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IEVADS

Veterinarmedicina kortikosteroidi tiek plasi izmantoti, jo tie nodroSina
specigu pretiekaisuma un imiinsupresivu iedarbibu, kas ir bitiska dazadu
ickaisuma, autoiminu un alergisku slimibu arsté$ana. Neraugoties uz to
terapeitisko efektivitati, kortikosteroidu lietoSana ir saistita ar virkni potencialu
komplikaciju, tostarp pankreatitu, cukura diab&tu, hipertensiju, kataraktu
veidoSanos un jatrogénu Kusinga sindromu. Tomer, neskatoties uz §tm blakném,
kortikosteroidi joprojam ir vieni no visbiezak lietotajiem farmakologiskajiem
Iidzekliem veterinarmedicina (Elkholly et al., 2020).

Kortikosteroidi iedarbojas uz vairakam organisma sisttmam, tostarp
endokrino un hepatobiliaro. To ilgstosa lietoSana izraisa izteiktas metabolisma
izmainas, tai skaita glikoneogenézes stimulaciju, pastiprinatu glikogéna
uzkrasanos hepatocitos un traucgjumus mitoziditajiem, ir novérojama izteikta
jutiba pret kortikosteroidu iedarbibu aknu Itment, kas var izraistt kortikosteroido
hepatopatiju. Sai patologijai raksturiga hepatocitu vakuolizacija, kodolu periféra
dislokacija un izteikta glikogéna uzkrasanas, visbiezak centrilobularajas zonas.
(Feldman & Nelson, 2004; Assawarachan et al., 2020; Kari¢ et al., 2024).

Aknu enzimu aktivitates, TpaSi sarmainas fosfatazes (AP) un gamma
glutamiltransferazes (GGT), paaugstindsanas ir viens no agrakajiem
kortikosteroidu ietekmes markieriem. Kortikosteroidu inducéta AP (kAP) ir
suniem unikals izoenzims, kura klatbiitne atspogulo hepatocitu inducgtu enzimu
sint€zi, nevis tieSu hepatocttu bojajumu (Teske, 1999). Vairaki pétijumi liecina,
ka histologiskas izmainas aknds ne vienmér koreleé ar biokimiskajiem
parametriem, kas sarezgl diagnostiku un prasa morfofunkcionalu pieeju
(Oikonomidis & Milne, 2023, Tintle et al., 2023; Jablonski et al., 2024).

Sie procesi tiek uzskatiti par atgriezeniskiem, tomér reversijas ilgums un §tinu
strukturalas atjaunosanas dinamika I1dz §im ir maz dokumentgta (Jablonski et al.,
2024). A. Kusaba (2024) sava darba uzsvera, ka ar vecumu un vielmainas
izmainam mainas ari kortikosteroidu inducéto enzimu aktivitate, kas var ietekméet
aknu atjaunosSanas potencialu.

Aknas ir viens no funkcionali nozimigakajiem vielmainas organiem, kas
intensivi iesaistds dazadu vielu, tostarp medikamentu, detoksikacija un
izvadisana. Sie procesi var izmainit aknu §inu darbibu un veicinat bojajumu
attistibu, kas saistiti ar oksidativo stresu, mitohondriju funkcijas traucgjumiem
un imunajam reakcijam (Li et al., 2015; Wang, 2024; Borgne-Sanchez &
Fromenty, 2025). Mitohondriji nodroSina aknu $tinam nepiecieSamo adenozina
trifosfatu (ATF) oksidativas fosforiléSanas cela. To strukttiras vai funkcijas
traucgjumi, piemeram, samazinata respiratords kédes darbibas efektivitate,
reaktivo skabekla savienojumu (ROS) pieaugums vai membranas destabilizacija,
var veicinat vielmainas disbalansu un ickaisuma celu aktivaciju (Murphy, 2016;
Spinelli & Haigis, 2018; Zhang et al., 2021). Oksidativa stresa nozime aknu
bojajuma un reversijas procesa tiek uzskatita par centralu, tam veltiti vairaki
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jaunakie parskata darbi (Blanca et al., 2024; Perez-Montero et al., 2024). Sie
petijumi apstiprina nepiecieSamibu turpinat eksperimentalos darbus, lai
reversijas mehanismus, lietojot hepatoprotektivus Iidzeklus. Ir pieradits, ka
daziem savienojumiem, pieméram, S-adenozilmetioninam, fosforu saturoSiem
kompleksiem un vitaminu preparatiem, ir sp&ja stabilizet hepatocttu membranas
(Center et al., 2005; Deniz et al., 2009). Tomer literatiira joprojam ir ierobezota
informacija par So lidzeklu efektivitati kortikosteroidu izraisito aknu izmainu
gadijumos, Tpasi suniem.

Promocijas darba mérkis un hipoteze

Promocijas darbam “Kortikosteroidu izraisitas morfofunkcionalas izmainas
aknds un to reversijas iesp&as supiem” ir izvirzita sekojosa hipoteze: ir
iespgjama aknu morfofunkcionala stavokla atraka reversija suniem
kortikosteroidu lietoSanas laika, izmantojot hepatoprotektivo terapiju.

Darba merkis ir izvertet ilgstoSas darbibas kortikosteroida metilprednizolona
acetata izraisitas funkcionalas, morfologiskas un ultrastrukturalas izmainas sunu
aknas, ka arT noteikt hepatoprotektivas terapijas ietekmi uz So izmainu smagumu,
dinamiku un reversijas iespgjam.

Promocijas darba uzdevumi

1. Izpétit aknu funkcionala un/vai morfologiska stavokla izmainas kliniski
veseliem un suniem ar patologijam péc metilprednizolona acetata lietoSanas.

2. Noskaidrot, vai hepatoprotektiva terapija sp€j mazinat aknu funkcionala
stavokla izmainas suniem metilprednizolona acetata lietoSanas laika.

3. Noskaidrot, vai antioksidanta mitokvinola mezilata izmantoSana ietekme
aknu audu patologisko izmainu reversijas procesu suniem, lietojot
metilprednizolona acetatu.

4. Izvertet metilprednizolona acetata un antioksidanta mitokvinola mezilata
ietekmi uz hepatocitu ultrastruktiru (kodolu un mitohondriju) morfologiju.

Darba zinatniska novitate
1. Pirmo reizi veterinarmedicina veikts komplekss pétijums par aknu

morfofunkcionala stavokla izmainam eksperimentalajiem supiem péc
ilgstosas darbibas kortikosteroida metilprednizolona acetata lietosanas.



2. legti jauni, zinatniski nozimigi dati par kortikosteroidu inducétajam
ultrastrukturalajam un funkcionalajam parmainam hepatocitos, papildinot
lidz8ingjas zinasanas par kortikosteroidu hepatopatijas patogenétiskajiem
mehanismiem.

3. Pirmo reizi sistematiski novérteta dazadu hepatoprotektantu efektivitate aknu
funkcionala stavokla stabiliz€Sana un to potenciala loma kortikosteroidu
izraisTto izmainu mazina$ana supiem.

4. Pirmo reizi sunu modelT eksperimentali pielietots antioksidants mitokvinola
mezilats, ieglstot jaunus datus par ta iespgjamo ietekmi uz aknu audu
patologisko izmainu reversijas procesu steroidas hepatopatijas gadijuma.

Autores personigais ieguldijums

Promocijas darba autore patstavigi izstradaja petijuma koncepciju un
eksperimentalaja dala krusteniska (crossover) dizaina pétijjuma planu,
nodrosinaja pétijuma istenosanu un datu iegiiSanu visos p&tijuma posmos. Autore
veica kliniskaja pétijuma ieklauto dzivnieku atlasi, organiz&ja medikamentu
ievadiSanas protokolus, ka ar nodroSindja biologisko paraugu ievakSanu
noteiktajos laika punktos. Autore sagatavoja, apstradaja un analizEja asins
paraugus, ka arT veica iegiito laboratorisko rezultatu apkopoSanu un
interpretaciju.

Eksperimentalaja dala autore patstavigi veica aknu biopsiju paraugu iegiiSanu
un apstradi, nodrosinot paraugu fiksaciju, piegrieSanu un ievietoSanu kasetes, ka
arT koordingja histologisko preparatu sagatavoSanu. Autore veica aknu audu
histologisko izmeklé$anu, ka ari PAS reakcijas preparatu izveértésanu glikogéna
akumulacijas noteikSanai. Autore veica iminhistokimisko izmekl&jumu
planoSanu un rezultatu interpretaciju, hepatocttu ultrastrukttiras izmainu analizi
imtnfluorescences izmeklgjumos. Autore veica visu iegiito datu statistisko
apstradi, rezultatu grafisko un tabularo noforméSanu, interpretaciju un
salidzinajumu ar zinatnisko literatiiru.

Autore nodrosinaja pétijuma rezultatu prezenteéSanu zinatniskas konferences
un to izmantoSanu publikaciju sagatavosana.
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1. MATERIALS UN METODES
1.1. Petijuma laiks, vieta un materiala raksturojums

Paraugu iegiiSana un izmeklesana tika veikta divas dalas: kliniskaja petjjuma
(KP) un eksperimentalaja pétijuma (EP).

Kliniskais pétijums (KP). KP objektus atlasijam pec sadiem kriterijiem:

1. dzivniekiem ieprieksS bija uzstadita diagnoze, kuras arst€sana tika izmantots
ilgstosas darbibas kortikosteroids metilprednizolona acetats (MPA) deva 2
mg kg';

2. anamnéz€ un kliniskaja izmekleéSana nebija datu, kas liecinatu par aknu
patologiju;

3. asins analiz€s nebija izmainu, kas noraditu uz aknu darbibas traucgjumiem
pirms terapijas.

KP tika izmantoti asins seruma paraugi, kas laika posma no 2013. gada
janvara Iidz 2014. gada janvarim tika panemti diagnostiskos noltikos vairakas
Rigas veterinarajas klinikas. Paraugu izmantoSana tika saskanota ar kliniku
vadibu un dzivnieku Tpasniekiem. Ta ka asins paraugi tika iegiiti kliniskas
apriipes ietvaros, pétijuma del netika veiktas papildu manipulacijas un Iidz ar to
netika radttas papildu sapes vai diskomforts. PEc atlases petijuma tika ieklauti 28
pieaugusi atSkiriga vecuma, dzimuma un Skirnu suni. No katra dzivnieka tika
analiz@ti Cetri asins paraugi, kopa apstradajot 112 paraugus.

Eksperimentalais pétijums (EP). EP tika ieklauti septini klmiski veseli,
divus gadus veci, sievieSu dzimuma nekastréti biglu Skirnes suni (PVD atlauja
Nr. 70). Dzivnieki tika iepirkti ES sertificeta eksperimentalo dzivnieku audzetava
Francija. EP norise notika Latvijas Lauksaimniecibas universitates
Veterinarmedicinas fakultates Prekliniskaja institiita laika posma no 2015. gada
10. aprila Iidz 2015. gada 31. julijam.

Pirms un EP laika dzivnieki tika turéti LLU VMF Eksperimentalo dzivnieku
novietng, ieverojot labturibas prasibas, veicot regularu telpu uzkopsanu, vides
bagatinasanu, ikdienas kontaktu ar cilvéku un pieeju ara voljeram. Dzivnieki
sanéma riipnieciski razotu pilnvertigu baribu; dzeramais tidens bija pieejams ad
libitum. Dzivnieki tika vakcingti un regulari apstradati pret ekto- un
endoparazitiem.

Eksperimenta laika no katra dzivnieka noteiktajos laika punktos tika iegtti
asins un aknu audu paraugi: kopa 70 asins paraugi un 42 aknu paraugi.
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1.2. Petijjuma kopeja shema

Kliniskais petijums. Dzivnieki nosaciti tika iedaliti divas grupas:
e grupa l: sanema tikai kortikosteroidu;
e grupa 2: pec kortikosteroida injekcijas papildus sanéma hepatoprotektantu.

Ka kortikosteroids tika izmantots ilgstoSas darbibas metilprednizolona
acetats (Depo-Medrol 40 mg ml'), ko ievadija intramuskulari vienu reizi
pétijuma pirmaja diend deva 2 mg kg'. Klinskaja pétfjuma tika lietotos
hepatoprotektivs preparats GlutaMax, kura sastava ka galvenas sastavdalas bija
ieklauti mardadza (Silybum marianum), kurkumas (Curcuma longa), artiSoka
(Cynara scolymus) ekstrakti. To ievadija per os vienu reizi diena 45 dienas, sakot
no pétijuma 0. dienas. Devu aprékinaja saskana ar preparata lietoSanas shemu (1
tablete uz 15 kg). Lai novertétu hepatoprotektanta iesp&jamo ietekmi uz
kortikosteroida inducgtam aknu izmainam, asins seruma noteica $adus raditajus:
alantnaminotransferazi (ALAT), gammaglutamiltranferazi (GGT), sarmaino
fosfatazi (AP) un kortikosteroidu induc€to termostabilo sarmaino fosfatazi
(kAP). Asins paraugi tika ieguti 0., 14., 30. un 45. diena, skaitot no
kortikosteroida ievadiSanas dienas.

Eksperimentalais pétijums. Ka kortikosteroidu preparatu izmantoja
metilprednizolona acetatu (Depo-Medrol 40 mg ml ™), ko ievadija intramuskulari
vienreiz pétijuma pirmaja diena deva 2 mg kg™!.

Ka hepatoprotektantu izvelgjamies mitokvinola mezilatu (MitoQ), kas
ievadits per os 20 mg diena. Kontroles vajadzibam tika sagatavotas identiskas
kapsulas ar tapiokas pulveri (placebo) bez aktivas vielas, lai izvertetu tiesi aktivas
vielas, nevis paligvielu ietekmi.

Eksperimenta planojuma tika izmantots divu preparatu un divu periodu
krusteniskais (crossover) dizains, kura katrs dzivnieks dazados posmos kalpo gan
ka eksperimentala, gan ka kontroles vieniba (Grizzle, 1965; Jones & Kenward,
2003).

Sis dizains tika izvelets, lai:

1. iev@rotu 3R principu, samazinot pétfjuma ieklauto dzivnieku skaitu,
vienlaikus saglabajot pietickamu datu apjomu;

2. iegitu informaciju par iesp&jamu carryover jeb velinu ietekmi, kas var
izpausties atkartotas ekspozicijas laika (Mills et al., 2009; Wellek & Blettner,
2012).

P&tfjuma laiks tika sadalits trTs posmos (skat. 1.1. att€lu):

e 1. periods: 0.-28. diena;

e atpitas periods: 28.-56. diena (bez manipulacijam);

e 2. periods: 56.-84. diena.

Dzivnieki péc nejausibas principa tika sadaliti divas grupas (4 un 3 dzivnieki).
Pirmaja perioda grupas apzimétas ka MQ1 (MPA + MitoQ) un P1 (MPA +

15



placebo). Otra perioda sakuma grupas tika mainitas atbilsto$i par&jas principam:
bijust P1 kluva par MQ2, bet MQ1 — par P2 (skat. 1.1. att€lu).

1. periods — —

28 dienas MQI (n=4) Pl (n=3)
Atpiitas periods

28 dienas

2. periods

28 dienas MQ2 (n=3) P2 (n=4)

1.1. att. Krusteniska pétijuma dizaina shematisks attelojums/ Schematic
representation of the crossover study design
»MQ1” un/and ,,MQ2” — dzivnieku grupas, kuras sanema mitokvinola mezilatu/ animal
groups receiving mitoquinol mesylate;
P17 un/and ,)P2” — dzivnieku grupas, kuras sanema placebo — tapiokas pulveri/ animal
groups receiving placebo — tapioca powder.

Asins paraugi tika iegiiti ik p&c septinam dienam piecas reizes katra perioda:
0.,7., 14.,21. un 28. diena. Aknu biopsijas tika veiktas 0., 14. un 28. diena (skat.
1.2. attelu).

Asins analizes (n = 7)

Asins analizes (n =7)

14 21 28

L vV : b 4 Vv !
1. periods i Atpiitas periods 2. periods
28 dienas y 28 dienas 28 dienas

1.2 att. Eksperimentala pétijuma norises laika veikto manipulaciju
shematisks atteélojums/ Schematic representation of procedures performed
during the experimental study
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1.3. Dzivnieku kliniska izmekleSana un veselibas stavokla noverteSana

Dzivnieku klmiska izmeklesana tika veikta péc visparpienemtas veterinaras
klmiskas izmeklesanas shémas (Jemeljanovs et al., 2007). Vispargja izmeklésana
ietvera inspekciju un palpaciju, dzivnieku uzvedibas/temperamenta novertgjumu,
kondicijas izverteSanu, adas un apmatojuma stavokli, virspus€jo limfmezglu
palpaciju, glotadu stavokla novertéSanu un rektalas temperatiiras merjumu.
Specialas izmekleSanas laika izvertéta asinsrites un elpoSanas sistéma (pulss,
sirds auskultacija, elposanas biezums, plausu auskultacija).

