu sved¢i o zvySenej aktivite antioxidaéného systé-
mu. Zabudovanie selénu do selenoproteinu, akym je
GPx, a zvySenie jej aktivity ma vyznam v zabraneni
monoredukcie peroxidov na .OH, ¢o nie je enzymatic-
ka reakcia, ale m6ze byt zna¢ne urychlena pritomnos-
tou kovov, napr. z porusenych molekul, kde sa i6ny ko-
vov ¢asto nachadzaju v ich aktivnom centre. Metalo-
proteinom je aj superoxid dizmutaza (SOD), ktora je
dalSim délezitym antioxidaénym enzymom. Jeho funk-
ciou je rychla dizmutacia O,.” na kyslik a peroxid vo-
dika. V prostetickej skupine tohto enzymu sa nacha-
dza med, zinok alebo horéik. Pred zahajenim liecby
bola aktivita tohto enzymu zniZzena. Pocas lie¢by doslo
k zvySeniu aktivity aj u tohto enzymu. Biochemické pa-
rametre inych metaloproteinov sledované neboli. Ten-
to jav bol sprevadzany poklesom plazmatickej hladiny
CRP, ¢o je znamkou efektivnej terapie systémovej za-
palovej odpovede. Pomer neutrofilov a lymfocytov ma
priaznivu klesajucu tendenciu aj napriek stupajlcej
hodnote leukocytov. Pomer neutrofilov a lymfocytov

jednoducho a spolahlivo vystihuje mieru zavaznosti
oxida¢ného stresu a systémového zapalu. Predoslé
Studie popisuju suvislost medzi zavaznostou klinické-
ho stavu a mierou neutrofilie a lymfocytopénie [13].
Vysledky tejto kazuistiky potvrdzuju priaznivy vplyv su-
plementacie selénu na SIRS a obnovu hepatalnej
funkcie. ZvySenie aktivit antioxida¢nych enzymov
u pacientky z kazuistiky poukazuje na ich aktivaciu su-
plementovanymi mikronutrientmi.

Zaver

Stillova choroba je ochorenie nezname;j etiologie,
vyzadujuce dlhodobl imunosupresivnu lie€bu. Akut-
na exacerbacia ochorenia méze viest k réznym orga-
novym dysfunkciam a z nich vyplyvajucim klinickym
prejavom. Jednym z najzavaznejSich je akutna hepa-
talna insuficiencia, ktora pri neadekvatnej terapii mé-
ze viest k fulminantnému zlyhaniu pecene. Liecba je
vysoko komplexna, vyzadujuca multidisciplinarny pri-
stup. Pochopenie patofyziologickych pochodov pri sta-
voch spojenych so zlyhavanim pe¢ene ma klucovu
ulohu pri vybere organovo Specifickej nutricie, ktora
adekvatne reaguje na metabolické potreby organizmu.
Vyuzitie podpornej antioxidacnej terapie formou selé-
novych preparatov a prekurzorov glutationu sa zda byt
vyhodné pri ovplyvneni systémovej zapalovej odpove-
de a zlepsSeni klinického stavu.

Pouzité skratky:

AS — anapleroticky nutriény substrat
ATB — antibiotika
ATP — adenozintrifosfat

Ci-Ca  — modul citratovy — kalciovy modul

cAMP - cyklicky adenozinmonofosfat

cGMP - cyklicky guanozinmonofosat

CVVHD - Continuous venovenous hemodiafiltration
CRP — C-reaktivny protein

DIC — disseminovana intravaskularna
koagulopatia

GCS — Glasgow coma scale

GPx — glutation peroxidaza

GR — Glutatiéon reduktaza

GSH — redukovana forma glutationu

GSSG - oxidovana forma glutatiénu

GTP — guanozintrifosfat

MEL — mimotelova eliminacna lie¢ba

O,- — superoxid

.OH — hydroxylovy radikal

PCT — prokalcitonin

ROS — reaktivne formy kyslika

SIRS — Systemic Inflammatory Response
Syndrome

SOD — superoxid dismutaza

8s — 8pecificky nutriény substrat

UDP — uridintrifosfat

UVP — umela ventilacia pluc
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2.5.3 Zavery Studie SE-A0X

Deficit selénu u kriticky chorych pacientov sme potvrdili aj naSimi meraniami
prostrednictvom atdmovej absorbcnej spektrofotometrie. Vysledky tychto merani boli

prezentované na postgradualnom kurze Sepsy a MODS v Ostrave 2010.

e Doterajsie skusenosti liecby Selénom u kriticky chorych / J. Firment, L. Kocan, J.
Kubadlkova. [Up to now experiences in selenium treatment in criticaly ill]. In: 12.
postgradualni kurz Sepse a MODS : 26.-29. leden 2010. - Ostrava, 2010. - ISBN
9788025480397. - S. [1-3].

Vyhodnotenim vysledkov Studie Se-AOX neboli zistené rozdiely v mortalite, vyskyte
renalneho zlyhania a respiracnych funkcii medzi jednotlivymi skupinami a podskupinami
(p>0,05). V obidvoch skupinach, selén versus placebo, bolo preukdzané, ze pacienti s vySSim
skore APACHE II a SOFA mali preukazatel'ne vyssiu umrtnost’ (p<0,05).

Medzi skupinami a podskupinami neboli zistené vyznamné rozdiely dynamickych zmien
sledovanych biochemickych parametrov (CRP, laktat, celkové bielkoviny, albumin, urea)
(p>0,05), hematologickych a koagulacnych parametrov (pocet leukocytov a ich populdcii,
trombocytov, fibrinogénu) (p>0,05) pocas terapie. Zmeny aktivit antioxidacnych enzymov v
sledovanych podskupinach potvrdili narast aktivit GPx u pacientov, ktorym bol
suplementovany Se (p<0,05). Pacientom v podskupine OI < 200, ktorym sa suplementoval
selén, sme zaznamenali signifikantné zlepSenie oxygenacného indexu na konci terapie
selénom (p<0,05), ale bez dalSieho klinicky vyznamnej koreldcie. Vysledky Stidie
nepreukdzali vyrazny klinicky benefit u pacientov, ktorym sa suplementoval selén oproti
placebo-skupine, tento rozdiel nebol zaznamenany ani medzi jednotlivymi podskupinami.
Zaroven vysledky Stadie Se-AOX korelovali s vysledkami d’alSich, v tom Case aktudlnych
prospektivnych randomizovanych klinickych Studii, akymi bola $tudia SIGNET Andrews
akol., 2011 (4), ako aj studie Valenta a kol., 2011 (3). Na zdklade v tej dobe zistenych
vysledkov boli doplnené odporucania pre lieCbu sepsy mikroprvkami zhrnuté v Surviving
Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock: 2016.
Intensive Care Medicine, v ktorych sa podavanie selénu pri liecbe sepsy a septického Soku
d’alej neodporuca (silné odporucanie, stredna kvalita dokazov) (21).

Zavery studie Se-AOX boli publikované vo: Wiener Klinische Wochenschrift - ISSN
0043-5325, IF 1,3, Q2 a Clinical Biochemistry - ISSN 0009-9120, IF 2,3, Q2.
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Summary A prospective observational study of paren-
teral selenium supplementation started in January 2008
which included 72 septic patients with APACHE II scores
ranging from 19 to 40 after admission.

Patients were divided into two major groups: one with
a continual infusion of sodium selenite at 750 ug/24 h
for 6 days and a placebo group followed by subgroups
according to the presence or absence of surgical proce-
dure. Routine biochemical and hematological para-
meters were determined continuously. Sequential Organ
Failure Assessment (SOFA) scores were calculated in
two-day intervals.

Patients who died had a higher Acute Physiology and
Chronic Health Evaluation (APACHE) II score, lower al-
bumin on the 3rd days of therapy and higher C-reactive
protein (CRP) on the 6th days of therapy. Statistically,
there was no significant difference in the comparison of
CRP, fibrinogen, albumin, plasma proteins, or neutrophil
to lymphocyte counts during the 6 days in all subgroups.
There was a significant difference in the comparison of
leukocytes on the 6th day of therapy. Glutathione perox-
idase and glutathione reductase activity was increased
in selenium subgroups with negative correlation in pla-
cebo subgroups during the therapy. A downward trend
in SOD activity, more appreciable in selenium groups,
seemed to be a reflection of lower superoxide radical
production. This is biased more as a result of GPx ac-
tivity restoration, preventing further peroxidation of or-
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04066 Kosice, Slovak Republic
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J. Vagkova, PhD - Assoc. Prof. L. Vasko, PhD
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Faculty of Medicine, Pavol Jozef Safrik University in Kogice,
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ganic substrates and cyclic formation of other radicals,
than actual attenuation of their production.

Selenium substitution increased selenium dependent
antioxidant enzyme activity and, in comparing mortal-
ity in groups, we found a 16.7 % decrease in mortality in
favor of supplementation with selenium.

Keywords: Oxidative stress, Sepsis, Selenium, Artificial
nutrition

Wiederherstellung der Aktivitat von antioxidativen
Enzymen durch Selen bei septischen Patienten

Zusammenfassung Eine prospektive Beobachtungsstu-
die der Wirkung einer parenteralen Gabe von Selen wur-
de im Janner 2008 begonnen. Es wurden 72 Patienten
mit Sepsis und einem APACHE II Score zwischen 19 und
40 bei Aufnahme in die Studie aufgenommen.

Die Patienten wurden in 2 grofie Gruppen eingeteilt:
einer Gruppe wurde eine kontinuierliche Infusion von
750 pg Na-Selenit/24 h 6 Tage lang verabreicht - der
anderen Placebo. Es wurden dann Subgruppen gebildet,
je nachdem, ob operative Mafinahmen gesetzt wurden.
Routine biochemische und hédmatologische Parameter
wurden kontinuierlich erhoben. Die SOFA Scores wur-
den alle 2 Tagen errechnet.

Die  verstorbenen Patienten hatten einen
héheren APACHE II Score, sowie ein niedrigeres
Albumin am 3. Tag und ein hoheres CRP am 6. Tag.
Statistisch bestand kein signifikanter Unterschied im
Vergleich des CRP, des Fibrinogens, des Albumins,
der Plasmaproteine bzw. der Neutrophilen und
Lymphozyten Zahl aller Subgrup-pen wéhrend der 6
Beobachtungstage. Die Leukozyten-zahl war am 6.
Tag statistisch signifikant unterschied-lich. Die
Aktivitdt der Glutathionperoxidase (GPx) und der
Glutathionreduktase war in den Selen-Subgruppen
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wihrend der Therapie erh6ht mit einer negativen Korre-
lation in den Placebo-Untergruppen.

Ein Abwirtstrend der SOD Aktivitdt, der in den Se-
len-Untergruppen deutlicher war, schien eine Folge
einer geringeren Produktion von Superoxyd Radikalen
zu sein. Wahrscheinlich ist das aber eher auf eine Wie-
derherstellung der GPx Aktivitit (die vor einer weite-
ren Peroxydation der organischen Substrate und einer
zyklischen Bildung von anderen Radikalen schiitzt) als
auf eine tatsdchliche Verminderung ihrer Produktion
zuriickzufiihren.

Substitution mit Selen erhdhte die Aktivitdt der Selen-
abhdngigen antioxidativen Enzyme. Ein Vergleich der
Mortalitdt beider Gruppen ergab eine um 16,7 % nied-
rigere Sterberate der mit Selen behandelten Patienten.

Schliisselworter: Oxidativer Stress, Sepsis, Selen, Kiinst-
liche Ernédhrung

Introduction

Many serious medical problems originate from condi-
tions of oxidative stress, that are amplified in the immune
response. Its activation role in the pathogenesis of syn-
dromes such as systemic inflammatory response syndrome
(SIRS), sepsis, severe sepsis, septic shock, and in various
disease states such as acute pancreatitis is well known, and
also in other diseases encountered in the intensive care
unit (ICU) [16]. Treatment of such diseases is very complex,
involving causal treatment, support, and assistance. An
individual approach is used from one patient to another.
Oxidative stress can be influenced by choosing the o pti-
mal enteral and parenteral nutrition, which can, among
other things, activate the body’s antioxidant defense and
add missing trace elements and vitamins which have
been consumed. The current multicenter study confirmed
the importance of supplementation of these nutrients to
support antioxidant capacity of the organism. Decreased
plasma levels of antioxidants are caused by increased anti-
oxidant consumption in plasma and tissues, necessary for
the destruction of free radicals. The decrease is consider-
able in uric acid, protein and thiol groups, unconjugated
bilirubin, ascorbic acid, alpha-tocopherol, beta-carotene,
lycopene, antioxidant enzymes, glutathione, and trace ele-
ments such as selenium and zinc [7].

Absorption of dietary selenium in the inorganic form
is limited to about 50%, while the organic form is read-
ily taken up, with up to 100% of organic dietary selenium
being absorbed. After resorption in the small intestine, it
is transported in the blood bond to selenoprotein P and
its plasma level is sensitive to psychological and physical
stress. Also selenoprotein P represents a stock potential in
which over 50 % of plasma selenium is stored. The level of
this protein is a determinant of the total selenium status
[28], which is, however, insufficient in acute conditions.
The safe oral intake for healthy people with normal renal
function is 50-200 pg/day [15]. Selenium balance in the
body is regulated by the kidneys. Adults excrete 50-60 %

of selenium in the urine. Selenium in the body forms part
of some proteins, most of which play an important role in
protecting cell structures from oxidative damage. The most
important macromolecule of this group is an enzyme, glu-
tathione peroxidase [28], although selenium is also found
in the active sites of two other important enzymes in the
metabolism of thyroid hormones: jodotyronine-5-deio-
dinase, and that of nucleotides, thioredoxin reductase.

Growing clinical studies in patients with SIRS, sep-
sis, burns, trauma, Acute respiratory distress syndrome
(ARDS), and pancreatitis suggest that selenium supple-
mentation may be advantageous. Administration of
selenium-containing supplements appears to be ben-
eficial in terms of reducing mortality [13]. Ingestion of
4 mg of sodium selenite pentahydrate is considered non-
toxic in healthy humans [12]. Critically ill patients have
lower levels of selenium in their blood compared with
the healthy population, so are much more able to toler-
ate the increased supply of selenium without showing
signs of toxicity [2]. An intake of 1,000 pg/day of sodium
selenite pentahydrate administered intravenously was
tolerated well by patients [13]. Several clinical studies
have been devoted to the issue of selenium antioxidant
therapy in selected pathologies [2, 12, 15, 18]. Individual
studies addressing this issue are varied in respect to the
dose and duration of selenium administration, the form
of administration (bolus vs. continuous administration)
and controversial results. The reality clarified for us the
relationship between the dose and the clinical response.
On this basis, we developed a methodology of the study
named Se-AOX in early 2008. From previous studies and
meta-analyses, it has been concluded that a safe interval
of administration of sodium selenite pentahydrate falls
in the range of 600-800 ug per day. However, other
studies were also published later in which high doses of
sodium selenite pentahydrate were administered on the
first day at 1,000 pg/day and from days 2 to 14 at
1,500 pug/day in an attempt to exploit the prooxidant
properties of selenium in the initial stage of oxidative
stress on neu-tralization of microbial pathogens and the
next phase of its antioxidant properties after installation
into proteins. The results of the study demonstrated no
statistically sig-nificant reduction in mortality in any
groups [1, 29].

In our prospective observational study, Se-AOX, we
studied the dynamic changes of antioxidant enzymes, the
development of biochemical and hematological parame-
ters of sepsis, and 28-day mortality in critically ill patients
with APACHE II (median 24, min 19, max 40) and SOFA
(median 9, min 4, max 14), treated with sodium selenite
pentahydrate at a dose of 750 pg/day as a continuous
infusion for 6 days.

Patients, materials and methods

The Ist Clinic of Anaesthesiology and Intensive Care
Medicine, University Hospital of Louis Pasteur in
Kosice, Slovak Republic started a prospective
observational study, Se-AOX, in 2008. The study looked
at the effects of
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parenteral selenium supplementation in septic patients
and subsequent monitoring of dynamic changes in the
activities of selected antioxidant enzymes and the devel-
opment of clinical status. A protocol has been developed,
on the basis of which the University ethics committee
approved the study 109/2011.

As the study was observational, therapeutic proce-
dures were performed in our clinic routinely and most
of the patients had altered consciousness, the patients’
special informed consent was not requested. The Se-
AOX study enrolled 72 patients with an APACHE II score
between 19 and 24 points at the ages from 23 to 79 years,
who developed sepsis, severe sepsis or septic shock dur-
ing hospitalization as defined by the International Sepsis
Definitions Conference [19]. A SOFA score was calculated
in the time periods of 1-2 days (T1), 3-4 days (T2) and
5-6 days (T3) according to an internet calculator (http://
www.sfar.org/scores2/sofa2.php).

The Se-group consisted of 35 patients who received
selenium supplementation during hospitalization in the
form of sodium selenite pentahydrate at 750 ug/day for 6
days immediately after admission to our department
(1,000 pg of sodium selenite pentahydrate =333 pg of
selenium) (Selenase, Vivax; selenium hereinafter). The
placebo group consisted of 37 patients who received
con-tinuous saline NaCl 50 ml/day for 6 days as a
continuous infusion (excluding additional infusion
therapy). Patients were further divided into four
subgroups according to whether they received surgery.
The Al subgroup con-sisted of 23 patients who received
selenium supplements postoperatively. Subgroup A2
consisted of 21 patients treated with placebo during the
postoperative period. The Bl subgroup consisted of 12
patients who received selenium supplements without
undergoing surgery. Finally, the B2 group consisted of
16 patients treated with placebo without undergoing
surgery (Fig. 1).

The nutritional strategy (enteral vs. parenteral,
quali-tative and quantitative characteristics of the
diet) was dependent on the patient’s diagnosis and
nutritional sta-tus, as well as the standard therapeutic
approaches to the disease.

Food administration was cyclical, to stimulate the
diurnal rhythm. The daily dosage of glucose sugar was
from 1.5 g/kg up to 5.5 g/kg. The total daily supply of
amino acids ranged from 0.8 to 2.5 g/kg (0.5-0.75 g/kg
for renal and liver injury, 0.7-1.0 g/kg in stable patients,
1.0-1.5 g/kg in a poor state of nutrition and catabolism,
and 1.5-2.0 g/kg for severe malnutrition). Substitution
of fat was performed after the acute stage of the dis-ease
subsided and was administered at 0.5 g/kg/day. All
groups were also administered antioxidants paren-
terally: 1,000 mg/24 h vitamin C, 30 mg/24 h vitamin E,
100 mg/24 h thiamine, 100 mg/24h pyridoxine, and
1,000 pg/24 h cobalamin. The determination of
biochemical and hematological parameters of blood
samples formed part of the routine diagnostic methods.
Data collection for the Se-AOX study was performed at
two-day inter-vals: T1 (1st-2nd day), T2 (3rd-4th day)
and T3 (5-6th day). Kinetic methods for estimating the
activities of

glutathione peroxidase (GPx, E.C. 1.11.1.9) and gluta-
thione reductase (GR, E.C.1.6.4.2) were performed using
a kit (Sigma-Aldrich, Germany) and that of superoxide
dismutase (SOD, E.C. 1.15.1.1) by means of the SOD-
Assay Kit-WST (Fluka, Japan) following the user manual
provided. A control group of 30 healthy volunteers was
used for comparison with the development activity of
antioxidant enzymes in the critically ill. Statistical signifi-
cance was determined by T-test (calculated from mean,
SD) baseline vs. 6-7th day (T3) and Pearson's Chi-square
selenium vs. non-selenium group from baseline to 6-7th
day. Differences were considered significant at p<0.05.
Possible benefit from the treatment was calculated by
number needed to treat (NNT) test.

Results

There was a decrease in the median SOFA scores of sur-
gical patients, in both selenium and placebo groups (Al
and A2), and nonsurgical patients (B1) at time periods
T1, T2, and T3 (Table 1). This suggested a reduction in the
number of organ failures and an improvement in health.
There was a decrease in median CRP levels in all groups
followed (Table 2). There were no significant differences
(p>0.05) between the observed biochemical parameters
shown in Table 2. In group Al—surgical patients receiv-
ing selenium supplements—median platelet values were
increased (Table 3), suggesting both the incorporation of
selenium and the mitigation of the systemic inflammatory
response. Through the course of treatment, there was a
decreasing tendency for the median values of white blood
cells in both groups of nonsurgical patients (Bl and B2)
which translates to a significant change in values between
groups A and B at T3. Patients in both the A subgroups
had a decreased 28-day mortality of 16.7 % in comparison
to group B (Table 4). The reduction was not statistically
significant (p>0.05), although the figure is not at all neg-
ligible. Using NNT, we can state with 95% certainty that
the absolute reduction in 28-day mortality was 16.6 % and
that every 7th patient benefits from the treatment.

High SOD activity values were observed during this
period in surgical patients (Table 5). The median of the
measured values has a slightly decreasing trend in groups
Al and A2; however, unlike in groups without selenium
administration, these values returned toward the median
of healthy volunteers. The activity of GPx was increased
in the interval T1-T3 in patients supplemented with sele-
nium from groups Al and B1, but was pronounced in the
group in surgical patients, Al. It is in these patients that
the median values were closest to the median values of
healthy volunteers, albeit without reaching them. Simi-
larly, an upward trend could be observed in group B1.
A much weaker upward trend could be observed in the
group with surgery without selenium supplementation
(A2), and in group B2 (significance at P<0.05 in compari-
son to Bl). Median values of GR in Al are very close to
the median values of healthy volunteers, although there
is a slight downward trend when compared with baseline
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Critically ill patients with signs of
sepsis, severe sepsis, septic shock
APACHE II 19-60 (n=95)

Loss to follow up (n=15)
Patients with APACHE <19, >40 excluded

(n=80) Patients met inclusion criteria APACHE 19-40

Lost to follow-up (died in day after

A

admission) (n=8)

v

v

1 (n=35)
Started selenium adjuvant therapy immediately
after the diagnosis of sepsis,
decisive criterion was even date of admission to ICU

2 (n=37)
Without selenium adjuvant therapy,
decisive criterion was odd date of admission to ICU

Al (n=23)
Patients within 24
hours after admission
underwent surgery

A2 (n=21)
Patients within 24
hours after admission

underwent surgery

A 4

B2 (n=16)
Patients did not
undergo surgery

B1 (n=12)
Patients did not
undergo surgery

28-day mortality

Fig. 1 Flow diagram of prospective observational study Se-AOX in septic patients in groups with selenium adjuvant therapy 1
and placebo 2, with surgical (A) and without surgical performance (B)

values during T2-T3 (only for median values). The case
with A2 is similar. The differences in the changes in GR
activity are generally available for monitoring when com-
paring groups A and B. The median B values are lower,
although the differences between the groups are not sta-
tistically significant. This may be a result not only of fewer
patients, as they were divided into four groups, but also
of the range of values measured and thus higher devia-
tions from the mean.

Discussion

Normally, there is homeostasis between the production
of reactive oxygen radicals and their removal by endog-
enous antioxidant scavengers, nonenzymatic antioxi-
dant supplementation, and diet. Oxidative stress results
from an impaired balance of excessive reactive oxygen
species (ROS) production, including superoxide, hydro-
gen peroxide and hydroxyl radicals and/or inadequate
antioxidant defense. Severe infections and inflammatory
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Table 1. Demographic characteristics of the patients in groups with selenium adjuvant therapy A1-with surgical and B1-

without surgical performance and placebo groups A2-with surgical and B2-without surgical performance

Characteristics Median (min-max) Median (min-max)

Al A2 B1 B2
N 23 21 12 16
Age (23-78) 53 (30-77) 60 (28-68) 47 (40-79) 53
Gender (M/F) 17/6 14/7 6/6 12/4
APACHE score (19-39) 24 (19-38) 23 (20-40) 24 (19-37) 30
SOFA score T1 (4-14)10 (6-13)9 (3-14)8 4-14)9
SOFA score T2 (1-14)9 (4-17)8 (1-14)8 (2-12)9
SOFA score T3 (1-15)8 (2-19) 6 (2-14)6 (3-14)9
Sepsis 4 5 3 5
Severe sepsis 5 8 5 4
Septic shock 14 8 4 7
Disseminated intravascular coagulation 4 il 1 2
Bronchopneumonia 8 7f 6 8
AUl 8 1" 2 3
ARDS 11 1 5 6
Nosocomial infections 1 6 4 9
Dialysis 13 6 5 5
Admission diagnosis
Respiratory failure 21 12 7 14
Coma (status after CPR) - 2 2 3
Cardiac disease 1 - 1 3
Hemato-oncological disease - - 2 4
Peritonitis 8 7 = -
Pancreatitis 10 2 - -
State after neurosurgical procedure 2 = — -
State after cardiosurgical procedure 1 1 - -
State after urological procedure 1 3 - -
Trauma 2 1 - -
Hemorrhagic shock 3 2 - -

Table 2. Comparison of the levels of selected parameters in plasma over T1-T3 day interval

Parameter (ref- Time  Median (min-max) P Median (min-max) P P(Avs.B)
erence values) interval Al A2 B1 B2
Total plasma Tt 49.0 (36.0-62.2) 49.0 (39.8-63.4) 009 505 (36.0-77.9) 46.8 (27.4-78.5) 090 022
:’ggtgi_"% ogy 50.6 (34.0-62.5) 51.2 (42.2-70.0) 096  50.0(31.5-68.0) 50.1 (31.5-73.4) 040 056
53.6 (36.3-60.3) 50.0 (34.1-65.0) 023  49.9(28.1-73.8) 49.8 (34.6-70.4) 099 037
Albumin T 22.8 (13.4-39.0) 25.3 (20.2-37.9) 023  25.3(14.5-50.0) 25.6 (34.6-43.7) 077 019
(35.0-52.00/) 1, 197 (12.3-32.3) 27.0 (21.6-32.1) 009  22.9(14.9-39.4) 207 (14.3-37.2) 017 045
13 21.8 (12.9-39.2) 26.4(17.8-35.3) 056  245(12.5-39.2) 23.1 (13.4-35.6) 048 0.9
CRP T 180.4 (38.2-482.0)  148.8(23.6-367.2) 0.2  103.4(4.5-308.8)  156.3(15.6-4453) 060  0.22
0.1-5.0mg/) 1, 190.2 (27.4-356.6)  97.0(12.2-4285) 020  93.5(12.2-4445  1085(51.6-3865) 061 047
T3 168.7 (20.7-482.1)  98.3 (2.7-242.8) 007  1155(10.2-318.0)  95.0(36.1-249.0) 031  0.21
Fibrinogen T 5.4 (2.8-8.7) 4.4(0.8-8.4) 025  4.6(1.9-8.4) 4.2 (2.0-8.9) 079 051
(18350 1 5.7 (1.8-8.9) 49(1.2-7.0) 022  44(1.1-9.0) 5.1 (3.0-14.0) 025 092
T3 5.3 (1.7-10.9) 5.0 (2.5-8.5) 016  50(1.3-7.8) 50 (2.7-12.0) 042 058
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Table 3. Comparison of the number of blood components and ratios of neutrophils/lymphocytes in subgroups

204.0 (6.6-550.0)

Platelets (150~ T1 152.5(21.7-499.3)  233.0 (41.7-410.0)
350x10°) 1o 192.2(30.7-432.3)  198.0 (27.7-322.0)

3 2215(48.0-483.0)  153.0(13.0-337.0)
WBC(@4.0- T 14.8 (5.5-32.2) 13.4(3.8-21.4)
10.0x107) 1o 12.6 (3.1-31.3) 10.3 (55-30.9)

3 13.4 (15-25.0) 14.2 (6.5-27.4)
Neutrophils ~ T1 1533 (2.95-32.47)  12.1(3.2-18.4)
@3-80%) 1o 11.25(2.59-29.60) 8.0 (5.0-16.4)

3 13.40(1.30-17.80)  6.8(1.7-3.7)
Lymphocytes  T1 1.02 (0.33-8.24) 1.1 (0.5-25)
(15-85%) 15 1.11 (0.31-8.19) 1.1(0.2-2.2)

3 0.75 (0.14-9.10) 1.8 (0.2-2.4)
Neulyrato  T1 5,38 (2.80-8.71) 4.4(0.8-8.9)
094-533) 1 5.73(1.79-8.93) 4.9(1.2-7.0)

13 5,32 (1.73-10.85) 5.0 (2.5-85)

064 121.3(30.7-3265) 010 053
099 1320(49.0-4450) 104.0 (125-4140) 070  0.76
032 123.0(57.5-477.0) 845(165-526.0) 092  0.41
056  15.7 (3.1-30.7) 10.8 (1.9-62.2) 016 096
038  12.3(4.1-29.3) 12.8 (2.1-34.9) 005 096
048  9.9(35-18.6) 8.5(1.0-29.3) 009  0.003*
032  11.0(6.0-28.1) 9.4 (0.9-24.8) 032 01
086 117 (5.6-24.9) 9.0(0.9-19.4) 084 093
078  11.2(1.1-20.1) 8.1 (4.6-24.7) 047 074
028 1.1(0.7-18) 0.9 (0.1-2.6) 049 016
073  1.2(06-23) 0.8(0.1-2.3) 066 059
092 1.1(0.1-2.0) 1.1(0.3-2.3) 054 078
043  4.6(1.9-8.4) 42(2.0-8.9) 050  0.18
025 4.4(1.2-9.0) 5.1 (3.0-14.0) 090 012
095 50(13-78) 5.0 (2.7-12.0) 042 023

Table 4. Mortality of patients in the groups dosed with selenium and without selenium administration ( x*=1.985, p=0.159)

Table 5. Dynamic changes in the activities of SOD, GPx, and GR in subgroups A and B at time intervals T1, T2, and T3

SOD 3.1 T

4.83 (3.65-8.89) 4.89 (3.80-8.81)

(2:44-5.21) U/m)) 1, 4.36(3.38-6.03) 3.89 (3.28-5.74)

13 4.25(3.15-6.19) 3,69 (3.05-5.13)
GPx1.12(0.858- Ti 0.177 (0.017-1.002)  0.182 (0.017-0.995)
6.066) (ukat) T2 0.333 (0.011-1.480)  0.155 (0.048-0.367)
T3 0.833 (0.105-1.650) 0194 (0.093-0.267)
GR1.15(0.567-  T1 1.084 (0.033-1.278)  1.076 (0.034-1.219)
3.917) (ukat/l T2 0.801 (0.117-4.947)  0.486 (0.133-3.383)
T3 0.852 (0.050-4.600) 0580 (0.033-2.217)

0.89  3.96 (3.44-6.95)

4.01 (3.44-7.69) 099 0.35

0.54  4.05(3.26-5.55) 4.11(2.98-6.01) 0.42 030
019  3.95(3.25-6.05) 3.88 (3.56-5.23) 099 0.07
0.97  0.215(0.050-0.80)  0.123 (0.064-0.760) 0.96 0.73
0.50 0.325(0.117-1.317)  0.200(0.012-1.766) 0.14  0.85
0.16  0.692 (0.067-1.233)  0.300 (0.019-1.017)  0.04* 0.28
0.98  0.283(0.033-1.770)  0.283(0.033-1.770) 0.94  0.06
0.44  0.367(0.017-1.932)  0.660 (0.050-1.113) 0.17  0.63
0.41  0.458(0.017-3.083) 0.712(0.083-1.602) 0.11  0.80

conditions in sepsis, septic shock, and SIRS cause peri-
ods of strong oxidative stress, which is characterized by a
dramatic decrease in the levels of antioxidants and their
cofactors, leading to the development of severe compli-
cations such as ARDS and multiple organ failure (MOF).
Septic patients have a significantly reduced level of
plasma selenium with antioxidant, anti-inflammatory,
and immunological functions [14, 26], which is directly
related to their high mortality rates. Although low levels
of selenium in the plasma do not necessarily indicate a

lack of selenium, it is reflected in selenoprotein activity,
particularly in reduced GPx activity, thereby weakening
the antioxidant enzyme system, or systems, for which the
activity is necessary. This suggests that selenium defi-
ciency in the critically ill is one of the causes of failure to
cope with conditions of oxidative stress [2, 25].
Following the selenium status is difficult because
of the redistribution of selenoproteins like albumin in
septic patients due to increased permeability of blood
vessels into the tissues, where it is preferentially incor-
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porated into various selenoproteins [29]. The primary
effect of sodium selenite is its prooxidant character, and
its function as an antioxidant bound into selenoenzymes.
Therefore, we have primarily chosen to follow changes in
the activity of the antioxidant enzyme GPx. Since GPx
belongs to a group of eight enzymes exhibiting substrate-
specific peroxidase activity, which may be dependent or
independent of selenium, the properly chosen method-
ology made it possible to measure the serum selenoen-
zyme activities which eliminate peroxides and selenones
faster than thiols. During these reactions, two electrons
are transferred from reduced glutathione to peroxide
which then decomposes to water or the corresponding
alcohol.

Patients who have been administered with selenium
supplementation had a gradual increase in the GPx
enzyme activity measured at time intervals T1, T2, and T3
(Table 5). Group Al surgical patients had lower median
values of GPx activity compared with patients in non-
surgical group B1 (Table 5), which may reflect the higher
stress load to that group. GPx enzyme activity values in
the Al subgroup at the time interval T3 (5-6th day) are
higher than those in subgroup Bl. This may indicate
higher antioxidant defense activity in surgical patients.
Comparing surgical and nonsurgical subgroups, patients
had comparable median values of GPx activity at time
T1. During therapy, a significant increase in GPx activ-
ity occurred in the Al subgroup not only compared to
subgroup A2, but also compared to nonsurgical patients.
A significant increase in activation occurred in patients
receiving selenium supplements in Al vs. B2 (p<0.05),
although the last day revealed that levels still remained
below average compared with healthy subjects. The
results, in agreement with previous studies as discussed
by Mishra et al. [25] suggest a restoration of selenoen-
zyme activities due to trace element supplementation.
However, it is known that plasma GPx is an easily renew-
able selenoprotein, while other components of blood
containing GPx like erythrocytes and platelets are still
required to restore long-term supplementation [10].
According to Manzanares etal. [21] and Valenta et al. [29],
GPxactivity increases from the first day of Se supplemen-
tation and peaks at day 7, before falling on the 10th day
regardless of continued supplementation. For this rea-
son, we refrained from monitoring enzymatic activities
further. A possible explanation for this phenomenon is
considered to be enzyme inhibition or saturation due to
lack of precursor synthesis, such as selenium hydride or
selenocysteine, or limited synthesis of glutathione due to
glutamine or cysteine deficiency [22]. Patients included
in the study were given an enteral or parenteral form of
alanylglutamine and other glutathione precursors to
enhance protein synthesis.

SOD activity has been identified as a suitable param-
eter for assessing oxidative stress in septic patients.
Increased SOD activity was detected in the plasma and
in various organs, e.g., heart, liver, and kidneys with
increased formation of O, . In addition, plasma SOD
activity has been identified as predictive for patient sur-

vival for approximately 3 h after the development of sep-
sis [27]. Higher SOD activities were observed in patients
with septic shock [17]. The patients who have been
reported as having low levels of SOD had a higher mor-
tality [3]. However, little is known as yet about the activity
of this enzyme in relation to selenium supplementation.
There were significant differences in the treatment groups
between the median values of input SOD activities of
surgical and nonsurgical patients (Table 5). This phe-
nomenon may be related to higher production of O; in
surgical patients, which requires more powerful elimina-
tion. During therapy, there was only a slight decrease in
SOD activity in all four subgroups. Some authors believe,
and we identify with this statement, as we will explain
later, that the increase in SOD activity is associated with
activation of neutrophils and macrophages, which leads
to the production of O; in defending the body against
microorganisms, as these are dismutated by the cata-
lytic effectiveness of SOD. The increase in SOD activity
may also occur due to the increased production of free
radicals by lipid peroxidation. Increasing SOD activity,
however, is an effective antioxidant defense [8]. Under
normal circumstances, O is formed by monovalent
reduction of molecular oxygen in every living organism,
and especially within the mitochondrial electron trans-
port. Dismutation of O, to hydrogen peroxide through
SOD activity without concomitant rapid degradation of
resulting peroxide by catalase and GPx may lead to the
formation of a reactive hydroxyl radical. SOD activity val-
ues at T1 are higher than in healthy subjects, indicating
that there is SOD activity without selenoenzyme support,
but prooxidant in terms of the reduced effective defenses
against emerging peroxide. Antioxidant defense support
by selenium and glutathione precursor supplementa-
tion act in the sequence of reactions beyond those cata-
lyzed by SOD. We can assume, therefore, that an increase
in peroxide formation occurs as a result of increased
SOD activity, whose excess generally causes inhibition
of peroxidases and can count as another reason for the
low GPx activity. The downward trend of SOD activity,
more appreciable in A groups, seems to be a reflection
oflower O production in time intervals T2 and T3 in all
four subgroups (A vs. B not quite statistically significant
at T3). We cannot draw a conclusion on the reduction of
endogenously formed GPx, preventing further peroxida-
tion of organic substrates and cyclic formation of other
radicals, due to slight changes in the environment, such
as changes in the number of neutrophils (Table 3).
Another important enzyme involved in oxidation-
reduction reactions in the elimination of free radicals is
GR, which regenerates oxidized glutathione. The group
of surgical patients in the initial measurement had higher
GR activities than the nonsurgical group. Increased GR
activity suggests an increased need for reduction of oxi-
dized glutathione and indirectly points to intense oxida-
tive stress in surgical patients. Subset A had an irregular
downward trend following dynamic development of GR
activity during T2-T3, as in a subgroup B1. Measuring the
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GR activity in non-selenium subsets B2 confirmed only a
small gradual rise in the median values (Table 5).

On the one hand, we think that the generally low GR
activity in critically ill patients compared to healthy sub-
jects may be due to GSH level depletion. As already men-
tioned, there is limited synthesis of glutathione owing
to glutamine or cysteine deficiency [22]. Supplementa-
tion of glutathione synthesis precursors was used in an
attempt to counteract this deficiency. Given that its pre-
cursors were equally covered in all patients, we may take
into consideration synthetic liver function. The liver is
the main source of GSH exported into blood. The export
of GSH and its conjugates from liver cells occurs via
transporters, referred to as organic anion-transporting
polypeptides. These are generally believed to carry out
electroneutral exchange, in which the cellular uptake of
organic anions is coupled to the efflux of anions such as

HCOj3, GSH, GSSH, and/or glutathione S-conjugates
[6, 20]. The production in the liver and export from it are
related to GSH functions, and at least two principles may
be implicated. The primary GSH function here is directed
toward detoxification of injurious external agents to pre-
vent damage to the organism. The second principle is
related to high-intensity oxygen-based metabolism and
detoxification of certain compounds by internal organs.
We did not measure GSH levels, but its synthesis can be
sufficient to indirectly assess the other substances that
are exclusively synthesized in the liver. When compar-
ing the values of albumin and fibrinogen (Table 2) no
significant differences were found between the groups
particularly in the monitored period, even with regard to
the administration of selenium. Also, severe liver failure
would lead to a decrease in CRP [23], although there was
no notion of a significant decrease at any time intervals
T1, T2, and T3.

On the other hand, a significant fact for persistent low
GR activities must then be the availability of NADPH,
as the hydrogen required for this reduction of glutathi-
one by GR comes from NADPH arising from the pen-
tose phosphate pathway (PFP). Since NADPH is needed
to drive redox reactions as a strong reducing agent, the
NADP+/NADPH ratio is kept very low [30]. Here, we must
consider the glucose metabolism in sepsis, where hyper-
glycemia is a common feature. The reduction of glutathi-
one reductase activity may be directly caused by glucose
or glucose-6-phosphate glycation [5]. The speed of glyca-
tion is dependent upon the amount of open-chain sugar,
in which the carbonyl group is available for Schiff base
formation. We assume that this toxic effect of glucose is
at least partly prevented by strict glycemic control and,
as such, other possible toxic effects and inhibition of PFP
alone will not be mentioned. It remains, therefore, only
a possible use of NADPH. Basically, we come around in
a seemingly vicious circle, as the oxidative PFP produces
NADPH, feeding either glutathione reductase to maintain
glutathione in its reduced state (antioxidant) or NADPH
oxidase and NO synthase for producing radicals and NO,
respectively (prooxidant) [32]. This prooxidative phase
is especially developed in septic patients, as the inter-

nal conditions indicate the preferential use of NADPH
for NADPH oxidases in phagocytic and nonphagocytic
cells as well as the use of NO synthase to form radicals
in cooperation with myeloperoxidase (see characteris-
tic parameters in Table 3 also e.g., CRP and fibrinogen
in Table 2). It is true that the diagnosis of severe sepsis
in critically ill patients is often very difficult and changes
in body temperature, heart rate, white blood cells count,
and respiratory rate show low diagnostic specificity. Pos-
itive blood cultures are often caught later as the situation
requires. The biochemical parameters for the aforemen-
tioned purpose are set by CRP and procalcitonin [23]. For
low and irregular measurements of procalcitonin, we did
not use it as a reference marker in patients enrolled in the
study. To complete our account, we will argue that the
rise of plasma CRP occurs after 4-6 h after the evocative
stimulus, doubling every 8 h before peaking between 36
and 50 h. The average values of CRP in SIRS are around
100 mg/l, in sepsis 150 mg/l, and as high as 170 mg/l
for severe sepsis. After the disappearance of the stimu-
lus, CRP gradually decreases, with a half-life of 19 h. If
the noxa persists, CRP can be raised for a long time. The
values reported in Table 2 would only confirm persisting
prooxidant conditions.

Generally, slower growth in GR activities when com-
pared to GPx toward the values measured in healthy
subjects also refers to the activation of another very
important redox system. The thioredoxin system par-
ticipates in both antioxidant defense and regulation of
cellular signal transmission, transcription, cell growth,
and apoptosis and its function is therefore critical for cell
survival. The reaction substrate is thioredoxin, which is
oxidized. The regeneration is catalyzed by selenoenzyme
thioredoxin reductase, which is important to consider in
terms of selenium supplementation. Thioredoxin reduc-
tase is the only known enzyme that reduces oxidized
thioredoxin but the reduction requires NADPH-like GR.
In view of the increased demands for protein synthesis in
septic patients, it is likely that there is a preferred restor-
ative functionality of the system not only because of its
importance, but also due to the fact that it is also a sele-
noenzyme. As yet, there are no data about any develop-
mental changes in GR activity, so none have mentioned
selenoenzyme thioredoxin reductase in septic patients
after selenium administration.

For our consideration of the assessment of the clini-
cal status of development in all four subgroups, we used
a comparison of the number of blood components and
ratios of neutrophils/lymphocytes in all subgroups
(Table 3). Sepsis is an obvious risk factor for thrombocy-
topenia in critically ill patients, highlighting that throm-
bocytopenia is dependent on the severity of sepsis [9].
Platelets themselves are capable of producing the activa-
tion of free radicals and thus participate in the elimina-
tion of bacteria [4]. A decrease in thrombocytes in septic
patients is typical during the first 4 days in the ICU. The
subgroups did not reveal any statistically significant
differences (Table 3), which would indicate the same
degree of severity of the clinical condition of the sub-
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groups. Compared with the reference levels, there is an
increase in the total number of leukocytes in the blood to
>12,000 mm? (leukocytosis), which is typical for a bacte-
rial infection or a decrease <4,000 mm?® (leukopenia) in
long-term viral or bacterial infections [11], which leads
to the depletion of reserves and incentive mechanisms.
Statistical analysis confirmed no differences between
groups in the time intervals T1 and T2 (p>0.05) in the
leukocyte count, which can testify the comparable status
of infection development intensity in both groups during
treatment with selenium but no longer at T3. Difference
between A and B is considered to be very statistically sig-
nificant. Also, the number of days to reduce the number
of lymphocytes was dependent on the extent of surgery
or aggravated during SIRS. The average time of lympho-
cytopenia is 2-7 days [31]. The rapid development of
changes in the population of white blood cells reflects
the immune system’s response to postoperative stress,
SIRS, and sepsis [24]. A correlation was found between
the severity of clinical status and the degree of neutro-
philia and lymphocytopenia. The ratio of neutrophils
and lymphocytes simply and reliably portrays the sever-
ity of inflammation [31]. In our Se-AOX study, there were
no statistically significant differences (p>0.05) (Table 3)
between the placebo group and subgroups Al, A2, B1,
and B2 at intervals T1, T2, and T3 when comparing neu-
trophils/lymphocytes ratios.

In conclusion, the comparison of routine biochemical,
hematological, and coagulation parameters between the
groups and subgroups did not show any statistically sig-
nificant differences, which is comparable with the results
of several international multicenter randomized studies.
An increase in GPx activity occurred after initiation of
selenium supplementation. We consider the major find-
ing of our study that, even after treatment with selenium,
the antioxidant enzyme activities in patients do not
reach the level of those of healthy people. An increase in
GPx was observed in all groups and subgroups, but pro-
nounced in subgroups containing surgical patients.

This raises the question of the use of higher therapeu-
tic daily doses of selenium, which could be up to twice the
dose used in this study. The benefits of using a bolus of
sodium selenite pentahydrate are arguable at the begin-
ning of therapy, as is the use of its prooxidant effect in the
initial phase of sepsis, though rather for the nonsurgical
group of patients. Surgical patients, on the other hand,
are assumed to be able to manage an acute increase in
oxidative stress thanks to the intervention, which the
body usually responds to immediately. That being said,
recent studies dealing with the issue of administration
of high doses of selenium have not yet produced conclu-
sive results. SOD activity has been shown to be a good
and relatively quick indicator of a decrease in superoxide
radical formation when monitoring the effectiveness of
the selected treatment. Monitoring GR activity appears
to be meaningful and informative for considering patient
success. We therefore consider GR when considering
elective treatment in relation to its physiological and bio-
chemical importance and possibility of inactivation.

Based on the results obtained by us in the Se-AOX
study we can assume that even if supplementation of
sodium selenite pentahydrate does not belong to the
“live-saving therapy” it could help to balance oxidative
stress during systemic inflammation reaction, emphasiz-
ing on the efficiency of the dose used in surgical patients.
It is still necessary to collect and analyze the results for a
better indication of drug administration in various dis-
ease states which require further clinical studies.
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Article history: Objectives: The objective of this paper is to highlight the selected group of patients in which adjuvant therapy
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(ClinicalTrials.gov Identifier: NCT02026856) were divided into a Se group, receiving sodium selenite in a contin-
ual infusion of 750 pg/24 h for 6 days, and a placebo group. They were subsequently divided into subgroups ac-
cording to the initial Carrico index (CI) on the day of admission: CI > 200 and CI < 200. Dynamical changes in
glutathione peroxidase (GPx), glutathione reductase (GR) and superoxide dismutase activities were recorded
at two day intervals. Clinical parameters and mortality were compared.

Renal functions Results: The Cl increased in subgroup Se-CI < 200 with negative correlation against subgroup Placebo-CI < 200
Selenium during the last measuring period (p < 0.02). GPx activity increased in selenium subgroups with negative correlation
Sepsis against placebo subgroups (p < 0.01). SOD activity was elevated in all subgroups in comparison with values of
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healthy subjects.

Conclusions: Adjuvant selenium therapy seems to be beneficial for a selected group of patients with acute lung
injury. However, as is clear from the results discussed, this is not the case with persistent renal failure, as this leads to
an inability to maintain synthetic renal function and ensure GPx synthesis.

© 2014 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.

Introduction

Sepsis is associated with systemic mediator-induced alterations to
oxygen utilization, including increased oxygen demand, altered oxygen
extraction, and decreased myocardial contractility [1]. When develop-
ing global respiratory insufficiency and hypoxia, where the Carrico
index—ratio of partial pressure arterial oxygen and fraction of inspired
oxygen (Pa0,/FiO,) is less than 280, it is necessary to intubate the pa-
tient and start artificial ventilatory support. Acute lung injury (ALI) is
a multifactorial problem. The basis for establishment may be interstitial
pulmonary edema, dystelectases, fluidothorax or increased pulmonary
shunts. At the inception of acute respiratory distress syndrome
(ARDS) with a CI less than 200, special protection is required in the
form of mechanical ventilation [2]. A significant increase in the fraction
of inspired oxygen is required in cases of worse tissue oxygenation.
These factors are the cause of worsening CI and further damage to the
lung tissue [3].

* Corresponding author at: Department of Medical and Clinical Biochemistry, Faculty of
Medicine, Pavol Jozef Safirik University in Kogice, Tr. SNP 1, 040 66 Kosice, Slovak
Republic.

E-mail address: janka.vaskova@upjs.sk (J. Vaskova).

http://dx.doi.org/10.1016/j.clinbiochem.2014.07.004

Hawker et al. [4] presented that selenium (Se) deficiency can aug-
ment pulmonary injury from high concentrations of inspired oxygen.
Septic patients have a significantly reduced level of plasma Se with an-
tioxidant, anti-inflammatory and immunological functions [5-7], and
are exposed to mechanical ventilation with high concentrations of in-
spired oxygen at the same time. The discovery of glutathione peroxidase
(GPx) in the cytosol lent support to the protective role of Se. Se is an es-
sential component of GPx which acts synergistically with tocopherol in
the regulation of lipid peroxidation. In tandem with catalase, it degrades
hydrogen peroxide to water (or corresponding alcohols) via glutathione
reductase and flavin adenine dehydrogenase (FAD) in the pentose
phosphate shunt [8].

Several clinical studies have been devoted to the issue of selenium
antioxidant therapy in selected pathologies [5,9-11]. Individual studies
addressing this issue are varied in respect to the dose and duration of se-
lenium administration, and the form of administration (bolus vs. contin-
uous administration) and show conflicting results. However, other
studies were also published later which demonstrated no statistically
significant reduction in mortality in any groups [12,13]. Despite findings
from previous studies that plasma GPx is an easily renewable
selenoprotein, and that other components of blood containing GPx,
like erythrocytes and platelets, are still required to restore long-term

0009-9120/© 2014 The Canadian Society of Clinical Chemists. Published by Elsevier Inc. All rights reserved.
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supplementation [14], selenium supplementation is still not advised “as
standard” to the critically ill.

Considering the above-mentioned pathophysiological importance of
Se metabolism, and especially its antioxidant role in lung injury, we
(within Se-AOX study from 2008 to 2012) purposefully selected a
group of patients to test the hypothesis that the selected dose of seleni-
um would decrease the severity of the disease, and improve Carrico
index.

Materials and methods

From January 2008 to December 2012 at Clinic I of Anaesthesiology
and Intensive Care Medicine, University Hospital of Louis Pasteur in
Kosice, Slovak Republic a prospective observational study, Se-AOX,
was conducted to look at selenium supplementation. This study looked
at parenteral administration of selenium to septic patients and subse-
quently monitored dynamic changes of selected activities of antioxidant
enzymes and the development of clinical status. The university ethics
committee approved the study 109/2011, ClinicalTrials.gov Identifier:
NCT02026856. 72 patients were enrolled in the whole Se-AOX with an
APACHE 1I score between 19 and 24 points at ages between 23 and
79 years old who developed sepsis, severe sepsis or septic shock during
hospitalization as defined by the International Sepsis Definitions Con-
ference [15]. A SOFA score was calculated at the time periods 1-2 days
(T1), 3-4 days (T2) and 5-6 days (T3) according to an internet calcula-
tor (http://www.sfar.org/scores2/sofa2.php), and more detailed infor-
mation about criteria for the diagnosis of sepsis is dealt with by
Vaskova et al. [16].

65 patients were included in the evaluation (Table 1). The study was
conducted only in the Louis Pasteur University Hospital. Due to the se-
verity of the condition, the selection criteria could not include more pa-
tients for that period. Regarding the ventilation period, we excluded
patients who had received mechanical ventilation for less than 24 h.
We had supposed shorter exposure of oxygen radicals in the air mix
with artificial ventilation. Neuromuscular disease and terminal illness
were also excluding criteria; see flow-diagram (Fig. 1). The Cl as PaO,/
FiO,, (partial pressure of oxygen in arterial blood/fraction of inspired ox-
ygen) ratio in patients was determined daily. Patients were divided into
two groups. Se-group consisted of 31 patients, who received selenium
supplementation during hospitalization in the form of sodium selenite
pentahydrate at 750 mg/day for 6 days as a continual infusion immedi-
ately after admission to our department (1000 mg of sodium selenite
pentahydrate = 333 ug of selenium) (Selenase, Vivax; selenium herein-
after). At the same time, alanyl glutamine solution was administered via
a central venous catheter at a daily dose 100 ml (2 g) for 6 days. The pla-
cebo group consisted of 34 patients who received continuous saline
NaCl 50 ml/day for 6 days as a continuous infusion (excluding

Table 1

additional infusion therapy). Patients were further divided into sub-
groups according to Cl on the day of admission to ICU. 200 was chosen
as the threshold CI value.

