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ABSTRAKT

Proteomika se zabyva hromadnym studiem proteind a jejich vlastnosti, predevsim struktury a
funkce. V mediciné byva vyuZivana pro analyzu fungovani tkani a organd ve zdravi a nemoci a
hledani biomarkerl. Metody zahrnuji pfipravu vzorku, separaéni techniky a hmotnostni
spektrometrii. ProtoZe neexistuje univerzalni metoda pro analyzu libovolného biologického
vzorku, proto analytické techniky vyZzaduji optimalizaci pro konkrétni typ vzorku a poZadované

vystupy.

Cilem prace bylo vytvofit metodické postupy a vyhodnotit proteomické vysledky ve dvou
vyzkumnych rovinach: experimentalni a klinické. Prvni ¢ast prace obsahuje experimenty vyuzivajici
proteomiku pro studium zmény proteomu plazmy v klinicky relevantnim prasecim modelu sepse
vyvolané peritonitidou. Proteomické analyzy byly rovnéZ vychozi metodologickou strategii
v experimentech zamérenych na fyziologii ledvin a patofyziologii akutniho poskozeni ledvin
v prlibéhu sepse. Analyzou biopsii ledvin byl sledovan ¢asovy prlibéh zmén proteomu zptsobeny
sepsi a chirurgickym zasahem. Ve druhé casti dizertacni prace jsou zahrnuty prace zabyvajici se
biokompatibilitou mimotélnich ocistovacich metod. Byla pfipravena metoda pro analyzu protein(
interagujicich s povrchem kapilar hemodialyzator(i a s adsorbenty systému nahrady funkce jater.
Analyzou proteini adsorbovanych na polysulfonové kapilary dialyzator byla identifikovana
aktivace komplementu jako proces vyznamny v biokompatibilité dialyzatord.
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ABSTRACT

Proteomics is the large-scale study of proteins, particularly their structures and functions.
Proteomics has been utilized in medicine for investigation of disease mechanisms and biomarker
discovery. Instrumental methods cover sample preparation, protein and peptide separation and
mass spectrometry. At present, there is no proteomic method that can be used as universal for
every sample. Analytical methods need to be adapted and optimized for certain samples.

The aim of this work was to create methodic procedures and to interpret results of experimental
and clinical research. The first part of the thesis includes experiments utilizing proteomics to study
changes in the plasma proteome clinically relevant porcine model of sepsis-induced peritonitis.
Proteomic analyzes were also starting methodological strategies in experiments aimed at kidney
physiology and pathophysiology of acute kidney injury during sepsis. Renal biopsies were analyzed
in order to study the time course of proteome changes caused by sepsis and surgery. The second
part of the thesis contains experiments studying biocompatibility. A method for elution of
proteins interacting with adsorbents used in extracorporeal liver support system and with
hemodialyzer capillaries was prepared. Analysis of proteins adsorbed to polysulfone capillaries
identified complement activation as an important process involved in hemodialyzer
biocompatibility.

Keywords

Proteome; Mitochondria; Sepsis; Electrophoresis; Mass spectrometry; Biocompatibility; Kidney



Prohlasuji, Ze tuto dizertacni praci jsem vypracoval samostatné. Veskerou literaturu a ostatni
prameny, z nichZ jsem pfi pripravé Cerpal, fadné cituji a dale uvadim v seznamu literatury.
Soucasné souhlasim se zapUj¢ovanim této prace.

Zdenék Tima

Datum:

Podpis: Zdenék Tima



Prehled pouzitych zkratek

2-DE

AKI
ANOVA
ATP
BN-PAGE

E/P
EDTA
ESI
ETS
FPSA
HABP
CHAPS
IEF
IPG
kDa
LC-MS
MALDI
MAM
MASP

MW
NHE-RF3
PCA

pl

PMF
SDS
SELDI

SRM/MR
M

SWATH

TOF

Dvojrozmérna gelova elektroforéza

Akutni poskozeni ledvin (acute kidney injury)
Analyza variance (analysis of variance)
Adenosintrifosfat

Nativni polyakrylamidova elektroforéza za pfitomnosti Coomassie (blue-native
polyacrylamide gel electrophoresis)

Pomeér intenzity skvrn na gelech eluatt a plazmy
Etylendiamintetraoctova kyselina

lonizace elektrosprejem

Mitochondrialni elektrontransportni systém

Frakcionovana separace plazmy a adsorpce

Protein vazajici hyaluronan (hyaluronan binding protein)
3-[3-(cholamidopropyl) dimethylamonio]-1- propansulfonat
Izoelektricka fokusace

Imobilizovany gradient pH

Kilodalton

Kapalinova chromatografie-hmotnostni spektrometrie
lonizace laserem za pfitomnosti matrice (matrix-assisted laser desorption and ionization)
Membrdany asociované s mitochondriemi

Mandzu vazajici lektin (MBL), MBL asociovana serinova proteaza (MBL-associated serine
protease)

Molekulova hmotnost (molecular weight)

Na+/H+ exchange regulatory cofactor 3

Analyza hlavnich sloZek (principal component analysis)
Izoelektricky bod

Peptidové mapovani (peptide mass fingerprinting)
Dodecylsiran sodny

Surface Enhanced Laser Desorption and lonisation

Monitorovani vybranych reakci (selected reaction monitoring/multiple reaction
monitoring)

Sekvencéni akvizice vSech fragmentovych spekter (Sequential Window Acquisition of all
THeoretical Mass Spectra)

Analyzator doby letu (time of flight)



Lo UVOG ittt ettt sttt s ettt s et s s et ettt s s ettt s s aetesenans 6
2. PUVOANT PrACE. . ettt ettt et et e et e et e e e beeebeeesbesestbeesabeeseesaeesareesaseeebeeensseesseseseeans 8
2.1, PUVOANT VEAECKE PIrACE ....oeeeveeeiee ettt ettt et e e et e et e e ate e e etae e taeeseveeeneeenes 8
2.2, PUvodni prehl@dOVE PracCe ......ccceiiciiiiiiecceeecee ettt et tre et e e e etae e be e s veeeeaae e 9
2.3.  Préce navazujici na studovanou problematiku ..........ccccccvuiriiiiiiiiieciiee e 9
3. Soucasny stav ProblemMatiky........ceeeeiieiiieciee e e e 10
3.1. Biologické vzorky vyuZitelné pro prote@omMIiKU .........ccceeeeeeiuieeeeciieeeiiieeeeceeeeecree e eeireea 10
3.2.  Analytické metody V ProteOMICE .......ueieeciiiieiciiee et e aae e 12
3.3.  Vyuziti a potencidl proteomiky v medicing.........cooooiiiiieiiie e 15
4. Legalnia etické aspekty StUdii.......ccueeiieiiiiiciiee e 16
TR O L= U o OO PUURTRR PP PRRRRPR 16
6.  EXPEIriMENTAINT PrACE ..uveiiiiiee ettt et e e e et e e e e ette e e e e e ebaee e eeabeeeeeeareeeeenseeas 17
6.1.  Analyza proteomu mitochondrii v ledvinach (studie I) .......cccccovveeeeiiiiriiiiiiiecciee e, 17
6.2. Proteom plazmy v ¢asné fazi sepse (StUudie Il).......ccccveereiiiiiiiiiiie e 19
6.3.  Proteom tkané ledvin v prlbéhu sepse (studie Hl) ......cccceeeiiieiiieciee e 21
7. KENICKE STUTIE oottt st st st et e e sre e 23
7.1.  Interaktom systému pro nahradu funkce jater (studie IV) .....cccceeecieeieciieiieccieeeeeeee, 23
7.2.  Analyza interakce krve s kapilarami dialyzatorQ (studie V).....ccoceeeeeieeeccieeiecieeeecee, 25

7.3. Proteomicka analyza aktivace komplementu pfi kontaktu krve s kapilarami dialyzator(

(SEUTIE V1) oottt et e e ee ettt e e e e e ee e taba e e e e e s eeess b sabaeaaeaeeeensstaaaseeessennssreaneaeesas 27
8. ZAVRIY e et e e e e e e e e e e—ee e e eab—ee e e a—aeeeaabbaeeeataeeeeataeaeaaaraeeeataeaeanres 28
8.1 EXPerimentalni STUAIE ...ccceeeeee ettt ettt e et e e et e et e e e aneas 28
8.2, KIINICKE SEUIE ..ottt ettt sttt e et as 28
1S T o o | oo - USSR 29
10. POOBKOVANT ....eeteeiteee ettt st st sttt s b e e ns 29
11. LIEEratUra. .o ceviei it e 30
12. PHIONY oottt et e e e et e e e e ete e e e e tte e aeeeebbee e e ttaeeeeaareeeeereeeeenres 36



1. Uvod

Dysfunkce organi jsou komplexni a zavazné stavy nastavajici v disledku akutnich a chronickych
onemocnéni. Porozuméni mechanismim, identifikace biomarkerd a validace ucinkl Iécby mize
pomoci k vyvoji specifické 1éCby a zlepSeni progndzy pacientll [Wang et al. 2006].

Proteomika je soubor technik, pristupl a konceptd, které usiluji o kvantitativni a kvalitativni popis
a porovnani proteomu. Jako proteom se oznaduje kompletni sada proteinl vcetné jejich izoforem
a posttranslacnich modifikaci nachazejici se v konkrétnim okamZziku v daném organismu, tkani
nebo burice. Moderni proteomické technologie umoznuji identifikaci a kvantitativni hodnoceni
velkého mnoistvi proteint (v idedInim pfipadé vsech protein( pfitomnych ve vzorku) a umoznuji
ziskat podstatné vice informaci, neZ metody zamérené na sledovani definované sady analyt(
[Bohra et al. 2013].

V soucasnosti se proteomika v mediciné uplatriuje v oblastech vyzkumu fyziologie tkani, organ( ve
zdravi a nemoci, hledani a validaci biomarkerl, a pro vyvoj novych lék{. Pfi vyzkumu
fyziologického a patofyziologického fungovani tkani a organud je snaha identifikovat co nejvice
proteind pfitomnych v daném systému, prozkoumat jejich strukturu a vzajemné interakce a
navrhnout fungovani metabolickych drah. Pomoci metod pro relativni kvantifikaci je mozné
porovnat expresi proteind mezi nékolika stavy, pfipadné v rlznych ¢asovych okamizicich. Nastroje
bioinformatiky umoziuji zasadit vysledky do kontextu a navrhovat modely fungovani
metabolickych drah. V pfipadé hledani biomarker( je podstatnou casti standardizace metod,
kvantifikace relativni i absolutni pomoci syntetickych vnitfnich standardi. Aplikace proteomiky pfi
experimentech na modelovych organismech pak muze pfispét k pochopeni mechanism{ chorob, k
identifikaci biomarker(l a testovani novych zplsobu léCby.

Prvni oddil dizertacni prace obsahuje experimentdlni prace zabyvajici se proteomem mitochondrii
v ledvinach [l], proteomem plazmy [ll] a tkané [ll]] na zvifecim modelu sepse, druhy oddil se
zabyva analyzou biofilmu proteini u mimotélnich eliminacnich metod [IV-VI], a ve tfetim oddilu
jsou pak zahrnuty dalsi prace vyuzivajici metody proteomiky a prace s mitochondriemi.

Tématem prvni prace je analyza proteomu mitochondrii vledvinach [I]. Mitochondrie jsou
dllezitymi dodavateli energie pro procesy aktivniho transportu latek v ledvinach. Zmény
mitochondridlniho metabolismu ledvin jsou pozorovany pti chorobach (napf. sepse, akutni selhani
ledvin, diabetes) nebo pti plsobeni xenobiotik. V pfiloZzené studii jsme se zajimali o proteom
mitochondrii ledvin a prokazali rozdily odpovidajici fyziologickym funkcim kliry a dfené ledvin.

Dalsi prace se zabyva analyzou plazmy pfti sepsi indukované peritonitidou na praseti [ll]. Podil
autora dizertace je v pfipravé vzorkl a provadéni separace proteint pomoci elektroforézy. Pomoci
analyz zaloZzenych na dvojrozmérné elektroforéze byly v plazmé prasat s navozenou peritonitidou
hledany proteiny, jejichZ zastoupeni se zménilo vlivem peritonitidy.

Proteom biopsii ledvin v pribéhu sepse je popsan v praci [lll]. Podil autora dizertace je v pfipravé
vzork(, provadéni separace proteinli pomoci elektroforézy a analyze vysledkd. Byly analyzovany
biopsie ledvin odebrané ve dvou ¢asovych bodech v pribéhu sepse. Porovnanim proteomu biopsii
septickych zvifat a zvifat kontrolni skupiny, ktera podstoupila anestezii a operacni zakrok, byly
nalezeny proteiny specificky reagujici na sepsi.



Prace [IV-VI] se tykaji analyzy biokompatibility materiald pouZivanych k dialyzacnim metodam.
V prvni pripadové studii [IV] byly analyzovany proteiny adsorbované na kolony systému nahrady
jater Prometheus. Podil autora dizertace je ve vypracovani metody pro ziskani proteini
adsorbovanych na ocistovaci kolony a provedeni separace a identifikace proteinG. Byly ziskany
profily protein( odlisné na koloné s neutralné nabitou pryskyfici a na koloné s anexem. Nékteré
z identifikovanych proteini bylo mozné dat do souvislosti s procesy probihajicimi pti poskozeni
jater.

Studie [V] popisuje analyzu protein(i adsorbovanych na stény kapilar dialyzatoru pfi hemodialyze.
Cilem bylo popsat spektrum proteind, které se podili na reakci krve s umélym povrchem. Pro
zkoumani proteind adsorbovanych na stény kapilar byla pfipravena metoda eluce. Mezi
adsorbovanymi proteiny byly identifikovany proteiny ucastnici se aktivace koagulacni kaskady,
komplementu a adheze leukocytd. Poznani mechanismu téchto procest muze poslouzit k vyvoiji
kompatibilnéjsich materiall a prevenci chronického zanétu vyvolaného opakovanym kontaktem
krve s umélym povrchem dialyzatoru [Bonomini et al. 2015].

Studie [VI] vyuZivd metodiku vyvinutou v predchazejici praci a aplikuje ji na rozsahlejsi soubor
pacientl. Proteiny adsorbované na kapilary byly zkoumany u souboru 16 pacientl lécenych
dialyzou a ve vzorcich plazmy byly stanoveny hladiny parametr( systémové biokompatibility.
Proteomickd analyza poskytla data pro potvrzeni lektinové drahy komplementu zplsobené
kontaktem krve s dialyza¢ni membranou.

Z praci navazujicich na studovanou problematiku jsou zatrazeny prace studujici vliv propolisu na
mitochondrie ve spermiich, ve které bylo vyuZito stanoveni aktivity mitochondrialnich enzymu ke
standardizaci respirometrickych dat a prdce zabyvajici se charakterizaci bakteridlnich
cefalosporinaz, kde byla pouZita hmotnostni spektrometrie pro identifikaci bakterialnich protein(.



2. Plivodni prace

Tato dizertacni prace vychazi z komentovaného souboru pulvodnich experimentdlnich praci a

prehledového ¢lanku, jejichZz seznam je uveden nize.

VL.
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induced sepsis. Clin Sci (Lond), 2009, 116, s. 721-730. IF 5,598

MATEJOVIC, Martin; TUMA, Zden&k; MORAVEC, Jifi; VALESOVA, Lenka; SYKORA, Roman;
CHVOIKA, Jifi; BENES, Jan; MARES, Jan. Renal proteomic responses to severe sepsis and
surgical trauma: dynamic analysis of porcine tissue biopsies. Shock, 2016. IF 3,045

2.1.2. Klinické

MARES, Jan; THONGBOONKERD, Visith; TUMA, Zden&k; MORAVEC, lifi; MATEJOVIC,
Martin. Specific adsorption of some complement activation proteins to polysulfone
dialysis membranes during hemodialysis. Kidney international. 2009,76, s. 404-413. IF
8,563

MARES, Jan; RICHTROVA, Pavlina; HRICINOVA, Alena; TUMA, Zden&k; MORAVEC, Jifi;
LYSAK, Daniel; MATEJOVIC, Martin. Proteomic profiling of blood-dialyzer interactome
reveals involvement of lectin complement pathway in hemodialysis-induced inflammatory
response. Proteomics Clin Appl, 2010, 4, s. 829-838. IF 2,956

MARES, Jan; THONGBOONKERD, Visith; TUMA, Zden&k; MORAVEC, Ji¥; KARVUNIDIS,
Thomas; MATEJOVIC, Martin. Proteomic analysis of proteins bound to adsorption units of
extracorporeal liver support system under clinical conditions. J Proteome Res, 2009, 8, s.
1756-1764. IF 4,245
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3. Soucasny stav problematiky

Proteomika se snaZi analyzovat strukturu a kvantitu idedlné vsech proteinl obsaZenych
v konkrétnim okamziku v daném organismu, tkani nebo burce. Vyuzivd ktomu biochemické
separacni metody, hmotnostni spektrometrii a bioinformatické nastroje. Pro experimenty
zabyvajici se analyzou metabolickych drah, sledovani vlivu IéCiv a navrhovani personalizovanych
terapii a hledani biomarker(i v soucasnosti neexistuje jedna univerzalni proteomickda metoda
aplikovatelna na jakykoliv biologicky materidl. Pro experimenty je proto nezbytné vybrat a
prizpUsobit z mnoha zpUsobl pfipravy vzorku, separacnich a hmotnostné spektrometrickych
metod ty, které poskytnou optimalni vysledky vzhledem ke studovanému problému.

Vyraznou slozkou metodik proteomiky je hmotnostni spektrometrie. Vynalez technik schopnych
ionizovat velké, netékavé a termolabilni molekuly proteind a peptidd pomoci ionizace laserem za
pfitomnosti matrice - MALDI [Karas et al. 1988] a ionizace elektrosprejem -ESI [Yamashita et al.
1984]) umoznil vyuZiti hmotnostni spektrometrie k analyze struktury protein(i a posttranslacnich
modifikaci. Pro identifikaci proteinl byla vyvinuta metoda peptidového mapovani (peptide mass
fingerprinting, PMF), kdy jsou méfeny hmotnosti peptidl pfipravenych proteolytickym Stépenim
izolovanych proteinli a hledadna jejich shoda s teoretickymi hodnotami odvozenymi ze sekvenci
znamych proteinl [Thiede et al. 2005]. Tandemova hmotnostni spektrometrie, pfi které je iont
peptidu v hmotnostnim spektrometru fragmentovan a nasledné zmérena hmotnost fragmentd, je
nepostradatelny nastroj pro detailni analyzu aminokyselinové sekvence a pfipadnych modifikaci
[Cottrell 2011]. V soucasnosti jsou pouZivany a rozvijeny metody kvantitativni analyzy proteom(
pomoci hmotnostni spektrometrie. Jejich parametry jsou dostatec¢né k tomu, aby bylo mozné
kvantifikovat proteiny s dostatecnou specificitou v komplexnich smésich v dynamickém rozsahu az
5 radu [Liebler et al. 2013].

Proteomika wurazila cestu od publikovani seznaml identifikovanych proteind k detailni
vysokovykonné kvantitativni charakterizaci proteomd a integraci s dalSimi metodami (napf.
genomika [Cesnik et al. 2016], metabolomika [Klawitter et al. 2008]). Cilena analyza pomoci
hmotnostni spektrometrie je vhodna pro identifikaci biomarkera a jejich validaci [Liu et al. 2013].

3.1.Biologické vzorky vyuzitelné pro proteomiku

Proteomika je v mediciné vyuzivana pro zkoumani mechanism( chorob a patologickych stavd,
zkoumani odpovédi na lécbu a v identifikaci biomarker(i. ProtoZe v soucasnosti neexistuje
univerzalni metoda pro analyzu kompletniho proteomu urcitého systému, je nutné pro maximalni
vyuziti potencialu proteomiky peclivé naplanovat experiment. Proteomickd analyza zahrnuje
vybér biologického materidlu, aplikaci analytickych metod pro separaci proteinli a peptidd,
identifikaci proteinli pomoci hmotnostni spektrometrie a interpretaci vysledkd. Techniky pro
zpracovani velmi malych mnoizstvi vzork( s radové mikrogramovymi mnozZstvimi proteind mohou
umoznit analyzu proteomu tkanovych biopsii [Feist et al. 2015].
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3.1.1. Télni tekutiny

Télni tekutiny predstavuji dalezity zdroj proteind, jejichz vyhody oproti vzorkim tkani nebo
biopsiim spocivaji v nizsi invazivité odbéru a snadnéjSim zpracovdni. Pomoci proteomiky bylo
analyzovano siroké spektrum tekutin (plazma, moc¢ [Thongboonkerd et al. 2006], sliny [Amado et
al. 2013], mozkomisni mok [Kroksveen et al. 2011], broncholavazni tekutina a dalsi).

Plazma a sérum predstavuji dobfe dostupny materidl. Proteom plazmy zahrnuje kromé
abundantnich proteinli (napf. albumin, transferin) také proteiny vyluCované tkanémi,
imunoglobuliny, proteinové a peptidové hormony a cytokiny [Anderson et al. 2002, Nanjappa et
al. 2014]. Proteom plazmy a séra je ovlivnén mnoha preanalytickymi faktory, zejména volbou
antikoagulantu, variabilitou ¢asu srazeni, hemolyzou, rychlosti a ¢asem centrifugace, teplotou
uloZeni a opakovanymi cykly zmrazeni a rozmrazeni vzorku [Tuck et al. 2009, Pasella et al. 2013].
Proto je dlleZitd standardizace téchto krokl, obzvlasté pro sniZeni technické variability pfi
mezilaboratornich multicentrickych studiich [Rai et al. 2005]. Sérum je kvalitativné odlisné od
plazmy v tom, Ze prevdind cast fibrinogenu je pfeménéna na srazeninu fibrinu a spolu
s destickami odstranéna. Proteom séra je ovlivnén zejména dobou srdzeni, rychlosti odstfedovani
odstranéni fibrinové sraZzeniny, teplotou skladovani a pouzitymi zkumavkami pro sbér materialu
[Lundblad 2003]. Rozsah koncentraci individudlnich protein v plazmé dosahuje 10-12 adu a
abundantni proteiny plazmy (napf¥. albumin, transferin) predstavuji vice nez 99% hmotnostniho
podilu proteinli v plazmé. Techniky odstranujici abundantni proteiny jsou vyuZivany pro zlepseni
detekce ostatnich proteint plazmy [Dayon et al. 2013].

Moc obsahuje proteiny po ultrafiltraci plazmy a proteiny pochazejici z organt Gcéastnicich se na jeji
tvorbé a vylucovani (ledviny a mocovy trakt). Proteom moci poskytuje informace o fyziologii a
patofyziologii ledvin a mocového Ustroji, a mlze byt vyuZit pro detekci biomarker( jejich chorob
[Rodriguez-Suarez et al. 2014]. Podobné jako u plazmy, pfitomnost abundantnich protein(
znesnadnuje detekci proteinl s nizkymi koncentracemi [Kushnir et al. 2009]. SloZzeni proteomu
moci se méni v zavislosti na ¢ase odbéru, dieté, télesné zatézi a zdravotnim stavu [Nagaraj et al.
2011]. Zpracovani moci pred proteomickou analyzou obvykle vyZaduje odstranéni iontd soli
pomoci SPE, precipitace nebo dialyzy [Thongboonkerd et al. 2006]. Vyznamny zdroj biomarkeru
predstavuji také peptidy v moci [Coon et al. 2008].

Zvlastni pripad predstavuji tekutiny z mimotélnich odistovacich metod. Hemodialyzat a
hemodiafiltrat mohou poskytnout informaci o uremickych toxinech hromadicich se v krvi pfi
poruse funkce ledvin [Walden et al. 2007]. Komplikaci je to, Ze obsahuji proteiny ve velmi nizké
koncentraci a naopak koncentrace elektrolyt (soli) je pomérné vysoka; vyzaduji tedy
zakoncentrovani a odstranéni elektrolytd napf. dialyzou nebo precipitaci organickymi
rozpoustédly.

3.1.2. Tkané

Analyzou tkani miZeme zachytit zmény metabolickych a signalnich drah zplsobené nemoci a
vytipovat proteiny vhodné jako cile terapie. Ziskani tkané je invazivni proces a dostupnost vzork(
tkani od pacientll je tedy omezena. Jako zdroj materidlu jsou dullezZité tkané zvirat (modely
chorob). S vyvojem citlivéjsich analytickych metod je moZzné analyzovat biopsie [Guo et al. 2015].
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Zpracovani tkani pro proteomické analyzy zahrnuje homogenizaci tkané a extrakci proteind.
Pouzité metody do jisté miry zavisi na analytické technice pouzité pro dalsi praci. V pfipadé
zkoumani rozpustnych proteinovych komplex( je nutné pracovat s detergenty, které jsou schopny
solubilizovat komplexy bez disociace (napf. N-dodecyl-beta-D-maltosid). Pro vétSinu aplikaci
vyuzivajicich dvojrozmérné elektroforézy jsou vyuzivany pufry obsahujici denaturujici a redukéni
¢inidla [Shaw et al. 2003]. Membranové proteiny jsou obtiZzné dostupné a pro jejich ziskani jsou
nutné komplikované solubilizac¢ni postupy [Rabilloud 2009]. Pfi pfipravé vzorku pro metody
zaloZzené na spojeni kapalinové chromatografie a hmotnostni spektrometrie pak je cilem
proteolyticky rozstépit proteiny vzorku na peptidy s co nejvétsSim uacinkem [Wisniewski et al.
2009].

3.1.3. Subcelularni organely

ProtozZe pocet individualnich proteini a dynamicky rozsah jejich koncentraci prekracuje moznosti
stavajicich analytickych metod, proto je vhodné sniZit komplexitu vzorku. Castym zplsobem je
izolace subcelularnich organel [Andreyev et al. 2010]. Analyzou izolovanych organel Ize dosahnout
lepsiho pokryti jejich proteomu, protoZe jsou odstranény abundantni proteiny (napf. cytoplazmy).
Pfikladem hojné pouzivaného postupu je separace mitochondrii pomoci diferencialni
centrifugace. Metoda je zaloZena na rozdilu hustot organel. Provadi se jako série centrifugacnich
krokl, pfi nichz sedimentuji jednotlivé organely [Graham 2001]. DalSimi moZnostmi izolace
organel jsou imunopurifikace a separace pomoci magnetickych mikrocastic. Separace organel byla
zatim vyuZita pfi analyze proteomu mitochondrii [Jiang et al. 2012], peroxisom0 [Kikuchi et al.
2004], bunécéného jadra [Korfali et al. 2012] a mikrosomU [Peng et al. 2012]. Pfi izolaci
subcelularnich organel je dllezZita standardizace izolacniho postupu a je také vhodné provést
kontrolu (Cistoty organel [Satori et al. 2013]. Pfi analyzach proteomi takto izolovanych
subcelularnich organel jsou ¢asto nachdazeny proteiny pochazejici z jinych organel. Jsou znamy
pfipady spojeni organel, napf. membrdny asociované s mitochondriemi (mitochondria associated
membranes, MAM), kdy pomoci proteinovych komplexi dochazi ke spojeni mitochondrii a
endoplazmatického retikula [Raturi et al. 2013]. Metody a aplikace proteomiky na analyzu
mitochondrii v ledvinach jsou shrnuty v prehledovém ¢lanku VII.

3.2. Analytické metody v proteomice

Proteomika spoléhd na spojeni separacnich metod, hmotnostni spektrometrie a
bioinformatickych pristupl pro analyzu dat. V separacnich metodach vyuzivanych proteomikou
jsou hojné zastoupeny gelové elektroforézy a kapalinovd chromatografie. Pro hmotnostni
spektrometrii jsou vyvijeny spektrometry, které umoznuji stdle rychlejsi identifikaci a citlivéjsi
detekci protein(.
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3.2.1. Metody zaloZené na gelovych elektroforézach.

Elektroforetické separace predstavuji podstatnou cast technik vyuZivanych v proteomice.
Dvojrozmérnd elektroforéza (2-DE) je kombinaci separace pomoci izoelektrické fokusace (IEF) a
elektroforézy na polyakrylamidovém gelu (SDS-PAGE) a predstavuje jednu z hojné pouzivanych
technik. Po vizualizaci pomoci barviva selektivné se vazajiciho na molekuly protein( se proteiny
zobrazi jako skvrny, jejichz poloha na gelu je uréena hmotnosti a izoelektrickym bodem daného
proteinu a intenzita skvrny je pak Umérna mnozstvi proteinu. Rozliseni se pocita na stovky az tisice
proteinovych skvrn [Magdeldin et al. 2014]. Porovnanim obraz( gell pro sérii vzork( lze pak zjistit
relativni zménu protein [Rabilloud et al. 2010]. Po zpracovani vice vzorkd v sérii Ize pomoci
specializovanych program( porovnavat intenzitu skvrn a tim zjistit, jak se mnozstvi danych
proteind méni [Chevalier 2010].Porovnanim obrazl gelll pomoci specializovanych programi lze
porovnavat intenzitu proteinovych skvrn a tim zjistit, jak se relativni koncentrace danych protein(
v jednotlivych vzorcich méni [Chevalier 2010, Rabilloud et al. 2010]. Zac¢lenéni vnitfniho standardu
do elektroforetické separace zvysuje reprodukovatelnost. Usporaddani DIGE, kdy vzorky a vnitini
standard jsou oznaceny fluorescenénimi barvivy a separovdany na jednom gelu, zvySuje
reprodukovatelnost separace [O'Connell et al. 2009]. Mezi vyhody dvojrozmérna elektroforézy
patfi uvadény robustnost a kompatibilita s dalSimi kroky (napf. imunochemickd detekce,
identifikace pomoci hmotnostni spektrometrie). Vyznamnymi nevyhodami jsou obtize pfi separaci
proteinll s extrémnimi hodnotami izoelektrickych bod( a hydrofobnich protein(, uzky dynamicky
rozsah detekce proteinl a naro¢nost na ¢as a praci [Magdeldin et al. 2014].

Mezi dal$i metody vyuZivajici separaci na gelu patfi nativni elektroforéza (BN-PAGE). Principem je
separace v pfitomnosti barviva Coomassie, které se reverzibilné vaze na proteiny a udéluje jim
zaporny naboj. Touto separaci je mozné ziskat nativni proteinové komplexy a zkoumat jejich
podjednotkové sloZeni [Wittig et al. 2008].

Identifikace vybranych proteind (napt. téch, u kterych je zjisténa zména exprese) muize pak byt
provedena pomoci proteolytického stépeni proteinl v gelu [Shevchenko et al. 2006] a analyzy
vzniklych peptidli pomoci hmotnostni spektrometrie [Aebersold et al. 2001].

3.2.2. Metody zaloZené na kapalinovych chromatografiich

Postupy vyuZivajici on-line spojeni kapalinového chromatografu a hmotnostniho spektrometru
jsou pouzivany srostouci tendenci. Proteiny jsou bez predchozi separace podrobeny
proteolytickému Stépeni, vzniklé peptidy jsou separovany kapalinovym chromatografem.
Nasledné jsou okamizité analyzovany hmotnostnim spektrometrem pfipojenym na vystup
chromatografické kolony. Pomoci hmotnostniho spektrometru jsou zméfeny hmotnosti peptid( a
ziskana jejich fragmentacni spektra. Kidentifikaci pak slouzi fragmentacni data a na zakladé
prifazeni aminokyselinovych sekvenci k peptidim jsou pak identifikovany proteiny. Informace o
proteinech je odvozovana zpeptidl. Tato akvizice fragmentacnich spekter je klicova pro
identifikaci a kvantifikaci protein( [Bateman et al. 2014]. Pro slozité smési protein(, kdy separace
na chromatografii nedostacuje a dochazi k prekryvu pikd peptidd, byly vyvinuty metody vyuZivajici
vicerozmérné chromatografické separace [Zhang et al. 2010].
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3.2.3. Vyuziti proteinovych cipt

Proteinové Cipy predstavuji rychlou metodu pro analyzu velkého mnozstvi analytl soucasné
[Sutandy et al. 2013]. Jejich potenciadl je vrychlém screeningu definované sady protein(.
Proteinové Cipy maji vyuZiti pfi sledovani zmén exprese proteint, protein-proteinovych interakci,
hledani a validaci biomarker(i [Ramachandran et al. 2008]. Metody vyuZivajici detekci pomoci
hmotnostniho spektrometru (Surface Enhanced Laser Desorption and lonisation, SELDI), vyuZivaji
rizné typy povrchid, na nichZ jsou zachytavany proteiny poZadovanych vlastnosti. Zachycené
molekuly jsou pak analyzovany pomoci hmotnostniho spektrometru MALDI-TOF. Jejich vyuziti je
pro hledani a validaci biomarkerd [Muthu et al. 2016].

3.2.4. Hmotnostni spektrometrie v proteomice

Hmotnostni spektrometrie je zasadni soucasti proteomickych metod. S vynalezem a rozvojem tzv.
mékkych ionizac¢nich technik ionizace laserem za pfitomnosti matrice (MALDI) [Karas et al. 1988] a
ionizace elektrosprejem (ESI) [Yamashita et al. 1984] bylo mozné vyuZit hmotnostni spektrometrii
pro studium struktury biomolekul véetné proteind. Hmotnostni spektrometrie je vyuZivana pro
analyzu aminokyselinové sekvence protein( véetné pfipadnych posttranslacnich modifikaci a pro
kvantitativni analyzy. V soucasnosti existuje Siroka skala spektrometr( vyuzivajicich ionizaci MALDI
nebo ESI ve spojeni s riznymi analyzatory (kvadrupdl, iontova past, orbitrap, analyzator doby letu)
[Holcapek et al. 2012].

Metoda peptidového mapovani (peptide mass fingerprinting, PMF) je nejcastéji pouZivana pro
proteiny separované pomoci gelovych elektroforéz. Gelové skvrny obsahujici protein jsou
specificky $tépeny protedzou a hmotnosti vyslednych proteolytickych peptid{i jsou méreny na
hmotnostnim spektrometru [Shevchenko et al. 2006]. Hmotnosti téchto peptidd jsou pak
porovnavany s hmotnostmi peptidd odvozenych ze zndmych sekvenci protein(l [Aebersold et al.
2001]. Tandemova hmotnostni spektrometrie spociva ve fragmentaci peptidového prekurzoru a
méreni hmotnosti fragmentd. Hmotnostni spektra fragment( pak poskytnou detailni informace o
aminokyselinovém sloZeni peptidu a pripadnych modifikacich [Cottrell 2011].

PFi vyuZiti vysokoucinné kapalinové chromatografie je fragmentace peptidli pomoci tandemové
hmotnostni spektrometrie klicova jak pro identifikaci protein(, tak i pro jejich kvantifikaci
[Michalski et al. 2011]. Znaceni proteinli nebo peptidli pomoci izotopickych sloucenin je
provadéno pred separaci a hmotnostné spektrometrickou analyzou [Zhou et al. 2014]. Postupy
vyuzivajici MS data bez znaceni sleduji intenzitu signalu prekurzoru nebo pocet fragmentacnich
spekter daného peptidu jako miru relativni kvantity [Bantscheff et al. 2007]. Tyto zpUsoby nejsou
cilené na urcity protein a snazi se kvantifikovat co nejvice peptidl/proteind v analyzovaném
vzorku.

Pro identifikaci proteinl jsou po zméreni hmotnostniho spektra vybrany prekurzory s intenzitou
nad uréitym prahem, je spusténa jejich fragmentace a zaznamendna data [Wu et al. 2002]. Takto
vsak nejsou pokryty malo abundantni peptidy. Metody vyuZivajici fragmentaci prekurzor( v SirSim
rozsahu hmotnosti (napf. sekvencni akvizice vsech fragmentovych spekter, SWATH) umoZiuji
zachytit teoreticky fragmenty vsech peptidd, které vstupuji do hmotnostniho spektrometru. Pfi
téchto experimentech neni pfedem definovan prekurzor a k fragmentaci jsou brany prekurzory
v uréitém rozsahu hmotnosti. Vysledkem jsou digitalni mapy fragmentacnich spekter, které lze
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opakované interpretovat [Liu et al. 2013]. Hmotnostné spektrometrickymi metodami
monitorovani vybranych reakci (SRM/MRM) lze cilené stanovit peptidy s velmi vysokou citlivosti,
ktera je na urovni detekce pomoci imunochemickych metod a tim presné kvantifikovat peptidové
fragmenty vznikajici v hmotnostnim spektrometru [Lange et al. 2008]. Pro hledani a validaci
biomarker(l je podstatna schopnost cilené a specificky kvantifikovat peptidy vybraného proteinu
pomoci hmotnostni spektrometrie [Law et al. 2013]. Absolutni kvantifikace pomoci hmotnostni
spektrometrie je moind s pouZitim izotopové znaceného syntetického peptidu jako vnitfniho
standardu [Bantscheff et al. 2007].

3.3. Vyuziti a potencial proteomiky v mediciné

Jednou z oblasti je zjistovani mechanismu chorob a plsobeni toxickych latek. Analyza proteomu
zachyti Udaje o zméné zastoupeni protein v pribéhu patologického stavu. Ze zmén expresi
proteind zapojenych v metabolickych drahach lze usuzovat na jejich prlibéh, aktivaci nebo
potlaceni [Bugger et al. 2009]. Pomoci bioinformatickych nastroji je mozné proteiny se zménénou
expresi graficky pfimo ,mapovat” nebo pfrifadit do znamych metabolickych a regulacnich drah a
tak vytvaret modely metabolismu pfi patologickych stavech [Husi et al. 2013]. Dalsi zpresnéni
mechanisml a modeld metabolickych drah lze dosdahnout kombinaci proteomickych a
metabolomickych dat [Go et al. 2014]. Schopnost proteomiky v rychlém, presném a
reprodukovatelném kvantifikaci velkého mnozstvi proteinl mlzZe pfispét k realizaci
personalizované mediciny tim, Ze poskytne vykonné diagnostické pfristupy zaloZené na
monitorovani molekularnich fenotypl pacientt [Del Boccio et al. 2016].

Proteomika ma velky potencial v hledani biomarker(. S tim kontrastuje fakt, Ze dosud velmi malo
markerd nalezenych pomoci proteomiky je vyuzivano pro klinickou diagnostiku [Zhang et al.
2010]. Pficinou mohou byt nedostatky v designu dosud provedenych proteomickych studii. P¥i
provadéni proteomickych analyz zamérenych na identifikaci biomarkerd je klicové naplanovat
kroky analyzy (definice klinického problému, sbér a zpracovani vzorkd, ziskani a analyza dat a
validace vysledk(l) [Heegaard et al. 2015]. S rozvojem technologie hmotnostnich spektrometr( a
zlepsovanim jejich citlivosti a reprodukovatelnosti je rozvijeno vyuZziti hmotnostni spektrometrie
namisto imunochemickych metod pro validaci proteinovych biomarker( [Addona et al. 2011].
Studie vyuZivajici proteomiku pro vyzkum biomarkerd lze najit v Sirokém spektru obor( [Colvin et
al. 2015, Shao et al. 2015, Schanstra et al. 2015]. Velkou oblast predstavuji studie zabyvajici se
vyzkumem biomarkerd karcinoma [Sallam 2015].
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4. Legalni a etické aspekty studii

VSechny experimentalni prace byly fadné schvaleny etickou komisi pfi Lékarské fakulté UK v Plzni.

Protokoly klinickych studii byly schvaleny etickou komisi pfi FN v Plzni a Lékatské fakulté UK v Plzni
a od vsech pacientl zahrnutych do studii byl ziskan informovany souhlas s Ucasti ve studiich.

5. Cile studii

Mechanismy ve zdravi a nemoci pomoci proteomiky

¢ Vypracovat metodiku proteomické analyzy mitochondrialnich proteini pomoci kombinace
centrifugacni separace mitochondrii, dvojrozmérné gelové elektroforézy a hmotnostné
spektrometrické identifikace proteinl. PouZit proteomiku pro analyzu plazmy a tkané u
prasecich modell sepse.

Klinické studie

¢ lzolovat proteiny adsorbované na umélé materidly a identifikovat proteiny specificky
interagujici s membranami mimotélnich hemopurifikacnich metod.
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6. Experimentalni prace

6.1.Analyza proteomu mitochondrii v ledvinach (studie I)

6.1.1. Design studie

Studie byla urcena k analyze proteomu mitochondrii kiiry a dfené ledvin prasete. Pro analyzu byly
pouzity ledviny z Sesti zdravych prasat. Z kazdé ledviny byl vyfiznut vzorek kdry a dfené a pomoci
diferencidlni centrifugace byly pfipraveny pfislusné mitochondridlni frakce. Proteiny
mitochondrialnich frakci byly separovany na dvojrozmérné elektroforéze (2-DE) a pomoci analyzy
obrazt byly hledany proteinové skvrny, jejichZ intenzita se liSila vice neZz dvojnasobné mezi
mitochondrialni frakci kdry a dfené. Tyto skvrny byly vyfiznuty z gelll, proteiny v nich obsazené
byly identifikovany pomoci trypsinovému Stépeni a hmotnostni spektrometrie. Pro detekci Cistoty
mitochondrialnich frakci a pro ovéreni proteomickych vysledkl byl pouZit Western blotting.

6.1.2. Vysledky a diskuse

Mitochondrie byly izolovany pomoci diferencidlni centrifugace a pomoci western blottingu byla
zkoumdna pfitomnost frakci jinych subcelularnich organel. Bylo zjiSténo, Ze pfipravené
mitochondrialni frakce obsahuji malou ¢ast proteinli cytosolu a jadra. Na elektroforetickych
gelech mitochondrialnich frakci bylo detekovano 635 proteinovych skvrn. Dale bylo hodnoceno
343 z nich, které se vyskytovaly na vice nez 90% elektroforetickych gell. 161 z nich se statisticky
vyznamné liSilo mezi frakcemi klry a dfené. 81 znich s vice neZ dvojndasobnym rozdilem
v intenzité bylo identifikovano pomoci hmotnostni spektrometrie. Z nich pak 41 skvrn obsahovalo
mitochondrialni proteiny; ve zbylych byly identifikovany proteiny, u nichz byla uvedena lokalizace
v endoplazmatickém retikulu, cytoplazmé, peroxisomech a cytoskeletu. Pro validaci
proteomickych dat byla provedena analyza nékolika vybranych proteini pomoci Western
blottingu. Data byla v dobré shodé s daty ziskanymi pomoci proteomiky.

V mitochondridlnich frakcich klry ledvin byly vétsim mnoiZstvi detekovany enzymy zapojené
v beta-oxidaci, metabolismu aminokyselin, a glukoneogenezi. Tyto procesy jsou charakteristické
pro proximalni tubulus a odpovidaji velkému zastoupeni mitochondrii v proximalnim tubulu. Nase
data se shodovala s dfivéjsimi pracemi, které uvadi beta oxidaci jako prevazujici zdroj energie pro
procesy aktivniho transportu v proximalnim tubulu. Proximalni tubulus je mistem reabsorpce
aminokyselin z primarni moci. Aminokyseliny jsou vyuZivany jako zdroj energie nebo
v syntetickych drahach. Glukoneogeneze v kire ledvin vyuZiva substraty (aminokyseliny a laktat)
resorbované v proximalnim tubulu.

Spektrum proteini hojnéjsich v mitochondridlnich frakcich dfené ledvin zahrnovalo proteiny
zapojené v elektrontransportnim systému (ETS), enzymy citratového cyklu a mitochondridlni
poriny. U nékterych enzym( citratového cyklu byla dfive publikovana jejich zvySena exprese pfi
adaptaci bunék na hypoxii. Byla popsana zvySena exprese pyruvatdehydrogendzy a zvysend
aktivita 2-oxoglutaratdehydrogendzy pti hypoxii [Dukhande et al. 2011]. Dale byla dfive zjisténa
zvysena exprese podjednotky 5B cytochrom c oxidazy v reakci na hypoxii [Trueblood et al. 1988].
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Proto se domnivame, Ze zvysSeni exprese nékterych podjednotek ETS systému muiZe souviset
s adaptaci mitochondrii dfené na prostredi s nizsi dostupnosti kysliku.

Ackoliv mitochondrialni proteom predstavuje podmnoZinu proteomu tkané a tedy elektroforéza
by nemusela byt limitovana pfitomnosti abundantnich proteind, pouZiti 2-DE pro studium
mitochondrii je limitovano horsi detekci hydrofobnich proteini. Mezi limitace studie patti také
vybér tkané. Rozdéleni ledviny na klru a drfen predstavuje nejjednodussi zplsob redukce
komplexity. Pro detailnéjsi popis populaci mitochondrii vledvindch by bylo nutné izolovat
segmenty nefronu. Mitochondriadlni frakce obsahovaly proteiny z jinych subceluldrnich organel.
Tyto organely mohly byt izolovany spolu s mitochondriemi nebo asociovany s mitochondrialni
membranou [Lebiedzinska et al. 2009]. Komplexy obsahujici proteiny pattici do jinych
subcelularnich organel jsou nachazeny v mitochondriich ptipravenych pomoci centrifugace
v hustotnim gradientu [Reifschneider et al. 2006] a mohou tedy byt soucasti mitochondridlniho
proteomu, ackoliv jsou lokalizovany na jiné organele.
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6.2. Proteom plazmy v casné fazi sepse (studie II)

6.2.1. Design studie

Ve studii byl zkouman proteom plazmy pfi sepsi indukované peritonitidou na praseti. BEhem
experimentu byla monitorovdana hemodynamika, vyména kysliku, oxidativni a nitrosativni stres a
dalsi parametry. Vzorky plazmy pro proteomickou analyzu byly odebrany ve dvou casovych
bodech: pred zapocetim sepse a 12 hodin po indukci sepse. Proteiny plazmy byly separovany na
dvojrozmérné elektroforéze (2-DE). Bylo provedeno srovnani obrazl gel( za Ucelem nalezeni
proteinll, jejichz kvantita byla ovlivnéna sepsi. Tyto proteiny byly vyfiznuty z geld, Stépeny
trypsinem a identifikovany pomoci hmotnostni spektrometrie a bylo zjistovano jejich zapojeni
v patofyziologickych procesech.

6.2.2. Vysledky a diskuse

Proteiny plazmy byly nejprve separovany pomoci 2-DE v rozsahu hodnot izoelektrickych bodu (pl)
3 az 10. Bylo zjisténo, Ze velka vétsina proteinl byla zobrazena v oblasti odpovidajici pl 4 az 7. Pro
dosazZeni lepsiho rozliseni byly k analyze vzork( plazmy poufZity IPG stripy s rozsahem hodnot pl 4-
7. Po provedeni separace bylo na kazdém gelu zobrazeno pfiblizné 1500 proteinovych skvrn.
Porovnanim obrazl gell plazmy pred zapocetim sepse a po 12 hodinach byly zjistény zmény
relativnich intenzit u 36 proteinovych skvrn; ty byly vyfiznuty z gelll a byla provedena identifikace
pomoci hmotnostni spektrometrie MALDI-TOF/TOF. Nékteré proteiny byly identifikovany ve vice
skvrnach pravdépodobné z divodu pfitomnosti rdznych izoforem daného proteinu nebo moznych
posttranslacnich modifikaci [Deng et al. 2012]. Celkem bylo identifikovano 22 proteinl ve 30
skvrnach se vzestupem intenzity a 5 proteini v 6 skvrnach s poklesem intenzity zplisobeném
sepsi. Dale bylo pomoci softwaru Pathway Tools zkoumano, jakych metabolickych procesu se tyto
proteiny Ucastni. VétSina proteinl byla zapojena v odpovédi na zanét, a nékteré v oxidativnim a
nitrosativnim stresu.

Vyznam nékterych protein(l Ize dobfe zasadit do kontextu soucasnych poznatkll o patofyziologii
sepse. Protein CD14 je komponent vrozeného imunitniho systému a funguje jako koreceptor pfi
detekci bakteridlniho lipopolysacharidu. Jiz dfive byl doloZen vzrist hladiny tohoto proteinu u
pacienta se sepsi. Haptoglobin patfi mezi proteiny akutni faze a je zapojen v odpovédi na
oxidativni stres jako scavenger radikal(. Také vaZe hemoglobin uvolnény zerytrocytl a tim
inhibuje jeho oxidativni aktivitu. Hemopexin je dalsi protein pUlsobici pfi oxidativhim stresu jako
hladina haptoglobinu v plazmé byla zjisténa u pacient( v sepsi [Kalenka et al. 2006] a zvySena
hladina hemopexinu v plazmé byla popsana na mysim modelu sepse [Ren et al. 2007]. Je moZné,
Ze zvySend hladina haptoglobinu pfi sepsi ma ochranny efekt u pacientd majicich zvysenou
hladinu volného hemoglobinu v plazmé [Janz et al. 2013].

