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Wprowadzenie

Przedstawiona rozprawa doktorska pt. ,,Study of the activity and expression of the
enzymes involved in the formation of hydrogen sulphide in various experimental systems”
stanowi monotematyczny cykl 4 prac oryginalnych opublikowanych w czasopismach obecnych w
bazie PubMed. Doktorant jest pierwszym autorem we wszystkich pracach. Laczna wartosé
,Impact Factor” dla prezentowanych publikacji wynosi 10,3.

Przedstawiony cykl publikacji prezentuje wyniki prac badawczych, ktérych tematem
przewodnim bylo badanie tworzenia siarkowodoru (H2S) w réznych uktadach doswiadczalnych.
Przedstawione badania mialy na celu okreslenie udziatu poszczegdlnych enzyméw w produkceji
H2S w wybranych tkankach (ludzkich oraz ssakow) oraz w hodowlach komoérkowych -

prawidlowych i nowotworowych, jak rowniez zmian zachodzacych w tworzeniu siarkowodoru w

stanie zapalnym $luzowki zoladka szczurzego
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W cykl artykutdow, o ktére oparta jest rozprawa doktorska, wchodza:

1. Bronowicka-Adamska, P.; Zagajewski, J.; Czubak, J.; Wrobel, M. RP-HPLC method
for the quantitative determination of cystathionine, cysteine and glutathione: an
application for the study of the metabolism of cysteine in human brain. Journal of
Chromatography B. 2011, 879, 2005-2009.

2. Bronowicka-Adamska, P.; Zagajewski, J.; Wrobel, M. An application of RP-HPLC for
determination of the activity of cystathionine beta-synthase and gamma-cystathionase in
tissue homogenates. Nitric Oxide. 2015, 46, 186-191.

3. Bronowicka-Adamska, P.; Bentke, A.; Wrobel, M. Hydrogen sulfide generation from L-
cysteine in the human glioblastoma - astrocytoma U-87 MG and neuroblastoma SHSY5Y
cell lines. Acta Biochimica Polonica. 2017, 64, 171-176.
doi.org/10.18388/abp.2016_1394.

4. Bronowicka-Adamska, P.; Wrobel, M.; Magierowski, M.; Magierowska, K.; Kwiecien.
S.; Brzozowski, T. Hydrogen sulphide production in gastric mucosa of rats exposed to

stress. Moleculs. 2017, 22, 530; doi:10.3390/molecules22040530.

Wszystkie prace zostaly opublikowane i sg zamieszczone W rozprawie doktorskiej w wersji

oryginalnej (format PDF).
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Wyniki przedstawione w pracy doktorskiej byty rowniez prezentowane w formie

siedmiu doniesien zjazdowych (szesciu plakatowych i jednego ustnego):

. Bronowicka-Adamska, P.; Zagajewski, J.;  Wrdbel, M. The effect of
D,L-propargylglycine on the activity of the cystathionine [B-Synthase/y-cystathionase
enzymatic system in mouse liver. Acta Biochim. Pol. 2008, Vol. 55, Suppl. 3; 186.

. Bronowicka-Adamska, P.; Wrobel, M.; Zagajewski, J. The activity of hydrogen sulfide
generating enzymes cystathionine f-synthase and y-cystathionase in mouse tissue
homogenates. Amino Acids. 2009, 37, Suppl. 1; S85.

. Bronowicka-Adamska, P.; Jurkowska, H.; Wrobel, M.; Zagajewski, J. Determination and
quantification of cystathionine in various regions of human brain using the RP-HPLC
method. Acta. Biochim. Pol. 2010, Vol. 57, Suppl. 4; 195.

. Bronowicka-Adamska, P.; Jurkowska, H.; Zagajewski, J.; Wrobel, M. The activity of
cystathionine B-synthase and y-cystathionase in U-87 MG cells. Acta. Biochim. Pol. 2011,
Vol. 58, Suppl. 2; 225.

. Bronowicka-Adamska, P.; Wrobel, M. The activity of hydrogen sulfide generating
enzymes in human cell lines. Nitric Oxide-Biology and Chemistry, 2014, Vol. 39, Suppl.
1 p. S33-S33, 3" International Conference on H2S Biology and Medicine, Kyoto, Japan,
4-6 Jun 2014.

. Bronowicka-Adamska, P.; Wrobel, M.; Magierowski, M.; Jasnos, K.; Kwiecien, S.;
Brzozowski, T. Hydrogen sulfide production in gastric mucosa of rats exposed to stress.
Nitric Oxide, 2015, Vol. 47, Suppl. 1, s. S38, abstr. PP63, 3rd European Conference on the
Biology of Hydrogen Sulfide H>S 2015: Athens, Greece, May 3-6.

. Bronowicka-Adamska, P. Siarkowodor w stanach zapalnych zotadka. Kongres

,Medycyna odkrywa nowe oblicza siarki”. Krakow 30 wrzesien 2016 r. — referat.
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http://expertus.bm.cm-uj.krakow.pl/scripts/expertus.cgi?KAT=G%3A%2FappData%2FExpertus%2FExpertus_DB%2Fpar%2Fk%2F01%2F&FST=data.fst&FDT=data.fdt&ekran=ISO&lnkmsk=2&cond=AND&mask=2&F_00=02&V_00=Bronowicka-Adamska+Patrycja+
http://expertus.bm.cm-uj.krakow.pl/scripts/expertus.cgi?KAT=G%3A%2FappData%2FExpertus%2FExpertus_DB%2Fpar%2Fk%2F01%2F&FST=data.fst&FDT=data.fdt&ekran=ISO&lnkmsk=2&cond=AND&mask=2&F_00=02&V_00=Wr%F3bel+Maria+
http://expertus.bm.cm-uj.krakow.pl/scripts/expertus.cgi?KAT=G%3A%2FappData%2FExpertus%2FExpertus_DB%2Fpar%2Fk%2F01%2F&FST=data.fst&FDT=data.fdt&ekran=ISO&lnkmsk=2&cond=AND&mask=2&F_00=02&V_00=Magierowski+Marcin+
http://expertus.bm.cm-uj.krakow.pl/scripts/expertus.cgi?KAT=G%3A%2FappData%2FExpertus%2FExpertus_DB%2Fpar%2Fk%2F01%2F&FST=data.fst&FDT=data.fdt&ekran=ISO&lnkmsk=2&cond=AND&mask=2&F_00=02&V_00=Jasnos+Katarzyna+
http://expertus.bm.cm-uj.krakow.pl/scripts/expertus.cgi?KAT=G%3A%2FappData%2FExpertus%2FExpertus_DB%2Fpar%2Fk%2F01%2F&FST=data.fst&FDT=data.fdt&ekran=ISO&lnkmsk=2&cond=AND&mask=2&F_00=02&V_00=Kwiecie%F1+S%B3awomir+
http://expertus.bm.cm-uj.krakow.pl/scripts/expertus.cgi?KAT=G%3A%2FappData%2FExpertus%2FExpertus_DB%2Fpar%2Fk%2F01%2F&FST=data.fst&FDT=data.fdt&ekran=ISO&lnkmsk=2&cond=AND&mask=2&F_00=02&V_00=Brzozowski+Tomasz+
http://expertus.bm.cm-uj.krakow.pl/scripts/expertus.cgi?KAT=G%3A%2FappData%2FExpertus%2FExpertus_DB%2Fpar%2Fk%2F01%2F&FST=data.fst&FDT=data.fdt&ekran=ISO&lnkmsk=2&cond=AND&mask=2&F_00=26&V_00=Nitric+Oxide+

Niniejsza rozprawa doktorska zostata zrealizowana ze srodkow pochodzacych

z dotacji celowej dla mtodych naukowcow:

1. K/ZBW/000149 , Aktywno$¢ ukladu enzymatycznego [-Syntazy cystationinowej
I y-cystationazy zwigzanego z tworzeniem w tkankach siarkowodoru”, Kierownik
projektu: mgr Patrycja Bronowicka-Adamska

2. K/ZBWI/000547 ,Badanic metabolizmu cystationiny w roznych regionach moézgu
ludzkiego z wykorzystaniem metody wysokosprawnej chromatografii cieczowej (RP-
HPLC)”, kierownik projektu: mgr Patrycja Bronowicka-Adamska

3. K/DSC/00137 ,0Oznaczanie siarkowodoru w ukladach biologicznych”, kierownik
projektu: mgr Patrycja Bronowicka-Adamska

4. K/DSC/003570 ,,Badanie aktywnosci i ekspresji enzymow [B-Syntazy cystationinowej,
y-cystationazy oraz transferazy siarkowej 3-merkaptopirogronianu, w przebiegu
procesu zapalnego zwigzanego z uszkodzeniem S$luzéwki zoladka szczuréw
wywolanego stresem wynikajagcym z oziebienia i unieruchomienia (WRS ang. water

immersion restraint stress)”, kierownik projektu: mgr Patrycja Bronowicka-Adamska
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Wstep

Siarkowodor (H2S) przez wiele lat uznawany byla za bezbarwny, toksyczny gaz
0 charakterystycznym zapachu, ktory blokuje oksydaze cytochromowa, prowadzac do
ciezkiego niedotlenienia. Przelom w dziedzinie nauki i medycyny przyniosty liczne badania
prowadzone w latach dziewigcdziesigtych XX wieku wskazujace, ze siarkowodor speinia
najwazniejsze kryteria charakteryzujace substancje przekaznikowe: jest sSyntetyzowany
endogennie w regulowanych reakcjach enzymatycznych oraz wykazuje specyficzne dziatania
biologiczne w stezeniach fizjologicznych.

HoS jest palnym gazem, rozpuszczalny w wodzie, alkoholu oraz innych
rozpuszczalnikach organicznych. Jest wysoce lipofilny — tatwo wnika do wszystkich
komorek. Reaguje z nitrozotiolami (RSNO), uwalniajgc NO. Jest silnym czynnikiem
redukujgcym — reaguje z anionorodnikami ponadtlenkowymi, nadtlenoazotynem,
podchlorynem i nadtlenkami wodoru. W warunkach fizjologicznych, w pH = 7.4, okoto 1/3
H2S wystepuje w postaci niezdysocjowanej, a 2/3 dysocjuje na jony H" i HS", a nastepnie na
S%. Okres poltrwania H.S w powietrzu wynosi od 12 do 37 h i jest uzalezniony od
temperatury [Wang, 2012].

H>S w osoczu oraz w innych tkankach wystepuje w stezeniu okoto 30-100 uM.
W moézgu poziom Hz2S moze by¢ nawet 3-krotnie wyzszy niz w osoczu [Singh i wsp., 2009].
Ze $rodowiska zewnetrznego wchtania si¢ glownie przez pluca i nieznacznie przez skore.
Wydala si¢ czgSciowo w stanie niezmienionym ta sama droga, a cze¢sciowo jest
przeksztatcany do tlenkéw siarki oraz kwasu siarkowego i w tych postaciach wydalany
Z moczem.

Endogennie utworzony H»S stuzy jako neuromodulator w mozgu [Panthi i wsp., 2016,
Paul i Snyder, 2015]. Poprzez aktywacje receptorow NMDA (N-metylo-D-asparaginowych)
I zwigkszenie odpowiedzi nerwoéw obwodowych, H>S moze odgrywaé znaczaca rolg
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W procesach zwigzanych z zapamigtywaniem i uczeniem si¢ [Ishigami i wsp., 2009, Shibuya
I wsp., 2009]. Zwickszong synteze HoS zaobserwowano u pacjentow z zespotem Downa
I wstrzasem septycznym, a jego zmniejszone Wytwarzanie odnotowano w chorobie
Alzheimera. H,S aktywuje kanaly TRPA1 w astrocytach oraz oddzialuje na homeostaze
jonow Ca?* w neuronach, astrocytach i mikrogleju [Kimura, 2013, Moore i Whiteman, 2005,
Tan i wsp., 2010]. H2S ma wlasciwosci antyoksydacyjne, zwicksza produkcje glutationu
w komorkach nerwowych [Kimura i Kimura, 2004, Kimura i wsp., 2010].

H>S w ukladzie krazenia wykazuje miedzy innymi dziatanie wazodylatacyjne,
wplywa na obnizenie ci$nienia tg¢tniczego oraz hamuje proliferacje komorek migsnidwki
naczyn [Olas, 2014].

H2S jest rowniez produkowany w przewodzie pokarmowym i odgrywa znaczgca role
w gastroprotekcji, wplywa na mechanizmy obronne wzmacniajgce barier¢ Sluzowkowa
zoladka, w tym na zwiekszenie odpornosci na uszkodzenia wywotane przez niesteroidowe
leki przeciwzapalne, stres oraz alkohol [Magierowski 1 wsp., 2013]. Eksperyment
przeprowadzony przez Lou i wsp., 2008, na zwierzgcym modelu stresu indukowanego przez
zanurzenie zwierzat W zimnej wodzie i ich unieruchomienie, wykazal zmniejszenie liczby
uszkodzen blony $luzowej zotgdka i obnizenie peroksydacji lipidow w poréwnaniu z grupa
zwierzat kontrolnych, co byto zwigzane z wyzszym poziomem H>S.

W tkankach ssakow H»S jest syntetyzowany endogennie z L-cysteiny. W 2013 roku
Shibuya i wsp. potwierdzili, ze substratem do syntezy H>S moze by¢ rowniez D-cysteina.
Szlak przemian L-cysteiny prowadzacy do wytworzenia HoS polega na nieoksydacyjnym
usunigciu atomu siarki z jej struktury z udziatem enzyméw, ktorych kofaktorem jest fosforan
pirydoksalu, zaangazowanych réwniez w transulfuracj¢ homocysteiny. Sg to: beta-syntaza
cystationinowa (CBS, EC 4.2.1.22) oraz gamma-cystationaza (CTH, EC 4.4.1.1). L-cysteina

reaguje z homocysteing w reakcji katalizowanej przez CBS. W wyniku tej reakcji powstaje
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cystationina oraz HjS. Cystationina przy udziale CTH rozkladana jest do cysteiny,
a- ketomaslanu i amoniaku. Siarkowodoér powstaje w reakcji katalizowanej przez CBS,
w ktorej homocysteina reaguje z cysteing. Cysteina utlenia si¢ do cystyny, ktora w obecnosci
CTH rozkladana jest do tiocysteiny i pirogronian (PA). Przeksztalcanie tiocysteiny do
cysteiny zwigzane jest z procesem uwalniania siarkowodoru. Trzecim enzymem
odpowiedzialnym za produkcje HoS jest transferaza siarkowa 3-merkaptopirogronianu
(MPST, EC 2.8.1.2), ktora wspotdziata z aminotransferaza cysteinowg (CAT, EC 2.6.1.3).
CAT katalizuje reakcje transaminacji L-cysteiny. W wyniku tej reakcji powstaje
3-merkaptopirogronian (3MP). Transferaza siarkowa 3-merkaptopirogronianu przenosi siarke
na reszte kwasu siarkowego (IV). Produktem tej reakcji jest pirogronian i tiosiarczan, ktory
jest nastgpnie redukowany do siarkowodoru. Reakcja ta zachodzi w obecnosci
zredukowanego glutationu (GSH). Synteza siarkowodoru z D-cysteiny odbywa si¢ przy
udziale dwoch enzymoéw: oksydazy D-aminokwasowej (DAO) oraz MPST. DAO Kkatalizuje
reakcje przeksztalcenia D-cysteiny do 3MP, ktory pod wplywem MPST jest przeksztalcany
do PA i HzS [Shibuya i wsp., 2013, Brodek i Olas, 2016] (Schemat 1).

Siarkowodor jest utleniany poczatkowo do tiosiarczanu, ktory ulega dalszemu
przeksztalceniu do siarczynu, a nastepnie do siarczanu. Proces ten zachodzi glownie
w mitochondriach. Przeksztalcenie tiosiarczanu do siarczynu Kkatalizowane jest przez
transferaz¢ siarkowa tiosiarczan: cyjanek (rodanaza, TST). Reakcja ta polega na
przeniesieniu siarki pochodzacej z tiosiarczanu na cyjanek, w wyniku czego powstaje
rodanek oraz siarczyn (Schemat 2).

Przy dostatecznym poziomie L-cysteiny, zarowno CBS jak i CTH moga syntetyzowac
siarkowodor, natomiast przy braku cysteiny konieczna jest obecno$¢ obu enzymow,

a substratem do wytwarzania H.S staje si¢ homocysteina. CBS jest gldwnym enzymem
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odpowiedzialnym za syntez¢ HoS w moézgu, CTH odgrywa podobng funkcj¢ w ukladzie

krazenia [Abe i Kimura, 1996].

homocysteina L-cysteina

Wit. B6
H,0

cystationina CBS L-cysteina

CTH\RN'-I i L-seryna

GSH a-ketomaslan

iy CTH . ) CTH
L. S~ (H H — Tiocysteina L-cystyna
tiosiarczan w -\ Wit. Bg 7 Z
Cysteina
nH, PA

siarczan  gssg )

I

Szlak nieenzymatyczny NH;

MPST D-cysteina
DAO

CTH
3 MP

L-glutaminian
Wit. B6
0 CAT Wit. B6

. a-ketomaslan .
L-cysteina L-cysteina

Schemat 1. Synteza H»S w tkankach ssakow [Wang, 2012].

CTH: gamma-cystationaza, CBS: beta-syntaza cystationinowa, MPST: transferaza siarkowa

3-merkaptopirogronianu, 3MP: 3-merkaptopirogronian, PA: pirogronian, DAO- oksydaza D-aminokwasowa

H H SQR o TST .
» tloslarczan = Slarczyn

Schemat 2. Katabolizm H.S w mitochondrium [Kabil i Banerjee, 2010].

SQR: siarczek: ubichinon oksydoreduktaza, TST: rodanaza
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Cel pracy

Celem pracy bylo:

1. Badanie

mozliwosci  réznych tkanek prawidlowych (watroba, nerki, mozg)

i nowotworowych (komorki ludzkie ukfadu nerwowego; linia SH-SY5Y i U87-MG)

w zakresie tworzenia H2S poprzez oznaczanie aktywnosci i ekspresji enzymow biorgcych

udzial w jego przemianach: beta-syntazy cystationinowej (CBS), gamma-cystationazy

(CTH), transferazy siarkowej 3-merkaptopirogronianu (MPST) oraz rodanazy (TST).

2. Badanie roli HoS w przebiegu procesu zapalnego zwigzanego z uszkodzeniem $§luzowki

zotadka szczurow wywolanego stresem wynikajacym z ozigbienia i unieruchomienia

(WRS; ang. water immersion and restraint stress).

Cele szczegolowe:

1. Zastosowanie i zmodyfikowanie metody RP-HPLC (ang. Reversed phase high-

performance liquid chromatography) do oznaczania poziomu zredukowanego (GSH)

i utlenionego (GSSG) glutationu oraz cysteiny (CSH) i cystyny (CSSC) w probkach

0 malej objetosci [Publikacja nr 1].

2. Opracowanie i zastosowanie:

metody oznaczania aktywnosci CTH 1 CBS w probkach o niskich aktywnosciach
tych enzymow oraz matych objetosciach, =z niska zawarto$cig
biatka. W tym celu wprowadzono metode RP-HPLC do oznaczania produktéw
koncowych reakcji katalizowanych przez te enzymy, o-ketomaslanu oraz
cystationiny [Publikacja nr 2],

metody oznaczania poziomu H.S w hodowlach komérkowych i homogenach

tkankowych [Publikacja nr 3 i 4],
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e Dbadania ekspresji CTH, CBS i MPST oraz TST na poziomie mRNA oraz na
poziomie biatka (Western blot), ustalenia warunkow reakcji odwrotnej
transkrypcji i PCR [Publikacja nr 3 i 4].

3. Badanie poziomu H»S, aktywnosci oraz ekspresji CTH, CBS, MPST oraz TST
w prawidtowych zoladkach szczurzych, zoladkach z uszkodzeniem $luzéwki w wyniku
stresu wynikajgcego z ozigbienia w zimnej wodzie i unieruchomienia przez 3,5 godziny
(WRS) oraz zotadkach szczurdéw, ktore przed wywotaniem uszkodzen sluzowki w wyniku

stresu, otrzymaly w iniekcji dootrzewnowej NaHS (prekursor H.S) [Publikacja nr 4].