1.4. Asins paraugu iegiiSana

Asins paraugi iegiiti no v. cephalica, ievérojot aseptikas principus, izmantojot
intravenozu katetru. Paraugi tika savakti seruma vakutaineros biokimiskajai
analizei. Seruma atdaliSanai asinis centrifuggja, un biokimiska analize tika veikta
ar automatisko analizatoru. kAP aktivitate noteikta p&c termostabila izofermenta
principa, veicot seruma inkubaciju paaugstinatd temperatiira pirms enzima
aktivitates merfjuma (Teske, 1999).

1.5. Aknu audu paraugu iegii§ana

Aknu biopsijas veiktas ultrasonografijas kontrolé saskana ar WSAVA
vadlinijam (Rothuizen et al., 2006). Sedacijai izmantots propofols, un papildus
veikta lokala anestézija ar lidokainu. Dzivnieki procediiras laika novietoti labaja
lateralaja gula; biopsija veikta, izmantojot 7rueCut adatu ar biopsijas aparatu.
P&c parauga iegiisanas tika veikta pEcapripes ultrasonografiska kontrole, lai
mazinatu asinoSanas risku.

1.6. Asins paraugu biokimiska izmekleSana

Seruma atdaliSanai asinis tika centrifugtas 10 miniites ar atrumu 1300
apgr./min (Gulbis, 2011). Seruma analize tika veikta ne vélak ka 15 minttes péc
atdaliSanas. Seruma biokimiskie raditaji tika noteikti ar automatisko analizatoru
Mindray BS-120 (Shenzhen Mindray Bio-Medical Electronics Co. Ltd., Kina).

Kortikosteroidu izraisitas termostabilas sarmainas fosfatazes aktivitati
noteicam péc E. Teske aprakstitas metodes (Teske, 1999). Asins serums tika
inkub@ts 15 minttes 60 °C temperatiira, ka rezultata saglabajas tikai
termostabilais izoferments. P&c apstrades fermenta aktivitate tika noteikta ar
iepriek§ minéto analizatoru.
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1.7. Aknu audu materiala sagatavo$ana un kraso$ana

No visiem dzivniekiem (n = 7) eksperimenta laika tika iegiiti 42 aknu audu
paraugi (n = 42). Katrs paraugs tika izmekl&ts, izmantojot rutinas histologijas un
imtnhistoktmijas metodes.

Iegtitie aknu audu paraugi tika sagatavoti péc visparpienemtas histologiskas
metodikas: fikséti formalina, rutini apstradati autoprocesora, iegulditi parafina
un sagatavoti parafina bloki. No blokiem tika sagatavoti griezumi histologiskai,
imtnhistoktmiskajai un imiinfluorescentajai analizei.

Aknu audu griezumi tika krasoti ar hematoksilina-eozina (H&E) metodi aknu
parenhimas morfologiska stavokla novértésanai un ar perjodskabes-Sifa (PAS)
metodi glikogéna noteikSanai. Imdnhistoktmiska krasosana tika veikta,
izmantojot Dako EnVision HRP sist€mu ar antivielu pret a-gludo muskulu aktinu
(0-SMA), lai izvertetu aktivéto stellata stinu daudzumu. Hepatocitu kodolu un
mitohondriju morfologijas analizei tika veikta iminfluorescenta krasosana,
mitohondriju ieziméSanai izmantojot anti-TOMM20 antivielu, bet kodolu
iezZiméSanai — DAPI; preparati tika analizeéti ar konfokalo lazera skengjoso
mikroskopiju.

1.8. Paraugu mikroskopiska analize

Hematoksilina-eozina (H&E) krasoto paraugu mikroskopiska analize.
Ar H&E krasojumu iegiitajos aknu histologiskajos preparatos hepatocitu
mikroskopiskas izmainas katra parauga izvert€jam desmit mikroskopa redzes
laukos, izmantojot visparpienemtu morfologiskas novértésanas metodi (Young
etal., 2011; Abdou et al., 2013; Szarek et al., 2014).

Histologiskos preparatus dazados palielindjumos izvert§jam gaismas
mikroskopa Leica DM5000B (Leica Microsystems, Vacija) LLU VMF
Prekliniska institiita laboratorija.

Pamatojoties uz iegiitajiem rezultatiem, hepatocitu morfologiskas parmainas
nosaciti iedalfjam Cetras kategorijas pec Szarek et al. (2014) aprakstita principa:
1. hepatociti nav izmainiti — nav parmainu;

2. Iidz 1/3 redzes lauka izmainttu hepatocitu, redzams tiklojums, maz vakuolu
vai to nav, kodoli centra — vieglas parmainas;

3. lidz 2/3 redzes lauka izmainitu hepatocttu, redzams tiklojums un vakuolas,
lielakajai dalai kodolu novietojums periferija — vid€ji smagas parmainas;

4. gandriz visi hepatoctti izmainiti, redzams izteikts tiklojums, dazada izméra
vakuolas, kodoli §iinu periférija — smagas parmainas.

Morfologisko parmainu pakape tika kod@ta skaitliski (0-3), kur O atbilda

parmainu neesamibai, 1 — vieglam, 2 — vid&i smagdm un 3 — smagam

parmainam.
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Segmentkodolaino neitrofilo leikocitu infiltraciju aknu parenhima un
asinsvados novértgjam, nosakot vid€jo Sinu skaitu + standartklida viena
mikroskopa redzes lauka (Szarek et al., 2014).

Noverotas parmainas tika nosaciti iedalitas Cetras grupas.
Leikocitu nav — negativs;

1-10 leikoctti viena redzes lauka — mazs leikocttu daudzums;
10-20 leikociti viena redzes lauka — videji daudz leikocitu;
20-40 leikociti viena redzes lauka — daudz leikocTtu.

el e

Perjodskabes-Sifa (PAS) krasoto paraugu mikroskopiska analize. PAS
krasojuma katra parauga desmit mikroskopa redzes laukos tika noteikta
glikogéna uzkrasanas (Young et al., 2011; Szarek et al., 2014). Preparatus
dazados palielinajumos izvertgjam gaismas mikroskopa Leica DM5000B (Leica
Microsystems, Vacija) LLU VMF Prekliniska institiita laboratorija.

Noverotas izmainas tika nosaciti iedalitas Cetras kategorijas pec Szarek et al.
(2014).

1. Glikogéna nav — negativs;

2. Glikogens konstatets mazak neka 1/3 §iinu — vieglas parmainas;
3. Glikogens konstatets I1dz 2/3 §tinu — vid&ji smagas parmainas;
4. Glikogens konstatéts gandriz visas §linas — smagas parmainas.

Morfologisko parmainu pakape tika kod&ta skaitliski (0-3), kur O atbilda
parmainu neesamibai, 1 — vieglam, 2 — vid&i smagdm un 3 — smagam
parmainam.

Iminhistokimisko paraugu mikroskopiska analize. Stellata S$tnu
daudzumu analiz&jam, nosakot vidgjo $tinu kodolu skaitu + standartkltida uz 100
hepatocitiem (Szarek et al., 2014). Preparatus dazados palielinajumos izvertgjam
gaismas mikroskopa Leica DM5000B (Leica Microsystems, Vacija) LLU VMF
Prekliniska institiita laboratorija.

Noverotas izmainas tika nosactti iedalitas Cetras grupas péc Szarek et al.
(2014).

1. 0 stinas/100 hepatociti — negativs (stellata §tinu aktivacija nav konstatéta);
2. 1-5 $tinas/100 hepatociti — mazs aktiveto stellata Sinu daudzums;

3. 6-15 Stnas/100 hepatociti — vid&ji daudz aktiveto stellata Stnu;

4. >15 stinas/100 hepatociti — daudz aktiveto stellata Stinu.

Iminfluorescéjoso paraugu mikroskopiska analize. Konfokala lazera
skengjosa mikroskopija tika veikta Latvijas Biozinatpu un tehnologiju
universitates Viedo tehnologiju nodala, izmantojot Nikon Eclipse Ti2 konfokalo
mikroskopu (Nikon Corporation, Japana). SkatiSana tika veikta secigi
(sequential), lai noverstu signalu parklasanos.

legiitos att€lus skatTjamies ar specializ€tu programmatiru Leica Application
Suite X (Leica Microsystems, Vacija). Imiunfluorescences att€lu analize tika
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veikta, izmantojot Fiji (ImagelJ, versija 2.14.0, ASV), kas nodrosina kodolu un
mitohondriju morfologijas kvantitativu novertésanu.

Pirms analizes att€li tika importeti 16 bitu formata, saglabajot pilnu
intensitates diapazonu, un pirms mérjjumiem tika veikta kanalu atdaliSana. DAPI
fluorescences signals tika analizéts 405 nm (DAPI) kanala, savukart TOMM20
imunofluorescences signals tika analizets 488 nm (Alexa Fluor 488) kanala.
Turpmakai kvantitativai analizei katra kanala tika veikta signala segmentacija,
izmantojot automatisku sliekSna noteikSanu.

Mitohondriju analizei katra parauga tika analiz&ti tris nejausi izvéleti redzes
lauki, katra lauka 20-30 hepatociti. Mitohondriju morfometrijai tika izmantota
funkcija Analyze Particles, ieglstot $adus raditajus: iegarenuma koeficients
(garuma/platuma attieciba) un apaliguma koeficients (0 — loti izstiepts, 1 —
perfekts aplis). Mitohondriju signala kvantitativai izveért€Sanai tika izmantota
funkcija ROI, kas aptvéra hepatocitu citoplazmas zonu, un tika noteikta vidgja
fluorescences intensitate (AU) (Ramatchandirin et al., 2024).

Kodolu morfometrijai DAPI kanala tika izmantota funkcija Analyze
Particles, iegistot Feret diametru. Papildus kodolu intensitates izmainu
raksturosanai tika veikta fluorescences analize, izmantojot ROI, kas aptvera
individualos kodolus; no katra ROI tika aprekinats variacijas koeficients (CV)
kodola iekspuse (Kreutz et al., 2017; Liu et al., 2021; Guixé-Muntet et al., 2020).

1.9. Datu statistiska analize

Visi KP un EP dati apkopoti un analiz&ti ar aprakstosas statistikas metodém.
Ekstrémi noveérojumi parbauditi ar Grubsa testu un vizualo novertgjumu (box-
plot). Normalitate parbaudita ar Sapiro-Vilka testu.

Asins bioktmiskajiem raditajiem (ALAT, GGT, AP, kAP) aprékinats vid&jais
+ SEM. Morfometriskajiem un fluorescences raditajiem aprékinats vid&jais =
SD. Divu neatkarigu grupu salidzinaSanai izmantots Mann-Whitney U tests, bet
dinamiskai analizei vienas grupas ietvaros dazados laika punktos — Wilcoxon
Signed-Rank tests. Semikvantitativie dati (0-3) analiz&ti ar neparametriskam
metodem atbilstosi ordinalai skalai. Atskiribas uzskatitas par statistiski ticamam
pie p < 0,05; papildus vértetas tendences (0,05 < p < 0,1). Datu apstrade un
vizualizacija veikta IBM SPSS Statistics 23 un Microsoft Excel.
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2. PETIJUMA REZULTATI UN DISKUSIJA
2.1. Kliniskas izmekléSanas rezultati

Kliniska izmekl€Sana tika veikta, lai sistematiski novert€tu un kontroletu
dzivnieku vispargjo veselibas stavokli visa pétfjuma laika, ka arT savlaicigi
konstat@tu potencialas ar kortikosteroidu lietoSanu saistitas blaknes. Kliniskaja
petijuma (KP) klmiska novertésana bija ciesi saistita ar sunu pamatdiagnozém un
klmisku terapijas nepiecieSamibu, jo taja tika ieklauti dzivnieki ar dazadam
patologijam, kuru arsté§ana pamatoti tika lietots metilprednizolona acetats. Lidz
ar to KP dala klmiskie raditaji netika ieklauti statistiskaja analiz€, jo tos
potenciali ietekmé&ja gan pamatslimiba, gan vienlaiciga terapija.

Eksperimentalaja pétifjuma (EP) visiem dzivniekiem tika veikta regulara
kliniska izmekléSana paredzEtajos laika punktos wun papildus pec
nepiecieSsamibas, fokusgjoties uz vispargjas passajiitas izmainam, kermena masas
dinamiku, apetiti, slapju intensitati, uzvedibu, glotadu krasu, hidratacijas statusu,
ka arT uz iespgjamam gastrointestinalam, respiratoram vai adas izmainam. Visa
EP laika netika konstatétas kliniski nozimigas izmainas sunu veselibas stavokli.
Tadel turpmakajas rezultatu sadalas kliiskie novert€jumi atseviski netika
analiz@ti.

Sis atradums ir batisks, jo tas atspogulo tipisku klinisko situdciju: pat pie
izteiktam biokimiskam un histologiskam izmainam, kas raksturigas steroidu
hepatopatijai, kliniskas pazimes suniem var neblt redzamas vai var bt
minimalas. Tas nozimé, ka kliniska izmekl&Sana nav pietickama, lai agrini
identificétu aknu morfofunkcionalo atbildi uz ilgstosas darbibas kortikosteroidu
lietoSanu, un nepiecieSama merktieciga laboratoriska un, ja nepiecieSams,
morfologiska monitorésana.

2.2. Aknu funkcionala un morfologiska stavokla izmainas suniem
péc MPA ievadiSanas

2.2.1. Aknu funkcionala stavokla izmainas KP sunpiem
péc MPA ievadiSanas

Kliniskaja pétijuma dala aknu funkcionalais stavoklis tika novertéts suniem
ar patologijam (n = 14), kuri sanéma ilgstosas darbibas metilprednizolona acetatu
(MPA; 2 mg kg™") un papildus nesanéma hepatoprotektantu (grupa Nr. 1). Asins
paraugi tika iegiti 0., 14., 30. un 45. diena (kopa n = 56), nosakot ALAT, GGT,
AP un kAP aktivitati seruma. Kopgja dinamika noradija uz izteiktu enzimu
aktivitates pieaugumu ar maksimumu 14. diena un pakapenisku samazinasanos
turpmakajos laika punktos, tomér atseviskiem raditajiem saglabajoties
paaugstinatiem ar1 45. diena.
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Pec MPA ievadisanas ALAT aktivitate 14. diena statistiski batiski (p < 0,05)
pieauga Iidz 206,4 + 28,8 U L', kas atbilda 3,0 reizu palielinagjumam
salidzinajuma ar 0. dienu (69,2 + 8,0 U L™). 30. diena ALAT joprojam bija
statistiski biitiski paaugstinats (177,6 £ 19,5 U L'; 2,6 reizes pret 0. dienu). 45.
diena novérota lejupslide lidz 113,5 + 48,8 U L' (1,6 reizes pret 0. dienu), un
Saja laika punkta atSkiriba vairs nebija statistiski nozimiga (p > 0,05) (skat. 2.1.
tabulu).

GGT raksturoja strauj$ piecaugums 14. diena: aktivitate statistiski bitiski (p <
0,05) palielingjas 11dz 19,6 4,4 U L' (3,9 reizes pret 0. dienu: 5,0 £ 0,7 UL™).
GGT saglabajas virs sakotné&ja limena art 30. diena (17,8 3,5 U L; 3,6 reizes),
bet atskiriba vairs nebija statistiski nozimiga (p > 0,05). 45. diena vertiba
samazinajas Iidz 9,8 + 6,2 U L' (2,0 reizes pret 0. dienu; p > 0,05) (skat. 2.1.
tabulu).

AP aktivitate péc MPA ievadiSanas pieauga 1pasi izteikti: 14. diena ta
statistiski butiski (p < 0,05) paaugstinajas 412,8 + 75,3 U L', kas atbilda
apméram 7,0 reizu pieaugumam salidzinajuma ar 0. dienu (59,2 £ 5,5 U L™). 30.
diena aktivitate saglabajas statistiski biitiski paaugstinata (329,2 + 46,7 U L
5,6 reizes). 45. diena AP samazinajas lidz 157,2 + 86,4 U L (2,7 reizes), tomer
joprojam statistiski butiski parsniedza 0. dienas Iimeni (p < 0,05) (skat. 2.1.
tabulu).

kAP uzradija visizteiktako un noturigako dinamiku: 14. diena aktivitate
statistiski batiski (p < 0,05) pieauga I1dz 265,1 + 41,4 U L', kas bija aptuveni
21,2 reizes virs 0. dienas (12,5 + 2,2 U L™). 30. diena kAP saglabajas statistiski
butiski paaugstinats (210,4 = 36,6 U L™'; 16,8 reizes). 45. diena verojama
samazinasanas I1dz 79,4 + 26,8 U L' (6,4 reizes), tom&r aktivitate joprojam bija
statistiski buitiski augstaka neka sakotngji (p < 0,05). Relativas izmainas (reizes
pret 0. dienu) apkopotas 3.1. tabula, kur redzams, ka maksimums lielakajai dalai
raditaju bija 14. diena, bet AP un 1pasi kAP saglabaja nozimigu parsniegumu ar1
45. diena (skat. 2.1. tabulu).