Mezi limitace studie patfi skutecnosti, Ze analyza proteomu plazmy byla provedena pouze
v jednom ¢asovém bodé po indukci sepse. Analyza vzorkd odebiranych ve vice ¢asovych bodech
by mohla poskytnout detailnéjsi informace o dynamice prlbéhu sepse. Pouziti plazmy pro
proteomiku je také komplikovdno omezenym dynamickym rozsahem detekce protein(
separovanych na 2-DE, kdy dochazi k zamaskovani malo abundantnich protein hojnymi proteiny
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plazmy. Pfesto studie poskytuje prvni literarni analyzu proteomu plazmy u klinicky relevantniho,
velkého zvifeciho modelu sepse.
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6.3.Proteom tkané ledvin v priibéhu sepse (studie III)

6.3.1. Design studie

V této studii byl sledovan proteom ledvin v pribéhu sepse. Ve studii bylo pouZito 12 prasat, u
kterych byla indukovdna sepse intravendzni inflzi Zivych bakterii a 5 zvifat v kontrolni skupiné,
kterd podstoupila pouze anestezii a operacni zasah. Ve trech casovych bodech (pred pocatkem
sepse, po 12 hodinach a po 22 hodinach od indukce sepse) byly odebrany biopsie kliry ledvin.
Proteiny byly z biopsii extrahovany pufrem obsahujicim solubiliza¢ni Cinidla obsahujici chaotropni
latky (mocovinu, thiomocovinu) a detergent (3-[(3-cholamidopropyl)dimethylamonio]propan-1-
sulfonat, CHAPS) a dale separovany pomoci 2D elektroforézy (2-DE). Byla provedena analyza
obrazl gell za ucelem ziskani hodnot relativnich intenzit proteinovych skvrn. Zajimali jsme se o
proteiny, jejichz exprese se ménila v disledku sepse a o proteiny, na jejichz expresi méla vliv
anestezie s chirurgickym zdsahem. Pro redukci po¢tu proménnych a pro usnadnéni dalSiho
statistického zpracovani byla nejprve pouzita explorativni analyza a pomoci t-testu hledany spoty,
které se statisticky vyznamné lisily mezi pocatkem a nékterym z ¢asovych bodl experimentu. Tyto
proteinové skvrny byly vybrany k identifikaci pomoci hmotnostni spektrometrie MALDI-TOF/TOF.

Pro vyhodnoceni multidimenzionalnich dat bylo pouZito hierarchické shlukovani. Rozdily mezi
skupinami byly vyhodnoceny pomoci analyzy rozptylu (ANOVA).

6.3.2. Vysledky a diskuse

Akutni poskozeni ledvin je jednou z nejéastéjSich a prognosticky zavazinych organovych dysfunkci
zpUsobenych sepsi. BlizsSi pochopeni jeho slozité patogeneze brani nedostupnost molekularnich
analyz tkané ledvin od pacientl. Perspektivni cestou je proto analyza dynamickych zmén renalni
proteomu na modelu, ktery ma vysoky translacni potencial do klinické mediciny. Prase je
povaZovano za dobry modelovy organismus pro genetickou a fyziologickou podobnost s ¢lovékem
[Bendixen 2014].

ProtoZe samotna operace a anestezie mohou ovlivnit proteom ledvin, je dlleZité nejdfive
definovat vliv téchto intervenci na renalni proteom. Jako kontrolni skupina byla proto poufZita
v tomto experimentu zvitata, u kterych byl proveden pouze chirurgicky inzult.

Analyza rozdilli v proteomech kontrolni skupiny ukazala zmény oproti vychozimu stavu. Poté byly
zkoumany rozdily v proteomech septické skupiny. V kontrolni skupiné bylo nalezeno 62
proteinovych skvrn, které byly v néjakém bodé zménény oproti vychozimu stavu a v nich bylo
identifikovano 11 protein(, u septické skupiny pak 106 skvrn vykazujicich zménu a obsahujicich 29
protein(l. Na data bylo aplikovano hierarchické shlukovani, pomoci néjz byla data separovana do
cluster(l odpovidajicich kontrolni a septické skupiné. To znamen3, Ze chirurgicky inzult sdm o sobé
zpUsobil detekovatelnou zménu proteomu, kterou Ize odlisit od vlivu sepse.

Ve skupiné zménénych proteini u kontrolni skupiny byly identifikovany proteiny fungujici
v drahach stresu endoplazmatického retikula a oxidativniho stresu, mitochondridlniho
energetického metabolismu, tubuldrniho transportu a signalizace imunitni a zanétlivé odpovédi.

Pro nalezeni protein(, jejichz zména je vyvolana pouze sepsi, byla pouZita analyza ANOVA. Jako
vstupni data byly pouZity hodnoty skvrn, které se statisticky vyznamné liSily mezi pocatkem a
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nékterym z casovych bodl experimentu. Bylo nalezeno 20 proteinovych skvrn, jejichZ intenzita
byla zménéna jen v septické skupiné nebo vykazovala odlisSné chovani mezi septickou a kontrolni
skupinou. Proteiny se zménénou expresi byly chaperony opravujici proteiny, mitochondridlni
proteiny, proteiny zapojené v procesech stresu endoplazmatického retikula a oxidativnim stresu.

Vyznamnou Cc¢asti proteind podléhajicich zménam u septické skupiny jsou mitochondrialni
proteiny. ZvySené mnozstvi mitochondridlni ATP-syntdzy zjisténé naSim experimentem je
v protikladu s nékterymi studiemi [Porta et al. 2006, May et al. 2012] a mUZe byt chapano jako
argument proti selhavani bioenergetiky v brzké fazi sepse. DalsSi potencidlné zajimavou
skutecnosti je vzristajici exprese proteinu NHE-RF3 (Na+/H+ exchange regulatory cofactor 3).
Tento enzym je duleZity pro regulaci exprese a aktivity nékterych membranovych receptorl a
transportérl v renalnich tubulech.

Pouziti biopsii namisto celé ledviny je vyhodné pro sledovani zmén proteomu v nékolika ¢asovych
bodech béhem sepse. PouiZiti biopsii vSak miZe vnaset zkresleni. Ledvina je sloZzena z nékolika
druhll bunék a zastoupeni rdznych typl bunék mezi biopsiemi mze byt variabilni. Poskozeni
ledvin v pribéhu AKI také neni uniformni a v ledviné mohou existovat oblasti hypoxickych nefroni
vedle zdravych oblasti [Matejovic et al. 2016]. Detailnéjsi analyza by vyZadovala separaci
jednotlivych druh(i bunék a vyuZziti citlivéjSich analytickych technik (napf. LC-MS). Pfesto je prace
prvni svého druhu, kterd ukazuje na rozsadhly a dynamicky se chovajici tkanovy proteom ledvin
v prlbéhu sepse a prindsi nové, hypotézu generujici vysledky.
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7. Klinické studie

7.1. Interaktom systému pro nahradu funkce jater (studie IV)

7.1.1. Design studie

Cilem studie bylo vyvinout techniku pro analyzu protein( zachycenych v adsorpcnich kolonach
systému pro nahradu funkce jater (Prometheus, Fresenius Medical Care, DE). Systém Prometheus
nahrazuje detoxikacni funkci jater pomoci spojeni frakcionované separace plazmy a adsorpce
(FPSA) s high-flux hemodialyzou [Santoro et al. 2006]. Separovana plazma je pak vedena pres
kolonu obsahujici vysoce porézni neutralné nabitou pryskyfici s velkym vnitfnim povrchem
(Prometh1) a kolonu s aniontovou pryskyfici (anexem) slouZici pro adsorpci toxinl z albuminu
(Prometh2).

Ve studii byly zkoumdny proteiny adsorbované na kolony Promethl a Prometh2 po procedure
provedené u pacienta s akutnim chronickym selhanim jater. Pfed pocatkem procedury byla
odebrana plazma. Po ukonceni procedury byly obé kolony vyprazdnény, promyty PBS pufrem a
napustény elué¢nimi roztoky. Pro kolonu Prometh1 byl pouzit roztok dodecylsiranu sodného (SDS)
a pro Prometh2 pak roztok kyseliny octové. Po 30minutové inkubaci byly roztoky vypustény a
pfipraveny pro analyzu. Proteiny obsaZené v téchto eluatech byly separovany na 2-DE. Pomoci
analyzy obrazl byly zjistény hodnoty izoelektrického bodu a molekulové hmotnosti, porovnany
obrazy plazmy a eluat(, a intenzity skvrn byly pouZity k hodnoceni adsorpce proteind. Vybrané
skvrny byly vytiznuty z gell, Stépeny trypsinem a proteiny pak identifikovany pomoci hmotnostni
spektrometrie MALDI-TOF/TOF.

7.1.2. Vysledky a diskuse

Pro studii byl prizpGsoben postup eluce proteind z umélych povrchl [Ishikawa et al. 2006].
Roztoky pro uvolnéni proteinl z povrchl kolon byly vybirany s ohledem na charakter materialu
adsorpcnich kolon. Pro neutralni kolonu Promethl, kde jsme ocekavali vice hydrofobnich
proteind, byl pouZit roztok SDS a pro kolonu Prometh2 s anexem byl pouZit kyseliny octové.

Na polyakrylamidovych 2-DE gelech Prometh1 bylo detekovano 148 proteinovych skvrn, na gelech
Prometh2 pak 163 skvrn. VétsSina z nich se nachazela v oblasti pl 4,8-6,8 a hmotnosti 30-150 kDa.
Obrazy gel( v obou eludtech se mezi sebou vyznamné lisily; 38 skvrn mélo odlishou abundanci, a
64 skvrn vykazovalo odlisné zastoupeni pfi srovnani gell eluatd a plazmy.

Pro hodnoceni adsorpce proteinli na material kolon byl pouzit pomér intenzity skvrn na gelech
eluatl a plazmy (E/P). Na gelech Prometh1 byla hodnota E/P vy$si nez 2,0 u 33 skvrn a nizsi nez
0,5 u 53 skvrn; na gelech Prometh2 pak mélo 32 skvrn hodnotu E/P vy3si nez 2,0 a 71 hodnotu E/P
nizsi nez 0,5. ZrozloZzeni parametri molekulové hmotnosti a izoelektrického bodu vyplyva, Ze
proteiny s vy$si hmotnosti se adsorbovaly vice na Promethl a proteiny s nizSim pl vyraznéji na
Prometh2. Selektivni adsorpce protein(l by se Castecné dala vysvétlit fyzikdlnimi vlastnostmi
proteind a materialu kolon. V eluatu kolony Prometh2 prevladaly proteiny s nizkym izoelektrickym
bodem (negativné nabité proteiny), coZ odpovida tomu, Ze kolona byla pokryta anexem. V eludtu
z kolony Prometh1 se nachazely proteiny s vyssi molekulovou hmotnosti. Vysvétleni neni Gplné
jasné, mozna hrala roli vétsi afinita pryskyfice obsazené v Prometh1 k hydrofobnim proteintim.
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Pomoci hmotnostni spektrometrie bylo identifikovano 72 skvrn z Promethl, které obsahovaly 18
proteind a 93 skvrn z Prometh2, které obsahovaly 30 protein(. Proteiny s nejvy$sim pomérem E/P
a tedy nejintenzivnéjsi adsorpci byly transtyretin, trypsin-2, prothrombin, protein vazajici
hyaluronan (HAPB), a protein vazajici retinol byly nalezeny na Prometh2. U nékterych protein
bylo mozné dohledat potencidlni disledky jejich eliminace. Transthyretin, ktery byl zjistén jako
hojné se adsorbujici na Prometh2, vaze v plazmé tyroxin a jeho hladina byva snizend béhem
dysfunkce jater. Protein vazajici retinol vytvari komplex s bilkovinou transportujicim vitamin A,
jeho sniZzena hodnota muzZe byt markerem malnutrice.

Protein vazajici hyaluronan (HABP) byl nalezen jako vyrazné se adsorbujici na Prometh2. Tento
protein je zapojen v kaskadé procesl prestavby jaterni tkané pfi poskozeni jater. Pfi poSkozeni
jater byla pozorovana preména prekurzoru HABP na aktivni formu rozstépenim na lehky a tézky
fetézec [Choi-Miura et al. 2001]. Bylo navrzeno, Ze aktivovany HABP mize ucinkovat v kaskadé
prestavby tkané nasledujici po poSkozeni jater. Na gelu Prometh2 byl HABP detekovan ve skvrné
odpovidajici hmotnosti lehkého fetézce. V hmotnostnim spektru pak byly nalezeny peptidy se
sekvenci odpovidajici tomuto lehkému fetézci.

Tento experiment byl navrZen za Ucelem sestaveni metody ziskani proteind a jejich identifikace,
proto nebylo mozné udélat detailnéjsi zavéry o klinickych dusledcich odstranovani protein(.
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7.2. Analyza interakce Krve s kapilarami dialyzatori (studie V)

7.2.1. Design studie

Cilem studie bylo vyvinout metodu ziskani proteinl adsorbovanych na membranu, provést
proteomickou analyzu a hledat proteiny zapojené v procesu interakce krve s umélym povrchem
kapilar dialyzatoru. Do studie bylo zahrnuto 5 pacientt Ié¢enych v dialyzacnim stfedisku FN v Plzni
(vék 58-82 let, doba jejich léceni dialyzou 5-42 mésicl). Od kazdého pacienty byly ze tii po sobé
nasledujicich procedur odebrany dialyzatory a plazma. Po ukonéeni hemodialyzy byl dialyzator
proplachnut  roztokem Plasmalyte. Poté byl do dialyzdtoru napustén  roztok
ethylendiamintetraoctové kyseliny (EDTA) ve fosfatovém pufru a recirkulovdn pomoci ¢erpadla.
Roztok byl vypustén a do dialyzatoru byl napustén 40% roztok kyseliny octové a recirkulovan
pomoci cerpadla. Po recirkulaci byl roztok vypustén a pouZit k proteomické analyze. Po
zakoncentrovani a dialyze byly proteiny obsaZeni v plazmé, roztoku EDTA a roztoku kyseliny
octové separovany pomoci 2-DE. Analyza obrazl gell byla provedena za uUcelem porovnani
zastoupeni a relativni kvantity protein v téchto tfech materidlech. Vybrané proteiny vykazujici
rozdily v zastoupeni byly identifikovany pomoci hmotnostni spektrometrie MALDI-TOF/TOF.

7.2.2. Vysledky a diskuse

Pro ziskani proteind adsorbovanych na membrany byla pouZita metoda zahrnujici sekvenci
proplach( dialyzatoru. Nejprve byly odstranény zbytky plazmy roztokem Plasmalyte. K odstranéni
adherovanych bunék byl pak aplikovan roztok EDTA ve fosfatovém pufru [Grooteman et al. 1996]
ktery je uvadén jako ucinny v uvolnéni adherovanych leukocytll. K uvolnéni proteina byl pouzit
roztok kyseliny octové.

Koncentrace proteind v EDTA proplachu a v kyseliné octové byly vyssi neZ v roztoku Plasmalyte,
kterym byl proplachnut dialyzator na konci procedury. To znamenalo, Ze oba tyto roztoky uvolnuiji
proteiny. Proto pro ovéreni kvality eluce proteini byly analyzovany proteiny obsazené v EDTA
proplachu, a srovnany s plazmou a eluatem v kyseliné octové. Spoty detekované na gelech eluatu
byly pfitomné na EDTA proplachu a jejich intenzita se neliSila od plazmy. Tim bylo ovéreno, Ze
v eluatu se nachazi proteiny uvolnéné z kapilar dialyzatoru.

Pro ovéreni efektivity eluéniho procesu byl na dvou dialyzatorech proveden pokus se sekvencni
eluci roztokem SDS. Prvni dialyzator byl eluovan postupné 40% kyselinou octovou nasledovanou
10% SDS, druhy dialyzator stejnymi roztoky v opaéném poradi. MnoZstvi protein(i ziskanych za
pouziti pofadi roztokd kyselina octova-SDS byly 9,33 a 0,014 mg. Pfi opacném poradi roztokd
(SDS-kyselina octova) bylo ziskano 6,99 a 2,85 mg protein(. To dokazuje vhodnost pouZiti roztoku
kyseliny octové pro uvolnéni maximalniho mnoZstvi proteini z polysulfonové membrany. Vyhoda
kyseliny octové pro disociaci elektrostatickych vazeb mezi proteiny a membranou ve srovnani s
jinymi rozpoustédly mliZze byt teoreticky pri¢itana potlaceni povrchové negativity polysulfonové
membrany acetatovymi ionty.

Elektroforéza byla provedena v rozsahu hodnot pl 3-10 a molekulovych hmotnosti 10-200 kDa. Po
provedené elektroforéze byly na obrazech gelli hledany proteiny, které vykazovaly adsorpci na

stény kapildr, jako kritérium byl pouZit pomér intenzit proteinové skvrny na gelu s proteiny eluatu
a odpovidajici skvrny na gelu s proteiny plazmy (E/P). Proteinové skvrny vyskytujici se na gelech u
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vsech pacientl (celkem 84) byly pak vybrany k identifikaci. Celkem bylo identifikovano 23 protein(
pochazejicich z plazmy a erytrocytd.

Nékteré studie ukazuji, Ze proteiny adsorbované na kapilary nalezené v nasem experimentu jsou
zapojeny v interakci krve sumélym materidlem. Jsou to proteiny podilejici se na aktivaci
komplementu (komplement C3, ficolin-2, klusterin, MASP-1, MASP-2, komplement faktor H a
komplement faktor H-related protein 1), proteiny zapojené v procesu srazeni krve (fibrinogen,
antitrombin a beta-2-glykoprotein-1), a protein zprostredkujici adhezi a aktivaci leukocytd
(amyloid P). Tyto proteiny vykazovaly vysokou hodnotu E/P, byly tedy ve velkém mnozZstvi
adsorbovany na povrch kapilar.

Srovnani hodnot izoelektrickych bodl a molekulovych hmotnosti odectenych z pozice skvrn na
gelech s teoretickymi hodnotami danymi sekvenci proteint ukazalo nékteré rozdily. Ty by se daly
vysvétlit komigraci abundantnich protein (alouminu a hemoglobinu) a proteinl s podobnou
molekulovou hmotnosti a izoelektrickym bodem. Niz§i hmotnost u skvrn obsahujicich
komplement-3 a protedzy MASP1 a MASP2 odpovidala pfitomnosti téchto proteinl jako aktivnich
forem vzniklych proteolytickym sStépenim jejich prekurzor(. Ficolin-2 je protein z rodiny lekting,
tvori komplexy s protedzami MASP 1 a 2. Po vazbé na bunécnou sténu bakterii Stépi protedzy
MASP a iniciuje lektinovou drahu komplementu.

V ramci této studie byla vyvinuta a ovérena metoda eluce proteinld adsorbovanych na kapilary
dialyzator(. Porovnani proteomu plazmy a adsorbovanych protein umoznilo nalezeni proteind
specificky interagujicich s materidlem kapilar. Vysledkem je nova hypotéza, Ze lektinova draha
prispiva k aktivaci komplementu pfi kontaktu krve s polysulfonovou membranou.
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7.3. Proteomicka analyza aktivace komplementu pri kontaktu krve
s kapilarami dialyzatoru (studie VI)

7.3.1. Design studie

Cilem studie bylo poskytnout vhled do procest indukce zanétu a aktivace leukocytl a
komplementu pfi hemodialyze. Do studie bylo zahrnuto 16 pacientl lécenych v dialyzacnim
stfedisku Fakultni nemocnice v Plzni hemodialyzou s pouZitim polysulfonovych dialyzatortd. Byly
odebrany vzorky plazmy na zacdtku, po 15 minutdch a po 4 hodinach od zacatku hemodialyzy
z proximalniho i distalniho portu (na vstupu a na vystupu z dialyzatoru). Po skonceni hemodialyzy
byly dialyzatory odpojeny a pro ziskani proteinli adsorbovanych na kapilary byl pouzit protokol
vyvinuty a publikovany v predchozi praci (studie V). Plazma a eluat proteint byly analyzovany
pomoci 2-DE a proteiny byly identifikovany pomoci Stépeni v gelu a hmotnostni spektrometrie
MALDI-TOF/TOF. Koncentrace ficolinu, C5a a trombin/antitrombinu byly sledovany pomoci ELISA.
Ve vzorcich plazmy byly stanoveny hladiny parametr(i systémové biokompatibility (CD11b, CD14,
CD15, CD62L, CD63 a CD66b).

7.3.2. Vysledky a diskuze

Eluaty protein( byly analyzovdany pomoci 2-DE a na obrazech gelll bylo detekovano 217
proteinovych skvrn, pficemz 164 skvrn bylo pfitomno u alesponi 50% pacientli a 42 pritomno u
kazdého pacienta. Obrazy gell eludtu byly porovnany s obrazy gell plazmy a u 112 z nich se
intenzity vyznamné lisily od odpovidajicich skvrn v plazmé. Pro kazdy spot byl vypolten pomér
intenzity v eluatu a plazmé (E/P) jako mira vazby daného proteinu na membranu kapilar. Pro
redukci komplexity dat byla provedena analyza hlavnich sloZzek (PCA). Proteinové spoty byly podle
dvou hlavnich sloZzek rozdéleny do tfi skupin. Proteiny byly dale identifikovany pomoci hmotnostni
spektrometrie. Abundantni proteiny plazmy vykazovaly pfiblizné stejnou kvantitu na gelech
plazmy a eluatu byly seskupeny v prvni skupiné. V dalsi skupiné byly seskupeny intracelularni
enzymy pochazejici z lyzovanych erytrocytl zachycenych v dialyzatoru. Treti skupina protein( byly
proteiny plazmy s vyrazné vyssi kvantitou na gelech eluatd. U téchto jsme predpokladali selektivni
adsorpci diky specifické interakci s vnitfnim povrchem kapilar. Tyto proteiny bylo mozné zaradit
do vyznamnych fyziologickych procest. Mezi nimi byly lektinovda a alternativni draha
komplementu (ficolin 2, protedzy MASP, properdin), adheze bunék na substraty (tropomyosiny,
aktiny, caldesmon, vinculin).

Pro dalSi ovéreni identity proteind bylo provedeno srovnani namérené molekulové hmotnosti
s teoretickou hodnotou. U proteinovych skvrn obsahujicich proteiny MASP-1, MASP-2 a
komplement C3 bylo zjisténo, Ze se nachazi na oblasti s mensi molekulovou hmotnosti, nez by
odpovidalo teoretickym hodnotam. Detailnim ovérenim vysledkd hmotnostni spektrometrie byla
nalezena sekvence odpovidajici jejich formam vzniklym proteolytickou aktivaci.

Analyzou koncentrace v krvi na vstupu a na vystupu byla potvrzena ztrata ficolinu 2 a MASP-2 v
pribéhu dialyzy. ProtoZe jsou tyto proteiny dileZitymi komponenty v imunité, jejich ztrata mize
znamenat vyssi riziko infekce pro pacienta. Proteomickd analyza tedy poskytla data pro potvrzeni
lektinové drahy komplementu spusténé vazbou ficolinu-2 na membranu kapilar dialyzatoru.
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8. Zavéry

8.1. Experimentalni studie

Analyza proteomu mitochondrii ledvin prasete ukazala rozdily v mitochondridlnich enzymech mezi
kGirou a dfeni ledviny. Zastoupeni enzymU v kife ledviny odpovida procesiim odehravajicim se
v proximalnim tubulu (beta oxidace, absorpce aminokyselin, glukoneogeneze), proteom
mitochondrii dfené nasvédcuje optimalizaci mitochondridlniho metabolismu pro praci v prostredi
s nizkou dostupnosti kysliku.

Analyza proteomu plazmy pfi sepsi indukované peritonitidou byla provedena pomoci
dvojrozmérné gelové elektroforézy. Ackoliv dvojrozmérna gelova elektroforéza poskytuje jen
limitovanou informaci o proteomu plazmy, byly identifikovany nékteré proteiny souvisejici
s detekci bakterialniho lipopolysacharidu, s oxidativnim stresem a proteiny vazajici volny hem.

Proteom biopsii ledvin prasat s indukovanou sepsi poskytl informaci o zménach v pribéhu casné
faze sepse. PoufZiti biopsii ze dvou casovych okamizikl ukazalo dynamické zmény nékterych
protein(l. Zarazenim skupiny operovanych prasat jako kontroly byl ukazan vliv chirurgického
zasahu na proteom ledvin. Proteiny se zménénou expresi u septickych prasat byly chaperony
opravujici  proteiny, proteiny mitochondrii, proteiny zapojené v procesech stresu
endoplazmatického retikula a oxidativnim stresu.

8.2. Klinické studie

Byly popsany proteiny, které interaguji s materidly adsorpcnich kolon systému Prometheus.
Materidly kolon vykazovaly rozdilnou afinitu k proteinim. Nékteré proteiny spojené s dysfunkci
jater se hojné adsorbovaly na material kolon, coz m(iZze byt vyznamné pro zdravotni stav pacient(
podstupujicich [é¢bu.

Byla pfipravena metoda pro ziskavani proteinl z povrchi kapildar hemodialyzator( a pouZita pro
izolaci proteinli adsorbovanych na polysulfonovych kapilarach. Mezi proteiny reagujicimi
s polysulfonovym povrchem byly proteiny podilejici se na aktivaci komplementu, adhezi a aktivaci
leukocytl a srazeni krve.

Tato metoda byla dale pouZita pti zkoumani procesll indukce zanétu a aktivace leukocytl a
komplementu pfi hemodialyze. Bylo potvrzeno, Ze adsorpce ficolinu-2 je spoustécem lektinové
drahy aktivace komplementu a vede k leukopenii. Ficolin-2 je dlleZitou slozkou komplementu a
jeho odstranovani pfi dialyze mize vést ke snizeni imunity pacientd. Tyto postupy a vysledky je
mozné pouZzit pro dalsi studium biokompatibility dialyzatora.
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9. Podpora

Studie obsaZzené v této praci byly podporovany:

e vyzkumnym zamérem MSM 0021620819: Nahrada a podpora funkce nékterych Zivotné
dllezitych organd,

e Programem rozvoje védnich oborud Univerzity Karlovy — PRVOUK (P36),

* OP VaVPI Biomedicinské centrum (2.1.00/03.0076),

*  Projektem specifického vyzkumu ¢. 260175/2015 Univerzity Karlovy v Praze,

e Ndrodnim programem udrzitelnosti (NPU 1) ¢. LO1503 Ministerstva Skolstvi, mladeze a
télovychovy CR.

10. Podékovani

V souvislosti s tvorbou této dizertacni prace bych chtél podékovat svému Skoliteli MUDr.
Martinovi Matéjovicovi, Ph.D., za vedeni, podporu béhem mého studia a vytvoreni podminek pro
zpracovani dizertacni prace. Velmi si cenim jeho trpélivosti a dlvéry v moji praci, které mi dodaly
motivaci dizertacni praci dokondit.

Dale dékuji koleglim doc. MUDr. lJitce Kuncové, Ph.D. a MUDr. Janu Maresovi, Ph.D. za
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Abstract

Background Emerging evidence has linked mitochondrial
dysfunction to the pathogenesis of many renal disorders,
including acute kidney injury, sepsis and even chronic
kidney disease. Proteomics is a powerful tool in elucidating
the role of mitochondria in renal pathologies. Since the pig
is increasingly recognized as a major mammalian model
for translational research, the lack of physiological pro-
teome data of large mammals prompted us to examine
renal mitochondrial proteome in porcine kidney cortex and
medulla

Methods Kidneys were obtained from six healthy pigs.
Mitochondria from cortex and medulla were isolated using
differential centrifugation and proteome maps of cortical and
medullar mitochondria were constructed using two-dimen-
sional gel electrophoresis (2DE). Protein spots with signifi-
cant difference between mitochondrial fraction of renal
cortex and medulla were identified by mass spectrometry.
Results Proteomic analysis identified 81 protein spots. Of
these spots, 41 mitochondrial proteins were statistically
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different between renal cortex and medulla (p < 0.05).
Protein spots containing enzymes of beta oxidation, amino
acid metabolism, and gluconeogenesis were predominant
in kidney cortex mitochondria. Spots containing tricar-
boxylic acid cycle enzymes and electron transport system
proteins, proteins maintaining metabolite transport and
mitochondrial translation were more abundant in medullar
mitochondria.

Conclusion This study provides the first proteomic profile
of porcine kidney cortex and medullar mitochondrial pro-
teome. Different protein expression pattern reflects diver-
gent functional metabolic role of mitochondria in various
kidney compartments. Our study could serve as a useful
reference for further porcine experiments investigating renal
mitochondrial physiology under various pathological states.

Keywords Mitochondria - Pig kidney - Proteomics -
Two-dimensional electrophoresis

Abrevations

2DE  Two-dimensional electrophoresis
KM  Kidney medulla

KC Kidney cortex

TCA Tricarboxylic acid cycle
ETS Electron transport system
ROS Reactive oxygen species
Introduction

Kidney shows extreme metabolic activity and adequate
energy supply is a prerequisite of its multiple functions.
Removing waste products of metabolism, regulation of
water, electrolytes and acid—base balance and reabsorption

@ Springer



Clin Exp Nephrol

of compounds from glomerular filtrate are performed by
specialized segments of nephron. Mitochondria in
nephrons are important as energy suppliers for active
transport processes [1]. Differences in activities of mito-
chondrial enzymes along the nephron suggest variations in
content and specialization of mitochondria in nephron
segments [2]. Mitochondrial dysfunction has increasingly
been recognized as an important element in a broad spec-
trum of renal diseases [3]. Mitochondrial dysfunction is a
key contributor to renal tubular cell death during acute
kidney injury (AKI) [4, 5]. In sepsis and multiorgan dys-
function syndrome, mitochondrial dysfunction has been
proposed as a crucial cellular event and mitochondria could
be a target for therapy with compounds that improve their
function [6, 7]. Therefore, a precise knowledge of mito-
chondrial physiology and response of mitochondria to
pathologic stimuli is important to better understand the
mechanisms of diseases.

Proteomics has been used to better understand the
physiology and pathophysiology of the kidney, unraveling
of pathogenic mechanisms of diseases, and for drug and
biomarker research [8]. The tissue heterogeneity is chal-
lenging issue in investigation of renal proteome in health
and disease. Using gel-based proteomic analysis, differ-
ences between rat kidney cortex and medulla proteomes [9]
and between human kidney cortex, medulla and glomerulus
proteomes were examined [10] and altered levels of
mitochondrial proteins between these parts of kidney were
detected. Proteomic samples of whole tissue represent
complex mixtures of proteins with large dynamic range of
concentrations that exceeds capacity and dynamic range of
available separation methods. For investigation of specific
subcellular organelle proteome, it can be advantageous to
reduce sample complexity by separating the organelle of
interest, e.g. differential centrifugation [11]. Proteome of
renal mitochondria was investigated in various rodent
models of diabetes [12], acidosis [13] and in renal tubular
cells exposed to calcium oxalate [14] to detect specific
response of mitochondria to pathologic conditions. Nev-
ertheless, it should be acknowledged that data identified in
rodent models might not necessarily be germane to human
physiology, thus requiring cautious interpretation and ser-
ies of subsequent verification steps in large animal models.
Therefore, the aim of this study was to examine mito-
chondrial proteome of porcine kidney cortex and medulla
under physiological conditions. Gel-based proteomic
analysis was used as an unbiased attempt to analyze pro-
teomes of mitochondrial fraction of kidney cortex and
medulla prepared by differential centrifugation. Due to
very similar cardiovascular and renal physiology to
humans, pig as model organism is increasingly being used
in biomedical research for studying sepsis [15], AKI [16]
or for improvement of kidney transplantation process [17].

@ Springer

Very recently, the pig has also been introduced as one of
the most promising animal models from a proteomic and
translational perspective [18]. To our knowledge, this is the
first analysis of differences in mitochondrial proteins
between pig kidney cortex and medulla.

Methods
Experimental subjects

Six domestic piglets (Farm Mladotice, Czech Republic)
with a comparable body weight (mean weight 24 kg, range
21.3-28.3 kg, age 50-60 days, 3 males and 3 females)
were studied. All experiments were conducted in accor-
dance with the relevant Guidelines of the Czech Ministry
of Agriculture for Scientific Experimentation on Animals
and the European Directive for the Protection of Vertebrate
Animals Used for Experimental and Other Scientific Pur-
poses (86/609/EEC) and were approved by the University
Committee for Experiments on Laboratory Animals
(Charles University, Czech Republic).

The piglets were premedicated intramuscularly with
atropine 1.5 mg and azaperon 1.0 mg/kg. Anesthesia was
induced with intravenous propofol (1-2 mg/kg) and keta-
mine (2 mg/kg). Animals were intubated and mechanically
ventilated with tidal volumes 8—10 ml/kg, positive end-ex-
piratory pressure 0.6 kPa and FiO, 0.4. Respiratory rate was
adjusted to maintain normocapnia (arterial carbon dioxide
tension 4.0-5.0 kPa). During surgical procedure continuous
infusions of fentanyl (10-15 pg/kg/h), thiopental (10 mg/
kg/h), and pancuronium (4—6 mg/h) were administered.

A left nephrectomy was performed through a midline
laparotomy. The ureter, renal artery, and vein were isolated,
ligated, and sharp dissection was used to excise the renal
mass. The resected kidney was immediately placed into the
ice-cold Tyrode solution and transported into the laboratory
within 5 min. In longitudinal section of kidney, renal cortex
and pyramids could be macroscopically recognized (Fig. 1).
Approximately 1 g of renal cortex and renal medullar
pyramids was taken for isolation of mitochondria.

Isolation of mitochondria

Albumin, potassium chloride, ethylenediamine tetraacetic
acid (EDTA), urea, thiourea, CHAPS detergent, TRIS base,
glycerol, sodium dodecylsulfate (SDS), dithiothreitol
(DTT), and iodoacetamide (IAA) were purchased from
Sigma (Steinheim, Germany). Carrier ampholytes and
Simply Blue stain were purchased from Invitrogen
(Carlsbad, USA).

For isolation of mitochondria, differential centrifugation
was used [19]. Tissues were put in isolation buffer (IB;
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cortex

medulla

Fig. 1 Preparation of tissue samples for isolation of mitochondria.
The kidney was cut in longitudinal direction, and tissue from selected
regions was taken for mitochondria isolation. To get sufficient amount
of medulla, few renal pyramids from each kidney were excised and
pooled

180 mM KCl, 4 mM EDTA and 1 % of bovine serum
albumin, pH 7.4) and homogenized by TissueRuptor
homogenizer (Qiagen, Hilden, Germany). Homogenate was
centrifuged for 10 min at 1000g and 4 °C. Supernatant was
recovered; pellet was resuspended in 10 ml of IB and
homogenized again. After centrifugation (10 min, 1000g,
4 °C), supernatant was recovered again. Both supernatants
were pooled and centrifuged (15 min, 5000g, 4 °C). Then,
pellet containing mitochondria was resuspended in IB
without albumin (180 mM KCl, 4 mM EDTA, pH 7.4) and
centrifuged (15 min, 5000g, 4 °C). Pellet containing mito-
chondria was resuspended in IB without albumin. An aliquot
of suspension was taken for cytochrome c activity and outer
membrane integrity assay by Cytocox1 kit (Sigma, Stein-
heim, Germany) and for morphology checking using trans-
mission electron microscopy. The rest of suspension was
centrifuged, pellet was solubilized in buffer (7 M urea, 2 M
thiourea, 4 % CHAPS, 2 % ampholytes pH 3-10, 120 mM
DTT) and used for two-dimensional electrophoresis. Total
protein concentration was measured with Bradford assay.

Separation of proteins

Two-dimensional polyacrylamide gel -electrophoresis
(2DE) of each sample was performed in triplicate. Solution
containing 200 pg of protein was mixed with rehydration
buffer (7 M urea, 2 M thiourea, 4 % CHAPS, 2 %
ampholytes pH 3-10, 120 mM DTT, traces of bromophe-
nol blue) and rehydrated onto 11 cm IPG strip with non-
linear pH gradient 3-10 (Bio-Rad, Hercules, USA).
Isoelectric focusing was performed using Protean IEF
device (Bio-Rad, Hercules, USA). After reaching 45 kVh,

proteins in strips were reduced (112 mM Tris-base, 6 M
urea, 30 % v/v glycerol, 4 % w/v SDS, 130 mM DTT,
0.002 % bromophenol blue) and alkylated (112 mM Tris-
base, 6 M urea, 30 % v/v glycerol, 4 % w/v SDS, 135 mM
IAA, 0.002 % bromophenol blue). Separation in second
dimension was performed on Criterion TGX polyacry-
lamide gels (Bio-Rad, Hercules, USA). Gels were stained
with SimplyBlue Safe stain (Invitrogen, Carlsbad, USA)
and images were acquired at 16-bit grayscale resolution.

Mass spectrometric protein identification

Acetonitrile (ACN), ammonium bicarbonate, trifluo-
roacetic acid, and alpha-cyano-4-hydroxycinnamic acid
(CHCA) were purchased from Sigma (Steinheim, Ger-
many). Sequencing grade trypsin was purchased from
Roche (Basel, Switzerland).

For identification of selected protein spots, in gel tryptic
digestion followed by MALDI-TOF/TOF mass spectrom-
etry was used [20]. Protein spots were excised from gel
slab, reduced with DTT, and alkylated with IAA. Then, gel
pieces were rehydrated with buffer containing trypsin and
incubated overnight at 37 °C. After digestion, proteolytic
peptides were subsequently extracted with 50 % ACN/
25 mM ammonium bicarbonate, 5 % formic acid, and
50 % ACN/H,O. The three extracts were pooled, and
10 mM DTT solution in 50 mM ammonium bicarbonate
was added. The mixture was then dried by SpeedVac.
Tryptic peptides were redissolved in 5 % formic acid and
desalted using ZipTip pC18 tips (Millipore, Bedford, USA)
according to manufacturer’s instructions. Proteolytic pep-
tides were mixed with CHCA matrix and spotted onto
MALDI target. All peptide mass fingerprint (PMF) and
MS/MS spectra were acquired with a 4800 MALDI TOF/
TOF Analyzer (Applied Biosystems, Framingham, USA).
MS peaks with an S/N above 15 were listed, and the 10
strongest precursors with an S/N above 50 among the MS
peaks were automatically selected for MS/MS acquisition.

Western blotting

Western blotting analysis was performed using Bio-Rad V3
workflow. Proteins were separated on Criterion TGX
Stainfree gel (Bio-Rad, Hercules, USA), and transferred onto
a PVDF membrane (Trans-Blot Turbo Midi PVDF Transfer
Pack, Bio-Rad) by semidry transfer (25 V, 2.5 A, 7 min).
The membranes were blocked in TBS (0.15 M NaCl, 20 mM
TRIS-HCI, pH 7.5) with 0.1 % (v/v) Tween-20 and 5 % (w/
v) non-fat dry milk and incubated overnight with primary
antibody. Antibodies against ACADM (Abcam, ab23675,
1:750), GABT (Abcam, ab 81432, 1:1000), PCKGM (Ab-
cam, ab70359, 1:1000), ODO2 (LSBio LS-C145464,
1:1000), QCR1 (Biorbyt, orb 2479, 1:500), and VDAC2
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(Abcam, ab100956, 1:1000) were used for detection of
corresponding proteins. The membranes were then incu-
bated for 1.5 h with secondary antibody (Abcam ab99697,
1:5000). For analysis of mitochondrial fraction purity, anti-
bodies Organelle detection WB cocktail (Abcam, ab133989,
dilution 1:1000) and goat anti-mouse IgG(H-+L)-HRP con-
jugate (Bio-Rad, 1:5000) were used. Detection was per-
formed with Opti-4CN kit (Bio-Rad) and images were
acquired using ChemiDoc MP imager (Bio-Rad).

Statistic evaluation, data handling

Computer-aided analysis of gel images was carried out
using PDQuest 8.0.1 software (Bio-Rad). Detected spots
were checked manually and streaks and artifacts were
removed. Intensity of each spot was normalized per total
density of gel image and intensities of each spot in tripli-
cate were averaged. Using Wilcoxon signed-rank test,
intensities of each spot were tested whether they signifi-
cantly differ between kidney cortex and medulla mito-
chondrial fractions. To examine quantitative expression,
ratio of spot intensity in medulla to cortex (KM/KC) was
calculated for each animal. Spots with more than twofold
change in expression (median of KM/KC ratio <0.5 or >2)
and statistically significant difference (p < 0.05) between
kidney cortex and medulla mitochondrial fraction were
selected for identification.

Mass spectrometric data were processed with GPS
Explorer software (Applied Biosystems, Framingham, MA,
USA). Mass spectra were matched against “mammalia
(mammals)” subset of the Uniprot protein database using
Mascot 2.1.0 search algorithm (Matrix Science, London,
UK). The general parameters for PMF search were consid-
ered to allow maximum two missed cleavages, £50 ppm of
peptide mass tolerance, variable methionine oxidation, and
fixed cysteine carbamidomethylation. MOWSE scores
greater than 61 were considered significant for PMF. Frag-
ment mass tolerance of +0.25 Da was used for the MS/MS
ion search. Individual MS/MS ions scores >33 indicated
identity or extensive homology for MS/MS ion search.

Intensities of bands acquired by Western blotting were
normalized to total protein and ratio of band intensity in
medulla to cortex (KM/KC) was calculated for each ani-
mal. Results of Western blotting were expressed as a
median of KM/KC values.

Results

Mitochondria fractions from kidney cortex and medulla of all
six pigs were processed. Calculated outer membrane integrity
was 91 = 9 % in mitochondrial fractions from cortex and
98 &2 % in mitochondrial fractions from medulla
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(mean = SD). Cytochrome c¢ oxidase activity in cortical
fraction was 0.61 £ 0.16 and 1.09 £ 0.28 IU/mg of protein
(mean £ SD). Activity of cytochrome ¢ oxidase activity in
cortical fraction is close to activity in mitochondria of cul-
tured renal epithelial cells [21]. Yield of mitochondrial
fraction expressed as ratio of total protein in mitochondrial
fraction to wet weight of tissue from kidney cortex was
(0.75 £ 0.06) % and (0.35 % 0.09) % from kidney medulla.
Typical morphology of mitochondria obtained from kidney
cortex and medulla is shown in Fig. 2a, b. Purity of mito-
chondrial fractions was examined by immunoblotting with
antibody cocktail that detected proteins of nucleus, cyto-
plasm, mitochondria, and cytoplasmic membrane (Fig. 2c).
In mitochondrial fractions of both kidney cortex and medulla,
intensity of cytoplasm and nucleus marker decreased in
comparison to corresponding whole tissue. The marker of
cytoplasmic membrane was not detected due to incompati-
bility of the antibody with corresponding porcine protein.

Representative gel image of mitochondrial fraction of
cortex and medulla is shown in Fig. 3. Total 635 spots were
detected on polyacrylamide gels. A set of 343 spots, present
in more than 90 % of gels of kidney cortex or medulla
fraction was arbitrarily considered representative. From this
set, 161 protein spots with statistically significant difference
(p < 0.05) between kidney cortex and medulla mitochon-
drial fraction and more than twofold change in expression
were taken for mass spectrometric identification and 81 of
them were successfully identified by mass spectrometry. Due
to unavailability of complete porcine proteome database,
mass spectra were matched against “mammalia (mam-
mals)”subset of Uniprot [22]. Subcellular localization of
identified proteins was searched in database Uniprot or lit-
erature and 41 spots that contained proteins with subcellular
localization in mitochondria are shown in Table 1. The rest
of protein spots contained proteins localized in endoplasmic
reticulum, cytoplasm, peroxisomes, and cytoskeleton prob-
ably due to their co-isolation with mitochondria or associa-
tion with mitochondrial membrane [23]. There were several
spots that contained more than one protein due to their close
molecular weights and isoelectric points and, therefore,
quantity of proteins in these spots cannot be determined.
Further information about identified mitochondrial proteins
can be found in Supplemental Table 1. For confirmation of
proteomic analysis, quantity of selected proteins was ana-
lyzed by Western blotting (Fig. 4). Their expression was in
good agreement with proteomic results.

Discussion
Proteomic analysis of porcine kidney mitochondria based

on 2DE was used as explorative method and significant
differences in proteome composition between cortical and
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Fig. 2 Quality control of mitochondrial fractions. Morphology of
isolated mitochondria was examined by transmission electron micro-
scopy. a Transmission electron micrograph of mitochondria isolated
from porcine renal cortex. b Transmission electron micrograph of
mitochondria isolated from porcine renal medulla. ¢ Western blotting
analysis of whole tissue proteins and corresponding mitochondrial
fractions of renal cortex and medulla. Decrease of cytosolic and nuclear
markers was observed in mitochondrial fractions of both renal cortex
and medulla; marker of cytoplasmic membrane was not detected

medullar mitochondria were found. Proteins with different
abundance between mitochondrial fractions of kidney
cortex and medulla (KM) were employed in fatty acid beta
oxidation, amino acid metabolism, gluconeogenesis, TCA
cycle, electron transport system, metabolite transport, and
proteosynthesis. These data could provide an important
foundation for the future proteomic studies in renal
pathologic conditions such as AKI and sepsis performed in
clinically relevant large animal models.

Organized distribution of nephrons in renal tissue results
in the formation of regions with different biochemical and
metabolic properties. In the renal cortex, glomeruli main-
tain filtration of blood plasma, and proximal tubules are
sites of reabsorption of glucose, amino acids, water, and
electrolytes. Distal tubules play a critical role in sodium,
potassium, and divalent cation homeostasis. Structures of
nephron in the renal medulla are the loop of Henle and the
collecting tubule. The most important process in renal
medulla is concentration of urine by osmotic processes.
Cells of the renal medulla are exposed to a hypertonic and
hypoxic environment.

Proteins more abundant in mitochondria of Kidney
cortex

In mitochondrial beta oxidation, fatty acids are converted
to acetyl-CoA by sequential removal of two-carbon units in
series of oxidative reactions [24]. It was demonstrated that
fatty acids are important energy source for active transport
process of sodium tubular reabsorption [27]. Our results
agree with predominant presence of mitochondrial med-
ium-chain specific acyl-CoA dehydrogenase (ACADM) in
human kidney cortex [10] and higher activity of hydroxy-
acyl-coenzyme A dehydrogenase (HCDH) in cortical parts
of rat nephron [25]. Beta oxidation is advantageous for
tissues that are well supplied with oxygen, where more
ATP per carbon can be produced [26]. It is preferred in
parts of nephron that are located in renal cortex. On the
other hand, relying on beta oxidation suggests sensitivity of
renal cortex to hypoxia, when beta oxidation is downreg-
ulated [28].

The kidney is an important organ in amino acid meta-
bolism. Amino acids are easily filtered by glomerulus,
reabsorbed by proximal tubule, and further utilized for
synthesis, conversion, energy production or ammonia
excretion [35]. Most of amino acid metabolism pathways
span across the cytoplasmic and mitochondrial locations.
Amino acid metabolism enzymes probable 4-hydroxy-2-
oxoglutarate aldolase (HOGAL1), alanine-glyoxylate
aminotransferase 2 (AGT2), 4-aminobutyrate aminotrans-
ferase (GABT), fumarylacetoacetate hydrolase domain-
containing protein 2A (FAH2A), and glycine amidino-
transferase (GATM) were found by us with higher
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abundance in pig KC mitochondria. This is consistent with
previous  foundations.  Hydroxyproline  metabolism
enzymes HOGA1 and AGT2 were previously detected with
high activity in rat renal cortex [30]. Hydroxyproline
metabolism important for processing of diet-derived
hydroxyproline takes place in mitochondria of hepatocytes
and renal proximal tubule cells oxalate [29] Renal
hydroxyproline metabolism may be also an important
source of oxalate. It was found that in renal cortical
tubules, significant amount of gamma aminobutyrate is

@ Springer

created from glutamate [31]. Then, GABT may contribute
to utilization of gamma aminobutyrate in TCA cycle [32].
GATM is highly expressed in kidney and liver. In kidney,
GATM is employed in creatine synthesis, which in mam-
mals starts in the cortex [34]. In pig KC, mitochondrial
pathways of amino acid metabolism serve for both syn-
thetic and catabolic purposes. Abundance of amino acid
metabolism enzyme in pig KC mitochondria matches the
previously found role of proximal tubule in amino acid
metabolism.