Material do badan

Tkanki ludzkie
Wycinki makroskopowo niezmienionego ludzkiego moézgu pobierano posmiertnie
w Zaktadzie Patomorfologii Klinicznej i Do$wiadczalnej Katedry Patomorfologii CM UJ
oraz w Zaktadzie Medycyny Sadowej CM UlJ, Krakow. Wycinki byty pobierane podczas
sekcji przeprowadzonych do 24 godzin od zgonu od pacjentow w wieku 40-60 lat
Z nast¢pujacych regionéw moézgu: kora czotowa (Frontal cortex), kora ciemieniowa (Parietal
cortex), wzgorze (Thalamus), hipokamp (Hippocampus), mézdzek (Cerebellum) oraz jadra
podkorowe (Nuclei basales). Natychmiast po pobraniu wycinki w catosci zamrazano
w ciektym azocie i przechowywano w temperaturze -80°C do momentu 0znaczania
aktywnosci CTH, poziomu biatka oraz niskoczasteczkowych zwigzkoéw siarki (GSH, GSSG,
cysteina, cystyna oraz cystationiny) metoda RP-HPLC. Przeprowadzone badania uzyskaty
zgody Komisji Bioetycznej UJ — opinia nr KBET/199/B/2002 z dnia 21 lutego 2002 roku.
Tkanki mysie
Do eksperymentu wykorzystano 25 myszy rasy Swiss (6 - 8 tygodniowe samice

isamce), pochodzacych z hodowli Zwierzetarni Katedry Immunologii Klinicznej
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I Transplantologii Polsko-Amerykanskiego Instytutu Pediatrii CM UJ, Krakow. Myszy
natychmiast po przywiezieniu do Katedry Biochemii Lekarskiej CM UJ byly u$miercane
przez dyslokacje krggdéw szyjnych przy uzyciu odpowiedniej pesety. Do doswiadczenia
zostaly pobrane nastgpujace tkanki: watroba, moézg, nerki. Wypreparowane tkanki
przeznaczone do doswiadczenia bezposrednio po pobraniu zamrazano w cieklym azocie,
a nastgpnie przechowywano do czasu analizy aktywnosci CTH, CBS, poziomu bialka oraz
niskoczasteczkowych zwigzkow siarki (GSH, GSSG, cysteina, cystyna oraz cystationiny,
homoseryny) metoda RP-HPLC. Wszystkie procedury wykorzystywane w eksperymencie
otrzymaty zgode I Lokalnej Komisji Etycznej ds. Doswiadczen na Zwierzg¢tach dziatajace;j
przy Uniwersytecie Jagiellonskim w Krakowie - opinia nr 26/111/2009).
Tkanki szczurze

Samce szczuréw rasy Wistar (220 - 300g) 24 h przed eksperymentem zostaty
pozbawione pozywienia, ale miaty swobodny dostep do wody. Zwierzeta zostaly podzielone
na 3 grupy badawcze: 1) grupa kontrolna, 2) grupa szczuréw, u ktorych wywolywano
uszkodzenie $luzowki w wyniku stresu wynikajgcego z ozigbienia w zimnej wodzie
i unieruchomienia (WRS) 3) grupa szczurow, U ktorych przed wywotaniem stresu poddano za
pomocg iniekcji dootrzewnowej NaHS (prekursor H>S) w dawce 5mg/kg. Po zakonczeniu
eksperymentu szczury utrzymywano w znieczuleniu pentobarbitalem (60 mg/kg,
dootrzewnowo), a nastepnie usuwano im zoladki. Zoladek rozcinano wzdhiz krzywizny
wiekszej 1 pobierano blone S$luzowa, natychmiast zamrazano w cieklym azocie
oraz przechowywano w temperaturze - 80°C az do czasu analizy.

Badania prowadzone byly w ramach wspotpracy z Katedra i Zaktadem Fizjologii
Wydziatu Lekarskiego Uniwersytetu Jagiellonskiego. Badania wykonano po uzyskaniu

zgody dla wykonawcow eksperymentu od Lokalnej Komisji Etycznej ds. Doswiadczen na
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Zwierzetach (nr 68/2014 z dnia 21 maja 2014 roku) dziatajacej przy Uniwersytecie
Jagiellonskim w Krakowie, zgodnie z mi¢dzynarodowa konwencja Helsinska.
Hodowle komoérkowe

Nowotworowe ludzkie linie komoérkowe: glioblastoma-astrocytoma (U87-MG)
i neuroblastoma (SH-SY5Y) zostaly zakupione w European Collection of Cell Cultures
(ECACC). Komorki przechowywano w krioprobowkach w dewarach z cieklym azotem.
W celu rozpoczecia hodowli probowke z roztworem komorek wyciggano, ogrzewano do
temperatury pokojowej, a nast¢pnie jej zawarto$¢ rozpuszczano w Kilku mililitrach pozywki
DMEM, uzupehionej 10% plodowsg surowicg bydleca i antybiotykami (100 U/ml penicyliny
i 100 pg/ml streptomycyny). Hodowle komoérkowe prowadzono w standardowych
warunkach, w inkubatorze w temperaturze 37°C, w wilgotnej atmosferze zawierajacej

5% CO2 na plytkach do hodowli ($rednica 100 mm).

Metody

Oznaczanie poziomu siarkowodoru
Oznaczanie poziomu siarkowodoru wigzanego w warstwie agarozy przeprowadzono
w homogenatach komérkowych i tkankowych spektrofotometryczng metodg opisang w pracy
Kartha i wsp., 2012 z modyfikacja opisana w Publikacji nr 4.
Oznaczanie aktywnoS$ci enzymow
Gamma-cystationaza
Oznaczanie aktywnos$ci gamma-cystationazy przeprowadzono metoda Matsuo
i Greenberg, 1958 z modyfikacja opisang w pracy Czubak i wsp., 2002 oraz oparta na
0znaczaniu poziomu o-ketomaslanu metoda HPLC, w obecnosci cystationiny (CTN) jako

substratu opisang w Publikacji nr 2. Aktywnos$¢ wilasciwa CTH wyrazano w nmolach
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a- ketomaslanu, powstalego w czasie 1 minuty inkubacji w 37°C w przeliczeniu na mg
biatka.
B-syntaza cystationinowa (CBS)

Aktywnos¢ CBS badano w homogenatach tkankowych oraz komoérkowych
w obecnosci DL-homoseryny (HSer) jako substratu. Poziom cystationiny o0znaczano stosujac
metode HPLC opisang w Publikacji nr 1 i 2. Kontrolne homogenaty zostaty sporzadzone tak
samo jak homogenaty badane, ale bez dodawania HSer. Aktywno$¢ CBS wyrazona byla
w ilosci pmol cystationiny utworzonej w ciggu 1 min inkubacji w 37°C w przeliczeniu na
1 mg biatka. Aby potwierdzi¢ catkowite zahamowanie aktywnosci CTH przez PPG
oznaczano aktywno$¢ CTH metodg Matsuo i Greenberg., 1958 z modyfikacjg opisang
w pracy Czubak i wsp., 2002.

Transferaza siarkowa 3-merkaptopirogronianu (MPST)

Oznaczanie aktywnosci MPST przeprowadzono metoda Valentine i Frankenfeld,
1974 z modyfikacja opisang w Publikacji nr 3 i 4. W metodzie tej 3MP jest przeksztalcany
w pirogronian przez MPST, a siarka przenoszona jest na siarczyn. Pirogronian jest nast¢pnie
redukowany do mleczanu przy udziale dehydrogenazy mleczanowej (LDH) oraz
zredukowanej formy nukleotydu nikotynoamidoadeninowego (NADH). Aktywnos¢ MPST
wyrazono w nmolach PA powstalego w czasie 1 minuty inkubacji w 37°C w przeliczeniu na
mg biatka.

Rodanaza (TST)

Aktywnos¢ rodanazy badano metodg Sorbo, 1955 w modyfikacji opisanej

w Publikacji nr 4. Aktywno$¢ rodanazy wyrazano w nmolach SCN™ wytworzonego w czasie

1 minuty inkubacji w przeliczeniu na 1 mg biatka.
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Oznaczanie poziomu bialka i siarki sulfanowej

Poziom biatka badano spektrofotometryczng metoda Lowry'ego 1 wsp., 1951, stosujac
jako standard albuming bydlecg. Do analizy Western blot st¢zenia bialka oznaczano metoda
Bradforda, 1976.

Poziom siarki sulfanowej badano metodg Wooda, 1987, w oparciu o0 reakcje ,,zimnej
cyjanolizy” oraz wigzania utworzonego rodanku z jonem zelaza (I11). Utworzony barwny
kompleks oznaczano kolorymetrycznie. Poziom siarki wyrazano w nmolach SCN-
w przeliczeniu na 1 mg biatka.

Badanie ekspresji genow dla CTH, CBS, MPST oraz TST

Badanie eckspresji genéw dla CTH, CBS, MPST oraz TST bylo zwigzane
z izolowaniem  komorkowego  RNA  przy  uzyciu  odczynnika  Tri-Reagent
(Lab-Empire, SIGMA). Nast¢pnie wykonywano reakcj¢ odwrotnej transkrypcji z uzyciem
specyficznych starterow, synteze¢ CDNA oraz rozdziat elektroforetyczny produktow reakcji
PCR w 2,5% zelu agarozowym z wizualizacja z uzyciem bromku etydyny w $wietle UV
[Publikacja nr 3 i 4].

Western blot zimmunohistochemiczng identyfikacja bialek

W celu przygotowania probek do analizy Western blot hodowle komorkowe
przeptukiwano dwukrotnie zimnym PBS, a nastepnie zbierano do zimnego buforu lizujacego
RIPA z dodatkiem inhibitora proteaz, po czym lizat komorkowy odwirowywano przy
14000xg przez 15 minut w 4°C. Uzyskany supernatant przechowywano do czasu analizy
w -80°C. Rozdziat elektroforetyczny biatek przeprowadzano w zelu poliakrylamidowym
sktadajacym si¢ z 4,5% zelu zaggszczajacego (gorna warstwa) 1 12-13% zelu rozdzielajacego
(dolna warstwa), przez 20 minut przy napigciu 60 V, a nastepnie 120 V przez 2,5 h. Po
rozdziale zel poddawano elektrotransferowi przez noc, w temperaturze +4°C, w ukladzie

pOtmokrym na membrane z PVDF przy nat¢ezeniu 0,15 A. Po zakofhczonym transferze
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membrang plukano roztworem TBS-Tween-20 (Tris, NaCl, woda, Tween) trzykrotnie przez
10 minut w temperaturze pokojowej, a nast¢pnie przez godzing w temperaturze pokojowej
blokowano membrang przez inkubacje w roztworze TBS-Tween-20 z dodatkiem
5% odtluszczonego mleka w proszku. Po skonczonej inkubacji membrang ponownie ptukano,
po czym inkubowano z 1°rzedowym przeciwcialem przez noc, w temperaturze +4°C
[CBS (1:1000), CTH (1: 1000), MPST (1: 1000). B-aktyny (1: 5000) i alfa-tubuling (1:5000)].

W dalszym etapiec membrang plukano przez 15 minut w roztworze TBS-Tween-20,
po czym inkubowano z 2°rzedowym przeciwcialem anty-mysim lub anty-kréliczym
sprzezonym z alkaliczng fosfatazg. Ostatnim etapem bylo 15-minutowe plukanie membrany
w roztworze TBS-Tween-20, a nastepnie dwukrotne S5-minutowe phlukanie roztworem TBS.
Tak przygotowang membrang wywolywano przez inkubacjg w roztworze substratu
NBT/BCIP (nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl-phosphate) rozpuszczonym
w buforze o pH=9,5 (0,1 M Tris-HCI, pH = 9,5; 0,AM NaCl, 1ImM EDTA, 1% Triton X-100),
az do uzyskania wytrgconego barwnego produktu, wskazujagcego na obecnos¢ biatka
wigzgcego przeciwciatlo 1°rzedowe. Czas wywolywania zalezal od zastosowanego
przeciwciata 1°-rzedowego i wynosit od kilku sekund do kilkunastu minut [Publikacja nr 3].

Test LDH

Oceng cytotoksycznosci zwigzkow wykorzystywanych w hodowlach komérkowych,
wykonywano kolorymetrycznym testem LDH (Cytotoxicity Detection Kit firmy Roche),
ktory opiera si¢ na przeksztalcaniu mleczanu w pirogronian (redukcji NAD* do NADH/H")
w reakcji katalizowanej przez dehydrogenaze mleczanowa. Dodana do mieszaniny reakcyjnej

sol tetrazolowa jest redukowana do czerwonego formazanu.
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Oznaczanie poziomu glutationu zredukowanego i utlenionego, cysteiny, cystyny
i cystationiny zmodyfikowang metoda RP-HPLC.

Technike RP-HPLC zastosowano do analizy jakos$ciowej i ilosciowe] zwigzkow, tj.
zredukowanego (GSH) i utlenionego (GSSG) glutationu, cysteiny (CSH), cystyny (CSSC),
oraz cystationiny (CTN). W tym celu zwiazki przeksztatca si¢ w N,S-dinitro- pochodne dla
GSH i cysteiny oraz N,N-dinitro- pochodne dla GSSG, cystationiny i cystyny. Elucja
nastepowata w uktadzie woda—acetonitryl, zgodnie ze wzrastajgcym stezeniem acetonitrylu.

Oznaczenia przeprowadzano na aparacie firmy Shimadzu, ktéry wyposazony zostat
w detektor z matryca fotodiodowa SPD-M10VP, pod kontrolg oprogramowania class VP 7,2.
Rozdzialy przeprowadzane byly w temperaturze 20°C na termostatowej kolumnie Luna
ou C18 (Z) o wymiarach 250 mm x 4,6 mm, firmy Phenomenex. Kolumna wyposazona
zostala w guard kolumne o tym samym wypetieniu. Jako eluentu w rozdziatach uzywano
rozpuszczalnikow klasy grade: acetonitryl/0,1% kwas trifluorooctowy (TFA) i H.0/0,1%
TFA. Rozdziat otrzymano dzigki elucji gradientowej w nieliniowym wzroscie stezenia
acetonitrylu od 20% do 100% w czasie 90 minut, przy przeptywie 1,0 ml/min. Na kolumn¢
naktadano probki o objetosci 20 ul, ktére wcezesniej filtrowano z uzyciem filtrow PTFE
0 $rednicy porow 0,2 um firmy Supelco. Analiz¢ zwigzkdéw prowadzono z detekcjg UV-VIS
przy 365 nm [Publikacja nr 1].

Poziom a-ketomaslanu.

Oznaczanie zawartosci a-ketomaslanu metoda HPLC opisang w Publikacji nr 2.
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ABSTRACT

The RP-HPLC method for a simultaneous separation and quantitation of the dinitrophenyl derivative of
cystathionine (N,N'-di-DNP) in biological samples together with GSH, GSSG, cysteine and cystine, provides
a very useful tool for investigation of the transsulfuration pathway in biological samples, at the same
providing results which reflect the redox status (GSH/GSSG ratio) and the potential of the generation
of H,S. An application of the method for the study of the process of transsulfuration in various human
brain regions shows the presence of cystathionine in all the investigated regions; it also demonstrates
that cystathionine levels vary greatly between particular regions. The highest level in the thalamus and
the lowest in the cerebellum were associated with respectively a low or high vy-cystathionase activity,
and at the same time, a high cysteine and GSH level in the thalamus and a low value in the cerebellum.
Based on the above results, one may suggest a regulatory mechanism responsible for inhibition of the CGL
activity at high concentration values of cysteine and/or GSH. Simultaneous determinations of GSH and
GSSG levels allow for determining the GSH/GSSG ratio, which reflects tissue redox status. The method

may be also employed in determining the activity of y-cystathionase and cystathionine-f3 synthase.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cystathionine is an important intermediate in the L-cysteine
transsulfuration pathway in mammalian tissues [1] (Scheme 1). A
mean concentration of cystathionine detected in normal human
serum by gas chromatographic or mass spectrometric methods
equals 140 nM, with a range of 65-301 nM [2-4]. Elevated levels
are found in urine of patients with neuroblastoma [5]. The level
of cystathionine reflects the activity of cystathionine (3-synthase
(1CBS, EC 4.2.1.22), an enzyme responsible for cystathionine syn-
thesis from serine and homocysteine, and cystathionine y-lyase
(3CGL, EC 4.4.1.1), which degrades it to cysteine, a-ketobutyrate,
and ammonium ions (Scheme 1). The transsulfuration pathway is
most active in such tissues as mammalian liver, kidney, pancreas,
and intestine [6], but it is also present in normal brain tissue [21].
A number of reports showed the presence of cystathionine in the
human brain samples collected atautopsy [7]. Arelatively high level
of cystathionine suggests a special relationship between the quan-
tity and the activity of the enzymes involved in its biosynthesis and

* Corresponding author. Tel.: +48 12 4247229; fax: +48 12 4223272.
E-mail address: mbwrobel@cyf-kr.edu.pl (M. Wrébel).

1 Cystathionine B-synthase.

2 Cystathionine y-lyase.

1570-0232/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2011.05.026

cleavage. If CGL is blocked or absent and CBS is normally active, the
level of cystathionine can be elevated [6,8]. A major etiology of cys-
tathioninuria in some neuroblastoma patients is the specific block
in transsulfuration resulting from absence of CGL in the malignant
tissue [5]. Cystathionine accumulates in various regions of the D,L
propargylglycine-treated rat brain. The level of cystathionine in rat
brain depends on the brain region. It was 10-19 times higher in the
cerebellum than in the cerebral cortex and in white matter than
in grey matter - this might suggests some relation of cystathio-
nine to brain myelination [1]. In fetal brain, the concentration of
cystathionine is lower than that found in the mature brain and the
level increases slowly after birth until 2-3 months of age, when the
value is similar to that found in the mature brain [9].
Cystathionine vy-lyase plays an important role in human brain.
Diwakar and Ravindranath [10] reported that the enzyme activity
was similar in most regions of the brain, except the hippocam-
pus, where it was significantly lower as compared to cortex. The
expression of CGL in all the regions of mouse and human brain as
observed by in situ hybridization showed predominant localization
in neuronal population. p,L propargylglycine inhibited the activ-
ity of CGL, what was demonstrated by the loss of 3GSH, indicating

3 Glutathione reduced.
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Scheme 1. Cystathionine synthesis and conversions - reactions of H, S generation. In mammals, cysteine is made from homocysteine, which originates from methionine and
supplies the sulfur atom, and serine, which supplies the carbon skeleton. The reaction is catalyzed by cystathionine-f-synthase (CBS) and yields cystathionine. In the next
step, cystathionine-y-lyase (CGL) catalyzes the removal of ammonia and cleavage of cystathionine to yield free cysteine. The two enzymes in the trans-sulfuration pathway,
CBS and CGL, are believed to be chiefly responsible for H,S biogenesis (according to Singh et al. [26]).

the importance of transsulfuration pathway in generating cysteine
for GSH synthesis in CNS. A significant decrease in the reducing
capacity of the cellular redox couples, such as glutathione, was
implicated in a number of pathologies, such as neurodegenerative
disorders, epileptic seizures, demyelination (multiple sclerosis),
dementia and aging [10].

The enzymatic tandem CBS/CGL is important in the production
of cysteine and glutathione and also in the production of hydrogen
sulfide (°H,S)[11] (Scheme 1). H,S is produced endogenously from
L-cysteine in vascular smooth muscle cells and nervous system and
it has a vasorelaxant property and may function as a neuromodula-
tor. H,S is present at a suitably high concentration in brain and CBS,
which is highly expressed in the hippocampus and is involved in
the production of brain H,S [12]. In physiological concentrations,
hydrogen sulfide induces the hippocampal long-term potentiation
(SLTP), enhances ’NMDA receptor-mediated responses and inhibits
synaptic transmission in the hippocampus. The concentration of
H,S decreases in the brains of patients with Alzheimer’s disease,
while the overproduction of hydrogen sulfide characterizes Down
syndrome patients [13].

Dominick et al. [14] developed a method for the simultane-
ous separation and quantitation of several thiolamines, such as
glutathione reduced (GSH) and oxidized (8GSSG), cysteine and cys-
tine. The procedure employs a Cyg reversed-phase HPLC system
to separate the dinitrophenyl (°DNP) derivatives of GSH and cys-
teine (N,S-di-DNP) and GSSG and cystine (N,N'-di-DNP) and relies
on an internal standard, N-methyllysine, to minimize experimen-
tal error. While many methods of glutathione determination have
been reported, there are a few reports concerning the simultaneous
determination of GSH and GSSG [15]. We developed a modification
of the method of Dominick et al. [14] allowing for the separation

4 Central nervous system.

5 Hydrogen sulfide.

6 Long-term potentiation.

7 N-methyl-p-aspartate receptor.
8 Glutathione oxidized.

9 Dinitrophenyl.

and quantitation of the dinitrophenyl (DNP) derivative of cys-
tathionine (N,N’-di-DNP) in biological samples, together with GSH,
GSSG, cysteine and cystine [16]. This very useful method facili-
tates the investigation of the transsulfuration pathway in human
brain homogenates, providing results, which reflect the redox sta-
tus (GSH/GSSG ratio) and the potential of the generation of HS.

