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WYKAZ SKROTOW

ADC
ADMA
ALF

ALT
Analiza GO
AST

BBB

cGMP

CPM
CSF

EB
EDTA
EEG
EVs

HE
FCS
FITC
GLAST
GS
HIEC-6

Hsp27

i.p.
ICAM-1

IL
JAM
KEGG

mMiRNA
MMP

MPTP

NGS
NOS
NVU
OA
PMEC

przetwornik analogowo-cyfrowy (ang. analog to digital converter)
asymetryczna dwumetyloarginina (ang. asymmetric dimethylarginine)

ostra niewydolnos$¢ watroby (ang. acute liver failure)

aminotransferaza alaninowa (ang. alanine aminotransferase)

analiza ontologii gendw (ang. gene ontology analysis)

aminotransferaza asparaginianowa (ang. aspartate aminotransferase)

bariera krew-mdzg (ang. blood-brain barrier)

cykliczny guanozyno-3',5'-monofosforan (ang. cyclic guanosine
monophosphate)

liczba zmapowanych odczytéw na milion (ang. counts per million)

ptyn moézgowo-rdzeniowy (ang. cerebrospinal fluid)

biegkit Evansa (ang. Evans blue)

kwas wersenowy (ang. ethylenediaminetetraacetic acid)

elektroencefalogram (ang. electroencephalogram)

pecherzyki zewnatrzkomodrkowe (ang. extracellular vesicles)

encefalopatia watrobowa (ang. hepatic encephalopathy)

metoda korelacji fluorescencji (ang. fluorescence correlation spectroscopy)
izotiocyjanian fluoresceiny (ang. fluorescein isothiocyanate)

transporter glutaminianu/asparaginianu (ang. glutamate aspartate transporter)
syntetaza glutaminy (ang. glutamine synthetase)

linia komorek $rodblonka jelita ludzkiego (ang. human intestinal endothelial
cells line 6)

biatka szoku cieplnego 27 (ang. heat shock protein 27)

podanie dootrzewnowe (ang. intraperitoneal)

miedzykomorkowa molekuta adhezyjna-1 (ang. intercellular adhesion molecule
1)

interleukina (ang. interleukin)

czasteczka adhezyjna (ang. junctional adhesion molecule)

Kyoto Encyclopedia of Genes and Genomes (ang. Kyoto Encyclopedia of Genes
and Genomes)

mikroRNA (ang. microRNA)

metaloproteinazy macierzy zewnatrzkomorkowej (ang. matrix
metalloproteinases)

zjawisko zmiany przepuszczalnosci blon mitochondrialnych zwigzane z
otwarciem megakanalow (ang. mitochondrial permeability transition pore)
sekwencjonowanie nowej generacji (ang. next-generation sequencing)

syntaza tlenku azotu (ang. nitric oxide synthase)

jednostka nerwowo-naczyniowa (ang. neurovascular unit)

octan amonu (ang. ammonium acetate)

komorki $rodbtonka mikronaczyn moézgu szczura (ang. primary brain
microvascular endothelial cells)



PBMEC

RBE4
ROS
RT-gPCR

SASP

SDMA
SF
SNRNA
TAA
TEM
TJ
TNFa
VCAM
VEGF

pierwotne komorki s$rodbtonka mikronaczyn mozgu (ang. primary brain
microvascular endothelial cells)

linia komorek srodbtonka mozgu szczura (ang. rat brain endothelial cell line 4)
reaktywne formy tlenu (ang. reactive oxygen species)

metoda ilosciowej reakcji PCR w czasie rzeczywistym (ang. real-time
quantitative polymerase chain reaction)

fenotyp sekrecyjny zwigzany senescencja (ang. senescence-associated secretory
phenotype)

symetryczna dwumetyloarginina (ang. symmetric dimethylarginine)
fluoresceina sodu (ang. sodium fluorescein)

maty jadrowy RNA (ang. small nuclear RNA)

tioacetamid (ang. thioacetamide)

transmisyjna mikroskopia elektronowa (ang. transmission electron microscopy)
polaczenia $ciste (ang. tight junctions)

czynnik martwicy nowotwordw o (ang. tumor necrosis factor o)

czastka adhezyjna $rodbtonka (ang. vascular cell adhesion molecule)

czynnik wzrostu §rodbtonka naczyniowego (ang. vascular endothelial growth
factor)

czynnik von Willebranda (ang. von Willebrand factor)

metoda Western blot (ang. Western blot)

biatka kompleksu zonula occludens (ang. zonula occludens proteins)
B-galaktozydaza (ang. beta-galactosidase)

gamma-glutamylotranspeptydaza (ang. gamma-glutamyl transpeptidase)



STRESZCZENIE

Encefalopatia watrobowa (ang. hepatic encephalopathy; HE) ujawniajgca si¢ w wyniku
uszkodzen watroby stanowi istotny problem epidemiologiczno - ekonomiczny, ktéry dotyczy
~1 miliona mieszkancéw krajow UE. Najpowazniejszym objawem klinicznym jest obrze¢k
mozgu prowadzacy w wiekszosci przypadkOw ostrej i w stanach zaostrzenia przewlektej HE,
do zgonu pacjenta. Mechanizm obrzeku mézgu w HE jest gtownie nastgpstwem obrzmienia
astrocytow, jednak udzial czynnika naczyniowego, zwigzanego z dysfunkcja bariery krew-
mozg (ang. blood - brain barrier; BBB) wydaje si¢ mie¢ rowniez istotne znaczenie. Bioragc pod
uwage liczbe wspotgrajacych elementow, wiedza dotyczaca uszkodzenia i deregulacji
sktadowych BBB wymaga uszczegotowienia.

W przebiegu procesOw patologicznych coraz czes$ciej zwraca si¢ uwage na udziat
jednoniciowych, niekodujacych RNA - mikroRNA (ang. microRNA; miRNA), postawiono
wiec hipoteze zakladajaca, ze jedna z przyczyn uszkodzenia BBB w HE sg zmiany profilu
miRNA.

Celem dysertacji byla analiza profilu miRNA w osoczu i korze mozgowej szczurdw
Z hiperamonemia prosta i szczurdw z ostrym uszkodzeniem watroby oraz wykazanie
molekularnego podloza zmian w komorkach §rédbtonka naczyniowego moézgu, gtdéwnego
elementu tworzacego BBB.

Doswiadczenia wykonano wykorzystujac (1) modele in vivo tj. szczurzy model hiperamonemii
i szczurzy model ostrego uszkodzenia watroby (2) modele in vitro tj. lini¢ komorek §rodbtonka
naczyn mozgu szczura (ang. rat brain endothelial cell line; RBE4) i pierwotne hodowle
komorek $rodbtonka naczyn mozgu szczura (ang. primary brain microvascular endothelial
cells; PBMEC), oraz (3) izolowane naczynia mozgu szczura.

Na podstawie analizy profilu miRNA osocza i kory moézgowej szczurow modelowych,
zidentyfikowano odpowiednio w modelu hiperamonemii prostej 35 i 128, a w modelu ostrego
uszkodzenia watroby 338 1 345 zmienionych miRNA, za$§ analiza bioinformatyczna,
wykorzystujgca dostepne narze¢dzia oraz bazy danych wykazata potencjalny zwigzek 2 miRNA
z genami kodujgcymi biatka zwigzane strukturalnie i funkcjonalnie z BBB (okludyng,
integryne 1B). W ocenie morfologicznej BBB wykazano uszkodzenia obejmujace zmiany
morfologii komorek S$rodbtonka, korelujgce ze zwigkszong przepuszczalnoscia BBB.
W badaniach in vitro, w komoérkach $rodbtonka naczyn moézgowych, analizowano zmiany
poziomu ekspresji badanych bialek, ze wskazaniem ich znaczenia funkcjonalnego, wykazujac
udziat zidentyfikowanych miRNA-122-5p i miRNA-183-5p w obnizeniu poziomu ekspresji
odpowiednio: okludyny i integryny 1p.

Oceniona w modelu OA zmniejszona gesto$¢ naczyn mozgowych sugerowala zmienione
unaczynienie mozgu, porownywalne z unaczynieniem moézgu szczuréw 12 miesigcznych,
sugerujac zmiany charakteryzujgce starzenie normatywne. Zmieniony fenotyp komodrek
srodblonka zweryfikowano w badaniach in vitro, wykazujac cechy charakterystyczne dla
procesu starzenia.



Skonstruowano, wykonano i przetestowano autorski system do pomiaru warto$ci rezystancji
elektrycznej, stuzacy ocenie integralno$ci komorkowych modeli BBB w czasie rzeczywistym.
Wartosci pomiarow uzyskane w testach komoérkowych byly niezalezne od zmian pH
I temperatury, cechowaty si¢ wyzsza doktadnoscig i precyzjg, dlatego urzadzenie wydaje sig¢
by¢ odpowiednim narz¢dziem do badan toksycznosci zwigzkow / lekdw w ocenie funkcji
barier biologicznych.

Podsumowujac, wyniki dysertacji poszerzaja wiedze¢ na temat patomechanizmu uszkodzen
BBB w HE, w szczegdlnosci komorek srodblonka. W kontekscie dysfunkceji watroby, badania
wskazuja na znaczenie miRNA w komunikacji na osi watroba-mdzg. Wyniki badan dostarczajg
nowych danych na temat roli miRNA w regulacji funkcji BBB, co moze mie¢ potencjalne
zastosowanie w diagnostyce i terapii zaburzen neurologicznych zwigzanych z chorobami
watroby. Konstrukcja autorskiego systemu do pomiaru rezystancji warstwy komorek, stanowi
wartos¢ interdyscyplinarng dysertacji.
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SUMMARY

Hepatic encephalopathy (HE) develops, due to liver damage and represents a significant
epidemiological and economic burden affecting approximately 1 million EU citizens. Brain
edema is the most severe clinical symptom, which, in most cases of acute and overt chronic
HE, leads to patient death. The mechanism of brain edema in HE primarily results from
astrocyte swelling; however, the contribution of vascular factors related to the impairment of
the blood-brain barrier (BBB) function also seems significant. However, knowledge of BBB
dysfunction and HE damage is far from being complete, considering the number of interacting
elements.

In pathological processes, increasing attention has been paid to the role of single-stranded, non-
coding RNAs - microRNAs (miRNAs). Therefore, we formulated a hypothesis that the possible
cause of the BBB damage in HE is miRNA profile changes that regulate the BBB. The
dissertation aimed to analyze the miRNA profile in plasma and brain cortex of rats with simple
hyperammonemia and rats with acute liver failure, and to demonstrate the molecular basis of
changes in endothelial cells of brain vessels, the main component of the BBB.

Experiments were conducted using (1) a rat model of hyperammonemia and a rat model of
acute HE, (2) in vitro models, including a rat brain endothelial cell line (RBE4) and primary
brain microvascular endothelial cells (PBMEC), and (3) isolated rat brain vessels. Based on
the analysis of the miRNA profile in the plasma and brain cortex of the rat’s model, 35 and
128, as well as 338 and 345 altered miRNAs were identified, respectively. Bioinformatic
analysis using available tools and information from databases indicated a potential association
of 2 altered miRNASs with genes encoding proteins structurally and functionally related to the
BBB (occludin, integrin 1p).

Morphological assessment of the BBB showed damage involving changes in endothelial cell
morphology correlating with increased BBB permeability, at the cellular level, changes in the
expression levels of studied proteins were observed, indicating their functional significance.
The involvement of identified miRNA-122-5p and miRNA-183-5p in the reduced expression
of occludin and integrin 1p in brain endothelial cells was demonstrated. The decreased density
of brain microvessels observed in the acute liver failure model suggested disturbances in brain
vascularization comparable to that of 12-month-old rats, indicating changes characteristic of
normative aging.

A custom system for resistance measuring was constructed, implemented, and tested, serving
to assess the integrity of cellular BBB models in time. The measurement was more accurate
and independent of pH and temperature fluctuations, making the device a suitable tool for
toxicity studies of compounds/drugs when evaluating biological barrier functions. This result
adds interdisciplinary value to the dissertation.

In summary, the research expands our understanding of HE pathomechanism related to BBB
damage, particularly endothelial cells. In the context of liver dysfunction, the study highlights
the importance of mMiIRNA in liver-brain axis communication. The results provide new insights
into the role of miRNAs in regulating BBB function, which may have potential applications in
the diagnosis and/or therapy of acute and chronic neurological disorders associated with liver
diseases.
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INNOWACYJNOSC ROZPRAWY

1. Analiza miRNA osocza i kory czolowej mdzgu SzczurOw z hiperamonemig prostg
I ostrym uszkodzeniem watroby, identyfikujagca miRNA, ktore korelowaty z biatkami
zwigzanymi z dysfunkcja bariery krew-maozg in vivo i in vitro.

2. Badania funkcjonalne bariery krew-mozg oraz identyfikacja zmian morfologicznych w
analizowanych modelach.

3. Wykazanie zmniejszonego unaczynienia mozgu szczura w warunkach hiperamonemii,
przypominajacego zmiany obserwowane w starzeniu normatywnym oraz zmienionego
fenotypu komorek §rodbtonka naczyn mézgowych szczura.

4. Wykonanie i przetestowanie nisko-kosztowego, precyzyjnego i konfigurowalnego
autorskiego systemu pomiarowego do mierzenia w czasie rzeczywistym wartosci
rezystancji elektrycznej warstwy komorek srodbtonka/nabtonka tworzacych bariere.
Urzadzenie stanowi efekt interdyscyplinarny rozprawy i jest przedmiotem ztozonego
wniosku patentowego o numerze zgtoszenia P.442747.
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WSTEP

Encefalopatie hiperamonemiczne to heterogenna etiologicznie grupa schorzen, sposrod
ktorych encefalopatia watrobowa (ang. hepatic encephalopathy; HE) jest diagnozowana
najczesciej. HE rozwija si¢ w wyniku dysfunkcji watroby o r6znym nasileniu, w skutek czego
dochodzi do systemowej akumulacji szeregu toksyn, przede wszystkim amoniaku [1].
Hiperamonemia definiuje stan metaboliczny organizmu, ktérego bezposrednig przyczyng jest
patologicznie podwyzszone stezenie amoniaku W 0soczu, przekraczajgce wartos¢ 100 umol/I
u noworodkow i 50 pmol/l u dzieci i 0s6b dorostych [2].

Pacjenci z HE do$wiadczajg szerokiego spektrum zaburzen neuropsychiatrycznych
I neurologicznych, w tym halucynacji, labilno$ci emocjonalnej, zaburzen §wiadomosci i in., po
powazny w skutkach obrzgk moézgu i $pigczke [3,4]. HE jest znacznym obcigzeniem
ekonomicznym i spotecznym, prowadzacym do obnizenia jako$ci zycia pacjentow, w zwigzku
ze stopniowym pogorszeniem zdolnosci wykonywania nawet podstawowych, codziennych
czynnosci [5]. W krajach Europy Zachodniej oraz Stanach Zjednoczonych, u ok. 25%
pacjentow z marsko$cia watroby, rozwija si¢ HE. W krajach rozwijajacych sig, gdzie wirusowe
zapalenie watroby jest w dalszym ciggu rozpowszechnione, czesto$¢ wystepowania HE
z powodu zapalenia watroby pochodzenia wirusowego moze sigga¢ 40-50% [6]. Typ
minimalnej HE, w zaleznos$ci od zastosowanych metod diagnostycznych, rozpoznawany jest
u ok. 20% do 80% pacjentéw z marskoscig watroby, za$ u pacjentdw poddanych procedurze
zespolenia wrotno-systemowego, czesto$¢ wystgpowania HE w ciggu dwoch lat od zabiegu
wynosi od 20% do 55% [7].

Klasyfikacja encefalopatii watrobowej

Wyrdzniamy cztery gtowne typy HE: typ A, B, C oraz typ D (Ryc. 1). Typ A dotyczy ostrej
niewydolnosci watroby i charakteryzuje si¢ naglym wystgpieniem objawdw i szybkim
rozwojem choroby. Gtowna przyczyna HE typu A jest przedawkowanie lekow, zwlaszcza
paracetamolu, co stanowi 58% rozpoznanych przypadkow oraz zakazenia wirusowe (wirusowe
zapalenie watroby typu A, B, C, E) stanowigce ~10% przypadkow [8]. Inne, rzadsze przyczyny
obejmuja wrodzone deficyty enzyméw cyklu mocznikowego, powiktania chorob
metabolicznych, chorobe Wilsona, autoimmunologiczne zapalenie watroby, ostre sttuszczenie
watroby ciezarnych, zespot Budd-Chiariego i in. [9]. Typ B HE rozwija si¢ w wyniku
zaistnienia przetoki wrotno-systemowej, do czego moze dojs¢ w wyniku chirurgicznego lub
spontanicznego zespolenia wrotno-systemowego, bez wspotwystepujacej choroby watroby
[10]. Typ C rozwija si¢ jako konsekwencja marskosci watroby, a wyodrebni¢c mozna
nastepujace podtypy: minimalny, epizodyczny i przewlekty [11]. Minimalna HE
charakteryzuje si¢ subtelnymi zaburzeniami poznawczymi, gdzie czynnikami sprawczymi sg
istniejaca lub rozwijajaca si¢ marskos¢ watroby, przewlekte infekcje wirusowe, alkohol itp.
[12]. Typ D odnosi si¢ do zaostrzenia istniejagcej choroby i rozpoznawany jest jako
dekompensacja w przebiegu marskosci watroby. Typ D zostal przedstawiony jako odrebna
kategoria ze wzgledu na zlozone mechanizmy patofizjologiczne oraz gorsze rokowanie
pacjentow [13].
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Objawy Kliniczne HE obejmujg zaburzenia poznawcze, zmiany psychiczne oraz deficyty
motoryczne [14]. W szczegdlnosci, rozwoj objawow ma charakter progresywny, od
obserwowanych poczatkowych subtelnych zmian cyklu snu i czuwania, przez zmiany
osobowosci, takie jak apatia, dezorientacja, zaburzenia pamigci, az po objawy konczace si¢
$piaczka [15]. Wedhug kryteriow West Haven opracowanych przez WHO wyr6zni¢ mozna pig¢
stopni nasilenia choroby.

Stopnie Encefalopatii Watrobowe;j

0 Minimalna 1 2 3 4
Brak EW
objawéw l a Zaburzenia snu Zaburzenia koncentracji
Spowolnienie o °
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przetwarzanych ]
informaciji
Stan $wiadomosci

.Letarg Minimalna dezorientacja |
{ Sennosé
¢ Dezorientacja
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o Uposledzenie umiejetnosci obliczeniowych
° :

Uposledzenie uwagi "
® o Utrata poczucia czasu

° Utrata orientacji przestrzennej
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Zachowanie funkcji intelektualnych o Utrata jani
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i i
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Drgawki Brak koordynacji miesniowej :

® P Asteriksje  Zaburzenie pisma

Brak zmian . L] o Betkotliwa 'r(m')wa
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o Spiaczka

Ryec. 1. Klasyfikacja stopni nasilenia (wg. WHO) wraz z objawami klinicznymi encefalopatii
watrobowej (uaktualniono na podstawie Conn i Lieberthal, 1979) [16].

Diagnostyka encefalopatii watrobowej

Diagnostyka HE jest ztozona i Opiera si¢ W znacznym stopniu na ocenie klinicznej i testach
psychometrycznych, majacych na celu przede wszystkim wykluczenie innych potencjalnych
przyczyn determinujacych wystapienie zaburzen neurologicznych. Ocenie poddawane sg m.
in. drzenia (ang. asterixis), stopien Spowolnienia psychomotorycznego, objawy
pozapiramidowe. Objawy Kkliniczne czesto s3 niejednoznaczne i zmienne, dlatego
bezwzglednie wykonuje si¢ pomiar stezenia amoniaku we krwi, ktéry determinuje
mechanizmy patofizjologiczne HE.
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Osrodkowy uktad nerwowy jest wysoce wrazliwy na toksyczne dziatanie amoniaku ze wzgledu
na ograniczong mozliwos$¢ jego detoksykacji. W mdzgu nie wystepuje peten cykl mocznikowy,
a jedynym wydajnym mechanizmem detoksykacji amoniaku jest reakcja enzymatyczna
katalizowana przez enzym syntetaz¢ glutaminy (ang. glutamine synthetase; EC 6.3.1.2)
w wyniku ktdrej powstaje glutamina. Proces ten jest mniej efektywny niz cykl mocznikowy
W watrobie, co sprawia, ze nawet niewielkie wzrosty st¢zenia amoniaku mogg prowadzi¢ do
jego akumulacji i toksycznego wplywu na neurony [17,18].

Z diagnostycznych badan pomiarowych wykonuje sie rejestracje elektroencefalograficzne
(ang. electroencephalogram; EEG) wykazujace spowolnienie podstawowej aktywnosci
rytmicznej z falami trojfazowymi i anomaliami przednio-dominujacymi, wykonywane do
wykluczenia padaczki, sepsy, hiperkapnii czy encefalopatii polekowej. Wykonuje si¢
obrazowanie rezonansem magnetycznym, tomografi¢ komputerowa, czy spektroskopig
rezonansu magnetycznego mogaca Wwskaza¢ na wzrost stezenia glutaminy i glutaminianu oraz
spadek poziomu mioinozytolu i choliny, jako metabolity charakterystyczne w stanach
z rozpoznawanym obrzekiem mdézgu [19].

W diagnostyce minimalnej HE kluczowa role odgrywa ocena neuropsychologiczna [20]. Test
psychometryczny obejmujacy pig¢ testow oceniajacych szybko$¢ psychomotoryczng
I zdolnosci przestrzenne, jest uwazany za tzw. ztoty standard diagnostyczny minimalnej HE.
Poza tym, wykonywany jest test krytycznej czgstotliwosci migotania, test kontroli hamowania,
test skanowania oraz test Stroopa. Pomiar EEG jest uwazany za bardziej czuly niz testy
psychometryczne w diagnostyce minimalnej HE. Niektore charakterystyczne zapisy EEG
moga $wiadczy¢é o wystgpieniu jawnej postaci HE w ciggu zdefiniowanego okresu czasu
(~ 1 rok) [21].

Wspotczesnym, coraz powszechniej stosowanym narzgdziem diagnostycznym minimalnej HE,
dostepnym réwniez on-line, jest test Encephal App Stroop, mierzacy zdolnos¢ kontrolowania
uwagi i szybkos$¢ przetwarzania informacji (https://encephalapp.com/).

W dalszym ciagu jednak, badania diagnostyczne wymagaja poszerzenia o poszukowania
tatwych do wykrycia, stabilnych i swoistych biomarkerow. Sugeruje si¢, ze markery, takie jak
mikroRNA (miRNA), mogg znaczaco wspomoéc diagnostyke HE, ze wzgledu na relatywnag
stabilnos¢ czasteczek MIRNA, wynikajaca z ich struktury oraz zdolnosci do tworzenia
komplekséw z biatkami, chroniacych je przed degradacja. W zwiazku z tym, czgs¢ badan
nakierowywana jest na poszukiwania miRNA jako nowych biomarkerow HE, definiujacych
w miar¢ mozliwosci, stopien i rodzaj powiktan klinicznych, np. obrzeku mozgu [22].

Patomechanizm obrzeku

Obrzek mozgu jest najpowazniejszym klinicznym powiktaniem HE typu A i rozwija si¢
u okoto 25-50% pacjentdéw z ostrg niewydolno$cig watroby [23]. Warto w tym miejscu
nadmienic¢, ze obrzgk mozgu jest gtowng przyczyng smiertelnosci wsrod tej grupy pacjentow
[23-25].

Obrzek mozgu rozwija si¢ na skutek gromadzenia si¢ wody W przestrzeniach
miedzykomorkowych i samych komorkach. Obrzgk definiowany jako cytotoksyczny, dotyczy
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gromadzenia si¢ wody przede wszystkim w astrocytach, co powoduje ich obrzmienie (tzw.
komponenta cytotoksyczna), zas uszkodzenie i wzrost przepuszczalnosci BBB (tzw.
komponenta naczyniowa) dodatkowo umozliwia przedostawanie si¢ roznych zwigzkdéw, w tym
toksycznych dla OUN, z krwi do tkanki mézgowej [26,27].

Cytotoksyczny mechanizm obrzgku moézgu zwigzany jest przede wszystkim z toksycznym
dziataniem amoniaku i obejmuje rdznego rodzaju konsekwencje metaboliczne, zaburzenia
energetyki komorek czy zaburzenia sygnalizacyjne [28]. Wysokie stgzenie amoniaku
w komorkach glejowych mozgu wptywa na homeostaze jonowsa, szczegdlnie jondw potasu
I wapnia, co przyczynia si¢ do zachwiania rownowagi wodnej i elektrolitowej, gromadzenia
si¢ wody [29] i1 deregulacji sygnalizacji wapniowej w astrocytach [30]. Amoniak moze
bezposrednio hamowac¢ aktywnos$¢ biatkowych wymiennikow, transporteréw czy np. pompy
sodowo-potasowej (Na+/K+-ATPaza), co bezposrednio skutkuje nierownowaga jonowsg
i sprzyja powstawaniu obrzmienia astrocytow [28,31-33]. Jednym z proponowanych
mechanizmow obrzegku cytotoksycznego, wydaje si¢ by¢ zwigkszona produkcja i akumulacja
glutaminy w astrocytach, ktdra jako substancja osmotycznie czynna, sprzyja naptywowi wody
do komorki [34].

Zgodnie z hipotezg konia trojanskiego [35], wzrost syntezy glutaminy w cytozolu skutkuje jej
przedostawaniem si¢ do mitochondridw, gdzie powstajacy z jej rozktadu amoniak, przyczynia
si¢ do dysfunkcji mitochondriow, w tym nadmiernej produkcji wolnych rodnikéw i indukcji
zjawiska przepuszczalnosci bton mitochondrialnych, zwigzanego z otwarciem megakanatow
(ang. mitochondrial permeability transition; MPTP ). Akumulacji glutaminy w astrocytach
sprzyja m.in. zahamowanie aktywnego transportu glutaminy na zewnatrz, co zwigzane jest
z deregulacja gléwnego astrocytarnego transportera dla glutaminy SN1 (aka SNAT3; Slc38a3)
[36,37].

Zwierzece modele ostrej HE w przewazajacej wiekszosci odwzorowuja rozwijajacy si¢
i obserwowany w klinice obrzgk moézgu [38,39], co umozliwitlo czgsciowe poznanie
elementow jego patomechanizmu [1,40].

Sktadowa naczyniopochodna obrzeku moOzgu zwigzana jest bezposrednio ze zwigkszong
przepuszczalno$cig BBB, co jest w znacznej mierze rowniez wynikiem toksycznego dziatania
amoniaku i innych krazgcych toksyn, oraz wystepuje jako konsekwencja wspotistniejacego
ogdblnoustrojowego stanu zapalnego oddziatujagcego na komorki $rédbtonka naczyn i/lub
pozostate typy komorek tworzacych BBB [41,42]. Analiza morfologiczna post mortem mézgu
pacjentdéw z ostrym uszkodzeniem watroby dostarczyla informacji dokumentujacych
wakuolizacj¢ i powigkszenie komorek srodblonka naczyn, a takze rozszerzenie przestrzeni
zewnatrzkomorkowych [19], co wykazano takze w zwierzecym modelu ostrej HE [43]. Zmiany
te sugerowaly zwigkszong przepuszczalno$¢ BBB oraz nasilenie transportu pinocytarnego
w badanych rejonach mézgu. Ogolnoustrojowy stan zapalny przyczynia si¢ do rozwoju HE
[44], co dokumentowaly badania korelacyjne: podwyzszony poziom interleukiny-6 (IL-6)
wigzano z wystepowaniem minimalnej HE u pacjentow z marskos$cig watroby [44]. Rowniez
TNFa i IL-1P taczono ze zwigkszong przepuszczalnoscia naczyn i obrzgkiem obserwowanym
u pacjentéw z HE [45]. Wzrost przepuszczalnosci BBB w badanych modelach byt rowniez
zalezny od analizowanego rejonu mozgu oraz wybranego do badan modelu i stopnia nasilenia
HE. Upraszczajac, efekt taczono ze wzrostem endocytozy $rodbtonka [46]. Wykazywano
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wzrost aktywnosci MMP-9 zwigzany z degradacja biatek TJ, co ostabiato integralnos¢
poszczegblnych elementow strukturalnych BBB [47,48]. Ponadto wykazano, ze proces zapalny
koreluje z zaburzeniami funkcji poznawczych w modelu przewlektej HE [49], a $rodki
przeciwzapalne, takie jak ibuprofen, poprawiaty aktywnos$¢ motoryczng. W modelu ostrej HE
wywotanej hepatotoksyng AOM, wykazano uposledzenie funkcji poznawczych, w tym
zaburzen pamigci 1 zdolnosci uczenia si¢ [50,51]. Dodatkowo, wykazano stopniowe
spowolnienie funkcji neurologicznych od 6 godziny po podaniu AOM, w konsekwencji
doprowadzajac do stanu przypominajgcego Spigczke [52].

BBB zapewnia ochrone mézgu przed przedostawaniem si¢ szkodliwych substancji z obwodu,
jednoczesnie umozliwiajgc na drodze dyfuzji lub transportu aktywnego, transport sktadnikow
odzywczych [17]. Strukture tworzg komorki $rodbtonka, wysoce wyspecjalizowane nabtonki
plaskie, ktore wyscietaja pojedyncza warstwg $ciany wlosniczek od wewnatrz. Warstwa
glikokaliksu pokrywa komorki $rodblonka od strony $wiatla naczynia [53]. Komorki
endotelialne wlosniczek OUN charakteryzuja si¢ brakiem fenestracji (okienek) w §cianach,
wicksza liczba mitochondriow wskazujaca na duzy metabolizm energetyczny, niska
aktywno$cig pinocytarng, zapobiegajaca przechodzeniu wielkoczasteczkowych zwigzkow
organicznych z krwi do CSF (ang. cerebrospinal fluid, CSF), obecno$cig ztacz $cistych (ang.
tight junctions, TJ) oraz selektywna przepuszczalno$cig dla szeregu zwigzkow [54,55]. Za
utrzymanie stabilnosci BBB odpowiadaja rowniez potaczenia przylegajace (ang. adherens
junctions) pomiedzy komorkami §rodbtonka naczyn mézgowych. Potaczenia Sciste sktadaja
si¢ z biatek transbtonowych (klaudyna, okludyna), czastki adhezyjne JAM, tacza si¢ z biatkami
kompleksu zonula occludens (ZO-1, ZO-2) oraz z cytoszkieletem komorki, w tym z aktyng
[56,57]. Potaczenia przylegajace tworzg m.in. koneksyna 43, kadheryny (np. VE-kadheryna)
I kateniny (a, B, 9), ktore tacza si¢ z cytoszkieletem komorki, wspierajac stabilnos¢ komorek
srodbtonka [58]. W sktad BBB wchodza takze biatka receptorowe, takie jak integryny, ktore
wigza komorki z komponentami macierzy zewnatrzkomorkowej (np. kolagenem, fibronektyna,
lamining) oraz dystroglikan, ktory taczy cytoszkielet komorek srodblonka z macierza
zewnatrzkomorkowa [59]. Integryny sa kolejnym elementem stabilizujacym system biatek
tworzacych TJ w komorkach srodblonka, przyczyniajac si¢ do utrzymania integralnosci BBB
[60]. Integryny odgrywaja role w przemieszczaniu si¢ komorek uktadu immunologicznego
przez BBB, np. w warunkach stanu zapalnego [61]. Z pozostatych komorkowych
komponentéw BBB nalezy wymieni¢ astrocyty i perycyty, ktorych udziat jest szeroko
omowiony w licznych pracach przegladowych [62-66] i szczegétowe omawianie ich znaczenia
wykracza poza ramy dysertacji.
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Ryc. 2. Schemat bariery krew-mdzg (na podstawie Zoppo i Milner, 2006) [67].

Niektore doniesienia dokumentowaly o0g6lne zmiany poziomu ekspresji mMiRNA
w zwierzgcych modelach ostrej HE [68-70]. Tylko nieliczne identyfikujg specyficzne, krazgce
miRNA u pacjentdw z ostrg HE np., w skutek zatrucia paracetamolem [71], czy z przewlekta
HE, w wyniku poalkoholowego uszkodzenia watroby [72]. Udzial miRNA w kontekscie
dysfunkcji BBB w HE nie byt dotychczas przedmiotem badan.

Efekty toksycznosci amoniaku w komoérkach $srodblonka

W  komorkach $rodbtonka naczyn moézgowych, hiperamonemia zmienia transport
aminokwaséw, m.in. tryptofanu [73], tyrozyny i fenyloalaniny [26,74]. Wykazano, ze
hiperamonemia wplywa na transport i metabolizm argininy i ornityny, w wyniku czego
powstajg poliaminy, wywierajace dziatanie hepato- i neuroprotekcyjne [75,76]. Zmiany
stezenia ornityny wptywaja rowniez na transport metabolitow energetycznych, glukozy
i kreatyny [77,78]. W warunkach hiperamonemii dochodzi ponadto do zmian stgzenia
asymetrycznej dimetyloargininy (ang. symmetric dimethylarginine; SDMA) oraz symetrycznej
dimetyloargininy (ang. asymmetric dimethylarginine; SDMA), endogennych inhibitoréw
syntazy tlenku azotu (ang. nitric oxide synthase; NOS) [79].

W ostatniej dekadzie udokumentowano wywotane dziataniem amoniaku, w ktérym
posredniczy stres oksydacyjny, zmiany fenotypu komorek, scharakteryzowane jako proces
starzenia [80]. Proces udokumentowano w astrocytach in vitro; poza tym, obecno$¢ markerow
stresu oksydacyjnego oraz cechy wskazujgce na proces starzenia wykazano post mortem
w tkance mozgowej pacjentéw z marskoscig watroby [81]. Wykazano, ze jednym z przejawow
stresu oksydacyjnego sa podwyzszone stgzenie nitrowanej tyrozyny, wzrost poziomu ekspresji
biatka szoku cieplnego 27 (ang. heat shock protein; hsp) wspotwystepujacego z obnizong
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aktywnoscig GS i podwyzszong ekspresjg transportera glutaminianu/asparaginianu (ang.
glutamate aspartate transporter; GLAST) [82]. Zasugerowano, ze trwale uposledzenie funkcji
poznawczych pacjentow HE moze by¢ skutkiem procesu starzenia obserwowanego
w astrocytach [80,83] ze wzgledu na wykazang korelacje, zgodna z wykazang zaleznoscia
pomiedzy procesem starzenia i obnizeniem funkcji poznawczych u oséb starszych [82].
Intensywne badania procesu starzenia przez grupe Profesora Dietera Haussingera, nie
dotyczyly jednak komorek srédbtonka naczyniowego mozgu w HE.

W procesie starzenia, komorki tracg zdolnos¢ do podziatu i proliferacji [84], obserwuje si¢
szereg charakterystycznych zmian fenotypowych i funkcjonalnych [85]. Jedng z gtéwnych, jest
trwale zatrzymanie cyklu komorkowego [86]. Komorki nie przechodzg fazy S (zwana
syntetyczng) 1 M (zwana mitotyczng) cyklu komérkowego, co uniemozliwia ich dzielenie si¢
[87]. Zatrzymanie cyklu komorkowego jest czgsto wynikiem aktywacji mechanizmow
odpowiedzi na uszkodzenia DNA oraz na stres oksydacyjny, co prowadzi do wzrostu poziomu
markerow: p16, p21 oraz p53 [87]. Komorki charakteryzuja si¢ fenotypem sekrecyjnym (ang.
senescence - associated secretory phenotype; SASP), tworzonym przez m.in. cytokiny,
chemokiny, proteazy [88], ktory moze poglgbia¢ wspotwystepujacy stan zapalny, istotny
w rozwoju chorob przewlektych. Poza tym, komorki w procesie starzenia, wykazujg
zwigkszong aktywnos¢ lizosomalnego enzymu -galaktozydazy (EC 3.2.1.23) hydrolizujacego
B-galaktozydy do monosacharydow, powszechnie akceptowany marker procesu [89].
Zroznicowana, zalezna od pH aktywnos¢ B-galaktozydazy (optymalna ~ pH 6,0), determinuje
identyfikacj¢ komorek [90].

Zaburzenia funkcji mitochondriow prowadza do zwigkszonej produkcji reaktywnych form
tlenu (ang. reactive oxygen species; ROS) i stresu oksydacyjnego, co sprzyja procesowi
starzenia. [91]. Dysfunkcja mitochondriow w komorkach $rodblonka w  starzeniu
normatywnym zostata udokumentowana post mortem m.in. w tkance mézgowej pacjentéw
Z chorobg Alzheimera [92] oraz 28 miesiecznych myszach [93-95]. Z kolei w badaniach
in vitro wykazano, ze komorki srodbtonka w obecnosci oligomerow p-amyloidu wykazywaty
zmieniony, odwzorowujacy cechy starzenia fenotyp [96]. Sktad SASP srodbtonka obejmuje
wysokie stezenia ROS, NO, a takze ICAM-1, VCAM i VEGF [97-101]. Komérki srodbtonka
mozgu charakteryzowaty sie zmniejszong liczbg mitochondriéw oraz obnizong aktywnoscig
enzymoOw tancucha oddechowego wynikajaca z uszkodzen biatek, skutkujaca stabsza
efektywnoscig przenoszenia elektronéw i obnizong produkcja ATP [96,102-104], co w efekcie
przetozyto si¢ na indukcje przewlektego stresu oksydacyjnego. Uwaza si¢, ze za redukcje
liczby mitochondriow moze odpowiada¢ zbyt aktywny proces autofagii lub obnizony proces
biogenezy mitochondriéw [105].
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HIPOTEZA

Zmiany profilu miRNA w osoczu lub korze mézgowej szczuréw w warunkach HE sg zwigzane
z dysfunkcja BBB na poziomie struktury i funkcji, w szczegolnosci, z tworzagcymi ja
komdrkami srodbtonka naczyn.

CEL PRACY

Celem dysertacji jest analiza profilu miRNA w osoczu i korze mézgowej szczurow
Z hiperamonemia prosta i szczurdw z ostrym uszkodzeniem watroby oraz wykazanie
molekularnego podloza zmian w komorkach §rédbtonka naczyniowego moézgu, gtdéwnego
elementu tworzacego BBB.

Cele szczegotowe:

1.

Analiza profilu ekspresji miRNA w osoczu i w korze czotowej mdzgu szczuréw
Z hiperamonemig prostg i ostrym uszkodzeniem watroby;

Analiza morfologiczna i funkcjonalna BBB w badanych modelach in vivo;

Analiza in silico identyfikujaca miRNA oraz biatka efektorowe w kontekscie
uszkodzen BBB oraz weryfikacja na poziomie komorki, z wykorzystaniem modeli
BBB in vitro (linia komorek $rodbtonka naczyn moézgowych szczura; RBE4 oraz
pierwotna hodowla komoérek $rodbtonka mikronaczyh mozgu szczura);

Weryfikacja wplywu hiperamonemii na fenotyp komorek $rédblonka naczyn
mdzgowych szczura in vitro i analiza unaczynienia mdzgu szczura in vivo;
Zaprojektowanie, skonstruowanie i przetestowanie autorskiego systemu pomiarowego
do mierzenia rezystancji elektrycznej monowarstwy komoérkowej, warunkujacego
wilasciwe modelowanie BBB in vitro.
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MATERIALY Il METODY

Do przeprowadzenia doswiadczen wykorzystano modele in vivo, ex vivo, in vitro oraz analizy
in silico, a takze skonstruowano autorskie urzadzenie do pomiaru rezystancji elektrycznej
monowarstwy komorek.

Modele

In vivo

Doswiadczenia na zwierzetach przeprowadzono zgodnie z wytycznymi Krajowej Komisji
Etycznej ds. Doswiadczen na Zwierzetach, na podstawie zezwolenia IV Lokalnej Komisji ds.
Dos$wiadczen na Zwierzgtach w Warszawie (zgodnie z pozwoleniami o numerach: 57/2015;
473/2017 oraz 462/2017).

U szczurow rasy Sprague-Dawley o masie ciata 250-300 g. ALF indukowano poprzez
dootrzewnowa (i.p.) iniekcje hepatotoksyny tioacetamidu (ang. thioacetamide; TAA) w dawce
300 mg/kg co 24 godziny przez 3 dni. Hiperamonemie prosta indukowano przez i.p. podanie
octanu amonu (ang. ammonium acetate, OA) w dawce 600 mg/kg co 12 godzin przez 3 dni.
Grupa kontrolna otrzymywata 0,3 ml 0,9% NaCl co 24 godziny.

Po dekapitacji izolowano kore¢ mozgowsa i pobierano krew do probowek z EDTA. Kora
moézgowa zostata wykorzystana do kolejnych etapow doswiadczen oraz do izolacji frakcji
mikronaczyn.

In vitro

W badaniach wykorzystano pierwotne hodowle komorek $rodbtonka mikronaczyn mozgu
(PBMEC) izolowane z kory mézgowej 14 dniowych lub 12 miesigcznych samcoéw szczurow
szczepu Sprague-Dawley wedtug opisanego protokotu [106].

Doswiadczenia przeprowadzono rowniez na linii komorek srodbtonka mézgu szczura (RBE4),
uzyskanej przez unie$miertelnienie komorek $rodblonka mikronaczyn moézgu szczura za
pomoca transfekcji plazmidem zawierajacym gen E1A adenowirusa. Komorki linii RBE4
wykazywaty fenotyp s$rodbtonka naczyniowego, brak transformacji nowotworowej oraz
ekspresj¢ markerow typowych dla komorek Srodbtonka mézgu. W obecnosci czynnikow
wzrostu, tworzyly trojwymiarowe struktury wykazujace aktywno$¢ enzymow zwigzanych
Z barierg krew-mdzg, y-glutamylotranspeptydazy (EC 2.3.2.2) oraz fosfatazy alkalicznej (EC
3.1.3.1) [107].

