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Oxidativni stres kancich spermii a moznost jeho modulace
gasotransmitery

Abstrakt

Oxidacni stres predstavuje hlavni prekazku v §ir§im vyuziti technik asistované reprodukce
v chovu prasat. K oxidacnimu stresu dochazi v momenté, kdy pfirozené antioxidacni systémy
nezvladaji kontrolovat koncentraci vysoce reaktivnich sloucenin. Mezi vysoce reaktivni slouceniny
1ze tadit 1 H>S a NO, které zarovei spadaji do skupiny plynnych signalnich molekul oznaované jako
gasotransmitery. Uginek NO a HaS se odviji od jejich koncentrace. V ramci fyziologické koncentrace
se podileji na klicovych déjich ve spermii v prubéhu jejiho zivotniho cyklu. ZvySena koncentrace
téchto gasotransmiter ma naopak fatalni dopad na fertilizaéni potencial spermie. Pro omezeni
negativniho dopadu oxidacniho stresu se vyuzivaji antioxidanty, pfiCemz antioxidacni vlastnosti
mohou vykazovat i oba gasotransmitery, NO a H,S, v zavislosti na jejich koncentraci.

Pro udrzeni fyziologické koncentrace NO lze vyuzit aminoguanidin, ktery inhibuje inducibilni
syntazu oxidu dusnatého. Aktivita tohoto enzymu je typicka pro leukocyty béhem zanétlivych reakci
imunitniho systému a umoziiuje produkci velkého mnozstvi NO. K hlavnim zdrojim oxidac¢niho
stresu v kan¢im ejakulatu patii pravé leukocyty pfritomné v semenné plazmé. V této praci
aminoguanidin vykazoval silny antioxidacni t€inek a pomohl ochranit kanc¢i spermie pred oxidacnim
stresem v in vitro podminkach, coz se pozitivné projevilo na funk¢nich vlastnostech.

Antioxidacni vlastnosti byly popsany také u donorti H»S. V druhé Casti prace byly porovnany
rychly donor sulfanu, Na,S, ktery uvolniuje velké mnozstvi H>S v kratkém Casovém useku, a pomaly
donor sulfanu, GYY4317, ktery uvoliluje mensi mnozstvi sulfanu v del§im casovém useku. Poprvé
byly popsany antioxida¢ni vlastnosti obou donort, kdy pomaly donor GYY4317 vykazoval silnéjsi
antioxida¢ni schopnost, ktera méla stabilni vzrustajici tendenci. Oproti tomu rychly donor Na,S
vykazoval mensi a nestabilni antioxida¢ni schopnosti. Tomu odpovidali 1 dalsi vysledky, kdy byl
prokazan pozitivni vliv obou donord sulfanu na funk¢ni parametry spermie. Zatimco GYY4317
vykazoval pozitivni u€inek v celém rozsahu koncentrace (3-300 uM), rychly donor Na,S vykazoval
pozitivni ucinek v nizkych mikromolarnich koncentracich (3-30 uM) a cytotoxicky ucinek pii 300
uM koncentraci. Tento divergentni ti€inek rychlého a pomalého donoru HaS odpovida povaze vysoce
reaktivnich sloucenin.

Vzhledem k vysoké reaktivit€ obou gasotransmiterti se zda byt pravdépodobna interakce NO
s HaS, ktera uz byla prokazana u somatickych bunék. V posledni ¢asti prace byla poprvé nepiimo

prokazana interakce obou gasotransmiterti za vyuziti SNP (donor NO) a NaHS (rychly donor H,S).



Simultanni aplikace 100 SNP nM a 100 nM NaHS vedla k zachovani progresivni motility a integrity
membrany u kancich spermii v pfitomnosti oxidacniho stresu. Individualni aplikace téchto donora
NO a H;S o stejné koncentraci nevykazovala pozitivni u€inek na kanci spermie, avsak aplikace SNP
vedle k ¢astecnému zlepSeni nékterych funkEnich parametrti spermii bez signifikantnich vysledku.
Lze spekulovat, Ze interakci t€chto dvou gasotransmitera dochazi k formovani metabolitu se silnéjsim
signalnim ucinkem nez samotny NO.

Vysledky disertacni prace poskytly originalni poznatky v oblasti vyuziti gasotransmitera pfi
modulaci oxida¢niho stresu u kancich spermii. Bylo potvrzeno, Ze jejich Gcinek je zavisly pfedev§im
na koncentraci. Regulaci koncentrace gasotransmiteri smérem k fyziologickym hodnotam Ize
dosahnout protektivniho uc¢inku, kdy si spermie zachovavaji funkéni vlastnosti a zvySuje se jejich
antioxida¢ni kapacita v in vitro podminkéch. Zarovei je z prace ziejmé, ze pro plné pochopeni tlohy

gasotransmitert v biologii spermii je zapotiebi dalsiho vyzkumu.

Klicova slova: spermie, oxidacni stres, gasotransmitery, oxid dusnaty, sulfan



Oxidative stress in boar spermatozoa and its modulation by
gasotransmitters

Abstract

Oxidative stress represents a major obstruction in the wide use of assisted reproduction
techniques in pig breeding. Oxidative stress is defined as the moment when natural antioxidant
systems fail to control the concentration of highly reactive substances. Among such substances can
be listed also NO and H»S which belong to the group of gaseous signalling molecules known as
gasotransmitters. The effect of NO and H»S depends on their concentration. Under physiological
concentrations, both gasotransmitters are involved in crucial processes during the life cycle of a sperm
cell. On the other hand, elevated concentrations of H>S and NO result in a detrimental impact on
sperm cell fertilization potential. Antioxidants are used to reduce the negative impact of oxidative.
Interestingly, both gasotransmitters, NO and H»>S, may exert antioxidant properties depending on their
concentration.

Aminoguanidine can be used to maintain the physiological concentration of NO as it inhibits
the activity of inducible nitric oxide synthase. The activity of this enzyme is common for leucocytes
in the course of an inflammatory reaction of the immunity system and it provides the production of
large amounts of NO. The leucocytes present in boar semen constitute one of the major sources of
oxidative. This thesis demonstrated the high antioxidant properties of aminoguanidine whose
application protected boar spermatozoa from oxidative stress and positively correlated with the
functional parameters of sperm cells.

Antioxidant properties were also described for donors of the other gasotransmitter, H>S. In
the second part of the thesis, the fast-releasing H>S donor (Na»S) and slow-releasing H>S donor
(GYY4317) were compared. For the first time, the antioxidant properties of both donors were
described under in vitro conditions. The slow donor GYY4137 exerted greater and more stable
antioxidant capacity with an increasing tendency. On the other hand, the fast donor Na,S exerted
lesser and unstable antioxidant properties. Accordingly, the next results of the thesis proved the
positive effect of both donors, NaHS and GYY4137, on the functional parameters of sperm cells.
While the fast-releasing donor GY' Y4137 exerted a positive effect in the whole range of concentration
(3-300 uM), the slow-releasing donor NaxS exerted a positive effect only at low uM concentration
and cytotoxic effect at 300 uM concentration. This divergent action of fast- and slow- releasing
donors of H,S corresponds to the nature of highly reactive substances.

Due to the high reactivity of each gasotransmitter, the direct interaction between NO and H>S

seems likely which was proven in somatic cells already. The last section of the thesis has proven



indirectly for the very first time the interaction between the two gasotransmitters using SNP (NO
donor) and NaHS (H>S donor). The sample with these two donors applied simultaneously each at 100
nM concentration led to the preservation of progressive motility and membrane integrity of boar
spermatozoa under oxidative stress. Individual application of each donor at the same concentration
did not improve sperm quality traits, yet SNP seemed to partially improve some of the functional
parameters of boar spermatozoa although the results were not significant. This leads to speculation
that metabolites with greater signalling potency are formed upon the interaction of these two
gasotransmitters than the sole action of NO alone.

This thesis provided unique findings regarding the application of gasotransmitters for the
modulation of oxidative stress in boar spermatozoa. In accordance with the previous knowledge, it
was verified that the effect of the two gasotransmitters, NO and H»S, depends on their concentration.
The regulation of these two gasotransmitters towards the physiological levels leads to a protective
effect resulting in the preservation of functional properties of boar spermatozoa and the increase of
antioxidant capacities under in vitro conditions. The obtained data also underline the need for further

investigation regarding the role of gasotransmitters in the biology of sperm cells.
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1 Uvod

Moderni chov prasat se prevazné opira o vyuziti asistované reprodukce. Prasnice se obvykle
inseminuji zchlazenymi davkami urenymi pro uchovani ejakulatu po dobu maximalné péti dnda,
avSak vétSina inseminaci je provadéna do druhého dne od zhotoveni inseminacni davky (Johnson et
al., 2006). Dlouhodobé&jsi uchovavani kanc¢ich inseminacnich davek predstavuje technologicky
problém, jelikoz kanci spermie jsou zvlasté citlivé na chladovy Sok, ktery nastava pii poklesu teploty
pod 15°C. Jako hlavni divod nachylnosti k degradaci pii nizkych teplotach se uvadi specifické
slozeni cytoplazmatické membrany kanci spermie, kterd je charakterizovana vysokym obsahem
polynenasycenych mastnych kyselin (PUFA) (Am-in et al., 2011). V diasledku ptsobeni nizkych
teplot kanci spermie nevratné ztraci fertiliza¢ni potencial. Pro zachovani fertilizaéniho potencialu je
potieba uchovavat kanci ejakulat pfi mirné€ snizenych teplotach mezi 15-17°C, kdy je bunécny
metabolismus pouze Castecné omezen a hufe se kontroluje mikrobialni kontaminace v inseminacni
déavce (Gadea, 2003). Na druhou stranu, vyroba inseminacnich davek umoziuje efektivnéjsi vyuziti
kvalitnich samct, kdy je odebrany ejakulat nafedén pomoci pramyslovych fedidel. Timto zptisobem
lze inseminovat vicero prasnic genetickym materialem pozadovaného jedince (Gadea, 2003). AvSak
vyroba inseminac¢ni davky predstavuje naroCny proces pro spermii, ktera se musi adaptovat na rychle
se ménici podminky. V dusledku nafedéni ejakulatu spermie nejprve zvysuje svoji aktivitu a nasledné
ztraci na pohyblivosti a zaroven dochazi k poSkozeni plazmatické membrany. Tento jev se oznacuje
jako ,.dilution effect” (Johnson et al., 2000). Zaroveni béhem in vitro skladovani pfi snizenych
teplotach dochazi k produkci a akumulaci reaktivnich sloucenin (Leahy et Gadella, 2011). Na trhu je
dostupna cela fada komercnich fedidel, které maji za cil t€émto technologickym vyzvam celit skrze
specifické slozenim s obsahem latek, které zvySuji ochranu spermie béhem skladovani. Mezi
nejznaméjsimi lze uvést BTS fedidlo (Beltsville Thawing Solution) charakteristické obsahem malého
mnozstvi draslikovych iontdl, které nahrazuji ztratu intracelularniho drasliku ve spermiich a
napomahaji tak k zachovani motility béhem skladovani. BTS predstavuje nejpouzivanéjsiho zastupce
kratkodobych fedidel urcenych k pfechovavani inseminacnich davek po dobu tii dnt. Naopak pro
dlouhodobé uchovani kanciho ejakulatu se vyuziva fedidlo Androhep, které bylo navrzeno pro
skladovani insemina¢nich davek po dobu 4 a vice dni. Toto fedidlo je charakteristické obsahem pufru
Hepes, ktery reguluje pH, a vysokym obsahem hovéziho sérového albuminu (BSA), ktery chrani
spermie pfed negativnim dopadem reaktivnich sloucenin, jez se akumuluji v pribéhu skladovani
inseminacni davky a vedou ke vzniku oxidacniho stresu (Gadea, 2003). Pravé omezeni akumulace
reaktivnich sloucenin a vzniku oxida¢niho stresu v insemina¢nich davkach je predmétem soucasného
vyzkumu. Nalezeni efektivnéjsich zptsobti ochrany spermii béhem skladovani by umoznilo vyvoz

inseminacnich davek na delsi vzdalenosti a technika inseminace by tak byla dostupné&jsi. Vyzkum
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zaméfeny na latky s antioxida¢nimi vlastnostmi pfedstavuje pfislib ve zlepSeni techniky skladovani
ejakulatu a zvyseni fertilizacniho potencialu kancich inseminacnich davek. Latky s antioxidaCnimi
vlastnostmi lze hledat i mezi signalnimi plynnymi molekulami, gasotransmitery, které se zaroven

podili na klicovych fyziologickych procesech ve spermii.
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2 Literarni reSerse

2.1 Reprodukéni charakteristiky kanci

Kanec je znam produkci velkého mnozstvi ejakulatu, jehoz objem je obvykle v rozmezi 150 -
300 ml, coz je nejvice ze vSech hospodarskych zvitat. Z toho vyplyva, ze kanci ejakulat je méné
koncentrovany, avsak celkovy pocet spermii dosahuje az 100 T na jednu davku. Ejakulace u kancta
trva az tficet minut, coz je nesrovnatelné déle nez u jakéhokoli jiného hospodatského druhu zvitete
(Bonet et al., 2013). Cerstvy ejakulat ma za fyziologickych podminek pH v rozmezi 6,85 — 7,9 a lze
jej rozdélit na tfi frakce: prespermaticka, spermaticka a postspermaticka (Sancho et Vilagran, 2013).
Prvni zminéna frakce neobsahuje spermie a je tvofena sekrety prostaty, Cowperovych zlaz a
seminalnich vacki. Objem této frakce je obvykle mezi 10-15 ml. Druha frakce je nejbohatsi na
spermie a vyuziva se k pfipravé inseminacnich davek. Jeji objem cini pfiblizné¢ 150-200 ml a
obsahuje sekrety z prostaty a Cowperovych zlaz. Postspermiova frakce jiz obsahuje podstatné méné
spermii nezli predchozi frakce, 1 kdyz je priblizné stejného objemu. Plazma této frakce je tvorena
vymésky Cowperovych zlaz a prostaty a jeji ukol je podporovat metabolismus spermii
v reprodukcénim traktu samice. Tudiz neni odebirana pro ptipravu inseminacnich davek, i kdyz ma
nejvetsi antioxidacni kapacitu (Sancho et Villagran, 2013). Nehled¢ na frakci, hlavni tkolem semenné
plazmy je zajisténi vyzivy, ochrany a podpory spermii. Jako hlavni vyzivovou slozku v semenné
plazmé kancu Ize oznacit fruktozu, kterou dopliuje glukoza a sorbitol (Pefia et al., 2003). Na ochrané
spermii se podili z velké Casti superoxid dismutdza (SOD), ktera je na rozdil od katalazy bohaté

zastoupena v kanci semenné plazmé (Kowalowka et al., 2008).

2.1.1 Kanci spermie

Typicky vzhled sav¢i spermie, ktera se déli na hlavicku, kréek a ocasek, je vysledkem
testikularniho vyvoje ze zarode¢nych bunék v semenotvornych kanalcich. Organizace spermie je jiz
zachovana az do oplozeni, avsak fertilizacni potencial ziskava spermie az v prubéhu dalsiho vyvoje
v nadvarleti (Gadella, 2017). Pro testikularni spermii je charakteristicka pritomnost cytoplazmatické
kapky, jez pfedstavuje zbytky organel, kterych se spermie zbavila béhem spermatogeneze. V piipadé
kancich spermii cytoplazmaticka kapka snizuje schopnost pohybu po ejakulaci, a tedy 1 fertilizacni
potencial. Z hlediska oplozovaci schopnosti je zasadni pritomnost membranovych proteinovych
komplex, ktera podminuje schopnost fuze spermie s oocytem (Burkin et Miller, 2000). Testikularni
spermie je navic nepohybliva a tuto schopnost ziskava az v prubéhu nasledujiciho vyvoje (Dacheux
et al., 2005). Vramci testikularniho vyvoje muze rozliSit dvé hlavni faze: spermatogenezi

(spermatocytogenezi) a spermiogenezi (spermiohistogeneze). Formovani kanci spermie trva 34-36
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dni, pfiCemz spermatogeneze zahrnuje postupnou pieménu samcich zarodeénych bunék ve
spermatidy. V prubéhu spermiogeneze kulaté spermatidy bez biciku ziskaji svoji definitivni podobu
typické savci spermie (Pinart et al., 1999, 2000).

Samc¢i zarodeCné buniky — spermatogonie, které stoji na pocatku spermatogeneze, lze
lokalizovat pfi bazalni membrané semenotvornych kanalkt ve spole¢nosti Sertoliho bunék zajistujici
vyzivu sam¢ich gamet a organizaci spermatogeneze. Spermatogonie se v nasledujicim vyvoji méni a
s kazdym stadiem se postupné posouva smeérem k apikalnimu konci Sertoliho buiiky, kde je na konci
vyvoje vypusténa do lumen semenotvornych kanalka a varletni siti nasledné odvedena do nadvarlete.
Neékolikanasobné mitotické déleni spermatogonii zajistuje z jedné ¢asti trvalou zasobu kmenovych
zarodecnych bunék (Ljiljak et al., 2012) a z ¢asti druhé vede k formovani primarnich spermatocytti
(Garcia-Gil et al., 2002). Primarni spermatocyty nasledné zahajuji prvni meiotické déleni, které vede
k formovani sekundarnich spermatocytd, které jsou jiz haploidni a podstupuji dalsi meiotické déleni
(ekvatorialni). Vysledkem jsou Ctyfi haploidni spermatidy (Garcia-Gil et al., 2002), které nasledovné
zahajuji proces spermiogeneze.

Diferenciace kulaté spermatidy ve spermii a jeji uvolnéni do lumen semenotvorného kanalku
trva u kance 14 dni. Diferenciace spermatidy se de€li na Ctyfi faze: Golgiho faze, faze Cepicky,
akrozomalni faze a maturacni faze a lze odlisit az 9 vyvojovych stadii spermatidy v zavislosti na
zdroji literatury (Bonet et al., 2013). Golgiho fazi charakterizuje pfitomnost proakrozomalniho
lysozomu, ktery vznika z Golgiho aparatu, a kondenzace DNA, ve které jsou histony nahrazovany
protaminy. Zaroven se zacina tvofit ,,patef” bi¢iku, axonema. Ve fazi Cepicky se proakrozomalni
lysozom ptesouva nad jadro a vytvari pomyslnou apikalni jadernou €epicku. Definitivni diferenciace
akrozomu s obsahem typickych hydrolytickych enzyma (hyaluronidaza, ¢i akrozin) udava jméno
tfeti, akrozomalni, faze. Béhem této faze se reorganizuji mikrotubuly v oblasti jadra, kde vznika
perinuklearni manzeta, a jadro ziskava svij charakteristicky protahly tvar. Distalni centriola se
presouva kbazi hlavicky, kde se méni v bazalni télisko biciku. Zaroven dochazi k pfesunu
mitochondrii do proximalni ¢asti biciku. Pfi maturacni fazi se formuje mezi hlavickou a bicikem
proximalni cytoplazmaticka kapka, ktera predstavuje rezidualni cytoplazmu (Bonet et al., 2013).
Zbytky nepotiebnych organel a mezibunécnych spoju jedné kohorty spermii tvori residualni téliska,
ktera jsou fagocytovana Sertoliho buiikami (O’Donnell et al., 2011).

Po dokonceni spermiogeneze jsou nové spermie vypustény do lumen semenotvornych
kanalku a varletni siti jsou dopraveny do nadvarlete, kde ziskavaji sviij fertilizacni potencial v procesu
zvaném epididymalni maturace. Tento proces trva u kanci pfiblizné 14 dni (Dacheux et al., 2005).

Epididymalni maturaci l1ze charakterizovat rozsahlymi zménami plazmatické membrany. Zarover se

13



spermie zbavuje cytoplazmatické kapky a méni se jeji metabolismus, pfiCemz spermie se stava
pohyblivou (Bonet et al., 2013).

Vyzrala kanci spermie mefi pifiblizné 44 um (Bonet et al., 2013) a jeji organizace odpovida
ucelu, pro ktery byla stvorena (Obr. 1). Kromé sam¢i DNA obsahuji spermie pouze nékolik dalSich
nezbytnych soucasti, které umoziuji oplozeni oocytu. Na apikalnim konci spermie se nachazi pod
plazmatickou membranou akrozom, ktery pokryva jadro piiblizn€é ze dvou tietin a tvori tak
pomyslnou ,,cepicku”. V akrozomu lze odlisit vnéjsi a vnitini membranu. Vnitini membrana pokryva
zhruba apikalni ¢ast jadra a na vzdalenych okrajich ptechazi ve vnéjsi akrozomalni membranu, ktera
lezi pod cytoplazmatickou membranou spermie. Mezi vné&jsi a vnitini akrozomalni membranou se
nachazi akrozomalni matrix vyplnéna amorfni hmotou s vysokym zastoupenim hydrolytickych
enzymu (Bonet et al., 2013). V post-akrosomalnim oddilu se nachazi lamina densa. Tato homogenni
struktura je pevné piipojena k cytoplazmatické membrané v mistech, které nepokryva akrozom.
Spolu s vnitini membranou akrozomu tak vymezuje subakrozomalni prostor, ktery obklopuje jadro a
je vyplnén fibrozni perinuklearni hmotou (Bonet et al., 2013). Samotné jadro méfi ptiblizn€ 6,6 pm
a v pripadé kan¢i spermie ma ovoidni tvar. Uvnitf jadra se nachazi extrémné kondenzovana
chromatinova vlakna.

Na hlavicku spermie navazuje kratky oddil spojujici hlavicku s bi¢ikem. Kréek je dlouhy
piiblizn& 0,7 um a ma lichob&znikovity tvar. Sir§i zakladna navazuje na hlavitku spermie a je tvofena
postcefalickym krouzkem. Krcéek obsahuje centriolu, ktera je nezbytna pii oplozeni vajicka a nasledné
ryhovani embrya (Nagy, 2000). Dale Ize najit v kr€ku laminamni téliska, bazalni desticky a axonemu,
ktera se tahne dale po celé délce biciku (Bonet et al., 2013). Bazalni desti¢ka slozenim odpovida
lamina densa a navazuje na vnéjsi jadernou membranu pifi kaudalnim konci jadra. Laminarni téliska
jsou utvorena z prebytecného jaderného obalu a tahnou se od zékladny jadra a prechazeji
v mitochondrialni pochvu v proximalni casti biciku (Bonet et al., 2013).

Bicik spermie, ktery ma konicky tvar, 1ze rozd¢lit na tfi hlavni useky: proximalni (spojovaci
oddil), hlavni a terminalni segment. Po celé délce biciku se tahne axonema. Tato osa méa strukturu
charakteristickou pro biCiky a fasinky eukaryotickych bunék. V jejim stfedu se nachazi par
mikrotubuld, ktery je obklopen dalsimi deviti pary mikrotubult (Bonet et al., 2013). Skrze aktivitu
dyneinovych ramének a nexinovych mustku umoziuje pohyb spermie za spotieby adenosintrifosfatu
(ATP) (Mann et Lutwak-Mann, 1981). Ve stfedovém tseku spermie se pod plazmatickou membranou
nachazi mitochondrialni pochva, kterd obklopuje mitochondrie ulozené spiralovité kolem axonemy.
Mezi mitochondridlni pochvou a perifernimi mikrotubuly axonemy se tdhnou husta vné;jsi vlakna,
kterd zasahuji az do hlavni ¢asti bi¢iku. Hlavni ¢ast biciku za¢ina Jensenovym prstencem (anulus),

ktery navazuje na posledni mitochondrie ve sttedovém oddilu bi¢iku. Mitochondrialni pochva zde
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prechazi ve fibrézni pochvu. Vnéjsi husta vlakna se postupné ztencuji a konci ptiblizné v prvni tietiné

hlavniho segmentu. Terminalni oddil je tvofen pouze axonemou, kterou pfimo pokryva plazmaticka

membrana spermie (Bonet et al., 2013).

Obrazek 1. Kanci spermie. 1: Hlavicka; a: akrozomalni segment; b: post-akrozomalni segment. 2:

kréek; 3: proximalni oddil bi¢iku; 4: hlavni ¢ast bi¢iku; S: terminalni ¢ast biciku (Kadlec, 2022).

Plazmaticka membrana spermie

Jestlize je zrala samci pohlavni burika typicka malym poctem organel v porovnani se somatickou
buikou, pak je vyrazné komplexnéjsi, co se tyCe slozeni plazmatické membrany. Vzhledem
k riznorodému zastoupeni lipida a proteint lze charakterizovat plazmatickou membranu spermii
vysokym stupném molekularniho mozaicismu (Bonet et al., 2013). Navic plazmatickd membrana
zralé spermie prochazi rozsahlymi zménami v reprodukcnim traktu samice (Brewis et Gadella,
2009), kde se dale méni zastoupeni proteinu a lipida (Flesch et Gadella, 2000).

Specifické slozeni plazmatické membrany kanci spermie do zna¢né miry ovliviiuje jeji
moznosti vyuziti technik asistované reprodukce u prasat. Plazmatickou membranu kanci spermie 1ze
rozdélit do péti hlavnich domén (Bonet et al., 2013), z nichz tfi jsou pfitomné na hlavicce: apikalni,

pre-ekvatorialni a ekvatorialni doména hlavicky. Jak bylo uvedeno vySe, apikalni doména slouzi
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k rozpoznani a navéazani spermie na vajicko, pre-ekvatorialni umoziuje akrozomalni reakci a
ekvatorialni doména umoziuje fizi spermie s vajickem (Brewis et Gadella, 2009). Na bic¢iku spermie
lze odlisit dal§i dvé domény, jedna pokryva stiedovy segment biCiku, druha pokryva hlavni cast
biciku. Vyznam téchto dvou domén nebyl objasnén, predpoklada se, ze napomahaji ke spravnému
pohybu spermie (Brewis et Gadella, 2009). Rozdé€leni plazmatické membrany spermie do domén
umoziuje nezavislou interakci struktur, které pokryva (Brewis et Gadella, 2009). Plazmaticka
membrana kanci spermie obsahuje vysoky podil fosfolipidi s navazanym esterem a lipida
obsahujicich polynenasycené alifatické fet€zce (Evans et al., 1980). Na druhou stranu membrana
kancich spermii obsahuje relativné malo cholesterolu. Fosfolipidy ptfedstavuji 70 % z celkovych
lipidd membrany, piiCemz nejvice zastoupen je cholin a dale také steroidy (Nikolopoulou et al.,
1985). Zbylé membranové lipidu zastupuji predevs§im neutralni tuky, glykolipidy jsou nejméné
zastoupené (okolo 5 %) (Mann et Lutwak-Mann, 1981). Pravé kvili vysokému obsahu
polynenasycenych mastny kyselin (PUFA) ve fosfolipidech membrany je kanci spermie nachylna na
lipidovou peroxidaci zptsobenou reaktivnimi formami kysliku (ROS) (Am-in et al., 2011). Lipidova
peroxidace plazmatické membrany pak dale zvySuje produkci ROS a tim i umociiuje negativni dopad

oxida¢niho stresu na fertilizacni potencial spermie (Aitken, 1995).

2.2 Oxidacni stres

Jako oxidacni stres oznacujeme stav, kdy se zvedne koncentrace reaktivnich sloucenin nad
fyziologickou miru. Akumulované reaktivni slouCeniny jiz nadéle neplni fyziologickou funkci a
misto toho poskozuji veskeré bunécné komponenty od lipida a proteint plazmatické membrany, pies
cytoskeletalni struktury a axonemu az po samotnou DNA v jadru spermie (Cerolini et al., 2000).
K nadmérné produkci reaktivnich sloucenin pfispivaji zdroje endogenni a exogenni (Toor et Sikka,
2019). Jako hlavni endogenni zdroj reaktivnich slou€enin se uvadi spermie, které disponuji nékolika
mechanismy vedoucimi k produkci reaktivnich sloucenin. Oxidativni fosforylace probihajici na
vnitini membrané mitochondrii ve sttedovém oddilu bic¢iku vede k produkei superoxidového anionu
(02), ktery lze oznacit za primarni ROS. V piipadé defektnich spermii s poskozenym stfedovym
segmentem biCiku spermie spontanné produkuji kyslikaté radikaly mitochondrialniho ptavodu
(Aitken et al., 2016). K nadmérné akumulaci reaktivnich sloucenin také pfispivaji nezralé spermie
s nadbyteCnym mnozstvi residudlni cytoplasmy (Aitken, 1995). Rezidualni cytoplasma okolo
sttedového segmentu biciku obsahuje zvySenou koncentraci glukdzo-6-fosfat dehydrogenazy
(G6PDH), ktera vede ke vzniku nikotinamidadenindinukleotid fosfatu (NADPH). Pii néasledné reakci
s NAPDH oxygenazou vznika znacné mnozstvi Oz” (Agarwal et al., 2018). Ke zvySené koncentraci
ROS v ejakulatu prispiva 1 pfitomnost mrtvych spermii skrze aktivitu oxidaz aromatickych
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aminokyselin (Bansal et Bilaspuri, 2011). Jako nejvyznamnéjsi exogenni zdroj reaktivnich sloucenin
1ze uvést leukocyty pritomné v semenné plazmé (Toor et Sikka, 2019), které maji ptivod v pridatnych
pohlavnich zlazach (Otasevic et al., 2020). Z leukocytd jsou zastoupeny piedev§im makrofagy a
neutrofily (Bansal et Bilaspuri, 2011). Jako vyznamny exogenni zdroj oxidacniho stresu se povazuje
také manipulace s ejakulatem v in vitro podminkach, kdy dochazi ke zvySené produkci reaktivnich
slouCenin v disledku teplotnich zmén, zménam metabolismu spermii v disledku fedéni, ¢i vystaveni

UV zareni (Esfandiari et al., 2002; Toor et Sikka, 2019).