The nutritional strategy (enteral vs. parenteral, qualitative and
quantitative characteristics of the diet) was dependent on the patient's
diagnosis and nutritional status, as well as the standard therapeutic ap-
proaches to the disease. Some of the patients were without any enteral
or parenteral nutrition longer than 48 h (8 patients in selenium and 10
patients in non-selenium group). The reason of this strategy was the
presence of the acute phase of septic shock. Counts of this patients in
both groups were similar and without statistical significant differences
in mortality when compared patients with enteral and parenteral nutri-
tion. Food administration was cyclical, to stimulate the diurnal rhythm.
The daily dosage of glucose ranged from 1.5 g/kg up to 5.5 g/kg. The
total daily supply of amino acids ranged from 0.8 to 2.5 g/kg (0.5 to
0.75 g/kg for renal and liver injury, from 0.7 to 1.0 g/kg in stable patients,
1.0 to 1.5 g/kg in a poor state of nutrition and catabolism, and 1.5 to
2.0 g/kg for severe malnutrition). Enteral nutrient intake (Nutrison-
Multifibre) was provided via naso-gastric tube and parenteral nutrition
solutions (SmofKabiven and Aminomix II) were administered intrave-
nously. Fat substitution (Smoflipid and Omegaven) was performed
after the acute stage of the disease subsided and was administered at
0.5 g/kg/day. All groups were also administered antioxidants parenter-
ally: ascorbic acid 1000 mg/24 h, tocopherol 30 mg/24 h, 100 mg/24 h
thiamine, 100 mg/24 h pyridoxine and 1000 pg/24 h cobalamin.

The determination of biochemical and hematological parameters of
blood samples formed part of the routine diagnostic methods. Data col-
lection for the Se-AOX study was performed at two-day intervals: T1
(1st-2nd day), T2 (3rd-4th day) and T3 (5th-6th day). Kinetic methods
for estimating the activities of glutathione peroxidase (GPx, E.C.
1.11.1.9) and glutathione reductase (GR, E.C.1.6.4.2) were performed
using a kit (Sigma-Aldrich, Germany) and that of superoxide dismutase
(SOD, E.C. 1.15.1.1) by means of the SOD-Assay Kit-WST (Fluka, Japan)
following the user manual provided.

Descriptive statistics methods were used to evaluate the results.
Differences between continuous variables were analyzed by a non-
parametric Mann-Whitney test. Statistical significance was deter-
mined by Pearson's Chi-square of selenium vs. non-selenium groups
from the baseline to the 6-7th day. Possible benefits from the treat-
ment were calculated by NNT test.

Results

There were no statistically significant differences at the time in-
tervals T1, T2 and T3 (p > 0.05) when comparing the plasma levels
of total protein, albumin, CRP and fibrinogen, lactate, creatinine
and urea between subgroups: Se-CI > 200 vs Placebo-CI > 200 and

Demographic characteristics of the patients in groups with selenium adjuvant therapy divided according to Carrico index (CI) under or above 200 and placebo groups with oxygenation

index under or above 200.

Characteristics

Se-CI > 200 (min-max) med Placebo-CI > 200 (min-max) med Se-Cl < 200 (min-max) med Placebo-Cl <200 (min-max) med

N 14 19

Age (23-78) 53 (30-77) 60
Gender (M/F) 777 12/7
APACHE score (19-40) 23 (19-38) 23
SOFA score in T1 (6-14) 11 (6-14)9
Severe sepsis 10 12

Septic shock 4 7
Disseminated intravascular coagulation 2 2
Bronchopneumonia 9 7

Surgical performance 9 11
Nosocomial infections® 11 14

Dialysis 8 5
-CVVH/CRRT® 5 and more days 5 2

17 15
(28-68) 47 (40-79) 53
12/5 12/4
(19-39) 25 (20-36) 28
(5-14) 10 (6-13)9

7 9

8 6

1 2

12 9

12 9

12 10

9 6

3 1

@ Cultivated pathogens: Staphylococcus aureus, Enterococcus sp., Candida sp., Pseudomonas aeruginosa (bloodstream), Pseudomonas aeruginosa, Staphylococcus aureus, Acinetobacter sp.,
Klebsiella pneumonia (respiratory tract), E. coli, Candida sp., Pseudomonas aeruginosa (urinary tract).
b CVVH/CRRT—Continuous Veno-Venous Hemofiltration/Continuous Renal Replacement Therapy.
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Critically ill patients with signs of
sepsis, severe sepsis, septic shock
APACHE II 19-60 (n=95)

Loss to follow up (n=15)

Patients with APACHE <19, =40 excluded

(n=80) Patients met inclusion

criteria APACHE 19-40

Lost to follow-up (n=8)

(died in day after admission)

Loss to follow up (n=7)
(receiving mechanical ventilation <24hrs

(n=5): neuromuscular disease (n=1);
terminal illness (n=1))

Se (n=31)
Started seleni dj therapy i
after the diagnosis of sepsis,
decisive criterion was even date of admission to ICU

diatel

Placebo (n=34)
Without selenium adjuvant therapy,
decisive criterion was odd date of admission to ICU

y

Se-CI>200

Placebo-CI<200

(n=24)

Placebo- CI>200
(n=19)

(n=15)

Se-CI<200
=17

4

A

Difference in CI development

Fig. 1. Flow diagram. Patients were reselected according to Carrico index and selenium administration. Worse Carrico index indicates reduced pulmonary function and dysfunction of al-
veolar-capillary membrane. The Carrico index was measured every day during the whole period of study observation. Patients receiving mechanical ventilation for <24 h were excluded.

Other excluding criteria were neuromuscular disease and terminal illness.

sub-Se-CI < 200 vs Placebo-CI < 200 (Table 2). The plasma levels of
measured parameters showed statistical similarity. Median values
of creatinine were also comparable, but with very high maximum
values ensured in groups with CI > 200. Compliance to these condi-
tions is important for the antioxidant response followed, including
sufficient amounts of amino acids supplemented for the formation
of glutamine and protein components of antioxidant enzymes.

Comparing the number of white blood cells, neutrophils, lym-
phocytes, and platelets (Table 2), a statistically significant decrease
was found in total white blood cell count at time T3 between
subgroups Se-CI > 200 vs Placebo-CI > 200 favoring the placebo
subgroups (p < 0.05). There were no statistically significant differ-
ences at the time intervals T1, T2 and T3 when comparing other
blood elements (p > 0.05). This fact testifies to the similarity of groups
in the study intervals and the same degree of severity of the clinical sta-
tus between subgroups.

Comparing the CI (Fig. 2) in individual subgroups, a statistically
significant increase in CI was found at time T3 between subgroups
Se-Cl < 200 and Placebo-CI < 200 in favor of selenium subgroups

(p <0.02). A statistically significant increase in GPx activity at
time T3 was found in all subgroups with selenium supplementation
(p<0.01) (Table 3). No statistically significant differences were found
between subgroups at the time intervals T1, T2 and T3 (p > 0.05) in
the activities of antioxidant enzymes GR and SOD.

Discussion

In a prospective observational study with AOX we followed the dy-
namic development of biochemical and hematological parameters of
sepsis and dynamic changes of antioxidant enzymes in critically ill pa-
tients (n = 65) with APACHE II (median 24, min. 19, max. 40) and
SOFA (median value 9, min. 4 max. 14). There was no evidence of differ-
ences between subgroups when comparing the changes in organ dys-
function by SOFA score intervals T1, T2, and T3 See Fig. 3. Similarly, no
differences were found in mortality between Se and placebo subgroups
(Table 4).

The liver is the central body of metabolic excretion, metabolic, de-
toxifying, hematological, and hemostatic functions, and a number of
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Table 2
Comparison of the levels of selected parameters in plasma over the T1-T3 day interval.
Parameters Time (min-max) med P (min-max) med
(reference values) interval Se-Cl > 200 Placebo-Cl > 200 Se-Cl < 200 Placebo-Cl < 200
Total plasma protein T1 (38.5-61.7) 50.95 (36.0-57.5) 48.38 0.2 (36.0-77.9) 50.95 (38.5-61.7) 46.8 0.60
(64.0-83.0g 17 1) T2 (34.0-62.5) 50.6 (42.2-70.0) 51.2 0.85 (34.0-70.0) 50.0 (34-68.051.0 0.76
T3 (36.3-64.7) 54.4 (28.1-77.9) 49.8 0.43 (34.0-65.0) 52.4 (28-78) 49.8 0.82
Albumin T (13.0-39.0) 25.95 (11.2-50.0) 22.5 0.72 (15.5-38.0) 23.2 (15.0-46.0) 25.6 0.07
(350-520g1°") T2 (15.1-31.9) 22.03 (14.9-39.4) 21.05 0.70 (14.9-39.4) 22.9 (14.3-37.2) 20.7 0.23
13 (14.2-39.2) 24.95 9.4) 21.05 0.80 (12.9-35.5) 22.3 (12.5-39.2) 247 0.70
CRP T1 (38.2-482.0) 180.4 67.2) 148.8 043 (6.6-370.4) 192.1 (4.5-445.3) 103.4 033
(01-50mg17") T2 (12.4-428.5) 181.2 (8.4-220.4) 94.1 0.19 (38.1-280.0) 162.0 (3.1-444.5) 122.5 0.88
3 (2.7-323.3) 129.2 (21.7-180.0) 92.4 0.24 (16.0-482) 126.5 (10-318.0) 170.0 0.85
Fibrinogen T1 (0.8-8.7) 4.1 (2.0-8.4) 4.9 038 (1.3-9.5)54 (1.9-25.0) 4.1 031
(18-35g17") T (1.2-8.9) 4.7 (3.0-7.2) 42 0.72 (2.3-7.8) 595 (1.1-14.0) 6.1 0.77
T3 (1.0-9.0) 4.75 (2.0-8.4) 49 0.60 (2.5-10.8) 5.2 (1.3-12.0) 5.1 0.97
Lactate T1 (1.3-6.2) 3.0 (1.0-6.3) 3.2 0.98 (1.4-6.2) 2.0 (1.1-12.9) 2.9 0.08
(0.6-2.1 mmol 1"") T2 (0.9-43) 1.85 (1.1-7.2) 21 0.87 (1.1-59) 2.2 (09-7.2) 2.2 0.85
] (1.0-38) 1.7 (1.1-58) 1.6 0.24 (1.0-6.9) 2.1 (1.2-47)23 0.30
Creatinine T1 (41.2-689.6) 145 (62.1-601.1) 149 09 (71.9-370.5) 214.1 (42.8-315.3) 110 0.33
(53-115 pmol 1-1) T2 (44.9-375.8) 1265 (53.4-298.7) 109.4 0.73 (57.0-318.7) 142.4 (56.1-446) 1853 091
T3 (36-649) 123.5 (57-213) 104.1 0.65 (87-312) 130 (75.4-391.5) 128.6 0,29
Blood urea nitrogen T1 (2-44) 12 (2-46) 11 0.36 (5-29) 13 (3-37)6 0.15
(2.6-8.1 mmol 1-) T2 (6-35) 10 (3-32) 134 045 (2-41) 15 (3-32) 11 0.85
13 (3-44) 125 (5-25) 145 0.78 (1-30) 11 (5-28) 11 0.89
WBC T1 (5.6-32.2) 13.1 (5.1-62.2) 11.1 0.92 (3.8-252) 17 (0.9-25)11.9 0.18
(40-100 x 10°171) T2 (3-31.3) 1145 (8-34.9) 13 0.46 (5.5-21.6) 12.4 (0.1-29.3) 9.4 0.20
T3 (1.5-27.4) 13.1 (1.7-18.6) 8.9 0.05 (6.3-23) 134 (3.5-21.2) 11.6 0.24
Neutrophils T1 (3.0-325) 12.75 (4.1-28.1) 10.1 0.57 (3.2-21.4) 153 (0.8-27.2) 9.4 033
(33-80%) T2 (2.6-29.6) 12.8 (5.8-24.3)9.7 0.60 (3.7-18.3) 10 (0.9-24.9) 9.6 0.74
T3 (1.3-21.9) 10.9 (3.3-16.3) 8.9 0.36 (3.7-17.8) 12 (1.1-20.1) 9.2 043
Lymphocytes T1 (0.5-8.2) 1.1 (0.1-2.6) 1.0 0.76 (0.3-23) 1.0 (0.0-2.3) 0.9 0.43
(15-35%) T2 (0.3-8.2) 0.9 (0.4-19)1.2 0.26 (0.2-22) 14 (0.1-2.3) 0.9 033
T3 (0.1-9.1) 0.7 (0.6-2.0) 1.1 031 (0.2-3.6) 0.9 (0.1-18) 1.1 0.89
Platelets T (22-499) 178 (31-390) 128 0.82 (47-410) 199 (6.6-550) 163 0.38
(150-350 x 10° 1) T2 (31-430) 137 (35-429) 120 0.79 (28-432) 221 (12.5-445) 113 0.20
T3 (48-337) 145 (17-477) 123 0.36 (13-483) 231 (49-426.5) 136 045

other important functions. In the early stage of hepatic failure there is
higher degradation of proteins by predominantly catabolic pathways.
There is an acceleration in the inflammatory response, an increase in in-
flammatory mediators and increase in the production of acute phase
proteins being released into the circulation. Through examination of
non-specific inflammatory parameters fibrinogen and C-reactive pro-
tein at time intervals T1, T2 and T3, we found a statistical similarity be-
tween groups (p > 0.05) with generally elevated levels. Under favorable
conditions, the physiological function of liver tissue is restored and the
damaged liver lobules are repaired ad integrum. The excessive action
of noxa may exceed the compensation limits and become irreversible,
resulting in hepatic failure [5]. This leads to a decrease in protein syn-
thesis, which results in decreased levels of total protein and manifests
mainly as a decrease in plasma albumin, prealbumin, transferrin,
transcortin and retinol-binding protein [17]. The same statistical simi-
larity was recorded between groups when comparing low plasma levels
of albumin, and total protein (p > 0.05). Although, hypoalbuminemia is
quite common in critically ill patients, especially in severe sepsis, on the
one hand it is interpreted as a normal compensatory mechanism when
inflammatory mediators increase vascular permeability to promote es-
cape of circulatory albumin into extravascular space which may provide
protection from oxidative stress [ 18]. On the other hand, however, there
is also the possibility of reduced production by the liver, which may be
due to the persistent lack of capacity in the plasma compartment that
influences the development of illness and outcome of patients. Hepatic
failure confirms, in addition to clinical signs of kidney damage, serum
creatinine and blood urea nitrogen levels (Table 2). Creatinine, howev-
er, is also formed by cleavage of phosphocreatine in the muscles, but the
increase in serum creatinine can be further increased by reduced renal
excretion. But both are removed by dialysis, and a number of patients
from each group underwent dialysis (at least 5 patients in the
placebo-CI > 200 and not more than 9 in Group Se-Cl < 200) (Table 1).

Monitoring non-specific inflammatory parameters and proteo-
synthetic processes is a very complex process, and especially difficult
to evaluate in the specific pathophysiology of organ dysfunction. The in-
terpretation of results is also hampered by the diversity of applications
and types of artificial nutrition. Although, Montejo et al. [19] pointed
out that diet enriched with pharmaconutrients in patients requiring en-
teral nutrition could have beneficial effects. A diet enriched with omega-
3/omega-6 fatty acids and elevated antioxidants led to improvements in
clinical outcomes of patients with ALI/ARDS [20].

An assessment of the function these organs have on the metabolism
of therapeutic agents like selenium is of particular importance. Septic
patients have a significantly reduced level of plasma selenium with an-
tioxidant, anti-inflammatory and immunological functions [6,7]. This is
directly related to their high mortality rates. It was observed that Se (in
the form of sodium selenite or selenium methionine) travels in one of
three directions, into plasma without being taken up by liver; via the
hepatopancreatic subsystem, or alternatively, via the lymphatic system
into the plasma; or taken up by the liver. From there, some is returned to
the intestine via pancreatic secretion of bile, some enters plasma, and
the rest enters a pool considered as tissues. From this pool, selenium
moves through delay compartments into the plasma or into other tissue
pools, including red blood cells. From the plasma, Se returns to the liver,
tissues, or urine [21]. Following absorption, the liver appeared to extract
50% of the Se, with the remainder staying in the plasma or entering the
lymph [21].

According to the determined parameters, liver function is impaired
and Se cannot be expected to be incorporated into forms of transport
(selenoproteins P) or bound to albumin bound with sufficient tissue re-
distribution. GPx is also a selenoenzyme, which is also an important part
of the antioxidant mechanism of glutathione. From the data measured
in T1 (Table 3) it is evident that its activity in all groups is very low
when compared to the values measured in healthy volunteers [16].
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Fig. 2. Comparison of CI groups with a placebo. A statistically significant increase in Cl was
found when comparing oxygenation indexes at time T3 between subgroups Se-Cl < 200 vs
Placebo-Cl < 200 in favor of selenium subgroups (**p < 0.02).

After six days of Se supplementation at T3, there were significant differ-
ences in GPx activities in both Se groups in favor of Se groups when
compared to the placebo. This would clearly refute impaired liver func-
tion, as the activity of GPx isoforms are regulated by the Se status. This
essentially eliminated the possibility of comparable conditions for bio-
chemical parameters in all other groups. Kidney proximal tubular cells
are the main source of GPx activity in the plasma [22]. El-far et al. [23]
found a highly significant negative correlation between GPx activity in
plasma and serum creatinine, and also blood urea nitrogen in patients
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Fig. 3. The dynamic development of SOFA- score in patients divided into subgroups ac-
cording to CI on the day of admission to ICU.

with renal impairment or chronic renal failure on hemodialytic mainte-
nance. Each group included a number (usually less than half) of patients
who were on dialysis (Table 1) and, of those, some required Continuous
Veno-Venous Hemofiltration/Continuous Renal Replacement Therapy
(CVVH/CRRT) for 5 days or more, indicating renal impairment or chron-
ic renal failure throughout the period of selenium administration. Due
to the reasons mentioned above, the last subgroup can be considered
confusing, as the Se adjuvant therapy is ineffective in this case. GPx
uses glutathione as the reducing agent to convert substrate peroxides
to water and oxidized glutathione is recycled back to glutathione by

Table 3
Comparison of plasma levels of antioxidant enzymes in selenium and placebo groups.
Parameters Time (min-max) med P (min-max) med P
interval - Se 1> 200 Placebo-Cl > 200 Se-Cl < 200 Placebo-Cl < 200
GPx Tl (0.02-3.28) 0.19 (0.11-1.89) 0.21 0.96 (0.02-1.66) 0.16 (0.08-1.32) 0.12 0.71
(ukat 171) T (0.01-2.98) 0.30 (0.01-1.22) 0.21 0.71 (0.12-2.67) 0.40 (0.12-1.77) 0.21 0.66
T3 (0.10-1.23) 0.52 (0.01-0.59) 0.14 0.01 (0.18-2.97) 0.53 (0.05-2.02) 0.09 0.01
GR T (0.03-1.77) 0.33 (1.01-3.11) 1.31 0.76 (0.04-1.78) 0.61 (0.18-1.99) 0.48 0.87
(1kat 171) T2 (0.02-4.95) 0.61 (0.08-1.42) 0.42 0.61 (0.03-2.95) 0.87 (0.05-2.22) 0.57 0.18
T3 (0.02-2.82) 0.50 (0.08-2.27) 0.59 081 (0.02-4.60) 1.18 (0.03-1.27) 0.61 037
SOD Ti (3.43-6.45) 4.51 (3.21-6.15) 4.48 0.83 3.50-8.89) 4.41 42-9.01) 438 0.39
(ukat 171) T2 (3.34-6.05) 4.01 (2.98-5.74) 3.98 0.67 (3.26-6.12) 4.34 (3.36-6.01) 3.84 0.09
T3 (3.15-6.08) 4.5 (3.11-534) 4.21 043 (3.25-6.19) 4.17 (3.05-5.23) 3.76 0.40
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Table 4
Mortality of patients divided into groups according to CI > 200 and CI < 200 on the day of
admission (T1).

Group of patients Mortality Total Statistics
Survived Died
Se-Cl > 200 7 7 14 ¥ = 0.022
Placebo-CI > 200 9 10 19 p = 088
Total 16 17 33 NNT = 39
Se-CI <200 10 7 17 x* = 2079
Placebo-CI < 200 5 10 15 p =015
Total 15 17 32 NNT = 4

GR. There were no statistically significant differences between groups;
however, there is an obvious upward trend in the activity of GR in Se
groups. In Se-Cl < 200, the values are comparable with a group of
healthy volunteers [16].

SOD activity was identified a survival predictor for patients for about
3 h after the development of sepsis [24]. Higher SOD activity was ob-
served in patients with septic shock. Kharb et al. [25] and Bela et al.
[26] showed that patients with a low level of SOD had a higher mortal-
ity. In our study groups, however, the mean input SOD activity values
were found to be elevated when compared to the activity in healthy vol-
unteers in all subgroups [16]. An activation of extracellular SOD has a
strict dependence on reduced glutathione or a low redox potential of
the cell [27]. This phenomenon may be related to the higher production
of superoxide radicals resulting from the greater oxidative stress in sep-
tic patients, which requires an increase in elimination, but also leads to
higher peroxide formation, whose elimination is dependent on the ac-
tivity of peroxidases. As antioxidant enzymes commonly use the
oxido-reduction properties of metal cofactors for catalytic activity,
there is also the possibility for supplementation redox active trace ele-
ments in critical illness [28]. In the course of therapy in the Se-AOX
study there was only a slight decrease in SOD activity in all four
subgroups.

Comparison of the number of leukocytes revealed a statistically
significant decrease in total white blood cell count at time T3 be-
tween subgroups Se-Cl > 200 vs Placebo-CI > 200 in favor of the pla-
cebo (p < 0.05). Severe sepsis is characterized by a rise in the total
number of leukocytes in the blood of >12 000 mm?. This is typical
of bacterial infection, while a decrease <4000 mm?® is typical of
viral infections or prolonged bacterial infections [29], leading to the
depletion of reserves and incentive mechanisms of the body.

In our study, Se-AOX we found a remarkable and statistically signif-
icant improvement in respiratory function, quantified on the basis of CI
index. A statistically significant increase in Cl was found between the
subgroups when comparing the CI at time T3 between subgroups Se-
CI < 200 and Placebo-CI < 200 in favor of subgroups supplemented
with selenium (p < 0.05). Hawker et al. [4] showed that manifestation
of pulmonary oxygen toxicity was more severe in Se deficient animals.
Furthermore, the findings of higher lung Se concentration after expo-
sure to 95% O, for 36 h than after air exposure in Se supplemented ani-
mals suggest that Se is redistributed into the lungs in response to
oxidative stress. This will take a more positive meaning for significantly
higher values of GPx, which are found in groups supplemented with Se.

Conclusions

It can be assumed that the lung tissue in bronchopneumonia ARDS is
exposed to higher oxidative stress, and thus the effect of reactive oxy-
gen species generated endogenously and exogenously is higher. This is
especially true when administered to high fractions of inspired oxygen
FiO, during mechanical ventilation. This seems to account for the most
serious damage to the lung parenchyma, as the most intense stress
reaction takes place there. It also offers the greatest potential target

for therapeutic antioxidant molecules. The subgroup with lower CI
had improved pulmonary functions after selenium administration.

Selenium administration appeared to be beneficial in these cases.
We expect that the percentage would have been even higher if it had
not been for the proportion of patients that had undergone continual
renal replacement therapy for more than 5 days. This therapy
prevented the synthetic function of GPx creation from selenium
administration.
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3 R!ESPIRACNE ZLYHANIE NA PODKLADE VIiRUSOVEJ INFEKCIE A JEHO
LIECBA

V priebehu poslednych par rokov sa naplno preukédzal desStrukény potencial
virusovych pneumonii, pdsobiaci na pltcne tkanivo. Okrem pochopenia zapalovych
mechanizmov veducich k poskodeniu alveoldrnych jednotiek sa vyrazne zdokonalovali
moznosti umelej plicnej ventilacie, ktorych cielom bolo zlepSenie prezivania pacientov

v akutnej faze ochorenia, ako aj redukcia postinfekénych komplikacii.

3.1 Viachladinova ventilacia pl'uc

Umeld plucna ventildcia je zdkladnym postupom organovej podpory pacientov, u
ktorych doslo k vzniku zdvaznej poruchy ventilacnej alebo oxygenacnej funkcie respiraéného
systému alebo su takouto poruchou aktudlne ohrozeni. Medzi tieto stavy patri syndrom
akutnej respiracnej tiesne (ARDS), kardiogénny a nekardiogénny plicny edém, kontlzie
pluc, zavazné pneumonie a d'alSie kritické stavy. Terapia zavaZznej respiracnej insuficiencie
vyzaduje zabezpeCenie dychacich ciest a realizdciu umelej plicnej ventilacie s volbou
adekvatneho ventilaéného rezimu s individudlnym nastavenim ventilaénych parametrov
vzhl'adom na vlastnosti respira¢ného systému daného pacienta. Vulnerabilné pl'icne tkanivo,
ktoré je poSkodené uz primarnym inzultom, je v priebehu liecby d’alej ohrozené samotnou
umelou plicnou ventilaciou. Nepriaznivo na pl'icne tkanivo pdsobia vysoké inspiracné tlaky,
ktorych nasledkom moéze byt barotrauma, ako aj kaskadova aktivacia autoimunitnych
procesov, ktorych vysledkom je biotrauma plic. Pod pojmom biotrauma plic rozumieme
preukdzany vplyv agresivnej ventilacie (vysoké Spickové inspiracné tlaky, extrémny vplyv
striznych sil pri otvarani alveol a podobne), ktoré participuju na rozvoji lokdlnej zapalove;j
odpovede v plicach, nasledkom ¢oho dochadza ku excesivnej tvorbe reaktivnych molekul a
tvorbe proinflamatérnych cytokinov. Tieto zadvery vychddzaji z viacerych klinickych stadii,
v ktorych bola porovnavand vysokotlakova ventilacia s ,,protektivnym* sposobom ventilacie.

Ranieri M a spol. zistili, Ze ,,tradi¢nd UVP* (V1 11 ml*kg"!, PEEP 6.7 cm H,0) u
pacientov s ARDS je spojena s vyznamnym narastom pltcnej a systémovej koncentracie
proinflamatornych  cytokinov  (TNF-a, IL-1b, IL-6, IL-8) v porovnani s
,.protektivnym* spdsobom ventilacie (Vr 7.6 ml*kg!, PEEP 14.8 cm H»0). Plétz F. a spol.
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zistili, Ze ventilaény rezim (Vr 10 ml*kg!, PEEP 4 cm H20) uZ po dvoch hodinach aplikéacie
vedie k narastu TNF-a a IL-6 v bronchoalveoldrnej lavazi u deti bez predchadzajuceho
plucneho poskodenia. Tieto nalezy potvrdili existenciu VILI (ventilator-induced lung
injury) v humannej] medicine. Patogeneticky mechanizmus biotraumy predpoklada
mechanické posobenie umelej ventilacie na pltica (vysoké Spickové tlaky, over-distenzia),
energie dodavanej pri UVP ventilatorom, ktora je pohltena plicami a aplikédcie vysokych
koncentrécii inspirovaného kyslika. Tieto vplyvy vedd k funkénym zmenam buniek v
plicnom tkanive (up-regulation) a naslednému vzniku zépalovej reakcie. Zapalova odpoved
sa cytologicky prejavuje infiltraciou tkanivovych Struktur plic a bronchoalveolarnej tekutiny
neutrofilmi (23 - 26).

Zapalova reakcia indukovana mechanickymi inzultmi v pl'icach méze zhorSovat’ uz
existujuci infekény zapalovy proces v samotnych plicach. Cestou produkcie zapalovych
mediatorov moze d’alej podporit’ rozSirovanie zapalovej reakcie, ako aj apoptotickych
biochemickych signalov na sekundarne orgény.

Pri ARDS a tazkych pneumoéniach je pritomné zavazné poskodenie plucneho
parenchymu s redukciou alveolarnej plochy, coho nasledkom dochédza k naruseniu vymeny
plynov medzi vonkaj$im a vnutornym prostredim. Jednym z vaznych a tazko rieSitelnych
problémov je nehomogénne poskodenie pl'icneho tkaniva, ktoré zapricifiuje nehomogénnu
distribuciu plynov. Rozdiely v ¢asovych konstantach (t) jednotlivych kompartmentov v
pltcach s natol’ko evidentné, Ze pri optimalnom nastaveni parametrov UVP pre jeden ¢i dva
kompartmenty, je nastavenie parametrov (frekvencia, pomer dob Ti : Te, prietoky plynov) pre
dalSie pluicne kompartmenty nevyhovujlice, alebo vyrazne suboptimalne. Praktickym
rieSenim je zavedenie viachladinovej (multilevel) ventildcie. DoterajSie experimentalne
a klinické poznatky poukazuju na terapeuticku efektivitu viachladinovej ventilacie, ktorou je
dosiahnutd redistribucia alebo zlepSena distribticia plynov z kompartmentov s kratkou
¢asovou konstantou do oblasti s dlhSou ¢asovou konstantou (24, 26 - 27).

V ramci niekolkych pilotnych projektov bol na§ vedecko-lekdrsky tim na Klinike
anestéziologie a intenzivnej mediciny vo Vychodoslovenskom tustave srdcovych a cievnych
chorob v Kosiciach, zapojeny do klinickych $tadii, ktorych ulohou bola aplikacia
matematickych ventilacnych modelov do klinickej praxe pri troj-Stvor hladinovej ventilacii u
pacientov s nehomogénnym postihnutim pl'ic. Predmetom vyskumu bola ventilacia pl'ic pri
nehomogénnom plicnom poskodeni a jeho prevencia a neinvazivna diagnostika. Pri tychto
viachladinovych ventila¢nych rezimoch zakladnu ventila¢ni hladinu predstavoval PS alebo

PC ventila¢ny rezim s nastavenymi parametrami a to: frekvenciou dychania, inspira¢nych
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tlakov, pomeru Ti : Te, PEEP. Nad zdkladnou hladinou boli na pozadi nastavené nadstavbové
ventilaéné rezimy, a to pri trojhladinovej (3-level) ventilacii PEEPh1 a frekvencii PEEPhI1.
Pri Stvorhladinovej (4-level) ventilacii boli nastavenia ventilatora doplnené o d’alSie parametre
a to PEEPh2 a frekvencia PEEPh2. Frekvencie nadstavbovych hladin ako aj aplikovany tlak

boli nizsie ako parametre zdkladnej hladiny.

3.2COVID-19

V roku 2019 moderny svet zacala ohrozovat’ globélna pandémia ochorenia
COVID-19, ktora bola sposobend prenosom akutneho infekéného ochorenia vyvolaného
koronavirusom SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2).

Aj ked COVID-19 v tom ¢ase vykazoval niz§iu mortalitu (0,25 az 3 %) v porovnani so SARS
(10 %), MERS (34 %) alebo HIN1 (17 %). Intenzita jeho Sirenia v kone¢nom dosledku viedla
k vysokému poctu tmrti. V niektorych eurdpskych krajinach dosiahla mortalita na SARS-
CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2) 7-10 % z celkového poctu
nakazenych, ¢o predstavovalo 10 nasobne vyS$$iu imrtnost’ v porovnani s infekciou chripky.
Mortalita ochorenia COVID-19 vzhl'adom na T'ahSie Sirenie ochorenia a postihnuté vysoké
percento populécie bola v absolttnych cCislach vysoka (28). Ochorenie COVID-19 vedie k
rozvoju celého spektra respiraénych nasledkov s extrémne vysokou incidenciou pneumonie a

syndromu akutnej respiracnej tiesne (29).

Na Slovensku sa prvy pripad objavil 6. marca 2020. V ramci svetovej iniciativy hl’'adania
efektivnych preventivno-lieCebnych postupov bol nas vedecko-lekarsky tim zapojeny
do grantovych projektov podporovanych EU zameranych na zlepSenie programov ventilacie

nehomogénnych plc.

Grantové projekty:

1. Operaény program Integrovana infraStruktara pre projekt ,,Navrh a implementacia
pokrocilych metdd ventilacnej liecby a diagnostiky virusovych pneumonii vratane
COVID-19 s moznostou ich rychleho osvojenia®“, kod 313011ASX1, akronym
IPMVDCov, spolufinancovany zo zdrojov Europskeho fondu regionalneho rozvoja v

spolupraci s Ministerstvom skolstva, vyskumu, vyvoja a mladeze Slovenskej republiky.
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2. Operacny program Integrovand infraStruktara pre projekt ,,Vyskum a vyvoj systému
zefektivnenia ventilacie pacientov s COVID-19 alebo inym nehomogénnym
poskodenim plac" kod 31301 1ATGY spolufinancovany zo zdrojov Eurdpskeho fondu
regionalneho rozvoja v spolupraci s Ministerstvom Skolstva, vyskumu, vyvoja a

mladeze Slovenskej republiky.

3.3 Prace suvisiace s grantovymi projektami

Prace suvisiace s grantovymi projektmi boli publikované v casopise Anestéziologia a

intenzivna medicina ISSN 1339-4177.

Rybar D, Depta F, Ko¢an L, Grendel T, Nosal' N, Imrecze S Torok P. Hélium a jeho mozné

vyuzitie v intenzivnej medicine. Anestéziologia a intenzivna medicina. 2023;12(2):50-54.

Torok P, Rybar D, Depta F, Nosal' M, Kocan L, Donic¢ V, Grendel T, Firment P, Imrecze
S, Firment J. F 0.1 (Flow in 1d.00 msec.) ako parameter ventilacného usilia pocas

ventilacnej podpory. Anestéziologia a intenzivna medicina. 2023,;12(2):55-57.

Torok P, Rybar D, Depta F, Nosal' M, Koc¢an L, Donic V Grendel T, PhD., MUDr. Firment
P, Imrecze S, Firment J. Nehomogénne pliicne poskodenie — teéria vplyvu casového faktora

na vymenu plynov v plucach. Anestéziologia a intenzivna medicina. 2023;12(1):11-15.

Torék P, Depta F, Nosal' M, Ko¢an L, Donic V, Grendel T, Rybdr D, Imrecze S, Firment
J. Zakladné fyzikalne, matematické a biologické principy ocistovania dychacich ciest pri

umelej ventilacii pluc. Anestéziologia a intenzivna medicina. 2022;11(2):51-55.
Nosal’ M, Koc¢an L, Térok P, Donic V, Grendel T, Rybar D, Depta F, Firment P, Imrecze

S. Fyziolégia a patofyzioldgia problémov spojenych s dlhodobou mechanickou ventildciou

pluc. Anestéziologia a intenzivna medicina. 2022;11(1):11-14.
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e Kocan L, Vaskova J, Torok P, Donic V, Grendel T, Nosal' M, Rybar D, Depta F, Firment
P, Imrecze S. Terapeutické moznosti vodika pri vybranych patologickych stavoch u kriticky

chorych pacientov. Anestéziologia a intenzivna medicina. 2022;11(1):15-19.

Za doterajsie vysledky suvisiace s menovanymi grantovymi projektmi bola udelena naSmu
lekarsko-vedeckému timu CENA ZA TRANSFER TECHNOLOGII NA SLOVENSKU
2023 v kategérii INOVACIA. Narodnym portalom pre transfer technolégii

Nézov projektu: Zariadenie na umelt ventilaciu plic s identifikdciou nehomogenity
distribicie plynov a sposob riadenia zariadenia pri umelej ventilacii pltac. Majitel

technologie: Univerzita Pavla Jozefa Safarika v Kogiciach (Priloha &.2).

Povodcovia: doc. MUDr. Pavol Torok, CSc., prof. MUDr. Viliam Doni¢, PhD. , MUDr.
Tomas Grendel, PhD., MUDr. Ladislav Ko¢an PhD., MUDr. Martin Nosal, MUDr. DuSan
Rybar, PhD., MUDr. Filip Depta, MUDr. Stefan Imrecze PhD., doc. MUDTr. Jozef Firment,
PhD., MUDr. JUDr. Peter Firment

3.4 Oxidac¢ny stres pri virusovej pneumonii

Experimentalne Stidie na zvieracich modeloch zameranych na vyskum priebehu
akutneho respiraéného syndromu (ARDS) pri virusovych infekciach potvrdili pritomnost’
excesivnej zapalovej reakcie v pl'icnom tkanive.

V priebehu tychto zlozitych interakcii zohrdva ddlezitti ulohu vrodena imunita a aktivacia
dréh stvisiacich s progresiou oxidaéného stresu. Uloha polymorfonuklearov v tvorbe ROS je
dlhodobo zndma. Zlozité interakcie vedu k aktivacii NF-kB v imunukompetentnych bunkach,
a to indukciou zapalu a aktivaciou signalnych dréh hostitel'skej bunky sprostredkovanych
proteinkindzami p38 MAPK a zapojenim neStruktirnych 3a proteinov, kdédovanych
virusovym gendmom SARS-CoV a dalsSich procesov, ktoré vedi k zvySenej indukcii
bunkovej apoptozy.

Dalsie publikované prace Lin a kol. poukazuju na savislost medzi virusovou infekciou a
aktivaciou excesivnej tvorby ROS vo vyvojovej rade bielych krviniek, promonocytov HL-
CZ bunkach. Ich aktivacia je indikovana virusovou proteazou 3CLPro (3-chymotrypsin like

protease). Tieto zlozité interakcie mozu byt zakladom progresie vazneho poskodenia plic u

55



infikovanych jedincov, pohananého aktivaciou drah oxidacného stresu zlozZito spojenych s
vrodenou imunitou. Okrem zépalovej reakcie spustenej virusovou infekciou, zvySeny
prooxidaény stav v pldicnom tkanive dopliia mozna biotrauma pliic spdsobena energiou
prenesenou z ventiladtora na tkaniva pltc, d’alej inspiracia vysokych frakcii kyslika ako aj

celkovy septicky stav pacienta (30, 31).

3.5 Postpneumonicka fibroza pric

Plicna fibroza je chronickou komplikdciou zavaznej virusovej pneumonie, Castokrat
sprevadzanej ARDS. Vo vSeobecnosti si pltca velmi fragilné voc¢i réznym noxam.
Zranitel'nost’ vychadza zo samotnej Struktary plicneho tkaniva, ktorou je nizka hustotu
buniek v pomere k objemu pltc (32). Intersticidlne plicne abnormality vznikajuce v
nadvéznosti na tazké postihnutie pl'ic roznej etioldgie stt znamou komplikaciou uz z éry pred
pandémiou COVID-19. Nélezy fibrotickych zmien na plicach boli popisané u pacientov s
potvrdenou infekciou SARS-CoV Severe-Acute-Respiratory-Syndrome coronavirus) alebo
MERS-CoV  (Middle-East-Respiratory-Syndrome  coronavirus). Vo vicSine Stadii
zaoberajucich sa problematikou rozvoja post-virusovej plicnej fibrozy je cytokinova burka
povazovana za primarny patogeneticky mechanizmus. Cely tento stav vyrazne urychluje
pritomny oxidacny stres, pri ktorom dochiddza ku amplifikacii kaskadovych dejov a k
d’alSiemu masivnemu uvolfiovaniu prozapalovych cytokinov v rdmci aberantnej zapalovej
reakcie. Rozvoju plucnej fibrozy d’alej napoméha dysregulacia reparacnych dejov (32, 33).
Virusové infekcie, medzi ktoré¢ patri COVID-19, vyvolavaji zmeny v bunkovom a
molekuldrnom prostredi plicneho tkaniva, ¢im spustaji nadmerni expresiu zapalovych
cytokinov, najmi transformujliiceho rastového faktora-fl1 (TGF-B), tumor nekrotizujiiceho
faktora-o. (TNF-a) interleukin-1 (IL-1) a interleukin-6 (IL-6). Tieto mediatory stimuluji
proliferaciu alveolarnych buniek typu 2 a nabor fibroblastov, ¢o vyvrcholi zvySenou
produkciou a ukladanim extraceluldrnej matrix (ECM). Tento proces ohrozuje architektaru
alveolarno-kapilarnej membrany, ¢o vedie k zhorSenej vymene plynov a hypoxémii.
Alveolarna regeneracia po akutnom poskodeni pl'ic bola pozorovand v ramci zvieracich
Stadii, v ktorych sa preukéazala klI'icova funkcia pneumocytov II typu (AT2). AT2 bunky ako
zakladné Strukturdlne zlozky alveoldrneho epitelu st schopné sa dalej proliferovat’ a
diferencovat’ sa na pneumocyty I typu (AT1). ATl bunky vytvaraju funként Struktiru
alveolov (32, 34, 35).
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Virus SARS-CoV-2 méze priamo infikovat’ AT2 bunky a spdsobit’ ich masivnu apopotdzu.
Délezitu ulohu v tomto procese zohravaju zdpalové mechanizmy. Nie je zname, ¢i alveolarna
regeneracia prebieha rovnakym spdsobom u I'udi po poSkodeni plic vyvolanom infekciou
SARS-CoV-2 ako na zvieracich modeloch. Rovnako otazny je ¢asovy interval regeneracie.
Pri dlhotrvajiicom a destruktivnom poSkodeni pltic dochadza v miestach poskodenia k tvorbe
a hromadeniu vizivovych vlakien. Jedna sa o reparacny mechanizmus, pri ktorom sa vytvara
vézivové tkanivo. Charakteristickd je kumuldcia védziva v mieste poSkodenia epitelu a
endotelu s vyznamnou redukciou funkcie pl'ic a zvySenou morbiditou. Plicna fibréza je
beznym vysledkom vacSiny chronickych zapalovych plicnych porich a m6ze mat vplyv na
funkcie pl'ic, co v konecnom désledku vedie k respiraénému zlyhaniu a smrti.. Proces tvorby
véziva zavisi aj od zavaznosti a trvania poskodenia, ked’ze dlhotrvajice poskodenia maji
tendenciu rozvinit’ sa na fibrézu na rozdiel od poskodeni malého rozsahu. Zistilo sa, ze
interakcie medzi roznymi typmi buniek su vel'mi dolezité pre nastup fibrozy (36). Za kI'aCové
v tomto procese sa povazuju mezenchymalne bunky a fibroblasty. Dal§imi dolezitymi
procesmi su aktivacia glykolyzy vo fibroblastoch po poSkodeni pl'ic a kaskada enzymatickych
aktivacii, ktoré zvySuju proliferdciu buniek, syntézu kolagénu a produkciu sekundarnych
metabolitov, ¢im podporuju fibrézu. Pri aktivacii fibroblastov hrd délezita tlohu zvySena
glutaminolyza a oxidacia mastnych kyselin. Zarovein rezidentné monocyty a makrofagy maja
regulacnu tlohu v procesoch tkanivovej fibrozy. Pomahajt iniciovat’, udrziavat’ a upravovat
poskodenie tkaniva (35, 36). Uroven zapalovej reakcie je rozhodujicim faktorom &i dojde k
regeneracii alebo fibréze plicneho tkaniva. Oba procesy nahrady poskodeného tkaniva st
casto sekvencné a vzdjomne prepojené. V pripade obmedzeného poskodenia sa regeneracia
zvycCajne vyskytuje prioritne, aby sa obnovila integrita a funkcia tkaniva. Ak tento proces
zlyha v dosledku vazneho posSkodenia iniciuje sa tvorba viziva, ktord moéze viest k
chronickému ochoreniu pl'ic alebo kolapsu. To naznacuje, ze regeneracia je plnohodnotny
proces, zatial’ ¢o tvorba viziva je dobré len vtedy, ked’ je mierna. V pripade virusovej infekcie
je zapalové poskodenie vyrazné a fibréza je dominantnym procesom v porovnani
s regeneraciou (34, 35).

Otéazkou je reverzibilita zapocatej fibrogenézy jej mozna prevencia, ako aj nasledna
rekonvalescencia pacientov a kvalita zivota vratane trvalych positnfekénych nasledkov. Tato
téma je aktudlna vzhl'adom na velké percento pacientov po prekonanej COVID infekcii a
d’alsej predikcie ich prognozy. Prvé sktsenosti so zavaznou virusovou pneumoéniou a
problematickou ventilaciou tazko postihnutych pl'ic sme ziskali na nasom pracovisku pocas

epidémie prasacej chripky HIN1. Do sledovanej skupiny pacientov v septickom Soku v ramci
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Studie Se-AOX bol v roku 2012 zaradeny 30 ro¢ny pacient so zavaznym priebehom virusove;j
pneumonie HINI1. U pacienta bola prvykrat pouzitd viachladinova ventildcia vratane
intravendznej suplementacie selénu a glutaminu. Pacient po 60-tich ditoch opust'a nemocnicu
v zlepSenom stave avsak s tazko postihnutymi pl'icami do domécej opatery. Pacient bol d’alej
sledovany pocas nasledujucich 10 rokov, s realizovanymi opakovanymi RTG vySetreniami
pluc, ktoré poukazovali na postupné zlepSenie stavu plicneho parenchymu. V roku 2022
pacient tragicky zahynul a telo bolo odoslané na anatomicko-patologicku pitvu. Zavery z
histologickych nalezov pl'icneho tkaniva poukazuju na aplnua reparaciu poskodeného tkaniva.
Tato kazuistika bola publikovana v karentovom medicinskom casopise MEDICINE Baltimore

ISSN: 1536-5964 Q3, Impact Factor: 1.6.
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ICIinicaI Case Report

Full recovery of lung tissue after severe viral
pneumonia H1N1

A case report with 10 years follow-up

Ladislav Ko¢an, MD, PhD?, Jozef Firment, MD, PhD®, Ingrid Pirnikova, MD®, Silvia Farkasova lannaccone, MD, PhD®,
Dusan Rybar, MD, PhD?, Julidna Gnorikova, MD¢, Jan Korcek, MD®, Hana Koc¢anova, MDe, Pavol Térok, MD, PhD?,
Simona Rapcéanova, MD', Janka Vaskova, Dr, PhDe*

Abstract \
Rationale: World healthcare frequently faced severe viral pneumonia cases in the last decades, due to pandemic situations
such as H1N1, MERS-CoV, and SARS-COVID-19.

Patient concerns: The impact of viral infection on lung structure, lung function, and overall mortality was sigrificant. The
quality of life and assumed life expectancy was decreased with the supposed development of lung fibrosis in involved survived
patients.

Diagnoses: \We described the course and treatment of severe pneumonia H1N1 in a 30-year-old patient.

Interventions: Patient was included in a study regarding the therapeutic efficacy of selenium ClinicalTrials.gov ID: NCT02026856
with 10 years follow-up with concurrently documented X-ray lung examinations and final histology of lung tissue after sudden
death.

Outcomes: All sequential examinations and histological findings show a healing trend with the final full recovery of lung tissue.
Abbreviations: AT1 = alveolar type | cell, ATZ = alveolar type Il cell, CT = computed tomography, HIN1 = type of influenza A
virus, swine flu, PEEP = positive end-expiratory pressure, SARS-Cov-2 = severe acure respiratory syndrome-related Coronavirus

2.

Keywords: covid-19, HIN1, lung fibrosis, pneumonia, recovery, viral infection

1. Introduction

Pneumonia causes high morbidity and mortality with high hospi-
talization rate worldwide. Viral pneumonias are characterized by
epidemic and pandemic spread in certain time cycles. Examples
are the Spanish flu (1918-1920) with an estimated 500 million
infected, 50 to 100 million victims, the Asian flu (1957-1958)
responsible for 1 to 1.5 million deaths, or the Hong Kong flu,
which broke out in in 1969, with an estimated 750 million
infected patients and up to 1 million victims.!'l In the interpan-
demic period, viral pneumonias are considered less serious com-
pared to bacterial pneumonias. However, mortality from viral
lung infections has increased dramatically in the last decade with

This publication is the resulf of the project implementation: Design and
implementation of advanced methods of lungs ventilation treatment and diagnosis
of viral pneurmonia, including Covid-19 with the possibility of their rapid adoption®,
[TMS2014+: 313011ASX1 supported by the Operational Programme Integrated
Infrastructure, funded by the ERDF.

Informed consent about study enrollment and follow up was obtained from
participant included in the study during the first hospital admission in 2011.
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the emergence of new strains of viruses such as the pandemic A
type of influenza A virus, swine flu (H1IN1) 2009 virus, which
is a combination of swine, avian and human influenza viruses,
and as well as the emergence of a new strain of the Middle East
respiratory syndrome Coronavirus in the Middle Fast.”! Since
2019, the human society has faced a new pandemic threat caused
by the severe acure respiratory syndrome-related Coronavirus 2
(SARS-CoV-2) virus, in various evolving variants. The manifes-
tation of the infection is the disease COVID-19 with the domi-
nance of respiratory symptoms, including viral pneumonia.l’!
The treatment strategy of mild respiratory forms of COVID-
19 to severe clinical conditions associated with respiratory
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failure with the development of the acute respiratory distress
syndrome and associated complications has brought a spec-
trum of new therapeutic procedures. At the same time, new data
on the health status of patients after overcoming more severe
forms of COVID-19 point to a new problem, which is a kind
of “hidden pandemic” of post-COVID consequences. The con-
clusions of observational clinical studies show that up to 90%
of patients hospitalized with COVID-19 have symptoms of dys-
pnea, reduced diffusion capacity of the lungs, related to lung
tissue damage, and subsequently a decrease in physical activity
after infection. In more than 50% of patients symptoms disap-
pear within 3 months, while it is assumed that these patients
are going to have a complete regeneration of lung tissue within
9 months after the end of hospitalization. A significant part of
the population has some pre-disease lung tissue damage already,
and almost 10% of all patients show fibrotic lung damage even
before the infection of COVID-19. Predisposed patients are
exposed to a greater risk of developing post-COVID fibrotic
remodeling of the lung parenchyma. The 2% to 6% incidence
of post-COVID pulmonary fibrosis can be estimated after mod-
erate respiratory involvement. The rate of lung remodeling
increases with the severity of the disease course.” However, not
all clinically serious pneumonias caused by viruses lead imme-
diately to fibrosis.

The case report shows a retrospective view of the regenera-
tive processes of the patient’s lung parenchyma after an HIN1
infection with acute respiratory distress syndrome in the acute
phase of the disease, his physical lung computed tomography
(CT) and X-ray findings during the next 10 years of follow-up,
and histological findings of lung tissue from the patient’s
autopsy.

2. Case report

A 30-year-old patient hospitalized in January 2011 at the
Intensive Care Unit of University Hospital due to bilateral pneu-
monia presented with respiratory failure with an oxygenation
index < 200. At admission, intubation and initiation of con-
trolled ventilation was started. Pressure controlled ventilation
with fraction of inspired oxygen of 0.8, positive end-expiratory
pressure (PEEP) 9¢m H, O, pressure controlled ventilation 22 cm
H,0O and minute ventilation 12 l/minute was applied along with
sedation, continuous administration of muscle relaxants, and
prone positioning. Vasopressor support with a norepinephrine
dose of up to 0.15 pg/kg/minute was necessary to stabilize circu-
lation. Empirical antibiotic treatment and anticoagulation ther-
apy was started (Fig. 1).

Viral infection of influenza A type HIN1 was diagnosed
by the PCR method, thus a virostatic agent Oseltamivir was
added. Restrictive fluid administration was maintained daily.
Antifungal agent Voriconazol was later added for the posi-
tive galactomannan test, The patient’s condition deteriorated
as he developed severe sepsis. Pseudomonas aeruginosa was
confirmed from the bronchoalveolar lavage leading to the

Medicine

adjustment of antibiotic treatment (Fig. 1) and adding immu-
nomodulation therapy with intravenous immunoglobulin and
Polyoxidonium. On the 5th day the so called programmed
multilevel ventilation mode performed by the Chirana AURA
V (Slovakia) ventilator was applied for the first time with basic
PEEP level 7 to 9 em H,O, pressure control 12 to 10ecm H,O,
frequency of 22 to 23/minute, upper PEEP level of 5 to 6cm
H,O was applied 4 to 5 times per minute, resulting in minute
ventilation of 12 to 8 I/minute. Cortisol therapy started from
the 5th day of hospitalization in a daily dose of 200mg, later
reduced to 100mg, followed by reduction to 50mg per day
during the overall 15-day corticosteroid therapy. On 5% day,
selenium adjuvant therapy started too. Patient was enrolled in
the study Se-AOX approved by the ethical committee of Pavol
Jozef Safarik University in KoSice under number 109/2011;
ClinicalTrials.gov Identifier: NCT02026856. Selenium in the
form of sodium selenite pentahydrate at 750 mg/day for 6
days as a continual infusion was supplemented (1000 mg of
sodium selenite pentahydrate = 333 pg of selenium) (Selenase,
Vivax). During the severe sepsis, renal insufficiency developed
with oliguria and an increase in blood levels of the urea and
creatinine which necessitated the initiation of continuous
veno-venous hemodialysis. Diarrhea developed 11 days from
admission.