Clin Exp Nephrol

Table 1 Proteins identified in spots that showed higher expression in cortical mitochondrial fraction (spots 1-18) and medullar mitochondrial
fractions (spots 19-41)

Spot  Metabolic process Protein name Uniprot entry® KM/KC ratio p value?
no.* (IQR)*
1 Beta oxidation Medium-chain specific acyl-CoA ACADM_PIG 0.20 (0.18-0.31) 0.028
dehydrogenase
2 Beta oxidation Medium-chain specific acyl-CoA ACADM_PIG 0.31 (0.21-0.43) 0.028
dehydrogenase
3 Beta oxidation Medium-chain specific acyl-CoA ACADM_PIG 0.49 (0.32-0.58) 0.028
dehydrogenase
Beta oxidation Long-chain specific acyl-CoA dehydrogenase =~ ACADL_PIG
4 Beta oxidation Enoyl-CoA hydratase domain-containing ECHD2_BOVIN 0.07 (0.02-0.29) 0.028
protein 2, mitochondrial
5 Beta oxidation Hydroxyacyl-coenzyme A dehydrogenase HCDH_MOUSE 0.44 (0.40-0.60) 0.028
6 Amino acid metabolism Probable 4-hydroxy-2-oxoglutarate aldolase HOGA1_BOVIN 0.18 (0.16-0.21) 0.028
7 Amino acid metabolism Probable 4-hydroxy-2-oxoglutarate aldolase HOGA1_BOVIN 0.45 (0.43-0.53) 0.028
8 Amino acid metabolism Alanine—glyoxylate aminotransferase 2 AGT2_BOVIN 0.15 (0.08-0.19) 0.028
9 Amino acid metabolism 4-aminobutyrate aminotransferase GABT_PIG 0.44 (0.31-0.58) 0.028
10 Amino acid metabolism Fumarylacetoacetate hydrolase domain- FAH2A_HUMAN 0.38 (0.09-0.45) 0.028
containing protein 2A
11 Amino acid metabolism Fumarylacetoacetate hydrolase domain- FAH2A_HUMAN 0.40 (0.35-0.43) 0.028
containing protein 2A
12 Amino acid metabolism Fumarylacetoacetate hydrolase domain- FAH2A_HUMAN 0.39 (0.35-0.42) 0.028
containing protein 2A
13 Amino acid metabolism Glycine amidinotransferase GATM_PIG 0.23 (0.12-0.27) 0.028
14 Amino acid metabolism Glycine amidinotransferase GATM_PIG 0.10 (0.07-0.18) 0.028
15 Amino acid metabolism Glycine amidinotransferase GATM_PIG 0.19 (0.12-0.20) 0.028
16 Saccharides metabolism Phosphoenolpyruvate carboxykinase [GTP], PCKGM_HUMAN  0.36 (0.19-0.71) 0.028
mitochondrial
17 Saccharides metabolism Phosphoenolpyruvate carboxykinase [GTP], PCKGM_HUMAN  0.19 (0.16-0.39) 0.028
mitochondrial
18 Peptidase Serine beta-lactamase-like protein LACTB, LACTB_HUMAN 0.30 (0.18-0.40) 0.028
mitochondrial
Sulfur metabolism Thiosulfate sulfurtransferase THTR_CRIGR
19 TCA cycle Pyruvate dehydrogenase E1 component ODPA_PIG 2.31 (1.64-4.40) 0.028
subunit alpha, somatic form, mitochondrial
20 TCA cycle Citrate synthase CISY_MOUSE 5.61 (4.46-6.65) 0.028
Acyl-coenzyme metabolism  Acyl-coenzyme A thioesterase 2 ACOT2_HUMAN
21 TCA cycle Isocitrate dehydrogenase [NAD] subunit IDH3A_HUMAN 4.77 (3.03-5.89) 0.028
alpha
22 TCA cycle Isocitrate dehydrogenase [NAD] subunit IDH3A_HUMAN 2.99 (2.83-3.15) 0.028
alpha
23 TCA cycle Isocitrate dehydrogenase [NAD] subunit IDH3A_MESAU 3.11 (2.85-3.60) 0.028
alpha
24 TCA cycle Isocitrate dehydrogenase [NAD] subunit beta ~ IDH3B_RAT 2.08 (1.86-2.74) 0.028
25 TCA cycle 2-oxoglutarate dehydrogenase ODO1_MACFA 2.14 (1.98-2.74) 0.028
26 TCA cycle Dihydrolipoyllysine-residue ODO2_PIG 2.16 (1.92-2.27) 0.028
succinyltransferase component of
2-oxoglutarate dehydrogenase complex
27 TCA cycle Dihydrolipoyl dehydrogenase DLDH_CANFA 2.44 (1.96-3.16) 0.028
28 TCA cycle Ornithine aminotransferase OAT_BOVIN 2.77 (2.22-3.70) 0.028
29 ETS subunit NADH dehydrogenase [ubiquinone] 1 alpha NDUA8_MOUSE 3.47 (2.80-5.43) 0.028
subcomplex subunit 8
30 ETS subunit NADH dehydrogenase [ubiquinone] 1 beta NDUB7_BOVIN 221 (1.77-2.95) 0.028

subcomplex subunit 7
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Table 1 continued

Spot  Metabolic process Protein name Uniprot entry” KM/KC ratio p value®
no.* (IQR)¢
31 ETS subunit NADH dehydrogenase [ubiquinone] 1 beta NDUBA_BOVIN 2.31 (2.06-2.56) 0.028
subcomplex subunit 10
32 ETS subunit NADH dehydrogenase [ubiquinone] iron- NDUS3_BOVIN 2.48 (1.85-2.80) 0.028
sulfur protein 3
Chaperone Prohibitin PHB_HUMAN
33 ETS subunit Cytochrome b-c1 complex subunit 1 QCR1_HUMAN 3.55 (1.59-5.56) 0.028
34 ETS subunit Cytochrome b-c1 complex subunit Rieske UCRI_RAT 2.46 (1.81-3.29) 0.028
35 ETS subunit Cytochrome ¢ oxidase subunit 5B COX5B_PIG 2.15 (1.81-2.23) 0.028
36 ETS subunit ATP synthase subunit alpha ATPA_BOVIN 8.89 (4.01-12.62)  0.028
37 ETS subunit ATP synthase subunit beta ATPB_RAT 3.12 (2.06-4.10) 0.028
38 ETS subunit ATP synthase subunit d ATP5SH_HUMAN 2.03 (1.84-2.26) 0.028
Nonmitochondrial Inactive thomboid protein 1 RHDF1_BOVIN
39 ATP transport Voltage-dependent anion-selective channel VDACI_HUMAN 2.57 (2.02-4.09) 0.028
protein 1
40 ATP transport Voltage-dependent anion-selective channel VDAC2_HUMAN 2.69 (2.49-3.28) 0.028
protein 2
41 Proteosynthesis Elongation factor Tu EFTU_MESAU 2.46 (1.85-2.91) 0.028

% Spot numbers that refer to Fig. 3, b Uniprot entry name of identified protein, © KM/KC, median of spot intensity ratios and inter-quartile range

(IQR), ¢ p value of Wilcoxon signed-rank test

Renal gluconeogenesis is important in glucose level
regulation, compensation of impaired hepatic glucose
release, and contribution to the excessive glucose release in
diabetes [26]. Mitochondrial phosphoenolpyruvate car-
boxykinase (PCKGM) that catalyzes the formation of
phosphoenolpyruvate in gluconeogenesis was found
strongly expressed in kidney [38] and its activity is induced
by lactate [36]. Thus, higher amount of PCKGM in pig KC
mitochondria may contribute to gluconeogenesis of pig
renal cortex, possibly by utilization of lactate produced by
the erythrocytes [38].

Proteins more abundant in Kidney medullar
mitochondria

Pyruvate dehydrogenase subunit Ela. (ODPA), alpha- and
beta-subunits of isocitrate dehydrogenase (IDH3A and
IDH3B), 2-oxoglutarate dehydrogenase subunits (ODO1
and ODO2), and dihydrolipoyl dehydrogenase (DLDH) are
employed in TCA cycle. It was previously demonstrated in
rat and rabbit nephrons that activities of isocitrate dehy-
drogenase and pyruvate dehydrogenase are higher in
medullary structures of nephrons [39].

In TCA cycle, acetyl-CoA moieties produced by gly-
colysis and pyruvate decarboxylation are converted by
series of reactions to carbon dioxide and reduced coen-
zymes NADH and FADH,. When the oxygen availability is
limited, regeneration of reduced coenzymes by electron
transport system (ETS) is limited and TCA cycle shows
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different way of operation [40]. Conversion of a-ketoglu-
tarate to succinate by 2-oxoglutarate dehydrogenase is
important for generation of ATP via substrate-level phos-
phorylation under hypoxic conditions [40]. Increased
expression of pyruvate dehydrogenase and activity of
2-oxoglutarate dehydrogenase were found in liver mito-
chondria as a result of response to hypoxia [41]. Increased
amount of ODPA and 2-oxoglutarate dehydrogenase sub-
units may suggest adaptation of renal medullar mitochon-
dria  to low oxygen environment. Ornithine
aminotransferase (OAT) plays a key role in converting of
ornithine to glutamate, which is further supplied to the TCA
cycle for energy production. Our results correspond to OAT
profile in rat kidney, where the highest concentration of
OAT was found in the outer stripe of renal medulla [42].
Spots containing several subunits of electron transport
system (ETS) complexes showed higher intensity in KM
mitochondrial fraction. ETS performs transfer of electrons
from reduced coenzymes and creates proton gradient
between mitochondrial matrix and the intermembrane
space. Five ETS complexes are composed of multiple
subunits and anchored to inner mitochondrial membrane.
Proteins NADH dehydrogenase subunit 8 of alpha-sub-
complex (NDUAS), subunits 7 (NDUB7) and 10 (NDUBA)
found in our experiment with higher intensity in KM
mitochondrial fraction were described as supernumerary
subunits of ETS complex I. Their predicted functions are
activity regulation, assembling, and stabilization of com-
plex I [43, 44]. Previous studies have found the importance
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protein  Western blot KM/KC (IQR)
ACADM  [=== "] 0.33(0.25-0.38)
GABT == ] 0.31(0.21-0.48)
PCKGM  [ss= ] 0.39(0.36-0.44)
0D02 [ === 1.96(1.90-2.13)
QCR1  [=====s] 1.80(1.68-2.05)
VDAC2 [~ ww| 1.94(1.85-2.06)

Fig. 4 Validation of proteomic results by Western blotting. Expres-
sion of selected proteins was analyzed by Western blotting in KC and
KM mitochondrial fractions. Protein name, protein band in KC (left
band) and KM (right band) mitochondrial fractions, and KM/KC ratio
(interquartile range) determined by Western blotting are shown

of Rieske protein (UCRI) and Cytochrome ¢ oxidase sub-
unit 5B (COX5B) in response to hypoxia. UCRI is one of
the catalytic subunits of complex III. Protein UCRI was
found to be important for production of ROS in hypoxia
[45] which is required for stabilization of hypoxia-induced
factor HIF-1a [45]. COX5B is a subunit of complex IV and
this subunit was found to be expressed in cells as a result of
their adaptation to low oxygen environment [46]. There-
fore, we hypothesize that increased abundance of these ETS
complex subunits in medullar mitochondria can be inter-
preted as adaptation of medullar mitochondrial to low
oxygen environment and maintaining activity of ETS in
relatively hypoxic renal medulla.

Voltage-dependent anion-selective channel proteins 1
and 2 (VDACI and VDAC2) form pores located on
mitochondrial outer membrane responsible for transport of
small molecules (e.g. nucleotides and metabolites) and
regulation of ATP transport outside mitochondrion [47]. It
was shown in kidney cell line that diminished VDACI
expression caused slow proliferation, reduced ATP syn-
thesis rates, ATP and ADP content [48]. Thus, higher
amounts of VDAC may contribute to support exchange of
metabolites and ATP in pig KM mitochondria. Elongation
factor thermo unstable (EFTU) is one of factors required
for the synthesis of proteins encoded by the mitochondrial
DNA [49]. Overexpression of elongation factors can par-
tially suppress the defect in assembly of ETS complexes
[50] and enhanced expression of EFTU in pig KM mito-
chondria may be, therefore, important for maintaining
levels of ETS subunits coded by mitochondrial DNA.

Proteomic analysis of mitochondrial fractions isolated
from tissues is widely used for investigation of mitochon-
drial proteome in various physiological and pathological
states, but limitations of this attempt should be considered.
Limitations of 2DE in mitochondrial proteomics are lim-
ited dynamic range of detection, limited resolution of

extremely basic proteins, and underrepresentation of
membrane proteins on 2DE gels. Another limitation of our
work arises from tissue separation. Renal cortex and
medulla have been excised from kidney and used without
their further separation. This is the simplest way to reduce
the sample complexity. For more detailed information
about heterogeneity of renal mitochondria, it would be
necessary to isolate individual nephron segments under
microscopic control.

Taken together, proteins of beta oxidation, amino acid
metabolism, and gluconeogenesis were predominant in
mitochondria of kidney cortex. In renal cortex, the proxi-
mal tubule exhibits high amount of mitochondria and rel-
ative high oxygen availability in the cortex suggests
preference of highly effective oxygen-dependent processes
such as beta oxidation. Protein spots more abundant in
kidney medullar mitochondrial fraction contained TCA
cycle enzymes and ETS proteins, proteins maintaining
metabolite transport and mitochondrial translation. In renal
medulla, less oxygen is available in comparison with the
cortex, and proteome of KM mitochondria shows their
possible adaptation to hypoxic environment. Some proteins
of TCA cycle and ETS system showed the pattern previ-
ously seen in hypoxic model systems and porin proteins
may support nucleotide exchange between medullar mito-
chondria and cytoplasm. In conclusion, different and
physiologically relevant composition of renal cortex versus
renal medulla mitochondrial proteome was described in
this study. This heterogeneity in the kidney compartments
might dictate their different responses and susceptibility to
various acute and chronic pathologic stimuli. We believe
that our study has helped to establish a picture of the
mitochondrial proteomic appearance of porcine kidney.
The knowledge of a healthy renal mitochondrial proteome
should help to identify and interpret novel pathways
implicated in various renal diseases associated with mito-
chondrial dysfunction.
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A B S TWRAZCT

Sepsis is a systemic response to infection commonly found in critically ill patients and is associated
with multi-organ failure and high mortality rate. Its pathophysiology and molecular mechanisms
are complicated and remain poorly understood. In the present study, we performed a proteomics
investigation to characterize early host responses to sepsis as determined by an altered plasma

proteome in a porcine model of peritonitis-induced sepsis, which simulated several clinical
characteristics of human sepsis syndrome. Haemodynamics, oxygen exchange, inflammatory
responses, oxidative and nitrosative stress, and other laboratory parameters were closely
monitored. Plasma samples were obtained from seven pigs before and 12 h after the induction of
sepsis, and plasma proteins were resolved with two-dimensional gel electrophoresis (n=7 gels/
group; before being compared with during sepsis). The resolved proteins were stained with the
SYPRO Ruby fluorescence dye and subjected to quantitative and comparative analyses. From
approx. 1500 protein spots visualized in each gel, levels of 36 protein spots were significantly
altered in the plasma of animals with sepsis (sepsis/basal ratios or degrees of change ranged
from 0.07 to 21.24). Q-TOF (quadrupole—time-of-flight) MS and MS/MS (tandem MS) identified
30 protein forms representing 22 unique proteins whose plasma levels were increased, whereas
six forms of five unique proteins were significantly decreased during sepsis. The proteomic
results could be related to the clinical features of this animal model, as most of these altered
proteins have important roles in inflammatory responses and some of them play roles in oxidative
and nitrosative stress. In conclusion, these findings may lead to a better understanding of the
pathophysiology and molecular mechanisms underlying the sepsis syndrome.

Key words: host response, infection, plasma, proteomics, sepsis, septicaemia.

Abbreviations: 2-D, two-dimensional; ACN, acetonitrile; BP, blood pressure; CO, cardiac output; CVP, central venous
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Information; NOx, nitrate/nitrite; PAOP, pulmonary artery occlusion pressure; Pco,, partial pressure of carbon dioxide; PEEP,
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reacting substances; TFA, trifluoroacetic acid; TNF-«, tumour necrosis factor-a; Vos, oxygen consumption.
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INTRODUCTION

Sepsis is defined as a systemic inflammatory response
syndrome due to presumed or confirmed infection [1,2].
It is associated with multi-organ failure, which in turn
serves as a marker for the high mortality rate of sepsis
[2,3]. Even with treatments with the currently available
regimens of antibiotics, fluid resuscitation, vasoactive
compounds, corticosteroids etc. [4-6], the morbidity
and mortality rates remain considerably high. Several
attempts have been made to define new therapeutic
targets, for example IL-12 (interleukin-12) [7], HMG
(high-mobility group) box-1 isoforms [8], trypsin [9] and
several others [10]; however, the molecular mechanisms
underlying sepsis remain poorly understood. Searching
for biomolecules that are involved in the pathophysiology
of sepsis would be a significant advance and would facil-
itate defining new therapeutic targets for better treatment
outcomes.

Over the last decade, proteomics has been emerging
and used for the high-throughput analysis of proteins. It
has been extensively applied to several subdisciplines of
biomedical research, particularly for clinical applications,
with the ultimate goals to understand normal physiology
better, to explore the pathogenic mechanisms of diseases,
and to search for novel biomarkers and therapeutic targets
for improving treatment outcome [11-13]. In the present
study, we applied a gel-based proteomics approach to
characterize early responses to sepsis, as determined by
changes in the plasma proteome during an early phase
of sepsis. A porcine model of peritonitis-induced sepsis,
which displays several clinical characteristics resembling
those of sepsis syndrome in humans, was employed
in our present study. Peritonitis-induced sepsis was
initiated by intraperitoneal injection of autologous
faeces with careful monitoring of haemodynamics,
oxygen exchange, inflammatory responses, oxidative and
nitrosative stress, and other laboratory parameters. The
plasma proteome at 12 h after the induction of sepsis
was compared with the basal plasma proteome (before
sepsis induction) using 2-D (two-dimensional) gel
electrophoresis. Differential analysis revealed significant
differences in levels of 36 protein spots, which were
subsequently identified by Q-TOF (quadrupole-time-
of-flight) MS and/or MS/MS (tandem MS). Potential
roles of these altered proteins induced by sepsis are
discussed.

MATERIALS AND METHODS

Ethics

The present study was performed according to the
National Institutes of Health Guidelines on the Use
of Laboratory Animals, and the study protocol was

© The Authors Journal compilation © 2009 Biochemical Society

approved by the Ethical Committee at Charles University
School of Medicine in Plzei.

Experimental set up and the induction

of sepsis

A total of seven pigs were included in the present
study and all of them were closely monitored. After
an induction of anaesthesia with intravenous atropine
(0.5 mg), 2% (v/v) propofol (1-2 mg/kg of body weight)
and ketamine (2 mg/kg of body weight), all of the animals
were mechanically ventilated with an Fio, (fraction of
inspired oxygen) of 0.4, PEEP (positive end-expiratory
pressure) of 5-10 cmH, O, and a tidal volume of 10 ml/kg
of body weight. The respiratory rate was adjusted to
maintain an arterial Pco; (partial pressure of carbon diox-
ide) between 4.0 and 5.0 kPa. Anaesthesia was maintained
with continuous intravenous thiopental (10 mg-kg™!
of body weight-h™!) and fentanyl (10-15 g -kg™! of
body weight-h~!) during surgery and then maintained
with continuous intravenous thiopental (5 mg-kg™! of
body weight-h™!) and fentanyl (5 ug-kg™ of body
weight - h™!) thereafter until the end of the study. Muscle
paralysis was achieved with pancuronium (0.2 mg - kg™
of body weight - h™!). The intravenous fluid was Plasma
Lyte® solution (Baxter Healthcare) with a rate of
15 ml- kg™ of body weight - h™! during surgery and then
of 7ml-kg™! of body weight - h~! as a maintenance fluid.
Arterial blood glucose levels were maintained at 4.5-
7.0 mmol/l using a 20 % (w/v) glucose infusion.

A central venous catheter was inserted through the
left jugular vein for administration of all of the drugs
and fluids. A balloon-tipped thermodilution pulmonary
artery catheter was placed via the right jugular vein.
A femoral arterial catheter was placed for BP (blood
pressure) monitoring and blood sampling. Two tubes
were placed through the abdominal wall for the induction
of peritonitis and ascites drainage. A cystostomy catheter
for urine collection was placed percutaneously under
ultrasound guidance.

After all measurements and sample collection at base-
line, sepsis was initiated by the induction of peritonitis by
inoculating 0.5 g of autologous faeces/kg of body weight
suspended in 200 ml of saline into the abdominal cavity
through the drainage tubes. A second set of measure-
ments and sample collection were obtained 12 h after
the induction of sepsis. In addition to the Plasma Lyte®
solution, 6% (w/v) hydroxyethyl starch 130 kDa/0.4
(Voluven® 6 %; Fresenius Kabi) at a rate of 10 ml- kg!
of body weight-h™' was infused to maintain a cardiac
filling pressure >12 mmHg [the rate was decreased
to 7ml-kg™! of body weight-h™' if the CVP (central
venous pressure) or PAOP (pulmonary artery occlusion
pressure) >18 mmHg]. When the last set of data had
been obtained, the animals were killed by KCl injection
under deep anaesthesia.
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Monitoring of haemodynamics, oxygen
kinetics, inflammatory responses,
oxidative and nitrosative stress, and

other laboratory parameters

Measurements for monitoring systemic haemodynamics
included CO (cardiac output), SVR (systemic vascular
resistance), intrathoracic blood volume and filling
pressures of both ventricles (CVP and PAOP for right
and left ventricles respectively). Arterial and mixed
venous blood samples were analysed for pH, Po,
(partial pressure of oxygen), Pco, and haemoglobin
oxygen saturation. Systemic Do, (oxygen delivery) and
systemic Vo, (oxygen consumption) were derived from
the appropriate blood gases and flow measurements
[14,15]. Arterial blood samples were obtained for the
determination of TNF-« (tumour necrosis factor-a) and
IL-6 by immunoassay [14,15]. Oxidative and nitrosative
stress was evaluated by measuring concentrations of
arterial TBARS (thiobarbituric acid-reacting substances)
by spectrophotometry, and arterial NOx (nitrate/
nitrite) by colorimetric assay [14,15]. To correct for
dilutional effects resulting from volume resuscitation,
the levels of NOx, TBARS, IL-6 and TNF-a were

normalized to plasma protein content [14,15].

2-D Gel electrophoresis

Plasma samples were diluted 1:5 with deionized water,
and protein concentrations in individual samples were
measured using the Bradford method [16]. Protein solu-
tions (each with 200 g of total protein) were then pre-
mixed with a rehydration buffer containing 7 mol/l urea,
2 mol/l thiourea, 2% (w/v) CHAPS, 120 mmol/l DTT
(dithiothreitol), 40 mmol/l Tris base, 2% ampholytes
(pH 3-10) and a trace of Bromophenol Blue to make
the final volume of 150 pul/sample. The mixtures were
rehydrated on to Immobiline™ DryStrips (7 cm long
IPG strips; linear pH gradient of 3-10 and of 4-7; GE
Healthcare) at room temperature (25°C) for 10-15 h. The
first-dimensional separation or IEF (isoelectric focusing)
was performed in the Ettan IPGphor II IEF System (GE
Healthcare) at 20°C, using a stepwise mode to reach
9083 Vh. After completion of the IEF, the strips were
first equilibrated for 15 min in an equilibration buffer
containing 6 mol/l urea, 130 mmol/l DTT, 112 mmol/l
Tris base, 4 % (w/v) SDS, 30 % (v/v) glycerol and 0.002 %
Bromophenol Blue, and then in another similar buffer,
which replaced DTT with 135 mmol/l iodoacetamide,
for a further 15 min. The second-dimensional separation
was performed on a 12% (w/v) polyacrylamide gel
using a SE260 mini-vertical electrophoresis unit (GE
Healthcare) at 150 V for approx. 2 h. Separated proteins
were visualized with SYPRO Ruby fluorescence staining
(Invitrogen/Molecular Probes). Gel images were taken
using a Typhoon laser scanner (GE Healthcare).

Matching and analysis of protein spots
Image Master 2D Platinum (GE Healthcare) software
was used for matching and analysis of protein spots
in 2-D gels. Parameters used for spot detection were
(1) minimal area=10 pixels; (ii) smooth factor=2.0;
and (iii) saliency =2.0. A reference gel was created from
an artificial gel combining all of the spots presenting
in different gels into one image. The reference gel was
then used for matching the corresponding protein spots
between gels. Background subtraction was performed
and the intensity volume of each spot was normalized
with the total intensity volume (summation of the in-
tensity volumes obtained from all spots within the
same 2-D gel). Significant differences in intensity levels
of protein spots were defined as changes with all of
the followings: (i) sepsis/control ratios >2-fold or
<0.5-fold; (ii) P <0.05; and (iii) consistent presence (or
absence) in all gels within the group.

In-gel tryptic digestion

The protein spots whose intensity levels significantly
differed between groups were excised from the 2-D
gels, washed twice with 200 ul of 50% (v/v) ACN
(acetonitrile)/25 mmol/l NH,;HCO; buffer (pH 8.0) at
room temperature for 15 min, and then washed once
with 200 ul of 100% ACN. After washing, the solvent
was removed, and the gel pieces were dried using a
SpeedVac concentrator (Savant) and rehydrated with
10ul of 1% (w/v) trypsin (Promega) in 25 mmol/l
NH,HCO; (pH 8.0). After rehydration, the gel pieces
were crushed with a siliconized blue stick and incubated
at 37°C for at least 16 h. Peptides were subsequently
extracted twice with 50 ul of 50 % (v/v) ACN/5 % (v/v)
TFA (trifluoroacetic acid); the extracted solutions were
then combined and dried with a SpeedVac concentrator.
The peptide pellets were resuspended with 10 ul of
0.1% TFA and purified using ZipTipcis (Millipore).
The peptide solution was drawn up and down in the
ZipTipcis ten times and then washed with 10 ul of 0.1 %
formic acid by drawing up and expelling the washing
solution for three times. The peptides were finally eluted
with 5 ul of 75 % (v/v) ACN/0.1 % formic acid.

Protein identification by MALDI
(matrix-assisted laser-desorption
ionization)—Q-TOF MS and MS/MS analyses

The proteolytic samples were premixed 1:1 with the
matrix solution [5 mg/ml CHCA (a-cyano-4-hydroxy-
cinnamic acid) in 50% (v/v) ACN, 0.1% (v/v) TFA
and 2% (w/v) ammonium citrate] and spotted on to the
96-well sample stage. The samples were analysed using
a Q-TOF Ultima™ mass spectrometer (Micromass),
which was fully automated with a pre-defined probe
motion pattern and the peak intensity threshold for
switching over from MS survey scanning to MS/MS, and
from one MS/MS to another. Within each sample well,

© The Authors Journal compilation © 2009 Biochemical Society
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parent ions that met the pre-defined criteria (any peak
within the 72/z 800-3000 range with an intensity above 10
counts * include/exclude list) were selected for collision-
induced dissociation MS/MS using argon as the collision
gas and a mass dependent 5 V rolling collision energy
until the end of the probe pattern was reached. The low-
mass and high-mass resolution of the quadrupole were
both set at ten to give a precursor selection window of
approx. 4 Da wide. Manual acquisition and optimization
for individual samples or peaks was also possible.

The instrument was externally calibrated to a
<5 p.p.m. accuracy over the mass range of 7/z 800-3000
using sodium iodide and PEG [poly(ethylene glycol)]
200, 600, 1000 and 2000 mixtures and adjusted further
with Glu-fibrinopeptide B as the near-point lock mass
calibrant during data processing. At a laser firing rate of
10 Hz, individual spectra from a 5 s integration period ac-
quired for each of the MS survey and MS/MS performed
were combined, smoothed, de-isotoped (fast option)
and centroided using the ProteinLynx™ GlobalSERVER
2.0 data processing software (Micromass). This entailed
the identification of the monoisotopic carbon-12 peaks
for MS data and deconvolution of multiply charged
spectra to their singly charged equivalents for MS/MS
data. MaxEnt 3™, a maximum-entropy-based technique,
has been designed for this purpose and is an integral
part of ProteinLynx™ GlobalSERVER 2.0 [17]. The
combined MS and MS/MS ion meta data were searched in
concert against the NCBI (National Center for Biotech-
nology Information) mammalian protein database using
the ProteinLynx™ GlobalSERVER 2.0 workflow. The
search algorithm employed a Hidden Markov Model
that incorporates empirically determined fragmentation
characteristics to increase the efficacy of the search.
Additionally, the MS and MS/MS data were extracted and
outputted as the searchable .txt and .pkl files respectively,
for independent searches using the MASCOT search
engine (http://www.matrixscience.com), assuming that
peptides were monoisotopic. Fixed modification was
carbamidomethylation at cysteine residues, whereas
variable modification was oxidation at methionine
residues. Only one missed trypsin cleavage was allowed,
and peptide mass tolerances of 100 and 50 p.p.m. were
allowed for the peptide mass fingerprinting and MS/MS
ion search respectively.

Pathway analysis

Pathway analysis was performed using the Pathway
Tools software version 12.5 (http://bioinformatics.ai.sri.
com/ptools/). This bioinformatic tool is a comprehensive
symbolic systems biology software that supports several
applications in bioinformatics and systems biology
[18,19]. Biological processes, molecular functions, subcel-
lular localizations and MetaCyc pathways of the altered
proteins were obtained by querying the protein or gene
ID to the Pathway databases [18].

© The Authors Journal compilation © 2009 Biochemical Society

Table |
changes at baseline and at 12 h after sepsis induction

Haemodynamic, metabolic and inflammatory

Values are medians (interquartile range). *P < 0.05 compared with baseline.
MAP, mean arterial pressure.

At 12 h after
Parameter At baseline sepsis induction
€O (ml-kg~" of body 19 (63-85) [18 (101—141)*
weight - min~')
SVR (dyne -5 m~°) 2774 (2718-2887) 1411 (1234-1809)*
MAP (mmHg) 103 (90-107) 93 (19-97)
(VP (mmHg) I (9-13) 13 (1-16)*
PAOP (mmHg) 10 (9-13) 14 (11-16)*
Do, (ml-min~" - kg~ 9 (8-11) 15 (14-18)*
of body weight)
Vo, (ml - min~" - kg™ 5 (4-6) 6 (5-6)

of body weight)

Arterial pH 149 (7.48-1.52) 144 (1.43—1.48)*
IL-6 (nmol/g of protein) 2 (13) 28 (8-30)*

INF-or (nmol/g of protein) 14 (1.3-15) 5 (47-9.6)*

NOx (zemol/g of protein) 0.7 (0.6-0.9) 1.5 (1.2-1.5
TBARS (nmol/g of protein) 19 (16-22) 40 (36-60)*

Statistical analysis

All values are shown as means = S.E.M., unless
otherwise stated. Comparisons between groups (basal
control compared with 12 h after the induction of sepsis)
were performed using either a paired Student’s 7 test
or Wilcoxon signed rank test. P values <0.05 were
considered statistically significant.

RESULTS

Clinical data

Haemodynamic and oxygen exchange parameters,
inflammatory responses, oxidative and nitrosative stress,
and other laboratory parameters are shown in Table 1.
All animals developed normotensive hyperdynamic
circulation with reduced SVR. Adequate fluid resuscit-
ation was ensured by monitoring cardiac filling pressures
(both CVP and PAOP were monitored for right and
left ventricles respectively), which were significantly
increased over time. The increased CO resulted in a
significant rise in systemic Doy, whereas systemic Vo, re-
mained unchanged. The peritonitis-induced sepsis caused
a significant fall in arterial pH and a marked increase
in plasma levels of TNF-a and IL-6. Overproduction
of NO in this model was documented by a significant
increase in arterial NOx levels. These changes were
accompanied by a remarkable increase in TBARS levels,
providing the evidence for oxidative stress.

Proteomic data
We initially resolved the plasma proteome using the
broad-range IPG strips (with a linear pH gradient of



Altered plasma proteome in sepsis

125

ke e zwfzil"zzu i
16 4 \ ;
- 97 . 4%:“' s L
.uf'msa&” ,..&u”" s’ ¥
’ 572664 695 , x ??

d.“: ng’i 702 ¥ Grq7 of

S Ny ?g'sns’._ 0_323 78
B |
- ey ‘. 50 '
011

L]

L B

* | Control

6.5 pl 4-7 (Linear)

936 .

31 : # »‘ . ‘

! e

o 1046
21
W~ * ¥ [ sepsis |
g5 pl 4-7 (Linear)
Figure | Proteome map of the altered plasma proteome

during the early phase of sepsis in a porcine model

Gel images are derived from scans of representative gels from one animal in
each group: (A) Control, and (B) Sepsis. Bands in the ladder at the left-hand side
of each gel are molecular-mass markers. The significantly up- or down-regulated
protein spots are marked with arrows and numbers, which correspond with those
indicated in Table 2.

3-10) and observed that most of the porcine plasma
proteins were resolved at a pH range of 4-7 (results not
shown). We therefore used the narrow-range IPG strips
(with a linear pH gradient of 4-7) for the differential
proteomics study. Approx. 1500 protein spots were visu-
alized in each 2-D gel (Figure 1). There were seven gels
derived from basal plasma samples of seven animals, and
another seven gels derived from these animals butat 12 h

after the induction of sepsis. Quantitative intensity ana-
lysis and statistics revealed significant differences in levels
of 36 protein spots during sepsis (Figure 1 and Table 2).
These differentially expressed protein spots included 30
spots with increased levels and six spots with decreased
levels. All of these altered proteins were then successfully
identified by Q-TOF MS and/or MS/MS analyses.
Some of the altered proteins (e.g. albumin, haptoglobin
and inter-ae-trypsin inhibitor family heavy chain-related
protein) were identified as multiple isoforms of the
same proteins, most probably due to post-translational
modifications. As a consequence, a total of 22 unique
proteins were identified from the 30 up-regulated spots,
whereas five unique proteins were identified from the
six down-regulated spots. Identities, quantitative data,
degrees of changes and other related information of all of
the altered proteins are summarized in Table 2. Functional
analysis using the Pathway Tools software revealed their
biological processes, molecular functions, subcellular
localizations and involved metabolic pathways, which are
summarized in Supplementary Table S1 (see http://www.
ClinSci.org/cs/116/cs1160721add.htm).

DISCUSSION

The pathophysiology of sepsis is considerably complex
and understanding it could lead to identification of novel
therapeutic targets with better treatment outcome. In
the present study, we applied a proteomics approach to
characterize changes in the plasma proteome during an
early phase of sepsis in a porcine model of peritonitis-
induced sepsis. Clinical features of this model simulated
to a very large extent the clinical presentations of early
sepsis syndrome in humans, including normotensive
hyperdynamic circulation with reduced SVR, devel-
opment of metabolic acidosis and increased plasma
levels of inflammatory mediators (i.e. TNF-«a and IL-6),
accompanying nitrosative and oxidative stress.

The present study is the first to report the application
of proteomics to the study of altered plasma proteome
in a large animal model of sepsis, as previously available,
but limited, findings had only been obtained from
rodent models [20]. These small animal models are often
criticized for their limited clinical relevance. Indeed,
many emerging strategies, which have been found
effective in these models, fail to show any benefit in
large animal or human studies. This might be even more
important in the context of proteomic analysis, as there
are marked differences between species. The fundamental
differences include different regulation of inflammation,
cardiovascular response to endotoxin or bacteria etc.
Rodents differ markedly from humans with respect
to their tissue antioxidative capacity and susceptibility to
oxidative stress [21-24]. In the present study, differential
proteomics analysis revealed altered plasma levels of

© The Authors Journal compilation © 2009 Biochemical Society
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Table 2 Plasma proteins whose levels were significantly altered during sepsis
Values for the intensity are means = S.EM. *% Cov="% sequence coverage [(number of the matched residues/total number of residues in the entire sequence) x 100 %]; TDIV/0 = divided by zero. NA, not applicable; Ref. MW, reference molecular

mass; Ref pl, reference pl.

(A) Proteins whose plasma levels were significantly increased during sepsis

Identification No. of matched Ref. Intensty
Spot Identified scores Y%Cov* peptides Ref. MW Ratio P
Protein name no. NCBI D by (MS, MS/MS) (MS, MS/MS)  (MS, MS/MS) pl (kDa) Control (basal) Sepsis (12 h) (sepsis/control)  values
Albumin 606 gi:164318 MS, MS/MS 130, 129 35,6 5,3 5.92 7135 0.0040 £0.0040  0.0199 £ 0.0056 498 0.040
Albumin N7 gi833798 MS 130, NA 29, NA 15, NA 5.92 7136 0.0031 +0.0031  0.0230 £ 0.0033 142 0.001
Albumin 153 gi:833798 MS 15, NA 29, NA I1, NA 5.92 7136 0.01554-0.0070  0.0698 +0.0198 450 0.024
,-Anti-chymotrypsin | 566 gi:9968809 MS/MS NA, 130 NA, 11 NA, 2 522 2478 0.01954-0.0078  0.0765 £ 0.0154 3.9 0.006
(D14 antigen 102 gi:85816356 M§ 67, NA 27, NA 6, NA 5.83 4037 0.0256 -0.0060  0.0874 £-0.0138 341 0.001
Cytochrome P450, family 3, subfamily A, 696  gi:170295838  MS 13, NA 16, NA 8, NA 1.08 5832 0.0066 £ 0.0047  0.0583 £0.0177 8.83 0.015
polypeptide 41A
Haptoglobin 695 gi:47522826 MS 72, NA 25, NA 8, NA 6.51 39.03  0.0668 400127  0.1338 £ 0.0249 2.00 0.033
Haptoglobin 809 gi47522826 MS, MS/MS 90, 88 31,4 10, | 6.51 39.03  0.0750 -0.0327  0.2290 + 0.0301 3.05 0.005
Haptoglobin 83 gi:47522826 MS 92, NA 34, NA 9, NA 6.51 39.03  0.0066 £0.0066  0.1402 £0.0132 2124 < 0.001
Haptoglobin 840  gi47522826 MS/MS NA, 51 NA, 5 NA, | 6.51 39.03  0.1287£0.0362  0.3341 £0.0615 2.60 0.014
Heavy chain immunoglobulin variable region 506 gi:1277045 MS 72, NA 43, NA 4, NA 9.36 10.07 0.0211 4 0.0069 0.0782 +0.0194 3.71 0.017
Haemopexin 609 gi:47522736 MS/MS NA, 64 NA, 3 NA, 1 6.59 5207 0.0031 -0.0031  0.0299 £ 0.0079 9.65 0.008
Hypothetical protein LOC23078 isoform a 120  gi:57863271 MS 80, NA 13, NA 18, NA 101 21572 0.0234+0.0034  0.0536 4-0.0106 129 0.019
Hypothetical protein LOC330361 29 gi70608163 M§ 80, NA 29, NA 12, NA 5.41 88.19  0.0678 £0.0133  0.2229 £ 0.0462 329 0.007
Inter-ce-trypsin inhibitor family heavy 333 48374061 M§ 51, NA 18, NA 12, NA 642 10225  0.1030+0.0150  0.2764 +0.0513 1.68 0.007
chain-related protein
Inter-ce-trypsin inhibitor family heavy 331 gi:48374061 MS, MS/MS 189, 101 35,5 26, 3 6.42 102.25 0.10394+0.0119 0.2631 +0.0382 2.53 0.002
chain-related protein
Inter-ce-trypsin inhibitor family heavy 332 gi48374061 MS 84, NA 19, NA 14, NA 642 10225  0.0854 00137  0.1757 £ 0.0225 2.06 0.005
chain-related protein
mCG140308, isoform CRA_b 664  gi:148688748  MS 92, NA 39, NA 8, NA 9.17 2388 0.0081 -0.0041  0.0438 £0.0136 5.41 0.028
Microfilament and actin filament cross-linker 218 gitl14555665  MS 76, NA 1, NA 31, NA 528  850.70  0.043240.0072  0.1048 £ 0.0207 243 0.016

protein isoform 3

Il
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Microfilament and actin filament cross-linker 29 gi:114555661  MS 68, NA 1, NA 32, NA 527 855.07  0.0268 +0.0036  0.0731 +0.0163 273 0.017
protein isoform 4
N-ethylmaleimide-sensitive fusion protein 321 gi:123241269 MS 63, NA 30, NA 6, NA 6.84 29.00 0.0201 +0.0104 0.0652 +0.0161 3.24 0.036
Pyruvate carboxylase 26  gi28200301 MS 74, NA 16, NA 14, NA 632 13047  0.0405+0.0062  0.1205+0.0266  2.98 0.013
Signal transducer and activator of 1325 gi: 118151390 MS 76, NA 20, NA 10, NA 6.10 83.48 0.0000 -+ 0.0000 0.0315+0.0140 DIV/0F 0.044
transcription |
Similar to (G3493-PA isoform 2 483 gi:109116930  MS 67, NA 23, NA 15, NA 612 10505  0.0472+0.0099  0.1044£0.0179 221 0.016
Similar to cytosolic purine 5'-nucleotidase 936 gi:713998435 MS 17, NA 16, NA 8, NA 5.88 66.25 0.0147 +0.0071 0.0441 +0.0076 3.00 0.015
(5-nucleotidase cytosolic II) isoform 8
Similar to plectin | isoform | 1046 gi:73974726 MS 11, NA 1, NA 24, NA 572 53457  0.0457£0.0231  0.1201 £0.0192  2.63 0.029
Similar to synaptic vesicle membrane protein 614 gi:13957362 MS 14, NA 27, NA 11, NA 6.15 58.11 0.0308 + 0.0080 0.0865 + 0.0085 2.81 < 0.001
VAT-1 homologue
Similar to tweety homologue 3 310 gil149755366 NS 74, NA 28, NA 9, NA 6.06 49.90  0.0231 £0.0084  0.0584 00111 253 0.026
Transformation/transcription 144 gil109065980  MS 85, NA 10, NA 24, NA 845 43801 01672400330 0338400312 202 0.003
domain-associated protein isoform 2
Vitelliform macular dystrophy 2-like 3 259 gi:l14645801  MS 86, NA 34, NA 9, NA 8.82 46.85  0.0432+0.0104  0.0951 00181  2.20 0.029
isoform |
(B) Proteins whose plasma levels were significantly decreased during sepsis
Identification No. of matched Ref. .
B . Intensity .
Spot Identified scores %Cov* peptides Ref. Mw Ratio P
Protein name no. NCBI ID by (MS, MS/MS) (MS, MS/MS)  (MS, MS/MS) pl (kDa) Control (basal) Sepsis (12 h) (sepsis/control)  values
Albumin 562 gil64318 MS, MS/MS 158, 238 39,9 17,5 592 7135 0.6597 +0.1326  0.2727 £0.1053  04] 0.041
ay-HS-glycoprotein precursor (fetuin-A) 603 gi231467 MS 75, NA 31, NA 7, NA 550 3920 0.2557+0.0158  0.1022 +0.0213  0.40 < 0.001
Apolipoprotein A-l precursor (Apo-Al) 01 gi461519 MS 81, NA 35, NA 9, NA 548 3031 1.4983 +0.1397 04730 +0.0481 032 < 0.001
Immunoglobulin heavy chain variable region 445 gi:91979054 MS 66, NA 59, NA 5, NA 8.13 10.80 0.0253 +0.0036 0.0118+0.0023 0.47 0.008
Serum albumin precursor 141 gi76363596 MS 13, NA 24, NA [1, NA 589 7049 0.0576 - 0.0177  0.0038 £0.0038  0.07 0.011
Vitronectin 590 gill754491 MS 92, NA 25, NA 8, NA 548 4461 0.1714 £0.0427  0.0461 +-0.0100  0.27 0.014
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36 protein forms representing 27 unique proteins in
our porcine sepsis model. The roles of some of these
altered proteins are highlighted below.

CD14 is a receptor for bacterial LPS (lipopolysacchar-
ide) that co-ordinates with TLR4 (Toll-like receptor 4)
and MD-2 (myeloid differentiation-2) to mediate the in-
nate immune response to bacterial LPS [25,26]. Activation
of this upstream signalling pathway leads to the activ-
ation of the downstream factor NF-«B (nuclear factor
kB), secretion of several inflammatory cytokines and,
ultimately, inflammatory responses. Some bacterial in-
fections use CD14 to enhance its invasion into hosts [27].
Moreover, monocyte CD14 and soluble CD14 can be
used as markers for predicting mortality in patients with
severe community-acquired infection [28]. In the present
study, we identified an increased level of plasma CD14
in our porcine model of early sepsis, consistent with the
findings published by Brunialti et al. [29], who reported
an increased serum level of CD14 in patients with sepsis.
These results indicate that CD14 is an important upstream
molecule in the inflammatory cascade of sepsis.

Haptoglobin is one of the acute-phase reaction pro-
teins [30,31] that also binds to haemoglobin with a potent
affinity and thus can prevent renal iron loss and oxidative
damage mediated by free haemoglobin [32-34]. Hence it
serves not only as an acute-phase reactant, but is also in-
volved in oxidative stress pathways. Several lines of evid-
ence have demonstrated the increased level of haptoglobin
as a scavenger system in a number of models of oxidative
stress [35-37]. Another protein involved in oxi-
dative stress is haemopexin, which binds to haem and
transports it to the liver for its breakdown and iron
recovery. As haem is highly toxic to cells due to pro-
inflammatory and oxidative effects, haemopexin thus
serves as an anti-inflammatory molecule and an oxidative
scavenger [35,38]. Our present results are consistent
with the findings in previous studies by Kalenka et al.
[39] and Ren et al. [20], who reported increased
plasma haptoglobin levels in patients with sepsis and
increased plasma haemopexin in a murine model of sepsis
respectively. The increased levels of both haptoglobin
and haemopexin identified in our present study thus
strengthen the important roles of these two molecules
in mediating inflammatory processes and oxidative stress
during an early phase of sepsis.

There were several altered proteins whose roles in
sepsis remain unclear. For example, microfilament and
actin filament cross-linker protein isoforms 3 and 4
(microtubule-actin cross-linking factor 1, isoforms 3
and 4) and plectin 1, which are involved in cytoskeletal
assembly [40—44]. These proteins interlink intermediate
filaments with microtubules and microfilaments, and
also anchor intermediate filaments to desmosomes or
hemidesmosomes [43-46]. The precise roles of these
altered proteins in sepsis are somewhat interesting and
deserve further investigation.

© The Authors Journal compilation © 2009 Biochemical Society

It should be noted that there are some limitations
in our present study. First, 2-D gel electrophoresis is
generally not a very sensitive technique to detect all
components in the proteome. Therefore several low-
abundance proteins and their subtle changes could not
be detected. This fact was reflected in our present study
as we did not find some of the proteins whose roles in
sepsis and inflammatory responses have been established,
for example CRP (C-reactive protein), serum amyloid A,
fibrinogen and HSPs (heat-shock proteins). Secondly, we
evaluated changes in the plasma proteome at only a single
time point. Assessing dynamic changes over time would
probably yield even more important results compared
with the ‘before-after’ approach. This could serve as a
platform or the starting point for our subsequent studies
(i.e. sepsis compared with septic shock).

In summary, in the present study we have identified
a set of plasma proteins with significantly altered
levels during the early phase of sepsis in a porcine
model of peritonitis-induced sepsis using a proteomics
approach. The proteomics results could be related to the
clinical features of this animal model, as most of these
altered proteins have important roles in inflammatory
responses and some of them play roles in oxidative
and nitrosative stress. Some findings are considerably
novel and exploring their roles in association with the
pathophysiology of sepsis may lead to the identification
of new therapeutic targets for better treatment outcome
in sepsis. Additionally, some altered proteins may serve
as potential markers for early sepsis.
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Table SI Functional analysis of the altered plasma proteins using the Pathway Tools (see [18,19] in the main text)

*A large multiprotein complex that possesses histone acetyltransferase activity and is involved in regulation of transcription. l«B, inhibitor of NF-xB; JAK, Janus kinase;
STAT, signal transducer and activator of transcription; NA, not available by the Pathway Tools.

Protein name Biological process(es) Molecular function(s) Cellular component(s) MetaCyc Pathway
Albumin Transport and water homoeostasis  Transporter activity and lipid Extracellular space NA
binding
o, -Anti-chymotrypsin | Acute-phase response Endopeptidase inhibitor activity NA NA
ay-HS-glycoprotein precursor Ossification and regulation of bone  Cysteine protease inhibitor activity  Extracellular space and soluble ~ NA
(fetuin-A) mineralization fraction
Apolipoprotein A-l precursor Lipid transport, blood circulation ~ Structural molecule activity, lipid ~ NA NA
(Apo-Al) and cholesterol metabolic transporter activity, high-density
process lipoprotein binding and lipid
binding
(D14 antigen Phagocytosis, apoptosis, Peptidoglycan receptor activity Plasma membrane NA

inflammatory response, immune
response and cell-surface-
receptor-linked signal

transduction
Cytochrome P450, family 3, Multiple Mono-oxygenase activity Endoplasmic reticulum, Oxidative ethanol
subfamily A, polypeptide 41A microsome and membrane degradation Il
(MEOS) and
nicotine
degradation Il
and Il
Haptoglobin Proteolysis, defence response and ~ Haemoglobin binding NA NA
acute-phase response
Haemopexin Transport, cellular iron homoeostasis Binding and haem transporter Extracellular space NA
and haem transport activity
Hypothetical protein L0C23078 NA NA NA NA
isoform a
Hypothetical protein LOC330361 NA NA NA NA
Immunoglobulin heavy chain NA NA NA NA

variable region
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Table SI cont.