2.3 Reaktivni slouceniny a oxidacni stres

Mezi reaktivni slouceniny, které se podileji na vzniku oxida¢niho stresu se radi i reaktivni formy
dusiku (RNS), u kterych lze jako vychozi radikal oznacit oxid dusnaty. Reakci oxidu dusnatého
s ROS vznika peroxynitrit (ONOOQO"), ktery je vice reaktivni a jeho akumulace zptsobuje peroxidaci
lipidd a vede k poskozeni plazmatické membrany. Zaroven jiz v uM koncentracich inhibuje
mitochondriéalni aktivitu skrze inhibici I. (NADP dehydrogenéaza) a II. (sukcionat dehydrogenaza)
mitochondrialniho komplexu. Také inhibuje aktivitu SOD skrze nitrataci tyrosinu, coz vede nejen ke
snizeni motility spermii, ale muze také zptisobovat bunéénou apoptdzu (Otasevic et al., 2020). Dalsi
vyznamné zastupce vysoce reaktivnich latek 1ze najit mezi reaktivnimi slouCeninami siry (RSS),
pficemz jako vychozi molekulu lze oznacit sulfan (H2S). Aktualni definice RSS zahrnuje Sirokou
Skélu reaktivnich sloucenin obsahujicich siru, pro které je spolecna definice: ,,Reaktivni formy siry
lze popsat jako molekuly, které obsahuji alesponl jeden redoxné aktivni atom siry, nebo funk¢ni
skupinu obsahujici siru ve své struktufe a zaroven jsou schopné bud'to oxidovat ¢i redukovat
biologicky aktivni molekuly v ramci fyziologickych podminek, coz vede ke spusténi ¢i propagaci
bunécné signalizace ¢i jiné vyznamné udalosti v buiice (Giles et al., 2017). Mishanina et al. (2015)
uvadi rozsahly seznam biologicky aktivnich RSS, které maji spole¢ny prekurzor, H2S. Stejné jako
v ptipadé ROS a RNS, nadmérna akumulace RSS m4 fatalni ucinek na kvalitu spermie. Zhao et al.
(2016) prokazali negativni dopad zvysené koncentrace H2S na motilitu spermii. Tento efekt 1ze
pfisuzovat snizené produkci ATP v disledku blokovani IV. mitochondrialniho komplexu pfi
suprafyziologické intracelularni koncentraci H,S. Stejné jako ROS a RNS, akumulace reaktivnich
slou€enin siry vede ke zvySeni oxidacniho stresu, coz se projevuje 1 zvySenim lipidové peroxidace
plazmatické membrany.

Rozdil mezi oxidacnim stresem a fyziologickou aktivitou RS se odviji pouze od jejich
koncentrace. Vzhledem k minimalnimu mnozstvi cytoplazmy je vSak bunécna ochrana spermie
znacné limitovana a hranice mezi patologickou a fyziologickou hranici je velmi tenka (Cristian

O’Flaherty, 2014). Vpifipadé RNS a RSS se fyziologickda koncentrace pohybuje
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v rozmezi nanomolarnich hodnot (Cooper et Brown, 2008), kdy se reaktivni slouceniny podileji na
klicovych procesech, kterymi musi spermie projit, aby ziskala plny fertilizacni potencial (Aitken et

al., 2012).

2.4 Reaktivni slouceniny a fyziologické procesy ve spermii

V ramci fyziologickych koncentraci se RS podileji na dilezitych procesech ve spermii, jako
je kapacitace, hyperaktivace ¢i akrozomalni reakce (Obr. 2) (Otasevic et al., 2020).

Kapacitace si lze predstavit jako finalni fazi maturace spermie, kterou burika prodélava v
samicim reproduk¢nim traktu. Kanci spermie se pred ovulaci hromadi v déloznim istmu, kde se tvori
jejich rezervoar a spermie zde postupné kapacituji v pribéhu nékolika hodin. Po kapacitaci jsou
spermie uvolnény z istmu, vzdy piiblizné 5 % rezervoaru, a sméfuji k ampuli vejcovodu, kde dochazi
k oplozeni. Tak je zaji§tén trvaly pfisun spermii pfipravenych k oplozeni a zvySuje se Sance na
fertilizaci oocytu (Bonet et al., 2013). Beéhem samotné kapacitace je z membrany spermie uvolnén
cholesterol, zvysuje se jeji fluidita, méni se koncentrace intracelularnich iont (Ca*") v disledku
¢ehoz nastava hyperpolarizace membrany, aktivizuje se protein kinaza A (PKA) a proteiny spermie
jsou fosforylovany tyrosinem (Stival et al., 2016). V pfipadé kanci spermie kapacitaci navozuje
bikarbonat (HCO3") (Vicente-Carrillo et al., 2017), jehoz zvySena koncentrace v seminalni plazmé
aktivuje spermie, které byly vklidovém stavu skladovany v epididymu. V dobé ovulace se
koncentrace HCO3 uvnitf samiciho traktu dale zvySuje a iniciuje kapacitaci (Stival et al., 2016), ktera
u prasete trva piiblizné 2 hodiny (Bonet et al., 2013). ROS béhem kapacitace inhibuji aktivitu
tyrozinové fosfatazy a stimuluji aktivitu adenylat cyklazy a tim napomaha;ji aktivaci PKA. ROS se
také podileji na oxidaci cholesterolu, ktera vede k jeho efluxu z plazmatické membrany (Aitken,
2017; Herrero et al., 2000; de Lamirande et O’Flaherty, 2008; Lopez, 2015).

V dusledku kapacitace se méni metabolismus spermie a ta se stava hyperaktivni. Jeji pohyb
je intenzivnéjsi, coz se projevuje veétsim vychylenim hlavicky a §irsi amplitudou pohybu océsku.
Hyperaktivni spermie ma vétsi Sanci dosdhnout oocytu a proniknout granularnimi buikami
obklopujicimi vajicko. Na hyperaktivaci se pfimo podili reaktivni slouCeniny, které skrze tyrosinovou
fosforylaci moduluji pohyb bic¢iku (Suarez et Ho, 2003).

Po navazani spermie na zonu pellucidu oocytu, spermie zacinaji uvoliiovat proteolytické
enzymy z akrozomu, tento déj se oznacuje jako akrozomalni reakce. Proteolytické enzymy narusuji
zonu pellucidu a umoziuji prinik a fizi spermie s vajickem (Otasevic et al., 2020). Akrozomalni
reakce je spusténa ZP3 proteinem, ktery se nachéazi na zon¢ pellucid€. Jedna se o redoxné regulovany
proces, na kterém se také podileji ROS, jejichz pridani do kultiva¢niho média spousti akrozomalni
reakci (de Lamirande et O’Flaherty, 2008). ROS aktivuji klicové enzymy, které se podileji na
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akrozomalni reakci (e.g. solubilni guanylat cyklaza; sGC) (Aitken, 2017; Aquila et al., 2011; Lopez,
2015). Na vSech klicovych procesech ve spermie se podili zastupci vSech RS, pfiCemz nejvice
prostudované jsou ROS.

V ptipadé ROS lze povazovat za hlavni zdroje NADPH oxidazu (NOX), ktera v pfitomnosti
kysliku oxiduje nikotinamid adenin dinukleotid fosfat za vzniku superoxidu (O2"). Dalsi vyznamny
zdroj predstavuji mitochondrie, které produkuji superoxid jakozto vedlej§i metabolit dychaciho
fetézce (Aitken, 2017). Jako alternativni zdroje ROS lze uvést lipoxygenazu, ¢€i oxidazu L-amino
kyseliny. Zvysena produkce ROS vede k aktivaci solubilni formy adenylyl cyklazy (sAC), ktera
zajistuje produkci cyklického adenosinmonofosfatu (cAMP). V disledku zvysSené koncentrace
cAMP se aktivuji PKA a tyrosinové kinazy a tim dochazi k tyrosinové fosforylaci klicovych proteinu
ve spermii. Superoxid se také podili na oxidaci cholesterolu za vzniku oxysterolli, které opousteji
membranu a tim zvy§uji jeji fluiditu (Aitken, 2017). Cast superoxidu je redukovana SOD za vzniku
H,0,, ktery blokuje aktivitu tyrosinovych fosfataz a umoznuje tak dramaticky narast tyrosinové
fosforylace. Ve stejném smyslu ucinkuje také PK A, ktera aktivuje SRC kinazy, které jsou odpoveédné
za fosforylaci (inaktivaci) tyrosinovych fosfatdz a tim napomahaji tyrosinové fosforylaci. V soucasné
dobé je jiz prokazano, ze superoxidovy anion interaguje oxidem dusnatym a sulfanem. Spolecné se
tak ROS, RNS a RSS podileji na regulacni procesech spojenymi s kapacitaci, hyperaktivaci a
akrozomalni reakci (Aitken, 2017; Otasevic et al., 2020). Na rozdil od ROS, vychozi slou¢eniny RNS
a RSS, oxid dusnaty a hydrogen sulfid, vykazuji specifické vlastnosti, na zakladé, kterych vzniklo

oznaceni gasotransmitery, které sdruzuje plynné signalni molekuly.
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Obrazek 2. Klicové d€je ve spermii: kapacitace, hyperaktivace a akrozomalni reakce. Kapacitace
zacina vyvazanim cholesterolu z plazmatické membrany spermii. Nasledna zmeéna fluidity membrany
a aktivace kliCovych iontovych kanali pomoci HCOs3", jehoz koncentrace se v reproduk¢nim traktu
samice dale zvySuje, vede ke zmé€né membranového potencialu, aktivaci napétim fizenych kanala,
influxu Ca?" a nasledné aktivaci transmembranové adenylat cyklazy respektive sAC. Ta zajistuje
tvorbu cAMP, ktery spousti tyrosinovou fosforylaci kliCovych proteinti a nasledné se aktivizuje
metabolismus spermie. Pocate¢ni influx Ca?" iontdl je dale navysen aktivaci CatSper iontovych
kanal®, diky kterym je zajistén dostatecny piisun Ca?* iontdl pro hyperaktivaci spermie. Jeji pohyb se
stava intenzivnéjsi a zvysSuje se Sance na proniknuti kumularnimi buikami. Po navazani na zonu
pellucidu vajicka dochazi k akrozomalni reakci. Enzymy v akrozomu umoziuji prinik skrz zonu a

naslednou fuzi gamet. Na vSech téchto dé&jich se podili i gasotransmitery NO a H>S (Kadlec, 2022).
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2.5 Gasotransmitery

2.5.1 Oxid dusnaty

Za produkci reaktivnich forem dusiku je odpoveédna syntaza oxidu dusnatého (NOS) u které byly
identifikovany tfi zakladni isoformy: neuronalni (nNOS), endotelialni (eNOS) a inducibilni (iNOS);
jako hlavni substrat pro aktivitu NOS slouzi L-arginin a kyslik (Forstermann et Kleinert, 1995).
Aktivitou NOS vznikd oxid dusnaty, ktery predstavuje vychozi reaktivni slouCeninu dusiku
(Turkyilmaz et al., 2004). Prvni dvé zminéné isoformy, nNOS a eNOS, se oznacuji jako konstitutivni
NOS a jsou aktivovany Ca’" a kalmodulinem, pficemz je charakterizuje kontinualni uvolfiovani
malych koncentraci NO (Herrero et Gagnon, 2001). Neuralni isoforma byla poprvé identifikovana
v neuronech centralni nervové soustavy, kde se podili na regulaci synaptické aktivity. Nasledné bylo
zjisténo, ze ovliviiuje krevni tlak skrze relaxaci hladké svaloviny stejn€ jako eNOS, ktera byla poprvé
identifikovana v endotelialnich burikach. Naopak iNOS byla identifikovana poprvé u makrofagg,
které produkuji jednorazové cytotoxické mnozstvi NO, a tak kontroluji bunécny rust a podileji se na
odstranovani cizorodych mikroorganisma v téle. Aktivita iNOS je indukovana lipopolysacharidy a
cytokiny (Lind et al., 2017). Aktivitou iNOS v makrofazich tedy vznikaji ,,vzplanuti“ oxidu
dusnatého pfi zanétlivych reakcich, a proto Ize iNOS povazovat za dulezitou soucast imunitniho
systému (Garcia-Ortiz et Serrador, 2018; Lundberg et al., 2015). V pozdé&jSim vyzkumu byla
prokazana piitomnost iNOS ve vétsiné tkani vcetné reprodukcéniho systému, kde se podili na
tfyziologickych procesech (Herrero et Gagnon, 2001). Nedavna studie (Staicu et al., 2019) prokazala
ptitomnost vSech tii isoforem NOS v kancich spermiich. Zatimco eNOS a nNOS byly pfitomné
v hlavicce spermie, iNOS byla lokalizovana v biciku. Studie také naznacuje souvislost mezi distribuci
isoforem NOS a normalni funkci spermie. Zarover se zda, ze distribuce NOS je druhové specificka,
kdy u kocicich spermii jsou vSechny ti1 isoformy pfitomné v biciku a cytoplazmatické kapce (Liman
et Alan, 2016). Oxid dusnaty produkovany isoformami NOS aktivuje sGC, jejiz aktivita zvySuje
koncentraci cyklického guanylat monofosfatu (cGMP). Navazanim cGMP na CNG (cyclic nucleotid
gated) iontové kanaly v membrané bigiku je regulovan influx Ca®" iontl v priibéhu kapacitace.
Zvysena koncentrace cGMP také vede k aktivaci cGMP-dependentni protein kinazy (PKG), ktera
fosforyluje serin a treonin proteina kli¢ovych pro kapacitaci a zaroveni PKG aktivuje makroskopické
iontové kanaly odpovédné za dlouhodobé udrzovani vysoké intracelularni hladiny Ca** ionti béhem
kapacitace (Cisneros-Mejorado et al., 2014). ZvySena hladina cGMP také nepfimo zvySuje hladinu
cAMP ve spermii, jelikoz se také vaze na fosfodiesterazu typu 3 (PDE3), ktera primarné degraduje

cAMP (Staicu et al., 2019). Pfi vysokych hladinach NO dochazi také k tyrosinové nitraci a S-
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nytrosilaci, pficemz bylo identifikovano na 200 proteind v lidské spermii, které predstavuji

potencialni cile signalizace NO (Lefiévre et al., 2007).

2.5.2 Sulfan

Existuje cela fada biologicky aktivnich reaktivnich sloucenin obsahujicich siru, pro které je
spoleCny jeden prekurzor, sulfan (Mishanina et al., 2015). Cilena produkce sulfanu v buiice je
primarné zajisténa tfemi enzymy: cystationin B-syntazou (CBS), cystationin y-lyazou (CSE) a 3-
merkaptopyruvat sulfutransferazou (3-MST). Jak CBS, tak CSE se nachazeji pfevazné v cytosolu a
funkce téchto enzymu je dependentni na dostupnosti pyridoxal 5-fosfatu. Naopak aktivita 3-MST je
podminéna pritomnosti zinku a nachazi se predevsim v mitochondriich (Kolluru et al., 2017). Za
urcitych okolnosti muze byt CSE pfesunuta z cytosolu do mitochondrii, kde vytvaii H»S a zaroven
napomaha ke zvyseni produkce ATP (Fu et al., 2012). Spole¢nym substratem pro sulfan-produkujici
enzymy jsou L-homocystein a L-cystein, které vznikaji metabolicky transulfuraci metioninu, nebo
jsou pfijimany piimo v potravé (Olson et Straub, 2016). Alternativni zdroj H>S predstavuje
metabolismus a-ketoglutaratu (Olson, 2018). Produkce H»S aktivitou 3-MST je primarné spojena
s metabolickou cestou zahrnujici cystein aminotransferazu (CAT) a a-ketoglutarat, avsak alternativni
metabolicka cesta zahrnuje oxidazu D-aminokyselin (DAO) a D-cystein (Olson, 2019). Enzymaticka
produkce sulfanu mize byt také zajisténa redukci tiolt katalazou (Olson et al., 2017), ktera navic
muze oxidovat HaS. Proto lze predpokladat, ze katalaza hraje vyznamnou roli v bunécném
metabolismu H>S (Olson, 2019). Vyznamny alternativni zdroj H»S predstavuje I. mitochondrialni
komplex, ktery je charakteristicky relativné vysokou koncentraci cysteinu v porovnani s cytosolem.
Bunécny katabolismus sulfanu zatim neni prostudovéan (Kimura, 2014), avSak zda se byt spojeny
pfedev§im s mitochondriemi, kde se nachazeji enzymy schopné oxidace H,S: sulfid chinon
oxidoreduktaza (SQR), thiosulfat transferaza (TST) a sulfid oxidaza (Olson, 2018). Na aktivitu SQR
navazuje ethylmalon-encefalopaticky protein 1 (ETHE1), ktery dale oxiduje sulfidy (Rose et al.,
2017). Zda se, Ze na katabolismu HaS se podileji i ROS a RNS (027, H20,, ONOO"), které H»S oxiduji
(Olson, 2018).

2.6 Interakce NO a H>S

Jsou to prave interakce mezi gasotransmitery a jejich produkty, o které se aktualné zajima
vyzkum zameéfeny na jejich tlohu v somatickych burikach téla. Rostouci mnozstvi studii vénujicich
se kardiovaskularni soustave piinasi dikazy o interakcich NO a H»S, které probihaji na nékolika

urovnich. Mezi NO a HS existuji spolecné cile bunécné signalizace, zarovenn muzou oba
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gasotransmitery vzajemné ovliviiovat svii) metabolismus a také se predpoklada interakce metabolita
obou gasotransmiterti (Nagpure et Bian, 2016).

Ze spolecnych bunécnych cilti signalizace 1ze uvést napiiklad mitogenem aktivované protein
kinazy (MAPK), mezi které fadime kaskadu extracelularné regulované kinazy (ERK) 1/2, C-Jun N-
terminalni kindzu (JNK), p38 a ERK 5. Recentni studie dokazuji, ze oba gasotransmitery ovliviiuji
funkci téchto kinaz, které se ucastni kapacitace, akrozomové reakce a ovliviiuji motilitu spermii
(Almog et Naor, 2008). Zatimco H,S snizuje fosforylact MAPK ve varlatech (Wang et al., 2018), NO
naopak aktivuje MAPK v Sertoliho buiikach (Lee et Cheng, 2004). Antagonisticka regulace MAPK
v burikach reprodukéni soustavy samcu je zajimava ve svétle studii, které dokazuji vliv MAPK na
motilitu, morfologii a kapacitaci spermii (Gangwar et Atreja, 2015; Silva et al., 2015). Silva et al.
(2015) poprvé u lidskych spermii identifikovali JNK, které¢ spadaji do podskupiny MAP kindz
oznacovanych jako stresem aktivované protein kinazy (SAPKs), k jejichz aktivaci fosforylaci dochazi
pii oxidacnim stresu. V této studii byla zdokumentovana negativni korelace hladiny fosforylované
JNK a progresivni motility. Jind studie od Wang et al. (2018) prokazala snizenou aktivitu MAPK
v testikularni krevni bariéfe mySich varlat vystavenych oxidacnimu stresu, ktery byl indukovan
pomoci lipopolysacharidi (LPS). Na zakladé téchto vysledku 1ze usuzovat, ze H2S snizuje fosforylaci
MAPK. Naopak zvySena fosforylace aktivujici MAPKSs byla pozorovana po vystaveni epitelialnich
bunék potkanich jater peroxynitritu (Schieke et al., 1999). Nicméné efekt plsobeni obou
gasotransmitert na MAPK ve spermii stale nebyl ovéfen. Dalsi spoleny cil bunééné signalizace
predstavuji Ca?" iontové kanaly (Kolluru et al., 2017; Shefa et al., 2018) a K* iontové kanaly (Kolluru
et al., 2017; Nagpure et Bian, 2016; Shefa et al., 2018). Pravé regulace Ca?" iontovych kanald je
vyznamna pro funkci spermie. Napfiklad CatSper iontové kanaly se podili nejen na kapacitaci
(Molina et al., 2018), ale také na hyperaktivaci, akrozomalni reakci a chemotaxi (Miki et Clapham,
2013, Singh et Rajender, 2015). Miraglia et al. (2007) ve své studii uvadi hypotézu, ze positivni efekt
NO na migraci spermii byl vysledkem aktivace iontovych kanali. Na druhou stranu Wilinski et al.
(2015) zaznamenal docCasné zpomaleni chemotaxe u spermii vystavenych H,S, pravdépodobné
v disledku vysoké koncentrace HaS a snizené motility. Mezi Ca?* iontové kanaly se fadi také TRP
(transient receptor potential) iontové kanaly, kam spadé 30 rozdilnych Ca?* kanald tvoticich 7 skupin
a jez se ucastni termotaxe spermii (Bjorkgren et Lishko, 2017; Kumar et al., 2018). Podskupina TRP
iontovych kanali, TRP vanilloid (TRPV) iontové kanaly, je aktivovana HoS a NO (Kolluru et al.,
2017; Yoshida et al., 2006). Nedavno bylo zji§téno, ze TRPV typ 4 se podili na kapacitaci a
hyperaktivaci lidskych spermii (Mundt et al., 2018). Ovlivtiyji influx Na*, ktery vede k depolarizaci
membrany a nasledné aktivaci napétim fizenym kanala (Mundt et al., 2018), pficemz imunolokalizace

odhalila pfitomnost téchto kanalti na bi¢iku a akrozomu lidskych spermii (Mundt et al., 2018). U
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bycich spermii byla prokazéana ptitomnost TRPV 1 kanalu, pfi¢emz vysledky ukazuji na souvislost
aktivity TRPV 1 s motilitou, hyperaktivaci, kapacitaci a akrozomalni reakci. Zarovenn TRPV 1 kanal
hraje vyznamnou roli pfi kapacitaci kancich spermii (Bernabo et al., 2010). Bernabo et al. (2010)
zaznamenali zménu v rozlozeni TRPV 1 kanalt po kapacitaci, kdy se TRPV 1 kanaly pfesunuly
z postakrozomalni oblasti smeérem k akrozomu a stfedovému oddilu biciku, kde se nachazeji
mitochondrie. Na kapacitaci se podileji také K* iontové kanaly, které navozuji hyperpolarizaci
membrany. K" iontové kanaly maji také vliv na funkci mitochondrii, a tim pAdem ovliviiuji i produkci
ATP v burice. Aktivaci K* iontovych kanall se zvySuje produkce ATP, coz vede ke zvySeni motility
a hyperaktivaci (Gupta et al., 2018).

Z hlediska interakci mezi obéma gasotransmitery, NO a H»S, je zajimava schopnost H>S
aktivovat fosfatidylinositol-3-kinazu (PI3K) a ERK v kancich spermiich (Zhao et al., 2016). Prave
v ptipadé enzymi ERK byla pozorovana schopnost zvysit citlivost eNOS na stimulaci Ca**
v endotelialnich burikach (Di et al., 2001). Obdobné, za vyuziti vicero donord H»S u mysi
s vyfazenym genem pro CSE byla aktivovana eNOS v myokardialnich bunikach (King, 2013). Ke
zvyseni produkce NO po fosforylaci serinu 1179 eNOS na zékladé¢ aktivity MEK/ERK 1/2 a PI3K/akt
dochazi také po aplikaci H>O; (Cai et al., 2003) a pravdépodobné se jedna o adaptacni mechanismus
bunky na oxidacni stres. Opacné k efektu pozorovaném u eNOS, po aplikaci H,S donort (NaHS a
diallyl trisulfidu) se inhibuje iNOS b&hem zanétlivé reakce (Benetti et al., 2013). Nicméné stejné jako
v predchozim piipade€, vysledny efekt interakce NO a H»S je stale nejasny nehledé na typ buriky
(Kolluru et al., 2015).

Vyznamna se zda byt i pfima interakce mezi NO a HzS a jejich metabolity, kterd vede
k formovani potencialné vyznamnych signalnich molekul jako je napfiklad nitroxyl (HNO)
(Ivanovic-Burmazovic et Filipovic, 2019; Lefievre et al., 2007). Soucasny vyzkum se zamétuje prave
na toto komplexni téma se zna¢nym vyznamem pro bunécnou fyziologii (Cortese-Krott et al., 2015).
Ku ptikladu HS™ reaguje s peroxynitritem za vzniku HSNO (Nagpure et Bian, 2016), ktery
ptredstavuje potencialné€ vyznamny zdroj jak NO, tak HNO (Filipovic et al., 2012). Vyzkum zaméteny
na efekt HNO v bunécné fyziologii kardiovaskularniho systému odhalil zajimavé vysledky
potencialné relevantni také pro fyziologii spermii (Nagpure et Bian, 2016). Za vyuziti donoru HNO,
Andrews et al. (2015) prokazali, ze HNO ucinkuje skrze aktivaci sGC/cGMP. HNO také vykazuje
antioxidacni vlastnosti, kdy brani lipidové peroxidaci PUFA (Bianco et al., 2017). Schopnost
redukovat lipidovou peroxidaci membrany je potencialn€ vyznamna také z hlediska kancich spermit,
jejichz membrana je bohata na PUFA (Bonet et al., 2013). Dale bylo prokazano, ze HNO muze branit
degradaci H,0», a tak zvySovat jeho hladiny, a zaroven reaguje s proteiny obsahujicimi tiol, jako je

napiiklad glyceraldehyd 3-fosfat dehydrogenaza (GAPDH), coz vede ke snizeni aktivity téchto
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enzymu (Andrews et al., 2015; Bianco et al., 2017). Ve spermiich byla identifikovana specificka
forma GAPDH (GAPDS), ktera hraje vyznamnou tlohu v energetickém metabolismu spermie (Miki
et al., 2004). Jedna z navrhovanych interakci mezi NO a H2S vede k formovani S-nitrosoglutathionu
(GSNO) (Broniowska et al., 2013). ktery se zda byt intracelularnim rezervoarem NO. Reakci GSNO
s GPx, ¢i thioredoxinovou reduktazou se uvoliiuje NO. Stejny vysledek se predpoklada i u reakce
GSNO a H»S ¢i HS™ (Ondrias et al., 2008). Dale se také predpoklada, ze reakci GSNO se sulfidy
dochazi k formovani HNO (Berenyiova et al., 2015). Ve vaskularnim systému byla pozorovana
inhibice NADPH oxidazy (Nox 2) (Nagpure et Bian, 2016), avSak typ a uloha NADPH oxidazy u
spermii ztistava neobjasnéna (Toor et Sikka, 2019). Prozatim byla identifikovana pouze isoforma Nox
5 v lidskych varlatech a spermiich, ve kterych byla lokalizovana na akrozomu a biciku a jeji exprese
méla pozitivni vliv na motilitu (Musset et al., 2012). Nedavno byl navrzen nitrosopersulfid (SSNO")
jako odolnégjsi a efektivnéjsi donor NO, nez GSNO (Cortese-Krott et al., 2015), pficemz k formovani
SSNO" vede nadbytecné mnozstvi sulfidu (Cortese-Krott et al., 2014). Krom zminénych interakci
metabolitt NO a H>S byly navrzeny dalsi varianty signalizace téchto dvou gasotransmiterd
(Wedmann et al., 2017), coz dokazuje komplexnost toho tématu a zaroven podtrhava potiebu dal§iho
vyzkumu t¢inku simultannich aplikace téchto dvou gasotransmiterti. Hlavni komplikaci pii uréovani
osudu téchto dvou messengert v burice zustava fakt, Ze vétsina metaboliti ma kratky polocas rozpadu
a neexistuji dostatecné specifické sondy pro jejich detekci (Smulik-Izydorczyk et al., 2018). Jak je
naznaceno vySe, interakce obou gasotransmiterd (NO a H»S) mohou vést k formovani metabolitd
s antioxidaCnim ucinkem (e.g. HNO), nicméné antioxidani vlastnosti byly pozorovany 1 u

samotnych gasotransmitert, které tak mohou posilit antioxidac¢ni mechanismy pfitomné ve spermii.

2.7 Antioxida¢ni systémy spermie

Zatimco spermie se svym charakteristicky nizkym obsahem cytoplazmy maji velmi
limitované zdroje antioxida¢ni ochrany, semenna plazma piedstavuje hlavni zdroj antioxidantd
chranicich sam¢i gamety pied oxida¢nim stresem. Mezi hlavnimi antioxidanty semenné plasmy lze
uvést SOD a katalazu, jejichz efekt je podporfen dalSimi substancemi podobného ucinku, jako je
napiiklad albumin, glutation, pyruvat turin ¢i vitamin E a C (de Lamirande et Gagnon, 1995).
Z uvedenych latek s antioxidacnimi vlastnostmi lze odvodit dvé zakladni skupiny: enzymatické
antioxidanty, které lze oznacit za pfirozené a dale syntetické antioxidanty, jejichz koncentrace je
zavisla na jejich pfijmu z potravy. Té&lu vlastni, enzymatické antioxidanty, maji schopnost narusit
oxidacni fetézec, a tak snizit negativni dopad oxidac¢niho stresu. V konkrétnim ptikladu, SOD
vychytava superoxidové anionty, které redukuje na méné reaktivni peroxid vodiku, ktery je dale

zpracovan katalazou na kyslik a vodu. Peroxid vodiku je také redukovan na vodu a alkohol skrze
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aktivitu glutation peroxidazy (GPx), kterou dopliiuje glutation reduktaza (GR). Spole¢né¢ GPx a GR
chrani buriky pfed lipidovou peroxidaci udrzovanim fyziologické hladiny glutationu a jeho oxidované
formy (H. Funahashi et Sano, 2005; Matouskova et al., n.d.). Hladina syntetickych antioxidantt je
zavisla na pfijmu vitaminu, peptidd a mineralt v potrave, jako je tomu naptiklad u glutationu, jenz
slouzi jako kofaktor k Cinnosti selen-dependentni GPx. Jednd se o jeden znejefektivnéjSich
prostifedkti ochrany pied oxida¢nim stresem u bycich a kancich spermii (Funahashi et Sano, 2005).
Jako prekurzor pro biosyntézu glutationu slouzi cystein, ktery tak mize nepfimo napomahat ochrané
membranovych lipida a proteinu pied volnymi radikaly. Navic cystein vykazuje kryoprotektivni
ucinek, jelikoz napoméha k zachovani funk¢ni integrity akrozomu a mitochondrii a tim napomaha ke
zvySeni viability a motility. Tento efekt byl pozorovan také v ptipadé zchlazenych kancich divek
(Bansal et Bilaspuri, 2011). ZvySeny obsah cysteinu v fedidle kancich inseminacnich davek ma
pozitivni efekt na viabilitu spermii a jejich schopnost penetrace oocytu. Bé€zné vyuzivany synteticky
antioxidant, ktery je soucasti vétSiny fedicich medii pro kanci spermie, predstavuje hovézi sérovy
albumin (BSA) (Bansal et Bilaspuri, 2011). Ve spermii také hraji dilezitou roli pfi redukci oxidacniho

stresu peroxiredoxiny a thioredoxiny krom vyse zminénich antioxidanti (O’Flaherty, 2014).

2.7.1 Antioxidacni vlastnosti NO a H»S

Ucinek NO a H»S ve vztahu k antioxida¢nim aparatu spermie se odviji od jejich koncentrace.
Jak bylo zminéno vyse, nadmérna akumulace té€chto dvou gasotransmiteri vede ke zvySeni miry
oxida¢niho stresu a naruSeni oxidacni rovnovahy, avSak v ramci fyziologickych koncentraci mohou

obé latky podpofit antioxida¢ni status spermii, ¢i antioxidacni vlastnosti semenné plazmy.