In the next course, the patient’s lung compliance and resis-
tance started to improve. A gradual ventilation weaning was
started by switching the 3-level ventilation to pressure control
and later to pressure support ventilation mode with Pps 10 to
6cm H,0, PEEP 7 to Scm H,O and minute ventilation 10-7 I/
minute. On the 14" day a CT scan of the lungs showed bilater-
ally present diffuse opacities of the milk glass type with thick-
ening of the interlobular septation (Fig. 2). Peribronchovascular
irregular consolidations were present in the upper and pos-
terobasal lung segments of the lower lung lobes with a nega-
tive bronchogram. In superposition with the described changes,
there was a suspicion of micro- and macrocystic remodeling of
the lung parenchyma (so called honeycombing) on the periph-
ery of the left lingular lung segments and the right medial seg-
ment of the middle lung lobe. The pleural spaces were free from
fluid effusions. On the 15" day of hospitalization, percutaneous
dilatation tracheostomy was performed. 17 days after admis-
sion, clipping was attempted for gastrointestinal bleeding from
a duodenal ulcer- unsuccessfully, therefore, and a laparotomy
with successful duodenotomy was performed in the D2 to 3
region. In the postoperative period, paralytic ileus developed
and was treated conservatively. Subsequently, enteral nutrition
was started once again. In the next course of hospitalization,
repeated attempts to wean the patient from controlled ventila-
tion were made. Concurrently, withdrawal symptoms appeared
after long-term application of opioids, therefore, and neurolep-
tics were started. The patient gradually improved and was able to
breathe spontaneously for several hours a day through a T-tube
with intermittent pressure support ventilation. Continuous renal
replacement therapy was switched to intermittent hemodialysis.

Rifaximin
Cefepime Tobramycine
Linezolid " Meropenem
Metronidazol Metronidazol
Vancomycine
Imipenem
Meropenem
_ Vorikonazol
Linezolid
Cefoperazone
Oseltamivir
1st Sth 10th 15th 20th 25th 30th 35th 40th

Figure 1. Time sequence of dynamic changes in antimicrobial treatment according to empirical experiences of the Intensive Care Unit, prospectively medication
followed according to microbial culture and its sensitivity, and individual patient toleration to drugs.
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Figure 2. CT sagittal and a coronal view of lungs. In the upper row, the red cross marker is focused on the left lung. In lower row, the red cross marker is focused

on the right lung. CT = computed tomography.

After repeated negative cultures from biological samples, antibi-
otic treatment was terminated. At that time, the patient was on
an oral full-fledged diet and adhered to a complex rehabilitation
process. In the following days, the patient developed a polyuric
phase of acute kidney injury followed by a gradual recovery of
renal functions. On the 47" day, the patient was transferred to
the intensive care unit of the regional hospital. The patient fur-
ther improved and was discharged to outpatient care.

Tn 2012 and 2014 the patient was treated by the emergency
medical service for difficult breathing leading to admission to
the local hospital’s internal medicine department.

In April 2018, the patient was hospitalized in the local
hospital’s intensive care unit due to acute pancreatitis as a
result of excessive alcohol consumption, confirmed by labo-
ratory and CT examination. The condition was complicated
by the development of disorientation, agitation, and delirium,
which necessitated the use of sedatives and antipsychotics.
Despite the treatment, the condition did not improve, further-
more, and respiratory insufficiency developed. The patient
was intubated and controlled ventilation was started and
vasopressors were temporarily used. The following day, the
symptoms improved, sedation was gradually discontinued,
ventilation support was reduced and finally the patient was
extubated. He was transferred to the surgical department. The
control X-ray of the chest from this period describes findings
without serious pathology, presenting indistinct irregulari-
ties of the course bronchovascular pattern in the lower lung
fields (Fig. 3). The patient was discharged home after 7 days.
Control X-ray examination in following 2-years period shows
Figure 4.

In November 2021, the patient was transported by the emer-
gency medical service to the local hospital’s emergency depart-
ment after falling on the street. Coincidentally, a diagnosis of
COVID-19 by antigen testing was made. The patient was exam-
ined by a traumatologist, a neurologist, and an internist. A small
subarachnoid hemorrhage was found on the left temporal side
on the head CT scan. Laboratory results showed a significant
elevation of hepatic enzymes, leukopenia, thrombocytopenia,
moderate elevation of C-reactive protein, D-dimers, and fibrin-
ogen. Abdominal ultrasound revealed cirrhosis of the liver. The
patient had repeated grand mal seizures and developed delirium.
In the evening, a cardiac arrest suddenly occurred. Immediately,
advanced cardiopulmonary resuscitation was started but was
unsuccessful and the patient died. An autopsy was indicated.

Autopsy was performed at the Medico-Legal and
Pathological-Anatomical Department of Health Care
Surveillance Authority in Kosice within 24 hours after death.
Death was attributed to severe cerebral edema following trau-
matic brain injury (subarachnoid hemorrhage, focal contu-
sions of the brain). The right and left lungs weighted 535¢
and 515 g respectively. The pleural surfaces were smooth with
a mild accumulation of anthracotic pigment deposited along
lymphatic routes in the pleura (anthracosis). The upper lobes
demonstrated dilatation of air spaces; the lower lobes were
dry, firm, airless and consolidated. The parenchyma of the
lower lobes was pink-red to red-purple in color with a meaty
appearance and showed no expression of fluid from the cut
surfaces upon compression (Fig. 5). The bronchi were white-
gray with no sign of fluid collection. Histological examination
of hematoxylin-eosin stained sections taken from both lungs
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Figure 5. A: Lungs: the upper lobes with dilatation of air spaces; the lower lobes were dry, firm, airless and consolidated. B: Lungs: acute congestion, focal
hemorrhage, focal emphysema, mild alveolar edema, scant interstitial lymphoplasmacytic infiltrate, some interstitial fibrosis (hematoxylin and eosin, x40). C:
Lungs: acute congestion, hemorrhage, mild alveolar edema, focal emphysema (hematoxylin and eosin, x100). D: Lungs: acute congestion, focal hemorrhage,
focal emphysema, mild alveolar edema, scant interstitial lymphoplasmacytic infiltrate, some interstitial fibrosis (hematoxylin and eosin, x40).

ol

patients indicate that signs of pulmonary fibrosis may subside
over time."! The mentioned case shows the high regenerative
capacity of the lungs after overcoming severe viral pneumonia,
while the initial prognostic assumption was the fibrotic remod-
eling of the lung tissue. This topic is relevant due to the large
percentage of patients who have overcome the COVID infection
and the further prediction of their prognosis.

In general, lungs are very fragile against various noxae.
Vulnerability stems from the very structure of the lung tissue,
which is the low density of cells in relation to the lung volume.
Lung function depends on the arrangement of cells forming alve-
olar septa.l’ The entry gate of the SARS Cov-2 virus into the cells
of the respiratory system is the membrane receptor for angio-
tensin-converting enzyme 2 or the membrane protein transmem-
brane serine protease 2. The virus is able to infect alveolar type I
cells (AT1) and alveolar type II cells (AT2). It is believed that only
a small population of AT2 cells express the angiotensin-convert-
ing enzyme 2 receptor on their surface.”) The most vulnerable
cells are located on the surface of the alveoli.” Damage to AT1
stimulates the rapid proliferation and differentiation of AT2 cells,
which also regenerates the tissue barrier function.®! Alveolar
regeneration after acute lung injury has been observed in animal
studies demonstrating the key function of AT2 cells. AT2 cells, as
basic structural components of the alveolar epithelium, are able
to further proliferate and differentiate into AT1 cells. AT1 cells
form the functional structure of the alveoli. However, evidence
of lung tissue regeneration in humans is absent, probably due to
the lack of lung samples obtained. The SARS-CoV-2 virus can
directly infect AT2 pneumocytes and cause their massive apopto-
sis. Inflammatory mechanisms play an important role in this pro-
cess. It is not known whether alveolar regeneration occurs in the
same way in humans after lung injury induced by SARS-CoV-2
infection as in animal models. The time interval of regeneration
is also questionable. In rodent animal models, lung regeneration
and recovery of function takes several weeks.¥!

Studies dealing with the recovery of respiratory functions
in humans point to processes that last several years, which
implies a longer onset of differentiation of AT2 cells, in con-
trast to animal studies on rodents, in which this process lasts
only a few weeks.¥ In case of long-lasting and destructive dam-
age to the lungs, the formation and accumulation of fibrous
connective tissue (fibrosis) occurs in the places of damage. It
is a reparative mechanism in which fibrous tissue is formed.
Accumulation of fibrous tissue at the site of damage to the epi-
thelium and endothelium with a significant reduction in lung
function and increased morbidity is characteristic. Pulmonary
fibrosis is a common outcome of most chronic inflammatory
lung disorders and can affect lung function, ultimately leading
to respiratory failure and death.”’ The process of fibrous tis-
sue formation also depends on the severity and duration of the
injury, as long-lasting injuries tend to develop into fibrosis in
contrast to small-scale injuries. Interactions between different
cell types have been found to be very important for the onset of
fibrosis.”®! Mesenchymal cells and fibroblasts are considered to
be key in this process. Other important processes are the activa-
tion of glycolysis in fibroblasts after lung injury and a cascade
of enzymatic activations that increase cell proliferation, colla-
gen synthesis, and production of secondary metabolites, thereby
promoting fibrosis. Increased glutaminolysis and fatty acid oxi-
dation play an important role in the activation of fibroblasts.
At the same time, resident monocytes and macrophages have
a regulatory role in tissue fibrosis processes. They help initiate,
maintain, and repair tissue damage./®1%

The level of the inflammatory response is a decisive factor
whether regeneration or fibrosis occurs. Both processes of dam-
aged tissue replacement are often sequential and interconnected.
In the case of limited damage, regeneration usually occurs pref-
erentially to restore tissue integrity and function. If this process
fails due to severe damage, fibrous tissue formation is initiated,
and which can lead to chronic lung disease or collapse. This
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suggests that regeneration is a full-fledged process, while fibrous
tissue formation is only good when it is moderate. In the case
of viral infection, and inflammatory damage is prominent and
fibrosis is the dominant process before regeneration.l'! Factors
such as the amount and types of cells that are damaged, the dis-
ruption of barrier function, the intensity and duration of the
local immune response can be a predictor of whether the dam-
aged lung regenerates ad integrum or the formation of fibrous
tissue leads to chronic lung disease.l’! Study Se-AOX, in which
this patient was also included, pointed out, for example, to a
significant improvement of respiratory functions quantified on
the basis of Carrico index in early selenium adjuvant therapy.'?

4. Conclusion

The case report of a patient affected by severe viral pneumonia
points to an example of possible complete regeneration of lung
tissue, despite severe lung damage. Pathological changes in cel-
lular organization within reparations include the formation of
fibrous connective tissue, which inevitably changes the critical
structure of lung properties and leads to poorer lung function.
However, clinical experience and several studies have shown
that the respiratory system has an extensive capacity to respond
to noxae by regenerating damaged cells or proliferating and dif-
ferentiating progenitor cells or changing the function of already
existing differentiated cells. Pathological studies show that in
damaged lung tissue, AT2 cells are the most extensive prolifer-
ating population in severely damaged lungs. Alveolar regenera-
tion can be initiated especially in patients with less severe viral
pneumonia.
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4 ULOHA OXIDACNEHO STRESU V CHRONICKEJ BOLESTI

Oxidacny stres sa podiela na rozvoji mnohych patologickych stavov vratane
syndromov spojenych s chronickou neuropatickou bolest'ou. Neuropaticka bolest’ vznika z
komplexnej stuhry viacerych mechanizmov vratane periférnej a centralnej senzitizacie,
ektopickej aktivity v primarnych aferentnych vladknach, zmien v regulécii ionovych kanalov,
ako aj nerovnovahy medzi excitanou a inhibi¢nou intercelularnou a extracelularnou
signalizadciou. Pribudajuce dokazy odhalili, Ze ,zapal nervového systému (angl.
neuroinflammation — d’alej len neurozapal)” a oxidacna dysfunkcia zohravaji rozhodujucu
ulohu pri indukcii a udrziavani neuropatickej bolesti. Zavery experimentdlnych préac
poukazuju na pritomnost vysokych koncentracii oxidacne aktivnych molekul, ktoré st
medziproduktami oxidac¢no-redukénych reakcii v poSkodenych tkanivach v suvislosti s
pritomnou neuropatickou bolest’ou (37, 38).

Oxidacny stres moze vyvolat’ negativne zmeny najmi v centrdlnom nervovom systéme
vzhl'adom na vysoku zranite'nost’ neurénov a gliovych buniek voci oxidaénym vplyvom a
metabolickym zmenam, ktoré prebiehaji v ramci neurozéapalu. Z experimentalnych vyskumov
vyplyva, ze oxidac¢ny stres hra dolezitu tlohu v ramci viacerych mechanizmov, ktoré st
zapojené¢ do nociceptivnej modulacie, centralnej senzitizacie a priebehu neurozépalovej
odpovede.

Vo vSeobecnosti zépal predstavuje zakladnt biologicku reakciu, ktora je prisne regulovana
suhrou ro6znych mechanizmov, pricom jej cielom je obnovenie integrity tkaniva. Neurozapal
je forma zapalovej reakcie, ktora sa tyka periférnej a centrdlnej nervovej sustavy. Je
charakterizovany zvySenou vaskularnou permeabilitou, infiltraciou tkaniva imunitnymi
bunkami, aktivaciou gliovych buniek, Sirenim genetickej proinflamac¢nej informaécie
makrofagmi do inych cCasti nervového systému a jeho okolia a zvySenou produkciou
zépalovych medidtorov v nervovom tkanive. Ddlezitym prooxidaénym enzymom v
neurozapalovych reakcidch je NADPH oxidaza (NOX), ktora katalyzuje premenu kyslika na

superoxidovy anion radikal podl'a rovnice:
NADPH + 20, <> NADP™ + 20, + H"
Dal§im vyznamnym enzymom je enzym NO-syntaza (NOS) katalyzujuca reakciu, ktorej

vysledkom je reaktivna forma dusika (RNS), NO. Tieto molekuly, podobne ako reaktivne
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formy kyslika, maju okrem vyznamnych prooxida¢nych vlastnosti aj doleziti signalizacnu
funkciu. V ramci patofyziologickych ciest vzniku neuropatickej bolesti NOS zvySuju

excitabilitu nervovych vladkien, a to prevazne nepriamo, cestou mitochondridlneho

poskodenia (38, 39).
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Potential therapeutic strategies
Obrazok ¢.3: Prehlad interakcii a vzajomnych vztahov medzi neurozapalovymi
mechanizmami a oxidaénym stresom pri rozvoji chronickej bolesti. TLR - Toll-like receptor,
P2R - Purinérgny 2 receptor, MAPK - mitogénom aktivovana proteinova kindza, NF-xB -

nuklearny faktor kappa B (Zdroj: Teixeira-Santos 2020).

Zapalové reakcie su riadené komplexnou siet'ou regulaénych mechanizmov, ktoré kontrolujua
priebeh, intenzitu a supresiu Skodlivych doésledkov zépalu. Za fyziologickych okolnosti je
zépalova  kaskdda  po  dosiahnuti  obrannych  alebo  reparacnych  cielov
potlac¢ena biochemickymi a imunitnymi mechanizmami. Ak vSak tieto mechanizmy regulacie
zlyhaja, mdze vzniknutd situacia viest’ k dlhodobej a nekontrolovatel'nej zapalovej reakcii, o
ma za ndasledok rozvoj chronickych stavov, medzi ktoré patri aj rozvoj chronickej
neuropatickej bolesti.

Pribtidajuce dokazy poukazujii na to, ze v procesoch regulacie zohravaju ulohu viaceré
vyznamné molekuly akymi su $pecializované ,,pro-resolving” mediatory, medzi ktoré patria
derivaty odvodené od kyseliny arachidonovej (lipoxiny) a medidtory odvodené od
polynenasytenych mastnych kyselin: kyselina eikozapentaénova, kyselina dokozapentaénova
a kyselina dokozahexaénova (resolviny, maresiny a protektiny). Tieto molekuly st vyznamné

inhibitory NOX a ich deficit sa spaja s vySSou intenzitou neurozapalovej odpovede (38, 39).
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Liecba chronickej bolesti je komplexna. Opiera sa o komplexnu farmakologick, interven¢nt
a nefarmakologickt lieCbu, a v§ak nad’alej sa hl'adaju d’alSie efektivne moznosti terapie.
Nové experimentalne Stadie poukazuji na moznosti ovplyvnenia neurozapalu aj d’al§imi
cestami v roznych fazach zapalovej reakcie. Tieto terapeutické pristupy je mozné rozdelit’ do
dvoch hlavnych linii, z ktorych kazda sa zameriava na odlisné fazy zépalového procesu.
Intervencie konvencnej protizapalovej lieCby sa primarne zameriavaji na inhibiciu
prozapalovych mediatorov za ucelom zmiernenia symptomov a obmedzenia zépalovej
reakcie. Jedna sa o aplikdciu potentnych antioxidantov v priebehu celej periddy zapalovej
reakcie.

Stratégie ,,pro-resolution”: Na rozdiel od neSpecifickej vSeobecnej lieCby, stratégie ,,pro-
resolution” su zamerané na protizapalové procesy, ulahcenie v€asnej obnovy tkanivovej
homeostazy a minimalizaciu rizika vzniku chronického zapalu. Do tejto linie liecby sa radi
skupina tzv. pro-resolving mediatorov (PRM), ktoré posobia ako aktivne inhibitory syntazy
oxidu dusnatého (NOX). PRM maji schopnost’ supresiou modulovat’ zapalova odpoved’ a

tym branit’ moznej chronifikécii bolesti.

Onset phase Resolution phase

Proinflammatory Pro-resolving
mediators : mediators

Inflammation

Therapeutic strategies

Induction of the
resolution phase

Inhibition / suppression of
\ inflammatory mediators

Time

Self-limited - 5
protective response Homeostasis restoration

Proinflammatory
phase

) Failed resolution ) Chronic inflammation

Obrazok ¢.4: Zobrazenie jednotlivych faz neurozapalovej odpovede v patogenéze

neuropatickej bolesti (Zdroj: Teixeira-Santos, 2020).
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Dal$ou vyznamnou antioxidaénou molekulou, ktord potla¢a neziaduce oxida¢no-redukéné
deje v ramci neurozépalu a pozitivne ovplyviiuje priebeh chronifikdcie bolesti je glutation.
Glutation hra klI'a¢ovu ulohu pri ochrane nervovych buniek pred poskodenim a degeneraciou.
Pomaha udrziavat’ Strukturalnu integritu a funkciu neurénov, ¢im predchadza alebo zmiernuje
poskodenie nervov spdsobené réznymi noxami, akymi su napriklad oxidac¢ny stres, zapalové
reakcie a neurotoxické latky. Zachovanim fyziologickej integrity nervovych Struktar moze
glutation zmiernit’ symptémy neuropatickej bolesti a podporit’ regeneraciu nervov

Dal§im mechanizmom, ktorym glutation nepriamo ovplyviiuje modulaciu a percepciu bolesti
je zapojenie sa do regulacnych procesov glutamatergného prenosu. Glutamat je klicovy
neurotransmiter zapojeny do signalizacie bolesti a dysreguldcia glutamatergného prenosu
prispieva k rozvoju neuropatickej bolesti. Ukazalo sa, Ze glutation moduluje hladiny a aktivitu
glutamatu, ¢im ovplyviluje vnimanie a prenos bolesti. Reguldciou glutamatovej
neurotransmisie mdze glutation zmiernit’ hypersenzitivitu neuropatickej bolesti. Glutation sa
d’alej podiel'a na regulacii endogénnych systémov moduldcie bolesti, ako je napriklad
endogénny opioidny systém. ZvySenim aktivity tychto systémov mdze glutation prispiet’ k

zmierneniu symptomov neuropatickej bolesti (38, 39).

Prehl'adovy ¢lanok o charakteristike glutationu a jeho potencialnych terapeutickych ti¢inkoch

publikoval nas lekarsko-vedecky tim v ¢asopise Molecules Q2, IF 4.6.

o Vaskova J, Kocan L, Vasko L, Perjési P. Glutathione-Related Enzymes and Proteins.: A
Review. Molecules. 2023 Feb 2;28(3):1447. doi: 10.3390/molecules28031447. PMID:
36771108, PMCID: PMC9919958.

Vplyv oxida¢ného stresu a moznosti jeho supresie pri rozvoji neurozépalu,
neuropatickej bolesti a pooperacnej kognitivnej dysfunkcie u pacientov po
kardiochirurgickych a nekardiochirurgickych vykonoch skimame v aktudlne prebiehajuce;j

prospektivnej observacnej klinickej $tudii NeuOX-postSurg Trial NCT06391866.
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Abstract: The tripeptide glutathione is found in all eukaryotic cells, and due to the compartmental-
ization of biochemical processes, its synthesis takes place exclusively in the cytosol. At the same
time, its functions depend on its transport to/from organelles and interorgan transport, in which the
liver plays a central role. Glutathione is determined as a marker of the redox state in many diseases,
aging processes, and cell death resulting from its properties and reactivity. It also uses other enzymes
and proteins, which enables it to engage and regulate various cell functions. This paper approxi-
mates the role of these systems in redox and detoxification reactions such as conjugation reactions of
glutathione-S-transferases, glyoxylases, reduction of peroxides through thiol peroxidases (glutathione
peroxidases, peroxiredoxins) and thiol-disulfide exchange reactions catalyzed by glutaredoxins.

Keywords: cell; redox homeostasis; glutathione; glutathionylation; glutathione system; glutathione en-
Zyme

1. Introduction

Glutathione (GSH) was first isolated in 1888 by De-Rey-Pailhade. He named the sub-
stance phylothion, the Greek expression for sulfur loving [1]. Its structure was controversial
for several years. Initially, it was described as a sulfur-containing dipeptide [2]. Later the
structure was refined, demonstrating that the substance is a tripeptide, y-Glu-Cys-Gly [3-5].
Other related compounds, such as y-Glu-Cys-Gly-spermidine and (y-Glu-Cys),-Gly in E.
coli and plants, were also described [6]. The thiol group of the cysteine residue enables GSH
to function as both a reducing agent and a nucleophilic center [7]. Glutathione occurs in two
free forms: the reduced (GSH) thiol and the oxidized (GSSG) disulfide forms (Figure 1). In
addition, it can be bound to proteins and other thiols, affecting their activity. In its reduced
and oxidized forms (GSH, GSSG), glutathione is ubiquitous in mammalian cells ranging in
1-10 mM concentrations [8]. Under physiological conditions, more than 98% of total GSH
occurs in the reduced form [9,10]. It is an essential antioxidant against reactive oxygen
and nitrogen species [11]. The compound plays a critical role in maintaining the redox
homeostasis of the cells and in cell cycle regulation, apoptosis, immunological defense,
and pathological abnormalities [8]. Furthermore, it is one of the endogenous substances
involved in the metabolism of endogenous (e.g., estrogens, leukotrienes, prostaglandins)
and exogenous compounds (e.g., drugs, non-energy-producing xenobiotics) [12]. These
latter transformations could be the molecular basis for eliminating foreign substances from
the body. In this review, the role of glutathione and glutathione-dependent enzymes in the
maintenance of redox homeostasis is summarized.

Molecules 2023, 28, 1447. https:/ /doi.org/10.3390/molecules28031447 https:/ /www.mdpi.com/journal/molecules
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Figure 1. Structure of reduced (GSH) and oxidized (GSSG) forms of glutathione.

2. Glutathione

Together with glutaredoxins (Grx), GSH acts to reduce disulfide bonds and is, in turn,
oxidized to glutathione disulfide (GSSG), which is reduced by NADPH-dependent glu-
tathione reductase. The GSH/GSSG, NADPH/NADP*, Grx-SH/Grx-SS, and Trx-SH/Trx-
SS are the most important redox couples in maintaining cellular redox homeostasis [13].
The standard apparent redox potential (E”’) of GSH is —288 mV (pH 7, 298.15 K, 0.25 M
ionic strength), which is well between the most negative H* /H, (—423 mV) and the most
positive, O, /H0 (+849 mV) redox couples [14]. Accordingly, the GSH/GSSG redox cou-
ple can readily interact with most physiologically relevant redox couples, undergoing
reversible oxidation or reduction [7].

Given the availability of glutathione in the cells, the reactions of protein thiols are
mediated by multiple enzymes and enzyme systems, thus allowing it to participate in the
abovementioned functions and regulatory pathways. Among them are glutaredoxins, which
are central in the response against oxidative stress as the biological activity of many proteins are
modified by the formation of GSH-mixed disulfides. Furthermore, other redox-maintaining
enzymes such as glutathione peroxidases, and detoxification enzymes, glyoxylases, are closely
related to carbohydrate metabolism [15,16]. Thus, the involvement of glutathione and its
activity in the cell represents a wide range of biological and biochemical processes. The
consequence of its deficiency results in increased stress conditions, which is the basis of
the pathophysiology of many organ or tissue-specific diseases such as inflammation, virus
infections (HIV), sickle cell anemia, cancer, diabetes, heart attack, stroke, liver disease, cystic
fibrosis, Alzheimer’s, and Parkinson’s disease [17,18].

2.1. The Role of the Liver in Glutathione Synthesis and Distribution

Synthesis of GSH occurs in the cytoplasm in all cells in two subsequent ATP-dependent
reactions catalyzed by glutamate-cysteine ligase and GSH synthetase, from where it is
transported to other organelles and extracellular space [8,19]. Glycine, glutamate, and
cysteine as nonessential amino acids can be obtained from dietary sources or synthesis.

The liver removes a significant amount of resorbed cysteine from the portal vein [20].
However, cysteine can be synthesized by methionine transsulfuration in the liver [21].
The liver is responsible for the metabolism of up to half of the daily methionine intake,
predisposing the liver to almost exclusive transsulfuration activity and being the most
important in interorgan GSH homeostasis [22]. Thus, a considerable amount of GSH is
produced by the liver and released into plasma and bile [22]. Rat liver cytosolic GSH
has a half-life of 2-3 h [8], and the daily turnover for GSH is estimated to be higher than
cysteine turnover in the body protein pool, around 40 mmol per day [21]. Transsulfuration
is not present in the fetus, newborn infants, or patients with cirrhosis [23]. Cirrhosis
causes a decrease in methionine adenosyltransferase activity following a reduction in S-
adenosylmethionine production and lower effectivity of the transsulfuration pathway [24].
Glutathione concentration within extracellular fluids and blood plasma reaches only several
uM; however, in some extracellular fluids, such as lung lining fluid, 100-400 uM levels
have been detected [25,26].

69



Molecules 2023, 28, 1447

3 0f 22

2.2. Cell Uptake and Metabolism of Glutathione

To date, two mechanisms of glutathione uptake into mammalian cells are known [19].
The most common one is primarily associated with the activity of y-glutamyl transpepti-
dase (GGT) (Figure 2). GGT is localized to the cell surface and cleaves only extracellular
substrates, GSH, and oxidized GSH (GSSG), its most abundant ones. The amide bond
between the glutamine y-carboxyl and the cysteine amino units does not allow cleav-
age of GSH by cellular and circulating serum peptidases [27]. It is hydrolyzed by the
v-glutamyltranspeptidase (GGT) to glutamate and Cys-Gly. Cys-Gly can be cleaved by
membrane-bound dipeptidases (MDBs) or intracellular Cys-Gly peptidases. Cellular up-
take of Cys-Gly or the individual Cys, Gly, and glutamate units serve as precursors for
intracellular GSH synthesis. GGT is expressed on the luminal surface of excretive and
absorptive cells that line glands and ducts throughout the body, with the highest level of
GGT activity in the kidney and pancreas ducts [28]. It is nearly absent, however, from the
hepatocytes and cardiac myocytes [7]. The absence of GGT activity on the apical surface of
the kidney’s proximal tubules by genetic disorder results in glutathionuria [29,30].
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Figure 2. Involvement of y-glutamy] transpeptidase (GGT), glutathione-S-transferases (GST), their
subfamily of Membrane Associated Proteins in Eicosanoid and Glutathione metabolism (MAPEG),
and glyoxylases (Glo) in the intracellular metabolism of GSH. MRP1 (multidrug resistance-associated
protein 1) transporter facilitates the unidirectional transport of conjugates.

GGT has multiple functions, including catalytic transfer of y-glutamyl groups to
amino acids and short peptides, hydrolysis of GSH to glutamyl moiety and cysteinyl
glycine, and catabolism of GSH conjugates [31]. GGT allows hydrolysis of a broad range
of y-glutamyl amides and transpeptidation of amino acids or dipeptides [32]. So GSH, its
S-conjugates, GSSG, y-glutamyl di- or tripeptides, glutamine, I-a-methyl derivatives of
v-glutamyl amides, various lipid-derived mediators (e.g., leukotriene C4), geranylgeranyl,
poly-y-glutamyl derivatives serve as substrates of GGT [33-36]. Many tumor cells express
GGT on their entire cell surface and can therefore cleave GSH not only in the ductal but also
in interstitial fluid and blood [37]. GGT expression provides tumor cells with an additional
source of cysteine and cystine from the breakdown of extracellular GSH and GSSG [38].

Besides the GGT pathway, there is evidence of Na*-dependent and Na*-independent
glutathione transport systems for glutathione cell uptake expressed in the renal basolateral
membrane [38,39], the small intestine [40], and the brain [41]. In the renal basolateral
membrane, two Na*-independent Organic Anion Transport systems (OAT1 and OAT3) [42]
and the Na*-dependent dicarboxylate carriers are the most important organizations [43,44].
On the other hand, the plasma membrane glutathione efflux can be facilitated by specifically
or ubiquitously expressed membrane proteins and anion channels such as multidrug
resistance-associated proteins (MRP1-5), Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR), Arginine/Ornithine Transport ATP-binding Proteins (OATP 1,2), and
ATP-Binding Cassette superfamily G member 2 (ABCG2) [19].

70



Molecules 2023, 28, 1447

4 of 22

2.3. Intracellular Distribution and Functions of GSH

Within the cell, there are three main glutathione pools. The cytosol (80-85%), the
mitochondria (10-15%), and the endoplasmic reticulum [45-47]. Studies by Birk et al.
and Montero et al. [48,49] pointed out that the total glutathione content in the lumen
of the endoplasmic reticulum even exceeds the entire cellular glutathione content. GSH
and GSSG concentrations depend on the subcellular compartment, the cell type, and the
organism. Accordingly, the redox potential of the GSSG/2GSH system varies from tissue
to tissue, from organism to organism. This relies on the proportion of GSH and GSSG and
the total concentration of glutathione, which is quite challenging to estimate their actual
concentration and ratio in vivo [50,51]. For example, taking the local pH and GSSG/2GSH
ratios into consideration, cytosolic E,pzo = —289 mV (or even lower), mitochondrial
matrix Epyzo = —296 mV (or even lower), and human plasma Epy74 = —118 mV half-
cell reduction potentials (Ep) have been estimated [52]. Furthermore, a correlation has
been found between the cell cycle, the condition of the cell (stressed, apoptotic, etc.),
and the GSSG/2GSH ratio. For instance, in cell proliferation (Ep. = ~—240 mV), in cell
differentiation (Ep. = ~—200 mV), and in apoptosis (Ep. = ~—170 mV), which can be
applicable for a better understanding of oxidative stress [13,53]. Van't Erve et al. [54] found
that GSSG/2GSH levels and reduction potential in erythrocytes reflect genetic differences
between individuals.

Cytoplasmic glutathione levels impact glutathione diffusion through nuclear pore
complexes [55], playing a role in oxidative signaling during proliferation, epigenetic control
of histone activity, and the cell cycle control, mainly in the S + G, /M phase [56,57]. ATP-
dependent transporters have also been reported to import glutathione into the nucleus [58].

Glutathione synthesis occurs only in the cytosol; thus, the mitochondrial pool is
supplied by GSH transport and maintained by reducing its oxidized form via the activity of
glutathione reductase. Glutathione passes the mitochondrial outer membrane through the
mitochondrial porin, a voltage-dependent anion channel (VDAC). As a negatively charged
molecule, glutathione cannot diffuse through the mitochondrial inner membrane. Its
transport into the mitochondrial matrix is either active or provided in exchange for another
anion [7]. Six of the eight anion carriers have the potential for GSH import through the
inner membrane into mitochondria. Monocarboxylate, dicarboxylate (DIC), 2-oxoglutarate
(OGQ), tricarboxylate (or citrate), glutamate-hydroxide, glutamate-aspartate transporters
involved in the transport of GSH also provide intermediates of the Krebs cycle and the
gluconeogenesis pathway [59]. DIC and OGC were identified as major GSH transporters,
although at the expense of Krebs cycle intermediates [60]. Around 70-80% of GSH transport
could be associated with DIC and OGC activity in the kidney, but only about 45-50% of liver
mitochondria [61]. DIC imparts malate (malonate or succinate) in exchange for phosphate,
sulfate, and thiosulfate. Malate conversion into oxalacetate, followed by the formation
of phosphoenolpyruvate, is limited for gluconeogenesis in the cytosol. Reduction in DIC
expression leads to decreased glutathione levels and impaired complex I activity [62]. OGC
transfers 2-oxoglutarate substituting dicarboxylate [63], thus regulating respiration and
glycolysis. While succinate from the matrix side increases the affinity of OGC to malate,
substrates such as phenyl succinate, pyridoxal phosphate, retinoic acid, and ethanol cause
inhibition of OCG. Reduced activity of OCG leads to lower energy production, increased
oxidative stress, and it could be the basis of liver or nervous tissue diseases [64—-66]. GSSG
is not transported out from mitochondria [67].

The endoplasmic reticulum offers a unique setting concerning GSH homeostasis. It
contains the thiol oxidase Erol, which catalyzes the formation of disulfides transmitted
to folding substrates via protein disulfide isomerase (Pdil). Both reduced and oxidized
forms of glutathione are transported into the endoplasmic reticulum at different rates, with
a preference for the reduced form [68]. Since GSH is oxidized but not reduced in the ER,
GSH must be imported into the ER, while GSSG is exported to the cytosol [69]. A study
by Ponsero et al. [70] brought up the finding of facilitated diffusion of GSH through the
Sec61 protein translocation complex. In the sarcoplasmic reticulum, ryanodine receptor
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calcium channel type 1 (RyR1) was suggested to play an important role [71]. However,
Bachhawat et al. [19] pointed out that this might result from the S-glutathionylation of
several cysteine residues within the RyR1 molecule. To maintain GSH homeostasis, part of
GSSG is transported to the cytosol through vesicular transport [72]. Most GSSG reacts with
proteins or protein disulfide isomerase involved in oxidative protein folding [64]. A lower
GSH:GSSG ratio results in more oxidizing conditions (—240 mV) [70] in the endoplasmic
reticulum allowing protein disulfide formation.

GSH plays an essential role not only in the peripheral tissues but in the central nervous
system (CNS) as well. Brain tissues are rich in unsaturated fatty acids. Due to their relatively
low levels of antioxidants or antioxidant enzymes, they are rather sensitive to oxidative
damage. The most important small molecular CNS antioxidants are GSH, ascorbic acid
(vitamin C), and a-tocopherol (vitamin E) [73]. Among these antioxidants, GSH seems
to be the determining agent because it is selectively decreased in the brains of patients
with these neurodegenerative diseases (e.g., Parkinson’s disease, Alzheimer’s disease, and
Amyotrophic lateral sclerosis) [74]. Therefore, regulating the redox state by intracellular
GSH is crucial for maintaining cellular functions under physiological and pathological
conditions.

In the central nervous system, besides the functional neurons, there are several other
types of cells for the nervous system to function properly. This is where a set of glial cells
intervene, which make up 25-50% of the nerve mass [75]. The most common type of glial
cells in the CNS are the astrocytes and the microglia. Synthesis of GSH occurs both in
the neurons and the glial cells. In an early work by Rice and Russo-Menna (1998) [76],
GSH levels of glutathione in neurons and glia were reported to be 2.5 nM and 3.8 mM,
respectively. The authors found that ascorbate predominates in neurons (10 mM), whereas
GSH is slightly predominant in glia. According to the above, GSH supplementation seems
promising for treating patients with neurodegenerative diseases.

2.4. Acid—Base Properties

The acid-base properties of glutathione (GSH) have long been the focus of scientific
interest. It has three acidic (thiol, glycinyl carboxyl, glutamyl carboxyl) and one basic
(amino) functional group. Accordingly, in an aqueous solution, glutathione can exist in
four different macroscopic protonation states:

- 8 8Bar- Sy St

where L3~ is the fully deprotonated, HyL" is the fully protonated GSH molecule.

Since the HL2~ and the H3L forms have four protonation isomers (microspecies) each,
and the H,L~ form has six microspecies, the molecule has sixteen different protonation
states (microspecies) altogether [77].

The micro and sub-micro protonation constants characterize the acid-base properties
at the submolecular level [78]. These constants allow quantification of the proton binding
capacity of submolecular basic units when the protonation states of all other sites are
defined in the molecule [79]. Group constants are special micro constants when the rest of
the groups in the molecule are far enough apart, and their protonation does not affect the
basicity of the group [80]. The rotational state of the flexible parts of the molecules is defined
by the sub-micro constants when protonation occurs [81]. The correct characterization of
the basicity of the sites of protonation of multidentate ligands can be conducted using the
micro and sub-micro constants. In addition, this group of constants is used to measure the
concentration of different protonation forms, of which the principal form is not always the
reactive form in chemical and biological processes. [82-86]. The macroscopic protonation
constants (K1-K4) determined by 'H NMR-pH titrations were as follows: logK1 9.65; logK2
8.78; 1ogK3 3.52; and logK4 2.22 [77].

The obtained values were found to be very similar to those determined in earlier
works of Pirie and Pinhey [87] (9.62, 8.66, 3.53, 2.12), Li et al. [88] (9.65, 8.75, 3.59), and
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Martin and Edsall [89] (9.62, 8.74). The results demonstrated that the first and the second
protonation constants were predominated by the overlapping protonation of the amino
and the thiolate site, the amino being typically more favored. The carboxylate groups also
protonated in an overlapping fashion, the glycinyl carboxylate being more basic. It is worth
mentioning that the protonated amino group makes the inherently more basic glutamyl
carboxylate more acidic [77].

It is important to note that the physico-chemical properties (e.g., complex formation,
nucleophilic reactivity, redox properties) and biological functions of glutathione could be
significantly different at different protonation states (i.e., in solutions with different pH
values) [90-93] and its redox behavior [94,95]. Furthermore, ionic strength and the nature
of ionic media also affect the acid—base characteristics of glutathione [96].

2.5. Antioxidant Properties

The pKa value of GSH (ranging from 8.6 to 8.8 [87-89] results in low thiol reactivity
in the cellular environment [97]. Still, high GSH concentrations enable some reducing
activities against oxidizing agents in the cell [98]. GSH, for example, can reduce H,O,,
resulting in GSSG and water [99]. The rate of reaction depends on the cellular GSH
level and the ratio of GSH to H>O, concentrations [100]. Recently, Zinatullina et al. [101]
confirmed that the oxidation of GSH is accompanied by radical formation. GSH reacts
with the majority of free radicals generating thiyl radicals. Consecutive reactions of the
radicals with a thiolate anion and molecular oxygen lead to disulfide and superoxide
radicals formation [102]. Furthermore, y-glutamylcysteine, a GSH precursor, was found to
decompose H,O; similarly to glutathione peroxidase-1 [103].

Glutathione exists in 100 tM concentrations as glutathione persulfide (GSSH) [104],
the latter exhibiting higher activities due to its higher nucleophilic power than GSH [105].
Under specific conditions, GSSH reacts with HyO,, while GSH does not [106]. Furthermore,
its reactions with one-electron oxidants are faster than similar reactions of thiols [107].
GSSH are intermediates in the synthesis of iron-sulfur clusters and mitochondrial H,S
oxidation [108-110]. GSH can react with HS™ catalyzed by sulfide quinone oxidoreductase
or thiosulfate sulfurtransferase, forming GSSH, which can reduce oxidized thioredoxin.
Single-domain sulfurtransferase (TSTD1, known as rhodanese) and mercapto pyruvate
sulfurtransferase can also directly transfer sulfides to GSH and the thioredoxin antioxidant
systems [111]. Mutations in persulfite dioxygenase, oxidizing GSSH to sulfite and GSH, are
bases for autosomal-recessive inherited ethylmalonic encephalopathy [112].

2.6. Redox Signaling Properties

Signaling is the process that makes cells capable of reacting to the change in their
environment (intercellular signaling) or their homeostasis (intracellular). The initial step of
the process is the interaction of the signaling particles (ligands) with the target molecule
(receptor). The well-known signaling mechanisms involve protein—protein interactions,
allosteric changes induced by the binding of ligands, proteolytic processing, and chemical
modifications such as acylation, acetylation, alkylation, and phosphorylation of proteins.
On the contrary, redox signaling is the transduction of signals based on the transfer of
electrons. Redox signaling involves a broad spectrum of pathways involving free radicals,
redox-active metals (e.g., iron, copper), or reductive equivalents [74]. Here only those
pathways are mentioned that are based on a modification of signaling proteins through the
modification of one amino acid, cysteine.

The physiological level of hydrogen peroxide) (H,O,) and nitric oxide ('NO) can selec-
tively react with the thiol function of the cysteinyl residues at the active site of the proteins
(receptors, enzymes, transporters, etc.). Accordingly, the receptor-mediated stimulation of
the H>O, and "NO production are part of normal physiology; this is especially true for the
longer-lived H,O». [113]. However, overproduction of these and related species (ROS and
RNS) lead to irreversible oxidation of the thiol residues and impairs cellular protein func-
tions [114,115]. The GSSG/2GSH redox system is fundamental in the cells and, together
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with other redox-active couples (including NADPH /NADP+, Trx-SH/Trx-SS), regulates
and maintains the appropriate cellular redox status. For example, the GSSG/2GSH half-cell
reduction potential differed in cell proliferation, differentiation, and apoptosis [13,53]. Thus,
changes in the GSSG/2GSH ratio are fundamental in controlling signal transduction that
supports cell cycle regulation and other cellular processes [55].

The functions and activities of GSH as the main regulator of cellular redox status
and redox signal transduction have been reviewed [17,116-119]. GSH acts protectively
against oxidative stress by reacting directly with "NO, superoxide anion radical (O 7),
H,0,, hydroxyl radical (OH), peroxinitrite anion (ONOO™), and the lipid peroxidation
product 4-hydroxy-2-nonenal (4-HNE) [116,117]. Such reactions directly modify the cellular
GSSG/2GSH half-cell potential, a physiological signaling event. Furthermore, changing
the GSH level results in a selective change in the activity of the thioredoxin/glutathione
systems [118], the glutaredoxin/glutathione system [119], and the activity of some GST
isoforms. The latter protein family is involved not only in the metabolism of xenobi-
otics but also of endogenous compounds which play critical roles in regulating signaling
pathways [120-122].

2.7. Reactions with Electrophilic Xenobiotics

Glutathione-S-transferases (GST) lower the pKa of GSH thiol under 6, enhancing
rates of nucleophilic addition and substitution reactions with electrophylic xenobiotics
(Figure 2). These reactions are examples of Phase II bioconjugation reactions, most of which
result in reduced toxic effects of the parent compounds or their metabolites [98,123]. Other
enzymes/enzyme systems, e.g., selenium-containing glutathione peroxidases (GPx) or per-
oxiredoxins (Prdx), use GSH to reduce various peroxides and hydroperoxides. Glyoxalase
(Glo) performs conjugation of GSH with the glycolysis byproduct methylglyoxal to form (S)-
lactoylglutathione (Figure 2). Moreover, glyoxalase II (Glo-2) catalyzes S-glutathionylation
using (S)-lactoylglutathione [124].

3. The Glutathione Peroxidase System

The glutathione or glutathione peroxidase system consists of glutathione peroxidase
(GPx) and glutathione reductase (GR). In the decomposition reaction of HyO, or other
organic peroxides (HOOR), two molecules of GSH reduce the substrate to H,O or the
corresponding alcohol (HOR) and restore the enzyme forming GSSG with concomitant
formation of GSSG and H,O.

2 GSH + HOOR — GSSG + HOR + H,O (1)

GSSG can be excreted from the cell or recycled by GR using the reducing power of
NADPH (Figure 3). NADPH arises in two reactions of the pentose phosphate pathway,
which is the most potent source of it. However, NADPH can also be formed directly in the
mitochondria by NAD(P)* transhydrogenase, mitochondrial/ cytosolic NADP-dependent
isocitrate dehydrogenase, or cytosolic malate dehydrogenase [125].

GR is a homodimeric flavoprotein consisting of 52 kD monomers. Except for synthesis,
the activity of GR represents a second source of GSH in the cytosol and some organelles,
such as mitochondria. Although inhibition of GR has been reported to cause a depletion of
GSH and accumulation of GSSG [126], a comprehensive study of the GR and the cellular
thiol redox system is missing [127]. Inhibition of the enzyme has also been related to the
toxicity of various chemicals and metals [128,129].
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Figure 3. Basic reaction mechanisms of glutathione peroxidase (GPx), and glutaredoxin in
(de)glutathionylation using (GSH)GSSG, respectively, and reduction of GSSG by the activity of
glutathione reductase (GR) with reducing the power of NADPH + H*. Reduction of peroxiredoxin
(Prdx) after disposal of peroxides is ensured by thioredoxin (Trx), which is reduced by consumption
of NADPH + H* in catalytic efficiency of thioredoxin reductase (TrxR).

The term glutathione peroxidase (GPx) describes only a small subgroup of the per-
oxidases [130], which belong to a group of phylogenetically related enzymes. GPx 1-4
are selenoproteins with selenocysteine (SeCys) in the catalytic center. GPx6 is a human
selenoprotein [131]. Their important antioxidant function was shown in various places and
cell structures: GPx1 is ubiquitous in the cytosol and mitochondria, GPx2 in the intestinal
epithelium, and GPx3 in the plasma; all three work in the aqueous phase reducing H,O,
and free fatty acid peroxides [131]. GPx4 protects mainly membranes by reducing phospho-
lipid and cholesterol peroxides [131,132]. Gpx5, which contains cysteine instead of Se in
the active center, is a secretory enzyme of the epididymis. GPx6 is a human selenoprotein
and is formed by the olfactory epithelium. GPx7 and GPx8 are also CysGPx with low
peroxidase activity. GPx1, 2, 3, 4, 5, and 6 are homotetramers, which could determine their
specificity for hydrogen peroxide. GPx4, 7, and 8 are monomers. This structure probably
enables the reaction with more complex lipid hydroperoxides, but this has been proven
only for GPx4 [132]. The catalytic center of GPx was first characterized as a triad consisting
of SeCys or Cys, GIn, and Trp. It was later found to be a tetrad with Asn. A conservative
feature for these GPx is the presence of a second or even a third cysteine residue.

The reaction mechanism differs between individual GPx isoforms, whose activity
requires GSH. In general, they do not form a ternary complex between the enzyme, hy-
droperoxide, and GSH, but the reaction has a concomitant oxidation and a reduction part.
In the oxidation part, deprotonation takes place in the same way. The side chains of the
Glu, Try, and Asp residues form a highly nucleophilic region in the enzyme’s active center,
where oxidation of the active site selenocysteine (RSeH) or cysteine (RSH) occurs after
binding the peroxide. This reaction results in the formation of a selenenic acid (RSeOH)
derivative. The selenenic acid is then converted back to the selenol (RseH) by a two-step
process that begins with a reaction with GSH to form the GS-SeR and water. A second
GSH molecule reduces the GS-SeR intermediate back to the selenol, releasing GS-SG as the
byproduct [52,132]. A simplified representation (with HyO, as a substrate) is shown below:

RSeH + Hzoz — RSeOH + Hzo (2)
RSeOH + GSH — GS-SeR + H,0 ®3)
GS-SeR + GSH — GS-SG + RSeH @

Glutathione reductase then reduces the oxidized glutathione to complete the cycle:

GS-SG + NADPH + H* — 2 GSH + NADP* 5)
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Selenium deficiency results in increased GSH synthesis in the liver with accompanying
release to the plasma [133]. Increased plasma GSH led to cysteine depletion, impaired
protein synthesis, decreased GPx, and increased GST activities [134]. Usually, GPx requires
GSH in millimolar concentrations in the intracellular space, and plasma GSH reaches
micromolar concentrations, which questions GPx’s antioxidant function [135]. However,
within the cell, in the cytosol and mitochondria, the GPx system appears to be very efficient
in the elimination of H,O; due to the low (100-200 uM) Ky, value of the enzyme [136] and
the range of substrates [137]. Mimicking GSH, y-glutamylcysteine can be used by GPx1 as
a cofactor [103].

4. Glutaredoxins (Grx)

The thiol oxidoreductase glutaredoxins (Grx) are small proteins reducing various
protein disulfides (PrSSPr) and GSH-protein mixed disulfides (PrSSG), where the electron
donor is glutathione [138]. Grxs catalyze glutathionylation, post-transcriptional modifica-
tions, and the disulfide exchange between GSSG and protein thiols (PrSH) [139] (Figure 3).
Grx-catalyzed (de)glutathionylation is an important event in signal transductions and
serves as the primary protective mechanism against the irreversible oxidation of cysteine
residues [115]. As mentioned above, the standard cell potential changes depending on
the environment and the cell itself. Cell proliferation occurs at approximately —240 mV,
differentiation at about —200 mV, and apoptosis at around —170 mV [55]. Changes in
the GSH/GSSG redox potential can be sensed by Grxs, which operate as GSH-dependent
reductases at about —240 mV and GSSG-dependent oxidases at about —170 mV [140].

Grxs are characterized by their active site motif. Dithiol-type Grx (class I) enzymes
have a Cys-Pro-Tyr-Cys active site, while monothiol Grx (class II) enzymes do not contain a
thiol at the C-terminus of the active site (Cys-Gly-Phe-Ser). Dithiol Grxs and monothiol
Grxs with one Grx domain are found in all living organisms. Multi-domain monothiol
Grxs (PICOTs, PKC-interacting cousin of thioredoxin) are present in eukaryotic cells. These
contain an N-terminal Trx-like domain and three C-terminal monothiol Grxs domains [141].
Two other regions were recognized near the active site, the Grx characteristic motif GG and
the TVP, which are involved in binding GSH [142].

4.1. Glutathionylation

Glutathionylation involves the reversible attachment of glutathione to cysteine residues
in target proteins. Conditions of elevated oxidative stress increase the levels of protein
glutathionylation. The glutathionylation/deglutathionylation cycle is viewed as a process
that acts primarily against ROS/RNS via reducing aberrant cysteine modifications and
thereby preventing the formation of damaging irreversible cysteine modifications.

There are three pathways of glutathionylation. (a) The thiol-disulfide exchange be-
tween GSSG and PrSH is accomplished at a low GSH:GSSH ratio. The reactivity of PrSH
depends on the thiol pKa [143]. (b) The oxidation of the PrSH yields a thiyl radical (RS"),
which reacts with the deprotonated form of glutathione (GS™), forming a mixed disulfide
radical (RSSG' ™). After the loss of an electron, a mixed disulfide (RSSG) and a superoxide
anion radical (O, ) are formed [144]. (c) Mixed disulfides can also be formed with low
molecular weight thiols with indistinct biological relevance. As Lushchak [60] discussed,
inhibition of glutathione reductase, phosphofructokinase, fatty acid synthase, or activation
of fructose-1,6-bisphosphatase by CoASSG was shown.

Cysteine residues of proteins with a low pKa are targets for redox modulation un-
der oxidative or nitrosative stress conditions. The primary products of these oxidative
transformations are the respective thiyl radicals (PrS'). These reactive intermediates can
react with glutathione (GSH) to form stable glutathionylated protein disulfides (PrSSG)
to prevent their further oxidation with molecular oxygen. The protected protein thiol
can be regenerated by the deglutathionylation process (e.g., through a reaction with an-
other GSH molecule). Under oxidative stress, the thiyl radical can be further oxidized
to form sulfenic (RSOH), sulfinic (RSO,H), or sulfonic acid (RSO3H) derivatives of the
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proteins. Both sulfenic and sulfinic acids of proteins can be reduced by Trx and sulfiredoxin,
respectively [145-147]. In contrast, sulfonic acid cannot be reduced. Both sulfenic and
sulfinic acids of proteins can be conjugated to GSH to form S-glutathionylated proteins
via glutathione S-transferases (GSTs), Grx, or nonenzymatically. Glutathionylation was
referenced to cytoskeletal proteins, metabolic, redox enzymes, cyclophilin, stress proteins,
nucleophosmin, transgelin, galectin, and fatty acid binding protein [148], affecting their
activity either in activation or decrease.