Protein name

Biological process(es)

Molecular function(s)

Cellular component(s)

MetaCyc Pathway

Inter-ce-trypsin inhibitor family
heavy chain-related protein

mCG140308, isoform CRA_b

Microfilament and actin filament
cross-linker protein isoform 3

N-ethylmaleimide-sensitive fusion
protein

Pyruvate carboxylase

Signal transducer and activator of
transcription |

Similar to (G3493-PA isoform 2
Similar to cytosolic purine
5 -nucleotidase (5-nucleotidase
cytosolic 1) isoform 8
Similar to plectin | isoform |

Similar to synaptic vesicle
membrane protein VAT-
homologue

Similar to tweety homologue 3

Transformation/transcription
domain-associated protein
isoform 2

Vitelliform macular dystrophy 2-like
3 isoform |

Vitronectin

Transport

NA
NA

Proteolysis and intracellular protein
transport

Gluconeogenesis, biotin metabolic
process and lipid biosynthetic
process

Regulation of transcription
(DNA-dependent), transcription
from RNA polymerase II
promoter, caspase activation,
signal transduction, intracellular
signalling cascade, lxB
kinase/NF-xB cascade, JAK/STAT
cascade, tyrosine
phosphorylation of STAT protein,
JAK-induced STAT protein
dimerization, STAT protein
nuclear translocation, response
to other organisms and
regulation of cell cycle

NA

Cytoskeletal anchoring at plasma
membrane

Cell growth

Iron transport

Signal transduction

Visual perception

Immune response and cell adhesion

Endopeptidase inhibitor activity,
transporter activity and binding

NA

NA

Nucleotide binding, ATP-dependent
peptidase activity, ATP binding
and protein transporter activity

Pyruvate carboxylase activity, ATP
biding, biotin binding, ligase
activity and manganese ion
binding

DNA binding, transcription factor
activity, signal transducer
activity,
haematopoietin/interferon-class
(D200-domain) cytokine receptor
signal transducer activity and
translation regulator activity

NA
5'-Nudleotidase activity and
hydrolase activity

Actin binding, structural constituent
of cytoskeleton and structural
constituent of muscle

DNA binding, NADPH:quinone
reductase activity, alcohol
dehydrogenase activity
(zinc-dependent), zinc ion
binding and oxidoreductase
activity

Iron ion transmembrane and
membrane transporter activity

Inositol or phosphatidylinositol
kinase activity and copper ion
binding

NA

Heparin binding

NA

NA
NA

Endoplasmic reticulum and
Golgi apparatus

Mitochondria

Nucleus and cytoplasm

NA
Cytosol

Cytoskeleton, kinesis complex,
intermediate filament and
plasma membrane

Nucleus, synaptic vesicle,
integral to membrane and
synapse

Integral to membrane
PCAF complex*
Membrane fraction and integral

to membrane
Extracellular space

NA

NA
NA

Hydrolases

Aspartate
biosynthesis Il

NA

NA
Phosphoric
monoester
hydrolase
NA

NA

NA

NA

NA

NA
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RENAL PROTEOMIC RESPONSES TO SEVERE SEPSIS AND SURGICAL
TRAUMA: DYNAMIC ANALYSIS OF PORCINE TISSUE BIOPSIES
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ABSTRACT—Although the burden of septic acute kidney injury continues to increase, the molecular pathogenesis remains
largely obscure. The aim of this exploratory study was a discovery-driven analysis of dynamic kidney tissue protein
expression changes applied for the first time in a classic large mammal model of sepsis. To achieve this goal, analyses of
protein expression alterations were performed in serial samples of kidney cortical biopsies (before, 12 and 22 h of sepsis) in
mechanically ventilated pigs challenged with continuous infusion of pseudomonas aeruginosa and compared with sham-
operated control data. Global protein expression was analyzed using two-dimensional gel electrophoresis and mass
spectrometry-based proteomics. Normodynamic sepsis was associated with 43% reduction in glomerular filtration. The
exposure to surgical stress per se altered the renal protein expression profile, while sepsis induced distinct and highly
dynamic proteome evolution shifting the balance toward cellular distress phenotype. We identified 20 proteins whose
expression changes discriminated effects of sepsis from those induced by surgery. The data implicate endoplasmic
reticulum stress, oxidative stress, mitochondrial energy metabolism, immune/inflammatory signaling, and tubular transport
as major activated pathways. Thus, by coupling the power of sequential tissue proteomics with whole-animal physiological
studies, our study helped to establish a first global overview of critical renal proteomic events occurring during surgical
trauma and early sepsis in a porcine model. The study supports the notion that multiple potentially subtle and even transient
changes in several proteins which are members of key functional interrelated systems appear to play a role in septic acute

kidney injury.

KEYWORDS—Acute kidney injury, animal models, sepsis, surgery, tissue proteomics

INTRODUCTION

The burden of sepsis and acute kidney injury (AKI) has been
steadily increasing in critically ill patients and both conditions
portend an ominous outcome (1). Sepsis is the dominant cause
of AKI, accounting for nearly 50% of episodes of acute renal
failure (2). When occurring together, the associated mortality is
significantly higher as compared with non-septic AKI or sepsis
alone (2). In addition to different baseline demographics and
acuity of illness, there is emerging evidence that pathogenesis
of septic AKI also involves distinct mechanisms as compared
with non-septic causes of AKI (3). Although understanding its
pathophysiology is expected to have a marked impact on the
development of new effective treatment strategies, underlying
molecular mechanisms of renal dysfunction in sepsis are still
largely unknown. Accordingly, investigating these mechanisms
is one of the priorities within the field of AKI research (4).
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There are two fundamental problems inherently associated
with studies of renal responses to sepsis. First, difficult access
to the renal tissue and the associated ethical issues make the
human research into cellular and molecular biology in critically
ill patients almost unfeasible. Moreover, investigation of
human tissue samples might be compromised by several factors
including disease state, tissue heterogeneity, genetic variability,
and the patient?s comorbidities and treatment history. Second,
the process of AKI in sepsis involves a complex of multiple
dynamically interacting factors and it is clear that renal dys-
function, similar to dysfunction of other organs in sepsis, is not
caused by a single mechanism. Taken together, limited ability
to study the renal molecular mechanisms in humans and the
complexity of pathomechanisms involved in sepsis underscore
the need for complex, dynamic, and clinically relevant animal
trials employing novel molecular technologies. Proteomics
represents such a powerful post-genomic biotechnology apt
for simultaneous examination of large sets of proteins or the
entire proteome. Applying dynamic tissue proteomics to clin-
ically relevant models of sepsis rather than evaluating individ-
ual proteins one by one is therefore of utmost importance to
reveal putative drug targets, therapeutic proteins, and disease
biomarkers (5, 6).

To the best of our knowledge, no studies have so far used
proteomic tools to analyze changes in kidney protein expres-
sion during the evolution of sepsis. Therefore, as a first step to
delineate complex interacting pathways involved in the renal
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molecular responses to sepsis, we used a discovery-based
proteomic approach to identify molecules modified in a clin-
ically relevant model of sepsis. To achieve this goal, dynamic
analyses of protein expression were performed in serial samples
of kidney tissue biopsies from pigs challenged with continuous
infusion of pseudomonas aeruginosa and compared with sham-
operated control data. This model replicates many of the
biological features intrinsic to human septic shock and integ-
ration of standard day-to-day care resuscitative makes it an
appealing sepsis model in studies of kidney injury. Quite
recently, the pig has also been introduced as one of the most
promising animal models from a proteomic and translational
perspective (7).

METHODS

All experiments were performed in adherence to the National Institutes of
Health Guidelines on the Use of Laboratory Animals and their protocols were
approved by the University Animal Care Committee. Seventeen domestic pigs
of either sex with a median body weight of 35 [32—40] kg were used. Of these,
five sham operated, time-, age-, and weight-matched animals served as a
control group.

Anesthesia and surgical preparation

Anesthesia was induced with intravenous propofol (1-2mg/kg) and ket-
amine (2mg/kg). Animals were intubated and mechanically ventilated with
tidal volumes 8 mL/kg, positive end-expiratory pressure 0.6 kPa, and FiO, 0.4.
Respiratory rate was adjusted to maintain normocapnia (arterial carbon dioxide
tension 4.0-5.0 kPa). During surgical procedure continuous infusions of
fentanyl (10-15ug/kg/h), thiopental (10mg/kg/h) and pancuronium (4—
6 mg/h) were administered. After surgical preparation the infusion of thiopental
and fentanyl was decreased to 5mg/kg/h and 5ug/kg/h, respectively, and
maintained until the end of the experiment. Ringerfundin (B. Braun, Germany)
was used for fluid replacement at a dose of 15 mL/kg during the surgery and
reduced to 7mL/kg thereafter. Normoglycemia (arterial blood glucose level
4.5—7mmol/L) was maintained throughout the whole experiment using 20%
glucose infusion as needed.

Before surgical procedure a fiber-optic arterial catheter was inserted into the
femoral artery for continuous blood pressure measurement, intermittent double-
indicator transpulmonary dilution (COLD Z-021, PULSION Medical Systems
GmbH, Germany) and blood sampling. Central venous and pulmonary artery
catheters were introduced via jugular veins. Afterward, a midline laparotomy
was performed and a precalibrated ultrasound flowprobe (Transonic Systems,
Ithaca, N'Y) was placed around the left renal artery and a double-lumen catheter
was inserted into the left renal vein for renal venous pressure measurements.
Peritoneal drainage was inserted before abdominal wall closure and epicys-
tostomy was performed under ultrasound control. A curved linear incision was
made caudal to the last rib and left kidney was manually exposed without
entering the abdominal cavity. The flank approach allowed for visually
controlled repeated kidney biopsies. The incision was closed using a sterile
moistened compress. A recovery period of 6 h was provided before the
baseline measurement.

Sepsis protocol

The study consisted of two arms; sepsis induced by intravenous live bacteria
infusion (sepsis, n=12), and sham-operated control group (control, n=>5). In
the sepsis group, a continuous central venous infusion of live Pseudomonas
aeruginosa (strain Ol isolated from a patient with suppurative otitis, 1 x 10°
colony-forming units/mL determined serial dilution and colony counts) was
commenced after baseline data acquisition and maintained until the end of the
study. The infusion rate was titrated to clinical goal of moderate pulmonary
hypertension (MPAP 35—-40 mm Hg). To avoid any variations in virulence, all
pigs were challenged with bacteria from the same bacterial strain. In addition to
crystalloid solution, 6% hydroxyethyl starch 130kD/0.4 (Voluven 6%, Frese-
nius Kabi Deutschland GmbH, Bad Homburg, Germany) was infused to
maintain normovolemia in a goal-directed fashion guided by filling pressures
response and intrathoracic blood volume (ITBV) measurement. Continuous i.v.
noradrenaline was administered whenever mean arterial pressure (MAP) fell
below 65 mm Hg and titrated to maintain MAP above 70 mm Hg. When the last
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set of data had been obtained, the animals were euthanized by potassium
chloride injection under deep anesthesia and section was performed.

Measurements and calculations

At each time-point (baseline, 12, and 22h after induction of sepsis), the
measurement of hemodynamics included cardiac output (CO), systemic vas-
cular resistance (SVR), ITBYV, filling pressures of both ventricles (CVP, PAOP),
renal artery blood flow (Qren), and renal vein pressure (RVP). Renal vascular
resistance was calculated according to the formula: RVR = [MAP (mm Hg) —
RVP (mm Hg)]/Qren (L/min). Arterial and mixed venous blood samples were
analyzed for pH, pO,, pCO,, and for hemoglobin oxygen saturation. Arterial
blood samples were also analyzed for plasma tumor necrosis factor alpha (TNF-
alfa) and interleukin 6 (IL-6). Urinary (2-h urine collections before each
timepoint) and blood creatinine levels were analyzed to enable calculation
of creatinine clearance as a marker of glomerular filtration. Kidney biopsies
were taken before (time-point 1), 12 (time-point 2), and 22 (time-point 4) h after
initiation of bacterial infusion. Samples were flash frozen in liquid nitrogen and
kept at —80°C until analysis.

Tissue processing, protein extraction, tryptic digestion

Whole tissue extract of swine kidney cortical biopsy was used for analysis.
Samples (18.9 £ 7.3 mg) were ground under liquid nitrogen with a mortar and a
pestle, followed by addition of 20 pL solubilizing buffer per mg sample. After
that, samples were incubated in ice bath for 30 min (shook every 10 min), then
centrifuged and decanted, yielding on average a total of 1,010 +431 pg protein
(5.1 +2.5% initial sample) as quantified using Bradford assay.

Two-dimensional electrophoresis

Urea, CHAPS, Tris base, thiourea, sodium dodecylsulphate (SDS), dithio-
treitol (DTT), iod acetamide (IAA), and bromphenol blue used during the
preparation were purchased from Sigma (Sigma-Aldrich, Steinheim,
Germany); immobilized pH gradient (IPG) buffer (ZOOM carrier Ampholytes
3-10) was purchased from Invitrogen (Invitrogen Corporation, Carlsbad, CA).
Equally, 200 pg proteins in both eluate and plasma samples were mixed with
rehydration buffer (7 M urea, 4% CHAPS, 40 mM Tris base, 2 M Thiourea, 2%
IPG buffer pH 3-10, 120 mM DTT, and a trace of bromophenol blue) to obtain
the final volume of 140 L. Samples were then rehydrated in IPG strips (7.7-
cm-long, pH 3-10 nonlinear; Invitrogen), and focused in a MiniProtean cell
(Bio-Rad). IPG strips were rehydrated passively for 1 h and actively for 10 h at
30V, followed by a stepwise isoelectric focusing (IEF) as follows: 200 V until
400 Vh were reached, 450 V for another 500 Vh, 750 V for another 900 Vh, and
finally 2,000V for the other 10,000 Vh. After IEF, the IPG strips were
equilibrated in equilibration buffer 1 (112mM Tris-base, 6 M urea, 30% v/v
glycerol, 4% w/v SDS, 130mM DTT, and a trace of bromophenol blue) for
30min, and subsequently alkylated in buffer 2 (112 mM Tris-base, 6 M urea,
30% v/v glycerol, 4% w/v SDS, 135 mM IAA, and a trace of bromphenol blue)
for 30 min. Each equilibrated IPG strip was placed on the top of a 13%
polyacrylamide gel (9 x 7cm), and covered with 0.5% agarose. The second-
dimension separation was performed with 65mA per gel at 20°C until the
bromophenol blue dye front reached the bottom of the gel. At the end of each
run, the 2D gels were stained with Simply Blue (Invitrogen), and scanned with
an Epson Perfection 4990 Photo scanner.

In-gel tryptic digestion

Acetonitrile (ACN), ammonium bicarbonate, DTT, TAA, trifluoroacetic acid
(TFA), formic acid, and «a-cyano-4-hydroxycinnamic acid (CHCA) were
purchased from Sigma. Spots detected in all patients were excised manually.
SimplyBlue stain was removed by washing with 50 mM ammonium bicarbon-
ate, and ACN. Proteins in gel were reduced with 10mM DTT/50 mM
ammonium bicarbonate at 56°C for 45 min, and alkylated with 55 mM TAA/
50 mM ammonium bicarbonate (for 30 min, in the dark at room temperature).
Gel plugs were washed with 50 mM ammonium bicarbonate and ACN, and
dried by SpeedVac. Dried gel particles were rehydrated with digestion buffer
containing 12.5 ng/pL sequencing grade trypsin (Roche) in 50 mM ammonium
bicarbonate at 4°C. After 45 min, the remaining solution was removed, and
replaced by 0.1 M ammonium bicarbonate. Tryptic digestion was performed
overnight (37°C). After digestion, proteolytic peptides were subsequently
extracted with 25 mM ammonium bicarbonate, ACN, and 5% formic acid.
The three extracts were pooled, and 10 mM DTT solution in 50 mM ammonium
bicarbonate was added. The mixture was then dried by SpeedVac, and resulting
tryptic peptides were dissolved in 5% formic acid solution and desalted using
ZipTip nC18 (Millipore, Bedford, MA).
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Matrix-assisted laser desorption/ionization time-of-flight
(TOF) tandem mass spectrometry and protein
identification

Proteolytic peptides were mixed with CHCA matrix solution (5 mg/mL
CHCA in 0.1% TFA/50% ACN 1:1, v/v) in 1:1 ratio, and 0.8 pL of this mixture
was spotted onto matrix-assisted laser desorption/ionization (MALDI) target.
All mass spectra were acquired at a reflectron mode with a 4,800 MALDI TOF/
TOF Analyzer (Applied Biosystems, Framingham, MA). A total of 2,000 and
3,000 laser shots were acquired, and averaged to MS and MS/MS spectra,
respectively. The MS/MS analyses were performed using collision energy of
1kV and collision gas pressure of 1.3e10-6 Torr. MS peaks with an S/N above
15 were listed, and the 15 strongest precursors with an S/N above 50 among the
MS peaks were automatically selected for MS/MS acquisition. A mass filter
was used to exclude autolytic peptides of trypsin.

Resulting data were analyzed with GPS Explorer 3.6 (Applied Biosystems)
software. Proteins were identified by searching against human subset of the
Swissprot protein database (release 54.6; Dec. 4, 2007) using MASCOT 2.1.0
search algorithm (Matrix Science, London, UK). The general parameters for
peptide mass fingerprinting (PMF) search were considered to allow maximum
one missed cleavage, +-50 ppm of peptide mass tolerance, variable methionine
oxidation, and fixed cysteine carbamidomethylation. Probability-based
MOWSE scores were estimated by comparison of search results against
estimated random match population, and were reported as —10log10(P) where
P is the absolute probability. MOWSE scores greater than 55 were considered
significant (P < 0.05) for PMF. A peptide charge state of +1 and fragment mass
tolerance of £0.25 Da were used for the MS/MS ion search. Individual MS/MS
ions scores >28 indicated identity or extensive homology (P < 0.05) for MS/
MS ion search.

Statistical analysis, data handling—All values shown are median and
interquartile range. The calculations were done using SigmaStat software
version 3.5 (Systat Software Inc, Erkrath, Germany). After exclusion of
normality using the Kolmogorov—Smirnov test, time-dependent changes within
each group were tested using the Friedman ANOVA on ranks and, subsequently,
the Dunn test for multiple comparisons with the Bonferroni correction. Differ-
ences between the groups were analyzed using the Mann—Whitney rank sum
test. A P< 0.05 was regarded as statistically significant. Computer-aided
analysis of 2-DE gel images was carried out using PDQuest 2D software
version 8.1 (Bio-Rad). Unless there was too little protein obtained from the
biopsy, a synthetic image was constructed out of the triplicated gels processed
from each sample, using only spots constantly present in at least two replicates.
The protein quantity was determined relative to integrated spot density exclud-
ing saturated spots. With respect to the large numbers of detected protein spots,
an exploratory data analysis was performed first (using ¢ test) and only spots
showing significantly altered intensities were selected for identification. To
facilitate handling and comprehension of large, high-dimensional and collinear
datasets together with isolating meaningful structures within them, hierarchical
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clustering was applied using Ward method as a linkage rule and Euclidean
distance as a dissimilarity measure. In the subset of identified proteins,
interactions between temporal and group effects were then evaluated by means
of mixed model ANOVA involving both repeated measures and between-
subject factors.

RESULTS

Characterization of sepsis model

The systemic hemodynamic, inflammatory, and acid—base
responses to the bacteremia are summarized in Table 1. There
was no change over time in any of these parameters in the
control animals. All animals challenged with i.v. infusion of
PSAE developed normodynamic circulation with gradually
increased cardiac output and significantly reduced systemic
vascular resistance. Adequate fluid resuscitation was ensured
by maintaining ITBV and monitoring cardiac filling pressures
which significantly increased over time. The development of
sepsis resulted in a significant fall of arterial pH. All animals
received noradrenaline infusion to maintain MAP > 70 mm Hg.
The median dose of noradrenalin was 0.94 ug/kg/min. While
neither TNF-alfa nor IL-6 plasma levels changed in the control
group over time, both cytokines progressively increased in
animals challenged with i.v. PSEA.

Renal response to sepsis

Compared with the baseline, renal blood flow decreased in
septic animals by the end of the experiment (Table 2). Reduced
renal perfusion was associated with 43% decline in creatinine
clearance and with tendency of renal vascular resistance to
increase (Table 2). There was no change over time in any of
these parameters in the control group.

Kidney tissue proteomics

Proteins spots on gels obtained from both sham-operated
pigs and pigs challenged with sepsis were scanned and a
computer-aided analysis of the images was carried out using

TasLE 1. Systemic hemodynamics, inflammation and acid—base data

Group Baseline 12h 22 h
CcO Control 100 (78;110) 90 (85;107) 86 (73;91)
(mL/kg/min) Sepsis 96 (82;109) 105 (81;138) 115 (96;161)
SVR Control 2,277 (2,081;2,511) 2,113 (1,784;2,355) 2,101 (1,797;2,366)
(dyne-s/cm®) Sepsis 2,553 (2,142;2,729) 1,357 (1,130;1,643)" 1,135 (867;1,682)" "
MAP Control 104 (95;109) 91 (84;106) 93 (80;99)
(mm Hg) Sepsis 113 (107;123) 81 (76;89)" 80 (76;88)"
CVP Control 14 (12;16) 15 (12;15) 15 (13;15)
(mm Hg) Sepsis 12 (10;14) 17 (15;18)" 18 (16;20)"
PAOP Control 14 (11;16) 15 (12;18) 16 (15;16)
(mm Hg) Sepsis 13 (11;13) 19 (17;21) 19 (17;20)"
ITBV Control 28 (25;32) 27 (25;34) 25 (23;28)
(mL/kg) Sepsis 29 (22;30) 25 (21;29) 24 (21;25)
Arterial Control 7.57 (7.55;7.59) 7.55 (7.52;7.56) 7.50 (7.45;7.51)
(pH) Sepsis 7.56 (7.55;7.63) 7.47 (7.44;7.51) 7.44 (7.35;7.48)
TNF-alfa Control 2.2 (1.4;2.6) 1.4 (1.4;1.6) 1.5 (1.4;1.6)
(pg/g of protein) Sepsis 2.3 (1.4;3.2) 5.9 (4.7;14.7)"1 64.9 (18.0;155.0)""
IL-6 Control 114 (54;225) 143 (90;166) 107 (101;181)
(pg/g of protein) Sepsis 94 (58;109) 143 (133;166) 432 (279;596)"1

“Significant difference versus baseline (P < 0.05).
TSignificant difference versus control group (P < 0.05).

CO indicates cardiac output; CVP, central venous pressure; IL-6, interleukin 6; ITBV, intrathoracic blood volume; MAF, mean arterial pressure; PAOP,
pulmonary artery occlusion pressure; SVR, systemic vascular resistence; TNF-Alfa, tumor necrosis factor alfa.
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TasLe 2. Renal effects of sepsis

Group Baseline 12 h 22 h
RBF Control 4.0 (3.6;4.4) 3.7 (2.7;4.5) 3.3 (2.7;4.4)
(mL/kg/min) Sepsis 6.0 (4.9;8.4) 4.9 (2.9;6.4) 3.0 (1.3;4.8)"
RVR (dyne-s/cm®) Control 689 (535;922) 689 (535;922) 678 (533;826)
Sepsis 471 (334;618) 415 (283;919) 777 (355;1741)
Creat. clearance Control 1.2 (0.7;2.3) 1.1 (0.9;1.2) 1.2 (0.9;1.8)
(mLY/s) Sepsis 1.4 (0.8;2.5) 1.2 (0.9;1.7) 0.8 (0.2;1.1)"

“Significant difference versus baseline (P < 0.05).

Creat. clearance indicates creatinine clearance; RVR, renal vascular resistence.

PDQuest 2D software. Where possible, corresponding spots
were matched across time-points, individuals, and groups.
Relative protein quantity was assessed as spot intensity ratios
based on the matching. On average, 679 & 150 spots were thus
detected on each 2D gel.

Time-dependent changes in renal proteome in the control and
sepsis groups—Proteomic analysis of sham-operated animals
was performed as an internal control for potential anesthesia/
surgery-induced changes in renal proteome. The resolution of
sample protein extracts by 2DE revealed a total of 1,269 unique
protein spots. Of these, 62 were significantly altered at some
point during the 22-h observational period. Compared with
baseline, 13 protein spots were significantly and consistently
overexpressed (up-regulated), 15 were strictly down-regulated,
and 34 showed undulated behavior (up at some point and down
at other). Eleven of these altered proteins were then success-
fully identified by MALDI-TOF-TOF MS analyses. Identities,
quantitative data, degrees of changes, and other related infor-
mation of all of the altered proteins are summarized in Table 3.

In renal biopsies obtained from the sepsis animals, a total of
1,388 spots were detected while 17 unique proteins were
identified out of the 41 up-regulated spots, whereas 12 unique
proteins were identified out of the 65 consistently down-
regulated spots. In addition, 14 initially up-regulated proteins
normalized by the end of the experiment, while 8 proteins
normalized in the group of transiently down-regulated proteins.
Identities, quantitative data, degrees of changes, and other
related information of all of the altered proteins are summar-
ized in Table 3. To examine the protein dynamics in a multi-
variate fashion (i.e. as one correlated set), hierarchical
clustering was applied as an exploratory tool. Figure 1 shows
a heatmap of the significantly varying proteins from both
groups arranged with respect to their quantitative changes.
Thus, considered in its full complexity, the data were naturally
clustered into septic and sham-operated groups, confirming its
potential to discriminate the two conditions.

Sepsis versus control: differentially expressed proteins—
Next, we focused on proteins which were differentially
expressed between septic and control animals during the course
of the experiment. In Figure 2, a representative 2-DE gel
displays a proteome map of renal cortex during sepsis. To
separate changes caused by study procedures from the proper
impact of sepsis, a combined analysis including both dependent
and independent predictors (i.e. septic and sham-operated
animals at all time points) was performed by means of General
linear model ANOVA. Proteins qualified for the analysis if they

showed a statistically significant variation during exploratory
phase (7 test) at either group or time-point. In this way, we were
able to distinguish 20 proteins changing exclusively due to
sepsis or showing a different behavior in sepsis and sham-
operated groups (Table 4). These proteins were unambiguously
identified by mass spectrometry as stress response and protein
repair chaperones (heat shock protein HSP 90-alpha; heat shock
protein HSP 90-beta; heat shock cognate 71 kDa protein)
(Fig. 3A); proteins involved in endoplasmatic reticulum
(ER) stress (78kDa glucose-regulated protein; calreticulin)
(Fig. 3B), free radical scavengers/oxidative stress proteins
(peroxiredoxin-6) (Fig. 3C); proteins involved in cellular ener-
getics and ATP levels (ATP synthase subunit alfa (Fig. 4),
mitochondrial; glutamate dehydrogenase 1, mitochondrial;
delta-1-pyrroline-5-carboxylate  dehydrogenase, mitochon-
drial; enoyl-CoA hydratase, mitochondrial; glutamate dehydro-
genase 1, mitochondrial; dihydrolipoyl dehydrogenase,
mitochondrial; alpha-enolase); transporters (chloride intra-
cellular channel protein 4; Na(+)/H(+) exchange regulatory
cofactor NHE-RF3 (Fig. 5)); proteins involved in inflammatory
regulation and signal transduction (annexin-4; mitogen-acti-
vated protein kinase 3); proteins of hemostasis (WD repeat-
containing protein 1); and cytoskeleton (spectrin alpha chain,
nonerythrocytic 1; collagen alpha-1(VI) chain; laminin subunit
gamma-1).

DISCUSSION

In the present exploratory study, we introduce the first
dynamic proteomic investigation of kidney biopsies in a clin-
ically relevant large animal model of sepsis. We aimed to
provide an insight into the molecular signatures underlying
the renal dysfunction in sepsis and to integrate these findings
into the overall disease context. For this purpose, analysis of
renal tissue remains necessary and the experimental animal
model allowed us to study serial changes in renal tissue proteins
over time, and to relate these changes to traditional parameters
of renal physiology. The results suggest that exposure to
surgical stress per se alters the renal protein expression profile
in pigs, while sepsis induces a highly dynamic proteome
transformation shifting the balance toward cellular distress
phenotype. The data implicate endoplasmic reticulum (ER)
stress, oxidative stress, mitochondrial energy metabolism, tub-
ular transport, and immune/inflammatory signaling as major
activated pathways. The study supports the notion that a single
protein does not appear to be the dominant cause of AKI in



TasLe 3. Identified proteins showing statistically significant variation during exploratory analysis
TP1x2 sepsis TP2x4 sepsis TP1x4 sepsis TP1x2 sham TP2x4 sham TP1x4 sham
Spot sepsis sham
no Name Gene Mean SD P Mean SD P mean SD P mean SD P mean SD P mean SD P trend trend
1 Actin, cytoplasmic 1 ACTB 1,297 0,396 0,033 0,947 0,191 0,295 1,166 0,320 0,151 0,959 0,180 0,641 1,021 0,210 0,970 0,952 0,073 0,232 +/—
Actin, alpha cardiac ACTCH
muscle 1
Actin, cytoplasmic 2 ACTG1
Beta-actin-like protein 2 ACTBL2
2 Actin-related protein 3 ACTR3 1,147 0,245 0,139 1,015 0,340 0,981 1,176 0,504 0,456 0,371 0,299 0,013 16,195 19,314 0,077 0,928 7,512 0,344 +/—
Glycerol kinase GK
3 Delta-aminolevulinic acid ALAD 0,593 0,613 0,013 11,506 14,846 0,080 0,789 0,297 0,023 7,083 11,722 0,862 3,740 3,721 0,296 15,998 24,829 0,517 |
dehydratase
Heterogeneous nuclear HNRNPH3
ribonucleoprotein H3,
keratin
4 Aldehyde dehydrogenase, ALDH2 0,449 0,485 0,004 11,945 24,827 0,704 0,606 0,523 0,043 0,856 0,751 0,592 3,618 6,116 0,865 0,750 0,510 0,305 |
mitochondrial
5 Delta-1-pyrroline-5- ALDH4A1 2,568 3,098 0,037 1,066 1,133 0,625 2,185 2,424 0,338 0,789 0,506 0,350 6,077 7,929 0,601 0,954 0,501 0,724 +/—
carboxylate
dehydrogenase
mitochondrial
6 Fructose-bisphosphate ALDOB 0,672 0,498 0,040 7,344 19,760 0,568 0,783 0,506 0,178 0,960 1,201 0,314 7,434 10,590 0,104 1,448 1,471 0,882 +/—
aldolase B
7 Annexin A1 ANXA1 6,237 16,909 0,553 3,673 7,854 0,386 11,065 31,823 0,016 1,004 0,419 0,509 5,094 7,033 0,618 3,444 4,757 0,398 |
8 Annexin-4 ANXA4 1,478 1,060 0,094 1,147 0,323 0,325 1,636 0,944 0,040 1,532 0,999 0,481 0,811 0,279 0,186 1,161 0,912 0,893 |
9 Apolipoprotein A-l APOA1 0,602 0,177 0,000 0,834 0,409 0,068 0,508 0,256 0,001 0,593 0,497 0,215 8,906 14,868 0,250 0,926 0,621 0,360 |
10 ATP synthase subunit ATP5A1 1,077 0,434 0,711 2,800 0,855 0,008 3,093 2,102 0,035 0,693 0,240 0,156 0,537 0,450 0,446 0,453 0,222 0,119 |
alpha, mitochondrial
11 ATP synthase subunit ATP5B 1,258 0,355 0,048 0,998 0,221 0,705 1,189 0,330 0,101 0,915 0,220 0,478 1,235 0,371 0,414 1,078 0,206 0,567 -+/—
beta, mitochondrial
12 V-type proton ATPase ATP6V1A 2,514 2,307 0,002 1,010 0,482 0,626 2,134 1,447 0,004 0,684 0,437 0,121 2,694 2,305 0,220 1,621 1,376 0,930 7
catalytic subunit A
Heat shock cognate 71 HSPA8
kDa protein
13  V-type proton ATPase ATP6V1E1 4,413 10,896 0,636 5,042 8,927 0,989 13,248 39,168 0,691 1,288 15,510 0,495 14,084 23,440 0,057 2,918 8,425 0,015
subunit E 1
14 Calreticulin CALR 1,421 0,267 0,000 1,080 0,123 0,058 1,532 0,297 0,000 2,700 3,477 0,101 0,707 0,042 0,009 1,970 2,631 0,355 | !
15  Cathepsin L2 CTsv 1,106 1,360 0,372 4,335 7,148 0,070 1,311 1,960 0,912 0,364 0,689 0,049 8,149 13,378 0,252 2,429 5,960 0,392 +/—
Transitional endoplasmic VCP
reticulum ATPase
16  Carboxylesterase 3, liver CES3 2,018 3,561 0,174 2,156 2,658 0,356 2,114 3,482 0,043 3,304 3,502 0,241 1,085 0,983 0,961 3,811 5,720 0,375 |
carboxylesterase
Liver carboxylesterase N/A
17  Coiled-coil-helix-coiled- CHC 0,787 0,684 0,015 8,816 18,798 0,825 8,541 26,693 0,185 0,577 0,279 0,117 0,916 0,508 0,334 0,517 0,358 0,174 +/—
coil-helix domain-
containing protein 3,
mitochondrial
Uncharacterized protein C150RF53

C150rf53
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TasLE 3. (continued) @

TP1x2 sepsis TP2x4 sepsis TP1x4 sepsis TP1x2 sham TP2x4 sham TP1x4 sham wn

Spot sepsis sham %

no Name Gene Mean SD P Mean SD P mean SD P mean SD P mean SD P mean SD P trend trend a

18  Chloride intracellular CLIC4 0,997 0,375 0,641 0,900 0,303 0,211 0,820 0,262 0,038 0,861 0,576 0,566 2,585 2,498 0,054 1,483 0,723 0,264 | ~

channel protein 4 §

19  Collagen alpha-1 (VI) COL6A1 1,454 0,936 0,049 0,894 0,358 0,139 1,095 0,324 0,483 1,197 0,901 0,649 1,393 0,402 0,133 1,449 0,809 0,690 -+/— I

chain

20 Coactosin-like protein COTL1 3,742 10,694 0,037 11,588 18,631 0,166 5,754 9,736 0,953 1,637 1,977 0,877 2,953 3,294 0,306 9,865 19,742 0,370 +/— i

21 Dihydrolipoyl DLD 1,077 0,356 0,760 1,151 0,307 0,050 1,173 0,389 0,397 1,090 0,650 0,740 1,004 0,642 0,305 0,830 0,212 0,166 +/— o

dehydrogenase, I
mitochondrial

22  Elongation factor 1-alpha EEF1A1 5,998 18,986 0,099 11,566 24,631 0,546 0,507 0,590 0,018 12,931 19,289 0,791 22,845 49,005 0,295 36,843 49,493 0,446 |
1

23  Enoyl-CoA hydratase, ECHS1 0,964 0,487 0,135 0,894 0,414 0,328 0,921 0,820 0,050 1,126 0,905 0,685 1,642 1,035 0,318 1,305 0,302 0,125 |
mitochondrial

24  Enoyl-CoA hydratase, ECHS1 1,094 0,350 0,644 0,850 0,251 0,054 0,923 0,377 0,296 1,275 0,509 0,185 1,036 0,338 0,746 1,237 0,408 0,050 i
mitochondrial

25  Alpha-enolase ENO1 1,153 0,207 0,046 1,061 0,301 0,658 1,179 0,380 0,225 2,006 2,081 0,329 0,688 0,722 0,548 1,159 0,202 0,479 +/—

26  Fibrinogen alpha chain FGA 1,659 2,391 0,479 6,475 9,994 0,219 2,210 1,482 0,044 3,803 7,229 0,957 17,745 38,383 0,770 1,856 3,067 0,761

27  Fibrinogen alpha chain FGA 6,086 15,456 0,469 13,074 18,546 0,416 6,090 5,443 0,014 1,479 2,478 0,446 16,532 33,305 0,407 5,939 11,606 0,552 |

28 Fibrinogen beta chain FGB 2,155 2,181 0,196 15,185 43,771 0,054 5,007 6,741 0,015 0,936 0,692 0,908 8,310 15,138 0,929 1,609 1,417 0,972 |

29 Glyceraldehyde-3- GAPDH 7,956 13,542 0,045 8,211 16,271 0,569 18,199 27,630 0,257 1,965 1,872 0,339 6,286 8,865 0,454 2,443 0,386 0,020 +/—
phosphate
dehydrogenase

30 Glutamate dehydrogenase  GLUD1 1,400 0,745 0,074 1,151 0,438 0,812 1,502 0,805 0,024 1,110 0,217 0,036 1,268 0,519 0,182 0,864 0,270 0,263 | +/—
1, mitochondrial

31  Glycerol-3-phosphate GPD1L 4,686 12,519 0,251 14,665 22,263 0,028 12,296 31,205 0,032 0,846 0,354 0,464 1,125 0,594 0,196 1,109 0,718 0,788 |
dehydrogenase 1-like
protein
32  Glutathione peroxidase 1 GPX1 9,758 16,207 0,020 0,481 0,602 0,003 0,902 0,867 0,244 0,965 0,221 0,617 0,872 0,538 0,571 0,768 0,468 0,560 -+/—
Thioredoxin-dependent PRDX3
peroxide reductase,
mitochondrial
33  Glutathione S-transferase GSTO1 2,147 5,383 0,010 4,545 8,496 0,055 8,462 17,478 0,542 0,959 0,664 0,733 1,399 1,521 0,780 1,127 1,454 0,662 +/—
omega-1
34 Heterogeneous nuclear HNRPC 0,520 0,566 0,006 4,100 8,654 0,913 0,523 0,602 0,008 1,770 2,938 0,596 0,773 0,617 0,230 0,461 0,424 0,148 |
ribonucleoproteins C1/
c2
Tumor protein p53- TP53113

inducible protein 13
Adenylyltransferase and MOCS3

sulfurtransferase
MOCS3

35 78 kDa glucose-regulated HSPA5 1,323 0,451 0,059 1,131 0,222 0,060 1,465 0,517 0,018 2,028 0,331 0,457 0,968 0,517 0,650 0,786 0,172 0,046 |
protein

36 Heat shock protein HSP  HSP90AA1 2,914 1,861 0,025 0,882 0,487 0,582 2,280 1,569 0,023 0,561 0,099 0,078 2,359 0,011 0,098 1,554 0,430 0,074 |
90-alpha

37 Heat shock protein HSP  HSP90AA1 1,798 1,294 0,040 1,053 0,560 0,307 1,339 0,629 0,104 0,795 0,382 0,320 1,709 0,522 0,154 1,492 1,183 0,689 +/—
90-alpha
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TasLE 3. (continued)
TP1x2 sepsis TP2x4 sepsis TP1x4 sepsis TP1x2 sham TP2x4 sham TP1x4 sham
Spot sepsis sham
no Name Gene Mean SD P Mean SD P mean SD P mean SD P mean SD P mean SD P trend trend
Heat shock protein HSP  HSP90AB1

90-beta

38 MICOS complex subunit IMMT 1,775 3,194 0,434 10,776 21,731 0,908 1,667 6,510 0,133 0,652 2,396 0,007 1,334 0,868 0,878 0,772 0,425 0,354 +/—
MIC60

39 Laminin subunit gamma-1 LAMC1 1,639 0,800 0,085 1,305 0,533 0,219 2,090 1,094 0,011 1,082 0,863 0,322 1,413 0,662 0,366 1,172 0,889 0,491 T

40 Mitogen-activated protein MAPK3 0,876 0,426 0,039 1,143 0,564 0,632 0,891 0,415 0,234 1,040 0,714 0,849 0,670 0,252 0,167 0,749 0,403 0,139 +/—
kinase 3

41 Malate dehydrogenase, MDH2 1,118 0,788 0,497 8,062 21,968 0,441 0,863 6,135 0,055 0,728 2,324 0,414 45,210 57,422 0,981 0,666 23,171 0,031
mitochondrial

42 Ig heavy chain V regions N/A 0,720 0,907 0,010 3,080 5,183 0,270 3,432 8,530 0,438 1,244 0,715 0,379 0,919 0,498 0,377 0,879 0,352 0,372 +/—
TEPC 15/S107/
HPCM1/HPCM2/
HPCM3

43 NADH dehydrogenase NDUFA8 0,660 0,423 0,011 4,781 11,515 0,164 0,947 0,514 0,360 1,098 0,550 0,812 1,506 0,946 0,308 1,344 0,313 0,100 +/—
[ubiquinone] 1 alpha
subcomplex subunit 8

44 Na (+)/H (+) exchange PDzK1 1,538 0,442 0,002 1,350 0,309 0,005 1,944 0,527 0,000 0,666 0,233 0,033 1,309 0,741 0,540 0,742 0,092 0,006 1 +/—
regulatory cofactor
NHE-RF3

45  D-3-phosphoglycerate PHGDH 0,899 1,693 0,008 4,248 10,297 0,641 0,586 0,793 0,035 1,848 2,108 0,442 0,997 0,179 0,576 1,925 2,380 0,444 |
dehydrogenase

46  Thioredoxin-dependent PRDX3 0,480 0,605 0,026 154,897 151,716 0,011 35,237 111,085 0,357 0,648 0,410 0,095 36,778 80,170 0,713 1,019 0,814 0,613 +/-
peroxide reductase,
mitochondrial

47  Peroxiredoxin-6 PRDX6 2,975 2,655 0,158 1,213 0,479 0,560 3,644 2,071 0,041 1,243 0,423 0,307 1,002 0,659 0,401 1,242 0,647 0,698 |

48  60S acidic ribosomal RPLPO 0,686 0,869 0,006 3,885 6,466 0,140 0,885 0,688 0,115 0,775 0,315 0,284 1,993 2,029 0,341 1,091 0,361 0,432 +/-
protein PO

49  Spectrin alpha chain, non- SPTAN1 2,047 2,929 0,096 0,762 0,277 0,009 1,524 2,190 0,892 0,658 0,411 0,044 3,110 2,574 0,050 1,541 1,036 0,590 +/- +/—
erythrocytic 1

50 Tropomyosin alpha-4 chain  TPM4 1,261 0,571 0,273 1,049 0,425 0,914 1,344 0,822 0,326 0,543 0,328 0,041 3,076 3,240 0,052 0,932 0,953 0,437 +/—

51 WD repeat-containing WDR1 0,951 0,667 0,086 1,095 0,910 0,848 0,719 0,420 0,031 2,071 1,856 0,546 0,797 0,859 0,402 0,769 0,131 0,085 |

protein 1

Listed are proteins showing statistically significant changes at either group and time point and successfully identified by mass spectrometry (alphabetical order).

a. Protein name (UniProt database).
b. Gene (UniProt database).
c. Mean, standard errors, and significance levels at both groups and all time points (paired ¢ test).
1 ascending, | descending, +/— variable.
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The colors scale:

GPX1, PRDX3 (#32)
CLIC4 (#18)

ECHS1 (#23)

ECHS1 (#24)

COLBA1 (#19)
SPTAN1 (#49)
HSPIDAAT (#36)
ATPBV1A, HSPAB (#12)
HSP90AAT, HSPODABT (#37)
ATP5B (#11)

Actins (#1)

PDZK1 (#44)

TPM4 (#50)

ALDH4A1 (#5)

CES3 (#16)

LAMCA (#39)

PRDXG (#47)

DLD (#21)

GLUD1 (#30)

HSPAS (#35)

ANXA4 (#8)

ENOT (#25)

CALR (#14)

RPLPO (#48)

NDUFAB (#43)
PHGDH (#45)
HNRPC, TP53113, MOCS3 (#34)
WDR1 (#51)

MAPK3 (#40)

ATPSA1 (#10)

HVM18 (#42)

CHC, C150RF53 (#17)
GSTO1 (#33)

GPDIL (#31)

FGB (#28)

IMMT (#38)

ALDH2 (#4)

ALAD, HNRNPH3 (#3)
COTL1 (#20)

FGA (#27)
ATPBVIE1(#13)
ANXA1 (#7)

GAPDH (#29)

CTSV, VCP (#15)
ALDOB (#6)

APOAT1 (#9)

ACTR3, GK (#2)

FGA (#26)

EEF1A1 (#22)

MDH2 (#41)

PRDX3 (#46)

Min = -45.21

Max = 45.21

Fic. 1. Proteins undergoing significant changes during the study. Time evolution of protein expression for proteins showing significant variation
at any group or time-point is given as a heat map. Tree graph at the top shows natural clustering of groups and time-points while the tree at the left shows
natural clustering of proteins. Protein down-regulation is pictured red and up-regulation green.

sepsis. Instead, potentially subtle and even transient changes in
several proteins that are members of key functional interrelated
systems appear to occur in septic AKI.

Tremendous progress has been achieved in the understanding
of fundamental mechanisms of septic AKI. However, the
translation of these advances into clinically effective therapies

of AKI has been disappointing. Although basic clinical
research using rodents will remain a key step in discovering
further mechanistic insights and identifying new treatment
targets, recent genomic data suggest substantial mouse-to-
human incompatibilities in inflammatory models such as endo-
toxemia, trauma, and burns (8). Thus, targets identified in
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Fic. 2. A kidney proteome map from time-point 2, septic group.
Pictured is a representative two-dimensional gel electrophoresis scanned
image. Proteins listed in Table 3 are marked with arrows. Molecular weight
ladder is pictured, pH range 3—10.

rodent models might not necessarily be germane to human
physiology. To bridge the gap between preclinical and clinical
studies, high-quality preclinical translational research simulat-
ing the complexity of AKI patients is required. In this context,
the genetic and physiological proximity of pigs and humans
make this species an excellent biomodel for translational
research (7). It is therefore highly relevant not only to charac-
terize differential expression of porcine renal proteins induced
by the diseases itself (sepsis in this case), but also to provide
information about the way surgical insult affects kidney pro-
teome. The latter could serve as a useful reference for further
experiments since sham-operated animals are often used as
a control.

Indeed, our data revealed that sepsis-specific changes
in renal proteome may be influenced to some extent by

Septic AcutE KiDNEY INJURY AND Tissue ProTEOMICS O

non-disease-associated changes in protein expression occurring
as a consequence of surgery and/or anesthesia. Interestingly,
these local proteomic alterations corresponding to an acute
phase response developed despite undetectable changes in
systemic plasma cytokine levels and renal hemodynamics.
The design of this study does not allow us to unequivocally
determine the clinical significance of these changes (i.e. adap-
tive versus maladaptive response). Nevertheless, it seems that
kidneys might be subject to a considerable local surgery-
triggered stress which might not be fully compensated for,
particularly in a high-risk population (e.g. preexisting kidney
disease), resulting in postoperative AKI.

Kidneys from septic pigs showed different trajectories for
proteins involved in inflammatory, metabolic, and cellular stress
responses. This clearly implies that changes in renal proteome
induced by surgical stress did not mask sepsis-induced proteomic
signature, thus imparting validity and usefulness to these results.
The vast majority of up-regulated pathways clustered into three
broad functional categories—protein repair chaperones, ER and
oxidative stress response, all playing arole in the pathogenesis of
AKI as a central element of the network of “danger response”
(9-11). Induction of the ER stress proteins GRP78 and calre-
ticulin may be particularly relevant to the pathophysiology of
septic AKI as the persistent and overwhelming ER stress is
closely linked to the altered mitochondrial function, inflam-
mation, oxidative stress, and cell death (11). Indeed, accumu-
lating evidence suggests that severe ER stress contributes
significantly to the progression of various pathological con-
ditions including sepsis and kidney diseases (11, 12). Another
interesting finding is the progressive up-regulation of peroxir-
edoxin-6, an important regulator of cellular redox balance and a
marker of oxidative stress, and heat shock proteins with their

TasLE 4. Identified proteins showing statistically different behavior between septic and sham-operated groups throughout the experiment

Group effect Time effect Time x group effect
F P F P F P
AL4A1 0,7625 0,408004 0,3552 0,706416 4,2331 0,033452
ANXA4 10,1571 0,007144 0,7994 0,460330 3,5506 0,043319
ATPA 0,00344 0,955503 0,81426 0,470302 8,08581 0,008144
CLIC4 4,2655 0,057927 2,0701 0,145059 5,8167 0,007715
COB6A1 0,38379 0,545531 0,50446 0,609215 6,08864 0,006375
DHE3 3,20975 0,096497 0,84961 0,439114 3,46975 0,046167
DLDH 3,2569 0,092674 0,5171 0,601806 3,5956 0,040751
EF1A1 8,82568 0,010830 0,75313 0,480888 3,99196 0,030768
ECHM 6,1748 0,026220 0,2324 0,794138 3,6162 0,040088
ENOA 1,77390 0,209839 5,31788 0,013062 4,53077 0,022501
HS90A 4,70838 0,052788 2,21054 0,133412 4,42680 0,024226
HS90A/B 1,81035 0,199854 0,36441 0,697854 3,47702 0,044797
HSP7C 9,20281 0,008936 2,16781 0,133253 4,86919 0,015320
IMMT 0,8732 0,368490 1,3526 0,277578 4,2486 0,026325
LAMCH 9,06635 0,010842 0,38435 0,685008 4,93070 0,016072
MKO03 0,1951 0,665989 2,6190 0,091995 4,3414 0,023614
NHRF3 7,3212 0,017062 5,3745 0,010582 17,1121 0,000014
PRDX6 5,07319 0,065228 7,07502 0,009338 4,44945 0,035838
SPTA2 7,14698 0,018179 0,12820 0,880187 5,89743 0,007288
THTR 8,2685 0,012219 2,3546 0,113455 4,5835 0,018967
WDR1 3,44975 0,086056 2,26957 0,123457 4,93435 0,015253

Listed are proteins exerting a different behavior between groups when all time points are taken into account. General linear models were set up for all
proteins undergoing a significant change at any time point or group (Table 3). Proteins showing significance (<0.05) either with respect to group effect or
higher order time x group effect were considered as affected by sepsis.
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multiple functions ranging from stress response to intracellular
trafficking and cell regeneration (13). In addition to these well-
established functions, recent data indicate that both peroxire-
doxins and heat shock proteins may also act as endogenous
damage-associated molecular pattern molecules (DAMPS) (14,
15). Both endothelial and tubular cells have been shown to serve

Current effect: F(2, 10)=8.0858, p=0.00814
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Fic. 4. Time course and group differences for ATP synthase subunit
alfa. General linear model ANOVA.

as sensitive sensors of DAMPS (16). Therefore, it is tempting to
hypothesize that early renal DAMPS production (within 12 h in
our study) preceding the development of regional hemodynamic
and functional alterations allows for rapid amplification and
propagation of local inflammatory signal, thus contributing to
early microvascular and tubular injury.
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Investigation into the underlying cellular mechanisms of AKI
increasingly point toward a predominant role of mitochondria
(10, 17). It is therefore not surprising that almost 30% of
identified unique proteins which changed their abundance
exclusively in the sepsis group are involved in cellular energy
metabolism. Of these, mitochondrial ATP-synthase subunit alfa
should be regarded as an important finding since this enzyme is
a key determinant of cellular energy state and mitochondrial
respiratory function. In keeping with recent reports (18, 19), our
finding of gradually up-regulated mitochondrial ATP-synthase
subunit alfa provides further argument against bioenergetic
failure or cellular metabolic downregulation, at least at the
early phase of porcine sepsis-induced AKI.