NO a Oxidacni Stres

Na jednu stranu jeden ze tii gasotransmiterti, NO pfedstavuje zarovern vychozi slou¢eninu pro
tvorbu RSS, kdy reaguje s kyslikem a superoxidem a vytvaii slouceniny jako je dioxid dusicity, oxid
dusity a dalsi (Otasevic et al., 2020). Avsak Casto je opomijen fakt, ze NO muze také narusit oxidaéni
retézec, kyd reaguje s lipidovymi peroxylovymi radikaly a vykazuje tak 1 antioxida¢ni u¢inky (Radi,
2018). Prevazna vétSina studii byla zaméfena na oxidativni vlastnosti NO vedouci k poskozeni
membrany, ¢i naruSeni integrity DNA a snizeni mitochondrialni aktivity (Weidinger et Kozlov,
2015). Na rozdil od konstitutivnich forem NOS, které zajistuji produkci NO nezbytnou k bunécné
signalizaci, iNOS je isoforma odpovédna za produkci nadmérného mnozstvi NO, které slouzi
k zneskodnéni patogent (Wolff et Lubeskie, 1995). Proto byla publikovana fada studii zkoumajici
moznosti inhibice jednotlivych isoforem NOS (Alizadeh et al., 2010, Bahmanzadeh et al., 2008).
V centru pozornosti ptitom byla iNOS, jejiz aktivita je typicka pro zanétlivé reakce a byva spojena
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s béznymi disfunkcemi samci reprodukéni soustavy (Alizadeh et al., 2010). Blokovani iNOS tedy
pfispiva k udrzeni fyziologické hranice NO.

Antioxidacni vlastnosti vykazuji i slouCeniny guanidinu, mezi které patii i aminoguanidin
(AG), coz je slouCenina hydrazinu a L-argininu rozpustna ve vodé a je vyuzivana jako selektivni
iNOS ve vztahu k 1é¢bé diabetu, rakoviny, Ci infarktu (Corbett et al., 1992; Courderot-Masuyer et al.,
1999; Janakiram et Rao, 2012; Sun et al., 2010). Naopak moznosti vyuziti AG pii feSeni
reproduk¢nich poruch se zabyvalo relativné malo studii (Abbasi et al., 2011; Alizadeh et al., 2016;
Oguzet al., 2013). Yildiz et al. (1998) ve své studii potvrdili schopnost AG vychytavat peroxynitrite
a ROS, na coz navazali Courderot-Masuyer et al. (1999), ktefi prokazali schopnost AG vychytavat
hydroxylové a peroxylové radikaly. Zaroven byla u AG prokazana schopnost snizovat miru lipidové
peroxidace, pfiemz antioxidacni schopnosti se odviji od koncentrace AG (Philis-Tsimikas et al.,

1995).

H2S a oxidaéni stres

Stejné jako predchozi gasotransmiter 1 H»S lze fadit mezi reaktivni sloucCeniny. Stoji na
pocatku vzniku celé fady reaktivnich sloucenin siry (RSS) (Mishanina et al., 2015). RSS lze definovat
jako latky, které obsahuji alespori jeden redoxné aktivni atom siry, ¢i funk¢ni skupinu obsahujici siru
a zarover jsou schopné vstoupit do redoxnich reakci s biomolekulami pfi fyziologickych podminkach
zaucelem spusténi ¢i Sifeni bunééného signalu (Giles et al., 2017). Stejné jako v ptipadé ROS a RNS,
1 RSS jsou latky nezbytné pro fyziologické pochody v buiice av§ak jejich nadmérna akumulace vede
k oxida¢nimu stresu a poskozeni bunéénych komponent (Otasevic et al., 2020).

Wang et al. (2018) ve své studii zamétfené na astenozoospermické muze pozorovali negativni
vliv 5 pM NaHS na motilitu spermii, coz pfisuzovali uvolnéni nadmérného mnozstvi sulfanu.
K obdobnému zavéru dosli Zhao et al. (2016), kdy podavani Na,S v in vitro podminkach (25-100
uM) a in vivo podminkach (10 mg/kg télesné vahy) vedlo ke snizeni motility kan¢ich a mySich
spermii, v tomto potadi. Snizeni produkce ATP mitochondriemi se nabizi jako potencialni vysvétleni
pro snizeni motility spermii po aplikaci donord NaHS ve vysich koncentracich. Jiz v nékolika
bunécnych typech byla pozorovana inhibice mitochondrialniho IV komplexu za pouziti NaHS pfi
koncentraci 10 uM a vyssi (Szabo et al., 2014). ZvySeni oxidacniho stresu bylo pozorovano u kancich
spermii pii pouziti vysoké koncentrace donoru HoS (50 uM Na;S) (Zhao et al., 2016).

Na druhou stranu byly pozorovany i antioxida¢ni ucinky H»S, ktery zarovern pusobi jako
redukeni Cinidlo (Li et al., 2011). Pti nizkych koncentracich mize HS a jeho disociovana forma HS"

pfimo vychytavat jak ROS tak RNS (e.g. O2, H202, peroxynitrit) (Shefa et al., 2018). Na druhou
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stranu pifimé vychytavani RS se zda byt malo pravdépodobné v porovnani s jinymi antioxidanty
vzhledem k velmi nizkym fyziologickym koncentracim H,S v buiice (Shefa et al., 2018; Xie et al.,
2016). V tomto smyslu je pravdépodobnéjsi nepiimé navySeni antioxidacni kapacity bunky. U
testikularnich zarode¢nych bunék vystavenych tepelnému stresu byla pozorovana zvySena aktivita
SOD a snizena hladina ROS po aplikaci NaHS (Li et al., 2015). Zarover Li et al. (2015) pozorovali
rekuperaci dysfunkénich mitochondrii se snizenou produkci ATP a zvySenou spotfebou O3, coz
naznacuje, ze H2S by mohl branit bunééné apoptdze. V souhlasu s predchazejici studii Ning et al.
(2018) pozorovali zvySenou expresi SOD a snizeni poctu apoptotickych bunék u testikularnich bunék
vystavenych tepelnému stresu po aplikaci donoru H2S (GYY4137). Autofi zaroven zméfili expresi
mitochondrialnich apoptotickych proteinti: Bax, Bcl-2 a kaspazy 3. Po aplikaci donoru HaS se
vyrovnal pomér proteini Bax a Bcl-2 (Ning et al., 2018). Pravé pomér téchto dvou proteint
podminuje aktivaci apoptozy (Jia et al., 2009). Pravé udrzenim spravného poméru Bax a Bcl-2 doslo
ke snizené expresi kaspazy 3 po aplikaci GYY4137 (Ning et al., 2018). Aktivace kaspazy 3 spousti
signalni kaskadu, kdy uz nejde zvratit proces apoptozy (Porter et Janicke, 1999). Zda se tedy, ze H>S
muze vykazovat jak pfimé antioxidacni vlastnosti a stejn€ tak muaze i nepfimo navysit antioxidacni
mechanismy v burice.

Antioxidacni vlastnosti gasotransmiterd jsou zajimavé z hlediska prevence zvySovani
koncentrace ROS béhem in vitro manipulace se sam¢imi gametami (Rodriguez et al., 2017). Vznikly
oxidacni stres vede v pfipadé savCich spermii k lipidové peroxidaci, ktera pfedstavuje jednu
z hlavnich pfi€in snizené motility, kterd ma negativni dopad na fertilizani potencial inseminacnich
davek (Aitken, 2017). Zaroven vSak neni zadouci piiliSna koncentrace antioxidantd v inseminacni
davce, jelikoz by snizila koncentraci RS pod fyziologicky nezbytnou troven a tim omezila klicové
funk¢ni vlastnosti spermii (Sikka, 2004). Proto je tfeba pii hodnoceni efektu antioxidantti na kvalitu
spermii brat v uvahu nejen piimé ukazatele, jako je antioxidacni kapacita, ale také neptfimé ukazatele,
které predstavuji praveé funkéni vlastnosti spermii, kde 1ze mezi hlavnimi parametry uvést motilitu a

integritu cytoplazmatické membrany a akrozomu.

Cast prehledu literatury byla publikovana v review: Kadlec, M., Ros-Santaella, J. L., Pintus, E.
2020. The Roles of NO and H2S in Sperm Biology: Recent Advances and New Perspectives.

International Journal of Molecular Sciences. 21 (6). 2174., které je soucasti piiloh.
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3  Hypotéza a cile prace

Byla stanovena hypotéza, ze gasotransmitery mohou zlepSovat funkéni vlastnosti kan¢ich spermii a
ovliviiovat miru jejich oxidativniho stresu:
1. Selektivni inhibitor iNOS, aminoguanidin, zmirni dopady oxida¢niho stresu na kanci spermie.
2. Efekt sulfanu na kanci spermie se bude lisit v zavislosti na pouzitém donoru.
3. Interakci mezi oxidem dusnatym a sulfanem lze posilit positivni efekt obou gasotransmitert

na kan¢i spermie v pfitomnosti oxidacniho stresu.

Pro ovéteni stanovené hypotézy byly stanoveny nasledujici cile:
1. Oveéfit vliv aminoguanidinu na funkéni vlastnosti a markery oxida¢niho stresu u kancich
spermii vystavenych oxidacnim stresu.
2. Porovnat efekt rozdilnych donort sulfanu na funkcni vlastnosti a markery oxidacniho stresu
u kancich spermii vystavenych oxidacnimu stresu.
3. Ovefit interakci donoru NO s donorem HaS v pfitomnosti oxida¢niho stresu porovnanim
funk¢nich vlastnosti a markerti oxidac¢niho stresu u vzorkt s jednim donorem se vzorky s

dvéma donory.
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4  Materialy a metody

K experimentim byly pouzity komercni inseminacni davky, které byly dopraveny do
laboratofe a skladovéany pii 17 °C v chladicim boxu az do jejich zpracovani. V laboratofi byla
vyhodnocena kvalita kazdé inseminacnich davky pomoci pocitacem fizené analyzy spermii (CASA)
a morfologie spermii. Inseminacni davky s nejlepsimi parametry se centrifugovaly (1000 rpm/3 min.
/ 167 g) a odebral se supernatant zbaveny casti defektnich spermii. Pro praci se smichaly inseminacni
davky tii rozdilnych kanc v pomeéru 1:1:1. Nasledny smésny vzorek se fedil na vhodnou finalni
koncentraci (20 x 10°ml). Pro nafedéni se pouzivalo médium extrahované z inseminaéni davky

pomoci centrifugace (4100 rpm/10 min.; Obr.3).

Vsechny chemikalie byly potizeny od firmy Sigma-Aldrich (Ceské republika), pokud neni
uvedeno jinak. Pro ovéfeni prvniho cile se vyuzil aminoguanidin hydrochlorid. Pro ovéreni efektu
sulfanu na spermie se pozilo rychlého donoru Na;S (NaS x 9 H,0) a pomalého donoru GYY4317
(C11H16NO2PS2:C4HONO x CH2CI2) sulfanu. Cilova koncentrace donoru se stanovila na zakladé
dostupné literatury a vzhledem vysledkim pfipravnych experimenti (nepublikovana data). Vliv
oxidu dusnatého na spermie se ovéfil pomoci nitroprusidu sodného (SNP). Pti zkoumani interakce
NO a H;S se pouzil rychly donor sulfanu NaHS a donoru oxidu dusnatého SNP. Indukce oxidacniho
stresu byla navozena aplikaci systému askorbat sodny/sulfat zelezity (Fe?/askorbat) ve vodném
roztoku, ktery se pfidal do zkoumanych vzorkl o koncentraci dle dostupné literatury. Tento systém
je vhodny pro navozeni lipidové peroxidace. Vzorky se po dobu celou dobu trvani experimentd

inkubovaly ve vodni lazni pti 38°C. Ve stanovené Casy se hodnotily nize zminéné parametry.
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Obrazek 3. Postup zpracovani komercnich inseminacnich davek (Kadlec, 2022).

Kli¢ové odlisnosti v experimentalnim designu jednotlivych pokust jsou popsany zvlast pro kazdy
experiment. Spolecné metody kvalitativniho hodnoceni spermii a markerd oxidac¢niho stresu

zahrnovaly:
1) Stanoveni morfologie

Spermie se fedily pomoci PBS bufferu a fixovaly 2,5% glutaraldehydem. Nasledn¢ se hodnotila

suspenze svételnou mikroskopii pii 40x zvétSeni.
2) Pocitacem fizend analyza (CASA)

Analyza zahrnovala stanoveni standartnich parametra: celkové motility (% motilnich spermii),
progresivni motility (% spermii s miniméalni VAP), linearita (LIN), pfimost (STR), amplituda
laterarniho vyboceni hlavicky spermie (ALH), frekvence kiizeni (BCF), rychlost kfivoc¢arého
pohybu (VCL), rychlost ptimého pohybu (VSL) a rychlost po prumérné trajektorii (VAP).

Systém CASA se skladal, krom stolniho pocitace, z mikroskopu Eclipse E600 (Nikon, Tokyo,
Japonsko), ktery byl vybaven objektivem s 10x negativnim fazovym kontrastem (Nikon, Tokyo,
Japonsko), vyhievnou deskou (38 °C; Tokai Hit, Shizuoka, Japonsko), a DMK 23UMO021 digitalni
kamerou (The Imaging Source, Bremen, Némecko). Rychlost zaznamu byla stanovena na 60
obrazki za vtefinu (60 FPS), minimalné zaznamenano 31 obrazki. Celkem bylo minimalné

hodnoceno 200 spermii.
3) Analyza integrity plazmatické membrany (PI-CFDA)

Vzorek byl zfedén v PBS bufferu, ktery obsahoval fluorescein jodid propidia (PI; (zasobni roztok
obsahoval 0.5 mg/mL PI v PBS), karboxyfluorescein diacetat (CFDA; zasobni roztok obsahoval
0.46 mg/mL CFDA v dimetyl sulfoxidu) a 0,3% formaldehyd. Vzorky se nasledné inkubovaly 10
min. pii 38 °C a poté se hodnotila pod epifluorescencnim mikroskopem pii 40x zvétSeni. Spermie
s neporusenou membranou byly zbarveny zelené (CFDA), spermie s poskozenou membranou

byly zbarveny Cervené (jodid propidia). Pocita se 200 spermii.
4) Analyza integrity akrozomu (PNA-FITC)

Pripravil se roztér vzorku a fixoval se v methanolu po dobu 10 minut. Nasledné se vzorky

promyvaly v PBS. Roztéry se inkubovaly v temnoté pii 38 °C po dobu 10 minut v pfitomnosti
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aglutininu podzemnice olejné (PNA) konjugovaného s fluorescein-5-isothiokyanatem (FITC) v
roztoku PBS. Inkubace probihala ve vlhké komorte. Nasledné se vzorky promyvaly v PBS a
hodnotily se pomoci epifluorescence pii 40x zvétSeni. V kazdém vzorku bylo vyhodnoceno 200

spermii, zelené zbarvené spermie mély intaktni akrozom.
5) Analyza integrity akrozomalniho hiebene (NAR test)

Odebrany vzorek se fixoval 2,5% glutaraldehydem a byl vyhodnocen pomoci fazového kontrastu

pii 40x zvétSeni. V kazdém vzorku bylo hodnoceno 200 spermii.
6) Analyza lipidové peroxidace plazmatické membrany

Lipidova peroxidace se stanovila pomoci kyseliny thiobarbiturové (TBARS). Pii stanoveném
Casu byly odebrany vzorky a skladovany pfti -80 °C az do analyzy. Méfila se absorbance kazdého
vzorku pii vlnové délce 532 nm pomoci spektrofotometru. Referencni kiivka byla stanovena
pomoci 1,1,3,3-tetrametoxypropanu (MDA) o znamé koncentraci. Mira lipidové koncentrace byla

vyjadiena jako pmol MDA na 108 spermii. Kazdy vzorek byl méfen dvakrat.
7) Analyza celkové antioxida¢ni kapacity (TAC)

Ve stanoveny cas se odebral vzorek, ktery byl centrifugovan po 10 min. pfi 2000 g a 4 °C a
nasledné byl supernatant odebran a ulozen do -80 °C az do vlastni analyzy. Celkovéa antioxidacni
kapacita se stanovila pomoci spektrofotometru pfi vinové délce 660 nm za vyuziti 2-azinobis-(3-
etylbenzotiazoline-6-sulfoniové kyseliny (ABTS). Referencni kiivka se stanovila pomoci 6-
hydroxy-2,5,7,8-tetrametylchroman-2-karboxylové kyseliny (Trolox). Antioxida¢ni kapacita
byla vyjadrena jako ekvivalent Troloxu v mM.

Design jednotlivych experimenti a specifické parametry hodnoceni:
4.1 Ovéreni vlivu aminoguanidinu na funkéni vlastnosti a markery
oxidacniho stresu u kancich spermii vystavenych oxida¢nim stresu

Experimentdlni skupin a doba inkubace: Ctr, Ctr-OX, Ag 0,1 mM, 1mM, 10 mM; 20 min (pouze
Ctr), 120 min, 210 min

Priprava vzorkii a koncentrace donorii: Byl indukovan oxida¢ni stres pomoci Fe?*/askorbatu sodného
(0,5 mM/ 0,5 mM v PBS) u nasledujicich vzorkii: Ctr-OX, Ag 0,1 mM, 1mM, 10 mM; aminoguanidin
byl fedén v PBS pro pfipraveni zasobniho 0,2 M roztoku.
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Markery oxidacniho stresu: TAC, lipidova peroxidace

Funkcni viastnosti spermii: index motility spermii (SMI), CASA, integrita plazmatické membrany

(HOST, CFDA-PI), integrita akrozomu (NAR test, PNA-FITC)

SMI: Byla stanovena subjektivni kvalita pohybu (QM) na stupnici 0-5 (0 pro zadny pohyb, 5 pro
intenzivni progresivni pohyb). Dale bylo subjektivné stanoveno procento motilnich spermii
zaokrouhlené na nejblizsich 5 %. Ziskané hodnoty byly pfevedeny na SMI pomoci formule: [SM +
(QM x 20)]/2.

HOS test (test hypoosmotické bobtnavosti): Byl piipraveny hypoosmoticky roztok (7,35 g/l citrat
sodny a 13,51 g/l fruktoza) temperovany na 38 °C. Vzorky byly inkubovéany v hypoosmotickém
roztoku po dobu 30 minut. Pocitano bylo 200 spermii pomoci 40x objektivu s fazovym kontrastem.
Spermie se stoCenym biCikem byly hodnoceny jako spermie s neposkozenou plazmatickou

membranou biciku.

Statisticka analyza: Statisticka analyza byla provedena za vyuziti softwaru SPSS 20.0 (IBM Inc,,
Chicago, IL, USA). Pro kontrolu normality distribuce byl vyuzit Shapiro-Wilkav test. Pro porovnani
kontrolniho vzorku (Ctr) v rozdilnych Casech inkubace byly pouzity ANOVA a Friedmantuv test
v zavislosti na normalité rozlozeni dat. Generalizované linearni modely byly pouzity k vzajemnému
porovnani vzorkd v danych Casech. Data byla vyjadfena jako prumér £+ smérodatna odchylka.

Statistickd hladina vyznamnosti p byla 0,05.

4.2 Porovnani efektu rozdilnych donori sulfanu na funkéni vlastnosti a
markery oxidacniho stresu u kancich spermii vystavenych
oxida¢nimu stresu

Experiment L. Stanoveni antioxidacnich vlastnosti a stability pomalého a rychlého donoru sulfanu

(NazS a GYY4317)

Experimentdlni skupiny a doba inkubace: Na,S (150, 300, 600, 1200, 2400 uM), GYY4317 (150,
300, 600, 1200, 2400 uM); 20 min, 120 min, 210 min

Priprava vzorkit a koncentrace donorii: NaxS / GYY4137 byly fedény v roztoku PBS do finalni
koncentrace 2,400, 1,200, 600, 300, a 150 uM.

Hodnoceni antioxidacnich schopnosti: TAC

Statisticka analyza: Pro ovéfeni normality distribuce byl pouzit Shapiro-Vilkav test a pro ovéreni
homogenity dat byl pouzit Levenav test. Mann-Whitney U-test byl vyuzit pro porovnani TAC Na,S

a GYY4317 o stejné koncentraci. Friedmantiv test opakovanych méfeni byl pouzit pro porovnani
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TAC obou donorti H2S v pribéhu inkubace. Data byla vyjadiena jako prameér + smérodatna odchylka.

Statistickd hladina vyznamnosti p byla 0,05.
Experiment I1. Ovéfeni u¢inku donord sulfanu na spermie vystavené oxida¢nimu stresu.

Experimentdlni skupiny a doba inkubace: Ctr, Ctr-OX, Na,S (3, 30, 300 uM), GYY4317 (3, 30, 300
uM); 20 min (pouze Ctr) a 210 min

Priprava vzorkii a koncentrace donorii: Byl indukovan oxida¢ni stres pomoci Fe?*/askorbatu sodného
(0,1 mM/ 0,5 mM v PBS) v nésledujicich vzorcich: Ctr-OX, Na,S (3-300 uM), GYY4317 (3-300

uM); donory sulfanu byly nafedény v PBS na pozadovanou koncentraci.
Markery oxidacniho stresu: lipidova peroxidace

Funkcni viastmosti: CASA, integrita plazmatické membrany (CFDA-PI), integrita akrozomu (NAR
test, PNA-FITC), mitochondrialni aktivita (rhodamin 123-PI)

Analyza mitochondridlni aktivity: Vzorky byly inkubovani v pfitomnosti thodaminu 123 (5 mg/ml,
w/v, v dimetylsulfoxidu, DMSO) a propidium iodidu (0,5 mg/ml, w/v, v PBS) po dobu 15 minut pfi
38 °C v temné komote. Po inkubaci byly vzorky centrifugovany pii 500 g po dobu 5 minut. Po odsati
supernatantu byl vzorek resuspendovan v PBS. Hodnoceno bylo 200 spermii pomoci
epifluorescenénim mikroskopie pfi 40x zvétSeni. Spermie vykazujici intenzivni svétle zelenou

fluorescenci v proximalni ¢asti bi¢iku se povazovaly za spermie s aktivnimi mitochondriemi.

Statisticka analyza: Pro ovéfeni normality distribuce byl pouzit Shapiro-Vilkav test a pro ovéreni
homogenity dat byl pouzit Levenuv test. Pro porovnani efektu a typu donoru na variabilni parametry
spermii byly pouzity generalizované linearni modely (GZLM). Data byla vyjadiena jako primér +

smérodatna odchylka. Statisticka hladina vyznamnosti p byla 0,05.

4.3 Ovéreni interakce donoru NO s donorem H:S v piitomnosti
oxidacniho stresu porovnianim funkénich vlastnosti a markeri
oxida¢niho stresu u vzorkii s jednim donorem se vzorky s dvéma
donory

Experimentdini skupiny a doba inkubace: Ctr, Ctr-OX, DD (0,1 uM SNP + 0,1 uM NaHS), SNP (0,1

uM), NaHS (0,1 uM); 20 min (pouze Ctr) a 90 min

Priprava vzorkii a koncentrace donorii: Byl indukovan oxidaéni stres pomoci Fe?*/askorbatu sodného
(0,5 mM/ 0,5 mM v PBS) u nasledujicich vzorki: Ctr-OX, DD, SNP, NaHS; donory gasotransmitert
(SNP/NaHS) byly nafedény v PBS na pozadovanou koncentraci.

Markery oxidacniho stresu: TAC, lipidova peroxidace
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Funkcni viastnosti: CASA, integrita plazmatické membrany (CFDA-PI), integrita akrozomu (PNA-
FITC)

Statistika: Normalita distribuce byla analyzovana pomoci Shapiro-Vilkova testu. Pro analyzu vlivu
jednotlivych donorti a jejich kombinace na pozorované parametry byly pouzity generalizované
linearni modely (GZLM). Data byla vyjadrena jako primér + smérodatna odchylka. Statisticka
hladina vyznamnosti p byla 0,05.

Analyza subpopulaci na zakladé motility: PocCet subpopulaci byl stanoven automaticky pomoci
dvojstupiiového shlukovani za vyuziti Eukleidovské vzdalenosti a Schwartz-Bayesova kritéria.
Ziskany pocet shlukt byl pouzit k analyze nejblizsich stfedu (K-means cluster test) danych shlukd.
Kruskaltiv-Wallistiv test byl pouzit k ovéfeni rozdili mezi subpopulacemi spermii jednotlivych
vzorkt. K ovéreni odlisnosti kinetickych parametri jednotlivych subpopulaci byl pouzit Wilcoxav
parovy test. Data byla vyjadiena jako pramér + smérodatna odchylka. Statisticka hladina vyznamnosti

p byla 0,05.
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S Vysledky a diskuse

5.1 Vliv aminoguanidinu na funkéni vlastnosti a markery oxida¢niho
stresu u kancich spermii vystavenych oxidaénim stresu

Endogenni produkci NO zajistuje NOS, ktera se vyskytuje ve tfech isoformach (Forstermann
et Kleinert, 1995). VSechny tfi isoformy NOS se podileji na klicovych reprodukcnich procesech
(Dixit et Parvizi, 2001), a jsou exprimovany v lidskych, mysich i1 kancich spermiich (Aquila et al.,
2011; Herrero et al., 1997; Herrero et al., 1996). AvSak inducibilni isoforma, iNOS, je spojovana
predevsim s aktivitou bunék imunitniho systému béhem infekce, ¢i zanétlivych stavi. Leukocyty
pfitomné v semenné plazmé predstavuji jeden z hlavni zdroji ROS (Gomez et al., 2021; Kessopoulou
etal., 1992). V této studii byl testovan aminoguanidin, ktery predstavuje selektivni inhibitor iNOS a
zaroven pusobi jako antioxidant (Abbasi et al., 2011).

Vysledky studie jasné prokazaly silny antioxidacni potencial aminoguanidinu, ktery také
zachovava motilitu spermii, snizuje miru lipidové peroxidace a chrani plazmatickou membranu a
integritu akrozomu u kancich spermii vystavenych indukovanému oxidacnimu stresu. Zajimavé
hodnoty vykazoval vzorek s 1 mM koncentraci aminoguanidinu, ktery se nelisil, ¢i dokonce
vykazoval lepsi vysledky zhlediska funkCnich parametrd spermii, nez kontrolni vzorek bez
indukovaného oxidativniho stresu (Ctr), coz dokazuje, ze negativni dopad oxidativniho stresu byl
zcela odstranén. Nehledé na dobu inkubace, u vzorka s koncentraci aminoguanidinu 1 a 10 mM byla
pozorovana vyssi antioxidacni kapacita, nez u kontrolnich vzorkd (Ctr a Ctr-OX). Zaroven nebyl
skrze hodnocené parametry odhalen cytotoxicky efekt.

Vzhledem k vysledkiim nasi studie se zda byt aminoguanidin vhodnym c¢initelem k potlaceni
negativniho dopadu oxidac¢niho stresu, coz odpovida zavérim dalsich studii zaméfenych na dalsi typy
bunék a tkani (Abo-Salem, 2012; Abraham et Rabi, 2011; Eroglu et al., 2008). Celkova antioxidacni
kapacita u vzorku s ImM aminoguanidinem odpovidala fyziologické antioxidaéni kapacité kanci
semenné plazmy (Barranco et al., 2015; Zakosek Pipan et al., 2014). Vyssi antioxidacni kapacita
semenné plazmy chrani spermie pfi zpracovani v in vitro podminkach (e.g. vyroba inseminacnich
davek), coz vede k lepsi reprodukénim vysledkim (e.g. velikost vrhu)(Barranco et al., 2015). V této
studii byl pozorovan pozitivni vliv aminoguanidinu na klicové parametry spermii (integrita
plazmatické membrany a akrozomu a motilita), které jsou spojovany s fertilizatnim potencidlem
hospodarskych zvirat (Jung et al., 2015; Kastelic et Thundathil, 2008; Love, 2016). I kdyz spermie
ve vzorku s 10 mM aminoguanidinem vykazovaly vice nez dvakrat vyssi motilitu nez kontrolni
vzorek vystaveny oxida¢nimu stresu, progresivni motilita a linearni motilita byly znacné snizené.

Pravdépodobné vysvétleni nabizi zna¢né zvySena antioxidacni kapacita v porovnani s fyziologickou
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antioxidacni kapacitou (Barranco et al., 2015; ZakoSek Pipan et al., 2014). Zda se, ze vysoka
koncentrace aminoguanidinu snizila hladinu ROS pod fyziologicky nezbytnou uroven, coz vedlo
k Castecnému snizeni zminénych parametrti motility, aniz by to mélo negativni vliv na dalsi parametry
spermii. Aminoguanidin ochranil akrozom pfed negativnim dopadem oxidacniho stresu, pficemz
integrita akrozomu je zasadni pro spravny prubéh akrozomalni reakce a prunik spermie ochrannymi
vrstvami oocytu (Bonet et al., 2013). Caste¢na akrozomalni reakce, ke které dochazi béhem inkubace
¢i ve fertilizaCnim médiu, je hlavni pfi¢inou polyspermie v asistované reprodukci prasat (Hiroaki
Funahashi, 2003). V tomto smyslu lze prohlasit, ze aminoguanidin zvysuje fertilizacni potencial skrze
ochranu integrity akrozomu.

Vysledky studie tedy prokazaly antioxida¢ni ucinky selektivniho inhibitoru iNOS,
aminoguanidinu, ktery zaroven napomahd kudrzeni funkénich vlastnosti kancich spermii v
pritomnosti oxida¢niho stresu. Aminoguanidin se zda byt vhodnym prostfedkem k prevenci snizovani

kvality ejakulatu v disledku nartstajici koncentrace ROS v prabéhu skladovani.

Uvedené vysledky jsou soucasti publikace (viz Prilohy):

Pintus, E., Kadlec, M., Jovici¢, M., Sedmikova, M., Ros-Santaella, J. L. 2018. Aminoguanidine
protects boar spermatozoa against the deleterious effects of oxidative stress. Pharmaceutics. 10 (4).

doi: 10.3390/pharmaceutics10040212.

37



5.2 Efekt rozdilnych donori sulfanu na funk¢ni vlastnosti a markery
oxidacniho stresu u kancich spermii vystavenych oxida¢nimu stresu

U sulfanu byl prokazan jak oxidacni, tak antioxidacni efekt. Wang et al. (2018) pozorovali
snizenou hladinu H»S v semenné plazmé u muzi s astenozoospermii a suplementaci H>S dosahli
zlepSeni motility. Naopak u kancich spermii byl pozorovan negativni dopad H2S na motilitu, viabilitu
a mitochondrialni aktivitu (Zhao et al., 2016). Za timto rozporem muze stat i divergentni povaha
donortt H2S, jejichz efekt se odviji od koncentrace a zptsobu uvoltiovani H>S. Primarné se vyuziva
anorganickych soli NaHS a NaxS, které se oznacuji jako rychlé donory sulfanu, jelikoz uvoliuji velké
mnozstvi sulfanu v kratkém casovém intervalu (Rose et al., 2015). Dale byly vyvinuty syntetické
donory HaS, mezi které se fadi i GYY4137 (derivat fosforoditiolatu) pouzity v této studii, které
uvolnuji mensi mnozstvi sulfanu béhem delsiho ¢asového intervalu, ¢imz se napodobuje fyziologicka
produkce tohoto gasotransmiteru. V této studii byly porovnany antioxidacni vlastnosti a ucinek
rychlého (Na;S) a pomalého (GYY4137) donoru sulfanu v pfitomnosti oxidacniho stresu.