Komorki RBE4 i PBMEC inkubowano w 5 mM chlorku amonu i/lub 50 ng/ml TNFa przez
24 godziny. Stezenie podawanego do pozywki chlorku amonu uzytego w eksperymencie byto
2-3 razy nizsze niz poziom wewnatrzkomorkowy mierzony w tkance mozgowej pacjentow
z cigzkg hiperamonemia [108,109]. W badaniach procesu starzenia, RBE4 hodowano przez
21 dni, wymieniajac pozywke hodowlang co 3 dni.
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Metody

Stezenia amoniaku w osoczu oraz aktywno$¢ enzymow watrobowych: aminotransferazy
asparaginianowej (EC 2.6.1.1), aminotransferazy alaninowej (EC 2.6.1.2), oraz
y-glutamylotranspeptydazy mierzono przy uzyciu komercyjnego analizatora (Scil Vet,
Niemcy).

Stezenia cytokin prozapalnych (TNFa, IL-1a, IL-1B, IL-6 oraz IL-10) oznaczono metoda
cytometrii przeptywowej, ktorej szczegdtowy opis znajduje si¢ w publikacji 1.

Przepuszczalno$¢ BBB zbadano poprzez wykorzystanie dwoch markeréw o niskiej i wysokiej
masie czasteczkowej. Fluoresceina sodu (ang. sodium fluoresceine; SF), dzigki niskiej masie
czasteczkowej, przenika przez uszkodzong BBB, ktorej przepuszczalno$¢ okresla si¢ na
podstawie intensywnosci fluorescencji. SF, w dawce 100 mg/ml soli fizjologicznej byta
podawana dootrzewnowo, a po 45 minutach wykonywano perfuzj¢ sola fizjologiczna. Po
dekapitacji, mézgowia byly izolowane, wazone i homogenizowane w stosunku 1:10 (w/v)
w sterylnym PBS. Homogenaty rozcienczano, a sygnal mierzono przy diugosci fali
wzbudzenia 480 nm i emisji 538 nm. Przepuszczalnos¢ BBB mierzono jako stosunek SF na
gram tkanki mézgowej do ilosci SF w 1 ml osocza.

Zastosowanym markerem o wysokiej masie czgsteczkowej byt bigkit Evansa (ang. Evans blue;
EB), ktory wiaze si¢ z albuming osocza. Kompleks albumina-barwnik nie przenika
nienaruszonej bariery. 2% roztwér EB w sterylnej soli fizjologicznej podawano do zyty
ogonowej szczuréw w dawce 4 ml/kg. Po 2 godzinach szczury perfundowano transkardialnie
200 ml zimnej soli fizjologicznej. Nastgpnie mozgi izolowano, a kora mézgowa byta wazona
i homogenizowana w 30% kwasie trzy chlorooctowym. Homogenat wirowano przy 10,000 x g
przez 20 minut, absorbancj¢ mierzono przy swietle o dtugosci 620 nm, co pozwalalo na
okreslenie przepuszczalnosci BBB jako intensywnosci fluorescencji EB, wyrazonej
w nanogramach na miligram tkanki mézgowej.

Analiza morfologiczna mézgu z uwzglednieniem zmian ultrastruktury BBB u szczurow TAA
i OA analizowano za pomoca transmisyjnej mikroskopii elektronowej (ang. transmission
electron microscopy; TEM). Preparaty analizowano wykorzystujac mikroskop elektronowy
LIBRA 120. Dla kazdej probki oceniano od 12 do 24 p6l widzenia.

Izolacja naczyn mozgowych. Wyizolowane fragmenty kory mozgowej SzczurOw
homogenizowano w roztworze Ringera, wirowano przy 1500 xg przez 10 minut
w temperaturze 4°C. Uzyskany nadsgcz zawieszano w $wiezym buforze i odwirowywano, etap
powtarzano trzykrotnie. Koncowy osad homogenizowano w 10 ml 0,25 M sacharozy
i wirowano w gradiencie sacharozy (0,25:1:1,5 M) w 30 000 x g, 30 min i 4°C. Zbierano
frakcje¢ zawierajaca naczynia.

Izolacj¢ catkowitego RNA z kory mézgowej i osocza przeprowadzano za pomocg TRI Reagent
lub zestawdédw miRNeasy i mirVana. Probki przechowywano w temperaturze -80°C.
Kwantyfikacja catkowitego RNA byla przeprowadzana spektrofotometrycznie, a 1 pg
calkowitego RNA uzywano do przygotowania biblioteki.
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Sekwencjonowanie NGS dla probek osocza wykonywano przy uzyciu systemu DNBSEQ
G400 (MGI2000) w trybie SE50 (BGI Company, Shenzen, Chiny). Dla kazdej probki
generowano minimum 20 miliondow odczytow parowanych koncow, a kwantyfikacja
obejmowata liczbe surowych odczytdw oraz znormalizowany poziom ekspresji w postaci
warto$ci CPM (ang. Counts per milion, liczba zmapowanych odczytéw na milion), aby
uwzgledni¢ zmienno$¢ wielko$ci biblioteki. Nastepnie do identyfikacji sekwencji miRNA
uzyto analizy Quantifier miRDeep2 opartej na bibliotece miRbase2.0. Skrypt Quantifier
narz¢dzia miRDeep2 z domys$lnymi parametrami byl uzywany do kwantyfikacji poziomu
ekspresji miRNA.

Sekwencjonowanie NGS kory mézgowej byto prowadzone przy pomocy platformy NextSeq
500. Srednia liczba odczytéw wynosita 10 milionéw odczytow na probke; nastepnie RNA byto
konwertowane na biblioteki miRNA NGS. Kontrola jako$ci byta przeprowadzana za pomoca
Bioanalyzer 2100 (Agilent) lub TapeStation 4200 (Agilent). Na podstawie jako$ci pomiarow
stezenia, biblioteki byly laczone w rownomolarnych proporcjach. Surowe dane NGS byty
zdemultipleksowane, a pliki FASTQ dla kazdej probki byly generowane przy uzyciu
oprogramowania bcl2fastq (Illumina Inc.).

Poziomy ekspresji mMiRNA oraz mRNA dla okludyny i integryny B1 mierzono w osoczu, korze
mozgu oraz komorkach RBE4 i PBMEC metodg ilosciowe]j reakcji polimerazy w czasie
rzeczywistym (RT-qPCR) z uzyciem odpowiednich sond (Tab. 1). Wykonano analiz¢ poziomu
ekspresji mMRNA gendéw Opal, Mfnl, Fisl oraz Mff, zwigzanych z mitochondrialnymi
procesami fuzji i fragmentacji. Z wykorzystaniem metody RT-gPCR, zweryfikowano poziom
MRNA genu kodujacego p16 oraz p21. Kontrolag endogenng miRNA byt U6 SnRNA (SnRNA),
natomiast dla ww. biatek, pB-aktyna. Wzgledne poziomy ekspresji obliczono przy uzyciu
metody 2-AACt.

Tab. 1. Sondy TagMan wykorzystane w reakcji Real-Time PCR.

Nazwa miRNA/genu Numer katalogowy Producent
miRNA-183-5p QG-339306_YP00206030 Qiagen, Hilden, Germany
miRNA-122-5p QG-339306_YP00205664 Qiagen, Hilden, Germany
SnRNA U6 QG-339306_YP02119464 Qiagen, Hilden, Germany
p21 Rn00589996_m1 Thermo Fisher Scientific, Waltham, MA, USA
pl6 Rn00580664_m1 Thermo Fisher Scientific, Waltham, MA, USA
Opal Rn00592200_m1 Thermo Fisher Scientific, Waltham, MA, USA
Mfnl Rn00594496_m1 Thermo Fisher Scientific, Waltham, MA, USA
Fisl Rn01480911 ml Thermo Fisher Scientific, Waltham, MA, USA
Mff Rn01400790_m1 Thermo Fisher Scientific, Waltham, MA, USA
Itgp1 Rn00566727_m1 Thermo Fisher Scientific, Waltham, MA, USA
Ocln Rn00580064 _m1 Thermo Fisher Scientific, Waltham, MA, USA
B-actin Rn00667869 Thermo Fisher Scientific, Waltham, MA, USA
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Metode Western blotting (WB) zastosowano, wykorzystujac homogenaty kory mozgu
szczuréw modelowych oraz lizaty komorek RBE4 i PBMEC zgodnie z metodami opisanymi
w publikacji 1.

Wykonano analiz¢ immunocytochemiczna do pomiaru fluorescencji biatek w korze mozgoweyj,
frakcji mikronaczyn, a takze pecherzykow zewnatrzkomoérkowych oraz PBMEC, w celu
potwierdzenia poprawnosci przeprowadzonej izolacji i hodowli. Zbadano rowniez wpltyw
transfekcji mimic-miRNA-183-5p na fluorescencje¢ biatka p53 i B-galaktozydazy w komorkach
linii RBE4. List¢ przeciwcial przedstawia Tab. 2.

Tab. 2. Przeciwciata 1° wykorzystane w metodzie WB oraz immunocytochemiczne;.

Nazwa przeciwciala Ste;?eni.e Numer Producent
1° przeciwciala katalogowy

CD-31 1:400 ab28364 Abcam, Cambridge, UK

VWF 1:400 ab6994 Abcam, Cambridge, UK
OKludyna 1:300 91131 Cell Signalling, Inc. Denver, MA, USA
Integryna p1 1:200 4706 Cell Signalling, Inc. Denver, MA, USA

B-Galaktozydaza 1:400 ab616 Abcam, Cambridge, UK

p53 1:400 ab131442 Abcam, Cambridge, UK

CD-9 1:400 ab223052 Abcam, Cambridge, UK
70-1 1:400 33-9100 Thermo Fisher SciLeJréti';ic, Waltham, MA,

Analiza gestosci mikronaczyn mdzgu, poprzez pomiar intensywnosci immunofluorescencji
markera mikronaczyn, czynnika von Willebranda (ang. von Willebrand Factor; VWF),
W komorkach srédblonka. Procedurg opisano doktadniej w publikacji I11.

Analiza proliferacji komoérek linii RBE4 inkubowanych w 5 mM amoniaku badano za pomoca
komercyjnie dostepnego urzadzenia HoloMonitor M4 (Phase Holographic Imaging, PHI AB,
Lund, Szwecja). Komorki wysiano w gestosci 1 x 10° na ptytki 6 dotkowe i inkubowano przez
24 godziny z amoniakiem. Ptytka hodowlana zostala zamontowana w urzadzeniu
i umieszczona w inkubatorze. Obrazowanie w trybie poklatkowym przeprowadzano
w regularnych odst¢pach czasu (co 10 minut) przez okres 24 godzin, przy zachowaniu statych
warunkow srodowiskowych (temperatura, poziom CO.). Zarejestrowane obrazy holograficzne
przetworzono za pomocg oprogramowania HoloStudio (PHI, AB). Zastosowano algorytmy
kontrastu fazowego w celu zwigkszenia widocznosci struktur komoérkowych. Komorki
identyfikowano 1 liczono automatycznie za pomocg wbudowanych narzedzi rozpoznawania w
oprogramowaniu. Stopy proliferacji obliczano, poréwnujgc liczbe komoérek w roéznych
punktach czasowych, analizujgc tempo podziatu i wzrostu komorek w calym okresie
obrazowania.

Aktywnos¢ PB- galaktozydazy (B-gal), markera starzenia komodrkowego, analizowano przy
uzyciu mikroskopu $wietlnego. Komorki przeptukano PBS, utrwalano przez 15 minut
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W temperaturze pokojowej, ponownie przeplukano, a nastgpnie inkubowano w roztworze
B-galaktozydazy z X-Gal przez noc w temperaturze 37°C w inkubatorze bez CO.. W wyniku
reakcji zaobserwowano niebieski precypitat, co wskazujgcy na aktywno$¢ B-gal. Komorki
wykazujace fenotyp starzenia komoérkowego obserwowano pod mikroskopem optycznym
(Nikon DIAPHQOT 300) i liczono w trzech losowych polach widzenia.

Stezenia TNF-a, ICAM-1, V-CAM i VEGF mierzono metoda immunoenzymatyczng
w komorkach inkubowanych w 5 mM amoniaku lub 20 nM mimic-miRNA-183-5p przez
24 godziny. Do analizy wykorzystano rowniez medium hodowlane pochodzace
z 3 tygodniowej hodowli RBE4. Anality mierzono za pomoca wstgpnie skonfigurowanych
paneli immunologicznych ProcartaPlex (Cat. No. PX010-10420-901 Thermo Fisher Scientific,
Waltham, USA). Komérki inkubowano zgodnie z opisem w sekcji Materiaty i Metody,
nastgpnie wirowano przy 10,000 x g przez 7 minut, a nadsacz pozywki bez komorek zebrano
i przechowywano w temperaturze -80°C. Nastepnie na plytke ProcartaPlex dodano 50 pl
nadsaczu pozywek hodowlanych oraz standardow. Stezenie analitbw mierzono za pomoca
instrumentu do multipleksowania MAGPIX (Luminex, TX, USA) z oprogramowaniem
XPonent. Stgzenie analitOw byto wyznaczane na podstawie wczesniej wyznaczonej krzywej
standardowej dla kazdego z oznaczanych zwiazkoéw. Swieza pozywke hodowlang uzyto jako
kontroli zerowej.

Oceniono integralno$¢ komérek RBE4 poprzez okreslenie przepuszczalnosci monowarstwy
dla fluoresceiny izotiocyjanianu dekstranu (ang. fluorescein isothiocyanate; FITC) o masie
40 kDa przy fali wzbudzenia 485 nm, emisji 520 nm. FITC-dekstran, ze wzgledu na swoja
wysoka mase czasteczkowsa, nie jest przenoszony na drodze aktywnego transportu.

Integralnos¢ komoérkowego modelu BBB zbadano poprzez pomiar przez-srodbtonkowego
oporu elektrycznego (ang. transendothelial electrical resistance; TEER) za pomoca specjalnie
zaprojektowanego urzadzenia, ktorego model opisano szczegétowo w publikacji IV. Pomiar
rezystancji elektrycznej warstwy komorek $rodbtonka, hodowanych na potprzepuszczalnej
membranie, charakteryzuje integralno$¢ i szczelnos¢ bariery komorkowej. Niska wartosc
oporu, $wiadczy o uszkodzeniu TJ 1 oslabieniu funkcji bariery. Pomiar za pomoca
skonstruowanego autorskiego urzadzenia jest nieinwazyjny 1 moze by¢ wielokrotnie
powtarzany, co pozwala na monitorowanie dynamiki zmian w odpowiedzi na zmieniajace si¢
czynniki eksperymentalne. Opor elektryczny rejestrowano automatycznie co 5 minut przez 24
godziny. Warto$ci pomiaréw, wyrazone w omach (), obliczano jako roznice oporu komérek
w insertach hodowlanych i warto$¢ oporu insertow bez komorek. Przy uzyciu urzadzenia
analizowano adhezje¢ komorek do kolagenu I, zgodnie z metodologia opisang przez Lajké i in.
[56]. Warto$ci wyrazone w Q obliczano jako roznicg miedzy poczatkowym oporem komorek,
a wartoscig oporu po 24 godzinach inkubacji. Wyniki normalizowano wzgledem insertow
niepokrywanych.

Zbadano takze potencjal blony mitochondrialnej za pomocag metody opartej na sondzie
fluorescencyjnej JC-10, zgodnie z protokotem producenta.
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St¢zenie ROS w komorkach $rodbtonka mierzono przy uzyciu sondy fluorescencyjnej 2’,7'-
dichlorofluoresceiny octanu, fluorescencje komorek mierzono za pomocg fluorescencyjnego
czytnika mikroptytek FLUOstar OMEGA (BMG Labtech, Ortenberg, Niemcy) przy dtugosci
fali wzbudzenia 485/20 nm. i dtugosci fali emisji 528/20 nm., zgodnie z opisem w publikacji
.

Transfekcje komoérek PBMEC oraz linii RBE4 przeprowadzono przy uzyciu syntetycznych
MiRNA: mimic-miRNA-183-5p i mimic-miRNA-122-5p, jak rowniez kontroli negatywnej
(Tab. 3). Komorki wysiano na 6 dotkowa ptytke hodowlana w gestosci 3,3 x 10° oraz
transfekowano odpowiednimi sekwencjami (Tab. 3.). Transfekcj¢ przeprowadzono przy
uzyciu odczynnika do transfekcji HiPerFect zgodnie z instrukcjami producenta, stosujac
stezenie 5 uM lub 20 uM przez 24 godziny.

Tab. 3. Sekwencje mimic-miRNA zastosowane w technice transfekcji komorkowe;.

rI:?éKIVZ Sekwencja mimic-miRNA Numer katalogowy Producent
Qiagen,

miRNA-122-5p 5-UGGAGUGUGACAAUGGUGUUUG-3' 33173YM00470430-ADA Hilden,
Germany

Qiagen,

miRNA-183-5p 5-UAUGGCACUGGUAGAAUUCACU-3" 339173YMO00471390-ADA Hilden,
Germany

Kontrola Qiagen,
5-UCACCGGGUGUAAAUCAGCUUG-3" 339173YM00479902-ADA Hilden,

negatywna Germany

Pecherzyki zewnatrzkomorkowe (ang. extracellular vesicles; EVS) izolowano z medium
hodowlanego linii komdrkowej RBE4. Komorki hodowano na 100 mm? szalkach hodowlanych
w gestosci 10® Pozywki z hodowli komorkowej zebrano i poddano wirowaniu przy 200 x g
przez 10 minut, a nastepniec ponownemu wirowaniu przy 500 x g przez 10 minut
w temperaturze 4°C. Otrzymane probki odwirowano przy 2000 x g przez 20 minut w celu
usunigcia resztek komorkowych, a nastgpnie odwirowano przy 100 000 % g przez 75 minut
w temperaturze 4°C. Osad przeptukano dejonizowang solg fizjologiczng buforowang
fosforanami a nast¢pnie poddano dodatkowemu wirowaniu przy 100 000 x g przez 75 minut
w temperaturze 4°C. Nastepnie usuni¢to uzyskany nadsgcz, a osad ponownie zawieszono
w 1 ml dejonizowanej soli fizjologicznej buforowanej fosforanami i przechowywano
w temperaturze -80°C.

Ilosciowag oceng, w tym pomiar korelacji fluorescencji, przeprowadzono na izolowanych
I fluorescencyjnie wybarwionych EVs, potwierdzajac obecno$¢ obiektow o §rednim promieniu
hydrodynamicznym 11,6 nm. Metoda korelacji fluorescencji (ang. fluorescence correlation
spectroscopy; FCS) jest technika optyczna uzywang do badania dynamiki molekularnej w
roztworach na poziomie pojedynczych czasteczek, mierzac fluktuacje intensywnosci
fluorescencji. Wyniki FCS pozwolity na okreslenie wspolczynnika dyfuzji oraz promienia
hydrodynamicznego egzosoméw, co byto kluczowe dla potwierdzenia poprawno$ci metody
izolacji EVs.
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Analiza in silico: wyniki NGS analizowano wykorzystujac trzy bazy danych: miRDB v5,
TargetScan7.1 1 TarBase v.8. Korzystajac z narzedzia MirTarget w miRDB, przewidywano
geny docelowe miRNA, uwzgledniajac tylko te z wynikiem docelowym powyzej 60.
TargetScan7.1 stuzyt do predykcji biologicznych celow miRNA poprzez wyszukiwanie
obecnosci konserwatywnych miejsc 8mer, 7mer i 6mer, pasujacych do regionu miRNA.
TarBase v.8 dostarczat eksperymentalnie potwierdzone cele miRNA.

Przedstawiona w pracy | analiza koncentrowala si¢ na genach wielokrotnie raportowanych we
wszystkich trzech bazach danych, ktore bylty zwigzane ze strukturg lub funkcjag BBB. Wyniki
pochodzace z narzedzia MirTarget zostaly wykorzystane do odfiltrowania mnigj
prawdopodobnych genow docelowych, co pozwolito skupi¢ sie na najbardziej
prawdopodobnych interakcjach miRNA-cel. Po zidentyfikowaniu specyficznych genow
regulowanych przez wybrane miRNA, okreslono ich potencjalny wplyw na funkcje
biologiczne. Przeprowadzono analiz¢ $ciezek za pomoca narzedzia String Tool w celu
zweryfikowania potencjalnego udziatu wybranych genéw w szersze spektrum proceséw
biologicznych. Analiza S$ciezek Kyoto Encyclopedia of Genes and Genomes (KEGG),
W polaczeniu z grupowaniem gendw wykazala interakcje o prawdopodobienstwie wiekszej niz
minimalna wymagana warto$¢ (0,15), w wyniku czego uwzgledniono jedynie te $ciezki
w przewidywaniach. Ustalono prog interakcji na poziomie 0,9, co stanowi najwyzsza oceng
pewnosci uzyskanego wyniku.

Laczna analiza danych NGS pochodzacych z kory moézgowej i surowicy obejmowala
identyfikacj¢ 306 miRNA, ktére wykazywaly zmiany ekspresji w obu tkankach. MiRNA
zostaly poddane analizie przy uzyciu baz danych, takich jak TarBase, miRDB i TargetScan,
aby przewidzie¢ potencjalne geny docelowe regulowane przez wybrane miRNA. W wyniku tej
analizy zidentyfikowano 852 potencjalnych celéw genowych. Nast¢pnie przeprowadzono
analiz¢ z wykorzystaniem narz¢dzia ShinyGO gendéw docelowych, uwzgledniajac ich funkcje
biologiczne oraz udzial w szlakach metabolicznych. Statystyczna istotno$¢ byta zachowana
poprzez zastosowanie progu oczekiwana proporcji btedow (ang. false discovery ratio; FDR)
wynoszacego 0,05, zgodnie z zaleceniami autoréw baz danych [110].

Przeprowadzono systematyczny przeglad literatury w bazach danych MEDLINE poprzez
strony PubMed oraz Elsevier Scopus, obejmujgce oryginalne prace opublikowane od 1 stycznia
2011 roku do 1 lipca 2021 roku. Skupiono si¢ na wynikach pochodzacych od pacjentow z ostra
niewydolnoscig watroby (ang. acute liver failure; ALF) oraz badaniach ekspresji miRNA,
wykorzystujac stowa kluczowe, oparte na przegladzie literatury i medycznych hastach
przedmiotowych. Zastosowano kompleksowg strategi¢ wyszukiwania, ktorag podsumowano na
Rysunku 1 w publikacji V. Dane wyodrgbniono niezaleznie, stosujac zdefiniowane kryteria
kwalifikacji. Aby ujednolici¢ dane, wykluczono badania z niejednoznaczng diagnoza
pacjentow, przyktadowo: w przebiegu przewlektej choroby watroby lub obecnoscig wielu
czynnikow wspotwystepujacych z ALF.

Po zidentyfikowaniu wielokrotnie raportowanych zmienionych miRNA w prébkach surowicy
I osocza, przeanalizowano raporty o zmienionych profilach miRNA watroby i moczu.
Na koniec, zweryfikowano specyficznos¢ oraz funkcjonalne implikacie miRNA dla
patogenezy ALF, przeprowadzajac przewidywanie gendw docelowych 1 szlakéw
regulowanych przez wybrane miRNA.
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Geny docelowe miRNA 1 $ciezki biologiczne analizowano za pomocg dostepnych narzedzi
internetowych DIANA [111]. Narze¢dzie Micro-T oparte na bazie danych miRBase uzyto do
identyfikacji potencjalnych genéw docelowych miRNA oraz S$ciezek. TargetScan
wykorzystano do badania przewidywania potencjalnych genéw docelowych i demonstrowania
relacji migdzy nimi. Analiza §ciezek MiRPath v3.0 zostala przeprowadzona w celu weryfikacji
zaangazowania wybranych genow w $ciezki biologiczne zgodnie z KEGG.

Spis wszystkich wykorzystanych baz danych znajduje si¢ w Tabeli 4.

Szczegotowe opisy metodologii i wynikdéw analiz sg szczegotowo opisane w publikacji V.

Tab. 4. Bazy danych wykorzystane do analizy in silico.

Baza danych Cel analizy Zrodlo
miRDB v5 Predykcja celéow miRNA [112]
TargetScan 7.1 Predykcja celéow miRNA [113]
TarBase v8 Predykcja celow miRNA [114]
miRBase Identyfikacja sekwencji miRNA [115]
KEGG (Kyoto Encyclopedia of Genes and Genomes) Analiza $ciezek biologicznych [116]
ShinyGO Analiza funkcjonalna genéw docelowych [110]
STRING Analiza interakcji biatkowych [117]

Konstrukcja i budowa urzadzenia do pomiaru rezystancji monowarstwy komorek

Urzadzenie do pomiaru rezystancji elektrycznej zostato zaprojektowane w celu doktadnej
oceny integralno$ci barier komorkowych, takich jak bariery $rodblonkowe i nabtonkowe.
Podstawa konstrukcyjna urzadzenia jest wykonana z laminatu epoksydowego wzmocnionego
wildéknem szklanym, co zapewnia zaréwno lekkos¢, jak 1 wytrzymatos¢ konstrukcji. Gorna
powierzchnia ramki jest pokryta warstwg miedzi, ktora pelni funkcje ekranu
elektromagnetycznego, chronigc urzadzenie przed zakloceniami zewnetrznymi. Dolna
powierzchnia ramki posiada miedziane $ciezki, ktore sa odpowiedzialne za przesylanie
sygnatow z elektrod pomiarowych do gtéwnego uktadu przetwarzania. Elektrody pomiarowe
zostaty wykonane ze srebra, ktore charakteryzuje sie¢ wysoka przewodno$cig elektryczng oraz
odpornos$cia na korozje. Elektrody maja ksztatt dlugich, cienkich cylindréw o $rednicy 1 mm
i dlugosci 20 mm. Sg one przymocowane do ptytki drukowanej pod katem prostym do jej
powierzchni, co zapewnia ich stabilno$¢ oraz precyzyjne ustawienie w insertach hodowlanych.
Centralna elektroda pomiarowa jest umieszczona wewnatrz insertu, a zewnetrzna elektroda
znajduje si¢ pomiedzy insertem a dolkiem w plytce hodowlanej. Urzadzenie korzysta
z procesora z rodziny C2000 (TMS320F28369D). Procesor kontroluje przetwornik
analogowo-cyfrowy (ang. analog to digital converter; ADC), ktory przetwarza sygnaly
elektryczne z elektrod na dane cyfrowe. Proces autokalibracji odbywa si¢ zaréwno po
uruchomieniu urzadzenia, jak i przed kazda serig pomiaréw. Opis powyzszej konstrukcji
urzadzenia jest szczegdlowo przedstawiony w publikacji IlI.
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OMOWIENIE WYNIKOW
Ad. Cel szczegélowy 1

Wykorzystane w badaniach szczurze modele zwierzece hiperamonemii prostej (OA) i ostrego
toksycznego uszkodzenia watroby (TAA), opracowane wczesniej w Zakladzie
Neurotoksykologii  [118,119], weryfikowano pod wzgledem zgodnosci i odtwarzalnosci
ustalonych wcze$niej parametréw: stezenia amoniaku, aktywno$ci enzymoéw watrobowych:
AST, ALT 1 GGTP oraz stgzenia cytokin prozapalnych TNFa, IL-1a, IL-1B, IL-6, 1L-10
W osoczu; uszkodzenie watroby weryfikowano histopatologicznie. W odniesieniu do modelu
OA wprowadzono modyfikacje¢ procedury poprzez zastosowanie dwukrotnego podania octanu
amonu w odstepie 12 godz. w dawce 600 mg/kg m.c. przez 3 dni.

Wykonano jakosciowe i ilo§ciowe profilowanie miRNA w osoczu i korze mdzgowej szczurow
w obu modelach, wykazujac roznice pomig¢dzy ustalonymi profilami. W osoczu szczuréw OA
oznaczono 35 zmienionych miRNA, z ktorych 34 wykazywaly obnizony poziom ekspresji. W
osoczu szczurow TAA zidentyfikowano 128 statystycznie zmienionych miRNA, z tego 125
wykazywato wzrost, natomiast 3 miRNA miaty obnizony poziom ekspresji. W modelu OA
stwierdzono zmieniony poziom ekspresji 35 miRNA (ekspresja 12 miRNA byta podwyzszona,
23 miRNA obnizona). Zaobserwowano znaczacg zbieznos¢ (83%) profili miRNA w badanych
modelach (Publikacja 1, Ryc. 2). Wykorzystujac narzedzia bioinformatyczne miRTarget na
podstawie danych z bazy miRDB wykazano, ze 127 miRNA zmienionych w osoczu szczura
TAA moze wplywa¢ na ekspresje 205 genéw kodujacych biatka zwigzane strukturalnie lub
funkcjonalnie z BBB, a tym samym potencjalnie indukowa¢ zmiany zaréwno w morfologii
i funkcji elementéw BBB (Publikacja 1, Ryc. 3).

W korze mdzgowej szczurow OA wykazano 338 zmienionych miRNA. Sposrod nich, 187
wykazywaly spadek, natomiast 151 wzrost poziomu ekspresji. W modelu TAA
zidentyfikowano 345 statystycznie zmienionych miRNA, w tym: 176 wskazywaly obnizenie,
a 169 wzrost poziomu ekspresji. Na podstawie analizy poréwnawczej grup OA i TAA,
zidentyfikowano 335 wspdlnych miRNA, w tym 3 miRNA swoiste dla OA, natomiast
10 miRNA dla TAA (dane niepublikowane, manuskrypt na etapie recenzji).

Ad. Cel szczegélowy 2

Wyniki analizy obrazowej wykonanej metoda mikroskopii elektronowej wykazaty subtelne
zmiany morfologii komoérek srédblonka naczyn tworzacych BBB u szczuréw OA. W mozgu
szczurow TAA obserwowano wyrazne pofaldowania btony komorkowej komorek srodbtonka
oraz nacieki zapalne w obszarach okotonaczyniowych (Publikacja 1, Ryc. 2A).

Wyniki analizy ultrastrukturalnej ponadto dostarczyty informacji dokumentujacych wyrazne
zmieniong morfologie mitochondriow w komorkach s$rodbtonka. W obu modelach
mitochondria byly powigkszone, wskazujac na obrzgk, przy jednoczesnym wyraznym ich
wydtuzeniu, co udokumentowano pomiarami morfometrycznymi (Publikacja 1, Ryc. 2A).
Statystycznie istotny wzrost przepuszczalnosci BBB dla zwigzkow egzogennych o niskiej
masie czasteczkowej - fluoresceiny sodu (376 Da) oraz tendencj¢ wzrostowa w przypadku
podania zwigzku o wyzszej masie czgsteczkowej - bigkitu Evansa (69 kDa) wykazano
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w modelu TAA. Nie obserwowano wyraznych zmian przepuszczalnosci BBB w modelu OA.
(Publikacja 1, Ryc. 2B).

Ad. Cel szczegolowy 3

Aby zidentyfikowaé geny docelowe miRNA, przeprowadzono analizg in silico przy uzyciu
trzech baz danych: miRDB, TargetScan oraz TarBase. MiRDB wykorzystuje algorytmy do
przewidywania celow miRNA na podstawie analizy danych eksperymentalnych, TargetScan
identyfikuje potencjalne cele miRNA na podstawie sekwencji konserwatywnych w réznych
gatunkach, a TarBase przedstawia zweryfikowane eksperymentalnie interakcje miRNA-gen.
Dzigki potaczeniu wynikdéw uzyskanych z tych trzech baz danych, zidentyfikowano dziewieé¢
genoéw docelowych zwigzanych z funkcjonowaniem BBB w grupie TAA. Wykorzystujac
narzgdzie bioinformatyczne String, przeanalizowano funkcje biologiczne przewidywanych
gendw docelowych. String pozwala na tworzenie sieci interakcji biatkowych oraz identyfikacje
szlakow biologicznych, w ktorych uczestniczg zidentyfikowane geny. Analiza GO (ang. gene
ontology) oraz KEGG Pathways wskazaly dziewig¢¢ proceséw biologicznych zwigzanych
z funkcjonowaniem BBB, w tym w zwigzanych =z integrynami, potaczeniami
miedzykomorkowymi oraz specyficznymi integralnymi sktadnikami btony komorkowe;.
Wsrod wytypowanych, miRNA-122-5p i miRNA-183-5p wyrdzniaty si¢ jako potencjalnie
kluczowe miRNA determinujace zmiany BBB w modelu TAA. Wskazano, ze miRNA-122-5p
potencjalnie reguluje poziom ekspresji okludyny, biatka kluczowego dla utrzymania
szczelnosci TJ. Z kolei miRNA-183-5p zidentyfikowano jako regulator integryny 1, biatka
determinujgcego m.in. adhezje komorek i interakcje komorka-macierz zewnatrzkomérkowa.
Analiza gRT-PCR potwierdzita takze wzrost poziomu ekspresji miRNA-122-5p oraz miRNA-
183-5p w mozgu szczurow TAA (Publikacja 1, Ryc. 3).

Powyzsze analizy zweryfikowano eksperymentalnie. Badania in vitro wykazaty, ze
traktowanie komorek amoniakiem i TNFo prowadzito do wzrostu poziomu ekspresji miRNA-
122-5p, i obnizato poziom mRNA dla okludyny i integryny B1 (Publikacja 1, Ryc. 4B oraz
Ryc. 6A). Z kolei transfekcja komérek RBE4, sekwencjami miRNA-122-5p powodowata
obnizenie poziomu okludyny, a transfekcja miRNA-183-5p poziomu integryny Pl oraz
hamowata adhezje komorek do kolagenu | (Publikacja 1, Ryc. 7).

W izolowanych naczyniach mézgowych szczurébw TAA zaobserwowano zmniejszenie
intensywnos$ci fluorescencji okludyny i integryny Bl w poréwnaniu z grupa kontrolng
(Publikacja 1, Ryc. 5C). Obnizenie immunofluorescencji biatek byto wyrazne zaréwno
w izolowanych naczyniach mézgowych, jak i w skrawkach tkankowych kory przedczotowej
szczuréw (Publikacja 1, Ryc. 5B).

Analiza obrazow w mikroskopie konfokalnym wykazata, ze komorki $rodbtonka naczyn
mozgowych szczuréw poddane dziataniu amoniaku i/lub TNF wykazywaty zmniejszong
intensywno$¢ okludyny, co wskazuje na degradacje¢ TJ. Podobnie, zmniejszona intensywnos¢
barwienia integryny Bl sugerowata ostabienie interakcji komorkowych i adhezji z macierza
zewnatrzkomoérkowa (Publikacja 1, Ryc.6 B).
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Ad. Cel szczegolowy 4

W modelu OA szczura wykazano zmniejszenie gestoSci naczyn w korze moézgowej, co
oceniano 1 kwantyfikowano na podstawie pomiaru intensywnosci fluorescencji czynnika von
Willebranda, powszechnie stosowanego markera naczyn. Zmniejszenie ggstosci unaczynienia
bylo zbiezne i poroéwnywalne z obnizong intensywnoscia fluorescencji obserwowang
u szczurow 12 miesigeznych (Manuskrypt na etapie recenzji).

Na podstawie przeprowadzonej analizy in silico zidentyfikowano 306 miRNA, ktorych
ekspresja byta zmieniona zarowno w probkach kory mozgowej i surowicy szczurow w modelu
OA. Zidentyfikowano regulowane 852 geny docelowe. Nastepnie, geny przypisano do
zdefiniowanych procesow fizjologicznych przy uzyciu analizy ShinyGO, ktéra wykazala, ze
mMiRNA-183-5p reguluje 117 gendw zwigzanych z procesami Starzenia komorkowego. Z uwagi
na fakt, ze nastgpne w kolejnosci miRNA-200-3p regulowato jedynie 17 gendw, miRNA-183-
5p wybranych do dalszych badan. W wyniku opisanej analizy, wskazano miRNA-183-5p jako
potencjalny czynnik, ktory moze by¢ zaangazowany w wywolane patofizjologicznymi
stezeniami jonow amonowych zmiany fenotypu komorek srodbtonka moézgu szczura (dane
niepublikowane, manuskrypt na etapie recenzji). W kolejnych badaniach in vitro
przeprowadzonych na komorkach liniit RBE4 oraz pierwotnej hodowli komoérek srédbtonka
mikronaczyn PBMEC traktowanych amoniakiem o stezeniu 5 mM, wykazano fenotyp
charakterystyczny dla procesu starzenia komérkowego (dane niepublikowane, manuskrypt na
etapie recenzji). Obserwowano m.in. zwigkszong aktywno$¢ enzymu B-galaktozydazy, wzrost
poziomu ekspresji mRNA pl6 i p21 oraz zwigkszong intensywnos¢ fluorescencji biatka p53
(dane niepublikowane, manuskrypt na etapie recenzji). Komorki linii RBE4 w obecnosci
amoniaku wykazywaly obnizong proliferacje, co jest zgodne z wczesniejszymi obserwacjami
przeprowadzonymi w Zaktadzie Neurotoksykologii IMDiK PAN [120]. Wykazano wzrost
poziomu mMiRNA-183-5p w komoérkach RBE4 i PBMEC traktowanych amoniakiem, jak
réwniez w pecherzykach zewnatrzkomoérkowych izolowanych z medium hodowlanego
komérek (dane niepublikowane, manuskrypt na etapie recenzji). Zmiany wskazujgce na proces
starzenia komorkowego obserwowano nastgpnie w komodrkach RBE4 i PBMEC
transfekowanych sekwencjami mimic-miRNA-183-5p. Zaréwno w komorkach $§rodbtonka
naczyh mozgu szczura traktowanych amoniakiem, jak 1 w komorkach transfekowanych mimic-
miRNA-183-5p, obserwowano zmieniony fenotyp wydzielniczy (sekrecyjny) tzw. czynniki
fenotypu starzenia (SASP), tj.: ICAM-1, TNF-a, V-CAM i VEGF (dane niepublikowane,
manuskrypt na etapie recenzji). Wzrost wewnatrz-komaorkowego poziomu wolnych rodnikéw
tlenowych, obnizony potencjal blony mitochondrialnej oraz spadek potencjalu
antyoksydacyjnego wraz ze zmianami poziomu ekspresji mRNA genoéw kodujacych biatka
odpowiedzialne za procesy fuzji 1 podziatu, z przesunigciem dynamiki zmian w kierunku
rozszczepienia, wykazano na komorkach RBE4 traktowanych amoniakiem lub TNFa
(Publikacja 2, Ryc. 2 oraz Ryc. 3). Rownolegle, w korze moézgowej szczuréw OA
obserwowano wzrost poziomu ekspresji genéw kontrolujacych fuzje mitochondriow (Opal,
Mfnl), podczas gdy w modelu TAA byt wyrazny spadek, za§ wzrost poziomu ekspresji mRNA
genu Fisl, kontrolujacego rozszczepienie mitochondridw, sugerujac wyjscie z fenotypu
starzenia (Publikacja 2, Ryc. 4).
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Ad. Cel szczegélowy 5

Zaprojektowano 1 wykonano urzadzenie do pomiaru rezystancji warstwy komorek, co
uznawane jest przestanke dokumentujacg integralno$¢ bariery komorkowej, np. komorkowych
modeli BBB. Urzadzenie tworzg innowacyjne komponenty, dostosowane do potrzeb elektrody
1 przyjazne dla uzytkownika oprogramowanie, co umozliwia doktadne pomiary integralnosci
bariery komérkowej. Urzadzenie testowano wykorzystujac lini¢ komorkowa RBE4, komorki
sroddbtonka naczyn mozgu szczura, PMEC, pierwotnga hodowle komoérek $rdédbtonka naczyn
moézgu szczura, PBMEC oraz lini¢ komérkowag ludzkiego nabtonka jelitowego, HIEC.
Urzadzenie, wykazywato stabilne wartos$ci pomiaréw oporu, a komorki traktowane chlorkiem
amonu w stezeniu 5 mM manifestowaly nizsze warto$ci, w porownaniu do komorek
kontrolnych, co potwierdzono réwniez pomiarem przepuszczalno$ci monowarstwy komorek
z uzyciem barwnika fluoresceiny sodu oraz mikroskopig konfokalng (Publikacja 3, Tab. 1,
Ryc. 6). Pomiar fluorescencji z mikroskopii konfokalnej pozwolit na poréwnanie poziomu
ekspresji biatka ZO-1 miedzy badanymi grupami.

Wyniki udokumentowaty precyzj¢ pomiaréw w odniesieniu do weryfikowanego zakresu
biologicznego (rézne typy analizowanych komérek) (Publikacja 3, Tab. 1). Ponadto testowano
inercje urzadzenia: brak wptywu temperatury i pH na otrzymywane warto$ci pomiaru, CO
umozliwia dlugoterminowe, monitorowanie stabilno$ci bariery komoérkowej (Publikacja 3,
Ryc. 5).

W pracy przegladowej (Publikacja 4) dokonano analizy dostepnych danych opublikowanych
w pracach z obszaru doniesien klinicznych, dotyczacych analiz miRNA osocza, i wykorzystano
je do oceny potencjatu miRNA w komunikacji migdzy watrobg a mozgiem, w kontekscie
badanego w dysertacji schorzenia. Istotg systematycznego przegladu literatury bylo
zrozumienie, w jaki sposob miRNA moga determinowac¢ funkcje BBB i odzwierciedla¢
uszkodzenia zwigzane z ALF. Zatozono, ze identyfikacja specyficznych miRNA, ktorych
poziom wykazywano jako zmieniony we krwi pacjentow z ALF, moze prowadzi¢ do
opracowania nowych, szybkich i mniej inwazyjnych testow diagnostycznych. Ponadto,
jednoznaczne wskazanie na konkretne miRNA mogace determinowa¢ komunikacj¢ na osi
watroba-mdzg mogto dostarczy¢ nowej wiedzy dotyczacej patomechanizmu HE typu A.
Przeprowadzony systematyczny przeglad literatury objat wyniki pochodzace z 21 prac,
w ktorych zawarto wyniki pochodzace od 852 pacjentdw z ostrym uszkodzeniem watroby
wskutek przedawkowania acetaminofenu, zakazen wirusowych, zatruciem toksycznym -
grzybami, autoimmunologicznego zapalenia watroby oraz innych czynnikow etiologicznych
nieznanego pochodzenia (Publikacja 4, Ryc. 1). Zidentyfikowano 205 istotnie zmienionych
miRNA w osoczu, sposrod ktorych, a 25 istotnie zmienionych miRNA powtarzato si¢ we
wszystkich pracach (Publikacja 4, Ryc. 2).