2. Experimental conditions
2.1. Chemicals and reagents

L-Glutathione reduced, glutathione oxidized form, L-cysteine,
L-cystine, cystathionine, 1-fluoro-2,4-dinitrobenzene ('°DNFB),
bathophenanthroline-disulfonic acid disodium salt (!'BPDS),
ethylenediaminetetraacetic acid ('2EDTA), fosforan-5-pirydoksalu
(13PLP), lactate dehydrogenase, acetonitrile were obtained from
Sigma Chemical Co. (St. Louis, MO, U.S.A.). Trifluoroacetic acid
(“TFA) was purchased from Fluka Chemie GmbH (Buchs,
Switzerland). Ethanol and 70% perchloric acid (1°PCA) were from
POCh S.A. (Gliwice). Né-methyllysine was obtained from Bachem
(Bubendorf, Switzerland). All chemicals and HPLC solvents were
gradient grade. Water was deionized by passing through an EASY
pure RF compact ultrapure water system (MO, U.S.A.).

2.2. Methods

Various regions of human brain, collected post-mortem in
the Department of Pathomorphology and Department of Foren-
sic Medicine, Jagiellonian University Medical College, Cracow,
Poland, were used in this experiment. The experimental protocol
was approved by the Bioethic Commission, Jagiellonian University

0 1-Fluoro-2,4-dinitrobenzene.
11 Bathophenanthroline-disulfonic acid disodum salt.
2 Ethylenediaminetetraacetic acid.
3 Fosforan-5-pirydoksalu.
14 Trifluoroacetic acid.
15 Perchloric acid.
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Medical College. Samples of brain (frontal cortex, parietal cortex,
thalamus, hypothalamus, hippocampus, cerebellum and subcor-
tical nuclei) were collected within 24h of death from patients
between 40 and 60 years of age if a post mortem examination per-
formed by the attending pathologist showed that the brain was
macroscopically normal. For the HPLC analysis, samples of brain
were weighed and homogenized in ice-cold 10% PCA/1 mM BPDS
(1g/3 ml), during 1 min at 8000-9500 rpm using a blender homog-
enizer. The homogenates were centrifuged at 1400 x g for 10 min at
4°C. The supernatants were used immediately or stored at —80°C
until the analysis. For CGL activity and protein determination, the
brain samples were washed with cold saline and homogenized in
0.1 M phosphate buffer pH 7.5 (w/v 1:5) using a blender homoge-
nizer (1 min, 8000-9500 rpm). The homogenates were centrifuged
at 1600 x g for 10 min at room temperature and the obtained super-
natants were used for assays.

2.2.1. HPLC instrumentation and conditions

The samples were analyzed on a 4.6mm x 250 mm Luna C;g
(5 pm) column with a Phenomenex Security Guard column filled
with the same packing material. The chromatographic system con-
sisted of LC-10 Atvp Shimadzu pumps, four channel degassers,
column oven and a Shimadzu SIL-10 Advp autosampler. The
chromatographic peaks were measured by a Shimadzu SPD-M10
Avp-diode array detector. Class VP 7.2.1 version software was used
to control system operation and facilitate data collection.

A mobile phase consisting of solvent A (water/0.1% TFA) and
solvent B (acetonitrile/0.1% TFA) was used for elution of samples.
After injection, the column was eluted with 20% B followed with
35 min linear gradient to 55% B and 10 min isocratic period at 55% B,
then 15 min linear gradient to 100% B and 10 min isocrating period.
The column was then re-equilibrated to the initial conditions for
15 min. The analyses of 20 pl of each sample were performed at
a flow rate of 1.0ml/min at 20°C temperature with diode array
detection at 365 nm [16].

2.2.2. Sample preparation

The incubation mixture, total volume 456 wl, contained: 100 .l
supernatant, 20 pl of 0.24 wuM N®-methyllysine solution in water,
40 ul of 10% PCA/1 mM BPBS, 96 ul of 2M KOH - 2.4M KHCO3
and 200 pl of 1% DNFB in ethanol. The samples were derivatized
for about 24 h at room temperature in the dark. The reaction was
stopped by adding 30l of 70% PCA. The sample was centrifuged
at 5600 x g for 2 min and the supernatants were filtered through a
0.20 wm PTEFE Titan Syringe filter (Polygen Co., Poland).

2.2.3. Stock solutions and standard curves

Stock solutions were prepared for standard curves as fol-
lows: 2.4 uM N®-methyllysine, 1.2 uM GSH, 1.2 uM GSSG, 1.2 puM
L-cysteine, 1.2 wM L-cystine, 2.2 uM cystathionine. All the stock
solutions were prepared in 10% PCA/1 mM BPDS except for N®-
methyllysine, which was prepared in water. A separate stock
solution of the internal standard, N®-methyllysine, was prepared
by dilution of 2.4 wM solution in proportion 1:10.

Standard curves were prepared in the same way as samples, by
adding 20-75 pl of the stock solution of cystathionine, GSH, GSSG,
cysteine and cystine instead of 40 il 10% PCA/1 mM BPDS. Standard
curves were generated in the supernatant obtained from human
brain homogenate in the range from 25 to 92 nmol of each com-
pound per ml. A linear response was shown over the concentration
range investigated for all of the analytes. The linear regression anal-
ysis yielded y=2.28 x 10%x (r2 =0.993) for cystathionine, where y
was the peak areas (mAu) and x - the cystathionine concentration
(nmol/1 ml).

Intensity (x100000)
2
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Fig. 1. The positive ionisation m/z spectrum of cystathionione.

2.2.4. Mass spectral analysis

We examined the peak areas of N,S-diDNP-cystathionine using
elution gradient described in Section 2.2.1. Additionally, the frac-
tion of cystathionine was determined by ESI/MS - the molecular
ion of m/z=572, H,0 =554 (positive ionization M*), corresponded
to N,S-diDNP-cystathionine (Fig. 1). Mass spectrometry was per-
formed as described elsewhere [17]. Briefly, the analyses were
carried out using Esquire 3000 ESI-MS (Bruker-Daltonics, Bremen
Germany) in a positive ion mode. The flow rate was set to 3 wl/min
using a KD 100 Syringe pump (KD scientific, Holliston USA). Basic
parameters of the ion source were as follows: heated capillary
temperature: 280°C, capillary voltage: 4.5KV. The results were
analyzed using Brukers Data Analysis software (ver 3.0).

2.2.5. Cystathionine y-lyase assay

The CGL activity was assayed by the [18], with modifications
described by Czubak et al. [19]. Each incubation mixture (650 wl)
contained: 250 w1l 45mM cystathionine solution in 0.1 M phos-
phate buffer, pH 7.5 (10mg of cystathionine per sample), from
275l to 525wl 0.1 M phosphate buffer containing 0.05mM 2-
mercaptoethanol, pH 7.5, 25 1 1.3 mM pyridoxal phosphate, 25 .l
13 mM EDTA-Na;-H;0. The reaction was started by adding 75 .l of
homogenate and was stopped after 30 min of incubation at 37 °C by
placing 125 pl of incubation mixture in 25 pl 1.2 M perchloric acid.
The samples were centrifuged at 1600 x g for 10 min, and 25 .l of
the supernatant was transferred to 625 wl 0.194 mm NADH water
solution and kept at 37 °C. The absorbance of this mixture was mea-
sured at 340 nm with a Hitachi U2000 spectrophotometer for 10s
against distilled water. After this interval, 25 pl (9.06IU) lactate
dehydrogenase from beef heart was added and the measurement
was continued to 180s [19]. The enzyme activity was expressed
as pmoles a-ketobutyrate formed during 1 min incubation at 37 °C
per 1 mg of protein.

2.2.6. Protein determination
Protein was determined by the method of Lowry et al. [20] using
crystalline bovine serum albumin as a standard.

3. Results and discussion

The application of the modified method of Dominick et al. [14]
for the study of the metabolism of low-molecular sulfur compounds
in various human brain regions homogenates allows for simul-
taneous determinations of cystathionine, reduced and oxidized
glutathione, cysteine and cystine. Examples of chromatographic
distribution for homogenates of human frontal cortex, parietal
cortex, thalamus, hypothalamus, hippocampus, cerebellum and
subcortical nuclei are presented in Fig. 2.
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Fig. 2. Chromatograms of (A) frontal cortex, (B) cerebellum, (C) hippocampus, (D) hypothalamus, (E) parietal cortex, (F) nuclei subcortical and (G) thalamus. Peaks
and retention times (min) of DNP derivatives: (1) 2,4-dinitrophenol (27.58 +0.24); (2) 2,4-dinitrophenyl ethyl ether (41.23 +0.19); (3) N,N'-di-DNP-N?-methyllysine
(54.54+0.27); (4) N,N'-di-DNP-GSSG (30.15 +0.20); (5) N,S-di-DNP-GSH (37.05 +0.30); (6) N,N'-di-DNP-cystine (46.08 +0.23); (7) N,S-di-DNP-cysteine (48.51+0.28);
(8) N,N'di-DNP-cystathionine (44.90 + 0.28). Coefficient of variation (SD/mean) x 100% = 1% for all derivatives. Chromatographic conditions are described in Section 2.2.

Table 1 presents the values of GSH, GSSG, cysteine, cystine and
cystathionine levels in the investigated human brain regions. Cys-
tathionine was detected in all the investigated human brain regions
and its levels vary greatly between particular regions. The level
of this amino acid was the highest in the human thalamus and
it was about 11 times greater than in the cerebellum (p <0.05).
The concentration of cystathionine in the subcortical nuclei and

Table 1
The level of GSH, GSSG, cysteine, cystine and cystathionine in human brain regions.

hypothalamus was also significantly higher as compared to the
cerebellum or frontal and parietal cortex. Similarly, our research
showed that the highest concentration of cysteine was noted in the
thalamus, hypothalamus and subcortical nuclei (Table 1). Cysteine
is the limiting substrate in biosynthesis of GSH. The highest level
of cysteine in the thalamus corresponded with the highest level of
GSH and the highest ratio of GSH to GSSG. The data presented in

Brain region GSH GSSG Cysteine Cystine Cystathionine
nmol mg of protein~!
Cerebellum 0.76 +£0.29 1.04+0.55 0.58+0.21 0.23+0.09 4.71+2.36
Hypothalamus 0.98+0.16 0.51+0.38 1.73+0.34 0.22+0.07 23.12+10.16°
Thalamus 1.49+0.31 0.58 +0.43" 1.92+0.76 0.28+0.13 55.34+15.53
Subcortical nuclei 0.74+0.00 1.30+0.89 1.53+0.65 0.33+0.16 32.91+11.03"
Hippocampus 1.28+0.43 0.56+0.28 0.77 £0.40 0.18+0.08 19.79+5.97
Frontal cortex 0.54+0.26 0.97+0.47 0.84+0.33 0.13+0.08 10.27 £6.16
Parietal cortex 0.42+0.11 0.17 £0.06 0.62+0.12 0.28 +0.02 11.88+3.23
N 2-8 2-6 3-6 2-8 3-7

The values represent the mean £ SD of eight brains regions. GSH, glutathione reduced; GSSG, glutathione oxidized; CSH, cysteine; CSSC, cystine. The Mann-Whitney’s test

was adopted as a criterion of statistical significance with the probability level of 0.05.

" p<0.05 GSSG: cerebellum, thalamus vs. subcortical nuclei; subcortical nuclei vs. frontal cortex, CSH: Thalamus vs. subcortical nuclei; subcortical nuclei vs. hippocampus
and frontal cortex, cystathionine: hypothalamus vs. hippocampus and frontal cortex; subcortical nuclei vs. hippocampus and frontal cortex; hippocampus vs. parietal cortex;

frontal cortex vs. parietal cortex, GSH and CSSC: statistics could not be calculated.



P. Bronowicka-Adamska et al. / ]. Chromatogr. B 879 (2011) 2005-2009 2009

Table 2
Cystathionase activity in human brain regions.

Brain region Cystathionase

pmolmg~! min~!

Cerebellum 719 + 216
Hypothalamus 674 + 237
Thalamus 342 + 114
Subcortical nuclei 555 + 377"
Hippocampus 454 + 222
Frontal cortex 451 + 291
Parietal cortex 672 + 238

The values represent the mean + SD of eight brains, with each determination consist-
ing of 9-15 assays. The Mann-Whitney's test was adopted as a criterion of statistical
significance with the probability level of 0.05.

" p<0.05 cystathionase: cerebellum, hypothalamus, subcortical nuclei vs. frontal
cortex.

Table 1 allow for determining the redox status expressed by the
GSH/GSSG ratio. GSH, as a reductant plays a fundamental role in
the detoxification of reactive oxygen species, which is critical to
the normal function of the central nervous system and its altered
levels have been reported in several pathological diseases, such as
schizophrenia and cancer [22-24].

Anegative correlation between the amount of cystathionine and
the activity of CGL was observed. The lowest among the investi-
gated regions activity of CGL detected in the thalamus (Table 2)
reflects the high level of cystathionine (Table 1). Similarly, the high-
estactivity of y-cystathionase was detected in the cerebellum, with
the lowest among the investigated brain regions level of cystathion-
ine. To date, the role of cystathionine in human brain it has not been
confirmed, but pharmacological studies have suggested a potential
role for this amino acid as a neuromodulator [25]. High cystathion-
ine levels in some brain regions may reflect a high CBS activity. CBS
is also important in the production of H,S [11] (Scheme 1), which
may function as a neuromodulator [12]. Elevated cystathionine lev-
els might result from a low CGL activity as it was observed in case
of cystathioninuria in neuroblastoma patients [5].

The method presented in this paper may be used to inves-
tigate the activity of CBS and CGL in biological samples in the
presence of homoserine, CBS substrate, and in the presence of
pL-propargylglycine (16PAG), CST inhibitor. The difference in the
cystathionine level between homogenates with and without PAG
can be used for the estimation of the activity of CBS in tissue
homogenates. The combined activity of the CBS and CGL tandem
can be measured by a difference between cysteine levels in the
control and investigated samples.

16 pL-Propargylglycine.

4. Conclusions

The presented RP-HPLC method allows for simultaneous deter-
minations of cystathionine, reduced and oxidized glutathione,
cysteine and cystine. Cystathionine levels depend on both the CBS
and CGL activities. The method produces results, which reflect
tissue redox status (GSH/GSSG ratio) and the potential of the gener-
ation of H,S and it can be also employed in determining the activity
of CGL and CBS in the presence of the CGL inhibitor.
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The RP-HPLC-based method of determination of the activity of cystathionine 3-synthase and y-cystathionase
was undertaken in mouse liver, kidney and brain. Products of the reactions, such as cystathionine,
a-ketobutyrate, cysteine and glutathione, were measured using the RP-HPLC method. A difference in the
cystathionine level between homogenates with totally CTH-inhibiting concentrations of DL-propargylglycine
and without the inhibitor was employed to evaluate the activity of cystathionine B-synthase. Gamma-
e cystathionase activity was measured using DL-homoserine as a substrate and a sensitive HPLC-based assay
Cystathionine-beta-synthase . L. ..
Mouse tissue to measure o-ketobutyrate. The results confirmed high cystathionine f-synthase activity and no
H,S y-cystathionase activity in brain, and high y-cystathionase activity in mouse liver. The method pre-
sented here allows for evaluating the relative contribution of CBS and CTH to generation of H,S in tissues.
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Additionally, it provides results, which reflect the redox status (GSH/GSSG) of a tissue.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Hydrogen sulfide (H,S) is produced endogenously in many dif-
ferent human and mammalian tissues, including the liver, kidneys,
brain and blood lymphocytes (not reviewed here, but see [1,2]).
Recent studies have shown that this easily diffused compound, which
does not require any transporters, plays diverse biological roles de-
termined, among others, by its solubility in aqueous vs. lipid phases,
availability of H,S detoxifying enzymes and intracellular differ-
ences in oxygen tension [1,2]. In the vascular smooth muscle cells,
it manifests vasorelaxant [3-5] or vasoconstrictive properties [6],
and the vasodilatory effect is O,-dependent, similarly as its anti-
inflammatory [7] and pro-inflammatory properties [8,9]. In the
nervous system, H,S functions as a neuromodulator. H,S at physi-
ologically relevant levels affects hippocampal long-term potentiation
(LTP), enhancing NMDA receptor-mediated responses and inhibit-
ing synaptic transmission [10]. H,S was found to play a role of a
cytoprotectant, a regulator of insulin release, inflammation and an-
giogenesis, and oxygen (0,) sensor [11].

Two major sources for endogenous enzymatic production of H,S
are pyridoxal-5’-phosphate-dependent enzymes: cystathionine beta-
synthase (CBS, EC 4.2.1.22) and gamma-cystathionase (CTH, EC

Abbreviations: CBS, cystathionine B-lyase; CTH, y-cystathionase; GSH, glutathi-
one reduced form; GSSG, glutathione oxidized form; DNFB, 1-fluoro-2,4-
dinitrobenzene; HSer, homoserine; CTN, cystathionine.

* Corresponding author. Jagiellonian University Medical College, Chair of Medical
Biochemistry, Kopernika 7 St., 31-034 Krakéw, Poland. Fax: +48 12 4223272.
E-mail address: mbwrobel@cyf-kr.edu.pl (Maria Wrébel).

http://dx.doi.org/10.1016/j.niox.2014.09.159
1089-8603/© 2014 Elsevier Inc. All rights reserved.

4.4.1.1). Hydrogen sulfide is synthesized from L-cysteine and/or ho-
mocysteine in reactions catalyzed by CTH and CBS [12-15] (Table 1).

The reaction for which CBS is the best known is the synthesis
of cystathionine from homocysteine and serine. CTH splits cysta-
thionine to cysteine, a-ketobutyrate and ammonium ions [13]
(Scheme S1). CBS and CTH participate in L-cysteine desulfuration
and directly influence the level of sulfane sulfur; these divalent sulfur
species are easily liberated as H,S by reduction with excess thiols.
Sulfane sulfur stored as elemental sulfur can be reduced to sulfide
ions (S*) [2].

CTH is predominantly expressed in the liver and in vascular and
non-vascular smooth muscle with only trace amounts found in the
brain [2,15,23,24]. CBS is the predominating enzyme in the brain
and nervous system [25,26]. DL-propargylglycine (PPG) inhibits the
activity of CTH [26] what is demonstrated by the loss of reduced
glutathione (GSH), indicating that availability of a suitable amount
of cysteine is important for maintenance of GSH level in the CNS
[27]. There is no currently available selective CBS inhibitor [26].

This study was conducted to evaluate the RP-HPLC-based method
of determination of the activity of the CBS and CTH in mouse tissues
- the liver, kidneys and brain. The RP-HPLC method was used to
detect and determine the amount of direct and far products of the
CBS and CTH-catalyzed reactions, such as cystathionine, cysteine,
o-ketobutyrate and glutathione. The level of cystathionine re-
flects the activity of CBS responsible for its biosynthesis, and the
activity of CTH converting it to cysteine. A difference in the cysta-
thionine level between homogenates with totally CTH-inhibiting
concentrations of PPG and without the inhibitor was employed to
evaluate the activity of CBS. Depending on the tissue, the activity
of CBS and CTH was different and seemed to be the highest in the
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Table 1
Reactions of HxS production from L-cysteine and homocysteine, catalyzed by CBS and CTH.
Substrate Co-substrate Product References
CBS
L-cysteine Homocysteine L-cystathionine + HzS [12,16-18]
L-cysteine H.0 L-serine, H2S [19]
L-cysteine L-cysteine L-lanthionine + HoS [13]
CTH
L-cysteine - Pyruvate + NH3 + HzS [2,14,20-22]
L-cysteine L-cysteine L-lanthionine + H»S [12]
L-homocysteine L-homocysteine L-homolanthionine + HzS [12,13]

brain in case of CBS and in the liver in case of CTH. The method pre-
sented here allows for evaluating the relative contribution of these
enzymes to generation of H,S in tissue or cell homogenates, in par-
ticular because the technology required to measure accurately H,S
on the sub-cellular level is unavailable. It was also observed that
the functional deficiency in the activity of one H,S producing enzyme
could be compensated by the activity of the other to maintain the
endogenous H»S production level [5], what could be relatively easily
confirmed employing the presented method.

2. Experimental (material and methods)
2.1. Chemicals and reagents

L-Glutathione reduced (GSH), glutathione oxidized form (GSSG),
L-cysteine, L-cystine, cystathionine (CTN), DL-homoserine (HSer),
1-fluoro-2,4-dinitrobenzene (DNFB), bathophenanthroline-disulfonic
acid disodium salt (BPDS), acetonitrile, pyridoxal phosphate (PLP),
B-nicotinamide adenine dinucleotide reduced disodium salt hydrate
(NADH), L-lactic dehydrogenase (LDH), DL-propargylglycine (PPG),
N-methyl benzothiazolone hydrazine hydrochloride (MBTH) were
obtained from Sigma Chemical Co. (St. Louis, Mo, U.S.A).
Trifluoroacetic acid (TFA), 2-mercaptoethanol and EDTA-Na,-2H,0
were purchased from Fluka Chemie GmbH (Buchs, Switzerland).
Ethanol and 70% perchloric acid (PCA) were from Polskie Odczynniki
Chemiczne S.A. (Gliwice). Ne-methyllysine was obtained from Bachem
(Bubendorf, Switzerland). All the chemicals and HPLC solvents were
gradient grade. Water was deionized by passing through an EASY
pure RF compact ultrapure water system.