V prvni ¢asti experimentu byly poprvé popsany rozdily v antioxidacnich schopnostech dvou
donort sulfanu, Na,S a GYY4137, pii standardizovanych podminkach (fyziologické pH, 38 °C)
v prabéhu inkubace (20, 120 a 210 minut). Vysledky prokazaly, Ze antioxida¢ni schopnost NaxS je
méng¢ stabilni v porovnani s GYY4317, jehoz antioxida¢ni kapacita ma vzristajici tendenci v prubéhu
inkubace. Zaroven u GYY4317 byla pozorovana vétsi antioxidacni kapacita nez u Na»S, nehledé€ na
dobu inkubace.

V druhé casti experimentu aplikace GYY4137 o koncentraci 3 a 30 uM vedla k zachovani
motility v porovnani s kontrolnim vzorkem sindukovanym oxidacnim stresem. Zarovein nebyl
pozorovan cytotoxicky efekt GYY4137 nehledé na pouzitou koncentraci. U vzorkd s 3 a 30 uM
GYY4317 byla pozorovana motilita spermii srovnatelna s kontrolnim vzorkem bez indukovaného
oxidaéniho stresu. Navic u vzorku s 30 uM GYY4317 bylo pozorovano vyssi zastoupeni spermii
s progresivni motilitou nez u kontrolniho vzorku s indukovanym oxida¢nim stresem (Ctr-OX).
Zatimco pii nejnizsi 3 pM koncentraci Na;S pomohl zachovat motilitu spermii v porovnani s Ctr-
OX, pfi nejvyssi 300uM koncentraci mél jednoznacné cytotoxicky efekt. Zajimavy ucinek byl
pozorovan u vzorku s 30 uM NaxS, kde nebyly pozorovany zmény v mitochondridlni aktivité,
integrité plazmatické membrany a akrozomu, ¢i lipidové peroxidaci, avsak doslo ke znacnému snizeni
motility.

Casteéné zmirnéni negativniho dopadu oxidagniho stresu na spermie pomoci donort sulfanu
v této studii bylo pozorovano i v ptipadé dalsich typta bunék (Kimura et al., 2010; Yonezawa et al.,
2007). V dobé¢ publikovani ¢lanku bylo dostupnych pouze nekolik studii zamérenych na porovnani
ucinku pomalych a rychlych donort sulfanu u bunék vystavenych oxida¢nim stresu (Cao et al., 2018;

38



Wang et al., 2018; Whiteman et al., 2010). V souhlasu s t€mito studiemi nase vysledky ukazaly, ze
efekt donorti HaS se odviji od davky a typu donoru. Avsak tato studie je prvni, ktera zkouma ptsobeni
pomalého a rychlého donoru sulfanu na spermie vystavené oxida¢nimu stresu. V porovnani
s GYY4317, efekt Na,S byl znacné ovlivnén jeho koncentraci. Tento vzorec ucinku odpovida
dvojfazové kiivce biologické odezvy na vzrustajici koncentraci sulfanu: v malych koncentracich
vykazuje antioxida¢ni ucinek a ve vyssich koncentracich ptisobi jako pro-oxidac¢ni ¢inidlo (Szabo et
al., 2014). Ke stejnému zavéru dosli 1 Zhao et al. (2016), kdy NaxS pfi koncentraci 25 pM omezil
motilitu spermii, aniz by ovlivnil jejich viabilitu a membranovy potencial mitochondrii (Zhao et al.,
2016). Stejné tak 1 rychly donor NaHS snizuje motilitu my$ich a lidskych spermii (Wang et al., 2018;
Wilinski et al., 2015). Zajimavé zdivodnéni nabizi i inhibi¢ni ucinek sulfanu na IV komplex
mitochondrialniho fetézce (cytochrom c¢ oxidazu), coz vede k omezeni produkce ATP (Szabo et al.,
2014). U sav¢ich spermii je vétSina ATP generovaného v mitochondriich ur€ena k zachovani pohybu
(Storey, 2008), snizenim ATP dochazi k omezeni motility. Stejné tak v této studii vzorky s 300 uM
Na,S neobsahovaly zadné spermie s aktivnimi mitochondriemi. Tento jev lze pfisuzovat zvySené
produkci ROS po aplikaci Na,S (Zhao et al., 2016), coz odpovida 1 zvySené lipidové peroxidaci a
snizené integrit€¢ plazmatické membrany a akrozomu pozorované v této studii.

Publikovana prace popsala antioxida¢ni vlastnosti dvou donora sulfanu, Na;S a GY'Y4317 pii
fyziologickych podminkach, coz miize poslouzit dalsim studiim zaméfenych na bunécnou fyziologii.
Z vysledku prace jasné vyplyva, ze moznosti vyuziti sulfanu pii mirnéni dopadu oxidacniho stresu na

funk¢ni vlastnosti kancich spermii se odviji od typu a koncentrace pouzitého donoru.

Uvedené vysledky jsou soucasti publikace (viz Prilohy):

Pintus, E., Jovi¢i¢, M., Kadlec, M., Ros-Santaella, J. L. 2020. Divergent effect of fast- and slow-
releasing H2S donors on boar spermatozoa under oxidative stress. Scientific Reports. 10 (1). 6508.

doi: 10.1038/s41598-020-63489-4.
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5.3 Porovnani funkénich vlastnosti kancich spermii a markeri oxida¢niho
stresu u vzorkii s jednim donorem gasotransmiteru se vzorky s donory
obou gasotransmiteri

Kromé koncentrace muze mit vliv na aCinek gasotransmiteru také pfitomnost dalSiho
gasotransmiteru. U somatickych bunék byla prokazana interakce oxidu dusnatého (NO) a sulfanu
(H2S), zatimco v pfipadé€ studia samcich gamet byla zkoumana pouze akce jednotlivych donord NO
a HaS zvlasté. V téchto studiich bylo prokazano, ze pii nizkych koncentracich vykazuji oba
gasotransmitery positivni efekt na kvalitu spermii. Zaroven efekt jednotlivého gasotransmiteru mutize
byt ovlivnén pfitomnosti oxidacniho stresu, ktery je spojovan srelativné Castymi poruchami
reprodukce samct. V této studii byl porovnan efekt kombinace donortt SNP a NaHS (donor NO a
H»S v tomto poradi) s efektem jejich individudlni aplikace na kanci spermie vystavené oxidacnimu
stresu.

U vzorkti obsahujicich jednotlivé donory a jejich kombinaci byly pozorovany zajimavé
rozdily v progresivni motilit€ spermii a integrité¢ plazmatické membrany (PMI). Vzorek obsahujici
kombinaci obou donort (DD) vykazoval signifikantné vyssi PMI a PMot, nez CtrOX po 90 minutach
inkubace a zaroven se integrita plazmatické membrany nelisila od Ctr vzorku po dvaceti minutach
inkubace. Dale PMot spermii v DD vzorku ptekonal PMot vzorku s NaHS. U vzorku SNP byl
pozorovan mirny u¢inek na TMot a PMot, kdy se pozorované hodnoty nachazely mezi hodnotami
vzorku NaHS a DD. Vzorek s SNP byl charakterizovan vys§i smérodatnou odchylkou v ptipadé
integrity akrozomu v porovnani s ostatnimi vzorky.

Signifikantni zlepSeni funkénich vlastnosti spermii (PMot a PMI) oproti vzorku CtrOX bylo
pozorovano pouze u vzorku DD. Progresivni motilita je dobry ukazatelem fertiliza¢niho potencialu a
vykazuje znac¢nou korelaci se schopnosti spermie proniknout do oocytu (Gadea, 2005). Procento
spermii s neporusenou plazmatickou membranou koreluje s fertilizaCnim potencialem nejen kancich
spermii (Berger et al., 1996; Gil et al., 2008; Sutkeviciene et al., 2009), ale i spermii dalSich druht
savcu (Brito et al., 2003; Ramu et Jeyendran, 2013). Stejné jako pfedchozi parametry, na spravnou
funkci spermii ma vliv integrita akrozomu (Stival et al., 2016). I pfesto, ze vzorek s SNP vykazoval
vSeobecné vyssi hodnoty kvalitativnich parametri spermii (TMot, PMot a PMI) nez CtrOX, rozdily
nebyly signifikantni. Ve studii Hellstrom et al. (1994) byl aplikovan SNP pii 50 a 100 nM koncentraci
na lidské spermie po rozmrazeni, pficemz byl pozorovan pozitivni u€inek na viabilitu a motilitu
spermii a zaroven snizena mira lipidové peroxidace. Odli§ny ucinek SNP pii dané koncentraci 1ze
vysvétlit pfitomnosti indukovaného oxida¢niho stresu v nasi studii, ktery zamaskoval pozitivni efekt
SNP. Reakci NO s ROS vznika peroxynitrit, ktery pfi mikromolani koncentraci snizuje motilitu

spermii a zvy$uje miru lipidové peroxidace u kand&ich spermii (Serrano et al., 2020). Rada studii
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zkoumajicich u¢inek NO na spermie prokazala jeho spolutcast na akrozomalni reakci (Aquila et al.,
2011; Staicu et Parra, 2017). V ptipadé SNP byla prokazana schopnost spustit akrozomalni reakci u
lidskych (Revelli et al., 2001; Sengoku et al., 1998) a kancich spermii (Funahashi, 2002; Hou et al .,
2008). U vzorku SNP byla pozorovana zajimava odlisnost v podobé zvyS§ené smérodatné odchylky u
procenta spermii s neporusenym akrozomem. Nabizi se spekulace, ze mohlo dojit k ¢astecné
destabilizaci membrany akrozomu u vzorku s 100 nM SNP. V predchazejici studii (Pintus et al.,
2020), Na,S vykazoval pozitivni efekt na TMot pii nejnizsi koncentraci (3 uM), ale pii vyssi
koncentraci snizoval kvalitativni vlastnosti kancich spermii v pfitomnosti oxida¢niho stresu. Tyto
vysledky naznacuji, ze davka SNP s positivnim ucinkem na kanc¢i spermie v in vitro podminkach se
pohybuje v rozmezi nizkych mikromolarnich koncentraci.

Vysledky tohoto experimentu naznacuji, ze ucinek obou donord v DD vzorku se podoba vice
vzorku s SNP nez vzorku s NaHS u kancich spermii vystavenych oxidacnimu stresu. To vede ke
spekulaci, ze ve vzorku DD dochazi k formovani u¢innéj§iho metabolitu, ktery napodobuje Gcinek

NO. Nicméné tato hypotéza se musi ovéfit.

Uvedené vysledky jsou soucasti publikace (viz Prilohy):

Kadlec, M., Pintus, E., Ros-Santaella, J. L. 2022. The Interaction of NO and H2S in Boar
Spermatozoa under Oxidative Stress. Animals. 12 (5). 602. doi: 10.3390/an112050602
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6 Zavér

Oxidativni stres je stale jednou z hlavnich pfekazek v §ir§im vyuziti technik asistované
reprodukce v chovu prasat. Zarover je oxidacni stres spojovan s béznymi poruchami reprodukce (e.g.
varikokéla). Modulace oxidacniho stresu je proto stale aktualni téma nejen v chovu hospodatskych
zvifat, ale je 1 v centru pozornosti asistované reprodukce lidi. V relativné nedavné dobé se dostaly do
centra pozornosti 1 gasotransmitery, které predstavuji plynné signalni molekuly podilejici se na fade
bunéénych procest. V této praci byly zkoumany moznosti vyuziti dvou gasotransmiterti, oxidu
dusnatého a sulfanu, k modulaci oxida¢niho stresu u kancich gamet. Oba gasotransmitery maji
schopnost vstupovat do redoxnich reakci a byly u nich pozorovany antioxida¢ni vlastnosti za
studii, mnoho otazek ziistava nezodpovézeno v piipadé sulfanu.

Selektivni inhibitor iNOS, aminoguanidin, vykazuje antioxida¢ni vlastnosti a lze jej vyuzit
k omezeni nadmérné produkce NO a akumulace ROS. Za vyuziti aminoguanidinu se podatilo omezit
oxidacni stres a jeho negativni dopad na funkéni vlastnosti spermii v in vitro podminkach. Dale byly
zkoumany antioxida¢ni vlastnosti dvou donord sulfanu. Anorganicka sil Na,S, ktera predstavuje
tradi¢ni donor sulfanu, byla porovnavana se syntetickym donorem sulfanu GYY4137, jez produkuje
mens$i mnozstvi sulfanu v del§im ¢asovém usek a Iépe reflektuje fyziologickou produkei sulfanu. Na
zaklade vysledkt byl prokazan rozdilny zpusob ucinku pomalého (Na2S) a rychlého (GYY4137)
donoru sulfanu. Oba donory sulfanu vykazuji antioxidacni vlastnosti, avSak optimalni koncentrace se
1i§i v zavislosti na typu donoru.

Aktualni vyzkum somatickych bunék odhalil uzké vztahy, které mezi témito dvéma
gasotransmitery panuji, kdy pfitomnost jednoho gasotransmiteru ovliviiuje ucinek gasotransmiteru
druhého. Dostupné informace v ramci této problematiky vychazi prevazné z veédeckych praci
zkoumajicich somatické bunky. V zavéru byla ovéfena hypotéza, ze smichani donord NO a H»S
povede k zesileni ucinku na kanci spermie vystavené oxidacnimu stresu v porovnani se vzorky, u
nichz je aplikovan pouze jeden ze dvou donorti. Pouze pii simultanni aplikaci donorti doslo ke
zlepSeni funkénich vlastnosti spermii.

Kazda z publikovanych praci pfinesla nové poznatky v oblasti vztahti gasotransmiterd,
oxidaéniho stresu a kancich spermii. Aminoguanidin se prokéazal jako slibné antioxidacni ¢inidlo
k potlaceni negativniho dopadu oxidacniho stresu u kancich spermii. Poprvé byly definovany
antioxidacni vlastnosti dvou donort sulfanu (NaxS, H2S) a zarovei byl prokazan divergentni ucinek
pomalého a rychlého donoru sulfanu. Posledni dvé publikované studie podtrhuji nutnost dalsiho
vyzkumu gasotransmiterti v ramci samcich gamet, a to predevsim z hlediska vzajemné interakce obou

gasotransmiterti. Zavérecny vyzkum poskytl novy pohled na problematiku gasotransmitert, spermii
42



a oxidacniho stresu. Dalsi vyzkum by mohl navazat analyzou metabolitd vznikajicich reakci donort
NO a H,S v in vitro podminkach. Také by bylo vhodné otestovat vliv na spermie u alternativnich

donort obou gasotransmitert v rozdilnych koncentracich.
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Seznam zkratek

e 3-MST 3-merkaptopyruvat sulfutransferaza
e AG aminoguanidin

e ALH amplituda laterarniho vyboceni hlavi¢ky spermie
o ATP adenosintrifosfat

e BCF frekvence kfizeni

e BSA hovézi sérovy albumin

e BTS extender Beltsville Thawing Solution
e CcAMP cyklicky adenosinmonofostat

e CASA pocitacem fizena anlyza spermii

o CAT cystein aminotransferaza

e CBS cystationin B-syntaza

e CFDA karboxyfluorescein diacetat

e cGMP cyklicky guanylat monofosfat

e CNG cyklickym nukleotidem aktivované iontové kanaly
e CSE cystationin y-lyaza

e DAO oxiddza D-aminokyselin

e DMSO dimetylsulfoxid

e eNOS endotelialni NOS

e ERK extracelularné regulované kinazy

e ETHEI etylmalon-encefalopaticky protein 1
e FITC fluorescein-5-isothiokyanat

e GO6PDH gluk6zo-6-fosfat dehydrogenaz
e GAPDH glyceraldehyd 3-fosfat dehydrogenaza

e GPx glutation peroxidaza
e GSNO S-nitrosoglutathion
e GZLM generalizované linedrni modely

e HOS test test hypoosmotické bobtnavosti

e iINOS inducibilni NOS

e JNK C-Jun N-terminalni kinaza
e LIN linearita

e LPS lipopolysacharidy
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MAPK
MDA
MEK
NADPH
NAR test
nNOS
NOS
NOX
PAK
PBS
PDE3
PI3K
PKG
PNA
PUFA
QM
RNS
RNS
ROS
ROS
RS

RS
RSS
RSS
SAPKs
sGC
sGC
SMI
SMI
SNP
SOD
SQR
STR

mitogenem aktivované proteinkinazy
1,1,3,3-tetrametoxypropan
mitogenem aktivovana proteinkinaza kinaza
nikotinamidadenindinukleotid fosfat
test integrity apikalniho hiebene akrozomu
neuronalni NOS

syntaza oxidu dusnatého

NADPH oxidaza

protein kinaza A

solny roztok pufrovany fosfatem
fosfodiesteraza typu 3
fosfatidylinositol-3-kinaza
cGMP-dependentni protein kinaza
aglutinin podzemnice olejné
polynenasycené mastné kyseliny
kvalita pohybu

reaktivni formy dusiku

reaktivni formy dusiku

reaktivni formy kysliku

reaktivni formy kysliku

reaktivni slouceniny

reaktivni slouceniny

reaktivni formy siry

reaktivni formy siry

stresem aktivované protein kinazy
solubilni guanylat cyklaza

solubilni adenylyl cyklaza

index motility spermii

index motility spermii

nitroprusid sodny

superoxid dismutaza

sulfid chinon oxidoreduktaza
pfimost
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TAC
TBARS
Trolox
TRP
TRPV
TST
VAP
VCL
VSL

celkova antioxidacni kapacita

kyselina thiobarbiturova
6-hydroxy-2,5,7,8-tetrametylchroman-2-karboxylova kyselina
transient receptor potential iontové kanaly

TRP vanilloid iontové kanaly

thiosulfat transferaza

rychlost po primeérné trajektorii

rychlost kiivocarého pohybu

rychlost ptimého pohybu
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Simple Summary: The most recent experiments performed on somatic cells describe the interaction
of nitric oxide (NO) and hydrogen sulfide (H,S) on various levels. In male gametes, these two
gasotransmitters have been studied individually up until today. Both NO and HjS participate in
crucial sperm structural and functional changes before and after ejaculation. Moreover, the two
gasotransmitters can augment or mitigate the negative impact of oxidative stress, depending on the
concentration. Oxidative stress is a concomitant condition to various male reproduction disorders.
In this experiment, we investigated in vitro the simultaneous application of NO and H»S donors,
which was compared to single-donor application (NO or H,S) at 100 nM concentrations in boar
spermatozoa under oxidative stress. The evaluation of sperm qualitative traits revealed a positive
effect of the combination of the two donors in DD treatment on progressive motility and plasma
membrane integrity compared to the control sample under oxidative stress (CtrOX). The results of
this experiment indicate that the combination of NO and H»S donors exceeds the effect of single-
donor application under given conditions. In conclusion, our research indicates the importance of
gasotransmitter interaction in male gametes.

Abstract: Various recent studies dedicated to the role of nitric oxide (NO) and hydrogen sulfide (H,S)
in somatic cells provide evidence for an interaction of the two gasotransmitters. In the case of male
gametes, only the action of a single donor of each gasotransmitter has been investigated up until today.
It has been demonstrated that, at low concentrations, both gasotransmitters alone exert a positive
effect on sperm quality parameters. Moreover, the activity of gaseous cellular messengers may be
affected by the presence of oxidative stress, an underlying condition of several male reproductive
disorders. In this study, we explored the effect of the combination of two donors SNP and NaHS
(NO and H»S donors, respectively) on boar spermatozoa under oxidative stress. We applied NaHS,
SNP, and their combination (DD) at 100 nM concentration in boar spermatozoa samples treated with
Fe?* /ascorbate system. After 90 min of incubation at 38 °C, we have observed that progressive
motility (PMot) and plasma membrane integrity (PMI) were improved (p < 0.05) in DD treatment
compared to the Ctr sample under oxidative stress (CtrOX). Moreover, the PMot of DD treatment
was higher (p < 0.05) than that of NaHS. Similar to NaHS, SNP treatment did not overcome the PMot
and PMI of CtrOX. In conclusion, for the first time, we provide evidence that the combination of SNP
and NaHS surmounts the effect of single-donor application in terms of PMot and PMI in porcine
spermatozoa under oxidative stress.

Keywords: gasotransmitter interaction; hydrogen sulfide; nitric oxide; oxidative stress; boar spermatozoa

1. Introduction

The importance of nitric oxide (NO) and hydrogen sulfide (H;S) in male reproduction
has been widely recognized [1-5]. Together with carbon monoxide (CO), the members of
the gasotransmitter family participate not only in spermatogenesis, but also in epididymal
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sperm maturation [6,7]. The CO, NO, and H,S represent the main widely recognized sig-
naling gaseous molecules [8], although other potential gasotransmitters are emerging (e.g.,
ammonia, methane, or hydrogen) [9]. Unlike the other gasotransmitters, the role of NO in
sperm maturation is more controversial, as the elevated concentrations of NO resulting
from abundant pathological conditions (e.g., inflammation or varicocele) are connected
with decreased semen quality [10,11]. Both gasotransmitters, NO and H,S, participate
in crucial sperm changes that occur prior to fertilization [6]. Apart from tyrosine phos-
phorylation, the NO is known to activate sGC, which produces cGMP, and thus increases
sperm motility [6]. Moreover, it can also protect membrane from lipid peroxidation by
increasing the ratio to O™ [12]. In the case of H,S, the activation of mitogen-activated
protein kinases (MAPK) [13], PI3K/ Akt pathway [14], and mitochondria [15] is associated
with increased sperm motility. Moreover, H,S is known to increase antioxidant capacity [4]
through activation of superoxide dismutase (SOD) [15]. Regarding both gasotransmitters
(NO and H;5), the effect is determined by the type of donor and its concentration that is
used. Additionally, the effect can also be affected by the presence of other reactive species
(RS), which may result in the formation of more reactive substances or substances with
increased signaling potential [16,17]. Therefore, RS are carefully controlled by cellular
mechanisms, preventing overaccumulation and oxidative stress [18].

Oxidative stress is an underlying concomitant condition to several male reproductive
disorders, in which high levels of reactive species cause sperm dysfunction (e.g., decreased
sperm motility, impaired membrane and DNA integrity, increased lipid peroxidation, and
infertility [19]. Particularly, sperm cells are highly sensitive to supraphysiological levels
of RS due to the high content of polyunsaturated fatty acids in their membranes and their
limited antioxidant defense [20]. Current RS classification includes reactive oxygen species
(ROS), reactive nitrogen species (RNS), and reactive sulfur species (RSS), whereof the last
two named groups also involve both gasotransmitters, NO and H;S. As an example, in a
recent study by Zhang et al. [21], the negative impact of elevated concentrations of H>S on
boar sperm motility was observed. Moreover, the presence of oxidative stress can potentiate
the negative impact of high gasotransmitter levels, such as in the case of NO [6], which
forms peroxynitrite that inhibits mitochondrial activity [22], reduces sperm motility [23],
and increases lipid peroxidation of boar sperm membrane [24]. Thus, the effect of the
gasotransmitter on sperm functionality and structural integrity depends not only on its
concentration, but also on the specific cellular microenvironment and the presence of other
RS. Notwithstanding the recent advances in the study of gasotransmitters and male germ
cells under oxidative stress, many questions about the complex interactions and relations
remain unanswered.

Most of the information available about these two gasotransmitters and their involve-
ment in the cellular microenvironment originates from the study of somatic cells [25-27]. In
murine myocardial cells, the application of H»S leads to the activation of eNOS, an enzyme
responsible for NO production [28], which is also present in boar sperm cells, influencing its
function [29]. Both NO and H,S share signaling targets, such as the MAPK pathway [13,30],
which participates in sperm capacitation [31]. Other common signaling targets represent
ion channels (Ca?*, K*) involved in crucial sperm processes, starting with sperm matura-
tion and ending with oocyte fertilization [32]. Lastly, there seems to be important direct
interaction between NO and H»S, which contributes to the formation of other signaling
molecules with increased signaling potential, such as the nitroxyl radical (HNO) [33].
Among the metabolites resulting from NO and H,S interaction, such as nitrosothiols and
thionitrous acid [33], the HNO stands out as a potentially relevant molecule for sperm
biology concerning oxidative stress [5]. Nitroxyl is formed within seconds after the mixture
of NO and H,S donors [34] and seems to mimic the action of NO [35]. Moreover, HNO has
been proven to also act as an antioxidant agent with the ability to reduce lipid peroxidation
of the plasma membrane in the yeast model [36]. Concerning the signaling targets of
each gasotransmitter, the most recent experiments dedicated to somatic cells provide solid
evidence for the interaction between NO and H,S [37,38], yet this phenomenon was not
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studied in sperm cells to date. Recently, we reviewed [5] the complex interaction of these
two gasotransmitters in somatic cells and the potential implications for sperm cell biology.
Based on the growing evidence of the interaction between NO and H,S in somatic cells,
we decided to test the hypothesis of whether the simultaneous application of NO and H,S
donors can potentiate the effect compared to the single-donor application in boar sperm
cells exposed to oxidative stress.

2. Materials and Methods

Reagents were purchased from Sigma-Aldrich (Prague, Czech Republic) unless other-
wise indicated.

2.1. Sample Collection and Experimental Design

Artificial insemination doses from 18 boars of different breeds were purchased from a
pig breeding company. Sperm-rich fractions were collected by the gloved-hand method,
diluted with Solusem® extender (AIM Worldwide, Vught, The Netherlands; pH ~ 7), and
transported to the laboratory at 17 °C.

Firstly, the morphology was assessed in the suspension of PBS with glutaraldehyde at
2.5% (v/v) concentration, and only samples with morphologically normal sperm (>75%)
were used for the experiment. Sperm samples from three boars were pooled to reduce
the effect of male variability and were centrifuged at 167 x g for 3 min at 17 °C to remove
debris and dead sperm cells. The sperm concentration was then checked by using a Biirker
chamber, adjusted to 20 x 10° spermatozoa/mL with Solusem®.

Sperm samples were then randomly split into five microcentrifuge tubes (certified
free of DNA, DNase, RNase, and endotoxins (pyrogens); material: virgin polypropylene;
volume: 2 mL; Neptune Scientific, San Diego, CA, USA): Ctr (control sample without
oxidative stress) and CtrOX (control sample under oxidative stress). The remaining three
tubes were submitted to oxidative stress: NO donor (SNP 100 nM), H,S donor (NaHS
100 nM), and their combination (SNP + NaHS 100 nM; duo-donor = DD). All the chemical
supplements were diluted in PBS and freshly prepared before the start of each replicate and
exposed to light. Oxidative stress was induced by adding a solution of 0.05 mM FeSO4 and
0.5 mM sodium ascorbate (Fe?* /ascorbate) to the sperm samples. The donors were added
to the samples at first and, after approximately 3 min, the oxidative stress was then induced
in all samples except Ctr. Sperm analyses were performed after 20 min of incubation for
the Ctr sample only and after 90 min of incubation at 38 °C in a water bath for all samples.
The experiment was replicated six times with six independent semen pools.

Sperm motility was evaluated using CASA (NIS-Elements; Nikon, Tokyo, Japan, and
Laboratory Imaging, Prague, Czech Republic). A prewarmed (38 °C) Spermtrack chamber
(PROISER R + D S.L., Paterna, Spain; chamber depth: 20 pm) was loaded with 5 puL of a
sample. A total of 10 sperm kinetic parameters were obtained by analyzing six random
fields: total motility (TMot, %), progressive motility (PMot, %), average path velocity (VAP,
pum/s), curvilinear velocity (VCL, pm/s), straight-line velocity (VSL, pm/s), the amplitude
of lateral head displacement (ALH, um), beat-cross frequency (BCF, Hz), linearity (LIN,
VSL/VCL, %), straightness (STR, VSL/VAP, %), and wobble (WOB, VAP/VCL, %). The
settings parameters were as follows: frames per second, 60; minimum frames acquired
per sperm track, 31; VAP > 10 um/s to classify a spermatozoon as motile, STR > 80% to
classify a spermatozoon as progressive. A minimum of 200 sperm cells were analyzed
for each sample. Sperm motility subpopulations were determined by cluster analysis (see
statistical analysis) at 90 min of incubation.

The sperm plasma membrane integrity (PMI) was evaluated as previously described [39].
Aliquots of sperm samples were incubated with carboxyfluorescein diacetate (0.46 mg/mL,
w/v, in dimethyl sulfoxide; DMSO), propidium iodide (0.5 mg/mL, w/v, in phosphate-
buffered saline solution; PBS), and formaldehyde solution (0.3%, v/v) for 10 min at 38 °C
in the dark. Then, 200 spermatozoa were evaluated by using epifluorescence microscopy
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(40x objective). The spermatozoa showing green fluorescence over the entire head area were
considered to have intact plasma membrane.

Acrosome loss was evaluated according to the protocol previously described [40].
After methanol fixation and double washing with PBS, the samples were incubated with
peanut agglutinin—fluorescein isothiocyanate (PNA-FITC; 100 ng/mL, w/v, in PBS) for
10 min at 38 °C in the dark. Epifluorescence microscopy (40x objective) was used to
evaluate 200 spermatozoa, and the cells showing no fluorescence over the acrosome were
considered as acrosome-lost spermatozoa.

Lipid peroxidation was assessed with the thiobarbituric acid reactive substances
(TBARS) assay, as previously described [41]. At the end of each incubation period, sperm
aliquots were collected and stored at —80 °C until analysis. The absorbance of each
sample was then measured by spectrophotometry at 532 nm (Libra 522, Biochrom, Harvard
Bioscience Company, Cambourne, UK). A standard curve was established by using known
concentrations of 1,1,3,3-tetramethoxypropane (MDA). The levels of lipid peroxidation
are shown as pmol of MDA per 10® spermatozoa. The assay was run in duplicate for
each sample. The total antioxidant capacity was determined by spectrophotometry (Libra
522, Biochrom, Harvard Bioscience Company, Cambourne, UK) at 660 nm by using the
method described previously [42]. The principle of this assay is based on the antioxidant’s
capacity to reduce 2,2'-azino-bis (3-et hylbenz-thiazoline-6-sulfonic acid) (ABTS) previously
oxidized with HyO;. A standard curve was established by using known concentrations
of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox). The total antioxidant
capacity (TAC) was expressed as Trolox equivalents (mM). The assay was run in duplicate
for each sample.

2.2. Statistical Analysis

Data were analyzed with the statistical program SPSS, version 20 (IBM Inc., Chicago,
IL, USA). The generalized linear model (GZLM) was applied to analyze the effects of
the NO or H,S donor and their combination (DD) on the sperm variables. The statistical
significance was determined at p < 0.05. Data are shown as the mean + standard deviation.
For determining sperm motility subpopulations, we used two kinetic parameters that
de-fine sperm average velocity (i.e., VAP) and trajectory linearity (i.e., LIN). The number
of clusters was automatically determined by the two-step cluster component using the
Euclidean distance measure and Schwarz’s Bayesian criterion (BIC). After that, the number
of clusters previously obtained was used to set up the K-means cluster analysis by using
the iteration and classification method. The Kruskal-Wallis analysis was applied to check
for differences in sperm subpopulations among treatments. The Wilcoxon signed-rank test
(matched samples) was performed to check the differences between kinetic parameters of
the subpopulations.