Wybrane zmienione miRNA poddano analizie in silico pod katem ich specyficznego
pochodzenia tkankowego i1 potencjalu do regulacji szlakéw molekularnych zwigzanych
z funkcjonowaniem BBB. Analiza wykazata udziat wskazanych miRNA w procesach
kluczowych dla utrzymania integralnosci BBB i w konsekwencji wlasciwego funkcjonowania
OUN. Wskazane szlaki KEGG dotyczyty procesow: Focal adhesion (hsa:04520), Adherens
junctions (hsa:045020), Tight junctions (hsa04530), Gap junctions (hsa04550) (Publikacja 4,
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Ryc. 6). Wytypowane szlaki sugeruja, ze ich deregulacja moze by¢ zwigzana z dysfunkcja BBB
w przebiegu HE. Zidentyfikowane, 25 istotnie zmienione miRNA o0socza, szczegdlnie te
0 wysokiej specyficznosci tkankowej dla watroby lub mézgu, moga stuzy¢ jako biomarkery do
wczesnej diagnostyki, prognozowania, i w przysztosci by¢ moze zweryfikowania mozliwych
interwencji terapeutycznych w stanach chorobowych wynikajacych z uszkodzenia watroby. Na
podstawie przeanalizowanych danych, przedstawiono réwnolegle interesujaca zaleznosé
miedzy poziomem ALT i AST i miRNA-122-5p (Publikacja 4, Ryc. 3). Wzrost miRNA-122-
5p korelowat z aktywnos$cig enzymow ALT i AST w surowicy, co wskazywato posrednio na
mozliwo$¢ wykorzystania miRNA-122-5p jako markera dysfunkcji i oceny stopnia
uszkodzenia watroby.

Nalezy podkresli¢, ze prace, na ktorych oparto przeglad literaturowy, nie zawieraty jednolitych
informacji klinicznych. Ograniczeniem przede wszystkim byt brak szczegdétowych informacji
dotyczacych wystgpienia lub ewentualnej oceny stopnia obrzgku mozgu. Chociaz przeglad
literatury pozwolil na wytonienie miRNA potencjalnie zwigzanych z uszkodzeniem BBB, brak
jednoznacznego wskazania na korelacj¢ z danymi klinicznymi stanowi ograniczenie ogdélnego
znaczenia pracy. Dalsza weryfikacja i korelacja miRNA z uszkodzeniami BBB/obrzekiem
w ALF, obejmujaca kompleksowa oceng kliniczng pacjentéw oraz diagnostyke obrzeku mozgu
pozostaja celami przysztych badan.
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PODSUMOWANIE WYNIKOW

Dotychczasowa wiedza na temat zlozonego 1 wieloczynnikowego patomechanizmu HE
glownie definiuje rol¢ kluczowych czynnikOw patogennych (m.in. amoniaku, stanu
zapalnego). W dysertacji wykorzystano intensywnie rozwijane techniki wysokoprzepustowe,
umozliwiajace m.in. identyfikacj¢ jednoniciowych miRNA, i zalozono, Ze mogg by¢ przydatne
w identyfikacji klinicznie najpowazniejszego powiktania ostrej HE, jakim jest obrzek mézgu,
obejmujacy uszkodzenia BBB w tym, zmiany $rodbtonka naczyn mézgowych.

W projekcie przeprowadzono analize sekwencjonowania miRNA osocza i kory czolowe;j
mozgu zwierzat z wywotang hiperamonemia prosta i ostrym uszkodzeniem watroby, co
umozliwito wytypowanie miRNA, ktére korelowano z obserwowanym uszkodzeniem BBB.
Uszkodzenia obejmowaty zmiany morfologii komorek $rodblonka oraz zwigkszong
przepuszczalnos$¢, za§ na poziomie komorki, zmiany poziomu ekspresji badanych biatek, ze
wskazaniem ich znaczenia funkcjonalnego.

Zmniejszona gesto$¢ naczyn mozgowych sugerowata zaburzenia w unaczynieniu mozgu,
poréwnywalne z unaczynieniem mozgu obserwowanym u szczur6w 12 miesiecznych,
sugerujac, ze charakter zmian w warunkach hiperamonemii cz¢§ciowo odzwierciedla zmiany
charakteryzujace starzenie normatywne.

Wytypowane miRNA ze wzgledu na charakter czasteczek (potencjalny biomarker) moga
stanowi¢ interesujacy punkt wyjécia do uwzglednienia znaczenia krazacych miRNA
w diagnostyce klinicznej, a by¢ moze sta¢ si¢ inspiracja do podjgcia prob przyszitych
interwencji farmakologicznych nakierowanych na identyfikacj¢ lub kontrole obrzeku mézgu -
z selektywnym uwzglednieniem komponenty naczyniowe;.

Wartoscia interdyscyplinarng dysertacji jest zaprojektowany i zbudowany autorski system do
pomiaru rezystancji elektrycznej monowarstwy komorek srodbtonka, powstaly na potrzeby

badan in vitro, wykorzystywane do oceny szczelnosci i integralnosci komorkowego modelu
BBB.

Na podstawie przegladu literatury obejmujacej dostepne dane kliniczne dotyczace analizy
miRNA w osoczu pacjentdw z ostrg niewydolnoscig watroby, 1 przeprowadzonej analizie
in silico wskazano, ze 15 miRNA, w tym: miRNA-1247-5p, -125b-5p, -375, -194-5p, -221-3p,
-122-5p, -320a, -320b, -320c, -148a-3p, -103a-3p, -107, -30a-5p, -23b-3p, oraz -24-3p
posiadaja potencjat diagnostyczny mogacy stuzy¢ weryfikacji uszkodzen BBB, do tej pory nie
opisany w kontekscie komunikacji miedzy watrobg a mozgiem.
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DYSKUSJA

Ztozony i wieloczynnikowy patomechanizm HE stanowi wyzwanie ukierunkowanych terapii
skupiajgcych sie na poszczegdlnych objawach klinicznych, pojawiajacych sie w przebiegu lub
w stanach zaostrzenia choroby. Najpowazniejsza konsekwencja kliniczng HE jest obrzgk
mozgu, z czesto wspotwystepujacym uszkodzeniem BBB. W przebiegu zaréwno przewlektej,
jak i ostrej HE u pacjentdw dokumentowano zmiany strukturalne BBB [40,121-123].
Dysfunkcj¢ BBB na poziomie struktury i funkcji dokumentowaly roéwniez badania
przeprowadzane na modelach zwierzecych [124-130].

Jednak w dalszym ciggu szczegOlowa wiedza, dotyczaca uszkodzenia i dysfunkcji
poszczegblnych elementow BBB w HE, poza identyfikacjg kluczowych czynnikéw
sprawczych uszkodzen BBB, takich jak amoniak czy stan zapalny, jest niepelna, majac na
wzgledzie liczbg wspoltgrajacych elementow.

W przebiegu proceséw patologicznych, coraz czes$ciej uwaga badaczy koncentruje si¢ na
znaczeniu jednoniciowych, nieckodujacych RNA - mikroRNA (miRNA), ktore reguluja
ekspresje gendw na poziomie potranskrypcyjnym. Pomimo pojawiajacych si¢ w literaturze
badan wskazujacych na rolg niektorych miRNA (np.: miRNA-29, miRNA-146, miRNA-155,
miRNA-15a, miRNA-126) w regulacji funkcji BBB, a takze ich udziatlu w patomechanizmach
réznych chorob OUN, szczegdétowe znaczenie miRNA w uszkodzeniu BBB w HE,
Z wyszczegblnieniem stanu hiperamonemii bez uszkodzenia watroby, jak dotad nie
udokumentowano.

Na wyniki przedstawionych w dysertacji badan sktadaja si¢ okreslenie profilu miRNA osocza
1 kory moézgowej, wraz z analizg struktury i funkcji BBB w szczurzym modelu ostrej
niewydolnosci watroby oraz hiperamonemii. Na podstawie analizy in silico i badan in vitro
wykazano, ze miRNA-122-5p oraz miRNA-183-5p, poprzez udziat w regulacji ekspresji biatek
wchodzacych w sktad potaczen $cistych migdzy komorkami lub okludyny i integryny f1, moga
by¢ zaangazowane w patomechanizm uszkodzenia BBB, a bardziej szczegdtowo - zmiany
w komorkach srodbtonka naczyn mozgowych.

Wykazane zmiany morfologii komorek $rddbtonka, tj. powigkszenie komorek, pofaldowania
btony komorkowej, wraz z obrz¢kiem i zmienionym ksztattem mitochondriow, sugerujg
dysfunkcje BBB. U szczurow z wywotang podaniem galaktozaminy ostrg HE, i myszy AOM,
wykazano zwigkszong przepuszczalno$¢ dla EB [129,131]. W mysim modelu ostrej HE
wykazano degradacje potaczen Scistych oraz biatek macierzy zewnatrzkomoérkowej [132,133],
a takze rozszczelnienie BBB [128,134-136].

W naszych badaniach, zmiany morfologiczne komorek $§rodbtonka w modelu TAA korelowaty
ze zwickszong przepuszczalnoscig komorek dla SF, ale nie dla EB. Wynik ten sugeruje
subtelne uszkodzenie BBB, jednak w konsekwencji na tyle istotne, ze mogace mie¢ implikacje
dla przenikania toksyn do mozgu i poglebiania si¢ objawow neurologicznych. W innych
badaniach udokumentowano, ze w modelu TAA, testy behawioralne dokumentowaty
zmniejszong aktywnos$¢ lokomotoryczng, zaburzenia koordynacji ruchowej oraz zaburzenia
poznawcze, w tym deficyty pamieci i zdolnosci uczenia si¢ [137,138]. Podanie acetaminofenu
z kolei powodowato wyrazne objawy neurologiczne, takie jak obnizenie aktywnosci
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spontanicznej, deficyty eksploracyjne i zdolno$ci poznawcze, po utrate odruchu rogoéwkowego
[139-141]. Z kolei szczury w modelu podwigzania przewodu zoélciowego, prezentowaly
zmniejszong aktywno$¢ spoleczng oraz zmiany strukturalne mézgu odwzorowujgce zmiany
obserwowane u pacjentéw z HE [142,143].

W modelu OA nie stwierdzono zmian morfologicznych oraz zmian przepuszczalno$ci BBB,
co sugeruje, ze podwyzszony poziom amoniaku nie jest W naszym modelu wystarczajacy do
wywotania uszkodzenia [144,145]. Nie mozna jednak wykluczy¢, ze moze mie¢ tu znaczenie
zarowno stezenie podawanego OA, jak i czas ekspozyciji.

Wyniki moga rowniez sugerowac udziat innych czynnikow, przyktadowo: ogolnoustrojowego
stanu zapalnego, krazacych kwasow zotciowych, transformujacego czynnika wzrostu beta 1,
lub deregulacji innych cytokin, stresu oksydacyjnego, ktére w sposob addytywny do amoniaku
mogg przyczynia¢ si¢ do uszkodzenia BBB [120,146-149].

Sekwencjonowanie nowej generacji wykazalo istotne réznice w profilu miRNA osocza
szczurdw TAA i OA. W modelu TAA zidentyfikowano 128 zmienionych miRNA, natomiast
w modelu OA stwierdzono ich 35. Kilka wczesniejszych badan wytypowalo miRNA
powigzane z HE, ktorych Kkierunek zmian zostal potwierdzony takze w niniejszej pracy
[150-155]. Prace te jednak, raportuja rowniez inne miRNA, co moze wynika¢ z odmiennej
patofizjologii zastosowanych modeli badawczych oraz metod analizy [156]. Wykonana
w ramach niniejszej pracy analiza in silico zidentyfikowanych miRNA polegajaca na
przetwarzaniu danych biologicznych, w tym sekwencji RNA 1 bialek, za pomoca
komputerowych algorytmow, wskazata miRNA-122-5p i miRNA-183-5p jako mogace
regulowac biatka okludyne i integryng B1.

Okludyna jest biatkiem transbtonowym, wchodzacym w sktad TJ komdrek $rodbtonka naczyn
mozgowych, stanowigCych integralng czes¢ BBB, chronigc przed niekontrolowanym
przeplywem substancji migdzy krwig a tkankami mézgu [157]. Jej struktura obejmuje cztery
transmembranowe domeny oraz czes¢ cytoplazmatyczng, ktdra wiaze si¢ z innymi biatkami
strukturalnymi i sygnalizacyjnymi w kompleksie TJ [158]. Integryna B1 jest biatkiem
receptorowym obecnym na powierzchni komorek $rdédblonka, ktore uczestniczy w adhezji
komorek do macierzy zewnatrzkomorkowej oraz bierze udziat w  sygnalizacji
mi¢dzykomorkowej. Wspotuczestniczy w regulacji interakcji miedzy komorkami srodbtonka
I otaczajacym S$rodowiskiem [159]. Integryna B1 jest zaangazowana w przekazywanie
sygnatow mechanicznych, prowadzac do odpowiedzi biochemicznej, co jest istotne np. dla
adaptacji naczyn krwionosnych do warunkéw fizjologicznych i patologicznych [160].

W dysertacji wskazano, ze miRNA-122-5p moze wptywaé bezposrednio na jedno z bialek
strukturalnych BBB, i w ten sposob przyczynia¢ si¢ do dysfunkcji BBB. MiRNA-122-5p jest
swoisty dla watroby; jego nadekspresja w modelu TAA wiaze si¢ z uszkodzeniem watroby
wskutek dziatania hepatotoksycznego TAA. Wykazano, ze mMiRNA-122-5p jest uwalniane
w mikropecherzykach, tj. egzosomach, ktore chronia je przed degradacja i umozliwiaja
transport do innych komorek [161]. Inny mechanizm opiera si¢ na wigzaniu miRNA-122 do
biatek argonauta (AGO), zwtaszcza AGO2 [162]. Powstajgce stabilne kompleksy mogg by¢
uwalniane z komorek, co umozliwia miRNA-122 przedostawanie si¢ do krwiobiegu i dotarcie

36



do komorek docelowych. Dodatkowo, miRNA-122 moze by¢ przenoszone przez lipoproteiny
wysokiej gestosci, ktore rowniez chroni je przed degradacjg [163-165].

Wyniki badan in vitro wykazaty, ze transfekcja mimic-miRNA-122-5p komorek $rodbtonka,
spowodowata znaczng redukcje poziomu MRNA okludyny. Warto zauwazy¢, ze w naszych
doswiadczeniach transfekcja mimic-miRNA-122 nie prowadzita do wzrostu przepuszczalnosci
monowarstwy komorek $rodbtonka naczyn, modelu in vitro BBB. Prawdopodobnie $wiadczy
to 0 ztozonym mechanizmie kontroli transkrypcji okludyny, zaleznym od innych czynnikow.
Badania wskazaly na udzial szeregu czynnikow transkrypcyjnych w regulacji procesu
[166,167]. Ponadto zidentyfikowano szlaki sygnalizacyjne z czynnikami Rafl, GSK-3, EGFR
I PKC, rowniez regulujace proces transkrypcji [167-170].

Drugi z wytypowanych zmienionych miRNA, mMIiRNA-183-5p nalezy do Kklastra
zlokalizowanego na chromosomie 7q32.2, ktory obejmuje rowniez miRNA-96 i miRNA-182.
mMIiRNA-183-5p jest zwigzany z regulacjg apoptozy i proliferacja komorkows [3,43]. Analiza
in silico wskazata, ze moze on regulowac nalezaca do bialek adhezyjnych integryne 1.
W naszych badaniach transfekcja komorek §rodbtonka mimic-miRNA-183-5p powodowata
obnizenie poziomu mRNA integryny B1 i redukowata adhezje komoérek do podtoza, implikujac
zmiany na styku komorka-macierz zewnatrzkomoérkowa.

Wydaje sie, ze zmieniony profil miRNA osocza po selekcji odpowiednich miRNA, moze by¢
wykorzystany jako potencjalny marker uszkodzenia BBB w HE, jednak petne wykorzystanie
tej wiedzy wymaga bardziej szczegotowych badan. Identyfikacja specyficznych miRNA,
takich jak miRNA-122-5p i miRNA-183-5p, moze w przysztosci by¢ pomocna w opracowaniu
nowych strategii diagnostycznych, umozliwiajacych wczesne wykrycie i monitorowanie
uszkodzenia BBB w HE. Ponadto, wskazane miRNA mogg stanowi¢ potencjalne cele
terapeutyczne.

Oczywistym ograniczeniem, ktore nalezy uwzgledni¢ rozwazajac znaczenie omawianych
wynikow jest fakt, ze analizy dotycza modeli zwierzgcych, co moze utrudniaé¢ bezposrednie
wykorzystanie efektow badan i ich przetozenie na warunki kliniczne. Chociaz prezentowane
dane wskazujg na udziat w regulacji wybranych biatlek BBB, w badaniach nie analizowano roli
pozostalych komponentow komorkowych BBB, ktorych udziat w kontroli wlasciwego
dziatania BBB jest nie do przecenienia. Jednostka nerwowo-naczyniowa jest uktadem
ztozonym z neuronow, komorek glejowych (w tym astrocytow), komorek s$rodbtonka,
perycytow i elementow macierzy pozakomorkowej. Udokumentowano, ze wszystkie
wymienione elementy biorg udziat w utrzymaniu homeostazy mézgu, co moze dokumentowaé
kontrola przeptywu krwi w odpowiedzi na potrzeby metaboliczne neuronéw [171,172].

Poza tym, jednag z istotnych funkcji komorek srédbtonka naczyn mézgu wobec astrocytow,
gtownego celu dziatania amoniaku, jest funkcja ochronna, regulujaca srodowisko wewngtrzne,
poprzez kontrole aktywnego transportu substancji do mézgu i usuwanie produktéw zbednych
[173]. Prawidlowo funkcjonujace, tworzace BBB komorki srodbtonka, chronig astrocyty przed
toksycznymi metabolitami. Komorki $rédbtonka wydzielaja czynniki neuroprotekcyjne,
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przyktadowo NO, ktory reguluje przeptyw krwi i zmniejsza ryzyko wystapienia procesow
zapalnych [174], za$ dzialajgc rozszerzajagco na naczynia krwionosne, poprawia perfuzje
mozgu, w tym dostarczanie tlenu i substancji odzywczych. Pod wplywem stresu
oksydacyjnego i stanu zapalnego, funkcjonowanie komdrek srodbtonka jest ograniczone, za$
stres oksydacyjny uszkadzajac struktury biatkowe i lipidowe, pogarsza dziatanie BBB [174].

Proces starzenia komdrkowego - senescencja, to stan trwatego zatrzymania wzrostu komorki,
do ktorego dochodzi w odpowiedzi na rozne stresory, takie jak uszkodzenia DNA, stres
oksydacyjny, skracanie telomerow czy aktywacja onkogenow. Komorki pozostajace
W procesie starzenia sa metabolicznie aktywne 1 prezentujg charakterystyczny profil
sekrecyjny. Ten charakterystyczny zestaw czynnikéw, okreslany jako SASP, obejmuje
cytokiny, chemokiny, proteazy i czynniki wzrostu. Komorki bedace w stanie spoczynku (ang.
quiescent cells) cechujg si¢ zatrzymanymi podziatami komdrkowymi, ale w okre$lonych
warunkach moga ponownie wejs¢ w cykl komorkowy, odpowiadajac na odpowiednie sygnaty
[175]. Stan spoczynku jest istotny przy regulacji rezerw komérkowych w tkankach w przebiegu
procesow regeneracyjnych. Z definicji moze by¢ odwracalny i charakteryzuje si¢ niska
aktywno$cig metaboliczng oraz brakiem wyraznych markeréw uszkodzenia DNA czy stresu
oksydacyjnego [176]. Wyniki zawarte w dysertacji, dokumentujg, ze hiperamonemia zmienia
BBB, w szczegolnosci w kontekScie subtelnych zmian w obrebie mikronaczyn mozgu
tworzonych przez komorki $rodbtonka. WykazalisSmy, ze w komoérkach linii RBE4
traktowanych amoniakiem dochodzi do wzrostu produkcji ROS oraz wyraznie obnizonego
potencjatu antyoksydacyjnego. Ponadto, spadek proliferacji komorek oraz analiza markerow
starzenia wskazywata na zmieniony fenotyp komorek wskutek dziatania amoniaku, zgodny
z opisywanym w literaturze fenotypem starzenia [93,177,178].

Na podstawie analizy profilu istotnie zmienionych miRNA osocza oraz kory moézgowej
szczurbw OA, miRNA-183-5p, wykazywatl zwigzek z procesami implikujacymi starzenie
komorkowe. Istotny statystycznie wzrost poziomu ekspresji wytypowanego miRNA wykazano
w komorkach $rodblonka mozgu szczurow traktowanych amoniakiem oraz w izolowanych
z medium hodowlanego, pgcherzykach zewnatrzkomorkowych. Na poziomie molekularnym
wydaje si¢, ze miRNA-183-5p moze by¢ jednym z mechanizméw odpowiedzialnych za ten
proces w warunkach hiperamonemii. Transfekcja komorek $rodbtonka mimik-miRNA-183-5p
odwzorowata fenotyp starzenia, co moze potwierdzac to zatozenie.

Co ciekawe, w szczurzym modelu OA, na podstawie oceny intensywno$ci fluorescencji
markera von Willebranda w tkance mozgowej zwierzat wykazano obnizenie ggsto$ci naczyn,
porownywalne ze zmianami obserwowanymi u szczuréw 12 miesigcznych. Wyniki te sugeruja,
ze hiperamonemia moze sprzyja¢ indukcji lub przyspiesza¢ proces starzenia naczyn
moézgowych, co moze mie¢ implikacje dla zrozumienia mechanizméw zachodzacych
w procesie neurodegeneracji. W kontekscie patologii zwigzanych z podwyzszonym stezeniem
amoniaku, wykazano u o0sob starszych czestsze wystepowanie marskosci watroby
W poroéwnaniu z miodszymi pacjentami [179]. Ponadto, wspotwystgpowanie przewleklej
niewydolnosci watroby 1 marsko$ci watroby u 0sob starszych moze prowadzi¢ do szybkiego
postepu choroby, niewydolnosci watroby czy raka watrobowokomorkowego [180].
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W przebiegu marskoSci watroby, starzenie moze modulowa¢ zmiany neurologiczne,
obnizajace jako$¢ zycia, w tym funkcje poznawcze i wykonawcze. Za przyczyny sprawcze
uwaza si¢ przewlekty stan zapalny, aktywacje mikrogleju czy zmiany neurotransmisji GABA-
ergicznej [181]. Znaczenie miRNA w regulacji najwazniejszych proceséw komorkowych jest
wcigz przedmiotem zainteresowania; nawet niewielka zmiana poziomu ekspresji moze
powodowaé¢ znaczace skutki biologiczne poprzez np. kontrolg wielu réznych miRNA
(najczesciej w jednym szlaku regulacyjnym), czy bezposrednio modulowac szereg odpowiedzi
[182].

MiIRNA jest przedmiotem zaledwie kilku przegladéw literatury obejmujacych dane kliniczne,
a dotyczacych zaréwno ostrych, jak i przewlektych HE. W pracach [183,184], proponowano
MIRNA-122-5p jako biomarker wczesnego wykrywania uszkodzen watroby wywotanych
zatruciem lekami czy wskutek infekcji HBV. Autorzy sugerowali, ze zmiany miRNA-122-5p
moga stanowi¢ bardziej specyficzny marker uszkodzenia watroby, niz tradycyjne analizy
biochemiczne obejmujgce Oznaczanie enzymow watrobowych. Z kolei w innej pracy,
wytypowane mMIiRNA (podwyzszony poziom miRNA-138, miRNA-143, miRNA-34a,
mMIiRNA-122 i miRNA-221 oraz obnizony poziom miRNA-29a) oznaczane w réznych stadiach
wioknienia watroby byly przedstawione jako regulatory patogenezy witoknienia watroby,
I wedlug autorow, nieinwazyjne biomarkery diagnostyczne procesu [185].

W kontekscie ostrej HE 1 uszkodzen BBB obserwowanych w przebiegu obrzgku moézgu, udziat
miRNA nie byl przedmiotem badan. W zwiagzku z tym, podj¢to si¢ Systemowej analizy
literatury, ktérg przeprowadzono korzystajac z dwoch gtownych baz danych MEDLINE
i Elsevier Scopus, wykluczajagc badania dotyczace przewleklych chorob watroby lub
problemow wieloczynnikowych, takich jak historia alkoholowa, przeszczep watroby lub cigza.
W pracy systematycznie przeszukano bazy danych, obejmujac oryginalne publikacje z okresu
od 1 stycznia 2011 do 1 lipca 2021 roku, koncentrujace si¢ na pacjentach z ostra
niewydolnoscig watroby (ALF) 1 badaniach ekspresji miRNA. Dane zostaly niezaleznie
wyselekcjonowane przez autorow, wedlug ustalonych a priori kryteriow kwalifikowalnosci.
Sposrdd 205 zmienionych we krwi miRNA, 25 z nich wskazano jako powtarzajace sie, co
czynilo je potencjalnymi kandydatami do stworzenia panelu diagnostycznego ostrej HE.
Wytypowane miRNA zidentyfikowano w probkach od pacjentow gléwnie po zatruciu
paracetamolem. miR-122-5p byt najczgséciej raportowany, wykazujac znaczaco wyzsze
warto$ci w grupie pacjentow, i silnie korelowat z warto$ciami enzyméw watrobowych, ALT
i AST. Dlawyselekcjonowanych 25 miRNA, zidentyfikowano tgcznie 94 istotnie zmienionych
sciezek KEGG, zwigzanych z adhezjg komorkowa - Focal adhesion (hsa04510), polaczeniami
miedzykomérkowymi - Adherens junctions (hs04520), interakcjga receptora z macierzg
zewnatrzkomérkowa - ECM-receptor interaction (hsa04512), czasteczkami adhezyjnymi
komorek - Cell adhesion molecules (hsa04514) oraz potaczeniami szczelinowymi: Gap
junctions (hsa04540). Wymienione Sciezki wydaja si¢ istotne dla utrzymania strukturalnej
I funkcjonalnej integralnosci BBB.

W pracy przeanalizowano specyficzne tkankowo wzorce ekspresji miRNA, korzystajac
z Human miRNATIssueAtlas [186]. Wyniki obejmowaty miRNA specyficzne dla watroby:
MIRNA-122-5p, miRNA-21-5p, miRNA-320c i miRNA-148a. Poziom ekspresji miRNA-
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125b-5p w moézgu byl znacznie wyzszy niz w watrobie, co sugerowato jego mozgowa
specyficznos¢é. Badanie wykazato, ze w normalnych warunkach miRNA specyficzne dla
watroby, takie jak miRNA-122-5p, oraz miRNA specyficzne dla mozgu, takie jak miRNA-
125b-5p, sa obecne na stosunkowo niskich poziomach w osoczu. Jednak ich znaczacy wzrost
we krwi pacjentow z HE typu A, sugeruje uszkodzenie tkanki i podkresla ich potencjat
diagnostyczny w okresleniu uszkodzen, odpowiednio dla watroby, i mézgu. Dane literaturowe,
sugerowaty takze, ze rodzina miRNA-183, w sktad ktdrej wchodzi miRNA-182, miRNA-183-
5p i miIRNA-96, ulega wysokiej ekspresji w tkance nerwowej [187].

Ograniczeniem przeprowadzonej analizy literatury jest brak w pracach dost¢pnych danych
klinicznych, réwnolegle wskazujgcych na obecno$¢ obrzeku mézgu u pacjentow. Brak tych
informacji nie pozwolit jednoznacznie potwierdzi¢ i korelowa¢ wytonione zmienione miRNA
z uszkodzeniami BBB w ostrej HE.

Pomimo dostarczonych w niniejszej dysertacji, danych taczacych miRNA-183-5p
z uszkodzeniem BBB wykazanym w modelach in vivo i in vitro, przeprowadzona analiza
in silico nie dostarczyla wystarczajacych przestanek do uznania miRNA-183-5p za jeden
z potencjalnych biomarkerow uszkodzenia BBB w ostrej HE. Nalezy wzia¢ pod uwagg, ze
wszystkie analizy informatyczne opieraja si¢ wytacznie na dostgpnych bazach danych, ktore
wykorzystywane sag W danej analizie. Dostepne bazy moga nie posiadaé¢ pelnych wpiséw
i informacji dla wszystkich mozliwych interakcji miRNA, szczegolnie jesli chodzi o nowo
odkryte, lub mniej badane miRNA. Uzywane algorytmy predykcyjne moga rozni¢ si¢ pod
wzgledem czulosci i specyficzno$ci. Roéznice w modelach obliczeniowych 1 wadze
przypisywanej roznym typom dowodow (np. miejsc wigzania, walidacja eksperymentalna)
moga prowadzi¢ do zmiennos$ci w przewidywanych celach. Wzorce ekspresji 1 sieci
regulacyjne miRNA moga by¢ zalezne od kontekstu. Zatem, miRNA-183-5p moze pehic rolg
w specyficznych, patologicznych warunkach, takich jak towarzyszace HE uszkodzenie BBB,
ktore nie s3 odpowiednio identyfikowane w ogélnych zbiorach danych uzywanych do
predykcji in silico. Predykcje te, czesto wymagaja wnikliwej walidacji eksperymentalnej, aby
potwierdzi¢ ich biologiczne znaczenie. Nasze badania, dostarczaja dowodow, wskazujac na
udzial miRNA-183-5p w obnizeniu poziomu ekspresji integryny 1, korelujac t¢ obserwacje
ze zmieniong integralnoscia BBB w szczurzym modelu ostrego uszkodzenia watroby, jak
I Z obnizong adhezja w hodowanych komorkach §rodbtonka naczyn mozgowych.

Warto podkresli¢, ze poznanie mechanizméw uszkodzen BBB moze mie¢ rowniez znaczenie
w kontek$cie mechanizméw zwigzanych z regeneracja komorek srodbtonka [188,189].
Pomimo, ze komorki endotelialne moga si¢ odnawiaé, procesy, ktore prowadza do ich
uszkodzenia, sg zlozone i wymagaja kompleksowego poznania, w szczegolnosci okreslenia
czynnikow wspomagajacych lub hamujgcych regeneracje komorek srodbtonka [190-192].
Proces regeneracji, nic zawsze oznacza petne przywrécenie funkcji, co moze wptywac na stan
I efektywno$¢ BBB, warto pamigtac, ze przewlekle narazenie na toksyny czesto prowadzi do
kumulacji uszkodzen, przekraczajacych zdolnosci regeneracji [193].
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WNIOSKI

1. Na podstawie analizy sekwencjonowania miRNA osocza i kory czolowej mozgu
szczurdw z hiperamonemig prostg i z ostrym uszkodzeniem watroby, oraz analizy
in silico, zidentyfikowano miR-122-5p oraz miR-185-5p, ktorych potencjalng role
w dysfunkcji BBB zweryfikowano w badaniach in vivo i in vitro.

2. W mozgach szczuréw z ostrym uszkodzeniem watroby udokumentowano zmiany na
poziomie ultrastruktury komorek srédbtonka naczyn mézgowych, najbardziej istotnej
komponenty strukturalnej BBB, wskazujace na obrzgk tych komoérek, dodatkowo
obrzgk mitochochondriow 1 uszkodzenia btony cytoplazmatycznej w obrebie
powierzchni sasiadujacych ze sobg (tj. ztaczy Scistych).

3. Udokumentowano, zalezng od amoniaku i zwigzang z miR-183-5p zmiang¢ fenotypu
komorek srodbtonka naczyn mozgowych szczura, charakterystyczng dla procesu
starzenia komorkowego, co poza spadkiem poziomu ekspresji integryny fI,
sugerujacym  zmieniong  interakcje w  obrgbie  komoérki i macierzy
zewnatrzkomoérkowej, moze by¢ elementem nieprawidtowosci w unaczynieniu mozgu.

4. Zaprojektowano, wykonano i przetestowano autorskie urzadzenie pomiarowe,
umozliwiajace oceng rezystancji warstwy komorek, warunkujaca wlasciwg funkcje
komoérkowych modeli BBB, co stanowi warto$¢ interdyscyplinarng dysertacji.
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miRNA-ome plasma analysis unveils changes 2
in blood-brain barrier integrity associated
with acute liver failure in rats

Karolina Orzet-Gajowik, Krzysztof Milewski'” and Magdalena Zielinska'

Abstract

Background Hepatic encephalopathy (HE) symptomns associated with liver insufficiency are linked to the neuratoxic
effects of ammania and other toxic metabolites reaching the brain via the blood-brain barrier (BBB), further aggra-
vated by the inflammatory response. Cumulative evidence documents that the non-coding single-stranded RNAs,
micro RNAs (miRs) control the BBB functioning. However, miRs'involverment in BEB breakdown in HE is still underex-
plored. Here, we hypothesized that in rats with acute liver failure (ALF) or rats subjected to hyperammonemia, altered
circulating miRs affect BBB compasing proteins.

Methods Transmission electron microscopy was employed to delineate structural alterations of the BBB in rats

with ALF {thicacetamide (TAA} intraperitoneal (ip.} administration) or hyperammonemia (ammonium acetate (OA) ip.
administration). The BBB permeability was determined with Evans blue dye and sodium fluorescein assay. Plasma MiRs
were profiled by Next Generation Sequencing (NGS), followed by in silico analysis, Selected miRs, verified by gqRT-PCR,
were examined in cultured rat brain endothelial cells. Targeted protein alterations were elucidated with immunofluo-
rescence, western blotting, and, after selected miR mimics transfection, through an in vitro resistance measurement,
Results Changes in BBE structure and increased permeability were observed in the prefrontal cortex of TAA rats

but notin the brains of OA rats. The NGS results revealed divergently changed miRNA-ome in the plasma of both rat
models, The in silico analysis led to the selection of miR-122-5p and miR-183-5p with their target genes occludin

and integrin B1, respectively, as potential contributors to BEB alterations. Both proteins were reduced in isolated

brain vessels and cortical homogenates in TAA rats. We documented in cultured primary brain endothelial cells

that ammonia alone and, in combination with TNFa increases the relative expression of NGS-selected miRs with a less
pronounced effect of TNFa when added alone. The in vitro study alsa confirmed miR-122-5p-dependent decrease

in occludin and miR-183-5p-related reduction inintegrin 1 expressian.

Conclusion This work identified, to our knowledge for the first time, potential functional links between alterations

in miRs residing in brain endothelium and BEB dysfunction in ALF.
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Introduction
Hepatic encephalopathy (HE) is a debilitating neuropsy-
chiatric condition resulting from impaired liver function.
Clinical manifestation of HE ranges from mild psychi-
atric and neurological disturbances in chronic HE, and,
brain edema often leading to coma at the acute HE stage,
making the disease a significant threat to the healthcare
system [1, 2]. The pathophysiology of HE encompasses
brain intoxication as a result of inefficient blood clear-
ance of a plethora of toxic when are in excess, metabo-
lites (i.e.,, ammonia, aromatic amino acids, mercaptans,
manganese, benzodiazepines, or xenobiotics) [3]. Accu-
mulated data also strengthens a synergy of inflamma-
tion in HE pathology, leading to disease progression [4]
bevond the sole and dominant role of harmtul ammonia.

The blood-brain barrier (BBB) controls the exchange
of diverse biological substances from the blood to the
brain. The BBB disruption, particularly changes in junc-
tional proteins' structures composed of tight junction
(T]) proteins, integrins, annexins, etc., is a directly docu-
mented pathological event promoting cerebral edema, a
leading cause of a fatal outcome in acute HE [5-7]. Struc-
tural BEE abnormalities were reported in the cerebral
cortex of patients who died due to ALF [8], but also in
patients suffering from chronic liver insufficiency, namely
liver cirrhosis [9]. While morphological changes of BBB
reported in ALF animal models are significant but simi-
lar to what was observed in post-mortenr human tissues,
available results differ regarding the BBB failure charac-
teristics, referring to animal species, implemented HE
model (toxins/surgical procedure), and severity related to
the HE duration, as critical factors of reported diversity
of BBB changes, the molecular mechanisms contribut-
ing to BEB impairment, are still lacking many details. The
BBB disturbances encompassing decomposition of BBB
structural elements, uncontrolled influx of different sub-
stances thru transporters/channels leading to increased
BBEB permeability were reported in most of reproduc-
ible ALF animal models. Inconsistencies were noticed in
a grade of BBB disturbances and BBB structural proteins
(e.g., zonula occludens 2, occludin, claudin 5) changes
which implicate that alterations may even precedes per-
meability changes, suggesting that T] disruption might
occur before BBB permeability changes. Additionally,
studies published till now mostly focused on astrocytes
and astrocytic swelling while other cell types such as the
endothelial cells and pericytes, composing BBB in the
brain are involved in the pathogenesis of HE. Addition-
ally, at the molecular level, mechanistic details of T] ele-
ments disruption involving microRNAs (miRs) action is
yet to be determined.

MiRs, small non-coding RNA sequences, can nega-
tively regulate protein levels by suppressing gene
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expression. Emerging evidence has suggested circulat-
ing non-coding RNAs' diagnostic and therapeutic val-
ues in pathologies linked with liver diseases, including
ALF [10, 11]. Various miks were recently proposed as
possible biomarkers and regulatory factors in numer-
ous CNS disorders expanding miRs" contributing role
in the control of the functioning of BBB-composing
endothelial cells [12—-14].

In this study, we hypothesize that BBB dysfunction in
rat models of ALF results at least in part from an altered
pattern of circulating miRs and that alterations affecting
specific miRs impact proteins engaged in BBB integrity.
To verify this, we performed Next Generation Sequenc-
ing (NGS) of plasma in two rat models: (i} ALF induced
by the ip. administration of hepatotoxin thioacetamide
(TAA) and (ii) primary hyperammonemia, induced by
ammonium acetate (OA) ip. injection. Notably, both
models present elevated plasma ammonia concentra-
tions, as a common denominator. While the OA model is
beneficial for investigating hyperammonemia, it may not
completely imitate the acute nature of the illness found
in patients. In turn, TAA-induced liver injury frequently
causes a twofold increase in blood ammonia levels [15,
16] and generates a variety of systemic and neuroinflam-
matory alterations.

We assessed our hypothesis using two approaches.
The first, descriptive, comprises the examination of the
BBB ultrastructure by transmission electron microscopy
(TEM) and evaluation of the BBB permeability to low,
and high-weight markers. Further, in silico identification
and selection of specific genes regulated by established
and validated miRs, was followed by the analysis of iden-
tified targets’ biological function. The second approach
was mechanistic and aimed at analyzing the phenotype
of cultured endothelial cells (rat brain endothelial cell line
and isolated brain microvascular endothelial cells) and
their functioning upon treatment with ammonia and/or
TNFa, the key factors involved in the pathomechanism
of HE.

Methods

Animal models and biochemical analysis

Fifty-three 8-10-week-old male Sprague Dawley rats
with an initial body weight of 250-300 g, from the out-
bred animal colony re-supplied by the Animal House
of Mossakowski Medical Research Institute, Warsaw,
Poland (Approval No. 57/2015 (14 May 2015 from the
dth Local Ethics Committee for Animal Experimenta-
tion, Warsaw, Poland, as compliant with Polish Law) were
randomized to the experimental groups (Scheme 1} All
efforts have been made to reduce the number of ani-
mals and minimize their suffering. The study complies

with the ARRIVE (Animal Research: Reporting In Vivo
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Acute liver failure

(TAA)

Hyperammonemia

(0A) control

1ip. injection/day

TAA 300 mg/kg bw

2 ip. injections/day 1ip. injection/day

OA 600 mg/kg bw saline 0.3 mL

Scheme 1 Graphical representation of the research design

Experiments) guidelines (study design, experimental
procedures, housing and husbandry, statistical meth-
ods) guidelines for reporting animal research. Animals
were given free access to water and standard rodent chow
and housed in constant temperature, humidity, and 12 h
light-dark cycling.

Acute liver failure (ALF) was induced by thioacetamide
(TAA) intraperitoneal (ip.) injections in doses of 300 mg
per kg at 24-h intervals for 3 days. The control (sham)
group received 0.3 mL of 0.9% NaCl. Hyperammonemia
was induced by ip. administration of ammonium acetate
(OA) in a dose of 600 mg per kg at 12 h intervals for 3
days. Rats were sacrificed by decapitation and the brains
were quickly removed, and the cerebral cortex was iso-
lated. The blood was collected in EDTA tubes, incu-
bated at room temperature for 20 min, and centrifuged
at 1500xg for 10 min at room temperature for plasma
separation.

The blood plasma ammonia level and liver enzymes
(aspartate aminotransferase; AST, alanine aminotrans-
ferase; ALT, and y-glutamyl transpeptidase; GGTP) activ-
ities were measured by a commercial analyzer (Scil Vet,
Germany). Levels of proinflammatory cytokines were
evaluated using LEGENDplex™ Rat Inflammation Panel
(BioLegend, San Diego, USA) directly according to man-
ufacturer instructions. Data acquisition (300 events for
each cytokine) was performed using a BD FACSCanto 1

flow cytometer with BD FACSDiva Software and FCAP
Array software, version 3.0 (BD Biosciences, San Jose,
USA).