2.2. Sample preparation

2.2.1. Animals

Twenty-five mice Swiss-albino mice between 6-8 weeks of age
(both sexes) from Animal House, Department of Clinical Immunol-
ogy, Polish-American Institute of Pediatrics, Jagiellonian University
Medical College, Krakéw, Poland, were used in our experiment. All
the mice were sacrificed by cervical dislocation and the livers,
kidneys and brains were isolated, placed in liquid nitrogen and stored
at —76 °C until used in biochemical experiments. All the proce-
dures were approved by the Ethics Committee for the Animal
Research in Krakéw (number 26/111/2009).

2.2.2. Tissue samples

For the experiments, the tissues were weighed and homog-
enized in ice-cold 0.1 M phosphate buffer pH 7.5 (1 g/5 ml) from
1 min at 8000-9500 rpm using a blender homogenizer. The
homogenates were centrifuged at 1600 g for 10 min. The superna-
tants were used for assays immediately or stored at —80 °C until HPLC
analysis.

2.3. Enzyme assays

2.3.1. Determination of CBS activity

The activity of CBS was examined in mice liver, kidneys and
brain homogenates in the presence of DL-homoserine (HSer) as a
substrate. The control tissue homogenates with HSer contained in
a final volume of 650 ul: 25 ul 1.3 mM PLP, 25 ul 0,02 mM EDTA,
250 ul 10.8 mM homoserine and 75 pl of sample containing enzymes
and 0.1 M phosphate buffer, pH 7.5 with 0.05 mM 2-mercaptoethanol.
The control tissue homogenates without HSer were prepared in
the same way as tissue homogenates with HSer, but without adding
HSer. The tissue homogenates with HSer and PPG, in which
the inhibitory effect of PPG on the activity of CTH was investi-
gated, contained PPG in the concentration depending on the kind
of tissue: 0.75 mM for the liver, 0.95 mM for the kidneys and 0.1 mM
for the brain. To confirm the total CTH inhibition by PPG in the
tissue homogenates with HSer and PPG, the activity of CTH
was assayed by Matsuo and Greenberg’s method [28] with modi-
fications [29]. After 15 min incubation at 37 °C, the reaction was
stopped by placing 125 pl incubation mixture in 25 pl 10% perchlo-
ric acid containing 1 mM BPDS. The samples were centrifuged at
1600 g for 10 min and the supernatants were stored at —80 °C
until used for RP-HPLC. The level of cystathionine was deter-
mined using the RP-HPLC method described by Bronowicka-
Adamska et al. [30].

2.3.2. Determination of CTH activity

The activity of CTH was examined in mice liver, kidneys and brain
homogenates in the presence of cystathionine (CTN) as a sub-
strate. The incubation mixture contained in a final volume of 650 ul:
25 ul 1.3 mM PLP, 25 ul 0,02 mM EDTA, 250 pl 10.7 mM cystathio-
nine and 75 pul sample containing enzymes and 0.1 M phosphate
buffer, pH 7.5 with 0.05 mM 2-mercaptoethanol. The control samples
were prepared in the same way as the examined samples, but
without CTN. The reaction was stopped after 15 min of incubation
at 37 °C by placing 125 pul incubation mixture in 25 pl 10% perchlo-
ric acid containing 1 mM BPDS. The samples were centrifuged at
1600 g for 10 min and the supernatants were stored at —80 °C until
used for RP-HPLC. The activity of the enzyme was expressed as
nmoles of o-ketobutyrate formed during 1 min incubation at 37 °C
per 1 mg of protein. The level of o-ketobutyrate was determined
using the method based on the method described by Paz et al.
[31-35] using the reaction of N-methyl benzothiazolone hydra-
zine hydrochloride (MBTH) with the carbonyl compounds. The
resulting derivative was determined by RP-HPLC method with de-
tection at 350 nm.

2.4. Protein

Protein was determined by the method of Lowry et al. [36] using
crystalline bovine serum albumin as a standard.
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2.5. RP-HPLC (reverse phase high performance liquid
chromatography)

The level of cystathionine, cysteine, o-ketobutyrate and the
reduced (GSH) and oxidized (GSSG) glutathione was determined in
incubation mixtures using the RP-HPLC method of Dominick et al.
[37] with modifications [30,38]. The samples were separated on a
4.6 mm x 250 mm Luna C;s (5u) column with a Phenomenex Se-
curity Guard column filled with the same packing material. The
chromatographic system consisted of LC-10 Atvp Shimadzu pumps,
four channel degassers, a column oven and a Shimadzu SIL-10 Advp
autosampler. Chromatographic peaks were measured by a Shimadzu
SPD-M10Avp-diode array detector. A mobile phase consisting of
solvent A (water/0.1%TFA) and solvent B (acetonitrile/0.1% TFA) was
used to elute the samples. The samples were eluted with 20% B after
injection followed with a 35-minute linear gradient to 55% B and
10 minutes isocratic period at 55% B, then a 15-minute linear gra-
dient to 100% B and 10 minutes isocratic period. The column was
then re-equilibrated to the initial conditions for 15 minutes. All the
HPLC solvents were HPLC gradient grade. The samples were fil-
tered through a 0.20 um PTEFE filter. Analyses of 20 ul of the samples
were performed at a flow rate of 1.0 ml/min at 20 °C temperature
with diode array detection at 365 nm.

2.5.1. Preparation of the stock solution and standard curves

Stock solutions were prepared for standard curves as follows:
2.4 uM Nét-methyllysine, 1.2 uM L-cysteine, 1.2 uM GSH, 4.2 uM
homoserine and 2,2 uM cystathionine. All the stock solutions were
prepared in 10%PCA/1 mM BPDS except for N*-methyllysine, which
was prepared in water. A separated stock solution of internal stan-
dard, Ne-methyllysine, was prepared by dilution of 2.4 UM solution
in proportion 1:10 [38]. The standard curves were generated in the
supernatant obtained from the homogenate in the range from 13-
75 nmoles of each compound per ml. The standard curves were
prepared in the same way as the samples, by adding 20-75 ul of
stock solution of DL-homoserine, cystathionine, GSH, GSSG, cyste-
ine and cystine instead of 40 ul 10% PCA/1 mM BPBS.

2.6. Statistical analysis

All data of the RP-HPLC experiments represent the average of
four to ten determinations. Values in the Tables were summarized
as mean * standard deviation of the mean. The significance of the
differences between the mean values was calculated using the St-
udent’s t Test.

3. Results and discussion

The RP-HPLC method for a simultaneous separation and quan-
tification of the dinitrophenyl derivatives of cysteine and cystine,
GSH, GSSG, cystathionine and homoserine (Fig. 1) provides a very
useful tool for investigation of the transsulfuration pathway in bi-
ological samples, providing results which reflect the redox status
(GSH/GSSG ratio). The method can be also employed in determi-
nation of CBS and CTH activity involved in the investigation of the
potential of biological systems to generate H-S.

3.1. Basal (control) levels of cysteine, cystine, GSH, GSSG,
cystathionine and homoserine in mouse liver, kidney and brain

Table 2 shows basal levels of cysteine, cysteine, total free cys-
teine (TFC = cysteine + 2 x cystine), reduced (GSH) and oxidized
(GSSG) glutathione, total free glutathione (TFG = GSH + 2 x GSSG),
cystathionine and homoserine in homogenates of mouse liver,
kidneys and brain. The highest level of cysteine was determined in
the kidneys, glutathione in the liver and cystathionine in the brain.

These observations confirm that cystathionine may be important
in the function of the brain, as it has been earlier suggested for the
human brain that is characterized by a higher concentration of cys-
tathionine as compared to brains of other animals [39]. In mouse
brain homogenates, the level of homoserine was also the highest,
more than two times higher as compared to liver homogenates
(Table 2).

3.2. Changes in levels of cysteine, cystine, GSH, GSSG and
cystathionine in tissue homogenates incubated with homoserine

Rat and normal human liver homogenates were demonstrated
to catalyze the formation of cystathionine from homocysteine and
serine, as well as from homoserine and cysteine, although at a much
lower rate than the rate for the first reaction [19,22,40-42]. A sig-
nificantly elevated level of cystathionine in response to homoserine
was not found in the investigated tissues, but cysteine levels were
elevated in all the tissues, and the increased level of GSH was noted
in liver homogenate (Table 3).

Homoserine can be converted to cystathionine by CTH [40,41]
and if homoserine is available, the reaction rate depends on the avail-
ability of cysteine. In the liver, homoserine increases the level of
cysteine and is further converted to glutathione. In the presence of
homoserine, cysteine accumulates in brain homogenates; perhaps
because of trace CTH activity in this tissue. This may also explain
the highest content of cystathionine in the brain.

3.3. Effect of propargylglycine on the level of cysteine, cystine, GSH,
GSSG and cystathionine in the presence of homoserine

Propargylglycine, a suicide inhibitor of CTH [43], can com-
pletely block CTH activity and H,S formation [44]. The present
authors observed a twofold increase in the level of cystathionine
in the presence of PPG in the brain in comparison to the liver and
kidneys (Table 4). This result suggests a higher CBS activity in the
brain than in the liver, what is in accordance with the results pub-
lished by Yu et al. [45] and Nishi et al. [46]. Under the present assay
conditions, the fact that propargylglycine led to a significant accu-
mulation of cystathionine in mice brain homogenate indicates that
CTH exists in this tissue and takes part in the regulation of the cys-
tathionine level. In contrast to the liver, the kidneys and brain
glutathione levels were not affected in the homogenates incu-
bated with propargylglycine. This may reflect the fact that the rate
of turnover of glutathione is slow in the brain and kidneys as com-
pared with that in the liver.

3.4. Analysis of CBS and CTH activity in mouse tissues

CBS and CTH activity was demonstrated in mouse tissues using
DL-homoserine as substrate [28]. A sensitive assay, involving the
use of high performance liquid chromatography, was developed to
measure the small amounts of o-ketobutyrate produced by CTH [47]
or cystathionine [30,31] produced by CBS. The amount of activity
found was expressed in nmol of o-ketobutyrate for CTH or cysta-
thionine for CBS formed/min mg protein.

34.1. CTH

o-Ketobutyrate is produced by CTH (Scheme S1). The increase
in the level of o-ketobutyrate in the homogenates incubated for 15
minutes with 10.8 mM HSer reflects CTH activity (Fig. 2). In brain
homogenates, a-ketobutyrate levels did not rise after the incuba-
tion with HSer; thus, this result confirms no CTH activity in the
mouse brain. The liver and kidney homogenates showed the activ-
ity of CTH with a several-fold higher value for the liver.
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Fig. 1. Chromatograms of liver samples (A) without HSer (basal levels), (B) incubated with HSer, and (C) incubated with HSer and PPG. Peaks: 1 = 2,4-dinitrophenol; 2 = 2,4-
dinitrophenyl ethyl ether; 3 = N,N’-di-DNP-N¢-metyllysine; 4 = N,N’-di-DNP-GSSG; 5 = N,S-di-DNP-GSH; 6 = N,N-di-DNP-cystine; 7 = N,S-di-DNP-cysteine; 8 = N,N’di-DNP-
cystathionine, 9 = N-DNP-homoserine. Chromatographic conditions are described in Section 2.

3.4.2. CBS

A difference between the levels of cystathionine in the incuba-
tion mixtures with and without PPG can be used to estimate the
activity of CBS in mouse tissue homogenates incubated with or
without 10.8 mM HSer (Scheme S2). PPG concentrations causing total
inhibition of CTH activity were 0.75 mM in the liver homogenate,
0.95 mM in the kidneys homogenate and 0.1 mM in the brain ho-
mogenate. The total CTH inhibition by PPG in the tissue homogenates
was confirmed with the Matsuo and Greenberg’s method with modi-
fications (see chapter 2.3.1).

In the homogenates of mouse brain and kidneys, the calcu-
lated value of CBS activity was about 2-3 times higher than in the
liver homogenate (Table 5B). However, in the brain, it was noted that

Table 2

Basal levels of the measured compounds in mouse tissue homogenates. Cystathio-
nine - units [pmol/mg protein], cysteine, cystine, TFC, GSH, GSSG, TFG, homoserine
- units [nmol/mg protein]. TFC = total free cysteine, TFG = total free glutathione, N.D.

= not detected.

Liver Kidneys Brain
Cystathionine 30+8 55+20 70+20
Cysteine N.D. 41+1.8 0.34+0.2
Cystine N.D. 0.78£0.10 0.11+0.02
TFC N.D. 6.26 £ 1.52 0.56+0.28
GSH 0.32+0.05 0.10+0.04 14+0.5
GSSG 0.86+0.13 0.12+0.04 10.6+1.73
TFG 2.05+0.3 0.28 £0.05 22.5+3.95
Homoserine 0.32+0.1 0.54+0.1 0.82+0.2
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Table 3

Changes in levels of the measured compounds after 15 minutes of incubation with
homoserine. Cystathionine - units [pmol/mg protein], cysteine, cystine, TFC, GSH,
GSSG, TFG, homoserine - units [nmol/mg protein], TFC = total free cysteine, TFG = total
free glutathione *P < 0.05 tissue homogenates with HSer vs. tissues homogenates

Table 5
Changes in the level of cystathionine (A) and the activity of CBS (B) in mouse tissue
homogenates without and with HSer.

(A)

without HSer, N.D. = not detected. Cystathionine [pmol/mg protein] Liver Kidneys Brain
Liver Kidneys Brain Without HSer
. Control 27+8 53+15 70+20
Cystathionine 33+10 78+8 60+10 . .
Cysteine 9.4+12* 19.4+ 415" 38.6+3.3" WAtfltelil ; > min. with PPG 308 63431 77440
Cystine N.D. 124+03" N.D 1th Hoer
" . . Control 33+10 78+8 60+1
TFC 94+12 21.6+53 38.6+3.3 After 15 mi ith PPC 3645 85125 120437
GSH 0.86+0.16* 0.09+0.02 1.52+0.41 er 1> min. wi - - -
GSSG 115+0.10* 0.12+0.03 105+ 1.1 (B)
TFG 3.5+1.2* 0.33+0.06 225+28 . R R .
CBS [pmol mg protein~! min~'] without HSer with HSer
Liver 0.2 0.2
Kidneys 0.7 0.5
Brain 0.5 4.0

the activity of CBS without adding HSer was about one tenth only
of that with HSer.

The liver and kidneys showed a relatively low CBS activity in-
dependently of homoserine (Table 5B). The brain demonstrated a
relatively high CBS activity and no CTH activity (Fig. 2, Table 5B) [48],
what explains high cystathionine levels (Table 2) and lack of
o-ketobutyrate (Fig. 2). A huge increase in the level of cysteine
(Table 3) in the brain homogenate incubated with HSer (Table 5A)
suggests the biosynthesis of cystathionine from homoserine and cys-
teine by CBS, the activity of which was high (Table 5B). The low level
of cystathionine in the liver (Table 2) together with the high level
of a-ketobutyrate (Fig. 2) reflects the highest activity of CTH (Fig. 2).

Table 4

Changes in levels of the measured compounds after the incubation with HSer and
PPG. Cystathionine - units [pmol/mg protein], cysteine, cystine, TFC, GSH, GSSG, TFG,
homoserine - units [nmol/mg protein]. TFC = total free cysteine, TFG = total free glu-
tathione, *P < 0.05 tissue homogenates with HSer vs. tissues homogenates without
HSer, 2P < 0.05 tissue homogenates with HSer and PPG vs. tissue homogenates with
HSer, N.D. = not detected.

Liver Kidneys Brain
Cystathionine 36+5* 85+25* 120 £37%
Cysteine 9.7+2.5* 19.25 £ 5.43* 371+7.64"
Cystine N.D. 1.3 +0.26* 0.13+0.03%
TFC 9.7+2.5* 21.85+5.65* 374+7.7*
GSH 0.4 +0.09*4 0.11+0.01 1.64+0.21
GSSG 113 £0.09* 0.15+0.01 1074+ 1.3
TFG 2.7+0.22% 0.34+0.12 2312+2.6
a-ketobutyrat.e liver kidneys brain
[pmol/mg protein]
control level N.D N.D N.D
L after 15min. | 625 =130 70 =10 N.D
CTH [pmol » mg protein-!  min1]
- . liver 41.6 +8.6
idneys
¥ kidneys 4.7 0.7
brain N.D
liver
0 10 20 30 40 50 60

pmol - mg protein: min!

Fig. 2. The activity of CTH in mouse tissues homogenates. N.D. — not detected.

4. Conclusions

The RP-HPLC-based method of determination of the activity of
CBS and CTH was employed in mouse tissues - the liver, kidneys
and brain. The RP-HPLC method allowed for determining simulta-
neously, in the same sample, direct and far products of the CBS and
CTH-catalyzed reactions, such as cystathionine, cysteine, and glu-
tathione. Using the same column and elution gradient, the product
of CTH, a-ketobutyrate, was measured.

A difference in the cystathionine level between the homogenates
with totally CTH-inhibiting concentrations of PPG and without the
inhibitor was employed to evaluate the activity of CBS. CTH activ-
ity was demonstrated using DL-homoserine as a substrate and a
sensitive HPLC-based assay to measure the small amounts of
o-ketobutyrate.

In the investigated tissues, the activity of CBS seemed to be the
highest in the brain, while CTH demonstrated the highest activity
in the mouse liver. The method presented here allows for evaluat-
ing the relative contribution of CBS and CTH to generation of H,S
in tissues. Lack of CTH activity confirms that CBS plays the main
role in H,S generation in the brain, while CTH fulfils the predom-
inant role in the liver.

The possible explanation for the high level of cystathionine in
the brain is its suggested role as a neurotransmitter and antioxi-
dant [49]. HSer added to the brain homogenate caused an increase
in the levels of cysteine and cystathionine, suggesting the possi-
ble biosynthesis of cystathionine from homoserine and cysteine
catalyzed by CBS.

The low level of cystathionine in the liver together with the high
level of a-ketobutyrate reflects the highest activity of CTH. The
highest increase in the level of GSH in the mouse liver homogenates
suggests both the important role of the CBS/CTH tandem in cyste-
ine delivering for GSH synthesis and the high activity of the enzymes
participating in glutathione synthesis.

In case of the functional deficiency in the activity of one of H,S
producing enzymes (CBS or CTH), the application of the presented
method could relatively easily confirm whether the lack of this ac-
tivity is compensated by the activity of the other enzyme to maintain
the H,S level, and demonstrate effects of this deficiency on the level
of cysteine and glutathione, and the redox status as the changes in
GSH/GSSG ratio can be investigated.

Appendix: Supplementary material

Supplementary data to this article can be found online at
doi:10.1016/j.niox.2014.09.159.
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Hydrogen sulfide generation from L-cysteine in the human
glioblastoma-astrocytoma U-87 MG and neuroblastoma SHSY5Y

cell lines*
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Hydrogen sulfide (H,S) is endogenously synthesized from
L-cysteine in reactions catalyzed by cystathionine beta-
synthase (CBS, EC 4.2.1.22) and gamma-cystathionase
(CSE, EC 4.4.1.1). The role of 3-mercaptopyruvate sulfur-
transferase (MPST, EC 2.8.1.2) in H,S generation is also
considered; it could be important for tissues with low
CTH activity, e.g. cells of the nervous system. The expres-
sion and activity of CBS, CTH, and MPST were detected
in the human glioblastoma-astrocytoma (U-87 MG) and
neuroblastoma (SHSY5Y) cell lines. In both cell lines, the
expression and activity of MPST were the highest among
the investigated enzymes, suggesting its possible role in
the generation of H,S. The RP-HPLC method was used to
determine the concentration of cystathionine and alpha-
ketobutyrate, products of the CBS- and CTH-catalyzed
reactions. The difference in cystathionine levels between
cell homogenates treated with totally CTH-inhibiting
concentrations of DL-propargylglycine and without the
inhibitor was used to evaluate the activity of CBS. The
higher expression and activity of CBS, CTH and MPST
in the neuroblastoma cells were associated with more
intensive generation of H,S in the presence of 2 mM
cysteine. A threefold higher level of sulfane sulfur, a po-
tential source of hydrogen sulfide, was detected in the
astrocytoma cells in comparison to the neuroblastoma
cells.
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sulfane sulfur
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phosphate, toluidine; PCA, perchloric acid

INTRODUCTION

In mammalian tissues, H,S is synthesized endogenous-
ly from L-cysteine in regulated enzymatic pathways cata-
lyzed by pyridoxal phosphate-dependent enzymes: cysta-
thionine beta-synthase (CBS, EC 4.2.1.22), gamma-cysta-
thionase (CTH, EC 4.4.1.1) and cysteine aminotransfer-
ase (CAT, EC 2.6.1.3) coupled with 3-mercaptopyruvate
sulfurtransferase (MPST) (Wang, 2012) (Scheme 1A).