Another potentially relevant finding coming from this pro-
teomic analysis which may direct future research in septic AKI
is the increased expression of Na(+)/H(+4) exchange regulat-
ory cofactor (NHE-RF3), inasmuch as this enzyme is critical to
the regulation of cell surface expression and the activity of
several membrane transporters and receptors in the renal
tubular system, including Na+/H+ exchanger-3 (NHE3)
(20). HNE3, which is inhibited by a family of NHE-RF
proteins (21), has recently been shown to be substantially
reduced in various forms of AKI, including endotoxemia
(22-25). Suppression of HNE3 expression is associated with
reduced reabsorption of filtered load and increased distal
chloride delivery (26). The net consequence is activated tubu-
loglomerular feedback and reduced glomerular filtration (26).
The latter may contribute to a form of “‘renal hibernation’ that
acts to protect injured tubules from further injury by reducing
the filtered load and thereby the reabsorptive workload (27).
Hence, the inhibitory effects of up-regulated NHE-RF3 could
be viewed as an early adaptive rather than pathological event in
the course of AKI. Over-expression of NHE-RF3 that occurred
early in our study, i.e. before the reduction of renal blood flow
and the fall in glomerular filtration, may fit into this hypoth-
esis. However, the lack of detailed mechanistic molecular
studies that would clearly document the link between up-
regulated NHE-RF3, reduced activity of HNE3 and tubulo-
glomerular cross-talk prevent us from making any firm
conclusions.

In this model, the renal proteomic responses to sepsis
during the first 22 h could be interpreted as a transition period
in the development of AKI. Of note, the design of the present
study does not allow one to ultimately determine a causative
link between this proteomic stress phenotype and AKI or to
clarify its relative contribution to septic AKI. Admittedly,
several changes in protein expression found in our study have
been shown in different animal models as well as in different
target organs (28, 29). Alternatively, different insults result in
stereotypic and nonspecific downstream pathways which
represent a secondary phenomenon. Such an explanation is
also supported, for example, by Grigoryev et al (30) who found
striking similarity in transcription patterns of inflammatory
genes in kidney and lung tissue in a murine model of
ischemic AKI.

Understanding the methodological limitations of our exper-
imental approach is essential for any translational research.
Studies using lysates of the entire kidney biopsy might be
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confounded by tissue heterogeneity. Indeed, renal tissue is a
highly complex structure comprising more than 20 different
cell types, the proportion of which may differ among biopsies.
Under the circumstances, renal proteome profile is a con-
sequence of changes in intrinsic renal tissue constituted by
diverse cellular types and, to a variable degree, by infiltrating
inflammatory cells. Moreover, renal tissue injury is not uniform
throughout the kidney during AKI, zones of inflammatory,
hypoxic nephrons might coexist with clusters of relatively
preserved nephrons (27). Further studies using subproteomic
fractionation and advanced technologies such as multidimen-
sional LC MS/MS are needed to capture less abundant proteins
and posttranslational modifications. Furthermore, we studied
young, otherwise healthy animals. Several risk factors like
aging, hypertension, diabetes and chronic kidney disease are
known to significantly increase the susceptibility to AKI in
sepsis. Understanding the differences in renal danger response
in the presence of pre-existing comorbidities in comparison to
healthy kidneys would be highly informative. Validation of the
discovered candidate molecules would be desirable before
further mechanistic studies are undertaken.

In summary, our study combines the power of proteomics
with a classic larger mammal model of sepsis. By coupling this
approach with whole-animal physiological studies and small-
molecule screening, our study helps to establish the first picture
of the proteomic phenotype of surgical trauma- and sepsis-
induced porcine renal proteome responses. Tangibly, the data
revealed early septic kidney as a shifting landscape of biologic
functions to multiple ongoing stress-related and defense func-
tions. Investigating the contribution of these changes to altered
cellular functions underlying renal dysfunction in sepsis is now
a major challenge. From a methodological point of view, our
approach represents a proof of principle highlighting that serial
tissue samples collected at different time-points are readily
amendable for in-depth molecular analyses and provide a
foundation for the future translational studies of dynamic
molecular changes in renal diseases such as sepsis.
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Fractionated Plasma Separation, Adsorption and Dialysis (Prometheus) has a well-documented capacity
to remove protein-bound organic toxins in patients with liver failure. However, the compositions of
adsorbed proteins remain unknown. Elution of both adsorbers constituting Prometheus system was
performed following a 6-h session in a patient with acute on chronic liver failure. Sodium dodecylsul-
phate was employed to elute proteins from the neutral adsorber (P1), while acetic acid was applied to
the cationic one (P2). Eluted proteins were resolved by two-dimensional gel electrophoresis (2-DE)
and identified by mass spectrometry (MS). Totally, 4113 and 8280 mg of proteins were obtained from
P1 and P2 eluates, 2-DE yielded 148 and 163 protein fractions in P1 and P2, respectively. MS identified
18 unique proteins in P1, and 30 unique proteins in P2 sample. Proteins with the highest selective
adsorption (as determined by eluate to plasma ratio) included transthyretin (37), trypsin-2 (29),
prothrombin (23), hyaluronan-binding protein 2 (13) and plasma retinol-binding protein (8.7), all of
which adsorbed to P2. We identified a large number of proteins removed by extracorporeal liver support
system. A selective adsorption was demonstrated in a subset of proteins depending on the type of

adsorber and proteins’ characteristics.

Keywords: Liver failure e adsorption e proteome e elimination ¢ Prometheus

Introduction

Temporary replacement of liver function by means of
Fractionated Plasma Separation, Adsorption and Dialysis
(Prometheus) is a novel technology available for patients with
acute and acute on chronic liver failure."? There is a consider-
able pool of patients who may benefit from extracorporeal liver
support if it proves effective and safe. In the near future,
treatment of patients with liver metastases (colorectal cancer,
etc.), exploiting new techniques of liver resection, could depend
on the possibility of bridging the patient over the period
necessary for transplant procurement or liver regeneration.
Improving outcomes of liver transplants and new approaches
to stimulation of liver regeneration (growth factors administra-
tion, stem cells technology, etc.) are promising definitive
solutions in such cases. In some patients with toxic liver
damage (e.g., alcoholic), spontaneous recovery may be awaited.

The system’s capacity for removal of both water-soluble and
albumin-bound toxins generated and retained in liver failure
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(bilirubin, ammonium, phenols, cholic acids, etc.) has been
well-established.>* However, we have very limited information
about the elimination of other compounds. Available data show
that plasma levels of high-abundance proteins (i.e., albumin,
fibrinogen, and IgG) remain virtually unchanged during the
procedure.’ Significant clearance of peptides and proteins (e.g.,
f2-microglobulin) by adsorption has been demonstrated to
occur during hemodialysis.® 8 By virtue of its design, Prometheus
is much more prone to adsorb proteins, especially due to its
adsorbing capacity for hydrophobic molecules and owing to
the beads’ microarchitecture (with vast surface exposed to
plasma).

Liver failure is associated with impaired proteosynthesis,
accumulation, and dysregulation of signaling peptides and
cytokines. Therefore, it seems crucial to ascertain proteins
removed by the method before we investigate it in large clinical
trials or even adopt in routine practice. We can speculate that
removing proteins, especially those with high biological activi-
ties, can either improve or further deteriorate the vulnerable
equilibrium in patients with liver failure. This issue has been
addressed by several groups of investigators. Rifai et al.®> did
not find changes in plasma levels of interleukin-6 (IL-6), tumor
necrosis factor-a (TNF-a), and coagulation factors II and V
during Prometheus procedure. However, Stadlbauer et al.’
observed differential concentrations of IL-6, IL-8, IL-10 and
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TNF-a between the inlet and outlet of the system and showed
that their clearance was probably outweighed by rapid
production.

As the system has a high affinity to both hydrophilic and
hydrophobic molecules, and the plasma-filter used to separate
plasma from blood cells has a molecular weight (MW) cutoff
of 300 kDa,'® there is a wide range of plasma proteins
susceptible to adsorption and removal. A selection of target
molecules for analysis seems to be quite difficult under these
circumstances. It is therefore disputable whether we can derive
system’s characteristics (in terms of substance clearance) from
plasma concentrations of selected proteins measured with
specific immunoassays. However, recent advancement in the
postgenomic biotechnologies, particularly proteomics that can
simultaneously examine a large number of proteins with a wide
variety of physicochemical properties, may overcome this
limitation.

The aim of this study was to develop a technique allowing
analysis of proteins adsorbed to the Prometheus system, to
validate it by accomplishing proteomic identification of pro-
teins released by the elution, and to provide a pilot character-
istic of the proteins adsorbed to the Prometheus adsorption
units.

Methods

Patient and Treatment. A 37 year-old man who suffered
acute on chronic liver failure due to alcohol abuse was treated
with a 6-h session of Fractionated Plasma Separation, Adsorp-
tion and Dialysis (Prometheus; Fresenius Medical Care, Hom-
burg, Germany) under citrate anticoagulation. Before the
procedure, a plasma sample was drawn for blood tests and
proteomic analysis. At the end of the procedure, the system
was flushed with 500 mL of replacement solution (Plasmalyte,
Baxter, Deerfield, IL) and disconnected from the patient. The
study protocol has been approved by the local ethics committee.

The Prometheus circuit included two adsorber cartridges,
each of which had a filling volume of 90 mL. These cartridges
contained adsorbing beads (styrenedivinyl benzene copolymer),
one composed of neutral resin (Prometh 1), whereas the other
one had anion exchanger properties (Prometh 2). Both units
were emptied and flushed three times with 500 mL of PBS (pH
7.4). The protein concentration in the last flush was assessed
with Bradford’s dye-binding assay (Bio-Rad Protein Assay, Bio-
Rad Laboratories; Hercules, CA).

Protein Elution and Sample Preparation. To elute the
adsorbed proteins, Prometh 1 was filled with 90 mL of 10%
SDS (SDS for electrophoresis, Sigma, Steinheim, Germany) and
Prometh 2 was filled with 90 mL of 40% acetic acid (p.a.,
Sigma). After 30-min incubation at 24 °C, both capsules were
drained. The eluates are henceforth referred to as P1 (from
Prometh 1) and P2 (from Prometh 2). The eluates (10 mL) were
precipitated with 40 mL of acetone (Sigma), incubated at —20
°C for 30 min and spinned down (45008, 30 min, 4 °C). The
protein pellets were washed once with 8 mL of a mixture of
acetone—methanol—water—acetic acid (80:10:9.9:0.1), centri-
fuged as above, air-dried, and dissolved in 2 mL of lysis buffer
(7 M urea, 4% CHAPS, 40 mM Tris base, 2 M Thiourea, 2% IPG
buffer pH 3—10, and 120 mM DTT). To minimize salt contami-
nation, P1 and P2 eluates were dialyzed against ultrahigh
quality water using a semipermeable membrane with a MW
cutoff at 7 kDa (Serva-Electrophoresis; Heidelburg, Germany)
using five exchanges. P1 and P2 samples were then concen-
trated in a SpeedVac and proteins were resuspended in the lysis
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buffer (same as above). Blood sample (4 mL) was processed
by centrifugation only (10 min, 4 °C, 4000g) to separate plasma
(supernatant).

Two-Dimensional Electrophoresis (2-DE). All reagents were
supplied by Sigma; IPG buffer (ZOOM carrier Ampholytes
3—10) was purchased from Invitrogen (Invitrogen Corporation,
Carlsbad, CA). P1, P2, and plasma samples (all in triplicate)
were diluted with rehydration buffer (7 M urea, 4% CHAPS, 40
mM Tris base, 2 M Thiourea, 2% IPG buffer pH 3—10, 120 mM
DTT, and a trace of bromophenol blue) to the final protein
concentration of 200 ug in 140 L. Samples were applied on
IPG strips (7.7 cm, pH 3—10 nonlinear; Invitrogen) and focused
in a MiniProtean cell (Bio-Rad). Isoelectric focusing (IEF) was
performed as follows: IPG strips were rehydrated passively for
1 h and actively for 10 h at 30 V followed by stepwise of
200—750 V until 10 000 Vh was reached. After IEF, the IPG strips
were equilibrated in equilibration buffer I (112 mM Tris-base,
6 M urea, 30% (v/v) glycerol, 4% (w/v) SDS, 130 mM DTT, and
a trace of bromophenol blue) for 30 min, and subsequently
alkylated in buffer II (112 mM Tris-base, 6 M urea, 30% (v/v)
glycerol, 4% (w/v) SDS, 135 mM IAA, and a trace of bromophe-
nol blue) for 30 min. Each equilibrated IPG strip was placed
on top of a 13% polyacrylamide gel (9 x 7 cm) and covered
with 0.5% agarose. The second-dimension separation was
carried out at 65 mA/gel at 20 °C until the bromophenol blue
dye front reached the bottom of the gel. At the end of each
run, the 2-D gels were stained with Simply Blue (Invitrogen)
and scanned using an Epson Perfection 4990 Photo scanner.

2-D Spot Pattern Analysis. Computer-aided analysis of 2-D
gel images was carried out using PDQuest 2-D software version
8.1 (Bio-Rad). A synthetic image was constructed from all
triplicate gels processed from each sample, using only spots
constantly present in all three gels. The protein quantity was
determined relative to integrated spot density. Quantitative
differences were considered significant when showing at least
2-fold intensity variation. The statistical analysis was carried
out using SigmaPlot/SigmaStat data analysis software (Version
12.0, SPSS, Inc., Chicago, IL). Mann—Whitney rank sum test
was used to compare continuous variables, Spearman rank
order correlation coefficients were calculated to estimate
association between different variables.

In-Gel Tryptic Digestion. Visualized protein spots were
excised manually and washed with water and water/acetonitrile
(ACN). SimplyBlue stain was removed by washing with 50 mM
NH,HCOj3; and ACN. Proteins in gel were reduced with 10 mM
DTT/50 mM NH,HCOj3 (45 min, 56 °C) and alkylated with 55
mM ITAA/50 mM NH4HCO; (30 min, in the dark at room
temperature). Gel spots were washed with 50 mM NH,HCO,
and ACN and dried in SpeedVac. Dried gel particles were
rehydrated with digestion buffer containing 12.5 ng/uL se-
quencing grade trypsin (Roche, Basel, Switzerland) in 50 mM
NH,HCOj3 at 4 °C. After 45 min, the remaining solution was
removed and replaced by 0.1 M NH,HCOs;. Tryptic digestion
was performed overnight at 37 °C.

After digestion, proteolytic peptides were subsequently
extracted with 25 mM NH,HCO;, ACN, and 5% formic acid.
The three extracts were pooled and 10 mM DTT solution in 50
mM NH,HCO; was added. The mixture was then dried in
SpeedVac, and the resulting tryptic peptides were dissolved in
5% formic acid solution and desalted using ZipTip uC18
(Millipore; Bedford, MA) following manufacturer’s instructions.

Mass Spectrometry (MS). The resulting proteolytic peptides
were mixed with a-cyano-4-hydroxycinnamic acid (CHCA)
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Figure 1. Representative 2-D gel images of Prometh 1 eluate (P1) (a) and Prometh 2 eluate (P2) (b). Spots labeled with numbers were
successfully identified by MALDI-TOF/TOF analyses (see Tables 1 and 2). MALDI TOF/TOF = matrix assisted laser desorption and

ionization time-of-flight tandem mass spectrometry.

matrix solution (5 mg/mL CHCA in 0.1% TFA/50% ACN 1:1
(v/v)) in 1:1 ratio and 0.8 uL of this mixture was spotted onto
MALDI target plate. All mass spectra were acquired using a
reflectron mode of 4800 MALDI TOF/TOF Analyzer (Applied
Biosystems; Framingham, MA). A total of 2000 and 3000 laser
shots were acquired and averaged to MS and MS/MS spectra,
respectively. The MS/MS analyses were performed using col-
lision energy of 1 kV and a collision gas pressure of 1.3 x 107¢
Torr. MS peaks with an S/N above 15 were listed and the 15
strongest precursors with an S/N above 50 among the MS peaks
were automatically selected for MS/MS acquisition. A mass
filter was used to exclude autolytic peptides of trypsin.

Resulting data were analyzed with GPS Explorer 3.6 (Applied
Biosystems) software. The proteins were identified by searching
against human subset of the Swiss-Prot protein database
(release 54.6; Dec. 4, 2007) using the MASCOT 2.1.0 search
algorithm (Matrix Science; London, U.K.). The general param-
eters for peptide mass fingerprinting (PMF) were as follows: a
maximum of one missed cleavage, a peptide mass tolerance
of £50 ppm, variable oxidation of methionine residue, and fixed
carbamidomethylation of cysteine residue. A peptide charge
state of +1 and fragment mass tolerance of +0.25 Da were used
for the MS/MS ion search. Probability-based MOWSE scores
were estimated by comparison of search results against esti-
mated random match population and were reported as —10 x
logio(p) where p is the absolute probability.'* MOWSE scores
greater than 55 were considered as significant hits (p < 0.05)
for PMF. Individual MS/MS ions scores >28 indicated identity
or extensive homology (p < 0.05) for MS/MS ion search.

Results

The baseline plasma levels were as follows: bilirubin 475
umol/L, aspartate aminotransferase (AST) 3.7 ukat/L, alanine
aminotransferase (ALT) 0.5 #kat/L, ammonium 47 ymol/L, and
plasma prothrombin ratio 2.6. The final flush of Prometh 1 and
Prometh 2 cartridges with PBS yielded 81 mg (0.17 mg/mL)
and 177 mg (0.36 mg/mL) of the washed proteins, whereas the
eluates using SDS (P1) and acetic acid (P2) contained 4113 mg
(47.2 mg/mL) and 8280 mg (97.2 mg/mL), respectively.

Representative 2-D gel images of proteins derived from P1
and P2 are shown in Figure 1, panels a and b. Using 200 ug of

total protein and Simply Blue stain, there were 148 protein
spots detected in all 3 replicate gels of P1 and 163 protein spots
detected in all triplicate gels of P2. In both eluates, protein spots
were distributed from MW of 12—-194 kDa and their p/
(isoelectric points) ranged from 3.5 to 9.0 (Figure 2, panels a
and b). However, the majority (95%) of protein spots and their
intensities were found mainly in the interval of MW of 30—150
kDa and pI of 4.8—8.6. Spot patterns in both eluates differed
significantly from each other (in 64 spots intensity levels
significantly differed between the two groups; p < 0.05).
Concurrently, intensity levels of 38 spots in P1 and 45 spots in
P2 significantly differed (p < 0.05) from those of plasma protein
spots.

To evaluate potential selectivity of Prometheus system in
protein adsorption, we compared spot distribution and inten-
sity levels of P1 and P2 with the pattern of basal plasma
proteins collected from the same patient. In gels from P1, 33
spots had E/P (intensity level in eluate per intensity level in
plasma) > 2.0, whereas other 53 spots had E/P < 0.5. In P2 gels,
32 spots had E/P > 2.0, whereas 71 spots had E/P < 0.5.

Concerning MW and pl, P1 proteins with E/P > 2.0 had
greater MW as compared to the P1 proteins with E/P < 0.5 (74
+ 11 vs 52 + 8 kDa; p < 0.05), whereas pIvalues between these
two subgroups of P1 were comparable (Figure 3, panels a and
b). In contrast, P2 proteins with E/P > 2.0 had significantly less
pI values compared to P2 proteins with E/P < 0.5 (4.8 + 0.09
vs 5.4 £ 0.12; p<0.01), whereas MW values between these two
subgroups of P2 were comparable (Figure 3, panels a and b).
Spearman correlation tests were performed and the results
showed that there were significant correlations between MW
and E/P values of P1 (r = 0.2; p = 0.01) and between pI and
E/P values of P2 (r = —0.32; p = 0.002) (Figure 4). These data
implicate that Prometh 1 preferably removed high-MW pro-
teins, whereas Prometh 2 preferentially removed acidic proteins.

Spots that reached a relative intensity of 1000 ppm (of the
total quantity of all valid spots) or greater were subjected to
in-gel tryptic digestion and MS identification. Out of 109 spots
excised from P1 gels, 72 were successfully identified providing
18 unique proteins (Table 1), while 113 spots were cut from
P2 gels giving 93 positive identifications of 30 unique proteins
(Table 2). The identification was verified by comparison of
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measured and theoretical pI and MW, and the confirmed spots
are marked with an asterisk in Tables 1 and 2. By comparing
the measured and theoretical values, 36 spots identified from
P1 and 41 from P2 had difference in pI (Ap]) > 1 or difference
in MW (AMW) > 10%. These differences were most likely due
to fragmentation or multimerization of these identified proteins.

Relative intensities of high-abundance proteins (i.e., trans-
ferrin, haptoglobin, alpha-1-antitrypsin, immunoglobulin light
and heavy chains) in both eluates were comparable to those
in plasma (E/P ratios were in between the range of 0.5—2.0),
except for albumin which had a borderline E/P = 0.48 in P1
and E/P = 2.7 in P2. However, a greater degree of differences
were detected in several low-abundance proteins, which had
average E/P ranging from 0.16 (spot nos. 29, 30 in Figure 5a,d)
for fibrinogen gamma to 37.0 (spot nos. 85—88 in Figure 5b,e)
in case of transthyretin.

Discussion

There are a limited number of previous proteomic studies
analyzing compositions of proteins adsorbed to artificial surface
of devices exposed to human plasma. These studies mostly
examined the proteins bound to hemodialysers during renal
replacement therapy,'®'® whereas the analysis of molecules
removed in this way during liver support therapy is lacking.
To the best of our knowledge, this is the first study analyzing
compositions of a large number of proteins eliminated by
adsorption inside an extracorporeal liver support system during
therapy in a patient with liver failure. For protein elution, we
adjusted the algorithm described in a paper published by
Ishikawa et al.™® As there are two adsorbers with different
properties in the Prometheus system, one neutral (Prometh 1)
and the other with anion exchanging property (Prometh 2), it
seemed relevant to employ two elution solvents. With respect
to their characteristics, we eluted P1 with 10% SDS and P2 with
40% acetic acid. The amount of total protein obtained from
both adsorbers in our present study was in accordance with
the amount of protein loss from this treatment as reported
previously.? Prior to the elution, we carefully washed the plasma
remnants out of the cartridges. There were huge differences
in the protein concentrations of plasma remnants compared
to the eluates (several orders of magnitude) obtained from both
cartridges. In addition, there were significant differences in the
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proteome profiles and spot intensity levels of the eluate
proteins (P1 and P2) compared to those of plasma proteins.
Therefore, the data reported in our study were specific for the
adsorbed proteins.

The membrane used in the Prometheus system to separate
plasma had a sieving coefficient of 0.9 for proteins with MW
40 kDa and of 0.1 for 300-kDa proteins. We could therefore
expect to see free filtration of proteins up to the size of albumin,
while only a small proportion of plasma fibrinogen and virtually
no IgM could be exposed and adsorbed to Prometh 1 and 2.'°
Our proteomic data were consistent with this assumption as
we found a majority of proteins had MW below 100 kDa even
though some proteins with MW up to 200 kDa were also
detectable. For instance, only a few faint protein spots were
identified as fibrinogen. Furthermore, we also expected to
observe both selective and unselective protein binding during
the contact of plasma and adsorbers’ surface. To assess this
issue, we compared spot intensity distributions between P1 and
P2 mutually, and between both eluates and plasma. In this way,
we demonstrated substantial differences, which however could
be attributed not only to preferential adsorption, but also to
diverse elution methods.

We anticipated that selective adsorption should be explained
in part by physical properties of the adsorbers and the bound
proteins, mainly by their charges (should be dramatic in P2,
as Prometh 2 had positively charged sites) and by their
molecular sizes (should be obvious in P1, because of the excess
of small molecules due to filtration threshold). To evaluate
these possibilities, we tested correlations between E/P ratios
of intensity levels and pI, as well as MW. We confirmed the
preferential adsorption of acidic (negatively charged) proteins
to the Prometh 2 cartridge. However, it was rather surprising
that larger molecules were surplus in P1. This unexpected
finding was hard to explain by means of the available data.
However, we could speculate that the proposed effect of filter
cutoff was not dramatic as gradient gels allowed separation of
molecules up to 200 kDa (still had a sieving coefficient of 0.2).
At the same time, neutral resin contained in Prometh 1
adsorber probably had an affinity for hydrophobic proteins,
which generally had a limited detectability by 2-DE.

With the use of MS analysis, we were able to identify in
eluates several high- and low-abundance plasma proteins. All



Proteins Eliminated by Prometheus System

Table 1. Proteins Identified in Prometh 1 Eluate (P1)?

research articles

PMF score/ MS/MS peptide no./
spot no. protein name Swiss-Prot entry sequence coverage total ion score E/P
1* Alpha-1-antitrypsin P01009 182/44% NA 2.12
2% Alpha-1-antitrypsin P01009 179/42% 10/745 1.66
3* Alpha-1-antitrypsin P01009 128/25% 11/992 1.68
4* Alpha-1-antitrypsin P01009 128/25% 10/700 1.84
5% Alpha-1-antitrypsin P01009 112/34% 71543 1.45
6* Alpha-1-antitrypsin P01009 242/58% 11/1178 1.67
7* Alpha-1-antitrypsin P01009 105/26% 8/669 1.20
8* Alpha-1-antitrypsin P01009 136/36% 11/618 1.34
9 Alpha-1-antitrypsin P01009 NA 1/37 0.66
10* AMBP protein P02760 NA 2/39 0.92
11% AMBP protein P02760 NA 2/46 0.97
12* Apolipoprotein A-IV P06727 NA 3/44 1.17
13* Apolipoprotein E P02649 65/35% 71130 1.92
14* Ceruloplasmin P00450 NA 4/61 0.82
15* Complement C3 beta chain P01024 65/19% 4/50 0.44
16* Complement C3 beta chain P01024 82/18% 5/141 1.10
17* Complement C3 beta chain P02768 NA 4/128 0.82
18 Complement factor B P00751 NA 2/37 0.98
19 Complement factor B P00751 NA 3/112 1.51
20* Haptoglobin P00738 NA 3/62 0.21
21* Haptoglobin P00738 NA 5/195 0.79
22% Haptoglobin P00738 61/16% 4/222 0.63
23* Haptoglobin P00738 NA 3/53 1.34
24 Ig kappa chain C region P01834 NA 2/165 3.12
25 Ig kappa chain C region P01834 NA 3/95 1.63
Ig lambda chain C regions P01842 NA 2/45
26 Ig kappa chain C region P01834 NA 3/235 0.32
Ig lambda chain C regions P01842 NA 2/145
27 Ig kappa chain C region P01834 NA 2/66 1.32
28 Ig kappa chain C region P01834 57/48% 3/256 4.07
29 Ig kappa chain C region P01834 NA 3/131 3.51
30 Ig kappa chain C region P01834 NA 3/86 1.57
Ig lambda chain C regions P01842 NA 2/48
31 Ig kappa chain C region P01834 NA 3/93 0.20
32 Ig kappa chain C region P01834 NA 3/112 2.33
33 Ig lambda chain C regions P01842 NA 3/110 0.36
34* Interalpha-trypsin inhibitor heavy chain H4 Q14624 108/19% 6/121 0.46
35% Interalpha-trypsin inhibitor heavy chain H4 Q14624 NA 1/49 0.84
36* Pigment epithelium-derived factor P36955 NA 3/170 2.22
37* Plasma retinol-binding protein P02753 NA 5/219 0.82
38* Plasma retinol-binding protein P02753 NA 3/108 0.55
39* Plasma retinol-binding protein P02753 NA 2/55 6.50
40* Serotransferrin P02787 125/24% 11/395 0.34
41* Serotransferrin P02787 167/25% 11/546 1.14
42* Serotransferrin P02787 186/27% 12/442 0.71
43* Serotransferrin P02787 93/14% 8/455 2.07
44* Serotransferrin P02787 138/26% 8/456 0.25
45* Serum albumin P02768 116/44% 5/132 0.48
46 Serum albumin P02768 118/30% 71156 0.54
47 Serum albumin P02768 NA 4/123 2.19
48 Serum albumin P02768 81/18% 8/382 0.61
49 Serum albumin P02768 105/26% 4/94 0.82
50 Serum albumin P02768 NA 4/68 1.07
51 Serum albumin P02768 92/18% NA 0.65
52 Serum albumin P02768 61/11% 3/140 1.19
53 Serum albumin P02768 76/19% 5/205 4.77
54 Serum albumin P02768 NA 3/117 1.84
55 Serum albumin P02768 NA 4/125 2.07
56 Serum albumin P02768 69/13% 4/169 2.18
57 Serum albumin P02768 NA 71141 0.95
58 Serum albumin P02768 NA 71215 0.88
59 Serum albumin P02768 NA 3/137 1.36
60 Serum albumin P02768 NA 6/180 0.87
61 Serum albumin P02768 75/20% 6/139 0.57
62 Serum albumin P02768 70/20% 4/85 0.87
63 Serum albumin P02768 NA 3/62 1.95
64 Serum albumin P02768 162/44% 6/136 2.49
65 Serum albumin P02768 155/46% NA 2.80
66 Serum albumin P02768 149/49% 5/112 5.93
Ig gamma-1 chain C region P01857 NA 1/28
67 Serum albumin P02768 NA 5/128 5.61
Ig gamma-1 chain C region P01857 NA 2/82
68 Serum albumin P02768 159/44% 5/168 21.43
Ig gamma-1 chain C region P01857 NA 3/207
69* Vitamin D-binding protein P02774 70/34% 5/288 1.13
70% Vitamin D-binding protein P02774 69/39% 5/271 1.57
71* Zinc-alpha-2-glycoprotein P25311 93/46% 3/69 3.71
72% Zinc-alpha-2-glycoprotein P25311 100/36% 3/101 1.45

“PMF, peptide mass fingerprinting; MS/MS, tandem mass spectrometry; NA, not applicable (identification by MS or MS/MS was not done or was
unsuccessful); E/P, eluate-to-plasma ratio of relative spot intensity. (*) Spots whose measured MW and pI were in agreement with their theoretical values.
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Table 2. Proteins Identified in Prometh 2 Eluate (P2)*
Swiss-Prot PMF score/ MS/MS peptide no./
spot no. protein name entry sequence coverage total ion score E/P
1* Alpha-1-antitrypsin P01009 193/50% 10/641 1.53
2% Alpha-1-antitrypsin P01009 260/61% 12/1099 1.24
3* Alpha-1-antitrypsin P01009 239/59% 11/1074 1.33
4* Alpha-1-antitrypsin P01009 266/59% 12/1097 0.98
5% Alpha-1-antitrypsin P01009 200/55% 10/773 1.20
6* Ceruloplasmin P00450 114/16% 14/585 1.03
7 Ceruloplasmin P00450 96/19% 12/231 0.55
8 Ceruloplasmin P00450 156/31% 8/112 1.57
9% Clusterin P10909 NA 3/66 2.72
10* Clusterin P10909 NA 2/64 2.93
11* Complement C3 P01024 94/16% 10/143 3.47
12* Complement C4-A (alpha chain) POCOL4 NA 10/497 2.07
13* Complement C4-A (alpha chain) POCOL4 62/9% 12/588 1.52
14* Complement C4-A (alpha chain) POCOL4 66/6% 6/219 2.43
15* Complement C4-A (alpha chain) POCOL4 66/8% 9/240 1.90
16* Complement C4-A (alpha chain) POCOL4 79/13% 13/525 3.21
17* Complement C4-A (alpha chain) POCOL4 69/11% 10/526 1.39
18* Complement C4-A (gamma chain) POCOL4 NA 4/116 3.06
19* Complement C4-A (gamma chain) POCOL4 NA 5/102 6.19
20* Complement C4-A (gamma chain) POCOL4 NA 71187 8.23
21* Complement C4-A (gamma chain) POCOL4 NA 9/275 2.88
22 Complement C4-A POCOL4 122/15% 12/364 1.28
23 Complement C4-A POCOL5 NA 9/180 0.33
24* Complement factor B POCOL5 NA 1/45 0.34
25 Complement factor B P00751 NA 4/118 3.42
26 Complement factor B P00751 NA 3/80 1.43
27* Fibrinogen beta chain P02675 NA 3/81 0.36
28* Fibrinogen beta chain P02675 NA 2/60 0.39
29* Fibrinogen gamma chain P02679 94/47% 3/37 0.16
30* Fibrinogen gamma chain P02679 104/49% 7/145 0.20
31* Haptoglobin P00738 NA 7170 0.63
32* Haptoglobin P00738 56/29% 9/166 1.10
33* Haptoglobin P00738 NA 2/43 0.63
34* Haptoglobin P00738 NA 2/41 0.52
35* Hyaluronan-binding protein 2 Q14520 NA 8/460 13.7
36 Ig alpha-1 chain C region P01876 83/32% 9/548 0.35
37 Ig gamma-1 chain C region P01857 NA 4/325 0.37
Ig gamma-2 chain C region P01859 NA 3/89
38 Ig gamma-1 chain C region P01857 NA 5/384 0.51
Ig gamma-2 chain C region P01859 NA 5/143
39 Ig gamma-1 chain C region P01857 NA 5/364 0.78
Ig gamma-2 chain C region P01859 NA 4/81
40 Ig gamma-1 chain C region P01857 104/54% 71498 0.84
Ig gamma-2 chain C region P01859 NA 4/100
41 Ig gamma-1 chain C region P01857 84/42% 8/513 1.36
Ig gamma-2 chain C region P01859 NA 5/173
42 Ig kappa chain C region P01834 NA 3/175 1.26
43 Ig kappa chain C region P01834 NA 3/172 0.81
44 Ig kappa chain C region P01834 NA 3/162 1.20
45 Ig kappa chain C region P01834 NA 3/246 2.43
46 Ig kappa chain C region P01834 NA 3/305 1.24
47 Ig kappa chain C region P01834 NA 3/231 5.48
48 Ig kappa chain C region P01834 66/88% 3/277 4.45
49 Ig lambda chain C regions P01842 NA 1/32 1.97
50 Ig lambda chain C regions P01842 NA 3/68 0.72
51 Ig lambda chain C regions P01842 NA 3/178 1.16
52 Ig lambda chain C regions P01842 NA 3/227 0.45
53* Plasma retinol-binding protein P02753 62/37% 7196 10.57
54* Plasma retinol-binding protein P02753 NA 5/63 4.70
55* Plasma retinol-binding protein P02753 57/48% 6/370 7.78
56* Prothrombin P00734 217/47% 14/630 229
57* Serotransferrin P02787 73/12% 6/242 1.80
58* Serotransferrin P02787 251/42% 15/620 1.74
59* Serotransferrin P02787 210/43 13/508 1.62
60* Serotransferrin P02787 218/37% 14/641 1.41
61* Serotransferrin P02787 180/33% 14/798 1.28
62* Serotransferrin P02787 201/46% 15/856 2.25
63* Serotransferrin P02787 113/28% 12/359 1.95
64* Serum albumin P02768 169/48% 12/710 2.74
65 Serum albumin P02768 NA 1/33 3.27
66 Serum albumin P02768 NA 5/95 1.24
67 Serum albumin P02768 292/57% 15/679 436.97
68 Serum albumin P02768 56/28% 5/287 0.90
69 Serum albumin P02768 149/39% 13/792 5.78
70 Serum albumin P02768 76/17% 8/169 1.09
71 Serum albumin P02768 94/31% 13/521 1.35
72 Serum albumin P02768 124/36% 14/651 1.70
73 Serum albumin P02768 212/49% 14/853 10.07
74 Serum albumin P02768 178/43 10/182 10.86
75 Serum albumin P02768 234/55 14/404 9.61
76 Serum albumin P02768 173/42 8/49 9.50
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Table 2. Continued

research articles

Swiss-Prot PMF score/ MS/MS peptide no./
spot no. protein name entry sequence coverage total ion score E/P
77 Serum albumin P02768 80/17 8/191 14.75
78 Serum albumin P02768 NA 8/196 1.01
79 Serum albumin P02768 NA 11/433 1.58
80 Serum albumin P02768 NA 11/533 1.78
81 Serum albumin P02768 NA 11/638 1.99
82 Serum albumin P02768 NA 4/65 0.87
83 Serum albumin P02768 NA 4/70 1.40
84 Serum albumin P02768 NA 2/74 0.77
85* Transthyretin P02766n 68/50% 6/229 73.24
86* Transthyretin P02766 120/69% 8/538 33.39
87* Transthyretin P02766 110/54% 8/440 198.35
88* Transthyretin P02766 134/73% 9/821 13.65
89* Trypsin-2 P07478 NA 5/258 28.68
90* Vitamin D-binding protein P02774 57/30% 6/192 1.69
91* Vitamin D-binding protein P02774 65/31% 9/480 2.20
92* Vitronectin P04004 NA 4/277 3.48
93* Zinc-alpha-2-glycoprotein P25311 86/43% NA 0.41

“PMF, peptide mass fingerprinting; MS/MS, tandem mass spectrometry; NA, not applicable (identification by MS or MS/MS was not done or was
unsuccessful); E/P, eluate-to-plasma ratio of relative spot intensity. (*) Spots whose measured MW and pI were in agreement with their theoretical values.
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Figure 3. Molecular weight and pl differences between spots with eluate-to-plasma ratio greater than 2 and lower than 0.5. Data are
given as means and standard errors, separately for Prometh 1 eluate (P1) and Prometh 2 eluate (P2). Statistical significance tested with
rank sum test. MW = molecular weight, E/P = eluate-to-plasma ratio of spot intensity.

the identified proteins have been previously detected in human
plasma and some of them have been also reported to bind to
artificial materials in previously published articles (e.g., apo-
lipoprotein A-IV and transthyretin in a study by Bonomini et
al.;'?> complement C4, immunoglobulin light and heavy chains,
and vitamin D-binding protein in a study by Kim, et al.;** and
albumin, transferrin, and alpha-1-antitrypsin in both of these
two studies'®'%).

Positively identified proteins were then matched to corre-
sponding spots found in gels derived from plasma samples to
assess if there was any selectivity in adsorption of individual
proteins. Taking into account that 2-DE allows only estimation
of protein quantities and considering that reduced E/P ratio
might be due to imperfect elution of some proteins, it could
be delusive to draw a conclusion about adsorption profile of
proteins with mild enhancement or even gross decrement of
spot intensity. Very low eluate quantity of fibrinogen is almost
certainly due to its large molecule, which should be hardly
filtered from blood (sieving coefficient less than 0.1) and
therefore did not get into contact with adsorbers. On the other
hand, P2 eluate enrichment with albumin (bearing negative
charge) is in accordance with anion-exchanging properties of
Prometh 2 adsorber and the drop of serum albumin reported
by Evenepoel et al.?

In case of proteins with substantially high E/P ratios, an
assumption of preferential adsorption is probably well-justified.
The highest clearance was demonstrated in transthyretin
(synonym prealbumin) (spot nos. 85—88 in Figure 5b,e; average
E/P = 37, MW 16 kDa, pI 5.5), which is a tetrameric protein
synthesized in liver and involved in transporting thyroid
hormones. It is known to form complexes with retinol-binding
protein whose E/P ratio was elevated as well (spot nos. 53—55,
Figure 5b,e; average E/P = 8.7, MW 23 kDa, pI 5.8). Other
proteins with strikingly high E/P ratios included anionic trypsin
(spot no. 89, Figure 5b,e; E/P = 29, MW 26 kDa, pI 4.8),
prothrombin (spot no. 56, Figure 5a,d; E/P = 23, MW 70 kDa,
pI 5.6), and hyaluronan-binding protein 2 (HABP) light chain
(spot no. 35, Figure 5c¢,f; E/P = 13, MW 27 kDa, pI 7.7). These
three proteins belong to serine endopeptidase family (Peptidase
S1), suggesting a possible affinity of P2 adsorber for this group
of enzymes.

Since this is a single-patient study, it would be misleading
to draw conclusions about clinical impact (beneficial or
detrimental) of any specific protein’s removal. Nevertheless,
in several proteins, we can speculate about potential conse-
quences of their elimination. Transthyretin serves as a reliable
nutrition marker (both for protein and energy metabolism), and
its level decreases during inflammation and liver dysfunction.'®
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Figure 4. Scatter plot graphs of eluate-to-plasma ratio in relation to molecular weight (a and c) and pl (b and d) in Prometh 1 eluate (P1)
(a and b) and Prometh 2 eluate (P2) (c and d). Correlation coefficients (r) were determined with Spearman rank order correlation (p =
level of statistical significance). Logarithmic scale was used on Y-axis. E/P = eluate-to-plasma ratio of spot intensity, MW = molecular
weight.
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Figure 5. lllustration of marked differences in E/P relative quantities in low-abundance proteins in Prometh 2 eluate (P2) (a—c) compared
to the plasma (d—f). E/P = eluate-to-plasma ratio of spot intensity.

Although its diagnostic value in liver failure is markedly limited, further aggravate coagulation disorder invariably present in
the depletion of prealbumin/retinol-binding protein complex patients with severe liver dysfunction.
might have clinical implication due to impaired thyroxine and Activated (two-chain) form of HABP has been detected in

retinol transport. Similarly, prothrombin deprivation may P2 as evidenced by protein’s MW and amino acid sequence

H Journal of Proteome Research  Vol. xxx, No. xx, XXXX



Proteins Eliminated by Prometheus System

covered by MS/MS. HABP activation has been observed to
occur upon liver injury, at least in animal model, thus, leading
to cleavage of urokinase type plasminogen activator which in
turn activates matrix metalloproteases and triggers extracellular
matrix degradation.'® Therefore, it has been proposed that
hepatic injury-specific activation of HABP may act as an early
factor in the cascade responsible for tissue remodeling follow-
ing liver damage.'® Besides that, HABP amino acid sequence
is homologous to that of hepatocyte growth factor activator,'”
and HABP has been reported to exert antiangiogenic effect.'®
Given these circumstances, it is conceivable that selective
clearance of HABP might have direct influence on liver
regeneration.

In summary, we identified for the first time a large number
of proteins eliminated by adsorption to the Prometheus extra-
corporeal liver support system. There were also some degrees
of selectivity of proteins preferentially bound to two Prometheus
adsorption units; Prometh 1 preferentially adsorbed high-MW
proteins, whereas Prometh 2 preferentially adsorbed acidic
proteins. Some of the proteins found in eluates could imply
safety concerns; however, concluding on their clinical relevance
is beyond the scope of this study. To address such challenge,
a larger clinical trial would be necessary.

Abbreviations: ACN, acetonitrile; ALT, alanine aminotrans-
ferase; AST, aspartate aminotransferase; CHAPS, 3-[(3-chola-
midopropyl)dimethylammonio]-1-propanesulfonate; CHCA,
o-cyano-4-hydroxycinnamic acid; 2-DE, 2-dimensional elec-
trophoresis; DTT, dithiothreitol; E/P, eluate-to-plasma ratio
(spot intensity); IAA, iodoacetamide; IEF, isoelectric focusing;
IPG, immobilized pH gradient; IL, interleukin; MALDI, matrix-
assisted laser desorption/ionization; MW, molecular weight;
MS, mass spectrometry; MS/MS, tandem mass spectrometry;
PBS, phosphate buffered saline; PMF, peptide mass fingerprint-
ing; SDS, sodium dodecyl sulfate; TFA, trifluoroacetic acid; TNF,
tumor necrosis factor; TOF, time-of-flight.
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Dialyser bioincompatibility is an important factor
contributing to complications of hemodialysis with well
known systemic consequences. Here we studied the local
processes that occur on dialysis membranes by eluting
proteins adsorbed to the polysulfone dialyser membranes
of 5 patients after 3 consecutive routine maintenance
hemodialysis sessions. At the end of each procedure,

a plasma sample was also collected. These eluates and
their accompanying plasma samples were separated by
2-dimensional gel electrophoresis, and all proteins that
were present in all patients were analyzed by tandem
mass spectrometry and a ratio of the relative spot intensity
of the eluate to plasma ratio was calculated. Out of

153 proteins detected, 84 were found in all patients, 57 of
which were successfully identified by mass spectrometry as
38 components of 23 unique proteins. In 10 spots the relative
eluate intensity differed significantly from that in the plasma
implying preferential adsorption. These proteins included
ficolin-2, clusterin, complement C3c fragment and
apolipoprotein A1. Our finding of a selective binding of
ficolin-2 to polysulfone membranes suggests a possible
role of the lectin complement pathway in blood-dialyser
interactions.
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Hemodialyser bioincompatibility has long been established as
an important factor in various complications accompanying
both chronic and acute hemodialysis (HD). Several aspects of
biological response triggered by blood exposure to a dialyser,
namely coagulation, complement level, and leukocyte activa-
tion, were recognized shortly after the introduction of the
artificial dialysis membrane into clinical practice."” In the
past decades, we gathered comprehensive information cover-
ing metabolic consequences of these processes; that is,
chronic micro-inflammation, enhanced oxidative stress, and
pro-coagulant condition.” Although difficult to link directly
with increased mortality, bioincompatibility is held (at least
partially) responsible for accelerated atherosclerosis, mal-
nutrition, and thrombotic diathesis found in HD patients.7_9

Although we have ample data regarding systemic effects of
the interaction between artificial material surface and blood,
its molecular substrates remain obscure. Yet, understanding
the mechanisms responsible for foreign pattern recognition
and launching a subsequent reaction cascade could help us to
develop better-tolerated materials, and to prevent the adverse
sequelae. Most studies addressing this issue were accom-
plished under simplified laboratory conditions (by means of
phantoms and pre-fractionated plasma),'®™* or targeted onto
a predefined set of molecules.'>™* However, to investigate the
subject in its full complexity and in an unbiased manner, the
elution of dialysers used in regular HD and in the proteomic
approach is crucial.

Therefore, the aim of our study was to verify the elution
algorithm eligible for proteomic analysis, to landmark the
eluate proteome, and to qualify the potential molecules
involved in the blood-dialyser interaction. To the best of our
knowledge, this is the first trial studying with proteomic
method the full spectrum of proteins adsorbed by a
hemodialyser in a clinical setting.

RESULTS

The protein concentrations of both eluate (acetic acid) (449
(98.9, 2487.3)mg/l) and washout (ethylenediaminetetra-
acetic acid in phosphate buffered saline, PBS/EDTA) (260.3
(156, 779.4) mg/1) were significantly higher (P<0.001) than
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in the final 10-ml flush (Plasmalyte) (24.4 (19.2, 27.6) mg/l).
The difference in protein concentrations between eluate and
washout was not statistically significant (P =0.17). Although
the variation in protein content was relatively low in the flush
(coefficient of variation, CV =22%), it was considerably
higher in the washout (CV=152%) and in the eluate
(CV =154%). Nevertheless, protein concentrations were
closely correlated in the latter two samples (r=0.82,
P<0.001).

In total, 45 gels derived from 15 dialyser eluates and the
corresponding plasma samples were analyzed. A representa-
tive two-dimensional (2D) gel-scanned image is shown in
Figure 1 to demonstrate the typical eluate proteome map.
There were 153 spots detected in at least one eluate sample,
84 of them were found in all 5 patients, and 44 were present
in all procedures. Protein spots were distributed along the
molecular weight (MW) range of 15-175kDa and pI range of
3.4-8.9. However, 95% of the overall protein spot intensity
was localized inside the interval of MW of 18-85 kDa and pl
of 3.4-7.7. Besides that, samples of the PBS/EDTA washout
from three dialysers were used to prepare another nine gels

MW (kDa)

Figure 1|Representative two-dimensional gel image of
dialyser eluate. Spots labeled with numbers were successfully
identified by tandem mass spectrometry analyses (see Table 1).
MW, molecular weight.
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and compared with corresponding plasma and eluate spot
patterns. As all the spots detected in the washout were
present in the acetic eluate as well, and the quantitative
analysis of relative spot intensities did not show any
significant differences between the washout and plasma, only
acetic eluates were submitted for further analysis.