3. Results
3.1. Sperm Motility

The PMot of CtrOX was significantly decreased compared to the control sample
without oxidative stress (p = 0.048), as seen in Figure 1. The PMot of DD treatment (61.7%)
was the only one that significantly exceeded the PMot of the CtrOX sample (54.3%; p < 0.05).
Moreover, it was also significantly higher than the PMot of NaHS treatment (54.7%; p < 0.05).
The NaHS had a tendency of lower PMot than the Ctr sample (61.2%; p = 0.064). SNP
was the only treatment that did not statistically differ from any other sample at 90 min of
incubation time. During the incubation of all samples, the value of VSL, LIN, and STR
increased, which resulted in more rectilinear trajectories compared to the Ctr sample at
20 min of incubation.
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Figure 1. Progressive motility of boar spermatozoa under oxidative stress. Spermatozoa with straightness
> 80% were selected as progressive. Different letters indicate significant differences (p < 0.05) among treat-
ments at 90 min of incubation. The asterisks indicate significant differences (p < 0.05) of samples compared
to Ctr at 20 min of incubation. CTR = control; CtrOX = control under oxidative stress; NaHS = 100 nM;
SNP = 100 nM; DD = SNP 100 nM + NaHS 100 nM. Data are shown as mean =+ SD of 6 replicates.

The CtrOX had significantly reduced total motility (TMot) compared to Ctr sample
(p = 0.038). In continuation, all donor samples under oxidative stress had comparable TMot
to control sample without oxidative stress (p > 0.05), although TMot of NaHS treatment
tended to be lower than the in Ctr sample (p = 0.058). A significant difference (p < 0.05)
among treatments was seen between BCF of DD treatment, which was higher than the one
of NaHS. Interestingly, the BCF of the DD sample tended to be higher than the Ctr sample
(p = 0.076). Complete kinetic parameters are shown in Table 1. Cluster analysis rendered
two sperm subpopulations that, based on their kinetics, were classified as rapid progressive
(Sp1) and slow nonprogressive (Sp2). Sperm subpopulations differed among them in all of
the sperm kinetic parameters (Table S1). However, there were no significant differences
between treatments (p > 0.05; Figure S1). Interestingly, NaHS showed the smallest Sp1
(38.2%), which was 1% smaller than Sp1 of CtrOX (39.2%). SNP treatment contained 42.9%
of rapid progressive spermatozoa (Spl). Yet, the Spl was most represented in the DD
sample (44.6%) that also exceeded the Sp1 of Ctr (43.8%; p > 0.05).
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Table 1. The effect of NaHS, SNP, and their combination (DD) on kinetic parameters of boar sperma-
tozoa under oxidative stress.

Treatment Time TMot VAP VCL VSL ALH BCF LIN STR WOB
(min) (%) (pm/s) (pm/s) (pm/s) (nm) (Hz) (%) (%) (%)
Ctr 20 65.9 £ 8.2 401+6.1 952+82 249+47 30+£03 11.4+£07 284+£47 66.6 = 6.0 40.8 £3.6
Ctr 92 668 £292 405+43 71.7 £69%* 367 £4.1* 28+03 140 +£0.5 ab, 500 £2.8* 884+ 1.6% 549 +£24%
CtrOX 90 5574 11.2b 410 +84 775+ 175*% 344+71% 27+06 142+ 0.82b* 488+7.6% 854+ 6.3* 553 +5.1%
NaHS 92 56.7 +13.1 ab 388 +£48 710 £13.7* 33.8+£3.7* 26+£04 138 £0.53:* 495+82* 86.7 £7.9% 552+50%
SNP 92 59.4 + 122 ab 409 £59 722 £11.3* 364 +48* 27+04 143+ 1.0 ab,« 519 £55* 88.7 :4.4% 571+43*%
DD 92 60.5+ 9.8 ab 402+6.1 70.0 £155* 362 +48* 27+05 147+ 11 b« 534+£72* 89.7 £5.6* 582+50%

Different letters indicate significant differences (p < 0.05) among treatments at 90 min of incubation. The asterisks
indicate significant differences (p < 0.05) of samples compared to Ctr at 20 min incubation. CTR = control; CtrOX
= control under oxidative stress; NaHS 100 nM; SNP = 100 nM; DD = SNP 100 nM + NaHS 100 nM. TMot: total
motility; VAP: average path velocity; VCL: curvilinear velocity; VSL: straight-line velocity; ALH: amplitude of
lateral head displacement; BCF: beat-cross frequency; LIN: linearity (VSL/VCL); STR: straightness (VSL/VAP);
WOB: wobble (VAP/VCL). Data are shown as the mean =+ SD of 6 replicates.

3.2. Plasma Membrane Integrity and Lipid Peroxidation

There was no difference in PMI between Ctr and CtrOX at 90 min of incubation time
(Figure 2). The treatment DD showed a higher PMI in comparison to the CtrOX (p < 0.05).
Although not significant (p > 0.05), only in DD treatment there was a higher PMI percentage
than in the Ctr sample at 90 min of incubation. Moreover, DD treatment was the only
one that did not show significant differences (p > 0.05) with the Ctr sample at 20 min of
incubation. Yet, there was a decrease in PMI of the Ctr sample during incubation (89.7%
vs. 81.3% respectively; p < 0.05). Moreover, there was a tendency in DD treatment to have
higher PMI than treatments with NaHS and SNP alone (p = 0.076 and p = 0.067 respectively).
All samples under oxidative stress showed higher levels of lipid peroxidation (LP; p < 0.05)
than the control sample without oxidative stress (Figure 3). No significant differences
(p > 0.05) among treatments under oxidative stress were found in terms of LP. The levels of
LP in the Ctr sample did not change during incubation time (p > 0.05).
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Figure 2. Percentage of membrane intact boar spermatozoa under oxidative stress. Different letters
indicate significant differences (p < 0.05) between treatments at 90 min of incubation. The aster-
isks indicate significant differences (p < 0.05) of samples compared to Ctr at 20 min incubation.
CTR = control; CtrOX = control under oxidative stress; NaHS = 100 nM; SNP = 100 nM; DD = SNP
100 nM + NaHS 100 nM. Data are shown as mean + SD of 6 replicates.



Animals 2022, 12, 602

7 of 12

}__0_' b b * b Ctl‘
] b Ectrox
. 1 .‘- [NaHs
60 l dsnp
] oo
50—:
110-:

umol MDA/I0? sptz

104

El]

Time (min)

Figure 3. Levels of lipid peroxidation of boar spermatozoa under oxidative stress. Different letters
indicate significant differences (p < 0.05) between treatments at 90 min of incubation. The asterisks
indicate significant differences (p < 0.05) of samples compared to Ctr at 20 min incubation. CTR = control;
CtrOX = control under oxidative stress; NaHS = 100 nM; SNP = 100 nM; DD = SNP 100 nM + NaHS
100 nM. Data are shown as mean + SD of 6 replicates.

3.3. Acrosome Integrity

No significant differences were found among the samples. Interestingly, the treatment
SNP had the lowest percentage of intact acrosome and tended to be lower than the Ctr
sample (p = 0.085), and then DD treatment (p = 0.075). Moreover, the SNP treatment had
the highest standard deviation, which was more than 3 times higher than in any other
treatment (Table 2).

Table 2. The effect of NaHS, SNP, and their combination (DD) on percentage of acrosome intact boar
spermatozoa under oxidative stress.

Treatment Time (min) Intact Acrosome (%)
Ctr 20 980+14
Ctr 90 97.8 £2.0
CtrOX 90 962 +12
NaHS 90 971 +16
SNP 90 95.5 +5.3
DD 90 979+14

CTR = control; CtrOX = control under oxidative stress; NaHS = 100 nM; SNP = 100 nM; DD = SNP 100 nM + NaHS
100 nM. Data are shown as mean = SD of 6 replicates.

3.4. Total Antioxidant Capacity

As shown in Table 3, the TAC was significantly reduced in all treatments under
oxidative stress compared to the Ctr sample at 90 min of incubation (p < 0.05). No significant
differences were observed between the treatments under oxidative stress. TAC of the Ctr
sample without oxidative stress decreased during the incubation (p < 0.05).
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Table 3. The effect of NaHS, SNP, and their combination (DD) on the levels of total antioxidant
capacity in different samples of boar spermatozoa under oxidative stress.

Total Antioxidant Capacity

Treatment Time (min) (M)
Ctr 20 0.60 £ 0.06
Ctr 90 *0.54 + 0.06 2
CtrOX 90 *0.43 4+ 0.04 P
NaHS 90 *0.42 4+ 0.04 P
SNP 90 *0.41 4+ 0.04P
DD 90 *0.42 +0.05P

Different letters indicate significant differences (p < 0.05) among treatments at 90 min of incubation. The asterisks
indicate significant differences (p < 0.05) of samples compared to Ctr at 20 min incubation. CTR = control; CtrOX
= control under oxidative stress; NaHS = 100 nM; SNP = 100 nM; DD = SNP 100 nM + NaHS 100 nM. Data are
shown as mean =+ SD of 6 replicates.

4. Discussion

In the present study, we investigated the differences in boar sperm quality traits in
samples under oxidative stress supplemented with NO donor (SNP 100 nM), H,S donor
(NaHS 100 nM), and their combination (SNP + NaHS 100 nM; DD). Our results support
the hypothesis that there is a synergy between NO and H;S protecting membrane integrity
and increasing progressive motility in boar spermatozoa under oxidative stress. This is
the first study performed on male gametes testing the simultaneous NO and H,S donor
application. Several combinations of NO and H;S donors have been tested in somatic
cells to date and this is the first study that has tested the combination of NO/H,S donors
on sperm cells to the best of our knowledge. In extensive research by Yong et al. [43,44],
the combination of SNP and NaHS was tested in the cardiovascular system. In the study
from 2010 [43], the author collective established the ideal ratio between the two above-
mentioned donors to be 1:1 in terms of the effectiveness of cardiomyocyte shortening.
Moreover, Yong et al. [43] indirectly demonstrated that HNO is formed as the result of the
two donors’ combination using HNO scavengers. NaHS together with Na,S is the most
common sulfide salt used in a biological system as H,S donors. The two sulfide salts can
substitute each other in terms of main characteristics, both being fast and direct donors
releasing relatively high amounts of H,S in a short period of time [45]. In a study from
2014, Eberhardt et al. [34] tested the combination of NO and H,S donors (DEA NONOate,
Naj,S, respectively) in the neurovascular system. Using an HNO-selective electrode, they
have demonstrated that the mixture of NO and H;S (NayS donor) leads to immediate
HNO formation. The peak of HNO formation was observed after 1 min of the NO and
Na,S mixture [34]. Based upon these studies and our preliminary experiments, we decided
to use the combination of two fast-releasing NO and H;S donors, SNP and NaHS, and
established the ratio and concentration at 100 nM:100 nM. The concentration of each
donor used was also set considering our previous studies [4,46] that indicated the effective
concentrations of each NO and H,S donor in boar spermatozoa. Moreover, we bore in mind
the estimated physiological concentrations, which, in general, are within the nM range for
both gasotransmitters [47]. To artificially induce oxidative stress, we used Fe?* /ascorbate
as a ROS-generating system. This model is suitable for studies of lipid peroxidation [41],
which belongs to the main causes of sperm membrane degradation [48]. The induction of
oxidative stress in our study results in decreased motility (TMot and PMot) and TAC, and
increased LP in the CtrOX sample compared to Ctr. Comparing the treatments containing
donors alone and their combination, some interesting differences were observed in sperm
motility and PMIL

The DD treatment with two donors combined show significantly higher PMI and PMot
than CtrOX, and also preserved PMI compared to Ctr at 20 min. Moreover, DD treatment
exceeded NaHS treatment in terms of PMot. Interestingly, SNP treatment exerted a mild
effect with TMot and PMot values in between the ones of NaHS and DD, respectively.
Moreover, SNP was characterized by a higher standard deviation in the case of acrosome
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integrity compared to the rest of the treatments. Perhaps the formation of more reactive
and pro-oxidative molecules, such as peroxynitrite, could explain the reduced positive
effect on plasma membrane integrity and sperm motility, and also the partial acrosome
destabilization when compared to DD treatment. On the other hand, NaHS treatment
showed no effect and tended to have several lower sperm quality traits (e.g., TM) in
comparison to Ctr. We speculate that, in such a low dose, only a partial increase in activity
of SOD occurred, depleting the H,S pool. This could result in mild protection of plasma
membrane integrity compared to CtrOX, although no increase in sperm motility was
seen. Taken together, these results indicate that the two donors combined more resemble
the action of SNP alone rather than NaHS in the presence of oxidative stress. Yet, the
combination of both donors seems to be more efficient than SNP alone, as seen in the
case of progressive motility. This leads to speculation that the interaction of the two
donors results in the formation of a more potent metabolite that mimics the action of NO
(Figure S2). Indeed, various studies state that the interaction between H»S and NO leads to
the formation of HNO, which mimics the action of NO [33,49]. HNO resulting from NaHS
and NO interaction seems to be a more potent signal transductor than its precursor, NO,
in the vascular system [33]. Yet, this hypothesis remains to be tested. In a previous study
performed on human spermatozoa [13], NaHS donor used at 5 pM concentration under
in vitro conditions impaired sperm motility. Accordingly, in our previous study [4], Na,S
donor had a positive effect at the lowest concentration (3 uM) on TMot but impaired the
quality of boar spermatozoa at higher concentrations. In this study, NaHS did not affect
boar spermatozoa at 100 nM concentration. These results indicate that the doses with a
positive effect on sperm quality are at very low micromolar concentrations in the case of fast-
releasing donors of H,S applied to boar spermatozoa in vitro and under oxidative stress.
Overall, we observed higher values of various sperm quality traits (TMot, PMot, PMI) in
samples treated with SNP 100 nM compared to the control sample with oxidative stress,
although not statistically significant. In another study performed by Hellstorm et al. [12],
thawed human spermatozoa were treated with SNP at 50 and 100 nM concentration, and
positive effects on sperm viability (eosin staining) and motility and reduction in lipid
peroxidation were observed. The difference in the results could be attributed to the fact that,
in our study, the positive effect might be masked by the presence of additionally induced
oxidative stress. The reaction of NO with ROS results in the formation of peroxynitrite,
which impairs sperm quality traits and the state of lipid peroxidation in boar spermatozoa
at micromolar concentrations [24]. An interesting observation was made concerning the
kinetic parameters of the CASA analysis. The sample DD had a significantly higher value
of beat-cross frequency (BCF) than the sample NaHS, indicating a difference in motility
pattern. The BCF parameter is suggested as one of the predictive factors of boar fertility
and insemination success [50].

As stated above, an increased PMI was observed in the treatment containing both
donors (DD), which was the only one that significantly exceeded the PMI of the CtrOX sam-
ple. Moreover, the DD treatment did not differ from the control sample without oxidative
stress at 20 min of incubation. The percentage of spermatozoa with an intact membrane
is associated with increased fertilization potential in boar [51-53], and other mammals
as well [54,55]. Similarly to the plasma membrane, acrosome integrity is essential for the
proper function of a sperm cell during fertilization in mammals [56]. Despite no statistical
significance, an interesting observation concerning acrosome integrity of SNP treatment
was made, since the standard deviation was more than doubled in comparison to all other
treatments. Numerous studies dedicated to the effect of NO on spermatozoa demonstrated
its involvement in acrosomal reaction [1,57,58]. The SNP at uM concentrations triggers
acrosome reaction in human spermatozoa [59,60] and boar spermatozoa [61,62]. Our results
indicate the possibility that partial acrosome membrane destabilization occurred in samples
treated with 100 nM SNP. Perhaps this occurred due to conversion of NO in the presence of
oxidative stress to ONOO™, which is a potent acrosomal reaction inducer.
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5. Conclusions

For the first time, the effect of simultaneous application of NO and H,S donors has
been tested in boar spermatozoa exposed to oxidative stress. Our results indicate a possible
synergy between the two gasotransmitters, increasing progressive motility and protecting
plasma membrane integrity. The dual NO and H,S donor application was the only one that
resulted in an increased PMot and PMI compared to CtrOX. Interestingly, SNP treatment
was rather similar to DD. On the other hand, NaHS treatment showed impaired PMot
compared to DD and converged to lower motility (TMot and PMot) than Ctr. These results
indicate the importance and the complexity of gasotransmitter interactions in the male
gametes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article /10.3390 /ani12050602 /s1, Figure S1: Distribution of subpopulations
among treatments at 90 min of incubation; Figure S2. The physiological action of NO and H,S
and the hypothesized action related to observed results; Table S1. Kinetic parameters of different
subpopulations
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Abstract: After being historically considered as noxious agents, nitric oxide (NO) and hydrogen
sulfide (H,S) are now listed as gasotransmitters, gaseous molecules that play a key role in a variety of
cellular functions. Both NO and H,S are endogenously produced, enzymatically or non-enzymatically,
and interact with each other in a range of cells and tissues. In spite of the great advances achieved
in recent decades in other biological systems, knowledge about H,S function and interactions with
NO in sperm biology is in its infancy. Here, we aim to provide an update on the importance of these
molecules in the physiology of the male gamete. Special emphasis is given to the most recent advances
in the metabolism, mechanisms of action, and effects (both physiological and pathophysiological) of
these gasotransmitters. This manuscript also illustrates the physiological implications of NO and
H,S observed in other cell types, which might be important for sperm function. The relevance of
these gasotransmitters to several signaling pathways within sperm cells highlights their potential use
for the improvement and successful application of assisted reproductive technologies.

Keywords: gasotransmitters; hydrogen sulfide; interaction; metabolism; nitric oxide; spermatozoa

1. Introduction

Since the late 1980s, there has been increasing interest in the role of gaseous molecules in cellular
physiology and pathology. Up until 1987, when Palmer et al. [1] identified the endothelium-derived
relaxing factor to be nitric oxide (NO), this gas was regarded as a toxic agent. In the same year, Briine
and Ullrich [2] found that carbon monoxide (CO) inhibits platelet aggregation, enhancing guanylyl
cyclase (GC) activity. With the discovery of the endogenous production of hydrogen sulfide (H;S)
in rat and human brains [3], the term gasotransmitters emerged to set these three gases apart from
the other known types of cellular messengers such as neurotransmitters and humoral factors [4].
Significant advances have been made in the area of gasotransmitters in the vascular [5,6], nervous [7,8],
and digestive [9] systems. In contrast to the extensive literature available on NO [10,11], the role of H,S
in male reproduction is less explored and deserves further attention [12]. This review aims to illustrate
the role of NO and H,S in spermatozoa, and also includes recent advances in other cell types that
may be potentially relevant to sperm biology. The spermatozoon represents one of the most diverse
and specialized cells that originates from the spermatogonial cells in the seminiferous tubules of the
testicles. Before leaving the male reproductive tract, the sperm cells undergo epididymal maturation,
that is, a series of structural and biochemical changes resulting in the acquisition of fertilization ability
and motility [13]. The full fertilization potential is not reached before the sperm cells go through the
capacitation within the female reproductive tract. Capacitation involves plasma membrane changes
initiated by the loss of cholesterol, also affecting the ion intracellular concentrations and the activity of
specific enzymes (e.g., protein kinase A (PKA)). The series of these events results in different movement
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patterns, sperm hyperactivation, and finally allows the occurrence of an acrosomal reaction that is the
exocytosis of specific enzymes from the sperm head covering vesicle, the acrosome [14].

1.1. NO Metabolism in Spermatozoa

The production of NO in cells is ensured by three isoforms of nitric oxide synthase (NOS) encoded
by three different genes [15]. Irrespective of the NOS isoform, the substrates are L-arginine and
oxygen (O;). The first NOS isoform is referred to as neuronal NOS (nNOS; NOS 1), as it was first
discovered in neurons and its continuous expression is typical for peripheral and central neuronal
cells. Through the action of nitric oxide, nNOS regulates the synaptic activity in the central nervous
system and other functions, such as the regulation of blood pressure and smooth muscle relaxation.
The second NOS isoform is referred to as inducible NOS (iNOS; NOS 2), since its expression may be
induced by cytokines and lipopolysaccharides (LPS) [16]. The iNOS plays an important role in the
immune system, as it generates a significant amount of NO, which helps to fight off pathological agents
by the fragmentation of their DNA and the inhibition of iron-containing enzymes [17]. The last isoform
is the endothelial NOS (eNOS; NOS 3), since it is mostly located in the endothelial cells. The expression
of nNOS and eNOS is mainly regulated by Ca?* and calmodulin, which set them apart from iNOS [18],
which is activated in the presence of microbial or immunological stimuli [16]. In addition, the NO
production by eNOS and nNOS is continuous, but in case of eNOS, it may be enhanced in specific
conditions independently of Ca?* signalization. For example, shear stress in the vasculature leads to
activation of the phosphoinositide 3-kinase (PI3K) and protein kinase B (Akt) pathways resulting in
phosphorylation and activation of eNOS [15]. All three NOS isoforms have been described in the sperm
cells of several mammalian species (Table 1) [19]. Interestingly, the pattern of NOS distribution in
sperm cells seems to differ across species; for instance, eNOS is localized in the flagellum of human [20],
but not bull [21], spermatozoa. Moreover, eNOS is also localized in the equatorial and post-acrosomal
regions of morphologically normal human spermatozoa [22]. Aberrant eNOS distribution is often
observed in morphologically abnormal spermatozoa and negatively correlates with sperm motility [22].
Furthermore, it is still unclear whether the physiological state (e.g., capacitation) of sperm cells may
affect NOS distribution. In a recent study in capacitated boar spermatozoa, Staicu et al. [23] found that
the eNOS and nNOS are mainly distributed in the sperm head, whereas iNOS is localized in both the
sperm head and the flagellum. The study also suggested a link between NOSs distribution and sperm
normal function (capacitation, acrosome reaction, tyrosine phosphorylation, and Ca?* flux). In contrast
to boar spermatozoa [23], in epididymal tomcat spermatozoa, all three NOS isoforms are localized in
the flagellum and in the cytoplasmic droplet [24]. In murine spermatozoa, the expression of iNOS
influences the reproductive outcome [25]. In particular, Yang et al. [25] found that iNOS knockout
mice displayed higher fertilization rates, suggesting an iNOS inhibitory effect on sperm fusion with
the oocyte. Interestingly, the rate of blastocyst formation was not influenced in any knockout mice.
Similarly, the function of pre-ejaculated sperm was unaffected in any NOS knockout [25].
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Table 1. The presence and localization of nitric oxide synthases (NOSs) in sperm of different species.

Species NOS Isoform Localization Reference
Man nNOS Head, tail [26]
eNOS Head [22]
Mouse nNOS, iNOS, eNOS n/a [27]
Bull nNOS Head, tail [21]
eNOS Head
Boar nNOS Head
iNOS Head, tail [23]
eNOS Head
Stallion nNOS, eNOS n/a [28]
Tomcat nNOS, iNOS, eNOS Tail, cytoplasmic droplet [24]

This table was adapted from Staicu and Matas Parra [19] and modified for the purpose of this review. n/a, not
available; NOS, nitric oxide synthase; nNOS, neuronal NOS; iNOS, inducible NOS; eNOS, endothelial NOS.

1.2. H,S Metabolism in Spermatozoa

The cellular enzymatic production of H,S is mainly ensured by cystathionine (3-synthase (CBS),
cystathionine y-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (3-MST). Both CBS and CSE are
pyridoxal 5’ -phosphate-dependent enzymes located in the cytosol, while 3-MST is a zinc-dependent
enzyme that is mostly found in the mitochondria [29]. Under stress conditions, CSE can be translocated
from the cytosol into the mitochondria, producing H,S and increasing adenosine triphosphate (ATP)
production [30]. Common substrates for H,S production are L-homocysteine and L-cysteine, which can
be obtained by the methionine transulfuration pathway or directly from the diet [31]. The metabolism
of a-ketoglutarate («-KG) represents an alternative source of H,S [32]. The production of H,S by 3-MST
involves two pathways: a traditional one coupled with cysteine aminotransferase (CAT) and a-KG,
and the other one coupled with D-amino acid oxidase (DAO) and D-cysteine [32]. Another pathway
for enzymatic production of H,S may be the reduction of thiols by catalase [33]. Moreover, H,S can
be also oxidized by catalase, so this enzyme seems to play an important role in H,S metabolism [34].
In addition, mitochondrial complex I is another potentially important source of H,S due to the high
cysteine concentration compared to the one found in the cytosol. Non-enzymatic synthesis arises from
persulfides and polysulfides or from the cellular reservoir of bound sulfur and acid-labile sulfur [29].
In regard to bound sulfur, alkaline conditions (pH > 8.4) within neuronal cells promote the release of
H,S in the presence of glutathione (GSH) and cysteine [35]. On the other hand, acid-labile sulfides
are not a likely source of H,S, since their release requires a drop of the pH value to below 5.5 [36].
The catabolism of H,S is poorly understood [37] and seems to occur mostly within the mitochondria,
thanks to enzymes capable of H,S oxidation: sulfide quinone oxidoreductase (SQR), thiosulfate
transferase (TST), and sulfite oxidase [32]. Other enzymes also participate in H,S catabolism, such as
ethylmalonic encephalopathy 1 (ETHE1) protein, which continues the oxidation of sulfide initiated by
SQR [38]. Moreover, the enzyme cysteine dioxygenase should be mentioned, as it controls the cellular
levels of cysteine, and thus contributes to maintaining low levels of H,S/sulfane sulfur pools [38].
The non-enzymatic catabolism pathway occurs via interaction of H»S with O,, hydrogen peroxide
(H20,), superoxide (O, 7), and peroxynitrite (ONOO™) [32].

There is lack of information regarding the expression and distribution of H,S-generating enzymes
in sperm cells. To the best of the authors” knowledge, only one study has quantified the expression of
CBS and CSE in sperm samples [39]. In this study, the authors found that oligoasthenozoospermic
and asthenospermic men show reduced levels of H,S in the seminal plasma compared to fertile men.
Interestingly, asthenospermic men show reduced expression of CBS but not CSE. The localization of
the HyS-generating enzymes within the sperm cells is also still unknown.
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2. Mechanisms of Action of NO in Spermatozoa

Substantial information is available regarding the role of NO in crucial sperm processes prior to
fertilization, such as capacitation, hyperactivation, acrosome reaction, and zona pellucida binding [19,40-42].
Furthermore, the role of NO has been widely investigated during semen handling and storage [43,44].
So far, three main pathways of NO within the sperm cell have been established [19].

The primary target of NO is the soluble guanylyl cyclase (sGC) that serves as the NO receptor.
The most common sGC isoform found in cytosolic fractions consists of two subunits: «1 and (1.
Each subunit contains four domains: N-terminal heme-NO/O, binding (H-NOX), Per/Arnt/Sim
domain (PAS), coiled-coil domain (CC; helical d.), and C-terminal catalytic domain [45]. The H-NOX
domain of the f1 subunit is the one responsible for the interaction with NO through bounded
heme. Upon the binding of NO to the heme group, a cascade of conformational changes of the other
domains results in the activation of catalytic activity of the sGC, as demonstrated in vivo using human
neuroblastoma-derived cells [46]. The kinetics of the sGC molecule and the interaction with NO was
extensively studied by Siirmeli et al. [47] with in vivo implications. The study revealed the relationship
between ATP, guanosine-5'-triphosphate (GTP), and NO to the activity of sGC. The ATP binding to
the allosteric site (pseudosymmetric to the catalytic domain) gives selectivity of sGC for GTP and
affects the enzyme activity at different concentrations of NO [47]. The binding of NO to sGC leads to
the production of cyclic guanosine monophosphate (cGMP) [48], which participates in the acrosome
reaction of bovine [49] and human [50] spermatozoa. Among cGMP targets, the cyclic nucleotide
gated (CNG) channels are one point of interest, since they can be found in the flagellum and affect the
Ca?* influx during capacitation of bovine and murine spermatozoa [51,52]. The cGMP also activates
c¢GMP-dependent protein kinase (PKG), an enzyme responsible for phosphorylation of serine/threonine
in proteins important for sperm capacitation [19]. Moreover, PKG contributes to the activation of
other macroscopic ion currents responsible for maintaining elevated Ca?* levels for longer periods
of time during capacitation [52]. An increased production of cGMP also prevents the degradation of
cAMP by the phosphodiesterase type 3 (PDE3), as both nucleotides compete for the catalytic site of the
enzyme [19]. On the other hand, the intracellular increase of Ca?* may be explained by an extracellular
signalization (e.g., progesterone), resulting in sperm-specific Ca®* channel (CatSper) activation and a
consequential increase in cGMP production [53].

In addition to the indirect involvement of NO in the cAMP/protein kinase A (PKA) pathway,
NO directly acts on adenylyl cyclase (AC) with a dual effect: An activator at small concentrations
(murine and human spermatozoa) [54], and an inhibitor at high concentrations (in vitro) [55]. The latter
study [55] was performed on transmembrane adenylate cyclase (tmAC), whose function in sperm
biology is controversial, despite the fact that all isoforms of tmAC were localized within the cell [56].
In continuation, the tyrosine phosphorylation of proteins is also achieved by the activity of NO on the
extracellular signal-regulated kinase (ERK) pathway. NO interacts with the cysteine of Ras proteins,
and consequentially several kinases are activated (Raf, MEK, and ERK 1/2) resulting in tyrosine
phosphorylation, which contributes to mammalian sperm capacitation [57].

A third mechanism of action occurs at high concentrations of NO, which directly provokes a
post-translational modification of proteins, reversibly by S-nitrosylation or irreversibly by tyrosine
nitration [40]. Within the human spermatozoa, more than 200 proteins have been identified that are
modified by NO via the process of S-nitrosylation [58], which is the covalent union of NO and sulfur
of cysteine, forming a nitrosothiol group (-SNO) within the molecule. Moreover, S-nitrosylation is
involved in a variety of cellular processes such as energy production, motility, ion channel function, or
antioxidative mechanisms [41]. On the other hand, tyrosine nitration is achieved through interaction
between NO and ONOO™. Interestingly, the levels of tyrosine nitration and the production of ONOO~
are increased during mammalian sperm capacitation [41].