2.1. tabula/ Table 2.1.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar sakuma
vertibam KP suniem péc MPA ievadiSanas/ Increase in liver enzyme activity
(fold change) compared to baseline values in CS dogs after MPA

administration
Ferments/Enzyme DO D14 D30 D45
ALAT 1,0 3,0* 2,6* 1,6
GGT 1,0 3,9% 3,6 2,0
AP 1,0 7,0%* 5,6* 2,7*
KAP 1,0 21,2% 16,8%* 6,4*

*p < 0,05 salidzinajuma ar 0. dienu/ compared to day 0
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KP iegitie dati ir loti raksturigi ilgstoSas darbibas kortikosteroidu
farmakodinamikai: p&c vienreiz&jas MPA injekcijas veidojas ilgstosa sisteémiska
biologiska iedarbiba, kas kliniski var izpausties ar ilgstoSu metabolu adaptaciju
aknas. Saja konteksta ir svarigi uzsvért divus aspektus. Pirmkart, ALAT KP
grupa reaggja ar strauju pieaugumu un saglabaja statistisku nozimibu ari 30.
diena. Ta ka ALAT suniem ir relativi jutigs hepatocelularu bojajumu raditajs,
sads profils var noradit uz hepatocitu metabolu parslodzi kortikosteroidu
ietekmé. Tomér ALAT kritums 45. diend, zaud@jot pirms tam konstateto
statistisko butiskumu, var noradit uz to, ka notiek adaptacija un/vai dalgja
reversija, nevis progresgjoss bojajums. Praktiskaja veterinarmedicina tas nozimée,
ka ALAT var bt labs agrins MPA iedarbibas raditajs, bet tas ne vienmer korel&
ar kltnisko ainu un var normaliz&ties atrak neka citas steroidu induc@tas izmainas.

Otrkart, AP un kAP veterinarmedicina ir uzskatami par galvenajiem
kortikosteroidu izraisttiem biokimiskajiem raditajiem, un KP grupas dati to
apstiprina gan p&c pieauguma apjoma (AP — apmé&ram 7 reizes, kAP — apm@ram
21 reizi), gan p€c noturibas, jo statistiski nozimigs paaugstinajums saglabajas ar
45. petfjuma diena. Sie raditaji ir ipadi nozimigi suniem, jo kAP izoforma ir
suniem specifiska un atspogulo tiesi kortikosteroidu induc€tu aktivitates
pieaugumu S$ai sugai. L1dz ar to izteikts un ilgstoSs kAP paaugstinajums var
kalpot ka praktisks signals par turpinosu kortikosteroidu ietekmi uz aknu enzimu
profilu arT tad, ja citi raditaji (pieméram, ALAT) jau sak normalizgties.

Papildus janem véra, ka KP dzivniekiem bija pamatslimibas. TieSi tapéc
turpmaka salidzinaSana ar EP (sakotngji klmiski veseliem dzivniekiem) ir
butiska, lai noskirtu kortikosteroidu farmakologisku efektu no situacijam, kur
sistemiska slodze, iekaisums vai hroniskas problémas pastiprina aknu reakciju uz
MPA.

2.2.2. Aknu funkcionala stavokla izmainas EP suniem peéc MPA
ievadiSanas

Eksperimentalaja pétfjuma aknu funkcionalais stavoklis tika novertéts
klmiski veseliem suniem (n = 7) peéc MPA ievadiSanas (2 mg kg™). Lai analizetu
pec iespéjas izoletu kortikosteroida ietekmi uz biokimiskajiem raditajiem, Saja
apaksnodala izverteti dzivnieki, kas sanema MPA un placebo (tapiokas pulveri)
— P grupa. Asins paraugi tika iegiti 0., 7., 14., 21. un 28. diena (kopa n = 35),
nosakot ALAT, GGT, AP un kAP aktivitati seruma.

ALAT aktivitate pieauga mereni: 7. diena Iidz 72,83 = 7,99 U L™ (1,6 reizes
virs 0. dienas 45,83 £ 6,52 U L), 14. diena Iidz 75,54 + 11,23 U L', 21. diena
Iidz 69,87 = 10,18 U L™ (1,5 reizes), bet 28. diena samazinajas lidz 51,10 + 6,92
U L7, tuvojoties sakuma Itmenim. Statistiski batiskas izmainas ALAT netika
konstatgtas (p > 0,05) (skat. 2.2. tabulu).
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GGT aktivitate pieauga agrini un saglabajas statistiski nozimiga visos péc 0.
dienas merfjumos: 7. diena Iidz 11,37 + 0,86 U L (2,2 reizes; p < 0,05), 14.
diena Iidz 14,36 + 1,14 U L' (2,8 reizes; p < 0,05), 21. diena 13,90 + 1,61 U L™
(2,7 reizes; p < 0,05) un 28. diena 11,37 + 1,41 U L™ (2,2 reizes; p < 0,05) (skat.
2.2. tabulu).

AP aktivitate 7. diena statistiski butiski pieauga lidz 210,16 + 30,74 U L™
(2,4 reizes; p < 0,05), 14. diena saglabajas l1dziga limen1 213,47 + 36,29 U L'
(2,4 reizes; p < 0,05), 21. diena sasniedza augstako vid&jo vertibu 242,97 £ 54,54
U L™ (2,7 reizes; p < 0,05). 28. diena aktivitate samazinajas Iidz 189,74 + 43,84
U L™ (2,1 reizes) un $aja laika punkta atskiriba vairs nebija statistiski nozimiga
(p > 0,05) (skat. 2.2. tabulu).

Septitaja diena kAP aktivitate statistiski butiski palielinajas Iidz 173,56 +
26,43 U L (2,2 reizes; p < 0,05), 14. diena — Iidz 177,33 + 29,14 U L' (2,3
reizes; p < 0,05), 21. diena saglabajas paaugstinata — 173,56 + 34,09 U L™ (2,2
reizes; p < 0,05), bet 28. diena samazinajas lidz 134,77 + 32,03 U L' (1,7 reizes;
p > 0,05). Relativas izmainas apkopotas 3.2. tabula: izteiktakas un statistiski
nozimigakas izmainas skara GGT, AP un kAP pirmajas 1-3 nedglas, kamér
ALAT palielinajums bija m&renaks un statistiski nebatiskas (skat. 2.2. tabulu).

2.2. tabula/ Table 2.2.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar sakuma
vertibam EP suniem péc MPA ievadiSanas/ Increase in liver enzyme activity
(fold change) compared to baseline values in ES dogs after MPA

administration
Ferments/Enzyme DO D7 D14 D21 D28
ALAT 1,0 1,6 1,6 1,5 1,1
GGT 1,0 2,2% 2,8* 2,7* 2,2%
AP 1,0 2,4* 2,4* 2,7* 2,1
KAP 1,0 2,2% 2,3* 2,2% 1,7

*p < 0,05 salidzinajuma ar 0. dienu/ compared to day 0

EP placebo grupa ir redzama MPA ietekme uz sakotng&ji kltniski veseliem
dzivniekiem, un ta vairakos biitiskos aspektos atskiras no KP grupas.

ALAT pieaugums EP grupa nav statistiski nozimigs, lai gan skaitliski
verojams neliels palielinajums (aptuveni 1,5 reizes). Tas var liecinat, ka klmiski
veseliem suniem hepatocitu funkcionala rezerve lauj kompensét steroidu izraisito
metabolisko slodzi bez izteikta hepatocelulara enzima pieauguma seruma. Lidz
ar to ALAT EP apstaklos var nebiit pietieckami jutigs raditajs agrinam steroidai
hepatopatijai raksturigam parmainam, pat ja aknu audos jau veidojas
histologiskas izmainas.

Savukart GGT, AP un kAP EP grupa pieaug statistiski nozimigi, tomeér
pieauguma apjoms ir merenaks neka KP. Tas norada, ka MPA arT klmiski
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veseliem dzivniekiem izraisa biologiski jitamu un laboratoriski izm&ramu
ietekmi uz aknu enzimu aktivitati.

Salidzinot EP un KP, AP aktivitates picauguma augstakais Iimenis tika
novérots atikirigos laika punktos: EP —21. diend, bet KP — 14. diena. So atikiribu
var saistit ar farmakodinamiskas atbildes variaciju starp veseliem dzivniekiem un
dzivniekiem ar patologijam, ko ietekm& atSkirigs organisma stavoklis
(endogenais hormonalais lidzsvars, ickaisuma mediatoru aktivitate,
metaboliskais stavoklis). Kliniski tas ir nozimigi, jo norada, ka vienada MPA
deva var radit atSkirigas enzimu izmainas.

2.2.3. Aknu funkcionala stavokla salidzinajums KP un EP suniem pec
MPA ievadiSanas

Lai tiesi salidzinatu aknu funkcionala stavokla izmainas KP un EP péc MPA
ievadiSanas, analiz€tas enzimu aktivitates relativas izmainas (reizes pret 0. dienu)
KP grupai bez hepatoprotektanta (grupa Nr. 1; n = 14) un EP placebo (P) grupai
(n = 7). Nemot véra atskirigo merfjjumu planojumu abas pétijuma dalas, enzimu
aktivitates tika normaliz&tas, izsakot tas ka attiecibu pret 0. dienas veértibu (reizes
pret 0. dienu). Relativo izmainu salidzinajums apkopots 2.3. tabula.

2.3. tabula/ Table 2.3.
Aknu enzimu aktivitates salidzinajums (reizes) KP un EP suniem peéc MPA
ievadi§anas/ Comparison of liver enzyme activity (fold change) between CS
and ES dogs after MPA administration

Ferments 2 nedelas/ Attieciba 1 ménesis/1 month Attieciba
| Enzyme 2 weeks starp starp
KP/ EP/ grupam/ KP/ EP/ grupam/
CS ES Ratio CcS ES Ratio
between between
groups groups
ALAT 3,0 1,7 1,8 2,6 1,1 24
GGT 3,9 2,8 1,4 3,6 2,2 1,6
AP 7,0 2,4 2,9% 5,6 2,1 2,7*
kAP 21,2 2,3 9,2% 16,8 1,7 9,9%
*p <0,05

Kopuma visizteiktakas un statistiski apstiprinatas starpgrupu atskiribas
attiecas uz AP un 1pasi kAP, kas KP grupa bija daudzkart augstaks un noturigaks.
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Sis salidzinajums ir viens no vértigiem darba punktiem, jo tas parada, ka
slimiba (pat ja ta nav primara aknu slimiba) butiski pastiprina un pagarina aknu
enzimu paaugstinajumu péc MPA lietoSanas.

Ipasi svarigs ir KAP rezultats: KP tas ir vairak neka 9 reizes lielaks neka EP
abos merfjumu punktos. Tas norada uz izteiktu steroidu inductu enzimu
aktivaciju KP suniem. Iesp&jamie mehanismi var ietvert jau esoSu sistemisku
iekaisumu/stresu (palielinata hormonala un citokinu ietekme uz hepatocttu
enzimu izdali); atSkiribas steroidu farmakokinétika (uzsiik$anas, saistiSanas,
metabolizacijas atrums), kas pie slimibas var variét vairak.

Svarigi uzsvert, ka Sie raditaji nenozimé obligati lielaku klmnisku risku katram
pacientam, lietojot kortikosteroidus, bet nozZimé monitoréSanas nepiecieSmibu
I1dz 1,5 ménesim vai ilgak, pat péc vienas MPA devas.

2.2.4. Aknu §iinu morfologiskas izmainas EP suniem péc MPA
ievadiSanas

Histologiski tika analizéti EP placebo grupu (P) aknu bioptati peéc MPA
ievadiSanas, atseviski vertgjot pirmo aktivo periodu (P1) un otro aktivo periodu
(P2) pec atpiitas perioda. P1 grupa kopuma izverteti 9 bioptati (0., 14. un 28.
diena; katram dzivniekam 3 paraugi), otraja perioda P2 grupa — 12 bioptati (0.,
14. un 28. diena; katram dzivniekam 3 paraugi).

Pirmais aktivais periods (P1). Histologiskas parmainas aknu parenhima 0.
diena P1 grupa netika konstatetas: hepatociti ar viendabigu citoplazmu, saglabatu
lobularo arhitektiiru un bez izteiktam vakuolam (skat. 2.4. tabulu).

2.4. tabula/ Table 2.4.
AKnu histologisko izmainu kvantitativs raksturojums EP placebo grupu
(P) suniem péc MPA ievadiSanas dazados pétijuma laika punktos/
Quantitative characterization of liver histological changes in ES placebo group
(P) dogs after MPA administration at different study time points

Dzivnieku Izmainas hepatocitos/ | Neitrofilo leikocitu skaits*/ Number of
grupa/ Changes in hepatocytes neutrophilic leukocytes*
Group DO D14 D28 DO D14 D28
P1 0 3 2 1,00+0,54 | 1,86+0,26 |3,00+0,38
P2 2 2 2 3,00+0,62 | 2,29+0,42 |2,14+0,26
P1 — pirma aktiva perioda grupa, kurai pielietoja placebo/ first active period group
receiving placebo,
P2 — otra aktiva perioda grupa, kurai pielietoja placebo/ second active period group
receiving placebo,

* vid&jais skaits 10 redzes laukos/ mean count per 10 fields of view.
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Velak, 14. diena pec MPA ievadiSanas, P1 grupa tika novérotas steroidai
hepatopatijai raksturigas smagas hepatocitu morfologiskas parmainas: $anu
palielinasanas, izteikta citoplazmas vakuolizacija un lielai dalai hepatocitu
periféri novietoti kodoli. Parmainas mazinajas 28. diena Iidz vidg€ji smagai
pakapei: vakuolizacija saglabajas, bet audu arhitektiira bija vienmérigaka, kas
noradija uz dal&ju reversiju (skat. 2.4. tabulu).

Segmentkodolaini neitrofilie leikociti 0. petjjuma diena apskatitajos redzes
laukos tika konstateti loti reti (vid&ji viens — redzes lauka, skat. 2.4. tabulu).
Savukart 14. diena iezimg&jas viegla iekaisuma komponentes aktivacija —
neitrofilo leikocTtu skaits palielinajas Iidz vid&ji 1,86 + 0,26 Stinam redzes lauka
(vidgjais skaits 10 redzes laukos), bet 28. diena sasniedza 3,00 + 0,38 Siinas
redzes lauka. Infiltracija saglabajas viegla un diftiza, ar vienmérigu Stnu izkliedi
parenhima, bez pereklveida uzkrajumiem, bez strukturali destruktivam izmainam
un bez nekrozes pazimém. Kopuma novérotd aina raksturojama ka 1éni
pieaugosa, zemas intensitates neitrofila reakcija, kas atspogulo vieglu iekaisuma
fonu.

Glikogeéna akumulacija (PAS) P1 grupa 0. diena netika noverota (negativa
reakcija). Tomér 14. diena glikogéna uzkrasanas tika konstat€ta visiem
dzivniekiem (parsvara viegla, atseviskos paraugos vidgji smaga). 28. diena ta
saglabajas, turklat relativi biezak noverota vidgji smaga uzkrasanas un izteiktaka
lokalizacija periportalajas zonas (skat. 2.5. tabulu).