A CBS
1.h ine w— cy ?F'\ H.S
wit. B,
u ketobutyrate + puryvate
CBS
2. L-cysteine ‘ H,S ‘
H;0 L-serine
CTH CTH =
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2
CTH _
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\ CAT MPST
5. L 3mp HS

ine w—"
2 wit. Bg Cn
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2. R-S-SH + GSH wewd RSSG + | H,S |

Scheme 1. The enzymatic (A) and non-enzymatic (B) reactions
generating hydrogen sulfide.

Enzymatic reactions involve L-cysteine hydrolysis by
CBS to L-serine and H,S, L-cystine transformation by
CTH into thiocysteine, pyruvate (PA) and ammonia and
subsequent thiocysteine transformation into H,S and
CysSR (S-thiolane). Another pathway includes the trans-
formation of L-cysteine into 3-mercaptopyruvate (3MP)
by cysteine aminotransferase (CAT) and, subsequently,
3MP desulfuration catalyzed by MPST resulting in H,S
and pyruvate formation (Scheme 1A). H,S is formed in a
redox reaction between thiosulfate or RSSH (persulfides)
and biological thiols such as reduced glutathione (GSH)
(Scheme 1B) (Libiad e¢# 4/, 2014; Predmore e al., 2012).
An additional pathway for the production of 3-MP and
H,S from D-cysteine by D-amino acid oxidase provides
protection of cerebellar neurons from oxidative stress
(Shibuya et al., 2013).

Astrocytes secrete and store antioxidative compounds,
such as glutathione or ascorbate (Bartosz, 2006; Belanger
& Magistretti, 2009, Zablocka & Janusz, 2007). The cells
play an important role in supplying precursors neces-
sary for GSH synthesis in the neurons. GSH captured
by astrocytes from the extracellular space is degraded in
a reaction catalyzed by y-glutamyl-transpeptidase (y-GT)
to free cysteine (Zablocka & Janusz, 2007) (Scheme 2).
The main transport system for cysteine in the astrocytes
and neurons is mediated by the Na* dependent X,
and ASC (alanine-serine-cysteine) systems (Shanker et
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without the inhibitor was used
to evaluate the activity of CBS.
Differences in the expression and
activity of CBS, CTH, and MPST
point to a higher intensity of H,S
generation in the neuroblastoma
cells, which was confirmed by the
higher level of H,S in SHSY5Y
cells determined using the H,S

Intercellular space

Postsynapitic neuron

Scheme 2. The possible cooperation between the astrocytes and neural cells.

The Scheme is based on the scheme presented by Kimura (2013). H,S activates TRPA1 chan-
nels in the astrocytes in a similar way, but not as efficiently as polysulfides (Kimura, 2013;
Moore & Whiteman, 2005). H,S has antioxidative properties and it increases the production
of glutathione in neural cells (Kimura et al, 2010; Kimura & Kimura, 2004). TRPA1Ch, tran-
sient receptor potential cation channel; subfamily A, member 1; NMDAR, N-methyl-D-aspar-

tate receptor; Gly, Glycine; GSH, reduced glutathione

al., 2001a; Shanker ez al, 2001b). The degradation prod-
uct returns to neuron cells, where it is used as a sub-
strate for glutathione synthesis. When compared to the
neurons, astrocytes have the higher level of GSH, both
in vivo and in cell cultures (Dringen ez al, 2000). Func-
tional neuron-glial cell interrelations provide an import-
ant mechanism participating in brain functions control
(Scheme 2).

The anaerobic conversion of cysteine can lead to the
formation of hydrogen sulfide (H,S). It is known that
endogenously formed H,S acts as a neuromodulator and
neuroprotector in the brain (Panthi e/ a/, 2016; Paul &
Snyder, 2015). By means of activating NMDA receptors
and increasing the response of peripheral neurons, H,S
may play a significant role in processes associated with
memorization and learning (Ishigami ez 4/, 2009; Shibuya
et al, 2009). An increased synthesis of H,S has been
observed in patients with Down’s syndrome and septic
shock, while its decreased generation has been noted in
Alzheimer’s disease. H,S activates TRPA1 channels in
the astrocytes in a similar way, but not as efficiently as
polysulfides (Kimura, 2013; Moore & Whiteman, 2005).
H,S has antioxidative properties and it increases the
production of glutathione in neural cells (Kimura ef af.,
2010; Kimura & Kimura, 2004).

The study was conducted to determine the activity
and expression of the enzymes: CBS, CTH and MPST
involved in the production of H,S in the human glio-
blastoma-astrocytoma (U-87 MG) and neuroblastoma
(SHSY5Y) cell lines. The results of our previous stud-
ies (Jurkowska et al. 2011) showed the expression of
CTH and MPST genes in the human neoplastic cell
lines: astrocytoma U373 and neuroblastoma SH-SY5Y.
The CTH and MPST enzymes, through an increase in
sulfane sulfur levels, might increase H,S levels. The RP-
HPLC method was used to detect and determine the
amount of direct and indirect products of the CBS- and
CTH-catalyzed reactions, such as cystathionine, cysteine,
and glutathione. The difference in the cystathionine lev-
el between the cells incubated with totally CTH-inhib-
iting concentrations of DL-propargylglycine (PPG) and

trapping method of Kartha e/ al.
(2012).

o Gusmste@w  MATERIAL AND METHODS

Chemicals. 1.-Glutathione re-
duced (GSH), L-cysteine, cysta-
thionine (CTN), DL-homosetine
(HSer), 1-fluoro-2,4-dinitroben-
zene (DNFB), bathophenan-
throline-disulfonic acid disodi-
um salt (BPDS), acetonitrile,
pyridoxal ~ phosphate  (PLP),
B-nicotinamide adenine  dinu-
cleotide reduced disodium salt
hydrate (NADH), L-lactic de-
hydrogenase (LDH), 3-mercap-
topyruvate acid sodium salt,
D,L-dithiothreitol, (DTT), N-eth-
ylmaleimide (NEM), DL-propargylglycine (PPG), so-
dium dihydrogen phosphate dihydrate pure, sodium
sulfite, chloroform, isopropanol, agarose, sodium hy-
drosulfide hydrate, sodium chloride, Folin-Ciocalteu’s
phenol reagent, iron (III) nitrate nonahydrate, sodium
thiosulfate pentahydrate, sodium carbonate and N,N-di-
methyl-p-phenylenediamine sulfate salt, Coomassie Blue
G250 were obtained from Sigma-Aldrich (Poznan, Po-
land). Trifluoroacetic acid (TFA), 2-mercaptoethanol
were purchased from FlukaChemie GmbH (Buchs,
Switzerland). Ethanol and 70% perchloric acid (PCA),
38% formaldehyde, 65% nitric acid, 38% hydrochloric
acid, ammonia solution 25% pure, sodium potassium ta-
rate, copper sulphate pentahydrate, potassium dihydro-
gen phosphate, ferric chloride, zinc acetate dehydrate
pure, sodium hydroxide were from Polskie Odczynni-
ki Chemiczne S.A. (Gliwice, Poland). Ne-methyllysine
was obtained from Bachem (Bubendorf, Switzerland).
DMEM/High glucose, trypsin 0.25%, fetal bovine se-
rum and penicillin-streptomycin  solution were pur-
chased from Thermo Scientific (Waltham, MA, USA).
Trizol, ethidium bromide and EDTA-disodium salt
dihydrate were obtained from Lab-Empire S.A. (Rz-
eszow, Poland). Potassium cyanide was from Merck
Sp. z o.0. (Warszawa, Poland). Reverse Transcriptase
M-MuLlV was obtained from Roche Diagnostics Pols-
ka Sp. z o.0. and Promega Poland (Warszawa, Poland).
Polymerase DNA Dream Taq™, Gene Ruler 100 bp
DNA Ladder, Oligo(dT)18 primer and dNTP Mix were
obtained from Abo Sp. z o.0. (Gdansk, Poland). RIPA
buffer was from TermoScientific (Rockford, USA).
Antibodies: anti-CBS and -CTH were from Abnova
(Taiwan), anti-MPST was from GeneTex (Taiwan),
anti-B-actin from Sigma-Aldrich (Poznan, Poland), an-
ti-alpha-tubuline, alkaline phosphatase-conjugated goat
anti-rabbit IgG antibody and anti-mouse IgG antibody
wete from Proteintech (Chicago, IL, USA). NBT/BCIP
(nitroblue tetrazolium chloride/5-bromo-4-chloro-3-in-
dolyl phosphate), toluidine was from Roche (Warszawa,
Poland). All the chemicals and HPLC solvents were
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gradient grade. Water was deionized by passing through
an EASY pure RFcompact ultrapure water system.

Cell lines. Cell culture. Human glioblastoma-astro-
cytoma (U-87 MG) and necuroblastoma (SHSY5Y) cell
lines were grown in a monolayer in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum and antibiotics (100 U/ml penicillin and
100 pg/ml streptomycin), in plastic culture dishes (100
mm in diameter), at 37°C in a humidified atmosphere
containing 5% CO,. Cell lines were purchased from the
European Collection of Cell Cultures (ECACC-SIGMA
Aldrich, Pozna, Poland).

Cytotoxicity of L-cysteine. The cells were seeded in
triplicates into 96-microwell plates at density of 20 X 10°
cells/well and incubated for 24 h with or without 2 mM
L-cysteine in DMEM medium supplemented with 10%
FBS. Colorimetric assay was performed according to the
manufacturer instructions (Cytotoxicity Detection Kit,
Roche, Thermo Fisher Scientific). Absorbance of the
colored product — formazane — was measured at 490 nm
by microreader (EPOCH, BioTEK).

Expression of MPST, CTH, CBS in cell lines.
RNA extraction. The total RNA was extracted using
TRIZOL, according to the protocol provided by the
manufacturer. The quality of RNA samples was deter-
mined by spectrophotometric analysis (A,,,/A,) and
electrophoresis in 2.5% agarose gel followed by staining
with ethidium bromide.

Reverse Transcription of RNA. Total RNA from
the cell samples was reverse-transcribed using First-Stand
cDNA synthesis kit according to the manufacturer in-
structions (Promega, Company, Warszawa, Poland). For
reverse transcription (RT) 3 pg of total RNA was mixed
with 1 ul Oligo (dT),5 (0.5 pg/teaction) and nuclease-free
water and heated in a 70°C heat block for 5 minutes.
After preincubation the reverse transcription reaction
mix containing: 4 ul of GoScript™5X reaction buffer,
3 wl of MgCl, (final concentration 1.5-5.0 mM), 1 ul of
deoxyribonucleotide triphosphates (ANTPs, 10 mM), 1 pl
of Recombinant RNases Ribonuclease Inhibitor (20 U/
pl) and 1 pl of GoScript™ Reverse Transcriptase were
prepared.

cDNA Synthesis and RT-PCR analysis. Expres-
sion of MPST, CTH, CBS and B-actin was analyzed
with RT-PCR as previously described by Jurkowska ez
al. (2011) with modifications. Amplification of ¢cDNA
samples was performed in a 12.5 pl reaction volume
containing: 1 ul of synthesized cDNA, 0.2 uM of each
of gene-specific primer pair, 0.04 U/ul of DNA poly-
merase in 10 mM Tris-HCI buffer pH 8.8, 0.2 mM of
each dNTPs and nuclease-free water. The temperature
profile of RT-PCR amplification for the MPST consisted
of activation of Taq polymerase at 94°C for 5 min, de-
naturation of cDNA at 94°C for 30 s, primer annealing
at 56°C for 30 s, clongation at 72°C for 2 min for the
following 28 cycles and was finished by the extension
step for 8 min. For the CTH gene, after the initial dena-
turation for 5 min at 94°C, amplification was performed
under the following conditions: 94°C for 30 s, 51°C for
1 min and 72°C for 8 min for 28 cycles, with the fi-
nal incubation at 72°C for 10 min. For the CBS gene,
after the initial denaturation for 5 min at 94°C, ampli-
fication was performed under the following conditions:
94°C for 30 s, 60°C for 30 s and 72°C for 2 min for 38
cycles, with the final incubation at 72°C for 8 min. For
B-actin gene, after the initial denaturation for 5 min at
94°C, amplification was performed under the following
conditions: 94°C for 30 s, 54°C for 30 s and 72°C for
2 min for 28 cycles, with the final incubation at 72°C

for 8 min. The following specific primers (Oligo Com-
pany) were used:

MPST — F: 5TCTTCGACATCGACCAGTGC’ and
R: 5 TGTGAAGGGGATGTTCACGGZ

CTH - F: 5GCAAGTGGCATCTGAATTTG3 and
R: 5’CCCATTACAACATCACTGTGGZ

CBS — F: 5CGCTGCGTGGTCATTCTGCC3 and
R: 5’TCCCAGGATTACCCCCGCCT?

B-actin — F: 5’CTGTCTGTCACCACCAT3 and R:
5’GCAACTAAGTCATAGTCCGC?

B-actin was used as the internal standard to normal-
ize all samples for potential variations in mRNA content.
PCR reaction products were separated electrophoretical-
ly in a 2.5% agarose gel, stained with ethidium bromide
and directly visualized under UV light and photographed.

Western blotting analysis. The cells were suspended
in RIPA buffer, containing proteinase inhibitors cocktail,
sonicated 3 X5 s at 4°C (BandelinSonoplus GM 70) and
centrifuged at 14000 X g for 15 min — supernatants were
used for further analysis. The relative amount of CBS,
CTH, MPST was determined by Western blotting using
the appropriate antibody: anti-CBS (1:1000), anti-CTH
(1:1000), anti-MPST (1:1000). Anti-B-actin (1:5000) and
anti-alpha-tubuline (1:5000) antibodies were used to
check for equal loading. Proteins of interest were detect-
ed with alkaline phosphatase-conjugated goat anti-rabbit
IgG antibody (1:2000) or with alkaline phosphatase-con-
jugated goat anti-mouse IgG antibody (1:2000). Proteins
were visualized with NBT/BCIP staining solution.

Detection of H,S. The H,S produced during the
incubation of the cell culture with H,S-releasing com-
pounds was trapped as zinc sulfide in the zinc agarose
layer according to Kartha e a/ (2012). The standard
curve was linear at the concentration range of 0-250 uM
with correlation coefficient of 0.994.

Enzymes assay. Cell homogenization. U-87 MG
and SHSY5Y cells (3.5-5X%10¢ cells) were suspended in
0.1 M phosphate buffer pH 7.5, in the proportion of
1 mln cells/0.07 ml of the buffer, sonicated 3X5 s at
4°C (BandelinSonoplus GM 70). After centrifugation at
1600 X g for 10 min, the supernatant was used for the
determination of protein concentration, sulfane sulfur
levels and the activity of MPST and CTH. For RP-
HPLC analyses cells were suspended in 0.1 ml 0.9%
NaC/1 70% PCA/1 mM BPDS. The sediment was sepa-
rated by centrifugation at 1400 X g for 10 min, and su-
pernatant was stored at —80°C until analysis.

MPST activity. MPST activity was assayed according
to the method of Valentine and Frankelfeld, (1974) fol-
lowing a procedure described in our eatlier paper (Wro-
bel et al. 2004). The incubation mixture contained: 250
pl of 0.12 M sodium phosphate buffer, pH 8.0, 50 pl
of 0.5M sodium sulfite, 50 ul of 0.15 M dithiothreitol,
50 upl of homogenates, 50 pl of H,O and 50 pl of 0.1 M
3-mercaptopyruvate acid sodium salt in a final volume of
500 ul. Mixture was incubated for 15 min. To stop the
reaction 250 ul of 1.2 M PCA was added. Samples were
centrifuged at 1600 X g for 5 min, and 100 pl of super-
natant was transferred to 1350 pl of mixture that con-
tained: 1200 pl of 0.12 M sodium phosphate buffer, pH
8.0, 100 ul of 0.1 M N-ethylmaleimide, 50 ul of NADH
5 mg/ml. After equilibration at 37°C, 2.5 ul of lactate
dehydrogenase (7 IU) was added, and the decrease in ab-
sorbance was measured at 340 nm. The enzyme activity
was expressed as nmoles of pyruvate produced during 1
min incubation at 37°C per 1 mg of protein.

CTH activity. Cystathionase activity was determined
using Matsuo and Greenberg’s method (1958) with
modifications described by Czubak ez al (2002). The
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incubation mixture contained: 25 upl of 1.3 mM PLP,
25 wl of 0.02 mM EDTA, 250 ul of 45 mM cystathi-
onine solution in 0.1 M phosphate buffer, pH 7.5 (2.5
mg of cystathionine per sample) and 75 ul of homog-
enate and 0.1 M phosphate buffer, pH 7.5 containing
0.05 mM 2-mercaptoethanolin in the final volume of
650 wpl. The reaction was stopped after 15 min of in-
cubation at 37°C by placing 125 ul of the incubation
mixture in 25 pl of 10% PCA. Samples were centri-
fuged at 1600 X g for 10 min, and 25 ul of supernatant
was transferred to 625 ul of 0.194 mM NADH solu-
tion and kept at 37°C. Control samples, without 45
mM cystathionine, were prepared in the same way as
the examined samples. After 10 s of the measurement
(absorbance at 340 nm), 25 ul (9.06 IU) of lactate de-
hydrogenase (LDH) was added and measurement was
continued up to 180 s. The difference between the ini-
tial value of absorbance (before adding LDH) and the
lowest value (after adding LDH) corresponded to the
amount of alpha—ketobutyrate formed in the course of
the cystathionase reaction. Cystathionase activity was
expressed as nmoles of a-ketobutyrate formed during
1min incubation at 37°C per 1 mg of protein.

CBS activity. The activity of CBS was ex-
amined in cells homogenates in the presence of
DL-homoserine as substrate after 15 minutes incuba-
tion at 37°C according to the desctiption in Bronow-
icka-Adamska ez a/. (2011). PPG, in the concentration
of 0.7 mM, was used to completely inhibit the activity
of CTH in both cell lines. The level of cystathionine
was determined using the HPLC method described by
Bronowicka-Adamska e a/. (2015). The CBS activity
was expressed as pmoles of cystathionine formed during
Imin incubation at 37°C per 1 mg of protein.

Sulfane sulfur. Sulfane sulfur was determined by the
method of Wood, (1987), based on cold cyanolysis and
colorimetric detection of ferric thiocyanate complex ion.
Incubation mixtutres in a final volume 880 ul contained:
20 ul of 1 M ammonia solution, 20 ul of homogenate,
740 ul of H,0O and 100 ul of 0.5 M sodium cyanide. In-
cubation was performed for 45 min at room tempera-
ture. After incubation, thiocyanate was estimated calori-
metrically at 460 nm after the addition of 20 pl of 38%
formaldehyde and 40 pl of ferric nitrate reagent. Sulfane
sulfur level was expressed as nmoles of SCN-produced
per 1 mg of protein.

Proteins. Protein concentration was determined with
the method of Lowrty e al. (1951) using crystalline bo-
vine serum albumin as a standard. Protein concentra-
tion measurement with Bradford assay was used for the
determination of protein in Western blotting analysis
(Bradford, 1970).

RP-HPLC (Reverse Phase High Performance
Liquid Chromatography). The level of cystathionine,
alpha-ketobutyrate and the reduced glutathione (GSH)
in the incubation mixtures were determined using the
RP-HPLC method of Dominick ef /. (2001) with modi-
fications (Bronowicka-Adamska ez a/., 2015; Bronowicka-
Adamska ez al., 2011; Wrobel ez al., 2009).

Table 1. The mean value of MPST, CTH, CBS activity, and sulfane sulfur level in

U-87 MG and SHSY5Y cell.

% of control

SHSYSY usT™MG

Figure 1. The level of hydrogen sulfide in homogenates of
U-87 MG and SHSY5Y cells after 24 h incubation with 2 mM
L-cysteine.

The experiments were carried out for control homogenates of
U-87 MG, SHSY5Y cells with 2 mM L-cysteine as the main endog-
enous substrate for the hydrogen sulfide producing enzymes. The
data represent the mean value from three independent experi-
ments. Statistical analysis was performed using the Student’s t-test
(*P<0.05).

RT-PCR
SHSYSY24h | US7MG24h | SHSYSY48h | US7TMG48h

MPST — 227 bp
B-actin | s - | 280 DD
CBS - 300bp
pactin - - 280bp
CTH 300 bp
p-actin 280bp

Figure 2. RT-PCR analysis of MPST, CBS and CTH expression in
SHSY5Y and U-87 MG cell lines.

One set of representative results is shown. -actin was used as the
internal control. The length of the products: MPST, 227 bp; CBS,
300 bp; CTH, 300 bp; B-actin, 280 bp. Specific primers and tem-
perature profiles for particular proteins are given in Material and
Methods.