Rat brain capillaries isolation

After decapitation, brains were extracted, cerebral corti-
ces isolated, and homogenized in Ringer’s solution then
centrifuged at 1500xg for 10 min at 4 °C. The pellet was
re-suspended in fresh buffer and centrifuged; the wash-
ing step was repeated three times under the same condi-
tions. The final pellet was homogenized in 10 mL of 0.25
M sucrose and centrifuged in a discontinuous sucrose
gradient (0.25:1:1.5 M sucrose) (30,000xg, 30 min, and
4 °C). The fraction with microvessels was collected and
transferred to the Eppendorf tube.

Cell cultures and miRs’ transfection

Primary brain microvascular endothelial cells (PBMEC)
were isolated from the vesicles of the brain cortex of
14-day-old Sprague-Dawley male rats from the animal
colony of Mossakowski Medical Research Institute, Pol-
ish Academy of Sciences, directly according to the proto-
col [17]. Briefly, after decapitation, brains were isolated,
and cortices tissue was dissected under sterile conditions.
The homogenized tissue was enzymatically and mechani-
cally dissociated with 1 mL of 10 x Trypsin and Type
IV Collagenase solution at 37 °C for ~ 30 min. Obtained
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pellets after following centrifugation and cleaning steps
(B0Oxg for 5 min, ~20 °C; 1500xg for 15 min~20 °C;
800xg for 15 min), and the supernatant was discarded.
Cells were seeded on a 6-well plate coated with collagen I
(Corning, NY, USA) and cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 20% FBS and sup-
plemented with 1.0 ng/mL basic fibroblast growth factor
(bFGF) and 20.0 pg/mL bovine sodium heparin. In the
first 2 days, puromycin was added to the culture medium
to inhibit neuron and astrocyte growth. The medium was
changed the next day, and then every 2-3 days.

Rat brain endothelial cells (RBE4) were cultured in
24-transwell plates, 60 mm, or 100 mm dishes (Corning,
NY, USA) coated with collagen type 1. Cells were cultured
on the MEM/Ham's F10 medium with Glutamax (Gibca,
Thermo Fisher Scientific, Waltham, USA) with the addi-
tion of 10% of heat-inactivated FBS, 1.0 ng/mL bFGEF, and
gentamicin (Gibco, Thermo Fisher Scientific, Waltham,
USA) at 37 *C in a humidified atmosphere of 95% air and
5% COQ, and used after 14-21 days when cells displayed
endothelial phenotype and minimum 90% of the surface
confluence.

The PBMEC and RBE4 cells were treated with 5 mM
ammonium chloride ("ammonia”) or 10 ng/ml TNFa
(rat recombinant, Sigma-Aldrich, Saint Louis, USA)
which were added into the cell culture medium for 24 h.

For transfection experiments, RBE4 cells were seeded
at density 3,3 x 10° and were transfected with the fol-
lowing sequences: 5 -UGGAGUGUGACAAUGGUG
UUUG-3" for mimic miR-122-5p (Qiagen; Cat. No.
33173YMO00470430-ADA) and 5 -UAUGGCACUGGU
AGAAUUCACU-3" for mimic miR-183-5p (Qiagen;
Cat. No. 339173YMO00471390-ADA) or negative con-
trol 5 -UCACCGGGUGUAAAUCAGCUUG-3" (Qia-
gen; Cat. No. 339173YMO00479902-ADA). Transtection
was performed using the HiPerFect transfection reagent
(Qiagen, Hilden, Germany) according to the manufactur-
er's instructions, using 5 pM or 20 pM mimic concentra-
tion for 24 h. For cell adhesion experiments REE4 cells
were seeded at density 1x10° on a 6-well plate coated
with collagen L

RMNA extraction and next generation sequencing

Total RNA was extracted from 200 pL rat plasma using
the mikNeasy Serum/Plasma Advanced Kit (Qiagen,
Hilden, Germany). Samples were thawed on ice and
centrifuged at 12,000xg for 5 min to remove any cellu-
lar debris. For each sample, 200 pL of plasma was mixed
with 1 mL of Qiazol followed by extraction steps directly
according to the manufacturer’s instructions, Finally,
RNA was eluted in 10 pL of nuclease-free water and
stored at — 80 °C to await further analysis. Quantifica-
tion of total RNA was made spectrophotometrically with
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a NanaoDrop 2000 (Thermo Fisher Scientific, Waltham,
USA) and 1 pg of total RNA was used for library prepara-
tion. NGS5 procedure was carried out by the BGI company
(Shenzhen, China) using DNBSEQ G400 (MGI2000) sys-
tem in SE50 mode. A minimum of 20 million paired-end
reads were generated per sample, Quantification includes
the raw read count, as well as normalized expression level
as CPM wvalues (counts per million reads mapped) to
account for the variability in the library size. Next, miR-
Deep2 Quantifier analysis based miRbase 2.0 library was
used to identify miR sequences. The quantification of the
miR expression level was carried out using the Quantifier
script of the miRDeep2 tool applying the default param-
eters. MiRs with a false discovery rate (FDR) p-value
determined by DESeq2 below 0.05 were considered as
differentially expressed (up/downregulated).

Quantitative RT-PCR

Reverse transcription and ¢DNA synthesis were per-
formed using TagMan Advanced miRNA c¢cDNA Synthe-
sis Kit (Invitrogen, ThermoFisher Applied Biosystems',
A28007) according to the manufacturer’s protocol. The
levels of miR expression were measured by quantita-
tive RT-PCR with a miRCURY LNA SYBR Green PCR
Kit (Qiagen, Hilden, Germany, Cat No. 339345) with
appropriate miRCURY LNA miRNA PCR Assay prim-
ers: rno-miR-183-5p (Qiagen, Hilden, Germany, Cat No.
QG-339306_YP00206030) and rno-miR-122-5p (Qiagen,
Hilden, Germany Cat No. QG-339306_YP00205664). The
snRNA U6 was used as a normalization control {Qiagen,
Hilden, Germany Cat No. QG-339306_YP02119464). The
assay was conducted using the Applied Biosystems 7500
Sequence Detection System (Applied Biosystems, Foster
City, CA, USA) according to the manufacturers instruc-
tions. The relative expression levels of miRNAs were cal-
culated using the 272,

Western blot analysis

To evaluate the occludin and integrin Bl protein content
in rat cerebral cortex Western blot analysis was used, Tri-
ton Lysis Buffer (20 mM Tris pH 6.8, 137 mM NaCl, 2
mM EDTA, 1% Triton X-100, 0.5 mM DTT, 1 mM PMSF)
containing Protease Inhibitor Cocktail (Sigma-Aldrich,
Germany) and Phosphatase Inhibitor Cocktail (Sigma-
Aldrich, Germany) was used to homogenize brain tis-
sue, The homogenate was centrifuged at 12,000xg for
20 min at 4 °C. On a 10% SDS-polyacrylamide gel, equal
amounts of protein (30 pg) were separated and depos-
ited onto a nitrocellulose membrane. After overnight
incubation with an anti-occludin antibody (1:200, Cell
Signalling, Inc., Cat. No, 91131) or integrin p1 (1:200,
Cell Signalling, Inc., Cat. No. 4706) the membranes were
washed, treated with HRP-conjugated anti-rabbit IgG
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(1:2000; Sigma-Aldrich, Germany), and developed with
West-Pico Chemiluminescence Substrate (Pierce, Rock-
ford, USA). After stripping, the blots were treated for 1 h
with an anti-GAPDH antibody.

Bioinformatics analysis
To evaluate the biological impact of the differentially
expressed miRs on target genes, we used three different
databases: miRDB v5 (http://mirdb.org/miRDB, Tar-
getScan7.l  (https:/fwww.targetscan.org/vert_80/), and
TarBase v.8 (https://dianalab.e-ce.uth.gr/html/diana/
web/index php?r=tarbasev8%2Findex). We selected a
set of targets linked to BBB structure or function, repeti-
tively reported in all three databases. Next, based on the
miRDB tool MirTarget, we predict the most probable
miR target genes (miRs with targets with a score <60
were not taken into further analysis according to miRDB
authors’ recommendations). Next, we associated data
with NGS results considering differently expressed miR-
NAs but with the lowest p-value, resulting in the most
altered miRs with target genes of the highest probability.
After establishing specific genes regulated by selected
miRs, we identified the potential of selected genes on bio-
logical functions, The String Tool pathways analysis was
performed to verify the probable contribution of selected
genes to a broader spectrum of processes. We exam-
ined the involvement of selected genes in the biologi-
cal processes as well as KEGG Pathways in combination
with gene clustering. The String Tool pathways analysis
showed interactions with a confidence score greater than
the minimum needed (0.15) as a result only those net-
works are included in the prediction. The probability that
a predicted link between proteins in the same metabolic
map in the KEGG database is represented by the confi-
dence score. Following this, we set the required interac-
tion score of 0.9 the highest confidence interaction.

Immunohistechemical and immunoflucrescent staining
RBE4 and PBMEC cells were seeded onto collagen
[-coated coverslips at a density of 3% 10% cells/well and
cultured for 5-7 days. Cells were fixed with 4% para-
formaldehyde/PBS and permeabilized with 0.25% Triton
X-100/PBS. Secondly, were incubated with antibodies
against CD-31 (1:400, ab28364 Abcam, Cambridge, UK),
VWF (1:400, ab6994, Abcam, Cambridge, UK) overnight
at 4°C and then exposed to secondary antibody Alexa
Fluor 488 goat anti-rabbit 1gG (H+L) (1:1000, Thermo
Fisher Scientific, Waltham, MA, USA, Cat. No. A11008).
After 24 h incubation with ammonia and/or TNFaq,
cells were rinsed with PBS. Cultured cells, brain cor-
tex slices, and isolated brain microvessels were fixed
with 4% paraformaldehyde/PBS and permeabilized with
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0.25% Triton X-100/PBS. Secondly, were incubated with
antibodies against occludin (1:200, Cell Signalling, Inc.,
Cat. No. 91131) or integrin Bl (1;200, Cell Signalling,
Inc., Cat. No. 4706) and CD-31 (1:400, ab28364 Abcam,
Cambridge, UK) overnight at 4 °C, and then exposed to
secondary antibody Alexa Fluor 488 goat anti-rabbit
IgG (H+L) (1:1000, Thermo Fisher Scientific, Waltham,
MA, USA, Cat. No. A11008) and Alexa Fluor 546 goat
anti-rabbit IgG (H+L) (1:1000, Thermo Fisher Scien-
tific, Waltham, MA, USA, Cat. No. A11008). The nuclei
were labeled with Hoechst 33258 (Thermo Fisher Sci-
entific, Waltham, MA, USA, Cat. No. HI398). Images
were acquired in a confocal laser scanning microscope
LSM780 (Zeiss, Jena, Germany) and processed using the
ZEN 2012 (Zeiss, Jena, Germany). To quantify fluores-
cence intensity, the pictures were subjected to a scaling
process to achieve a magnification factor of 20. Addition-
ally, the images were normalized to ensure consistent
exposure duration across all samples. A total of eight to
ten regions of interest were quantified using Image] (Fiji)
software, with background fluorescence subtracted from
both contrel and examined sections.

Transendothelial electrical resistance and cells adhesion
The transendothelial electrical resistance (TEER) was
measured by a custom-made device, developed for
in vitro experiments. RBE4 cells were seeded at a den-
sity of 6x10°, cultured in transwell chambers with 0.4
mm polycarbonate filters (Corning Costar, Corning, NY,
United States) at 37 °C in a humidified atmosphere of
95% air and 5% CQO,. Before treatment with the ammonia
and TNFa, TEER was measured every 5 min. for Lh in
all inserts. After the treatment, the TEER in 24-well was
measured every 5 min. for 24 h. Each day of the experi-
ment was followed by the medium exchange. TEER value
was expressed in £), and calculated by subtracting the
resistance of a transwell without cells from a well with
cells.

Using a custom-made device cell adhesion to collagen I
was evaluated using the adapted methodology described
by Lajké et al. [18]. The adhesion was measured in 4-h
time intervals. The €} values were obtained as a variation
of the initial values of seeded cells to values within 24 h
of cell attachment. Results were normalized to uncoated
transwell.

Evans blue and sodium fluorescein permeability assay

2% Evans blue (EB; Sigma-Aldrich, Saint Louis, USA)
in sterile saline was injected into the tail vein in rats (4
mL/kg. After 2 h circulation, rats were transcardially
perfused with 200 mL of ice-cold saline, and the brains
were quickly removed. The isolated brain cerebral
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cortices were weighed, homogenized in 30% trichloro
acid (TCA), and centrifuged at 10,000xg for 20 min.
The absorbance of the supernatants was measured at
620 nm, using a Pharmacia LKB Ultrospec Il spectro-
photometer (Uppsala, Finland), and BBE permeability
was calculated as a fluorescent intensity. Results were
calculated using EB as a standard and expressed as
nanograms per milligram of tissue brain tissue. Sodium
fluorescein (SF; 100 mg in 1 ml saline; Sigma-Aldrich,
Saint Louis, USA) was injected ip., and after 45 min rats
were perfused with saline. After decapitation, cerebral
cortices were removed, weighed, and homogenized 1:10
{w/v) in sterile PBS. Samples were precipitated with eth-
anol (1:3 v/v) followed by centrifugation at 3000xg for
10 min. The supernatants were diluted and analysed in
a spectrofluorometer FLUOstar Omega (BMG Labtech,
Ortenberg, Germany) using an excitation wavelength
of 480 nm and an emission wavelength of 538 nm. The
BBE permeability was measured as the ratio of 5F in
a gram of brain tissue to the amount of SF in 1 ml of
plasma and present in a percentage.

Transmission electron microscopy

One control, two OA, and two TAA rats were anesthe-
tized and perfused through the ascending aorta with 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M caco-
dylate buffer, pH 7.4. The cerebral cortex was fixed in the
same solution for 20 h (at 4. °C) and placed in 1% OsQ, for
6 h. Afterward, the samples were dehydrated by ethanol
solutions of increasing concentration (30%—10 min, 50%—
10 min, 70%-24 h, 90%-10 min, 96%—10 min, anhydrous
EtOH-10 min, finally acetone—10 min) and saturated with
epone. Epone was polymerized in blocks at 60 °C for 24 h
in an incubator (Agar Scientific, Stansted, England). The
polymerized samples were cut into ultrathin sections (70
nm thick) with an RMC MTX ultramicrotome (Boeckeler
Instruments, Tucson, Arizona, USA), placed onto copper
nets, and analyzed in a LIBRA 120 transmission electron
microscope (Zeiss, Oberkochen, Germany). Photographs
were taken with a Slow-Scan CCD camera (ProScan, Ger-
many), using the EsiVision Pro 3.2 software, We evaluated
12-24 fields of view from each sample.

Statistical analysis

Data were analyzed and visualized using Prism 7 (Graph-
Pad Software Inc,, La Jolla, USA). Results were presented
as mean + SD, The statistical significance between various
groups or treatments was measured by unpaired t-test
or one-way ANOVA with Dunnett’s post hoc test. In all
experiments, p-value <0.05 was considered to be statisti-
cally significant, ***p <0.001, **p<0.01, *p<0.05, without
asterisks means no significance.
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Results

TAA treatment generates severe hepatic injury

Both animal models were previously described and are
routinely used in our laboratory and by other groups to
study different aspects of HE [19-21]. The levels of ALT
and AST were significantly increased in the TAA group
acknowledging liver injury. Ammonia levels were mark-
edly increased in both OA and TAA rats (Table 1). Deter-
mination of systemic inflammation revealed notable
inter-individual variation in the plasma cytokines level
Significantly increased plasma levels of Il-6, 1L-10, and
11-1B were measured in TAA rats. Enhanced TNFu levels,
noticed in 50% of the TAA group of animals, presented a
tendency toward an increase. In turn, the OA group did
not present marks of inflammation except for the eleva-

tion of II-1p (Table 1).

Differences and similarities of structural and functional
changes of the BBB induced by TAA and OA

Ultrastructural changes of the BBB were verified by TEM
imaging. Unchanged microvascular endothelial cells and
astrocytes with unaltered structures were observed in the
control and OA rat brain prefrontal cortex (Fig. 1A; left and
middle panels). In turn, endothelial cells of TAA rat brain
microvessels were noticeably swollen with distinct disrup-
tion of the cytoplasmic membrane (Fig. 1A; right panel). In
the peripheral zone, astrocytic endfeet with swollen mito-
chondria were also observed (Fig. 1A; right panel).

The BBB permeability was evaluated using a high-
weight EB and a low-weight SF, dye. We did not observe
any difference in the brain concentration of EB between
studied experimental groups (Fig. 1B). In turn, 5F con-
centration in the TAA brain was significantly higher, as
compared to the control by ~500%, along with an unal-
tered level in the OA group (Fig. 1B). Taken together, we
documented that TAA-induced ALF, unlike OA, causes
structural BBB abnormalities and BBB permeability
increase for low molecular weight molecules.

Table 1 Biochemistry and cytokines concentration in rat plasma

Control OA TAA
Ammonia (umal/l) 6247 AF+11%* 130L 7%
AST (units/L) B3 +17 17547 1958 £ B51*4*
ALT (units/L) B4t6 f0+10 442 £ 1547
GGETF (units/L) 1.7£03 1.9+ 0.7 2.1 £04
THFa (pg/ml) D039+0103 000910024 5435410150
-1 {pg/mL} 4570+ 7678 603414177 59648 £42 246
IL-18 {pg/mL} n.d 0427 1713714 1874+6.215%*
IL-6 (pgfmi) 9541068 no. 10,022 + 713554
IL-1G[Ug;"II‘.L:I n.d. n.ol 1592 43373%%

Results aremean£ S0, n=&; **p <0.01, ***p < 0.001 vs. control
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Fig.1 The effect of OA and TAA administration on the rat BBB structure and permeability. A TEM images of the microvessels in rat brain prefrontal
cortex of the control, OA, and TAA rat. J tight junctions, m mitochondria, ECn endothelial cell nuclei, AEF astrocyte endfeet. Scale bars are posted
underindridual images. B BBB permeability for Evans blue {EB; black bars) and sodium fluorescein (SF; grey bar). The results are the mean +50.

n=5;**n <0.0001 vs. control, one-way ANOVA, Dunnett's post hoc test

Plasma miRNA expression changes differ between OA

and TAA rats

We profiled miRNAs isolated from the plasma of six con-
trols, OA, and TAA-administered rats. The NGS analy-
ses yielded 76x 10° quality-filtered and processed reads
across all samples with a mean count of 4.9 x 10° per
sample (Additional file 1: Tables S1, S2). The Pearson

correlation analysis revealed one outlier sample in the
control group which was in consequence removed from
further analysis.

We identified 488 circulating mature miRs across all
plasma samples (Additional file 1: Tables S1, S2). Dif-
ferential expression (DE) analysis revealed significant
variation between experimental groups, thus in the
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OA group, 35 differentially expressed miR (12 upregu-
lated, and 23 downregulated) were identified (Fig. 2C).
In turn, more pronounced changes were analyzed in
the TAA group: number of 128 miRs were differen-
tially expressed, of which 125 were upregulated and 3
were downregulated (Fig. 2A). The results compari-
son of both models revealed high (83%) sharing of the
upregulated miRNA observed in OA rats with TAA
group (Fig. 2C). The results correspond well to the
current knowledge that a systemic, high ammonium
concentration (hyperammonemia) is a dominant fac-
tor in the course of ALF [22] reproduced well in the
TAA rat model (Table 1) [20, 23]. Interestingly, in both
models, the most pronounced change was miRNA let-
7¢-5p increase (twofold in the OA and ~ fourfold in the
TAA) (Fig. 2C, Additional file 1: Tables S1, S2).

In silico analysis of differentially expressed miRs and their
target genes

Target genes for DE miR were predicted using three
different online-available databases: miRDB, TargetS-
can, and TaRBase. Due to substantial differences in the
obtained matches (Additional file 1: Tables S3, S4) only
fully overlapped results, in all three databases, were
qualified as the most relevant. As a result, nine target
genes related to the BBB function were found in the
TAA group (Fig. 3A, Additional file 1: Table S3), while
no overlapped target was identified in the OA group
(Fig. 3A, Additional file 1: Table S4). In consequence, for
further analysis only TAA group was taken into consid-
eration. Next, we evaluated the obtained data using the
following criteria: low DE analysis p-value obtained in
NGS (<0.001) along with high gene target score (>60)
Displayed targets possess target prediction scores,
which are rated by the new computational target predic-
tion system. As a consequence, the search results were
sorted by prediction score, additionally, rates fewer than
60 did not proceed in the study. Therefore, our analy-
sis identified miR-122-5p and miR-183-5p as the most
relevant and pointed to their potential targets: occludin
and integrin B1 respectively, as the most promising for
further evaluation.

We looked at the functionality of predicted gene tar-
gets by Gene Ontology (GO) analysis in terms of bio-
logical processes. Using String bioinformatics tool we
identified predicted genes in nine biological processes
associated with the BBB functioning: (GO:0005911
Cell-cell junction, GO:0005923 Bicellular tight junc-
tion, GO:0008305 Integrin complex, GO:0005887
Integral component of the plasma membrane,
G0:0030054 Cell junction, GO:0005886 Plasma mem-
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GO:0016328 Lateral plasma membrane, GO:0044291
Cell-cell contact zone as well as in 3 KEGG Pathways:
rno04530 Tight Junction, rno04512 ECM-receptor
interaction and rno04514 Cell adhesion molecules
(Fig. 3B). The occludin was associated with six GO
pathways, while integrin Blwith seven from nine GO
pathways (Fig. 3B).

KEEG analysis selected three from nine predicted
target genes (occludin, integrin Bl1, and claudin 11)
indicating their involvement in Tight junction, ECM
receptor interaction, and Cell adhesion molecules path-
ways (Fig. 3B).

Our results pointed out miR-122-5p and miR-183-5p
with their target genes, occludin, and integrin 1,
as elements potentially involved in BBB alterations
observed in the TAA rat brain.

RT-PCR analysis of miR-122-5p and miR-183-5p expression
ex vivo and in vitro

Following the results of the NGS analysis documenting the
upregulation of both miR of interest in the plasma of TAA
rats, we verified their expression level using qRT-PCR
analysis. A significant ~250% increase and unchanged
expression level of the miR-122-5p and miR-183-5p,
respectively, in TAA rat plasma, was observed (Fig. 4A,
left panel). Since miR-183-5p is predominantly expressed
in the brain (Additional file 1: Fig. S1), in parallel, we
examined the miR-183-5p expression level in the prefron-
tal cortex of TAA rats. The revealing analysis documents
the onefold increase of this miRNA in the TAA rat brain
homogenate (Fig. 4A, right panel).

Next, we verified the potential of key pathogenic factors
of HE (ammonia and/or TNFa) to affect miR-122-5p and
miR-183-5p expression changes. Using the primary rat
brain microvascular endothelial cells (PBMEC) tunnelled
to mimic endothelium in vivo, first, we documented cul-
ture purity and characteristic PBMEC features that resem-
bled fairly well native endothelium (Additional file 1: Fig.
S3). We showed that ammonia, TNFaq, or their combina-
tion, increase the relative expression of both miRs, with a
less pronounced effect of TNFa added alone (Fig. 4B).

The effect of TAA treatment on occludin and integrin B1
levels in the rat brain cortex homogenate and isolated
brain cortex microvessels

Next, we studied both proteins amount in the TAA pre-
frontal cortex homogenates (Fig. 5A), and immunofluo-
rescence intensity in brain slices of the prefrontal cortex
(Fig. 5B) as well as in brain microvessels (Fig. 5C) isolated
from the TAA rats. A marked decrease in both occludin
and integrin f1 was observed in this preparation.
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In vitro study of miR-122-5p and miR-183-5p involvement
in ammonia/TNF-a-induced occludin and integrin 1
changes

The RBE4 cells used in further experiments are suited
for the analysis of multiple BEB properties. In this
experiment, RBE4 cells treated with ammonia, TNFa,
or a combination of both factors, demonstrate a
decrease in the occludin level with reduced intensity

in occludin immunostaining (Fig. 6A, B, left panels).
In RBE4 cells treated with TNFa and cells treated with
ammonia and TNFa, the protein level of integrin 1 and
immunostaining intensity was reduced (Fig. 6A, B, right
panels).

In the following experiment, transfection of RBE4 cells
with miR-122-5p mimic reduced the expression level
of occludin by approximately threefold (Fig. 7A, left
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Fig.3 In silico analysis of differentially expressed plasma miRNA. A Flow chart of the miRNA target prediction analysis. B Heatmap presenting
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panel). Parallelly, RBE4 cell transfection with miR-183-5p
mimic significantly decreased the expression of integ-
rin Bl (Fig. 7B, right panel). Since occludin is a key ele-
ment of T] proteins [24] and contributes to proper BBB
function, we further evaluated the effect of miR-122-5p
mimic transfection on the tightness of RBE4 cell mon-
olayer, BBB in vitro model, by transendothelial electrical
resistance (TEER) measurement. The unchanged value of
resistance of RBE4 cells monolayer was observed (Fig. 7B,
left panel), implicating the complexity of T] protein(s)
assembly functioning. In turn, cells transfected with
mimic miR-183-5p present a significant reduction of cell
adhesion to collagen 1 (15% and 30% reduction, respec-
tively; Fig. 7B, right panel)}, interpreted as disturbances in
integrin pl-mediated interaction within cellular compo-
nents of BBB and the extracellular matrix elements [25].

Discussion

Qur study implicates, to our knowledge for the first
time, a role of specifically identified miRs in BBB
impairment associated with acute HE. First, BBB

morphological evaluation by electron microscopy
revealed BBB structural alterations with noticeable BBB
leakage in the TAA model of ALF with less pronounced
changes in the pure hyperammonemia animal model.
Second, NGS analysis of plasma from both animal mod-
els identified miR-122-5p and miR-183-5p with their
targets: occludin and integrin Bl respectively, among
target genes related to the BBB structural and func-
tional changes. The identified targets were decreased
in TAA rat brain homogenates and microvessels iso-
lated from rat brains in the TAA model, but much less
so in simple hyperammonemia. Finally, the verification
of selected miRs in cultured endothelial cells treated
with critical factors for the pathology of HE, ammonia,
and/or TNFa documented at the molecular level miRs’
effects in the endothelium. The study unraveled that
miR-185-5p via integrin Bl decline, disturbs integrin
p1-mediated interaction within cellular BBB compo-
nents and the extracellular matrix elements, thus lim-
iting the ability of BBB to execute and control proper
biological phenotype.
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BBB structural and functional changes were docu-
mented in acute, chronic, and acute-upon-chronic dis-
ease stages in humans [26-28]. Of note, BBB leakage
was also documented in both acute and chronic HE
models [15, 29] also in animal models of chronic liver
diseases [30-32] However, the complexity of the patho-
genic events underlying HE that take place all along the
liver - brain axis [32-34] limits the progress in transla-
tional studies to prevent BBB dysfunction associated with
impaired liver function. The present study illustrates a
potentially effective venue towards this end.

We analyze BBB permeability in vivo using two mark-
ers: Evans blue (EB), the most commonly used vascular
permeability marker which, readily binds to plasma albu-
min forming a permeability marker suitable for detecting
significant BBB leakage. Contrary, low molecular weight
(376 Da) dye, SF, enables the detection of relatively more
subtle alterations [33]. Using these approaches, we doc-
umented that TAA-induced ALF but not OA, causes
structural BBB abnormalities and increases for low
molecular weight molecules. Concurrently to the TAA
model, limited disturbances related to BBB function in

QA rats suggest that an elevated ammonia level alone is
not sufficient to cause the BBB disruption in vivo, impli-
cating the contribution of systemic inflammation associ-
ated with liver failure. Indeed, ammonia-cytokine synergy
in causing brain dysfunction has been repeatedly docu-
mented (reviewed in ref. [18]). Human cerebrovascular
endothelial cells increase ammonia uptake when exposed
to TNFa in vitro [34]. Worth noting, that the expres-
sion levels of genes coding enzymes involved in oxidative
stress were elevated in cultured astrocytes exposed to
both cytokines and ammonia [35]. Down the same valley,
chronic hyperammonemia-induced peripheral inflamma-
tion with microglia activation and increased proinflam-
matory cytokines in the hippocampus. Alterations were
associated with impaired spatial learning and alleviated
by anti-TNFa or sulforaphane treatment [36, 37]. Impor-
tantly, the role of inflammatory factors in BBB disruption
has been widely documented in other neurological syn-
dromes [38].

Kato and colleagues described swollen astrocytic
endfeet, increased number of vacuoles and vesicles in
endothelial cells and pericytes, basal lamina enlargement,
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and intact TJs in post-mortem sections of the brains
of ALF patients, thereby documenting BBB structural
changes [8]. Additionally, a metabolic study carried out
on HE patients revealed ammonia easier entry into the
brains of HE patients than in healthy volunteers [39].

al microscopy analysis of occludin immunofluorescence (left panel
cells treated or not with ammaonia and TNFa. D/

ntrol, ***p <0.01 vs, control, one-way AN(

Control

Ammonia

TNFee

Ammonia + TNFa

g

g

2

Relative fluorescence intensity [36]

> &« &
o\o* & &
* &
&
o

1. A Protein leve

stainir

(blue). The results are the mean+ 5D, n=5

and Dunnett's

A recent study showed that the factors abundant in HE
patients’ plasma, enhanced transendothelial leukocyte
migration through the in vitro model of BBB, interpreted
as elevated permeabilization of the BBB [40].

72



Orzel-Gajowik et al. Fluids and Barriers of the CNS (2023} 20,92
P
A g 1.59
4 [ ]
N,
T 40
L]
% = -
-
e
E 0.5+ .T|
4 o
£ 3
® 0.0- . ';
o & & o
-]
= epé' P
B 4001

Resistance [(1]

N

L é’

il o

Page 14 of 19

1.5+

Relative mRNA level [2 %Y

5004

£

=

=
L

300

Cell adhesion [£1]
- LE)
s =8

(=]
I

Fig. 7 The effect of transfection with miR-122-5p mimic and miR-183-5p mimic on occludin and integrin B1. AThe effect of transfection with miR
122-5p mimic and miR 183-5p mimic on the mRNA expression level of accludin (left panel) and Integrin f1 (right panel), respectively. The rasults
are the mean+ S0 n=5, *p <005 vs, control, one-way ANOVA, Dunnett’s post hoc test. B The effect of transfection with miR-122-5p mirmic

and miR-183-5p mimic on transendothehal ekectrical resistance measurement (eft panel), and cell adhesion (o collagen 1 {right panel). The results
are the meant 50 n=5*p <005 vs. control **p <001 vs. control, one-way ANOWA, and Dunnetl’s post hod test

At the preclinical level, the BBB increased permeability
was observed in the hepatotoxic HE model, induced by
azoxymethane (AOM]), correlating with the progression
of liver injury and systemic inflammation [41]. The BBB
opening at the symptomatic stage contributed to the neu-
rological decline, as was presented previously [42]. It was
documented, that the TAA model leads to cerebral edema
as assessed by MRI, though the mechanism has not been
elucidated in detail [43]. In the comparative study, the
administration of hepatotoxin, TAA increased BBB per-
meability, measured by EB binding in brain tissue [15].
Complementary, the in vitro experiments using the EEB
cellular model in co-culture of brain endothelial cells and
astrocytes, documented monolayer increased permeabil-
ity to AOM but not TAA, indicating direct drug toxicity
[15]. Importantly, it was documented that liver injury
and resulting inflammation work in concert with the BBB
disruption [15]. Our work revealed that enhanced proin-
flammatory response is noticed in the TAA-injected rats.
An enhanced BBB permeability was recently described
in the mice model of TAA-induced ALF [15]. Of note,
in the bile duct ligation (BDL) rat model of chronic HE,
increased BBB permeability to SF and FITC-dextran in

multiple brain regions, including the cerebral cortex,
were also detected [44]. Regarding HE animal models, in
acetaminophen-induced ALF mice increased BBB per-
meability positively correlates with blood TNFa level, a
pleiotropic cytokine and key mediator of inflammation
that regulates numerons physiological functions includ-
ing the development of autoimmunity; the BBB changes
in this model were found prevented by anti-TNFa-IgG
administration [45]. Moreover, deactivation of the circu-
lating TNFa by TNFa antibody administration increases
expression of occludin and zonula occludensl and
decreases BEB permeability for EB day in brains of mice
with ALF induced by D-galactosamine and lipopolysac-
charide (LPS) administration [46]. Worth noting in this
context is that brain endothelial cells do not produce
TNFa nor 1L-6 in a healthy microenvironment, but rap-
idly react to challenges (e.g., LPS stimulation), which
induces endothelial TNFa and IL-6 production [47].

Less is known about the exact molecular mechanisms
underlying BBB permeability increase in HE patients
and HE animal models. With the development of bioin-
formatics tools, the impact of miR in different biologi-
cal processes control is gradually discovered, however,
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very limited experimental data documents miRs’ role
regarding BBB dysfunction reported in the course of HE.

Increasing evidence points to miR expression changes
in body fluids and tissues from both HE patients [11,
48-51] and animal models [52-56] but only a few studies
used NGS or other large-scale methods showing whole
miRNome changes [57, 58].

In the presented work, we performed NGS profiling
of miRs isolated from the plasma of OA and TAA rats,
revealing notable differences between experimental
groups. We found 35 differently expressed miR in the
OA group and 128 in the TAA rat plasma. These analy-
ses allowed us to prove the impact of ammonia on miR
expression. Worth noting that the majority of the miRNA
upregulated in the OA group (83%) were also increased
in TAA indicating an analogous effect of the hyperam-
monaemia in both models.

The pathomechanism of HE is complex, but increased
ammonia concentration in the blood remains the most
distinctive event [59, 60]. However, the direct association
between HE severity and ammonia level is not certain
and has been frequently questioned [61-63]. The direct
impact of ammonia on miR expression changes is not
fully revealed despite a few reported miRNome dysregu-
lation in clinical studies conducted on patients suffering
from acute HE, mostly due to paracetamol over-dose [49,
51, 64-68], or chronic HE: most of the cases were associ-
ated with hyperammonaemia [69-71].

Since the impact of relevant changes in altered miR
depends on their gene targets, bioinformatic tools serve
to select and further investigate miR to predict final
functional outcomes [72]. Nevertheless, miR target pre-
diction should be interpreted with caution. Available bio-
informatic tools use different algorithms and commercial
programs as well as consecutively upgraded databases.
Moreover, identified novel sequences added to the data-
bases determine the prediction scores [73-75].

We performed predictive in silico analysis of the gene
targets of the differently expressed miR obtained via
NGS. We used three different databases: miRDB v5,
TargetScan7.1, and TarBase v.8, and selected exclu-
sively overlapped targets as the most certain. Further,
we applied a functional prediction method using Gene
Ontology (GO) and KEGG Pathways analysis that iden-
tified entire biological pathways statistically significantly
enriched for selected miR targets [53] to potentiate the
overall impact of the analysis, being aware that a single
miR regulates hundreds of genes [76].

Our analysis selected miR-122-5p and miR-183-5p
from dysregulated miR in a TAA rat plasma and identi-
fied occludin and integrin 1 respectively, as their most
confirmed targets involved in biological processes associ-
ated with the BBEB functioning. Noteworthy, we did not
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obtain cutput results of our in silico analysis for miR dif-
ferently expressed in the OA group which is in line with
observed unaltered BBB integrity in those animals. These
results also indirectly strengthen the hypothesis of the
miR-122-5p and miR-183-5p involvement in BBB distur-
bances described in TAA rats, which we verified in sub-
sequent experiments.

Using the in vitro BBB model, we documented the
contribution of selected miR to the reduction of the
expression of their targets, the endothelium-located BEB
components, occludin, and integrin B1. Consistently we
showed that in cultured primary endothelial cells, treat-
ment with ammonia and ammonia with TNFa treatment
upregulated miR-122-5p.

The brain microvascular endothelial cells are primary
components of the BBB regulating the BBB permeabil-
ity by junctional proteins’ structures composed of T]
proteins, integrins, annexins, etc., which cooperate with
basement membrane components [77]. We used an RBE4
cell line that preserves an endothelial phenotype and
presents a structural composition inherent to the in situ
BBB, including the presence of T] and adherence junc-
tion proteins [78]. Using this in vitro system, we tested
the hypothesis that miR-122-5p affects BBB permeability
by regulating the expression of occludin, a main struc-
tural protein of TJs presenting a protective effect on dif-
ferent cell barriers [79]. The transfection of RBE4 cells
with a miR-122-5p mimic reduced the expression level
of occludin by ~threefold. In our experimental setting,
we did not document functionally the impact of occlu-
din on cells’ monolayer tightness. This observation is in
line with bath in vitro and in vivo studies documenting
that occludin controls the passage of macromolecules of
~ 10-70 kDa through mice epithelium without affecting
transepithelial resistance [80]. Beyond its structural roles,
occludin also plays signaling roles at the BBB; however,
molecular details of this process are incompletely under-
stood (81, 82]. Moreover, altered physiological conditions
(e.g., ammonia, and cytokines) may differentially affect
the organization of occludin isoforms within plasma
membrane lipid rafts. Thus, a detailed investigation
of protein interactions of particular occludin isoforms
will reveal how different signaling and regulatory mol-
ecules modulate occludin oligomeric assemblies to pro-
mote changes in T] integrity at the BBB in the setting of
ALF. Interestingly in this context, it was also shown that
miR-122-5p containing exosomes secreted from LPS-
induced neutrophils regulates bevond brain microvascu-
lar endothelial cells proliferation and apoptosis, as well as
cell monolayer permeability [10].

miR-122 is the most abundant miR in hepatic tissue,
constituting the majority of total miR (about 70%) [57].
Reduction of miR-122-5p was observed in the liver of
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rats receiving low doses of TAA (50 mg/kg of b.w.) for 14
days [83] and also after a short 24 h exposition to a higher
(150 mg/kg of b.w.) TAA dose [84]. The authors do not
conclude if this phenomenon relies on hepatocyte loss
and transfer of miR-122-5p from liver tissue to the blood
or if it is a regulatory effect. One of the proposed roles of
miR-122-5p for endothelium function is its involvement
in the regulation of cationic amino acid transporter 1
{(CAT-1) expression [85]. Amino acid L-arginine is trans-
ported via CAT-1 and is used as a substrate for endothe-
lial production of nitric oxide. An inverse correlation
between plasma levels of miR-122-5p and expression
of CAT-1 was reported in a large group of patients with
essential hypertension [86]. In the study carried out on
TAA rat liver tissue, miR-122-5p reduction was reported
to parallel CAT-1 expression upregulation [84]. Indeed,
our previous work documented the absence of changes
in CAT-1 expression in rats with simple hyperammone-
mia [37] which is compatible with the unchanged plasma
level of miR-122-5p in the OA rats. However, the mecha-
nistic nature of the link between the two events requires
further investigation.

Cell-adhesion-related pathways include among others,
focal adhesion, integrin signalling, TT, and actin cytoskel-
eton regulation, all of the above being linked with miR-
183-5p [87, 88]. Bioinformatics databases pointed to
a putative binding site of miR-183-5p in the 3"-UTR of
integrin 1P. Integrin P1 is a member of the integrin fam-
ily, which is composed of the major cell surface receptors
that mediate adhesion to the extracellular matrix. We
validated the negative modulatory role of miR-183-5p
in endothelial cell adhesion in the in vitro system, where
RBE4 cell transfection was followed by an adhesion
assay. We found a significant correlation between miR-
183-5p and integrin 1 expression in the brain homogen-
ate samples from TAA rats. Next, we demonstrated that
miR-183-5p modulates integrin Bl expression at both
the mRNA and protein levels in vitro. Similarly, Dambal
et al,, found that cell adhesion is the main pathway down-
regulated in the human prostatic epithelial cell line over-
expressing the full miR-183 cluster comprised of miR-96,
miR-182, and miR-183-5p [89].

Growing evidence demonstrates that miR-183-5p plays
a crucial role in multiple processes of cancer progres-
sion by affecting tumor cell interactions [90-92]. These
were documented in situ in cervical cancer cell lines
transfected with miR-183-5p [93] and human embryonic
kidney cells [94]. In this experiment, overexpression of
integrin 1P observed in cervical carcinoma samples was
negatively correlated with miR-183 level [93]. Another
study reported that transfection of Hela cells with miR-
183 decreases cell invasion, but not cell adhesion by
down-regulation of integrin 1B [94]. The role of miR-183
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in the maintenance of cell integrity in epithelial cells
under changing physiological conditions is poorly under-
stood. An increase of miR-183-5p was recently described
in mice with intracerebral hemorrhage (ICH) [95], a
pathology assessed inter alia with vasogenic edema and
BBB breakdown [96]. Administration of miR-183-5p ago-
mir or antagomir into the lateral ventricles reduced neu-
rologic deficits, BBB permeability, brain injury volume,
and oxidative damage after [CH [95].

The miR-183-5p was upregulated in BDL-induced
liver fibrosis and activated human hepatic stellate cells
(LX-2 cell line) [97]. Accordingly, miR-183-5p inhibi-
tion alleviated liver fibrosis and downregulated the
expression of related fibrotic biomarkers [97]. Addi-
tionally, miR-183-5p inhibition reduced LX-2 cell pro-
liferation and promoted apoptosis. The results showed
that miR-183-5p might act as a key regulator of liver
fibrosis, and miR-183-5p could promote cholestatic
liver fibrosis through the TGFf signaling pathway [97].
Supportively, another study demonstrated upregu-
lation of the miR-183 family in diethylamino ethyl-
amine-induced hepatic fibrosis, suggesting a role in
the progression severity of liver fibrosis [98].