In mammals, the major source of NO catabolism seems to be the reaction with O,, forming
nitrites [29], or with hemoglobin, forming nitrates [59]. The rapid reaction of NO with thiols [29] and
other reactive oxygen species (ROS) represents other possible ways of catabolism [17].
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3. Mechanisms of Action of H,S in Spermatozoa

Regarding the targets of H,S within the sperm cell, little information is available. Recently,
Wang et al. [39] investigated the influence of H»S on spermatogenetic failure induced by administration
of LPS, which lead to the phosphorylation of mitogen-activated protein kinases (MAPKSs), a complex
of three downstream enzymes (ERK, C-Jun N-terminal kinase, (JNK), and p38) with pro-inflammatory
activity. The injection of the synthetic H,S donor GYY4137 attenuated the effect of LPS by modulating the
MAPK pathway and affecting the activity of JNK, ERK, and p38 enzymes. Furthermore, the application
of the H,S donor GYY4137 led to sperm motility improvement in asthenozoospermic men with H,S
deficiency [39]. In boar and mouse semen, Zhao et al. [60] found that Na,S, a fast H,S releasing donor,
decreases sperm motility by disrupting multiple signaling pathways, which mainly include: decreased
ATPase activity, inhibition of Akt, and activation of the adenosine 5’-monophosphate-activated protein
kinase (AMPK) and phosphatase and tensin homologue (PTEN) pathways. The AMPK pathway
affects spermatogenesis and performs a crucial role in sperm metabolism and the motility of various
mammalian species (e.g., rats, stallions, humans) [61]. On the other hand, the activation of the PI3K/Akt
pathway can help to counteract the effects of oxidative stress. Xia et al. [62] observed the activation of
the PI3K/Akt pathway in varicocelized (VC) mice after administration of the H,S donor (GYY4137)
compared to the VC group. The phosphorylation of PI3K p85 and Akt positively correlated with sperm
motility, decreased oxidative stress, and reduced epididymal cell apoptosis [62].

However, more potential targets for HyS may be expected. H,S is known to interact with
proteins during post-translational modification [63]. The interaction of H,S with cysteine results in the
conversion of cysteine -SH groups to -SSH, and the term S-sulfthydration is used to describe this kind
of protein modification [64]. Moreover, Mustafa et al. [64], upon the observation of H,S interaction
with glyceraldehyde 3-phosphate dehydrogenase (GAPDH), suggested H,S to be antagonistic to NO,
since H,S tends to increase cysteine reactivity rather than decrease it, as in the case of NO. This finding
may have interesting implications in sperm biology, since GAPDH is a glycolytic enzyme involved in
sperm motility [65,66]. In addition, a sperm-specific isoform (GAPDS) with constitutional differences
and more specific function is found within sperm cells [67]. The GAPDS is expressed only in male germ
cells and performs a narrower range of tasks compared to the somatic isoform (GAPDH). Doubtlessly,
the main task is to ensure energy for sperm motion. As a result, the knockout of the gene encoding
GAPDS results in a significant motility decrease, while the O, consumption by mitochondria and the
ATP production by oxidative phosphorylation (OXPHOS) are maintained [68].

Recently, the term S-sulthydration has been substituted by a more accurate one, namely
persulfidation, as no hydration occurs during the reaction of H,S and cysteine -SH group [69,70].
This raises more questions about the direct involvement of H;S in cellular signaling, as the sulfur
atoms of cysteine and H,S are reduced to -2 oxidation state and oxidation to S is required before
persulfidation can occur [70,71]. The slow rate of H,S autooxidation, the lower reactivity of HyS
compared to persulfides/polysulfides, and the low specificity imply that oxidized products of HyS
(i.e., polysulfides and persulfides) are the actual cellular messengers [70,72]. Mishanina et al. [72]
proposed that enzymes producing persulfides, such as sulfurtransferases (e.g., 3-MST, rhodanese),
CSE, CBS or SQR, transfer persulfides to another protein directly or via a secondary carrier, which
would create targeting specificity. Thus, the persulfide transfer (transpersulfidation) would be the
most likely mechanism of signalization of H;S.

4. The Role of NO and H,S in Oxidative Stress

The presence of NO and H,S within semen may be linked to physiological processes or pathological
states depending on the concentration (Table 2). Whereas at low concentrations ROS play a key role
in sperm function (e.g., capacitation, acrosome reaction), above physiological levels they provoke
oxidative stress and sperm damage [73,74]. Apart from ROS, reactive nitrogen species (RNS) [75] and
reactive sulfur species (RSS) [76] are also involved in several cellular processes. To maintain the balance
between physiological signal transduction and over-accumulation of reactive species, antioxidants such
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as super oxide dismutase (SOD), catalase, or the glutathione peroxidase (GPX)/glutathione reductase
(GR) system are present within the seminal plasma [77]. Moreover, the sperm cell itself has an intrinsic
antioxidant system, involving antioxidants such as peroxiredoxins and thioredoxins, in addition to the
above-mentioned seminal plasma antioxidants [78]. Nevertheless, it should be emphasized that sperm
cells possess limited antioxidant capacity due to the low content of cytoplasm and the high content of
polyunsaturated fatty acids (PUFA), which make the male gamete vulnerable to oxidative stress [73].
A study by Moretti et al. [79] demonstrates that the increased ROS production in infertile men leads to
impairment of sperm parameters (e.g., motility and viability) and alteration of the antioxidant system
within the cell. As mitochondria are the main source of ROS within the spermatozoon, as well as a
major source of energy for movement, the decrease in sperm motility in response to oxidative stress
may be linked to alterations of mitochondrial activity [80].

Table 2. The effects of nitric oxide (NO) and hydrogen sulfide (H;S) on cellular function.

PHYSIOLOGICAL SUPRAPHYSIOLOGICAL
CONCENTRATION CONCENTRATION
NO H,S NO H,S
| lipid peroxidation* ROS scavenging activity* T lipid peroxidation Isperm motility
T antioxidant capacity T DNA damage T ROS levels
O 1SOD activity 1 protetin flimage | mitochondrial activity
apoptosis

1 mitochondrial activity pop o O Complex .
1 sperm motility O  membrane hyperpolarization IV inhibition
1 DNA integrity O  cytochrome C release*
apoptosis prevention | mitochondrial activity
O THSP 70 expression O complex IV inhibition*
O | Caspase 3 expression 7 ONOO" generation

O  Bax/Bcl-2 ratio preservation . . .
/B P O  mitochondrial activity inhibition

Cryoprotection
O T HSP 70 expression . complexes I and II inhibition*
. Mn-SOD inactivation®
. T sperm motility . Succinate
. ) dehydrogenase inactivation*
membrane integrity
. T DNA integrity O |l glycolysis
. | % abnormal sperm | O 1 thiol oxidation

* Effects seen in other systems rather than just the male reproductive system. Bax, Bcl-2-associated X protein; Bcl-2,
B-cell lymphoma 2 protein; HSP, heat-shock protein; ROS, reactive oxygen species; SOD, superoxide dismutase;
ONOO~, peroxynitrite. While bold letter indicates topic within the table, circles and squares indicates 1st and 2nd
level subtopics.

4.1. NO and Reactive Nitrogen Species

NOis a free radical representing the main source of RNS, which originate from the interaction of NO
with O, and O, to produce nitrogen dioxide (NO,), dinitrogen trioxide (N,O3), dinitrogen tetraoxide
(N204), ONOO™, and nitroxyl (HNO) [40]. Ultimately, excessive RNS can be responsible for lipid,
protein, and DNA impairment [81]. NO is the least reactive radical often connected with PUFA
peroxidation. As a free radical, increased concentrations of NO within the sperm cell are associated
with male infertility [79]. In this way, aminoguanidine, an NOS inhibitor, protects the sperm cells
against the detrimental consequences of oxidative stress both in vivo and in vitro [82,83]. Yet, it should
be mentioned that NO may also stop radical chain propagation through interaction with the lipid
peroxyl radical (an intermediate of lipid peroxidation) to form oxidized forms of nitrosated fatty acid
species [84]. Apart from its physiological role, NO pathological accumulation at uM concentrations in
mitochondria inhibits cellular respiration, while at mM concentrations it may also lead to membrane
hyperpolarization, cytochrome c release, and apoptosis [10]. The inhibition of mitochondrial respiratory
activity by NO itself is done through reversible inhibition of complex IV upon the binding of NO to
the heme group of cytochrome oxidase [84]. In addition to NO, the free radical ONOQO~ is one of
the most potent RNS involved in various signaling pathways, and has potential pathological effects
when left uncontrolled by the antioxidant cellular defense [85]. The overproduction of ONOO™ leads
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to the inhibition of mitochondrial activity through the inactivation of electron transport complexes I
(NADH dehydrogenase) and II (succinate dehydrogenase). The function of SOD can be also affected
by ONOO™ through tyrosine nitration [84]. Various types of SOD are known, of which two types are
found in eukaryotic organisms: Mn-SOD located in the mitochondria and Cu/Zn-SOD mostly located
in the cytosol [86]. Mn-SOD is inactivated by ONOO™ [84]. The influence of ONOO™ overproduction
on human spermatozoa was investigated by Uribe et al. [87], revealing a decrease in the mitochondrial
membrane potential and motility. These observations led to the hypothesis that decreased ATP
production could be behind the observed effects. This hypothesis was later confirmed by the same
research group [88], as the application of peroxynitrite interfered with ATP production via OXPHOS,
and also via glycolysis. Moreover, thiol oxidation, resulting from the reaction of ONOO~ with
sulthydryl groups of cysteine, was related to decreased sperm motility. The process affected both the
sperm head and the principal piece, and as a possible explication of motility loss, a thiol oxidation of the
sperm axoneme was suggested [89]. In addition, Uribe et al. [90] observed mitochondrial permeability
transition (MPT) under nitrosative stress with biochemical traits of MPT-driven necrosis. On the
contrary, Serrano et al. [91] found that, although peroxinitrite induces oxidative stress in boar sperm,
leading to lipid peroxidation and motility loss, it does not affect mitochondrial membrane potential.

4.2. H»S and Reactive Sulfur Species

The most recent and complex definition describes the RSS as those molecules which contain at least
one redox-active sulfur atom or sulfur-containing functional group in their structure, and are capable
of either oxidizing or reducing biomolecules under physiological conditions to trigger or propagate
a noticeable cellular signal or wider biological event [92]. The need for this new definition comes
from the extensive research done in the area of cellular signaling involving RSS. Mishanina et al. [72]
list a wide range of biologically active RSS with H,S as a common precursor. Like RNS and ROS,
the concentration of RSS is crucial for physiological activity, as in supraphysiological concentrations,
RSS exert a negative effect on sperm cells [40]. In a study by Wang et al. [39], asthenozoospermic
men showed decreased H,S concentrations in seminal plasma, and the application of a H,S donor
(GYY4137) improved the total and progressive sperm motility. In the same study, the negative effect on
human sperm motility and hypermotility was seen after 5 uM NaHS treatment, which probably caused
the fast release of H,S in a supraphysiological concentration. Similarly, Zhao et al. [60] reported that
the administration of Na,S, both in vitro (25-100 M) and in vivo (10 mg/kg of body weight), led to
negative effect on boar and mouse sperm motility, respectively. The observed negative effects of H,S
donors may be due to the inhibition of ATP production. Particularly, the inhibition of mitochondrial
complex IV takes place when using an NaHS donor in concentrations exceeding 10 uM in various
cell lines [93]. Finally, high concentrations of a H,S donor (50 uM Na,S) promote oxidative stress,
measured as the concentration of HyO,, in boar sperm samples [60].

4.3. H,S Antioxidant Properties

Great focus has been dedicated to the antioxidant properties of H,S as a reducing agent (Table 2) [94].
Atlow concentrations H»S and its dissociated form, (HS"), can directly scavenge ROSand RNS (e.g., O,
H,0; or peroxynitrates) [35]. Bearing in mind the very low H,S cellular concentration (sub-micromolar),
the direct scavenging activity seems to be of lesser importance compared to other antioxidants (e.g.,
GSH) [35,95]. On the other hand, indirect augmentation of antioxidant capacity has been documented
in several studies. In a study by Li et al. [96], the application of NaHS as a H,S donor led to increased
SOD activity and decreased ROS levels in testicular germ cells exposed to heat stress. Moreover,
mitochondrial dysfunction characterized by increased ATP depletion, O, consumption, and ROS
generation was also reduced after NaHS application. The results also indicated that H,S may prevent
cellular apoptosis. In a similar study, Ning et al. [97] used another H»S donor, GYY4137, to test
its effect on heat-induced damage in testicular cells. In agreement with Li et al. [96], H,S donor
administration led to increased SOD expression and reduced the number of apoptotic cells. The
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authors also measured the expression of several proteins of the mitochondrial apoptotic pathway:
Bax, Bcl-2, and caspase 3. The application of GYY4137 reduced the expression of Bax in heat-exposed
testicular cells and preserved the expression of Bcl-2 compared to the group without treatment [97].
The ratio between Bax (pro-apoptotic factor) and Bcl-2 (anti-apoptotic factor) protein is crucial in
apoptosis activation [98]. As a consequence, the authors also found that the expression of caspase
3 was also reduced in the GYY4137-treated group [97]. Caspase 3 is a signaling enzyme of various
pathways, whose activation leads to inevitable apoptosis [99]. The effects observed by Ning et al. [97]
are attributed to the increased expression of heat shock protein 70 (HSP 70) after GYY4137 application.
The expression of HSP 70 helps to prevent cell apoptosis during temperature-induced stress conditions
in testicular cells [100], preserves sperm motility in cryopreserved bull spermatozoa [101], and protects
proteins and DNA under stress conditions [102]. Using antioxidant sericin, the increased expression of
HSP 70 led to improved semen quality after cryopreservation [103].

5. NO and H,S Interactions

There is growing evidence indicating that H,S and NO share common targets and interact with
each other [104]. Most information about the interactions of H,S and NO come from research on the
cardiovascular system. The studies dedicated to this topic demonstrate the interaction on several
levels: shared signaling targets (Figure 1), metabolic regulation of each other, and interaction between
metabolites of both gasotransmitters (Figure 2) [59]. For example, the interaction of H,S and NO leads
to the formation of polysulfides, which are more reactive than H,S, and thus seem to be novel RSS
signal conductors [70].

With respect to the common signaling targets for H,S and NO, the MAPK pathway is one point
of interest. The MAPK pathway includes four main cascades, namely, ERK 1/2, JNK, p38, and ERK 5,
and it is known to participate in sperm capacitation, motility, and acrosome reaction [105]. While H,S
decreases phosphorylation by MAPK in the testis [39], NO activates MAPK participating in the
tight-junction dynamics of Sertoli cells [106]. This MAPK regulation by H,S and NO may also be
of interest regarding sperm cells, as it is a crucial pathway affecting sperm motility, morphology,
and capacitation [57,107]. For the first time in human spermatozoa, Silva et al. [107] identified JNK,
which represent a subfamily of MAPKs also referred to as stress-activated protein kinases (SAPKs),
as they are activated by phosphorylation under stress conditions (e.g., oxidative stress). The same
authors observed a negative correlation of J]NK phosphorylated levels with total and progressive
motility. Furthermore, the application of NaHS in mice decreased the activity of MAPKSs in the
blood-testis barrier of samples exposed to oxidative stress induced by LPS [39]. Thus, it seems
that the phosphorylation of MAPKSs is attenuated by H,S. On the other hand, exposure of cells to
peroxynitrate activates all three of the major subfamilies of MAPKs (p38, JNK, ERK) in rat liver
epithelial cells [108]. Yet, the effect of the two gasotransmitters on the MAPK pathway within a sperm
cell remains to be investigated. Other common targets in somatic cells for both gasotransmitters are
the Ca?* channels [29,35] and K* channels [29,35,59]. The regulation of Ca?* currents in sperm is of
particular interest, as CatSper are involved not only in sperm capacitation [109], but also in sperm
hyperactivation, acrosome reaction, and chemotaxis [53,110]. The hypothesis of NO involvement in
chemotaxis through affection of the ion channel function may seem intriguing, as Miraglia et al. [111]
observed a positive influence of NO on sperm migration. On the other hand, a recent study by
Wilifisky et al. [112] showed only temporal negative influence of H,S on sperm chemotaxis, probably
due to motility inhibition. The specific mechanism and extent of involvement of the CatSper channels
in the previously mentioned processes is still a matter of debate [113,114]. In addition, the opening
of K* channels induces membrane hyperpolarization, representing the predominant process during
capacitation. The regulation of K* channels also affects ATP generation by mitochondria, and thus the
activation promotes progressive sperm movement, together with hyperactivity [115].
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Figure 1. Common targets of nitric oxide (NO) and hydrogen sulfide (H,S). The scheme displays the
cohesion of H»S and NO common targets within a cell, focusing on the most sperm-relevant enzymes
and proteins. The function of NADPH oxidase and GAPDH directly affects sperm motility, as the
latter requires ATP production. The sperm ion channels affect not only sperm function (capacitation,
hyperactivation, acrosomal reaction), but also the outcome of the fertilization process. The MAPK
complex influences the capacitation and hyperactivation of sperm cells. Colors of arrows indicate
the relation with sperm biological process marked by the corresponding color. ERK, extracellular
signal-regulated kinase; GAPDH, 3-phosphate dehydrogenase; HNO, nitroxyl; HSNO, thionitrous acid;
H,S, hydrogen sulfide; JNK, C-Jun N-terminal kinase; MAPK, mitogen-activated protein kinases; MEK,
MAPK/ERK kinase; NADPH, nicotinamide adenine dinucleotide phosphate; NO, nitric oxide; Raf,
rapidly accelerated fibrosarcoma kinase; TRPYV, transient receptor potential vanilloid.

Attention should also be given to the transient receptor potential (TRP) channels, which affect
male fertility potential, starting from spermatogenesis, through sperm maturation, to sperm function.
The TRP channels are involved in sperm thermotaxis, forming a group of 30 Ca?* ion channels,
which can be divided into seven families [116,117]. Some channels of the subfamily of TRP vanilloid
(TRPV) can be activated by H,S [29] and NO through S-nitrosylation [118]. The ion channel TRPV
type 4 (TRPV4) was very recently demonstrated to participate in human sperm capacitation and
hyperactivation [119]. The TRPV4 channel function is temperature dependent and is probably
modulated by tyrosine phosphorylation [119]. Following the authors’ model, TRPV4 mediates Na*
influx and the consequential membrane depolarization necessary for activation of other crucial
capacitation-related ion channels (e.g., CatSper). The authors immunolocalized TRPV4 in the flagellum
and acrosome of human spermatozoa. Another TRP channel (TRPV1) was immunolocalized by Kumar
etal. [120] in the acrosome and in the flagellum of bull spermatozoa. The authors observed a correlation
of TRPV1 with progressive sperm motility, hyperactivity, capacitation, and acrosome reaction. TRPV1
was also observed to play an important role in the capacitation of boar spermatozoa [121]. The activation
of TRPV1 leads to membrane depolarization through Na* influx and the consequential activation of
voltage-gated Ca?* channels. The same effect was also observed in mouse spermatozoa [122]. In a
study by Bernabo et al. [121], the TRPV1 localization displayed two patterns in ejaculated spermatozoa:
in the majority of spermatozoa, TRPV1 was found in the post-acrosomal region, while around 20% of
spermatozoa had TRPV1 distributed over the acrosome and in the proximal segment of the midpiece.
The authors observed a dramatic shift of this distribution pattern after capacitation, describing the
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relocation of TRPV1 to the acrosome and midpiece. Yet the regulation of the TRPV channel by H,S and
NO in spermatozoa of different species remains to be investigated.

SSNO’

GSNO

HSNO

HNO

NO H,S
iNOS

PI3K/Akt
ERK

eNOS «

Figure 2. A brief insight into the interactions between NO and H,S that might be relevant for
sperm biology. Akt, protein kinase B; eNOS, endothelial nitric oxide synthase; ERK, extracellular
signal-regulated kinase; GSNO, S-nitrosoglutathione; HNO, nitroxyl; HSNO, thionitrous acid; H,S,
hydrogen sulfide; iNOS, inducible nitric oxide synthase; NO, nitric oxide; PI3K, phosphoinositide
3-kinase. [32,50,116-119,123-130].

A regulatory effect of HyS on NO production may result from the ability of H;S to activate the
PI3K/Akt and ERK pathways [60]. Using various H»S donors in CSE knockout mice, H»S activates eNOS
in myocardial cells [123]. The enzymes ERK 1/2 were reported to enhance eNOS sensitivity to Ca>*
stimulation in the endothelial cells of the uterine artery [124]. The release of NO upon the activation of
MEK/ERK1/2 and PI3K/Akt-dependent eNOS serine 1179 phosphorylation was also observed after
H>O, application [125], which describes a cellular mechanism of adaptation to oxidative stress. In
contrast, the application of the H,S donors NaHS and diallyl trisulfide leads to the inhibition of iNOS
during inflammation [126]. However, the effect of the interaction between NOS and H,S is still unclear,
indifferent of cell type [127].

A direct interaction between H»S and NO radicals and their metabolites (e.g., nitrate, nitrite,
peroxinitrates) results in the formation of potentially important signaling molecules such as nitrosothiols,
thionitrous acid (HSNO), or nitroxyl (HNO) [59,128]. The interaction between NO and H,S is currently
being intensively investigated, as it represents a very complex topic of great physiological importance
and results in a plethora of possible outcomes [129]. For instance, HS™ reacts with ONOO~, forming
HSNO [59], which seems to be another important source of NO and HNO [130]. In addition, the
reaction of HS™ with S-nitrosothiol (SNO) and S-nitrosoglutathione (GSNO) generates several other
metabolites (e.g., sulfinyl nitrite (HSNO,) and HSNO) [127]. Within the cardiovascular system, the
role of HNO in cellular physiology has received considerable attention [59], with possible interesting
implications for sperm cells. Using a HNO donor (Angeli’s salt), Andrews et al. [131] demonstrated for
the first time that it acts through the sGC/cGMP pathway. HNO also protects PUFA from peroxidation
due to its antioxidant properties [132]. The protective ability of HNO should also be considered in the
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case of the sperm plasma membrane, as it contains a high amount of PUFA [73]. On the other hand,
HNO can increase intracellular levels of H,O, by inhibiting its degradation, and it also reacts with
thiol proteins, such as GAPDH, decreasing its activity [132,133]. Sperm-specific GAPDH (GAPDS) is
particularly important in sperm cell energetic metabolism [68]. It has been proposed that interaction of
NO with H,S may result in GSNO formation [37]. Yet, the reaction of nitrous acid (HNO;) with GSH
seems to be the most relevant in physiological conditions, compared to the reaction of GSH and NO,
which represents another alternative for in vivo GSNO formation [134]. It seems that GSNO serves
as an intracellular storage for NO, which can be released by the reaction with GPX or thioredoxin
reductase [59]. GSNO can also release stored NO upon reaction with H,S or HS™ [135], and can also
lead to formation of polysulfane species [136]. In addition, Berenyiova et al. [137] proposed that sulfide
reaction with GSNO may lead to HNO synthesis. Although HNO was observed to inhibit nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (Nox 2) in the vascular system [59], the form and
role of NADPH oxidase in spermatozoa is unclear [11]. Only the isoform Nox 5 has been found in
the testis [11] and in human spermatozoa, where it was localized in the flagellum, midpiece, and
acrosome and was positively associated with motility [138]. Recently, nitrosopersulfide (SSNO™) was
suggested as a more probable, effective, resistant, and specific NO donor than GSNO [139,140]. It was
also suggested that SSNO" is formed in the presence of excessive sulfide, in addition to the other ways
of formation [139]. On the other hand, Wedmann et al. [141] proposed that under in vivo physiological
conditions, HSNO/SNO™ is the most probable signaling molecule (via trans-nitrosation), which can
also cause HNO formation.

6. Conclusions

In conclusion, the roles of H,S and NO in sperm cells still leave many unanswered questions.
Surprisingly, even after two decades of intensive investigation, the exact mechanism of action of
H,S is still unclear. The delicately tuned relationship and wide range of molecular targets of these
two gasotransmitters within the cell highlight the necessity for further research. Growing evidence
indicates that the research on the male gamete should not only take into account the sole action of each
gasotransmitter, but it should also focus on investigating the interaction between NO and H,S.
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Abbreviations

3-MST 3-mercaptopyruvate sulfurtransferase
AC adenylyl cyclase

Akt protein kinase B

AMPK adenosine 5’-monophosphate-activated protein
ATP adenosine triphosphate

Bax Bcl-2-associated X protein

Bcl-2 B-cell lymphoma 2 protein

CAT cysteine aminotransferase

CatSper sperm specific Ca>* channels

CBS cystathionine 3-synthase

CC coiled-coil domain

cGMP cyclic guanosine monophosphate
CNG cyclic nucleotide gated (channels)
CSE cystathionine y-lyase

DAO D-amino acid oxidase
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eNOS endothelial nitric oxide synthase

ERK extracellular signal-regulated kinase
ETHE1 ethylmalonic encephalopathy 1 protein
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GAPDS sperm-specific glyceraldehyde 3-phosphate dehydrogenase
GPX glutathione peroxidase

GR glutathione reductase

GSH glutathione

GTP guanosine-5"-triphosphate

H-NOX N-terminal heme-NO/O, binding (domain)
HSP heat shock protein

iNOS inducible nitric oxide synthase

JNK C-Jun N-terminal kinase

MAPK mitogen-activated protein kinases

MEK MAPK/ERK kinase

MPT mitochondrial permeability transition
NADH nicotinamide adenine dinucleotide
NADPH nicotinamide adenine dinucleotide phosphate
nNOS neuronal nitric oxide synthase

NOS nitric oxide synthase

Nox_2 nicotinamide adenine dinucleotide phosphate oxidase 2
OXPHOS oxidative phosphorylation

PAS Per/Arnt/Sim (domain)

PDE3 phosphodiesterase type 3

PIBK phosphoinositide 3-kinase

PKG c¢GMP-dependent protein kinase

PTEN phosphatase and tensin homologue

PUFA polyunsaturated fatty acids

Raf rapidly accelerated fibrosarcoma kinase
RNS reactive nitrogen species

ROS reactive oxygen species

RSS reactive sulfur species

SAPK stress-activated protein kinases

sGC soluble guanylyl cyclase

SQR sulfide quinone oxidoreductase

TRP transient receptor potential (channels)
TRPV TRP vanilloid (channels)

TST thiosulfate transferase

vC varicocelized

«-KG a-ketoglutarate
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Divergent effect of fast- and slow-
releasing H,S donors on boar
spermatozoa under oxidative stress

Eliana Pintus(®", Marija Jovi¢i¢, Martin Kadlec & José Luis Ros-Santaella

Hydrogen sulphide (H,S) is involved in the physiology and pathophysiology of different cell types, but
little is known about its role in sperm cells. Because of its reducing properties, we hypothesise that H,S
protects spermatozoa against the deleterious effects of oxidative stress, a condition that is common
to several male fertility disorders. This study aimed i) to determine the total antioxidant capacities of
Na,S and GYY4137, which are fast- and slow-releasing H,S donors, respectively, and ii) to test whether
H,S donors are able to protect spermatozoa against oxidative stress. We found that Na,S and GYY4137
show different antioxidant properties, with the total antioxidant capacity of Na,S being mostly
unstable and even undetectable at 150 uM. Moreover, both H,S donors preserve sperm motility and
reduce acrosome loss, although the effects were both dose and donor dependent. Within the range of
concentrations tested (3-300 uM), GYY4137 showed positive effects on sperm motility, whereas Na,S
was beneficial at the lowest concentration but detrimental at the highest. Our findings show that Na,S
and GYY4137 have different antioxidant properties and suggest that both H,S donors might be used
as in vitro therapeutic agents against oxidative stress in sperm cells, although the optimal therapeutic
range differs between the compounds.

Hydrogen sulphide (H,S) is the most recently discovered gaseous molecule that participates in a variety of biolog-
ical functions, as do nitric oxide (NO) and carbon monoxide (CO). In mammals, H,S can be synthesised by enzy-
matic or non-enzymatic pathways'. Overall, it seems likely that most of the H,S produced within an organism is
generated by the H,S-synthesising enzymes: cystathionine ~-lyase (CSE), cystathionine (3-synthase (CBS), and
3-mercaptopyruvate sulphurtransferase (3-MST), with the latter coupled with cysteine aminotransferase (CAT)%

In the male reproductive system, the expression of H,S-generating enzymes has been reported in the testis**,
epididymis®, penile corpus cavernosum®, and spermatozoa”®, which strongly suggests that this gasotransmitter
is involved in sperm physiology to some extent. In a recent study, Wang et al. found that asthenospermic men
show reduced levels of H,S in their seminal plasma and that exogenous H,S supplementation improves their
sperm motility®. In contrast, in boar spermatozoa, H,S exerts no or negative effects on sperm motility, viability,
and mitochondrial membrane potential®. With both positive and negative effects documented, there is still con-
troversy concerning the role of H,S in sperm cells. This apparent discrepancy might, at least partly, be a result of
H,S dose- and donor-dependent effects'®.

According to their chemical structure and source, H,S donors include inorganic salts and derivatives of
phosphorodithioate, garlic extracts, thioaminoacids, and anti-inflammatory drugs'!. On the basis of their
release mechanism, H,S donors can be classified in two categories: slow- and fast-releasing agents. Among the
fast-releasing H,S donors, the inorganic salts sodium sulphide (Na,S) and sodium hydrosulphide (NaHS) are
probably most frequently employed in biological studies. Both salts can be dissolved in aqueous solution, leading
to an instantaneous release of H,S that mimics a bolus administration. Despite the common use of these donors
in experimental studies, it is becoming increasingly clear that their gas release might not be representative of
the physiological H,S levels in tissues and cells'2. On the other hand, slow-releasing H,S donors, like the phos-
phorodithioate derivative GYY4137, produce a slow and continuous release of gas, which is more similar to the
physiological conditions found within organisms!?. For this reason, the use of different H,S donors in studies is
useful to elucidate the biological activity and possible therapeutic effects'2.
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Figure 1. Total antioxidant capacity and stability of the H,S donors Na,S and GYY4137. The H,S donors were
incubated in phosphate-buffered saline solution at 38 °C in a water bath. Total antioxidant capacity is expressed
as Trolox equivalents (mM). White histograms: Na,S; grey histograms: GYY4137. Upper panel: 20 minutes of
incubation; middle panel: 120 minutes of incubation; lower panel: 210 minutes of incubation. Different letters
indicate significant differences (p < 0.05) between H,S donors at the same concentration and incubation time.
Data are shown as the mean+standard error of four replicates.

By virtue of its activity as a reducing agent, H,S attenuates the damage induced by oxidative stress in different
cells and tissues (e.g. neurons'?, gastric cells', lung cells'®). Oxidative stress is an underlying condition common
to several male reproductive disorders, in which high levels of reactive oxygen species (ROS) cause sperm dys-
function (e.g. decreased sperm motility, impaired membrane and DNA integrity, increased lipid peroxidation)
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and infertility'®"’. Previous studies have shown that H,S is able to alleviate the effects of oxidative stress on testic-
ular functions*®'8, but the in vitro effects of this gasotransmitter on sperm cells under a ROS-generating system
still need to be elucidated.