2.5. tabula/ Table 2.5.
Glikogéna akumulacijas un stellata Sinu izmainu dinamika EP placebo
grupu (P) suniem péc MPA ievadiSanas dazados pétijuma laika punktos/
Dynamics of glycogen accumulation and stellate cell changes in ES placebo
group (P) dogs after MPA administration at different study time points

IDzivnieku |Glikogéna akumulacija (PAS) / Glycogen |Stellata Siinas/ Stellate cells

grupa/ accumulation (PAS) (n/100 hepatociti/
Group hepatocytes)
DO D14 D28 DO D14 D28

P1 Negativa (0) / |Viegla (1)/ | Vidgji smaga | 1,6 = 4,57 + 54+

Negative Mild 2)/ 0,38 0,37 1,58
Moderate
P2 Viegla (1)/ |Viegla (1)/ |Vidgji smaga |5,00 + 4,71 + 3,86 £
Mild Mild 2)/ 0,76 0,47 0,74
Moderate

P1 — pirma aktiva perioda grupa, kurai pielietoja placebo/ first active period group
receiving placebo;
P2 — otra aktiva perioda grupa, kurai pielietoja placebo/ second active period group
receiving placebo.
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Stellata stinu aktivacija (a-SMA) 0. diena bija nenozimiga (1,6 + 0,38 uz 100
hepatocitiem, mazs aktiveto stellata Sinu daudzums). 14. diena skaits palielinajas
lidz 4,57 + 0,37 (mazs aktiveto stellata siinu daudzums), bet 28. diena — lidz 5,4
+ 1,58 uz 100 hepatocitiem (mazs aktiveto stellata Stinu daudzums).

Otrais aktivais periods (P2). Hepatocitu morfologiskas parmainas 2.
perioda sakuma (0. diend) pilniba nebija regres€jusas, P2 grupa tas kopuma
vertétas ka videji smagas. Izmainas 14. diena péc MPA ievadiSanas saglabajas
vid&ji smagas, bez skaidras regresijas. 28. diena dalai dzivnieku vérojama dal&ja
mazinasanas, tomér atseviskos gadijumos izmainas saglabajas smagas, noradot
uz nepilnigu aknu struktiiras atjaunoSanos. Izmainas 28. diena vid&ji vertétas, ka
vid&ji smagas (skat. 2.4. tabulu).

Neitrofilo leikocTtu skaits saglabajas vieglas diftizas infiltracijas robezas un
butiski neprogresgja: 0. diena 3,00 + 0,62; 14. diena 2,29 + 0,42; 28. diena 2,14
+ 0,26 (skat. 2.4. tabulu).

Glikogéna akumulacija, atSkirtba no pirma perioda, jau bija klatesosa
vairumam dzivnieku. 14. diend uzkrasanas kluva izteiktaka, bet 28. diena
novérota tikai neliela regresija, saglabajoties PAS pozitivam granulam lielakaja
dala hepatocTtu (skat. 2.5. tabulu).

Stellata Stinu aktivacija otraja perioda persistéja: 0. diena 5,00 + 0,76; 14.
diena 4,71 £+ 0,47; 28. diena 3,86 + 0,74 uz 100 hepatocitiem, kas norada uz
pakapenisku mazinasanos, tomér bez pilnigas normalizacijas (skat. 2.5. tabulu).

Histologiskie rezultati parada to, ka MPA izraisa izteiktu, tipisku steroidas
hepatopatijas ainu ar hepatocitu vakuolizaciju un glikogéna akumulaciju bez
izteiktas nekrozes un fibrozes.

Visiem suniem no P1 grupas jau 14. diena bija smagas hepatocitu izmainas.
Hepatocitos aktiviz&jas glikogéna uzkraSanas un citoplazmas parbuve, kas
histologiski izskatas ka hepatocitu vakuolizacija, palielinajums izméros, kodolu
parvietosanas. Neitrofilo leikocTtu skaita pieaugums P1 grupa bija 1ens, difiizs un
bez nekrozes. Tas vairak atbilst zemas intensitates iekaisuma fonam vai
sinusoidu Stinu dinamikai kortikosteroidu ietekmé, nevis primaram iekaisigam
hepatitam. a-SMA pozitivo stellata Stinu pieaugums P1 grupa no 1,6 11dz 5,4 uz
100 hepatocttiem rada, ka fibroze neattistas pec vienas MPA devas, tomér $iinu
skaids noturigi pieaug.

Hepatocitu morfologiskas izmainas P2 grupa 0. diena (t.i. 56 dienas peéc MPA
pirmas ievadiSanas) saglabajas vid&i smagas, konstatgjama glikogéna
akumulacija un paaugstinats stellata $anu skaits. Sis atradums ir Tpasi nozimigs,
jo tas parada, ka vienreizgja ilgstoSas darbibas MPA klasiska deva (2 mg kg!)
var radit ilgstoSas morfologiskas izmainas, kuras saglabdjas ari tad, kad
biokimiskie raditaji seruma jau ir normas robezas.

P&c atkartotas MPA ievadiSanas hepatocitu parmainas 14. diena P2 grupa
saglabajas videji smagas. Sie rezultati atSkiras no P1 grupas 14. dienas
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rezultatiem, kur domingja smagas parmainas, un tas var noradit uz zinamu $iinu
adaptacijas mehanismu aktivizaciju péc pirmas ekspozicijas. 28. diena P2 grupa
dalai dzivnieku novérota pakapeniska regresija, tomer glikogéna depozicija un
stellata Stnu aktivacijas fons pilniba neizzuda.

Ipasi svarigi ir tas, ka visa histologiskaja analize netika konstatéta hepatocitu
nekroze vai destruktivas izmainas, kas ir raksturigas akiitam hepatitam. Tadgjadi
iegtie rezultati atbalsta uzskatu, ka MPA izraisitas parmainas galvenokart ir
metabolas un adaptivas, nevis primari citotoksiskas. Sis aspekts ir biitisks
kliniskaja interpretacija, jo tas nozimé, ka laboratoriskas un histologiskas
izmainas ne vienmér korel€ ar neatgriezenisku aknu bojajumu.

Interesanti ir tas, ka otraja perioda péc atkatotas MPA ievadiSanas P2 grupas
rezultati neviena merfjjuma punkta butiski neatskiras no 0. dienas rezultatiem,
kaut gan biitu sagaidama rezultatu pasliktinasanas.

2.3. Hepatoprotektivas terapijas ietekme uz aknu morfofunkcionalo
stavokli suniem péc MPA ievadiSanas

2.3.1. Hepatoprotektivas terapijas ietekme uz aknu funkcionalo
stavokli KP suniem péc MPA ievadiSanas

Klmiska pétijuma (KP) dala hepatoprotektanta iesp&jama ietekme tika
vertéta, salidzinot aknu enzimu (ALAT, GGT, AP un kAP) aktivitates dinamiku
suniem, kuri pec ilgstoSas iedarbibas MPA ievadiSanas hepatoprotektantu
nesanéma (grupa Nr. 1; n = 14), un suniem, kuri papildus MPA sanéma
hepatoprotektantu (grupa Nr. 2; n = 14). Statistiska ticamiba noradita katra grupa
salidzinajuma ar 0. dienas vertibu un starp grupam konkretajas dienas (p < 0,05).

Grupa Nr. 2, kurai lietoja hepatoprotektantu GlutaMax, péc MPA
ievadiSanas ALAT aktivitate 14. p&tjjuma diena statistiski batiski (p < 0,05)
palielingjas lidz 160,1 + 7,0 U L', kas atbilst 2,3 reizu pieaugumam
salidzinajuma ar 0. dienu. Savukart, grupa Nr. 1, kurai hepatoprotektants netika
lietots, 14. diena ALAT sasniedza 206,4 + 28,8 U L, kas bija 3,0 reizes virs
sakuma Iimena (p < 0,05). Petfjuma 30. diena ALAT bija 141,3 = 8,6 U L™
(aptuveni 2,0 reizes virs sakuma Iimena), un atskiriba pret 0. dienu vairs nebija
statistiski nozimiga (p > 0,05). Tikm&r sunu grupa Nr. 1, ALAT saglabajas
statistiski butiski paaugstinats — 177,6 £ 19,5 U L™ (2,6 reizu pieaugums; p <
0,05). Enzima aktivitate 45. pétijjuma diena grupa Nr. 2 samazingjas 11dz 59,9 +
25,5 U L (aptuveni 0,9 reizes pret 0. dienu; p > 0,05), savukart sunu grupa Nr.
1, kurai hepatoprotektants netika lietots, ta bija 113,5 + 48,8 U L' (1,6 reizes
virs sakuma; p > 0,05).

Starp sunu grupam 14., 30. un 45. petijuma diena statistiski btiska atskiriba
netika konstateta (p > 0,05).
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Sunu grupa Nr. 2, kurai papildus MPA lietoja arT hepatoprotektantu, 14.
pétijuma diena GGT aktivitate statistiski biitiski (p < 0,05) palielinajas Iidz 12,3
+1,7U L, kas atbilst 2,5 reizu pieaugumam salidzinajuma ar 0. dienu. Savukart
sunu grupa Nr. 1, kurai hepatoprotektants netika lietots, GGT taja pasa laika
punkta sasniedza 19,6 + 4,4 U L', kas ir 3,9 reizes virs sakuma Iimena (p <
0,05). Sunu grupa Nr. 2 30. pétijuma diena, GGT aktivitate samazinajas lidz 11,0
+1,3 U L' (aptuveni 2,2 reizes virs 0. dienas [imena), un atSkiriba pret sakuma
ITmeni vairs nebija statistiski nozimiga (p > 0,05). Tikmeér sunu grupa Nr. 1, kurai
hepatoprotektants netika lietots, GGT saglabajas statistiski biitiski paaugstinats
—-17,8+3,5U L™ (3,6 reizu picaugums; p < 0,05). GGT aktivitate 45. petijjuma
diena abas grupas turpindja samazinaties. Sunu grupa Nr. 2, kurai lietoja
hepatoprotektantu, ta bija 4,9 + 2,0 U L (lidzigi, ka 0. diena; p > 0,05), savukart
sunu grupa Nr. 1, kurai hepatoprotektants netika lietots, — 9,8 = 6,2 U L (2,0
reizes virs sakuma; p > 0,05).

Starp sunu grupam 14. un 30. pétjjuma diena tika konstatSta statistiski
bitiska atskirtba (p < 0,05), bet 45. diena statistiski nozimiga atskiriba netika
konstatgta (p > 0,05).

Sunu grupa Nr. 2, kurai lietoja hepatoprotektantu, péc metilprednizolona
acetata ievadiSanas AP aktivitate strauji pieauga un 14. petjjuma diena sasniedza
274,0 £ 20,5 U L', kas ir 4,6 reizes virs sakuma limena; piecaugums bija
statistiski butisks (p < 0,05). Taja pasa laika punkta sunpu grupa Nr. 1, kurai
hepatoprotektants netika lietots, AP picaugums bija izteiktaks — 412,8 + 75,3 U
L™ jeb 7,0 reizes virs 0. dienas Itmena (p < 0,05). Abas grupas 30. diena AP
aktivitate saglabajas statistiski biitiski paaugstinata (p < 0,05), tomér saglabajas
arT atSkirtba p€c pieauguma apjoma: supu grupa Nr. 2, kurai lietoja
hepatoprotektantu, ta bija 221,2 + 18,1 U L™ (3,7 reizes virs sakuma Iimena),
bet sunu grupa Nr. 1, kurai hepatoprotektants netika lietots — 329,2 £ 46,7 U L™
(5,6 reizes virs sakuma Iimena). Dinamika starp grupam 45. pétfjuma diena
kluva atSkiriga: supu grupa Nr.2, kurai lietoja hepatoprotektantu, AP
samazinajas 11dz 89,3 + 33,9 U L (aptuveni 1,5 reizes pret 0. dienas [imeni) un
vairs statistiski butiski neatSkiras no sakotngjas vertibas (p > 0,05). Savukart
sunu grupa Nr. 1 AP koncentracija joprojam bija statistiski biitiski paaugstinata
—157,2+£86,4 U L (2,7 reizes virs sakuma ltmena; p < 0,05).

AP aktivitate bija statistiski biitiski zemaka (p < 0,05) sunu grupa Nr. 2, kurai
lietoja hepatoprotektantu, 14. un 30. petijuma diena, bet 45. diena statistiski
nozimiga atskiriba starp grupam netika konstatéta (p > 0,05).

Kortikosteroidu inducéta sarmaina fosfatazes aktivitates dinamika pec MPA
ievadiSanas bija izteikti raksturiga steroidu ietekmei — ar strauju picaugumu un
ilgstoSu noturibu. Sunu grupa Nr. 2, kurai lietoja hepatoprotektantu, 14. p&tijuma
diena kAP aktivitate statistiski bitiski (p < 0,05) palielinajas Iidz 205,2 + 22,5 U
L™, kas atbilst 16,4 reizu pieaugumam salidzinajuma ar 0. dienu. Sunu grupa Nr.
1, kurai hepatoprotektants netika lietots, kAP taja pasa laika punkta sasniedza
265,1 £41,4 U L jeb 21,2 reizes virs sakuma Itmena (p < 0,05). Abas grupas
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30. petijuma diena kAP aktivitate joprojam saglabajas statistiski bitiski
paaugstinata (p < 0,05): sunu grupa Nr. 2 ta bija 158,4 + 17,1 U L' (12,7 reizes
virs 0. dienas Iimena), bet sunu grupa Nr. 1 —210,4 + 36,6 U L' (16,8 reizes virs
sakuma Iimena). Lai arT abas grupas bija veérojama izteikta kAP aktivitates
samazinasanas 45. petijuma diena, pilniga normalizacija nenotika vienadi. Sunu
grupa Nr. 1, kAP saglabajas statistiski biitiski augstaka par 0. dienu (79,4 + 26,8
U L™; 6,4 reizes virs sakuma Itmena; p < 0,05), savukart sunu grupa Nr. 2 ta bija
39,8+ 18,1 U L™ (aptuveni 3,2 reizes pret 0. dienas [imeni; p < 0,05).

Neraugoties uz atSkirigo pieauguma apjomu un noturibu kAP, starp
raditajiem abas sunu grupamsl4., 30. un 45. pétijuma diena statistiski butiska
atSkiriba netika konstatéta (p > 0,05).

Lai raksturotu hepatoprotektanta lietoSanas ietekmi uz aknu enzimu
dinamiku KP suniem p&c MPA ievadiSanas, tika analizétas ALAT, GGT, AP un
kAP aktivitates relativas izmainas dazados pétijjuma laika punktos. Lai
nodro§inatu  salidzinamibu starp méerjjumiem, enzimu aktivitates tika
normalizgtas, izsakot tas ka attiecibu pret 0. dienas vertibu (reizes pret 0. dienu).
Relativo izmainu kopsavilkums un statistiska nozimiba salidzindjuma ar sakuma
raditajiem apkopota 2.6. tabula.

Visizteiktakas izmainas konstatetas 14. pétfjuma diena, kad visu analizéto
enzimu aktivitate statistiski butiski palielinajas: ALAT — 2,3, GGT - 2,5, AP —
4,6 un kAP — 16,4 reizes (p < 0,05), salidzinot ar 0. dienu (skat. 2.6. tabulu).

P&tijuma 30. diena dala raditaju saglabajas izteiktakti paaugstinata: statistiski
nozimigs parsniegums salidzinajuma ar 0. dienu tika konstatets AP (3,7 reizes;
p <0,05) un 1pasi kAP (12,7 reizes; p < 0,05) gadijuma. Tikmér ALAT un GGT
vertibas, lai arT vél bija virs sakotn&ja ITmena, $aja laika punkta vairs statistiski
nozimigi atskirigas (p > 0,05), kas liecina par So parametru dinamisku
stabilizéSanos (skat. 2.6. tabulu).

2.6. tabula/ Table 2.6.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar sakuma
vertibam KP suniem péc MPA ievadiSanas, lietojot hepatoprotektantu/
Increase in liver enzyme activity (fold change) compared to baseline values in
CS dogs after MPA administration with hepatoprotective therapy

Ferments/ DO D14 D30 D45

Enzyme

ALAT 1,0 2,3*% 2,0 0,9

GGT 1,0 2,5% 2,2 1,0

AP 1,0 4,6* 3,7* 1,5

kAP 1,0 16,4* 12,7* 3,2%
*p < 0,05
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Enzimu aktivitate turpindja mazinaties 45. pétjjuma diena, atspogulojot
normalizacijas tendenci hepatoprotektanta lietoSanas fona. Tome@r pilniga
atgrieSanas pie sakuma Itmena nebija vienmériga visiem raditajiem: kAP
saglabajas paaugstinats 3,2 reizes un bija interpret€jams ka statistiski biitisks
parsniegums salidzinajuma ar 0. dienu (p < 0,05) (skat. 2.6. tabulu).

Lai objektivak novértetu hepatoprotektanta ietekmi uz enzimu aktivitates
dinamiku, tika veikts arT starpgrupu relativais salidzinajums, aprékinot 1. un 2.
grupas enzimu aktivitates attiecibu (reizes) katra pétijuma laika punkta. Sada
pieeja lava kvantitativi novertét hepatoprotektanta lietoSanas iesp&jamo
aizsargajoSo efektu, salidzinot enzimu picauguma apjomu grupa bez
hepatoprotektanta ar grupu, kurai tas tika lietots (skat. 2.7. tabulu).