In summary, we found that (i) miR-122-5p and miR-
185-5p were upregulated in the rat systemic circu-
lation, and that concurrently, occludin and integrin
p1, their downstream target genes, were reduced in
the endothelium in rat brain homogenate and brain
microvessels isolated from TAA treated rats, and that
(ii) the above in vivo effects were faithfully reproduced
in vitro, in endothelial cells treated with ammonia/
TNFo. Whereas miR-122-5p targeting occludin proba-
bly does not critically contribute to the BBB permeabil -
ity increase, the effect of miR-185-5p through integrin
Pl decline, presents disturbed integrin Pl-mediated
interaction within cellular BEB components and the
extracellular matrix elements [25], thus limits the abil-
ity of BBB to execute proper biclogical phenotype.
Through this study, the molecular mechanism of miR-
183-5p as an inhibitory factor affecting endothelial
cells at points critical for their BBE has been partially
elucidated. The present work indicates that changes in
miR, which have straightforward consequences for the
expression of endothelial T] proteins, may be potential
indicators of BBB disturbances associated with ALF.
As such the changes could be exploited in translational
studies to prevent BBB dysfunction occurring due to
impaired liver function. The results appear valuable for
unraveling further the molecular mechanism of BEB
remodeling, likely to be linked to other liver impair-
ment disorders. In terms of scientific perspective,
the detection of changes in miR patterns has become
a major focus of diagnostic, prognostic, and disease
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progression, as well as therapy-response markers using
a great variety of detection systems in the future.
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Abstract

The mechanisms underlying cerebral vascular dysfunction and edema during hepatic encephalopathy (HE) are unclear.
Blood-brain barrier (BBB) impairment, resulting from increased vascular permeability, has been reported in acute and
chronic HE. Mitochondrial dysfunction is a well-documented result of HE mainly affecting astrocytes, but much less so in
the BBB-forming endothelial cells. Here we review literature reports and own experimental data obtained in HE models
emphasizing alterations in mitochondrial dynamics and function as a possible contributor to the status of brain endothelial
cell mitochondria in HE. Own studies on the expression of the mitochondrial fusion-fission controlling genes rendered
HE animal model-dependent effects: increase of mitochondrial fusion controlling genes opal, mfnl in cerebral vessels in
ammonium acetate-induced hyperammonemia, but a decrease of the two former genes and increase of fis/ in vessels in
thioacetamide-induced HE. In endothelial cell line (RBE4) after 24 h ammonia and/or TNFa« treatment, conditions mimick-
ing crucial aspects of HE in vivo, we observed altered expression of mitochondrial fission/fusion genes: a decrease of opal,
mfnl, and, increase of the fission related fis/ gene. The effect in vitro was paralleled by the generation of reactive oxygen
species, decreased total antioxidant capacity, decreased mitochondrial membrane potential, as well as increased permeability
of RBE4 cell monolayer to fluorescein isothiocyanate dextran. Electron microscopy documented enlarged mitochondria in
the brain endothelial cells of rats in both in vivo models. Collectively, the here observed alterations of cerebral endothelial
mitochondria are indicative of their fission, and decreased potential of endothelial mitochondria are likely to contribute to
BBB dysfunction in HE.
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Abbreviations mPTP Mitochondrial permeability transition
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BBB Blood-brain barrier NO Nitric oxide
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Hepatic Encephalopathy: A Brief Overview
of Clinical Characteristics and Pathogenesis

Hepatic encephalopathy (HE) is a complex neuropsychi-
atric disorder that results from impaired liver function.
As a consequence, insufficient clearance of toxins from
blood, mainly ammonia, results in their accumulation in
the brain. Impaired liver function, associated with acute,
chronic liver failure or cirrhosis, often results in a wide
range of neurological alterations, including cognitive and
motor disturbances [1].

The cellular and molecular mechanisms underlying HE
are complex and have not yet been fully deciphered. How-
ever, there is a consensus that ammonia, as a major neuro-
toxin, interferes with various aspects of brain metabolism
and neural transmission, and impairs cerebral water-ion
homeostasis [2. 3]. The above-listed abnormalities contrib-
ute to brain edema, the key pathologic manifestation of acute
HE [4, 5]. The important role of inflammation in the patho-
genesis of HE is being more and more emphasized [6-8].

In acute HE, brain edema leads to the patients’ death
in more than 50% of cases, which is a consequence of
increased intracranial pressure and herniation [4, 9]. While
by analogy to other brain pathologies, brain edema associ-
ated with HE is likely elicited by a combination of cyto-
toxic and vasogenic factors their relative roles have long
remained a matter of debate [4, 10].

The well-established view is that in brain astrocytes
detoxify ammonia by an enzymatic reaction catalyzed by
glutamine synthase [11]. The subsequent accumulation of
glutamine most likely results in cellular edema formation,
despite potential compensatory mechanisms. In agreement
with the long-held view that HE is a primarily gliopathy
[11, 12]. The development of brain edema in HE is believed
to be primarily due to pathological cell swelling referred as
cytotoxic edema. Cytotoxic component of brain edema in
HE is thought to primarily reflect swelling of astrocytes by
mechanisms related to intracellular metabolic and ion imbal-
ance and the ensuing intracellular accumulation of water
[13]. The molecular mechanisms underlying HE-induced
cytotoxic edema have been relatively well delineated. Both
clinical and animal model studies favor the direct role of
ammonia in inducing cytotoxic components of brain edema.
The current view proposes that ammonia induced astrocytic
swelling by a complex interplay of (i) oxidative/nitrosative
stress (ONS) (ii) impairment of import and export of osmoti-
cally active substances leading to intracellular osmotic
imbalance, (iii) mitochondrial dysfunction related to exces-
sive accumulation of ammonia-derived glutamine and suc-
cessive intra-mitochondrial release of neurotoxic concentra-
tions of ammonia [12, 14]. Some details warrant to be the
highlight here.

@ Springer

In the astrocytic mitochondria, ammonia induces ONS by
the formation of free radicals that in turn lead to the patho-
logical condition called mitochondrial permeability transi-
tion pore (mPTP) [15]. The mPTP is characterized by a rapid
loss of inner membrane potential and collapsed mitochon-
drial ATP-synthesis. Additionally, high intracellular Ca®*
concentration is considered to mediate mPTP and altered
mitochondrial redox-state and pH [16]. Although mPTP
has been extensively investigated due to its involvement in
apoptosis in different diseases (e.g., traumatic brain injury,
neurodegenerative diseases. and ischemia—reperfusion) the
pore complex in the mitochondrial inner membrane respon-
sible for the increase in permeability has not been structur-
ally identified [17]. The occurrence of mPTP in ammonia-
treated cultured astrocytes has been associated with cell
volume increase suggesting its role in astrocyte swelling
[18]. Furthermore, cultured astrocytes treated with ammo-
nia and different cytokines: TNF-q, interleukin-1§, interleu-
kin-6, and interferon-y. presented the induction of the mPTP
in a time-dependent and additive manner [19]. Studies on
patients with HE have shown metabolic disturbances in the
brain indicating a compromised oxidative metabolism most
likely due to mitochondrial dysfunction, that were correlated
with elevated levels of glutamine [20].

Experimental evidence underscores the contribution of
the inflammatory component (peripheral or intracerebral) to
cytotoxic brain edema [21, 22]. In turn, the term vasogenic
brain edema reflects water accumulation in the extracellular
space, and is related to its uncontrolled flux across a selec-
tive blood-brain barrier (BBB), in association with periph-
eral osmotically active substances. In contrast to cytotoxic
edema, the role of the vasogenic component in the induction
of brain edema in HE has been disputed [23]. The evidence
is still contradictory and the underlying mechanisms remain
obscure.

Below we discuss BBB alterations in HE pathology, and
the discussion is preceded by a characterization of the com-
position and cytoarchitecture of BBB. Next, we discuss and
present data regarding HE-related impairment in processes
that contribute to endothelial dysfunction and culminate in
increased BBB dysfunctionality. which is understood as a
consequence of the disruption in mitochondrial quality con-
trol processes.

Blood-Brain Barrier

The histological structure of the BBB is organized by the
basement membrane, endothelial cells, pericytes, and astro-
cyte end-feet. The penetrability of this highly selective fas-
tener between blood and CNS is controlled by two check-
points: (1) the endothelial cells, whose cohesive properties
and physical resistance of, supported by the inter-endothelial
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tight junction (TJ) proteins: zonula occludens-1 (ZO-1),
claudin-5, occludin, junctional adhesion molecules (JAM);
and, the adherents complexes, E-cadherin; and (2) the basal
lamina. Both the endothelial cell permeability barrier and
the basal lamina matrix derive from the cooperation between
the endothelium and astrocytes and together constitute the
BBB [24]. The endothelial cell barrier properties are only
partly attributable to TJs proteins [25]: an important role
is played by the stability of the endothelial cell-astrocyte
assembly, which requires matrix adhesion. This view is sup-
ported by (i) high expression of integrins and dystroglycan
at the BBB: (ii) correlation of alterations in the expression
of integrins and dystroglycan with the degree of BBB per-
meability, and subsequent glial activation and neuronal
injury: (iii) breakdown of the cerebral vasculature in trans-
genic mice in which specific integrins are absent [26]. The
above considerations have collectively implicated that BBB
consists of an array of different components, including TJs
and the inter-endothelial adherens complexes (ACs), matrix
adhesion complexes formed between adhesion receptors
integrins on both endothelial cells and astrocytes, dystro-
glycan, a single heterodimeric transmembrane receptor,
distinct from integrins that forms a physical link between
the intracellular cytoskeleton and the extracellular matrix
and anchors astrocytes (for reviews and references see del
Zoppo and Milner [27]). Of note, vertical adhesion could be
a central determinant of the endothelial portion of the intact
BBB. This statement is supported by data indicating dis-
turbed BBB permeability and decreased occludin-5 expres-
sion in mice after functional blocking of 1p-integrin [28].

Pericytes are important constituents of BBB regulating
its functional aspects. While pericytes do not per se induce
BBB-specific gene expression in endothelial cells, they
inhibit the expression of molecules that increase vascular
permeability and CNS immune cell infiltration [29]. Only
recently, a link between pericytes’ loss and symptoms asso-
ciated with neurologic diseases has begun to be elucidated
30, 31]. Uniquely positioned within the neurovascular unit
between endothelial cells of brain capillaries, astrocytes,
and neurons, pericytes regulate BBB formation and mainte-
nance, vesicle trafficking in endothelial cells, vascular sta-
bility, capillary blood flow, and clearance of toxic cellular
by-products necessary for normal functioning of the CNS
[32]. Whether pericytes’ impairment contributes to BBB
dysfunction in HE has not been addressed.

Alteration of the BBB Function and Structure
in HE

Fundamental ultrastructural analysis of the cerebral cortex of
patients diagnosed with ALF reported by Kato et al., docu-
mented swelling of astrocytes end-feet and increased number

of vacuoles and vesicles in endothelial cells and pericytes.
The study also documented that the basement membrane
were enlarged, with generalized rarefaction and vacuoliza-
tion, while TJs of endothelial cells were intact [33]. The
above findings were indicative of BBB disruption in ALF.
Otherwise. the contribution of BBB impairment to HE has
been a matter of contradictory reports. Rats with severe,
acute HE induced by ip. injection of galactosamine and
azoxymethane, have presented brain extravasation to Evans
Blue and alpha-aminoisobutyric acid, the classical markers
of BBB leakage and altered transport, respectively [34, 35].
The reduction in the expression of TJs proteins (occludin,
claudin-5, ZO-1, -2) contributing to a reduction in the integ-
rity of the BBB have become evident in brains from this
rat models [36. 37]. On the other hand. in galactosamine-
induced acute HE in the rabbit, capillary endothelial cells
appeared normal, and no evidence of brain extravasation
to horseradish peroxidase was observed [38]. Discrepant
results have been obtained in animal models of acute HE
based on hepatic devascularization [39, 40].

Reported inconsistencies in the observed BBB impair-
ment may be due to differences in the use of animal spe-
cies and/or acuteness vs chronicity of HE (etiology; toxins/
surgical procedures). In a rat model of chronic HE induced
by bile duct ligation (BDL), an electron microscopy study
revealed anatomically intact BBB structure [41] and decom-
position of ZO proteins expression [42]. Furthermore, in the
same model, no brain extravasation of Evans blue or sodium
fluorescein was found [9], nor any changes in the expres-
sion of the TJs proteins were detected. No breakdown of the
BBB was likewise demonstrated in a rat model of chronic
HE induced by portocaval anastomosis [43]. It is unknown,
whether HE may lead to alterations in the matrix elements,
matrix adhesion receptor expression by both endothelial
cells and astrocytes, factors affecting vascular permeability.
Concluding, alternations of the BBB resulting in permeabil-
ity increase were reported in most of reproducible and well-
characterized animal models of HE (Table 1).

In the above mentioned studies chronic HE produced
minimal HE and, therefore, it remains to be determined
whether BBB breakdown is associated with overt HE. Inter-
estingly, a magnetic resonance imaging study in cirrhotic
patients demonstrated the co-existence of both cytotoxic and
vasogenic brain edema [64]. Early works indicates a signifi-
cant increase in the BBB permeability for ammonia [65],
but subsequent studies have not substantiated alternations
of the permeability-surface arca of the BBB for ammonia in
HE [66, 67]. Collectively, the role of increased permeability
of the BBB in brain edema development and/or progression
deserves more complex and detailed investigation (for dis-
cussion see Scott et al. [21]).

Importantly, some studies underscore the contribution of
inflammatory factors to the vasogenic component of brain
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edema under HE. Inflammatory mediators in peripheral
blood are not able to cross the BBB due to their molecular
size. However, different types of cytokines can modulate
endothelial TJs and thus unlock the BBB [68], or initiate
endothelial inflammatory processes that involve downstream
cyclooxygenase (COX), prostanoids. and NO signaling.
allowing the direct interaction with astrocytes. Increased
brain levels of TNFa, IL-1f, and IL6 and activation of
microglia as a source for intracerebral cytokine production
were reported in experimental models of ALF [69]. Upon
systemic inflammation, microglial cells and astrocytes have
been shown to release proinflammatory cytokines, which
were suggested to contribute to enhanced neuropsychologi-
cal impairment induced by hyperammonemia [11, 70, 71].
The study by Lv et al. suggested that deleterious eftects
of systemic inflammation for the brain are linked with the
observed alterations in the BBB [37]. Mentioned study doc-
umented the crucial role of TNF-« in the development of
BBB abnormalities and corroborated well with the observa-
tion of increased TNF-« in patients with ALF [37]. In aceta-
minophen-induced ALF mice, it was found that increases
in BBB permeability positively correlated with elevated
serum TNF-a levels. which could be prevented by adminis-
tering anti-TNFa-1gG [47]. Similarly, TNF-ct or TNF-a-R 1
antibodies increased the expression of Tls proteins occlu-
din and ZO-1, which result in decreased leakage of Evans
Blue in brains of ALF mice induced by p-galactosamine
and lipopolysaccharide [72]. Additionally. a possible mutual
relation between neuroinflammation, cerebral blood flow,
and intracranial hypertension have been suggested [73. 74].

Because cerebral endothelial dysfunction is often associ-
ated with compromised BBB, understanding the endothelial
factors that regulate vessel function to maintain BBB role
and prevent vascular permeability may provide insights into
disease prevention and treatment.

Mitochondrial-Derived Reactive Oxygen
Species (ROS) in the Endothelial Cells:
Implication to Cerebral Dysfunction
Observed in HE

Endothelium relies predominantly on anacrobic glycolysis
for ATP turnover and mitochondria make up 2-5% of the
cytoplasmic volume of endothelial cells in most vascular
units [75]. Besides its metabolic role mitochondria integrate
signals from the environment, perceive cellular stresses, con-
trol cell death signaling to list a key function. Since mito-
chondria as a major source of oxidative stress contribute to
the pathogenesis of HE, its role as a potential trigger of the
brain endothelial dysfunction upon HE should be uncovered.

Mitochondrial ROS generation in the endothelial cells is
considered as one of the primary cell signaling pathways.

Endothelial cells produce different types of ROS, including
superoxide (O,"), hydrogen peroxide (H,0,), peroxynitrite
(ONOO"), hydroxyl radicals (OH’), and other reactive oxy-
gen and nitrogen species [76, 77].

However, oxidative stress that results from increased oxi-
dant production, reduced antioxidant capacity or both, leads
to endothelial dysfunction by reducing nitric oxide (NO)
bioavailability [78, 79]. Importantly, other sources of ROS
in the vessels include NADPH oxidase (NOX) and xanthine
oxidase [77].

Ammonia was found to cause the increased generation
of ROS in rat brain endothelial cell line (RBE4) [80] and
primary cultures of brain ECs [81]. In RBE4 cells, treatment
with ammonia increased permeability of endothelial cells
monolayer to fluorescein isothiocyanate (FITC)-dextran
(40 kDa). This effect was ameliorated by co-treatment with
a matrix metalloproteinase inhibitor, or an antioxidant, glu-
tathione diethyl ester [80]. The matrix metalloproteinase 9
(MMP9) was also increased in the brain of BDL rats which
accompanied an increase in permeability to sodium fluores-
cein, Evans blue, and FITC-dextran along with an increase
in brain water content [82].

Increased levels of hydroxyl radicals were observed in rat
brain vessels isolated from thioacetamide-induced HE [83].
An increase of hydroxyl radicals (OH') was observed in rat
brains in vivo after direct infusion of ammonium chloride to
the striatum through a microdialysis probe [84]. Increased
levels of nitrites and nitrates (markers of NO production)
were also frequently detected in the brains of animals with
experimentally induced HE [85-87]. Additionally, hyper-
ammonemia in vivo was associated with increased expres-
sion and activity of heme oxygenase-1 (HO-1), a ubiquitous
marker of oxidative stress [88, 89].

It has been shown that exogenously added L-glutamine
reduces NO generation in the brain by inhibiting r-arginine
transport via y + LAT2 exchanger. This effect was addition-
ally potentiated after a direct infusion of ammonia to the
brain via microdialysis probe [87]. or when L-glutamine
accumulated in there during HE [86]. Tentatively, the mech-
anism may also operate in the cerebral capillary endothelial
cells forming the BBB, where enhanced glutamine level also
would modulate L-arginine transport. Of note, increased
expression of y +LAT2 was observed in RBE4 cells upon
ammonia exposure [80], and in rat brains upon hyperam-
monemia in situ [86]. However, the outcome of carrier oper-
ation would depend on r-glutamine cell membrane gradient.
The importance of this mechanism comes to light when con-
fronted with the previous observation that 1-glutamine infu-
sion in the absence of hyperammonemia impairs cerebro-
vascular CO, reactivity. most likely by reducing L-arginine
availability and NO synthesis [90]. A recent study from our
laboratory demonstrated strong differences in the reactiv-
ity of the middle cerebral arteries and in their response to
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extravascular L-arginine application between vessels isolated
from rats with TAA-induced HE and control animals, impli-
cating that impaired vascular tone of cerebral arteries, which
may involve, among other factors, their persistent exposure
to high 1-glutamine [91].

Excess of ROS reduces NO bioavailability through
mechanisms including NO scavenging that occurs when
0O," reacts with NO to form ONOO™, which broadly con-
tributes to cellular ONS and uncoupling of endothelial
nitric oxide synthase (eNOS) [92]. Morcover, dissociation
of eNOS monomers in the uncoupled eNOS is associated
with a higher ratio of eNOS monomer-to-eNOS dimers [83,
93]. In addition, O, can oxidize the essential eNOS cofactor
BH4 to BH2, which subsequently leads to eNOS uncoupling
whereby eNOS produces more O, and less NO and lead
to inactivation of proteins through the nitration of tyros-
ine residues. Such proteins include the antioxidant enzyme
MnSOD [94, 95].

In our very recent study. a decrease of eNOS content and
its uncoupling concurred with and was likely causally related
to, both increased brain content of ROS and decreased cere-
bral cortical blood flow (CBF) in the thioacetamide-induced
animal model of acute HE [83].

The specific mechanisms by which mitochondria in the
endothelium release ROS and uncouple eNOS involve mito-
chondrial ATP-dependent potassium channel (MitoK*ATP)
activation and subsequent induction of mPTP. MitoK*ATP
activity is regulated by falling ATP and rising ADP levels,
thus linking cellular metabolism with membrane excitability
[96].

It was recently reported, that the MitoK*ATP channel is
involved in Parkinson’s disease (PD) mainly via the regula-
tion of mitochondrial biogenesis and fission/fusion [97]. At
the molecular level, the authors using in vivo and in vitro
rotenone models of PD documented that the pore subunit
of Kir6. 1, the major component of the MitoK*ATP channel
was the key contributor in its interaction with mitochondrial
dynamics.

It is important to underline that mitochondria are both
the source and a target of excess ROS. Excessive genera-
tion of ROS, particularly of ONOO™ can result in oxidative
damage to the mitochondrial respiratory complexes [98].
Cytoplasmic ROS may elicit mitochondria depolariza-
tion, at least in part through the opening of MitoK*ATP
channels. which results in mitochondrial ROS release by
respiratory complexes and the mPTP. The release of mito-
chondrial ROS may further activate NADPH oxidase via
protein kinase C, resulting in increased cytoplasmic O~
production and reduced NO bioavailability [99]. On the
other hand, hyperammonemia was also found to be associ-
ated with a decreased activity of antioxidant enzymes (glu-
tathione peroxidase, superoxide dismutase, and catalase) in
the brain, both in the cytosolic and mitochondrial fractions

@_ Springer

[100]. In line, glutathione accumulation in the extracellu-
lar space of rat prefrontal cortex upon ammonia infusion
was previously documented [101]. Of note, manipulations
resulting in the recovery of the enzyme activities of the GSH
metabolism ameliorated HE symptoms both in experimental
animals [102] and in human patients [ 103]. Moreover, excess
ONOO™ can also lead to inactivation of the endogenous pro-
teins, antioxidant mechanisms (i.e., mitochondrial SOD2)
through nitration. Changes in nitrated proteins content sup-
porting this scenario were observed in brain homogenates
obtained from rats with TAA-induced acute HE [83]. The
above data support the concept that ONS contribute to the
alterations in BBB permeability and thus to the vasogenic
component of cerebral edema associated with HE.

Aberrant Mitochondrial Quality Control
Linked to Endothelial Dysfunction

The role of mitochondria in brain endothelial cells has previ-
ously been underestimated since vascular endothelial cells
are located in juxtaposition to types of cells, that heavily
rely on oxidative phosphorylation. Such cells, which in the
periphery are represented by skeletal muscle cells and car-
diomyocytes, predominantly rely on anaerobic glycolysis
for ATP turnover, and mitochondria make up 2-5% of their
cytoplasmic volume [104].

The location of the mitochondria within the endothe-
lial cell of different organs and locations differs, largely
depending on the signaling required. For instance, in pul-
monary artery endothelial cells where oxygen sensing
is relevant, mitochondria are localized near the nucleus,
ensuring hypoxia-induced transcriptional regulation [105].
In turn in coronary arterioles, endothelial mitochondria
are anchored to the cytoskeleton, initiating vasodilation
in response to shear stress [79].

Cellular mitochondrial content is tightly regulated
and is determined by the balance between mitochon-
drial biogenesis and degradation through the process
called mitophagy, the form of autophagy in mitochondria
(removal of damaged organelles). Mitochondrial organiza-
tion, which is fundamental in determining their function,
is determined by the balance between fusion and fission
that determines the mitochondrial number, morphology,
and size (Fig. 1) [106]. The cytoskeletal organization,
which has a relevant role in maintaining mitochondrial
network and function [107]. Mitochondrial quality control
is required for optimal mitochondrial function, therefore
dysregulation of these processes due to disease-related
alterations initiate mitochondria-mediated cell senescence
and apoptosis [78, 108]. In the brain, pathological state-
associated disturbances in mitochondria quality control
purportedly leading to cerebral endothelial dysfunction,
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and BBB impairment have gained attention only lastly
[109]. In more general terms. the imbalance between
controlling processes was documented and discussed in
various disorders such as cancer, neurodegenerative and
cardiovascular diseases [110-112].

Decreased mitochondrial biogenesis, one of the deregula-
tory events in the endothelium, is related to the regulator’s
peroxisome proliferator-activated receptor-y coactivator-1a
(PGC-1a) and mitochondrial transcription factor A (TFAM)
[113]. Further, dysregulation of mitochondrial dynamics is
caused by an imbalance between proteins involved in fission
[dynamin-related protein 1 (DRP1) and fission 1 (FIS1)] and
fusion (transmembrane GTPases mitofusin 1 (MEN1) and 2
(MFN2) and the optic atrophy protein 1 (OPA1)). Mitochon-
drial fusion allows the transfer of gene products between
mitochondria for proper functioning in normal conditions
and specifically during metabolic and oxidative stress. In
turn, mitochondrial fission is crucial for mitochondrial divi-
sion and quality control. The role of mitochondrial failure
was often described as associated with dysfunctional BBB
in different neurologic disorders, including stroke, Alzhei-
mer’s disease, Parkinson’s discase, Huntington’s discase,
and epilepsy [114-119]. In so far, the role of altered mito-
chondrial dynamics involving fission, fusion, and mitophagy
processes, has not been adequately explored in the context
of BBB dysfunction upon HE.

Fig. 1 Schema of fusion/fission
processes in the mitochondria.
Mitofusin 1/2 and OPA1 are
major proteins that conirol
mitochondrial fusion. Mfnl

and Mfn2 locate in the outer
mitochondrial membrane with
their GTPase site facing the
cytosol to coordinate the fusion
process with the outer mem-
brane of opposing mitochon-
dria. OPA1 protein, localized
in the intermembrane side,
controls the fusion of the inner
mitochondria membrane. DRPI,
MIT, and Fis| proteins regulated
mitochondrial fission. DRP1

is localized in the cytosol and
recruited to the outer mitochon-
drial membrane during fission.
Fis1 and Mff are located in the
outer mitochondrial membrane
and work as the adaptor for
DRP1

Fission

Effects of HE-Key Factors: Ammonia

and TNFa on the Mitochondrial Membrane
Potential, the Expression of Genes Involved
in Mitochondrial Fusion and Fission,

and Morphology of Mitochondria in Cerebral
Endothelial Cell

We analyzed mitochondrial membrane potential and the
expression of genes involved in mitochondrial fusion and fis-
sion in the rat brain endothelial cells (RBE4 cell line) treated
with 5 mM ammonium chloride “*ammonia” and 50 ng/ml
of rat recombinant TNFu (Sigma-Aldrich, St, Louis, MO,
USA). Both compounds were added into the cell culture
medium for 24 h. We haven’t noticed any cell culture density
changes or morphological alterations under inverted micro-
scope (Fig. 2A). The expression analysis of genes coding
mitochondrial fusion/fission proteins: opal, mfnl, fisl, and
m{f (mitochondrial fission factor; MFF) revealed a decrease
of opal, mfnl, and, evident, but to be confirmed tendency to
increase of the fission related fis/ gene indicating disturbed
fission process in the mitochondria of RBE4 cells upon treat-
ments with both factors (Fig. 2B). Besides Fis| participation
in the mitochondrial fission via interactions with the Drpl.
or by prevention of mitochondrial fusion through the inhibi-
tion of Mfn2/Opal, Fisl participates in mitophagy through
recruitment of TBC1D15/17 and Syntaxinl7 to mitochon-
dria [120]. Fis1 is also proposed to interact with BAP31,

Fusion
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Fig.2 The effect of ammonia and/or TNFa treatment (5 mM
ammonium chloride; 50 ng/ml TNFa; 24 h: Sigma-Aldrich; St.
Louis, MO, USA) on RBE4 cell culture morphology and growth
(A), mitochondrial gene expression (B), mitochondrial membrane
potential (MMP) (C), monolayer permeability for fluorescein iso-
thiocyanate (FITC) dextran 40 kDa (D). Relative gene expression
was analyzed using the real-time PCR method followed by AACt
quantification analysis in relation to beta actin gene expression.
Probes for opal(#Rn00592200_m1). mfl (#Rn00594496_m1),
SisI(#RnO1480911_m1), mff (#Rn01400790_ml) and acth (Rn
0066789_m1) were purchased from Applied Biosystems, Waltham,
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USA. MMP was established using a Mitochondrial Membrane
Potential kit, based on a JC-10 fluorescence probe, according to the
manufacturer’s protocol (cat# MAK159, Sigma-Aldrich, Saint Louis,
USA). Cells monolayer permeability for FITC-dextran (30 min expo-
sition) was measured fluorometrically at 485/520 nm. Results are
mean+SD (n=4); Two-way ANOVA test with Dunnett’s multiple
comparisons test was performed using Graph Pad Software *p<0.05
vs control; **p<0.01 vs control; # 0.05<p<0.1 (tend toward sig-
nificance) (panel B). One-way ANOVA test with Dunnett post-hoc
test was performed using Graph Pad Software *p <0.05 vs control;
#*#p<0.01 vs control: *#p <(.001 ys control (panel Cand D)
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inciting apoptosis [121]. Thus, Fis] may act an important
role in mitochondrial alternations during HE.

The measurement of mitochondrial membrane poten-
tial (MMP) revealed engrossing observation. MMP was
decreased in both ammonia-treated groups after a short 30
exposition. In turn, MMP was not significantly affected by
ammonia but reduced in both TNF«- treated groups after
24 h (Fig. 2C). The short exposition of ammonia exerts
probably toxic effects mainly by disturbing the pH balance.
Ammonia in solution is present as NH; or NH,*. NHj; is
a weak base in gaseous form, since NH,* is a weak acid.
Because ammonia pKa is relatively high (approximately 9.2)
most of total ammonia at physiologic pH is NH,* [122, 123].
Ammonia toxicity results from disruption of the H* gradient
across the inner membranes of mitochondria. Due to relative
alkalinity of the mitochondrial pH as compared to the cyto-
plasmic pH ammonia exits the mitochondrial matrix along
this gradient and binds to H" in the inter-membrane space,
thereby eliminating the H* gradient necessary for ATP
synthesis [124]. In addition, NH," could compete with K*
ions at the K* binding site of K*-channels and affect excit-
ability and membrane potential in neurons [125]. Whether
the same applies to endothelial mitochondria is not clear. In
turn, the effects of TNFa may be linked with TNFa receptor

>

500+

i

400+

300+

200+

100+

ROS content
(fluorescence/mg of protein)

Fig.3 The effect of ammonia and/or TNFa treatment (5 mM ammo-
nium chloride; 50 ng/ml TNFa; 24 h: Sigma-Aldrich; St. Louis, MO,
USA) on the content of reactive oxygen species (ROS) (A) and total
antioxidant capacity (TAC) (B). ROS levels were measured using the
fluorescent probe 2'.7*-dichlorofluorescein diacetate (DCF-DA) 5 pM
for 30 min at 37 °C. The fluorescence of cells was detected using
Fluorescence Microplate Reader FLUOstar OMEGA (BMG Labtech,
Ortenberg, Germany) with an excitation wavelength of 485/20 nm
and emission wavelength of 528/20 nm. TAC was measured using the

Total antioxidant capacity

activation and further signals transducing. In the endothe-
lium, TNFa induces inflammatory responses by enhancing
adhesion molecule expression and cytokine secretion [ 126,
127].

To verify if ammonia/TNFa treatment and observed
mitochondrial impairment disturb endothelium function
we measured cell monolayer permeability to isothiocyanate
FITC-dextran. Simultancous ammonia/TNFa administration
caused a significant increase in permeability indicative of a
disturbed barrier function of the endothelial cells (Fig. 2D).
Experiments demonstrated an almost fourfold increase
in ROS content in all treated cells with an accompanying
decrease of total antioxidant capacity (TAC) especially, after
simultaneous ammonia and TNF« treatment (Fig. 3).

We verified the morphology of mitochondria in cerebral
vessels isolated from rats with hyperammonemia (OA) and
thioacetamide (TAA)—induced acute liver failure. Both
models were performed on male Sprague—Dawley rats (Tac:
Cmd: SD, weight 200-220 g) supplied by the Animal House
of Mossakowski Medical Research Centre, Warsaw, Poland
(Approval no. 57/2015 (14 May 2015 from the 4th Local
Ethics Committee for Animal Experimentation, Warsaw,
Poland, as compliant with Polish Law). Briefly, hyperam-
monemia (OA) was induced by ip. injections of ammonium
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TAC Assay kit (cat# MAK187. Sigma-Aldrich, Saint Louise, USA)
according to the manufacturer's instructions by the estimation of the
capacity of the total antioxidants in the sample to convert Cu™ in its
reduced form, Cu* which chelates with a colorimetric probe, giving
a broad absorbance peak at ~570 nm. Results are mean+SD (n=4):
One-way ANOVA test with Dunnett post-hoc test was performed
using Graph Pad Software **p <0.01 vs control; **#*p <0.001 vs con-
trol
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«Fig.4 Mitochondria of cerebral vessels isolated from the brains of
rats with hyperammonemia (OA) and thioacetamide (TAA)-induced
acute liver failure. The length of the mitochondria in the brain ves-
sels endothelium in the electron microscopy images was determined
by quantitative evalvation using Digimizer Image Analysis Software
(MedCale Software Lid. Ostend. Belgium) (A). Mitochondrial mem-
brane potential (MMP) in cerebral vessels mitochondria of control,
(OA), and (TAA)-administered rats was determined using Mitochon-
drial Membrane Potential kit (cat# MAK159, Sigma-Aldrich, Saint
Louis, USA) (B). Representative electron microscopy images of cer-
ebral vessel mitochondria and confocal microscopic image of vessels
with von Willebrand factor immunostaining (C). Relative mitochon-
drial gene expression was measured using the real-time PCR method
followed by AACt quantification analysis to beta-actin gene expres-
sion. Details of probes used are listed in the legend to Fig. 3 (D). All
results are mean +SD (n=4): Two-way ANOVA test with Dunnett’s
multiple comparisons test was performed using Graph Pad Soft-
ware *p<0.05 vs control: **p<0.01 vs control (panel B). One-way
ANOVA test with Dunnett post-hoc test was performed using Graph
Pad Software *p <0.05; **p<0.01; ***p<0.001 (panel C and D)

acetate (600 mg per kg) at 12 h intervals for three days.
Acute liver failure was induced by thioacetamide (TAA) ip.
administration (300 mg per kg at 24 intervals for three days).
The control (sham) group received 0.3 mL of 0.9% NaCl
(ip. for 3 days). Brain cortex microvessels were isolated on
saccharose gradient as described carlier [63].

Electron microscopy documented enlarged mitochondria
in the brain endothelial cells of OA and TAA rats suggesting
mitochondrial swelling that occurs in both models (Fig. 4A).
however. the mitochondria aspect ratio (width/length)
evaluated using Digimizer Software (MedCalc Software
Ltd., Ostend, Belgium) was unchanged. The mitochondrial
membrane potential measurement in rat brain microvessels
revealed a tendency toward a decrease in both experimental
models which implies mitochondrial dysfunction leading
to brain vessels energy depletion (Fig. 4B). The expression
analysis of genes coding key fusion/fission proteins: opal,
mfn, fisl, and mff indicated possible increased fission of OA
cerebral mitochondria and a decreased fusion of cerebral
mitochondria from TAA rats, but further experiments are
needed to prove this phenomenon (Fig. 4D), since gene
expression changes are not necessarily reflected at the pro-
tein level.

Roles of Mitochondrial Membrane Potential
(Ay) and Calcium for ROS Generation
by the Mitochondria

The issues circumscribed by the title of this section have not
been elaborated in our laboratory, but. definitely deserve
comment. The role of mitochondrial membrane potential

(Awy) in ROS production is ambiguous. The complexity of
the issue is underscored by findings variably associating
ROS production with hyperpolarization and depolarization,
likely depending on pharmacologically active agents and
substrates being used, and the respiratory and cytoplasmic
redox potential of the mitochondria. Selective MitoK*ATP
openers that decrease Ay in the cerebrovasculature do not
increase ROS production [128].

The role of mitochondrial Ay and ROS production in
vascular dysfunction derives from data demonstrating that
compared to healthy controls, arterioles and circulating
mononuclear cells from patients with obesity and type 2
diabetes are characterized by mitochondrial membrane
hyperpolarization (more negative Ay), reduced mitochon-
drial mass. and greater ROS production [129-131]. Impor-
tantly, differences in mitochondrial membrane potential
were observed as well. Mitochondrial alterations including
membrane hyperpolarization reduced NO bioavailability and
affected vascular function [103, 104]. In the former study,
mitochondrial ROS production in monocytes was negatively
correlated with artery flow-mediated dilation [129], a marker
of endothelial function in humans.

Intracellular Ca** is essential for maintaining endothe-
lium integrity and function [132]. In particular, the inter-
action of mitochondria with the endoplasmic reticulum
is central in regulating intracellular Ca®* levels. and this
process directly involves mitochondrial Ca®* uptake and
cycling [133]. In addition to intracellular Ca®" homeosta-
sis control, mitochondrial Ca** levels play obvious roles in
mitochondrial metabolism, cell signaling, biogenesis, and
morphology [134], processes pertinent to optimal vascu-
lar function. In endothelial cells, increases in intracellular
Ca’* lead to eNOS activation and subsequent NO produc-
tion [132]. As previously documented by our group, high
levels of ammonia evoked a durable decrease of the basal
intracellular Ca’* level in RBE4 cells [135], which may
contribute to cerebral vascular endothelial dysfunction
associated with hyperammonemia and/or HE. The pres-
ence of ammonia-sensitive intracellular Ca®* reservoirs
has been previously described in bovine aortic endothelial
cells [136]. However, the details of the evolution of Ca”*
to BBB dysfunction associated with HE have not been
unraveled in those studies. Of note, increased Ca’* efflux
from brain mitochondria was observed in rats injected with
ammonia [137].

Whether and how Ca®* fluxes or other intermediary
events occurring at the molecular or cellular level affect
the function of cerebral blood vessels are translated into
their functioning are intriguing questions worth further
investigation.,
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Conclusions

Investigations carried out to date revealed numerous poten-
tial links between various aspects of mitochondrial dynamics
in rat brain endothelial cells and BBB dysfunction and its
role in the pathogenesis of HE. However, the picture is far
from being complete and the roads to the goal are filled with
methodological obstacles. In terms of mitochondrial dynam-
ics itself, the evidence regarding responses of its executors is
still in a very preliminary stage. In terms of its link to BBB
disruption, the status is obscured by a great model-to-model
variability. which makes it difficult to translate the experi-
mental results to clinical observations. Undoubtedly, an
extension of the present knowledge on endothelial ammonia
metabolism and how it affects the endothelial mitochondria
is needed. Issues such as the role of glutamine metabolism
and transport, operation of the glutamate/glutamine cycle,
very well described in astrocytes, remain almost unad-
dressed concerning brain endothelial cells. Raising the level
of knowledge of the above aspects of metabolism in HE-
affected endothelial mitochondria to that already acquired
about astrocytic mitochondria should help to unravel the
secrets of BBB disruption and brain edema in HE.
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ARTICLE INFO ABSTRACT

Keywords The endothelial and epithelial cells form biological barriers, the unique anatomical structures that control
T dothelial Electrical Res substance movement between circulation and ie., organs. M ing tra dothelial electrical resistance
Barrier

(TEER) is a dard method that enables the eval of barrier integrity. The capability of a novel measuring
system (MS) that combines innovative components, customized electrodes, and user-friendly software tailored to
provide accurate and adj I dothelial barrier integrity. We demonstrated MS usage in
TEER measurement of rat brain microvascular endothelial cell line (RBE-4), primary rat brain microvascular
endothelial cells (PBMEC), rat brain microvascular endothelial cells (BMEC), and human intestinal epithelial cell
line (HIEC-6). The MS was successfully applied to e the TEER of cultured cell monolayers, finding that 1)
the device records stable values; 1f) cells treated with ammonium chloride had lower TEER values compared to
untreated cells, which was verified with permeability measurements with fluorescein dye and confocal micro-
scopy. In conclusion, we invented a low-cost MS capable of accurate TEER es in rel biological
ranges. The MS instrument facilitates long-time, real-time monitoring of the cellular barriers, giving vital mslgh!s
into cell barrier stability, permeability, and the effects of pharmacological sub es. The ized mea-

Cell Monolayer Resistance

measur of

surement duration and electrode configuration meet a broad range of experimental designs.

1. Introduction

The biological barriers are formed by endothelial and epithelial cells
throughout the body. The tight junctions (TJ) composed of different
proteins are critical for the maintenance of body homeostasis by con-
trolling the permeability of substances across the cellular barriers
separating the luminal and ab-luminal sides |1 |. Therefore, the perme-
ability of endothelial/epithelial cell monolayers forming a particular
barrier has been widely studied in pharmaceutical research [ 2-4], and is
well recognized in biology, medicine and pharmacology. The

interventions on cell barriers, a critical feature in studies of drug safety
and efficacy. With time, a multitude of technologies and methodologies
have been created with the purpose of precise value quantification.
TEER is a quantitative assessment of the electrical resistance presented
by a cellular monolayer, consisting of endothelial cells, that is cultured
on a permeable membrane [5]. The main factor contributing to elec-
trical resistance is the ion-selective characteristics of the cell membrane
and the TJ composed of different proteins between neighboring cells
[6]. The essential idea underlying TEER measurement entails the
application of a minute electric current across the cellular monolayer,

trans-endothelial electrical ce (TEER) ement technique is
employed to quantify the barrier function and integrity of endothelial
cell monolayers. This assessment is of utmost importance in compre-
hending various physiological processes and the transport of drugs
across biological barriers. Additionally, TEER measurements are used to
assess the impact of drugs, drug candidates, and therapeutic

foll 1 by the ement of the resultant voltage drop [7] Ohm's
law, denoted by the equation V — IR, is commonly employed in the
computation of TEER. In this context, V represents the voltage, | denotes
the current, and R signifies the resistance. This technique is commonly
measured in units of Ohm-cm” and serves as an indicator of barrier
integrity [8,9]. Higher TEER values are indicative of tighter cell

Abbmv;au'ons: BBB, Blood-brain barrier; BMEC, rat Brain Microvascular Endothelial Cells; HIEC-6, Human Intestinal Epithelial Cell line 6; PBMEC, Primary rat
Brain Microvascular Endothelial Cells; RBE-4, Rat Brain Endothelial Cell line 4; TEER, Trans-Endothelial Electrical Resistance.
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Scheme 1. Measuring system (MS) state machine.

junctions and proper barrier function [10]. There have been notable
improvements in the development of TEER measurement devices during
evolution. Usually, the measurement of TEER is conducted using ordi-
nary voltmeters and electrodes, resulting in restricted precision and
necessitating manual computations. Nevertheless, with the growing
demands of research, there is a need for the development of increasingly
advanced instruments.