Spot distribution is shown in Figure 2. Spots detected in
all patients (n=284) were excised from gels; 57 spots (those
labeled with numbers in Figure 1) were successfully identified
by mass spectrometry (MS) and tandem mass spectrometry
(MS/MS) analyses as 38 components of 23 unique proteins
(Table 1). Some of the identified spots contained multiple
isoforms of one protein (most likely because of post-
translational modifications), for example, ficolin-2 (spots
no. 31-35) or custerin (spots no. 23-25). The protein identifica-
tions were further verified by the comparison of measured pl
and MW (estimated by the coordinates of the spots in gel)
with their theoretical values (as predicted by the protein
database). Confirmed identifications are marked with an
asterisk in Table 1. Discrepant MWs were common particu-
larly in albumin (spots no. 28, 29, 38-40) and in hemoglobin
(spots no. 30, 42, 44) co-migrated with another protein.

In several protein spots (that is, complement C3,
mannose-binding lectin-associated serine proteases (MASP)
1 and 2), the measured MWs were lower than the theoretical
ones. This difference could be explained by the enzymatic
cleavage of their inactive forms. Figure 3 illustrates peptide
fragments and amino acid sequences of these proteins
established with MS and MS/MS analyses, and indicates the
presence of proteolytic cleavage products rather than full-
length or native forms. Moreover, MW and pl measured
in 2D gels corresponded better with the theoretical values
of their respective fragments: C3 complement (spot no. 26;
measured MW: 37kDa, pl: 4.8) vs C3c a-chain fragment 2
(theoretical MW: 39.5kDa, pl: 4.8); MASP-1 (spot no. 47;
measured MW: 44kDa, pl: 4.0) vs MASP-1 heavy chain
(theoretical MW: 49 kDa, pl: 4.9); and MASP-2 (spot no. 48;
measured MW: 39kDa, pl: 5.5) vs MASP-2A (theoretical
MW: 47.7kDa, pl: 5.4).

The variability of eluate intensities of the corresponding
spots among patients (CV inter-individual) ranged from 6 to

T

35

Number of spots (% total)

pl ranges

Figure 2 | Basic characteristics of proteins detected in dialyser eluate. (a) Molecular weight (MW) and (b) pl distributions of proteins

in dialyser eluate. Percentage per category of total spot number
is given.
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Table 1| Proteins identified in eluates from dialysers used in clinical hemodialysis

Spot Swissprot PMF score/sequence MSMS peptide no./total ion CV inter-individual  E/P
no. Protein name entry coverage score (%) ratio
1 78 kDa glucose-regulated protein®  P11021 107/29% 4/110 36 0.65
Actin, a-cardiac muscle 12 P68032 60/25% NA 81 1.74
Actin, cytoplasmic 17 P60709 174/51% 9/723
3 Actin, cytoplasmic 12 P60709 64/45% 4/203 53 NM
4 Actin, cytoplasmic 1° P60709 NA 1/56 26 1.19
5 Albumin? P02768 260/69% 10/833 6 0.83
6 o-1-Antitrypsin® P01009 162/52% 4/413 13 0.93
7 o-1-Antitrypsin® P01009 194/54% 6/542
8 o-1-Antitrypsin® P01009 226/52% 6/425
9 o-1-Antitrypsin® P01009 140/43% 4/238
10 o-1B-glycoprotein P04217 113/33% 5/273 25 0.82
1 a-1B-glycoprotein P04217 180/41% 8/261 17 0.92
12 Antithrombin-lll P01008 NA 1/52 25 NM
13 Apolipoprotein A-I? P02647 77/22% 6/234 45 0.73
14 Apolipoprotein A-I? P02647 121/50% 5/327 18 2.06"
15 Apolipoprotein A-I? P02647 NA 1/37 38 29.89"
Peroxiredoxin-2° P32119 132/41% 7/426
16 Apolipoprotein E* P02649 240/71% 9/962 176 11.44
17 Apolipoprotein E? P02649 113/41% 5/133
18 B-2-Glycoprotein 1 P02749 95/48% 5/292 66 0.70
Ig a-1 chain C P01876 NA 4/72
19 B-2-Glycoprotein 1 P02749 83/47% 6/401 52 0.27*
Ig a-2 chain C P01877 NA 4/221
20 B-2-Glycoprotein 1 P02749 59/20% 3/132 22 0.24*
Ig a-2 chain C P01877 NA 1/31
21 f3-2-Glycoprotein 1 P02749 NA 1/44 49 0.52
22 Carbonic anhydrase 1° P00915 NA 4/279 69 NM
Flavin reductase P30043 NA 1/48
23 Clusterin® P10909 71/34% 2/112 90 9.08"
24 Clusterin® P10909 NA 3/61
25 Clusterin® P10909 NA 1/76
Apolipoprotein E? P02649 132/29% 6/135
26 Complement C3 P01024 66/13% 8/452 55 3.20"
27 Complement factor H? P08603 103/18% 6/394 79 NM
28 Complement factor H-related Q03591 NA 2/109 152 NM
protein 1
Albumin P02768 95/25% 5/186
29 Fibrinogen y-chain® P02679 94/47% 3/37 88 0.52
Albumin P02768 118/22 2/84
30 Fibrinogen B-chain® P02675 NA 3/81 31 0.275
Hemoglobin subunit-o P69905 NA 2/152
Hemoglobin subunit-$ P06727 NA 4/181
31 Ficolin-2° Q15485 NA 2/49 60 26.12%
32 Ficolin-2? Q15485 132/52% 6/554
33 Ficolin-22 Q15485 93/44% 7/470
34 Ficolin-2? Q15485 119/44% NA
35 Ficolin-22 Q15485 85/28% 5/419
36 Haptoglobin P00738 91/28 6/353 29 0.88
Apolipoprotein A-IV® P06727 45/17% NA
37 Haptoglobin® P00738 NA 1/31 14 0.94
Apolipoprotein A-IV® P06727 206/44% 8/441
38 Haptoglobin® P00738 88/17% 3/112 41 1.41
Albumin P02768 159/34% 6/336
39 Haptoglobin® P00738 NA 4/217 41 1.37
Albumin P02768 177/41% 7/451
40 Haptoglobin® P00738 NA 5/60 46 0.91
Albumin P02768 122/37% 5/261
41 Haptoglobin P00738 NA 4/224 57 1.82
42 Hemoglobin subunit-o P69905 59/58% 5/382 32 482"
Hemoglobin subunit-$ P06727 101/78% 2/82
Ig k-chain C P01834 NA 4/407
43 Hemoglobin subunit-o P69905 NA 2/152 39 39.22*
Hemoglobin subunit-$? P06727 NA 4/181
44 Ig y-1-chain C P01857 74/41% 2/86 72 6.04
Ig y-2-chain C P01859 89/34% 4/130

Table 1 continues on following page
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Table 1| Continued

Spot Swissprot PMF score/sequence MSMS peptide no./total ion CV inter-individual  E/P

no. Protein name entry coverage score (%) ratio
Hemoglobin subunit-o P69905 NA 2/152
Hemoglobin subunit-$ P06727 NA 4/181
Complement factor H-related Q03591 91/31% 5/300
protein 1°

45 Ig k-chain C region P01834 56/75% 3/269 21 0.44"
Ig A-chain C regions P01842 NA 1/100

46 Lysozyme C P61626 NA 1/47 116 NM
Proline-rich protein 4 Q16378 NA 1/30

47 Mannan-binding lectin serine P48740 81/21% 6/374 77 NM
protease 1

48 Mannan-binding lectin serine 000187 NA 2/70 17 NM
protease 2

49 Plastin-2° P13796 70/27% 3/245 29 0.75

50 Serotransferrin® P02787 NA 2/62 19 1.04

51 Serotransferrin? P02787 65/13% 2/92

52 Serotransferrin® P02787 82/20% NA

53 Serotransferrin? P02787 170/27% 8/561

54 Serum amyloid P? P02743 60/24% 4/134 19 1.10

55 Vimentin® P08670 289/65% 10/726 16 1.04

56 Vitamin D-binding protein® P02774 NA 4/339 28 1.13
Vimentin® P08670 193/46% 6/271

57 Vitamin D-binding protein® P02774 105/31% 8/536 91 1.46

CV, coefficient of variance; E/P, eluate-to-plasma ratio of relative spot intensities; MSMS, tandem mass spectrometry; MW, molecular weight; NA, not applicable (identification
by mass spectrometry (MS) or tandem mass spectrometry (MS/MS) was not done or was unsuccessful); NM, not matched (eluate spot could not be matched with plasma

unambiguously); PMF, peptide mass fingerprinting.

Mean E/P ratios (from five patients, three hemodialysis procedures each) are given for all proteins matched to plasma. Relative protein spot intensities were compared in

eluates and plasma (*P<0.01, *#P<0.001).

For proteins represented by multiple spots, cumulative intensities of all spots were used to calculate CV and E/P. Therefore, only one value is given for each variable covering

all spots containing a specific protein.

#Spots which measured MW and pl were in agreement with their theoretical values.

176% (Table 1), whereas the method variability (mean CV
inter-gel) reached 27%. A comparative analysis of the eluate
proteome to matched plasma profile of the respective
patients revealed significant differences (with > two-fold
changes in the eluate-to-plasma (E/P) ratio, P<0.01) in
levels of 10 proteins (Table 1). Relative intensities of high-
abundant plasma proteins (albumin, transferrin, hapto-
globin, o-1-antitrypsin) in eluates were similar to plasma
(E/P =0.5-2) (Table 1). Only fibrinogen B- and y-chains were
depleted in eluates (spot no. 30, E/P =0.28 and spot no. 29,
E/P=0.52, respectively), whereas immunoglobulin light
chains seemed enriched (spot no. 42, E/P=4.8) (Table 1).
Nevertheless, the latter spot was co-migrated with hemoglo-
bin o- and B-chains, and the spot intensity varied profoundly
among samples. In several low-abundant plasma proteins,
pronounced differences in eluate and plasma intensities were
detected ranging from E/P =3.2 (P =0.007) for complement
C3 (spot no. 26; Figure 4) to E/P =26.1 (P<0.001) in the case
of ficolin-2 (spots no. 31-35 cumulative intensity; Figure 4).
Figure 5 shows quantitative data of plasma proteins, the levels
of which were significantly higher in eluates than those in the
plasma. Naturally, several intracellular proteins, for example,
hemoglobin (spot no. 43) or peroxiredoxin (spot no. 15), reached
an even higher E/P ratio (39 and 29, respectively), or were
not matched to plasma at all (spot no. 22; carbonic anhydrase,
flavin reductase). Therefore, hemoglobin was considered the
major contaminant released from erythrocytes entrapped
within the dialysers. To avoid an error in the assessment of

eluate protein quantities (and consequently E/P ratios), spots
containing hemoglobin were excluded from the integrated
spot density while calculating relative intensities.

DISCUSSION

Proteins adsorbed to the polysulfone dialysis membrane
during clinical HD were investigated using proteomic tools in
five patients treated with chronic HD. A stepwise elution of
the dialysers was performed following routine procedures,
thrice in each patient. Proteins thus obtained were separated
by electrophoresis on two-dimensional polyacrylamide gels
(2-DE), and their relative intensities were measured. The
results were then compared with the corresponding plasma
protein patterns. Prominent spots were excised and identified
by MS.

To minimize the contamination of desorbed proteins, we
adopted a sequential elution algorithm. As soon as the
patient was disconnected, the dialyser was flushed with saline
to remove the residual plasma and cells. Protein concentra-
tion in the final 10 ml of this flush was negligible (compared
with plasma) and similar in all patients, suggesting simple
kinetics of plasma washout. In the next step, we applied
EDTA solution, which had been shown earlier to detach
adhering leukocytes more effectively than PBS alone.”’
Finally, elution with acetic acid was performed, because it had
been used successfully to solubilize adsorbed proteins while
preserving them for proteomic analysis.** Protein denatura-
tion and solubilization, necessary for 2D electrophoresis, can

Kidney International
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Figure 3 | Peptide fragments and sequence coverage of complement C3 and mannose-binding protein-associated serine protease-1
(MASP-1) identified in dialyser eluate. Complement C3 (a) and MASP-1 (b) amino acid sequences (in one-letter code). C3c a-chain
fragment 2 (1321-1663) and MASP-1 heavy chain (20-448) are framed within a box. Peptides covered by peptide mass fingerprinting are
highlighted in bold; sequences confirmed by tandem mass spectrometry are underscored.

be achieved by means of acidic, alkaline, chaotropic, or
detergent agents. Ishikawa et al®* report, having tested
acetic acid, bicarbonate, urea, and sodium dodecylsulfate
(SDS) to find, acetic elution to be the most efficient. This
observation has been confirmed by us; acetic acid has been
shown to be superior to SDS in a preliminary sequential
elution study.

In our experiment, recirculation with PBS/EDTA yielded a
protein at a concentration an order of magnitude higher than
the final portion of PBS flush. This protein gain can be
explained by the release of proteins attached to the dialyser,
considering the inert nature of PBS, probably because of
convective forces and equilibrium shift between adsorp-
tion and desorption occurring in a protein-free medium.
Moreover, the protein profile of the PBS/EDTA washout
resembled that of acetic eluate. The following elution with
acetic acid induced an additional discharge of more firmly
bound proteins, which even slightly exceeded the first one.
Taking into account the high variation of the protein con-
tent, the adsorption seems to be patient- and procedure-
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dependent. The described advantage of acidic eluent over
other solvents can be theoretically attributed to the surface
negativity of polysulfone membrane ({-potential —5mV),
which would be suppressed by strong anions thus dissociat-
ing electrostatic bindings.

In eluates, the complete spectrum of MW and pl fractions
detectable with the 2-DE technique was discovered, thus
substantiating the use of proteomic rather than the targeted
approach. Of the 153 protein spots, 84 were present in all
patients constituting the typical proteome adsorbed to a
hemodialyser during clinical HD. Among them, 23 unique
proteins were identified with MS. Most of them were
plasma proteins, both high (serum albumin, transferrin,
o-1-antitrypsin, haptoglobin, immunoglobulin chains) and
low abundant (MASP-1 and MASP-2, ficolin-2, clusterin,
etc.). However, several proteins arose from the blood cells,
mainly erythrocytes (hemoglobin o- and B-subunits, peroxi-
redoxin, carbonic anhydrase).

The only available trial addressing a similar issue with pro-
teomic technology was performed ex vivo, using minidialysers
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composed of cellulose diacetate or ethylenevinyl alcohol,
and blood treated with EDTA."> Nine proteins, mostly high
abundant, were identified in this model, all of which were
also detected in our setting, except aspartyl-tRNA synthetase.

Yet, none of these proteins were clearly related to comple-
ment, coagulation, or leukocyte activation.

Mulzer and Brash *° selected 16 plasma proteins, mainly
those engaged in blood clotting and complement activa-
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Figure 4 |Enlarged images of corresponding sections in
gels derived from dialyser eluate and plasma. Significant
differences in relative intensities of plasma proteins identified
in (a) dialyser eluate compared with (b) plasma. The highest
eluate-to-plasma ratio (E/P) of spot intensity was detected in
ficolin-2 (spots no. 31-35), clusterin (spots no. 23-25), and
complement C3c fragment (spot no. 26).

tion, and tested their presence in various dialyser eluates
using specific immunoassays. All high-abundance proteins
reported in this experiment were also identified by us,
namely albumin, transferrin, immunoglobulin, fibrinogen,
o-1-antitrypsin, apolipoproteins, and haptoglobin. Mulzer
and Brash® found the adsorption of low-abundance proteins
to be largely dependent on the dialyser type. Cuprophane,
which is considered standard in terms of bioincompatibility,
bound substantially various cleavage products of HMWK
(high MW kininogen), antithrombin III, C3 (mainly C3c
and C3d), fibronectin, and o2-macroglobulin. Of these, the
C3c fragment and antithrombin III stained as strong bands
during immunoblot and were also confirmed in our study.
The absence of HMWK, fibronectin, and 2-macroglobulin
fragments in our experiment may reflect different properties
(biocompatibility) of polysulfone, as well as the lower sen-
sitivity of MS detection (respective bands were assessed as
moderate or weak by Mulzer and Brash *°).

Several lines of references indicate that many of the
adsorbed proteins identified in this study are involved in
blood-dialyser interaction. These included complement C3,
ficolin-2, clusterin, MASP-1, MASP-2, complement factor H,
and complement factor H-related protein 1, which partici-
pate in complement activation, as well as*>~° fibrinogen,
antithrombin, and B-2-glycoprotein-1, which control blood
coagulation,“’32 and serum amyloid P, which mediates
leukocyte adhesion and activation.”®> To ascertain proteins
undergoing selective adsorption, and hence possibly a spe-
cific interaction with the dialyser membrane, we calculated
E/P ratios. Although 2-DE allows only estimation of protein
quantities, and low E/P may be caused by imperfect elution,
as well as by lack of affinity to the dialyser; it is reasonable to
consider high E/P as evidence of preferential binding. In this
manner, the relevance of ficolin-2 and clusterin has been
emphasized.

Ficolin-2 (MW =34KkDa, its synonyms include r-ficolin
and hucolin) is a lectin family member secreted in the
plasma, and complexed with serine proteases, particularly
MASP-1 and MASP-2. It acts as a soluble pattern recognition
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Figure 5 |Plasma proteins identified in dialyser eluate and reaching significantly different relative spot intensities in eluate vs
plasma. Statistical significance was tested using Mann-Whitney rank sum test.
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protein, which upon binding to polysaccharide bacterial wall
promotes auto-cleavage of MASPs, and thus initiates the
lectin complement pathway.”* In addition, it has an opsonic
activity,>*® and both MASP proteases cleave prothrombin
and trigger blood clotting.””*® The role of the lectin pathway
in biomaterial-induced inflammation has not been evaluated
so far, and both alternative and classical pathways have been
attributed major significance. According to the accepted
models, the classical pathway accounts for the initiation of
the process, whereas the alternative pathway (demonstrated
by complement factor B conversion) is responsible for its
ampliﬁcation.39 Nevertheless, it may be difficult to discern
the classical from the lectin pathway, as most studies dealing
with this issue determine complement activation according
to C5a or C4a levels, and this part of the cascade is shared by
both pathways. Namely, the activated MASP cleaves C4, which
in turn activates C2 thus, giving rise to C3 convertase (C4b2a);
C3Db is central to all the three pathways. Substrate specificity of
the ficolins has been addressed before, and includes various
kinds of acetylated oligosaccharides;‘w’41 however, a possible
capacity of polysulfone membrane to activate ficolin-2 and
associated MASP should be confirmed directly.

Our data show excessive binding of ficolin-2 (spots
no. 31-35; E/P=26.1) in a clinical setting together with C3c
fragment (spot no. 26; E/P = 3.2). C3c is a degradation product
of activated C3b providing evidence of both C3 activation
and subsequent C3b inactivation. Relative abundance of
C3c in eluates from cuprophane dialysers was reported in
early studies, whereas only minimal amounts of C3d were
obtained.”>** This is easily comprehensible as the latter
fragment contains the thioester site covalently binding to the
surface,” and its release is not probable under the described
elution conditions. Moreover, we documented the concurrent
presence of the activated forms of MASP-1 (spot no. 47) and
MASP-2 (spot no. 48)** which infer a possible connection
between ficolin adsorption and C3 activation. Therefore, it is
conceivable that ficolin-2 adsorption and lectin pathway
contribute to complement activation, as well as leukocyte
adhesion and perhaps even blood coagulation.

Factor H adsorption to polyanionic surfaces recognized as
‘self” and the subsequently enhanced degradation of C3b have
been shown to play a role in tissue protection from improper
complement-dependent lysis.”>*** Yet, complement factor
H and its related protein-1 (key regulatory molecules of the
alternative pathway) detected in our experiment showed low
relative quantities, and were hardly matched with the plasma
(complement factor H has MW >130kDa, and was located
in a low-resolution area on 13% gels). Quite speculatively,
adsorption of factor H and its related protein 1, evidenced in
our study, could be, in part, responsible for the accelerated
turnover of C3b (we showed the adsorption of its cleavage
fragment C3c only; no intact C3b was observed).

Another candidate biocompatibility factor derived from
our results is clusterin (complement cytolysis inhibitor, spots
no. 23-25; E/P =9.1), which is a plasma protein consisting of
two non-identical subunits (each ~35kDa). Clusterin has
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been shown to interfere with the soluble membrane attack
complex (C5b-9) formation, and to prevent (or limit)
cytolysis in this manner.*® Biological consequences of its
adsorption are difficult to predict; we may hypothesize that
enhanced clearance of clusterin by binding to the dialyser
membrane could increase the burden brought about by
complement activation due to lack of circulating clusterin
(as observed in experiment).47

In several other proteins, their role in the blood-
dialyser interaction (while plausible) is difficult to define.
The B-2-glycoprotein-1 is an important inhibitor of the
contact phase system neutralizing negatively charged surfaces
and suppressing the intrinsic blood coagulation pathway.
Binding of the B-2-glycoprotein-1 to a dialyser might have a
favorable effect on thrombogenicity, yet its eluate quantity
was significantly decreased (E/P below 0.5). Nevertheless, its
spots on the 2D gels overlapped with the immunoglobulin
heavy chains fraction, which might have substantially
corrupted the quantification. It has been proposed that actin
and vimentin co-assemble under the guidance of fimbrin
(1-plastin) at the cell adhesion sites of macrophages.*® All
these proteins were identified in the dialyser eluate; how-
ever, it is questionable whether their presence in the eluate
predicates more than leukocyte lysis.

In summary, we report an elution technique allowing the
preparation of proteins adsorbed to a dialyser during clinical
HD. The proteins obtained were subjected to gel electro-
phoresis and subsequently to MS to show their applicability
for proteomic profiling. To screen out proteins undergoing
preferential adsorption, and hence presumably a specific
interaction with the dialyser, we calculated the E/P ratios of
relative spot intensities. The proteins concentrated signifi-
cantly in the eluate were considered to be potentially engaged
in the blood-dialyser interaction. These criteria were met,
especially in ficolin-2 and clusterin, both of which play an
important role in complement activation (ficolin-2 is also
a potent opsonic agent). With respect to our data, we
hypothesize that the lectin pathway could contribute to
complement activation occurring on contact of human blood
with the polysulfone hemodialyser.

MATERIALS AND METHODS

Patients and treatment

Patients were recruited at the Hemodialysis Center of the Charles
University Teaching Hospital in Plzen, and the study protocol was
approved by the Institutional Ethics Committee. Inclusion criteria
were as follows: regular HD for more than 3 months, established
4-h dialysis thrice a week with F6 dialyser (polysulfone, 1.3 m?
Fresenius Medical Care, Bad Homburg, Germany), native arterio-
venous shunt allowing blood flow for 300 ml/min or more, and
heparin anticoagulation with a total dose (bolus+ continuous)
4000-6000i.u. as per procedure. Patients meeting the following
criteria were excluded from the study: current or past anti-
coagulation treatment (oral or parenteral) other than during the
dialysis session, history of thrombotic complication or known
coagulation disorder, diabetes mellitus, active inflammation,
malignancy, or liver disease. Within a 3-week screening period,
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the heparin dose was maintained, and the proportion of the
dialyser filled with coagulum was assessed visually at the end of
every procedure. A semi-quantitative scale commonly used in the
center was applied (1 =no visible clot; 2 =up to 50% capillaries in
the dialyser filled with clot; 3 = more than 50% capillaries filled with
clot; 4 =macroscopic coagulum in the lines, outside the dialyser;
5=complete obstruction of the extracorporeal circuit), and only
patients with a score of 1 or 2 were considered eligible.

Finally, five patients aged 58-82 years, treated with HD for 5-42
months were included in the study. In this group, hemodialysers
were eluted on three consecutive procedures, following the protocol
described below. All HD sessions were performed routinely; that is,
blood flow (300 ml/min), dialysate flow (500 ml/min), and ultra-
filtration rate (250-500 ml/h). At the end of the HD session, 4 ml of
plasma was collected, and blood residuum left in the lines was
retrieved using 250-ml rinse (Plasmalyte, Baxter, Deerfield, IL,
USA). Thereafter, the patient was disconnected from the system
and the dialyser was flushed immediately with another 1000 ml
Plasmalyte solution. The final 10 ml of this flush was gathered from
the dialyser outlet and stored at —80°C.

Elution protocol and sample preparation

The F6 dialyser has a declared priming volume of 78 ml. Initially, it was
emptied and directly filled with 80ml of 3mm EDTA (EDTA/PBS,
pH = 7.4), thereafter it was re-circulated with the peristaltic pump (flow
rate: 80 ml/min) at 24°C for 30 min to detach and wash out adhering
leukocytes. The dialyser was drained thereafter; the obtained fluid was
centrifuged at 1200 at 4°C for 10 min. The supernatant, denoted as
washout, was separated from the sediment containing cells and stored
at —80°C. The dialyser was immediately loaded with 80 ml of 40%
acetic acid, re-circulated again with a flow rate of 80 ml/min at 24°C
for 30 min, emptied, and the resulting eluate was centrifuged at 4000 g
at 4°C for 10 min to remove cellular detritus, and stored at —80°C.

To minimize salt contamination, eluates were dialyzed against
ultra-high quality water at 4°C (10 exchanges, 1.51 each) using a semi-
permeable membrane with a molecular mass cutoff at 7kDa (Serva-
Electrophoresis, Heidelburg, Germany) for 5 days. Dialyzed samples
were concentrated by vacuum evaporation (SpeedVac, Thermo Fisher
Scientific, Waltham, MA, USA), and the proteins were dissolved in a
lysis buffer (7w urea, 4% 3-[(3-Cholamidopropyl)dimethylammonio]-
1-propanesulfonate, 40 mm Tris base, 2 M Thiourea, 2% immobilized pH
gradient, IPG, buffer pH 3-10, 120 mu dithiotreitol, DTT). Blood samples
(4ml) were processed by centrifugation only (at 4000¢ and 4°C for
10 min) to separate plasma (supernatant). Protein concentrations in all
samples were assessed using Bradford’s dye-binding assay (Bio-Rad
Protein Assay, Bio-Rad Laboratories, Hercules, CA, USA).

To assess the effectivity of the elution process, we performed
additional studies evaluating a sequential elution with an SDS
detergent. Two dialysers were eluted consecutively either with
40% acetic acid followed by 10% SDS or vice versa. The protein
quantities obtained were 9.33 and 0.014mg using the eluent
sequence acetic acid-SDS, whereas 6.99 and 2.85mg were eluted
when the inverse order was used. However, in case of SDS sub-
sequent to acetic elution, the protein concentration (0.21 pg/ml) was
at the detection limit of the method.

Two-dimensional electrophoresis

Urea, CHAPS, Tris base, thiourea, SDS, DTT, IAA (iodacetamide),
and bromphenol blue used during the preparation were purchased
from Sigma (Sigma-Aldrich, Steinheim, Germany); immobilized

IPG buffer (ZOOM carrier Ampholytes 3-10) was purchased from
Invitrogen (Invitrogen Corporation, Carlsbad, CA, USA). Equally,
200-pg proteins in both the eluate and plasma samples were mixed
with rehydration buffer (7M urea, 4% CHAPS, 40 mm Tris base,
2 M Thiourea, 2% IPG buffer pH 3-10, 120 mm DTT, and a trace of
bromophenol blue) to obtain the final volume of 140 pl. Samples
were then rehydrated in IPG strips (7.7-cm length, pH 3-10
nonlinear; Invitrogen), and focused in a MiniProtean cell (Bio-Rad).
IPG strips were rehydrated passively for 1 h and actively for 10h at
30V, followed by a stepwise isoelectric focusing (IEF) as follows:
200V until 400 Vh were reached, 450V for another 500 Vh, 750V
for another 900 Vh, and finally 2000V for the other 10,000 Vh. After
isoelectric focusing, the IPG strips were equilibrated in the equili-
bration buffer 1 (112mm Tris-base, 6 M urea, 30% v/v glycerol,
4% w/v SDS, 130 mm DTT, and a trace of bromophenol blue) for
30 min, and subsequently alkylated in buffer 2 (112 mm Tris-base,
6 M urea, 30% v/v glycerol, 4% w/v SDS, 135 mm [AA, and a trace of
bromphenol blue) for 30 min. Each equilibrated IPG strip was placed
on the top of a 13% polyacrylamide gel (9 x 7 cm) and covered with
0.5% agarose. Second-dimension separation was performed with
65 mA per gel at 20°C until the bromophenol blue dye front reached
the bottom of the gel. At the end of each run, the 2D gels were
stained with Simply Blue (Invitrogen), and scanned with an Epson
Perfection 4990 Photo scanner (Epson, Long Beach, CA, USA).

2-DE pattern analysis and statistics

Computer-aided analysis of 2-DE gel images was carried out using
PDQuest 2D software version 8.1 (Bio-Rad). A synthetic image was
constructed out of the triplicated gels processed from each sample,
using only the spots constantly present in at least two gels. The
protein quantity was determined relative to the integrated spot
density. The intensity levels of the protein spots in the eluate
samples were compared with those of the corresponding or matched
spots of the plasma samples collected from the same patients, and
expressed as E/P ratios. Quantitative differences were considered
significant when showing at least a two-fold intensity variation. The
statistical analysis was performed using the SigmaPlot/SigmaStat
data analysis software (version 12.0, SPSS Inc., Chicago, IL, USA).
The inter-gel variability was determined as the CV of relative spot
intensities across triplicates. Moreover, the inter-individual vari-
ability (CV among patients) was assessed in identified spots.
Mann-Whitney rank sum test was used to compare the continuous
variables. Data are given as medians (ranges), differences were
considered statistically significant if the P-values were below 0.01.

In-gel tryptic digestion

Acetonitrile (ACN), ammonium bicarbonate, DTT, IAA, TFA
(trifluoroacetic acid), formic acid, and CHCA (a-cyano-4-hydroxy-
cinnamic acid) were purchased from Sigma. Spots detected in all
patients were excised manually. The SimplyBlue stain (Invitrogen
Corporation, Carlsbad, CA, USA) was removed by washing with
50 mM ammonium bicarbonate and ACN. Proteins in the gel were
reduced with 10 mm DTT/50 mm ammonium bicarbonate at 56°C for
45 min and alkylated with 55 mm IAA/50 mM ammonium bicarbonate
(for 30 min, in the dark at room temperature). Gel plugs were washed
with 50 mm ammonium bicarbonate and ACN and dried by SpeedVac.
Dried gel particles were rehydrated with a digestion buffer containing
12.5ng/ul sequencing grade trypsin (Roche, Basel, Switzerland) in
50 mM ammonium bicarbonate at 4°C. After 45min, the remaining
solution was removed and replaced by 0.1 M ammonium bicarbonate.
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Tryptic digestion was performed overnight (37°C). After digestion,
proteolytic peptides were subsequently extracted with 25 mm ammo-
nium bicarbonate, ACN, and 5% formic acid. The three extracts were
pooled and 10mm DTT solution in 50 mM ammonium bicarbonate
was added. The mixture was then dried using SpeedVac and the
resulting tryptic peptides were dissolved in 5% formic acid solution
and desalted using ZipTip nC18 (Millipore, Bedford, MA, USA).

MALDI (matrix-assisted laser desorption/ionization)

TOF (time-of-flight) tandem MS and protein identification
Proteolytic peptides were mixed with CHCA matrix solution (5 mg/ml
CHCA in 0.1% TFA/50% ACN 1:1, v/v) in a 1:1 ratio, and 0.8 pl of this
mixture was spotted onto the MALDI target. All mass spectra were
acquired at a reflectron mode using a 4800 MALDI TOF/TOF Analyzer
(Applied Biosystems, Framingham, MA, USA). A total of 2000 and
3000 laser shots were acquired and averaged to MS and MS/MS
spectra, respectively. The MS/MS analyses were performed using
collision energy of 1kV and collision gas pressure of 1.3 x 10~° Torr.
MS peaks with an signal to noise above 15 were listed, and the
15 strongest precursors with an signal to noise above 50 among the
MS peaks were automatically selected for MS/MS acquisition. A mass
filter was used to exclude autolytic peptides of trypsin.

The resulting data were analyzed using the GPS Explorer 3.6
(Applied Biosystems) software. Proteins were identified by search-
ing against the human subset of the Swissprot protein database
(Swiss Institute of Bioinformatics, Basel, Switzerland) (release 54.6;
4 December 2007) using the MASCOT 2.1.0 search algorithm
(Matrix Science, London, UK). The general parameters for the
peptide mass fingerprinting search were considered to allow maxi-
mum one missed cleavage, 50 p.p.m. of peptide mass tolerance,
variable methionine oxidation, and fixed cysteine carbamidomethyl-
ation. Probability-based Molecular Weight Search scores were
estimated by comparison of the search results against the estimated
random match population, and were reported as —10log;o(p) where
p is the absolute probability. MOWSE scores > 55 were considered
significant (P<0.05) for peptide mass fingerprinting. A peptide
charge state of + 1 and fragment mass tolerance of *0.25 Da were
used for the MS/MS ion search. Individual MS/MS ions scores > 28
indicated identity or extensive homology (P<0.05) for the MS/MS
ion search.
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Proteomic profiling of blood-dialyzer interactome
reveals involvement of lectin complement pathway in
hemodialysis-induced inflammatory response
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Purpose: Dialysis-induced inflammatory response including leukocyte and complement acti-
vation is considered a significant cofactor of chronic morbidity in long-term hemodialysis (HD)
patients. The aim of this study was to provide better insight into its molecular background.
Experimental design: In 16 patients, basic biocompatibility markers, i.e. leukocyte counts and
C5a levels, were monitored during HD on a polysulfone membrane. Proteins adsorbed to
dialyzers were eluted and separated by 2-DE. Selected proteins were identified by MS; ficolin-2
plasma levels were assessed. Data are given as medians (quartile ranges).

Results: In total, 7.2 (34.7) mg proteins were retrieved from dialyzer eluates and were resolved
into 217 protein spots. The proteins most enriched in eluates (and hence selectively adsorbed)
were those involved in complement activation (C3c, ficolin-2, mannan-binding lectin serine
proteases, properdin) and cell adhesion (actin, caldesmon, tropomyosin, vitronectin, vinculin). A
significant decrease of plasma ficolin-2 (41% [4.7], p<0.001) was evidenced during one HD
session, associated with leukopenia (r=0.73, p=0.001) and C5a production (r=—0.62,
p=0.01) at 15 min.

Conclusions and clinical relevance: Ficolin-2 adsorption to polysulfone dialyzer initiates the
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lectin pathway of complement activation, mediates dialysis-induced leukopenia, and results in a o i
significant depletion of ficolin-2, an essential component of innate immunity. »d
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1 Introduction

Over a million patients worldwide undergo regular hemodia-
lysis (HD), most of them using polysulfone membranes [1].
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binding lectin serine protease 2; MW, molecular weight; TAT,
thrombin-antithrombin
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Although HD is a life-saving procedure in kidney failure, end-
stage renal disease (ESRD) patients suffer from chronic
inflammation and disturbed immune defense, and their yearly
mortality approaches 20% [2]. In an “average” patient, more
than 10000L of blood are exposed to 300m” of artificial
membrane for over 600h every year. Therefore, it is not
surprising that the immune response elicited by such contact
is considered a major factor [3]. Yet, the grim statistics have not
improved despite the introduction of so-called bio-compatible
materials, among which polysulfone is the most common [4].

The dialyser-induced inflammatory reaction has been
extensively characterized by changes in peripheral blood
leukocyte counts and surface antigens, and complement
activation markers [5, 6]. It has been demonstrated that both
the alternative and the C4-dependent pathways are involved
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in complement activation by hemodialyser [7, 8]. However,
these observations are based on the systemic consequences
while the local mechanisms responsible for the foreign
pattern recognition and mediating subsequent processes
remain unclear [6]. Closer examination of the molecular
background might help us to prevent the sequelae of
chronic inflammation seen in ESRD disease patients (e.g. by
developing better-tolerated materials).

We have recently reported a novel method allowing to
investigate the molecular substrates of blood—biomaterial
interaction by means of proteomic technologies [9, 10]. In a
pilot study, we performed a sequential elution of poly-
sulfone dialyzers employed in clinical HD to show that
profiling the protein-dialyzer interactome provides repro-
ducible and useful information. Besides validating the
method, we suggested possible role of the lectin pathway,
implied by massive adsorption of ficolin-2, in polysulfone-
induced complement activation.

The aim of this study was to study the molecular
mechanisms of HD-associated inflammatory response in a
representative group of patients.

2 Materials and methods

Methods described are similar to those used in our previous
study [10] with slight modifications.

2.1 Patients and treatment

Patients were recruited at the Hemodialysis Center of Charles
University Teaching Hospital in Plzen, and the study protocol
had been approved by Institutional Ethics Committee. Inclu-
sion criteria were as follows: regular HD for more than 3
months, established 4-h dialysis three times a week with F6
HPS dialyzer (polysulfone, 1.3 m?, Fresenius Medical Care,
Bad Homburg, Germany), native arterio-venous shunt allow-
ing blood flow 250mL/min or more, and heparin antic-
oagulation with total dose (bolus-+continuous) 3000-6000 [U
per procedure. Patients meeting the following criteria were
excluded from the study: subjects examined during the
protocol-optimization phase reported previously, in-shunt
recirculation greater than 10%, hematocrit above 45%, current
or past anticoagulation treatment (oral or parenteral) other
than during dialysis session, history of thrombotic complica-
tion or known coagulation disorder, diabetes mellitus, active
inflammation, malignancy, or liver disease.

Finally, 16 patients aged 65.5 (23.5) years, treated with
HD for 14.5 (21) months were included into the study. In
this group, blood samples were collected into EDTA tubes at
the beginning, at 15min and after 4h of the study HD
procedure. At all time points, samples were drawn both
from the ports proximal (denoted as arterial) and distal to
the filter (denoted as venous). Following the dialysis session,
used hemodialyzers were eluted according to the protocol

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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described below. Elution at 15min was tested in two
patients; however, as it yielded little protein and complete
resetting of the extracorporeal circuit was required, it was
abandoned. All HD sessions were performed routinely:
blood flow, 250 mL/min; dialysate flow, 500 mL/min; dialy-
sate temperature, 36°C; ultrafiltration rate, 250-500 mL/h.
At the end of the HD procedure, blood residuum left in the
lines was retrieved by means of 250 mL rinse (Plasmalyte™,
Baxter, Deerfield, IL, USA). Then, the patient was discon-
nected from the system, and dialyzer flushed immediately
with another 1000 mL Plasmalyte solution.

2.2 Elution protocol and sample preparation

The F6 dialyzer has a declared priming volume of 78 mL.
First, it was emptied, and directly filled with 80 mL of 3 mM
EDTA (EDTA/PBS, pH 7.4), then recirculated with the
peristaltic pump (flow rate, 80 mL/min) at 24°C for 30 min
to detach and wash out adhering leukocytes. The dialyzer
was drained afterward; obtained fluid was centrifuged at
1200 x g/4°C for 20 min. The sediment containing cells was
resuspended in 10% BSA in PBS and directly analyzed by
flow cytometry. The dialyzer was immediately loaded with
80mL of 40% acetic acid, recirculated again with a flow rate
of 80mL/min at 24°C for 30 min, emptied, and resulting
eluate was centrifuged at 4000 x g/4°C for 10 min to remove
cellular detritus, and stored at —80°C.

To minimize salt contamination, eluates were dialyzed
against ultra high-quality water at 4°C (ten exchanges, 1.5L
each) using a semi-permeable membrane with a molecular
mass cutoff at 7kDa (Serva-Electrophoresis, Heidelberg,
Germany) for 5 days. Dialyzed samples were dried down by
vacuum evaporation (SpeedVac), and proteins were dissolved
in a lysis buffer (7M urea, 4% CHAPS, 40 mM Tris base, 2M
Thiourea, 2% IPG buffer, pH 3-10, 120mM DTT). Blood
samples for electrophoresis and immunoassays were
processed by centrifugation only (at 1500 x g and 4°C for
10min) to separate plasma (supernatant) and stored at
—80°C. Samples for flow cytometry were kept at 5°C until
analysis which followed within 1h. Protein concentrations in
samples were assessed using Bradford’s dye-binding assay
(Bio-Rad Protein Assay, Bio-Rad, Hercules, CA, USA).

2.3 2-DE

Urea, CHAPS, Tris base, thiourea, SDS, DTT, iodoaceta-
mide (IAA), and bromphenol blue used during the
preparation were purchased from Sigma-Aldrich (Stein-
heim, Germany); IPG buffer (ZOOM carrier Ampholytes
3-10) was purchased from Invitrogen (Carlsbad, CA, USA).
Equally, 200 pug proteins in both eluate and plasma samples
were mixed with rehydration buffer (7M urea, 4% CHAPS,
40mM Tris base, 2M Thiourea, 2% IPG buffer pH 3-10,
120mM DTT, and a trace amount of bromophenol blue) to
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obtain the final volume of 185pL. Samples were then
rehydrated in IPG strips (11 cm, pH range 3-10 nonlinear,
Bio-Rad), and focused in a Protean IEF cell (Bio-Rad). IPG
strips were rehydrated actively for 10 h at 50V, followed by a
stepwise IEF as follows: 250V for 15min, rapid ramp to
8000V for 150min, and finally 8000V for the other
35000 Vh. After focusing, the IPG strips were equilibrated
in the equilibration buffer 1 (112mM Tris-base, 6 M urea,
30%v/v glycerol, 4% w/v SDS, 130 mM DTT, and a trace of
bromophenol blue) for 10 min, and subsequently alkylated
in buffer 2 (112mM Tris-base, 6 M urea, 30% v/v glycerol,
4% w/v SDS, 135mM IAA, and a trace of bromophenol
blue) for 10 min. Each equilibrated IPG strip was placed on
the top of a 12.5% Criterion Tris-HCl gel (Bio-Rad) and
covered with 0.5% agarose. Second-dimension separation
was performed at 200V until the bromophenol blue dye
front reached the bottom of the gel. At the end of each run,
the 2-D gels were stained with Simply Blue stain (Invitro-
gen), and scanned with an Epson Perfection 4990 Photo
scanner (Epson, Long Beach, CA, USA) at 400 dpi resolution
and in 16-bit greyscale.

2.4 2-DE pattern analysis and statistics

Computer-aided analysis of gel images was carried out using
PDQuest 2-D software version 8.1 (Bio-Rad). A synthetic
image was constructed out of the triplicated gels processed
from each sample, using only spots constantly present in at
least two gels. The protein quantity was determined relative
to integrated spot density. For subsequent studies of char-
acteristics in protein distribution, only spots detectable in at
least 50% patients were considered eligible.

The statistical analysis was carried out by means of
Statistica data analysis software (Version 8.0, Statsoft, Tulsa,
OK, USA). PCA based on the correlation matrix of normal-
ized spot intensities was applied on the proteomic data to
reduce their dimensionality before picking spots for identifi-
cation and designing the confirmatory studies. Due to rela-
tively small sample size, data were assumed non-normally
distributed. Therefore, Wilcoxon signed rank test was
employed to compare dependent continuous variables,
whereas Spearman rank order correlations were calculated to
evaluate dependencies between variables. Multivariate analy-
sis was performed using forward stepwise regression. If not
stated otherwise, data are given as medians (inter-quartile
ranges) to comply with nonparametric statistics. Differences
were considered statistically significant if the p-values were
below 0.01 for proteomic data and 0.05 for other data.

2.5 In-gel tryptic digestion
ACN, ammonium bicarbonate, DTT, IAA, TFA, formic acid,

and CHCA were purchased from Sigma. First, selected spots
were excised by EXQuest spot cutter (Bio-Rad). SimplyBlue
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stain was removed by washing with 50mM ammonium
bicarbonate, and ACN. Proteins in gel were reduced with
10mM DTT/50mM ammonium bicarbonate at 56°C for
45min, and alkylated with 55mM IAA/50mM ammonium
bicarbonate (for 30 min, in the dark at room temperature).
Gel plugs were washed with 50 mM ammonium bicarbonate
and ACN, and dried by SpeedVac. Dried gel particles were
rehydrated with digestion buffer containing 12.5ng/uL
sequencing grade trypsin (Roche) in 50mM ammonium
bicarbonate at 4°C. After 45 min, the remaining solution was
removed, and replaced by 50 mM ammonium bicarbonate.
Tryptic digestion was performed overnight (37°C). After
digestion, proteolytic peptides were subsequently extracted
with 50% ACN/25mM ammonium bicarbonate, 5% formic
acid, and 50% ACN/H,0. The three extracts were pooled, and
10mM DTT solution in 50 mM ammonium bicarbonate was
added. The mixture was then dried by SpeedVac, and
resulting tryptic peptides were dissolved in 5% formic acid
solution and desalted using ZipTip unC18 (Millipore, Bedford,
MA, USA).

2.6 Protein identification by MALDI-TOF/TOF MS

Proteolytic peptides were mixed with CHCA matrix solution
(5mg/mL CHCA in 0.1% TFA/50% ACN 1:1, v/v) in 1:1
ratio, and 0.8 puL of this mixture was spotted onto MALDI
target. All mass spectra were acquired at a reflectron mode
with a 4800 MALDI TOF/TOF Analyzer (Applied Biosys-
tems, Framingham, MA, USA). A total of 2000 and 3000
laser shots were acquired, and averaged to MS and MS/MS
spectra, respectively. The MS/MS analyses were performed
using collision energy of 1keV and collision gas pressure of
1.3 10e—6 torr. MS peaks with an S/N above 15 were listed,
and the ten strongest precursors with an S/N above 50
among the MS peaks were automatically selected for MS/
MS acquisition. A mass filter was used to exclude autolytic
peptides of trypsin and peaks of contaminant from poly-
propylene tubes [11].

Resulting data were analyzed with GPS Explorer™ 3.6
(Applied Biosystems) software. Proteins were identified by
searching against human subset of the Swiss-Prot protein
database (release 54.6; December 4, 2007) using MASCOT
2.1.0 search algorithm (Matrix Science, London, UK). The
general parameters for PMF search were considered to allow
maximum two missed cleavages, +50 ppm of peptide mass
tolerance, variable methionine oxidation, and fixed cysteine
carbamidomethylation. Probability-based MOWSE scores
were estimated by comparison of search results against
estimated random match population, and were reported as
—10logo(p) where p is the absolute probability. MOWSE
scores greater than 55 were considered significant (p <0.05)
for PMF. A peptide charge state of +1 and fragment mass
tolerance of +0.25 Da were used for the MS/MS ion search.
Individual MS/MS ions scores >28 indicated identity or
extensive homology (p<0.05) for MS/MS ion search.
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2.7 Fluorescence-activated cell sorting (FACS)

Both whole blood and dialyzer elution samples were incu-
bated with purified rabbit immunoglobulin for 10min at
room temperature to decrease nonspecific binding. Samples
were then washed in PBS-BSA and incubated for 15 min at
4°C with FITC-, PE- or PE-Cy5-conjugated monoclonal
antibodies against antigens CD15, CD63, CD14, CDG62L,
CD11b, CD66b, and CD45 (Exbio, Prague, Czech Republic;
CD66b BioLegend, San Diego, CA, USA). Following the
PBS-BSA washing, erythrocytes were lysed by adding
NH,Cl-based in-house lysing solution for 10 min at room
temperature.

Stained cells were measured immediately on Coulter
Epics XL flow cytometer (Beckman Coulter, Fullerton, CA,
USA). The instrument was standardized daily for fluores-
cence and light scatter using calibrating fluorospheres
(Beckman Coulter). Neutrophils and monocytes were iden-
tified in the CD45 versus side-scatter plot. Data of minimally
20000 cells were gathered in list mode files and analyzed

Proteomics Clin. Appl. 2010, 4, 829-838

using System II software. Antigen expression was defined as
mean fluorescence intensity.

2.8 ELISA

Ficolin-2 concentrations were determined using human
L-Ficolin kit (Hycult Biotech, Uden, the Netherlands)
at all time points, both before and after the hemodialyzer,
whereas mannan-binding lectin serine protease 2 (MASP-2)
was measured using MASP-2 kit (Hycult Biotech) at all
timepoints before the dialyzer only. C5a plasma levels were
assessed with human C5a kit (DRG Instruments, Marburg,
Germany) at all time points, in blood taken before the
dialyzer only. Thrombin-antithrombin (TAT) plasma
concentrations were quantified by Enzygnost TAT micro kit
(Behring Diagnostics, Marburg, Germany) before and at the
end of the HD procedure, in blood taken from the arterial
line. All ELISA measurements were performed according to
the manufacturer’s directions.
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3 Results
3.1 Proteomics of the hemodialyzer eluate

Dialyzer elution with acetic acid yielded a median of 7.2 mg
proteins with relatively high variation (quartile range,
34.7 mg). Following 2-DE, 217 protein fractions (spots) were
detected in hemodialyzer eluates. Of those, 164 spots were
found in at least 50% patients and 42 spots were present
constantly in all patients. In 112 spots, relative intensities
differed significantly (with p<0.01) between eluate and
plasma — 46 spots prevailed in eluate, whereas 66 were
predominant in plasma. Representative gel images are
shown in Fig. 1.