ALAT aktivitates pieaugums petijuma 14. diena 1. grupa, kura nelietoja
hepatoprotektantu, bija aptuveni 1,3 reizes lielaks neka 2. grupa, kura lietoja
hepatoprotektantu, GGT — 1,6 reizes lielaks, AP — 1,5 reizes lielaks, bet KAP —
1,3 reizes lielaks.

P&tijuma 30. diena saglabajas lidziga tendence: ALAT aktivitate 1. grupa bija
1,3 reizes augstaka neka 2. grupa, GGT — 1,6 reizes, AP — 1,5 reizes, bet KAP —
1,3 reizes.

P&dgja petjjuma diena starpgrupu atkiribas saglabajas, 1pasi AP un kAP.
ALAT aktivitate 1. grupa bija 1,8 reizes augstaka neka 2. grupa, GGT — 2,0
reizes, AP — 1,8 reizes, bet kAP — 2,0 reizes (skat. 2.7. tabulu).

2.7. tabula/ Table 2.7.
Aknu enzimu aktivitates relativais salidzinajums KP supiem péc MPA
ievadiSanas, atkariba no hepatoprotektanta lietoSanas / Relative comparison
of liver enzyme activity in CS dogs after MPA administration depending on
hepatoprotective therapy use

Ferments/ Starpgrupu attieciba / Between-group ratio
Enzyme D14 D30 D45
ALAT 1,3 1,3 1,8
GGT 1,6% 1,6% 2,0
AP 1,5% 1,5% 1,8
kAP 1,3 1,3 2,0
*p <0,05

Kopuma relativa starpgrupu analize parada lielaku enzimu aktivitates
pieaugumu suniem, kuri hepatoprotektantu nesanéma, kas norada uz
hepatoprotektanta iespgjamu mazinajosu ietekmi uz MPA inducéto aknu enzimu
aktivitates palielinasanos.

Hepatoprotektanta lietoSana bija saistita ar m&renaku enzimu aktivitates
pieaugumu, tomér ietekme nebija vienada visiem raditajiem. Tas norada, ka
hepatoprotektants var mazinat kop€jo hepatocttu funkcionalo slodzi vai stabilizet
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$inu membranu procesus, bet mazak ietekmé steroidu induc€tos regulacijas
mehanismus, kas nosaka kAP pieaugumu.

Tas, ka starpgrupu atSkirtbas ne vienmér sasniedza statistisko ticamibu,
visticamak saistits ar nelielu izlasi un izteiktu individualo atbildes mainibu
klmiskos apstaklos. Tade] rezultati vértg§jami ka norade uz iesp&amu
hepatoprotektanta labveligu ietekmi atseviskos aknu funkcijas raditajos,
vienlaikus saglabajot piesardzibu, interpret€jot to ka pilnigu aizsardzibu pret
MPA izraisttam parmainam.

2.3.2. Hepatoprotektivas terapijas ietekme uz aknu funkcionalo stavokli
EP suniem péc MPA ievadiSanas

Eksperimentalaja pétifjuma (EP) hepatoprotektanta mitokvinola mezilata
ietekme uz aknu funkcionalo stavokli tika verteta, salidzinot ALAT, GGT, AP
un kAP aktivitates dinamiku suniem, kuri san€ma mitokvinola mezilatu (MQ),
ar placebo (P) grupu. Rezultati analiz&ti atseviski pirmaja aktivaja perioda (MQI
pret P1), otraja aktivaja perioda (MQ2 pret P2) un apkopotajos krusteniska
petijuma datos (MQK pret PK). Statistiska ticamiba noradita salidzinajuma ar 0.
dienu katra grupa, savukart starpgrupu atskiribas atzimétas tikai tajos laika
punktos, kur tas sasniedza p < 0,05.

Pirmaja aktivaja perioda (MQ1 un P1) ALAT aktivitates svarstibas abas
grupas bija nelielas un bez statistiski nozimigas dinamikas (p > 0,05), turklat
perioda nosléguma 28. diena ALAT abas grupas bija zemaks neka sakuma
(MQI: 39,40 + 9,85 U L pret 56,65 + 1,21 U L'; P1: 33,40 £ 5,84 U L' pret
49,23 £16,11 U L) (skat. 2.8. un 2.9. tabulu). Tadgjadi pirmaja perioda ALAT
raditaji neuzradija atSkiribas starp MQ1 un P1.

2.8.tabula/ Table 2.8.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar sakuma
vertibam EP MQ1 grupai / Increase in liver enzyme activity (fold change)
compared to baseline values in ES MQ1 group

Ferments / DO D7 D14 D21 D28
Enzyme
ALAT 1,0 1,2 1,0 L1 0,7
GGT 1,0 1,7 1,7 1,9% 1,4
AP 1,0 1,7 1,5 1,6 1,4
KAP 1,0 1,6 1,5 1,4 1,1

* p < 0,05 salidzinajuma ar 0. dienu / compared to day 0

33



GGT pirmaja perioda abas grupas pieauga méreni, toméer statistiski nozimiga
atSkirtba pret 0. dienu bija atseviskos laika punktos un loti Iidziga starp starp
grupam: P1 grupa 14. diena (2,0 reizes; p < 0,05), savukart MQ1 grupa 21. diena
(1,9 reizes; p < 0,05). Perioda nosléguma 28. diena GGT abas grupas samazinajas
I1dz limenim, kas vairs statistiski neatSkiras no sakuma (MQ1: 1,4; P1: 1,4 reizes;
p > 0,05) (skat. 2.8. un 2.9. tabulu).

2.9. tabula/ Table 2.9.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar sakuma
vertibam EP P1 grupai / Increase in liver enzyme activity (fold change)
compared to baseline values in ES P1 group

Ferments / DO D7 D14 D21 D28
Enzyme
ALAT 1,0 1,2 1,2 1,0 0,7
GGT 1,0 1,7 2,0% 1,7 1,4
AP 1,0 2,7* 2,4% 2,2% 1,8
KAP 1,0 2,6% 2,4% 2,1%* 1,4

* p < 0,05 salidzinajuma ar 0. dienu / compared to day 0

Visizteiktaka atSkiriba pirmaja perioda ieziméjas AP un kAP dinamika. AP
aktivitate pieauga abas grupas, tomér placebo grupa pieaugums bija izteiktaks un
noturigaks: P1 grupa AP bija statistiski nozimigi paaugstinats jau 7. diena (2,7
reizes; p < 0,05) un saglabajas nozimigi paaugstinats arT 14. un 21. diena (2,4 un
2,2 reizes; p < 0,05), bet MQ1 grupa AP pieaugums bija mérenaks (1,4-1,7
reizes) un bez statistiski biitiskas atskiribas visos laika punktos (p > 0,05),
salidzinot ar 0. dienu (skat. 2.8. un 2.9. tabulu).

Lidziga aina bija kAP raditaju dinamikai: P1 grupa kAP bija statistiski
nozimigi paaugstinats 7.-21. diena (2,6; 2,4; 2,1 reizes; p < 0,05), kamér MQ1
grupa kAP pieaugums bija neliels (1,1-1,6 reizes) un bez statistiski nozimigas
atSkiribas (p > 0,05) (skat. 2.8. un 2.9. tabulu).

Kopuma pirmais aktivais periods paradija, ka mitokvinola lietosanas fona
enzimu pieaugums bija mazak izteikts, Ipasi AP un kAP gadijuma, lai gan
starpgrupu atSkiribas $aja perioda kopuma netika apstiprinatas ka statistiski
nozimigas (p > 0,05).

Otraja aktivaja perioda (MQ2 un P2) enzimu izmainu dinamika bija
izteiktaka un vienmeérigaka abas grupas, turklat lielakajai dalai raditaju statistiska
nozimiba pret 0. dienu saglabajas vairakos mérijumu punktos.

ALAT raditaji abas grupas pieauga aptuveni 1,9-2,0 reizes un bija statistiski
nozimigi paaugstinati jau 7. diena (MQ2: 2,0; P2: 1,9; p < 0,05), Iidz 28. dienai
(MQ2: 1,4; P2: 1,5; p <0,05) (skat. 2.10. un 2.11. tabulu).
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2.10. tabula/ Table 2.10.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar sakuma
vertibam EP MQ2 grupai/ Increase in liver enzyme activity (fold change)
compared to baseline values in ES MQ2 group

FEIZ‘;;S ! DO D7 D14 D21 D28
ALAT 1,0 2,0* 1,9% 1,8%* 1,4%
GGT 1,0 2,8% 3,4% 3.8 2.0%
AP 1,0 2,0% 2,0% 23% R
KAP 1,0 1,7* 2,1%* 2,2% 1,9

* p < 0,05 salidzinajuma ar 0. dienu / compared to day 0

2.11. tabula/ Table 2.11.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar sakuma
vertibam EP P2 grupai/ Increase in liver enzyme activity (fold change)
compared to baseline values in ES P2 group

me | D 7| be bl om
ALAT 1,0 1,9% 2,0% 2,0% 1,5
GGT 1,0 2,7% 3,5 3,5 2.9%
AP 1,0 2.2% 2,4% 2,9% 2,3%
KAP 1,0 2.0 2,2% 2,3* 1.9

* p < 0,05 salidzinajuma ar 0. dienu / compared to day 0

GGT aktivitates pieaugums otraja perioda bija visvairak izteikts: MQ?2 grupa
2,8-3,8 reizes, P2 grupa 2,7-3,5 reizes ar statistisku nozimibu visos laika punktos
(p <0,05), un ar1 28. diena saglabajas 2,9 reizes virs sakuma abas grupas.

AP un kAP raditaji otraja perioda abas grupas uzradija stabilu, statistiski
nozimigu paaugstingjumu pret 0. dienu (AP aptuveni 2,0-2,9 reizes; kAP
aptuveni 2,0-2,3 reizes Iidz 21. dienai; p < 0,05), savukart 28. diena kAP abas
grupas saglabajas 1,9 reizes virs sakuma Iimena.

Svarigi, ka, neskatoties uz lidzigu pieauguma apjomu, starp MQ2 un P2
konkretajos laika punktos statistiski nozimigas atskiribas netika konstatetas (p >
0,05).

Krusteniska pétijuma apkopotajos datos (MQK un PK), kur apvienoti
MQ1+MQ2 un P1+P2 rezultati, vislabak redzama kopgja tendence un samazinas
individualo svarstibu ietekme.
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Saja apkopojuma ALAT raditaji neuzradija statistiski nozimigas izmainas ne
pret 0. dienu, ne starp grupam (p > 0,05), un 28. diena abas grupas praktiski
atgriezas sakuma Itimeni (MQK: 1,0; PK: 1,1 reizes; skat. 2.12. un 2.13. tabulu).

2.12. tabula/ Table 2.12.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar
sakuma vértibam EP MQK grupai / Increase in liver enzyme activity (fold
change) compared to baseline values in ES MQC group

Ferments / DO D7 D14 D21 D28
Enzyme
ALAT 1,0 L5 1,3 14 1,0
GGT 1.0 2.1% 2,3% 2,6% 2,0
AP 1,0 1,8* 1.8 1.9% 1.6
KAP 1,0 1,7 L7 1.6 1.3

* p < 0,05 salidzinajuma ar 0. dienu / compared to day 0

2.13. tabula/ Table 2.13.
Aknu enzimu aktivitates palielinajums (reizes) salidzinajuma ar
sakuma vértibam EP PK grupai / / Increase in liver enzyme activity (fold
change) compared to baseline values in ES PC group

FeEr;gye::fes / DO D7 D14 D21 D28
ALAT 1,0 1,6 1,7 1,5 1,1
GGT 1,0 2,2% 2,8* 2,7 2,0%
AP 1,0 24% 24% 2,7 2,1
KAP 1,0 2,2% 2,3* 2,2% 17

* p < 0,05 salidzinajuma ar 0. dienu / compared to day 0

Savukart GGT un AP apkopojuma MQK grupa GGT bija statistiski nozZimigi
paaugstinats 7., 14. un 21. diena (2,1; 2,3; 2,6 reizes; p < 0,05), bet 28. diena
saglabajas 2,0 reizes virs sakuma bez nozimigas atkiribas pret 0. dienu; PK
grupa GGT bija statistiski nozimigs visos laika punktos, tostarp 28. diena (2,2
reizes; p < 0,05) (skat. 2.12. un 2.13. tabulu).

AP raditaju pieaugums pret 0. dienu MQK grupa sasniedza 1,8-1,9 reizes un
bija statistiski nozimigs 7. un 21. diena (p < 0,05), bet PK grupa AP piecaugums
bija izteiktaks (2,4-2,7 reizes) un statistiski nozimigs 7.-21. diena (p < 0,05), 28.
diena saglabajoties 2,1 reizes virs sakuma ItTmena un bija statistiski nenozimigs
(skat. 2.12. un 2.13. tabulu).
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kAP radtaji méreni mazinajas (MQK 1,3-1,7; PK 1,7-2,3 reizes), un PK
grupa tie bija statistiski nozimigi paaugstinati 7.-21. diena (p < 0,05), kamér
MQK grupa kAP pieaugums kopuma nesasniedza statistisku bitiskumu (skat.
2.12. un 2.13. tabulu).

Vienlaikus arT krusteniskaja apkopojuma starpgrupu atskiribas konkrétajos
laika punktos netika apstiprinatas ka statistiski nozimigas (p > 0,05), kas nozimé,
ka mitokvinola potencialais pozitivais efekts biokimiskajos raditajos vairak
neizpaudas.

Kopuma EP grupas rezultati parada, ka MPA izraisa laboratoriski izm&ramu
ietekmi arT sakotngji kltiski veseliem dzivniekiem, un visjutigakie raditaji Saja
petijuma dizaina bija GGT un AP, bet kAP — atkariba no perioda. ALAT raditaji
biezak bija ar nelielam, mazak izteiktam svarstibam un bez stabilas statistiskas
nozimibas apkopotaja analizé. Mitokvinola mezilata lietoSana pirmaja perioda
saistfjas ar mazak izteiktu AP un kAP kapumu, tomér otraja perioda un
krusteniskaja kopsavilkuma domingja MPA izraisita enzimu reakcija, un
starpgrupu atskiribas lielakoties nesasniedza statistisku ticamibu. Praktiski tas
nozimé, ka art EP apstaklos, bez klmiskas slimibas fona, péc MPA ievadiSanas
GGT un AP izmainas var saglabaties vairakas nedglas.

2.3.3. Antioksidanta mitokvinola mezilata ietekme uz aknu audu
morfologisko stavokli EP suniem péc MPA ievadiSanas

Histologiski tika analizéti EP sunu MQ (MPA + mitokvinola mezilats) grupu
aknu bioptati, atseviski izvertgjot pirmo aktivo periodu (MQ1) un otro aktivo
periodu (MQ2) un salidzinot tos ar P grupam.

Pirmais aktivais periods (MQ1). Aknu parenhima histologiskas parmainas
0. diena netika konstatétas. MQ1 grupa 14. diena péc MPA ievadiSanas tika
noverotas steroidai hepatopatijai raksturigas parmainas — hepatocitu
palielinasanas un vakuolizacija, tom&r parmainu smagums dalai dzivnieku bija
mazak izteikts neka P1 grupa. TrTs no Cetriem dzivniekiem izmainas tika vertetas
ka smagas, vienam — ka vidgji smagas. Salidzinot ar P1 grupu, kur smagas
izmainas doming&ja visiem dzivniekiem, MQI profila bija vérojamas mérenakas
morfologiskas izmainas. Velak, 28. diena, MQ1 grupa novérota izteiktaka
regresija neka P1 grupa: vairuma gadijumu parmainas tika klasificétas ka vid&ji
smagas, audu arhitektiira bija vienmérigaka, vakuolizacija mazak izteikta (skat.
2.14. tabulu). Tas liecina par iespgjamu atraku strukturalu stabilizaciju
mitokvinola mezilata lietoSanas dgl.
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2.14. tabula/ Table 2.14.
Histologiskas parmainas dzivniekiem MQ1 un P1 grupas / Histological
changes in animals in the MQ1 and P1 groups

- Izmainas hepatocitos / Neitrofilo leikocttu skaits*/ Number
Dzivnieku > I %
grupa / Changes in hepatocytes of neutrophilic leukocytes
Group DO D14 D28 DO D14 D28
MQ1 0 2,8 2,0 0 2,0+0,50 | 3,0+0,96
P1 0 3,0 2,0 0 1,0+£0,58 |3,0+1,15

MQI — pirma aktiva perioda grupa, kurai pielietoja hepatoprotektantu mitokvinola
mezilats / first active period group receiving the hepatoprotectant mitoquinol mesylate;

P1 — pirma aktiva perioda grupa, kurai pielietoja tapiokas pulveri / first active period
group receiving tapioca powder (placebo);

*vidgjais skaits 10 redzes laukos / mean count per 10 fields of view.