Since TEER technique limitations are related to measured signal
stability due to setup difficulties and the accuracy of the results, here we
report a custom-made TEER measurement system (MS) that can be
tailored to specific experimental setups, improving accuracy and
reproducibility. The MS provided precise and consistent measurements,
allowing for monitoring of time-dependent changes progression with the
elimination of the effects of pH, temperature, and potential drug treat-
ments in a controlled environment. The capability of the MS was
demonstrated by using a confluent rat brain microvascular endothelial
cell line (RBE-4), primary rat brain microvascular endothelial cells
(PBMEC), and human intestinal epithelial cell line (HIEC-6). The re-
cordings were verified with cultured cells monolayer permeability
measurements and microscopy analysis with immunofluorescence
staining towards TJ protein, zonula occludens 1 (ZO-1), and nucleus,
conducted to observe the morphology of the cells. In addition, compared
with measurement with Millicell ® ERS-2 Voltohmmeter- derived values
(EVOM).

The advantages of simple design and the low cost make the tech-
nology translational to other laboratories to facilitate TEER research.
Customizable MS for TEER measurements can aid in the development of
drug delivery systems, such as nanoparticles or liposomes, by assessing
their ability to cross or bypass cell barriers. The MS is designed to meet
specific needs, providing higher precision and control over experimental
conditions that can lead to more standardized and reproducible results
across different laboratories.

2. Materials and methods
2.1. Electrode fabrication
Silver round rod with 1 mm in diameter was machined to achieve 20

mm long, smooth electrodes. Those small rods were soldered to PCB,
keeping perpendicularity to PCB surface and length equality [9].

Sensors and Actuators: B. Chemical 404 (2024) 135192

2.2. Measuring system programming

Automatic systems require a CPU for operation. C2000 family
(TMS32369D) from Texas Instruments was used in MS. The system
contains many components governed by the main CPU. Implemented
software takes care of the proper sequence of the control state algorithm.
After powering up, a self-test is conducted. CPU checks communication
and supply levels. Next autocalibration takes place. Autocalibration is
also performed before each measurement series to ensure that envi-
ronmental changes (temperature, humidity) are not ignored in the final
results. Calibration checks the resistance of wires and compensates the a
and b components of the a function y = ax + b. Two test resistance
values were chosen: 0 Q and 10 kQ, which are mounted on the head-
board. Some deviations are minimized by the use of high-precision
reference resistors. Scheme 1.

2.3. Electromagnetic compatibility test according to EN IEC 55016-1-
1:2019 standard

The test of MS was conducted in a controlled environment, including
an anechoic chamber to minimize external electromagnetic interference.
A radiated emission test was conducted after positioning the device in
the test chamber according to the standard’s requirements. Appropriate
antennas and measurement equipment to record emissions at various
frequency ranges were used. An emission test was carried out after
connecting the appropriate test setup with the necessary probes. The
emissions over a range of frequencies and amplitudes were measured.
An immunity test was performed by applying electromagnetic fields to
the device at specified levels and frequencies. Data tests were recorded,
including emissions levels, test parameters, and any observed anomalies
or failures. Data were analyzed with the EMC requirements specified in
the EN 55016 standard.

2.4. Cell culture and treatment

RBE-4 (a kind gift from prof. Michael Aschner, Albert Einstein Col-
lege of Medicine) and rat Brain Microvascular Endothelial Cells (BMEC,
ScienCell, Cat. No. #R1000) were cultured on the 100 mm dishes
(Corning, NY, USA) coated with collagen type [ with Minimum Essential
Media (MEM)/Gibco Ham’s F-10 Nutrient Mixture (Thermo Fisher Sci-
entific, Waltham, MA, USA) with the addition of 10% Fetal Bovine
Serum (FBS), Basic Fibroblast Growth Factor (bFGF) and Gentamicin
(Thermo Fisher Scientific, Waltham, MA, USA). After 14-21 days when
most cells displayed an endothelial phenotype and covered a minimum
of 90% of the surface cells were used for further experiments.

Primary Brain Microvascular Endothelial Cells (PBMEC) were iso-
lated from the brain cortex of 14-day-old Sprague-Dawley male rats
from the animal colony of Mossakowski Medical Research Institute,
Polish Academy of Sciences directly according to the protocol [11]. Cells
were seeded on a 6-well plate coated with collagen I (Corning, NY, USA)
and cultured in Dulbecco’s Modified Eagle's Medium (DMEM) con-
taining 20% FBS and supplemented with basic fibroblast growth factor
(bFGF) and heparin. In the first two days, puromycin was added to the
culture medium to inhibit neuron and astrocyte growth.

Human intestinal epithelial cell line (HIEC-6, ATCC, Manassas, VA)
was cultured in OptiMEM 1 Reduced Serum Medium (Gibco), containing
4% FBS, 20 mM HEPES, 10 mM GlutaMAX (Gibco) and 10 ng/mL
Epidermal Growth Factor. Subsequently, cells were incubated in a hu-
midified atmosphere of 5% CO; at 37 "C. Cells were seeded at a density
of 6 x 107, cultured in 0.4-mm polycarbonate filter transwell chambers,
previously coated with collagen I (Corning Costar, Corning, NY, United
States) at 37 “C in a humidified atmosphere of 95% air and 5% CO2.

Cells were treated with 5 mM ammonium chloride (“Ammonia™) or
methylammonium chloride (MA), serving as a control of pH influence of
TEER values, and incubated for 24 h. TEER values of cell cultures were
measured and expressed in Q.cm? calculated by subtracting the
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resistance of control without cells and a transwell with cells.
2.5. Resistance measurements

Chopsticks of the Millicell ® EVOM system were first submerged in
the 1X PBS. The electrode was placed into the buffer solution, and after
30 s, the instrument displayed a stable resistance value, which served as
a baseline. Each trans-well with cell monolayer was oriented correctly,
the liquid in the 24-well plate contacted the culture medium in the trans-
well. The electrode was inserted into the medium in a trans-well,
avoiding cell contact or any air bubbles. After measurements cells
were returned to the incubator for further experiments. The electrode
was cleaned according to the manufacturer’s instructions and kept in an
incubator at 37 °C. Measurements were repeated in 6-hour intervals for
72 h. Each well of trans-well was measured 4 times with two devices in
random order.

The experiment carried out with MS was followed by 24-electrode
array disinfection by 70% and sterilized in UV light for 30 min. Elec-
trodes were placed into the cell culture medium upon the surface of the
cell monolayer. Electrodes were plugged into the measuring system and
measurement started by pressing the "Single” button. The resistance
values were displayed in every 24 wells and recorded on a memory card.
Also, by using the “Record” button the resistance of each 24-transwell
was continuously measured every five minutes for 72 h. During this
time device with a cell culture plate was placed in the incubator.

2.6. Resistance measurements in variable culture medium pH and
temperature

Three different cell culture media were adjusted to the desired
temperature (37 °C, 35 °C, and 32 “C) as well as pH levels (6.8, 7.8, and
8.8) using a pH meter and appropriate pH-adjusting chemical. For ac-
curate results, measurements were maintained 1 h after reaching the
desired pH and temperature culture medium and repeated 4-times in
each cell culture transwell.

2.7. Permeability assay and protein measurement

The experiments were carried out immediately after the resistance
ements. Monolayer permeability was measured using 40 kDa
fluorescein-5-isothiocyanate (FITC)-labeled Dextran (Sigma Aldrich, St.
Louis, MO, USA) at a concentration of 1 mg/mL. After 40 min incuba-
tion, 100 pL of samples were taken from the lower compartment, fluo-
rescence was measured (in triplicates) in a FLUOstar Omega (BMG
LABTECH, Offenburg, Germany) at excitation/emission wavelength of
485 nm/520 nm. The intensity of (FITC)-labeled Dextran fluorescence
was expressed in arbitrary units (a.u.).

2.8. Immunocytochemical and immunofiuorescent staining

Cells were seeded onto collagen I-coated coverslips at a density of
3 x 10? cells/well and cultured for 5-7 days. Cells were fixed with 4%
paraformaldehyde/PBS and permeabilized with 0.25% Triton X-100/
PBS. Secondly, were incubated with antibodies against ZO-1 (1:400,
33-9100, Thermo Fisher Scientific, Waltham, MA, USA,) overnight at
4°C and then exposed to secondary antibody Alexa Fluor 488 goat anti-
rabbit IgG (H+L) (1:1000, Thermo Fisher Scientific, Waltham, MA, USA,
Cat. No. A11008). The nuclei were labeled with Hoechst 33258 (Thermo
Fisher Scientific, Waltham, MA, USA, Cat. No.: H1398). Images were
acquired in a confocal laser scanning microscope LSM780 (Zeiss, Jena,
Germany) and processed using the ZEN 2012 (Zeiss, Jena, Germany).

2.9. Statistical analysis

Data were analyzed and visualized using Prism 7 (GraphPad Soft-
ware Inc., La Jolla, USA). Results were presented as mean £ SD. The

Sensors and Actuators: B, Chemical 404 (2024) 135192

statistical significance between various groups or treatments was
measured by unpaired t-test or one-way ANOVA with Dunnett’s post hoc
test. In all experiments, p-value < 0.05 was considered to be statistically
significant, **** p < 0.0001, ** p < 0.01, * p < 0.05, without asterisks
means no significance.

3. Results
3.1. MS construction

The cellular integrity measuring transducer consists of a base frame
plate constructed from laminate material, including both an upper and
bottom surface. The cranial area is distinguished by the presence of a
structural plate on which at least one pair of measuring electrodes is
attached. The electrodes have been purposefully designed for insertion
into the transwell, which is strategically located inside the cell culture
plate. The measuring electrodes consist of a peripheral electrode and a
central measurement electrode, both of which are aligned in a parallel
configuration. Moreover, electrodes are attached to the bottom surface
in a perpendicular configuration and their design is characterized by
elongated and thin cylindrical shapes. The top surface of the frame plate
is comprised of a copper layer, to provide electromagnetic shielding. The
measuring electrodes are attached to a connecting point using a multi-
wire ribbon. Within the framework of the MS setting, the electrodes
are arranged in the form of cylindrical rods, which are placed vertically
starting from the topmost section, namely from the head. The choice of
this specific design is chosen to reduce the influence of the probe’s form
on the precision of the measurements. The technology adopted suc-
cessfully reduces the impact to a level substantially lower than the ac-
curacy shown by the analog-to-digital converters (ADCs) used in actual
applications. In addition, the use of vertically aligned electrodes serves
to efficiently mitigate the potential occurrence of measurement errors
arising from transwell membrane displacement. The phenomenon of
membrane bending is concomitant with a concurrent modification in the
separation between the membrane and the probes, resulting in alter-
ations to the resistance and impedance of the system. Furthermore, it is
important to acknowledge that the length of the measurement is limited
to a certain time frame of 1- milliseconds. Subsequently, this is followed
by a 5-minute delay during which no excitation signal is present. The
deliberate absence of stimulation leads to a significant decrease in the
invasive effects of the measuring approach on the cell culture, exhibiting
a reduction of 30,000 times in comparison to measurements conducted
using a continuous signal. Furthermore, the device guarantees the
preservation of uniform measurement parameters, hence assuring the
reliability and consistency of the collected data. The geometric repeat-
ability of the mutual arrangement of the wells concerning the probes is
ensured by the proper design of the head and probes. This procedure
ensures the systematic gathering and uniformization of measurements
acquired from each culture well. The item has many notable charac-
teristics that set it apart from other items in its specific category.
Initially, the system operates at a heightened speed due to its use of a
parallel measuring approach, as opposed to sequential measurements.
Moreover, it ensures the reliability of measurements by the imple-
mentation of auto-calibration before each set of measurements. More-
over, the gadget has outstanding characteristics, including an extended
scope of measurements and improved accuracy. Lastly, it is crucial to
note that the gadget is priced in a comparatively competitive way con-
ceming other existing alternatives. Furthermore, the distinctive
arrangement of the head facilitates the effective use of conveniently
accessible plates that house culture wells. Battery-operated gadgets can
be situated inside a hermetically sealed incubator close to the culture.
The use of MS technology ensures a consistent and reliable setting, hence
eliminating the need to address the inconvenience associated with
installing power cords inside the sterile incubator. When faced with the
presence of sizable, immobile machinery, it becomes crucial to extract
the culture plate from the incubator, thereby exposing it to external
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Fig. 1. General device construction A, Lateral representation of the instrument with measuring head B. MS scheme including a single culture well. A- device cover, B-
culture plate, C- culture well, D- measuring head, F- detachable multi-wire ribbon, |- transwell, Q- connector, ADC- analog-to-digital canverter, CPU- signaling
processor Ec- central electrode, Ez- external electrode, LCD- display, $D- memory card.

variables that might result in contamination. The apparatus can perform
automatic measurements while consistently remaining inside the incu-
bator. Furthermore, MS is equipped with batteries that provide unin-
terrupted operation for a continuous period of two consecutive days.
Furthermore, it is feasible to extend the duration of maintenance-free
operation to a span of four days. Following the completion of a four-
day duration, it is possible to detach the depleted power bank and
substitute it with a fully charged altemative, facilitating an extra period
of functionality lasting two days. The device shown in F'ig. 1 comprises a
housing (A) onto which a culture plate (B) is positioned. The culture
plate consists of culture wells (C) and culture transwell (I). The
measuring device, known as the measuring head (D), is situated above
the culture plate and comprises two measurement probes: a center probe
(Ec) and an outside probe (Ez). The measuring head is connected to the
housing (A) by a detachable multi-wire ribbon cable (F) which is secured
through a connector (Q). The housing encompasses all essential com-
ponents required for the functioning of the gadget. The aforementioned
components refer to electronic systems that are responsible for con-
trolling device operations and processing measurement data. The
housing of the system comprises many integral components necessary
for its operational efficacy. The system is composed of many essential
elements, including a signal processor, an analog-to-digital converter, a
power supply system powered by a current source, a control panel that
may have a touch display or analog panel, and a memory card. The
housing serves as the primary mechanical component of the gadget as a
whole. The device's construction has a designated area for the posi-
tioning of a culture plate (B).

The culture plate (B), culture wells (C), and transwell (I) are
commonly used and standardized components employed for conducting
cell cultures. These elements exhibit consistent size and structure and
are offered in a range of cultural well shapes, including 3 x 3, 3 x 4,
4 % 6,6 x 8,and 8 x 12. The frame board (L) of the measuring head (D)
functions as a structural base for the measuring electrodes (Ec and Ez)
and enables the transmission of measurement signals from the elec-
trodes (Ec and Ez) through the connection (Q) and the multi-wire ribbon
(F) to the housing (A) apparatus. The measuring electrodes, labeled Ec
and Fz, are elongated, slender cylindrical objects that are affixed
perpendicularly to the frame board (L) of the measuring head (D)
through soldering. The positioning of the electrodes is designed so that
the central electrode (Ec) is located within the culture transwell (1),
while the outer electrode (Ez) is situated between the transwell (1) and
the cell culture well (C). The precise separation between these electrodes
does not have substantial importance in this particular scenario. It is
crucial to locate one electrode within the transwell, whereas the second
electrode should be placed outside. It is recommended that electrodes be
constructed using physiologically inert elements that exhibit superior
electrical conductivity, such as silver, gold, titanium, platinum, and
CrNiMo alloys. Silver is a substance that is easily obtainable and
affordable, making it the primary material selected for probes. The
laminate (L) is outfitted with measurement electrodes (Ec and Ez) that
are placed in a grid-like formation of columns and rows, resembling the
typical configuration often observed in the wells of culture plates. It is
imperative to thoroughly evaluate the dimensions of the measuring
electrodes (Ec, Ez) to prevent a significant rise in fluid level within the
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CPU

Fig. 2. Schematic diagram of the measurement system. A. Transwell with measurement electrodes. B. Signal conditioning and multiplexing. C. Microprocessor (CPU)

and auxiliary circuits.

Fig. 3. Construction of MS with culture plate guide; A, head with electrodes. B, lowering lever, C. cell culture plate, D. position adjustment of cell culture plate, E.

LCD, F. memory card input.
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Fig. 4. The verification of i

P

immunity test C. Electrostatic discharge |mmumty D. Compatibility emission test,

trans-well (I) when attaching the head (D). Simultaneously, the elec-
trodes must exhibit adequate mechanical resilience to endure the
washing procedure. As a result, a silver wire with a diameter of 1 mm
that was easily obtainable was utilized. The determination of the length
of the probes, employed as measuring electrodes, is contingent upon the
depth of the trans-well's bottom, which measures 15 mm. The entire
electrical diagram of the device is depicted in Fig. 2. The pseudo-current
source, represented by the symbol Z, is responsible for producing an
excitation pulse. The process of choosing the electrode pair (Ez/Ec) in
the measurement well (C) is achieved by the utilization of an analog
multiplexer (M). The quantification of resistance is followed by the
transfer of the analog multiplexer (M) to the subsequent wells. The
schematic diagram in Fig. 2 illustrates the intricate electrical configu-
ration of the instrument. The flow of electric current through the circuit
leads to the generation of a voltage difference across the resistance of the
analyzed cell culture in a specified well (C). The dip noted before is later
processed using a specialized and precise analog-to-digital converter
(ADC).

The measuring head (D) depicted in Fig. 3 performs three essential
functions. The skeleton plate is composed of a fiberglass laminate (L)
that is securely attached to electrodes (Ec and Ez). The electrodes (Ec
and Ez) produce electrical signals which are then conveyed to the multi-
wire ribbon (F) through the connector (Q). Furthermore, the utilization
of an electromagnetic screen (P) serves the purpose of safeguarding the
signals that originate from the electrodes (Ec and Ez). The frame board
(L) of the measuring head is composed of a glass fiber-reinforced epoxy
laminate and incorporates a printed circuit board (PCB) with both upper
and bottom surfaces. The lower surface of the board, referred to as L, is
covered with discrete copper tracks that are specifically allocated to
each particular electrode, namely Ec and Ez. The paths stated above
enable the transfer of signals to the connection (Q). which then pass

6
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Frapancy pui

dards. A. Electromagnetic compatibility testing following the EN55016 standard. B. External field

through the busbar (F) and ultimately reach the signal processing and
analysis circuitry contained within the device (A). The upper surface of
the board (L) is comprised of a uniform layer of copper, which functions
as a protective barrier to mitigate the impact of electromagnetic inter-
ference on the signals transmitted by the electrodes. Polychlorinated
biphenyls (PCBs) are extensively employed as a conventional substance
within the realm of electronics. The construction utilized is also regar-
ded as standard and widely acknowledged within the discipline. The
structure comprises two copper layers, each having a thickness of 35
micrometers, which are segregated by a fiberglass laminate core with a
thickness of 1.6 millimeters. The laminate (L) displays a contour that
accurately corresponds to the size and proportions of the culture plate
(B), thus assuming its geometric properties. After placing the culture
plate (B), it is noted that the lower surface of the plate (L) is aligned
parallel to the upper plane of the culture plate (B). The head plate (L)
exhibits a robust adhesion to the culture plate (B), hence mitigating the
incidence of undesired evaporation of the culture medium. The sys-
tematic positioning of electrode mounting points (Ec and Ez) concerning
the culture wells (C) allows for the establishment of consistent mea-
surement conditions throughout all wells of the culture plate (B). The
measuring electrodes (Ec, Ez) are arranged in a grid-like configuration
on the skeleton board (L), featuring both columns and rows. The
arrangement of the measurement electrodes in this experimental setup
aligns with the spatial distribution of the culture wells on the culture
plate. However, the current iteration of the embodiment does not place
any limitations on the dimensions of the head (D) to the designated size
of the culture plate.

3.2. Electromagnetic compatibility test according to EN55016 standard

Next, we examined the impact of external electromagnetic fields on
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Fig. 5. The influence of temperature A. and pH B. on resistance of particular cell culture medium measured with MS and EVOM, n = 4.

the accuracy of measurement recordings. I'ig. 4 displays a course of
studies depicting the installation of MS within the chamber (A, B). In the
case of touch discharge, there was no discernible interference with the
functionality (C). The measuring system demonstrated compliance with
the specified requirements, as evidenced by its uninterrupted function-
ality in 96 out of 100 instances (D). The measurements document
compliance with EU standards, confirming the possibility of being
approved for use in a laboratory environment; additionally, they guar-
antee the safe operation of other electrical devices.

3.3, The effect of variable pH and temperature on resistance measurement
with both devices used

We carried out the pH and temperature fluctuation test demon-
strating the influence on measured resistance values ('ig. 5A). Average
resistance in all cells type culture medium, measured with EVOM
oscillated at 37°C 197.73 + 56.54 Q.cm?, decreased at 35°C to 191.46
+8020cm? and finally reached 239.4 + 20.07 Q.cm?® in 32°C.
Observed TEER reduction in 32°C is a consequence of kinetic energy loss
leading to a reduction in ion mobility and the possibility of elevated
TEER values.
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Table 1

Measurements of cell culture resistance with MS in the 0™, 6™ 24" and 72" hour of the experiment. Cells treated with 5 mM

Sensors and Actuators: B. Chemical 404 (2024) 135192

ium chloride (/ middle

column) or 5 mM methylammonium chloride (MA, right column) for 24 h Results are mean + SD, n = 4 **** p < 0.000 and * p < 0.01 vs. control, one-way ANOVA,

Dunnett's post hoc test.

Oh 6h 24h 72h
Control Ammonia MA Control Ammonia MA Control Ammonia MA Control Ammonia MA
RBE4 206.6 21818 18472 22542 21598 185.85 269.70 214.70 196.07 362.67 1635 286,57
+2.46 +0.15 +1.45 +228 209 swsy = 0.05 +=4.09 & 3,19 Motk +0.05 +29.24 X 1 Rl + 29.51
PBMEC  219.264 22354 220.93 22883 22283 225.6 244.85 215.85 235.13 257.11 201.91 252.75
+0.35 +5.58 +1.5 +4.36 0.5 = 2.34 =621 + 3.64 **** + 041 +2.87 +1.58 re2+ + 8.49
BMEC 227.07 230.65 184.97 23492 233.33 186.47 255.02 196.42 197.02 329.32 191.44 2356
+£032 +4.72 +0.81 + 0.06 + 967 % + 1.01 +£0.12 41.62 %% +1.02 +22 £-2.31 Sve* + 5.00
HIEC-6 18425 1515 184.45 202.75 1785 185.95 208.62 201.75 £ 1.5 197.35 255.275 237.93 233.08
£1.7 + 057 +0.63 + 182 +£30" + 0.07 + 13.86 +1.48 +20.34 + 0.49 4+ 007
Table 2
M of cell cul resi e with EVOM device in 07, 6%, 24™ and 72" hour of experiment, Cells treated with 5 mM ammonium chloride (Ammonia,
middle column) or 5 mM methylammonium chloride (MA, right column) for 24 h. Results are mean + SD, n = 4.
Oh 6h 24h 72h
Control Ammonia MA Control Ammonia MA Control Ammonia MA Control Ammaonia MA
RBE-4 2385 153 24275 253.75 377.75 24275 340.25 320.75 269 386 412 259
+ 68,96 + 69.96 +100.1 + 46.07 4+ 108,44 414054 4+ 12554 + 62.62 + 46,02 43511 +127.77 + 1131
PBMEC 732 206.25 4055 3175 349 288 154 206.75 171.75 2435 21375 25425
+756.22 4+ 110.56 +296.36 =9023 +194.21 +77.36 +100.41 + 116.82 + B0.69 +34.79 +10.71 = 37.44
BMEC 257.5 153 24275 253.75 377.75 263.75 340.25 320.75 269 386 412 259
£ 2335 +69.18 4+ 100.1 =46.07 +108.44 + 56.96 + 125.54 + 162.62 + 46.02 =+ 351.1 +122.77 +113.1
HIEC6 200 296 3045 254 2235 1785 530 200 2485 418 193 193
+113.13 +62.22 +16.26 =114.55 +7.77 +62.93 +98.98 +33.94 +4.94 =339.41 + 5,65 + 22,62

Equally to EVOM results, an increase of resistance maintained with
MS, at lower temperatures was also observed (Fig. 5B). The initial
resistance of 8.77 + 0.55 Q.cm® in 37°C was raised to 9.44 + 0.66 Q.
em? in 35°C, finally leading to 11.83 + 0.8 Q.cm? in 32°C suggesting
variability of resistance in response to changes in temperature, due to
the temperature-dependent characteristics of ion mobility and mem-
brane properties. Worth noting is that high basal resistance in EVOM
devices may cover minor changes in resistance in cells subjected to
additional factors, which is crucial to obtaining reliable and reproduc-
ible results. Culture medium resistance alignment by EVOM in three
different pH conditions showed values: 155.9375 + 56.43 Q.cm?,
180.375 + 75.98 Q.cm” and 161 + 54.25 Q.cm? in pH= 6.8, 7.8 and
8.8 respectively. In contrast, values obtained with MS in pH- 6.8, 11
4144 Q.cm? pH-7.8, 11.3311.4220cm® and pH-8.8 108
4 1.44 Q.cm? did not show association of resistance values with pH
variability.

3.4. The employment of resistance measurements with MS and EVOM
Millicell ®, combined with cell layer permeability and ZO-1
immunofiuorescence verification

The initial TEER values at 0 h fluctuated from 161.73 = 1.14 Q.cm®
to 230.66 +4.72 Q.cm® for MS and 153 4 69.18 Q.cm® to 732
+ 756.26 .cm” for EVOM device. The average standard deviation of
resistance for the custom-made device was 12.2 and 113.27 for EVOM
Millicell ® [Table 1].

The transepithelial electrical resistance gained with MS of cells
maintained in ammonia showed a significant decline within 72 h. The
statistical analysis revealed that 72-hour data points obtained a p-value
of < 0.0001. This indicates that ammonia had a substantial effect on
reducing the TEER and endothelial barrier integrity, which aligns with
previous findings in the literature |12]. As depicted in Table 1 TEER
values of the samples subjected to ammonia chloride conditions didn't
exhibit a significant reduction. Table 2,

TEER measurement determines cell monolayer resistance, and is a
measure of cell barrier functionality. To additionally assess the perme-
ability of the cell monolayers - forming barriers, we used 40 kDa

fluorescein isothiocyanate (FITC) dextran tracer and quantify fluores-
cence intensity in the medium. Cells exposed to ammonia for 24 h pre-
sented an increased permeability of RBE-4, PBMEC, and BMEC cells
monolayer by ~44%, ~58%, and 43%, respectively. A lack of differ-
ences was observed between HIEC-6 control cells and cells treated with
ammonia. The increase in ammonia-evoked permeability of cell mono-
layer correlated well with TEER values gathered with MS in studied
cells. We also evaluated the studied in vitro models by immunocyto-
chemistry analysis of ZO-1 junctional protein expression. The intensity
reduction of ZO-1 stainnng was noted, in ammonia-treated RBE-4,
PBMEC, and BMEC cells. The obtained results confirm the applicability
of our device usage. We documented that reduced TEER values gathered
with MS device can functionally support the observed cell monolayer
permeability changes in line with ZO-1 expression decrease. I'ig. 6.

4. Discussion

The TEER measurement is a technique that allows to control and
functionally characterize cell monolayer tightness and is used in
research and medical applications. Recently, there has been a notable
emergence of custom TEER measurement devices, which hold great
promise for researchers in their pursuit of more precise, effective, and
adaptable tools for conducting studies. Although specialized TEER
measurement devices offer a multitude of advantages, they also pose
certain challenges, particularly in experimental protocol and process
standardization, hence necessitating the establishment of protocols for
data reporting and device calibration.

In this study, we focus on the new specialized TEER measurement
device and its prospective use. We investigate the working feasibility of
the custom-made system for TEER measurements in different cell lines
known to form tight junctions (TJs) [13-17]. Additionally, to add
credence to the correctness of our measures, we parallely and inde-
pendently analyze TEER values with commercially available devices.
We documented the recordings’ stability and our measurement insen-
sitivity on medium pH and temperature changes. The cell barrier
integrity was also verified with zonula occludens (ZO-1) immunostain-
ing analysis, and measurement of cell monolayer permeability of
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Fig. 6. Examination of resistance results based on cell monolayer permeability and immunocytochemical staining. A. Permeability of cell monolayer treated or not
(Control, upper panels) with 5 mM ammonium chloride (Ammonia, bottom panels) for 24 h. B. Immunofluorescence for TJ protein, ZO-1 (green fluorescence) and

nucleus (blue, Hoechst). Results are mean + SD, n

4, ** p < 0.01 vs. control, one-way ANOVA, Dunnett’s post hoc test.
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medium size (40 kDa) molecules. Of note, the family of ZO proteins
(Z0-1, ZO-2, and ZO-3), cingulin, and several other proteins are essen-
tial for TJs functioning as they form the cytoplasmic bridge connecting
the TJs to the cell cytoskeleton, and provide structural support to the
endothelial cells [18,19]. With the abovementioned analysis of three
selected cell types, we proved the validity and usefulness of our MS
system in endothelial and epithelial cell barrier integrity evaluation.

The TEER system, designed for this study exhibited remarkable
precision in quantifying TEER values, exhibiting minor discrepancies
among repeated measurements. The data consistently displayed low
standard deviation, suggesting a high level of repeatability in the
particular measurements. The EVOM Millicell ® system demonstrates
good precision, albeit with somewhat much greater variability in mea-
surements when compared to the bespoke device. The custom device
shows high sensitivity in detecting subtle changes in TEER, making it
suitable for applications requiring precise measurements, such as drug
permeability studies or barrier function assessments. In turn market
available system, while sensitive, exhibited a slightly lower sensitivity
when compared to the custom device.

The development of custom systems necessitates a high level of
proficiency in electronics, software programming, and, engineering
since data acquisition holds significant importance in comprehending
pathological conditions, conducting drug permeability investigations,
and facilitating development in tissue engineering. The MS integrates
sophisticated sensors and data-gathering systems specifically designed
for the experimental configuration, resulting in heightened measure-
ment accuracy and diminished data variability.

The electrodes of MS might be modified by researchers to support
several cell culture formats, rendering them appropriate for a broad
spectrum of applications. What is more, the validation of measuring
systems which is crucial in ensuring the dependability and precision of
custom devices, necessitates thorough validation procedures and com-
parisons with proven commercial systems. The MS calibration is auto-
matically repeated before each usage and on demand.

Commercially available systems offer standard measurement fea-
tures but may not adequately fulfill the distinct demands of diverse
research goals. The limitation is overcome by the utilization of a custom
TEER measuring device, which provides researchers with the ability to
customize the instrumentation according to their requirements.

The described measurement device is user-friendly since requires
minimal training for researchers to obtain accurate measurements
allowed by easy setup and operation. In turn, EVOM Millicell ® requires
meticulous, long initial setup and calibration, which might be less
intuitive for novice users. Both systems provide data output in a format
suitable for analysis. Data processing software associated with the
custom device is user-friendly and allows for real-time analysis, while
the EVOM Millicell ® has its software for data interpretation. Finally,
our MS is cost-effective, as it was assembled using readily available
components, and maintenance costs are relatively low. Our custom MS
has the potential to yield long-term cost savings by mitigating the ne-
cessity for regular system upgrades and replacements.

The presented made-to-order MS could be customized and adapted
for specific experimental needs, making it versatile for various research
applications. MS offers an excellent alternative to the commercially
available TEER measuring systems, with the potential for higher preci-
sion, sensitivity, and cost-effectiveness. The future of biomedical and
pharmaceutical research is expected to be significantly influenced by the
utilization of tailored devices, as research continues to advance. The MS
device represents a significant step forward in the field of vascular
biology, offering researchers a powerful tool to unravel the complexities
of endothelial barrier regulation.

Additional information

Fig. 1 The trans-endothelial electrical resistance measurement with
MS of RBE-4 (A.), PBMEC (B.), BMEC (C.), and HIEC-6 (D.).
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Abstract: Acute liver failure (ALF) is a life-threatening consequence of hepatic function rapid loss
without preexisting liver disease, ALF may result in a spectrum of neuropsychiatric symptoms that
encompasses cognitive impairment, coma, and often death, collectively defined as acute hepatic
encephalopathy. Micro RNAs are small non-coding RNAs that modulate gene expression and are
extensively verified as biomarker candidates in various diseases. Our systematic literature review
based on the last decade’s reports involving a total of 852 ALF patients, determined 205 altered
circulating miRNAs, of which 25 miRN As were altered in the blood, regardless of study design and
methodology. Selected 25 miRNAs, emerging predominantly from the analyses of samples obtained
from acetaminophen overdosed patients, represent the most promising biomarker candidates for a
diagnostic panel for symptomatic ALF. We discussed the role of selected miRNAs in the context of
tissue-specific origin and its possible regulatory role for molecular pathways involved in blood-brain
barrier function. The defined several common pathways for 15 differently altered miRNAs were
relevant to cellular community processes, indicating loss of intercellular, structural, and functional
components, which may result in blood-brain barrier impairment and brain dysfunction. However, a
causational relationship between circulating miRNAs differential expression, and particular clinical
features of ALF, has to be demonstrated in a further study.

Keywords: acute liver failure; acetaminophen toxicity; circulating microRNA; hepatic encephalopa-
thy; viral hepatitis

1. Background
1.1. Liver Disease a Global Burden

Liver disease does not usually cause unequivocally symptoms until it is advanced,
and the liver is seriously damaged and dysfunctional. The liver comes in close contact with
harmful substances and defends itself in two ways. First, it can regenerate by repairing
or replacing injured tissue. Second, as it is composed of units with similar functions, thus,
if one area is injured, other cells will perform the work of the injured section indefinitely
or until the damage is repaired. Despite the existing, albeit, in theory, self-repairing and
regenerative abilities, liver disease is an increasing global problem.

The burden of liver disease worldwide continues to grow. Each year, the liver disease
accounts for about 2 million deaths, i.e., 1 million due to cirrhosis and 1 million due to viral
hepatitis and hepatocellular carcinoma (HCC) [1,2]. Liver diseases account for a significant
burden in terms of health and costs worldwide. This group of diseases encompasses
epidemiologically diverse alcohol-related liver disease, non-alcoholic fatty liver disease,
hepatitis caused by a viral infection, or exposure to drugs, hemochromatosis, an inherited
disorder with a gradual build-up of iron usually around the liver, primary biliary cirrhosis,
and liver tumors.

Ini. |. Mol. Sci. 2022, 23, 224. hitps:/ /doi.org /10.3390/ijms23010224
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Epidemiological studies of liver disease limit caveats, such as heterogeneous popula-
tion under study, incomplete ascertainment, lack of unified disease definitions, and method
of assessment (laboratory tests, biopsy, non-invasive markers, imaging). The aforemen-
tioned caveats suggest that the global burden of both acute and chronic liver diseases is
prevalent worldwide and expected to increase, causing significant mortality [3,4].

1.2. Acute Liver Failure

Acute liver failure (ALF), originally defined by Trey and Davidson in 1970 as fulminant
liver failure, refers to a specific syndrome, characterized by loss of liver function that occurs
rapidly—in hours or days, and by abnormality of liver blood tests, usually in a person
who has no preexisting history of liver disease [5]. After two decades, the syndrome was
redefined to take into account, i.e., etiology and prognosis [6]. Despite being less common
than chronic liver disease, ALF is associated with a high mortality grade and approximately
half of the cases progress and require liver transplantation so immediate diagnosis and
management of that syndrome need to be applied [7,8]. A wide range of insults can create
a clinical picture of ALF (Table 1). The most common causes of ALF are drugs overdose
and hepatitis virus infection, causing about 70% of cases [9]. Moreover, prognosis suggests
that many drug-induced ALF cases will grow and dominate as a major cause of ALF in the
future decades.

Table 1. Etiology of ALE.

Cause Causative Factor Therapy Frequencyin Adults *
Intoxication Acetaminophen N-acetyl cysteine 58%
Isoniazid Hydration
Other drug-driven liver damage
Mushrooms poisoning Penicillin
Viral Hepatitis B/C/AJE/ ** Antiviral therapy 10%
Metabolic Wilson disease Copper chelation s
Autoimmune hepatitis Steroids
Acute fatty liver of pregnancy Delivery of the fetus
Other Budd-Chiari syndrome Surgery 5%
Lschemic/sepsis shock Hemodynamuc stabilization
Heat stroke Hydration
Unknown Undetermined etiology %

* According to Rajaram et al., 2018; ** Ordered by frequency of occurrence.

Drug-induced liver injuries are clinically challenging due to their idiosyncratic (un-
predictable) character arising from the enormous amount of commercially available drugs,
herbs, and dietary supplements with hepatotoxic potential. Acetaminophen is the most
common drug that indicates ALFE. It is responsible for approximately 50% of cases of ALF
in Western Europe and the United States, [10-12], while traditional complementary and
dietary supplements dominate as the main causative factor of ALF in Asia [13]. A variety of
clinical and pathological phenotypes with the current lack of specific biomarkers increases
the uncertainty of liver disease diagnosis and output and requires highly careful exclusion
of alternative diagnosis.

The second most frequent etiological cause of ALF is viral hepatitis infections affecting
individuals in all geographic regions, but mostly in low and middle-income countries. In
2010, deaths from viral hepatitis accounted for 0.3 million per year, an increase of about
50% from 1990. There are five main types of hepatitis viruses, including type A, B, C, D,
and E, of which, type B and C remain prevalent globally, albeit differ in the geographical
distribution of disease prevalence.

In 2019, ~1.5 million (1.1-2.6 million) people newly infected with hepatitis B virus,
and ~1.5 million (1.3-1.8 million) newly infected with hepatitis C virus [14], account
for ~1.1 million cases of patient deaths per year globally. Viral hepatitis-related num-
ber of deaths is higher than the mortality caused by HIV (~680,000 deaths in 2020) or
malaria (~400,000 deaths in 2020), not much less than deaths number caused by tubercu-
losis (~1.4 million in 2020), additionally exaggerated with the unprecedented COVID-19
pandemic, which disrupted health care globally [15,16]. ALF may also develop due to infec-
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tions by other rare viruses, including herpes simplex virus, cytomegalovirus, Epstein-Barr
virus [11], and parvoviruses. It is estimated that 10% of acute HBV infection progresses to
chronic disease [17].

Other pathological conditions referred to as ALF causes are relatively rare but require
mentioning as potentially life-threatened. Autoimmune hepatitis (AIH) accounts for 4 to
5% of ALF; itis typically presented in the third to sixth decades of life, more often in women
than in men as a growing loss of tolerance to hepatocyte-specific autoantigens results in
intensified autoimmune reaction [18]. Metabolic diseases, such as Wilson's disease or acute
fatty liver of pregnancy, besides their specific symptoms, may be accompanied by over-
whelming infection (sepsis), which impairs blood flow to the liver, inducing ALF episodes.
Additionally, a heatstroke combined with excessive physical activity can trigger ALF [19,20].
It is worth mentioning that despite extensive evaluation of patients’ medical history, blood
tests, radiological studies, and liver biopsy, up to 20% of ALF cases remain indeterminate.

The frequent consequence of ALF is acute hepatic encephalopathy (A type of HE),
a spectrum of neuropsychiatric symptoms ranging from subtle cognitive impairment to
coma [21]. ALF-evoked HE develops as a result of accumulating toxic doses of liver
metabolites, that may eventually pass from the circulation to the brain. Importantly, HE
is often accompanied by massive systemic inflammation and severe intracranial hemo-
dynamic alterations [22,23]. Cerebral edema defined as a pathological increase in total
brain water leading to elevation of brain volume and intracranial pressure is one of the
most serious complications of ALF, accompanied by impaired cerebral blood flow or even
life-threatening herniation.

The scale of HE is often graded following the West Haven criteria (WHC) grade,
the I-1V diagnostic scale range from minimal cognitive disturbances, sleep-wake cycle
impairments, apathy, ataxia, up to coma and death [24]. Rapid cerebral edema diagnosis
is essential to prevent irreversible brain damage. Unfortunately, diagnosis and scale
determination of cerebral edema is difficult, despite patients displaying symptoms such
as hypertension, a slow heart rate, abnormal reflexes, and loss of the reaction of the
pupils to light. In addition, a head CT scan may reveal changes in the junction between
gray and white brain matter, compression of the fluid-filled spaces, and loss of the brain
surface folds (sulci). However, CT imaging and WHC evaluation of ALF patients are not a
routine part of the liver disease diagnostic panel, especially in smaller health centers and in
undeveloped countries.

Pathogenesis of HE is multifactorial, with several key factors that determine clinical
manifestation, of which the dominant role of ammonia was repeatedly reported. However,
lack of correlation between clinical picture and ammonia level is relatively frequent [25-28].
This clinically relevant fact often results from divergent factors affecting ammonia measure-
ment, such as the lack of a unified methodology (venous or arterial blood for ammonia
measurement, sample storage, temperature, pH- changes), and clinical determinants, in-
cluding disease stage, renal function, sarcopenia, diet, etc. [28-30].

Significant but poorly explored is the blood-brain barrier (BBB) impairment during
ALF The BBB is a selective structure that, in normal conditions, guards the passage of neuro-
toxic substances into the brain. The BBB composes the basement membrane, endothelial
monolayer, pericytes, astrocytes end-feet, and at molecular level, many specialized proteins
comprising tight, adherens junctions, and intracellular matrix. Alternation in each of these
components can disrupt BBB integrity [31]. Ultrastructural analysis of the ALF patients”
cerebral cortex tissue confirmed structural BBB abnormalities [32], pointing to its potential
role in the liver-brain crosstalk that may occur in ALF. However, details of BBB impairment,
visible at both cellular and molecular levels, underlying this process are complex and are of
continuous interest.