4.2. Deglutathionylation

Deglutathionylation undergoes cleavage of the disulfide linkage of the glutathiony-
lated protein with another GSH molecule (Figure 3). The reaction can proceed (a) either in
a mixed disulfide intermediate with an N-terminal thiol active site; (b) in a mixed disulfide
intermediate by the attack of a second GSH molecule; or (c) by non-covalent binding of the
thiol function of both an N-terminal thiol active site and GSH-coordinating metal cofactor
in the [Fe-S] binding Grx subgroup [142]. The motif in the active site and the type of
disulfide bond in the target protein are decisive for the reaction mechanism [149]. In the
reaction mechanism of monothiol Grxs, the reduction of glutathionylated proteins (PrSSG)
begins with a nucleophilic attack of the N-terminal cysteine. As a result, glutathionylated
Grx and reduced substrate protein are released. The Grx-SG intermediate is cleaved by
a GSH molecule, resulting in reduced Grx and GSSG, which is subsequently reduced by
GR [150] (Figure 3). In the mechanism of dithiol Grxs, the reduction of PSSG and mixed
disulfides begins with a nucleophilic attack of the N-terminal cysteine, but GSH is released.
The Grx-protein intermediate is reduced by the second C-terminal active cysteine of Grx,
forming oxidized Grx and reduced protein [151,152]. Dithiol Grx can also use monothiol
mechanisms. However, both mechanisms are critically dependent on the availability of
reduced GSH [153].

Apart from oxidoreductase activity, both classes of Grx proteins can bind [Fe-S] clusters.
Class II enzymes are essential in the processes of regulation of Fe metabolism. Their
function depends on the [Fe-S] binding capacity and not on the reductase activity [154]. In
addition, Grxs have dehydroascorbate reductase and transhydrogenase activity, catalyzing
denitrosylation and partial cystine conversion [155].

Monothiol Grxs (Grx3 and Grx5) form an iron-sulfur complex. Both isoforms can
transfer iron to specific proteins. However, monothiol Grxs cannot deglutathionylate target
proteins [156]. Grx3, localized in the cytosol, has a unique domain structure consisting of
an N-terminal Trx-homology domain [141,157]. The first discovered function of Grx3 was
related to that of protein kinase C theta, and in T-cells, Grx3 colocalizes with it, hence the
name PICOT [157]. Since Grx3 is expressed in a wide variety of organs and tissues, it has
been proposed as a redox sensor in signal transduction in response to reactive oxygen and
nitrogen species [158]. Nuclear Grx3 has a role in the epigenetic regulation of chromatin by
regulating the methylation of myelin transcription factor 1 and cell proliferation [159,160].
Grx5 participates in the biogenesis of [4Fe—4S] clusters by interacting with ISCA1 of the
mitochondrial homolog of the iron-sulfur cluster assembly and ISCA2 of the cytosolic iron
cluster [161,162]. Grx5 forms a cluster in the cytosol with a family of BolA-like proteins
(regulatory DNA-binding proteins) for the maturation of iron-sulfur proteins [163].

Grx1 and Grx2 are dithiol Grxs. Most human Grx1 is found in the cytosol, less in
the nucleus [164] and the mitochondrial intermembrane space [165]. Grx1, unlike Trx,
is not an essential protein [98]. Grx1 activity depends on the redox state of the cells,
especially the GSH/GSSG ratio [166]. In addition to deglutathionylation activity, Grx1 has
also been able to denitrosylate protein Cys-NOs and prevent the pro-apoptotic effect of
nitric oxide in tumor cell lines and cardiomyocytes [167,168]. Grx2 is about 20 times less
abundant than Grx1 [169]. Depending on gene splicing, it is localized in mitochondria,
cytosol, or nucleus [170]. Like Grx1, it catalyzes the reduction of disulfides mixed with GSH
with a higher affinity but with a lower turnover rate [171]. However, these two proteins
behave differently in response to an oxidative environment. While Grx1 is inhibited
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when other structural cysteine residues are oxidatively modified [154], Grx2 is activated.
The different response to oxidative conditions is due to the ability of Grx2 to form [Fe—
S] clusters [172]. The [Fe-S] clusters act as sensors for Grx2 activity under oxidative
conditions [154]. Outside the active site, two cysteines form a [2Fe-2S]-bridged dimer that
is enzymatically inactive. Oxidative stress increases GSSG concentration and reduces the
availability of GSH for coordination of the [Fe-S] complex, leading to cluster degradation
and formation of enzymatically active Grx2 monomers [154]. Grx2 can cycle and accept
electrons from thioredoxin reductasel (TrxR1) [171]. In mitochondria, Grx2 has been shown
to efficiently catalyze (de)glutathionylation of complex I and SOD1 [173,174].

5. Peroxiredoxins (Prdx)

Peroxiredoxins (Prdxs) are cysteine-dependent peroxidase enzymes [132,175], whose
low Km for HyO, (10 uM) and their ubiquity, comprising up to 0.8% of total protein in some
animal cells predispose them for reduction H,O; [176]. However, they can also reduce
peroxynitrite, peroxynitrous acid, and lipid peroxides [177,178]. Their peroxidatic functions
overlap with GPx and catalase, and their catalytic efficiency is lower (~10° M~ s7!) com-
pared to GPx (~108 M1 s71) and catalase (~10° M~1 s~1) [179]. Furthermore, comparing
Prdx Km for HyO, with that of GPx and catalase exceeding even the millimolar range [180]
suggests that the role of Prdx is rather as a sensor of H,O, [178] than oxidative stress
condition reversal.

Prdxs are divided into the subgroups Prdx1/AhpC, Prdx5, Prdx6, Tpx (thiol per-
oxidase), PrdxQ/BCP, and AhpE. Human Prdxs can be posttranscriptionally modified
by glutathionylation, acetylation, ubiquitination, oxidation (RSOH, RSSR, RSO,, RSO3),
S-nitrosylation, phosphorylation [181] or tyrosine nitration [182]. Prdxs proceed the same
catalytic cycle, where the active site cysteine (peroxidatic cysteine, Cysp) reduces perox-
ides and forms Cysp-sulfenic acid (RSOH), releasing water or the corresponding alcohol.
Some Prdxs contain a second, so-called resolving cysteine (Cysg), which reacts with RSOH
forming disulfide (Cysp-S-S-Cysr) and water [183]. Cysr can originate from the adja-
cent monomer, the same monomer, glutathione, or a redox-relay binding partner [184].
Accordingly, six human Prdxs isoforms are diversified into three subgroups.

In general, the Prdx1 subfamily enzymes are the most highly expressed, making up
0.1-1% of the soluble protein in the cell. The “typical 2-Cys” Prdxs are homodimers with
two active sites (having both a Cysp and Cysg). The disulfide bond is formed between
the two subunits in the reaction of RSOH and Cysg of the other subunit. Reduction
of disulfide bond is catalyzed by Trx (Figure 3), tryparedoxin, or alkyl hydroperoxide
reductase [179,185]. In the reduced state, Prdxl, II, and IV form decamers or dodecamers
such as PrdxIII [186]. Reduced decamers show efficient peroxidase activity and, depending
on other posttranslational modifications, form high molecular weight oligomers associated
with cell cycle checkpoints, chaperones, and various intracellular processes [187-189]. The
“atypical 2-Cys” Prdxs (Prdx5) are monomers forming intramolecular disulfide since both
Cysgr and Cysp are within the same molecule; their reduction is achieved by Trx. The
“atypical 2-Cys” Prdxs can form dimers independently of the redox state [179]. The “1-
Cys” Prdxs (Prdx6) contains only Cysp in the N-terminus [190]. The resolving electron
donor thiol can be glutathione, allowing the formation of a mixed disulfide, while the
second donor thiol enables the reduction of the formed disulfide bonding. Ascorbate, lipoic
acid, and cyclophilin, but most commonly GSH, can serve as electron donors for disulfide
reduction [179,185,191]. Prdx6 reduces phospholipid hydroperoxides using GSH, and also
the GST P1-1 class showed the ability to act as phospholipase A, [192]. Hyperoxidation,
formation of RSO,H or RSO3H, and phosphorylation regulate the activity of Prdxs [181].
The “1-Cys” Prdxs are resistant to hyperoxidation. Hyperoxidation can be repaired by
sulfiredoxin, but not in human Prdx6 [193].
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6. Glutathione-S-Transferases (GST)

GSTs belong to the Phase II biotransformation enzymes catalyzing the GSH-mediated
peroxide reduction [194] and conjugation of GSH with a variety of reactive electrophiles,
most commonly generated by cytochrome P450 metabolism [195]. GSTs expressed ubiqui-
tously, but tissue-specific distribution is probably an adaptive response against endo- and
exogenous metabolites [196]. GSTs comprise two distinct superfamilies, membrane-bound
microsomal and soluble cytosolic. In humans, cytosolic GSTs are encoded by 16 genes,
while the microsomal, at least by six genes, in addition to significant genetic polymor-
phisms [197]. According to the degree of sequence identity and localization, the cytosolic
GSTs (cGSTs) are divided into alpha, mu, pi, omega, theta, delta, sigma, and zeta (A, M,
P, O, T, D, S, Z) classes. Mitochondrial GSTs (mGSTs) are divided into A, M, P, and kappa
(K) classes. A novel superfamily designated MAPEG (Membrane Associated Proteins in
Eicosanoid and Glutathione metabolism) includes members of widespread origin with
diversified biological functions. Members of this family are leukotriene C-4 synthase,
5-lipoxygenase activating protein, prostaglandin E synthase, and microsomal glutathione
S-transferases (MGST) 1, 2 and 3 [198,199].

Due to polymorphisms, gene duplication, and genetic recombination, GSTs have mul-
tiple isoenzymes with overlapping substrate specificity and diversity [200]. In humans, the
highest cytosolic GST activity level is present in the liver, whereas the kidney, lung, and in-
testine show lower activity levels than that of the liver at 22, 66, and 63%, respectively [201].
Intracellularly, some specific GST activities also were detected in the plasma membrane,
outer mitochondrial membrane, and nucleus [198].

In mammals, GSTs exist as homodimers with analogous tertiary structures [202]. All
GSTs have a basic protein fold comprising two subunits with C-terminal and N-terminal
domains. The N-terminal domain includes a thioredoxin-like fold, 3-«-3-x-B-f-«, where
3-B-o motif, known as G-site, serves as the binding site for GSH through the y-glutamyl
unit. The C-terminal domain is diverging [202-204]. The conserved proline residue at the N-
terminal 33 strand ensures catalytic function and stability of thioredoxin-like proteins [205].
The G-site sequence similarity divides GST into two subgroups. Tyrosine-type GSTs contain
Tyr residue (T- or P-class), which activates GSH [206]. Replacement of Tyr by Phe reduces
the catalytic activity [207]. The Ser/Cys-type GSTs (O-class) used Ser or Cys to form mixed
disulfides with GSH. These GSTs are more involved in redox reactions [208]. Selectivity for
the substrates is determined by high variations in hydrophobic amino acid residues in the
cleft between domains, called the H-site [208].

GSTs transfer GSH to several various electrophilic compounds [209]. The reactions
with some compounds, such as benzyl and phenethyl isothiocyanates and alkyl dihalides,
can be reversible, increasing their toxicity [210]. Some classes conjugate GSH with epoxides
and catalyze isomerization or reduction of harmful peroxides [52]. It was shown that the
physiological function of Z-class GSTs is the cis-trans isomerization of 4-maleylacetoacetate
to 4-fumarylacetoacetate [211]. The A-class GSTs display selenium-independent GPx activ-
ity, thereby reducing phospholipid peroxides and cholesterol hydroperoxides within the
membrane without phospholipase Aj-mediated release [212]. Anionic A-class GSTs also
efficiently conjugate 4-hydroxynonenal, balancing lipid production and peroxidation [213].
Furthermore, isomerization of the double bond in selected 3-oxo-A%-steroids releasing
3-oxo-A*-steroids has been detected in some A-class GSTs [214]. S-class GSTs enable anti-,
proinflammatory, and immunomodulatory functions [215]. From this class, prostaglandin-
D, synthase and prostaglandin-E, synthase catalyze the cleavage of prostaglandin Hy,
forming prostaglandin-D; or E; [216]. The enzyme leukotriene-C4 synthase (MAPEG)
catalyzes the conjugation of GSH with epoxide leukotriene A4 [217]. Unique blood-barrier
functions were described for M-class GSTs in the testis and brain [218]. O-class GSTs were
able to modulate ryanodine receptor calcium release channels in cardiac muscle due to
structural similarities to Chloride Intracellular Channel Proteins (CLIC) [219]. Approxi-
mately 15% sequence identity was found between O-class GSTs and CLIC1 [219]. CLIC
proteins contain Grx-like active site motiv, Cys-Pro-(Phe/Ser)-(Ser/Cys), present also in
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O-class GSTs [208,220,221]. CLIC, however, bind GSH covalently creating a mixed disul-
fide, unlike classical GSTs, which bind GSH in the active site non-covalently but with high
affinity [220]. Finally, as indicated by the structural similarity, (de)glutathionylation activity
by Menon and Board [222] but also dehydroascorbate reductase, S-(phenylacyl)glutathione
reductase [223,224] activities of GSTO1-1 were confirmed. In P-class GSTs, chaperone
functions and the influence of the MAPK pathway through JNK and TRAF2 modulation
in response to oxidative/nitrosative stress were also detected [225]. One of the unwanted
consequences and the subject of intensive ongoing research is resistance to drugs owing to
increased GSTs activities [226].

7. Glyoxylases (Glo)

The glyoxalase system is a ubiquitous enzymatic network present in the cytoplasm,
and some of them are also in the nucleus. It consists of glyoxalase 1 (Glo-1), glyoxalase 2
(Glo-2), and reduced glutathione (GSH) (Figure 2), which perform an essential metabolic
function in cells by detoxifying methylglyoxal (MG) and other endogenous harmful metabo-
lites into non-toxic D-lactate [227,228]. As discussed in Rabbani et al. [229], in mammals,
methylglyoxal arises in 0.05-0.1% as a minor product from (a) glyceraldehyde-3-phosphate
and dihydroxyacetone phosphate degradation in glycolysis, (b) oxidation of acetone by
cytochrome P450, (c) oxidation of aminoacetone by semicarbazide amine oxidase, and (d)
degradation of glycated proteins and monosaccharides. Methylglyoxal, whose formation
can reach 3 mg/kg body weight/day [230], is a glycating agent, forming mainly arginine-
derived hydroimidazolone adducts, DNA adducts, and isomeric imidazopurinones [231].
In the glyoxalase system, the rate-limiting enzyme is glyoxalase 1 (Glo-1, lactoylglutathione
lyase). Methylglyoxal undergoes spontaneous thiolation with GSH, followed by the Glo-1
catalyzed conversion of methylglyoxal thioacetal to (S)-lactoylglutathione [232,233]. Stud-
ies have revealed that Glo-1 is a dimeric metal ion-dependent isomerase converting various
glutathione-hemithioacetals to glutathione thioesters [234]. The activity of Glo-1 can be
modified by phosphorylation or nitrosylation. While acetylation and oxidation have no
effect, acylation of GSH inhibits Glo-1 activity [235]. Glo-2 is a thioesterase catalyzing the hy-
drolysis of (S)-lactoylglutathione to D-lactate and GSH. Glo-2 predominantly interacts with
glutathione moieties allowing hydrolysis of a variety of glutathione substrates [234,236,237].
Glo-3, found in bacteria, catalyzes the conversion of methylglyoxal to D-lactate without the
participation of GSH. DJ-1 and its homologs may display this function in humans [232].

Dicarbonyl stress causes protein modification and misfolding, affecting their structure
and function, increasing the importance of Glo-1 in detoxification and its implication in
the pathophysiology of diseases [238]. Moreover, there is evidence that the Glo-1 gene
is a hotspot for copy-number variation associated with multidrug resistance in tumor
chemotherapy [239].

8. Conclusions

Glutathione reaches the highest concentration in cells, with the predominant compo-
nent being the reduced form. An electrochemical potential of a redox couple GSH/GSSG at
different pH within cell compartments allows reversibility of oxidation or reduction reac-
tions, thereby mediating a cell redox signaling mechanism. Several enzymes use glutathione
in reaction mechanisms and fulfill a variety of protective, defensive, synthetic, or signaling
roles in cellular metabolism. Either it can be through redox reaction in reduction of perox-
ides by thiol peroxidases or most common reversible modification, S-glutathionylation by
thiol transferases or in conjugation reactions of toxic metabolites through glyoxalase or a
variety of other compounds by glutathione-S-transferases. It also raises the question of the
suggested genetic basis for differences in glutathione levels. Glutathione is undoubtedly
part of a vast complex of cellular machinery processes. Therefore, monitoring it as a marker
of specific conditions and dynamic changes in its concentration but also in some systems of
which it is a part has a significant value.

80



Molecules 2023, 28, 1447 14 of 22

Author Contributions: Conceptualization, J.V. and L.V.; writing—original draft preparation, J.V.,
L.V, LK. and PP; writing—review and editing, ].V. and P.P; visualization, L.K. and P.P. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lillig, C.H.; Berndt, C. Preface. Cellular functions of glutathione. Biochim. Biophys. Acta 2013, 1830, 3137-3138. [CrossRef]
[PubMed]

2. Hopkins, EG. On an autoxidizable constituent of the cell. Biochem. ]. 1921, 15, 286-305. [CrossRef] [PubMed]

3. Hopkins, EG. On glutathione, a reinvestigation. J. Biol. Chem. 1929, 84, 269-320. [CrossRef]

4. Hunter, G.; Eagles, B.A. Glutathione. A critical study. J. Biol. Chem. 1927, 72, 147-166. [CrossRef]

5. Simoni, R.D.; Hill, R.L.; Vaughan, M. The discovery of glutathione by F. Gowland Hopkins and the beginning of biochemistry at
Cambridge University. ]. Biol. Chem. 2002, 277, 27-28. [CrossRef]

6.  Alanazi, A.M.; Mostafa, G.A.E.; Al-Badr, A.A. Glutathione. Profiles Drug Subst. Excip. Relat. Methodol. 2015, 40, 43-158.

7. Lash, L.H. Mitochondrial glutathione transport: Physiological, pathological and toxicological implications. Chem. Biol. Interact.
2006, 163, 54-67. [CrossRef]

8.  Lu, S.C. Glutathione synthesis. Biochim. Biophys. Acta 2013, 1830, 3143-3153. [CrossRef]

9.  Ballatori, N.; Krance, S.M.; Notenboom, S.; Shi, S.; Tieu, K.; Hammond, C.L. Glutathione dysregulation and the etiology and
progression of human diseases. Biol. Chem. 2009, 390, 191-214. [CrossRef]

10. Forman, HJ.; Zhang, H.; Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Asp. Med.
2009, 30, 1-12. [CrossRef]

11.  Jozefczak, M.; Remans, T.; Vangronsveld, J.; Cuypers, A. Glutathione is a key player in metal-induced oxidative stress defenses.
Int. . Mol. Sci. 2012, 13, 3145-3175.

12.  Dickinson, D.A.; Forman, HJ. Cellular glutathione and thiols metabolism. Biochem. Pharmacol. 2002, 64, 1019-1026. [CrossRef]
[PubMed]

13.  Jones, D.P. Redox potential of GSH/GSSG couple: Assay and biological significance. Methods Enzymol. 2002, 348, 93-112.
[PubMed]

14.  Alberty, R.A. Standard apparent reduction potentials of biochemical half reactions and thermodynamic data on the species
involved. Biophys. Chem. 2004, 111, 115-122. [CrossRef] [PubMed]

15. Lopez-Lazaro, M. A new view of carcinogenesis and an alternative approach to cancer therapy. Mol. Med. 2010, 16, 144-153.

16. Xue, M.; Weickert, M.O.; Qureshi, S.; Kandala, N.B.; Anwar, A.; Waldron, M.; Shafie, A.; Messenger, D.; Fowler, M.; Jenkins, G.;
et al. Improved Glycemic Control and Vascular Function in Overweight and Obese Subjects by Glyoxalase 1 Inducer Formulation.
Diabetes 2016, 65, 2282-2294. [CrossRef]

17.  Aquilano, K; Baldelli, S.; Ciriolo, M.R. Glutathione: New roles in redox signaling for an old antioxidant. Front. Pharmacol. 2014, 5,
196.

18. Townsend, D.M.; Tew, K.D.; Tapiero, H. The importance of glutathione in human disease. Biomed. Pharmacother. 2003, 57, 145-155.
[CrossRef]

19. Bachhawat, A.K.; Thakur, A.; Kaur, J.; Zulkifli, M. Glutathione transporters. Biochim. Biophys. Acta 2013, 1830, 3154-3164.
[CrossRef]

20. Garcia, R.A.; Stipanuk, M.H. The splanchnic organs, liver and kidney have unique roles in the metabolism of sulfur amino acids
and their metabolites in rats. J. Nutr. 1992, 122, 1693-1701. [CrossRef]

21. Stipanuk, M.H.; Dominy, ].E., Jr.; Lee, J.I; Coloso, R. M. Mammalian cysteine metabolism: New insights into regulation of cysteine
metabolism. J. Nutr. 2006, 136, 16525-1659S. [CrossRef] [PubMed]

22.  Ookhtens, M.; Kaplowitz, N. Role of the liver in interorgan homeostasis of glutathione and cyst(e)ine. Semin. Liver Dis. 1998, 18,
313-329. [CrossRef]

23.  Lu, S.C. Regulation of glutathione synthesis. Mol. Asp. Med. 2009, 30, 42-59. [CrossRef] [PubMed]

24. Lu, S.C; Mato, ].M. S-adenosylmethionine in liver health, injury, and cancer. Physiol. Rev. 2012, 92, 1515-1542. [CrossRef]
[PubMed]

25.  Cantin, A.M.; North, S.L.; Hubbard, R.C.; Crystal, R.G. Normal alveolar epithelial lining fluid contains high levels of glutathione.

J. Appl. Physiol. 1987, 63, 152-157. [CrossRef] [PubMed]

81



Molecules 2023, 28, 1447 15 of 22

26.

27.

28.

29;

30.

31.

32.

33.
34.

35

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.
52,

53.

54.

55,

van der Vliet, A.; O'Neill, C.A.; Cross, C.E.; Koostra, ].M.; Volz, W.G.; Halliwell, B.; Louie, S. Determination of low-molecular-mass
antioxidant concentrations in human respiratory tract lining fluids. Am. J. Physiol. 1999, 276, 1.289-1.296. [CrossRef]

Lieberman, M.W.; Wiseman, A.L.; Shi, Z.Z; Carter, B.Z.; Barrios, R.; Ou, C.N.; Che’vez-Barrios, P.; Wang, Y.; Habib, G.M.;
Goodman, J.C.; et al. Growth retardation and cysteine deficiency in gammaglutamyl transpeptidase-deficient mice. Proc. Natl.
Acad. Sci. USA 1996, 93, 7923-7926. [CrossRef]

Kiba, N. Enzymes in physiological samples. In Encyclopedia of Analytical Science, 2nd ed.; Worsfold, P., Poole, C.E, Eds.; Elsevier:
Amsterdam, The Netherlands, 2005; pp. 536-544.

Griffith, O.W.; Meister, A. Translocation of intracellular glutathione to membrane-bound y-glutamyl transpeptidase as a discrete
step in the y-glutamyl cycle: Glutathionuria after inhibition of transpeptidase. Proc. Natl. Acad. Sci. USA 1979, 76, 268-272.
[CrossRef] [PubMed]

Njalsson, R.; Norgren, S. Physiological and pathological aspects of GSH metabolism. Acta Paediatr. 2005, 94, 132-137. [CrossRef]
Csanaky, I.; Gregus, Z. Role of glutathione in reduction of arsenate and of gamma-glutamyltranspeptidase in disposition of
arsenite in rats. Toxicology 2005, 207, 91-104. [CrossRef]

Calvio, C.; Romagnuolo, E; Vulcano, F,; Speranza, G.; Morelli, C.E. Evidences on the role of the lid loop of y-glutamyltransferases
(GGT) in substrate selection. Enzym. Microb. Technol. 2018, 114, 55-62. [CrossRef] [PubMed]

Allison, D. y-Glutamy] transpeptidase: Kinetics and mechanism. Methods Enzymol. 1985, 113, 419-437. [PubMed]

Lam, BK.; Austen, K.E. Leukotriene C4 synthase: A pivotal enzyme in cellular biosynthesis of the cysteinyl leukotrienes. Prostag.
Other Lipid Mediat. 2002, 68-69, 511-520. [CrossRef]

Lu, E.; Wolfreys, ED.; Muppidi, ].R.; Xu, Y.; Cyster, ].G. S-Geranylgeranyl-L-glutathione is a ligand for human B cell-confinement
receptor P2RY8. Nature 2019, 567, 244-248. [CrossRef] [PubMed]

Tate, S.S.; Meister, A. Interaction of y-glutamyl transpeptidase with amino acids, dipeptides and derivatives and analogs of
glutathione. . Biol. Chem. 1974, 249, 7593-7602. [CrossRef]

Hanigan, M.H,; Frierson, H.E, Jr.; Swanson, P.E.; De Young, B.R. Altered expression of gamma-glutamyl transpeptidase in human
tumors. Hum. Pathol. 1999, 30, 300-305. [CrossRef]

Hanigan, M.H. Gamma-glutamy] transpeptidase: Redox regulation and drug resistance. Adv. Cancer Res. 2014, 122, 103-141.
Lash, L.H.; Jones, D.P. Transport of glutathione by renal basal-lateral membrane vesicles. Biochem. Biophys. Res. Commun. 1983,
112, 55-60. [CrossRef]

Lash, L.H. Renal glutathione transport: Identification of carriers, physiological functions, and controversies. Biofactors 2009, 35,
500-508. [CrossRef]

Tantomasi, T.; Favilli, F; Marraccini, P.; Magaldi, T.; Bruni, P.; Vincenzini, M.T. Glutathione transport system in human small
intestine epithelial cells. Biochim. Biophys. Acta 1997, 1330, 274-283. [CrossRef]

Kannan, R.; Mittur, A.; Bao, Y.; Tsuruo, T.; Kaplowitz, N. GSH transport in immortalized mouse brain endothelial cells: Evidence
for apical localization of a sodium-dependent GSH transporter. J. Neurochem. 1999, 73, 390-399. [CrossRef] [PubMed]

Lash, L.H.; Putt, D.A. Renal cellular transport of exogenous glutathione: Heterogeneity at physiological and pharmacological
concentrations. Biochem. Pharmacol. 1999, 58, 897-907. [CrossRef] [PubMed]

Lash, L.H. Role of glutathione transport processes in kidney function. Toxicol. Appl. Pharmacol. 2005, 204, 329-342. [CrossRef]
[PubMed]

Giustarini, D.; Galvagni, F,; Tesei, A.; Farolfi, A.; Zanoni, M.; Pignatta, S.; Milzani, A.; Marone, I.M.; Dalle-Donne, I.; Nassini, R.;
et al. Glutathione, glutathione disulfide, and S-glutathionylated proteins in cell cultures. Free Radic. Biol. Med. 2015, 89, 972-981.
[CrossRef] [PubMed]

Hwang, C.; Sinsky, A.J.; Lodish, H.F. Oxidized redox state of glutathione in the endoplasmic reticulum. Science 1992, 257,
1496-1502. [CrossRef]

Yuan, L.; Kaplowitz, N. Glutathione in liver diseases and hepatotoxicity. Mol. Asp. Med. 2009, 30, 29-41. [CrossRef]

Birk, J.; Meyer, M.; Aller, I; Hansen, H.G.; Odermatt, A.; Dick, T.P.; Meyer, A.J.; Appenzeller-Herzog, C. Endoplasmic reticulum:
Reduced and oxidized glutathione revisited. J. Cell Sci. 2013, 126, 1604-1617. [CrossRef]

Montero, D.; Tachibana, C.; Rahr Winther, J.; Appenzeller-Herzog, C. Intracellular glutathione pools are heterogeneously
concentrated. Redox Biol. 2013, 1, 508-513. [CrossRef]

Kojer, K.; Bien, M.; Gangel, H.; Morgan, B.; Dick, T.P,; Riemer, J. Glutathione redox potential in the mitochondrial intermembrane
space is linked to the cytosol and impacts the Mia40 redox state. EMBO J. 2012, 31, 3169-3182. [CrossRef]

Lopez-Mirabal, H.R.; Winther, J.R. Redox characteristics of the eukaryotic cytosol. Biochim. Biophys. Acta 2008, 1783, 629-640.
Deponte, M. Glutathione catalysis and the reaction mechanisms of glutathione-dependent enzymes. Biochim. Biophys. Acta 2013,
1830, 3217-3266. [PubMed]

Aw, T.Y. Cellular redox: A modulator of intestinal epithelial cell proliferation. News Physiol. Sci. 2003, 18, 201-204. [CrossRef]
[PubMed]

Van ‘t Erve, T.J.; Wagner, B.A.; Ryckman, KK ; Raife, T.J.; Buettner, G.R. The concentration of glutathione in human erythrocytes
is a heritable trait. Free Radic. Biol. Med. 2013, 65, 742-749. [CrossRef] [PubMed]

Schafer, F.Q.; Buettner, G.R. Redox environment of the cell as viewed through the redox state of the glutathione disul-
fide/glutathione couple. Free Radic. Biol. Med. 2001, 30, 1191-1212.

82



Molecules 2023, 28, 1447 16 of 22

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Bellomo, G.; Palladini, G.; Vairetti, M. Intranuclear distribution, function and fate of glutathione and glutathione-S-conjugate in
living rat hepatocytes studied by fluorescence microscopy. Microsc. Res. Tech. 1997, 36, 243-252. [CrossRef]

Markovic, J.; Borras, C.; Ortega, A.; Sastre, J.; Vifia, J.; Pallard6, EV. Glutathione is recruited into the nucleus in early phases of cell
proliferation. J. Biol. Chem. 2007, 282, 20416-20424. [CrossRef]

Pallardo, E.V.; Markovic, J.; Garcia, ].L.; Vifia, J. Role of nuclear glutathione as a key regulator of cell proliferation. Mol. Asp. Med.
2009, 30, 77-85. [CrossRef]

Palmieri, E. The mitochondrial transporter family (SLC25): Physiological and pathological implications. Pfliigers Arch. 2004, 447,
689-709. [CrossRef]

Lushchak, V.I. Glutathione homeostasis and functions: Potential targets for medical intervention. J. Amino Acids 2012, 2012,
736837. [CrossRef]

Zhong, Q.; Putt, D.A.; Xu, E; Lash, L.H. Hepatic mitochondrial transport of glutathione: Studies in isolated rat liver mitochondria
and HA4IIE rat hepatoma cells. Arch. Biochem. Biophys. 2008, 474, 119-127. [CrossRef]

Kamga, C.K.; Zhang, S.X.; Wang, Y. Dicarboxylate carrier-mediated glutathione transport is essential for reactive oxygen species
homeostasis and normal respiration in rat brain mitochondria. Am. J. Physiol. Cell Physiol. 2010, 299, C497-C505. [CrossRef]
Booty, L.M.; King, M.S.; Thangaratnarajah, C.; Majd, H.; James, A.M.; Kunji, E.R.S.; Murphy, M.P. The mitochondrial dicarboxylate
and 2-oxoglutarate carriers do not transport glutathione. FEBS Lett. 2015, 589, 621-628. [CrossRef] [PubMed]

Cione, E.; Pingitore, A.; Perri, M.; Genchi, G. Influence of all-trans-retinoic acid on oxoglutarate carrier via retinoylation reaction.
Biochim. Biophys. Acta 2009, 1791, 3-7. [CrossRef] [PubMed]

Coll, O; Colell, A.; Garcia-Ruiz, C.; Kaplowitz, N.; Fernandez-Checa, J.C. Sensitivity of the 2-oxoglutarate carrier to alcohol intake
contributes to mitochondrial glutathione depletion. Hepatology 2003, 38, 692-702. [CrossRef] [PubMed]

Ribas, V.; Garcia-Ruiz, C.; Fernandez-Checa, J.C. Glutathione and mitochondria. Front. Pharmacol. 2014, 5, 151. [PubMed]

Yin, E; Sancheti, H.; Cadenas, E. Mitochondrial thiols in the regulation of cell death pathways. Antioxid. Redox Signal. 2012,17,
1714-1727. [CrossRef]

Béanhegyi, G.; Lusini, L.; Puskas, F; Rossi, R.; Fulceri, R.; Braun, L.; Mile, V.; di Simplicio, P.; Mandl, J.; Benedetti, A. Preferential
transport of glutathione versus glutathione disulfide in rat liver microsomal vesicles. J. Biol. Chem. 1999, 274, 12213-12216.
[CrossRef]

Bulleid, N.J.; Ellgaard, L. Multiple ways to make disulfides. Trends Biochem. Sci. 2011, 36, 485-492. [CrossRef]

Ponsero, A.J.; Igbaria, A.; Darch, M.A.; Miled, S.; Outten, C.E.; Winther, ].R.; Palais, G.; D’autreaux, B.; Delaunay-Moisan, A.;
Toledano, M.B. Endoplasmic Reticulum Transport of Glutathione by Sec61 Is Regulated by Erol and Bip. Mol. Cell 2017, 67,
962-973. [CrossRef]

Csala, M.; Fulceri, R.; Mand], J.; Benedetti, A.; Banhegyi, G. Ryanodine receptor channel dependent glutathione transport in the
sarcoplasmic reticulum of skeletal muscle. Biochem. Biophys. Res. Commun. 2001, 287, 696-700. [CrossRef] [PubMed]
Appenzeller-Herzog, C.; Riemer, J.; Zito, E.; Chin, K.-T.; Ron, D.; Spiess, M.; Ellgaard, L. Disulphide production by Ero1 alpha-PDI
relay is rapid and effectively regulated. EMBO J. 2010, 29, 3318-3329. [CrossRef]

Aoyama, K. Glutathione in the Brain. Int. |. Mol. Sci. 2021, 22, 5010. [CrossRef]

Aoyama, K.; Nakaki, T. Impaired glutathione synthesis in neurodegeneration. Int. J. Mol. Sci. 2013, 14, 21021-21044. [PubMed]
von Bartheld, C.S.; Bahney, J.; Herculano-Houzel, S. The search for true numbers of neurons and glial cells in the human brain: A
review of 150 years of cell counting. J. Comp. Neurol. 2016, 524, 3865-3895.

Rice, M.E.; Russo-Menna, I. Differential compartmentalization of brain ascorbate and glutathione between neurons and glia.
Neuroscience 1998, 82, 1213-1223. [CrossRef] [PubMed]

Mirzahosseini, A.; Somlyay, M.; Noszal, B. The comprehensive acid-base characterization of glutathione. Chem. Phys. Lett. 2015,
622, 50-56. [CrossRef]

Mazdk, K.; Noszél, B. Advances in microspeciation of drugs and biomolecules: Species-specific concentrations, acid-base
properties and related parameters. J. Pharm. Biomed. Anal. 2016, 130, 390-403. [CrossRef]

Bjerrum, N. Dissociation constants of polybasic acids and their application to the calculation of molecular dimensions. Z. Phys.
Chem. 1923, 106, 219-242. [CrossRef]

Noszdl, B. Group constant: A measure of submolecular basicity. J. Phys. Chem. 1986, 90, 4104-4110. [CrossRef]

Fujiwara, S.; Ishizuka, H.; Fudano, S. NMR study of amino acids and their derivatives. Chem. Lett. 1974, 3, 1281-1284. [CrossRef]
Noszal, B.; Scheller-Krattiger, V.; Martin, R.B. A unified view of carbon bound hydrogen exchange of H(2) in imidazoles and H(8)
in purine nucleosides and their metal ion complexes. ]. Am. Chem. Soc. 1982, 104, 1078-1081. [CrossRef]

Noszal, B.; Rabenstein, D.L. Nitrogen-protonation microequilibria and C(2)-deprotonation microkinetics of histidine, histamine,
and related compounds. J. Phys. Chem. 1991, 95, 4761-4765. [CrossRef]

Szakacs, Z.; Noszél, B. Determination of dissociation constants of folic acid, methotrexate, and other photolabile pteridines by
pressure-assisted capillary electrophoresis. Electrophoresis 2006, 27, 3399-3409. [CrossRef] [PubMed]

Orgovan, G.; Tihanyi, K.; Noszal, B. NMR analysis, protonation equilibria and decomposition kinetics of tolperisone. J. Pharm.
Biomed. Anal. 2009, 50, 718-723. [CrossRef] [PubMed]

Téth, G.; Baska, E; Schretner, A.; Récz, A.; Noszal, B. Site-specific basicities regulate molecular recognition in receptor binding: In
silico docking of thyroid hormones. Eur. Biophys. ]. 2013, 42, 721-730. [CrossRef]

Pirie, N.W.; Pinhey, K.G. The titration curve of glutathione. J. Biol. Chem. 1929, 84, 321-333. [CrossRef]

83



Molecules 2023, 28, 1447 17 of 22

88.

89.

90.

91.

92.

93.

94.

95,

96.

97.

98.

99,

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Li, N.C.; Gawron, O.; Bascuas, G. Stability of zinc complexes with glutathione and oxidized glutathione. J. Am. Chem. Soc. 1954,
76,225-229. [CrossRef]

Martin, R.B.; Edsall, ].T. Glutathione: Ionization in basic solutions and molecular rearrangement in strongly acid solution. Bull.
Soc. Chim. Biol. 1958, 40, 1763-1771.

Dorcdk, V.; Krezel, A. Correlation of acid-base chemistry of phytochelatin PC2 with its coordination properties towards the toxic
metal ion Cd(I). Dalton Trans. 2003, 11, 2253-2259. [CrossRef]

Mah, V,; Jalilehvand, F. Mercury(Il) complex formation with glutathione in alkaline aqueous solution. J. Biol. Inorg. Chem. 2008,
13, 541-553. [CrossRef]

Noszal, B.; Szakdcs, Z. Microscopic protonation equilibria of oxidized glutathione. J. Phys. Chem. B 2003, 107, 5074-5080.
[CrossRef]

Wang, X.; Li, K,; Yang, X.D.; Wang, L.L.; Shen, R.F. Complexation of AI(IIT) with reduced glutathione in acidic aqueous solutions.
J. Inorg. Biochem. 2009, 103, 657-666. [CrossRef]

Gough, ].D.; Lees, W.]. Effects of redox buffer properties on the folding of a disulfide-containing protein: Dependence upon pH,
thiol pK;, and thiol concentration. J. Biotechnol. 2005, 115, 279-290. [CrossRef]

Madej, E.; Wardman, P. The oxidizing power of the glutathione thiyl radical as measured by its electrode potential at physiological
pH. Arch. Biochem. Biophys. 2007, 462, 94-102. [CrossRef]

Cigala, RM.; Crea, F,; De Stefano, C.; Lando, G.; Milea, D.; Sammartano, S. Modeling the acid-base properties of glutathione in
different ionic media, with particular reference to natural waters and biological fluids. Amino Acids. 2012, 43, 629-648. [CrossRef]
Harris, T.K.; Turner, G.J. Structural basis of perturbed pKa values of catalytic groups in enzyme active sites. IUBMB Life 2002, 53,
85-98. [CrossRef]

Matsui, R.; Ferran, B.; Oh, A.; Croteau, D.; Shao, D.; Han, J.; Pimentel, D.R.; Bachschmid, M.M. Redox Regulation via Glutaredoxin-
1 and Protein S-Glutathionylation. Antioxid. Redox Signal. 2020, 32, 677-700. [CrossRef]

Chatgilialoglu, C.; Bowry, V.W. Why Not Trans? Inhibited Radical Isomerization Cycles and Coupling Chains of Lipids and
Alkenes with Alkane-thiols. J. Org. Chem. 2018, 83, 9178-9189. [CrossRef]

Abedinzadeh, Z.; Gardes-Albert, M.; Ferradini, C. Kinetic study of the oxidation mechanism of glutathione by hydrogen peroxide
in neutral aqueous medium. Can. J. Chem. 1989, 67, 1247-1255. [CrossRef]

Zinatullina, KM.; Kasaikina, O.T.; Kuz’'min, V.A.; Khrameeva, N.P. Interaction of Glutathione with Hydrogen Peroxide: A Kinetic
Model. Kinet. Catal. 2019, 60, 266-272. [CrossRef]

Winterbourn, C.C. Radical Scavenging by Thiols and the Fate of Thiyl Radicals. In Oxidative Stress and Redox Regulation; Jakob, U.,
Reichmann, D., Eds.; Springer: Dordrecht, The Netherlands, 2013; pp. 43-58.

Quintana-Cabrera, R.; Bolanos, ].P. Glutathione and y-glutamylcysteine in hydrogen peroxide detoxification. Methods Enzymiol.
2013, 527,129-144.

Kasamatsu, S.; Nishimura, A.; Morita, M.; Matsunaga, T.; Abdul Hamid, H.; Akaike, T. Redox signaling regulated by cysteine
persulfide and protein polysulfidation. Molecules 2016, 21, 1712. [CrossRef]

Sawa, T.; Ono, K.; Tsutsuki, H.; Zhang, T.; Ida, T.; Nishida, M.; Akaike, T. Reactive cysteine persulphides: Occurrence, biosynthesis,
antioxidant activity, methodologies, and bacterial persulphide signalling. Adv. Microb. Physiol. 2018, 72, 1-28.

Ida, T.; Sawa, T.; Ihara, H.; Tsuchiya, Y.; Watanabe, Y.; Kumagai, Y.; Suematsu, M.; Motohashi, H.; Fujii, S.; Matsunaga, T.; et al.
Reactive cysteine persulfides and S-polythiolation regulate oxidative stress and redox signaling. Proc. Natl. Acad. Sci. USA 2014,
111, 7606-7611. [CrossRef]

Chauvin, ].-P.R.; Griesser, M.; Pratt, D.A. Hydropersulfides: H-atom transfer agents par excellence. J. Am. Chem. Soc. 2017, 139,
6484-6493. [CrossRef]

Libiad, M.; Motl, N.; Akey, D.L.; Sakamoto, N.; Fearon, E.R.; Smith, J.L.; Banerjee, R. Thiosulfate sulfurtransferase-like domain-
containing 1 protein interacts with thioredoxin. J. Biol. Chem. 2018, 293, 2675-2686. [CrossRef]

Filipovic, M.R.; Zivanovic, J.; Alvarez, B.; Banerjee, V. Chemical biology of H5S signaling through persulfidation. Chem. Rev. 2018,
118, 1253-1337.

Mueller, E.G. Trafficking in persulfides: Delivering sulfur in biosynthetic pathways. Nat. Chem. Biol. 2006, 2, 185-194. [CrossRef]
Kruithof, PD.; Lunev, S.; Aguilar Lozano, S.P.; de Assis Batista, F.; Al-Dahmani, Z.M.; Joles, ].A.; Dolga, A.M.; Groves, M.R.; van
Goor, H. Unraveling the role of thiosulfate sulfurtransferase in metabolic diseases. Biochim. Biophys. Acta Mol. Basis Dis. 2020,
1866, 165716. [CrossRef] [PubMed]

Kabil, O.; Motl, N.; Strack, M.; Seravalli, J.; Metzler-Nolte, N.; Banerjee, R. Mechanism-based inhibition of human persulfide
dioxygenase by y-glutamyl-homocysteinyl-glycine. J. Biol. Chem. 2018, 293, 12429-12439. [CrossRef]

Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363-383.

Giustarini, D.; Rossi, R.; Milzani, A.; Colombo, R.; Dalle-Donne, I. S-glutathionylation: From redox regulation of protein functions
to human diseases. J. Cell. Mol. Med. 2004, 8, 201-212. [CrossRef]

Mieyal, ]JJ.; Chock, P.B. Posttranslational modification of cysteine in redox signaling and oxidative stress: Focus on
s-glutathionylation. Antioxid. Redox Signal. 2012, 16, 471-475. [CrossRef]

Forman, HJ.; Fukuto, ].M.; Miller, T.; Zhang, H.; Rinna, A.; Levy, S. The chemistry of cell signaling by reactive oxygen and
nitrogen species and 4-hydroxynonenal. Arch. Biochem. Biophys. 2008, 477, 183-195. [CrossRef]

84



Molecules 2023, 28, 1447 18 of 22

117.
118.

119.

120.

121.

122.
123.

124.

125,

126.

127!

128.

129.

130.

131.

132.

183.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

Forman, H.J.; Ursini, F; Maiorino, M. An overview of mechanisms of redox signaling. J. Mol. Cell. Cardiol. 2014, 73, 2-9. [CrossRef]
Ren, X;; Zou, L.; Zhang, X.; Branco, V.; Wang, J.; Carvalho, C.; Holmgren, A.; Lu, J. Redox Signaling Mediated by Thioredoxin and
Glutathione Systems in the Central Nervous System. Antioxid. Redox Signal. 2017, 27, 989-1010. [CrossRef]

Lou, M.E. Glutathione and Glutaredoxin in Redox Regulation and Cell Signaling of the Lens. Antioxidants 2022, 11, 1973.
[CrossRef]

Pajaud, J.; Kumar, S.; Rauch, C.; Morel, E; Aninat, C. Regulation of signal transduction by glutathione transferases. Int. |. Hepatol.
2012, 2012, 137676. [CrossRef]

Laborde, E. Glutathione transferases as mediators of signaling pathways involved in cell proliferation and cell death. Cell Death
Differ. 2010, 17, 1373-1380. [CrossRef]

Singh, R.R.; Reindl, K.M. Glutathione S-transferases in cancer. Antioxidants 2021, 10, 701. [CrossRef]

Wang, ].Q.; Yang, Y.; Cai, C.Y.; Teng, Q.X.; Cui, Q; Lin, J.; Assaraf, Y.G.; Chen, Z.S. Multidrug resistance proteins (MRPs):
Structure, function and the overcoming of cancer multidrug resistance. Drug Resist. Updat. 2021, 54, 100743. [PubMed]
Ercolani, L.; Scire, A.; Galeazzi, R.; Massaccesi, L.; Cianfruglia, L.; Amici, A ; Piva, F.; Urbanelli, L.; Emiliani, C.; Principato, G.;
et al. A possible S-glutathionylation of specific proteins by glyoxalase II: An in vitro and in silico study. Cell Biochem. Funct. 2016,
34, 620-627. [CrossRef] [PubMed]

Rydstrom, J. Mitochondrial NADPH, transhydrogenase and disease. Biochim. Biophys. Acta. 2006, 1757, 721-726. [CrossRef]
[PubMed]

Cereser, C.; Boget, S.; Parvaz, P; Revol, A. Thiram-induced cytotoxicity is accompanied by a rapid and drastic oxidation of
reduced glutathione with consecutive lipid peroxidation and cell death. Toxicology 2001, 163, 153-162. [CrossRef]

Zhao, Y.; Seefeldt, T.; Chen, W.; Wang, X.; Matthees, D.; Hu, Y.; Guan, X. Effects of glutathione reductase inhibition on cellular
thiol redox state and related systems. Arch. Biochem. Biophys. 2009, 485, 56-62. [CrossRef]

Arning, J.; Dringen, R.; Schmidt, M.; Thiessen, A.; Stolte, S.; Matzke, M.; Bottin-Weber, U.; Caesar-Geertz, B.; Jastorff, B.; Ranke, J.
Structure-activity relationships for the impact of selected isothiazol-3-one biocides on glutathione metabolism and glutathione
reductase of the human liver cell line Hep G2. Toxicology 2008, 246, 203-212. [CrossRef]

Franco, ].L.; Posser, T.; Mattos, ].J.; Sdnchez-Chardi, A.; Trevisan, R.; Oliveira, C.S.; Carvalho, P.S.; Leal, R.B.; Marques, M.R.; Bainy,
A.C.; et al. Biochemical alterations in juvenile carp (Cyprinus carpio) exposed to zinc: Glutathione reductase as a target. Environ.
Res. 2008, 66, 88-89. [CrossRef]

Maiorino, M.; Ursini, F; Bosello, V.; Toppo, S.; Tosatto, S.C.; Mauri, P.; Becker, K.; Roveri, A.; Bulato, C.; Benazzi, L.; et al. The
thioredoxin specificity of Drosophila GPx: A paradigm for a peroxiredoxin-like mechanism of many glutathione peroxidases. J.
Mol. Biol. 2007, 365, 1033-1046. [CrossRef]

Toppo, S.; Flohé, L.; Ursini, E; Vanin, S.; Maiorino, M. Catalytic mechanisms and specificities of glutathione peroxidases:
Variations of a basic scheme. Biochim. Biophys. Acta 2009, 1790, 1486-1500. [CrossRef]

Flohé, L.; Toppo, S.; Cozza, G.; Ursini, F. A comparison of thiol peroxidase mechanisms. Antioxid Redox Signal. 2011, 15, 763-780.
[CrossRef]

Hill, K.E.; Burk, R.E; Lane, ].M. Effect of selenium depletion and repletion on plasma glutathione and glutathione-dependent
enzymes in the rat. J. Nutr. 1987, 117, 99-104. [CrossRef] [PubMed]

Burk, R.F; Hill, KE.; Awad, J.A.; Morrow, J.D.; Lyons, P.R. Liver and kidney necrosis in selenium-deficient rats depleted of
glutathione. Lab. Investig. 1995, 72, 723-730. [PubMed]

Hatfield, D.L.; Gladyshev, V.N. How selenium has altered our understanding of the genetic code. Mol. Cell. Biol. 2002, 22,
3565-3576. [CrossRef]

Woo, H.A.; Yim, S.H.; Shin, D.H.; Kang, D.; Yu, D.Y.; Rhee, S.G. Inactivation of peroxiredoxin I by phosphorylation allows
localized H(2)O(2) accumulation for cell signaling. Cell 2010, 140, 517-528. [CrossRef]

Seiler, A.; Schneider, M.; Forster, H.; Roth, S.; Wirth, E.K.; Culmsee, C.; Plesnila, N.; Kremmer, E.; Raidmark, O.; Wurst, W.; et al.
Glutathione peroxidase 4 senses and translates oxidative stress into 12/15-lipoxygenase dependent- and AIF-mediated cell death.
Cell Metab. 2008, 8, 237-248. [CrossRef]

Gallogly, M.M,; Starke, D.W.; Mieyal, ].J. Mechanistic and kinetic details of catalysis of thiol-disulfide exchange by glutaredoxins
and potential mechanisms of regulation. Antioxid. Redox Signal. 2009, 11, 1059-1081. [CrossRef] [PubMed]

Hurd, TR,; Filipovska, A.; Costa, N.J.; Dahm, C.C.; Murphy, M.P. Disulphide formation on mitochondrial protein thiols. Biochem.
Soc. Trans. 2005, 33, 1390-1393. [CrossRef]

Aslund, F; Berndt, K.D.; Holmgren, A. Redox potentials of glutaredoxins and other thiol-disulfide oxidoreductases of the
thioredoxin superfamily determined by direct protein-protein redox equilibria. J. Biol. Chem. 1997, 272, 30780-30786. [CrossRef]
Isakov, N.; Witte, S.; Altman, A. PICOT-HD: A highly conserved protein domain that is often associated with thioredoxin and
glutaredoxin modules. Trends Biochem. Sci. 2000, 25, 537-539. [CrossRef]

Lillig, C.H.; Berndt, C.; Holmgren, A. Glutaredoxin systems. Biochim. Biophys. Acta 2008, 1780, 1304-1317.

Di Simplicio, P.; Cacace, M.G.; Lusini, L.; Giannerini, F.,; Giustarini, D.; Rossi, R. Role of protein -SH groups in redox homeostasis—
the erythrocyte as a model system. Arch. Biochem. Biophys. 1998, 355, 145-152. [CrossRef] [PubMed]

Jung, C.H.; Thomas, J.A. S-glutathiolated hepatocyte proteins and insulin disulfides as substrates for reduction by glutaredoxin,
thioredoxin, protein disulfide isomerase, and glutathione. Arch. Biochem. Biophys. 1996, 335, 61-72. [CrossRef] [PubMed]

85



Molecules 2023, 28, 1447 19 of 22

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155,

156.

157.

158.