Statistical analysis. All results were expressed as
means TS.D. The significance of the differences be-
tween controls and investigated samples were calculated
using Student’s Test (P<0.05). Each experiment was re-
peated minimum three times.

RESULTS AND DISCUSSION

The studies showed U-87 MG and SHSY5Y cells
capacity of hydrogen sulfide formation from L-cysteine
and an increased level of hydrogen sulfide in the neu-
roblastoma — SHSY5Y cells (Fig. 1) by about 20%, as
compared to the control cells without L-cysteine, and
only by about 5% in the glioblastoma-astrocytoma (U-87
MG cells) after 24 h of incubation with 2 mM L-cysteine
(Fig. 1). The cytotoxic effect on the SHSY5Y and U-87
MG cell lines after 24 hours of incubation with 2 mM L-
cysteine was lower than 10% for both cell lines.

Table 1 shows the activity of CTH, MPST, CBS and
the level of sulfane sulfur in the SHSY5Y and U-87
MG cells. One can summarize that all the enzymatic
pathways (Scheme 1) generating H,S can occur in the
investigated cell lines. CBS is regarded as the principal
enzyme responsible for H,S synthesis in the brain, while
CTH plays a similar role in the circulatory system (Abe
& Kimura, 1996). More than tenfold higher CBS activ-
ity and three fold higher MPST activ-
ity were estimated in the neuroblastoma

cells, as compared to the astrocytoma

Cell line MPST CTH CBS Sulfane Sulfur cells. Theref_ore, the neuroblagtoma cells

nmol-mg-! min-" pmol-mg-min-'  nmol-mg protein-’ have pptentlally hlgheg capacity of H,S
SHSYSY  674+93 5154146  17.3+27 41415 generation from cysteine than astrocy-
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, toma. In the neuroblastoma cells, spe-
US7MG  196+23 3.29+0.83  1.34+0.2 139+47 cific activity of MPST being the highest

Values are the mean of four to five measurements from three independent experiments.

among the investigated enzymes and the
highest expression of MPST (Fig. 2 and



Vol. 64 Hydrogen sulfide generation from L-cysteine 175
A 35 .
‘Western blotting analysis < 30 without PPG with PPG
Y
SHSYSY 24h USTMG24h SHSYSY 48h USTMG48h § 25
2 2.0
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e m— | 421D2 GSH  Cystathionine ~ GSH  Cystathionine
CTH 43KkDa
cubuline Figure 4. The level of GSH and cystathionine in U-87 MG and
— 52kDa
SHSY5Y cells.
The experiments were carried out for control homogenates of
B 09 U-87 MG, SHSY5Y cells with or without PPG as the inhibitor of

05 OMPST

oCBS
03 BCTH
0.2
w0 m e | m
! —

SHSYSY 24 h USTMG 24h SHSYSY 48 h USTMG 48 h

Relative intensity
s
:

Figure 3. Western blotting analysis of MPST, CBS, CTH proteins
in SHSY5Y and U-87 MG cell lines.

(A) Western blotting analysis. Western blot analysis of MPST, CBS
and CTH was performed for the cell lines using a mixture of rab-
bit- (MPST) and mouse-derived (CBS, CTH, B-actin and alpha-tubu-
line) primary antibodies with the appropriate mixture of alkaline
phosphatase-conjugated secondary antibodies. One set of repre-
sentative results is shown. B-Actin and alpha-tubuline were used
as the internal control of protein loading; 20 pg of protein was
added to each lane. For details see Material and Methods. (B) The
relative intensity normalized to -actin and alpha-tubulin. Analysis
of protein bands imaged with the ChemiDoc™ MP. The relative in-
tensity value is the average from three independent experiments.
The relative intensity was normalized using B-actin and alpha-
tubulin signals, the average of which was taken as one.

3) can both suggest that this enzyme plays a role in the
generation of H,S.

On the other hand, the sulfane sulfur level was more
than threefold higher in the astrocytoma cells, which can
suggest that a nonenzymatic release of H,S from sul-
fane sulfur-containing compounds (Scheme 2) is possi-
ble. It seems probable that in the neuroblastoma cells,
H,S, functioning as a neurotransmitter, is synthesized
in response to the signal-to-date. The astrocytoma cells,
in turn, can release H,S from sulfane sulfur reserves to
transmit a signal within the astrocyte network (Perea &
Araque, 2003; Zabtocka & Janusz, 2007). The conditions
under which physiological signals mobilize H,S from sul-
fane sulfur stores have not been clucidated so far (Paul
& Snyder, 2015).

The U-87 MG astrocytoma cells had the higher lev-
el of GSH in comparison to the neuroblastoma cells,
which confirms the differences in glutathione content
between the astrocytes and neurons (Dringen ef a/. 2000)
(Fig. 4).The high levels of glutathione in the astrocytes
seem to be essential for neurons protection e.g.: against
the toxicity of reactive oxygen species. In the control
cultures and cultures with PPG (inhibitor of CTH) add-
ed in the concentration of 0.7 mM, both the level of
a-ketobutyrate and the level of cysteine were undetect-
able. The inhibition of CTH with PPG in the astrocy-
toma cells resulted in a diminished level of GSH after
15 min of incubation, but no such effect was seen in the
neuroblastoma cells (Fig. 4). This may suggest that the
pathway of cysteine generation through CTH-catalyzed
reaction is important in the U-87 MG cells, while the
SHSY5Y cells depend to a great extent on an exoge-
nous source of cysteine. The importance of the trans-
sulfuration pathway in astrocytes and glioblastoma/as-
trocytoma cells as a reserve pathway when the demand
for glutathione is high was recently discussed by Mc-
Bean (2012). Changes in cystathionine levels were not

CTH in concentration of 0.7 mM for both cells lines. The homoge-
nates were incubated with PPG for 15 minutes. The data represent
the mean value from three independent experiments.

observed in either of the cell lines in response to PPG
after 15 min of incubation (Fig. 4).

CONCLUSIONS

In the glioblastoma-astrocytoma (U-87 MG) and neu-
roblastoma (SHSY5Y) cells, the pathway catalyzed by
enzymatic tandem CAT/MPST can play a role in the
generation of hydrogen sulfide from cysteine. In the
neuroblastoma cells, the pathway from methionine to
cysteine through the CBS and CTH reactions seems to
play a more significant role as compared to the astro-
cytoma cells. The higher activity and expression of en-
zymes involved in H,S generation from cysteine, in the
neuroblastoma cells, provide an opportunity for more
rapid response in H,S production than in the astrocy-
toma cells. However, in the astrocytoma cells, the eleva-
tion of H,S seems to be possible by releasing it from
the pool of sulfane sulfur. Panthi ez a/ (2016) reviewed
possible physiological roles of H,S in neurons protec-
tion from oxidative stress or in the upregulation of the
GABA B-receptors at pre- and postsynaptic sites along
with astrocytes roles in the regulation of neurotransmit-
ter levels or neuronal excitability.
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Abstract: Hydrogen sulphide (H:S) is produced endogenously via two enzymes dependent on pyridoxal
phosphate (PLP): cystathionine beta-synthase (CBS, EC 4.2.1.22), cystathionase y-liase (CTH, EC 4.4.1.1),
and a third, 3-mercaptopyruvate sulfurtransferase (MPST, EC 2.8.1.2). HzS strengthens the defence
mechanisms of the gastric mucosal barrier, and plays an important role in gastroprotection, including
the increased resistance to damage caused by various irritants and non-steroidal anti-inflammatory
drugs. The study was conducted to determine the role of H:S in ulcerated gastric mucosa of rats
caused by immobilization in cold water (WRS). The activity and expression of y-cystathionase,
cystathionine {3-synthase, 3-mercaptopyruvate sulfurtransferase, and rhodanese was compared
with healthy mucosa, together with H:S generation, and cysteine, glutathione, and cystathionine
levels. The results showed that the defence mechanism against stress is associated with stimulation
of the production of H:S in the tissue and confirmed the observed advantageous effect of H2S on
healing of gastric ulcers. In case of animals pretreated with exogenous sources of H2S and NaHS,
and some changes observed in the ulcerated gastric mucosa tend to return to values found in the
healthy tissue, a finding that is in accordance with the previously determined gastroprotective
properties of H2S. The results presented in this paper point to the possible role of rhodanese in H2S
production in the gastric mucosa of rats, together with the earlier mentioned three enzymes, which
are all active in this tissue.

Keywords: hydrogen sulphide; gastric mucosa; NaHS; cystathionine-B-synthase; 3-mercaptopyruvate
sulfurtransferase; rhodanese; y-cystathionase

1. Introduction

The gastrointestinal tract is exposed to various substances and factors which often cause gastric
mucosal damage. Long-term exposure to these factors, or to stress, can result in pathological
inflammation, such as erosions, haemorrhages, or ulcers. An important role in maintaining the
integrity of the gastric mucosa is played by hydrogen sulphide (H2S). H2S is produced from L-cysteine
enzymatically in pathways involving three enzymes: cystathionine 3-synthase (CBS, EC 4.2.1.22),
cystathionine y-lyase (CTH, EC 4.4.1.1), and 3-mercaptopyruvate sulfurtransferase (MPST EC 2.8.1.2)
(reviewed in [1]). CBS and CTH are enzymes dependent on pyridoxal phosphate (PLP). The MPST
reaction converts 3-mercaptopyruvate produced from cysteine in a PLP-dependent transamination
reaction (Scheme 1). CBS produces cystathionine and HzS from L-cysteine or homocysteine. Cystathionine
is converted by CTH to L-cysteine, alpha-ketobutyrate, and ammonia. Cysteine can be also converted
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by CTH to pyruvate and H2S. Alternatively, after oxidizing to cystine, it is converted by CTH to
thiocysteine—a sulfane sulfur-containing compound. The third enzyme, 3-mercaptopyruvate
sulfurtransferase, acts in combination with cysteine aminotransferase (CAT, EC 2.6.1.3) (Scheme 1).
Cysteine aminotransferase catalyses L-cysteine transamination to 3-mercaptopyruvate (3MP). MPST
catalyses the transfer of sulphur atom from 3MP to sulphite and the product of this reaction, thiosulfate,
can be further reduced to hydrogen sulphide. Non-enzymatic reduction of sulfane sulphur to hydrogen
sulphide can occur in the presence of glutathione (GSH) [2]. In the mitochondria, hydrogen sulphide
is oxidized to sulphite, which is then converted to thiosulfate (a sulfane sulphur-containing compound)
by thiosulfate sulfurtransferase (thodanese; TST, EC 2.8.1.1) [1,3-5] (Scheme 1). Thus, rhodanese can be
involved in H:S generation in the mitochondria [6].
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Scheme 1. Enzymatic pathways involved in hydrogen sulphide formation. CBS: cystathionine p-lyase;
CTH: y-cystathionase; MPST: 3-mercaptopyruvate sulfurtransferase; CAT: cysteine aminotransferase;
3MP: 3-mercaptopyruvate; PA: pyruvate; and PLP: pyridoxal phosphate; CN™: cyanide; SCN™: thiocyanate.

Stress in the gastrointestinal tract may affect the motility, secretion of glands, the mucous membrane,
or the flow in small blood vessels. Water immersion restraint stress (WRS) of rats are commonly used
for studying stress-induced gastrointestinal erosion and ulcers [7]. Experiments carried out by
Lou et al. [8] on an animal model of stress induced by immersing the animals in water and their
fixation at a low temperature showed that H2S reduced the amount of gastric mucosal damage and
statistically significantly reduced the concentration of lipid peroxidation compared to the control
group exposed only to the stress from the cold and immobilization.

The study was conducted to determine the role of HzS in the inflammatory process associated
with damage to the gastric mucosa of rats caused by stress and immobilization in cold water (WRS).
The investigations involved the comparison of the activity and expression of CTH, CBS, MPST, and
TST in the gastric mucosa of rats not exposed and exposed to WRS. H2S generation, and cysteine,
glutathione and cystathionine levels were also compared. The results showed an increased
production of H2S as a defence against damage of the gastric mucosa caused by WRS. NaHS, a donor
of H2S, administered to animals before WRS, resulted in the reversion of some investigated
parameters to values found in healthy tissue, thus confirming the gastroprotective properties of HS.
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2. Results and Discussion

The studies were conducted in the gastric mucosa from healthy rats and rats with ulcers induced
by immersion in cold water (21 °C) for 3.5 h (WRS). Differences observed in hydrogen sulphide
generation (Figure 1) confirm the beneficial effect of H2S in ulcer healing in rats [9].
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Figure 1. The level of hydrogen sulphide after 1 h of incubation with L-cysteine in the experimental
group. The experiments were carried out in gastric mucosa homogenates in three experimental
groups (Intact, water immersion restraint stress (WRS), WRS + NaHS), with L-cysteine as a main
endogenous substrate for the hydrogen sulphide-producing enzymes. The data represent the mean
value from two independent experiments. Statistical analysis was performed using the Student’s
t-test (* p <0.05).

2.1. H2S Generation in Gastric Mucosa of Healthy Rats

H>S is produced in the gastric mucosa of healthy rats (Figure 1). In the presence of L-cysteine,
2.32 £ 0.05 nmol of H2S is produced per 1 g of tissue during 1 h. It has also been postulated that H2S
can be generated by degradation of persulfide, i.e., sulfane sulphur may be a precursor to biological
H:S in the presence of thiols [10,11]. The determined level of sulfane sulphur in the gastric mucosa of
healthy rats was 160 + 60 nmol per 1 mg of protein (Figure 2). The GSH level equalled 17.5+1.91 nmol/mg
and the level of oxidized glutathione (GSSG)—3.35 + 1.02 nmol/mg. Thus, the GSH/GSSG concentration
ratio was 5.5 (Figure 3).

Table 1 shows the activity and expression of four enzymes involved in both HzS and sulfane
sulphur metabolism (Scheme 1). The results confirm the expression of MPST, rhodanese, CTH and
CBS in the gastric mucosa of healthy rats. The highest specific activity expressed in nmol of product
produced during 1 min per 1 mg of protein was determined for MPST. On the other hand, non-detectable
activity of CBS was found.

Cysteine, cystine, and cystathionine levels were also measured in the gastric mucosa of healthy
rats and are presented in Figure 4. The total cysteine level in the tissue calculated as the sum of pmol
of cysteine/mg and 2x pmol of cystine/mg equalled 1.4 nmol/mg.

On the basis of these results it can be concluded that substrates for MPST, CTH, CBS, and
rhodanese are available in healthy gastric mucosa and the ability to generate H2S was confirmed in
the tissue [4,12]. Mard et al. [4] and Martin et al. [12] reported the expression of CBS and CTH in the
rat gastric mucosa and suggested CTH as the main enzyme responsible for H2S production. Based on
the obtained results, it seems possible that due to the low activity of CBS and CTH, the main H2S
generating pathway in the tissue involves MPST and 3-merceptopiruvate as a substrate (Scheme 1).
The importance of rhodanese and sulfane sulphur can also be considered —the role of this enzyme in
creation of HzS in tissues is the least studied [6].
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Figure 2. The level of sulfane sulphur in the experimental groups. The experiments were carried out
in gastric mucosa homogenates in three experimental group (Intact, WRS, WRS + NaHS). The data
represent the mean value from two independent experiments. Each value is the mean of 8-20 repeats.
Statistical analysis was performed using the Student’s t-test (* p < 0.05).
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Figure 3. The level of reduced (GSH) and oxidized (GSSG) glutathione in the experimental groups.
The experiments were carried out in gastric mucosa homogenates in three experimental group (Intact,
WRS, WRS + NaHS) using the reversed-phase high-performance liquid chromatography (RP-HPLC)
method. The data represent the mean value from two independent experiments. Each value is the
mean of 8-10 repeats. Statistical analysis was performed using the Student’s ¢-test (* p < 0.05).
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Figure 4. The level of cystathionine, cysteine, and cystine in the experimental group. The experiments
were carried out in gastric mucosa homogenates in three experimental group using the RP-HPLC
method. The data represent the mean value from two independent experiments. Each value is the
mean of 8-10 repeats. Statistical analysis was performed using the Student’s ¢-test (* p < 0.05).
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Table 1. The activity and expression of MPST, rhodanese, CTH, and CBS in the experimental group.

. MPST Rhodanese CTH CBS
Experimental Group - P
nmol/mg-min-! pmol/mg-min-!
INTACT 2549 +570 7 1765+310 7 0.202+0.09 7 not detected
Expression =
RT-PCR ) d —
p-Actin — | = —
WRS 2915+ 520 * = 2567 £ 779 * 5 0.75+0.17* ~ 55+1.6
Expression =
RrPOR g = B
p-Actn | e | s =l
NaHS + WRS 4067 + 890 * - 1580 + 520 * - 0.82 +0.34 not detected
Expression
RT-PCR P— g — -
B-Actin — S S— —

The experiments were carried out in gastric mucosa homogenates in three experimental group. The data represent the mean value from two independent experiments.
Each value is the mean of 10-15 repeats. Statistical analysis was performed using the Student’s t-test (* p < 0.05). MPST, TST (rhodanese), CTH, and CBS gene expression
levels were evaluated by RT-PCR (reverse transcription polymerase chain reaction) analysis. One set of representative results is shown. 3-Actin was used as an internal control.
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2.2. Gastric Mucosa from Rats with Ulcers Induced by Water Immersion and Restraint Stress

The gastric mucosa of rats with ulcers induced by immersion in cold water (21 °C) for 3.5 h had
a 2-3-fold higher ability to generate H>S in comparison to the gastric mucosa of healthy rats (Figure 1).
The level of sulfane sulphur was similar to that in the healthy mucosa (Figure 2). The GSH and GSS5G
levels were significantly decreased as compared to the healthy mucosa (Figure 3) and the
concentration ratio of GSH/GSSG was also slightly decreased. These results may suggest that a higher
capability of H2S generation by ulcerated mucosa results from an increased specific activity of the
enzymes involved in the process rather than from its increased release from sulfane sulphur stores.
As it is shown in Table 1, no increased expression (messenger RNA (mRNA) levels) of the
investigated enzymes was found in comparison to the healthy mucosa; however, changes in the
specific activity were significant. A three-fold increased activity of CTH and a detectable CBS activity
was noted in the WRS group. Similarly, the activity of MPST and rhodanese were also significantly
increased. Accelerated cystathionine conversion by CTH resulted in its decreased level (Figure 4).
Thus, stimulation of all enzyme-dependent pathways for HzS generation (Scheme 1), in response to
stress resulting from water immersion and restraint, was confirmed. The results show that the
defence mechanism against stress is associated with stimulation of the production of hydrogen
sulphide in the tissue, and confirm the observed advantageous effect of H2S on healing of gastric
ulcers [8,13,14].

2.3. NaHS Pretreatment Affects the Formation of Hydrogen Sulphide in Gastric Mucosa of Rats with WRS
Induced Ulcers

The rats administered NaHS, a precursor of hydrogen sulphide, 30 min prior to WRS, demonstrated
a decreased ability of endogenous H:S generation in gastric mucosa as compared to the gastric
mucosa of rats with ulcers induced by immersion in cold water, not pre-administered with NaHS
(Figure 1). Figure 2 shows a significantly higher level of sulfane sulphur in the gastric mucosa of rats
pre-administered NaHS. This suggests that HS released from NaHS results in an in-creased level of
sulfane sulphur-containing compounds in the tissue [15]. The expression of all the investigated
enzymes is not changed (Table 1) in the mucosa pre-treated with NaHS as compared to the gastric
mucosa with ulcers induced by immersion in cold water in rats not pre-treated with NaHS. In contrast
to the CTH activity, which was not affected by NaHS pre-treatment, the activity of CBS and
rhodanese was found to be decreased and MPST increased.

Stress caused by immersion in cold water resulted in an increased activity of MPST and CTH in
the ulcerated gastric mucosa, which remained high, independently of pre-treatment with an
exogenous (NaHS) source of H2S, whereas NaHS pre-treatment resulted in a decrease in the activity
of CBS and rhodanese to the level characteristic of the healthy mucosa.

The levels of GSH and GSSG in the case of NaHS pre-treatment were significantly higher in comparison
to the ulcerated mucosa (Figure 3). They were reversed to the levels found in the healthy mucosa. A similar
tendency was observed in the case of the level of cystathionine, cysteine, and cystine (Figure 4).