The aim of this study was to evaluate the total antioxidant capacity and stability of the H,S donors Na,S and
GYY4137 under standard conditions (38 °C, pH~7) and at different times (i.e. 20, 120, and 210 minutes) dur-
ing the incubation (experiment I). Because sperm motility under a ROS-generating system may drop in a few
hours!*? and based on the opposite modalities of H,S release by Na,S and GYY4137 (i.e. fast and slow release,
respectively), these incubation times were chosen to determine the dynamics of the antioxidant activity of each
donor during the early, mid, and late stages of incubation. Based on the results from experiment I and the phys-
iological total antioxidant capacity of boar seminal plasma?!, we then established a suitable range of concentra-
tions of Na,S and GYY4137 to be tested in boar sperm samples under a ROS-generating system (experiment II).
Although some Na,S and GYY4137 concentrations used in experiment II show a total antioxidant capacity that
is below the range of detection by spectrophotometry, they were included in our experimental design because
increasing evidence suggests that in vivo H,S levels range from low uM to high nM?*2. Next, we evaluated the
effects of both donors on sperm motility, mitochondrial activity, plasma membrane integrity, acrosomal status,
and lipid peroxidation. The results from this study elucidate the role of H,S donors in sperm samples under oxi-
dative stress and the possible therapeutic implications of these compounds for alleviating the negative effects of
ROS on sperm function.

Results

Experiment . Total antioxidant capacity and stability of H,S donors.  As can be seen from Table 1,
Na,S and GYY4137 showed different total antioxidant capacities and stabilities during the incubation. Overall,
the total antioxidant capacity of Na,S significantly decreased between 20 and 210 minutes of incubation, whereas
that of GYY4137 tended to increase during this period and was significantly higher after 210 minutes than after
20 minutes of incubation at 2,400 and 1,200 uM (p < 0.05). Moreover, GYY4137 showed detectable levels of total
antioxidant capacity at all concentrations tested, whereas Na,S was unstable within the range of 300 to 1,200 uM
and was undetectable at 150 uM. Irrespective of the concentration considered, GYY4137 showed greater total
antioxidant capacity than Na,S$ (Fig. 1).

Experiment Il. Effect of H,S donors on boar sperm parameters under induced oxidative
stress. Sperm motility. Overall, the effects of H,S on boar sperm motility under induced oxidative stress
were dose- and donor-dependent (Table 2, Fig. 2). Thus, 3 and 30 uM GYY4137 and 3 uM Na,S preserved the
sperm motility and kinetics under the ROS-generating system. Interestingly, all of the sperm kinetic parameters
in these treatments did not differ from those of the control group without oxidative stress (CTR; p > 0.05). The
results with both 3 and 30uM GYY4137 showed higher percentages of total motility (TM) relative to that of
the control group under oxidative stress (CTR-o0x; p < 0.01). Moreover, a dose of 30 uM GYY4137 significantly
increased the percentage of progressive motility (PM) over that in the CTR-ox group (p=0.040). Although dif-
ferences were not statistically significant, higher average path velocity (VAP) and straight-line velocity (VSL) were
observed in samples treated with 3uM GYY4137 than in those in the CTR-ox group (p=0.071 and p =0.064,
respectively). On the other hand, the effects of Na,S were markedly dose dependent. At 300 uM, this fast-releasing
H,S donor showed clear negative effects on sperm motility. No motile spermatozoa were observed in any rep-
licate; therefore, no kinetics data could be provided. By contrast, at the lowest concentration, Na,S$ significantly
increased the percentage of motile sperm cells relative to that in the CTR-ox group (p=0.018). At a concentration
of 30 uM, Na,S greatly decreased the TM, PM, VAP, and VSL (p < 0.05), although it did not affect the curvilinear
velocity (VCL) and the remaining motion parameters in comparison with those of the CTR-ox group (p > 0.05).
However, at this Na,S concentration, we observed some variability among the replicates with the percentage of
motile spermatozoa ranging from 0 to almost 30%. There were no differences between the CTR-ox and H,S donor
treatments in the amplitude of lateral head displacement (ALH), beat-cross frequency (BCF), linearity (LIN),
straightness (STR), and wobble (WOB; p > 0.05).

Sperm mitochondrial status. At a concentration of 300 uM, Na,S showed clear negative effects on boar sperm
mitochondrial status. In every replicate, there were no spermatozoa with active mitochondria (Table 3, Fig. 3).
There were no differences between the CTR-ox group and the remaining treatment groups (p > 0.05).

Sperm plasma membrane integrity and lipid peroxidation. There was no significant effect of GYY4137 on sperm
plasma membrane integrity at any of the concentrations used (p > 0.05, Table 3). On the other hand, 300 uM
Na,S markedly impaired the plasma membrane integrity relative to the results obtained for the CTR-ox group
(p <0.001, Table 3, Fig. 3). No effects were observed at the remaining Na,S concentrations (p >0.05). A similar
pattern was observed for the sperm lipid peroxidation: higher values of malondialdehyde (MDA) per 108 sper-
matozoa were observed in samples treated with 300 uM Na,S than those in the CTR-ox group and the other
treatment groups (p < 0.01, Fig. 4). No differences in the MDA levels were found between the CTR-ox group and
the remaining treatment groups (p > 0.05).

Acrosomal status. 'We found that 300 uM Na,S impaired the acrosome integrity (normal apical ridge or NAR
test) relative to that of the CTR group, both with and without oxidative stress (p < 0.001, Table 3, Fig. 3). No differ-
ences were observed in the NAR test results between the CTR-ox group and the other treatment groups (p > 0.05).
On the other hand, all treatments showed lower percentages of acrosome-lost spermatozoa (evaluated with pea-
nut agglutinin—fluorescein isothiocyanate, PNA-FITC) than that of the CTR-ox group (p <0.001, Table 3).
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Concentration i (it
Treatment (uM) 20 120 210
2,400 2,474.6+89.8* 2,262.3 +79.4% 2,027.1492.8°
1,200 1,178.1£75.7* 787.4+168.1® 575.24191.3°
Na,$S 600 445.44 64.6* 278.6£75.1%® 160.2 +83.3°
300 105.5+ 58.0° 44.5+80.1° 42.6485.0°
150 n.d. n.d. n.d.
2,400 2,845.9 +262.7* 2,913.8 +257.3% 2,954.24270.7
1,200 1,745.0 + 188.8* 1,775.9 £ 199.1% 1,867.24207.3"
GYY4137 600 958.3+117.2* 1,012.7 £135.0° 1,069.6 + 125.3*
300 456.0481.6 532.84107.2° 546.0 +101.1°
150 194.1473.7* 239.5+70.5 289.4491.3*
PBS n.d. n.d. n.d.

Table 1. Total antioxidant capacity and stability of the H,S donors Na,S and GYY4137. The H,S donors were
incubated in phosphate-buffered saline solution at 38 °C in a water bath. Total antioxidant capacity is expressed
as Trolox equivalents (uM). Different superscripts indicate significant differences (p < 0.05) among times within
each donor concentration. PBS: phosphate-buffered saline solution; n.d.: not detectable. Data are shown as the
mean=standard error of four replicates.

Treatment ?u‘;\l;): {;:T:) TM (%) PM (%) VAP (um/s) | VCL(um/s) | VSL (um/s) | ALH (um) BCF (Hz) | LIN (%) STR (%) ‘WOB (%)
CTR 20 75.6+2.9 52.84+5.8 43.1+1.7 83.84+3.7 348+ 1.6 3.1+0.1 13.5+04 |41.7+28 |80.7+£28 |50.1+1.9
CTR 210 73.14+3.4* 70.8+£5.2* | 42.04+2.6 69.0+£5.1* 37.8+1.8" 3.1+0.6" 15.6£0.6* |55.84+3.0° |89.94+23* | 61.0£2.3°
CTR-ox 210 46.7 £8.7¢ 65.8+2.3* 33.145.4° 52.749.6% |30.8+4.7° 2.14£0.4b 16.3£0.5* |62.942.9* |93.5+1.2* | 66.4+2.5°
300 210 na. na. n.a. n.a. n.a. n.a. na. n.a. n.a. n.a.
Na,S-ox 30 210 7.945.5¢ 44.845.5" 21.7£2.0¢ 34.742.7° 20.342.1° 1.540.1¢ 15.1£0.5* | 62.3+1.6* |94.3+0.7* | 65.6+1.3°
3 210 65.6462% | 693451 |39.242.6% |64.74+8.0° 353+1.6" 2.6+£0.2% 15.7+£0.5* | 58.14+4.4* |90.6+2.8* |63.0£3.3°
300 210 57.246.9% |70.5+3.4* |35544.4% |56.04+8.2° 33.0+3.8" 23403 [16.040.3* |61.843.0 | 93.0+£1.6° |65.6+24°
GYY4137-0x |30 210 69.04+6.2% | 77.242.5¢ 38.143.7% |59.0+6.7* 35.6+3.3* 25403 16.2+£0.4* |62.24+2.8* |93.0+1.3* | 66.2+2.2°
3 210 69.84+7.7% | 753437 |41.34+4.0% |65947.5 38.0+3.5% 2.74£0.3% 16.1£0.5* |59.34+2.8* |91.84+1.5* | 63.8+£2.2°

Table 2. Boar sperm motility and kinetics in samples submitted to oxidative stress and supplemented with the
H,S donors Na,S and GYY4137. Different superscripts within the same column indicate significant differences
(p <0.05) among treatments within the same incubation time. Conc.: concentration; TM: total motility; PM:
progressive motility; VAP: average path velocity; VCL: curvilinear velocity; VSL: straight-line velocity; ALH:
amplitude of lateral head displacement; BCF: beat-cross frequency; LIN: linearity (VSL/VCL); STR: straightness
(VSL/VAP); WOB: wobble (VAP/VCL); CTR: control; ox: samples submitted to induced oxidative stress; n.a.:
not available. Data are shown as the mean+standard error of six replicates.

Discussion

In this study, we provide the first evidence, to the best of our knowledge, that Na,S and GYY4137 show different
total antioxidant capacities and stabilities under standard conditions (38 °C, physiological pH) and after different
periods (20, 120, and 210 minutes) of incubation. Our results also reveal that the total antioxidant capacity of
Na,S is less stable than that of GYY4137, although the latter’s total antioxidant capacity tends to increase over
time. This phenomenon should be taken into account in studies entailing cell incubation at 38 °C and at physio-
logical pH, because the release of H,S by GYY4137 is both pH and temperature dependent'?. Moreover, GYY4137
shows higher total antioxidant capacity than that of Na,S after any incubation time, with the total antioxidant
capacity of Na,S at 150 uM even being undetectable by spectrophotometry after 20 minutes of incubation. The
patterns observed in the antioxidant capacities of these H,S donors may not reflect their H,S release, given that
the inorganic salts Na,S and NaHS lead to a larger but shorter gas release than GYY4137%-,

Our results show that both H,S donors partly palliate the damages provoked by oxidative stress in sperm
cells, supporting the results found previously in other cells (neurons'*?>, gastric cells'*, testicular germ cells*) and
organs (lungs'>%, testes'®). In these studies, oxidative stress was induced by in vivo or in vitro ROS-generating
systems, such as glutamate, hydrogen peroxide (H,0,), heat, tobacco smoke, ovalbumin sensitisation, and
ischaemia-reperfusion injury. In our study, we used Fe?*/ascorbate, which induces lipid peroxidation and
catalyses the production of hydroxyl radicals (*OH), the most powerful free radical known, by the Fenton reac-
tion”. Moreover, several previous studies®!*-!>182>26 employed a single H,S donor, whereas two H,S-releasing
agents were tested in our study. To date, few studies®***® have investigated the biological effects of both fast- and
slow-releasing H,S donors in cells under oxidative stress conditions. In agreement with these studies, our findings
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Na,S-OX 300 yM - - ) GYY4137-0X 300 pM

Na,S-OX-30 uM GYY4137-0X 30 uM

Na,S-OX 3 yM GYY4137-OX 3 uM

Figure 2. Boar sperm motility in samples submitted to oxidative stress and supplemented with the H,S donors
Na,S and GYY4137. Representative images of sperm trajectories assessed by Computer-Assisted Sperm
Analysis (CASA). Red trajectories show motile spermatozoa (cells are not shown because of overlapping with
the trajectories), whereas immotile sperm cells are fully shown.

confirm that the effects of H,S donors are not only dose but also donor dependent. Moreover, for the first time
to the best of our knowledge, the in vitro effects of fast- and slow-releasing H,S donors were evaluated in sperm
cells in the presence of a ROS-generating system. Overall, we found that the slow-releasing H,S donor GYY4137
did not show any cytotoxic effect. Moreover, 3 and 30 uM GYY4137 preserved the boar sperm motility against
the detrimental effects of oxidative stress. Interestingly, at both concentrations, the percentage of motile sperm
cells was almost 50% higher than that of the CTR-ox samples and no kinetic parameters differed from those
of the CTR group without oxidative stress. Moreover, 30 uM GYY4137 samples showed a higher percentage of
progressive motility than those in the CTR-ox group. However, in contrast to other studies®', we did not find
any effect of GYY4137 on the levels of lipid peroxidation, which may be due to the different cell type and donor
concentration used in our study. Our findings also show that, in comparison with GYY4137, the effects of Na,S
were markedly dose dependent. At a concentration of 3 uM, this fast-releasing H,S donor preserves boar sperm
motility (40.5% higher than that in the CTR-ox samples), whereas it shows clear cytotoxic effects at 300 uM. This
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Active Intact plasma | Intact

Conc. | Time | mitochondria brane acr Acr
Treatment (uM) (min) | (%) (%) (NAR, %) loss (PNA, %)
CTR 20 56.043.2 82.0+2.2 95.140.9 14403
CTR 210 62.843.3° 76.6+2.3* 94.84+1.0° 244020
CTR-ox 210 62.44+1.2° 67.843.9%  92940.8 39407

300 210 ob 21.246.0 31.14£5.6 2.04+0.3*
Na,S-0x 30 210 60.845.1° 66.1+4.7 94.640.7° 22404°

3 210 62.14+3.3° 748+3.3% | 92840.6° 1.7404°

300 210 67.74+2.8° 70.8+3.8% | 93041.4° 1.5404°
GYY4137-0x |30 210 62.94+2.9° 75.8+3.2° 94.140.9° 2.3404°

3 210 63.14+1.8° 76.5+3.6" 94240.6° 1.840.4°

Table 3. Boar sperm mitochondrial status, plasma membrane integrity, and acrosomal status in samples
submitted to oxidative stress and supplemented with the H,S donors Na,S and GYY4137. Different
superscripts within the same column indicate significant differences (p < 0.05) among treatments within the
same incubation time. Conc.: concentration; NAR: normal apical ridge; PNA: peanut agglutinin-fluorescein
isothiocyanate; CTR: control; ox: samples submitted to induced oxidative stress. Data are shown as the
mean-+tstandard error of six replicates.

pattern may reflect the well-known biphasic biological dose-response curve of H,S: it acts as an antioxidant at
low concentrations, but a pro-oxidant at high concentrations®. Interestingly, we also found that 30 pM Na,S was
not cytotoxic (i.e. no effect was observed on the mitochondrial activity, plasma membrane integrity, acrosome
integrity, or lipid peroxidation), but it strongly inhibited sperm motility. As in our findings, Zhao et al. found that
25uM Na,S inhibits boar sperm motility although it does not affect the viability and mitochondrial membrane
potential®. Likewise, NaHS has been shown to inhibit the motility of mouse and human spermatozoa®*. In our
study, the inhibitory effects of Na,S on sperm motility were described by using a comprehensive set of kinetic
parameters provided by Computer-Assisted Sperm Analysis (CASA). Overall, 30 uM Na,S remarkably decreased
the sperm motility, VAP, and VSL, but it did not affect the remaining motion parameters. In spite of some variabil-
ity among replicates, a small percentage of sperm cells showed very slow but progressive movement. With regard
to the mechanism of action, Zhao et al. found that the inhibitory effects of Na,S on sperm motility are related
to the adenosine 5’-monophosphate-activated protein kinase (AMPK) and protein kinase B (AKT) pathways®,
whereas a more recent study revealed that H,S promotes the secretion of K* in the epididymis; this suppresses
sperm motility and may contribute to keeping the sperm cells in a quiescent state before ejaculation’. Another
plausible explanation for the reduced sperm motility elicited by Na,S can be provided by the inhibitory effect of
H,S on cytochrome ¢ oxidase (complex IV), the final component of the electron transport chain that plays a key
role in aerobic respiration and adenosine triphosphate (ATP) generation?. Because mammalian spermatozoa
devote most of the energy generated as intracellular ATP to motility*!, a reduction in ATP levels would lead to
an immediate decrease in sperm motility. In this way, for instance, cardiac cells treated with 25 pM Na,S showed
over 80% decreased O, consumption rate relative to the baseline®. In contrast to the effects observed at low
concentrations, high concentrations of Na,S showed clear detrimental effects: no motility or active mitochondria
were observed in any sample treated with 300 uM Na,S. The toxic effects were acute and led to immediate failure
of sperm motility and mitochondrial activity (personal observations). This phenomenon can be explained by the
high levels of ROS induced by Na,S’, an explanation corroborated by the increased levels of lipid peroxidation
and the low percentage of sperm with intact plasma membrane and acrosome (NAR) found in our study. In con-
trast to our findings, in testicular germ cells, Li et al. found that treatment with NaHS in the concentration range
of 1-200 uM for 30 minutes does not affect cell viability, although cell injuries are induced at 1 mM?*. This result
might be because, unlike other male germ cells, spermatozoa have limited antioxidant defences. Spermatozoa lack
the necessary cytoplasmic-enzyme repair systems, and their membranes are particularly rich in polyunsaturated
fatty acids, which make these cells particularly susceptible to the damage caused by oxidative stress'é. Another
reason might be related to the use of open systems (e.g. four-well plates and Petri dishes) that lead to quick vola-
tilisation of the gas during cell incubation®. It is known that Na,S volatilises very quickly®, and the use of closed
systems, such as the one used in our study, delays this process and leads to more consistent results regarding the
effects of H,S donors on cell biology. Our results also show that Na,S and GYY4137 partly reduce the damage
induced by high ROS levels on acrosomal status by decreasing the percentage of acrosome-lost (PNA-FITC)
spermatozoa relative to that in the CTR-ox group. However, neither of the two donors showed any positive effect
on the acrosome integrity evaluated by the NAR test. This divergence could be explained by the different acroso-
mal attributes considered by these two methodologies: NAR evaluated in unstained samples by phase-contrast
microscopy versus outer acrosomal membrane integrity assessed by PNA-FITC staining with epifluorescence
microscopy***. Because acrosome integrity is a requisite for fertilisation and the ROS levels affect sperm func-
tion*¥, it remains to be tested whether Na,S and GYY4137 may preserve the fertilising potential of sperm cells
under oxidative stress. Semen handling and storage decrease boar sperm quality and fertilising ability, probably
because of oxidative stress***°, so H,S donors may be useful for the optimisation of semen extenders used in
artificial insemination programmes. In the porcine industry, higher efficiency of artificial insemination outcomes
may have major economic implications because this assisted reproductive technology is the main tool for pig gene
dissemination worldwide®.
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Figure 3. Detrimental effects of a high concentration of Na,$, a fast-releasing H,S donor, on the boar sperm
mitochondrial status and the plasma membrane and acrosome integrities (normal apical ridge) under oxidative
stress. Representative images of sperm cells assessed by epifluorescence microscopy (mitochondrial status was
assessed by using rhodamine 123 and propidium iodide; plasma membrane integrity was assessed by using
carboxyfluorescein diacetate and propidium iodide) or phase-contrast microscopy (the normal apical ridge was
assessed after fixation with glutaraldehyde).

Several mechanisms are involved in the ROS scavenging properties of H,S. One of these mechanisms
involves H,S itself by virtue of its reducing properties'’. In this way, the total antioxidant capacities of Na,S
and GYY4137 were tested in this study based on the compounds’ abilities to reduce 2,2’-azino-bis(3-et
hylbenz-thiazoline-6-sulfonic acid) (ABTS) previously oxidised with H,0,*'. Another mechanism that may
explain the capacity of H,S donors to palliate the damages provoked by oxidative stress concerns the enhance-
ment of the cellular antioxidant defences. Previous studies found that H,S increases glutathione synthesis,
decreases ROS production, and stimulates the activities of superoxide dismutase, glutathione peroxidase, and
glutathione reductase*®!*?>%¢, Moreover, H,S decreases the apoptosis rate, increases the protein expression ratio
of Bax/Bcl-2, and stimulates Cyp19 gene expression, among other effects®!®*2. Because spermatozoa are tran-
scriptionally inactive®, it is likely that H,S donors protect sperm cells against ROS damage through their proper
reducing activity, as well as by increasing the ratio of reduced to oxidised glutathione and stimulating superoxide
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Figure 4. Lipid peroxidation in boar sperm samples submitted to oxidative stress and supplemented with

the H,S donors Na,S and GYY4137. CTR: control; ox: samples submitted to induced oxidative stress; MDA:
malondialdehyde. Different letters indicate significant differences (p < 0.05) among treatments. Data are shown
as the mean+-standard error of six replicates.

dismutase and glutathione peroxidase activities, which represent the major antioxidant defence system of sperm
cells*. Further studies are nevertheless required to investigate the mechanisms of action of H,S donors in sperm
cells under oxidative stress.

In conclusion, our study provides evidence about the antioxidant properties of two H,S donors, Na,S and
GYY4137; this evidence will be useful for future studies aiming to test the antioxidant effect of this gasotransmitter.
Our findings clearly show that Na,$ has a shorter and less stable total antioxidant capacity than that of GYY4137;
it is even undetectable by spectrophotometry at 150 uM. However, it is important to stress out that the antioxidant
capacity of GYY4137 tends to increase over time. We also found that both H,S donors preserve sperm motility and
protect the acrosomal status against the detrimental consequences of oxidative stress, although the effects were
clearly both dose and donor dependent. Within the range of concentrations tested (3-300 uM), GY Y4137 showed
positive effects on sperm motility, whereas Na,S was detrimental at the highest concentration but beneficial at the
lowest. Taken together, our results suggest that Na,S and GYY4137 may be used as in vitro therapeutic agents against
oxidative stress in sperm cells, although the optimal therapeutic range varies between H,S donors.

Methods

Reagents were purchased from Sigma-Aldrich (Prague, Czech Republic), unless otherwise indicated.

Ethics statement. This study did not involve animal handling because the sperm samples were purchased
as artificial insemination doses from a pig breeding company (Chovservis, Hradec Krélové, Czech Republic).

Experiment|. This experiment was designed to evaluate the total antioxidant capacity and stability of Na,S
and GYY4137 at 20, 120, and 210 minutes during incubation at 38 °C in a water bath. The solutions were prepared
shortly before the experiment and kept in microcentrifuge tubes tightly sealed with the attached cap (certified
free of DNA, DNase, RNase, and endotoxins (pyrogens); material: virgin polypropylene; volume: 600 ul; Neptune
Scientific, San Diego, CA, USA) during the whole incubation. For each concentration of H,S donor, analyses were
performed on the same tube throughout the incubation period. Moreover, each microcentrifuge tube contained
the same volume (i.e. 200 pl) of H,S donor or phosphate-buffered saline (PBS; blank) solution. The experiment
was replicated four times.

H,S donor preparation. Na,S (Na,S x 9 H,0) and GYY4137 (C,;H,,NO,PS,-C,H,NO x CH,Cl,) were prepared
in PBS (pH~:7) solution at final concentrations of 2,400, 1,200, 600, 300, and 150 uM.

Total antioxidant capacity of H,S donors.  The total antioxidant capacity was determined by spectrophotometry
(Libra S22, Biochrom, Harvard Bioscience Company, Cambourne, United Kingdom) at 660 nm by using the
method described previously*. The principle of this assay is based on the antioxidant’s capacity to reduce ABTS
previously oxidised with H,O,. A standard curve was established by using known concentrations of 6-hydroxy-2
,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox). The total antioxidant capacity was expressed as Trolox
equivalents (UM or mM). The assay was run in duplicate for each sample.

Experiment Il. This experiment was designed to test whether H,S donors protect sperm cells against the
deleterious effects of oxidative stress.

Sample collection and experimental design. ~ Artificial insemination doses from 18 boars of different breeds were
purchased from a pig breeding company. Sperm-rich fractions were collected by the gloved-hand method, diluted
with Solusem® extender (AIM Worldwide, Vught, Netherlands; pH~=7), and transported to the laboratory at 17°C.
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The sperm motility and morphology were then checked, and only samples with at least 75% of motile and mor-
phologically normal sperm were used for the experiments. Sperm samples from three boars were pooled to reduce
the effect of male variability and were centrifuged at 167 g for 3 minutes at 17 °C to remove debris and dead sperm
cells. The sperm concentration was then checked by using a Biirker chamber, adjusted to 30-40 x 10° spermatozoa/
ml with Solusem®, and finally diluted 1:1 (v/v) with Solusem® supplemented with 0.2% (w/v) of bovine serum
albumin (BSA; ethanol-fractionated lyophilised powder). Thus, the final sperm and BSA concentrations were
15-20 x 10° spermatozoa/ml and 0.1%, respectively. Sperm samples were then randomly split into eight microcen-
trifuge tubes tightly sealed with the attached cap (certified free of DNA, DNase, RNase, and endotoxins (pyrogens);
material: virgin polypropylene; volume: 2 ml; Neptune Scientific, San Diego, CA, USA): CTR, CTR-o0x, and Na,S or
GYY4137 at 300, 30, and 3 uM under oxidative stress. Oxidative stress was induced by adding a solution composed
of 0.1 mM FeSO, and 0.5 mM sodium ascorbate (Fe?*/ascorbate) to the sperm samples. Because the effects of this
ROS-generating system are clearly evident after 210 minutes of sperm incubation'?, sperm analyses were performed
at O hour (after 20 minutes of incubation for the CTR group only) and after 210 minutes of incubation at 38°Cina
water bath. The experiment was replicated six times with six independent semen pools.

Sperm motility. Sperm motility was evaluated by using CASA (NIS-Elements; Nikon, Tokyo, Japan, and Laboratory
Imaging, Prague, Czech Republic), after loading 5l of sperm sample into a pre-warmed (38 °C) Spermtrack chamber
(PROISER R+ D S.L., Paterna, Spain; chamber depth: 20 um). A total of ten sperm kinetic parameters were obtained
by analysing six random fields: TM (%), PM (%),VAP (um/s), VCL (um/s), VSL (um/s), ALH (um), BCF (Hz), LIN
(VSL/VCL, %), STR (VSL/VAP, %), and WOB (VAP/VCL, %). The settings parameters were as follows: frames per
second, 60; minimum frames acquired, 31; VAP > 10 pm/s to classify a spermatozoon as motile, STR > 80% to classify
a spermatozoon as progressive'®. A minimum of 200 sperm cells were analysed for each sample.

Sperm mitochondrial status. Mitochondrial status was evaluated as previously described*’, with minor modifica-
tions. Briefly, aliquots of sperm samples were incubated with rhodamine 123 (5 mg/ml, w/v, in dimethyl sulfoxide,
DMSO) and propidium iodide (0.5 mg/ml, w/v, in PBS) for 15 minutes at 38 °C in the dark. Subsequently, samples
were centrifuged at 500 g for 5 minutes, the supernatant was removed, and the sperm pellet was resuspended in
PBS. Then, 200 spermatozoa were evaluated by using epifluorescence microscopy (40x objective; Nikon Eclipse
E600, Nikon, Tokyo, Japan): the spermatozoa showing bright green fluorescence in the midpiece were considered
to have active mitochondria.

Sperm plasma membrane integrity. The sperm plasma membrane integrity was evaluated as previously
described***’. Aliquots of sperm samples were incubated with carboxyfluorescein diacetate (0.46 mg/ml, w/v,
in DMSO), propidium iodide (0.5 mg/ml, w/v, in PBS), and formaldehyde solution (0.3%, v/v) for 10 minutes at
38°C in the dark. Then, 200 spermatozoa were evaluated by using epifluorescence microscopy (40 x objective).
The spermatozoa showing green fluorescence over the entire head area were considered to have intact plasma
membrane.

Lipid peroxidation. Lipid peroxidation was assessed with the thiobarbituric acid reactive substances (TBARS)
assay, as previously described!®*%. At the end of each incubation period, sperm aliquots were collected and stored
at —80°C until analysis. The absorbance of each sample was then measured by spectrophotometry at 532 nm.
A standard curve was established by using known concentrations of 1,1,3,3-tetramethoxypropane (MDA). The
levels of lipid peroxidation are shown as pmol of MDA per 10® spermatozoa. The assay was run in duplicate for
each sample.

Acrosomal status.  Acrosome integrity was assessed after sample fixation in 2% (v/v) glutaraldehyde solution
and by examination with phase-contrast microscopy (40 x objective)*. For each sample, 200 spermatozoa were
evaluated, and the percentage of sperm cells with NAR was determined. Acrosome loss was evaluated according
to the protocol previously described®. Briefly, after methanol fixation and double washing with PBS, the samples
were incubated with PNA-FITC (100 pug/ml, w/v, in PBS) for 10 minutes at 38 °C in the dark. Epifluorescence
microscopy (40x objective) was used to evaluate 200 spermatozoa, and the cells showing no fluorescence over
the acrosome were considered as acrosome-lost spermatozoa.

Statistical analysis. Data were analysed with the statistical program SPSS, version 20 (IBM Inc., Chicago,
IL, USA). Shapiro-WilK’s and Levene’s tests were used to analyse the normal distribution and the variance homo-
geneity of the data, respectively. The Mann-Whitney U-test was applied to check for differences between the
total antioxidant capacities of Na,S and GYY4137 at the same concentration, whereas the repeated-measures
Friedman test was used to compare the total antioxidant capacities of the H,S donors across the incubation times.
The generalized linear model (GZLM) was performed to analyse the effects of the type and concentration of
H,S donor on the sperm variables. The statistical significance was determined at p < 0.05. Data are shown as the
meantstandard error.

Data availability
All data generated or analysed during this study are included in this article and its supplementary information
file.
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Abstract: Aminoguanidine is a selective inhibitor of the inducible nitric oxide synthase (iNOS) and a
scavenger of reactive oxygen species (ROS). Numerous studies have shown the antioxidant properties
of aminoguanidine in several cell lines, but the in vitro effects of this compound on spermatozoa
under oxidative stress are unknown. In this study, we tested the hypothesis that aminoguanidine
may protect against the detrimental effects of oxidative stress in boar spermatozoa. For this purpose,
sperm samples were incubated with a ROS generating system (Fe?*/ascorbate) with or without
aminoguanidine supplementation (10, 1, and 0.1 mM). Our results show that aminoguanidine has
powerful antioxidant capacity and protects boar spermatozoa against the deleterious effects of
oxidative stress. After 2 h and 3.5 h of sperm incubation, the samples treated with aminoguanidine
showed a significant increase in sperm velocity, plasma membrane and acrosome integrity together
with a reduced lipid peroxidation in comparison with control samples (p < 0.001). Interestingly,
except for the levels of malondialdehyde, the samples treated with 1 mM aminoguanidine did not
differ or showed better performance than control samples without Fe?* /ascorbate. The results from
this study provide new insights into the application of aminoguanidine as an in vitro therapeutic
agent against the detrimental effects of oxidative stress in semen samples.