To reduce data complexity and uncover specific patterns
in protein distribution, the spot intensities derived from
both eluate and plasma were submitted to PCA. Depending
on the two major factors, protein fractions formed three
separate clusters with diverse eluate to plasma ratios of
relative spot intensities (E/P) (Fig. 2). The largest cluster (C)
comprises spots with E/P less than one, whereas the other
two reach average E/P several orders of magnitude higher.
Meaning of this unsupervised classification was subse-
quently validated by MS identification of specific spots
from each group and ensuing biological context analysis
(Table 1).

The proteins’ identity was further verified by a match
between theoretical (calculated from gene-sequence data in
Swiss-Prot database) and measured (as estimated by spot’s
coordinates in gel) molecular weight (MW) and pl. Where
the observed MW showed lower than expected, fragmenta-
tion was suspected and checked by detailed analysis of
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identification spectra. In this way, we ascertained proteolytic
activation of mannan-binding lectin serine protease 1
(MASP-1), MASP-2, and C3 complement as their proper
cleavage products were detected by PMF and MS/MS.

Concurrent detection of caldesmon with albumin and
transferrin in one spot is a clear example of contamination
from adjacent high-volume spots. Yet in another case,
proteins with rather disparate MW and pI were identified in
one spot: MASP-1 light chain occurred in conjunction with
antithrombin IIT and complement C3g fragment. Moreover,
the actual MW of the spot estimated from its coordinates in
gel is 84kDa, i.e. corresponding to the sum of their weights
(49, 28, and 5kDa, respectively). Thus, the presence of a
SDS-stable (i.e. covalently bound) complex formed by these
three proteins was confirmed.

3.2 Systemic biocompatibility markers

A significant decrease in total leukocyte count was docu-
mented in systemic blood at 15 min which was diminished
yet persistent at the end of HD (Fig. 3A). Similar trend was
demonstrated for leukocyte subpopulations, namely granu-
locytes, monocytes, and lymphocytes (Supporting Informa-
tion file). Leukocyte surface antigens were investigated on
blood granulocytes and monocytes during HD and there-
after in dialyzer eluates. In this way, enhanced adhesivity
(estimated by CD11b, CD14, and CD15 upregulation and
CD62L downregulation) and degranulation (evaluated by
CD63 and CD66b upregulation) were confirmed both in
blood leaving the dialyzer at 15 min and in dialyzer eluates
obtained immediately after dialysis (Supporting Information
file).

The rate of complement activation during HD was
assessed by measuring systemic concentration of C5a
component (Fig. 3B). Plasma level of TAT complexes rose
significantly from 4.6 (3.5)pg/L to 16.6 (20.2) pg/L
(p<0.001) during the 4-h dialysis session. The initial
thrombocyte count was found to decrease slightly at 15 min
in blood leaving the dialyzer (180 [70] 10e9/L versus 170 [76]
10e9/L, p = 0.04); however, no significant drop in systemic
blood could be documented, and the count recovered
completely before 240 min.

3.3 Plasma ficolin-2 and MASP-2 dynamics and
relationships to biocompatibility parameters

The extent of ficolin-2 extraction inside hemodialyzer was
determined as a difference in serum concentrations between
arterial and venous ports. It was found to be maximum at
the beginning and steadily decreasing afterward, however,
still significant at 15min (Fig. 3C). Concurrently, a
sustained decline in systemic ficolin-2 level was observed
throughout the HD session, such that the procedure resul-
ted in 41 (4.7) % decrement of serum ficolin-2. As much as
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Table 1. Proteins identified in dialyzer eluates

Proteomics Clin. Appl. 2010, 4, 829-838

Spot no.?»  Protein name Acc.no  E/PY p° Mw®  p PMF® MS/MS®
pep/sco pep/sco
Cluster A"
1 Actin P60709 366.3 (814.48) <0.001 42 5.3 8/76 NA
Actin vy P63261 42 5.3 9/90 NA
2 Antithrombin 3 P01008 4.8 (12.97) <0.001 49 6 14/69 6/523
Mannan-binding lectin serine P48740 28 6 NA 1/78
protease1 light chain
Complement C3g P01024 5 4 NA 1/95
3-4 Apolipoprotein E P02649 3.6 (6.68) 0.002 34 5.5 25/198 6/195
5 Caldesmon 1 Q05682 100.3 (245.26) <0.001 93 5.6 NA 1/35
Albumin P02768 67 5.7
Transferrin P02787 75 6.7
6 Clusterin P10909 6.0 (7.89) <0.001 50 5.9 10/63 5/187
7 Complement C3c a2 P01024 9.1 (128.34) <0.001 24 6.9 29/99 9/555
8/9 Complement C3p P01024 3.6 (3.93) <0.001 71 6.8 27/109 9/449
10 Complement C9 P02748 6.6 (6.94) <0.001 61 5.4 NA 4/133
11 Complement factor H-related Q03591 70.3 (80.92) <0.001 36 7.1 NA 2/28
protein 1
12-19 Ficolin 2 Q15485 119.7 (171.10) <0.001 34 6.3 12/91 5/203
20 Lactotransferrin P02788 161.6 (259.81) <0.001 76 8.5 23/107 4/173
21-23 Mannan-binding lectin serine P48740 3.2 (6.69) <0.001 49 4.9 18/151 8/287
protease 1 heavy chain
24 Mannan-binding lectin serine 000187 10.6 (14.12) <0.001 48 5.4 13/66 8/447
protease 2 chain A
25 Microfibril-associated P55083 41.1 (60.90) <0.001 26 5.2 NA 3/73
glycoprotein 4
26 Properdin P27918 4.3 (12.29) 0.01 51 8.3 12/72 3/30
27 Tropomyosin 3 P06753 185.9 (570.28) <0.001 33 4.7 13/77 4/76
Tropomyosin 4 P67936 29 4.7 18/143 5/103
28 Vinculin P67936 53.7 (159.26) 0.01 124 5.5 18/127 2/32
29 Vitronectin P04004 8.0 (175.45) 0.004 54 5.6 8/6 NA
Cluster B
30-31 Carbonic anhydrase 1 P00915 1568.2 (2482.90) <0.001 29 6.6 10/77 3/43
32 Catalase P04040 170.5 (221.33) <0.001 60 7 NA 2/28
33 Flavin reductase P30043 295.2 (288.90) <0.001 22 7.3 NA 1/60
34 Glyceraldehyde-3-phosphate P04406 137.7 (206.87) <0.001 36 8.6 NA 3/110
dehydrogenase
35-39 Hemoglobin o P69905 849.0 (1999.73) <0.001 15 8.7 NA 2/86
Hemoglobin B P68871 16 6.8 5/57 4/160
40 Peroxiredoxin 2 P32119 399.5 (503.07) <0.001 22 5.7 5/92 2/30
Cluster C
41 a1-Antitrypsin P01009 0.5 (0.24) 0.005 44 5.4 19/226 6/425
42 Albumin P02768 0.6 (0.36) <0.001 67 5.7 31/149 8/490
43 Apolipoprotein A1 P02647 0.7 (0.55) 0.01 28 5.3 11/88 4/180
44 Apolipoprotein A4 P06727 0.7 (0.37) 0.005 43 5.2 23/171 5/84
45-46 Fibrinogen B P02675 0.1 (0.20) <0.001 56 8.5 11/77 NA
47-48 Fibrinogen y P02679 0.1 (0.24) <0.001 52 5.4 4/63 1/30
49 Haptoglobin P00738 0.5 (0.34) 0.002 45 6.1 NA 3/47
50 Prothrombin P00734 0.5 (0.54) 0.006 65 5.2 8/78 3/49
51-53 Transferrin P02787 0.5 (0.23) <0.001 75 6.7 26/170 8/561

a) Spot numbers correspond with labels in Fig. 2.
b) Data are given as median (quartile range).

c) Statistical significance of differences between eluate and plasma (E/P) relative spot intensities was confirmed with a signed rank test.
d) Theoretical value calculated from Swiss-Prot sequence data.
e) Peptide sequences and spectra of selected proteins are available as a Supporting Information file.
f) The division into clusters corresponds to Fig. 1B.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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35% of the overall loss of ficolin-2 occurred during the first
15min. This intradialytic loss of serum ficolin-2 did not
correlate with either procedure settings (heparin dose and
ultrafiltration rate) or predialysis laboratory parameters
(blood picture, activated partial thromboplastin time, and
serum calcium) but depended largely on the initial ficolin-2
level (R=0.74, p<0.001). The alterations in MASP-2
plasma concentration were much more discreet — at 15 min,
only a trend to decrease was notable (p = 0.07) followed by a
mild, though statistically significant, elevation at 240 min
(Fig. 3D).

Leukocyte depletion in peripheral blood, both at 15 min
and at the end of dialysis, was found to be clearly propor-
tional to parallel ficolin-2 elimination (r=0.73, p=0.001;
r=0.74, p=0.001, respectively). In a multivariate model,
separate effects of ficolin-2 concentration decrease
(R*=10.62, p=0.01) and C5a level elevation (R*=0.36,
p=0.01) were shown to predict independently the changes
in leukocyte count (all parameters at 15 min versus baseline).
CDG62L expression in peripheral blood at 15 min was related
to ficolin-2 adsorption (r=0.76, p<0.001) and the down-
regulation of CD62L on granulocytes retrieved from the
dialyzer postdialysis was negatively correlated with ficolin-2
adsorption until 15 min (r= —0.64, p = 0.01) and during the
complete procedure (r=—0.61, p=0.02). Similarly in
monocytes — both in peripheral blood leaving the dialyzer
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(r=-0.66, p=0.005) and in the eluates (r=—0.69,
p=0.004), the decrement of CD62L expression was inver-
sely proportional to ficolin-2 adsorption until 15 min.

Both initial and 15 min ficolin-2 levels correlated with C5a
production expressed as ratio of concentrations at 15 min to
baseline (r=0.68, p=0.004 and r=0.72, p = 0.002, respec-
tively). Moreover, the magnitude of ficolin-2 consumption
during the first 15 min was associated with C5a generation
(r=10.64, p=10.01). No correlation whatsoever was observed
between TAT production or platelet counts and ficolin-2
levels or clearance at any timepoint.

4 Discussion

A recently introduced technique of sequential elution
combined with gel-based proteomics [10] was employed to
study proteins adsorbed to a polysulfone hemodialyzer
during clinical HD. At the same time, basic markers of
dialyzer incompatibility, namely leukocyte counts and
surface antigen expression, thrombogenicity, and comple-
ment activation, were monitored. To the best of our
knowledge, this is the first report describing blood-dialyzer
interactome and connecting it to systemic biocompatibility.

PCA was used to discriminate meaningful structures
among more than 4500 spot intensities generated during
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Clinical Relevance

The number of patients receiving HD is still
increasing yet their mortality stays extremely high
(15-20% per year) mainly due to accelerated ather-
osclerosis and disturbed immune defense. Chronic
inflammation elicited by contact of blood with the
dialysis membrane is considered a significant factor
despite the introduction of biocompatible materials,
e.g. polysulfone. The systemic consequences of
dialyzer-induced inflammation have been exten-
sively scrutinized; however, its local triggers remain
unclear. We have adopted a completely novel
approach to biocompatibility and report the first
representative picture of blood-dialyzer interactome

the analysis of eluate proteome. The first principal
component clearly segregated the proteins with low E/P.
Similar occurrence in plasma and eluate indicates this
group as contamination, probably due to the imperfect
wash-out of plasma residues. Indeed, most of the spots were
later identified as abundant plasma proteins (cluster C).
Along the second component, two clusters of proteins
significantly accumulated in eluates were separated. Maxi-
mum eluate enrichment was apparent in ubiquitous intra-
cellular enzymes (cluster B) which undoubtedly arose from
lysis of entrapped blood cells. On the other hand, high E/P
observed in plasma proteins from cluster A can be inter-
preted as an indicator of a specific adsorption to the dialyzer
[9, 10].

Proteins classified into the same group display similar
spot intensity patterns and thus could imply biologically
relevant interactions which, however, need to be validated
either experimentally or by analysis of references. In this way,
several well-established physiological circuits can be distin-
guished within the cluster A. Co-occurrence of ficolin-2 and
MASPs indicates involvement of the lectin pathway [12],
whereas the vicinity of properdin probably reflects coupling to
amplification loop of the alternative pathway [13], or, alter-
natively, properdin could operate as another pattern recog-
nition molecule [14]. The course of complement activation
can be further modulated by clusterin and FHRI1.

Cytoskeleton elements, i.e. tropomyosins, actins, caldes-
mon, and vinculin, together with G3P constitute a
morphological and functional complex [15] responsible for
cell-substrate adhesion [16, 17]. Their clear separation from
cluster B suggests they represent rather the process of
adhesion per se than just residual cellular debris. Such
concept is further supported by the association with vitro-
nectin, a soluble mediator of cell adhesion [18]. Spec-
ulatively, lactotransferrin accumulation might also be
related due to actin-dependent exocytosis of neutrophil-
specific granules [19]. Other relationships can be hypothe-
sized with regard to the literature — adsorption of MFAP-4

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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obtained in clinical context. Besides describing the
molecular background of dialysis-associated
inflammatory response, our study provides at least
two messages with potential significance for clinical
practice. First, we suggest lectin-mediated carbohy-
drate recognition pathway plays a central role in
initiating the complement and leukocyte activation.
This knowledge could help to develop better toler-
ated biodevices. Second, we show that extra-
corporeal procedures may result in unwanted and
possibly harmful depletion of individual proteins.
Proteomic tools seem appropriate to characterize
adsorptive properties of new materials.

might reflect its reported affinity for both carbohydrates and
collectins [20], whereas the role of antithrombin 3 as MASP
inhibitor is favored by observed covalent binding with
MASP-1 [21].

Parallel and abundant occurrence of key molecules
involved in lectin pathway implies contribution of this mode
of complement activation to dialyzer-induced inflammatory
response. To test this assumption, we chose two proteins
inherent to the lectin pathway and reaching high E/P,
namely ficolin-2 and MASP-2. Sequential determination
of their plasma levels showed a continuous removal
of ficolin-2 during HD, resulting in its substantial
depletion. With respect to the size of native ficolin-2 [22]
(multimers with MW of 403 and 807kDa), and taking
into account its prevalence in eluate proteome, the major
cause of this elimination seems to be adsorption to the
dialyzer (ultrafiltrate is devoid of ficolin-2, gel image is
available as a Supporting Information file). Any potential
changes in MASP-2 levels were probably outbalanced
by other sources of the protein (MBL and H-ficolin
complexes) [23].

Our results demonstrate for the first time a loss of ficolin-
2 occurring in patients treated with HD on a polysulfone
membrane. Whether this depletion is only transient and the
ficolin-2 level recovers completely or if these patients suffer
from chronic ficolin-2 insufficiency cannot be concluded
from this study. Still, it is pertinent to hypothesize about
potential clinical impact of such condition. Ficolin-2
(L-ficolin) is a pattern recognition molecule which plays an
important role in innate immunity, both cellular and
humoral [24]. It has been shown to bind to a variety of
surface antigen structures found in many Gram-positive
and Gram-negative bacteria including significant pathogens,
e.g. pneumococci, staphylococci, and E. coli, as well as yeasts
[25-29]. Ficolin itself promotes opsonophagocytosis and in
concert with MASP-2 activates complement.

Low levels of MBL, an earlier discovered member of the
lectin family, have been linked to increased risk of infections

www.clinical.proteomics-journal.com
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[30, 31] and similar data on ficolin-2 began to emerge
recently [32]. Considering their different substrate specifi-
cities [33], isolated ficolin-2 deficiency might induce
susceptibility to particular pathogens. As the amount of
ficolin-2 removed during dialysis depended largely on its
initial level, the process of adsorption seems to be governed
by direct ficolin—polysulfone affinity. Therefore, we would
expect even higher ficolin-2 consumption with larger dialy-
zer or prolonged exposure (continuous renal replacement
therapy).

Apart from quantifying the loss of ficolin-2, the confir-
matory studies were targeted to elucidate whether binding of
ficolin-MASP complexes can be linked to any accepted
markers of dialyzer incompatibility. The adsorption is
specific for the lectin pathway, yet further downstream
localized steps could significantly modify its impact on
complement activation [13]. Therefore, in addition to
providing direct evidence of ficolin-2 adsorption and MASP-
2 activation by proteomic analysis, we documented, for the
first time, its association with dialysis-induced leukopenia
and C5a generation.

The principal finding derived from FACS analysis was
the correlation of CDG62L surface expression with ficolin-2
adsorption discovered in both granulocytes and monocytes.
CD62L (i-selectin) is an important leukocyte homing
receptor of lectin nature which is required to initiate
leukocyte capture, rolling, and adhesive interactions [34, 35].
The cytoplasmic domain of i-selectin has been reported to
be anchored to actin-tropomyosin cytoskeleton via vinculin
[36, 37], and hence identification of the latter proteins in
eluate supports the role of CD62L. Nevertheless, provided
ficolin-2 mediates the interaction of leukocytes with dialysis
membrane via 1-selectin, we would expect to find an oppo-
site correlation due to receptor shedding. An intriguing
explanation could be that ficolin-2 might occupy putative
lectin ligands on polysulfone membrane and thus prevent
interaction with leukocyte i-selectin and its shedding. Such
competition between ficolin-2 and i-selectin would
anticipate an overlap of substrate specificity in these two
lectins.

We can conclude that proteomic analysis of dialyzer
eluates provides solid data to consider lectin pathway initi-
ated by ficolin-2 adsorption a significant process involved in
complement activation by polysulfone membrane. It has
been demonstrated that plasma exposure to artificial mate-
rial may cause unwanted elimination of individual proteins
during extracorporeal procedures. The proteomic technique
has been proved effective in identifying the proteins subject
to specific adsorption.

The study was supported by Research Project No.
MSM0021620819 “Replacement of, and support to some vital
organs” awarded by the Ministry of Education of the Czech
Republic.

The authors have declared no conflict of interest.
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Proteomic approaches to the study of renal mitochondria
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Background and Aims. Dysfunction of kidney mitochondria plays a critical role in the pathogenesis of a number of
renal diseases. Proteomics represents an untargeted attempt to reveal the remodeling of mitochondrial proteins during
disease. Combination of separation methods and mass spectrometry allows identification and quantitative analysis of
mitochondrial proteins including protein complexes. The aim of this review is to summarize the methods and applica-
tions of proteomics to renal mitochondria.

Methods. Using keywords “mitochondria’, “kidney", “proteomics’, scientific databases (PubMed and Web of knowledge)
were searched from 2000 to August 2015 for articles describing methods and applications of proteomics to analysis
of mitochondrial proteins in kidney. Included were publications on mitochondrial proteins in kidneys of humans and
animal model in health and disease.

Results and Conclusion. Proteomics of renal mitochondria has been/is mostly used in diabetes, hypertension, aci-
dosis, nephrotoxicity and renal cancer. Integration of proteomics with other methods for examining protein activity
is promising for insight into the role of renal mitochondria in pathological states. Several challenges were identified:
selection of appropriate model organism, sensitivity of analytical methods and analysis of mitochondrial proteome in

different renal zones/biopsies in the course of various kidney disorders.
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INTRODUCTION

Mitochondria were recognized in the cell in the 19"
century. In the first half of the 20™ century, biochemi-
cal studies were carried out on mitochondrial enzymes
and pathways. Electron transport mechanisms and oxi-
dative phosphorylation were then intensively studied’.
Currently, mitochondria are known to be responsible for
a variety of functions including regulation of intracellular
calcium?, generation of reactive oxygen species (ROS)
(ref.?), production of nitric oxide* and processes leading
to cell death’.

Renal mitochondria are important as energy suppliers
for active transport processes in nephrons®. Dysfunction
of mitochondria caused by inherited mitochondrial cy-
topathies or acquired defects of proteins involved in
mitochondrial metabolic pathways contributes to the
pathophysiology of acute and chronic renal disorders’.
Disruption of mitochondrial energetic metabolism™ and
morphology'®! is recognized as important contributors
to tubular dysfunction in acute kidney injury (AKI).
Increased production of ROS triggered by hypoxia in
mitochondria during sepsis leads to kidney dysfunction
and contributes to dysfunction of organs. ROS produced
by mitochondria are important in the development of
endothelial cell damage during focal segmental glomeru-
losclerosis (FSGS) (ref.'?). Specific impairment of renal

mitochondrial metabolism has also been observed in can-
cer’, diabetes'! and as a consequence of toxic metabolite
removal'®. Emerging evidence also suggests that mitochon-
dria represent a promising target for novel treatments'”"°.

Proteomics was initially defined as an effort to identify
and describe the complete set of proteins expressed in bio-
logical systems. Nowadays, proteomics include the study
of protein-protein interactions, subcellular locations, ex-
pression levels, and posttranslational modifications of all
proteins within cells and tissues. Hence, the proteomics
of mitochondria is a powerful tool for understanding the
mechanism of mitochondrial response to pathological
conditions, evaluating the effects of drugs and for the
development of new mitochondria-targeted therapies?*?.
Proteomic analysis of renal mitochondria represents a
multi-step process that starts with selection of appropriate
biological sample and optional reduction of complexity.
The next step is a combination of separation methods and
mass spectrometry for qualitative and quantitative analy-
sis of proteins and their identification. Data on changes
in expression of mitochondrial enzymes, posttranslational
modifications, and subunit structure of protein complexes
are acquired. The purpose of this review is to provide an
update on the methodological progress and potential of
the rapidly evolving mitochondrial proteomics approach
to facilitate new discoveries in the field of renal pathology.



Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub. 2016; 160:XX.

Sample preparation

For studies of renal mitochondrial proteome, tissue
samples acquired from animal models or human tissues
after resection are used. Renal biopsies are challenging
due to small size and therefore limited amount of mito-
chondrial protein available. Cell cultures as an alterna-
tive to laboratory animals are useful for investigation of
processes in specific renal cell types®.

Organized distribution of nephrons in renal tissue
results in formation of regions with different biochemi-
cal and metabolic properties. Differences in the activity
of mitochondrial enzymes along the nephron reflect the
heterogeneity of the mitochondrial population in nephron
segments®. Therefore, separation of kidney regions (e.g.
cortex and medulla) or individual nephron segments is
an alternative for reducing sample complexity. Nephron
segments dissected from kidney slices?, proximal and
distal tubules isolated from renal cortex by collagenase
digestion and centrifugation on density gradient®>?¢, or
glomeruli isolated by standard sieving method?” have been
used for detailed study of metabolism. These separation
methods may also be useful for proteomic studies on re-
nal mitochondria. Using laser capture microdissection,
selected cell populations from complex tissue sections
can be acquired with high specificity. However, only a
part of total cell protein is from mitochondria, and hence
sensitive analytical techniques are necessary for using this
procedure in the analysis of mitochondria from nephron
segments.

Differential centrifugation is often used for separa-
tion of mitochondria from cells or tissue homogenates?:.
Isolation of mitochondria is performed in two centrifu-
gation steps - removing of nuclei, cell membranes and
unbroken cells in the first centrifugation step and sedi-
mentation of mitochondria in the second step. A pellet
that contains the mitochondrial fraction of the cell can
be used for proteomic analysis directly?**° or after purifi-
cation of mitochondria by centrifugation in density gra-
dients*"32, In purified mitochondria, proteins from other
organelles (e.g. endoplasmic reticulum, peroxisomes and
cytoskeleton) still may be present due to association of
these organelles with mitochondria®’. Analysis of mark-
ers of subcellular compartments by Western blotting is
used for determination of purity of isolated mitochondrial
fractions. Further, subcellular localization of identified
proteins can be checked in databases of mitochondrial
proteins®* or by systems that predict subcellular localiza-
tion*. Commercially available kits based on differential
centrifugation can simplify and speed up the separa-
tion and could be an alternative approach when limited
amounts of sample are available or for processing large
numbers of samples.

Alternatives to differential centrifugation are separa-
tion of mitochondria using magnetic microbeads of free
flow electrophoresis. Using free flow electrophoresis, high
purity of mitochondria can be reached*. Low yield and
the necessity for specialized equipment are major draw-
backs of free flow electrophoresis®. Mitochondria can
be isolated with enrichment and purity comparable to
ultracentrifugation methods using magnetic microbeads™.

Methods for analysis of mitochondrial proteome

The mammalian mitochondrial proteome comprises
approximately 1500 proteins’**°. Most of them are encod-
ed by the nuclear genome and imported into mitochon-
dria. Only 13 protein chains of electron transport system
(ETS) subunits are encoded by the mitochondrial DNA.

Mitochondrial proteome contains proteins with a wide
range of hydrophobicity. Membrane proteins form a sig-
nificant part of mitochondrial proteins and are a chal-
lenge for separation methods used in proteomics. These
proteins are attached to the membrane in hydrophobic
regions (e.g. ETS complexes*#*, electron transferring fla-
voprotein®), or embedded in the membrane (e.g. pore
forming proteins). Relatively soluble enzymes are pres-
ent in mitochondrial matrix* and intermembrane space*’.
A significant part of mitochondrial proteins is associated
into homo- or heterooligomeric protein complexes whose
subunit composition is important for their function®.
Analysis subunit composition and stoichiometry of mito-
chondrial protein complexes requires analysis under na-
tive conditions to prevent their dissociation. At present,
there is no universal proteomic method that can cover all
aspects of mitochondrial proteins. Proteomic workflows
based on two-dimensional electrophoresis, blue native
electrophoresis and gel-free chromatographic methods
have been used for analysis of mitochondria. A short sum-
mary of methods used for the analysis of mitochondrial
proteome is shown in Table 1.

Two-dimensional electrophoresis (2-DE) combines
separation of proteins according to their net charge by iso-
electric focus in the first step and by molecular weight on
polyacrylamide gel in the second dimension. Proteins re-
solved as spots on gels are then visualized using visible or
fluorescent stains and digital images of gels are acquired
using a scanner or camera. With 2-DE, fast resolution
of soluble proteins with the option of direct evaluation
of their isoelectric points and molecular weights can be
done. The use of 2-DE for mitochondrial proteomics is
limited by resolution of proteins with extreme isoelectric
point and molecular weight values, poor separation of
hydrophobic membrane proteins, and limited detection
of low abundance proteins***°. Two-dimensional fluo-
rescence difference gel electrophoresis (2D-DIGE) is a
variant of 2-DE that improves reproducibility®’. 2D-DIGE
relies on labeling of samples with spectrally resolvable
fluorescent cyanine dyes (Cy2, Cy3, and Cy5) and their
simultaneous separation on a single polyacrylamide gel.
Internal standard prepared by mixing equal amount of
each sample is labeled by Cy2; dyes Cy3 and Cy5 are then
used for labeling individual samples. Internal standard and
two individual samples are mixed together, separated by
2DE, and gels are scanned with the excitation wavelength
of each dye used. The use of internal standard in DIGE
minimizes inter-gel variability and makes processing of
gel images easier®®. Images are then imported to a spe-
cialized 2-DE image analysis software that allows spot
detection, and quantification by calculation of the spot
volumes®'. Spots of interest are then excised and proteins
are identified by combination of in gel digestion and mass
spectrometry.
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Table 1. Summarization of proteomic methods and their suitability for analysis of mitochondrial proteome.

Method Principle

Advantages

Disadvantages

Separation of proteins
according to their net charge

Two-dimensional
electrophoresis (2DE)

by separation according their
masses by polyacrylamide gel
electrophoresis.

Two-dimensional
fluorescence difference
gel electrophoresis
(DIGE)

Labeling of samples with
fluorescent dyes and
separation on one gel with
internal standard by 2DE.

Blue native Separation of protein extract

polyacrylamide gel on polyacrylamide gel in
electrophoresis presence of Coomassie
(BN-PAGE) Brilliant Blue.

Widespread, robust, relatively
simple method. Compatibility
by isoelectric focusing followed with subsequent analyses (e.g.
immunochemic detection, mass
spectrometry).

Improved reproducibility and less
sample demand in comparison
with 2DE.

Analysis of subunit composition
of protein complexes. Analysis
of hydrophobic complexes.
Maintaining activity of protein

Difficult separation of
hydrophobic, extremely
acidic or basic proteins.
Limited dynamic range.
Low throughput, labor-
intensiveness.

Difficult separation of
hydrophobic and extremely
acidic or basic proteins.
Labor- intensiveness

Low throughput and labor-
intensiveness. Only protein
complexes are detected.

complexes during separation.

Gel free methods
(LC-MS)

Digestion of a complex
protein sample, separation

of proteolytic peptides by
one- or multiple-step of liquid
chromatography, on-line mass
spectrometric analysis of
eluted peptides.

Microarrays Detection of proteins
captured on surfaces with
specific antibodies or surfaces
optimized for capture of

certain protein types.

In comparison with gel based
methods, less sample requirement
and better detection of
hydrophobic proteins. Ability to
analyze very complex samples

by employing multidimensional
chromatographic separation.

High throughput.

Analysis of specific molecules by
selection of different array types
(e.g. posttranslationally modified
proteins).

Incomplete sequence
coverage of identified
proteins. Low efficiency to
detect posttranslationally
modified peptides without
enrichment.

Number of targets is limited
by the selected array.

Cross reactivity in complex
protein mixtures.

Blue native polyacrylamide gel electrophoresis (BN-
PAGE) was designed for separation of intact protein
complexes. Hydrophobic proteins and complexes are solu-
bilized with a nonionic detergent. Coomassie blue added
to sample and cathode buffer bounds to hydrophobic pro-
teins and complexes and gives them a negative charge®>*.
In two dimensional setup, separation in second dimension
in the presence of sodium dodecylsulfate under denatur-
ing conditions allows resolution of subunits of individual
complexes®*. These methods are utilized for investigation
of respiratory complexes and their subunit composition
in health and disease.

Methods utilizing a combination of high performance
liquid chromatography with mass spectrometry (LC-
MS) are used with increasing tendency in proteomics for
qualitative and quantitative analyses of complex protein
mixtures extracted from biological samples; they can be
also used for identification of proteins in spots from gel
electrophoreses. Protein mixture extracted from a bio-
logical sample is digested by proteolytic enzyme and re-
sulting peptides are then separated by high performance
liquid chromatography. Proteolytic digestion of complex
samples results in huge number of proteolytic peptides
and multidimensional fractionation of peptides based on
combination of two or more chromatographic steps (e.g.,
reverse phase liquid chromatography, ion exchange chro-

matography) (ref.>*) offers increased separation capac-
ity and higher resolution. Separated peptides are eluted
from the column directly into the mass spectrometer.
During the whole chromatographic run, masses of elut-
ing peptides and their fragmentation spectra are recorded
by the mass spectrometer. These data are then used for
identification of proteins and for their quantification. For
quantification of proteins, label free workflows or isoto-
pic labeling are used*®. Strategies for label free quantifica-
tion include two distinct groups: measurement based on
measurement of area under the curve or signal intensity
of precursor ion spectra, and spectral counting in which
the number of fragment spectra identifying peptides from
a given protein is used to assess relative protein abun-
dance¥. Quantification by isotopic labeling is based on
incorporating of isotopic compound either metabolically
by incorporation of specific isotopes, or enzymatically
or chemically using reagents that bound to peptides®®>’.
Labeled samples are combined and subjected to analy-
sis by liquid chromatography and mass spectrometry.
Quantitative data are extracted from the intensities of
characteristic ions in tandem mass spectra®®. Advantage of
gel free attempts for analysis of mitochondrial proteome
is improved detection of membrane proteins that are un-
derrepresented in 2-DE analyses®. Microscale techniques
that comprise protein extraction, fractionation and pro-
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teolytic digestion optimized for the microgram protein
range would allow analysis of small samples of mitochon-
dria from biopsies or nephron segments®!.

Protein microarrays allow simultaneous detection of
a set of proteins and offer the ability to study multiple
samples in an effort to develop protein profile changes
across multiple proteins®>%. The ability of microarrays
for screening of multiple proteins is advantageous for
detection of protein expression changes, protein-protein
interactions, and biomarker discovery and validation®.
Analysis of intact proteins by microarrays instead of pro-
teolytic digests can be advantageous for preservation of
specific motifs but conjugation of sample with the tag
necessary for subsequent detection or signal amplification
may denature, damage, or mask the epitope®®. Antibody
cross-reactivity to non-target proteins can also decrease
performance in antibody microarrays®>®. The potential
for utilization of protein microarrays in analysis of renal
mitochondria could be in high throughput monitoring of
selected pathways by analysis of multiple, predefined set
of proteins. Arrays based on mass spectrometric detection
of proteins bound to affinity surfaces (surface-enhanced
laser desorption and ionization, SELDI) have been used
for analysis of brain mitochondria®®®’. Chips with wide
range of surfaces are available for SELDI. The use of chip
surface optimized for binding of hydrophobic proteins
could be potentially advantageous for analysis of mito-
chondrial membrane proteins.

CLINICAL AND RESEARCH APPLICATION OF
RENAL MITOCHONDRIAL PROTEOMICS

Basic characterization of renal mitochondrial proteome
In renal tissue of various species including mouse, rat
and human, mitochondrial proteins have been identified
by proteomic methods®*’°. Comparison of 2-DE maps of
rat kidney cortex and medulla® or human kidney cor-
tex, medulla and glomeruli”' showed alterations in spots
containing mitochondrial proteins. However, this attempt
is not suitable for detailed analysis of the mitochondrial
proteome due to very low amount of mitochondrial pro-
teins detected. The coverage of mitochondrial proteome
is increased when mitochondria prepared by differential
centrifugation are used for analysis instead of whole tis-
sue. Analysis of mitochondrial fractions of porcine renal
cortex and medulla showed that mitochondrial proteome
of the cortex contained enzymes employed in oxygen de-
pendent pathways and mitochondrial proteome in the
medulla proteins important for adaptation to low oxy-
gen availability’?. Further datasets that contain proteins
of renal mitochondria are available in experiments that
investigated composition of mitochondrial proteome
from mouse tissues by 2-DE (ref.”®) and rat organs by
BN-PAGE (ref.*°) and LC-MS (ref.”). High throughout
proteome analysis done by LC-MS allowed character-
ization of multiple mitochondrial metabolic pathways™.
However, translation of animal data to humans is limited
by differences in anatomy, metabolism and physiology. On

the other hand, several factors make the human research
into renal cellular and molecular biology problematic. In
particular, difficult access to the human renal tissue and
several confounding factors including disease state, the
patient "s comorbidities and treatment history represent
main impediments to the study of human renal mitochon-
drial proteome. Therefore, the use of clinically relevant
animal models remains a cornerstone in the study renal
mitochondrial pathology. In this context, pig is highly
valuable model organism due to anatomic, physiologi-
cal and biochemical similarities of porcine and human
kidney’.

Recent advances in mitochondrial studies:
a focus on selected renal pathologies

In the following text, we summarize recent advances
from various mitochondrial proteomic studies of the
most common pathological states of the kidney. Short
summary of utilization of these methods is also available
in Table 2. Detailed analysis of all research applications
of mitochondrial proteomics falls outside the scope of
this work and the reader is referred to recent in-depth
reviews?!77-80,

Diabetes

All forms of diabetes are characterized by hypergly-
cemia, a relative or absolute lack of insulin action, path-
way-selective insulin resistance, and the development of
diabetes-specific pathology in the retina, renal glomerulus,
and peripheral nerves. Oxidative stress is a key compo-
nent in the development of diabetic nephropathy. Reactive
oxygen species (ROS) are produced by cytosolic (such
as glycolysis, specific defects in the polyol pathway, un-
coupling of nitric oxide synthase, xanthine oxidase, and
advanced glycation) and mitochondrial pathways (elec-
tron leakage at complex I and at the interface between
coenzyme Q and complex III) (ref.®'). Excess amounts
of ROS modulate activation of protein kinase C, mito-
gen-activated protein kinases, and various cytokines and
transcription factors which eventually cause increased ex-
pression of extracellular matrix genes with progression to
fibrosis and end stage renal disease®?. Impairment of renal
mitochondria induced by oxidative stress is an important
factor in diabetes; therefore mitochondria represent an
important site due to their intensive oxidative metabo-
lism and using proteomics, specific targets for therapy in
mitochondria can be revealed.

Proteomic analysis showed upregulation of TCA cy-
cle and fatty acid oxidation proteins by analysis cytosolic
compartment of kidney cortex®® and renal mitochondria3*
of diabetic mice. Increased level of mitochondrial fatty
acid metabolism enzymes in renal cortex of diabetic ani-
mals supported the hypothesis that insulin resistance can
be attributed to increases in intracellular fatty acid me-
tabolites that disrupted insulin signaling®:.

Increased expression of mitochondrial 3-hydroxy-
3-methylglutaryl-CoA synthase 2 (HMGCS2) was found
using 2-DE analysis in kidney of diabetic mice. It was
proposed that excess of ketogenic activity resulting from
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Table 2. Applications of proteomic methods that were used in studies of the most common pathological states

of the kidney.
Pathology Method Sample, organism What was studied
Diabetes 2-DE Kidney tissue, mouse?®**>.Changes of proteome during diabetes®’.
Mitochondria, mouse®®. Proteomic profile of kidney and identification of mitochondrial ketogenic
Mitochondria, rat®. enzyme®.
Posttranslational modification of mitochondrial proteome?®!.
LC-MS  Mitochondria, mouse®. Changes of protein expression during diabetes®.
Kidney tissue, rat®’. Identification of potential therapy targets®’.
Hypertension 2-DE Kidney tissue, rat®. Protein expression profile in a model of hypertension®:.
LC-MS  Mitochondria, rat®. Mitochondrial metabolism in mitochondria in a model of hypertension®.
Acidosis 2D-DIGE Proximal tubules, rat®. Changes in protein expression during acidosis®.
LC-MS  Mitochondria, rat®. Response of the mitochondrial proteome of renal proximal convoluted
tubules to chronic metabolic acidosis®.
Acute kidney Western Kidney tissue, mouse'™*°. Expression of mitochondrial protein after treatment of AKI by antioxidant’.
injury blotting Protective mechanism of mitochondrial sirtuin®.

Nephrotoxicity 2-DE Kidney tissue, rat *%%,
Cell culture'*192,

Mitochondria??.

2-DE Tissue, human'%
Mitochondria, human

Cell culture, human'®

Renal cancer
105

Interaction of gentamicin®® and cyclosporine A* with kidney.
Effect of calcium oxalate monohydrate'®?? and dihydrate!*.

Protein profiles of tissue and tumor'*.
Mitochondrial proteomes of different tumors!®.
Impact of cisplatin administration on protein expression levels'®®,

105

2D-DIGE Tumor tissue, human'®’. Stage-related changes of proteins in tumors!'?’.

BN-PAGE Tumor tissue, human'®®. Composition of ETS complexes in tumors!®.

increased expression of HMGCS2 contributes to diabetic
nephropathy and HMGCS2 may therefore represent a
potential therapeutic target®.

Proteomic analysis of cytosolic and mitochondrial
fractions of diabetic mice kidney provided data about
migration of mitochondrial proteins®. Increased amount
of prohibitin and cytochrome ¢ was detected in cytosolic
fraction of diabetic kidney. Mitochondrial prohibitin is
involved in cell cycle function and its increased amount
in cytoplasmic fraction was attributed to damage of mito-
chondrial membrane or impaired transport into mitochon-
drion. The leakage of cytochrome ¢ into cytosol indicated
alteration in permeability of mitochondrial membrane.

In diabetes, high blood glucose level results in post-
translational modifications of proteins. Proteins modified
by methylglyoxal (MGO) were found in renal mitochon-
dria of diabetic rats and identified as enzymes of beta
oxidation and subunits of ETS complex I and III. It was
shown that activity of complex III was decreased due to
its modification by MGO (ref.).

Effect of triethylenetetramine (TETA) on mitochon-
dria of diabetic kidney was studied by proteomics®’. TETA
is a copper chelator that prevents or reverses diabetic
copper overload and thereby suppress oxidative stress.
Analysis of kidney of diabetic animals revealed that
treatment by TETA restored decrease of mitochondrial
chaperones involved in protein turnover and assembly,

and enzymes involved in oxidative phosphorylation and
mitochondrial fatty acid metabolism expression caused
by diabetes®’.

Hypertension

Essential hypertension is a heterogeneous disorder in
which both genetics and environmental factors contribute
to increased cardiovascular and renal morbidity and mor-
tality®®. Changes in renal mitochondria in rat models of
hypertension include alterations in respiratory functions®
and oxidative stress’®' and renal mitochondria represent
possible therapeutic target®.

Protein expression profiles of the kidney in sponta-
neously hypertensive rats revealed decreased expression
of NADPH dependent mitochondrial isocitrate dehy-
drogenase®’. Decreased defense against mitochondrial
oxidative damage in hypertensive rats was suggested due
to involvement of this protein in process of glutathione
regeneration.

Using salt-sensitive rats as model organism for hyper-
tension, effect of salt-induced hypertension on mitochon-
dria of thick ascending limb of Henle’s loop was tested
by proteomics®. Downregulation of proteins connected
with energy metabolism predicted reduction of oxygen
utilization in mitochondria in medullary thick ascending
limb of Henle’s loop of salt sensitive rats®.
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Acidosis

Metabolic acidosis is caused by overproduction of
an acid or reduced recovery of bicarbonate. Adaptive re-
sponse of renal proximal tubule includes rapid increase
of ammoniagenesis and gluconeogenesis. In proximal tu-
bules of acidotic rats, increased levels of mitochondrial
proteins associated with catabolism of plasma glutamine
were detected by proteomics using 2D-DIGE (ref.*).
These changes in protein expression levels contributed
significantly to the adaptive response to metabolic aci-
dosis and/or renal hypertrophy. In mitochondria of rat
proximal convoluted tubules?, abundance of proteins in-
cluding mitochondrial enzymes involved in glutamine me-
tabolism and acid-base balance was significantly altered in
response to metabolic acidosis. During acidosis, increased
acetylation of mitochondrial proteins was detected and
it was hypothesized that acetylation may prevent protein
degradation by blocking sites of ubiquitination.

Acute kidney injury

In experimental models of AKI, abnormal mitochon-
drial biogenesis, fission/fusion, and autophagy have been
characterized and recovery of mitochondrial functions
was found to be important for function of the kidney!'.
Ischemia-reperfusion injury in AKI contributes to frag-
mentation of mitochondria and processes leading to cell
death'®. Although proteomic analysis of mitochondria or
kidney tissue affected by AKI is not available to date,
experimental data suggest that changes in mitochondrial
proteins structure and activity could substantially con-
tribute to the onset or progress of renal dysfunction as-
sociated with AKI (ref."”). Recent research showed that
mitochondrial proteins could be an important target for
therapy®®?’. Therefore, proteomic analysis of mitochon-
dria on model systems during AKI could bring important
information about mechanisms of mitochondrial damage
and reveal potential therapeutic targets.

Detection of nephrotoxic compounds effect

Kidney plays an important role in elimination of
xenobiotics, including drugs and toxic environmental
agents. During concentration of urine, tubular structures
of nephrons are exposed to relative high concentrations
of xenobiotic compounds. Knowledge of putative interac-
tions of xenobiotics, drugs or their metabolites with renal
mitochondria could help to prevent potential damage to
the kidney.

Proteomic analysis of renal cortex was performed to
delineate the effects of gentamicin®®. Gentamicin belongs
to aminoglycosides which are known to inhibit sodium
and potassium ATPase activity. The analysis revealed that
expression of mitochondrial proteins employed in gluco-
neogenesis and glycolysis, fatty acid utilization and TCA
cycle was affected by gentamicin.

Effect of cyclosporine A (CsA) nephrotoxicity was
studied on the kidney of normal and salt-depleted rat
models by combined strategy employing proteomics and
metabolomics”. CsA is used after renal transplantation
to prevent organ rejection. Mitochondrial proteins of oxi-
dative phosphorylation and fatty acid p-oxidation were

upregulated in low-salt control rats compared to normal-
fed animals. Upregulation of these proteins suggested
increased energy demand, possibly for retaining normal
osmolarity within the cells. In low salt animals, CsA treat-
ment decreased the level of TCA cycle and ETS proteins.
CsA more strongly affected the kidneys of rats fed with a
low-salt diet due to their higher dependence on the energy
production by mitochondrial respiration®.

In hyperoxaluria, renal tubular epithelial cells are ex-
posed to oxalate which lead to the activation of intracel-
lular responses, including overproduction of free radicals
and reactive oxygen species. Mitochondrial dysfunction
is an important event favoring kidney stone formation'®.
In renal tubular epithelial cells incubated with calcium
oxalate monohydrate (COM) (ref.!”") or calcium oxalate
dihydrate (COD) (ref.1?), changes in expression of several
mitochondrial proteins were detected. Proteomic analysis
of mitochondria?? revealed that COM treatment affected
enzymes of cell cycle regulation, carbohydrate, amino
acid and energy metabolism. Increased level of oxida-
tively modified proteins indicated ROS overproduction
in COM treated cells. Proteomic approach documented a
complex effect of COM crystals on renal cells and showed
that mitochondrial pathways of energy metabolism, ROS
regulation and oxidative stress response were affected.

Renal cancer

In tumors, energy metabolism is shifted from oxida-
tive phosphorylation to glycolysis. However, synthetic
pathways in mitochondria are still important for cancer
cells and mitochondria represent important targets for
therapy'®. Increased expression of glycolytic proteins and
downregulation of mitochondrial gluconeogenic enzymes
that reflect the predominance of glycolysis followed by
lactic acid fermentation in the presence of adequate
oxygen (Warburg effect) in was detected in renal carci-
noma tissue'. Analysis of mitochondria isolated from
renal oncocytoma and chromophobe cell carcinoma was
performed by 2-DE (ref.'®®). Differences in abundance of
ETS subunits, proteins of glycolysis, beta oxidation and
antioxidant proteins have been found.

Analyses by BN-PAGE can reveal alterations and abun-
dance of ETS protein complexes in renal tumor tissues in
comparison with healthy tissue or between tumor types.
Using BN-PAGE, differences in patterns of ETS com-
plexes in three types of renal tumors were examined'®. It
was found that decreased amount of ETS complexes II,
IIT IV and ATP synthase correlated with aggressiveness
of renal cell carcinoma.

Recent evidence showed that mitochondrial proteome
is changed during tumor progression'”’. Samples of re-
nal cell carcinoma of different stages have been analyzed
by 2D-DIGE. Mitochondrial proteins of TCA cycle and
ETS system were found to be downregulated according to
Warburg hypothesis. Mitochondrial prohibitin and perox-
iredoxin-3 showed stage-dependent changes in expression
and may be used as potential markers of progression.

Compounds used for anticancer therapy may influ-
ence the mitochondrial proteins'®. Cisplatin is an impor-
tant anticancer drug and its use is frequently limited by
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various significant side effects including nephrotoxicity'®.
Proteome analysis of renal cells incubated with cispla-
tin identified changes in several mitochondrial proteins.
Upregulation of mitochondrial heat shock protein HSP70
may indicate a defense mechanism against apoptosis.
Increase of glycolytic enzyme glyceraldehyde 3-phosphate
dehydrogenase was attributed to compensatory effect on
disturbed mitochondrial oxidative processes and decrease
of mitochondrial superoxide dismutase to decreased activ-
ity of free radical defense mechanisms'®.

CONCLUSION AND RESEARCH PERSPECTIVES

Proteomic analyses of renal mitochondria holds great
potential for providing information on remodeling of mi-
tochondrial metabolic pathways, protein posttranslational
modifications and composition of mitochondrial protein
complexes during various renal pathological states. These
data can be then used for investigating the pathophysi-
ology of diseases associated with mitochondrial dys-
function and for revealing potential targets for therapy.
Nevertheless, many challenges remain. We have devel-
oped the following research agenda in relation to the re-
nal mitochondrial proteomics aimed to identify potential
research questions to address the existing knowledge gaps.
e Complex structure of kidney tissue is an important fac-

tor for analysis of the renal mitochondrial proteome;

therefore the important step is the reduction of sample
complexity by isolation of renal cortex, medulla, neph-
ron segments and isolation of mitochondria.

e Analysis of mitochondria in renal biopsies represents
a significant challenge due to low amount of avail-
able protein. Optimization of methods for isolation
of mitochondria in high purity and analytical methods
for covering wide range of hydrophobicity, abundance
and posttranslational modifications of mitochondrial
proteome is important.

e Combination of proteomics with methods that reflect
metabolic activity (e.g. metabolomics, high resolution
respirometry) can provide more detailed understand-
ing of renal mitochondrial physiology and pathology.

e There is a pressing need to better understand the na-
ture, time course and magnitude of mitochondrial pro-
teome changes in different renal zones in the course
of various kidney disorders.

e Further proteomic studies are also required to better
understand how multiple comorbidities (such as dia-
betes, heart failure) as well as aging alter the renal
mitochondrial proteome, enhance the intrinsic sus-
ceptibility of mitochondrial system to insults and how
they affect the effectiveness of novel therapies.