There is a need to identify more specific factors of ALF development to reduce patient
death or the requirement for liver transplantation. The lack of ALF prognostic biomarkers
makes the diagnostic appraisal of suspected cases strongly dependent on the interpreta-
tion of serum biochemistry and other routine laboratory tests and imaging evaluation to

108

http://rcin.org.pl



Inmt. . Mol. Sci. 2022, 23,224

40i23

carefully rule out alternative causative factors of ALF. The liver enzymes activity panel:
ALT, AST, GGT, ALP assisted with total bilirubin, and creatine is the standard laboratory
screening procedure to define liver damage and liver dysfunction using blood samples.
Of note, in this context, the AST measurement can be a reliable substitute for ALT in
determining the injury when the latter is unavailable, whereas GGT is considered a less
reliable ALP substitute [33,34].

1.3. Micro RNA

Micro RNAs (miRNAs) are small, approximately 18-23 nucleotides long, members
of small non-coding RNAs which can negatively regulate gene expression at the mRNA
level [35,36]. The first human miRNA was described in 2000 [37], and up to date, ap-
proximately 2700 human miRNAs have been described [open-source miRNA database
“miRbase”, https:/ /www.mirbase.org/, accessed on 22 November 2021]. It is estimated
that approximately 50% of miRNAs are expressed from “non-coding” transcripts since the
rest are located in the introns of protein-coding genes and are generally cotranscribed with
their host genes and expressed separately [36].

In a general view, most miRNAs are transcribed by RNA polymerase II and then
processed into a shorter hairpin-shaped precursor miRNA (pre-miRNA) by the class 2
nuclear RNase 11l Drosha complexed with DGCRS [38]. Pre-miRNA is then exported
from the nucleus into the cytoplasm by exportin 5 protein (Exp-5) [39]. Here, the pre-
miRNAs proceed into 18-23 nucleotides long duplexes by RNase 1II enzyme Dicer-1.
Finally, mature miRNAs (single-stranded) are incorporated into a stable multi-component
protein complex called RISC which “guides” miRNAs into 3’ UTR sequence of the target
mRNA [35]. The 3" UTR blockage by partial base pairing with miRNA interrupts further
translation. An alternative mechanism of action assumes that binding of miRNA leads
to faster deadenylation of mRNA thereby decreasing mRNA stability and inducing their
degradation [40].

miRNAs can act as negative regulators of gene expression at the posttranscriptional
level by interacting with the 3'-untranslated region (3'-UTR) of the target mRNA sequence.
Partial paring disturbs translation since complete pairing results in miRNA-mRNA complex
degradation by nucleases [36]. In addition, miRNAs also exert their regulatory effects
through some non-canonical ways: pri-miRNAs, the precursors of miRNAs, encode short
peptides with regulatory functions; miRNAs are involved in the activation of Toll-like
Receptors (TLRs); miRNAs upregulate the expression of specific proteins, and so forth [41].
Due to the complexity of these regulatory mechanisms, it is not surprising that miRNAs
have been confirmed to be crucial players in many molecular pathways. The discovery of
cell-free miRNAs in various body fluids, such as plasma, serum, saliva, urine, cerebrospinal
fluid, bronchial lavage, suggests that miRNAs might act as signaling molecules outside the
cell and may serve as suitable biomarkers that may support diagnosis and monitoring of
treatment response for a variety of diseases [42-44]. MiRNAs expression profiles in body
fluids present by definition a specific pattern that may exclude passive release from the
injured cells and suggest its more selective release [45,46]. Furthermore, there is growing
evidence that miRNAs can act as potential biomarkers that may be sensitive and specific for
early diagnosis, prognosis, and therapeutic interventions, especially through their stability
and easy detection in plasma or serum.

2. Study Concept and Data Analysis Strategy

The study concept was based on the assumption that the molecular signature of the
ALF in the blood may include molecules originating from peripheral organs, including
the liver and the brain. First, we performed a systematic search in the electronic database
MEDLINE via Pubmed access [www.nchi.nlm.nih.gov/pubmed, accessed on 22 November
2021] and Elsevier Scopus [www.scopus.com, accessed on 22 November 2021] for original
publications published from 1 January 2011 up to 1 July 2021 focusing on ALF patients
and miRNA expression studies using subjectively selected keywords based on literature

109

http://rcin.org.pl



Ini. |. Mol. Sci. 2022, 23,224

50f23

revision and medical subject heading. The summary of searching steps underlying our
systematic review is presented in Figure 1. Two authors of the review (K.O.G. and K.M.)
independently extracted data using eligibility criteria and removed duplicates. To unify
the data based on full-text screening, we excluded studies on patients with unclear ALF
diagnosis (e.g., relation to chronic liver disease, multifactorial disease problems interfering
with ALF, such as alcohol history, liver transplantation, or pregnancy (Figure 1)).

)

5 Database search through keyword - -
-z Liver disease OR Acute liver failure RK:T;?;::“
=] .é OR Fulminant liver failure mg2e
@A AND
3 Micro RNA OR MiR OR miRNA
|
Records excluded criteria
- € Off topic
) % Review/not original article | Full text articles l
] Not in English N = 5.486
L Not human subject
SIS Not full text
a—
Full text articles exluded criteria
32| Notar Studies included into analysis
28 Invalid MiR data report I N=21 I
“w o In vitro studies
Undefined or pregnant patients

Figure 1. Flow chart of database searching and selection process.

After identification of repeatedly reported differential blood-based miRNAs, in the
next step, we revised reports of the differential miRNA profiles in the liver and urine with
a search for the overlap between the miRNA alterations in these specimens. Thus, we
verified the number of up and down-regulated miRN As in serum and plasma samples and
the number of miRNAs reported to be both up and down-regulated. Finally, we addressed
the questions of ALF specificity and miRNAs functional implications in the pathogenesis of
the disease. To this end, we performed a computational prediction of genes and pathways
regulated by the selected miRNAs.

MiRNAs target genes and biological pathways analysis were performed using freeware
tools available on DIANA website (http://diana.imis.athena-innovation.gr, accessed on
22 November 2021). Micro-T tool based on the miRBase database was used to identify
potential miRNA target genes and pathways. TargetScan was used to study the prediction
of the potential target genes and demonstrate relationships between them. The MiRPath
v3.0 pathways analysis was performed to verify the involvement of selected genes in
biological pathways according to the Kyoto Encyclopedia of Genes and Genomes (KEGG,
http:/ /www.genome.ad.jp/kegg, accessed on 22 November 2021), [47]. MiRPath was
also used to visualize the clustering of the selected miRNAs based on their influence on
molecular pathways. The Diana tool enables clustering miRNAs dependent on the subset
which targets regulated pathways and the significance level of the interaction. Heatmaps
used for visualization and other graphs were performed using licensed Prism 5 software
by GraphPad, San Diego, CA, USA.

3. Research Summary

Database search resulted in 5486 full-text references. After removing duplicates, not-
related, not-human, or the in vitro studies, articles were screened for eligibility (Figure 1).
As a result, 21 publications covering data collected from a total number of 852 patients
from seven different countries were included in our analysis (Table 2). As mentioned in the
introduction, the etiology of the ALF is much varied. The causes of ALF are summarized in
Figure 2 panel A.
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Figure 2. Characteristics of the last decade’s studies on differential miRNAs in ALF. Etiology of
ALF (panel (A)). Pie chart presenting the number of differently expressed miRNAs in the referred
specimens (panel (B)). Venn diagram showing overlapping of differently expressed miRNAs (panel
(C)). The number of up and down-regulated miRN As in serum and plasma samples. Overlapped
miRNAs were regulated both up and down as was based on selected publications (panel (D)).

The etiological distribution of ALF cases delivered from our study search corre-
sponds well to clinical data described in the literature [68,69]. In total, 78% of patients
suffered from drug-induced ALF, the vast majority were acetaminophen overdose cases
(548 patients). Various viral infections were a direct cause of 14% of ALF, whereas only
7% of ALF causes were due to other conditions that included almost 5% of undetermined
causes. The rarest single reports cases were Hepatitis A, Wilson disease, and mushroom
Amanita phalloides poisoning.

MiRNAs expression data were mostly derived from blood samples (serum or plasma)
of ALF patients. Five studies described miRNAs detected in ALF liver biopsies predom-
inantly taken from HBV patients due to their significant diagnostic value in hepatitis
management [70]. A single study evaluated miRNAs levels in the urine of ALF patients in
relation to serum [65], (Table 2 and Figure 2, panel B).

In total, 246 differentially expressed miRNAs were reported in selected publications.
The number of 217 miRNAs, were identified in a single study. Seven of the studies de-
tected single miRNAs, while 4 of the studies used microarray or quantitative real-time
polymerase chain reaction (qQPCR) to recognize the large patch of miRNAs sequences (Ta-
ble 2). Studies by Krauskopf et al., 2017 [54], 2020 [55] used the next-generation sequencing
(NGS) technique to interrogate global miRNA signature. The advantage of NGS tech-
nology is its ability to detect the whole miRNome, including structural modifications of
miRNAs, also called iso-miRNAs [54,55]. Due to the variety of techniques used in the
referred studies, a quantitative single miRNA expression meta-analysis was not able to be
performed. Data presenting all differently expressed miRNAs reported in patients with
ALF, including information about the direction of observed miRNA level change (Up or
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Down), miRNA family membership, ALF cause, and respective reference, are shown in
Supplementary Tables S1 and S2. It is noteworthy that the descriptions of some miRNAs
used in the publications do not match the current nomenclature requirement due to the
lack of a descriptor tag indicating from which double-stranded RNA the sequence comes
from (3p/5p) or miRNA identity was uncertain. This fact, unfortunately, disallows the
input of such data into the online database. These miRNAs are included in Supplementary
Tables S1 and S2 and marked with a star.

The Venn diagram demonstrates the distribution of miRNAs in evaluated specimens
(Figure 2, panel C). From 205 miRNAs differently expressed in ALF serum/plasma, only
19 overlap with 57 miRNAs detected in liver biopsies. In turn, from four miRNAs (miR-
9-3p; miR-320a; miR-375, and miR-940) described in the urine of ALF patients, only miR
320a was also found upregulated in the serum. From miRNAs differently expressed in ALF
patients serum /plasma 75% were upregulated since for five different miRNAs direction of
change was inconsistent throw-out analyzed publications (Figure 2, panel D).

Despite the evident progress in current methodologies, diagnosis of ALF still has
several limitations and relies on verification of liver enzymes in the patients” blood. As an
effort to better integrate miRNAs data into a full clinical picture, we established relations
between miRNAs (represented in Table 3) and serum biochemical parameters. In our study,
serum biochemical data were available from 16 publications covering 740 patients with
ALF. Three of the studies also confirmed HE using the WHC scale [58,59,61]. We analyzed
the clinical parameters of ALF patients and correlated the two most consistently evaluated
parameters: ALT and AST plasma levels, to differently expressed miRNAs observed in
each study (Figure 3).

This comparison revealed wide dispersion in measured enzyme activity between
patients inside the group and matched side to side cohorts. This is not surprising taking
into account a divergent etiology, clinical appearance of ALF, and variable analytical
methods and instruments used. More importantly, approximately 95% of evaluated ALF
patients presented much higher ALT/AST activity in the blood than is considered as norm
range by American College of Gastroenterology guidelines [71]. Regarding evaluated
miRNAs, only miR-122-5p has been explored in most of the studies, and, importantly in
all cases, upregulation of miR-122-5p accompanied the ALT/AST activity increase. This
clearly indicates its potential as a biomarker in human ALF.

Understanding and analysis of miRNAs data gathered by various techniques and,
without row data available, are quite problematic. In subsequent steps, we decided to
exclude miRNAs that were reported ones or sequences not precisely defined. We focused on
serum and plasma samples due to the majority of available data and the potent diagnostic
role of circulating miRNAs. Thus, we selected a set of altered 25 miRNAs repetitively
reported in ALF patients’ blood in a minimum of two independent reports (Table 3). Of
selected 25 miRNAs, miR-122-5p was referred in 14 publications, whereas 15 miRNAs were
reported in only two publications.

Across miRNAs assessed in this study, notable trends in the genomic spread of dysreg-
ulated miRNA genes were observed. Firstly, the dysregulated miRNAs were seen across
multiple chromosomes. No defined chromosomes were showing a higher proportion of
their miRNAs becoming dysregulated during ALF. Selected miRNAs were distributed on
17 different chromosomes including chromosome X (Table 3). Analysis of ALF-related
miRNAs revealed seven miRNAs that have cluster organization (cluster members are
shown in Table 3). Furthermore, miR-23b and miR-24-1 localized on chromosome 9 belong
to the same cluster thus are probably expressed in an interdependent manner. We also
checked Supplementary Table S1 for the occurrence of miRNA cluster members listed in
Table 3. Indeed, four more cluster members were elevated in ALF patients: miR-103b,
miR-301b, miR-194, and miR-27b suggesting the possibility of common upregulation of the
whole miRNAs clusters.
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Figure 3, ALT (panel (A)) and AST (panel (B)) activity in serum of ALF patients with upregulated
miRNAs. Black squares represent medians, bars range of measured ALT activity. Above the bars
are listed differently expressed miRNAs reported in each cohort. The norm value for ALT/AST
activity in blood for people without risk factors for liver disease in intermational units per liter (IU/L),
according to the American College of Gastroenterology, is indicated as a patterned box.
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Table 3. Characteristics of miRNAs reported in at least two independent publications carried on
ALF patients,

Family MiRNA Localization Cluster Members
miRk-10 miR-9Y%-5p chr21
miRk-10 miR-100-5 chrll
miR-10 miR-125b-5p chrll
mik-103 miR-103a-3p chr20 miR-103b-2
miR-103 miR-107 chr10 54,55
miR(122 miR-122-3 chrly miR-122h [49,53,54,65]
miR-1224 miR-1224-5 chri [38,48,51,52 539,61-64]
miR-1247 miR-1247-5p chrl4 54,55
miR-1307 miR-1307-5p chrl0 54,55
miR-130 miR-130b-3p chr22 miR-301b 54,5
miR-148 miR-148a-3p chr? 54,55
miRR-192 miR-192-5p chrll miR-194-2; miR-6750; miR-6749 [54,55,04]
miR-194 miR-194-5p chrl miR-215 [54,55]
miRk-21 miR-21-5 chrl7 [54,61,62]
mik-221 miR-221]-: chrX 52,54
miR-23 miR-23b-3p chr9 miR-27b; miR-3074; miR-24-1 54,5
miRk-24 miR-24-3) chrd miR-27b; miR-3074; miR-23b 54,55
mik-30 miR-M)a-% chrb 54,61
miR-30 miR-30d-5p chrs 55,65
mik-320 miR-320a chr§ [54,64,67]
miR-320 miR-220b chrl 54,67
miR-320 miR-320¢ chrl8 54,67
miR-320 miR-320d chrl3 54,67
miR-375 miR-375 chr2 55,65
miR-188 miR-660-5p chrX 54,5

Considering that the spectrum of ALF symptoms includes both liver and brain al-
terations, we checked the tissues’ distribution pattern of selected miRNAs using Human
miRNATissueAtlas [https:/ /ccb-web.cs.uni-saarland.de/tissueatlas / patterns, accessed
on 22 November 2021]. Among the selected 25 miRNAs elevating in the ALF patients’
blood, miR-122-5p, miR-21-5p, miR-320c, and miR-148 represented highly specific liver
expression. In turn, miR-125b-5p, miR-103a-3p, miR-107, miR-99a-5p, and miR-100-5p were
more abundant in human brain tissue compared to the liver (Figure 4). The normalized
expression of ALF-induced miR-125b-5p was two-fold higher than the miR-122-5p expres-
sion level indicated in the liver, a well-proven example of a high tissue-specific miRNA
sequence [73,74]. Other miRNAs presented relatively low and comparable expression
patterns in both organs. We have also verified selected miRNAs regarding their plasma
and serum expression levels. Worth noting here, in normal conditions, highly specific for
the liver or the brain miRNA: miR-122-5p and miR-125b-5p are in the plasma at a relatively
low level. The significant increase in miRNAs expression level observed in ALF patients
might suggest tissue impairment. Of note, in this context, the role of circulating miR-122-5p
as a marker of liver damage was previously widely discussed [73,75,76]. However, to our
knowledge, there are no data documenting alterations of circulating miRNAome and CNS
impairments observed as a result of liver failure.

Equalized enrichment of liver and brain-origin miRNAs in the blood samples of ALF
patients, prompted us to formulate the hypothesis of the miRNAs-dependent axis between
liver and brain. Moreover, ALF-caused alterations in CNS and/or impaired BBB integrity
may induce the release of brain-specific miRNAs into the circulatory system reflecting CNS
status and ALF molecular signature.

The most significant pathways prediction for twenty-five differentially expressed
miRNAs in serum of ALF patients was performed and visualized as a single color scale
heatmap (Figure 5). The biological pathways were predicted with mirPath v3.0., after
setting up the target prediction threshold on a 0.8. As a result, 94 significant KEGG
pathways were found (Figure 5).
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miR name Brain Liver Serum
hsa-miR-99a-5p 837.52 56.37 2.07
hsa-miR-100-5p 698.46 21.93 231
hsa-miR-125b-5p ) " 1.72
hsa-miR-103a-3p 491
hsa-miR-107 6.81
hsa-miR-122-5p 3.64
hsa-miR-1224-5p 5.13
hsa-miR-1247-5p 1.83
hsa-miR-1307-5p 0.00
hsa-miR-130b-3p 4.50
hsa-miR-148a-3p 4.16
hsa-miR-192-5p 340
hsa-miR-194-5p 1.97
hsa-miR-21-5p 8.02
hsa-miR-221-3p 3.66
hsa-miR-23b-3p 3.05
hsa-miR-24-3p 6.00
hsa-miR-30a-5p 2.76
hsa-miR-30d-5p 5.84
hsa-miR-320a 6.79
hsa-miR-320b 6.94
hsa-miR-320c¢ 10.09
hsa-miR-320d 221.56 141.61 7.65
hsa-miR-375 215.65 443 1.35
hsa-miR-660-5p 25.69 14.90 3.56

Figure 4. Normalized miRNA expression level in the normal human brain, liver, and serum analyzed
by Human miRNATissueAtlas of miRNAs expression. MiRNAs with distinctive high expression
are highlighted.

KEGG pathways cover a large number of genes reflecting a diversity of biological
processes. However, the expression of genes within particular pathways provides a way to
estimate the activity of certain biological processes.

Worth noting, five of the identified pathways associated with 15 of the analyzed
miRNAs belongs to the same KEGG pathway functional group called “Cellular commu-
nity” containing: Focal adhesion (hsa(04520); Adherens junction (hsa04530); Tight junction
(hsa04540); and Gap junction (hsa04550) (Figure 6).
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Figure 5. Heatmap of significant pathways predicted by DIANA-miRPath (v.3.0) for twenty-seven
differentially expressed miRNAs in serum of ALF patients, KEGG pathways classification analysis
of differentially expressed miRNAs is presented on the y-axis and miRNAs on the x-axis. The color
intensity represents the p-value with dark green as the most significant predicted miRNA-pathway
interactions (p < 0.05 in Fisher’s Exact Test).

We designed a dendrogram grouping miRNAs related to Cellular community pathways
according to their biological function regarding miRNAs family membership (Figure 6). The
branch lengths represent a difference between miRNAs and show variability in miRN As’
abundances in their regulation of specific pathways. A dendrogram revealed strong relation
between miR-103a-3p and miR-107 in controlling the adherens junction pathway. On the
other hand, it displayed a distinct CAMs pathway regulating miR-1247 from the other
evaluated miRNAs.
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Figure 6. Heatmap of selected pathways predicted by DIAN A-miRPath miRNA with hierarchical
cluster dendrogram achieved by the linkage clustering method via TarBase. KEGG pathways classifi-
cation analysis of differentially expressed miRNAs is presented on the y-axis and miRNAs on the
x-axis. The color intensity represents the p-value with dark green as the most significant predicted
miRNA-pathway interactions (p < 0.05 in Fisher’s Exact Test).

The only member of the cellular community pathways group not predicted in DIANA-
miRPath analysis was a “Tight junction”. However, this pathway covers the inter-alia tight
junction protein 1 (T/P1) gene, which is also a significant part of the Adherens junction
pathway and a predicted target of miR-23b-3p and miR-320a (Table 4). Tight junction KEGG
pathway contains also Cingulin/RhoA/Rock signaling path regulating Zonula occludens-
1 barrier formation in endothelial tight junctions [77]. Genes of those three signaling
proteins are potentially controlled by miRNAs included in our analysis (miR-125-3p for
Cingulin; miR-122-5p, miR-375 for RhoA, and miR-148a for Rock) [78-81]. Moreover, a
significant amount of scientific reports convincingly point out the role of miR-122-5p in the
regulation of occludin expression, one of the most prominent tight junction proteins [82-84].
Those merely points to the need for a deeper discussion of the results obtained using a
bioinformatics algorithm.

Table 4. ALF-related miRNAs comprising cellular community KEGG pathways and its predicted
gene targets.

KEGG Pathways

miRNA Name Gene Name p-Value

Focal adhesion

BRAF, GSK3B, ITGB1, LAMB1, THBS1, PAK2, VCL, RHOA, PAK3,

FYN, PPP1R12A, JUN, DIAPH1, VEGEC, PTEN, BIRC2 4223077

miR-125b-2-3p

TLN2, PRKCA, ACTN2, MYLK4, MET, ITGB1, FLNC, CRKL, THBSI,
MYLI2B, PAK2, TNXB, PP1CC, BCL2, EGFR, FYN, COL6A1, AKT2,
ARHGAP35, PPP1R12A, MAPKS, PIK3R3, CCND1, CTNNB1,
COL4A2, PAKG6, PRKCB, LAMCI, PDK’, LAMC2, ITGA6, VEGFA,
PTEN, MAPKI, KDR, MYL12A, XIAP, COL4A1, PPPICB

miR-23b-3p 15 x 1072

ACTB, GSK3B, ITGB1, ITGBS, FLNC, LAMAS5, PIK3CB, CAV1, PXN,
RAF1, BCARI, EGFR, MYLK2, CAV2, ITGB5, ARHGAP35, PTK2,
ITGA11, JUN, PIK3R3, CTNNB1, DIAPH1, FLNB, FLT1, FLNA,
RACI, LAMC1, VASP, FN1, TNC, BIRC3, PDPK1, VEGFA, TLNI,
KDR, LAMA4

miR-24-3p 46 x 1072
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Table 4. Cont.

KEGG Pathways miRNA Name Gene Name p-Value
- ERBB2, ACTG1, IQGAP1, MLLT4, CTNNB1, CTNNA1, WASF2, 2
miR-125b-5p INSR, FGFR1 10
ACTB, CTNND1, ACTG1, IQGAP1, IGFIR, MLLT4, SMAD4,
miR-103a-3p CTNNB1, CTNNA1, ACTN1, WASF2, CSNK2A1, FARP2, PTPR], 12 x 1073

CDC42, PTPRB, MAP3K7, CREBBP, TGFBR2, PVRLI

ACTB1, CTNND1, ACTG1, IQGAP1, IGFIR, PTPRF, MLLT4,
DMAD4, CTNNB1, CTNNA1, ACTN1, WASF2, CSNK2A1, FARP2,

o —4
miR10¥ PTPR], MAPK3, CDC42, PVRL3, PTPRB, MAP3K7, CREBBP, 3 10
TGFBR2, PVRL1
miR-194-5p TGFBR1, WASL, ACTG1, LMO?, IGFIR, PVRL4, RAC1 9.6 x 104
ACTN2, CSNK2A2, MET, CINND1, LMO?, IQGAP1, SMAD3,
Adherens junction miR-23b-3p EGER, TJP1, FYN, SMAD4, CTNNB1, WASF2, CSNK2A1, FARP2, 19 x 1072
PTPR], YES1, MAPK1, TGFBR2
ACTB, CSNK2A2, SMAD2, PVRL2, SMAD3, EGFR, PTPRF, NLK,
miR-24-3p CTNNB1, CTNNA1, WASF2, RAC1, EP300, YES1, CREBBP, TGFBR2, 84 x 10-3
PVRL1
— CSNK2A2, MET, WASL, CTNNDI, SMADZ, PTPN1, IGFRT, EGFR, o 2
o P NLK, RACT, PVRL3, MAPK1, MAP3K7, TGFBR2 e
) SMAD2, SMADS3, IGF1R, VCL, T|P1, CDH1, CTNNB1, RAC1, INSR, .
miR-520m SSX2IP, MAPK1, TGFER? X 10
miR-320b SMAD3, TJP1, CDHI1, CTNNB1, RAC1, INSR, 5SX2IP, MAPK1 4% 104
miR-320c SMAD3, TIP1, CDH1, CTNNB1, INSR, SSX21P, MAPK1 12 x 103
; ERBB2, IQGAP1, PTPN1, IGFIR, PTPRE, RHOA, CINNA1, WASE2, 2
miR-375 CDC42, PARD3 69 x 10
il ITGB1, ITGBS, LAMB1, LAMAS, COL27A1, AGRN, LAMC3, S 5
ECM-receptor P COL4A2, COL5A1, COL4A3, CD44 Sa
interaction iR ITGB1, THBS1, TNXB, COL6AL, COL4A2, LAMCI, LAMC2, ITGA6, | o 2
R HMMR, COL4A1 :
C';”;gcm:“ miR-1247-5p CDH?2 9.6 x 107
ADCY1, ADCYS, GNAS, MAP2K5, RAF1, TUBB, TUBB6, CDK1,
miR-148a-3p KRAS, TUBAS, GNA11, TUBB2B, SOS1, GNAI2, HTR2C, TUBB4B, 24 x 10°2
Gap junction MAPK1, GRB2, GNAI1
miR-221-3p RAF1, CDK1, PDGFD, GNAI2, GJA1 26 x 102

The link between gene pathways related to intercellular communication and ALF-
induced miRNAs may indicate its involvement in the pathomechanism of ALF. Indeed,
hepatic decomposition referred to as a loss of intercellular integrity, easily recognized
during histological evaluation, is one of the marks of acetaminophen toxicity [85-87].

The “Cellular community” pathways encompass genes coding proteins strongly asso-
ciated with the BBB structure and function [31]. Considering KEGG pathways obtained
from our analysis, the adherens junction pathway (hsa:04514), is related to most selected
miRNAs (Figure 6). In the context of BBB function and structure maintaining, the adherens
junction pathway (hsa:045020), with cell adhesion molecules pathway (hsa:04514), includ-
ing CDH2 gene coding for cadherin 2 involved in the regulation of protein localization to
adherens junction, is critically involved. Adherens junction is a cell-cell junction composed
of the epithelial cadherin-catenin complex at which the cytoplasmic face of the plasma
membrane is attached to actin filaments. The adherens junction pathway genes control
vascular permeability [88] and brain vascular homeostasis [89]. In our study hsa:045020
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pathway constitutes the majority (more than 40 defined genes; Table 4). Among them,
genes: ACTG1, ACTB, ACTB1, and ACTN1 encoding different isoforms of actin (3 and y
actin) [90], are critical for actin cytoskeleton changes linked with the functioning of several
cellular processes (cell shape maintenance, chemotaxis, cell movement, adhesion, and
other). Other genes: CTNNB1, CTNNA1, CTNND1 coding isoforms of catenin proteins,
form a complex that constitute adherens junctions and are necessary for the maintenance of
epithelial cell layers by regulating cell growth and adhesion. The catenin proteins also an-
chor the actin cytoskeleton. The adhesion molecules of nectin family genes: PVRL4, PVRLI,
PVRL3 are involved in the formation of cell—cell junctions, including adherens junctions and
synapses. The cytoskeletal proteins vinculin and tight junction protein 1, coded by VIN and
TJP1, respectively, regulate adherens junctions, are associated with cell-cell and cell-matrix
junctions, and are involved in anchoring F-actin to the membrane. Tight junctions regulate
the movement of ions and macromolecules between endothelial and epithelial cells. The
large groups of genes are engaged in signaling processes that include genes coding differ-
ent types of receptors of tyrosine phosphatase (PTPR], PTPRB, PTPRF, PTPN1), tyrosine
kinase 2 (ERBB2), mitogen-activated protein kinases (MAP3K7, MAPK3, MAPK1), and
genes associated with transforming growth factor-f signaling pathway (SMAD2, SMAD3,
SMAD4, TGFBR1, TGFBR2), one of the most important and complex signaling pathways in
vascular development and homeostasis of the brain vessel. The TGF-f3 signaling pathway
dysfunction has been repeatedly linked to various cerebrovascular diseases [91-93] and
implicated in BBB formation and permeability control by regulating tight and adherens
junctions [94-96].

The loss of intercellular structural components is linked with the cytoplasmic side of
focal adhesions molecules (hsa:04520) pathway comprising genes coding proteins forming
large molecular complexes linking transmembrane receptors (e.g., integrins). One of a
hallmark of focal adhesions is the clustering of integrins to the actin cytoskeleton and
mediating intercellular signaling. These heterogeneous complexes are highly dynamic
structures and are targeted by regulatory signals of proteins GSK3B, PI3K, PTEN, JUN,
RHOA, PAK2, and PAK3. At the brain vasculature level, direct signal-transducing reg-
ulates cerebrovascular morphogenesis and endothelial barrier integrity. Recent reports
have shown that focal adhesion kinase (PTK2) colocalizes with the tight junction proteins
occludin and Zonula occludens-1 (ZO-1) [97]. The protein coded by the PTK2 gene is also
one of the key molecules that negatively regulate RhoA activity, an important regulator
of BBB integrity [95]. In this context, studies have demonstrated that increased RhoA
activity leads to disassembly of the complexes within cell-cell junctions and subsequent
barrier disruption [96,97]. The proteins coded by VEGFA, -B, -C genes are members of the
vascular endothelial growth factor family, best known as key regulators of angiogenesis.
VEGFs play a role in blood and lymph vessel development and homeostasis. Particu-
larly, VEGFA is involved in angiogenesis and vasculogenesis, and VEGFC mediates mostly
lymphangiogenesis but also has angiogenic activity [99]. No less importantly, the gene
coding for vasodilator-stimulated phosphoprotein (VASP) is associated with filamentous
actin formation, and likely plays a widespread role in cell adhesion and motility. VASP,
which function is regulated by the cyclic nucleotide-dependent kinases PKA and PKG
may also be involved in the intracellular signaling pathways that regulate integrin-ECM
interactions [100].

Consequently, the extracellular matrix (ECM)-receptor interaction (hsa:04512) pathway
was highlighted in our analysis (Figure 6). The pathway is relevant for neural tissue, in
particular by composing a cellular architecture, synapse arrangement, and stabilization. In
addition, the hsa:04512 pathway may be of importance in the regulation of neuroplasticity
and memory formation [101]. In total, 18 different reported genes were annotated in our
study into this pathway (Table 4). They include 3 member genes of integrin heterodimeric
transmembrane receptors composed of alpha and a beta subunit: ITGB1, ITGBS, ITGA®6,
all of which are involved in cell adhesion and signaling. Next, collagenous (6 members
of collagen family: COL4A1, COL4A2, COL5A1, COL4A3, COL6A1, COL27A1T) and non-
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collagenous, the extracellular matrix glycoproteins (5 members of laminin family: LAMCI,
LAMC2, LAMC3, LAMBI1, LAMAS), constituents of the basement membranes with TNXB
gene coding tenascin-X controlling production and assembly of collagen. Collagen isoforms
COL4AT and COL4A2, defined in a GWAS analysis of cerebral small vessel disease as
mainly expressed in the brain endothelial cells [93]. Collagens and laminins, implicated in
a wide variety of biological processes, regulate cell adhesion, signaling, neurite outgrowth,
differentiation, migration, and metastasis. The abnormal expression of laminin family
genes is associated with clinical outcomes of, for example, hepatocellular carcinoma [102].

Since, the ECM features are high concentrations of proteoglycans and glycosamino-
glycans, of particular relevance are changes of heparan sulfate proteoglycans (HSPGs), a
family of glycoproteins with a small heparan sulfate side chain. HSPGs, attached directly
to the ECM, are secreted into the extracellular space, or on secreted vesicles [103]. HSPGs
that are present throughout the neural ECM are potentially secreted by activated glial cells
and seem to be associated with neurodegenerative diseases [104]. Interestingly, HSPGs
are likewise involved in BBB organization [105] and control monocytes’ crossing the BBB.
Agrin, encoded by the gene AGRN, is a large HSPG essential for neuromuscular synapse
formation [106]. Finally, the CD44 gene, coding for multifunctional cell surface adhesion
receptor for hyaluronan or hyaluronic acid and several other ligands, including osteopon-
tin, collagens, and matrix metalloproteinases [107], was indicated in our analysis. In line
with the above, hyaluronan-mediated motility receptor (HMMR gene) was likewise de-
fined. Another matricellular protein with multiple effects due to interacting with structural
components of the ECM is thrombospondin 1 coded by the THBST gene [108].

Within the Gap junction pathway (hsa04550), including the intercellular membrane
channels facilitating the direct cytoplasmic exchange of small molecules between adjacent
cells, apart from the GJAT gene encoding one of the most important connexin proteins,
connexin-43 (Cx43), most of the genes constitute a family of genes encoding tubulins: TUBB,
TUBB6, TUBAS, TUBB2B, TUBB4B. Tubulins compose microtubules, key cytoskeletal fibers,
which regulate the shape, polarity, migration, and survival of the endothelial cells [109].
Tubulins posttranslational modifications, including acetylation, play an important role
in the control of microtubule structure and microtubule-based cellular functions [110].
The family of genes encoding different subunits of G protein-coupled receptors (GPRC,
GNAS, GNAT1, GNAI2) is the largest family of cell surface receptors involved in signal
transduction. The GPRC proteins, characterized by a 7-transmembrane domain structure
with an extracellular N-terminus and an intracellular C-terminus, play roles in a variety of
physiological processes, including immune responses, neurotransmission, cardiac function,
and sensory functions and their aberrant activity or expression contributes to some of the
most prevalent human diseases [111]. The GPRC proteins via RhoA activation induce
cytoskeletal changes, important for cell migration. Another gene in the hsa04550 pathway,
GRB2, coding for Growth Factor Receptor Bound Protein 2, is associated with Hepatitis C
and Hepatitis E. In turn, Calmodulin-activated adenylate cyclases (ADCY1 and ADCY$
genes) generate cAMP. Collectively, despite indicated genes pathways that are important
for BBB maintenance, a causational relationship between differential miRNA expression
identified in body fluids and these features of BBB alterations needs to be established in
future studies.

The current knowledge, based mostly on clinical imaging (MRI) and experimental
studies, indicates persistent BBB dysfunction with increased paracellular barrier permeabil-
ity in ALF patients [112]. The previous postmortem studies on the human brain revealed
signs of both the cytotoxic and vasogenic components of ALF-induced edema [32]. BBB
increased permeability in the subacute and chronic HE stages is significantly less visible
than changes observed in acute HE when there can be uncontrolled extravasation of plasma
proteins, leukocytes, and vasogenic edema formation [113]. Additionally, the signs of
systemic or neuroinflammation during ALF or as a result of associated bacterial infection
can disturb the integrity of the BBB. In line with a few studies referring to BBB alterations in
ALF patients, more pieces of evidence were supplied from studies of animal models which
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documented BBB permeability changes upon ALF [113-115]. How BBB alterations and
recovery occur in ALF is unclear. One hypothesized scenario suggests fast sealing of the
barrier due to compensatory overexpression of BBB-composing proteins, the presence of
which can be found along blood vessels in ALF-injured tissue. In addition to protein expres-
sion changes, BBB functioning is controlled by protein-protein interactions and signaling.
Since the recovery of the BBB is a complex process, the final effect is dependent on the
expression pattern of functional proteins, and involves the de novo organization of junction
proteins. BBB components disorganization leads to increased para-cellular permeability.
Whose duration, and intensity may override any effect described as increased transcellular
permeability [114].

4. Concluding Remarks

The increase in the concentrations of liver metabolites reaching the CNS dominates
in ALF pathology thus ALF alters the homeostasis of the liver-brain axis by a mechanism
encompassing the expression changes of hundreds of genes responsible, i.e., for the antioxi-
dant system, neurotransmitter biogenesis, inflammatory processes, to list a few. MiRNAs
acting as modulators of gene expression seems to play a crucial but still not well-established
role in this control. Therefore, a more detailed analysis of selected miRNAs in the context
of signaling mediators and/or biomarker candidates for ALF offering new safety biomark-
ers that outperform current markers in terms of their sensitivity, specificity, and clinical
predictivity is highly desirable.

The systematic analysis of 21 reports from the last decade, involving a total of
852 participants, determined 205 circulating miRNAs to be altered in the blood of ALF
patients regardless of the study design and methodology. From this set, 25 miRNAs were
repetitively altered in independent reports. We selected 25 miRNAs, emerging predom-
inantly from the analyses of blood samples obtained from the acetaminophen-overdose
group of patients, that represented the most promising biomarker candidates for a diag-
nostic panel for symptomatic ALE. A new miRNAs identification is the most promising
alternatives for classic liver tests. In addition, the small RN As are also attractive therapeutic
targets due to their size, and relative availability of chemically designed active substances,
in a safe manner used in targeting and inhibiting miRNAs.

Since acetaminophen-induced liver injury results in oncotic necrosis, hepatocyte-
specific miRNAs elevate in the plasma within hours, such as miR-122-5p or miR-192-5p,
proposed so far as a potential biomarker tool. The diagnostic potential of miR-122-5p to
predict the subsequent onset of early liver injury was documented experimentally before
the increase in ALT [115,116]. In preclinical studies, both miR-122-5p and miR-192-5p were
enriched in liver tissue and presented dose- and exposure-dependent changes in plasma,
paralleled with serum ALT/AST levels and the liver histology [115,116]. Although our
systematic search revealed considerable coincidence of miR-122-5p elevation and ALT/AST
increase in plasma of ALF patients throughout the studies, no other miRNAs seem to serve
as a diagnostic tool.

The results of our analysis offer a selected group of miRNAs to assess whether pathog-
nomonic “signatures” of circulating miRs could serve as a diagnostic tool. The defined
common pathways targeted by selected miRNAs are highly relevant to cellular community
processes and suggest that loss of intercellular structural and functional components may
result in brain dysfunction with BBB impairment. However, a causational relationship
between differential miRNAs expression identified in the circulation and clinical features
observed in ALF patients has to be demonstrated in further study.

The difference between the criteria of scientific research and clinical application is
quite obvious. Therefore, imperfect verification of potential miRNA biomarkers candidates
may limit the study impact. An applicable biomarker must not only be significantly
differentially expressed, but also be capable of defining the correlation with the outcome of
patients. It is important to underline that the analyzed studies were differently designed
and several cohort comparisons were made in each study. In general, the limited sample
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size or not an equal group of patients was the limitation of this study, thus a larger sample
size cohort is needed for further assessment implementation. Moreover, miRNA detection
could also be affected by measurement principle, method, instrument, and the researcher
operation. Thus the sample size may be a critical point to guarantee the accuracy for
detection. In addition, the absolute quantitative detection protocol may be crucial, as well
asa correction of the circulating biomarker to healthy volunteers. In clinical application, the
level of circulating biomarkers is under the influence of multiple individual classifications,
including age, gender, lifestyle, and so on. Unfortunately, only very few reports performed
validation experiments and used greater cohorts, which might be the reason for the limited
reproducibility of the reported data.

In terms of the conceptual design, around 61.9% of the studies employed a candi-
date approach, 23.8% used high throughput technologies, and 9.5% combined these two
strategies. miRNA profiles were determined usually by RT-qPCR. However, other method-
ologies, including NGS, or microarray were also used. Importantly, the methods used differ
in terms of sensibility and accuracy, especially at single-base resolution.

For RNA extracted from biofluids, the source of microRNAs and the extraction method
that may influence recovery and the outcome is substantial. RNA isolation kits were
preferentially used over the manual methods. The normalization of the signal is another
limitation since a normalizer choice is critical and challenging. In analyzed studies, the
internal normalization controls for relative quantification in RT-qPCR were not identical.
The universal endogenous control is unlikely to be discovered and a suitable reference
should be assessed every time considering the different biological conditions of the samples.