Thus, in comparison to the healthy mucosa, the changes observed in the ulcerated gastric mucosa,
such as an increased production of H2S, an increased activity of the investigated enzymes, a decreased
level of GSH, GSSG, and cystathionine, revert back to the levels/activities similar to these found in
the healthy mucosa. These results confirm the beneficial effect of NaHS, as a donor of H-S,
in changing some biochemical parameters (except MPST and CTH activities and the level of cysteine),
back to the values found in the healthy tissue. This is in accordance with the previously mentioned
gastroprotective effect of endogenous H2S and H:S released from the donors (NaHS) [8,13,14]. The
mechanism by which HzS protects the gastric mucosa may involve an increase in gastric flow —the
exposure of rats to 3.5 h of WRS causes gastric lesions and a significantly decreased gastric blood
flow [16]. The results presented in this paper show that the defence against WRS-induced gastric
mucosal lesions includes the acceleration of endogenous H:S formation. In case of pre-administration
of an exogenous source of H2S, the changes observed in the gastric mucosa tend to maintain the
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activities of some mucosal enzymes involved in H>S generation and the levels of their substrates at
levels characteristic to the healthy mucosa.

3. Material and Methods

3.1. Chemicals

L-Glutathione reduced, D,L-cystathionine (CIN), D,L-homoserine (HSer), 1-fluoro-24-
dinitrobenzene (DNFB), bathophenanthroline-disulfonic acid disodium salt (BPDS), acetonitrile,
PLP, P-nicotinamide adenine dinucleotide reduced disodium salt hydrate (NADH), L-lactic
dehydrogenase (LDH), 3-mercaptopyruvate acid sodium salt, D,L-dithiothreitol, (DTT),
N-ethylmaleimide (NEM), DL-propargylglycine (PPG), sodium dihydrogen phosphate dihydrate
pure, sodium sulphite, chloroform, isopropanol, agarose, sodium hydrosulphide hydrate, sodium
chloride, Folin-Ciocalteu’s phenol reagent, iron (IlI) nitrate nonahydrate, sodium thiosulfate
pentahydrate, sodium carbonate, N,N-dimethyl-p-phenylenediamine sulphate salt, and sodium
thiosulfate were obtained from Sigma-Aldrich (St. Louis, MO, USA). Trifluoroacetic acid (TFA) and
2-mercaptoethanol were purchased from Fluka Chemie GmbH (Buchs, Switzerland). Ethanol and
70% perchloric acid (PCA), 38% formaldehyde, 65% nitric acid, 38% hydrochloric acid, ammonia
solution 25% pure, potassium sodium tartrate tetrahydrate, copper sulphate pentahydrate,
potassium dihydrogen phosphate, ferric chloride, zinc acetate dehydrate pure, trichloroacetic acid
(TCA), and sodium hydroxide were from Polskie Odczynniki Chemiczne S.A. (Gliwice, Poland).
Ne-methyllysine was obtained from Bachem (Bubendorf, Switzerland). Trizol, ethidium bromide and
EDTA (Ethylenediaminetetraacetic acid)—disodium salt dihydrate were obtained from Lab-Empire
(Rzeszow, Poland). Potassium cyanide was from Merck (Darmstadt, Germany). Reverse transcriptase
M-MuLV was obtained from Promega (Madison, WI, USA). Polymerase DNA Dream Taq™, Gene
Ruler 100 bp DNA Ladder, Oligo (dT)s primer and Deoxynucleotide (dANTP) Solution Mix were
obtained from Abo (Gdansk, Poland).

3.2. Animals

Male Wistar rats (220-300 g) were used in the experiments. They were deprived of food for 24 h
with free access to tap water before the experiments. After the experiment, the rats were kept under
anesthesia under pentobarbital (60 mg/kg, intraperitoneally (i.p.)) and the stomachs were removed.
The stomach was slit along the curvatura major. Mucosal specimens were scraped off using a slide
glass and immediately frozen in liquid nitrogen and stored at —80 °C until analysis as described in
Magierowska et al. [17]. All of the experiments were conducted in cooperation with the Department
of Physiology, Faculty of Medicine at the Jagiellonian University and were approved by the
Institutional Animal Care and Use Committee of the Jagiellonian University Medical College in
Cracow (No.: 68/2014) and performed in accordance with the Helsinki Declaration.

3.3. Experimental Group

Stress lesions were caused by immobilizing the rats in individual Bollman’s cages and immersing
the animals in cold water (21 °C) for 3.5 h as described in previous studies [18]. The experiment was
carried out in three experimental groups: (1) the control group (intact); (2) vehicle (saline)-pre-treated
30 min prior to 3.5 h of water immersion and restraint stress (WRS); or (3) NaHS (H2S donor)
administered i.p. at a dose of 5 mg/kg (Scheme 2).

3.4. Tissue Homogenates

For determinations of the enzyme activities (CTH, MPST, CBS, rhodanese) and the level of
sulfane sulphur, the gastric mucosa samples were weighed and homogenized in ice-cold 0.1 M
phosphate buffer pH 7.5 (1 g/4 mL) for 1 min at 8000-9500 rpm using a blender homogenizer. The
homogenates were centrifuged at 1600 g for 10 min. After centrifugation, the supernatants were used
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for the determination of the enzyme activities (CTH, MPST, CBS rhodanese) and the level of sulfane
sulphur and protein content.

I group: II group: III group:
INTACT WRS NaHS + WRS
NaHS -5 mg/kg
°
control group Exposure. of SIS NaHS (H,S donor)
stn:ess by fmmersion administered (i.p.) at 30
in cold water in min prior to 3.5 h of WRS
Bollman’s cages for
35h

Scheme 2. Experimental group. i.p.: intraperitoneally.

For the reversed-phase high-performance liquid chromatography (RP-HPLC) the tissues were
weighed and homogenized at 8000-9500 rpm in ice-cold 10% PCA/1 mM BPDS (1 g/3 mL) (1 g tissue/
3 mL solution). The homogenates were centrifuged for 10 min at 4 °C at 1400x g. The supernatants
were used for assays immediately or stored at =80 °C until HPLC analysis. The tissues were
homogenized using an Ultra-Turrax T 25 (Janke and Kunkel IKA-Labortechnik Company, Staufen,
Germany). The homogenates were centrifuged using a MPW 375 centrifuge (MPW MED Instruments,
Warszawa, Poland) or a Hettich Universal 16 centrifuge (Hettich AG, Kloten, Switzerland).

3.5. RP-HPLC

The RP-HPLC method of Dominick et al. [19] with modifications [20-22] was used for the detection
and quantitation of the levels of direct and non-related products of the CBS- and CTH-catalysed
reactions, such as cystathionine, reduced (GSH) and oxidized (GSSG) glutathione, cysteine, and cystine.

3.6. Determination of H2S in the Homogenate of the Gastric Mucosa

The gastric mucosa tissue samples were homogenized at a ratio of 1/8 with 50 mM phosphate
buffer, pH 8.0. Then, the homogenates were incubated for 5 min at 37 °C on ice. Before the experiment,
50 mL tissue culture flasks with unventilated caps were covered with a layer of agarose mixed with
1% of zinc acetate and 3 M sodium hydroxide as described by Karth et al. [23]. On the opposite side
of the layer of agarose, 5000 uL of a reaction mixture containing 4500 uL homogenate, 250 uL 2 mM
of pyridoxal phosphate, and 250 uL of 10 mM L-cysteine (final concentration) was added. The caps
of the flasks were secured with parafilm. The incubation was initiated by the transfer of the bottles
with ice to 37 °C. After the 90-min incubation, 2500 puL 50% TCA was added to the reaction mixture.
Another 60 min was allowed for the trapping of evolved HzS by the layer of agarose. After incubation
the reaction mixture was removed from the flasks, the flasks were rotated through 180 °C and the
reaction was conducted on the layer of agarose by adding 2 mL of 40 mM N,N-dimethyl-p-
phenylenediamine sulphate salt (DMPPDA) and subsequently incubating for 10 min at room
temperature, followed by addition of 400 uL 1% ferric chloride and re-incubation for 20 min at room
temperature (Scheme 3). As a result of the reaction, methylene blue was formed, which was
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spectrophotometrically determined at 670 nm. The standard curve was linear over the concentration
range of 0-250 uM with a correlation coefficient of 0.994.

agarose layer
Zn(CH;C00); + NaOH

| 1 I |

L-cysteine + PLP + homogenate

incubationfor1 h at 37°C

N

rotation 180°

D_/ H,S+ DMPPDA + FeCl; = Methylene blue

\ H agarose layer
Zn(CH,C00), + NaOH

I Measurement the

/ absorbance at 670 nm

Scheme 3. Determination of HzS in the homogenate of the gastric mucosa according to Kartha et al. [23].
Details are described in Materials and Methods. DMPPDA: N,N-dimethyl-p-phenylenediamine
sulphate salt.

3.7. Enzymes Assay in the Gastric Mucosa Homogenates

The MPST activity was assayed according to the method of Valentine and Frankelfeld [24],
following a procedure described in our earlier paper [25]. The incubation mixture contained in a final
volume of 500 uL: 250 pL, 0.12 M sodium phosphate buffer, pH 8.0, 50 pL, 0.5 M sodium sulfite, 50 uL
0.15 M dithiothreitol, 50 pL homogenates, 50 uL H2O, and 50 puL 0.1 M 3-mercaptopyruvate acid
sodium salt. The mixture was incubated for 15 min. To stop the reaction, 250 uL of 1.2 M PCA was
added. The samples were centrifuged at 1600x g for 5 min, and 100 pL of supernatant was transferred
to 1350 uL mixture that contained: 1200 pL, 0.12 M sodium phosphate buffer, pH 8.0, 100 uL 0.1 M
N-ethylmaleimide, and 50 uL NADH 5 mg/mL. After equilibration at 37 °C, 2.5 pL of L-lactic
dehydrogenase (7 IU) were added, and the decrease in absorbance at 340 nm was measured.
The enzyme activity was expressed as nmol of pyruvate produced during 1 min incubation at 37 °C
per 1 mg of protein.

The y-cystathionase activity was determined by the Matsuo and Greenberg’s method [26] with
modifications described by Czubak et al. [27]. The incubation mixture contained: 25 pL 1.3 mM PLP,
25 uL 13 mM EDTA, 250 puL 45 mM cystathionine solution in 0.1 M phosphate buffer, pH 7.5
(2.5 mg cystathionine per sample), 75 uL homogenates, and 0.1 M phosphate buffer, pH 7.5
containing 0.05 mM 2-mercaptoethanol, in a final volume of 650 pL. The reaction was stopped after
15 min of incubation at 37 °C by placing 125 uL incubation mixture in 25 uL 10% PCA. The samples
were centrifuged at 1600x g for 10 min, and 25 uL of supernatant was transferred to 625 pL 0.194 mM
NADH solution and kept at 37 °C. The control samples, without 45 mM cystathionine, were prepared
in the same way as the examined samples. After 10 s of the measurement (absorbance at 340 nm),
25 pL (9.06 IU) L-lactic dehydrogenase were added and the measurement was continued to 180 s. The
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difference between the initial value of absorbance (before addition of LDH) and the lowest value
(after adding LDH) corresponded to the amount of a-ketobutyrate formed in the course of the
y-cystathionase reaction. The y-cystathionase activity is expressed as nmol of a-ketobutyrate formed.

Sulfane sulphur was determined by the method of Wood [28], based on cold cyanolysis and
colorimetric detection of the ferric thiocyanate complex ion. Incubation mixtures in a final volume
880 pL contained: 20 uL 1 M ammonia solution, 20 uL homogenate, 740 pL H20, and 100 puL 0.5 M
sodium cyanide. The incubation was performed for 45 min at room temperature. After incubation,
thiocyanate was estimated calorimetrically at 460 nm after the addition of 20 uL 38% formaldehyde
and 40 pL ferric nitrate reagent. The sulfane sulphur level is expressed as nmol of SCN- (thiocyanate)
produced per 1 mg of protein during 1 min incubation at 37 °C per 1 mg of protein.

The activity of CBS was examined in homogenates in the presence of D,L-homoserine (HSer) as a
substrate. After 15 min of the incubation at 37 °C, the methods described in Bronowicka-Adamska et al. [21]
were used. The level of cystathionine was determined using the HPLC method described by
Bronowicka-Adamska et al. [20]. The CBS activity is expressed as pmol of cystathionine formed
during 1 min incubation at 37 °C per 1 mg of protein.

Rhodanese in the gastric mucosa homogenates was assayed according to Sorbo [29] with
modifications. Incubation mixtures in a final volume 500 puL contained: 200 uL, 0.125 M sodium
thiosulfate, 100 pL, 0.2 M potassium phosphate (KH2PO4), 100 uL, 0.25 M sodium cyanide, and
100 uL homogenate. The incubation was performed during 5 min at 20 °C, after which thiocyanate
was estimated colorimetrically at 460 nm after the addition of 20 uL of 38% formaldehyde and 40 pL
ferric nitrate reagent. The enzyme units are defined as umol of SCN- generated per minute per 1 mg
of protein at 20 °C under the prescribed assay conditions.

The protein concentration was determined by the method of Lowry et al. [30] using crystalline
bovine serum albumin as a standard.

3.8. Expression of MPST, CTH, and CBS in the Gastric Mucosa Homogenates

3.8.1. RNA Extraction

Total RNA was extracted using TRIzol (Lab-Empire S.A (Rzeszow, Poland)), according to the
protocol provided by the manufacturer. The quality of the RNA samples was determined by
spectrophotometric analysis (A2s0/A2s0) and electrophoresis in 2.5% agarose gel followed by staining
with ethidium bromide.

3.8.2. Reverse Transcription of RNA

Total RNA from the cell samples was reverse-transcribed using a First-Stand complementary
DNA (cDNA) synthesis kit according to the manufacturer instructions (Promega, Madison, WI,
USA). For reverse transcription (RT), 3 ug of the total RNA was mixed with 1 puL of Oligo (dT)ss
(0.5 pg/reaction) and nuclease-free water and heated in a 70 °C heat block for five minutes. After pre-
incubation, the reverse transcription reaction mix containing: 4 uL GoScript 5x reaction buffer
(Promega, Madison, WI, USA), 3uL MgCl: (final concentration 1.5-5.0 mM), 1 uL. dNTPs (10 mM),
1 uL Recombinant RNases Ribonuclease Inhibitor (20 U/pL), and 1 pL GoScript Reverse Transcriptase
was prepared.

3.8.3. cDNA Synthesis and RT-PCR Analysis

Expressions of MPST, CTH, CBS, rhodanese, and p-actin were analysed by RT-PCR. Amplification
of cDNA samples was run in a 12.5 pL reaction volume containing 1 pL of synthesized cDNA, 0.2 uM of
each of the gene-specific primer pair, 0.04 U/uL DNA polymerase in 10 mM buffer Tris—-HCl pH 8.8,
0.2 mM each of dNTPs and nuclease-free water. The temperature profile of RT-PCR amplification for
MPST consisted of activation of Taqg DNA polymerase (Abo, Gdansk, Poland) at 94 °C for 5 min,
denaturation of cDNA at 95 °C for 30 s, primer annealing at 54 °C for 30 s, elongation at 72 °C for
1 min for the following 28 cycles, and finishing by the extension step for 8 min. For the CTH gene,
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after an initial 5 min at 94 °C denaturation, amplification was performed under the following
conditions: 95 °C for 30 s, 56 °C for 30 s, and 72 °C for 2 min for 36 cycles, with a final incubation at
72 °C for 8 min. For the CBS gene [4], after an initial 10 min of denaturation at 95 °C, amplification
was performed under the following conditions: 94 °C for 20 s, 60 °C for 1 min, and 72 °C for 1 min
for 40 cycles, with a final incubation at 72 °C for 5 min. For the -actin gene, after an initial 5 min
denaturation at 94 °C, amplification was performed under the following conditions: 94 °C for 30 s,
53.6 °C for 30 s, and 72 °C for 2 min for 28 cycles, with a final incubation at 72 °C for 8 min. For the
rhodanese gene, after an initial 5 min denaturation at 94 °C, amplification was performed under the
following conditions: 94 °C for 30 s, 55.6 °C for 30 s, and 72 °C for 2 min for 38 cycles, with a final
incubation at 72 °C for 8 min. The specific primers (Oligo.pl, Warszawa, Poland) were used (Figure 5).
The PCR reaction products were separated electrophoretically in a 2.5% agarose gel, visualized with
ethidium bromide, directly visualized under ultraviolet (UV) light, and photographed.

GENE PRIMER PCR product size  Annealing temperature

F: 5" TCCTGGGTGGAGTGGTACAT 3’
33 &4
adtod R: 5 GTGAAACAAGCTAGGTGGGC 3’ by e

F: 5" CTGTGAAGGGCTATCGCTGC 3 . s
Hs R: 5" CTGGCATTGCGGTACTGGTCY’ A3y WE

F: 5" TTTGTATACAGCCGCTCTGGA 3 )
IR R 5"ACAAGCTIGGICTGTGGTGT 37 2 by e

F: 5 CTCTATCGAGCCGCTGGTCTC 3
7 s g
I5E R: 5’ TCGTAAGGCGAAGTCGTGIC 3' 200 bp 55.6°C

T F: 5" ACCCGCGAGTACAACCTTCIT 3
-ACTIN 285 53 6°
R R: 5" GCCGTGTTCAATGGGGTACT 37 by 336°C

Figure 5. Forward and reverse primers used in the RT-PCR reaction to assess messenger RNA
(mRNA) expression for MPST, CBS, CTH, TST, and p-actin.

3.9. Statistical Analysis

All results are expressed as means + SEM (standard error of the mean). The significance of the
differences between the controls and the investigated samples was calculated using the Student’s
t-test (p < 0.05) (MS Excel 2013). Each experiment was repeated a minimum of three times.

4. Conclusions

Endogenous synthesis of HzS is stimulated in the gastric mucosa as a compensatory mechanism
to damage induced by WRS. Hydrogen sulphide is produced in the gastric mucosa in response to
injury and acts to promote healing when its precursor, NaHS, is administered prior to WRS. The
results suggest that H2S-releasing drugs could be employed to accelerate healing of gastric ulcers.
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Najwazniejsze wyniki i wnioski

1. Zmodyfikowang metod¢ RP-HPLC (Dominick i wsp., 2011) opisano w Publikacji nr

1 i zastosowano jag do rownoczesnego oznaczania, W czasie jednego rozdziatu, w 20 ul

probee, poziomu zredukowanego (GSH) i utlenionego (GSSG) glutationu, cysteiny (CSH),

cystyny (CSSC) oraz cystationiny w moézgu ludzkim.

Whioski:

poziom cystationiny jest bardzo zrdéznicowany w zaleznosci od regionu moézgu
ludzkiego i skorelowany z aktywnoscig CBS i CTH,

wyniki uzyskane dzigki opisanej metodzie pozwalaja na okreslenie statusu redoks

tkanek poprzez podanie stosunku GSH/GSSG.

2. Opracowang metode badania aktywnos$ci ukladu enzymatycznego CBS/CTH

w homogenatach tkankowych opisano w Publikacji nr 2.

aktywno$¢ CTH badano na podstawie przyrostu stezenia a-ketomaslanu (produktu
reakcji katalizowanej przez CTH),

aktywno$¢ CBS oznaczano na postawie zmian poziomu cystationiny w homogenacie
zawierajgcym inhibitor CTH - D,L-propargylglicyne (PPG) w st¢zeniu catkowicie
hamujgcym aktywnos¢ CTH.

Whioski:

aktywnosci CBS oznaczono we wszystkich badanych tkankach mysich (mozg,
watroba, nerki), a CTH w watrobie i nerce — w tworzeniu siarkowodoru w watrobie

glowna role odgrywa CTH, a w mozgu CBS.

3. Metode oznaczania siarkowodoru tworzonego w obecno$ci L-cysteiny i1 wigzanego

w warstwie agarozy w hodowlach komérkowych oraz homogenatach tkankowych opisano

w Publikacji nr 3 i 4. Porownano dwie linie komorkowe: neuroblastomy ludzkiej
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(linia SH-SY5Y) oraz glioblastomy - astrocytomy ludzkiej (linia U87-MG) oraz Sluzowke
zoladka szczura nieuszkodzong i uszkodzonga w wyniku narazenia na stres, w zakresie ich
potencjalnych mozliwo$ci w tworzeniu siarkowodoru.
Whioski:
e komorki neuroblastomy maja potencjalnie wickszg zdolno$¢ do tworzenia H»>S
zZ cysteiny niz komorki astrocytomy — duze znaczenie w wytwarzaniu siarkowodoru
z cysteiny w tych komérkach moze mie¢ MPST,
e w stresie, ktéry prowadzi do uszkodzenia Sluzoéwki zoladka wzrasta produkcja
siarkowodoru — H2S ma korzystny wplyw na proces gojenia uszkodzonej §luzowki.

4. Opracowano warunki badania ekspresji na poziomie mRNA (RT-PCR) oraz biatka
(Western-blot) dla enzymow bioracych udziat w tworzeniu i metabolizmie siarkowodoru
(CBS, CTH, MPST, TST) - opisane w Publikacji 3 i 4.