159,

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Cooper, ].L.; Pinto, ].T.; Callery, P.S. Reversible and irreversible protein glutathionylation: Biological and clinical aspects. Expert
Opin. Drug Metab. Toxicol. 2011, 7, 891-910. [CrossRef] [PubMed]

Findlay, V.J.; Townsend, D.M.; Morris, T.E.; Fraser, ].P.; He, L.; Tew, K.D. A novel role for human sulfiredoxin in the reversal of
glutathionylation. Cancer Res. 2006, 66, 6800-6806. [CrossRef] [PubMed]

Holmgren, A.; Lu, J. Thioredoxin and thioredoxin reductase: Current research with special reference to human disease. Biochem.
Biophys. Res. Commun. 2010, 396, 120-124. [CrossRef]

Fratelli, M.; Demol, H.; Puype, M.; Casagrande, S.; Eberini, I.; Salmona, M.; Bonetto, V.; Mengozzi, M.; Duffieux, E; Miclet, E.;
et al. Identification by redox proteomics of glutathionylated proteins in oxidatively stressed human T lymphocytes. Proc. Natl.
Acad. Sci. USA 2002, 99, 3505-3510. [CrossRef]

Rouhier, N.; Lemaire, S.D.; Jacquot, J.P. The role of glutathione in photosynthetic organisms: Emerging functions for glutaredoxins
and glutathionylation. Annu. Rev. Plant Biol. 2008, 59, 143-166. [CrossRef]

Nordstrand, K.; Sandstrom, A.; Aslund, F; Holmgren, A.; Otting, G.; Berndt, K.D. NMR structure of oxidized glutaredoxin 3 from
Escherichia coli. J. Mol. Biol. 2000, 303, 423-432. [CrossRef]

Begas, P; Liedgens, L.; Moseler, A.; Meyer, A.].; Deponte, M. Glutaredoxin catalysis requires two distinct glutathione interaction
sites. Nat. Commun. 2017, 8, 14835. [CrossRef]

Ukuwela, A.A.; Bush, A.I; Wedd, A.G.; Xiao, Z. Reduction potentials of protein disulfides and catalysis of glutathionylation and
deglutathionylation by glutaredoxin enzymes. Biochem. ]. 2017, 474, 3799-3815. [CrossRef]

Ogata, ET.; Branco, V.; Vale, EE; Coppo, L. Glutaredoxin: Discovery, redox defense and much more. Redox Biol. 2021, 43, 101975.
[PubMed]

Lillig, C.H.; Berndt, C.; Vergnolle, O.; Lonn, M.E.; Hudemann, C.; Bill, E.; Holmgren, A. Characterization of human glutaredoxin
2 as iron-sulfur protein: A possible role as red ox sensor. Proc. Natl. Acad. Sci. USA 2005, 102, 8168-8173. [CrossRef]

Prigge, ].R.; Coppo, L.; Martin, S.S.; Ogata, F.; Miller, C.G.; Bruschwein, M.D.; Orlicky, D.J.; Shearn, C.T.; Kundert, ].A.; Lytchier,
J.; et al. Hepatocyte Hyperproliferation upon Liver-Specific Co-disruption of Thioredoxin-1, Thioredoxin Reductase-1, and
Glutathione Reductase. Cell Rep. 2017, 19, 2771-2781. [CrossRef] [PubMed]

Tamarit, J.; Belli, G.; Cabiscol, E.; Herrero, E.; Ros, J. Biochemical characterization of yeast mitochondrial Grx5 monothiol
glutaredoxin. J. Biol. Chem. 2003, 278, 25745-25751. [CrossRef] [PubMed]

Witte, S.; Villalba, M.; Bi, K; Liu, Y,; Isakov, N.; Altman, A. Inhibition of the c-Jun N-terminal kinase/ AP-1 and NF-«B pathways
by PICOT, a novel protein kinase C-interacting protein with a thioredoxin homology domain. . Biol. Chem. 2000, 275, 1902-1909.
[CrossRef] [PubMed]

Haunhorst, P.; Hanschmann, E.M.; Brautigam, L.; Stehling, O.; Hoffmann, B.; Miihlenhoff, U.; Lill, R; Berndt, C.; Lillig, C.H.
Crucial function of vertebrate glutaredoxin 3 (PICOT) in iron homeostasis and hemoglobin maturation. Mol. Biol. Cell 2013, 24,
1895-1903. [CrossRef] [PubMed]

Pandya, P; Pasvolsky, R.; Babichev, Y.; Braiman, A.; Witte, S.; Altman, A.; Isakov, N. PICOT binding to the polycomb group
protein, EED, alters H3K27 methylation at the MYT1 PRC2 target gene. Biochem. Biophys. Res. Commun. 2019, 509, 469-475.
[CrossRef]

Pandya, P,; Isakov, N. PICOT promotes T lymphocyte proliferation by down-regulating cyclin D2 expression. World J. Immunol.
2020, 10, 1-12. [CrossRef]

Brancaccio, D.; Gallo, A.; Mikolajczyk, M.; Zovo, K.; Palumaa, P.; Novellino, E.; Piccioli, M.; Ciofi-Baffoni, S.; Banci, L. Formation
of [4Fe-4S] clusters in the mitochondrial iron-sulfur cluster assembly machinery. J. Am. Chem. Soc. 2014, 136, 16240-16250.
[CrossRef]

Banci, L.; Brancaccio, D.; Ciofi-Baffoni, S.; Del Conte, R.; Gadepalli, R.; Mikolajczyk, M.; Neri, S.; Piccioli, M.; Winkelmann, J.
[2Fe-2S] cluster transfer in iron-sulfur protein biogenesis. Proc. Natl. Acad. Sci. USA 2014, 111, 6203-6208. [CrossRef]

Nasta, V.; Giachetti, A.; Ciofi-Baffoni, S.; Banci, L. Structural insights into the molecular function of human [2Fe-2S] BOLA1-GRX5
and [2Fe-2S] BOLA3-GRX5 complexes. Biochim. Biophys. Acta Gen. Subj. 2017, 1861, 2119-2131. [CrossRef] [PubMed]

Rozell, B.; Barcena, J.A.; Martinez-Galisteo, E.; Padilla, C.A.; Holmgren, A. Immunochemical characterization and tissue
distribution of glutaredoxin (thioltransferase) from calf. Eur. ]. Cell Biol. 1993, 62, 314-323.

Pai, H.V.; Starke, D.W.; Lesnefsky, E.J.; Hoppel, C.L.; Mieyal, J.J. What is the functional significance of the unique location of
glutaredoxin 1 (GRx1) in the intermembrane space of mitochondria? Antioxid. Redox Signal. 2007, 9, 2027-2033. [CrossRef]
[PubMed]

Ukuwela, A.A.; Bush, AIL; Wedd, A.G.; Xiao, Z. Glutaredoxins employ parallel monothiol-dithiol mechanisms to catalyze
thiol-disulfide exchanges with protein disulfides. Chem. Sci. 2017, 9, 1173-1183. [CrossRef] [PubMed]

Gonzalez, R.; Lopez-Grueso, M.].; Muntané, J.; Barcena, J.A.; Padilla, C.A. Redox regulation of metabolic and signaling pathways
by thioredoxin and glutaredoxin in NOS-3 overexpressing hepatoblastoma cells. Redox Biol. 2015, 6, 122-134. [CrossRef]
Inadomi, C.; Murata, H.; Ihara, Y.; Goto, S.; Urata, Y.; Yodoi, ].; Kondo, T.; Sumikawa, K. Overexpression of glutaredoxin protects
cardiomyocytes against nitric oxide-induced apoptosis with suppressing the S-nitrosylation of proteins and nuclear translocation
of GAPDH. Biochem. Biophys. Res. Commun. 2012, 425, 656-661. [CrossRef]

Lundberg, M.; Fernandes, A.P.; Kumar, S.; Holmgren, A. Cellular and plasma levels of human glutaredoxin 1 and 2 detected by
sensitive ELISA systems. Biochem. Biophys. Res. Commun. 2004, 319, 801-809. [CrossRef]

86



Molecules 2023, 28, 1447 20 of 22

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.
194.

195.

196.

Lundberg, M.; Johansson, C.; Chandra, J.; Enoksson, M.; Jacobsson, G.; Ljung, J.; Johansson, M.; Holmgren, A. Cloning and
expression of a novel human glutaredoxin (Grx2) with mitochondrial and nuclear isoforms. J. Biol. Chem. 2001, 276, 26269-26275.
[CrossRef]

Johansson, C.; Lillig, C.H.; Holmgren, A. Human mitochondrial glutaredoxin reduces S-glutathionylated proteins with high
affinity accepting electrons from either glutathione or thioredoxin reductase. J. Biol. Chem. 2004, 279, 7537-7543. [CrossRef]
Hashemy, S.I.; Johansson, C.; Berndt, C.; Lillig, C.H.; Holmgren, A. Oxidation and S-nitrosylation of cysteines in human cytosolic
and mitochondrial glutaredoxins: Effects on structure and activity. J. Biol. Chem. 2007, 282, 14428-14436. [CrossRef]

Wu, H,; Xing, K.; Lou, M.E. Glutaredoxin 2 prevents H202-induced cell apoptosis by protecting complex I activity in the
mitochondria. Biochim. Biophys. Acta Bioenerg. 2010, 1797, 1705-1715. [CrossRef] [PubMed]

Ferri, A.; Fiorenzo, P.; Nencini, M.; Cozzolino, M.; Pesaresi, M.G.; Valle, C.; Sepe, S.; Moreno, S.; Carri, M.T. Glutaredoxin 2
prevents aggregation of mutant SOD1 in mitochondria and abolishes its toxicity. Hum. Mol. Genet. 2010, 19, 4529-4542. [CrossRef]
Rhee, S.G.; Woo, H.A. Multiple functions of peroxiredoxins: Peroxidases, sensors and regulators of the intracellular messenger
H,0,, and protein chaperones. Antioxid. Redox Signal. 2011, 15, 781-794. [CrossRef] [PubMed]

Georgiou, G.; Masip, L. Biochemistry. An overoxidation journey with a return ticket. Science 2003, 300, 592-594. [CrossRef]
[PubMed]

Bryk, R.; Griffin, P; Nathan, C. Peroxynitrite reductase activity of bacterial peroxiredoxins. Nature 2000, 407, 211-215. [CrossRef]
[PubMed]

Rhee, S.G.; Woo, H.A; Kil, I.S.; Bae, S.H. Peroxiredoxin functions as a peroxidase and a regulator and sensor of local peroxides. J.
Biol. Chem. 2012, 287, 4403-4410. [CrossRef]

Wood, Z.A.; Schréder, E.; Robin Harris, J.; Poole, L.B. Structure, mechanism and regulation of peroxiredoxins. Trends Biochem. Sci.
2003, 28, 32-40. [CrossRef]

Nadeem, M.S.; Khan, J.A.; Murtaza, B.N.; Muhammad, K.; Rauf, A. Purification and properties of liver catalase from water
buffalo (Bubalus bubalis). South Asian ]. Life Sci. 2015, 3, 51-55. [CrossRef]

Rhee, S.G.; Woo, H.A. Multiple functions of 2-Cys peroxiredoxins, I and II, and their regulations via posttranslational modifications.
Free Radic. Biol. Med. 2020, 152, 107-115. [CrossRef]

Randall, L.; Manta, B.; Nelson, K.J.; Santos, J.; Poole, L.B.; Denicola, A. Structural changes upon peroxynitrite-mediated nitration
of peroxiredoxin 2; nitrated Prx2 resembles its disulfide-oxidized form. Arch. Biochem. Biophys. 2016, 590, 101-108. [CrossRef]
Nelson, K.J.; Perkins, A.; Van Swearingen, A.E.D.; Hartman, S.; Brereton, A.E.; Parsonage, D.; Salsbury, ER., Jr.; Karplus, P.A,;
Poole, L.B. Experimentally dissecting the origins of peroxiredoxin catalysis. Antioxid. Redox Signal. 2018, 28, 521-536. [CrossRef]
[PubMed]

Boldug, J.; Koruza, K.; Luo, T.; Malo Pueyo, J.; Nghia Vo, T.; Ezerina, D.; Messens, ]. Peroxiredoxins wear many hats: Factors that
fashion their peroxide sensing personalities. Redox Biol. 2021, 42, 101959.

Monteiro, G.; Horta, B.B.; Pimenta, D.C.; Augusto, O.; Netto, L.E. Reduction of 1-Cys peroxiredoxins by ascorbate changes the
thiol-specific antioxidant paradigm, revealing another function of vitamin C. Proc. Natl. Acad. Sci. USA 2007, 104, 4886—4891.
[CrossRef] [PubMed]

Phillips, AJ.; Littlejohn, J.; Yewdall, N.A.; Zhu, T.; Valéry, C.; Pearce, EG.; Mitra, A K.; Radjainia, M.; Gerrard, J.A. Peroxiredoxin
is a Versatile Self-Assembling Tecton for Protein Nanotechnology. Biomacromolecules 2014, 15, 1871-1881. [CrossRef] [PubMed]
Kim, Y,; Jang, H.H. Role of Cytosolic 2-Cys Prx1 and Prx2 in Redox Signaling. Antioxidants 2019, 8, 169. [CrossRef]

Phalen, T.J.; Weirather, K.; Deming, P.B.; Anathy, V.; Howe, A.K.; van der Vliet, A.; Jonsson, TJ.; Poole, L.B.; Heintz, N.H.
Oxidation state governs structural transitions in peroxiredoxin II that correlate with cell cycle arrest and recovery. J. Cell Biol.
2006, 175, 779-789. [CrossRef]

Saccoccia, F.; Di Micco, P.; Boumis, G.; Brunori, M.; Koutris, I.; Miele, A.E.; Morea, V.; Sriratana, P.; Williams, D.L.; Bellelli, A.;
et al. Moonlighting by different stressors: Crystal structure of the chaperone species of a 2-Cys peroxiredoxin. Structure 2012, 20,
429-439. [CrossRef]

Rhee, S.G.; Chae, H.Z.; Kim, K. Peroxiredoxins: A historical overview and speculative preview of novel mechanisms and
emerging concepts in cell signaling. Free Radic. Biol. Med. 2005, 38, 1543-1552. [CrossRef]

Manevich, Y.; Feinstein, S.I; Fisher, A.B. Activation of the antioxidant enzyme 1-CYS peroxiredoxin requires glutathionylation
mediated by heterodimerization with pi GST. Proc. Natl. Acad. Sci. USA 2004, 101, 3780-3785. [CrossRef]

Schremmer, B.; Manevich, Y.; Feinstein, S.I; Fisher, A.B. Peroxiredoxins in the lung with emphasis on peroxiredoxin VI. Subcell.
Biochem. 2007, 44, 317-344.

Poole, L.B.; Nelson, K.J. Distribution and features of the six classes of peroxiredoxins. Mol. Cells 2016, 39, 53-59. [PubMed]
Aniya, Y.; Imaizumi, N. Mitochondrial glutathione transferases involving a new function for membrane permeability transition
pore regulation. Drug Metab. Rev. 2011, 43, 292-299. [CrossRef] [PubMed]

Kural, C.; Kocdogan, A K; Simsek, G.G.; Oguztuzun, S.; Kaygn, P; Yilmaz, I.; Bayram, T.; Izci, Y. Glutathione S-transferases and
cytochrome P450 enzyme expression in patients with intracranial tumors: Preliminary report of 55 patients. Med. Princ. Pract.
2018, 28, 56-62. [CrossRef] [PubMed]

Raza, H. Dual localization of glutathione S-transferase in the cytosol and mitochondria: Implications in oxidative stress, toxicity
and disease. FEBS |. 2011, 278, 4243-4251. [CrossRef]

87



Molecules 2023, 28, 1447 21 0f22

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.
216.

217.

218.

219.

220.

221.

222.

223.

224.

Hayes, ].D.; Strange, R.C. Glutathione S-transferase polymorphisms and their biological consequences. Pharmacology 2000, 61,
154-166. [CrossRef]

Hayes, ].D.; Flanagan, ].U.; Jowsey, LR. Glutathione transferases. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 51-88. [CrossRef]
Chatterjee, A.; Gupta, S. The multifaceted role of glutathione S-transferases in cancer. Cancer Lett. 2018, 433, 33-42. [CrossRef]
Townsend, D.; Tew, K. The role of glutathione-S-transferase in anti-cancer drug resistance. Oncogene 2003, 22, 7369-7375.
[CrossRef]

Pacifici, G.; Franchi, M.; Bencini, C.; Repetti, F.; Di Lascio, N.; Muraro, G. Tissue distribution of drug-metabolizing enzymes in
humans. Xenobiotica 1988, 18, 849-856. [CrossRef]

Oakley, A. Glutathione transferases: A structural perspective. Drug Metab. Rev. 2011, 43, 138-151. [CrossRef]

Ladner, J.E; Parsons, ].E; Rife, C.L.; Gilliland, G.L.; Armstrong, R.N. Parallel evolutionary pathways for glutathione transferases:
Structure and mechanism of the mitochon-drial class kappa enzyme rGSTK1-1. Biochemistry 2004, 43, 352-361. [CrossRef]
[PubMed]

Li, J.; Xia, Z.; Ding, J. Thioredoxin-like domain of human kappa class glutathione transferase reveals sequence homology and
structure similarity to the theta class enzyme. Protein Sci. 2005, 14, 2361-2369. [CrossRef] [PubMed]

Nathaniel, C.; Wallace, L.A.; Burke, J.; Dirr, H.W. The role of an evolutionarily conserved cis-proline in the thioredoxin-like
domain of human class Alpha glutathione transferase A1-1. Biochem. ]. 2003, 372, 241-246. [CrossRef] [PubMed]

Atkinson, H.].; Babbitt, P.C. Glutathione transferases are structural and functional outliers in the thioredoxin fold. Biochemistry
2009, 48, 11108-11116. [CrossRef]

Stenberg, G.; Board, P.G.; Mannervik, B. Mutation of an evolutionarily conserved tyrosine residue in the active-site of a human
class alpha-glutathione transferase. FEBS Lett. 1991, 293, 153-155. [CrossRef]

Board, P.G.; Coggan, M.; Chelvanayagam, G.; Easteal, S.; Jermiin, L.S.; Schulte, G.K.; Danley, D.E.; Hoth, L.R.; Griffor, M.C.;
Kamath, A.V;; et al. Identification, characterization, and crystal structure of the omega class glutathione transferases. J. Biol. Chem.
2000, 275, 24798-24806. [CrossRef]

Mannervik, B.; Board, P.G.; Hayes, ].D.; Listowsky, I.; Pearson, W.R. Nomenclature for mammalian soluble glutathione transferases.
Methods Enzymol. 2005, 401, 1-8.

Hayes, ].D.; Pulford, D.]. The glutathione S-transferase gene family: Regulation of GST and the contribution of the isoenzymes to
cancer chemoprotection and drug resistance. Crit. Rev. Biochem. Mol. Biol. 1995, 30, 445-600.

Fernandez-Canén, ].M.; Penalva, M.A. Characterization of a fungal maleylacetoacetate isomerase gene and identification of its
human homologue. J. Biol. Chem. 1998, 273, 329-337. [CrossRef]

Yang, Y.; Sharma, R.; Zimniak, P.; Awasthi, Y.C. Role of « class glutathione S-transferases as antioxidant enzymes in rodent tissues.
Toxicol. Appl. Pharmacol. 2002, 182, 105-115. [CrossRef]

Yang, J.Y.; Sharma, R.; Sharma, A.; Awasthi, S.; Awasthi, Y.C. Lipid peroxidation and cell cycle signaling: 4-hydroxynonenal, a
key molecule in stress mediated signaling. Acta Biochim. Pol. 2003, 50, 319-336. [CrossRef]

Johansson, A.S.; Mannervik, B. Human glutathione transferase A3-3, a highly efficient catalyst of double-bond isomerization in
the biosynthetic pathway of steroid hormones. J. Biol. Chem. 2001, 276, 33061-33065. [CrossRef]

Flanagan, ].U.; Smythe, M.L. Sigma-class glutathione transferases. Drug Metab. Rev. 2011, 43, 194-214. [CrossRef]

Kanaoka, Y.; Ago, H.; Inagaki, E.; Nanayama, T.; Miyano, M.; Kikuno, R.; Fujii, Y.; Eguchi, N.; Toh, H.; Urade, Y.; et al. Cloning
and crystal structure of hematopoietic prostaglandin D synthase. Cell 1997, 90, 1085-1095. [CrossRef]

Welsch, D.J.; Creely, D.P; Hauser, S.D.; Mathis, K.J.; Krivi, G.G.; Isakson, P.C. Molecular cloning and expression of human
leukotriene-C4 synthase. Proc. Natl. Acad. Sci. USA 1994, 91, 9745-9749. [CrossRef]

Campbell, E.; Takahashi, Y.; Abramovitz, M.; Peretz, M.; Listowsky, I. A distinct human testis and brain mu-class glutathione
S-transferase. Molecular cloning and characterization of a form present even in individuals lacking hepatic type mu isoenzymes.
J Biol Chem. 1990, 265, 9188-9193. [CrossRef] [PubMed]

Dulhunty, A.; Gage, P; Curtis, S.; Chelvanayagam, G.; Board, P. The glutathione structural family includes a nuclear chloride
channel and a ryanodine receptor calcium release channel modulator. J. Biol. Chem. 2001, 276, 3319-3323. [CrossRef]

Harrop, S.J.; DeMaere, M.Z.; Fairlie, W.D.; Reztsova, T.; Valenzuela, S.M.; Mazzanti, M.; Tonini, R.; Qiu, M.R.; Jankova, L.; Warton,
K.; et al. Crystal structure of a soluble form of the intracellular chloride ion channel CLIC1 (NCC27) at 1.4-A resolution. J. Biol
Chem. 2001, 276, 44993-45000. [CrossRef] [PubMed]

Wilce, M.C.; Parker, M.W. Structure and function of glutathione S-transferases. Biochim. Biophys. Acta 1994, 1205, 1-18. [CrossRef]
[PubMed]

Menon, D.; Board, P.G. A role for glutathione transferase Omega 1 (GSTO1-1) in the glutathionylation cycle. J. Biol. Chem. 2013,
288, 25769-25779. [CrossRef]

Board, P.G.; Anders, M.W. Glutathione transferase omega 1 catalyzes the reduction of S-(phenacyl)glutathiones to acetophenones.
Chem. Res. Toxicol. 2007, 20, 149-154. [CrossRef]

Schmuck, EM.; Bard, P.G.; Whibread, A K.; Tetlow, N.; Cavanaugh, J.A.; Blackburn, A.C.; Masoumi, A. Characterization of
the monomethylarsonate reductase and dehydroascorbate reductase activities of omega class glutathione transferase variants.
Implications for arsenic metabolism and the age-at-onset of Alzheimer’s and Parkinson’s diseases. Pharmacogenet. Genom. 2005,
15, 493-501. [CrossRef]

88



Molecules 2023, 28, 1447 22 0f 22

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.
235.

236.

237.

238.

239.

Dong, S.; Sha, H.; Xu, X.; Hu, T,; Lou, R.; Li, H.; Wu, ].; Dan, C.; Feng, J. Glutathione S-transferase m: A potential role in antitumor
therapy. Drug Des. Dev. Ther. 2018, 12, 3535-3547. [CrossRef]

Townsend, D.M.; Findlay, V.L.; Tew, K.D. Glutathione S-transferases as regulators of kinase pathways and anticancer drug targets.
Methods Enzymol. 2005, 401, 287-307.

Antognelli, C.; Ferri, I; Bellezza, G.; Siccu, P.; Love, H.D.; Talesa, V.N.; Sidoni, A. Glyoxalase 2 drives tumorigenesis in human
prostate cells in a mechanism involving androgen receptor and p53-p21 axis. Mol. Carcinog. 2017, 56, 2112-2126. [CrossRef]
Sousa Silva, M.; Gomes, R.A ; Ferreira, A.E.; Ponces Freire, A.; Cordeiro, C. The glyoxalase pathway: The first hundred years . ..
and beyond. Biochem. ]. 2013, 453, 1-15. [CrossRef]

Rabbani, N.; Xue, M.; Thornalley, PJ. Dicarbonyls and glyoxalase in disease mechanisms and clinical therapeutics. Glycocon;. J.
2016, 33, 513-525. [CrossRef]

Ellis, K.J. Human body composition: In vivo methods. Physiol. Rev. 2000, 80, 649-680.

Thornalley, PJ.; Waris, S.; Fleming, T.; Santarius, T.; Larkin, S.J.; Winklhofer-Roob, B.M.; Stratton, M.R.; Rabbani, N. Imidazopuri-
nones are markers of physiological genomic damage linked to DNA instability and glyoxalase 1-associated tumour multidrug
resistance. Nucleic Acids Res. 2010, 38, 5432-5442. [CrossRef]

He, Y.; Zhou, C.; Huang, M.; Tang, C.; Liu, X;; Yue, Y.; Diao, Q.; Zheng, Z.; Liu, D. Glyoxalase system: A systematic review of its
biological activity, related-diseases, screening methods and small molecule regulators. Biomed. Pharmacother. 2020, 131, 110663.
[CrossRef]

Sarker, M.K,; Lee, ].H.; Lee, D.H.; Chun, K.H.; Jun, H.S. Attenuation of diabetic kidney injury in DPP4-deficient rats; role of GLP-1
on the suppression of AGE formation by inducing glyoxalase 1. Aging 2020, 12, 593-610. [PubMed]

Thornalley, PJ. The glyoxalase system in health and disease. Mol. Asp. Med. 1993, 14, 287-371.

Birkenmeier, G.; Stegemann, C.; Hoffmann, R.; Gunther, R.; Huse, K.; Birkemeyer, C. Posttranslational modification of human
glyoxalase 1 indicates redox-dependent regulation. PLoS ONE 2010, 5, e10399.

Limphong, P; Nimako, G.; Thomas, PW.; Fast, W.; Makaroff, C.A.; Crowde, M.W. Arabidopsis thaliana mitochondrial glyoxalase
2-1 exhibits beta-lactamase activity. Biochemistry 2009, 48, 8491-8493. [PubMed]

Wendler, A ; Irsch, T.; Rabbani, N.; Thornalley, PJ.; Krauth-Siegel, R.L. Glyoxalase II does not support methylglyoxal detoxification
but serves as a general trypanothione thioesterase in African trypanosomes. Mol. Biochem. Parasitol. 2009, 163, 19-27. [PubMed]
Hara, T.; Toyoshima, M.; Hisano, Y.; Balan, S.; Iwayama, Y.; Aono, H.; Fatamura, Y.; Osada, H.; Owada, Y.; Yoshikawa, T.
Glyoxalase I disruption and external carbonyl stress impair mitochondrial function in human induced pluripotent stem cells and
derived neurons. Transl. Psychiatry 2021, 11, 275.

Xue, M.; Shafie, A.; Qaiser, T.; Rajpoot, N.M.; Kaltsas, G.; James, S.; Gopalakrishnan, K ; Fisk, A.; Dimitriadis, G.K.; Grammatopou-
los, D.K;; et al. Glyoxalase 1 copy number variation in patients with well differentiated gastro-entero-pancreatic neuroendocrine
tumours (GEP-NET). Oncotarget 2017, 8, 76961-76973. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

&9



5 OXIDACNY STRES A OPIOIDY

Viaceré Studie poukazujii na koreldciu medzi vznikom oxida¢ného stresu a jeho
naslednymi komplikdciami v stvislosti s lieCbou opioidmi. Najviac podozrivym lieCivom s
tymto vedlajsim ucinkom sa javi byt morfin. Tento efekt je pravdepodobny aj pri
semisyntetickych molekulach odvodenych od morfinu, ktoré sa pri odburavani v organizme
menia na morfin alebo jeho metabolity. Stidie inych opioidov zamerané sa nadmernii
produkciu vol'nych radikdlov doposial’ neboli uskuto¢nené v dostato¢nom rozsahu.

V zasade genéza tvorby reaktivnych foriem kyslika a dusika v spojitosti s dlhodobym
uzivanim morfinu méze prebiehat’ dvoma moznymi biochemickymi cestami. Su to reakcie,
ktoré nasleduju po aktivacii enzymu NO-syntazy alebo po aktivécii enzymu fosfolypazy D2.

Tieto cesty moZu v organizme prebiehat’ siCasne (40).

Morphine
L 4
ORs
/ \a,
NOS LD, |
! '
NO cat |

ONOO™ (peroxinitrite }| 2

MnSOD | 0,

Obrazok ¢.5: Vztah medzi morfinom a tvorbou volnych radikalov. Diagram schematicky
znazornuje predpokladané drahy, ktorymi mdézu opioidné receptory aktivované morfinom
indukovat’ oxidacny stres v cielovych bunkéch. Skratky: ORs - Opioidné receptory, ONOO-
- peroxynitrit (peroxynitritovy anion), PLD2 - foslfolipaza D2, MnSOD - Superoxiddizmutaza
(Mn-kofaktor) (Zdroj: spracované podl’a Skrabalova, 2013).
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Stadie, ktoré skumali problematiku kratkodobého a dlhodobého pdsobenia morfinu
poukazuju na signifikantny pokles hladin glutationu v mozgovom tkanive a v peceni
hlodavcov, ako aj v mozgovom tkanive l'udi. Zaroven bolo zistené, ze chronickd liecba
morfinom viedla k zniZeniu aktivit antioxidacnych enzymov superoxiddizmutazy, katalazy,
glutation peroxidazy a d’alSich enzymov zahrnutych do antioxida¢nej obrany (40, 41).

Na oslabeni antioxidacnej aktivity u jedincov zat'azenych opioidmi sa podiel’a vel'a d’alSich
vnutornych, ako aj vonkajsich faktorov. Tento efekt zavisi od doby trvania lieCby, mnozstva
podavaného morfinu, od moznych interakcii s inymi lie¢ivami, ako aj od zmien v metabolizme
pri roznych ochoreniach. Vo vSeobecnosti sa nadmerna tvorba reaktivnych foriem kyslika a
dusika a sucasne ich zniZend eliminacia antioxida¢nymi molekulami, spija so vznikom
oxida¢ného stresu (42). Tento efekt bol zaznamenany v réznych predklinickych a klinickych

Studiach, a to pri kratkodobom ako aj dlhodobom podavani morfinu.
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Obrazok ¢€.6: Vplyv morfinu na rozlicné endogénne procesy. ORs - Opioidné receptory,
ONOO- peroxynitrit (peroxynitritovy anion), PLD2 - fosfolipdiza D2, MnSOD -
Superoxiddizmutaza (Mn-kofaktor), VEGF - Vascular endothelial growth factor (rastovy
faktor cievneho endotelu), EGF - Epidermal growth factor (rastovy faktor epidermy), NK - c-
Jun N-terminal kinase, MMPs - matrixové metaloproteinazy, BAX - Bcl-2-like protein 4, BIM
- Bcl-2-like protein 11, BCL2 - B-cell lymphoma 2, FAS - Fas receptor (Zdroj: Gach, 2011).
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Stidia sledujuca oxidaéné poskodenie ciev preukazala tvorbu reaktivnych foriem kyslika po
dlhodobom podévani morfinu v endotelovych bunkéch laboratérnych zvierat. Tento efekt bol
neskor preukazany aj na endotelovych bunkach l'udi. Vysvetlenim tohto javu moze byt
znizend koncentracia oxidu dusnatého, zhorSend vazodilatacia, ako aj nasledny rozvoj
ateroskler6zy (43). Vplyvom posobenia morfinu bolo zaznamenané zvySenie koncentracie
peroxidu vodika v prefrontdlnom kortexe a v striatum potkanov. Zaroven boli v hipokampe a
v peceni namerané zvySené koncentracie produktov lipidovej peroxidacie (44).
Zvysena tvorba vol'nych kyslikovych radikalov, a to najméa superoxidu, bola preukézana aj v
tkanivovych makrofagoch. Naproti tomu vysledky experimentalnych Studii sledujicich
bunkové linie 'udského neuroblastomu SH-SYS5Y po podavani morfinu nepreukdzali jeho
prooxidativny efekt a ani urychlenie apoptdzy tychto buniek. Tento dokaz méze svedcCit’ pre
zvysent rezistenciu nadorového tkaniva voci tvorbe radikalov a naslednému poskodeniu (45).
Dolezitou reaktivnou molekulou zapojenou do oxidacnych procesov iniciovanych
morfinom je peroxynitrit, ktory sa tvori v reakcii superoxidového anionového radikalu s
oxidom dusnatym. Tieto molekuly slizia ako signalne molekuly nielen pri rozvoji oxida¢ného
stresu, ale su zdroven zahrnuté do patogenézy vzniku hyperalgézie ako aj opiatovej tolerancie.
Tieto zistenia boli potvrdené pri inhibicii syntézy NO a superoxidu (46).
Medzi hlavné enzymy, ktorych aktivitou sa tvoria NO a superoxid st syntaza oxidu dusnatého
a enzymy rodiny NOX (NADPH-oxidazy). Znizenie tvorby radikdlov vedie k zniZeniu
pravdepodobnosti vytvorenia morfinom indukovanej antinociceptivne;j tolerancie. Tento efekt
bol dokazany na geneticky modifikovanych laboratérnych mysiach s deficienciou NOS, u
ktorych po dlhodobom podavani morfinu nedoslo k rozvoju morfinom indukovanej
antinociceptivnej tolerancie. Morfinom indukovand aktivacia NADPH oxidazy, ktora
nasledne katalyzuje tvorbu superoxidu a aktivuje makrofagy, je jednym z viacerych prikladov
prepojenia u¢inku morfinu a jeho vplyvu na imunitny systém. Rovnako dolezité su
neuroimunitné procesy aktivované zvySenou produkciou prozapalovych cytokinov (TNF-a,
IL-1B, IL6). Tato signalna interakcia je sprostredkovand cez p-opioidny receptor, ¢im
nasledne dochadza ku aktivacii fosfolipazy D a k néslednej kaskade biochemickych dejov,
ktoré vedi k zvySeniu intracelularneho Ca*". Pri zvySenom poddvani morfinu bola zistend
zvySend expresia nikotinamidadenindinukleotidfosfat (NMDA) receptorov. Tento jav v
klinickej praxi mdze prispievat k vytvoreniu morfinovej zavislosti a tolerancie. K znizeniu

glukuronidacie morfinu enzymom UDP-glukuronozyltransferazou (UGT), moze prispiet
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obmedzeny metabolizmus glukézy vplyvom morfinu ako aj samotné ochorenie. Tato
metabolizdcia prebieha v peceni. Je vSak nutné podotknut, ze UGT maé viaceré genetické

polymorfizmy, ktoré vykazuji réznu aktivitu (47).

MORPHINE

UGT28B7 UGT2B7
10% 57%
S ym (\ﬁ E
HO o OH

g =

(+]

Morphine - 6- glucuronide Morphine - 3- glucuronide

Obrazok ¢.7: Metabolickéd degradacia morfinu (Zdroj: De Gregori 2012).

Niektoré studie potvrdili, Ze opiaty ovplyviiujii metabolizmus glukézy a hladiny horménov
regulujucich glukézu (48). Napriklad pri nddorovych ochoreniach sa kyselina glukurénova
tvori v peceni viac z glykogénu alebo aj z glykogénnych aminokyselin nez z gluk6zy. Preto
latky, ktoré maju byt metabolizované UGT sposobuju pokles glykogénu. V stadii Favaro a
kol. dokazali, ze pri nddorovych ochoreniach nedochédza k mobilizacii glykogénu (49).
Bezprostredne z uvedeného moze vyplyvat’ niekol'ko skuto¢nosti, ktoré vyznamne zasahuju a
menia charakter redoxnych procesov:

1. Obmedzena aktivita UGT kvoli nedostatku kyseliny glukurénovej a s tym aj metabolizmus
podavanych lieciv.

2. Ovplyvnenie redoxného stavu obmedzenim najvacsieho zdroja tvorby NADPH v bunke —
pentozafosfatového cyklu ato: glukdza-6-fosfatdehydrogenazy (G6PDH). Je zname, Ze
podavanie morfinu vedie k deaktivacii G6PDH. Dochéadza k tomu vytvaranim konjugatov

morfin-G6PDH (50). Prave preto sa tento druhy bod zda byt zdvaznejsi nez nedostatok kys.
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glukurénovej, ¢i predtym spominand alteracia aktivity polymorfnych foriem UGT, pretoze

morfin méze byt’ metabolizovany alternativne a to dvojako:

A)

morfin + NADP* morfin dehydrogeniza N ADPH + morfinén

morfinén + NADH e » NAD"+ hydromorfon

hydromorfon + NADPH —otfinon dehydrogendza - NJADP* + dihydromorfon

NADPH je pritom vyzadované pre aktivitu:

1. NADPH-oxidadz, avSak nakolko je ich aktivita vyrazna najmi u buniek imunitného
systétmu a tie vyuzivaju k jeho tvorbe glutamin, nepredpokladame preto obmedzenie
produkcie superoxidu.

2. syntazy oxidu dusnatého (NOS). Dostatok kofaktorov a substratov znacne ovplyviiuje
aktivitu vSetkych troch izoforiem NOS. V pripade nedostatku NADPH, tetrahydrobiopterinu,
€1 aj substratu argininu (alebo dokonca aj jeho chybaniu) dochadza k tzv. odpojeniu aktivity
NOS, pri¢om sa tvori sucasne NO aj superoxid, ktoré reaguji za vzniku peroxynitritu (51).
Pterin posobi ako Gi¢inny vychytavae O, ¢im predchadza rychlej reakcii O** s NO a tvorbe
ONO? a uvol'fiuje ho vo forme H>0,. Jedine v pripade nedostatku hemu NOS nie st schopné
viazat’ tetrahydrobiopterin a nekatalyzuji tvorbu NO (52).

3. Glutationreduktazy, ktorej ucinkom dochadza prostrednictvom NADPH k spétnej
redukcii oxidovaného glutationu (GSSG) na redukovany (GSH).

B) cytochromami:

Morfin, oxymorfin aj hydromorfén mézu byt metabolizované N-demetylaciou enzymami
cytochromu P450 (CYP3A4 a CYP2CS). Tento reakény mechanizmus je taktiez zavisly na
NADPH. Z neho prebera elektrony na vytvorenie redukovaného hemu. Redukovany hem
umozni naviazanie O2 a oxidaciu substratu vlozenim jedného kyslika do substratu a druhého

do molekuly vody. Reakciu je mozné znazornit’ takto:

P450red + RH+ O — P4500x + ROH + H,O
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Perferylovy komplex [Fe’* = O]*', ktory sa tvori na heme prijatim elektronu je schopny
namiesto OH skupiny naviazat’ iba H ¢im sa tvoria aj alkylové radikély. Radikaly poskodzuju
bunkové Struktiry reakciami s proteinmi za vzniku stabilnych adduktov. Okrem toho sa ich
aktivitou ako vedl'ajsi produkt méze tvorit’ singletovy kyslik, vramci reakceii st v§ak schopné
redukovat’ molekularny kyslik na superoxid a/alebo H,O; (5). Vyrazny vplyv tu zohrava aj
unikatna vlastnost’ enzymu syntazy oxidu dusnatého (NOS). Enzym je podobny cytochroému
P450 a katalyzuje iné oxidacné metabolické reakcie, v ktorych sa taktiez tvoria radikalové
intermediaty. Mechanizmus oxidacie latok je mozné vysvetlit mechanizmom cytochromu
P450. Cytochrom P450[Fe>* = O]*" odtrhnutim vodika zo substratu vytvori cytochrom
P450[Fe** - OHJ]’" a zodpovedajiici radikal (53). Skutoénost, ze NOS metabolizuje a
ovplyviluje Gt¢innost’ a toleranciu k morfinu naznacuju aj niektoré Stadie, napriklad uz
dostatkom argininu (54). Dalgie $tudie poukazali na antinociceptivny G¢inok morfinu, ktory
bol zaznamenany pri aplikacii L-argininu. Naproti tomu podavanie D-argininu tento efekt
nemalo. Co jednoznaéne naznacuje vyrazny vplyv NOS na metabolizmus a t&innost’ morfinu,
ako aj tvorbu reaktivnych Castic, nakol’ko NOS mé obmedzent substratovu Specificitu a k

syntéze NO nedokéaze D-arginin vyuzit' (53, 55).

5.1 Studia Opioid-Redox Study

Viaceré¢ dokazy z experimentalnych stadii, ako aj vysledky niektorych klinickych
Studii poukazuju na ulohu opioidov pri vzniku oxidacného stresu. Tento jav sa rovnako
predpokladé u pacientov s chronickou bolest'ou, odkédzanych na dlhodobé uzivanie silnych
opioidov, ktoré su pilierom lie¢by neuropatickej bolesti. Stidie v tejto skupine pacientov
absentuju a to najmé pre vysoko komplexna problematiku spojent s polymorbiditou danych
pacientov s réznymi pridruzenymi ochoreniami, odli$nou dizkou lie¢by analgetikami,
individudlnym déavkovanim analgetik, ako aj liekovymi interakciami, farmakokinetikou
a farmakodynamikou celého spektra lieciv, ktoré pacienti uzivaju.
Z dovodu nejasnych dokazov o intenzite oxidacného stresu u pacientov s chronickou bolest'ou
lieCenych opioidmi pre silna bolest naS lekarsko-vedecky tim realizuje prospektivnu
observacnil multicentrickl klinicku $tadiu pod ndzvom Opioid-Redox Study. Tento projekt
je realizovany v spolupraci s Algeziologickou klinikou SZU Fakultnej nemocnice s

poliklinikou F. D. Roosevelta v Banskej Bystrici, Ambulanciou bolesti Algmed v KoSiciach,

95



Ustavom lekarskej biochémie Univerzity Pavla Jozefa Safarika v Kogiciach a
Vychodoslovenskym tstavom srdcovych a cievnych chordb a.s. v KoSiciach.

Stidia bola zaregistrovanad v medzinirodnej databaze klinickych $tudii ,.clinicaltrials.gov*
pod registranym c¢islom NCT03105232. Cielom Studie je monitorovat’ klinicky stav
pacientov, zmeny aktivit antioxidacnych enzymov a redoxnych kapacit po zacati liecby
opioidmi pre silnu bolest’, ako aj v priebehu ich uzivania.

Tento projekt aktualne prebiecha vo fadze naboru pacientov do klinickej Stadie. Po splneni

inklaznych kritérii a zaradeni do Studie st pacienti rozdeleni do 4 skupin:

Chronicka bolest’

Morfin, Hydromorfon, ;
oxyy;(odfm Buprenorfin Fentanyl Tapentadol

Obrazok €.8: Flow diagram klinickej stidie Opioid-Redox Study.

Hodnotia sa nepriame markery oxida¢ného stresu, medzi ktoré patria: aktivita glutation
peroxidazy, glutation reduktizy, kataldzy, superoxiddizmutdzy a plazmatickych hladin
glutationu. Monitorované su klinické parametre ako doterajsia spotreba analgetik, vySetrenie
zamerané na typ bolesti (nociceptivna vs. neuropaticka) hodnotenim senzitivnych dotaznikov
PainDetect, DN4, a LANSS Pain skaly. Jednotlivé merania sa realizuju v intervaloch: pred
zacatim uzivania opidtov, po 6 mesiacoch a po 12 mesiacoch danej opidtovej lieCby.
Niektoré S$tadie zaoberajlice sa problematikou dlhodobého uZivania opidtovych
analgetik a néaslednymi zmenami oxidacno-redukcénych dejov, poukazali na nizSiu Groven
neziaducich oxida¢nych ucinkov morfinu v porovnani s ekvivalentnymi davkami inych
opioidov (47, 56).
Pilotné vysledky Stidie Opioid-Redox Study poukazuji na rovnaku intenzitu prebiehajucich
antioxida¢nych reakcii u vSetkych skupin pacientov, ktori st na dlhodobej opidtovej liecbe.
Bol zaznamenany signifikantny vzostup plazmatickej aktivity enzymov - glutation
peroxidazy, glutation reduktazy a signifikantné zvySenie plazmatickej koncentracie
glutationu. Zarovent doslo u tychto sledovanych skupin k signifikantnému poklesu aktivit

superoxid dizmutazy, v porovnani s kontrolnou skupinou zdravych jedincov, ¢o poukazuje na
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zvysenu uroven prebiehajucich antioxida¢nych reakcii u pacientov s chronickou bolestou po
6 mesiacoch na opiatovej liecbe. Tieto idaje naznacujii moznu pritomnost’ oxida¢ného stresu

v opiatovej skupine.

DoterajSie zavery tejto prace boli prezentované na medzindrodnej konferencii:

o Simonovad J, Vaskova J, Ogurcéikova D, Koéan L. Martuliak I, Rapéan R, Simon R.
Antioxidant capacities of patients with chronic pain after strong opioid treatment. Pain in

Europe XI Valencia, European Pain Federation EFIC 2019.

Prace stvisiace s problematikou vplyvu opiatov na rozvoj oxidacného stresu boli publikované

v recenzovanych medicinskych ¢asopisoch a ¢asopisoch WOS:

e Qgurcakova D, Ko¢an L, Simonova J, Martuliak I, Sabol F, Vaskovd Janka. Oxidative
Stress in patients receiving long-term opioid therapy. Laboratorna diagnostika:

recenzovany casopis pre pracovnikov diagnostickych laboratorii. ISSN 1335-2644. - Roc.
24, ¢.1(2019), 5. 57-61.

o Kocan L, Martuliak I, Ogurcakova D, Vaskova J, Kocanova H. Oxidacny stres u pacientov
dlhodobo liecenych opiatmi. Paliativnha medicina a liecba bolesti. - ISSN 1337-9917. - Roc.
8, supl. 2 (2015), s. 23.

e Qgurcakova D, Kocan L, Simonovd J, Martuliak I, Sabol F, Vaskova Janka. Plasma
antioxidant status in patients undergoing long-term opioid treatment. Medical Science.
ISSN  2321-7367. - Ro¢. 26, ¢ 124 (2022). s I-7. DOI:
10.54905/disssi/v26i124/ms217e2319.
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ABSTRACT

Background: Opioid treatment is now an integral part of pharmacotherapy for
severe chronic malignant and non-malignant pain. Currently, there is a
sufficient selection of opioids to allow individualized pain treatment. Several
experimental studies have confirmed the effect of opioids on oxidative stress.
The aim of this work is to determine the presence of redox changes occurring
as a result of long-term opioid use in patients with chronic pain. Results: Six
months of opioid use for severe pain was evaluated in 37 patients. Patients
formed three groups depending opioid treatment (oxycodone, fentanyl and
tapentadol) and were compared with 42 healthy probands. Compared to
control, activities of superoxide dismutase were decreased, while those of
glutathione peroxidase and glutathione reductase were significantly increased
in all groups. Together with lowered levels of reduced glutathione, this
indicated conditions of oxidative stress. There were no differences between
treatment groups. Conclusion: It is necessary to know the risks of side effects
and provide patients with possible solutions. At this stage and with this
number of subjects, we can conclude that neither the form of administration
nor the type of opioid has any effect on reducing oxidative stress from opioid

metabolism in the treatment of severe pain.

Keywords: antioxidant enzymes, pain, glutathione, opioids, oxidative stress

1. INTRODUCTION

Chronic pain and non-malignant pain is a widespread serious public health
problem (Breivik et al, 2006; Ripamonti, 2012). There are no clear
epidemiological studies available in the European Union; however,
approximately 50% of adults suffer from one or more chronic pain with an
incidence of moderate to severe pain in the European population at 20%. 70%
of patients are in active age, 11% of patients are untreated, and 50% do not
have enough pain treatment. The prevalence is higher in women and the
number of patient’s increases with age, reaching 80% in geriatric patients. The
economic costs, namely indirect costs due to incapacity for work, are not
negligible. The most common chronic pains such as back pain, osteoarthritis,
headache, and neuralgia are often considered to be a normal part of life. The
treatment of chronic pain is the elimination of pain and restoration of all
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functions (physical, mental, social); in the most optimal case, this includes the possibility of returning to work (Breivik et al., 2006;
2013).

The choice and management of analgesic treatment is based on patient data regarding the intensity and nature of the pain and
on the specific clinical condition. It does not determine the origin of the pain (malignant, non-malignant), but in chronic pain: the
procedure follows a "bottom-up" approach (step up). In intense acute pain, parenteral administration of an analgesic, possibly also
an opioid (in cases of angina pectoris, heart attack, renal and gallbladder colic) is appropriate; otherwise non-invasive
administration of analgesics (per os, transdermal, per rectum) is preferred. Regarding time, analgesics with a rapid onset of action are
the most advantageous in acute pain; in chronic pain, analgesics are administered "on an hourly basis" and thus the development of
pain is prevented.

Opioid analgesics are essential for pain management (Gilson et al., 2011) due to efficiency and safety treatment under competent
physicians. The biopsychosocial status in non-terminal patients with chronic pain should be considered by physician to set up a
treatment plan with patient motivation to reach functional goals (Von Korff et al., 2011; Kalso et al., 2004). Morphine is considered
to be the gold standard of opioid treatment, with the properties of other opioids derived from it. Many side effects of opioid
treatment are under thorough investigation. Recent findings suggest that long-term opioid treatment may contribute to oxidative
stress, which is a serious pathological problem due to its key role in the pathogenesis of many diseases (Cacciapuoti, 2016).

Recent studies have also revealed new roles for oxidative stress or reduced antioxidant activities relevant to mitochondria
functions behind the development of a migrains (Ferroni et al., 2018). Clinical trials focusing on the redox state of patients taking
opioids for chronic pain are still lacking. Due to unclear evidence of oxidative stress intensity in chronic pain patients dosed with
opioids for severe pain we have started a prospective multicentre observational study. The aim of the study was to monitor the
clinical condition of patients, as well as changes in the activities of antioxidant enzymes after starting opioid treatment for severe
pain and during their use.

2. MATERIALS AND METHODS

The study was carried out in co-operation of three pain treatment centres, Pain management clinic Algmed in Kosice, Department
of Algesiology, F.D. Roosevelt Hospital in Banska Bystrica, and the East Slovak Institute of Cardiovascular Diseases in Kosice. The
Ethic Committee of Faculty of Medicine Pavol Jozef Safarik University in Kogice no. 1N/2017, Ethic Committee of Slovak Medical
University in Banska Bystrica 28/11/2016, and Ethic Committee of East Slovak Institute of Cardiovascular Diseases in Kosice no.
1/2019/VUSCH/EK approved the study. The study was registered in the International Database U.S. National Institutes of Health
ClinicalTrials.gov under the number NCT03105232. Patients recruitment started august 2020 and was completed December 2021.

The course of the research was explained to potential study participants and, after signing informed consent, followed up with
a pain specialist. Screening of parameters was carried out, namely: consumption of analgesics, pain type examination (nociceptive
vs. neuropathic - filling out the questionnaires for Pain Detect, DN4, and numeric pain scale), and demographic data (weight,
height, age). The inclusion criteria of patients were: non-malignant pain, no previous opioid treatment for visceral, neuropathic, or
nociceptive, pain and age over 18 years. Patients with oncological conditions were excluded. Enrolled participants were divided
into 4 groups: group 1 - control group (C), healthy individuals (42); group 2 (O) - patients with chronic pain using morphine,
hydromorphone, oxycodone, or buprenorphine (14); group 3 (F) - patients with chronic pain receiving transdermal fentanyl patch
(12); group 4 (T) - patients with chronic pain using tapentadol (11). The second examination followed six months from the start of
opioid use for severe pain. During the examination, blood for biochemical analysis was collected, patients completed a Pain Detect
questionnaires, DN4, and Lanss Pain Scale, and clinical parameters were measured.

Bicinchoninic acid was used for blood plasma protein determination. Glutathione peroxidase, glutathione reductase and
glutathione-S-transferase activities were determined according to the procedures given by the kit manufacturer (Sigma-Aldrich,
Germany). Superoxide dismutase activities were set according to the SOD-Assay KIT-WST (Fluka, Japan). The concentration of
reduced glutathione (GSH) was determined by the method originally described by Floreani et al. (1997).

Descriptive statistics were used to characterise groups of patients. A T-test was used to compare values within groups against
the corresponding control. Intragroup differences at two sampling times were determined by one-way analysis of variance followed
by Tukey-post hoc test. Intergroup differences within parameters were detected by a Mann-Whitney test. Differences were
considered significant at p <0.05, p<0.01, p<0.001.
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3. RESULTS AND DISCUSSION

After screening the patients who met the conditions and completed both samplings (also after 6 months), 37 patients were included
in the study. The measurements of antioxidant parameters in plasma were compared with a group of 42 healthy individuals.
Results (Figure 1 and 2) show that SOD activities were decreased in each treatment group when compared to control before the start
of therapy and after 6 months regardless of the form of drug administered and the type of opioid. Activities of GPx and GR were
increased in comparison to control at both time points. The activities of both GPx and GR enzymes have an even greater tendency to
increase 6 months after opioid treatment in all groups. In group 3, there was a statistically significant increase in GPx (p=0.0044)
over 6 months (Table 1). Morphine treatment affects antioxidant enzyme activities, as morphine-dependent rhesus macaques have
been observed with GPx, SOD increased after 140 days of morphine treatment (Pérez-Casanova et al., 2008). Other studies have
shown that these enzyme activities were reduced by morphine (Payabvash et al., 2006; Sumathi et al., 2011; Zhou et al., 2011;
Roziski et al., 2013). It becomes obvious that this can be affected by many different factors including dosage, exposure time, and
species exposed.