Keywords: antioxidant capacity; lipid peroxidation; nitric oxide; oxidative stress; sperm velocity

1. Introduction

Oxidative stress arises when the production of the reactive oxygen species (ROS) overwhelms
the intrinsic antioxidant defense of a biological system, leading to cell damage and death [1]. As a
result of their metabolic activity, cells normally produce ROS, which are also required at certain levels
for processes, such as cell signaling, mitochondrial function, and immune response [2—4]. Several
factors (e.g., age, cigarette smoke, and ionizing radiation) and pathological conditions (e.g., cancer,
diabetes, and infections) can also increase the amount of ROS to be above physiological levels, leading
to oxidative stress. Across cells, spermatozoa are particularly susceptible to the damage caused
by oxidative stress due to the high content of polyunsaturated fatty acids in their membranes and
their limited antioxidant defence [5-7]. Despite certain levels of ROS being required for normal
sperm function, their overproduction (due to pathological conditions, semen handling and storage) is
detrimental for male fertility both in humans [8,9] and domestic animals [6,10].

Nitric oxide (NO®) is a short-living gas and a free radical that participates in many physiological
(e.g., immune response, regulation of vascular tone and permeability) and pathological (e.g., cancer
and neurological diseases) processes [11-14]. In the male reproductive system, NO® contributes
to penile erection, sperm motility, capacitation, hyperactivation, and acrosome reaction [15,16].
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In biological systems, NO® can be generated through non-enzymatic pathways by either direct
disproportionation or reduction of nitrite under acidic and highly reduced conditions [17]. However,
NO?® is mainly synthesized from L-arginine by three NO synthase (NOS) isoforms: Neuronal (nNOS),
endothelial (eNOS), and inducible (iNOS). All isoforms play a major role in the control of reproductive
processes [18] and are expressed in human, mouse, and boar spermatozoa [19-21] among others.
Unlike the other isoforms, iNOS is calcium independent and generates a large amount of NO® over
prolonged periods (from seconds to days) [18]. Moreover, the iNOS isoform is expressed during
inflammation or infection in activated leukocytes [13], which are the main source of ROS in the semen
together with abnormal spermatozoa [22,23]. Therefore, the inhibition of the iNOS isoform may
contribute by protecting against the detrimental effects of the oxidative stress in the semen.
Aminoguanidine is a selective inhibitor of the iNOS isoform [24] and a scavenger of hydrogen
peroxide (H,O,), hypochlorous acid (HOCI), hydroxyl (*OH) and peroxynitrite (ONOQO?®) radicals [25].
Moreover, aminoguanidine was the first inhibitor of the advanced glycation pathway [26] with
similar effects to those of the polyamines, spermine, and spermidine, which are abundant in
sperm samples [27]. In a recent study conducted by our research group [28], we found that
aminoguanidine improves some sperm kinetic parameters during boar semen storage at 17 °C.
Moreover, aminoguanidine protects against the negative effects of oxidative stress induced by
environmental pollutants [29] and pathological conditions, such as varicocele [30-33]. Nonetheless,
the in vitro effects of aminoguanidine on sperm cells under induced oxidative stress are still unknown.
The aim of this study was to evaluate the in vitro effects of aminoguanidine on sperm cells under
induced oxidative stress. Due to its powerful antioxidant activity, we hypothesized that aminoguanidine
may protect against the deleterious effects of oxidative stress in sperm samples. To test our hypothesis,
sperm samples were treated with Fe?*/ascorbate, which induces lipid peroxidation by catalyzing
the production of *OH, the most potent free radical known [34]. The total antioxidant capacity,
lipid peroxidation, sperm kinetics, plasma membrane integrity, and acrosomal status were evaluated in
samples treated with aminoguanidine (10, 1, and 0.1 mM) and compared to those of control samples with
or without oxidative stress. The results from this study indicate that aminoguanidine could be used as an
efficient in vitro therapeutic agent for the treatment of sperm disorders associated with oxidative stress.

2. Materials and Methods

Reagents were purchased from Sigma-Aldrich (Prague, Czech Republic) unless otherwise stated.

2.1. Collection and Processing of Sperm Samples

Commercial sperm doses from 15 boars of different breeds (i.e., Czech Landrace, Czech Large
White, Pietrain, Duroc, and Pfestice Black-Pied) and hybrid genetic lines were purchased from a
breeding company (Chovservis, Hradec Kralové, Czech Republic). Sperm-rich fractions were collected
by the gloved-hand method, diluted with Solusem® extender (AIM Worldwide, Vught, Netherlands),
and transported to the laboratory at 17 °C. Only sperm samples with at least 75% motile spermatozoa
were used for these experiments. To reduce the effect of male variability, equal volumes of sperm doses
from three boars were mixed for each replicate. After this, sperm concentration was checked using
a Biirker chamber and samples were further diluted with Solusem® to get a final concentration of
20 x 10° spermatozoa/mL. The samples were then randomly allocated into five groups: Control (CTR),
control under oxidative stress (CTR-0x), and three treatments of aminoguanidine under oxidative stress
(10, 1, and 0.1 mM, respectively). Aminoguanidine was freshly prepared on the day of the experiment
(stock solution: 0.2 M) by dissolving aminoguanidine hydrochloride in phosphate buffered saline
(PBS) and diluted with sperm samples to give a final concentration of 10, 1, and 0.1 mM. For CTR-ox
samples, an equal volume of PBS solution was added. Oxidative stress was induced by 0.05 mM FeSO,
and 0.5 mM sodium ascorbate (Fe?* /ascorbate), a ROS generating system that is specific for inducing
lipid peroxidation [35]. The experiment was replicated five times using five different semen pools.
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All sperm analyses were performed at 0 h (after 20 min of incubation, control only), 2 h, and 3.5 h of
incubation in a water bath at 38 °C (Supplementary Dataset).

2.2. Assessment of Total Antioxidant Capacity

At the end of each incubation time, 300 pL of each sample was centrifuged at 2000x g for
10 min. After this, 150 uL of supernatant was collected and stored at —80 °C until analysis. The total
antioxidant capacity was determined by spectrophotometry (Libra S22, Biochrom, Harvard Bioscience
Company, Cambridge, UK) at 660 nm using the method described by Erel [36]. A standard curve was
established using the known concentrations of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox). The total antioxidant capacity was expressed as mM Trolox equivalents. This assay was
run in duplicate for each sample.

2.3. Assessment of Sperm Motility

A sperm aliquot (5 pL) was loaded into a pre-warmed (38 °C) Spermtrack chamber (PROiSER
R + D S.L.,, Paterna, Spain; chamber depth: 20 um). Sperm motility was evaluated subjectively by
estimating the percentage of motile spermatozoa to the nearest 5% and the quality of movement
(QOM) using a scale from 0 (lowest: No motility) to 5 (highest: Progressive and vigorous movements).
The sperm motility index (SMI) was calculated according to the following formula: [% individual
motility + (QM x 20)]/2. Sperm kinetics were assessed by Computer Assisted Sperm Analysis
(CASA; NIS-Elements, Nikon, Tokyo, Japan and Laboratory Imaging, Prague, Czech Republic),
which consists of an Eclipse E600 tri-ocular phase contrast microscope (Nikon, Tokyo, Japan), equipped
with a 10x negative phase-contrast objective (Nikon, Tokyo, Japan), a warming stage set at 38 °C
(Tokai Hit, Shizuoka, Japan), and a DMK 23UMO021 digital camera (The Imaging Source, Bremen,
Germany). A total of nine descriptors of sperm kinetics were recorded after analyzing six random
fields: Total motility (TM, %), progressive motility (PM, %), average path velocity (VAP, um/s),
curvilinear velocity (VCL, pm/s), straight-line velocity (VSL, um/s), amplitude of lateral head
displacement (ALH, pum), beat-cross frequency (BCF, Hz), linearity (LIN, %), and straightness (STR, %).
The standard parameter settings were as follows: Frames per second, 60; minimum of frames acquired,
31; VAP > 10 um/s to classify a spermatozoon as motile; and STR > 80% to classify a spermatozoon
as progressive. A minimum of 200 motile sperm cells were analyzed per sample.

2.4. Assessment of Lipid Peroxidation

Lipid peroxidation was assessed using the thiobarbituric acid reactive substances (TBARS)
assay as previously described [35,37]. At the end of each incubation time, sperm aliquots were
collected and stored at —80 °C until analysis. The absorbance of the sample was measured by
spectrophotometry at 532 nm. A standard curve was established using the known concentrations of
1,1,3,3-tetramethoxypropane (malondialdehyde, MDA). The levels of lipid peroxidation are shown as
umol of MDA per 10® spermatozoa. This assay was run in duplicate for each sample.

2.5. Assessment of Sperm Plasma Membrane Integrity

The assessment of head membrane integrity was performed, as previously described [38,39].
Briefly, sperm samples were incubated with carboxyfluorescein diacetate (stock solution: 0.46 mg/mL
in dimethyl sulfoxide), propidium iodide (stock solution: 0.5 mg/mL in PBS), and formaldehyde
solution (0.3%) for 10 min at 37 °C in the dark. After this, 200 spermatozoa were evaluated in each
sample using epi-fluorescence microscopy (40 x objective) and the sperm cells showing complete green
fluorescence over the head were considered to have an intact head membrane. The tail membrane
integrity was determined using the hypoosmotic swelling test as previously described [39,40]. Briefly,
sperm samples were diluted into a pre-warmed hypoosmotic solution (7.35 g/L sodium citrate and
13.51 g/L fructose) and incubated for 30 min at 38 °C. At the end of the incubation, 200 spermatozoa
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were evaluated using phase-contrast microscopy (40x objective) and the sperm cells showing swollen
tails were considered to have an intact tail membrane.

2.6. Assessment of Acrosomal Status

In order to determine the percentage of sperm cells with a normal apical ridge (NAR) [41],
the samples were fixed in 2% glutaraldehyde solution and examined under phase contrast microscopy
(40x objective). Two-hundred spermatozoa were evaluated for each sample. The percentage of
damaged acrosomes was determined according to the protocol described by Garcia-Vazquez et al. [42].
Briefly, sperm samples were smeared onto glass slides, air-dried, and fixed with methanol for 10 min
at room temperature. After this, samples were washed twice with PBS and incubated with peanut
agglutinin-fluorescein isothiocyanate (PNA-FITC, stock solution: 0.2 mg/mL in PBS) for 10 min at 37 °C
in the dark. Finally, the samples were washed for 5 min with PBS and evaluated under epi-fluorescence
microscopy (40 x objective). Two-hundred spermatozoa were evaluated and the spermatozoa that
showed no fluorescence over the acrosome were considered to be damaged spermatozoa.

2.7. Statistical Analysis

The statistical analyses were performed using the SPSS 20.0 statistical software package (IBM Inc,
Chicago, IL, USA). The Shapiro-Wilk test was applied to check for a normal distribution of the
data. The repeated measures ANOVA or Friedman tests were used to check for differences in sperm
parameters in the control group during the different times of incubation. The generalized linear model
(GZLM) was performed to analyze the effects of the treatments and storage times on sperm variables.
Data are shown as mean =+ standard error (SE). Statistical significance was set at p < 0.05.

3. Results

3.1. Total Antioxidant Capacity

As shown in Table 1, the total antioxidant capacity of the CTR samples did not change during
the whole incubation (p > 0.05). At each incubation time, there were also no differences between CTR
and CTR-ox groups (p > 0.05). Irrespective of the incubation time, 10 mM aminoguanidine showed
greater total antioxidant capacity than CTR-ox group (p < 0.001 at both incubation times), while 1 mM
aminoguanidine showed greater total antioxidant capacity at 3.5 h of incubation only (p = 0.031).

Table 1. Total antioxidant capacity of boar sperm samples submitted to oxidative stress (CTR except)
and supplemented with aminoguanidine.

Treatment Time (h) Total Antioxidant Capacity (mM)

CTR 0 044012
CIR 2 0.1 £0.024
CTR-0x 2 04+024
Agl0-ox 2 2.1+0.1%*
Agl-ox 2 05+01
Ag0.1-0x 2 04+ 03
CIR 35 02 +0.024
CTR-0x 35 02+004
Agl0-ox 35 2.2+ 0.1
Agl-ox 35 0.5+0.1%
Ag0.1-0x 35 02+0.1

Total antioxidant capacity is expressed as Trolox equivalents. Different superscript lower-case letters indicate significant
differences (p < 0.05) among times for the control samples without induced oxidative stress. Different superscript
upper-case letters indicate significant differences (p < 0.05) within each given time between the control samples with
and without induced oxidative stress. The asterisks indicate significant differences (* p < 0.05; *** p < 0.001) within
each given time between the treatments and the control samples submitted to induced oxidative stress. CTR = control;
ox = samples submitted to induced oxidative stress; Ag10 = 10 mM aminoguanidine; Agl = 1 mM aminoguanidine;
and Ag0.1 = 0.1 mM aminoguanidine. Data are shown as mean =+ standard error of 5 replicates.



Pharmaceutics 2018, 10,212 50f 14

Furthermore, after 2 h and 3.5 h of incubation, 10 and 1 mM aminoguanidine showed greater total
antioxidant capacity than CTR samples (p < 0.05).

3.2. Sperm Motility and Kinetics

At 2 h of incubation, there were no significant differences in any sperm kinetic parameter
between CTR and CTR-ox groups (p > 0.05, Figure 1 and Table 2). Conversely, at 3.5 h of incubation,
sperm kinetic parameters (except for the BCFE, LIN, and STR) were negatively affected by this ROS
generator (p < 0.05, Figure 1 and Table 2).

Overall, our results show that aminoguanidine preserved sperm motility under oxidative stress
conditions (Figure 1 and Table 2). At both times of incubation, the TM of samples that were treated
with 10 and 1 mM aminoguanidine were significantly greater than those of CTR-ox group (p < 0.05)
with a two-fold increase at 3.5 h of sperm incubation. Nevertheless, it is important to highlight that
despite the great percentage of motile spermatozoa observed during the whole incubation, samples
treated with 10 mM aminoguanidine tended to display a relatively non-progressive and circular
movement. In this way, at 2 h of incubation, samples treated with 10 mM aminoguanidine showed a
greater percentage of motile sperm cells, SMI, TM and VCL, but smaller percentage of PM, BCF, LIN,
and STR compared to those of CTR-ox samples (p < 0.05). There was also a significant increase in the
percentage of motile sperm cells, SMI, and TM at 3.5 h of incubation in samples treated with 0.1 mM
aminoguanidine compared to those of CTR-ox samples (p < 0.05). While there were no differences
in the other kinetic parameters at this aminoguanidine concentration, they tended to be greater than
those of CTR-ox group (p > 0.05).

Interestingly, irrespective of the incubation time, there was no difference in any sperm kinetic
parameter between 1 mM aminoguanidine and CTR samples (p > 0.05). Conversely, 10 mM
aminoguanidine showed greater TM, VCL, and ALH, but smaller PM, BCF, LIN, and STR than
CTR group at 2 h of incubation (p < 0.05). Sperm kinetic parameters in samples treated with 0.1 mM
aminoguanidine did not differ or were significantly smaller than the CTR group (p < 0.05).
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Figure 1. Percentage of motile sperm cells, quality of movement, and sperm motility index in boar
samples submitted to oxidative stress (CTR except) and supplemented with aminoguanidine. Different
superscript lower-case letters indicate significant differences (p < 0.05) among times for the control
group without induced oxidative stress. Different superscript upper-case letters indicate significant
differences (p < 0.05) between the control group with and without induced oxidative stress within
each given time. The asterisks indicate significant differences between the treatment and the control
submitted to induced oxidative stress within each given time (* p < 0.05; ** p < 0.01; *** p < 0.001).
White bars = control samples; crossed bars = control samples under induced oxidative stress; black bars
= 10 mM aminoguanidine; dark grey bars = 1 mM aminoguanidine; and light grey bars = 0.1 mM
aminoguanidine. Data are shown as mean =+ standard error of 5 replicates.
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Table 2. Boar sperm kinetics in samples submitted to oxidative stress (CTR except) and supplemented with aminoguanidine.

7 of 14

Treatment Time (h) TM (%) PM (%) VAP (um/s) VCL (um/s) VSL (um/s) ALH (um) BCF (Hz) LIN (%) STR (%)
CTR 0 7724352 4494092 406 +132 80.8+192 306+1.0° 30+012 1314022 380+09° 7554082
CTR 2 63.146.134 62.4 + 5604 39242834 67.5 +£3.2bA 36.0 +2.53bA 2740.1bA 14440404 51.7 +£1.4bA 89.7 + 0.5 bA

CTR-ox 2 542 +474 612+544 4144304 68.1+534 389+284 28+024 1474024 559+194 923+094
Ag10-ox 2 83.0 + 1.6 *** 42,0 £2.8% 422433 92.9 + 8.6 *** 302 £1.7* 33403 12.7 4 0.4 *+ 342+ 1.8 70.8 + 2.3 ***
Agl-ox 2 65.6+1.4% 632 +2.6 450 +49 79.6 £ 9.4 407 £4.1 31+04 14.0 £ 0.4 50.8 £2.3* 88.6+14%
Ag0.1-0x 2 56.7 £ 4.7 58.7 £3.1 39.4+ 4.0 68.4+9.0 35.8+3.1 27403 144+ 04 525+3 89.5+22
CTR 35 60.0 + 6.3 24 62.8 & 6.0 A 41543324 68.9 4+ 42bA 38.6 +33bA 2.7 4 029bA 14.8 4 0.4 b4 546+ 19bA 90.9 £1.0bA
CTR-ox 35 249+ 448 437+ 808 294+ 148 4554298 279+ 148 19+018 1514044 6234248 93.6 £ 144
Ag10-ox 3.5 69.0 + 5.6 *** 52.6 + 4.0 36.0 +£3.2 781+ 6.6 *** 293425 2.8+ 0.2 12.9 4 0.4 39.4 + 1.6 *** 80.5 + 1.7 ***
Agl-ox 35 59.0 - 3.8 *** 63.8 + 3.3 *** 404 +25* 69.2 £3.1** 37.7 £25% 28401 142+ 04 54.1 4 1.2%* 91.6 £ 0.6
Ag0.1-0x 35 39.6 +4.8* 53.1+55 327+19 53.0 £5.0 308+ 15 23402 15.0 + 0.4 59.1+£25 93.0 £ 0.8

Different superscript lower-case letters in the same column indicate significant differences (p < 0.05) among times for the control group without induced oxidative stress. Different
superscript upper-case letters in the same column indicate significant differences (p < 0.05) between the control group with and without induced oxidative stress within each given time.
The asterisks indicate significant differences between the treatment and the control submitted to induced oxidative stress within each given time (* p < 0.05; ** p < 0.01; *** p < 0.001).
TM = total motility; PM = progressive motility; VAP = average path velocity; VCL = curvilinear velocity; VSL = straight-line velocity; ALH = amplitude of lateral head displacement;
BCF = beat-cross frequency; LIN = linearity; STR = straightness; CTR = control; ox = samples submitted to induced oxidative stress; Agl0 = 10 mM aminoguanidine; Agl =1 mM

aminoguanidine; and Ag0.1 = 0.1 mM aminoguanidine. Data are shown as mean = standard error of 5 replicates.
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3.3. Lipid Peroxidation

The oxidative stress induced by Fe?*/ascorbate provoked a significant increase in sperm lipid
peroxidation at 2 h and 3.5 h of semen incubation (p < 0.05; Figure 2) compared to the CTR group.
On the other hand, CTR samples did not change their levels of MDA during the entire period of semen
incubation (p > 0.05). Interestingly, at 2 h of incubation, all aminoguanidine treatments showed lower
levels of MDA than those of CTR-ox group (p < 0.05). Conversely, at 3.5 h of incubation, only 10 and
1 mM aminoguanidine showed lower levels of lipid peroxidation than CTR-ox samples (both p < 0.001).

As expected, all aminoguanidine treatments showed greater levels of lipid peroxidation than CTR
samples (p < 0.001).

50

40

30

20+

pmol MDA/108 spermatozoa

10

a
0 T
0

2
Time (h)

Figure 2. Lipid peroxidation in boar sperm samples submitted to oxidative stress (CTR except) and
supplemented with aminoguanidine. Different superscript lower-case letters indicate significant
differences (p < 0.05) among times for the control group without induced oxidative stress. Different
superscript upper-case letters in the same column indicate significant differences (p < 0.05) between the
control group with and without induced oxidative stress within each given time. The asterisks indicate
significant differences between the treatment and the control submitted to induced oxidative stress
within each given time (* p <0.05; ** p < 0.001). MDA = malondialdehyde; white bars = control samples;
crossed bars = control samples under induced oxidative stress; black bars = 10 mM aminoguanidine;
dark grey bars = 1 mM aminoguanidine; and light grey bars = 0.1 mM aminoguanidine. Data are
shown as mean =+ standard error of 5 replicates.

3.4. Sperm Plasma Membrane Integrity and Acrosomal Status

In general, the oxidative stress induced by Fe*/ascorbate impaired the sperm plasma membrane
and acrosome integrity of CTR-ox samples (Table 3). Moreover, we found that aminoguanidine
protects the sperm head plasma membrane and acrosome integrity against oxidative stress (Table 3).
While there were no significant differences in the sperm tail plasma membrane integrity between the
values of CTR-ox samples and those of aminoguanidine treatments (p > 0.05), there was a trend for the
latter to be greater at any concentration used.
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Table 3. Boar sperm plasma membrane integrity and acrosomal status in samples submitted to

oxidative stress (CTR except) and supplemented with aminoguanidine.

Intact Head

Intact Tail

Treatment Time (h) Plasma Plasma NoRr;tcllalel?gl)cal Acll?:sn(::fee?"/ )
Membrane (%) Membrane (%) getn °
CTR 0 8324 0.62 279+252 9454032 214022
CTR 2 76.4 + 0.5 bA 23.0 + 4.63bA 92.1 +£ 0504 32+04bA
CTR-0x 2 719 + 0.7 B 163+ 454 876+ 1.3B 39+044
Ag10-ox 2 78.8 4 0.6 *** 243443 93.1 & 0.5 *** 2.7 4 0.3
Agl-ox 2 81.6 4 1.0 ** 202438 91.4 4 1.1 2.2 4 (.2 %
Ag0.1-0x 2 743 + 03 * 21.0+47 91.1 & 0.5 *** 33+04
CTR 35 69.3 +1269A 204 +40bA 88.7 + 0.8 %A 47 +03A
CTR-ox 35 628+ 08B 141+ 374 849+ 1.08B 6.2+038B
Agl0-ox 35 735 4 0.8 *** 220439 90.3 4 1.0 *** 42 + (.4 %
Agl-ox 35 78.3 4 1.1 *** 18.1+ 45 90.6 & 1.1 *** 3.1 4 0.2 %
Ag0.1-0x 35 67.7 4 1.2 % 16.0 & 4.61 90.5 & 0.6 *** 53+03*%

Different superscript lower-case letters in the same column indicate significant differences (p < 0.05) among times
for the control group without induced oxidative stress. Different superscript upper-case letters in the same column
indicate significant differences (p < 0.05) between the control group with and without induced oxidative stress
within each given time. The asterisks indicate significant differences between the treatment and the control
submitted to induced oxidative stress within each given time (* p < 0.05; ** p < 0.01; *** p < 0.001). CTR = control;
ox = samples submitted to induced oxidative stress; Agl0 = 10 mM aminoguanidine; Agl = 1 mM aminoguanidine;
and Ag0.1 = 0.1 mM aminoguanidine. Data are shown as mean =+ standard error of 5 replicates.

We also found that 10 and 1 mM aminoguanidine showed a greater percentage of intact sperm
head plasma membrane at 2 h (p = 0.025 and p < 0.001, respectively) and 3.5 h of sperm incubation
(both p < 0.001) than CTR samples. Moreover, at 2 h and 3.5 h of incubation, 1 mM aminoguanidine
showed a lower percentage of damaged acrosome than that of the CTR group (p = 0.011 and p < 0.001,
respectively).

4. Discussion

The present study provides the first piece of evidence that aminoguanidine notably reduces
the detrimental effects of oxidative stress in boar sperm cells in vitro. Our results clearly show that
aminoguanidine has powerful antioxidant capacity, preserves the sperm motility, reduces the lipid
peroxidation, and protects the plasma membrane and acrosome integrity under induced oxidative
stress. Interestingly, except for the levels of MDA, sperm parameters of samples treated with 1 mM
aminoguanidine did not differ or even showed better performance than those of control samples
without the ROS-generating system, which demonstrates that the deleterious effects of oxidative stress
were mostly abolished. As there was no cytotoxic effect shown in any sperm parameter, our results
suggest that aminoguanidine could potentially be a treatment for impaired semen quality associated
with high ROS levels.

Aminoguanidine is a selective inhibitor of the iNOS isoform [24], which releases large amounts of
NO® and is found in spermatozoa and activated leukocytes [18,21]. In human semen, the presence of
abnormal spermatozoa and activated leukocytes increases the amount of ROS over physiological
levels, which causes sperm DNA damage, lipid peroxidation, and poor motility [5]. In this
sense, Balercia etal. [43] found that asthenozospermic men show greater levels of NO® than
normozoospermic men and that the concentration of this gasotransmitter were negatively correlated
with the sperm motility. In this way, our findings indicate that aminoguanidine can be employed for
protecting against the effects of oxidative stress in sperm cells, which is consistent with the findings in
other cells and tissues (lung: [44]; bladder: [45]; kidney: [46]; testis: [29]). Similarly, Abbasi et al. [30,31]
and Alizadeh et al. [32,33] found that the in vivo administration of aminoguanidine improves the
sperm concentration, motility, viability, normal morphology, mitochondrial membrane potential,
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and DNA integrity in varicocelized rats where the upregulation of the iNOS isoform may lead to high
levels of ROS in the semen.

As previously described in boar semen [35,47], our results confirm that Fe2* /ascorbate induces
a state of oxidative stress characterized by increased levels of lipid peroxidation and reduced sperm
motility. In addition, we also found that this ROS generator negatively affects the sperm head plasma
membrane and acrosome integrity. In contrast to our findings, Guthrie and Welch [47] found that
Fe?* /ascorbate did not affect the sperm membrane integrity (i.e., viability). This is possibly because a
smaller Fe?* /ascorbate concentration was employed (i.e., 1 ptM/30 uM) in their study. Our findings
also confirm that aminoguanidine has powerful antioxidant abilities against the oxidative stress
induced by Fe?*/ascorbate, as previously described by Yildiz et al. [25]. Irrespective of the incubation
time, 10 and 1 mM aminoguanidine showed stronger antioxidant capacity than that of control samples
with or without induced oxidative stress. The total antioxidant capacity of 1 mM aminoguanidine
was 0.5 mM Trolox equivalents on average, which is within the range described in the boar seminal
plasma [48,49]. A greater total antioxidant capacity of the seminal plasma contributes to the ability
of boar sperm cells to better sustain the preservation process (liquid-storage and cryopreservation),
which is also positively related to the fertility outcomes and litter size [49]. In this way, our results
indicate that 1 mM aminoguanidine shows a total antioxidant capacity similar to that of boar seminal
plasma, which provides further support for the beneficial effects of this compound on boar sperm
parameters under induced oxidative stress.

The results of this study show that under induced oxidative stress, aminoguanidine better
preserves sperm motility, plasma membrane and acrosome integrity. These three parameters are
correlated with male fertility in humans [50] and other species (bulls: [51]; boars: [52]; stallions: [53]).
Interestingly, at 3.5 h of incubation, 10 and 1 mM aminoguanidine showed more than twice the
percentage of motile sperm cells compared to control samples under oxidative stress. Nevertheless, it is
important to highlight that sperm cells treated with 10 mM aminoguanidine showed rapid curvilinear
trajectories with remarkably low values of progressive and linear motility. A plausible explanation of
this phenomenon might be due to the antioxidant capacity of 10 mM aminoguanidine (2 mM Trolox
equivalents), which is quite above the physiological range reported in the boar seminal plasma [48,49].
As certain levels of ROS are required for a normal sperm function [8,9], 10 mM aminoguanidine
may reduce the amount of ROS in such a way that it impairs some sperm kinetic parameters, but it
does not affect the sperm plasma membrane and acrosome integrity. In this sense, the protective
effects on the sperm plasma membrane and acrosome integrity in samples treated with 10 mM
aminoguanidine were also confirmed by the lower levels of lipid peroxidation. On the other hand,
0.1 mM aminoguanidine was able to only partially prevent the damage caused by Fe?* /ascorbate in
terms of sperm parameters. In contrast, although the sperm tail integrity tended to be greater in sperm
samples supplemented with aminoguanidine, there were no differences among the latter and control
group treated with Fe?* /ascorbate, which is likely due to the variability among replicates. The boar
sperm plasma membrane shows low tolerance to the hypoosmotic conditions, which varies across
breeds and between boars within the same breed [54]. In this way, despite the fact that we used pooled
semen in order to reduce the male variability, factors, such as the boar and breed, may have influenced
our results by increasing the variability among replicates.

Another important finding of this study is that aminoguanidine protects the acrosome integrity
as shown by the two techniques employed. It is well known that acrosome integrity is a requisite for
the acrosome reaction, which must occur in a timely manner in order to allow the penetration of the
spermatozoon through the protective barriers of the oocyte [55]. In the porcine species, a partially
induced acrosome reaction in the preincubation or fertilization media has been found to be an important
cause of polyspermy, which is one major challenge in the assisted reproductive technologies of this
species [56]. The exposure of boar spermatozoa to a ROS generating system triggers the acrosome
reaction [57], which may lead to reduced fertilizing potential. Based on our findings, we can therefore
speculate that aminoguanidine may increase the fertilization potential of porcine spermatozoa by
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preventing a precocious acrosome reaction under oxidative stress. Further studies, such as the in vitro
and in vivo fertilizations, are needed to test our hypothesis.

In conclusion, the findings from this study demonstrate that aminoguanidine mostly abolishes
the deleterious effects of oxidative stress in boar spermatozoa under in vitro conditions. Due to
its antioxidant capacities, aminoguanidine preserves the boar sperm motility, reduces the lipid
peroxidation, and protects the plasma membrane and acrosome integrity under oxidative stress.
Interestingly, 1 mM aminoguanidine mostly eliminates the negative effects of oxidative stress as, except
for the lipid peroxidation, all sperm parameters did not differ or even showed better performance than
those of control samples without the ROS-generating system. As no cytotoxic effects were observed in
any sperm parameters, our results suggest that aminoguanidine could be used as an effective in vitro
therapeutic agent for the treatment of sperm disorders associated with oxidative stress.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /1999-4923 /10/4/212/s1,
Supplementary Dataset 1. Dataset of boar sperm parameters under induced oxidative stress (CTR except) and
supplemented with aminoguanidine.
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