¢ Due to the inaccessibility of the kidney tissue under
clinical conditions, future research will need better
preclinical models of AKI and CKD that recapitulate
the complex nature of human disease.
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Propolis is a natural product that honeybees collect from various plants. It is known for its beneficial pharmacological effects.
The aim of our study was to evaluate the impact of propolis on human sperm motility, mitochondrial respiratory activity,
and membrane potential. Semen samples from 10 normozoospermic donors were processed according to the World Health
Organization criteria. Propolis effects on the sperm motility and mitochondrial activity parameters were tested in the fresh
ejaculate and purified spermatozoa. Propolis preserved progressive motility of spermatozoa in the native semen samples. Oxygen
consumption determined in purified permeabilized spermatozoa by high-resolution respirometry in the presence of adenosine
diphosphate and substrates of complex I and complex II (state OXPHOS,, ;) was significantly increased in the propolis-treated
samples. Propolis also increased uncoupled respiration in the presence of rotenone (state ETS;;) and complex IV activity, but it
did not influence state LEAK induced by oligomycin. Mitochondrial membrane potential was not affected by propolis. This study
demonstrates that propolis maintains sperm motility in the native ejaculates and increases activities of mitochondrial respiratory
complexes IT and IV without affecting mitochondrial membrane potential. The data suggest that propolis improves the total
mitochondrial respiratory efficiency in the human spermatozoa in vitro thereby having potential to improve sperm motility.

1. Introduction

Propolis (bee glue) is a natural product that honeybees (Apis
mellifera) collect from various plants. It is used as building
material (filling of cracks and gaps) or for protection against
intruders (embalms killed invader insects) [1].

Propolis has been used as a remedy for thousands of years.
The term is derived from Greek word pro- (meaning in front
of) and polis (city, community). Its chemical composition
depends on the place, time of collection, and plant sources

making it highly variable. To date, more than 300 compounds
have been detected in various propolis extracts [2, 3]. It is
composed mainly of resin (50%) and wax (30%). Other com-
ponents are pollen (5%), essential and aromatic oils (10%),
and minor compounds as flavonoids (quercetin, kaempferol,
pinocembrin, apigenin, chrysin, etc.), beta-steroids, terpenes,
minerals, and vitamins [1, 4-6]. Propolis is known in folk
medicine for its pharmacological effects: antibacterial, antivi-
ral, antifungal, antiparasitic, anti-inflammatory, chemopre-
ventive, immunomodulatory, hepatoprotective, antioxidant,



and antitumor [1, 7]. As a result of these effects, over the past
30 years, propolis has been the subject of intense medical
studies.

Infertility affects 10-15% of couples of reproductive age
and plenty of unanswered questions remain concerning the
physiological mechanisms underlying the successful fertility
[8]. Male factor contributes to about 50% of cases of infer-
tility and most of them are still idiopathic [9]. More than
90% of male infertility cases are due to low sperm count
(oligozoospermia), poor sperm motility (asthenozoosper-
mia), abnormal sperm morphology (teratozoospermia), or all
three. The remaining cases of male infertility can be caused
by a number of factors including anatomical problems,
hormonal imbalances, and genetic defects.

Appropriate sperm motility is fundamental for reproduc-
tive success in mammals since the spermatozoa have to travel
a relatively long distance through the female reproductive
system by active flagellar motion. The energy for the sperm
movement in the form of adenosine triphosphate (ATP)
is supplied by two metabolic processes: glycolysis taking
place in the cytoplasm or oxidative phosphorylation in the
mitochondria found only in the sperm midpiece, where
72-80 helically arranged organelles can be detected. However,
the relative contributions of both pathways to the sperm
motility in different species are a matter of long-standing
debate [10, 11]. Nevertheless, recent experimental data suggest
that reduced efficiency of the mitochondrial respiratory
activity may contribute to the reduced sperm motility. In
asthenozoospermic patients, morphological and functional
changes in sperm mitochondria have been described [12, 13].

Until now, the effects of propolis on the mitochondrial
morphology and function have been studied particularly in
the somatic cells. However, the results of these studies are
far from uniform showing both stimulation and inhibition
of various mitochondrial functions including oxygen con-
sumption, apoptosis, and mitochondrial membrane potential
[14-17]. The aim of our study was to assess the effect of
ethanolic extract of propolis (EEP) on the human sperm
motility, mitochondrial respiratory activity, and membrane
potential to test the putative therapeutic potential of this
natural product in the treatment of asthenozoospermia.

2. Methods

2.1. Ethanolic Extract of Propolis Preparation. Propolis was
collected using plastic nets in region of West Bohemia (Horni
Slavkov—50° 8'17.268" N, 12° 48'48.992" E) in September
2012. Propolis was frozen at —20°C and ground in a mill. The
resulting powder (10 g) was mixed at room temperature with
70% ethanol (100 mL) for 24 h and then filtered. The filtrate
was then made up to 100 mL with 70% ethanol [18]. The sam-
ple was kept in darkness at 4°C until analysis. For experiments
with live cells, propolis was further diluted resulting in a final
ethanol concentration below 1% which is not toxic to cells
[19]. The final concentration of propolis chosen for further
experiments was 0.01 mg/mL of the corresponding medium.
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2.2. High Performance Liquid Chromatography Analysis
(HPLC). Qualitative and quantitative chromatographic anal-
yses of phenolics were performed on a HPLC system
equipped with a binary pump (Waters 1525), Waters 717 plus
Autosampler, and dual UV/VIS detector 2487 Separation
was performed on a Symmetry C18 column, particle size
5um (150 mm x 4.6 mm), using a mobile phase of 0.08%
acetic acid in methanol (A) and 0.1% acetic acid and 10%
methanol in water (B). The gradient was 10-47% A (25 min),
47% A (25-40 min), 47-70% A (40-70 min), and 70-100%
A (70-80 min) at a flow rate of mobile phase 0.5 mL/min.
Injection volume was 10 uL, and column temperature was
30°C.

Spectrophotometric detection was conducted at 280 nm
and 330 nm. Identification of polyphenolic compounds was
achieved by comparison of retention times with those of
commercial pure compounds. All standards were dissolved
in dimethyl sulfoxide (Sigma-Aldrich; St. Louis, USA) to give
10 mmol/L standard solutions. Calibration standards were
prepared by dilution of the standard solution in ethanol.

Quantitative analysis was carried out by external standard
method. Calibration curves showed a linear response of R* >
0.97 over a concentration range of 5-100 yumol/L. Before
the HPLC analysis, the EEP was filtered on teflon syringe
microfilter Separon 0.45 ym. The propolis extract was diluted
one hundred times for HPLC analysis.

Phenolic compounds were purchased from Sigma-
Aldrich (St. Louis, USA) (apigenin, chrysin, genistein,
kaempferol, luteolin, naringenin, pinocembrin, galangin and
phenolic acids: caffeic, p-coumaric, t-ferulic, t-cinnamic,
benzoic, and gallic acid and caffeic acid phenethyl ester).
Vanillin was purchased from Merck (Darmstadt, Germany).

2.3. Sperm Sample Preparation. The study design was
approved by the Local Ethics Committee of the University
Hospital in Pilsen and a written informed consent was
obtained from each of the 10 participants included in the
study (mean age 24.2 years, SEM + 2.8).

Ejaculates were collected after 3 days of sexual abstinence
in IVF Center Prof. Zech, Pilsen. Semen samples were eval-
uated by an experienced employee. After liquefaction, they
were analyzed according to the World Health Organization
criteria 2010 [20]. We investigated semen volume and, under
the microscope with phase-contrast optics at magnification
%200, concentration of spermatozoa, motility of spermato-
zoa and pathologies. Sperm motility was assessed at room
temperature in Makler counting chamber. Two hundred
spermatozoa per replicate were classified into three motility
categories (progressive, nonprogressive, and immotile sperm
cells). All samples were considered normozoospermic ejacu-
lates (Table 1).

Fresh ejaculate (0.1mL) was subjected to experiment
with propolis. Propolis or ethanol only (1uL) was added
to 0.1mL of fresh ejaculate (final concentration of propolis
was 0.0l mg/mL) and sperm motility was evaluated after 60
minutes.

The remaining sample was prepared by gradient separa-
tion technique and used for experiment with polarographic
oxygraph (Oroboros, Innsbruck, Austria) and sperm flow
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TABLE 1: Main sperm parameters of the normozoospermic men
(£SEM).

Parameters Normozoospermic
men (n = 10)
Volume (mL) 318 £ 0.26
Concentration (x10°/mL) 81.22 +13.97
Progressive motility (%) 625+4.4
Pathology morphology (%) 42.00 + 2.26
Concentration after separation (x106/mL) 158.44 +18.09
Progressive motility after separation (%) 86.43 +2.10

cytometry evaluation. Sperm number after separation was
also determined in the Makler counting chamber.

2.4. The Sperm Density Gradient Separation Technique. The
sperm was separated and purified. This was performed using
gradient solution media SpermGrad medium (SGm,
Vitrolife, Sweden) and SpermRinse medium (SRm,
Vitrolife, Sweden). SpermGrad medium was diluted to
90% (0.15mLSGm:1.35mLSRm), 70% (0.09 mLSGm:
0.2lmLSRm) and 50% (0.15mLSG:0.15mLSRm). Into
a conical tube L5mL 90%, 0.3mL 70% and 0.3mL of a
50% gradient media were layered. Full ejaculate was added
and the sample was centrifuged for 20 minutes at 300 g.
After removal of the supernatant, 8 mL SRm was added and
then the sample was centrifuged 8 minutes at 300 g. After
removal of supernatant, the sample was evaluated for the
concentration and motility of spermatozoa and ready for
injection into the oxygraph.

2.5. High-Resolution Respirometry. Oxygen consumption by
purified spermatozoa was measured at 36°C in 2mL glass
chambers of oxygraph Oroboros (Oroboros, Innsbruck, Aus-
tria) connected to the computer with DatLab software for
data acquisition and analysis (Oroboros, Innsbruck, Austria).
The oxygen flux was calculated as a negative time derivative
of the oxygen concentration. All values of oxygen fluxes
were corrected for instrumental and chemical background
measured in separate experiments performed in the same
medium without human gametes.

The medium consisting of 0.5mmol/L ethylene gly-
col tetraacetic acid, 3mmol/L MgCl,-6H,0, 60 mmol/L
K-lactobionate, 20 mmol/L taurine, 10 mmol/L KH,PO,,
20 mmol/L HEPES, 110 mmol/L sucrose, and 1g/L albu-
min essentially fatty acid free [21] was stirred at 750 rpm
and equilibrated for 60 min with air. After equilibration,
oxygen concentration in the chamber corresponded to its
concentration in the atmospheric air and solubility in the
medium (0.92). The chambers were then closed and the
samples of intact spermatozoa were injected into the cham-
bers using Hamilton syringe. Into one of two chambers
recording in parallel, propolis (0.0l mg/mL) was injected
and the samples were further incubated at 36°C for 20 min.
The spermatozoa cell membrane was permeabilized with
digitonin (Sigma-Aldrich, St. Louis, USA; 5ug/mL) and
combination of substrates, inhibitors, and uncouplers was

sequentially injected into the chambers to measure the res-
piration through different segments of the electron transport
system (Figurel). (1) Resting respiration with substrates
providing electrons to complex I malate (2mmol/L) and
glutamate (10 mmol/L) was measured as a state S2 (non-
phosphorylating LEAK state, Ly). (2) Active respiration was
induced by 5mmol/L adenosine diphosphate (ADP; state S3
or OXPHOS). (3) Oxygen consumption was further mea-
sured with pyruvate (5 mmol/L) and a substrate of electron
transfer flavoprotein (ETF) palmitoyl carnitine (20 gmol/L).
(4) Integrity of the mitochondrial inner membrane was
checked with cytochrome ¢ (10 ymol/L). (5) Mitochondrial
respiration was then increased by succinate, complex II
substrate (10 mmol/L). (6) State LEAK was induced again
by inhibition of ATP-synthase oligomycin (2 ug/mL). (7)
Maximum capacity of the electron-transporting system (state
S3u or ETS) was reached by titration of uncoupler triflu-
orocarbonylcyanide phenylhydrazone (FCCP; 0.05 ymol/L
titration steps). (8) After addition of a complex I inhibitor
rotenone, the oxygen flux corresponded to maximum capac-
ity of the electron-transporting system with the complex
II only. (9) Then, antimycin A (2.5 ymol/L), a complex III
inhibitor was injected into the chambers to measure residual
oxygen consumption (ROX). (10) N,N,N’,N'—tetramethyl—
p-phenylenediamine dihydrochloride (TMPD; 0.5 mmol/L)
and ascorbate (2 mmol/L) were injected simultaneously for
respirometric assay for cytochrome c oxidase (C IV) activity.
In the results, oxygen fluxes recorded in the individual titra-
tion steps were corrected for residual oxygen consumption.

The dose-response relationship between the propolis
concentration and sperm respiratory activity was tested in
another set of experiments, where the final concentrations
of propolis 0.001, 0.005, and 0.01 mg/mL were used. Higher
dose of propolis was not tested as in experiments running
in parallel, higher concentrations of propolis in the incuba-
tion medium (0.03 and 0.05mg/mL) were toxic for mouse
embryonic stem cells reducing their growth, survival, and
proliferation (unpublished observation).

2.6. Permeability of Cell Membrane in Sperm. Sperm was
treated with the impermeable fluorescent dye propidium
iodide to check cell membrane permeability for substrates,
inhibitors, and uncouplers after treatment by digitonin. Final
concentration of propidium iodide was 1 ug/mL.

2.7. Sperm Flow Cytometry Evaluation. Mitochondrial mem-
brane potential (A¥m) was determined with MitoProbe
JC-1 Assay Kit (Life Technologies). Each sperm sample
was resuspended in 37°C warm phosphate-buffered saline
(PBS) at approximately 1 x 10° cells/mL. Propolis (1 L) was
added to test samples (100 uL) to reach final concentra-
tion 0.01mg/mL. Controls remained without intervention.
Samples were incubated in propolis for 60 min and after
that were washed with PBS. JC-1 (10 uL of 200 ymol/L) was
added for 20 min incubation (37°C, 5% CO,). Wash with PBS
followed (5min, 1500 rpm). Samples were resuspended in
500 uL PBS and measured on BD FACS CANTO II cytometer
(BD Biosciences, New Jersey, USA). Analysis was performed
with BD FACS Diva software with 488 nm excitation using
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FIGURE 1: A scheme of an electrotransport convergent system. System is situated on the inner mitochondrial membrane. GpDH = glucose-6-
phosphate dehydrogenase; complex I = NADH-Q reductase; complex II = succinate-Q oxidoreductase; complex III = cytochrome reductase;
complex IV = cytochrome oxidase; ETF = electron-transporting flavoprotein; O, = oxygen.

emission filters appropriate for Alexa Fluor 488 dye and R-
phycoerythrin.

2.8. Citrate Synthase Activity. Mitochondrial content in the
samples aspirated from each oxygraph chamber was assayed
by determination of the citrate synthase activity [22, 23].
The assay medium consisted of 0.1 mmol/L 5,5-dithio-bis-(2-
nitrobenzoic) acid, 0.25% Triton-X, 0.5 mmol/L oxalacetate,
0.31 mmol/L acetyl coenzyme A, 5umo/L EDTA, 5mmol/L
triethanolamine hydrochloride, and 0.1 mol/L Tris-HCI, pH
8.1 [22]. Two hundred microliters of the mixed and homoge-
nized chamber content was added to 800 L of the medium.
The enzyme activity was measured spectrophotometrically at
412nm and 30°C over 200s and expressed in mIU per 10
cells.

2.9. Data Analysis and Statistics. Results are presented as
mean + SEM. Statistical differences were analyzed using
software package STATISTICA Cz, 8 (StatSoft Inc., Prague,
Czech Republic). After testing for the normality of distri-
bution and homogeneity of variances, comparisons were
made using Student’s t-test, Wilcoxon signed-rank test and
analysis of variance (ANOVA) with post hoc tests corrected
for multiple comparisons by Bonferroni’s method. The results
were considered significantly different when P < 0.05.

3. Results

3.1. HPLC Analysis. Analyzing the propolis by the HPLC, we
were able to identify compounds as t-ferulic acid, p-coumaric
acid, vanillin, caffeic acid, t-cinnamic acid, kaempferol, api-
genin, and chrysin. Although we analyzed standards of gallic
acid, benzoic acid, quercetin, naringenin, luteolin, genistein,
pinocembrin, galangin, and caffeic acid phenethyl ester, they
were not identified in our propolis sample. Chromatogram
of ethanolic extract of the Czech propolis is presented in
Figure 2. Detailed results with concentrations of observed
substances are shown in Table 2.
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F1GURE 2: HPLC chromatogram of the Czech propolis extract and
the identified compounds/retention time (A = 280 nm—black line
and A = 330 nm—green line).

3.2. Semen Parameters and Effect of Propolis on Sperm Motility
in Fresh Ejaculate. Ten healthy men were included in this
study. The mean age was 24.2 years. The general sperm
characteristic of the normozoospermic men after ejaculation
is shown in Table 1. The effect of propolis on human sperm
motility after incubation for 60 minutes is presented in
Figure 3. Propolis preserved the progressive motility of sper-
matozoa in the native semen samples, since the percentage of
the progressively motile spermatozoa after incubation with
propolis remained nearly the same as in the fresh samples,
whereas in the ejaculates without propolis, the progressive
motility significantly declined with time (P = 0.028). Ethanol
alone had no negative effect on sperm motility.

3.3. High Resolution Respirometry. Representative traces of
the oxygen consumption in permeabilized spermatozoa
with and without propolis 0.0lmg/mL are depicted in
Figure 4. Oxygen consumption of intact spermatozoa (0.13
+ 0.01 nmol/(s-IU)) was significantly enhanced by propolis
(0.27 + 0.03 nmol/(s-IU); P = 0.006). After permeabilization
with digitonin, state 2 determined in the presence of malate
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TABLE 2: Analysis of the ethanolic extract of propolis by the HPLC.

Compound Rt [min] Concentration [mg/L of EEP]
Gallic acid 6.0 n.d
Cafteic acid 21.2 65 +11
Vanillin 234 65 + 11
p-Coumaric acid 275 231+10
t-Ferulic acid 28.9 514 +15
Benzoic acid 33.6 n.d
Quercetin 423 n.d
t-Cinnamic acid 42.7 29 +1
Naringenin 43.2 n.d.
Luteolin 44.7 n.d
Genistein 45.6 n.d
Kaempferol 51.3 101 + 45
Apigenin 53.4 73+8
Chrysin 70.0 36+5
Pinocembrin 65.1 n.d.
Galangin 73.1 n.d.
CAPE 71.4 n.d.

(n.d. = nondetected; CAPE = caffeic acid phenethyl ester).
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F1GURE 3: Effect of propolis on sperm motility. Columns represent
progressive motility of spermatozoa in native ejaculates after 60 min
incubation with propolis extract (mean + SEM). Dashed line =
progressive motility at time 0. * P < 0.05, compared to the respective
control value.

and glutamate was 0.19 + 0.04 nmol/(s:IU) in the control
samples and it was significantly higher in the propolis-treated
sperm samples (0.29 + 0.05 nmol/(s-IU); P = 0.014). State 3,
that is, oxygen consumption during oxidative phosphoryla-
tion, determined in the presence of ADP and substrates of
the complex I, ETE, and complex II is depicted in Figure 5.
Propolis significantly increased (by ~50%) S3;,;; oxygen flux
(P = 0.003) suggesting increased activity of the complex II.
Propolis did not influence state 4 induced by oligomycin that
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FIGURE 4: Substrate-uncoupler-inhibitor titration protocol in
human spermatozoa. Substrate-uncoupler-inhibitor titration
(SUIT) protocol with substrates for complex I, complex II, and
electron-transferring flavoprotein (ETF) in human spermatozoa.
Red line = oxygen flux expressed per IU citrate synthase activity in
the control sample, green line = oxygen flux expressed per IU citrate
synthase activity in the sample treated with propolis 0.01 mg/mL,
and blue line = oxygen concentration in the oxygraph chamber. Dig
= digitonin, M = malate, G = glutamate, D = ADP, P = pyruvate,
Pcar = palmitoylcarnitine, ¢ = cytochrome ¢, S = succinate, Omy =
oligomycin, F = FCCP, Rot = rotenone, and AmA = antimycin A.

reached 0.81 + 0.07 and 0.94 + 0.09 nmol/(s-IU) in the control
and propolis-treated spermatozoa, respectively. Maximum
capacity of the electron-transporting system (state S3u) tested
for both complexes I and IT and in the presence of the complex
I inhibitor rotenone was significantly higher after propolis
administration (Figure 6). In measurements with TMPD +
ascorbate, complex IV respiration was 12.16 + 2.58 nmol
O,/(s’IU) in the control samples and it was significantly
enhanced by propolis to 15.4 + 3.19 nmol O,/(s-IU). Absolute
ethanol alone (medium for propolis, oligomycin, antimycin
A, FCCP, and rotenone) in the volume up to 10 4L did not
influence respirometric parameters measured with substrates
of complexes I, II, and ETF in the presence of ADP.

Flux control ratios were calculated to estimate the relative
efficiency of individual interventions and coupling state of
the sperm mitochondria. The ratio OXPHOS,;/OXPHOS;
was significantly higher in the propolis-treated samples
(3.53 + 0.42) compared to controls (2.8 + 0.28) suggesting
increased efficiency of coupled respiration when complex II
was stimulated by succinate. The LEAK control ratio is the
ratio of LEAK respiration and ETS capacity; it reached 0.25 +
0.02 in the control samples and it significantly decreased after
propolis to 0.21 + 0.02 (P = 0.024).

The dose-response relationship tested in separate exper-
iments is shown in Figure 7 for state S3 (OXPHOS), where
glutamate, malate, pyruvate, succinate, and ADP were present
in the medium, and for state S3u (ETS), where mitochon-
dria where uncoupled by FCCP. Propolis dose-dependently
increased oxygen consumption, although the extent of its
effect was greater for state S3 than for state S3u.

3.4. Permeability of Cell Membrane in Sperm. Addition of
5ug/mL of digitonin made the sperm cell membrane per-
meable to dye propidium iodide and for the substrates,
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FIGURE 5: Oxygen consumption rates in the state S3 (OXPHOS)
measured under control conditions and with propolis. Oxygen con-
sumption rates in the state S3 (OXPHOS) measured under control
conditions (control) and with propolis extract added (propolis) in
the presence of ADP and substrates providing electrons to complex
I, ETE and complex II. M = malate, G = glutamate, P = pyruvate,
Pcar = palmitoylcarnitine, and S = succinate. Oxygen fluxes were
corrected for residual oxygen consumption and expressed per IU
citrate synthase activity. “P < 0.05, compared to the respective
control value.
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FIGURE 6: Oxygen consumption rates in the state S3u in per-
meabilized spermatozoa. Oxygen consumption rates in the state
S3u (ETS) in permeabilized spermatozoa measured under control
conditions (control) and with propolis extract added (propolis) in
the presence of FCCP and substrates providing electrons to complex
I, ETE and complex II. M = malate, G = glutamate, P = pyruvate,
Pcar = palmitoylcarnitine, S = succinate, and complex I inhibitor
rotenone (Rot). Oxygen fluxes were corrected for residual oxygen
consumption and expressed per IU citrate synthase activity. “P <
0.05, compared to the respective control value.
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FIGURE 7: Dose response relationship between oxygen consumption
and final propolis concentration. State S3 (OXPHOS) = oxygen
consumption rate in permeabilized spermatozoa measured with
malate, glutamate, pyruvate, succinate, and ADP. State S3u = oxygen
consumption rate in permeabilized spermatozoa measured after
sequential addition of malate, glutamate, ADP, pyruvate, succinate,
and FCCP. Oxygen fluxes were corrected for residual oxygen
consumption and expressed per IU citrate synthase activity. “P <
0.05, compared to the respective value without propolis.

inhibitors, and uncouplers required to determine high reso-
lution respirometry (Figure 8).

3.5. Sperm Flow Cytometry Evaluation. Depolarization of
the mitochondrial membrane is a sensitive indicator of
mitochondrial damage. JC-1 is a membrane-permeable fluo-
rescent probe aggregating in the mitochondrial matrix and
then emitting red fluorescence, if A¥m is high. In case of
mitochondrial depolarization, the monomeric form of JC-1
cannot accumulate in the mitochondrial matrix and produce
green fluorescence in the cytoplasm. In the spermatozoa,
loss of A¥Ym could serve as a marker of early apoptosis
and sperm dysfunction [24]. In our experiments, incubation
of the sperm samples with propolis (60 minutes) had no
significant effect on A¥m (Figure 9). In the control samples,
the percentage of cells with high A¥m was 98.43 + 1.07% and
it even slightly increased in the propolis-treated spermatozoa
reaching 99.33 + 0.25%.

3.6. Citrate Synthase Activity. In the control samples, citrate
synthase activity was 6.58 + 0.84 mIU/10” cells and it was not
significantly affected by propolis (6.08 + 0.84 mIU/10” cells)
and by the substances (substrates, inhibitors, media) added
during the respirometric measurements, as tested in separate
controls.
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FIGURE 8: Effect of digitonin treatment on spermatozoa. (a) Micrograph of human spermatozoa and (b) fluorescent micrograph of the same
optical field after treatment with the nonpermeable nuclear dye propidium iodide.
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FIGURE 9: Typical double fluorescence dot plots of flow cytometry analysis. Mitochondrial membrane potential was determined with
MitoProbe JC-1 Assay Kit (Life Technologies). R-phycoerythrin = red fluorescence, normal cells; Alexa Fluor 488 dye = green fluorescence,

reduced mitochondrial membrane potential.

4. Discussion

This is the first study showing chemical composition of
propolis collected in the Czech Republic. Bee glue has a very
complex chemical composition that depends on a number
of factors including diversity of plants and geographical
location from which bees collect it. Although the region
of collection of the tested sample of propolis is situated
in the northern temperate zone where the “poplar” type
propolis is a typical bee product [3], the tree structure
within the mentioned locality is composed of coniferous
trees (90%), birch (6%), alder (2%), beech (1%), and oak
(1%) [25]. However, the tested sample contained chrysin,

the reference flavonoid in poplar propolis, and phenolic acids
and other flavonoids typically found in bee glue extracts
originating from similar geographical regions and reported to
be responsible for various beneficial effects of propolis [26].
Among them, ferulic acid, coumaric acid, and kaempferol
were present in the highest concentrations in the Czech
propolis extract. Caffeic acid phenethyl ester, naringenin, and
quercetin—substances frequently contained in the poplar
propolis [2, 3] and widely tested for their anti-inflammatory,
anticancer, and antioxidant activities in recent years [27]—
have not been detected in the Czech propolis. The factors that
could contribute to the above mentioned differences could
include not only diversity of plant species growing around



the hive, but also season, illumination, altitude, collector
type, and food availability [28]. It should be noted that
the search for a single substance or a particular substance
class that could be responsible for the beneficial actions of
propolis has not been successful to date. Scientific studies
demonstrated that biological activity of propolis could be
almost identical (i.e., antimicrobial, antitumor, antioxidant,
anti-inflammatory, etc.) in samples from different climatic
zones and of completely different chemical composition [3].
Most probably, a combination of substances is essential for
the biological activity of bee glue [29].

The present study describes the effects of propolis on
the sperm motility, mitochondrial membrane potential,
and mitochondrial respiratory activity assessed by high-
resolution respirometry allowing determination of individual
respiratory states in a sequential manner on the same sample,
thus allowing complex evaluation of the mitochondrial func-
tion close to the situation in vivo. In addition, high sensitivity
of the method enables determination of respirometric activity
of individual mitochondrial complexes in a relatively small
amount of cells [30]. In our experiments, we have used
the purified spermatozoa that were subjected to membrane
permeabilization by mild nonionic detergent digitonin, the
dose of which was carefully titrated to permeabilize the cell
membrane without damaging the mitochondrial function. To
date, oxygen consumption by human sperm mitochondria
has been determined mostly by traditional oxygraphy in
the germ cells subjected to hypotonic swelling [13, 31-
33]. However, in the spermatozoa of several mammalian
species, hypotonic challenge could substantially influence the
activity of various protein kinases (PK), including PKA, PKC,
and protein-tyrosine kinase via osmosensitive K and CI”
channels in the process called regulatory volume decrease
requiring energy supply [34].

The major finding of the present study is that propolis
enhances the activity of mitochondrial respiratory complexes
II and IV without affecting the coupling of the electron
transport to ATP synthesis and/or mitochondrial membrane
potential in permeabilized human spermatozoa in vitro. In
the coupled state, propolis enhanced oxygen consumption
with complex I and complex II substrates by ~50%. This
increase was attributed to complex II, since the activity of
complex I alone was not affected by propolis. In addition,
the ratio P, /P, was significantly higher in the propolis-
treated samples. Similarly, in the uncoupled state (S3u, E),
oxygen consumption was significantly (by ~25%) higher after
propolis, both in the presence of substrates of complexes I and
II and after inhibition of complex I by rotenone. Activity of
the complex IV was increased to the same extent (~27%).

The data available on the effects of propolis and its
major compounds on mitochondrial respiration or activity of
individual mitochondrial enzymes involved in the electron-
transport convergent system are scarce. The most frequent
finding is that this effect is negligible in normal somatic cells
(cardiomyocytes, neurons, and hepatocytes), but becomes
beneficial in the cells challenged by toxic stimuli where
oxidative phosphorylation is compromised [16, 35, 36]. In
contrast, in various types of tumor cells, propolis extract or
its constituents inhibit oxidative phosphorylation and trigger
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release of cytochrome ¢ and subsequent apoptosis [15, 17]. In
view of this, the action of propolis on the cellular respiration
is not easily predictable and depends on the cell type.

Some studies suggested that propolis or its phenolic con-
stituents might influence mitochondrial membrane poten-
tial via increased permeability of the inner mitochondrial
membrane [14]. This issue was addressed in the experiments
with MitoProbe JC-1 Assay Kit that clearly showed that in
the human spermatozoa, mitochondrial membrane potential
was not affected by propolis. In addition, oligomycin-induced
respiratory state (LEAK) that reflects compensation for the
proton leak, proton slip, electron slip, and cation cycling
[30] was not affected by propolis. Thus, the decrease in the
LEAK control ratio after propolis could be attributed to
the increased efficiency of the electron transport through
complex II. The putative molecular mechanism of complex II
activation was suggested in study of Cimen et al. [37], where
propolis constituent kaempferol increased deacetylation of
succinate dehydrogenase thus increasing its activity.

To date, the effects of propolis or propolis compounds on
the sperm characteristics have been rarely studied. The whole
propolis extract was used in studies conducted by Yousef
and collaborators on rats and rabbits that were treated with
propolis for 10 to 12 weeks [38, 39]. Administration of propolis
resulted in an increased sperm count and motility, plasma
testosterone levels, and a decreased dead and abnormal
sperm count. A single study documented positive effect of
the propolis compound chrysin on the sperm motility, sperm
concentration, and serum testosterone levels [40]. Ferulic
acid was also reported to enhance sperm motility and viability
[41]. All these findings were attributed to the activity of
propolis as antioxidant and none of these studies dealt with
the action of propolis or its constituents on mitochondrial
energy production. Our study describes a novel beneficial
effect of propolis on the sperm characteristics.

Recent experimental evidence suggests that oxidative
phosphorylation in the human spermatozoa plays a cru-
cial role in gaining energy for the sperm motility and
indicates that asthenozoospermia might be related to the
impaired mitochondrial functionality [42]. High-resolution
respirometry could provide new data in search for sub-
stances that could positively affect human sperm motility and
thus improve sperm fertilizing ability. In addition, detailed
analysis of respiratory efficiency of individual mitochondrial
enzymatic complexes under coupled and uncoupled condi-
tions could provide better insight into pathophysiology of
asthenozoospermia.

5. Conclusions

This study demonstrates, for the first time, that ethanolic
extract of propolis increases activities of mitochondrial respi-
ratory complexes II and IV without affecting mitochondrial
membrane potential. The obtained data suggest that propolis
improves the total mitochondrial respiratory efficiency in
the human spermatozoa in vitro thereby having potential to
improve the sperm motility.
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Identification of CMY-2-Type Cephalosporinases in Clinical Isolates of
Enterobacteriaceae by MALDI-TOF MS

C. C. Papagiannitsis,® S. D. Kotsakis,” Z. Tuma,® M. Gniadkowski,4 V. Miriagou,” J. Hrabak®
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This study exploited the possibility to detect Citrobacter freundii-derived CMY-2-like cephalosporinases in Enterobacteriaceae
clinical isolates using matrix-assisted laser desorption ionization—time of flight mass spectrometry (MALDI-TOF MS). Periplas-
mic proteins were prepared using a modified sucrose method and analyzed by MALDI-TOF MS. A ca. 39,850-m/z peak, con-
firmed to represent a C. freundii-like 3-lactamase by in-gel tryptic digestion followed by MALDI-TOF/TOF MS, was observed
only in CMY-producing isolates. We have also shown the potential of the assay to detect ACC- and DHA-like AmpC-type

B-lactamases.

M atrix-assisted laser desorption ionization—time of flight
mass spectrometry (MALDI-TOF MS) is increasingly used
as a procedure for identification of pathogenic bacteria and fungi
due to its time- and cost-effectiveness (1, 2). Recently, further
applications of MALDI-TOF MS focusing on antimicrobial resis-
tance mechanisms, including detection of carbapenemase activity
in Enterobacteriaceae, Pseudomonas spp., and Acinetobacter spp.,
have been described (3-7).

In 2007, Camara and Hays described for the first time the
use of MALDI-TOF MS for differentiating wild-type Esche-
richia coli from ampicillin-resistant (Amp") plasmid-transformed
E. coli strains by the direct visualization of a 3-lactamase (8). In a
recent MALDI-TOF MS study, Schaumann et al. were not able to
distinguish Enterobacteriaceae and P. aeruginosa isolates produc-
ing extended-spectrum B-lactamases (ESBLs) or metallo-p-lacta-
mases (MBLs) from nonproducers (9). Consequently, so far the
attempts to visualize native B-lactamases by MALDI-TOF MS in
wild-type bacteria have been mostly unsuccessful.

We describe here a new assay for the identification of CMY-2-
like B-lactamases in clinical enterobacterial isolates by MALDI-
TOF MS. These enzymes are the most prevalent acquired AmpC-
type cephalosporinases in Enterobacteriaceae (10). The method is
based on the extraction of periplasmic proteins and the detection
of CMY-2-like B-lactamases by MALDI-TOF MS according to
their molecular weight.

Thirty-eight characterized Enterobacteriaceae strains from col-
lections of the Faculty of Medicine and University Hospital in
Plzen, Czech Republic, the Hellenic Pasteur Institute in Athens,
Greece, and the National Medicines Institute in Warsaw, Poland,
were used (Table 1) (11, 12). The group included 29 CMY-2-
positive clinical isolates, two E. coli transconjugants/transfor-
mants with CMY-2-like enzymes (E. coli A15 or DH5a), and seven
non-CMY-producing isolates (13-21). E. coli ATCC 25922 and
Klebsiella pneumoniae ATCC 13883 were used as negative con-
trols. Purified CMY-2 enzyme (13) was used as a positive control
for MALDI-TOF MS measurements.

Isolates were inoculated into 50 ml of Mueller-Hinton broth
(Oxoid Ltd.) and incubated at 35°C for 16 h. Cultures were cen-
trifuged at 5,000 X g for 20 min, and the cell pellet was used for the
extraction of the periplasmic proteins, performed essentially as
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described by Naglak and Wang (22). Briefly, the pellet was resus-
pended in 360 wl of 40% sucrose and incubated for 2 h at 4°C.
After centrifugation (5,000 X g, 5 min), the supernatant was dis-
carded and the cell pellet was resuspended in 360 .l of ice-cold
double-distilled water (ddH,0O). After a 30-min incubation at 4°C,
40 pl of 1 M Tris-HCI buffer (pH 7.8) and 12 pl of lysozyme (10
mg/liter) were added to the suspension, which was then incubated
for 90 min at 35°C. Spheroplasts were removed by centrifugation
(14,000 X g, 5 min), leaving the periplasmic fraction in the super-
natant.

A 200- ] volume of the periplasmic proteins was added to 1
ml of ice-cold ethanol (95%) supplemented with trifluoro-
acetic acid (TFA; 0.1%). After 20 min of incubation at —20°C,
the solution was centrifuged at 14,000 X g for 20 min. The
supernatant was removed, and the pellet was allowed to dry.
The pellet was resuspended in 50 pl of TEA-acetonitrile-water
(0.1:50:49.9 [volume fraction]), using a vortex device for 1
min, and centrifuged (14,000 X g, 2 min) to obtain the super-
natant extract. Subsequently, 1 pl of each supernatant was ap-
plied on a stainless steel MALDI target plate (MSP 96 Target;
Bruker Daltonics). After air drying, each sample was overlaid
with 1 pl of matrix (sinapinic acid as a saturated solution in
50% ethanol). The matrix/sample spots were allowed to crys-
tallize at room temperature. Each sample was spotted in tripli-
cate. The MALDI-TOF mass spectra were obtained using a Mi-
croflex LT mass spectrometer with flexControl 3.3 software
(Bruker Daltonics), operating in the positive linear ion mode
within the m/z range 20,000 to 45,000. The parameters were set
up as follows: ion source 1, 20 kV; ion source 2, 16.7 kV; lens, 7
kV; pulsed ion extraction, 170 ns; detection gain, 50X; elec-
tronic gain, enhanced (100 mV); sample rate, 2.0 GS/s; mass
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TABLE 1 Summary of the MALDI-TOF MS analysis of the periplasmic extracts”

Detection of CMY B-Lactamases by MALDI-TOF MS

Strain Country B-Lactamase(s) produced Peak at m/z 39,850 Reference or source
E. coli pB-cmy2 Greece Cloned CMY-2 + 13

E. coli S95 Greece CMY-6 + 14

E. coli S208 Greece LAT-1, SHV-5, TEM-1 + 14

E. coli T27 Greece CMY-2, CTX-M-3, TEM-1 — 15

E. coli AK-3281 Greece CMY-2, TEM-1 + This study
E. coli AK-5231 Greece CMY-2, TEM-1 + This study
E. coli AK-5495 Greece CMY-2, TEM-1 + This study
E. coli PL 5143/09 Poland CMY-2 + 16

E. coli PL 5138/09 Poland CMY-4 + 16

E. coli PL 6691/10 Poland CMY-42 + 16

E. coli Cz 9162 Czech Republic CMY-2, CTX-M-15 + This study
Trc E. coli Cz 9162 Czech Republic CMY-2 + This study
E. coli Cz 9178 Czech Republic CMY-2 + This study
E. coli Cz 9261 Czech Republic CTX-M-14 - This study
E. coli Cz 9309 Czech Republic CTX-M-27 - This study
E. coli Cz 9355 Czech Republic CTX-M-15 - This study
E. coli A15 NT -

E. coli ATCC 25922 NT -

E. aerogenes Y15 Greece CMY-2 + 14

E. aerogenes Y25 Greece CMY-2, SHV-5 + 14

K. pneumoniae P20 Greece LAT-1, SHV-5 + 17

K. pneumoniae L67 Greece CMY-2 - 14

K. pneumoniae N1 Greece CMY-2, SHV-5, TEM-1 + 14

K. pneumoniae N2 Greece CMY-2, SHV-5, TEM-1 + 14

K. pneumoniae T80 Greece CMY-2 + 14

K. pneumoniae HP205 Greece CMY-36, SHV-5, TEM-1 + 18

K. pneumoniae PL 7246/10 Poland CMY-2 + 19

K. pneumoniae PL 6185/11 Poland CMY-4, VIM-19 - This study
K. pneumoniae Cz 1006 Czech Republic CMY-2 + This study
K. pneumoniae Cz 3602 Czech Republic CMY-2, NDM-1 + This study
K. pneumoniae Cz 431 Czech Republic VIM-1, SHV-5 - This study
K. pneumoniae Cz 597 Czech Republic KPC-2, OXA-9, SHV-12, TEM-1 — This study
K. pneumoniae Cz 163243 Czech Republic SHV-5 - This study
K. pneumoniae ATCC 13883 NT -

P. mirabilis PL 6735/99 Poland CMY-14, TEM-1 — 20

P. mirabilis PL 27/00 Poland CMY-12, TEM-2 + 20

P. mirabilis PL 1662/00 Poland CMY-15, TEM-2 + 20

P. mirabilis PL 864/01 Poland CMY-4, TEM-1 — 20

P. mirabilis PL 1376/01 Poland CMY-45, TEM-1 — 20

P. mirabilis PL 1455/04 Poland CMY-38, TEM-2 + 20

P. mirabilis PM91 Greece VEB-1, VIM-1 — 21

@+, peak at m/z 39,850 observed; —, peak at m/z 39,850 not observed. Trc, transconjugant; NT, not tested.

range selector, medium range; laser frequency, 30 Hz; digitizer
trigger level, 2,500 mV; and laser range, 100%. Spectra were
measured manually in at least 10 positions with 500 laser shots.
Spectra were analyzed using flexAnalysis 3.0 software (Bruker
Daltonics).

The MALDI-TOF MS measurement of the molecular mass of
the purified CMY-2 detected one major peak with m/z of 39,852
(Fig. 1), slightly differing from the expected value for the mature
CMY-2 protein (39,854 [23]). The presence of a peak with a m/z of
ca. 39,850 was also observed in the mass spectrum of the CMY-2-
producing E. coli DH5a pB-cmy?2 transformant. In the mass spec-
tra of the tested isolates, the ~39,850-#1/z peak was found in most
of the E. coliisolates (11/12) and K. pneumoniaeisolates (8/10) and
in all Enterobacter aerogenes isolates (2/2) producing CMY-2-like
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enzymes (Table 1). Of six Proteus mirabilis isolates, the peak was
identified in three. The latter isolates carried two copies of the
blacyy.»-like gene in their chromosomes, while the false-negative
ones carried a single copy of the gene (20). The lack of the
~39,850-m/z peak was observed for E. coli and K. pneumoniae
ATCC strains and for all of the non-CMY-producing isolates.
Mass spectra of representative isolates are shown in Fig. 1.

The protein content of periplasmic extracts was characterized
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (8). Protein bands of around 40,000 g/mol were de-
tected in extracts of all the CMY-producing strains that were pos-
itive in the MALDI-TOF MS assay. These bands comigrated with
the purified CMY-2 B-lactamase and were not found in the non-
CMY-producing strains and the CMY producers that were nega-
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FIG 1 Mass spectra of the purified CMY-2 enzyme and the periplasmic extracts of representative CMY- and non-CMY-producing E. coli (a), K. pneumoniae (b),
and E. aerogenes and P. mirabilis (c) isolates. Peaks corresponding to CMY B-lactamases are indicated with arrows with solid lines. The absence of the ca.
39,850-m/z peaks, representing CMY B-lactamases, is indicated with arrows with dotted lines for CMY producers and diamond-shaped arrows with dotted lines

for non-CMY-producing isolates.

tive in the MALDI-TOF MS assay. Identification of proteins
observed in SDS-PAGE at approximately 40,000 g/mol was per-
formed by in-gel tryptic digestion followed by MALDI-TOF/TOF
MS (24). The identification of the ~40,000-g/mol bands revealed
multiple tryptic peptides, being fragments of CMY-2-like poly-
peptides, for all of the isolates that were positive in the MALDI-
TOF MS assay (Table 2). Consistently, such peptides were not
detected in extracts from the corresponding gel fragments for all
the isolates that were negative by the MALDI-TOF MS assay. The
absence of CMY-2-like tryptic peptides in the extracts of CMY

producers that were negative in the MALDI-TOF MS assay might
be explained by alow concentration of CMY-2-like enzymes in the
periplasmic extracts of the respective isolates. However, these re-
sults suggested that the presence of the ~39,850-m/z peak can be
used as an indicator of the presence of the C. freundii-derived
CMY-2-like group of acquired AmpC B-lactamases (10).

In the preliminary analysis of other AmpC-type 3-lactamases,
a ca. 39,670-m/z peak was observed in the mass spectra of the
previously purified ACC-4 enzyme (theoretical relative molecular
mass, 39,673 Da) and of the periplasmic extracts of the ACC-4-

TABLE 2 3-Lactamase peptides detected by in-gel tryptic and MALDI-TOF/TOF MS analysis

Amino acid

Observed m/z value Expected m/z value Calculated m/z value ppm Amino acid sequence” position”
930.4312 929.4239 929.4032 22.4 K-DYAWGYR-E 217-225
1,285.7499 1,284.7426 1,284.7150 21.5 K-TLQQGIALAQSR-Y 266-279
1,544.8279 1,543.8206 1,543.7895 20.1 K-SYPNPVRVEAAWR-1 362-376
1,556.8695 1,555.8622 1,555.8318 19.6 -AAKTEQQIADIVNR-T 21-35
1,658.8035 1,657.7962 1,657.7518 26.8 R-WVQANMDASHVQEK-T 252-267
1,664.9054 1,663.8981 1,663.8682 18.0 K-LAHTWITVPQNEQK-D 203-218
1,827.1019 1,826.0946 1,826.0665 15.4 K-VALAALPAVEVNPPAPAVK-A 310-330
2,081.1052 2,080.0979 2,080.0589 18.8 R-EGKPVHVSPGQLDAEAYGVK-s 224-245

“ Hyphens indicate tryptic restriction sites. Small capital letters correspond to amino acids found outside the restriction sites. Underlined residues were modified by oxidation.
¥ CMY-2 peptide from K. preumoniae HEL-1 (GenBank accession no. CAA62957) was used as a reference for the alignment of B-lactamase tryptic peptides.
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FIG 2 (a to ¢) Mass spectra of the purified ACC-4 enzyme (a) and the periplasmic extracts of ACC-producing E. coli pB-acc4 (b) and EC-3521r (c). (d to
f) Mass spectra of the purified DHA-1 enzyme (d) and the periplasmic extracts of DHA-producing K. pneumoniae S36 after induction with cefoxitin (e) and
without induction (f). Peaks corresponding to B-lactamases are indicated with arrows with solid lines. In the mass spectra of K. pneumoniae S36, the dotted
arrow indicates the absence of the ca. 38,900-m/z peak, representing DHA-1 B-lactamase, in periplasmic extract prepared without adding cefoxitin in broth

culture.

producing E. coli EC-3521r and pB-acc4/DH5a strains (Fig. 2)
(25). The MALDI-TOF MS measurement of the molecular mass
of the purified DHA-1 B-lactamase detected a 38,887-m/z peak
(theoretical relative molecular mass, 38,881 Da). In the DHA-1-
producing isolate K. pneumoniae S36 strain (26) with the func-
tional ampC-ampR system (10), a corresponding peak of ca.
38,900-m/z was observed but only when the AmpC production
was induced by adding cefoxitin at 50 wg/ml in broth cultures 3 h
before harvesting the cells (Fig. 2). These data suggested that the
assay can be used for the detection of other AmpC-type B-lacta-
mases. Additionally, the observation of the 39,850-m/z, ~39,670-
m/z, and ~38,900-m/z peaks for CMY-2-like, ACC-4, and DHA-1
enzymes, respectively, indicated that MALDI-TOF MS may dis-
criminate the diverse groups of acquired AmpC-type cephalospo-

rinases.
In this study, we showed for the first time that MALDI-TOF
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MS has the potential to detect the most clinically important
acquired AmpC B-lactamases, such as the CMY-2-like, ACC,
and DHA types, in clinical isolates of Enterobacteriaceae. The
described MALDI-TOF MS assay worked well with most of the
CMY-producingisolates. However, the method performed poorly
for P. mirabilis. It might be hypothesized that, in that case, in-
creased production of a CMY-2-like enzyme upon gene duplica-
tion is important for the visualization of the ~39,850-m/z peak.
In agreement with previous studies illustrating that MALDI-
TOF MS applications are quick and cheap procedures (3), the
described protocol exhibits an 22-h turnaround time, which is
comparable to that of molecular techniques only if considering
PCR plus sequencing of the amplicon in order to identify the
specific allelic variant of the B-lactamase gene. The use of classic
PCR and real-time PCR (RT-PCR) assays in clinical settings is
more expensive than the use of the described MALDI-TOF (not
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considering the initial cost of investment for the equipment) but is
less labor intensive and with a shorter turnaround time. Detection
of B-lactamases by MALDI-TOF MS is a proteomic approach al-
lowing the study of the behavior of the tested strains and should
complement techniques already used for characterization of
B-lactamases such as PCR and isoelectric focusing (IEF). The fact
that MALDI-TOF MS can directly detect class A (9) and class C
B-lactamases, as well as other mechanisms such as methylation of
rRNA and cell wall components (3, 27), indicates the feasibility of
establishing a MALDI-TOF supplementary database of resistance
mechanisms that would promote research in this field. Notwith-
standing the aforementioned problems, we strongly believe that
proper modifications and validation of the described MALDI-
TOF assay will easily lead to acceptance of its future application in
diagnostic laboratories and reference centers.
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