The catalytic activity of SOD is the dismutation of the superoxide radical (Oz) to hydrogen peroxide. Hydrogen peroxide as well
as other hydro peroxides is converted to water or the corresponding alcohols by GPx. Glutathione is co-oxidized in the reaction, and
reduced back by GR, thus providing an effective antioxidant response. The increased activities of these two glutathione-related
enzymes are confirmation of oxidative stress conditions in patients suffering from pain, and very likely suppression or inactivation
of SOD. Moreover, Oz as well as peroxynitrite anion (ONOx), are known as pro-nociceptive species (Salvemini and Newmann,
2009; 2010). Under conditions of oxidative stress, inflammation contributes even more significantly to raising the concentration of
Oz through several sources. In the respiratory chain within mitochondria, these include lipoxygenase, cyclooxygenase, NOX
enzyme induction, and concomitantly the formation of the ONO:> as a result of thiol oxidation in xanthine dehydrogenase, and
uncoupling of NOS activity (Vaskova et al., 2016).

activity/level
0o

6 I e e
4 . e ‘

SOD(ukat/mg  GPx(ukat/mg  GR(ukat/mg  GSH(nmol/mg  GST(ukat/mg
prot) prot) prot) prot) prot)

mControl MO mF mP

Figure 1 Antioxidant enzyme activities and reduced glutathione concentrations in patients treated with opioids for severe pain
compared to healthy subjects at the beginning of treatment period. Statistical significance at *p < 0.05 a ***p < 0.001

Reactive oxygen species (ROS) formation has been observed even at low doses of morphine in vascular endothelial cells (mouse
and human) (Hsiao et al., 2009). Macrophages have also been found to be morphine-induced generating Oz~ (Bhat et al., 2004). Other
morphine-induced sources are activated nitric oxide synthase (NOS) and NADPH oxidase. Activation of NOS leads to increase NO
production and subsequent SOD nitration. Inactivation of SOD leads to the formation of ONOx in a reaction between O2-and NO.
Although O2- is an initiator of the formation of other ROS, ONOx" together with NO depletion have deleterious effects on tissues
and their functions (Vaskova et al., 2016). All these ROS are involved in the pain sensitisation, opiate-induced hyperalgesia and
antinociceptive tolerance (Salvemini et al., 2009).
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Figure 2 Antioxidant enzyme activities and reduced glutathione concentrations in patients treated with opioids for severe pain
compared to healthy subjects 6 months after starting therapy. Statistical significance at **p <0.01 and ***p < 0.001.

SOD is inactivated in vivo through nitration with NO-derived oxidants (ONO2) and hydroxylation (hydroxyl radical) (Janssen-
Heininger et al., 2005). Salvemini et al., (2011) reported MnSOD inactivation as an essential element for increased production of Oz~
and ONOx in nociceptive signalling from the results of several studies of their research group. Inactivation of NOS or inhibition of
nitration and inactivation of SOD made it possible to prevent the formation of morphine-induced antinociceptive tolerance (Muscoli
et al., 2007).

It was found that hydrogen peroxide is capable of SOD inactivation, yet too slow to be the cause of inactivation under
physiological conditions (Escobar et al, 1996). However, relatively higher concentrations of hydrogen peroxides (and
hydroperoxides) are capable of substrate peroxidase inactivation (Olorunniji et al., 2009), which was not confirmed by the results of
our study. Increased activities of GPx, synergistically acting GR together with lowered concentrations of GSH (especially 6 months
after starting therapy) only support the response to oxidative stress conditions (Figure 1 and 2). Levels of GSH were significantly
higher when compared with control (p <0,001) in group treated with oxycodone, hydromorphone at the beginning, and unchanged
in group with fentanyl, they markedly decreased 6 months after starting therapy (p <0,001).

Table 1 Further description of the results of the antioxidant parameters in patients treated with opioids for severe pain compared to
healthy subjects before at the beginning (0) and 6 months of treatment (6). Significance at b <0.01, c<0.05
Group ‘ SOD GPx GR GSH GST
(ukat/mg prot)  (ukat/mg prot) (ukat/mg prot) (nmol/mg prot) (ukat/mg prot)

med (min-max) med (min-max) med (min-max) med (min-max) med (min-max)

o 0 0.24 6.61 14.06 9.76 3.35
(0.16-0.99) (0.99-11.6) (1.37-27.29) (0.78-12.23) (0.97-4.53)

0.24 5.60 9.18 1.86 0.55
8 (0.22-0.61) (0.94-29.11) (4.65-13.12) (1.70-5.21) (0.20-2.74)

r 0 0.22 9.98 9.23 2.51 3.08
(0.19-1.21) (1.09-26.94)° (3.32-19.07) (1.01-4.38) (0.15--10.36)

p 0.27 7.00 9.75 2.51 1.55
(0.19-1.39) (1.12-29.11)° (1.83-10.39) (0.56-3.96) (0.60-9.01)

T i 0.23 6.72 12.52 2.39 4.19
(0.17-1.21) (2.23-21.04) (2.53-22.58) (0.76-4.83) (0.18-12.23)¢

6 0.24 5.45 22.32 1.33 0.44
(0.21-0.63) (0.69-6.35) (11.7-28.34) (1.19-1.97) (0.19-0.56)¢
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Unlike other opioids, morphine is more associated with the induction of oxidative stress either by the formation of ROS or
reduction the activity of antioxidants (Skrabalova et al., 2013; Zahmatkesh et al. 2017). Several studies demonstrated that both acute
and chronic morphine exposure can lead to significant reductions in GSH levels in rodent and human brains, serum and liver
(Abdel-Zaher et al., 2010; Cemek et al., 2011; Guzman et al., 2006; Mannelli et al., 2009; Ozmen et al., 2007; Payabvash et al., 2006;
Skoulis et al., 1989; Sumathi et al., 2011; Todaka et al., 2005). Methadone and buprenorphine treatment showed similar results
(Leventelis, et al., 2019).

In addition to the examined function of glutathione within this study, this molecule is much more widely involved in redox
reactions, e.g. reacting directly with O2°, H202 and NO, participating in disulphide interchange, amino acid transport into the cells
in the y-glutamyl cycle and conjugation with electrophilic compounds catalysed by GST. A significant increase in GST activities was
found in every group at the beginning of treatment (Figure 1). After 6 months, there was a decrease in GST activity in group 2 with
no difference from the control (Figure 2). Yet, in the group treated with tapentadol, activities decreased in comparison with control,
and there was the significant difference between times of sampling (p=0.0019) in this group (Table 1). Myers et al., (2010) found a
six-fold increase in protein level and expression of liver GST isoenzyme after administration of oxycodone to rats for 8 days.
However, in the case of this study, the first measurements were not made after the short-term effect of the opioids, but before their
action. Observed increases in activities of GST may be due to the response to the oxidative stress conditions in patients. In 6 month
of opioid administration, there was decrease in GST activity, in all three groups, however most in group 4. Comparable effect in
long-term morphine use was showed on rat model study (Samarghandian et al., 2014).

4. CONCLUSION

Although some studies pointed to lower levels of adverse effects in comparison to equivalent doses of opioids such as morphine,
the results of our study did not show significant changes between the monitored antioxidant parameters in the three various opioid
treatment groups over a period of half a year. In all three groups, a very similar pattern of action was found on antioxidant
enzymes, conjugation with glutathione and the effect of reduced glutathione levels.
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6 DALSIE PRACE SPOJENE S TEMATIKOU AKUTNEJ A CHRONICKEJ
BOLESTI

Rozsiahlou ¢innostou, ktord sa stala predmetom mojej d’alSej medicinskej prace a
klinického vyskumu je liecba a Stadium akutnej a chronickej bolesti, ked’ze bolest’ predstavuje
bezny, avSak rozsiahly medicinsky problém tykajuci sa hospitalizovanych ako aj

ambulantnych pacientov.

6.1 Problematika bolesti

Bolest’ je komplexny fenomén, ktory postihuje miliony l'udi na celom svete a jej
zvladanie zostava hlavnou vyzvou pre systémy zdravotnej starostlivosti. Nova revidovana
definicia Medzinarodnej spolo¢nosti pre Studium bolesti (IASP) charakterizuje bolest’ ako
neprijemny senzoricky a emocionalny zazitok, ktory je spojeny so skutocnym alebo
potencialnym poskodenim tkaniva. Definicia d’alej poukazuje na individualny aspekt kazdého
jedinca a zddrazinuje rozdiel medzi nocicepciou a bolestou, ked’ze bolest’ sa nedd odvodit’ len
zo samotnej aktivity senzorickych neurénov. Tvrdi, Ze v priebehu zivota jedinca sa vytvaraja
behavioralne vzorce suvisiace s prezivanim bolesti. Zdoraznuje d’alej to, Zze ak pacient
vyjadruje svoju bolest’, tak tato informécia ma byt’ reSpektovana. Verbalny popis bolesti je len
jednym z viacerych prejavov (expresie) bolesti a neschopnost pacienta komunikovat’
neznamena, ze pacient nepreziva pocit bolesti (57). Bolest’ je mozné definovat’ podl'a réznych
kritérii. Na zaklade Casového faktora trvania bolesti rozliSujeme bolest’ akutnu a bolest’
chronicka. Casovym medznikom je trvanie bolesti viac alebo menej ako 3 mesiace.

b113

Akutna bolest’ je v ur¢itom zmysle chapand ako eudynia, takzvana ,,dobra bolest™, ktora
je signalom akutneho poskodenia tkaniva a teda ma ochranny vyznam. Avsak tato predstava
strdca na vyzname za okolnosti, ktoré maju zavazny dopad na klinicky stav pacienta. Tato
situdcia nastdva pri jej silnej intenzite, kedy svojimi metabolickymi a imunologickymi
zmenami moze poskodit’ zdravie jedinca. Vhodnym prikladom je pooperacnd bolest’ u
hospitalizovanych pacientov. Jej mnohostranné negativne dopady na perspektivu zdravia

pacienta su vyjadrené v tabulke (58, 59).
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ASPEKT MORBIDITA

oddialenie hojenia vyvolané zvySenou sympatikotdniou

1 incidencia insuficiencie anastomoéz

1 incidencia plticnych komplikacii, vratane pneumonii, pri setreni dychania vyvolanom
klinicky bolestou

P riziko trombotickych komplikacii

1> mortalita

pretrvavajlca hyperadrenergna odpoved s hypertenziou

zbytoCné utrpenie

poruchy spanku

retencia mocu

obmedzena mobilita, dychanie, |, autonémia

strach a obavy

acienta - =
: zbytocna Ciastocna alebo Uplnd neschopnost so stratou produktivity prace

pomalsia rekonvalescencia normalnych funkcii a Zivotného Stylu

- kvalita Zivota pocas rekonvalescencie

perspektivny

prediZeny pobyt na JIS alebo v nemocnici

predlZeny pobyt na JIS alebo v nemocnici

1 riziko komplikacii a nakladov na starostlivost

perspektivny |4 riziko chronickej bolesti a naslednych nakladov na starostlivost

désledkom nedostatocnej kontroly akatnej bolesti je zla droven zdravotnickej
starostlivosti

Tabulka €. 1: Negativne dopady pooperacnej bolesti (Zdroj Kulichova 2011).

Chronicka bolest’ je patologickou bolest'ou s predpokladanym pretrvavanim viac ako 3 az 6
mesiacov, teda doby potrebnej na hojenie tkaniva. Casto nemé jednozna¢ne definovant
pri¢inu a chapeme ju ako ,,Skodliva bolest* — maldyniu. Nekontrolovana sa stava zmyslom
pacientovho Zivota. OdliSenie chronickej od akutnej bolesti je zaloZené nielen na ¢asovom
faktore jej trvania a symptomatoldgii (charakter, kvalita bolesti, psychické zmeny a podobne),
ale predovsSetkym vo vyvijajacich sa patofyziologickych zmenach nervového systému. Tieto
zmeny su nasledne sprevadzané typickym “algickym” spravanim jedinca. (61, 60).

Bez ohl'adu na to, ¢i je pri¢ina zndma alebo ide o bolest’ bez zrejmej organickej podstaty,
chronicka bolest’ nie je symptomom ochorenia, ale stava sa samostatnym ochorenim s

komplikovanou etiologiou, patofyzioldégiou a symptomatikou (59, 61).
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6.2 Projekty manaZmentu terapie bolesti v nemocni¢nom zariadeni VUSCH a.s.

RieSenim akutnej bolesti v zdravotnickom zariadeni Vychodoslovenskom ustave
srdcovych a cievnych chordb a.s. v Kosiciach (VUSCH a.s.), bolo vytvorenie podmienok pre
vznik Sluzby akutnej bolesti — (angl. - Acute Pain Servis - APS), vytvorenie timu APS a
rozdelenie uloh pre ¢lenov timu APS na jednotlivych oddeleniach, ako aj etablacie
vypracovanych Standardnych postupov liecby pooperacnej bolesti na jednotlivych
oddeleniach. V ramci tohto projektu boli zavedené do praxe nové techniky pre liecbu
prelomovej bolesti, akymi boli periférne nervové blokady, fascidlne blokady a kryoablacné
techniky po kardiochirurgickych vykonoch, sternotomiach a torakotémiach. Vysledky tychto
metod boli sledované v klinickej Studii VUSCH/POPTl1study NCT03915301 a dalej
prezentované na kongresoch Donovaly 2023, Brno 2023 a publikované v ¢asopise Medical

science, indexovanom vo WOS.

e Kocan L., Rapcan R., Rapcanova S., Varhol J., Vaskova J. Cryoablation of the intercostal
nerve after mini-thoracotomy procedures: Pilot prospective interventional clinical study.
Medical Science. ISSN 2321-7367. Volume 27, Issue 142, December 2023. DOI:
https://doi.org/10.54905/disssi.v27i142.e384ms3258

Problematika chronickej bolesti v zdravotnickom zariadeni VUSCH a.s. bola rieSena
zalozenim Ambulancie chronickej bolesti v roku 2018, ktora je urcend prevazne pre pacientov
s vysokym kardiovaskularnym rizikom. Okrem Standardnej komplexnej farmakoterapie
akutnej a chronickej bolesti sa zaoberame intervenénymi vykonmi realizovanymi pod
ultrazvukovou a skiaskopickou navigaciou. V ramci sledovania klinického stavu pacientov
s chronickou ischemickou chorobou dolnych koncatin (ICHDK) po interven¢nych vykonoch
zameranych na terapeutické ovplyvnenie lumbalneho sympatikového nervového systému sa
realizuje v spolupraci s Technickou Univerzitou v KoSiciach prospektivna observacna
klinicka Stadia: Tevi-LuSy-Study.

Stdia je registrovana v medzinarodnej databaze ,,clinicaltrials.gov* pod registraénym &islom
NCTO06111599. Klinick4 stadia je finan¢ne podporena grantom: Slovenskej spolo¢nosti pre
Studium a liecbu bolesti 24-3055/069.
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ICHDK

proximalny uzaver artérii DK

Obrazok €.9: Flow diagram klinickej studie Tevi-LuSy-Study.

distalny uzaver artérii DK

kompletny uzaver artérii DK

Prvotné vysledky studie demonstruju zvysenie tkanivovej perfizie dolnych koncatin, ktoré

boli pévodne bez priameho prietoku v dosledku chronickej okluzie tepien. ZvySenie perfuzie

bolo nepriamo zaznamenané termografickym meranim teplotnych zmien v angiozémoch po

lumbalnej sympatikovej blokade. Tieto zistenia naznacuju, ze lumbalna sympatikova blokada

mdze byt prospesna pre pacientov s ICHDK.

Pilotny ¢lanok: Thermovision controlled lumbar sympathetic blockade in chronic limb-

threatening ischemia treatment - pilot trial, bol publikovany v karentovom Casopise: Vasa -

European Journal of Vascular Medicine, Q4, IF 1,8.

o Kocan L, Rajtukova V, Rasiova M, Kocanova H, Rapcanova S, Rapcan R, Martuliak I,

Hudak R, Rybar D, Vaskova J, Huddak M. Thermovision controlled lumbar sympathetic

blockade in chronic limb-threatening ischemia treatment - pilot trial. Vasa. 2023

Mar;52(2):133-135. doi: 10.1024/0301-1526/a001053. PMID: 36872886.

108




133

https://econtent.hogrefe.com/doi/pdf/10.1024/0301-1526/a001053 - Tuesday, May 14, 2024 7:48:23 AM - IP Address:178.40.22.209

Letter to the editor

o

Thermovision controlled lumbar
sympathetic blockade in chronic
limb-threatening ischemia
treatment - pilot trial

Ladislav Kogan'?, Viktéria Rajtikova*®, Maria Ragiova®, Hana Koganova®,
Simona Rap&anova®, Robert Rapéan®, Igor Martuliak’, Radovan Hudak“®,
Dusan Rybar'®, Janka Vaskova®®, and Marek Hudak®

' Clinic of Anaesthesiology and Intensive Care Medicine, East Slovak Institute of Cardiovascular Disease, Kosice, Slovak Republic

2 Poliklinika Terasa, EuroPainClinics, Kosice, Slovak Republic

3 Department of Angiology, East Slovak Institute of Cardiovascular Disease, Kosice, Slovak Republic
“ Department of Biomedical Engineering and Measurement, Faculty of Mechanical Engineering, Technical University of Kosice,

Slovak Republic

5 Clinic of Anaesthesiology and Intensive Care Medicine, Railway Hospital and Clinic Kosice, Slovak Republic

8 EuroPainClinics, Kosice, Slovak Republic

7 Pain Clinic, Faculty Hospital A. D. Roosevelt Banska Bystrica, Slovak Republic
8 Department of Medical and Clinical Biochemistry, Faculty of Medicine, Pavol Jozef Safarik University, Kosice, Slovak Republic

Chronic limb-threatening ischemia (CLTI) is the end stage
of lower extremity artery disease with rising prevalence [1].
The prognosis of CLTI patients is alarming and even more
devastating when revascularization is not possible [2].

One of the supportive treatment possibilities for CLTI
patients is lumbar sympathectomy (LS) causing irreversible
damage to a part of the lumbar sympathetic trunk, thus
decreasing peripheral resistance of lower limb arteries con-
trolled by sympathetic activity [3]. The LS is standardly per-
formed on the desired side according to vascular pathology
at the L3 spinal level. However, it causes anatomically non-
specific blockade of the lumbar sympathicus, thus it can
often block both sides.

The angiosome is defined as a three-dimensional net-
work of vessels in all tissue layers between the skin and
bone. Two types of anastomotic arteries between adjacent
angiosomes were identified: similar-caliber (“true”) anas-
tomotic arteries and reduced-caliber (“choke”) that ordi-
narily exist in a state of reduced caliber during routine
circulation and are controlled by sympathetic tone [4].

In the most common angiosome model, the foot consists
of six angiosomes originating from the 3 main source arter-
ies: posterior tibial artery (PTA), anterior tibial artery (ATA)
and peroneal artery (PA).

Dermatomes represent the surface area of angiosomes.
Therefore it makes sense to evaluate perfusion in angio-
somes by temperature changes in dermatomes caused by
vasodilatation enhanced due to sympathectomy. Anatomi-
cal relationship between dermatomes and angiosomes of
the foot shows Figure 1.

© 2023 Hogrefe
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A
[

LPA
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Figure 1. Anatomical relationship between angiosomes and der-
matomes of the foot. (A) Angiosomes. MPA: angiosome of the medial
plantar artery; LPA: angiosome of the lateral plantar artery (MPA and
LPA are perfused by the posterior tibial artery); CBPTA: calcaneal
branch of posterior tibial artery (PTA) angiosome (MPA, LPA and
CBPTA create together one angiosome perfused by PTA); DPA:
angiosome of the dorsalis pedis artery (angiosome perfused by the
anterior tibial artery); PA: peroneal artery angiosome. (B) Dermatomes.
SC: lateral sural cuta-neous nerve (L5-S2); CC: saphenous medial
crural cutaneous nerve (L3-4); SP: superficial peroneal nerve (L4-S1);
DP: deep peroneal nerve (L4-5); LP: dermatome of the lateral plantar
nerve (S1-2); MP: dermatome of the medial plantar nerve (L4-5); T:
dermatome of the tibial nerve (S1-2); S: dermatome of sural nerve (S1-
2). SP and DP create together the surface area of DPA/ATA angiosome.
LP, MP and T create together the surface area of the PTA angiosome. S
is the surface area of the PA angiosome.

We have hypothesized, that alteration in sympathetic
tone could cause dilation and reorientation of flow in choke
vessels and this way sympathectomy may increase the
blood flow from adjacent angiosomes with patent arteries
to an angiosome perfused by an occluded arteries which
should be associated with an increase of temperature [5].

Vasa (2023), 52 (2), 133-135
https://doi.org/10.1024/0301-1526/a001053

109



134

Letter to the editor

https://econtent.hogrefe.com/doi/pdf/10.1024/0301-1526/a001053 - Thursday, May 16, 2024 8:51:19 AM - IP Address:193.87.75.98

Before procedure 10 minutes after procedure 20 minutes after procedure

Patient A

PatientB

Patient C

R L R L

Figure 2. Images of thermal changes of the foot in Patient A, B and C taken by FLIR SC660 thermal image camera before, 10 minutes and
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Figure 3. Line graphs showing changes of temperatures in each foot dermatome of all patients before, 10 minutes and 20 minutes after the

procedu

re (LS).
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In our pilot study, we measured changes in foot tem-
perature by Infrared thermography before LS, than 10
and 20 minutes after LS in three CLTI patients (A, B, C)
with chronic lower limb wound and ischemia at least grade
1 according to WIS classification.

Clinically relevant change in temperature was arbitrarily
considered an increase of more than 1 °C after the proce-
dure. The study protocol was approved by an ethical
committee.

All patients underwent angiography before LS. Patient A
had three vessels runoff on the right limb and 2 vessels run-
off - ATA and PA, PTA was occluded on the left limb.
Angiographic findings of patient B were similar on both
limbs, PTA was bilaterally occluded. Patient C had domi-
nantly venous wounds due to post thrombotic syndrome.
The severity lesions of below-the-knee arteries were up to
50% bilaterally in this patient.

Comparing the left and right foot, a relevant increase in
temperature was observed 20 minutes after the procedure
in patient A on the left foot in lateral and medial plantar
dermatomes ranging from 1.7 °C to 2.1 °C (Figures 2 and
3) that corresponds to PTA angiosome. In patient B, there
was an apparent change in temperature from 1.5 °C to
2.1°C (left foot) and from 1.2 °C to 3.0 °C (right foot) in lat-
eral, medial plantar, and tibial areas bilaterally (Figures 2
and 3) that also corresponds to PTA angiosome. Patient C
had no relevant increase in temperature (Figures 2 and
3). Improvement in wound healing and partial reduction
of wound size was observed in patients A and B only.

We have documented a relevant increase of temperature
after LS only in dermatomes which create surface areas of
angiosomes perfused by occluded arteries, probably due to
the opening of choke vessels after the LS procedure. How-
ever, our findings are too preliminary and need to be veri-
fied by another study with a higher sample size. Despite
this, we have performed LS in several CLTI patients with
no option for revascularization (but already without ther-
mal imaging).

© 2023 Hogrefe
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Vysledky intervenénych technik zameranych na lieCbu chronickej bolesti chrbta u
pacientov s pozitivnym fazetovym syndromom sme sledovali v multicentrickej
randomizovanej klinickej Studii EPCS XIr NCT04684303. V stadii sme skimali efektivitu
intervencnych vykonov u pacientov s bolest'ou dolnej Casti chrbta po pozitivnom testovani
zameranom na medidlne nervové ramienka dorzalnej vetvy spinalneho nervu, ktoré inervuji
fazetové kiby v lumbosakralnej oblasti. Po diagnostikovani lumbalneho fazetového
syndromu, splneni inkluznych kritérii pre klinicka Stadiu boli pacienti randomizaciou

rozdeleni do 3 skupin podl'a nasledujiceho flow diagramu.

Low back pain

RTG testovacia blokada

Pozitivny lumbalny fazetovy
syndrém

‘ randomizacia |

Kryoablacia medialneho
nervového ramienka spinalneho
nervu

Radiofrekvenéna ablacia
medialneho nervového ramienka
spindlneho nervu

Parcialna endoskopicka
dekapsulacia fazetového kibu

Obrazok ¢.10: Flow diagram klinickej Stidie EPCS XIr.

Vysledky prezentované na kongrese World Institute of Pain - WIP XI WORLD CONGRESS
BUDAPEST 2022, poukézali na signifikantné zlepSenie parametrov (p < 0.05) bolesti dolnej
Casti chrbta, ako aj bolesti vyzarujicich do dolnych koncatin a signifikantného zlepSenia

hodnotenych dotaznikov kvality zivota Oswestry a EuroQuol v ¢asovych obdobiach po 3, 6,
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a 12 mesiacoch od realizovaného vykonu. Zaroven medzi skupinové porovnanie medzi
skupinami kryoablacia (n =70), radiofrekvencna ablacia (n=40) a endoskopicka parcialna
dekapsulacia (n=50) nepotvrdili signifikantné rozdiely vo vSetkych sledovanych casovych

periodach p > 0.05.

Porovnanie metodickych postupov radiofrekvencnej ablacie a kryoablacii kolmym
a paralelnym uloZenim kryosondy bolo publikované v medicinskom ¢asopise Radiology Case

Reports IF 1,0, Q4.

e Kocan L, Rapcan R, Sudzina R, Rapcanova S, Rybar D, Mlaka J, Kocanova H, Burianek
M, Vaskova J. Radiofrequency denervation and cryoablation of the lumbar zygapophysial
joints in the treatment of positive lumbar facet joint syndrome - a report of three cases.

Radiol Case Rep. 2022 Sep 26,17(12):4515-4520. doi: 10.1016/j.radcr.2022.09.010.
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Radiofrequency denervation of the zygapophysial (facet) joints is a frequently performed
procedure for chronic low back pain. However, cryoablation represents a novel therapeutic
approach for this condition. We observed and analyzed 3 cases with confirmed positive lum-
bar facet joint syndrome. Our results show a significant improvement in the clinical state of
the patients in the first and third months after the procedure. The 6-month follow-up exam-
ination demonstrates a recurrence of pain and a gradual deterioration in the quality of life
with a lasting partial pain-relief effect. Thermal radiofrequency denervation and cryoabla-
tion of the lumbar zygapophysial joints represent an effective, albeit temporary treatment
option for lumbar facet joint syndrome patients, resulting from the pathophysiology of sen-
sory nerve regeneration after destructive procedures. This type of treatment can be used
repeatedly in the case of a positive response.
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Introduction

Back pain is the most common type of pain in humans. More
than 80% of the global population will experience low back
pain at least once in their life and it is considered chronic if it
lasts 3 months or longer [1-3]. The main cause is degenerative
changes of spine structures including the facet joints, which
can be a potentially important source of symptoms because
of the high level of mobility and load forces, especially in the
lumbar area [4,5]. Treatment of facet joint syndrome is mul-
tidisciplinary, and when conservative methods are not suffi-
cient, radiofrequency thermal ablation is performed. More re-
cently, cryoablation has emerged as an alternative interven-
tional treatment option of facet joint syndrome [6,7].

In the following 3 case studies, we describe the treatment
of facet joint syndrome using radiofrequency thermal ablation
and cryoablation techniques placing the electrodes perpen-
dicularly and in parallel with the nerve course. Cryoablation
was performed with a CRYO-S PAINLESS device with carbon
dioxide (—78°C) as a working medium for 2 minutes in 2 cy-
cles for one nerve. This device also contains an integrated neu-
rostimulator. When proper cryoprobe position was confirmed
in multiple views, the impedance was checked and followed
by sensory stimulation with a current of 50 Hz and motor stim-
ulation with a current of 2 Hz. We followed these patients
before the procedure, 4 weeks, 12 weeks, and 6 months af-
ter the procedure. Measured parameters included lower back
pain intensity and intensity of pain of the lower extremities
based on the Numeric Rating Scale (NRS) from 0 to 10. We used
quality of life questionnaires, Oswestry Disability Index (ODI),
which is focused on performing everyday activities affected
by lower back pain, where the score 0 means the best possible
status and 100 the worst possible status. We also used the li-
censed EQ-5D-5L questionnaire, evaluating the quality of life
through 5 dimensions: mobility, self-care, everyday activities,
pain/discomfort, and anxiety/depression. Each dimension is
rated by the patient from 1 to 5, where a score of 1 means the
best condition and a score of 5 means the worst possible con-

dition. The EQ-VAS (EQ visual analogue scale) describes the
current health condition, where 0 means the worst possible
state, and 100 means the best possible state. This clinical trial
was approved by the ethical committee of the Medical Faculty
of the Pavol Jozef Safarik University in KoSice, with the regis-
tration number 75/EK/15, as well as being registered in the in-
ternational database clinicaltrials.gov under the registration
number NCT03039296. All patients signed an informed con-
sent about the participation in the study and publishing the
clinical results.

Case series

Patient 1

Seventy-one-year-old patient, pensioner, with chronic lower
back pain in the lumbo-sacral area after 6 spinal surgeries
in the past, currently on combined pharmacological therapy:
buprenorphine transdermal patch 35 ug/h and pregabalin 75
mg twice daily. In the past, the patient had repeated cau-
dal pressure blocks (5 in total) with minimal therapeutic ef-
fect. The first MRI (magnetic resonance imaging) examination
describes a multilevel herniation of the intervertebral discs
L3/L4, L4/L5, listhesis of the L5 vertebra, and multilevel bilat-
eral facet joint arthritis. Currently, the patient is experienc-
ing a dull pain in the lumbo-sacral area with an NRS inten-
sity of 9/10 radiating to the lower extremities. The patient
underwent bilateral test blockade of the medial branches of
the dorsal ramus of the spinal nerve (DRSN) at the interven-
tional pain management clinic, after which they described
100% pain relief lasting for 48 hours. Subsequently, the patient
underwent bilateral radiofrequency denervation of the medial
branches of the DRSN innervating the facet joints L3/L4, L4/L5,
and L5/S1. The radiofrequency probe was placed in parallel
with the anticipated anatomical course of the sensory nerve
(Fig. 1).

Fig. 1 - Final placement of the radiofrequency electrodes at the L3/L4 and L4/L5 facet joint level left side, anterior and

oblique projections.
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Fig. 2 - Final perpendicular placement of the cryoprobe to the L5/S1 and L4/L5 facet joints on the right, shown in the oblique

projection.

Patient 2

Forty-five-year-old patient working as a teacher and artis-
tic carpenter was repeatedly hospitalized at the neurological
ward for attacks of back pain in the lumbosacral area. The
current MRI of the low back spine shows multilevel discopa-
thy, moderate ventrolisthesis of L5, minimal dorsolisthesis of
L3 to L4. Further, it shows an L5/S1 intervertebral disc her-
niation affecting the posterior lower border of the LS verte-
bra with the size 5.8 mm and a multilevel herniation. The
patient has intense pain of their lumbar spine area radiat-
ing to the right lower limb, paresthesias on the lateral border
of their thigh, they have problems being seated for a longer
period of time. The patient has been using NSAIDs (non-
steroidal anti-inflammatory drugs) in combination with Tra-
madol/Paracetamol tablets during intense bouts of pain. Af-
ter a bilateral test blockade, the patient felt 70% relief of pain
for 12 hours. They then underwent cryoablation of the medial
branches of the facet joints L3/L4, L4/L5, L5/S1. The cryoprobe
was placed perpendicularly to the expected anatomical course
of the sensory nerve (Fig. 2).

Patient 3

Sixty-four-year-old patient with a desk job, complains of in-
tense pain of their lumbar spine radiating to both lower limbs,
more on the right, lasting approximately 4 years. The pain
occurs mainly at night. The current MRI shows no compres-
sion of any structures, numerous Schmorl’s nodes in vertebral
bodies, L3/L4 and L4/L5 segments shows MODIC1 and MODIC2
(modic type endplate changes, status 1 and 2) changes. Clin-
ical examination revealed pseudoradicular syndrome, provo-
cation tests for the SI joins were negative without a sensory or
motor deficit in the lower limbs. Analgesic therapy consisted
of sporadic use of NSAIDs and metamizol. The patient under-
went a bilateral test facet joint blockade, with significant pain
relief about 90% directly after the procedure lasting up to the

night hours. Here, we performed a bilateral thermal ablation
of the medical branches (DRSN) L3, L4, and L5 with cryoanal-
gesia. The cryoprobe was placed in parallel with the expected
anatomical course of the sensory nerve (Fig. 3).

In all cases, we noted a significant improvement of pain
intensity in the 1st and 3rd months after the procedure with
a lasting pain relief effect or slightly recurring pain at the 6
months follow-up (Table 1). Similar results were noted in pa-
tients monitored by ODI, EQ-VAS, and the EQ-5D-5 dimensions
with a lasting positive treatment effect as well as a slight wors-
ening at the 6 months follow-up (Tables 1 and 2).

Discussion

Facet joint syndrome is linked with the dysfunction in the
joint of the same name, which becomes the source of pain. The
most common causes of this are trauma, more commonly re-
peated microtrauma in the facet joint area caused by repeated
extension of the lumbar spine or with overhead activities, as
well as sports involving tiresome extension exercises of the
lumbar spine. One of the most common causes is the dam-
age of the intervertebral disc, which causes a disruption in
the biomechanics of the facet joints. This can cause their sub-
luxation, microtrauma, swelling of the synovium surrounding
the facet joints, leading to synovitis. A hypertonic contraction
of surrounding structures occurs as a defence mechanism,
which leads to the worsening of pain. An important step in
the diagnosis of lumbar facet joint syndrome is a test block-
ade of the medial branch DRSN. Precise diagnostics is impor-
tant, similarly as it was performed in patients from the case
series where, after injecting a small amount of local anes-
thetic (0.5 mL 0.5 % bupivacaine) under X-ray guidance to
the sensory medial branch DRSN, significant pain relief was
achieved for numerous hours. This test was performed twice
in each patient. After a positive test result, cryoablation or
radiofrequency denervation was performed, which provided
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Fig. 3 - The final parallel placement of the cryoprobe to the L4/L5 facet joint on the left in the AP projection and parallel
placement of the cryoprobe to the L4/L5 facet joint on the right, shown in the oblique projection.

Table 1 - Trend of change in the clinical status in the Oswestry Disability Index (ODI) and EQ-VAS (EQ visual analogue scale)
parameters and pain intensity assessed by the Numerical Rating Scale (NRS) at each time interval in the lumbo-sacral back

pain and pain radiating to the lower extremities followed in patients 1, 2, and 3.

Patient (number)/technical aspects Parameters Follow-up
Before procedure 1 month 3 month 6 month
Radiofrequency ablation ODI 45 5 9 22
EQ-VAS 50 90 80 60
NRS back pain 9 7 1 5
NRS leg pain 3 il il 2
Cryoablation perpendicularly ODI 63 31 31 45
EQ-VAS 75 85 85 55
NRS back pain 8 4 4 6
NRS leg pain 8 5 5 8
Cryoablation in parallel ODI 56 4 g 29
EQ-VAS 55 70 85 65
NRS back pain 7 4 2 7
NRS leg pain 7 4 4 6

the patient with pain relief for a couple of months. Both of
these procedures cause targeted physical damage of the nerve
in a limited area, either by the action of an electromagnetic
field, increased temperatures in the desired area, or cold tem-
peratures. These physical effects cause reversible damage to
the nerve, a so-called axonotmesis, where axonal damage oc-
curs with the preservation of the epineurium. During this
damage, a defect in the transmission of nerve signals occurs,
which clinically manifests as the disappearance of pain. Dis-
tally from the nerve damage, Wallerian degeneration occurs,
as well as changes of the myelin sheath, but the periphery
of the nerve maintains its electrical irritability for 5-10 days.
After a couple of days, the body of the neuron is activated —
sprouting; each nerve fiber from the damaged axon regener-
ates at the speed of 1 mm per day [7,8]. The return of pain af-
ter neural ablation indicates nerve regeneration after periph-
eral nerve damage after a couple of weeks or months. This
trend of pain recurrence was demonstrated in all patients.

In clinical practice, we are also met with unsuccessful ther-
mal ablation procedures. This can have numerous causes. The
most common cause is multifactorial etiology of lower back
pain. Facet joint arthropathy is often connected with discopa-
thy, radiculopathy, spinal canal stenosis, and myofascial syn-
drome. The co-existence of these co-morbidities means that
treating only one of them can lead to unsuccessful pain re-
lief. Another cause can be a false positive diagnostic block-
ade, by injecting too much local anesthesia and its spread to
the surrounding structures, which could also be the sources
of pain [9-11]. A high percentage of positive reactions after a
placebo dose are the cause of false positive results [12]. Aber-
rant nerve sprouting could also be the cause of unsuccessful
treatment. Okuyama et al. discovered, that after RF ablation
of the myocardium, aberrant nerve sprouting occurs already
after 2 hours, and it is probable that the same process occurs
after RF ablation of the medial branches of the DRSN [13,14].
The choice of facet joint thermal ablation technique (radiofre-
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Table 2 - Trend of changes in the patients’ assessment of everyday activities at each time interval, where a score of 5

indicates the worst possible status and the score 1 means the best possible status.

Patient/technical aspect

Mobility/ follow-up

Before procedure 1 month 3 month 6 month
Radiofrequency ablation 4 2 2 3
Cryoablation perpendicularly 4 2 2 3
Cryoablation in parallel 5 il 2 2
Self-care/ follow-up
Radiofrequency ablation 3 1 1 3
Cryoablation perpendicularly 3 2 2 8
Cryoablation in parallel 4 1 1 2
Usual activities/follow-up
Radiofrequency ablation 4 2 2 3
Cryoablation perpendicularly 4 2 1 3
Cryoablation in parallel 4 2 2 2
Pain and discomfort/follow-up
Radiofrequency ablation 4 1 2] 3
Cryoablation perpendicularly 3 1 2 3
Cryoablation in parallel 4 1 2 2
Anxiety and depression/follow-up
Radiofrequency ablation 3 il 1 2
Cryoablation perpendicularly 3 1 2 3
Cryoablation in parallel 4 1 2 3

quency or cryoablation) as well as probe placement can also
have an influence on the final treatment effect, seeing as they
have different nerve damage mechanisms. The choice of inter-
ventional thermal ablation method is not strictly defined, see-
ing as there have been no published EBM results on the supe-
riority of one technique over the other. In terms of the result,
the shape and extent of the lesion which forms around the tip
of the electrode are important, and they depend on its phys-
ical properties and treatment procedure. Placement of the RF
electrode during radiofrequency denervation is defined by SIS
guidelines based on EBM, which consists of placing the probe
in parallel with the anatomic course of the nerve [1]. The rea-
son is to damage the nerve the most efficiently. Placement of
the cryoablation electrode is not yet clearly determined, which
is why in our patients, we placed them in the 2 most common
used locations in practice — perpendicular to and in parallel
with the nerve course.

Conclusion

Due to the diverse etiology of lower back pain, it is imperative
to determine the cause of the pain to plan the treatment pro-
cedure. To correctly determine the source of lower back pain,
we have to perform a complex evaluation. In a precisely di-
agnosed lumbar facet joint syndrome, thermal ablation tech-
niques represent a relevant therapeutic tool.

Patient consent

Written informed consent for the publication of this case re-
port was obtained from each patient.
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6.3 Multicentrické projekty spojené s liecbou a vyskumom akutnej a chronickej bolesti

DalSou déleZitou &innostou zameranou na liecbu bolesti je aktivna spolupraca s
viacerymi algeziologickymi ambulanciami, klinikami neuroldgie a neurochirurgie v ramci
Slovenska a Ceskej republiky. Vyznamna spolupraca prebieha s Ustavom merania Slovenskej
Akadémie Vied (UM SAV). Ako délezity vyskumny poéin povaZujeme vytvorenie a vedenie
multicentrickych klinickych §tadii zameranych na hodnotenie kvality Zivota u pacientov s
akutnou a chronickou bolestou po intervencnych algeziologickych vykonoch, a to
prostrednictvom dotaznikov Oswestry Disability Index a EuroQuol EQ-5D-5L. V stc¢innosti
s UM SAV sme stanovili koeficienty $tatistickych véh pre $tatisticka analyzu dotaznikov EQ
5D-5L na modeloch skupin pacientov s akutnou a chronickou bolestou pre regiény Ceska a
Slovenska. Tuto metodiku je mozné d’alej vyuzivat’ pre hodnotenie kvality Zivota ro6znych
diagnoz v rozli¢nych medicinskych odboroch. Medzi nase hlavné klinické stadie, v ktorych
bola hodnotena kvalita Zivota pacientov patria: Prospektivna randomizovana multicentricka
klinick4 $tadia EPCS II (zamerana na chronickt bolest’ u pacientov s postlaminektomickym
syndromom — ,,failed back surgery syndrome* - FBSS) a Prospektivna observa¢na klinicka
Stadia EPCS V (zamerana na liecbu akttnej bolesti u pacientov s akitnym radikuldrnym

syndromom, spdsobenym utlakom korena herniovanym diskom alebo sequestrom).

Vysledky stadie EPCS II boli publikované v medicinskych ¢asopisoch: Pain Medicine
IF 3,1, Q1, Wiener klinische Wochenschrift IF 2,6 Q2 a Bratislava Medical Journal, IF 1,4,
Q4. Vysledky poukazuju na klinicky benefit u pacientov s FBSS po epiduroskopickom
vykone, a to v zlepSeni intenzity bolesti v dolnej ¢asti chrbta a vysledkov dotaznikov
Oswestry a EuroQuol po 6 mesiacoch (p < 0.05). V skupine, v ktorej bola vykonana
epiduroskopia a simultanna aplikacia lieiv do epidurdlneho priestoru sme zaznamenali
signifikantne prediZeny pozitivny efekt v parametri intenzita bolesti vyzarujicej do dolnych

koncatin po 12 mesiacoch (p < 0.05).
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Abstract

Objective. Epiduroscopy is a proven method of diag-
nosis and treatment for chronic radicular pain after
spinal surgery, which is known as failed back surgery
syndrome (FBSS). The aim of the study was to com-
pare the efficacy of drugs (the enzyme hyaluronidase
and corticosteroid DEPO-Medrol) administrated into
the epidural space during epiduroscopy, performed
within the ventral and ventro-lateral epidural space
with a focus on releasing foraminal adhesions.

Methods.  Forty-eight patients with diagnosed
FBBS were randomized into two groups before epi-
duroscopy. Group A received the standard treat-
ment—mechanical lysis of fibrotic tissue in the
epidural space. Group B received hyaluronidase
and corticosteroid methylprednisolone acetate dur-
ing the procedure. Subjects were followed for six
and 12 months via scheduled double-blinded exami-
nations by pain physicians. Leg and back pain in-
tensity was assessed by an 11-point numerical
rating scale, and patients’ functional disability was
d by the O try Disability Index (ODI).

Results. Study subjects showed a significant de-
crease in ODI score in both groups (P<0.05).
Significantly lower pain scores for leg pain (P<0.05)
and back pain (P<0.05) were also recorded after the
six-month follow-up. However, the one-year follow-
up showed a return to the baseline ODI values of
most monitored pain scores in both groups
(P>0.05). Improvement was only noted on the NRS
for back pain at one-year follow-up (P<0.05).

Conclusions. A significant improvement of leg and
back pain was found in both groups after six
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months. ODI was significantly improved only in
group B in both the six- and 12-month intervals.
Back pain at one-year follow-up was only improved
in group B.

Key  Words. Adhesiolysis; Back Pain;
Epiduroscopy; Failed Back Surgery Syndrome;
Hyaluronidase

Introduction

Medical experts and researchers have investigated vari-
ous types of optical visualization of human cavities for
decades, with varying degrees of success [1].
Epiduroscopy is a relatively new technique used in the
evaluation and treatment of low back pain via advance-
ments in optical fiber technology. As a minimally inva-
sive, endoscopic technique, it allows for direct
endoscopic imaging of the epidural space and helps
with pain management for patients suffering from post—
lumbar surgery syndrome (PLSS) and other causes of
low back pain and radiculopathy [2]. Epiduroscopy, the
direct visualization of the epidural space with a flexible
endoscope, has been performed in some places for
years, but its significance is still questionable. For exam-
ple, it has been shown to be more sensitive than mag-
netic resonance imaging (MRI) in detecting epidural
fibrosis. According to literature, in patients with failed
back surgery syndrome, MRI showed epidural fibrosis in
16.1% of patients whereas epiduroscopy showed epi-
dural fibrosis in 91% of patients [3]. A systematic review
of the literature regarding the effectiveness of spinal en-
doscopic adhesiolysis in managing chronic intractable
pain from PLSS indicated an evidence level of II-1 or II-
2 based on the US Preventive Services Task Force
(USPSTF) criteria, and one randomized trial gave it a
recommendation of 1C/strong [4]. The authors of this
study have been using epiduroscopy for a number of
years, and they see a potential for this method to en-
able physicians to perform a detailed examination of the
spinal canal with optic visualization of the particular
structures. This type of examination will provide detailed
information about the presence of postoperative fibrosis,
adhesions, inflammatory changes, or any other patho-
logical change within the epidural space. The current
technique also allows the utilization of optical visualiza-
tion for targeted therapeutical interventions in the epidu-
ral space, such as the removal of adhesions and fibrotic
changes, or targeted administration of medication.
According to the literature, in patients with failed back
surgery syndrome (FBSS), epidurally applied corticoste-
roids reach the intended level in only 26% of cases [3].
Anterior epiduroscopy and epiduroscopic laser neural
decompression (ELND) have recently been introduced in
the treatment of herniated disc decompressions and
chronic low back and radicular pain, respectively [2].
Recent publications describe the use of Fogarty cathe-
ters and resablation to remove adhesions attached to
the dura [3].

Drug Administration During Epiduroscopy

There is some controversy regarding the theory behind
the role of postoperative fibrosis and epidural adhesions
in the etiology of FBSS. This is a syndrome in which
patients do not experience an improvement in their clini-
cal status after successful back surgery or, after a minor
improvement, their status deteriorates without any cor-
relations with MRI. The formation of scar tissue near the
nerve root is @ common occurrence after back surgery
and is called epidural fibrosis: Scar tissue might be a
major cause of postoperative pain, commonly called
FBSS. This epidural scarring can cause pain for many
reasons; for example, the nerves may be trapped by
scars, while veins in the epidural space press down
upon the nerves and become enlarged, putting pressure
on them [5]. The decreased nourishment of nerve tissue
and traction of epidural adhesions on the dural sac can
also contribute to the etiopathogenesis of the complex
pain syndrome in FBSS. Stenosis of the spinal canal by
fibrosis is also a justifiable factor in the worsening of the
clinical prognosis in a patient after back surgery. If the
aforementioned statements do have a clinical founda-
tion, the removal of fibrosis and adhesions should lead
to an improvement in the clinical state of the patient
even without the administration of anti-inflammatory
medications, depomedrol, and hyaluronidase.

On the other hand, it has been scientifically proven that
hyaluronidase inhibits cellular recruitment, edema forma-
tion, and pro-inflammatory mediator production, result-
ing in decreased adherence of leukocytes to blood
vessels and tissue infiltration [6].

The goals of our study are to evaluate the changes in
the clinical state of patients with FBSS after the endo-
scopic removal of fibrosis and adhesions and to
compare between an exclusively mechanical interven-
tion and a mechanical intervention with targeted admin-
istration of depot corticosteroids and hyaluronidase.

Methods

A randomized controlled trial with a parallel group study
design was used. The present study was approved by
the Ethics Committee of Louis Pasteur University
Hospital in Kosice (approval number 75/EK/15) and reg-
istered at clinicaltrials.gov  with  registration 1D
NCT02459392. Written informed consent was obtained
from all participants. All patients with failed back surgery
syndrome who were indicated to undergo an epiduro-
scopy procedure were recruited from one of the three
pain clinics in Bratislava, Bardejov, and Kosice in the
Slovak republic. Inclusion criteria were age 18years or
older, written informed consent, symptoms of FBSS,
permanent low back pain with dominant (more than
60%) radiation to lower extremities despite previous epi-
dural corticosteroid injections, current magnetic reso-
nance imaging (no older than three months) without
serious spinal stenosis and serious radicular compres-
sion. Exclusion criteria were the presence of annihilating
phenomena (loss of sensitivity of the skin, loss of coor-
dination of the lower extremities, problems with urination
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(N =89)

Patients approached

Excluded
(N =44)

(N =45)

Randomized

Group A
mechanical lysis
(N=22)

6-mo follow-up
(N=22)

12-mo follow-up
(N=22)

Group B
mechanical lysis
(N=23)

Lost to follow-up
(N=1)

6-mo follow-up
(N=22)

12-mo follow-up
(N=22)

Figure 1 Flow chart of patient selection, enroliment, and follow-up in the study.

or defecation), presence of infection, neoplasms, and
lack of patient approval.

All eligible patients were approached. After written in-
formed consent was obtained, participants were allo-
cated into study groups according to computer
randomization software. Each patient had obtained a
unique clinical trial ID number, which was generated by
computer software before epiduroscopy. Blinding at the
time of randomization was maintained with a sealed en-
velope given to the anesthesiologist managing the pa-
tient. The anesthesiologist was not involved in data
collection. Study outcome measurements were obtained
by an independent research team from the Medical
Faculty, Pavol Jozef Safarik University in Kosice. Study
continuance was maintained by an independent clinical
study coordinator from the East Slovak Institute of
Cardiovascular Disease in Kosice, and the report was
prepared in accordance with the Consolidated
Standards of Reporting Trials (the “CONSORT

1438

statement”). All data were assembled in a protected and
encrypted database accessible only to the study coordi-
nator including statisticians from an independent statisti-
cal institution and local study site coordinators.

Patients diagnosed with failed back surgery syndrome
(FBSS) were enrolled in the study. Patients underwent
at least one previous back surgery with ongoing pain ra-
diating to the lower extremities with or without back
pain, which was still present after periradicular therapy
or caudal blockade (less than 50% visual analog scale
[VAS] relief of pain 30days after intervention) performed
by a pain management specialist. A patient who had
met the inclusion criteria was informed by the examining
doctor about the study and given the opportunity to
participate. They were informed about the intervention
procedure, epiduroscopy performed by a flexible fiber-
optic endoscope with a video-guided catheter
(Myelotec, Inc., Roswell, GA, USA), strictly within the
ventral and ventro-lateral epidural space with focus on
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releasing foraminal adhesions. Consequently, in the
case of agreement, the patient signed the informed con-
sent documents about the interventional procedure, epi-
duroscopy, and their informed consent to participate in
the study.

The mechanical adhesiolysis itself was performed by
three different tools: laser, radiofrequency probe, or a
balloon catheter. The choice of the instrument was
made by the surgeon according to his clinical prefer-
ence. The total volume of our standard pharmacological
mixture was 30 mL per foraminal level (20 mL of the mix-
ture bupivacaine 0.5%, 5 mL methylprednisolone, 80 mg
saline, and 150 I.U. of hyaluronidase, Hylase “Dessau”,
in 10mL saline). The maximum volume injected was
never more than 60mL. Patients were randomly split
into two groups (Figure 1). The first group (Group A)
underwent epiduroscopy (5mL of 0.5% bupivacaine
was injected; the total volume injected was supple-
mented up to 20mL with saline), during which only a
mechanical lysis of the epidural fibrotic attachments was
performed by either laser (four patients), radiofrequency
(15 patients), or the balloon technique (three patients).
The second group (Group B) underwent epiduroscopy,
during which mechanical lysis of the epidural fibrotic
attachments was performed by laser (five patients),
radiofrequency (16 patients), or the balloon technique
(four patients), as in group A (6mL of 0.5% bupiva-
caine). At the same time, a solution of hyaluronidase
(Hylase “Dessau” 150 I.U. in 10mL of saline) and inject-
able corticosteroid methylprednisolone acetate (DEPO-
Medrol) 80 mg were administered to the patient into the
place of conflict (the depression in the spinal root by fi-
brosis). After completing the first protocol of the preop-
erative examination, this protocol was sent to the
coordinator of the study as well as the researcher in
charge of processing study data. The coordinator of the
study planned the first postoperative examination six
months after the procedure and the second post-
operative examination after 12 months following the pro-
cedure. The first and second postoperative
examinations of the patient were performed by a differ-
ent physician (not the one performing the actual proce-
dure), or at a different pain management clinic. They
performed a pain assessment of the patient while
blinded to which procedure they had undergone (en-
doscopy only including mechanical lysis or with the ad-
ministration of the drugs) and completed the pain
management protocol of the study. Primary outcomes
were pain intensity spreading in the back and legs and
also evaluation of the Oswestry Disability Index (ODI).
Patient Status Score (PSS) is a grading scale from 0-4,
where 0 means the patient is without pain, has a normal
life, normal job, is able to exercise; and 4 means the
patient needs help to take care of themselves and is
bed-ridden. The Patient Self-Content Score (PSCS) is
evaluated on a scale from O to 10, where the patient
describes his satisfaction with the procedure at six- and
12-month follow-up (0 being the worst and 10 being the
best). There were no important changes to the methods
after the study commenced.