Neitrofilo leikocttu skaits pieauga Iidzigi ka placebo grupa, saglabajoties
vieglai, difuzai infiltracijai bez nekrozes vai peréklveida bojajumiem.
Mitokvinola mezilata lietoSana So parametru bitiski neietekmé&ja (skat. 2.14.
tabulu).

MQ1 grupa 14. diena konstatéta viegla Iidz vidgji smaga glikogéna
uzkrasanas hepatocTtos, 11dzigi ka P1 grupa. PAS pozitiva reakcija 28. diena
saglabajas, tomer relativi mazak izteikta neka Pl grupa. Kvantitativa analize
neuzradija statistiski nozimigu atskiribu starp grupam.

Stellata $tnu skaits pieauga no fiziologiska Iimena 0. diena lidz augstakam
vertibam 14. un 28. diena, tomér aktivacija bija I1dziga P1 grupai. Tas norada, ka
mitokvinola mezilats bitiski neietekmé&ja agrinu stellata Stnu aktivaciju.

Kopuma MQI1 perioda morfologiskas izmainas bija tipiskas steroidai
hepatopatijai, tom&r ar mérenu smagumu un regresijas pazimem.

Otrais aktivais periods (MQ2). MQ2 grupa tika analizéti dzivnieki, kuri
pirmaja perioda bija sanémusi placebo, bet otraja perioda sanéma mitokvinola
mezilatu MPA ekspozicijas laika.

Otra perioda sakuma (0. diena) hepatocitu morfologiskas parmainas jau bija
klatesosas, kas liecina par nepilnigu strukturalu atjaunosanos péc pirma perioda
(56 dienas no MPA ievadiSanas). Tas tika vertétas ka vidgji smagas un bija
salidzinamas ar P2 grupas stavokli. 14. diena péc atkartotas MPA ievadiSanas
MQ?2 grupa visiem dzivniekiem tika konstatetas smagas hepatocitu parmainas.
Saja posma morfologiskais profils bija lidzigs P2 grupai (skat. 2.15. tabulu).
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2.15. tabula/ Table 2.15.
Histologiskas parmainas dzivniekiem MQ2 un P2 grupas/ Histological
changes in animals in the MQZ2 and P2 groups

Dzivnieku Izmainas hepatocitos / Neitrofilo leikocitu skaits*/ Number
grupa / Changes in hepatocytes of neutrophilic leukocytes*
Group DO D14 D28 DO D14 D28
MQ2 2,3 3,0 2,3 40+1,53 | 3,0£1,00 |2,0+1,00
P2 2,3 2,3 1,8 30£1,73 | 2,0+£096 |2,0+0,50

MQ?2 — otra aktiva perioda grupa, kurai pielietoja hepatoprotektantu mitokvinola
mezilats / second active period group receiving the hepatoprotectant mitoquinol mesylate;

P2 — otra aktiva perioda grupa, kurai pielietoja tapiokas pulveri / second active period
group receiving tapioca powder (placebo);

*vidgjais skaits 10 redzes laukos / mean count per 10 fields of view.

Segmentkodolaino neitrofilo leikocTtu skaits aknu parenhima otraja aktivaja
perioda abas grupas bija I1dzigs un laika gaitd pakapeniski samazinajas. Otra
perioda 0. diena MQ2 grupa vidgjais neitrofilo leikocttu skaits bija 4,0 + 1,53
§tinas viena redzes lauka, savukart P2 grupa — 3,0 = 1,73. Cetrpadsmitaja diena
pec atkartotas MPA ievadisanas neitrofilo leikocttu skaits samazinajas Iidz 3,0 £
1,00 stnam MQ2 grupa un 2,0 + 0,96 stnam P2 grupa. Perioda beigas, 28. diena,
tas abas grupas Stinu skaits turpindja mazinaties un sasniedza vidgji 2,0 + 1,00
Stnas MQ2 grupa un 2,0 + 0,50 Stinas P2 grupa. Visa novérojuma perioda starp
grupam statistiski nozimigas atSkiribas segmentkodolaino neitrofilo leikocitu
skaita netika konstat€tas (skat. 2.15. tabulu).

Glikogéna uzkraSanas MQ2 grupa 14. diena bija izteiktaka neka MQI
pirmaja perioda, kas atspogulo kumulativo kortikosteroidu efektu. 28. diena
novéerota dal&ja regresija, tomér PAS pozitivas granulas saglabajas.

Stellata Stinu skaits otraja perioda bija augstaks jau 0. diena neka pirmaja
perioda, kas norada uz persistg€josu $tnu aktivaciju. Tomér 28. diena vérojama
tendence uz pakapenisku mazinasanos abas grupas.

Ipasi nozimigs ir novérojums, ka dzivniekiem, kuri pirmaja perioda sanéma
mitokvinola mezilatu (MQ1), otraja perioda, pat bez aktivas antioksidanta
lictosanas, morfologiskas izmainas bija mazak izteiktas neka P1 grupa un
vairakos parametros tuvinajas MQ2 grupai. Sis fenomens norada uz mitokvinola
mezilata atlikusas iedarbibas (carryover) efektu, kas kluva identificgjams tiesi
krusteniska pétijuma dizaina dgl.

Atskiriba no paraléla dizaina, krusteniskais modelis lava novertét ne tikai
akitu terapijas ietekmi, bet arT to, vai ieprieks&a mitohondriju aizsardziba var
ietekmét turpmako aknu atbildi uz kortikosteroidu ietekmi. Iegiitie dati liecina,
ka mitokvinola mezilats var stabilizét hepatocttu un 1pasi mitohondriju
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funkcionalo rezervi ta, ka atkartotas MPA ievadiSanas un iectekmes laika
strukturalas izmainas ir mazak izteiktas.

Vienlaikus jauzsver, ka S§is efekts nebija absoliits un pilniba neizslédza
steroidu inducétas parmainas. Tomé&r morfologiska dinamika bija labvéligaka
neka dzivniekiem bez ieprieksgjas antioksidativas aizsardzibas.

2.4. Metilprednizolona acetata un mitokvinola mezilata ietekme uz
hepatocitu ultrastruktiiru morfologiju EP suniem

2.4.1. Metilprednizolona acetata un mitokvinola mezilata ietekme uz
hepatocitu kodolu morfologiju EP suniem

Hepatocitu kodolu morfologija tika analiz&ta, izmantojot DAPI fluorescences
mark&umu un kvantitativus morfometriskos parametrus — kodola variacijas
koeficientu un kodola Feret diametru. Kodola Feret diametrs garakais attalums
starp diviem pretjiem punktiem objekta.

Pirma aktiva perioda 0. diena abas grupas hepatocttu kodoli bija regularas,
apalas formas ar vienmérigu fluorescences sadalijumu. Variacijas koeficients un
Feret diametrs atradas literatira aprakstitajas fiziologiskajas robezas, kas
liecinaja par homogénu kodolu populaciju (skat. 2.16. tabulu).

2.16. tabula/ Table 2.16.
Hepatocttu kodolu morfologisko parametru dinamika EP suniem pirmaja
perioda péc MPA ievadiSanas ar un bez mitokvinola lietoSanas / Dynamics
of hepatocyte nuclear morphometric parameters in ES dogs during the first
period after MPA administration with and without mitoquinol treatment

Raditajs / Parameter | Grupa/ DO D14 D28
Group
Kodola variacijas MQI1 0,18 £0,01 0,23 +£0,01 0,29 +£0,01

koeficients /
Nuclear coefficient

e Pl 0.19+001 | 033003 | 027%0,02
of variation
Kodola (Feret) MQI 088030 | 1125:021 | 1243+0.17
diametrs, pm /
Nuclear (Feret) Pl 9.90£020 | 12.63£025 | 12.47+031

diameter, um

14. diena péc MPA ievadiSanas abas grupas tika novérota izteikta kodolu
morfologijas parstrukturé$anas: DAPI signals kluva nevienmérigs un kodolu
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kontiiras kliiva neregularas. Kvantitativi tas izpaudas ka variacijas koeficienta
paliclina$anas un Feret diametra pieaugums. STs izmainas bija izteiktakas P1
grupa neka MQI grupa, kur kodolu heterogenitates pieaugums bija merenaks.
14. diena MQ1 grupa novérota parametru normalizacija — variacijas koeficients
un Feret diametrs tuvinajas sakotngjam vertibam (skat. 2.16. tabulu).

Sis parmainas interpretéjamas ka kortikosteroidu inducéta hepatocitu kodolu
reakcija. Kodolu palielinaSanas un hromatina redistribiicija atspogulo
metaboliskas slodzes pieaugumu un nuklearas aktivitates pastiprinasanos.
Mitokvinola mezilata lietoSana So procesu butiski ietekmgja.

Otra aktiva perioda 0. diena abas grupas kodolu parametri jau neatbilda
literatira aprakstitajam fiziologiskajam robezam un atSkiras no 1. perioda 0.
dienas. MQ2 grupa kodola variacijas koeficients bija 0,24 + 0,01 un kodola Feret
diametrs bija 10,93 + 0,15 um, savukart P2 grupa raditaji bija 0,33 + 0,03 un
12,63 + 0,25, attiecigi. 14. diena pec MPA atkartotas ievadiSanas abas grupas
pastiprinajas kodolu heterogenitate, ko atspoguloja variacijas koeficienta
picaugums (MQ?2: 0,28 + 0,01; P2: 0,25 £ 0,02) un Feret diametra palielinaSanas
MQ2 grupa (11,53 + 0,15 pm), kamer P2 grupa Feret diametrs biitiski nemainTjas
(10,95 £+ 0,46 pm). MQ2 grupa 28. diena bija v@rojama dal&a parametru
atgrieSanas sakotnéja IimenT (variacijas koeficients 0,25 + 0,01; Feret diametrs
10,90 + 0,10 pm), bet P2 grupa variacijas koeficients saglabajas paaugstinats
(0,27 £ 0,02), bet Feret diametrs bija tuvs 0. dienai (10,48 £+ 0,33 pm). neviena
no grupam (skat. 2.17. tabulu).

2.17. tabula/ Table 2.17.

Hepatocitu kodolu morfologisko parametru dinamika EP suniem otraja

perioda péc MPA ievadiSanas ar un bez mitokvinola lietoSanas / Dynamics

of hepatocyte nuclear morphometric parameters in ES dogs during the second
period after MPA administration with and without mitoquinol treatment

Radrtajs / Grupa / DO D14 D28

Parameter Group
Kodola variacijas MQ2 0,24 +£0,01 0,28 +0,01 0,25+0,01
koeficients /
Nuclear
coefficient of P2 0,21 +£0,03 0,25+0,02 0,27 +0,02
variation
Kodola (Feret) MQ2 10,93 +£0,15 11,53 +0,15 10,90 £ 0,10
diametrs, pm /
Nuclear (Feret)
diameter, um P2 10,53 +£0,34 10,95 + 0,46 10,48 £ 0,33
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Kopuma DAPI analize apstiprina, ka MPA izraisa stabilas nuklearas
arhitektiiras izmainas, kuras pilniba neatgriezas normas robezas pat vairaku
nedelu laika. Mitokvinola mezilats kodolu izmainas biitiski nemazinaja.

2.4.2. Metilprednizolona acetata un mitokvinola mezilata ietekme uz
hepatocitu mitohondriju morfologiju EP suniem

Metilprednizolona acetata (MPA) un mitokvinola mezilata ietekme uz
hepatocitu mitohondriju morfologiju tika izvértéta, analiz€jot TOMM20
imtnfluorescences signalu un kvantitativos morfometriskos parametrus —
mitohondriju apaliguma koeficientu, iegarenuma koeficientu un TOMM20
fluorescences vidgjo intensitati (AU) dazados laika punktos.

Pirma aktiva perioda 0. diend abas grupas mitohondriju morfologiskie raditaji
atbilda literatiira aprakstitajam fiziologiskajam robezam. MQ1 grupa apaliguma
koeficients bija 0,57 + 0,01, iegarenuma koeficients — 2,20 = 0,08, bet TOMM?20
fluorescences vidgja intensitate — 1230 + 18 AU. Lidzigas vertibas tika
konstat@tas arT P1 grupa (attiecigi 0,59 + 0,01; 2,20 + 0,10; 1237 + 20 AU), kas
liecina par Iidzigu mitohondriju struktiiras organizaciju abas grupas pirms MPA
ievadiSanas (skat. 2.18. tabulu).

Abas grupas 14. diena péc MPA ievadiSanas tika noverotas izmainas
mitohondriju morfometriskajos parametros. MQ1 grupa apaliguma koeficients
palielingjas I1dz 0,75 + 0,03, savukart iegarenuma koeficients samazinajas Iidz
1,60 £ 0,08, bet TOMM20 fluorescences intensitate pieauga lidz 1488 =30 AU.
P1 grupa izmainas bija izteiktakas: apaliguma koeficients sasniedza 0,80 + 0,02,
iegarenuma koeficients samazinajas Iidz 1,30 + 0,10, bet TOMM20
fluorescences intensitate palielinajas lidz 1780 + 70 AU (skat. 2.18. tabulu).

MQ1 grupa 28. diena tika noverota dalgja morfometrisko parametru
stabilizacija: apaliguma koeficients samazinajas lidz 0,64 + 0,01, iegarenuma
koeficients palielinajas Iidz 1,90 + 0,08, bet TOMM20 fluorescences intensitate
samazinajas Iidz 1330 + 18 AU. P1 grupa $aja laika apaliguma koeficients
saglabajas relativi augstaks (0,71 + 0,02), iegarenuma koeficients bija 1,50 +
0,10, bet TOMM20 fluorescences intensitate — 1590 = 55 AU (skat. 2.18. tabulu).
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2.18. tabula/ Table 2.18.
Hepatocitu mitohondriju morfologisko parametru dinamika EP suniem
pirmaja perioda péc MPA ievadiSanas ar un bez mitokvinola lieto§anas /
Dynamics of hepatocyte mitochondrial morphometric parameters in ES dogs
during the first period after MPA administration, with and without mitoquinol
treatment

Raditajs /
Parameter

Grupa/
Group

DO

D14

D28

Mitohondriju
apaliguma
koeficients/
Mitochondrial
roundness
coefficient (Detmer
& Chan, 2007)

MQI

0,57+ 0,01

0,75+ 0,03

0,64 +0,01

P1

0,59 +0,01

0,80+ 0,02

0,71 £0,02

Iegarenuma
koeficients/
Elongation
coefficient (Detmer
& Chan, 2007)

MQI

2,20+ 0,08

1,60 = 0,08

1,90 + 0,08

P1

2,20+0,10

1,30+0,10

1,50 £ 0,10

Videja TOMM20
fluorescences

intensitate (AU)/
Mean TOMM?20

MQI

1230+ 18

1488 + 30

1330+ 18

1237 £ 20

1780+ 70

1590 £ 55

fluorescence P1
intensity (AU)
(Harwig, 2018;
Rickard et al., 2023)

Kopuma pirmaja aktivaja perioda MPA ievadiSana bija saistita ar
mitohondriju morfometrisko parametru izmainam abas grupas, tomér MQI
grupa 28. diena noverota izteiktaka parametru tuvinasanas sakotngjam vertibam,
savukart P1 grupa saglabajas lielakas novirzes no sakuma Iimena.

Otra aktiva perioda 0. diena mitohondriju morfologiskie raditaji abas grupas
jau nedaudz at$kiras no fiziologiskajam robezam. MQ2 grupa apaliguma
koeficients bija 0,66 + 0,02, iegarenuma koeficients — 1,90 = 0,10, bet TOMM?20
fluorescences intensitate — 1400 + 20 AU. P2 grupa attiecigie raditaji bija 0,61 +
0,02, 2,00 + 0,16 un 1335 + 38 AU (skat. 2.19. tabulu).
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MQ?2 grupa 14. diena pec atkartotas MPA ievadiSanas apaliguma koeficients
nedaudz samazinajas 1idz 0,63 + 0,04, iegarenuma koeficients samazinajas 11dz
1,70 + 0,10, bet TOMM?20 fluorescences intensitate palielinajas lidz 1650 + 30
AU. P2 grupa apaliguma koeficients palielinajas Iidz 0,65 + 0,03, iegarenuma
koeficients bija 1,90 + 0,08, bet TOMM?20 fluorescences intensitate — 1365 + 46
AU (skat. 2.19. tabulu).