Whioski:
e w komorkach neuroblastomy potwierdzono najwickszg ekspresj¢ MPST (mRNA oraz
biatko),
o w prawidlowej blonie §luzowej zolagdkow szczuréw potwierdzono ekspresje (mMRNA)
wszystkich czterech enzymow: MPST, CTH, CBS, TST,
e w owrzodzonej blonie $luzowej zoladkow szczuréw nie obserwowano zmian
w ekspresji (mMRNA) badanych enzyméw (MPST, CTH, CBS, TST) w poréwnaniu do

prawidlowej blony $luzowej zotadka.
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Streszczenie

Siarkowodor (H2S) jest obok tlenku azotu oraz tlenku wegla kolejnym nieorganicznym
gazowym mediatorem. H.S jest lipofilny - jego wnikanie do komoérek nie wymaga
transporterow. Jest produkowany endogennie w watrobie, nerkach, mézgu oraz wielu innych
tkankach ludzkich i1 ssakow. Jego synteza odbywa si¢ przy udziale enzyméw, ktorych
kofaktorem jest fosforan pirydoksalu: beta-syntazy cystationinowej (CBS, EC 4.2.1.22),
gamma-cystationazy (CTH, EC 4.4.1.1) oraz zaleznej od jondw cynku transferazy siarkowe;j
3-merkaptopirogronianu (MPST, EC 2.8.1.2). H2S moze by¢ wytwarzany enzymatycznie
z L-cysteiny, L-cystyny, 3-merkaptopirogronianu, L-homocysteiny oraz D-cysteiny. Synteza
H>S z D-cysteiny odbywa sie przy udziale MPST i oksydazy D-aminokwasowej (DAO). H2S
moze by¢ rowniez uwalniany nieenzymatycznie z nadsiarczkdw w warunkach redukujacych.

Celem podjetych badan bylo oznaczanie tworzenia H>S w réznych tkankach oraz
hodowlach komorkowych poprzez badanie aktywnosci enzymow majacych znaczenie dla jego
powstawania i metabolizmu (CBS, CTH, MPST, TST) oraz oznaczanie poziomu HzS
w tkankach prawidlowych i objetych stanem zapalnym. Opracowana zostata metoda
oznaczania aktywnosci uktadu enzymatycznego CBS/CTH w obecno$ci homoseryny (substrat
dla CBS) oraz cystationiny (substrat dla CTH). W celu analizowania zmian stezenia
cystationiny (produktu przeksztalcenia homoseryny przez CBS) zmodyfikowana zostala
metoda RP-HPLC (Dominik i wsp., 2011). Modyfikacja pozwolita réwniez na oznaczanie,
W czasie jednego rozdziatu, poziomu zredukowanego (GSH) i utlenionego (GSSG) glutationu,
cysteiny (CSH), cystyny (CSSC) oraz cystationiny.

Doswiadczenia zwigzane z modyfikacja metody RP-HPLC zostaty przeprowadzone
W homogenatach tkankowych pochodzacych z réznych regionéw mézgdéw ludzkich. Efektem
tych badan bylo zarowno opracowanie modyfikacji, jak réwniez oznaczenie poziomu

cystationiny w badanych tkankach. Najwyzszy poziom cystationiny oznaczono we wzgorzu
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http://pl.pons.com/tłumaczenie/polski-angielski/Cystationiny

I byt on okolo 11 razy wigkszy w porownaniu do mézdzku. Wysoki poziom cystationiny we
wzgorzu byt skorelowany z niskg aktywnosciag CTH. Najwyzszy poziom cysteiny 0znaczono
we wzgorzu, podwzgorzu i jadrach podkorowych. Wysoki poziom cysteiny we wzgorzu byt
zwigzany z wysokim poziomem GSH. Sugerowana jest rola cystationiny w mézgu ludzkim
jako neuromodulatora, oprocz jej udziatu w metabolizmie cysteiny i tworzeniu H2S. WysoKi
poziom cystationiny w niektorych regionach mézgu ludzkiego moze by¢ zwiazany z wysoka
aktywnoscia CBS. CBS podobnie jak CTH katalizuje reakcje, w ktorych powstaje H2S
[Publikacja nr 1].

Kolejnym etapem badan bylo opracowanie metody oznaczania aktywnos$ci uktadu
enzymatycznego CBS/CTH, waznego zarowno w tworzeniu H>S w tkankach, jak
I W dostarczaniu cysteiny do syntezy glutationu. Prace do§wiadczalne zostaly przeprowadzone
w homogenatach watroby, nerek oraz moédzgu myszy przy uzyciu dwoOch substratow:
homoseryny oraz cystationiny. Aktywno$§¢ CTH badano na podstawie przyrostu st¢zenia
a-ketomaslanu (produktu reakcji katalizowanej przez CTH). Metoda po raz pierwszy zostala
opisana w Publikacji nr 2. Aktywno$¢ CBS oznaczano na postawie zmian poziomu
cystationiny w homogenacie zawierajacym inhibitor CTH - D,L-propargylglicyne (PPG)
W stezeniu catkowicie hamujagcym aktywnos¢ CTH. W tkankach myszy aktywno$¢ CBS
najwyzsza byta w mézgu. W mozgu myszy nie stwierdzono aktywnosci CTH, co potwierdzito
glowng rolg CBS w wytwarzaniu H2S. W obecnosci homoseryny oznaczano w moézgu
zwigkszony poziom cystationiny, co potwierdza wysoka aktywnos¢ CBS. W watrobie niski,
W porownaniu do mozgu, poziom cystationiny oraz wysoki poziom o-ketomaslanu, s3
zwigzane z wysoka aktywnos$ciag CTH. RoOwnocze$nie wysoki poziom GSH w homogenatach
watroby myszy, $wiadczy o roli CBS i CTH w dostarczaniu cysteiny do syntezy GSH

[Publikacja nr 2].
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Opracowang metod¢ oznaczania aktywno$ci ukladu enzymatycznego CBS/CTH
zastosowano do poréwnania dwoch linii  komdrkowych: neuroblastomy ludzkiej
(linia SH-SY5Y) oraz glioblastomy - astrocytomy ludzkiej (linia U-87 MG) w zakresie ich
potencjalnych mozliwosci w tworzeniu siarkowodoru. Kolejng metodg wdrozong w czasie
realizacji projektu byta metoda oznaczania poziomu H.S wigzanego w warstwie agarozy
i dostosowanie jej do oznaczen w hodowlach komoérkowych oraz homogenatach tkankowych.
Badania wykazaly, ze linie: U-87 MG oraz SH-SYS5Y sa zdolne do tworzenia siarkowodoru
w obecnosci L-cysteiny, odpowiednio o 20% dla linii SH-SY5Y oraz 5% dla linii U-87 MG
W porownaniu do komoérek kontrolnych bez L-cysteiny. W obu liniach komoérkowych
potwierdzono rowniez aktywnos¢ MPST, CBS oraz CTH. Stwierdzono, ze aktywnos$¢
badanych enzyméw w neuroblastomie ludzkiej jest wigksza w porownaniu do komorek
glioblastomy ludzkiej 1 najwiekszg aktywnos$¢ wlasciwg oznaczono dla MPST. Sugeruje to, ze
komorki neuroblastomy maja potencjalnie wigksza zdolnos¢ do tworzenia H2S z cysteiny niz
komorki astrocytomy i gldwnym enzymem odpowiedzialnym za wytwarzanie siarkowodoru
Z cysteiny w tych komodrkach jest MPST. Aktywnos$¢ enzyméw zalezy od ekspresji genéw, co
zasugerowato konieczno$¢ opracowania warunkéw badania ekspresji na poziomie mRNA oraz
biatka dla badanych enzyméw. Przeprowadzone badania potwierdzily najwicksza ekspresje
MPST w komoérkach neuroblastomy. W komorkach glioblastomy ludzkiej (U-87 MG)
oznaczono wysoki poziom glutationu, co wydaje si¢ mie¢ zasadnicze znaczenie dla ochrony
neurondow, np. przed toksycznym dzialaniem reaktywnych form tlenu. Ponad trzykrotnie
wigkszy poziom siarki sulfanowej w komorkach glioblastomy ludzkiej moze sugerowaé
mozliwo$¢ nieenzymatycznego uwalniania H>S z tej puli w warunkach redukujacych

[Publikacja nr 3].
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Metody przedstawione w publikacjach 1, 2, 3 pozwolity na badanie w roznych uktadach
doswiadczalnych udzialu poszczegdlnych enzyméw - CBS, CTH i MPST w tworzeniu H2S
oraz na ilo§ciowe oznaczanie tworzenia H>S.

Ostatnim etapem badan bylo zastosowanie wczesniej opracowanych metod do
okreslenia tworzenia H2S w Zoladkach szczurzych ze $§luzéwka uszkodzona, z owrzodzeniami,
bedacymi wynikiem stresu wynikajgcego z ozigbienia i unieruchomienia w wodzie (WRS)
w porownaniu do zolagdkoéw z nieuszkodzong Sluzowkg. Badano rowniez wptyw prekursora
H>S — NaHS, podanego przed wywotaniem uszkodzen $luzowki, na powstawanie i gojenie si¢
uszkodzen wywolanych stresem. W pierwszym etapie badan potwierdzono, ze HoS jest
wytwarzany w blonie §luzowej zoladka zdrowych szczuroéw. Potwierdzono ekspresje czterech
enzymow: MPST, CTH, CBS, TST, bioragcych udziat w tworzeniu H2S oraz w metabolizmie
siarki sulfanowej. Oznaczona aktywno$¢ MPST 1 CTH oraz nieoznaczalna aktywnos¢ CBS
sugerujg, ze MPST i CTH sa gldwnymi enzymami odpowiedzialnym za wytwarzanie H2S
w prawidtowej blonie sluzowej zotadka. W homogenatach blony sluzowej zotadkdéw szczurow
z regiondw z owrzodzeniami zaobserwowano 2-3-krotnie wiekszg zdolnos¢ do tworzenia HoS
w porownaniu do btony §luzowej zoladka zdrowych szczurdéw, co sugeruje, ze moze to by¢
wynikiem zwigkszonej aktywnosci enzyméw w stanie zapalnym. Potwierdzono trzykrotnie
zwigkszong aktywnos¢ CTH, podwyzszong aktywnos¢ MPST 1 TST oraz wzrost aktywnosci
CBS do warto$ci oznaczalnych w grupie WRS. Nie stwierdzono natomiast zmian w ekspresji
badanych enzyméw w poréwnaniu do zdrowej blony Sluzowej zoladka. Podobnie, poziom
siarki sulfanowej byl poréwnywalny z poziomem siarki sulfanowej w zdrowej $luzowce.
Poziom GSH i GSSG byl natomiast znacznie obnizony w poréwnaniu do zdrowej blony
Sluzowej zoladka. Uzyskane wyniki wskazuja na to, ze w stresie, ktory prowadzi do
uszkodzenia §luzéwki Zzotadka wzrasta produkcja siarkowodoru, co ma korzystny wptyw na

proces gojenia uszkodzonej S$luzéwki- Szczury, ktérym podawano NaHS, wykazywaty
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zmniejszong zdolno$¢ do tworzenia endogennego H2S w blonie $luzowej z owrzodzeniami
I zmiany niektorych parametréw biochemicznych (z wyjatkiem aktywnosci MPST i CTH oraz
poziomu cysteiny) w kierunku warto$ci oznaczonych w zdrowej blonie $luzowe;.
Przeprowadzone badania potwierdzity, ze endogenny H>S oraz H>S uwolniony z donoréw
(NaHS) chroni blone $luzowa zofadka, co jak mozna przypuszcza¢ zwigzane jest ze
zwigkszeniem przeplywu w naczyniach [Publikacja nr 4].

Wyniki przedstawione w zaprezentowanych publikacjach przyczynity si¢ do
opracowania metod badania aktywnos$ci uktadu enzymatycznego CBS/CTH, metod badania
ekspresji enzyméw odpowiedzialnych za wytwarzanie siarkowodoru w tkankach ludzkich,
mysich, szczurzych i hodowlach komoérkowych oraz metod oznaczania poziomu H»S. Badania
z wykorzystaniem opracowanych metod pozwolity na okreslenie mozliwo$ci ré6znych tkanek
(watroba, nerki, mozg) oraz komorek nowotworowych (komorki ludzkie uktadu nerwowego:
linia SH-SY5Y i U-87 MG) w zakresie tworzenia H>S oraz na wyjasnienie roli HoS
W wywolanym stresem procesie zapalnym, zwigzanym z uszkodzeniem $§luzowki zoladka
szczurow. Uzyskane wyniki dajg podstawe do dalszych badan w kierunku wyja$nienia roli H2S
w schorzeniach zwigzanych ze zmiang jego poziomu oraz w kierunku modulowania poziomu
H>S zarowno poprzez stosowanie réznych szybko lub wolno uwalniajacych prekursorow H»S,
jak 1 poprzez zmiany aktywno$ci oraz ekspresji (wyciszanie gendw) enzymoOw

odpowiedzialnych za tworzenie siarkowodoru.
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Summary

Apart from nitric oxide and carbon monoxide, hydrogen sulphide (H2S) is another
inorganic gaseous mediator. H,S is lipophilic - its penetration into cells does not require
transporters. It is produced endogenously in the liver, kidneys, brain and many other human
and mammalian tissues. Its synthesis is carried out with the participation of enzymes, where
the co-factor is pyridoxal phosphate: cystathionine beta-synthase (CBS, EC 4.2.1.22), gamma-
cystathionase (CTH, EC 4.4.1.1) and zinc ions-dependent 3-mercaptopyruvate
sulfurtransferase (MPST, EC 2.8.1.2). H,S can be produced enzymatically from L-cysteine,
L-cystine, 3-mercaptopyruvate, L-homocysteine and D-cysteine. The synthesis of H.S from
D-cysteine takes place with the participation of MPST and D-amino acids oxidase (DAQ). H2S

can be also released non-enzymatically from the persulfates under reducing conditions.

The aim of the study were to determine the production of H»S in various tissues and
cell cultures by examining the activity of the enzymes responsible for its formation and
metabolism (CBS, CTH, MPST, TST) and to determine H>S levels in healthy and inflammatory
tissues. A method of determination the activity of the CBS/CTH tandem in the presence of
homoserine (CBS substrate) and cystathionine (CTH substrate) was developed. For the analysis
of changes in cystathionine concentration (a product of homoserine transformation by CBS),
the RP-HPLC method was modified (Dominick et al., 2011). The modification also allowed
for determination, during one separation, of the level of reduced (GSH) and oxidized (GSSG)

glutathione, cysteine (CSH), cystine (CSSC) and cystathionine.

The experiments related to RP-HPLC modification were carried out in homogenates of
tissue from different regions of the human brains. The effects of these studies were developing
a modification and also determining the level of cystathionine in the examined tissues. The

highest level of cystathionine was detected in the thalamus and it was about 11 times higher as
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compared to the cerebellum. A high level of cystathionine in the thalamus was correlated with
a low CTH activity. The highest level of cysteine was detected in the thalamus, hypothalamus
and subcortical nucleus. A high level of cysteine in the thalamus was associated with a high
level of GSH. The role of cystathionine as a neuromodulator has been suggested in the human
brain, in addition to its contribution to cysteine metabolism and production of H2S. A high level
of cystathionine in some regions of the human brain might be associated with a high CBS
activity. CBS, similarly as CTH, catalyzes reactions, in which H»S is produced [Publication

No. 1].

The next step in the study, important for the production of H»S in tissues and for
delivery of cysteine to GSH synthesis, was developing a method for determination of the
activity of the CBS/CTH tandem. The research was carried out in homogenates of the mouse
liver, kidneys and brain in the presence of two substrates: homoserine and cystathionine. The
CTH activity was examined through the increase of the amount of a-ketobutyrate (a product of
catalyzed reaction through CTH). The method was described for the first time in Publication
No. 2. A difference in the cystathionine levels between the homogenates with totally CTH-
inhibiting PPG concentrations and without the inhibitor was employed to evaluate the activity
of CBS. The CBS activity was the highest in the mice brain. The CTH activity was undetectable
in the mice brain, which was confirmed by the major role of CBS in H2S production. In the
presence of homoserine, increased levels of cystathionine were determined in the brain, which
confirmed the high CBS activity. In the liver, the low — as compared to the brain - level of
cystathionine and high levels of a-ketobutyrate were associated with a high CTH activity.
Simultaneously, a high level of GSH indicated the main role of CBS and CTH in delivering

cysteine for GSH synthesis in homogenates of the mouse liver [Publication No. 2].

A method was developed for determination of the activity of the CBS/CTH tandem and

used to compare potential possibilities of H2S generation in two cell lines: the human
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neuroblastoma (SH-SY5Y cells) and the human glioblastoma (U87-MG cells). Another
method employed during the project was determination of the amount of H>S bound in the
agarose layer and its adaptation to analysis in the cell cultures and homogenates of tissues. The
studies showed the U-87 MG and SHSYS5Y cells capacity of hydrogen sulfide formation from
L-cysteine, 20% for SH-SY5Y cells and 5% for U-87 MG cells, respectively, as compared to
the control cells without L-cysteine. The activities of MPST, CBS and CTH were also
confirmed in both the cell lines. A higher activity of the investigated enzymes was found in the
neuroblastoma cells as compared to the astrocytoma cells, and the highest appropriate activity
of MPST was examined. The findings suggested that the neuroblastoma cells had a potentially
higher capacity of H>S generation from cysteine than the astrocytoma cells, and MPST was the
main enzyme responsible for H>S production from cysteine in either of the cell lines. The
activity of the enzymes depended on gene expression, which suggested a necessity of
determining the conditions necessary for analyzing the expression (MRNA and protein) for the
investigated enzymes. The results confirmed the highest expression of MPST in the
neuroblastoma cells. The human glioblastoma cells (U-87 MG cells) demonstrated a higher
level of GSH in comparison to the neuroblastoma cells, what seemed to be essential for neuron
protection, e.g. against the toxicity of reactive oxygen species. The sulfane sulfur level was
more than three-fold higher in the human glioblastoma cells, which might suggest
a nonenzymatic release of H>S from sulfane sulfur-containing compounds under reducing

conditions [Publication No. 3].

The methods presented in the publications No. 1, 2, 3 allowed for studying the
participation of several enzymes - CBS, CTH and MPST - in the production of H,S in various

experimental systems, as well as for quantitative determination of H»S.
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The final step in the research was employing the previously developed methods to
determine the production of H»S in rat stomachs with damaged mucosa, with ulcers, caused by

stress and immobilization in cold water (WRS) in comparison to the healthy mucosa.

The effect of NaHS — a precursor of H2S, administered prior to WRS, on the production
and healing of stress-induced damage was also investigated. In the first stage of the research,
it was confirmed that H>S was produced in the gastric mucosa of healthy rats. The results
confirmed the expression of MPST, CTH, CBS and TST involved in the production of H>S and
the metabolism of sulfane sulfur. In the gastric mucosa of healthy rats, the activity of MPST
and CTH were determined, the activity of CBS was undetectable, what suggested the main role
of MPST and CTH in H2S production. The gastric mucosa of rats with ulcers had a 2—3-fold
higher ability to generate H»S in comparison to the gastric mucosa of healthy rats, what
suggested increased activities of the enzymes in the inflammatory process. A three-fold
increase of the CTH activity, the elevated activity of MPST and TST and the increased activity
of CBS were confirmed as compared to the healthy mucosa. No increased expression of the
investigated enzymes was found when compared to the healthy mucosa. Similarly, the level of
sulfane sulfur was comparable to that in the healthy mucosa. The GSH and GSSG levels were
significantly decreased as compared to the healthy mucosa. These results may suggest that
a higher capability of H.S generation by ulcerated mucosa resulted from an increased specific
activity of the enzymes involved in the process, which had a beneficial effect on the healing
process of the damaged mucosa. The rats administered NaHS demonstrated a decreased ability
of endogenous H>S generation in the gastric mucosa and changes of some biochemical
parameters (except the MPST and CTH activities and the level of cysteine) back to the values

found in the healthy tissue.
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The research confirmed that endogenous H,S and H.S released from the donors (NaHS)
protected the gastric mucosa, which may be associated with an increase in gastric flow

[Publication No. 4].

The results shown in the presented publications contributed to the development of
methods of determining the activity of the enzyme CBS/CTH tandem, expression of the
enzymes responsible for the production of hydrogen sulfide in the human, mouse and rat tissues
and cell cultures, and methods of determining the amount of H.S. The research using the
developed methods allowed for defining the capabilities of different tissues (the liver, kidneys,
brain) and cancer cells (human cells of the nervous system: the SH-SY5Y cells and U87-MG
cells) in the production of H>S and explained the role of HzS in the inflammation caused by

stress, associated with damage to the gastric mucosa.

The results provide the foundation for further research aiming at explanation of the role
of H2S in conditions associated with the changes of its level and at modulating the amount of
H>S through using a variety of fast or slow-release H.S precursors, as well as through changes
of the activity and expression (gene-silencing) of enzymes participating in the production of

hydrogen sulfide.
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