Drug Administration During Epiduroscopy
Table 1 Characteristics of patients in groups
divided according to the performed procedure

Group A Group B
(Min-Max) Med  (Min-Max) Med

Participants, No.

Before procedure 22 23
6-mo follow-up 22 22
12-mo follow-up 22 22
Age, y (35-70) 54 (33-69) 46.5
Sex (F/M) 10/12 12/11
ASA (1-3) 2 (1-3) 2
BMI 22 20
Pain in dermatomes according to examination before
procedure
L2 0 1
L3-L4 1 0
L4-L5 4 5
LS 2 6
L5-S1 5 3
S1 4 4
Mechanical therapeutic intervention
Balloon 3 4
Laser 4 5
Radiofrequency 15 16

Descriptive statistical methods were used to evaluate
the results (mean, median, maximum, minimum, and
SD). Examination of the distributional form for score and
time data was determined by box plots. Each box plot
indicated minimal value, lower quartile (lowest 25% of
data), median, upper quartile (highest 25% of data), and
maximal value. Normality of data distribution was
assessed by the Shapiro-Wilk test. Homogeneity of var-
iances was estimated using the Levene test. Differences
between continuous variables were analyzed by a non-
parametric  Kruskal-Wallis one-way test. A paired
Student t test was used to assess the statistical signifi-
cance of changes within each treatment group. P values
of less than 0.05 were considered significant. Statistical
analysis was performed with the SPSS version 11.0 sta-
tistical software package.

Results

Of the 86 admitted patients with FBSS, 45 fulfilled the
selection criteria and were randomized into two groups
(Group A—mechanical lysis, Group B—mechanical lysis
and drugs) and then underwent epiduroscopy. One pa-
tient from group B was lost during follow-up. There
were no unexpected side effects. The baseline demo-
graphic and characteristic values are summarized in
Table 1 and were similar in both groups.

A significant improvement was recorded in ODI in both
groups after six months (P <0.05), which indicated
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Figure 2 Evaluation of patient functional disability by the Oswestry Disability Index indicating significant improve-
ment in comparison with baseline after six months, with return to baseline values after 12 months in both groups.
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Figure 3 Evaluation of back pain intensity in patients indicating significant reduction in low back pain in both groups
after six months, with persisting significant improvement after 12 months in group B.

that subjects had greater clinical improvement. After
12months, the ODI score was the same as before the
procedure, which showed a return to the previous
state (Figure 2). A reduction in low back pain was
recorded after six months in both groups (P> 0.05),
but this did not persist until 12months in Group A
(P>0.05) (Figure 3). A similar reduction in pain after
six months was found on examination of leg pain
(P <0.05), but the level of pain in the legs had reverted
to baseline after 12 months in both groups (P> 0.05)
(Figure 4).

The changes between both groups are summarized in
Table 2. No difference was found between Group A and
Group B in ODI scoring values nor in the numerical pain
scale for leg pain and back pain before the procedure
(TO) or at six months (T1) and 12months (T2) after

1440

procedure (P> 0.05) in all observed parameters. There
was no difference in PSS between Group A and Group
B. We found significant worsening of PSCS in Group A
at P <0.05, but not in Group B.

Discussion

Everything we do regarding success or failure in pain
medicine is ultimately expressed at the cellular level and
represents changes in electrical patterns, neurotransmit-
ters, and metabolism. Epidural fibrosis has been de-
scribed as a common phenomenon with a place among
the major causes of continued pain after surgical inter-
vention [7]. As Baber and Erdek [8] pointed out, scar
formation is part of the healing process after spinal sur-
gery, like any other surgical procedure, resulting in fibro-
sis within the epidural space. Epidural fibrosis can be
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Figure 4 Evaluation of leg pain intensity in patients indicating significant reduction in leg pain in both groups after

six months.

Table 2 Comparison of the mean values of recorded parameters between groups in the 6 and

12 months following the procedure

Parameters Time Interval Group A SD GroupB  SD Mean 95% CI P Value
(Min-Max) (Min-Max) Difference
Med Med
Oswestry Disability Before procedure (31-80) 65 15.57 (20-76) 58 18.46 —5.192 —-15.485t05.101 0.313
Index 6-mo follow-up ~ (12-76) 47 18.63 (8-76) 38 21.77 —8.921 —21.090 to 3.248 0.148
12-mo follow-up  (18-82) 54 17.78 (12-74) 48 19.14 —8.591 —-19.833t0 2.651 0.131
Numerical pain Before procedure (4-9) 7 1.64 (0-10) 8 219 1.022 —0.150 to 2.194  0.086
scale— back pain  6-mo follow-up (2-8) 5 197 (0-10)6 2.85 0.561 —0.921 t0 2.043  0.449
12-mo follow-up ~ (4-9) 7 163 (1-10) 6 233 —0.727 —1.9511t00.496 0.237
Numerical pain Before procedure (3-8) 6 1.72 (4-10) 7 1.54 0.868 —0.071 to 1.806 0.069
scale—leg pain 6-mo follow-up (1-7)5 156 (0-9) 6 2.78 0.887 —0.476 to 2.251 0.193
12-mo follow-up  (3-8) 6 154 (1-9)6 2.1 —0.045 —1.254 to 1.163  0.940
Patient status score Before procedure (1-4) 3 0.728 (1-4)3 0.700 0.197 —0.239 to 0.632 0.367
6-mo follow-up (0-4) 2 0.976 (0-3) 2 0.839 —-0.47 —0.604 to 0.632 0.864
12-mo follow-up  (1-4) 2 0.728 (1-4)3 1.071  —-0.054 —0.620 to 0.512 0.848
Patient self-content 6-mo follow-up (0-10) 7 3.171 (0-10) 7 2.864 0.329 —1.5831t02.240 0.73
Score 12-mo follow-up  (0-10) 5 3.092 (0-10) 6 4.025 1.560 -0.722t0 3.841 0.171

Cl = confidence interval.

caused by chronic inflammatory changes also from
chronic spinal cord injury. The pathophysiological back-
ground of epidural fibrosis is the inflammatory reaction
of the arachnoid mater [9]. The pain is a characteristic
manifestation of inflammation there [10]; however,
fibrotic adhesions themselves cause back and leg pain
by compressing nerve roots, decreasing the range of
motion in the back and introducing pain with move-
ment [11]. Despite multiple studies, the relationship be-
tween fibrosis and pain is still not entirely resolved [12].
In earlier studies, active signs of root inflammation

were seen in only six patients from the 20 studied [13],
or none [7]. Therefore, we did not focus on following
the signs or markers of inflammation in fibrosis during
epiduroscopy.

This study concerns an initial evaluation of an initial
group of patients over a one-year period after a spinal
endoscopic procedure. In our study, an attempt was
made to show that the targeted destruction of post-
operative fibrosis and adhesions has the potential to
improve the patient’s clinical condition in cases of
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Table 3 Comparison of patients’ pain intensity, self-content score, patient status score, and functional disability inside the groups in the 6- and

12-month postoperative examination periods

1442

P Value

Mean 95% ClI
Follow-up  Difference
Mean

12-mo

P Value

Before 6-mo Mean 95% CI
Follow-up  Difference
Mean

Procedure

Groups

Parameters

Mean

0.400

0.111

—5.857 to 14.520
—2.191 to 20.444

—1.175 to 0.811

0.055 53.68 4.331

—0.117 to 20.676

10.227
13.957
1.409
1.870
1.318
1.435
—0.609
—-0.853

59.41 49.18

A

Oswestry Disability Index

9.126
—0.182

45.09

0.024*
0.037*
0.017*

1.960 to 25.953
0.078 to 2.285
0.357 to 3.382
0.320 to 2.317

40.26

54.22
6.50
7.52
6.05
6.91
2.57
2.76

0.714

6.45
5.73

5.09
5.65
4.59
5.48
1.96

2

A

Numerical pain scale—back pain

0.011*

0.431 to 3.158
—0.856 to 1.129

1.794
0.136
1.095
—0.130
-0.111

0.783
0.061

5.77
5.73

0.011*

A

Numerical pain scale—leg pain

—0.22 to 2.211
—0.563 to 0.302
—0.463 to 0.102

0.036*
0.021*

0.101 to 2.768
—1.120 to — 0.097
—1.340 to — 0.366

0.546
0.181

2.43
2.38

Patient status score

0.067

32

0.427 to 4.334 0.018*
0.305

—1.086 to 3.386

2.381
1.150

4.19
5.75

6.57
6.90

Patient satisfaction score

Cl = confidence interval.

*statistical significance at P<0.05

FBSS diagnosis. Clinical effectiveness of spinal endos-
copy with adhesiolysis from prospective trials [13,14],
retrospective trials ['°~'®], and case reports showed ev-
idence for moderate short-term pain relief and limited
evidence for long-term pain relief. Moreover,
Manchikanti et al. [7] have shown that the targeted in-
jection of local anaesthetic and steroid can be signifi-
cantly effective for patients as short-term pain relief.
The study by Kim et al. [19] has aided in the increase
of knowledge in this area, the conclusions of which
show the long-term benefits of the application of hyal-
uronidase along with a steroid. This study was there-
fore aimed to compare the effectiveness of the
mechanical removal of fibrosis with mechanical inter-
vention and targeted administration of corticosteroids
and hyaluronidase in pain relief.

Our results show improvement in pain relief in group B
at 12 months, with group A demonstrating an improve-
ment only up to the six-month follow-up. Because of
the interval of improvement and a consecutive return to
the original state, we assume that either new fibrotic
changes might develop or a repeated attempt is re-
quired to achieve better clinical improvement. In some
patients, there was a significant improvement with a
long-term effect, and this improvement lasted even after
the 12-month follow-up. At this stage, we can hypothet-
ically suggest an improved selection of patients suitable
for an epiduroscopy procedure with a higher chance of
significant clinical improvement. However, based on em-
pirical relations between the clinical outcome of epidur-
oscopies and the number of open spinal surgical
interventions, it seems logical that a higher number of
open surgical interventions in the spinal canal will lead
to increased formation of fibrosis and worsening of the
prognosis for an epiduroscopy procedure. Mild-to-
moderate fibrosis, in conjunction with local pain repro-
duction, was an indicator of a more favorable outcome
than severe fibrosis [20]. The amount of nerve root
damage, where the pain is distributed in the corre-
sponding dermatomes, should also be considered an
important parameter. Severe damage to the nerve roots
gives only a small chance of a good clinical prognosis in
an epiduroscopy procedure, and it might be more effec-
tive to implant a spinal cord stimulator. This theory has
not yet been completely proven in an adequate amount
of studies. In conclusion, information obtained through
lumbosacral epiduroscopy has significant diagnostic
and prognostic value and may be helpful in the man-
agement of patients with low back pain and/or leg pain
in general [21]. Even more detailed knowledge of the
anatomy, histology, and pathology of both the intact
and pathological epidural space will improve our ability
to understand the pathophysiology of back and leg
pain. The question is whether this potential should also
be implemented in routine diagnostics and treatment of
all patients with back pain, as it is in the diagnosis and
treatment of joint diseases and diseases of the
abdominal cavity.
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Conclusion

Forty-four patients with six- and 12-month follow-up
intervals were evaluated in the initial phase of our study.
It concerned patients after a minimum of one back sur-
gery without a satisfying clinical result regarding pain re-
lief in the back and the lower limbs. In the first group of
patients, the main goal was to remove, under endo-
scopic guidance, the postoperative fibrosis or adhesions
in the vicinity of nerve roots, where pain is distributed in
the corresponding dermatomes. A radiofrequency
probe, laser, or balloon was used to work in the ante-
rior epidural space. Subsequently, the posterior epidu-
ral space was always examined endoscopically, and in
the case of visible adhesions fixated on the dural sac,
an attempt was made to remove them. The same pro-
cedure was performed in the second group of patients,
with the additional administration of hyaluronidase and
a mix of Depo-Medrol with a local anaesthetic after
mechanical intervention. An improvement was ob-
served at six-month follow-up in both groups, regard-
ing back and lower limb pain. At 12-month follow-up,
the effect of pain relief in the lower limbs was insignifi-
cant in both groups. Pain relief in the low back was
only seen after 12months in the group of participants
who had received medication. ODI was significantly im-
proved only in group B at six-month follow-up. A limi-
tation of the study was the relatively small sample size.
The continuation will be the enrollment of a higher
number of patients to collect and evaluate more data.
Based on results of our study, epiduroscopy has great
potential to become an effective and well-accepted di-
agnostic and therapeutic tool in the treatment of FBSS
symptoms.
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Summary

Background Epiduroscopy is a well-established diag-
nostic and to certain level therapeutic tool in complex
situations, where conventional methods such as mag-
netic resonance imaging (MRI) lack power or resolu-
tion to detect pathological changes. Such a situation
is primarily failed back surgery syndrome (FBSS) but
also radicular pain without surgery. The aim of this
study was to determine the effectiveness of epiduro-
scopic treatment in patients with FBSS.

Methods A total of 79 patients with FBSS were ran-
domized into 2 groups. The first group underwent
epiduroscopy and received mechanical lysis of adhe-
sions only, the second group received also medica-
tion into the epidural space (methylprednisolone and
hyaluronidase). Patients were subsequently followed
for 12 months, with evaluation also after 6 months
post-epiduroscopy. Patients were checked in terms
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of mobility, self-care, usual activities, pain/discomfort
and anxiety/depression as defined in the 5-dimen-
sional EQ-5D-5L questionnaire and to asses suitabil-
ity of this questionnaire in chronic pain states. Data
were collected using EQ-5D-5L questionnaire and also
quality of life (QoL) questionnaire.

Results In the terms of ability to walk (dimension
mobility) and also ability to do housework, study or
leisure activities (dimension usual activity) patients
improved in both groups after 6 and 12 months af-
ter epiduroscopy. In pain dimension there was im-
provement mainly after 6 months which correlated
also with self-care dimension and quality of life self-
assessment. Results in anxiety/depression dimension
were mixed.

Conclusion Epiduroscopy appears to be a benefi-
cial procedure for both patient groups, especially
after 6 months, with some benefit remaining after
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12 months. The EQ-5D-5L questionnaire seems to be
a suitable and comprehensive way to assess patient
health in chronic pain states.

Keywords Back pain - Epiduroscopy - Failed back
surgery syndrome - Hyaluronidase - EQ-5D-5L
questionnaire

Introduction

Failed back surgery syndrome (FBSS) is one of the dif-
ficult to treat conditions that occur after spinal surgery
and it is also believed to be one of frequent causes
of neuropathic pain. Patients with FBSS often suffer
from epidural, intraneural, or perineural fibrosis and
scar tissue [1]. The potential pain source can be any
anatomical structure that contains nociceptive fibres
or their combination. Treatment of FBSS is very com-
plex and often unsuccessful. Patients are suffering and
their life is limited by a strong continual pain, distur-
bance of physical health, psychological state, level of
independence, and social relationships. Quality of life
for patients living with chronic disease is a priority.
One of the ways how to measure and specify quality
of life is to use the EQ-5D-5L questionnaire.

Currently, epiduroscopy is well established as a di-
agnostic tool for different back pain syndromes which
cannot be explained by other diagnostic methods,
such as magnetic resonance (MR) imaging (2, 3, 18].
It can also be used as a treatment modality in cer-
tain cases of radicular pain or failed back surgery
syndrome [4, 5]. There are several mechanisms by
which epiduroscopy can be a therapeutic, not only
diagnostic, tool. For example, because epidural fi-
brosis or scar formation around nerves can be one of
the possible causes of low back pain and/or radicular
pain in FBSS [2] mechanical lysis of these adhesions
reduces nerve oppression, improve nutrient supply,
and thus contribute to the decrease of patient’s pain.
Epiduroscopy also allows for a more targeted delivery
of drugs as compared to conventional routes [6, 7].
Moreover, infusion of normal saline used to open
the epidural space may have a dilutional effect on
inflammatory mediators released from disc or facet
joints [3].

The aim of this study was to determine the effec-
tiveness of epiduroscopic treatment in patients with
failed back surgery syndrome in terms of mobility,
self-care, usual activities, pain/discomfort and anxi-
ety/depression as defined in 5-dimensional EQ-5D-
5L questionnaire. As an extension of another ongo-
ing study (8] the differences of quality of life between
study groups were also analyzed.

Patients, material and methods

This study was a randomized, multicenter double
blinded clinical trial with two parallel groups. Ethical
approval for this study was provided by the Univer-

sity Hospital ethics committee in KoSice (approval
number: 75/EK/15). Registration was accomplished
at clinicaltrials.gov with registration ID NCT PRS:
NCT02459392. Permission for using the question-
naire for a study issue was given in February 2017 by
EuroQol group. Participants also completed a quality
of life (QoL) questionnaire. Overall health status was
evaluated by the visual analogue scale (EQ-VAS) mea-
sured on the numerical scale 0-100 (100 means the
best health and 0 means the worst health).

The study participants with chronic pain caused
by a previous spine surgery were recruited from pain
clinics located in KosSice, Bardejov and Bratislava in
the Slovak Republic. Epiduroscopy was performed by
EuroPainClinics® health company in Kosice. Coor-
dinator of the study was recruited from the medical
faculty of Pavol Jozef Saférik in Kogice and data were
collected in the encrypted cloud database. All medical
visits were coordinated by independent coordinators
from the East Slovak Institute for Cardiovascular Dis-
eases. The inclusion criteria for patient enrolment
were: patients with FBSS, up-to-date magnetic reso-
nance imaging, lesions without serious spinal steno-
sis, lesions without serious radicular compression,
lesions without serious intervertebral disc hernia-
tion, age of 18 years or older and signed written
informed consent. Exclusion criteria were as fol-
lows: patients not capable of consenting, pregnant
women or women of child-bearing age, cauda equine
syndrome. After meeting the inclusion criteria, the
patients were allocated according to computer ran-
domization software into two groups, group A and
group B. Each patient obtained a unique clinical trial
ID number, which was generated by a computer soft-
ware before epiduroscopy. The protocol and quality
of life questionnaires were filled out by each involved
participant before the operation. Blinding at the
time of randomization was maintained with a sealed
envelope given to the anesthesiologist managing the
patient. Group A underwent epiduroscopy where only
mechanical lysis of the epidural fibrotic attachments
was performed by either laser, radiofrequency or bal-
loon technique with 20mL saline at the end of the
procedure. Group B underwent epiduroscopy with
the same types of mechanical lysis as in the previous
group, but additionally, a solution of hyaluronidase
(RIEMSER Pharma GmbH, Greifswald-Insel Riems,
Germany, 150 1.U. in 10mL of saline) and injectable
corticosteroid methylprednisolone acetate 80 mg were
administered to the epidural space precisely into the
place of conflict (the depression in the spinal root by
fibrosis). The coordinator of the study planned the
first postoperative examination 6 months after the
procedure and the second postoperative examination
after 12 months following the procedure. The first
and second postoperative examinations of the patient
were performed by a different physician (not the one
performing the actual procedure), or at a different
pain management clinic. They performed a pain
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Table 1 Characteristics of patients divided into groups
according simple randomization

Group A Group B
(min-max) med (min-max) med
Participants (n)
Before procedure 40 39
6-month follow-up 40 38
12-month follow-up 40 38
Age (vears) (35-70) 54 (33-69) 46.5
Sex (F/M) 22/18 19/20
ASA (1-3)2 (1-3)2
BMI 22 20
Pain in dermatomes according to examination before procedure
L2 0 2
L3-L4 1 2
L4-L5 15 1
L5 i 8
L5-S1 9 7
S1 8 8
Mechanical therapeutic intervention
Balloon 3 4
Laser 4 5
Radiofrequency 15 16
Complications
Bladder paralysis 1 9
Neurological deficiency in der- 1 0
matomes
Dura mater puncture 5 &l
Infection, bleeding 0 0

(min-max) med (minimum-maximum) median, ASA American Society of
Anesthesiologists physical status classification system, BM/ body mass
index

assessment of the patient while blinded to which
procedure they had undergone (endoscopy only in-
cluding mechanical lysis or with the administration
of the drugs) and completed the pain management
protocol of the study. The study followed the details of
patient selection as well as instrumental equipment,
execution of the procedure according to Rapcan et al.
[8].

Participants who voluntarily signed the informed
consent and were eligible for this study were randomly
assigned to one of two groups in January 2016 before
their operation. Computer-generated random num-
bers were evoluted as a single sequence of random as-
signments based on simple randomization (Table 1).
Patients in group A underwent only mechanical lysis
of adhesions and fibrosis in epidural space. Patients
in group B underwent mechanical lysis joined with
drugs administration into the epidural space: corti-
coid and enzyme hyaluronidase, as stated in Rapcan
et al. [8]. The interventional pain management spe-
cialist was informed about the next advance after the
beginning of the operation which was based on previ-
ous randomization. Unique ID was given to each par-
ticipant. The first follow-up examination took place

Participating patients

I — Excluded

(N=113) ‘

(N=34)
Randomized
(N=79)
Group A Group B
Mechanical lysis ¢ N Mechanical lysis,
. hyasis, depomedrol
(N=40)
(N=39)
Lost to follow-up
(N=1)
6-month follow-up 6-month follow-up
(N=40) (N=38)

b v

12-month follow-up 12-month follow-up

(N=40) (N=38)

Fig. 1 Scheme of patient selection, enrolment, and follow-up
in the study

at the pain clinic after six months and the second
follow-up after twelve months (Fig. 1). Physicians
and patients were blinded in both cases. Patients at
each of the three meetings with the physician com-
pleted EQ-5D-5L questionnaire. Each dimension of
the questionnaire (mobility, self-care, usual activities,
pain/discomfort and anxiety/depression) is scored on
a scale of 5 levels (I, II, III, IV, and V), with level I
indicating the least severe (optimal health) state and
level V indicating most severe (critical health) state.
Nonparametric statistical methods were used for
statistical processing of the EQ-5D-5L questionnaire
data. In particular, the analyses are based on the
Wilcoxon rank-sum test and the nonparametric esti-
mator of the reliability parameter R . Wilcoxon rank-
sum test is a nonparametric test of the null hypothe-
sis that it is equally likely that a randomly selected
value (the questionnaire response) from one group
will be less than or greater than a randomly selected
value from a second group. The reliability parame-
ter R is a parameter well-known in stress-strength
modelling and is frequently used also in medicine for
treatment comparisons. R is defined as a probabil-
ity Prob(X <Y) , with values from the interval (0, 1),
where X and Y arerandom variables associated with
the considered probability distributions. Under null
hypothesis Prob(X<Y)=Prob(X>Y) the estimated
confidence interval covers the expected value 0.5 with
stated probability. Otherwise, if the estimated con-
fidence interval does not cover the value 0.5, it was
concluded that the alternative is to be preferred. In
a nonparametric set-up, the estimator of the reliability
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Table 2 Patients’ answers distribution in percentage

Level/time (months) Group A
| 1 il v
Mobility 0 0.0 475 425 10.0
6 50 525 325 10.0
12 25 25 450 10.0
Self care 0 50 25 625 10.0
6 10.0 350 475 50
12 75 25 55.0 125
Usual 0 0.0 17.5 750 75
TS 6 50 35.0 475 125
12 25 50 775 125
Pain/ 0 0.0 125 67.5 17.5
GESILEEE I 50 175 500 200
12 25 75 750 10.0
Anxiety/ 0 175 75.0 50 25
G e 150 775 75 0.0
12 25.0 500 200 50

parameter R is functionally related to the Wilcoxon
rank-sum test statistic. For more details see Kotz et al.
[9] and Zhou [10]. Analyses using MATLAB (R2018b)
with Statistics and Machine Learning Toolbox Version
11.4 (The MathWorks, Inc., Natick, MA, USA) were
performed. A p-value less than 0.05 was considered
statistically significant. For analysis of the Quality of
Life (QoL) questionnaire data, Shapiro-Wilk, Levene,
and paired t-test, using SPSS Version 11.0 statistic soft-
ware package, were performed. P values of less than
0.05 were considered significant.

Results

The following notation was used for the specific
groups of patients: A0, A6, Al2, B0, B6, B12. Two
basic groups of patients (A patients with mechanical
lysis only and B patients with mechanical lysis joined
with drug administration) were considered. Each
group of patients was observed at three different
time periods (0 at the beginning of the study, 6 after
6 months from the beginning of the study, and 12
after 12 months from the beginning of the study).
The responses of the patients of the two groups to the
5-dimensional EQ-5D-5L questionnaire at all three
times are summarized in Table 2.

The effectiveness of epiduroscopic treatment in pa-
tients with failed back syndrome was assessed by test-
ing statistical hypotheses on equality of probability
distributions of the questionnaire responses in the
considered (sub) groups of patients against the pre-
specified one-sided alternative hypotheses. The hy-
potheses assume that the distribution of response lev-
els is stochastically smaller, with better health status
for one group that the other, in terms of mobility,
self-care, usual activities, pain/discomfort and anxi-
ety/depression as defined in 5 dimensional EQ-5D-5L
questionnaire. Moreover, as a summary compound

Group B

v | I i v v

0.0 0.0 43.60 51.30 5.10 0.0
0.0 10.50 39.50 26.30 23.70 0.0
0.0 7.80 21.0 41.0 30.20 0.0
0.0 8.7 20.5 67.8 3.0 0.0
2.5 10.5 36.8 4.7 5.4 26
2.5 15.8 18.4 55.3 7.9 26
0.0 0.0 17.9 71.8 10.3 0.0
0.0 79 342 50.0 7.9 0.0
2:5 5.0 342 52.9 7.9 0.0
25 0.0 1.9 71.9 5.1 5.1
7.5 5.2 23.7 63.2 7.9 0.0
5.0 i 23.7 62.2 3.2 32
0.0 i1l 69.0 23.3 0.0 0.0
0.0 8.9 87.5 36 0.0 0.0
0.0 29.0 63.5 T 0.0 0.0

measure, we have also considered the comparisons of
the combined (weighted) questionnaire values, with
carefully prespecified weighing for each questionnaire
dimension, which combines the information from all
5 dimensions of the EQ-5D-5L questionnaire. For
each subject the combined value Q was calculated
by the following formula: Q=1-wy— w; — w2 — w3 —
w4 — ws, with the weights specified in the Table 3. For
more details on the different weighing strategies see
e.g. Szende et al. [11].

For specific sub-groups of patients, denoted by A0,
A6, Al12, B0, B6, and B12, we tested the hypotheses
on pairwise comparisons. For comparison of any two
groups of patients based on the observed question-
naire responses we computed the p-value from the
Wilcoxon rank-sum test for testing the null hypoth-
esis of equality of distributions of the questionnaire
responses against the (specified) one-sided alterna-
tive hypothesis. Moreover, we also estimated the re-
liability parameter R together with the associated
two-sided 95% confidence interval, calculated from
the bootstrap distribution of the responses in group 1
and in group 2 (in this study we have used the boot-
strap samples of size N =1000 ). Table 4 presents
the observed p-values of the Wilcoxon rank-sum test
and the estimated reliability parameter R with the 95%
confidence interval for each considered hypothesis on
equality of probability distributions of the question-
naire responses in the considered groups of patients.
For example, the notation B6 < A6 indicates testing the
null hypothesis about equality of the distributions for
groups B6 and A6, i.e. HO: B6 ~ A6, against the alter-
native hypothesis HA: B6< A6 (i.e. better health status
in the considered dimension for the patients in group
B6 than in the group A6).

As is shown in Table 4, there was improvement
in mobility after 6 months with statistical signifi-
cance at p=0.0637 and after 12 months (p<0.05) in
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Table 3 The weights used  [ygjgt Value
for computing the weighted

questionnaire  value Q, W0 0.1279 Al
which combines the in-  Wo 0.2288 All
formation from all 5 di- 0.0000 Al
mensions Qf the EQ-5D-5L Wi 0.0659 Mobility
questionnaire =
w1 0.1829 Mobility
w1 0.0000 Mobility
w2 0.1173 Self-care
W2 0.1559 Self-care
w2 0.0000 Self-care
W3 0.0264 Usual activities

EQ-5D-5L dimension

Condition

Any level in questionnaire is Il or Il
Any level in questionnaire is IV or V
Otherwise

Mobility level is Il or lll

Mobility level is IV or V

Otherwise

Self-care level is Il or Il

Self-care level is IV or V

Otherwise

Usual activities level is Il or lll

W3 0.0860 Usual activities Usual activities level is IV or V

w3 0.0000 Usual activities Otherwise

Wy 0.0930 Pain/discomfort Pain/discomfort level is Il or Il
7 0.1639 Pain/discomfort Pain/discomfort level is IV or V
W4 0.0000 Pain/discomfort Otherwise

W5 0.0891 Anxiety/depression Anxiety/depression level is Il or Il
W5 0.1290 Anxiety/depression Anxiety/depression level is IV or V
W5 0.0000 Anxiety/depression Otherwise

For each subject the value Q was calculated by the formula Q= 1—wg—w;—w2—w3—ws—ws, with the specified

weights

group A. In group B, we recorded a statistically signif-
icant improvement in mobility after 6 and 12 months
(p<0.05). There was a significant improvement in
the performance of normal daily activities in pa-
tients, in all groups A and B after 6 and 12 months
(p<0.05). Following the pain parameter, group B
included patients with significantly smaller pain A0
vs. BO (p<0.05). Subsequently, the reduction in pain
was recorded only in A6 and Al2 groups (p<0.05)
during further measurements. In groups B6 and B12
this trend was not recorded; however, the differences
in the pain parameter between A and B after 6 and
12 months were not recorded. Improvement in self-
care was observed only in group A after 6 months
(p<0.05). After 12 months no improvement in self-
care was observed in either group compared to pre-
operative baseline. An improvement in the sense of
anxiety and depression in a given disease varied in
both groups. Significant improvements were seen in
group A and B after 6 and 12 months (p<0.05). The
statistical weighting of values, based on index demo-
graphic conversion, showed improvement in group B
after 6 and 12 months and group A after 12 months
(p<0.05).

Normal distribution of EQ-VAS on the numerical
scale (0-100) was evaluated with the Shapiro-Wilk
test. Homogeneity of variances was estimated using
the Levene test. When conditions of homogeneity and
normality of variances were met between both groups,
for comparing the means we used paired t-test (Ta-
ble 5, Fig. 2). The comparison shows that significant
changes were found in both groups at the 6-month
period measurement following the procedure.

Interpretation of previous medications in all in-
cluded patients was extremely difficult and not suit-
able for statistical evaluation due to the irregular
drugs intake, different dosing in all drugs, and high
variability of dosing per day even in a single patient.
Some of the patients, despite strong pain, did not use
any opioids because of opioid intolerance occurrence,
which was noticed in around 60% (Fig. 3 and 4).

Discussion

Chronic pain especially related to FBSS is very difficult
to assess properly, as it affects the life of individuals on
various levels. Typically used is the measure of pain
in the form of visual analogue pain score (VAS), Os-
westry disability index and patient’s status score as
appropriate parameters of dynamic changes in the
patient health; however, it could have some limita-
tions. Visual analogue pain score seems to be prone
to bias and therefore not very suitable for solitary as-
sessment of these conditions [12]. Neuropathic pain
is a complex problem relating to pain centralization
in the central nervous system, changes in pain per-
ception, long-term suffering and subsequent behav-
ioral changes [13]. Use of different outcome domains
or combination of VAS and another multilevel tool is
recommended [14] to assess this condition. Another
suitable complementary description method of global
patient health evolution after epiduroscopic interven-
tion is EQ-5D questionnaire. It is not specific to one
disease, available for self-completion, easy to com-
plete and covers all important aspects of chronic pain
states. The longer 5-level version was used, as it pro-
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Table 4 Mobility (left) vs. self-care (right) p-values, usual
activities (left) vs. pain/discomfort (right) p-values, anxiety/

equality of distributions of the questionnaire responses against
the specified one-sided alternative, and the estimated reliabil-

depression (left) vs. weighted questionnaire (right) p-values ity
of the Wilcoxon ranksum test for testing the null hypothesis of
Hypothesis p-value R Lower Upper Hypothesis p-value R Lower Upper
Mobility Self-care
A6 <A0 0.0637 0.5954 0.4691 0.7118 A6<A0 0.0497* 0.5984 0.4878 0.7053
A12<A0 0.0301* 0.6164 0.5053 0.7355 A12<A0 0.2474 0.5401 0.4257 0.6638
A12<A6 0.4052 0.5156 0.3944 0.6389 A12<A6 0.7830 0.4522 0.3470 0.5703
B6< B0 0.0474* 0.6049 0.4895 0.7298 B6<B0 0.1828 0.5540 0.4318 0.6646
B12<B0 0.0199* 0.6272 0.5145 0.7271 B12<B0 0.5325 0.4956 0.3826 0.6093
B12<B6 0.4052 0.5156 0.3885 0.6371 B12<B6 0.7830 0.4522 0.3359 0.5741
B0< A0 0.5653 0.4904 0.3811 0.6093 B0<AO 0.1947 0.5481 0.4349 0.6545
B6<A6 0.5022 0.5000 0.3719 0.6233 B6<A6 0.5022 0.5000 0.3726 0.6222
B12<A12 0.5022 0.5000 0.3688 0.6240 B12<A12 0.5023 0.5000 0.3830 0.6212
Usual activities Pain/Discomfort
A6 < A0 0.0129* 0.6273 0.5141 0.7283 AB<AD 0.0019* 0.6694 0.5589 0.7674
A12<A0 0.0228* 0.6132 0.5092 0.7220 A12<A0 0.0033* 0.6546 0.5457 0.7546
A12<A6 0.6104 0.4834 0.3705 0.6028 A12<A6 0.6584 0.4778 0.3743 0.5859
B6< B0 0.0139* 0.6282 0.5277 0.7291 B6<B0 0.0520 0.5870 0.4818 0.6835
B12<B0 0.0236* 0.6147 0.5155 0.7257 B12<B0 0.0856 0.5698 0.4706 0.6680
B12<B6 0.6104 0.4834 0.3580 0.6011 B12<B6 0.6584 0.4778 0.3705 0.5838
BO< A0 0.5561 0.4929 0.3942 0.5939 B0<A0 0.0378* 0.5981 0.4910 0.6990
B6< A6 0.5023 0.5000 0.3802 0.6184 B6< A6 0.5024 0.5000 0.3850 0.6056
B12<A12 0.5023 0.5000 0.3802 0.6163 B12<A12 0.5026 0.5000 0.3920 0.5994
Anxiety/Depression Weighted questionnaire
A< AD 0.7800 0.4655 0.3786 0.5493 AB<AD 0.1597 0.5625 0.4484 0.6878
A12<A0 0.1647 0.5523 0.4378 0.6595 A12<A0 0.0368* 0.6112 0.4869 0.7297
A12<A6 0.0417* 0.5876 0.4896 0.6863 A12<A6 0.1726 0.5581 0.4322 0.6731
B6< B0 0.0423* 0.5830 0.4882 0.6687 B6< B0 0.4459 0.5081 0.4001 0.6201
B12<B0 0.0031* 0.6518 0.5439 0.7395 B12<B0 0.0102* 0.6407 0.5331 0.7470
B12<B6 0.0417* 0.5876 0.4875 0.6863 B12<B6 0.0159* 0.6316 0.5114 0.7521
B0< A0 0.9812 0.3933 0.2984 0.4936 B0<A0 0.1827 0.5554 0.4436 0.6910
B6< A6 0.5035 0.5000 0.4259 0.5755 B6<A6 0.4545 0.5072 0.3816 0.6230
B12<A12 0.5024 0.5000 0.3878 0.6153 B12<A12 0.1167 0.5740 0.4516 0.6980
*Statistically significant at p< 0.05
Table 5 Comparison of differences in patients’ status within and between groups according to QoL questionnaire
Parameters  Time interval A B
Comparison - Mean SD - Mean SD - C195% p
m’;ﬁ:&ns Before procedure 4367 1394 = 4356 14657 = —2931-313 0946
6-month follow-up 50.97 17.977 - 50.37 16.643 - —7.572-8.783 0.882
12-month follow-up 47.32 16.639 - 42.66 18.745 - -1.982-11.298  0.164
Comparison  — SD Cl95% p SD C195% p - -
:_;"rilgsst e Before procedure vs. 18.891 -13.79t0-1.71 0.013* 15435 -11.495t0-1.348 0.015* - -
6-month follow-up
Before procedure vs. 17.763  -8.33t03.03 0.351 13.924  -0.761 t0 8.393 0.100 - -
12-month follow-up
*Statisitically significant at p< 0.05
SD jation, i interval
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Fig. 2 Evaluation of pa-
tients’ Quality of life be-
tween both groups before
treatment, 6 and 12 months
after treatment

Fig. 3  Analysis of anal-
gesic medication treatment
in all included patients be-
fore epiduroscopy

Fig. 4 Strategy of previ-
ous analgesic medication
treatment in all included pa-
tients before epiduroscopy
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vides better sensitivity in detecting subtle changes as
compared with its original 3-level version [15].

Aim of this multicenter pilot double blinded trial
was to investigate the health state in the five di-
mensions of mobility, self-care, usual activities, pain/
discomfort, and anxiety/depression of subjects with
FBSS after epiduroscopy. In this paper, we have
suggested weigths derived from EQ-5D-3L European
weights constructed using data from 6 countries:
Finland, Germany, The Netherlands, Spain, Sweden,
and the UK. Although not all of the studies included
were representative of the country in which they
were carried out and the data from other European
countries were not available, there are sufficient data
from different European regions to make European
dataset moderately representative for Europe. Statis-
tical extrapolation from EQ-5D-3L to EQ-5D-5L was
determined as a next step. This may lead to slightly
different average quality of life values in individual
Central European countries. Previous partial results
from our investigation showed improvement in Os-
westry disability index and numerating rating scale
(NRS) for leg and back pain after epiduroscopy in
group A (mechanical lysis) and group B (mechanical
lysis and administrated drugs, Hyasis and Depome-
drol) after 6 months. Improvement was only noted
on the NRS for back pain at the 1-year follow-up
(p<0.05). These partial results were processed on the
relatively small size of patients: 22 in A group and 22
in B group. [8].

We present an enlarged examination of 79 patients
randomly divided into the 2 groups focused on health-
related quality of life measured by EQ-5D-5L ques-
tionnaire and quality of life by the NRS. In the mobil-
ity dimension focused mainly on the persons’ walking
ability, we recorded improvement in all groups 6 and
12 months after epiduroscopy. These findings demon-
strate the positive effect of the procedure, which could
be caused not only by releasing the fibrotic compres-
sion in the epidural space, but also with the possible
suppression of the cytokine cascade by saline flush.
Spinal stenosis and fibrotic processes in the epidural
space have in general a negative major impact on the
patient quality of life. Moreover, the cytokine reduc-
tion may have a short-term effect by reducing cytokine
pain mediators, such as prostaglandin E2, but it could
also slow down the fibrotic formation by reducing the
focal aseptic inflammatory reaction as a long-term ef-
fect.

Usual activities measures performance in work,
study, housework, family or leisure activities and they
are certainly closely connected to the mobility, which
brings the same improvement in the observed result
for all groups after 6 and 12 months. By comparing the
entry data (in the time period 0) for the dimension
of pain/discomfort between group A and group B,
a statistically significant difference was found. We
did not find statistically significant differences by
comparing the entry data (in the time period 0) of

other dimensions (mobility, self-care, usual activities,
and anxiety/depression). This event was caused by
a fact that majority of the participants in group A
marked the level of their pain as number IV, partic-
ipants in group B marked the level of their pain as
number III. This phenomenon could be visible only
by using EQ-5D-5L questionnaire. On the other hand,
this situation would probably be undetected by EQ-
5D-3L questionnaire form. Randomization bias was
recorded only in the pain dimension. In all other
parameters, randomization was done appropriately.
As a result of this event, improvement of the pain
parameter was noticed only in all A groups; however,
the pain intensity between groups A6 and B6 and
also between groups A12 and B12 was not significant,
which is indicated on the same intensity of pain in
groups after 6 and 12 months. In the future, this
bias will probably be eradicated by enrolling larger
number of participants.

Self-care dimension is related to the ability to wash
or dress oneself. Results describe only improvement
in group A after 6 months which can be related to pain
improvement. Insignificant improvement in group B
after 6 months followed pain relief in the observed
group and may be related to the fact that the pain
intensity BO vs. B6 was not significantly altered by
the procedure, which was transferred to the self-care
dimension. This also correlates with the results of
the quality of life measured by 100-point numerical
rating scale (p<0.05). Mixed results for anxiety and
depression show how difficult and complex the prob-
lem of treating neuropathic pain is in adults, which
can subsequently indicate the need to use co-anal-
getic drugs such as andipressant drugs (tricyclic an-
tidepressants, selective serotonin reuptake inhibitors
or serotonin-norepinephrine reuptake inhibitors) or
anticonvulsants to effectively help to improve the out-
come in indicated cases [16]. The results of our study,
well described and summarized in weighted statistical
analysis, have been considered as a positive outcome.
Improvement after endoscopic treatment in patients
with chronic low back pain is not so distinct in com-
parison with the treatment of acute low back pain,
but our results follow conclusions of clinical trials fo-
cused on spinal cord stimulation treatment of failed
back surgery syndrome [17]. Standard treatment in
patients with failed back surgery syndrome is cho-
sen based on the current magnetic resonance imag-
ing examination. According to this result the need for
a neurosurgical intervention is either confirmed or re-
jected. After the exclusion of a surgical operation, all
patients undergo a clinical examination and precise
interventional diagnostics to exclude other sources of
pain, such as Z-joint syndrome, sacroiliac joint or in-
tervertebral disc pain source. If nothing is found,
epiduroscopy is indicated. Alongside interventional
and other pain diagnostic methods, all patients are
considered to get full suitable pharmacological and
physio-rehabilitation treatment [18, 19].
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Conclusion

Epiduroscopy appears to be a beneficial procedure for
both patient groups, especially after 6 months, with
some benefits remaining after 12 months. A disad-
vantage at this stage may be the relatively low num-
ber of patients, which limits the possibility to dis-
tribute and evaluate patients according to decades
(20-30 years, 31-40 years, 41-50 years, 51-60 years,
61-70 years, 80 years and over); however, the results
of the study clearly show that the quality of health
was improved after 6 and 12 months in almost all pa-
rameters. This is not consistent with the VAS where a
previous study showed improvement after 12 months
in group B alone, and only isolated in back pain (para-
doxically, the expectation was greater for lower limb
pain). This indicates that the VAS is a subjective pa-
rameter prone to bias and is clearly not sufficient
for a comprehensive assessment of a chronic pain
states. The EQ-5D-5L appears to be a convenient and
comprehensive way to evaluate a patient with chronic
pain.
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ABSTRACT

OBJECTIVE: Prospective observational multicentre two-arm parallel study describing clinical outcome after
endoscopic discectomy provided via transforaminal and interlaminar approach.

BACKGROUND: Endoscopic lumbar discectomy (ELD) is a percutaneous minimally invasive procedure for
the treatment of herniated lumbar discs. Herniations at lumbar intervertebral disc levels of L1/2, L2/3, L3/4
and L4/5 are mostly accessed by the transforaminal (TF) approach. However, due to the anatomic position of
the iliac crest, the L5/S1 level might not be reachable by the transforaminal approach, while the interlaminar

(IL) percutaneous approach should be a suitable alternative.

METHODS: In a prospective observational multicentre clinical trial NCT0274311, we compared the clinical
outcomes of two groups of patients who underwent ELD via IL (83) and TF (103) approach. The subjects
were followed for 12 months via planned examinations by pain physicians. The levels of leg pain and back
pain intensity were assessed by an 11-point numerical ratings scale (NRS). Patient’s functional disability was

assessed by the Oswestry Disability Index (ODI).

RESULTS: Study subjects showed a significant decrease in ODI scores in both groups (p<0.001) The values
of mean preoperative ODI in TF and IL groups were 39.1+15.7 and 43.4+16, respectively. Postoperative
values in the latter groups were 14.8+14.9 and 17.5+14.3, respectively. Significantly lower pain scores for
leg pain (p<0.001) and back pain (p<0.001) were also recorded at 12-month follow-ups.

CONCLUSION: Because both procedures are strictly percutaneous; they are now more commonly performed
by interventional pain physicians as a safe and effective alternative to open surgical spine procedures (Tab. 3,

Fig. 7, Ref. 19). Text in PDF www.elis.sk.

KEY WORDS: endoscopic discectomy, disc herniation, transforaminal, interlaminar, pain, quality of life,

radicular syndrome.

Introduction

Lumbosacral radicular syndrome is the most common cause of
neuropathic pain in our population (1). The most common reason
for the development of acute lumbosacral radicular syndrome is the
herniation of an intervertebral disc. The peripheral nerve damage
leads to significant cellular and molecular changes not only at the
level of axon, but also at that of DRG. The inflammatory cascade
is set off directly by the nerve damage, as well as due to the pres-
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ence of highly inflammatory material from the nucleus of the disc.
Inflammation induces the production of neurotrophins and changes
the neuronal transmission. In the place of the damaged axons and
mainly in the corresponding DRG, ectopic discharges are fired,
which explains the formation of radicular pain (2).

The mechanisms of central sensitisation often propagate pain
to the neighbouring spinal segments. That is why, if there is a pa-
thology seen in numerous segments on an MRI, it is necessary to
perfectly correlate the MRI results with the clinical signs. When
in doubt which root is causing the symptoms, it is possible to use
a diagnostic root block in conjunction with physical examination
and MRI (3).

There is no clear evidence that an early surgical decompres-
sion of a herniated disc has a better long-term outcome than con-
servative therapy. Moreover, there are a large number of opinions
about how soon one should perform the surgical procedure (4).

In general, an early intervention is indicated in patients with
the extinction phenomenon — sensory or motor. In patients with-
out extinction phenomena and only with radicular pain, an early
surgical decompression enables a significantly quicker return to
a normal pain-free life. In the past couple of years, minimally in-
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vasive procedures have been coming forward in the field of sur-
gical interventions. Endoscopic discectomy is among the most
sparing procedures, which is performed by a spinal surgeon or an
interventional pain physician.

In contrast to an open surgery, an endoscopic discectomy
causes less trauma to the surrounding tissues, there is minimal
blood loss and a decreased risk of post-operative fibrosis. Long-
term results are, however, equivalent to an open surgery approach
(5). The procedure only requires hospitalisation of the patient for
one day, after which the patient leaves for home.

Materials and methods

Ethics

Ethical approval for this study (Ethical Committee No
EK:9N-2015) was provided by the Ethical Committee of Medi-
cal faculty, University of PJ Safarikiensis in Kosice. The study
was registered in ClinicalTrials.gov (NCT02742311). All patients
gave their consent after receiving extensive information about
the study.

Study design

The study is a prospective observational multicentre two-arm
parallel study of endoscopic discectomy provided in acute sciatica
caused by a herniated intervertebral disc. We independently inves-
tigated the efficacy of two surgical approaches: transforaminal and
interlaminar approach. Included pain clinics with recruitment and
postoperative follow-up were situated in Bratislava, Kosice and
Bardejov. The investigation of clinical parameters was based on a
numerating rating scale of pain (NRS), Oswestry disability index
(ODI), patient status, patient satisfaction score and EQ-VAS. We
collected all data before the procedure and 12 months after the
procedure. All patients had their unique ID code generated after
being enrolled in the study. To secure the safety of data, they were
encrypted in an established online database. An independent study
coordinator from the East Institute of Cardiovascular Diseases was
appointed to superintend during the study process.

Patients

Patients classified by the American Society of Anesthesiolo-
gists physical status (ASA PS) classes I, II, or III aged between
18-75 with acute sciatica, scheduled for endoscopic discectomy
after obtaining their informed consent were enrolled into the study.

Indication criteria included unilateral lumbosacral radicular
pain lasting less than one year, with or without signs of radiculopa-
thy, correlated with isolated single level disc herniation on MRI,
responding neither to conservative therapy nor to transforaminal
steroids 2 weeks after injection.

Exclusion criteria included multisegmental or bilateral pain,
herniations in multiple adjacent segments, severe disc degenera-
tion, radiological or clinical signs of segmental instability, pathol-
ogy not suitable for endoscopic treatment e.g. bulging disc, severe
MODIC changes in adjacent endplates or very large sequesters.

The study was aimed at performing a parallel statistical com-
parison of two endoscopic approaches, namely transforaminal
(103 patients) and interlaminar (83 patients) ways of treatment
of lesions in the epidural space at the level of lumbar and sacral
spine segments examined before the procedure and after 12
months (Fig. 1).

Surgical procedure

Transforaminal endoscopic discectomy (TFED)

The procedure is done under monitored anaesthesia care with
the patient in a prone position. After aseptic preparation of the ope-
ration field, a local infiltration of skin and muscle with trimecaine
was performed. At a site located 10 to 14 cm from the midline, a
skin incision was made, and under fluoroscopic control, a needle
and a guide-wire were inserted to the level of the upper third of
the superior articular process (SAP) of the affected spine segment.
After puncture channel dilation, a Tom Shidi needle was delicately
hammered through the SAP not exceeding the medial pedicular
line. A part of SAP was removed with a series of bone drills. After
inserting the endoscope, the remaining part of the ligamentum fla-
vum was removed. The nerve root and disc material were identified

Endoscopic discectomy
215

[

|

Interlaminar approach
100

Transforaminal approach
115

|

Before procedure

Lost in 1year follow-up
8 100

Before procedure
115

Lost in 1year follow-up

1 year follow-up

Not yet reached 1y follow-up
9 83

1 year follow-up

Not yet reached 1y follow-up
103 7

Fig. 1. Flow chart of patient selection, enrolment, and follow-up in the study.
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Fig. 2. Endoscopic transforaminal approach — axial view: VD - verte-
bral disc; FP - foraminal protrusion; I - lamina; p — pedicle; sp — spi-
nous process; f — facet joint; DS — dural sac; e — endoscope.

and the nerve was mobilised with a flexible probe. The protrusion
was removed with a grasper. The posterior annulus radiofrequency
shrinkage and coagulation of epidural veins was performed with
the Elliquence TriggerFlex probe. After the free pulsation of the
traversing nerve root had been observed, the endoscope was re-
moved and skin sutures applied.

Foraminal and paramedial hernias were surgically treated
through a foraminal approach.

This technique uses a natural entrance into the spinal canal
(neuroforamen) (Fig. 2).

The working channel for the endoscope is inserted latero-
medially through the paravertebral musculature. During TFED,
it is not necessary to disrupt the dorsal border of the spinal canal
(skeletal lamina of the vertebra and ligamentum flavum). The risk
of post-operative fibrosis formation is, therefore, minimal.

Interlaminar endoscopic discectomy (ILED)

The procedure is done under general anaesthesia care with the
patient in a prone position. After aseptic preparation of the opera-
tion field, local infiltration of skin and muscle with trimecaine
was performed (6). The puncture point for the guiding tubus at
the affected disc level was established as a site located laterally
from the spinous process, medio-caudally from the upper lamina,
and over the epidural window. Subsequently, in an AP view, the
guiding tubus was inserted towards the epidural window on the
affected side. The insertion of the tubus was gradually checked in
an AP lateral view until contact with the vertebral lamina. A work-
ing channel for the endoscope was established. Under endoscopic
control, the ligamentum flavum was dissected to enter the epidural
space. The nerve root, dura and disc protrusion were identified.
The protrusion was removed with a grasper. Posterior annulus
radiofrequency shrinkage and coagulation of epidural veins was
performed with an Elliquence TriggerFlex probe. After the free
pulsation of the traversing nerve root had been observed, the en-
doscope was removed and skin sutures applied.

When it was technically more difficult to reach central protru-
sions or in case of more voluminous sequesters especially at the
L5/S1 level, the interlaminar approach was used (Fig. 3). A work-
ing channel with an endoscope was introduced in the midline, very
similar to microdiscectomy. To enter the spinal canal, it is only
needed to disrupt a part of the ligamentum flavum. The dural sac
is then moved medially with a special manoeuvre to enable work
in the central part of the channel.