Apaliguma koeficients 28. diena MQ?2 grupa samazinajas lidz 0,61 + 0,02,
iegarenuma koeficients palielinajas Iidz 1,80 + 0,10, bet TOMM?20 fluorescences
intensitate samazinajas lidz 1500 + 20 AU. P2 grupa $aja laika apaliguma
koeficients bija 0,64 + 0,03, iegarenuma koeficients — 1,78 = 0,14, bet TOMM?20
fluorescences intensitate — 1383 £ 60 AU (skat. 2.19. tabulu).

2.19. tabula/ Table 2.19.
Hepatocitu mitohondriju morfologisko parametru dinamika EP suniem
otraja perioda pec MPA ievadiSanas ar un bez mitokvinola lietoSanas /
Dynamics of hepatocyte mitochondrial morphometric parameters in ES dogs
during the second period after MPA administration, with and without
mitoquinol treatment

Raditajs / Grupa / DO D14 D28
Parameter Group
Mitohondriju MQl1 0,66 £ 0,02 0,63 + 0,04 0,61 +0,02
apaliguma
koeficients/
Mitochondrial P1 0,61 +0,02 0,65+ 0,03 0,64 + 0,03

roundness coefficient
(Detmer &  Chan,
2007)

Iegarenuma MQI1 1,90 £ 0,10 1,70+ 0,10 1,80+ 0,10
koeficients/
Elongation coefficient
(Detmer &  Chan, Pl 2,00+£0,16 1,90 £ 0,08 1,78 £0,14
2007)

Vidéja TOMM20 MQI1 1400 + 20 1650 + 30 1500 + 20
fluorescences

intensitate (AU)/
Mean TOMM?20

fluorescence P1 1335+38 1365 + 46 1383 £ 60
intensity (AU)
(Harwig, 2018;

Rickard et al., 2023)
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Kopuma otraja aktivaja perioda mitohondriju morfometrisko parametru
izmainas abas grupas bija mérenas, un perioda beigas raditaji tuvinajas
sakotngjam vertibam.

DAPI un TOMM20 analize kopuma parada divus atskirigus procesus:

1. Kodolu palielinasanas un heterogenitate — domingjosi kortikosteroidu
farmakodinamiskas ietekmes rezultats, kas nav ietekmé&ts ar mitokvinola
lietoSanu.

2. Mitohondriju fragmentacija un signala heterogenitate — strukturala atbilde,
kas ciesak saistita ar oksidativa stresa ietekmi un kuras dinamika bija pozitiva
mitokvinola lietoSanas fona.

Tadgjadi ultrastrukturala analize paplasina biokimisko un histologisko datu
interpretaciju, paradot, ka pat gadijumos, kad seruma noverojama enzimu
stabilizacija, S$Gnu Itmeni saglabajas noturigas strukturalas parmainas.
Mitokvinola mezilats var veicinat mitohondriju morfometrisko raditaju
stabiliz€Sanos (apaliguma koeficients, iegarenuma koeficients, TOMM20
fluorescences vidgja intensitate) un mazinat to svarstibas pec atkartotas MPA
ievadiSanas.
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SECINAJUMI

. Ilgstosas darbibas metilprednizolona acetata (MPA) lietosana deva 2 mg kg'!
suniem izraisja aknu enzimu, 1pasi sarmainas fosfatazes (AP) un
kortikosteroidu inducétas sarmainas fosfatazes (kAP) aktivitates pieaugumu,
kas norada uz aknu funkcionala stavokla izmainam. Enzimu aktivitates
pieaugums bija butisks 7. un 14. diena peéc MPA ievadiSanas un saglabajas
paaugstinats Iidz pat pétijuma beigam. Steroidai hepatopatijai raksturigas
histologiskas parmainas — pietikumu, citoplazmas vakuolizaciju, glikogéna
akumulaciju u.c. hepatocitos novérojam jau péc vienreiz€jas MPA
ievadiSanas. Lai gan 56 dienu laika §Ts izmainas dal&ji regresgja, pilniga aknu
audu morfologiska atjaunosanas netika novérota.

. Hepatoprotektiva terapija péc MPA ievadiSanas veicinaja atraku aknu
funkcionalo raditaju reversiju suniem, tomér pilnigu enzimu aktivitates
paaugstindgjumu nenoversa. Klinskaja petijuma lietotais hepatoprotektivais
preparats, kura sastava bija ieklauti galvenokart mardadza (Silybum
marianum), kurkumas (Curcuma longa), artiSoka (Cynara scolymus)
ekstrakti, mazinaja MPA izraisitu aknu enzimu aktivitates pieaugumu, Tpasi
GGT un AP. Eksperimentalaja pétijuma lietotais mitokvinola mezilats art
mazindja aknu enzimu aktivitati, pasi AP un kAP.

. Antioksidanta mitokvinola mezilata lietoSana steroidas hepatopatijas
gadijumos suniem neuzradija statistiski nozimigu ietekmi uz aknu audu
patologisko izmainu reversijas procesu, jo hepatocitu morfologisko parmainu
smaguma pakape un glikogéna akumulacija kopuma bija lidziga mitokvinola
mezilata un placebo grupas. Atseviskos noverosanas laika punktos suniem,
kuri sanp@ma mitokvinola mezilatu, tika konstatétas mazak izteiktas
hepatocitu strukturalas izmainas. Kopuma abas grupas aknu audu parmainu
regresija bija tikai dal€ja, un pilniga morfologiska atjaunoSanas netika
panakta.

. Hepatocttu ultrastrukturala analize pec MPA iedarbibas atklaja izmainas §tinu
kodolu morfologija, kas izpaudas ka palielinats kodolu variacijas koeficients
un Feret diametrs, ka arT nevienmeérigaks DAPI fluorescences signals, kas
norada uz kodolu morfologiskas heterogenitates picaugumu. Mitokvinola
mezilata lietoSana batiski neietekméja kodolu morfologiskos parametrus.
Savukart hepatocitu mitohondriju morfologija tika konstatéts mitohondriju
apaliguma koeficienta pieaugums, iegarenuma koeficienta samazinasanas un
TOMM20 fluorescences signala izmainas. Mitokvinola mezilata lietoSana
bija saistita ar mazak izteiktam mitohondriju strukturalajam parmainam, kas
liecina par ta aizsargajosu ietekmi uz hepatocttu mitohondriju ultrastruktiiru.
. Izmantotais krusteniska pétfjuma dizains atklaja antioksidanta mitokvinola
mezilata atlikusas iedarbibas efektu, kas izpaudas ka hepatocttu funkciju un
struktiiru stabilizacija arT péc antioksidanta lietoSanas partrauksanas. Otraja
perioda placebo grupa (dzivnieki, kuri pirmaja perioda sanéma mitokvinola
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mezilatu) mitohondriju morfometrijas raditaji saglabajas lidzigi vai
atseviSkos noveéro$anas punktos pat labaki neka MQ2 grupa (dzivnieki, kuri
mitokvinola mezilatu sanéma otraja perioda). Histologiski hepatocitu
parmainu smaguma pakape kopuma bija zemaka P2 grupa neka MQ2 grupa.
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PRIEKSLIKUMI

. Pirms ilgstoSas darbibas kortikosteroida ievadiSanas ieteicams izvertet
pacienta aknu funkcionalo stavokli un riska faktorus (ieprieksgji aknu
bojajumi, hroniska medikamentu lietoSana u. c.), ka arT ieplanot peckontroles
vizites ar laboratorisku uzraudzibu.

. Terapijas laika ieteicams regulari kontrolet aknu enzimus (ALAT, AP, GGT,
pec iespgjas kAP) un izvertet to dinamiku; pacientiem ar riska faktoriem
ieteicams uzsakt hepatoprotektivu atbalstu jau vienlaikus ar kortikosteroidu
terapiju un turpinat Iidz raditaju stabilai normalizacijai.

. Mitokvinola mezilatu ieteicams apsveért ka papildterapiju gadijumos, kad
konstattas steroidas hepatopatijas pazimes; ja laboratoriskie raditaji
pasliktinas vai saglabajas izteikti paaugstinati, jaizverte kortikosteroida devas
samazinasana, ievadiSanas intervala pagarinasana vai terapijas maina.

. Praktiskaja darba ieteicams dot priekSroku terapijas shémam ar labaku
titr€jamibu (Tslaicigas darbibas preparati, alternativas pretiekaisuma un
imminmodul&josas pieejas), ka arT iev@rot pietickamu intervalu starp
atkartotam ilgstoSas darbibas injekcijam.
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INTRODUCTION

In veterinary medicine, corticosteroids are widely used due to their potent
anti-inflammatory and immunosuppressive effects, which are essential in the
treatment of various inflammatory, autoimmune, and allergic diseases. Despite
their therapeutic effectiveness, the use of corticosteroids is associated with a
range of potential side effects, including pancreatitis, diabetes mellitus,
hypertension, cataract formation, and iatrogenic Cushing’s syndrome.
Nevertheless, despite these adverse effects, corticosteroids remain among the
most commonly used pharmacological agents in veterinary medicine (Elkholly
et al., 2020).

Corticosteroids affect multiple body systems, including the endocrine and
hepatobiliary systems. Their prolonged use induces significant metabolic
changes, including stimulation of gluconeogenesis, increased glycogen
accumulation in hepatocytes, and disturbances in mitotic activity. Dogs exhibit
marked sensitivity to the effects of corticosteroids at the hepatic level, which may
lead to the development of corticosteroid-induced hepatopathy. This condition is
characterized by hepatocellular vacuolization, peripheral displacement of nuclei,
and pronounced glycogen accumulation, most commonly in centrilobular zones
(Feldman & Nelson, 2004; Assawarachan et al., 2020; Kari¢ et al., 2024).

An increase in liver enzyme activity, particularly alkaline phosphatase (ALP)
and gamma-glutamyltransferase (GGT), is one of the earliest markers of
corticosteroid effects. Corticosteroid-induced ALP (cALP) is a dog-specific
isoenzyme whose presence reflects induced enzyme synthesis in hepatocytes
rather than direct hepatocellular damage (Teske, 1999). Several studies indicate
that histological liver changes do not always correlate with biochemical
parameters, which complicates diagnosis and necessitates a morphofunctional
approach (Oikonomidis & Milne, 2023; Tintle et al., 2023; Jablonski et al.,
2024).

These processes are considered reversible; however, the duration of reversal
and the dynamics of cellular structural recovery remain poorly documented
(Jablonski et al., 2024). In her work, A. Kusaba (2024) emphasized that age and
metabolic changes influence corticosteroid-induced enzyme activity, which may
affect the regenerative potential of the liver.

The liver is one of the most functionally significant metabolic organs, playing
a central role in the detoxification and elimination of various substances,
including medications. These processes can alter hepatocellular function and
contribute to the development of damage associated with oxidative stress,
mitochondrial dysfunction, and immune responses (Li et al., 2015; Wang, 2024;
Borgne-Sanchez & Fromenty, 2025). Mitochondria provide hepatocytes with
adenosine triphosphate (ATP) through oxidative phosphorylation. Disruptions in
their structure or function, such as decreased efficiency of the respiratory chain,
increased production of reactive oxygen species (ROS), or membrane
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destabilization, can promote metabolic imbalance and activation of inflammatory
pathways (Murphy, 2016; Spinelli & Haigis, 2018; Zhang et al., 2021). The role
of oxidative stress in liver injury and its reversal is considered central and has
been the focus of several recent review articles (Blanca et al., 2024; Perez-
Montero et al., 2024).

These studies highlight the need for further experimental research to better
understand the pathogenesis of liver changes, their long-term consequences, and
the potential mechanisms of reversal when hepatoprotective agents are used. It
has been demonstrated that certain compounds, such as S-adenosylmethionine,
phosphorus-containing complexes, and vitamin preparations, can stabilize
hepatocyte membranes (Center et al., 2005; Deniz et al., 2009). However, the
literature still provides limited information on the effectiveness of these agents
in corticosteroid-induced liver changes, particularly in dogs.

Aim and Hypothesis of the Doctoral Thesis

The doctoral thesis “Corticosteroid-Induced Morphofunctional Changes in
the Liver and Their Reversibility in Dogs” is based on the following hypothesis:
faster reversal of the liver’s morphofunctional state in dogs during corticosteroid
administration is achievable with the use of hepatoprotective therapy.

The aim of the study is to evaluate the functional, morphological, and
ultrastructural changes in the liver of dogs induced by long-acting
methylprednisolone acetate, as well as to determine the effect of hepatoprotective
therapy on the severity, dynamics, and reversibility of these changes.

Objectives of the Doctoral Thesis

1. To investigate changes in the functional and/or morphological state of the
liver in clinically healthy dogs and dogs with pathologies following the
administration of methylprednisolone acetate.

2. To determine whether hepatoprotective therapy can reduce changes in liver
functional status in dogs during the use of methylprednisolone acetate.

3. To assess whether the use of the antioxidant mitoquinol mesylate influences
the reversal process of pathological changes in liver tissue in dogs treated
with methylprednisolone acetate.

4. To evaluate the effects of methylprednisolone acetate and the antioxidant
mitoquinol mesylate on the ultrastructure of hepatocytes (nuclear and
mitochondrial morphology).
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Scientific Novelty of the Study

1. For the first time in veterinary medicine in Latvia, a comprehensive study has
been conducted on changes in the morphofunctional state of the liver in
experimental dogs following the administration of the long-acting
corticosteroid methylprednisolone acetate.

2. New, scientifically significant data have been obtained on corticosteroid-
induced ultrastructural and functional alterations in hepatocytes, expanding
current knowledge of the pathogenetic mechanisms of corticosteroid
hepatopathy.

3. For the first time, the effectiveness of various hepatoprotective agents in
stabilizing liver functional status and their potential role in mitigating
corticosteroid-induced changes in dogs has been systematically evaluated.

4. For the first time, the antioxidant mitoquinol mesylate has been
experimentally applied in a canine model, providing new data on its potential
influence on the reversal of pathological liver tissue changes in steroid-
induced hepatopathy.
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1. MATERIALS AND METHODS
1.1. Study Period, Location, and Description of the Material

Sample collection and analysis were carried out in two parts: a clinical study
(CS) and an experimental study (ES).

Clinical study (CS). The study subjects were selected based on the following
criteria:

1. animals had a previously established diagnosis for which the long-acting
corticosteroid methylprednisolone acetate (MPA) was used at a dose of 2 mg
kg™,

2. there were no data in the medical history or clinical examination indicating
liver pathology;

3. blood tests showed no abnormalities suggestive of liver dysfunction prior
to therapy.

In the CS, blood serum samples were collected for diagnostic purposes in
several veterinary clinics in Riga between January 2013 and January 2014. The
use of samples was approved by clinic management and animal owners. As the
samples were obtained as a part of routine clinical care, no additional procedures
were performed for research purposes, and therefore no additional pain or
discomfort was caused.

After selection, 28 adult dogs of different ages, sexes, and breeds were
included in the study. Four blood samples from each animal were analyzed,
resulting in a total of 112 samples processed.

Experimental study (ES). Seven clinically healthy, two-year-old, intact
female Beagle dogs were included in the ES (permit No. 70 issued by the Latvia
Food and Veterinary Service). The animals were purchased from an EU-certified
experimental animal breeding facility in France. The experimental study was
conducted at the Preclinical Institute of the Faculty of Veterinary Medicine,
Latvia University of Life Sciences and Technologies, from April 10, 2015 to July
31,2015.

Before and during the ES, the animals were housed in the Experimental
Animal Facility of the Faculty of Veterinary Medicine, in compliance with
animal welfare requirements, including regular cleaning of the premises,
environmental enrichment, daily human interaction, and access to an outdoor
enclosure. The animals were fed commercially produced complete diets, and
drinking water was available ad libitum. They were vaccinated and regularly
treated against ecto- and endoparasites.

During the experiment, blood and liver tissue samples were collected from
each animal at predefined time points, resulting in a total of 70 blood samples
and 42 liver samples.
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1.2. Overall Study Design

Clinical study. The animals were conditionally divided into two groups:
e Group 1: received only the corticosteroid.
e Group 2: received a hepatoprotective agent in addition to the corticosteroid
injection.

The corticosteroid used was long-acting methylprednisolone acetate (Depo-
Medrol 40 mg mL™"), administered intramuscularly once on day 1 of the study at
a dose of 2 mg kg'. In the clinical study, the hepatoprotective preparation
GlutaMax was used, containing extracts of milk thistle (Silybum marianum),
turmeric (Curcuma longa), and artichoke (Cynara scolymus) as its main
components. It was administered orally once daily for 45 days, starting from day
0 of the study. The dose was calculated according to the manufacturer’s
recommendations (1 tablet per 15 kg body weight).