The complete understanding of both positive and negative roles of miRNAs in the
pathomechanism of ALF might be a problem. Highly specific to the brain tissue miRNAs
may impair cell function, exacerbate brain injury-causing oxidative stress, neurotransmis-
sion, metabolism, neuroinflammation, attendant cell morphology, and cell composition,
contributing to increased brain dysfunction. The literature revealed that, for example,
increased miR-125b expression has been observed in the cerebellum, hippocampus, medial
frontal gyrus [117], temporal lobe neocortex [118,119], and frontal cortex [120] in AD pa-
tients. Thus, observed in ALF upregulation of brain-specific miRNAs in the serum might
reflect neuronal status. Additionally, released miRNAs may dependently or independently
on the disease status affect microcirculation, endothelial activation, and lead to the BBB
disturbance. Alternatively, after the BBB cross, miRNAs may initiate a cascade of neurolog-
ical processes alterations mediated by oxidative stress, brain signaling, neuroinflammation,
etc., to list a major. These concepts open an exciting new chapter on disease mechanisms
and strategies for developing non-invasive tools to monitor the proneness and progression
of the disease. It is noteworthy that miRNA identification may in the future contribute
to elucidating the ALF pathogenesis via the liver-brain axis since the miRNAs signature
of ALF clinical features (e.g., edema) is still missing. Among the newly available tech-
niques, circulating miRNAs have an irrefutable potential for new biomarkers and expand
our understanding of ALF pathophysiology. It is crucial in the future to elucidate the
mechanisms governing the biogenesis, sorting, release, and uptake of secreted miRNAs.
Other questions remaining to be addressed in the future are whether miRNAs convey
physiologically important information for specific cells and whether secretion is a selective
process. Determination of sufficient amounts of secreted miRNAs required for cell-to-cell
signaling is essential to understanding the role of secreted miRNAs in the pathological
processes regulation. Next, the secretion and incorporation of miRNAs are generally con-
served phenomena that remain unexplored. Nevertheless, the miRNA-mediated form of
inter-organ communication presents an open field for the understanding of signal and
molecule transfer between cells. The elucidation of this information transfer system will be
important in understanding many biological processes.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com /article/10
3390/1ims23010224 /s1.
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Abstract

Peripherally, high circulating neurotoxic ammonium ions, defined as hyperammonemia, occur
in different brain pathologies. However, hyperammonemia effects on cerebrovascularity and
underlying mechanisms, are far from clear. Here, we verified the senescence in brain
endothelium upon hyperammonemia and the role of non-coding miRNA-183-5p. Reduction of
cerebrovascular density in rats with induced hyperammonemia (ip. ammonium acetate (OA) at
600 mg/kg bw for three days), evaluated by fluorescence intensity of von Willebrand marker,
resembles density reduction of 12-month rats. The in silico analysis of Next Generation
Sequencing miRNA profiles of OA brain cortex and plasma allows the selection of miRNA-
183-5p, as endothelial senescence inducer. The miRNA-183-5p increase was detected in
ammonia-treated rat brain endothelial cell line 4 (RBE4) and media-derived exosomes.
Experiments in vitro on RBE4 and primary rat brain endothelial cells (PBMEC) treated with
ammonia (5 mmol/L, 24h) document cell senescent phenotype characterized by: 1) increased 3-
galactosidase staining/ fluorescence intensity; ii) increased pl6 mRNA and p2ImRNA
expression level and p53 fluorescence intensity increase iii) changes in senescence-associated
secretory phenotype (SASP) factors and iv) RBE4 cells proliferation decrease. Accordingly,
analysis of 1) SASP factors; ii) B-galactosidase and p53 fluorescence intensity increase in RBE4
cells at 21 DIV and PBMEC from elderly, 12-month rats. Transfection of RBE4 cells with
mimic miRNA 183-5p resembles senescent features: i) p53 fluorescence and ii) SASP factors.
The study documents the ammonia-induced effect on brain endothelial cells towards senescence
induction, which involves miR-183-5p. It thus may contribute to reduced cerebrovasculature
density, a factor of cerebral dysfunction observed in hyperammonemia.

Introduction

Hyperammonemia co-occurs in neurological disorders with toxic, metabolic, and
neurodegenerative etiology e.g., hepatic disorders, including non-alcoholic fatty liver disease,
neurodegenerative diseases (e.g., Alzheimer’s diseases), postoperative cognitive dysfunction,
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metabolic syndrome or aging [1-6]. Clinically, the most frequent cause of hyperammonemia
results from liver impairment resulting in insufficient clearance of circulating ammonia, which,
with a synergic role of systemic inflammation, induces a multi-complex neuropsychiatric
syndrome, named hepatic encephalopathy (HE) [7.8]. Circulating ammonia enters the CNS and
affects various aspects of brain homeostasis, exerting mild-to-severe alterations leading to brain
functioning decline [9-12]. Developing cerebral edema involves ammonia-triggering self-
amplifying mechanisms linked to osmotic- and oxidative/nitrosative stress, exaggerated with
disruption of the blood-brain barrier (BBB), and fatally complicates HE [13]. Changes in ECs-
composed cerebromicrovasculature accompany the dysregulation of cerebral blood flow,
further promoting brain dysfunction [ 14-17].

In recent years, endothelial cell senescence has emerged as a mechanism involved in vascular
pathologies. In contrast to the extensive studies of the process in the periphery, limited studies
documented the senescent ECs in the brain [18-20]. In the context of hyperammonemia-related
disorders, senescent-like features of the brain endothelium, escape verification. Importantly,
ammonia-induced markers of asthenic, senescent-like astrocytes in vitro and brains of HE
animal models, and, albeit indirectly, in the post-mortem brain tissue samples of HE patients
with cirrhosis, were demonstrated [10,21-24]. We decided to verify the neurotoxic effect of
ammonia on the induction of senescent phenotype in brain ECs in an attempt to decipher the
molecular mechanism of this process, not been studied directly as yet.

First, we checked whether induced systemic hyperammonemia in rats evokes changes in the
cerebrovasculature density, and confronted our findings with changes observed during
normative age-related alterations. Then, based on miRNAs’ profiles resulting from NGS
analysis of hyperammonemia rat brain cortex tissue and serum, followed by in silico analysis
and results of subsequent verification of miRNA in RBE4 cells treated with ammonia and
cultured medium-derived exosomes, we evaluated the potential of mimic-miRNA-183-5p
towards to induction of cellular endothelial senescence process. We indicate that
hyperammonemia affects the cellular senescence of brain endothelium via miRNA-183-5p and
thus disturbs the function of brain endothelium.

Methods

Animal models

Ninety-five 8-10"- week- old and nine 48 to 53™ week- old male Sprague Dawley rats, from
the outbred animal colony re-supplied by the Animal House of Mossakowski Medical Research
Institute, Warsaw, Poland (Approval no. 57/2015; 473/2017 and 462/2017 of Local Ethics
Committee for Animal Experimentation, Warsaw, Poland, as compliant with Polish Law) were
randomized to the experimental groups. All efforts have been made to reduce the number of
animals and minimize their suffering. The study complies with the ARRIVE (Animal Research:
Reporting In Vivo Experiments) guidelines (study design, experimental procedures, housing
and husbandry, statistical methods) for reporting animal research. Animals were given free
access to water and standard rodent chow and housed in constant temperature, humidity, and
12 h light-dark cycling.

http://rcin.org.pl
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Hyperammonemia was induced by ip. administration of ammonium acetate (OA) in a dose of
600 mg per kg for three days. Rats were sacrificed by decapitation and the brains were quickly
removed, and the cerebral cortex and blood serum [25] were isolated.

RNA extraction and Next Generation Sequencing

Total RNA was extracted from 200 pL rat plasma using the miRNeasy Serum/Plasma Advanced
Kit (Qiagen, Hilden, Germany) and 20 mg of brain cortex using Invitrogen™ mirVana™
miRNA Isolation Kit (Thermo Fisher Scientific, Waltham, USA).

Plasma samples were thawed on ice and centrifuged at 12,000 x g for 5 min to remove cellular
debris. For each sample, 200 pL of plasma was mixed with 1 mL of Qiazol followed by
extraction steps directly according to the manufacturer's instructions. Finally, RNA was eluted
in 10 pL of nuclease-free water and stored at —80 °C for further analysis.

Brain tissue samples were dispensed in 2 mL of Lysis/Binding Buffer in a homogenization
vessel placed on ice. Next, an amount of Acid-Phenol: Chloroform equal in volume to the
homogenate volume was added and vortexed for 60 seconds to mix; after centrifugation for 5
minutes at the highest speed (10,000 x g) at room temperature, the water phase was carefully
removed, and RNA was cluted in 100 pL nuclease-free and stored at —80°C to for further
analysis.

Total RNA quantification was made spectrophotometrically with a NanoDrop 2000 (Thermo
Fisher Scientific, Waltham, USA) and 1 pg of total RNA was used for library preparation.
The Serum NGS was performed using the DNBSEQ G400 (MGI2000) system in SE50 mode
(BGI Company, Shenzen, China). A minimum of 20 million paired-end reads were generated
per sample and, quantification includes the raw read count and normalized expression level as
CPM values (counts per million reads mapped) to account for the variability in the library size.
Next, miRDeep2 Quantifier analysis based miRbase2.0 library was used to identify miR
sequences. The Quantifier script of the miRDeep2 tool applying the default parameters was
used to quantify the miR expression level.

Brain cortex NGS was conducted on a NextSeq 500 sequencing instrument. The average
number of reads was 10 million reads per sample; next, RNA was converted into microRNA
NGS libraries. Library preparation QC was performed using either Bioanalyzer 2100 (Agilent)
or TapeStation 4200 (Agilent). Based on the quality of the inserts and the concentration
measurements, the libraries were pooled in equimolar ratios. NGS raw data was de-multiplexed
and FASTQ files for each sample were generated using the bel2fastq software (Illumina Inc.).

Bioinformatic analysis

To establish the subsequent procedures brain cortex and serum NGS data were analyzed. A
total of 306 identified serum and brain cortex miRNAs were taken for further analysis (Fig. 2).
The miRNAs were analyzed, using miRNA-target prediction databases (TarBase, miRDB,
TargetScan) to forecast the potential target genes regulated by selected miRNAs. ShinyGO
analysis was conducted on the predicted target genes list with their biological functions and
participation in different pathways. The statistical significance was maintained by an FDR cut-
off of 0.05 following database recommendations. The analysis yielded fold enrichment scores,
enrichment scores, FDR values, and gene counts. which serve as robustness indicators and
statistical significance of the relationship between the miRNAs and the identified pathways.

3
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The KEGG pathway analysis revealed miRNAs’ target genes, potentially associated with
senescence pathways.

Cell culture

Primary brain microvascular endothelial cells (PBMEC) were isolated from the brain cortex of
14-day- or 12-month-old Sprague-Dawley male rats from the animal colony of Mossakowski
Medical Research Institute, Polish Academy of Sciences, directly according to the protocol [26].
Briefly, after decapitation, brains were isolated, and cortices were dissected under sterile
conditions. After homogenization, tissue was enzymatically and mechanically dissociated with
I ml of 10 x Trypsin/ and Type IV collagenase solution at 37°C for ~30 min. Pellets followed
centrifugation and cleaning steps (800 x g for 5 min, ~20°C; 1,500 x g for 15 min ~20°C; 800
x g for 15 min), then the supernatant was discarded. Cells were seeded on a 6-well plate coated
with collagen 1 (Corning, NY, USA) and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 20% FBS and supplemented with 1.0 ng/ml basic fibroblast growth factor
(bFGF) and 20 pg/ml bovine sodium heparin. In the first two days, puromycin was added to the
culture medium to inhibit neuron and astrocyte growth. The medium was changed the next day,
and then every 2-3 days.

Rat brain endothelial cell lines (RBE4) were cultured in 24-transwell plates, or 100 mm dishes
(Corning, NY, USA) coated with collagen type 1. Cells were cultured on the DMEM/Ham’s
F10 medium with Glutamax (Gibco, Thermo Fisher Scientific, Walthman, USA) with the
addition of 10% of heat-inactivated FBS, 1 ng/ml bFGF, and gentamicin (Gibco, Thermo Fisher
Scientific, Waltham, USA) at 37 °C in a humidified atmosphere of 95% air and 5% CO> and
cultured for 5 days when cells displayed endothelial phenotype and reached ~ 90% of the
surface confluence.

RBE4 were seeded at the density of 2 x 10* for 5 days and reached 90% confluence. RBE4
cultured for 2 1-day cells served to determine senescence, with the culture media being replaced
every 3 days.

Treatment and transfection

The RBE4 cells were treated with 5 mM ammonium chloride (“ammonia™) for 24 h. Of note.
the extracellular ammonium concentration was 2-3 times lower than the intracellular level in
autopsied brain tissue of patients with severe hyperammonemia [25.27].

The transfection was carried out using the HiPerFect transfection reagent (Qiagen, Cat. No.
301704, Hilden, Germany), according to the recommendations provided by the manufacturer.
The applied concentration of the mimic was 20 nM for 24 hours. RBE4 cells were seeded at a
density of 3.3 x 10° and were transfected with the following sequences: 5'-
UAUGGCACUGGUAGAAUUCACU-3" for mimic miR-183-5p (Qiagen; Cat. No.
339173YMO00471390-ADA, Hilden, Germany), 5-UCACCGGGUGUAAAUCAGCUUG-3'
for negative control (Qiagen Cat. No. 339173YM00479902-ADA, Hilden, Germany).

Proliferation analysis

The cells were seeded in 6-well plates at a density of 1 x 10° cells per well and incubated for
24 hours with ammonia before real-time monitoring. The digital holograms of cells were
created using the HoloMonitor M4 Digital Holography Cytometer (Phase Holographic Imaging
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PHI AB, Lund, Sweden). Results were computed using Hstudio M4 software, developed by
Phase Holographic Imaging PHI AB, located in Lund, Sweden.

SA-p-gal staining

Staining was performed using a beta Galactosidase Staining Kit (abl02534, Abcam,
Cambridge. UK). Cells were washed with PBS, fixed for 15 min at room temperature. and
washed, and the working solution of -galactosidase plus X-Gal was incubated overnight at
37°C in a dry incubator (no CO3). The senescent cells were observed under an optical
microscope (Nikon DIAPHOT 300) and counted from three random vision fields.

SASP analysis

TNF-a, [CAM-1, V-CAM, and VEGF were measured using custom preconfigured ProcartaPlex
Immunoassays (Cat. No. PX010-10420-901 Thermo Fisher Scientific, Waltham, USA). Cells
were treated as mentioned in the Materials and Method section, and cell-free supernatants were
collected, vortexed, and, centrifuged at 10,000 x g for 7 min and kept at - 80°C. Afterward,
50 ul of cell culture supernatants and standards were added to a custom plate. The analytes
concentration was measured using MAGPIX Multiplexing Instrument (Luminex, TX, USA)
with XPonent software. Fresh culture media were used as controls for background subtraction.

RNA extraction and Quantitative RT-PCR

To separate total RNA from RBE4 cells and EVs, TRI Reagent (Cat. No. T9424, Sigma-
Aldrich, Missouri, USA) was used. Then lug of the RNA was reverse transcribed using the
high-capacity cDNA reverse transcriptase kit (Cat. No. 10400745, Applied Biosystems,
Waltham, MA, USA). Real-time PCR was carried out using TagMan assays from Applied
Biosystems: p21(Rn00589996_ml). pl6 (Rn00580664 ml), B-actin (Rn00667869) and
TagMan Universal PCR Master (Cat. No. 43-044-37, Applied Biosystems, Waltham, MA,
USA) mix in a total volume of 10 pl, with Inl cDNA added. Reactions were run for 10 minutes
at 95 °C, then 40 cycles of 15 seconds at 95 °C and | minute at 60 °C using the ABI 7500
instrument (Applied Biosystems). The results were computed for the actin product and
presented using the equation (2 **“") as the quantity of target, normalized to an endogenous
reference; where the Ct was the target amplification threshold cycle.

To quantify miRNAs, reverse transcription, and cDNA synthesis was performed, using TagMan
Advanced miRNA cDNA Synthesis Kit (Cat. No. A28007, Invitrogen, Walthman, MA, USA)
according to the manufacturer’s protocol. The levels of miRNAs expression were measured by
quantitative RT-PCR with a miRCURY LNA SYBR Green PCR Kit (Cat no. 339345, Qiagen,
Hilden, Germany,) with miRCURY LNA miRNA PCR Assay primer: rno-miR-183-5p (Cat no.
QG-339306_YP00206030, Qiagen, Hilden, Germany.). The snRNA U6 was used as, a
normalization control (Cat no. QG-339306_ YP02119464, Qiagen, Hilden, Germany). The
Applied Biosystems 7500 Sequence Detection System (Applied Biosystems, Foster City, CA,

USA) according to the manufacturer's instructions was used. The relative expression levels of

miRNAs were calculated using the 2 44",

Immunohistochemical and immunofluorescent staining
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Brain cortex slices were fixed with 4 % paraformaldehyde/PBS and permeabilized with 0.25 %
Triton X-100/PBS. Secondly, slices incubated with antibodies against vWF (1:400, Cat. No.
ab6994 Abcam, Cambridge, UK) overnight at 4 °C, and then exposed to secondary antibody
Alexa Fluor 488 goat anti-rabbit IgG (H+L) (1:1000, Cat. No. A11008, Thermo Fisher
Scientific, Waltham, MA, USA). The nuclei were labeled with Hoechst 33258 (Cat. No.:
H1398, Thermo Fisher Scientific, Waltham, MA, USA). Images were acquired in a confocal
laser scanning microscope [.SM780 (Zeiss, Jena, Germany) and processed using the ZEN 2012
(Zeiss, Jena, Germany). Fluorescence intensities were measured using the Image J software
(NIH, Bethesda, MD, United States).

RBE4 and PBMEC cells were seeded onto collagen I-coated coverslips at 3 x 107 cells/well
density, and cultured for 5-7 days. Cells were rinsed with PBS and were fixed, with 4 %
paraformaldehyde/PBS and permeabilized with 0.25 % Triton X-100/PBS. Secondly, cells were
incubated with antibodies against -Gal (1:400, Cat. No. ab616, Abcam, Cambridge, UK) or
pS3 (1:400, Cat. No. ab131442, Abcam, Cambridge, UK), CD-31 (1:400, Cat. No. ab28364.
Abcam, Cambridge, UK) and incubated overnight at 4°C and then exposed to secondary
antibody Alexa Fluor 488 goat anti-rabbit IgG (H+L) (1:1000, Cat. No. A11008, Thermo Fisher
Scientific, Waltham, MA, USA).

Images were acquired in a confocal laser scanning microscope LSM780 (Zeiss, Jena, Germany)
and processed using the ZEN 2012 (Zeiss, Jena, Germany).

Extracellular vesicle (EV) isolation and immunocytochemical staining

EVs were isolated from the culture media of RBE4. A total of 10° cells were grown on 100 mm®
cell culture dishes. The supernatants of the cell culture were gathered and subjected to
centrifugation at a force of 200 x g for 10 minutes, followed by another centrifugation at a force
of 500 x g for 10 minutes at a temperature of 4°C. The resulting samples were divided into
smaller portions and stored at a temperature of -70°C for future utilization. Cell culture
supernatants were thawed, spun down at 2000 x g for 20 min to remove cellular debris, and then
centrifuged at 100.000 x g for 75 min at 4 °C. The pellets were rinsed with deionized phosphate-
buffered saline (DPBS) and then underwent additional centrifugation at 100.000 x g for 75
minutes at 4°C. Next, the supernatant was removed, and the pellet was resuspended in 1 ml of
DPBS and kept at a temperature of -70°C until it was required.

The isolated EVs were rinsed with PBS, centrifuged for 100.000 x g for 20 minutes, fixed with
4 % paraformaldehyde/PBS, and permeabilized with 0.25 % Triton X-100/PBS. Then EVs were
incubated with antibody against CD-9 (1:400, Cat. No. ab223052, Cambridge, UK) and
incubated overnight at 4°C and then exposed to secondary antibody Alexa Fluor 488 goat anti-
rabbit IgG (H+L) (1:1000, Cat. No. A11008, Thermo Fisher Scientific, Waltham, MA, USA).

Fluorescence correlation spectroscopy (FCS) analysis

FCS measurements of EVs were conducted using a Nikon Eclipse TE2000U confocal
microscope coupled with Pico Harp 300 FCS equipment (PicoQuant, Germany). We used a 60x
objective (N.A. 1.2) with water immersion. A 561 nm pulsed diode laser was used to excite the
fluorescence of labeled exosomes. The fluorescence photons were collected by Single-Photon
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Avalanche Diodes (MPD and PerkinElmer). A 594 long-pass filter (Chroma, USA) was
positioned in the optical path before the detector. The laser power was equal to 16 pW.

The confocal volume was characterized during calibration using a nanomolar solution of
Rhodamine B in PBS. All measurements were conducted at 25 + 0.5 *C temperature, maintained
by a climate chamber (Okolab, Italy). Twenty independent FCS measurements, lasting 120s,
were performed for the tested sample.

Obtained FCS data were fitted with one component anomalous diffusion model, using Equation

1 B T 1 1
G(r)=—(1+_—pexp(— ))A — =
N 1 Btrip Ttrip 1+ (E) 1+ l(%)
(1)
where N stands for total exosomes number in confocal volume, 8y, corresponds to the fraction
of tested objects in a triplet state, Tp; is the diffusion time of diffusing exosomes, A stands for
the amplitude of fluorescent objects, while « is the aspect ratio of the Gaussian used to
approximate the focus. o corresponds to the anomalous exponent. During calibration, the
parameter k¥ was determined and was in the range of 5.5-6.5.
The QiuckFit 3.0 software (DKFZ, Germany) was used to fit the appropriate mathematical
model to the FCS curves. The fitted parameter was the diffusion time of exosomes (one

component). Based on the value tp, we determined the diffusion coefficient given by Equation
2

oy

2
(.l)xy

= 4ty
(2)
where wyy stands for the dimension of a confocal volume determined during calibration.
The hydrodynamic radius of fluorescent exosomes, Ry, was calculated using the Stokes—

Sutherland—Einstein equation:

o kT
" 6mD

where k stands Boltzmann’s constant, T is the absolute temperature, n corresponds to the PBS
viscosity.

The principle of FCS measurements is presented in Scheme 1. Firstly, the focal volume was
positioned within the tested sample. Then, the SymphoTime software (PicoQuant, Germany)
captured a fluctuation record of the fluorescence intensity of molecules diffusing through this
volume. Using mathematical processing, detected fluctuations were represented as an
autocorrelation curve. Finally, we fit the obtained FCS curve by an appropriate mathematical
model, describing the process inside the tested sample.
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Scheme 1. The scheme of FCS measurements’ principle in a buffer.

Statistical analysis

Data were analyzed and visualized using Prism 7 (GraphPad Software Inc., La Jolla, USA).
Results were presented as mean + SD. The statistical significance between various groups or
treatments was measured by unpaired t-test or one-way ANOVA with Dunnett's post hoc test.
In all experiments, p-value < (.05 was considered to be statistically significant, **¥** p <0.0001,
% p < 0.001, ** p <0.01, * p < 0.05.

Results

Ammonia and aging reduce brain microvascular density

The effects of ammonia or aging on microvascular density were evaluated in the brain cortex
of control (2-months-old), middle-aged (12-months-old), and OA rats (Fig. 1). We measured
the immunofluorescence intensity vVWEF, a marker of ECs- composing microvessels. The
cortical region of a 12-month rat brain exhibits a significant reduction (~40%) in vWF staining
compared to the control. A noticeable (~35%) decrease in vWF intensity, indicating a decline
in microvessels fluorescence was observed in the OA group.

Identification of differential miRNAs in both serum and brain cortex of OA rats: pathway
enrichment and target genes identification

In total, 306 overlapped, differently altered miRNAs in both, the serum and brain cortex of OA
rats were identified (Fig. 2; top; Suppl. 1. Tab. 2). We build the current approach on previously
obtained NGS row data from plasma samples, and from the newly received data from the brain
samples which were used to identify miRNAs associated with BBB disruption [28]. Raw data
from prior work are accessed to the public in the supplemental files (Additional file 1: Table
S1) and the present study served for in silico analysis. By reusing the NGS row data, we aimed
to supplement our current analysis and enhance the robustness of our findings while adhering
to 3R rules that advocate for the reduction of animal usage in scientific research. These miRNAs
were cross-referenced against three databases (TarBase/miRDB/TargetScan) to define 852
miRNA target genes. To get insight into the shortlisted 306 miRNA pathways, their 852 target
genes were assigned to the defined physiological processes using ShinyGO analysis [29].
ShinyGO analysis offers distinctive functionalities, including visual representations of
enrichment results and gene characteristics and the ability to access KEGG and STRING
through an API to retrieve route diagrams and protein-protein interaction networks. ShinyGO
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analysis was carried out to identify the functional enrichment of selected genes using a false
discovery rate (FDR) level of 0.05. The pathways, along with their relative fold enrichment and
FDR values, indicate the frequency of pathways appearing in the list of miRNA target genes
compared to what would be predicted by chance. Indicated pathways include the following
biological processes: Cellular senescence, Cell cycle, FoxO signaling pathway, MAPK
signaling pathway, Fluid Shear Stress and Atherosclerosis, and Pi3K-AKT signaling pathway.
Indicated pathways along with their relative fold enrichment and FDR values, indicate the
frequency of pathways appearing in the list of miRNA target genes compared to what would be
predicted by chance. Comparing the number of common genes acquired through
TarBase/miRDB/TargetScan databases with the senescence-associated ShinyGo analysis
pathways., miRNA-183-5p was reported to regulate 117 genes. Since the next on the list, miR-
200-3p regulates only 17 genes (see heatmap), miR-183-5p was chosen for further research.
The miRNAs listed along the x-axis include rno-miR-182, rno-miR-200a-3p, and rno-miR-122-
Sp (the most changed miRNAs from NGS analysis). The colour intensity in the heatmap
represents the enrichment of each miRNA in these pathways. The colour intensity reflects the
number of genes involved in specific KEGG pathways regulated by each miRNA, with green
indicating the highest number of genes and red indicating the lowest number of genes. The
number of genes from KEGG pathways and their enrichment regulated by the miRNAs are thus
visually depicted in this heatmap.

The effect of ammonia on rat brain ECs phenotype

Treatment with 5 mM ammonia for 24h induces changes in the phenotype of RBE4 cells toward
the senescent character. First, we observed reduced by ~20% RBE4 cell proliferation, captured
by the live cell HoloMonitor recording of cell number. Results corroborate with observation
from our laboratory demonstrating ammonia-induced RBE4 cell reduction with an MTT test
assessing cell viability [30]. The cell parameters verified with HoloMonitor are presented in
Supplementary Figure 1 (Supp. Fig. 1). Ammonia treatment of RBE4 cells induces a 1.7-fold
increase in f-galactosidase staining intensity (Fig. 3A) in comparison to the control, the effect
also illustrated with fluorescence intensity of B-galactosidase (Fig. 3C; top left). Similarly, the
B-galactosidase fluorescence intensity in RBE4 cells cultured for three weeks was observed
(Fig. 3C, top right). We determine the mRNA level of two cell cycle regulatory genes, namely
p21 and p16 in ammonia-treated RBE4 cells (Fig. 3B). A notable rise in the expression levels
of 66% and 44% in the p21 mRNA and p16 mRNA, respectively, was demonstrated in RBE4
cells treated with SmM ammonia.

Next, we documented an increase in tumor suppressor protein-p53 (p53) fluorescence intensity,
indicating DNA damage and/or cellular stress in RBE4 cells treated with ammonia and in RBE4
cells cultured for 3 weeks (Fig. 3C, low).

Finally, we measured concentrations of selected senescence-associated secretory phenotype
(SASP) factors (I-CAM, TNF-a, V-CAM, VEGF) of the RBE4 secretome. The RBE4 cells
treated with ammonia induced ~8-fold change increase of V-CAM. 3-weeks RBE4 cells
reached ~100-fold changes elevation of TNF-ua level and ~100-fold change of V-CAM (Fig.
3D).
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The activity of B-galactosidase in PBMEC treated with SmM ammonia for 24 h was increased
by ~40% (Fig. 4A), concurrently with visible immunofluorescence intensity of B-galactosidase
in both PBMEC cells treated with ammonia and PBMEC cells derived from 12-months rats
(Fig. 4B, left). The identity of ECs was marked with CD-31 immunofluorescence.
The p53 fluorescence intensity was observed in PBMEC culture from 12-month rats (Fig. 4B,
right panel). No significant changes were observed in the p16 and p21 mRNA expression levels
(data not shown).

The changes of SASP factor levels in PBMEC were divergent (Fig. 4C). ICAM-1 level was
significantly reduced (~0,7-fold change) in the ammonia and 12-month-old cultures (~1.2-fold
change). TNF-a level was increased by ~900-fold change in ammonia-exposed cells and to
~1300-fold in cells cultured from 12-month rats. The V-CAM level was elevated by ~ 1000-
fold in ammonia and ~800-fold change augmentation was noted in the PBMEC cultured from
12-month rats. The VEGF concentration was unaltered.

The involvement of miR-183-5p in the ammonia-induced phenotype of brain ECs

We then verified whether ammonia directly affects the expression level of miR-183-5p in the
RBE4 cell line. The gRT-PCR analysis of miR-183-5p expression level in RBE4 cells (Fig. 5A;
left) indicates a ~ 1.5-fold increase compared to the respective control.

The correctness of EV isolation was verified before conducting qRT-PCR analysis. FCS
measurements were employed to analyze exosome size, distribution, and diffusion properties.
The quantitation was performed on isolated and fluorescently stained exosomes, confirming the
presence of objects with an average hydrodynamic radius of 11.6 nm in the sample. The
fluorescence signals from the exosomes was significantly higher than the background signal
(see Suppl. 1, Fig. 2). The FCS autocorrelation curves were fitted with a one-component
anomalous diffusion model due to the non-uniform size of the measured particles. An example
of an FCS autocorrelation curve is shown in Suppl. 1, Fig. 2B. In the sample, molecules with
hydrodynamic radii of 22.5 nm and 7.6 nm with a median of 11.1 nm were present. Importantly,
no mobile fluorescent molecules other than exosomes were identified in the sample according
to the one-component fit model. The values of all parameters obtained from FCS analysis are
summarized in Supp., Table 1.

We further evaluated the miR-183-5p levels in EVs isolated from media of ammonia-treated
RBE4 cells (Fig. 5A: right). The effect of ammonia results in a significant increase in miR-183-
Sp expression level (~2.8-fold), suggesting that miR-183-5p may contribute to ECs response to
ammonia.

We analyzed mRNA expression levels of the cell cycle regulators p16 and p21 mRNA and B-
galactosidase, and p53 fluorescence intensity in RBE4 cells transfected with mimic miR-183-
Sp. The pl6 mRNA level increased by ~ 70% and unchanged p21 mRNA was observed (Fig.
5B). The degree of complementarity between the miRNA sequence and the p16 and p21 mRNA
genes was utilized with TargetScan bioinformatics software. The alignment identified putative
binding locations of miR-183-5p and both mRNA interaction (Suppl. 1, Fig. 3). Consequently,
B-galactosidase and p53 immunofluorescence intensity of RBE4 cells transfected with mimic-
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miR-183-5p confirmed the impact of miR-183-5p to induce features of senescent phenotype in
the ECs.

SASP factors (ICAM-1, TNF-a, V-CAM, and VEGF) upon transfection of RBE4 and PBMEC
with mimic-miR-183-5p depict divergent responses. The concentrations of ICAM-1 in both the
transfected and control groups were similar. TNF-u level was significantly increased in both
RBE4 and PBMEC cells (Fig. 5D), and ~four times higher, compared to the respective control.
The transfection with mimic-miR-183-5p presents a significant rise 400-fold change in VEGF
level in both RBE4 and PBMEC cell types.

Discussion

Cerebrovascularity guarantees proper brain functioning with an active guided role of the BBB.
BBB disturbances accompany to a varying degree many neurological diseases, including
disorders with hyperammonemia-related components [31,32]. The present study demonstrates
a new aspect of ammonia neurotoxicity related to cerebrovascular dysfunction associated with
EC senescence. We analyzed hyperammonemia-induced circulating miRNA vs cerebral
miRNA profile in OA rats and identified the potential miRNA candidate that might contribute
to endothelial senescence.

We documented hyperammonemia-induced reduction of rat brain cerebrovascular density and
compared the observation with decreased cerebrovasculature measured in 12-month-old rats.
Further, we verified the impact of identified miRNA-183-5p toward senescent phenotype
changes and implicate not yet described alterations in ECs evoked by hyperammonemia.
Reduction in endothelial marker vWF staining observed in older rats is consistent with the age-
dependent drop in microvascular density associated with endothelial dysfunction and/or cellular
senescence [33.34]. Such changes are often accompanied by cerebral blood flow reduction,
affecting hemodynamic response and vascular reactivity detected during physiological aging-
to-mild cognitive impairment [35]. Such alterations were detected in patients with acute liver
failure, congenital hyperammonemia, and neurological disorders, including neurodegenerative
diseases. Experimentally, acute liver failure in rats induces decreased cerebral perfusion [36]
Impaired tight junction (TJ) organization within senescent ECs was shown in progeroid mice
[37] and in brain tissue of mice models of Alzheimer's disecase [38]. The BBB leakage with
substantial disruption in TJ proteins within the ECs [39-41] also occurs mostly at the late stages
and severe onset of hyperammonemia encephalopathies [42—46] where changes develop
progressively [47-51].

Cellular senescence contributes to physiological aging and numerous age-related pathologies
[52]. Senescence, the irreversible cell growth arrest induces signaling cascades of p53/p21 and
pl6 pathways [53,54]. The process can be triggered by a variety of stressors that include
replicative and oxidative stress, oncogenic activation [55], telomere attrition [15] DNA damage
[56]. and mitochondrial dysfunction [57]. The mitochondrial dysfunction was documented in
senescent ECs and was characterized by mitochondria mass decline and decreased electron
transport chain activity, resulting in oxidative stress induction [15.58]. Recently, our group
reported that high ammonia concentrations induced the reduction of mitochondria number, and
altered mitochondria morphology in EC-composing BBB in two animal models of acute hepatic
encephalopathy [59]. The observations were associated with ECs mitochondrial membrane
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potential drop and monolayer permeability changes studied in vitro [28]. In this context, the
carlier study by Jayakumar et al. [60] also demonstrated alterations in ammonia-affected ECs
in vitro and monolayer permeability increase. Hyperammonemia affects the activity of
endothelial nitric oxide synthase (eNOS) by reducing nitric oxide (NO) availability and thus
contributes to endothelial dysfunction [13]. In the cerebral cortex tissue of rats with acute liver
failure, reduced eNOS activity and protein level expression co-occurred with eNOS uncoupling
[61].

Brain-composing cells undergo senescence [62-67], however senescent ECs have not been
frequently identified in the brain tissue of patients with neurodegenerative diseases [68]. In turn,
in vitro studies have shown that oligomeric f-amyloid can induce secretion of SASP from the
ECs [69].

In aging human ECs at the periphery it was demonstrated that endothelial NOS failure is crucial
to EC senescence [70] and that eNOS decrease contributes to oxidative stress, and
inflammation, all contributing to EC death [71]. In addition, eNOS uncoupling adds to the
mechanism of ECs' premature aging [72]. While the SASP is heterogeneous and can vary [73-
75] endothelial SASP, beyond increased levels of reactive oxygen species and NO levels, is
characteristic of endothelial markers ICAM-1, VCAM, and VEGF; of note, ammonia elicits a
pro-inflammatory response that aligns to a great degree with SASP [76-78].

MiRNA profiling contributes to inter-organ communication and homeostasis within the liver-
brain axis. Dysregulation of specific miRNAs contributes to both liver and cerebral diseases
[79] for example, miR212/132 is expressed in the brain and is sensitive to external cues from
the liver [80,81]. Circulating miRNAs regulate BBB integrity by targeting TJ proteins,
basement membrane components, and inflammatory pathways [82], and several miRNAs such
as miR-15a/16-1, miR-501-3p, and miR-210 are acknowledged in these processes [83-86].
We profiled the most significantly changed miRNA in the brain cortex and serum from OA rats
and identified 306 miRNAs with predicted target genes using TarBase, miRDB, and TargetScan
databases. Using the ShinyGO web-based program, miR-183-5p which controls 117 genes,
associated with senescence pathways was selected. Within in silico analysis, we revealed
possible miR-183-5p targets, pathways of Cellular Senescence, Cell Cycle, FoxO Signaling.
and MAPK Signaling, and respective genes, such as p53, p21, pl6INK4a, cyclin-dependent
kinases. and FoxO [87]. miRNA-183-5p verification implicated its contribution to ammonia-
evoked brain endothelium senescence. In this context, our data corroborates with previously
published data [28] documenting ~3-fold increase of miR-183-5p in 5SmM ammonia-treated
primary culture of rat ECs.

MiR-183-5p is a member of the miR-183 cluster situated on chromosome 7¢32.2 consisting
beyond miRNA-183-5p also miR-96 and miR-182 [88]. miR-183-5p has been linked to
apoptosis regulation, cell proliferation, and migration in various cancers [89-93]. Under
physiological conditions, miR-183-5p has been detected in neurons, and sensory organs [94,95]
and documented to regulate the expression of genes involved in synaptic formation and
plasticity  [96], metabolism of glucose and lipid balance in ECs [97].
Other data documented the involvement of miR-183-5p in age- and endothelium-specific
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related processes. An age-dependent increase of miR-183-5p levels was related to suppression
of proliferation and induction of senescent phenotype in bone marrow stromal cells [87]. miR-
183-5p was also identified within the panel of 15 miRNAs, overlapping human and mouse
miRNA profiles showing altered expression in the aging neurovascular unit [98]. Notably, the
miR-183 family members, miR-183 and miR-182 via control of SUMOylation, preserve
homeostasis under stress conditions [99].

In our study. transfection of ECs with mimic-miR-183-5p induces secretion of inflammatory
response factors characteristic of endothelial dysfunction and inflammation. The accumulation
of ICAM-I1, transmembrane glycoprotein regulating cell-to-cell interaction signals,
characterized late passages of ECs [100]. In line, senescence-associated ICAM-I
overexpression was documented in conditionally immortalized human vascular smooth muscle
cells [101]. Also, senescent endothelial progenitor cells benefit from VEGF gene delivery,
which enhances angiogenesis [102]. Additionally. senescent fibroblasts secrete VEGF,
suggesting VEGF’s role in the senescent cell microenvironment maintenance [103]. VEGF
increases levels of miR-183-5p [104], suggesting a feedback mechanism thus, VEGF not only
promotes angiogenesis but also influences EC senescence through miR-183-5p. The existing
regulatory loop emphasizes miR-183-5p's function in facilitating the impact of VEGF [104].
TNF-a promotes ECs senescence through various mechanisms, e.g. upregulation of senescence
marker p21 [105] and secretions of SASP factors [106]. TNF-a can induce premature
senescence in endothelial progenitor cells [107] and other cell types [108] through PI3K/Akt
signaling pathway activation [108]. The upregulation of VCAM-1 adhesion molecule is also
notable in senescent ECs [109]. The improvement of endothelial function was associated with
the reverse action of senescence-related changes, which includes VCAM-1 and ICAM-I
molecules [110,111].

Recently, single-cell RNASeq analysis allowed the detection of a higher prevalence of
senescent brain ECs in aged mice. The senescent brain ECs expressed a unique SASP profile
[19] and were characterized by increased levels of genes related to leukocyte trans-endothelial
migration (Cxcll2 and Ctnnbl), suggesting a mechanism associated with inflammation, cell-
cell adhesion (Ctnnbl), or tissue plasminogen activator (Plat) [112]. Population-based studies
have shown a positive correlation between DNA damage and p53 in the endothelium in human
brain samples of AD and may occur independently of disecase pathology [68].

In brief, the study indicates that hyperammonemia in vivo alters cerebrovasculature density
possibly via a mechanism reflecting endothelial senescence, involving miR-183-5p. Endothelial
senescence, beyond the contribution to brain aging, may exacerbate cerebrovasculature
dysfunction at the level of the neurovascular unit in patients with hyperammonemia. The results
offer a perspective for therapeutic intervention directed at mitigating endothelium senescence,
an accompanying component of cerebral dysfunction.
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Legends to figures

Fig. 1. Brain capillary microvessels density in control, 12-month-old, and OA rats. The results
are the mean + SD. n=5; **p <0.001 vs. control, one-way ANOVA, and Dunnett’s’ post hoc.

Fig. 2. Bioinformatics analysis of miRNA profiles in the brain cortex and serum of OA rats.
focusing on cellular senescence-associated pathways. A Venn diagram at the top-left with
identified 306 miRNAs, was next analyzed using TarBase, miRDB, and TargetScan databases
ShinyGO analysis of predicted 852 target genes. The heatmap illustrates the involvement of
specific miRNAS in senescence-related pathways with target gene numbers indicated by
colour intensity.

Fig. 3. The effect of ammonia on senescent phenotype characteristics of the RBE4 cell line. A.
B-galactosidase activity in RBE4 cells following SmM ammonia treatment for 24h. B. Cell
cycle inhibitors p16 and p21 mRNA relative level in RBE4 cells treated with SmM ammonia
for 24h. C. B-galactosidase and p53 fluorescence intensity in RBE4 cells treated with SmM
ammonia for 24h and RBE4 cell cultured for 3 weeks. D. Senescence-Associated Secretory
Phenotype in 5 mM ammonia-inducing senescence in RBE4 cells and 3-wecks RBE4. The
results are the mean + SD. n=4 *p < 0.05 vs. control, #p < 0.01 vs. control, **¥p < 0.001 vs.
control, ***#p < 0,0001 vs. control, one-way ANOVA, and Dunnett’s post hoc test.

Fig. 4. The effect of ammonia treatment and age of rats on senescent phenotype in PBMEC. A.
Activity of p-galactosidase in PBMEC in response to SmM ammonia B. -galactosidase and
pS3 fluorescence intensity in 12-month-old rats PBMEC. C. Senescence-Associated Secretory
Phenotype (SASP) factors in PBMEC. The results are the mean + SD. n=4 *#p < 0.01 vs.
control, **¥*p <().0001 vs control, one-way ANOVA, and Dunnett's post hoc test comprise the
results.

Fig. 5. The contribution of miR-183-5p on ammonia-induced brain ECs senescence phenotype
A. miR-183-5p expression level in RBE4 cells treated with 5SmM ammonia (left) and miR-183-
Sp expression level in extracellular vesicle (EVs) isolated from cultured medium of RBE4 cells
following SmM ammonia treatment (right). B. The effect of mimic miR-183-5p transfection on
pl6 (left) and p21 (right) transcript levels in RBE4 cells C. B-galactosidase and p53
fluorescence intensity in RBE4 cells transfected with miR-183-5p mimic. D. The effect of miR-
183-5p transfection on selected SASP factors of RBE4 cells (left) and PBMEC (right). The
results are the mean + SD. n=4; *p <0.05 vs. control, **¥*p < 0.001 vs. control, #***p <0.0001
vs. control one-way ANOVA and Dunnett’s” post hoc.
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