Anaesthesia

Anaesthesia was provided by an anaesthesiology team. During
the procedure, the patient was analgosedated. 10ug Sufentanil and
50-400 mg Propofol was used. During the tunnelling of the work-
ing channel, the patient was under total intravenous anaesthesia
with protective lung ventilation. During the procedure, basic vital
functions were monitored, namely the non-invasive blood pressure
monitoring, heart rate, oxygen saturation, and respiratory rate.

Scoring systems

The monitored parameters included interval scales and index
scoring systems as follows: numerical pain scale of legs, numeri-
cal pain scale of the lower back, Oswestry disability index, patient
status, and patient satisfaction score.

Numerical pain scale

The numerical pain scale is an internationally accepted tool to
determine the intensity of pain. The patient uses an 11-point scale
(0-10) to describe their intensity of pain, where 0 means no pain
and 10 means the strongest possible pain the patient can imagine.

Oswestry disability index
Oswestry disability index is derived from the Oswestry low
back pain questionnaire which quantifies disability caused by pain

Fig. 3. Endoscopic interlaminar approach axial view: VD — vertebral
disc; CP - central protrusion; | — lamina; p - pedicle; sp — spinous
process; f — facet joint; DS — dural sac; e — endoscope.
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of the lower back. ODI is presently the gold standard method of
measuring the level of disability, as well as quality of life in people
suffering from lower back pain. The questionnaire includes 10
questions about the intensity of pain, lifting weights, level of self-
care, ability to walk, sit and lead a sexual life, ability to stand, have
asocial life, quality of sleep and ability to travel. For each question
the patient can choose from 6 different answers describing various
alternatives. The answers are in an order from most to least favour-
able. The patient chooses the answer which most closely relates
to their condition. The answers are evaluated from 0 to 5 points.
The most favourable answer is evaluated with 0 points (the lowest
level of disability) and the last answer with 5 points (the highest
level of disability). The number of points obtained from answers
to each of 10 questions is summed together and multiplied by 2.
The resulting number is the ODI score.

Patient status

This is a questionnaire, which directly describes the self-suf-
ficiency and mobility of the patient. It is graded on a scale from 0
to 5, where each number represents the patient’s state as follows: 0
— pain-free, i.e. the patient leads a normal life, works, does sports,
etc; 1 — the patient is able to perform basic daily activities (does
not participate in sports), is employed part-time; 2 — the patient
is not able to work, but can take care of himself/herself; 3 — the

Tab. 1. Characteristics of patients in groups divided according to the
surgical approach.

Characteristic Transforaminal Interlaminar
Gender M S1pt/F 52pt M 44pt/F 39pt

Age (min 18-max 78) med 47  (min 23—max 76) med 43
ASA (min 1-max 3) med 2 (min 1-max 3) med 2
L1-L2 0 0

L2-L3 0 0

L3-L4 14 1

L4-L5 52 5

L5-S1 41 i

M — male; F — female; ASA — The American Society of Anesthesiologist's physical
status classification system.

patient is not independent, needs help with care; 4 — the patient
needs home care and is bed-ridden.

Patient satisfaction score

Patient satisfaction score (PSS) — on a scale from 0 to 10, the
patient can grade their satisfaction with the performed medical
procedure and its end-result, where the score 0 means the worst
satisfaction and 10 highest satisfaction.

EQ VAS

The EQ VAS is a part of EuroQol licensed questionnaire and
records the respondent’s self-rated health on a 20 cm vertical, vi-
sual analogue scale (0-100) with endpoints labelled as ‘the best
health you can imagine’ (100) and ‘the worst health you can imag-
ine’(0). This information can be used as a quantitative measure of
health and quality of life as judged by the individual respondents.

Statistical analysis
The statistical test (parametric/non-parametric) was chosen
based on normality and number of data.

Results

Table 1 shows the demographic characteristic for both groups.
The results in Table 2 demonstrate that using either of surgical ap-
proaches led to a significant improvement in the evaluated param-
eters after 12 months with p <0.001. The intensity of lower back
pain was considered less intense than that of the leg pain before
the procedure. There was a significant improvement in the inten-
sity of back and leg pain after 12 months, where average values
of the intensity of the pain were more-or-less the same (Fig. 4 and
5). The 95% probability of the replicability of the estimate for the
given values is lower in the IL group, however, the values for both
groups overlap. During the evaluation of the grade of disability ac-
cording to ODI, it is also clear that after performing either of types
of surgical procedure, there is a substantial improvement in the
quality of life of the patient at the 12-month follow up. There are

Tab. 2. Comparison of patient pain intensity, self-content score, patient status score, Quality of life (VAS) and functional disability in both

groups aftera 12-month postoperative examination period.

Before procedure

12 months follow-up

Parameters Groups Meaz St. error sD ean St. error sD CI195% p
mean mean
Oswestry disability index IL group 43.36 1.94 15.98 14.75 1.24 14.91 16.288 t0 26.856 <0.001
TF group 39.09 1.71 14.01 17.52 1.18 14.31 16.315 to 26.83 <0.001
Numerical pain scale IL group 431 0.36 3.27 2.18 0.23 2.11 1.370 to 2.895 <0.001
Back pain TF group 535 0.29 2.97 2.41 0.19 1.94 2.345 10 3.530 <0.001
Numerical pain scale IL group 7.19 0.22 2.01 2.46 0.23 2.11 4.161 to 5.309 <0.001
leg pain TF group 7.34 0.21 2.07 2.23 0.19 1.93 4.590 to 5.623 <0.001
e H—— IL group 227 0.10 0.85 1.10 0.11 0.94 0.939 to 1.407 <0.001
TF group 2.44 0.08 0.84 1.12 0.10 0.09 1.113 to 1.527 <0.001
Patient satisfaction score IL group X X X 7.6 0.27 2.48 7.05t08.14 X
TF group X X X 7.96 0.24 2.42 7.49 to 8.43 X
Quality of life IL group 49.13 1.73 15.74 72.60 1.91 17.36 ~28.54 to ~18.39 <0.001
TF group 49.40 1.55 15.69 70.10 1.80 18.21 -25.39 to —16.00 <0.001
IL — interlaminar; TL — transforaminal; St. error mean — standard error of the mean: SD — dard deviation: CI - confid interval
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NRS - back pain

10 4 —— -

0 - - €L

Before procedure 12 m follow-up

[ TF approach [ IL approach

Fig. 4. Evaluation of back pain intensity in patients indicating signifi-
cant reduction in low back pain in both groups after 12 months. NRS
— numerating rating scale; TF — transforaminal; IL - interlaminar.

NRS - leg pain

10 A —— —

Before procedure 12 m follow-up

O TF approach [ IL approach

Fig. 5. Evaluation of back pain intensity in patients indicating sig-
nificant reduction in leg pain in both groups after 12 months. NRS
— numerating rating scale; TF — transforaminal; IL - interlaminar.

only minor differences in the CI values for both of the groups. The
improvement was comparable in both groups of patients (Fig. 6).

In parallel, the evaluation of self-sufficiency and mobility of
patients in the PS questionnaire demonstrated a comparable and
significantly improved patient status after 12 months in both groups
(Tab. 2). Their condition improved in 12 months from an average
of “inability to work™ to an average of “ability to take part in basic
daily activities”. Although, as in NRS, the CI is lower in the IL
group, the ranges of both groups overlap. Considering the general
patient status, the patients in both groups expressed a rather high
satisfaction with the medical procedure in the PSS questionnaire,

Oswestry disability index

100 A

60 -

40 4

20 4

Before procedure 12 m follow-up

O TF approach [ IL approach

Fig. 6. Evaluation of patient functional disability by the Oswestry
Disability Index indicating significant improvement in comparison
with baseline after 12 months in both groups. TF - transforaminal;
IL - interlaminar.

Quality of life

100 4 —

80

.0 O

Before procedure 12 m follow-up

O TF approach [J IL approach

Fig. 7. Evaluation of patient quality of life measured on visual analogue
scale indicating significant improvement in comparison with baseline
after 12 months in both groups. TF — transfor I; IL - interl.

being mostly graded as 7 or 8. Self-assessment of the quality of
life of the patients (EQ-VAS) demonstrated a significant improve-
ment after the procedure in both groups (Tab. 2, Fig. 7). The rate
of complications is summarized in Table 3.

Discussion
The dominant position among the surgical approaches to
a lumbar intervertebral disc herniation and the decompression of

a spinal nerve used to belong to open surgical procedures, most
commonly to hemi-laminectomy (7, 8). The strategy of surgical
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Tab. 3. The rate of complications.

Complications TF 103pt Yo IL 83pt %
Nerve root injury 0 0 0 0
New level herniation 3 291 4 4.82
New level operation 2 1.94 2 2.41
Surgical errors 0 0 0 0
Dural puncture 1 0.97 1 1.2
Hematoma 0 0 0 0
Wound complications 0 0 0 0
Re-herniations 5 4.85 4 4.82
Reoperations 5 4.85 4 4.82

TF — transforaminal; IL — interlaminar

approaches has since gradually started focusing on the minimally-
invasive surgical options, where micro-discectomies have become
the dominant choice. The trend of minimizing the surgical field in
the treatment of symptomatic intervertebral disc herniations lead
to the development of the endoscopic discectomy technique, (9)
which has two approaches; one is interlaminar, and the other is
the transforaminal approach, depending on the type of herniation
and its height (10). Moreover, this surgical approach has been
added to the portfolio of not only spinal surgeons, but also inter-
ventional pain management specialists. The comparison of our
results between the transforaminal and interlaminar approach after
a 12-month follow-up demonstrated a high effectivity of treatment
in minimising back pain p <0.001, as well as a significant decrease
in the radiation of pain to the leg p < 0.001.

The inability to carry out basic daily activities due to lower
back pain is expressed by the Oswestry disability index calculated
using a questionnaire based on the intensity of pain, carrying out
basic daily activities, lifting bigger loads, walking, sitting, stand-
ing, sleeping, social life, sex life and traveling (11).

The character of acute pain with lumbosacral radicular syn-
drome is apparent by adjusting and regaining positive values in
the monitored ODI score. The ODI scores and results from the
patient quality of life questionnaire EuroQuol that we obtained in
this study demonstrate a significant improvement after 12 months
to the procedure (p <0.001). The effectiveness of endoscopic dis-
cectomy procedures is comparable to an open surgery as well as to
amicrodiscectomy surgical approach (12, 13). All of these surgical
approaches are of high effectiveness with excellent outcomes (5,
14). During this study, we noted a small number of complications
linked to the surgical procedure. Some of the complications in-
clude nerve root injury, new level herniation, new level operation,
surgical errors, dural puncture, epidural hematoma, wound com-
plications, re-herniations and reoperations. From a meta-analysis
comparing the prevalence of complications after lumbar open
microdiscectomy, microendoscopic discectomy (MED) and per-
cutaneous microdiscectomy, a smaller number of post-operative
complications was found with endoscopic procedures, as well as
a decrease in post-operative pain (15). This is due to minimal ma-
nipulation of the surrounding tissue. Another notable discovery in
the peri-operative period was the reduction in anaesthesia-related
complications. The procedure is done with the patient in a prone
position, which in general causes a number of disadvantages in
total anaesthesia. This is logistically the most difficult position due

204

to the challenges associated with providing adequate oxygenation,
ensuring adequate ventilation, maintaining haemodynamics, and
securing intravenous lines and tracheal tube. The access to the pa-
tient’s airway is also poor. Pressure sores, vascular compression
or brachial plexus injuries can occur (6). However, endoscopic
discectomies are performed with analgosedation combined with
local anaesthesia. During the almost whole procedure, the patient
communicates with the surgeon and anaesthesiologist and can no-
tify them if they feel any unpleasant sensation or new pain associ-
ated with the medical instrument touching a spinal nerve (16, 17).

As compared to the open surgical approach, the advantage
of a minimally invasive endoscopic discectomy lies in its radical
influence on the cause of pain without further chronification, and
with minimal damage it causes to the paravertebral musculature.
This is confirmed upon the follow-up MRI tests which demonstrate
significant atrophy of the paravertebral musculature after a micro-
discectomy approach, while after an endoscopic procedure, such
changes are not visualized. This phenomenon is most probably
linked to the incisional denervation of muscles. Patients after endo-
scopic discectomy maintain their muscular corset, which enhances
early rehabilitation as well as post-operation functionality (4, 18).

Beside the removal of the extruded fragment, the endoscopic
discectomy techniques also preserve the ligamentum flavum, de-
crease bleeding in the epidural space and effectively resolve sci-
atica symptoms with a lower risk of recurrence and formation of
epidural fibrosis.

In general, an early intervention is indicated in patients with
the extinction phenomenon — sensory or motor. In patients with-
out extinction phenomena and with radicular pain only, an early
surgical decompression enables a significantly quicker return to
their normal pain-free life (3, 19).

Conclusion

Endoscopic discectomy belongs to the keyhole techniques.
It has become a domain not only for spinal surgeons, but also
for interventional pain physicians. It presents a valuable surgical
approach due to its cautiousness around surrounding tissues; it
demonstrates a significant reduction in post-operative complica-
tions linked with the formation of epidural fibrosis, not to forget
the benefit of early convalescence, additional decreased costs of
hospitalisation, as well as decreased risk of pain becoming chronic
(10). After the procedure, the patient is able to walk out of the op-
eration theatre on his own, and, while adhering to a strict regime,
can recover at home.
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Endoscopic discectomy of the herniated
intervertebral disc and changes in quality-of-life

EQ-5D-5L analysis
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Abstract \
Herniated lumbar discs are a common cause of low back pain, which can negatively impact the quality of life of working-
age individuals. This study aimed to evaluate changes in the quality of life in patients with sciatica who underwent endoscopic
discectomy, a minimally invasive surgical procedure. The study (ClinicalTrials.gov NCT02742311) included 470 patients who
underwent transforaminal, interlaminar, or translaminar endoscopic discectomy. Quality of life and pain perception were evaluated
by comparing statistically weighted values of EQ-5D-5L, EQ-VAS, Oswestry disability index, and numerical pain scales for
lower limb and back pain before and 12 months after the endoscopic procedure. After the procedure, there was a significant
improvement in the reduction of back and lower limb pain, as well as in all monitored questionnaires (P < .001), which persisted
12 months after the endoscopy. All evaluated dimensions of the EQ-5D-5L questionnaire indicated a significant improvement in
the assessed quality of life (P < .001). The study showed that percutaneous endoscopic lumbar discectomy is an effective pain-
treating intervention that can improve the quality of life. There was no observed difference in the percentage of complications or
re-herniations when comparing the transforaminal and interlaminar, approaches.

Abbreviations: Cl = confidence interval, HRQoL = health-related quality of life, ILED = interlaminar endoscopic discectomy,
LDH = lumbar disc herniation, NRS = numerical rating scale, ODI = Oswestry disability index, PELD = percutaneous endoscopic

lumbar discectomy, TFED = transforaminal endoscopic discectomy.
Keywords: back pain, discectomy, EQ-5D-5L questionnaire, leg pain, quality of life

1. Introduction

Low back pain with sciatica caused by lumbar disc herniation
(LDH) affects nearly 60% of patients and is increasingly com-
mon as the global population ages. This condition is particularly
prevalent in the working-age population, with 70% of disability
caused by LDH occurring in people aged 20 to 65 years. The
diagnosis of LHD is confirmed by magnetic resonance imaging,
and the major symptoms include low back pain and sciatica.
However, there is no clear evidence regarding the best treatment
approach.!!
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Recently, percutaneous endoscopic lumbar discectomy
(PELD) has been used as an alternative to open discectomy.
PELD is a minimally invasive technique that reduces the use
of general anesthesia and results in less damage to surround-
ing soft tissues and paravertebral musculature, faster wound
healing time, reduced spine instability, and shorter hospitaliza-
tion.>* The health-conditioned quality of life in patients with
LHD is a result of both subjective perception of the disease and
objective conditions."”) Therefore, various questionnaires are
used to evaluate the health-related quality of life (HRQoL) of
patients undergoing treatment.*’!
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This study aimed to assess changes in the quality of life in
patients with sciatica who underwent endoscopic discectomy
using the EuroQol 5-dimension questionnaire. The study also
evaluated the Oswestry disability index (ODI), the numeri-
cal scale of quality of life, and numerical scales of leg pain
and back pain. The statistical weight values for the studied
countries were determined. The results showed significant
improvements in all monitored parameters, including a reduc-
tion in back and lower limb pain, as well as improvements in
HRQoL that persisted 12 months after the endoscopic pro-
cedure. PELD was found to be an effective intervention for
treating pain, and no significant differences were observed in
complications or re-herniations when comparing the different
approaches.

2. Materials and methods

2.1. Patients

Between January 2016 and June 2021, we enrolled 470
patients who underwent ELD. These patients were between
the ages of 18 to 80 years old and were classified accord-
ing to their physical status using the American Society of
Anesthesiology grading system (classes I, II, and III) (Fig. 1).
The study was conducted in pain clinics located in Bratislava,
Bardejov, Kosice, Prague, and Brno in the Slovak and Czech
Republic, and approved by a clinical investigation and recruit-
ment process.

Inclusion criteria for the study were: being 18 years old or
older, having signed informed consent, presenting with mag-
netic resonance imaging evidence of intervertebral disc her-
niation or sequestration, and experiencing permanent pain
radiating to the lower limbs despite prior epidural steroid
injection or similar interventions in conjunction with conser-
vative treatment (such as rehabilitation and pharmacological
treatment).

Medicine

Exclusion criteria were: bleeding diathesis, urination or def-
ecation problems, presence of infection or neoplasm, possible
pregnancy, and patient disapproval. The procedure was per-
formed by either a spine surgeon or an interventional pain man-
agement specialist, and each patient received a unique clinical
trial ID number.

The primary outcomes of the study were the intensity of pain
radiating to the back and legs, measured using the numerical
rating scale (NRS) (ranging from 0 to 10), and the evaluation
of the ODI, which assesses the extent of low back pain-related
disability on a scale of 0 to 100%. Scores between 0 and 20%
indicate minimal disability, while scores between 81 and 100%
indicate bedridden patients or those with exaggerated symp-
toms. We also assessed the EuroQol survey using the EQ-5D-5L
questionnaire. The descriptive system consists of five dimen-
sions: mobility, self-care, usual activities, pain/discomfort, and
anxiety/depression, with scores ranging from 1 to 5 (represent-
ing the best to worst state). The EuroQol survey also includes
the EQ-VAS vertical visual analog scale, which utilizes a grading
scale from 0 to 100 to evaluate the quality of life. A score of 0
indicates “The worst health you can imagine,” while a score of
100 indicates “The best health you can imagine.”

No significant changes were made to the methods after the
study commenced. Prior to the operation, the NRS for back
and leg pain, EQ-VAS, and ODI were assessed in one of the
pain clinics participating in the study. The second assessment
was conducted 12 months after the procedure, either during
an appointment in one of the included centers or via a phone
call follow-up, to assess pain severity by NRS and neurological
state.

2.2. Surgery

2.2.1. Transforaminal endoscopic discectomy (TFED). This
technique uses a natural entrance into the spinal canal
(neuroforamen). The working channel for the endoscope is

Endoscopic
discectomy
470

[

Interlaminar
approach
109

Transforaminal
approach
361

Before procedure
100

Before procedure
344

Lost in 1-year
follow-up
14

Lost in 1-year
follow up
25

1-year follow-up
86

1-year follow-up
319

Figure 1. Flow chart of patient selection, enroliment, and follow-up in the study.
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inserted through the paravertebral musculature latero-medially.
During TFED, it is not necessary to disrupt the dorsal border
of the spinal canal (the skeletal lamina of the vertebra and
the ligamentum flavum). The risk of postoperative fibrosis
formation is, therefore, minimal.

2.2.2. Interlaminar endoscopic discectomy (ILED). With
more central protrusions that are harder to reach or more
voluminous sequesters, especially at the L5/S1 level, the
interlaminar approach was used. The working channel with
the endoscope was introduced in the midline, very similar to a
microdiscectomy. To enter the spinal canal, only a small part of
the ligamentum flavum needs to be removed. The dural sac is
then moved medially with a special maneuver to enable working
in the central part of the channel.

2.2.3. Translaminar endoscopic discectomy. In cases,
where entry into the spinal canal slightly above or below the
interlaminar windows was desirable, translaminar endoscopic
discectomy was used. The working channel for the affected
disc level was inserted at the lateral inferior part of the lamina.
Part of the lamina and ligamentum flavum are removed. This
approach is very similar to ILED.

2.3. Anesthesia

The perioperative management of patients in our study involved
several components. Prior to the operation, patients were pre-
medicated with midazolam in a peroral dose ranging from 4 to
7.5mg. During the procedure, standard monitoring was con-
ducted, including electrocardiography, monitoring of oxygen
saturation, and noninvasive blood pressure measurements.

During the procedures, the patients were positioned in the
prone position. We employed the propofol-remifentanil tar-
get-controlled infusion sedation technique. Throughout the
sedation process, the patients maintained consciousness and
were responsive to our inquiries. They breathed spontancously
with the assistance of oxygen masks. The target-controlled
infusion sedation technique was maintained by administering a
continuous infusion of remifentanil at a rate ranging from 0.05
to 2 pg/kg/min. Additionally, propofol was administered with
dosages varying from 0.5 to 4.0 pg/ml, depending on the specific
needs of the surgical procedure.

During the operation, the surgical operator infiltrated the
wound and operating canal with a mixture of local anesthetics.
This combination consisted of 0.5% levobupivacaine and 1%
trimecaine, with a total volume of up to 20 ml.

After the operation, patients were transferred to the recovery
room where they were observed for up to 3 hours. During this
time, standard monitoring was performed based on the patient’s
clinical situation. This included continuous monitoring of vital
signs such as heart rate, blood pressure, respiratory rate, and
oxygen saturation. Additionally, any specific postoperative com-
plications or concerns were addressed and managed accordingly.

To manage postoperative pain, patients received intravenous
paracetamol at a dose of 1g. For at-home medication, patients
were prescribed tramadol at a dosage of 100 mg every 12 hours,
diclofenac at a dosage of 75 mg per day, and paracetamol at a
dosage of 500 mg every 8 hours.

These medications and interventions were part of our stan-
dardized protocol for perioperative management in our study.
They were designed to ensure adequate pain control and patient
comfort during the postoperative period.

2.4. Statistical methods

Statistical analysis of the EQ-5D-5L questionnaire scores (in
each of the 5 dimensions considered) was conducted using
Wilcoxon rank-sum test and, alternatively, the estimated

www.md-journal.com

reliability parameter (together with the associated confidence
intervals [CIs]). The Wilcoxon rank-sum test is a standard sta-
tistical, nonparametric test that checks whether 2 independent
samples come from continuous probability distributions (pop-
ulations) with the same medians. Although the original version
of the test was designed to compare continuous distributions,
a simple generalization is possible for applications with dis-
crete distributions (which is the case when we try to compare
the distribution of questionnaire scores reflecting the degree of
the symptom tested on a scale from 1 to 5). Secondly, as an
alternative, we have used the estimated reliability parameter
R = Prob(X < Y). For more details see Kotz et al,/'” Zhou,!"!!
and Rapcan et al.l"?!

Descriptive statistical methods were also used to evaluate
the results (mean, median, maximum, minimum, and SD).
Examination of the distributional form for score and time data
was determined by box plots. Each box plot indicated mini-
mal value, lower quartile (lowest 25% of data), median, upper
quartile (highest 25% of data), and maximal value. Normality
of data distribution was assessed by the Shapiro-Wilk test.
Homogeneity of variances was estimated using the Levene test.
Differences between continuous variables were analyzed by a
nonparametric Kruskal-Wallis 1-way test. A paired Student ¢
test was used to assess the statistical significance of changes
within each treatment group. P values of <0.05 were consid-
ered significant. Analyses were performed using MATLAB
(R2021a) with Statistics and Machine Learning Toolbox ver-
sion 12.1 (The MathWorks, Inc., MA) and the statistical soft-
ware package SPSS version 11.0 (Chicago, IL) .

3. Results

Four hundred seventy patients were included in the statisti-
cal processing. Three hundred nineteen patients underwent
TFED and 86 patients ILED with a 1-year follow-up (Fig. 1).
Several parameters were evaluated (Table 1). Prior to discec-
tomy, the patient's quality of life was assessed using an ODI
questionnaire, a subsequent calculation of the ODI index, and a
5-dimensional EQ-5D-5L questionnaire was also assessed. The
third questionnaire evaluating the quality of life from 0 to 100
was determined on the EQ-VAS scale. We also compared the
intensity of back pain and leg pain measured on the numeric
rating scale (0-10).

Comparing the parameters: ODI index, NRS, and EQ-VAS
before the operation and 12 months after the operation showed
a significant improvement in the reduction of back pain, pain-
ful lower limbs, as well as significant changes in the evaluated
questionnaires P <.001 (Table 2). Before surgery, the median
values of NRS for lower limb pain were 9, and NRS for back
pain was 8.

Descriptive characteristics of the group of examined patients.

Surgical approach Transforaminal Interlaminar

319 86

Gender M/F 140/179 660/26
Age Min/Max/Med Min/Max/Med

21/79/45 18/74/51
Level of herniation
L2 0 0
L2/L3 3 0
L3/L4 18 0
L4/L5 169 0
L5/81 122 86
L3/L4 + L4/L5 6 0
L4/LS + L5/S1 1 0
Reoperations % 7% 6%
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Evaluation of and O y disability index, EQ-VAS, and pain intensity in the lower back and lower limbs according to the NRS in

patients before surgery and 12 months after endoscopic discectomy.

Parameters Time interval Mean SD SEM 95% CI Pvalue

Oswestry disability index Before procedure 54.11 20.71 1.186 36.71-41.38 <.001
12 months follow-up 15.06

EQ-VAS Before procedure 39.13 30.32 1.506 —43.20 to —37.28 <.001
12 months follow-up 79.38

Numerical pain scale Before procedure 7.83 3:32 0.919 4.69-5.44 <.001

Back pain 12 months follow-up 271

Numerical pain scale Before procedure 7.96 3.50 0.201 5.16-5.95 <.001

Leg pain 12 months follow-up 24

Cl = confidence interval, NRS = numerical rating scale, SD = standard deviation.

After 12 months, the median values for both groups in terms
of back and leg pain dropped to 2, as shown in the box plots
in Figure 2. The box plots represent the median, the box the
25th to 75th percentile, and the branches the range of the data,
with a significant difference before and after the procedure.
Furthermore, there was a statistically significant improvement
in the quality of life, as indicated by the ODI and EQ-VAS
questionnaires (Fig. 3), with P <.001. The responses of patients
before the procedure and at the 1-year follow-up, according to
the S-dimensional EQ-5D-5L questionnaire, are summarized in
Table 3 and Figure 3.

We formally evaluated the efficacy of endoscopic discectomy
treatment in patients with sciatica. To do this, we tested sta-
tistical hypotheses about the equality of medians in the prob-
ability distributions of questionnaire responses in the patient
groups against prespecified 1-sided alternative hypotheses. The
alternative hypotheses stated that the distribution of response
scores in the posttreatment group is stochastically smaller and
has better quality-of-life measures than the distribution of
response scores in the pretreatment group in terms of mobil-
ity, self-care, everyday activities, pain/discomfort, and anxi-
ety/depression as defined in the 5-dimensional questionnaire
EQ-5D-SL. Alternatively, we estimated the corresponding
values of the reliability parameters along with the associated
2-sided 95% ClIs. Alternatively, we estimated the corresponding
values of the reliability parameters along with the associated
2-sided 95% Cls. As a summary measure, we also considered
the combined (weighted) questionnaire responses using a care-
fully determined weighting. In particular, for each subject the
combined value O was calculated by the following formula:
O =1-wy—wy —w; —ws — ws — ws, with the weights spec-
ified in Table 3. For more details on the different weighing strat-
egies and for discussion on selecting the specific weights see, for
example, Rap&an et al,"”! and Szende.!"?!

Table 4 shows the calculated P values of the Wilcoxon rank-
sum test and the estimated values of the reliability parameter R
with the associated 2-sided 95% CI. These results are presented
for all hypotheses about the equality of the probability distri-
butions of the questionnaire responses in the patient groups
considered for each of the 5 dimensions of the EQ-5D-5L ques-
tionnaire, that is mobility, self-care, everyday activities, pain/
discomfort, anxiety/depression, and the combined weighted
questionnaire score. The Wilcoxon rank-sum test convincingly
rejected all considered null hypotheses of equality of the medi-
ans of the distributions of the questionnaire responses before
and after treatment against the stated 1-sided alternative, which
states that the respective dimension of the EQ-5D-SL question-
naire response is better after treatment than before treatment
(After < Before). Furthermore, the estimated values of the reli-
ability parameters and the corresponding 95% Cls show that
the calculated values for all considered EQ-5D-5L dimensions
are higher than 0.5, which clearly confirms the results of the
statistical tests.

4. Discussion

This study aimed to evaluate clinical parameters, including
pain intensity, ODI, and EQ-5D-5L scores, in patients with
acute sciatica pain before and after endoscopic discectomy in
the Slovak and Czech Republic. The study aimed to test the
comprehensibility and face validity of EQ-5D-5L scores com-
pared to other health measurement tools such as the ODI and
NRSs for pain.

For all patients with LHD in the clinical trial, conservative
therapy was initiated after the onset of clinical symptoms for
6 to 8 weeks. This included a combination of steroids, nonste-
roidal anti-inflammatory drugs, physical therapy, epidural ste-
roid injections, and rest. If the clinical state did not improve
or worsened over time, the treatment strategy was changed
to an endoscopic surgical approach. Although there are no
proven differences in outcome between conservative and surgi-
cal treatment, timely neurosurgical treatment can lead to good
long-term results. Nerve decompression performed at the right
time is a good prognostic factor for neuronal recovery and can
help prevent further irreversible neuronal damage and pain
chronification.!"*15]

Among the monitored patients, the majority had a single-level
herniated intervertebral disc in the intervertebral spaces L5/S1
(108 patients) and L4/LS (169 patients). We observed a per-
sistent improvement in the perception of back pain and pain
radiating to the lower limbs, with a significant improvement in
quality of life 1 year after the follow-up as measured by the
EQ-VAS visual scale and the Oswestry disability questionnaire.
These findings are consistent with the results of other clinical
trials using various surgical approaches for lumbar herniated
discs. A systematic review and meta-analysis of 99 articles
focused on various spinal conditions found that spine surgery
was associated with improved HRQoL for all groups in which
postoperative scores were measured. The analysis included
22,312 cases for EQ-5D utilities, 2312 cases for SF-6D utilities,
and 11,927 cases for SF-36 PCS scores with a median follow-up
time of 12 months. Clinical trials monitoring the treatment of
lumbar herniated discs with open surgical approaches, such as
hemilaminectomy and microdiscectomy, have also shown the
benefit of the procedures and improved patient quality of life
after surgery. However, open surgery is associated with disad-
vantages such as extensive retraction and dissection of paraspi-
nal muscles, longer operating time, larger wounds, and bone
resection.!'®!*) Minimally invasive surgical approaches offer sev-
eral advantages over open surgery, including the preservation
of paraspinal structures and a reduction in postoperative pain,
which often leads to earlier discharge. Additionally, these proce-
dures can be performed under local anesthesia.!"®!

A meta-analysis was conducted to compare the effective-
ness of open lumbar surgery with lumbar endoscopic discec-
tomy. The analysis included 9 randomized controlled trials with
1092 patients. The results showed that endoscopic surgery had
slightly better clinical outcomes than open surgery based on
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Figure 2. Evaluation of patients' scores on the Numerical Pain Scale (NRS) for lower limb and back pain, before treatment, and 12 months after treatment.
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oDl EQ-VAS
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Figure 3. Evaluation of patients’ scores of Oswestry Disability Index (ODI) and overall health score (EQ-VAS) before treatment, and 12 months after treatment.
Numerical scale (0-100) of ODI and EQ-VAS before the procedure and at the 1-year follow-up.

the Macnab criteria, but this difference was not clinically sig-
nificant. However, patients who underwent endoscopic surgery
reported significantly higher satisfaction rates, lower intraoper-
ative blood loss volume, and shorter hospital stays.!?!

Similarly, a meta-analysis compared the efficacy of PELD
with other surgeries for LDH and demonstrated better out-
comes of PELD in 14 clinical trials involving a total of 2528
patients. PELD had a shorter duration of surgery, lower blood
loss, and similar complications compared to other surgeries for
LDH. However, PELD operations resulted in a higher recur-
rence rate (relative risk = 1.65, 95% CI: 1.08-2.52; P =.021).
There were no significant differences in quality of life and ODI
before and after the procedure between the interventions. The

study’s limitation was the relatively low number of clinical trials
included.”! Nevertheless, published results concerning open-op-
erative techniques are also associated with a good prognosis.
To evaluate the quality of life, we chose the EQ-SD-5L
questionnaire as it offers a comprehensive assessment of a
patient’s health status. This questionnaire measures 5 dimen-
sions of perceived problems, each with 5 levels of severity,
which improves sensitivity and reduces the ceiling effect. The
EQ-VAS scale, which is easier to complete and score, was also
used. The “Usual activities” dimension evaluates a patient’s
performance in work, studying, housework, family, or leisure
activities, as well as other dimensions like mobility, self-care,
everyday activities, and anxiety/depression. Our analysis shows
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The weights used for computing the weighted questionnaire
value Q, which combines the information from all 5 dimensions
of the EQ-5D-5L questionnaire.

Weight Value EQ-5D-5L dimension Condition

w0 0.1279 Al Any level in questionnaire is 2 or 3
w0 0.2288 Al Any level in questionnaire is 4 or 5
w0 0.0000 Al Otherwise

wi 0.0659  Mobility Mobility level is 2 or 3

wi 0.1829  Mobility Mobility level is 4 or 5

wi 0.0000  Mobility Otherwise

w2 0.1173  Self-care Self-care level is 2 or 3

w2 0.1559  Self-care Self-care level is 4 or 5

w2 0.0000  Self-care Otherwise

w3 0.0264  Usual activities Usual activities level is 2 or 3
w3 0.0860  Usual activities Usual activities is 4 or 5

w3 0.0000  Usual activities Otherwise

wé 0.0930  Pain/discomfort Pain/discomfort level is 2 or 3
wé 0.1639  Pain/discomfort Pain/discomfort level is 4 or 5
wa 0.0000  Pain/discomfort Otherwise

wb 0.0891 Anxiety/depression Anxiety/depression level is 2 or 3
w5 0.1290  Anxiety/depression Anxiety/depression level is 4 or 5
wb 0.0000  Anxiety/depression Otherwise

For each subject, the value Q was calculated by the formula
Q=1—w—w — W — W3 — Ws — W, with the specified weights.

Calculated P values of the Wilcoxon rank-sum test and the
estimated values of the reliability parameter R.

Wilcoxon
EQ-5D-5L Alternative test P Reliability parameter R
dimension hypothesis value Prob (After < Before) ~ Lower Upper
Mobility After<Before <.001 0.9112 0.8911 0.9298
Self-care After<Before <.001 0.9224 0.9031 0.9402
Usual activities  After<Before <.001 0.9093 0.8881 0.9291
Pain/discomfort ~ After<Before <.001 0.9320 0.9140 0.9486
Anxiety/ After<Before <.001 0.6353 0.6051 0.6650
depression
Weighted After<Before <.001 0.9426 0.9258 0.9583
questionnaire

Calculated P values of the Wilcoxon rank-sum test and the estimated values of the reliability
parameter R (shown together with the associated 2-sided 95% confidence interval) for 5
dimensions of the EQ-5D-5L questionnaire: mobility, self-care, usual activities, pain/discomfort,
y/depression, and also the ined weighted result. These are used for
testing the null hypothesis of equality of medians of the distributions of the questi i D
before and after treatment against the specified 1-sided alternative which specifies that the
particular dimension of the EQ-5D-5L questionnaire response is better after the treatment than
before the treatment (After < Before). The null hypothesis is rejected if the result of the Wilcoxon
test is considered statistically significant (here at P < 0.05) or alternatively, if the reliability
parameter R and all values included in the associated 95% confidence interval are above 0.5.

a significant improvement in the quality of life lasting >1 year
after endoscopic surgery (P <.001). We also calculated the sta-
tistically weighted questionnaire values for each dimension of
the EQ-5D-SL questionnaire in the Slovak and Czech region,
which also indicate a significant improvement in social quality
of life (P < .001).

Despite our study involving patients with a mean age of 46.3
years, the clinical improvement, reduction in lower limb pain,
and improved quality of life after surgery are consistent with a
2-year follow-up study by Peng et al'® in younger patients with
a mean age of 35.6 years.

An interesting finding from a prospective cohort study by
Kapetanakis et al* is that neither gender, muscle mass, nor body
mass index has a significant effect on the final outcome of endo-
scopic discectomy.

A systematic analysis of clinical trials comparing the effective-
ness of transforaminal and interlaminar endoscopic approaches

Medicine

in treating LHD, which reviewed 26 clinical trials involving
3294 patients, demonstrated a significant therapeutic benefit
with both interventional approaches. However, the transforam-
inal approach was associated with higher efficacy, shorter oper-
ation time, and lower blood loss.!”!

In our clinical study, we selected the safest and most effec-
tive possible approach for each patient. For patients with higher
levels of L3/4 and L4/5 herniations, we preferred the transfo-
raminal approach. For herniations in the lower spinal segments
L5/S1 due to anatomical conditions of the pelvis, we chose
the interlaminar approach more often than the transforaminal
approach. Comparing both approaches, we did not observe a
higher percentage of complications or re-herniation.

We consider analgosedation with monitoring as a safe and
beneficial method for endoscopic discectomy. It allows for effec-
tive communication with the patient, ensuring safety and mini-
mizing the risk of nerve damage. Additionally, it promotes early
recovery and a faster return to consciousness, while reducing
the occurrence of postoperative nausea and vomiting. Despite
potential challenges in airway access, we did not encounter any
cases of acute respiratory failure requiring intubation.

4.1. Limitations

Our clinical trial on acute sciatica treatment had limitations that
should be addressed. Firstly, using a prospective observational
design instead of a randomized controlled trial introduced the
potential for selection bias. The absence of a control group made
it challenging to compare treatment effectiveness accurately.
Including a control group would have enabled a more robust eval-
uation of endoscopic discectomy, microdiscectomy, and conserva-
tive treatments. The study involved 470 patients, but a broader age
range (18-79 years) may have influenced the results. Additionally,
a loss to follow-up of 39 patients resulted in missing data for sta-
tistical analysis, potentially impacting the robustness and gener-
alizability of our findings. Future studies should minimize loss to
follow-up and ensure comprehensive data collection. Recognizing
these limitations is crucial for interpreting our findings accurately
and planning future research in acute sciatica treatment.

5. Conclusions

Endoscopic discectomy is a highly effective minimally invasive
surgical method for treating LHD, with a significant impact on
the patient’s clinical state. Clinical assessments of the quality of
life using different types of measurement instruments are useful
in demonstrating the efficacy of pain-treating interventions.
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7 UCEBNICOVE VYSOKOSKOLSKE TEXTY

Dal$im na$im vyznamnym poé¢inom bolo vydanie dvoch publikacii uéebnicovych
vysokoskolskych textov zameranych na Specifikd vegetativneho nervového systému
v slovenskom a anglickom jazyku.

Ciel'om tychto publikacii je poskytnut’ komplexny a objektivny pohl'ad na anatomické
a fyziologickeé Specifika vegetativneho nervového systému a implementaciu tychto znalosti do
klinickej praxe. V publikacii popisujeme v ramci jednotlivych anatomickych usekov
vegetativneho nervového systému moznosti terapeutickych intervencii pre vybrané diagnézy.
Efektivita jednotlivych intervenénych vykonov pre dané ochorenie je vyjadrend v texte
uroviiou dokazov podl'a aktudlnych odporti¢ani mediciny zaloZenej na dokazoch. Publikacie
su urcené predovsetkym pre Studentov piateho a Siesteho ro¢nika v§eobecného lekarstva a pre

lekarov pracujucich v odbore anestéziologia, intenzivna medicina a algeziologia.
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ZOZNAM POUZITYCH SKRATIEK A SYMBOLOV

APACHE
AR
ASIPP
ARDS
AT2
ATl
BAX
BCL2
BIM
ECM
EBM
EGF
FAS
GPx

GR
GSSG
GSH
H>0O»
HO*
ICHDK
IL
MAPK
MERS-CoV
MMPs
MnSOD
NF-xB
NK c-Jun
NO
NOS
NOX
0,
P2R
PLD2
RNS
ROS
SARS-CoV
SOD

T

TGF-p
TLR
TNF-a
ORs
ONOO
UGT
VEGF

Acute Physiology and Chronic Health Evaluation
adrenoreceptory

Americka spolocnost’ intervenénych lekarov bolesti
syndrom akutnej respiracnej tiesne

pneumocyty II typu

pneumocyty I typu

Bcl-2-like protein 4

B-cell lymphoma 2

Bcl-2-like protein 11

extracelularna matrix

mediciny zalozenej na dokazoch

Epidermal growth factor (rastovy faktor epidermy)
Fas receptor

glutationperoxidaza

glutationreduktdza

oxidovany glutation

redukovany glutation

peroxid vodika

hydroxylovy radikal

ischemicka choroba dolnych koncatin

interleukin

mitogénom aktivovana proteinova kinaza,
Middle-East-Respiratory-Syndrome coronavirus
matrixové metaloproteinazy

Superoxiddizmutaza (Mn-kofaktor)

nuklearny faktor kappa B

N-terminal kinase

oxid dusnaty

syntaza oxidu dusnaté¢ho

NADPH oxidéaza

superoxidovy radikal

Purinérgny 2 receptor

fosfolipaza D2

reaktivna forma dusika

Reaktivne formy odvodené od kyslika
Severe-Acute-Respiratory-Syndrome coronavirus
superoxiddizmutaza

Casova konStanta

transformujuci rastovy faktora-f1

Toll-like receptor

tumor nekrotizujuci faktor-a

Opioidné receptory

peroxynitrit (peroxynitritovy anion)
UDP-glukuronozyltransferaza

Vascular endothelial growth factor (rastovy faktor cievneho endotelu)
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ZOZNAM OBRAZKOV
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Komentar

Nazov prace: Uloha oxidacného stresu v patogenéze septickych stavov, respiracného zlyhania

na podklade virusovej infekcie a bolestivych syndromov

Habilitacné praca je predkladana ako komentovany subor vybranych publikacii.

Prvym tematickym okruhom habilitacnej prace je vplyv oxidacného stresu u

septickych pacientov. Klinicky vyskum bol zamerany na sledovanie klinického stavu u
kriticky chorych pacientov s tazkou sepsou a septickym Sokom po parenteralnej suplementécii
pentahydratu slenicitanu sodného prostrednictvom prospektivnej observacnej klinickej stidie
Se-AOX.
V préci su prezentované 3 kazuistiky uspesnej lieCby septickych stavov vratane aplikécie
selénu. Findlne vysledky s$tadie Se-AOX boli publikované v dvoch karentovanych
medicinskych ¢lankoch v Casopisoch Wiener Klinische Wochenschrift a Clinical
Biochemistry. Zavery tychto prac podporuji dokazy o suplementécii selénu ako o inferidrnej
podpornej liecbe. Prace boli citované v tematickych metaanalyzach a systémovych
prehladoch. Clanok v Clinical Biochemistry bol oceneny Lekarskou fakultou Univerzity
Pavla Jozefa Saférika ako najlepsia publikacia za rok 2014.

V druhom tematickom celku sa diskutuje o problematike virusovych pneumonii
vratane pneumonii spojenych s virusovou infekciou COVID-19, vplyvu oxida¢ného stresu na
rozvoj pl'icnej fibrdzy, ako aj aplikaciou viac-hladinovych ventilacnych rezimov do klinicke;j
praxe. Klinicky vyskum v tejto oblasti bol realizovany za pomoci dvoch grantov
financovanych z Eurdpskeho fondu regionalneho rozvoja - Operany program Integrovana
infrastruktara. Vysledky tejto prace boli ocenené CENOU ZA TRANSFER TECHNOLOGIE
NA SLOVENSKU 2023 v kategorii INOVACIA. V habilitaénej praci uvadzam z tohto celku
subor 6 publikovanych prac v casopise Anestézioldgia a intenzivna medicina
kategorizovanych ako povodné prace a prehladové ¢lanky, ako aj kazuistiku publikovant v
karentovom Casopise Medicine.

Treti okruh prace je zamerany na pdsobenie oxida¢ného stresu na rozvoj chronicke;j
bolesti a neurozapalu. Venuje sa aktudlnym teoretickym poznatkom v tejto oblasti.
Informacie o potencidlnom efekte antioxidaénych molektl popisuje prehladovy clanok

publikovany v karentovom ¢asopise Molecules.
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Stvrty okruh popisuje moZny prooxidaény vplyv  opidtov na amplifikaciu
prooxidaénych dejov a vysvetluje korelaciu  biochemickych mechanizmov.  Tuto
problematiku nés tim skiima v prospektivnej observacnej klinickej $tdii Opioid-Redox study,
ktora je zamerana na hodnotenie zmien redoxného stavu pre rézne opiaty. Pilotné zavery
poukazuji na tieto skutocnosti a boli publikované v Casopise Medical Science a d’alSich
recenzovanych ¢asopisoch.

Piatym okruhom habilita¢nej prace je opis lekarsko-vedeckej ¢innosti zameranej na
liecbu akutnej a chronickej bolesti, ktort realizujeme v nemocni¢nom a mimo nemocni¢nom
prostredi. Préace, ktoré stvisia so sledovanim akttnej pooperacnej bolesti, su sledované v
klinickej prospektivnej observacnej Studii VUSCH/POPT 1study. Efektivita terapeutickych
mini invazivnych intervencii zamerana na lumbélny sympatikovy systém je prostrednictvom
termalneho zobrazovania sledovand v prospektivnej observacnej §tadii Tevi-Lusy Study.
Tento projekt je financne podporeny grantom Slovenskej algeziologickej spolo¢nosti. Pilotny
¢lanok bol publikovany v karentovom ¢asopise VASA. Klinické stidie zamerané na low-back
pain s pozitivnym fazetovym syndromom st sledované v randomizovanej multicentricke;j
klinickej Stadii EPCS Xlr. Parcialne vysledky boli publikované v Casopise Radiology case
reports a prezentované na medzinarodnych konferenciach. Pacienti s postlaminektomickym
syndromom boli sledovani v randomizovanej multicentrickej klinickej §tadii EPCS II a
vysledky tejto Studie boli publikované v karentovanych casopisoch Pain Medicine, Wiener
Klinische Wochenschrift a Bratislava Medical Journal. V tychto pracach sme v spolupraci s
Ustavom merania Slovenskej akadémie vied stanovili koeficienty Statistickych vah pre
dotaznik kvality Zivota EQ-5D-5L, pre region Ceskej a Slovenskej republiky. Tieto poznatky
je mozné vyuzit' v Sirokom spektre medicinskych odborov pri hodnoteni kvality Zzivota
pacientov. Prace boli citované v tematickej metaanalyze a syst¢tmovom prehl’ade. Zmeny
klinického stavu pacientov po endoskopickom vykone s aktitnym radikularnym syndrémom
sme hodnotili v prospektivnej multicentrickej observacnej klinickej Studii EPCS V. Zavery

tejto prace boli publikované v Bratislava Medical Journal a karentovom ¢asopise Medicine.
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Habilitation Thesis Abstract

Title: The Role of Oxidative Stress in Septic Syndromes, Viral-Induced Respiratory Failure,

and Associated Pain Syndromes

This habilitation thesis is being presented as a synthesis of previously published scholarly
works.

The first part of this habilitation thesis examines the influence of oxidative stress in
septic patients. The clinical research focused on critically ill patients with severe sepsis and
septic shock, investigating their clinical state after parenteral application of sodium selenite
pentahydrate in a prospective observational clinical trial (Se-AOX). This thesis includes three
case reports detailing successful treatments with selenium supplementation in patients with
severe sepsis. The final outcomes of the Se-AOX trial were published in Klinische
Wochenschrift and Clinical Biochemistry, with results indicating limited evidence for the
efficacy of selenium supplementation. These papers were cited in thematic meta-analyses and
systematic reviews. The article in Clinical Biochemistry was awarded Best Publication in
2014 by the Medical Faculty of Pavol Josef Safarik University.

The second part discusses viral pneumonias, including those related to COVID-19, and
the potential influence of oxidative stress on the development of pulmonary fibrosis. It also
addresses the application of multilevel ventilation modes in clinical practice. This research
was funded by two grants from the European Fund for Regional Development — Operational
Programme Integrated Infrastructure. The results were recognized with the Technological
Transfer Award in the category of Innovation. This section includes six published works in
Anaesthesiology and Intensive Care Journal (Slovak Republic), categorized as original
research, summaries, and a case report published in the journal Medicine.

The third part focuses on the role of oxidative stress in the development of chronic pain
and neuroinflammation. Current theoretical knowledge in this area is discussed, along with
the potential effects of antioxidative molecules, as detailed in a publication in the journal
Molecules.

The fourth part explores the pro-oxidative effects of opioids and their role in amplifying
oxidative actions, explaining the biochemical mechanisms involved. This research is part of a

prospective observational clinical trial, the Opioid-Redox Study, conducted by our medical
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scientific team to evaluate redox changes associated with various opioids. Preliminary
findings were published in the Medical Science journal and other review journals.

The fifth part of the thesis outlines our medical scientific work on acute and chronic
pain management in both hospital and outpatient settings. Research on acute postoperative
pain is conducted within the clinical prospective trial VUSCH/POPT Istudy. The efficacy of
minimally invasive therapeutic interventions targeting the lumbar sympathetic system is
assessed using thermal imaging in the Tevi-Lusy Study, a prospective observational clinical
trial financially supported by the Slovak Pain Association. A pilot article from this study was
published in VASA.

Clinical trials on low-back pain with positive facet syndrome are conducted in the multicenter
randomized clinical trial EPCS Xlr, with partial results published in Radiology Case Reports
Journal and presented at international conferences. Patients with failed back surgery syndrome
were studied in the multicenter randomized clinical trial EPCS II, with results published in
Pain Medicine, Wiener Klinische Wochenschrift, and Bratislava Medical Journal.
Collaboration with the Slovak Academy of Sciences, Institute of Measurements, led to the
determination of statistical weights for the EQ-5D-5L quality of life questionnaire for the
Czech and Slovak regions. This knowledge is applicable across various medical
specializations to assess patient quality of life. These works were cited in thematic meta-
analyses and systematic reviews. Changes in the clinical state of patients with acute radicular
syndrome after endoscopic treatment were evaluated in the prospective multicenter
observational clinical trial EPCS V, with conclusions published in Bratislava Medical Journal

and Medicine.
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Priloha ¢. 1

UNIVERZITA PAVLA JOZEFA SAFARIKA V KOSICIACH

NajvyznamnejsSie vedecké prace zamestnancov
Univerzity Pavla Jozefa Safarika v Kosiciach publikované v roku 2014
podra fakult a akreditovanych oblasti vyskumu

Lekarska fakulta

Oblast’ vyskumu 18. Lekarske, farmaceutické a nelekarske zdravotnicke vedy

ADC - Vedeckeé prace v zahrani¢nych karentovanych ¢asopisoch

Mechirova, Eva — Danielisova, Viera, Domorakova, Iveta — Dankova, Marianna —
Stebnicky, Milan — Mi¢kova, Helena — Burda, Jozef:

Bradykinin preconditioning affects the number of degenerated neurons and the level
of antioxidant enzymes in spinal cord ischemia in rabbits.

Acta histochemica. ISSN 0065-1281. - Vol. 116, no. 1 (2014), s. 252-257.

ADC - Vedeckeé prace v zahrani¢nych karentovanych ¢asopisoch

Koéan, Ladislav — Vagkova, Janka — Vasko, Ladislav — Simonova, Jana — Simon,
Roébert — Firment, Jozef:

Selenium adjuvant therapy in septic patients selected according to Carrico index.
C. projektu: VEGA 1/0799/09.

Clinical Biochemistry. - ISSN 0009-9120. - Vol. 47, no. 15 (2014), s. 44-50.

ADC - Vedeckeé prace v zahrani¢nych karentovanych ¢asopisoch

Katuchova, Jana — Bober, Juraj — Harbulak, Pavol — Hudak, Alexander — Gajdzik,
Tomas — Kalanin, Rastislav — Radonak, Jozef:

Obesity as a risk factor for severe acute pancreatitis patients.

Wiener Klinische Wochenschrift. - ISSN 0043-5325. - Vol. 126, no. 7-8 (2014), s.
223-227.
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