To evaluate the potential effect of the hepatoprotective agent on
corticosteroid-induced liver changes, the following serum parameters were
measured: alanine aminotransferase (ALT), gamma-glutamyltransferase (GGT),
alkaline phosphatase (ALP), and corticosteroid-induced thermostable alkaline
phosphatase (cALP). Blood samples were collected on days 0, 14, 30, and 45,
counting from the day of corticosteroid administration.

Experimental study. Methylprednisolone acetate (Depo-Medrol 40 mg
mL™") was used as the corticosteroid and administered intramuscularly once on
the first day of the study at a dose of 2 mg kg™'.

As a hepatoprotective agent, mitoquinol mesylate (MitoQ) was selected and
administered orally at a dose of 20 mg per day. For control purposes, identical
capsules containing tapioca powder (placebo) without the active substance were
prepared to assess the specific effect of the active compound rather than
excipients.

A two-treatment, two-period crossover design was used in the experimental
setup, in which each animal served as both an experimental and a control subject
at different stages (Grizzle, 1965; Jones & Kenward, 2003). This design was
chosen to:

1. adhere to the 3R principle by reducing the number of animals included in the
study while maintaining sufficient data volume;
2. obtain information on potential carryover effects that may manifest during
repeated exposure (Mills et al., 2009; Wellek & Blettner, 2012).
The study period was divided into three phases (see Fig. 1.1):
e Period 1: days 0-28.
e Washout period: days 28-56 (no interventions).
e Period 2: days 56—84.

The animals were randomly divided into two groups (4 and 3 animals). In the

first period, the groups were designated as MQ1 (MPA + MitoQ) and P1 (MPA
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+ placebo). At the beginning of the second period, the groups were switched
according to the crossover design: the former P1 group became MQ2, and MQ1
became P2 (see Fig. 1.1).

Blood samples were collected every seven days, five times in each period: on
days 0, 7, 14, 21, and 28. Liver biopsies were performed on days 0, 14, and 28
(see Fig. 1.2).

1.3. Clinical Examination and Health Assessment of Animals

Clinical examination of the animals was performed according to a standard
veterinary clinical examination protocol (Jemeljanovs et al., 2007). The general
examination included inspection and palpation, assessment of
behavior/temperament, evaluation of body condition, examination of skin and
coat, palpation of superficial lymph nodes, assessment of mucous membranes,
and measurement of rectal temperature.

During the specific examination, the cardiovascular and respiratory systems
were evaluated (pulse, cardiac auscultation, respiratory rate, and lung
auscultation).

1.4. Blood Sample Collection

Blood samples were collected from the cephalic vein (v. cephalica) under
aseptic conditions using an intravenous catheter. Samples were collected into
serum vacutainer tubes for biochemical analysis. To obtain serum, blood samples
were centrifuged, and biochemical analysis was performed using an automated
analyzer.

cALP activity was determined based on the thermostable isoenzyme
principle, involving serum incubation at an elevated temperature prior to enzyme
activity measurement (Teske, 1999).

1.5. Liver Tissue Sampling

Liver biopsies were performed under ultrasonographic guidance in
accordance with WSAVA guidelines (Rothuizen et al., 2006). Sedation was
achieved using propofol, and local anesthesia with lidocaine was additionally
applied. During the procedure, the animals were placed in right lateral
recumbency, and biopsies were obtained using a TrueCut needle with a biopsy
device. After sample collection, post-procedural ultrasonographic monitoring
was performed to minimize the risk of bleeding.

54



1.6. Biochemical Analysis of Blood Samples

To obtain serum, blood samples were centrifuged for 10 minutes at 1300 rpm
(Gulbis, 2011). Serum analysis was performed no later than 15 minutes after
separation. Biochemical parameters of the serum were determined using an
automated analyzer Mindray BS-120 (Shenzhen Mindray Bio-Medical
Electronics Co. Ltd., China).

The activity of corticosteroid-induced thermostable alkaline phosphatase
(cALP) was determined according to the method described by E. Teske (Teske,
1999). Blood serum was incubated at 60 °C for 15 minutes, resulting in the
preservation of only the thermostable isoenzyme. After this treatment, enzyme
activity was measured using the aforementioned analyzer.

1.7. Preparation and Staining of Liver Tissue Samples

A total of 42 liver tissue samples (n = 42) were obtained from all animals (n
=7) during the experiment. Each sample was examined using routine histological
and immunohistochemical methods.

The collected liver tissue samples were prepared according to standard
histological procedures: fixed in formalin, routinely processed in an
autoprocessor, embedded in paraffin, and paraffin blocks were prepared.
Sections were cut from the blocks for histological, immunohistochemical, and
immunofluorescence analyses.

Liver tissue sections were stained with hematoxylin and eosin (H&E) to
assess the morphological state of the liver parenchyma and with periodic acid-
Schiff (PAS) staining to detect glycogen accumulation. Immunohistochemical
staining was performed using the Dako EnVision HRP system with an antibody
against a-smooth muscle actin (a-SMA) to evaluate the number of activated
stellate cells.

For analysis of hepatocyte nuclear and mitochondrial morphology,
immunofluorescence staining was performed: anti-TOMM20 antibody was used
to label mitochondria, and DAPI was used for nuclear staining. The samples were
analyzed using confocal laser scanning microscopy.

1.8. Microscopic Analysis of Samples

Microscopic analysis of hematoxylin-eosin (H&E) stained samples. In
liver histological sections stained with H&E, microscopic changes in hepatocytes
were evaluated in ten microscopic fields per sample using a generally accepted
morphological assessment method (Young et al., 2011; Abdou et al., 2013;
Szarek et al., 2014).
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Histological sections at different magnifications were examined using a Leica
DMS5000B light microscope (Leica Microsystems, Germany) at the laboratory of
the Preclinical Institute, Faculty of Veterinary Medicine.

Based on the obtained results, hepatocellular morphological changes were
conditionally classified into four categories according to the principle described
by Szarek et al. (2014):

1. no changes in hepatocytes — no alterations;

2. up to 1/3 of hepatocytes in the field affected, visible reticular pattern, few or
no vacuoles, nuclei centrally located — mild changes;

3. up to 2/3 of hepatocytes in the field affected, visible reticular pattern and
vacuoles, nuclei mostly displaced peripherally — moderate changes;

4. almost all hepatocytes affected, pronounced reticular pattern, vacuoles of
varying size, nuclei located at the cell periphery — severe changes.

The degree of morphological change was coded numerically (0 — 3), where 0
corresponded to no changes, | to mild, 2 to moderate, and 3 to severe changes.

Segmented neutrophilic leukocyte infiltration in the liver parenchyma and
blood vessels was evaluated by determining the mean number of cells + standard
error per microscopic field (Szarek et al., 2014).

Observed changes were conditionally classified into four groups:

1. no leukocytes — negative;

2. 1-10 leukocytes per field — low leukocyte count;

3. 10-20 leukocytes per field — moderate leukocyte count;
4. 20-40 leukocytes per field — high leukocyte count.

Microscopic analysis of periodic acid-Schiff (PAS) stained samples. In
PAS-stained sections, glycogen accumulation was assessed in ten microscopic
fields per sample (Young et al., 2011; Szarek et al., 2014). The sections were
examined at different magnifications using a Leica DM5000B light microscope
(Leica Microsystems, Germany) at the laboratory of the Preclinical Institute,
Faculty of Veterinary Medicine.

Observed changes were conditionally classified into four -categories
according to Szarek et al. (2014):

1. no glycogen detected — negative;

2. glycogen present in less than 1/3 of cells — mild changes;
3. glycogen present in up to 2/3 of cells — moderate changes;
4. glycogen present in almost all cells — severe changes.

The degree of morphological change was coded numerically (0 — 3), where 0
corresponded to no changes, | to mild, 2 to moderate, and 3 to severe changes.

Microscopic analysis of immunohistochemical samples. The number of
stellate cells was assessed by determining the mean number of cell nuclei +
standard error per 100 hepatocytes (Szarek et al., 2014). The sections were
examined at different magnifications using a Leica DM5000B light microscope
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(Leica Microsystems, Germany) at the laboratory of the Preclinical Institute,
Faculty of Veterinary Medicine.
Observed changes were conditionally classified into four groups according to
Szarek et al. (2014):
1. 0 cells/100 hepatocytes — negative (no stellate cell activation detected);
2. 1-5 cells/100 hepatocytes — low number of activated stellate cells;
3. 6-15 cells/100 hepatocytes — moderate number of activated stellate cells;
4. 15 cells/100 hepatocytes — high number of activated stellate cells.

Microscopic analysis of immunofluorescent samples. Confocal laser
scanning microscopy was performed at the Division of Smart Technologies,
Latvia University of Life Sciences and Technologies, using a Nikon Eclipse Ti2
confocal microscope (Nikon Corporation, Japan). Sequential scanning was used
to prevent signal overlap.

The acquired images were viewed using Leica Application Suite X software
(Leica Microsystems, Germany). Immunofluorescence image analysis was
performed using Fiji (ImagelJ, version 2.14.0, USA), which enables quantitative
assessment of nuclear and mitochondrial morphology.

Before analysis, images were imported in 16-bit format to preserve the full
intensity range, and channel separation was performed prior to measurements.
The DAPI fluorescence signal was analyzed in the 405 nm (DAPI) channel, while
the TOMM20 immunofluorescence signal was analyzed in the 488 nm (Alexa
Fluor 488) channel. For further quantitative analysis, signal segmentation in each
channel was performed using automatic thresholding.

For mitochondrial analysis, three randomly selected fields of view were
analyzed per sample, with 20 — 30 hepatocytes evaluated in each field.
Mitochondrial morphometry was performed using the Analyze Particles
function, obtaining the following parameters: elongation coefficient (length-to-
width ratio) and roundness coefficient (0 = highly elongated, 1 = perfect circle).
Quantitative assessment of mitochondrial signal was performed using the ROI
function covering the hepatocyte cytoplasmic area, and mean fluorescence
intensity (AU) was determined (Ramatchandirin et al., 2024).

For nuclear morphometry, the Analyze Particles function was used in the
DAPI channel to obtain the Feret diameter. In addition, fluorescence analysis was
performed to characterize nuclear intensity variations using ROI covering
individual nuclei; the coefficient of variation (CV) within each nucleus was
calculated from each ROI (Kreutz et al., 2017; Liu et al., 2021; Guixé-Muntet et
al., 2020).
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1.9. Statistical Analysis of Data

All data from the clinical study (CS) and experimental study (ES) were
compiled and analyzed using descriptive statistical methods. Outliers were
assessed using the Grubbs’ test and visual evaluation (box plots). Normality was
tested using the Shapiro-Wilk test.

For blood biochemical parameters (ALT, GGT, ALP, cALP), results were
expressed as mean = SEM. For morphometric and fluorescence parameters,
results were expressed as mean = SD. The Mann-Whitney U test was used to
compare two independent groups, while the Wilcoxon signed-rank test was
applied for dynamic analysis within a single group at different time points.

Semiquantitative data (0 — 3) were analyzed using nonparametric methods
appropriate for ordinal scales. Differences were considered statistically
significant at p < 0.05; trends were additionally evaluated at 0.05 <p <0.1. Data
processing and visualization were performed using IBM SPSS Statistics 23 and
Microsoft Excel.
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2. RESULTS AND DISCUSSION
2.1. Results of Clinical Examination

Clinical examination was performed to systematically assess and monitor the
general health status of the animals throughout the study, as well as to detect
potential adverse effects associated with corticosteroid use in a timely manner.

In the clinical study (CS), clinical evaluation was closely related to the
primary diagnoses and therapeutic needs of the dogs, as animals with various
pathologies were included, for which methylprednisolone acetate was
appropriately used as part of treatment. Therefore, clinical parameters in the CS
were not included in the statistical analysis, as they could be influenced both by
the underlying disease and by concurrent therapy.

In the experimental study (ES), all animals underwent regular clinical
examinations at predefined time points and additionally as needed, focusing on
changes in general condition, body weight dynamics, appetite, thirst, behavior,
mucous membrane color, hydration status, as well as potential gastrointestinal,
respiratory, or dermatological changes. No clinically significant changes in the
health status of the dogs were observed throughout the ES. Therefore, clinical
findings were not analyzed separately in the subsequent results sections.

This finding is important, as it reflects a typical clinical scenario: even in the
presence of pronounced biochemical and histological changes characteristic of
steroid hepatopathy, clinical signs in dogs may be absent or minimal. This
indicates that clinical examination alone is insufficient for early identification of
the liver’s morphofunctional response to long-acting corticosteroid
administration, and targeted laboratory and, when necessary, morphological
monitoring is required.

2.2. Changes in the Functional and Morphological State of the Liver in
Dogs Following MPA Administration

2.2.1. Changes in Liver Functional Status in CS Dogs Following MPA
Administration

In the clinical part of the study, liver functional status was evaluated in dogs
with underlying pathologies (n = 14) that received long-acting
methylprednisolone acetate (MPA; 2 mg kg') and did not receive
hepatoprotective therapy (Group 1). Blood samples were collected on days 0, 14,
30, and 45 (total n = 56), and serum activities of ALT, GGT, ALP, and cALP
were determined. The overall dynamics indicated a marked increase in enzyme
activity, with a peak on day 14 and a gradual decline at subsequent time points,
although some parameters remained elevated even on day 45.
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Following MPA administration, ALT activity increased significantly (p <
0.05) on day 14 to 206.4 + 28.8 U L', corresponding to a 3.0-fold increase
compared to day 0 (69.2 + 8.0 U L™). On day 30, ALT remained significantly
elevated (177.6 £ 19.5 U L; 2.6-fold vs. day 0). By day 45, a decrease to 113.5
+48.8 UL (1.6-fold vs. day 0) was observed, and the difference was no longer
statistically significant (p > 0.05) (see Table 2.1).

GGT showed a rapid increase on day 14, with activity rising significantly (p
<0.05)t0 19.6 £+ 4.4 U L (3.9-fold vs. day 0: 5.0 £ 0.7 U L"). GGT remained
above baseline on day 30 (17.8 + 3.5 U L'; 3.6-fold), although the difference
was no longer statistically significant (p > 0.05). By day 45, the value decreased
t0 9.8 £ 6.2 U L' (2.0-fold vs. day 0; p > 0.05) (see Table 2.1).

ALP activity increased particularly markedly after MPA administration. On
day 14, it rose significantly (p < 0.05) to 412.8 + 75.3 U L', corresponding to
approximately a 7.0-fold increase compared to day 0 (59.2 £ 5.5 U L ™). On day
30, activity remained significantly elevated (329.2 + 46.7 U L™'; 5.6-fold). By
day 45, ALP decreased to 157.2 + 86.4 U L (2.7-fold), but still remained
significantly higher than baseline (p < 0.05) (see Table 2.1).

cALP showed the most pronounced and persistent dynamics. On day 14,
activity increased significantly (p < 0.05) to 265.1 + 41.4 U L', approximately
21.2-fold higher than on day 0 (12.5 £ 2.2 U L™"). On day 30, cALP remained
significantly elevated (210.4 + 36.6 U L; 16.8-fold). By day 45, a decrease to
79.4 £ 26.8 U L (6.4-fold) was observed; however, activity still remained
significantly higher than baseline (p < 0.05). Relative changes (fold vs. day 0)
are summarized in Table 3.1, showing that most parameters peaked on day 14,
while ALP and especially cALP remained markedly elevated even on day 45 (see
Table 2.1).

The data obtained in the CS are highly -characteristic of the
pharmacodynamics of long-acting corticosteroids: following a single MPA
injection, a prolonged systemic biological effect develops, which may clinically
manifest as sustained metabolic adaptation in the liver. In this context, two
aspects should be emphasized.

First, ALT in the CS group showed a rapid increase and remained statistically
significant even on day 30. As ALT is a relatively sensitive indicator of
hepatocellular injury in dogs, such a profile may reflect metabolic overload of
hepatocytes under the influence of corticosteroids. However, the decline in ALT
by day 45, with loss of statistical significance, may indicate adaptation and/or
partial reversal rather than progressive damage. In practical veterinary medicine,
this suggests that ALT may serve as a useful early indicator of MPA effects, but
it does not always correlate with the clinical picture and may normalize faster
than other steroid-induced changes.

Second, ALP and cALP are considered the main biochemical markers of
corticosteroid effects in veterinary medicine, and the CS data confirm this both
in terms of magnitude of increase (ALP approximately 7-fold, cALP
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approximately 21-fold) and persistence, as statistically significant elevations
were still present on day 45 of the study. These parameters are particularly
important in dogs, as the cALP isoform is species-specific and directly reflects
corticosteroid-induced enzyme activity. Therefore, a marked and sustained
increase in cALP may serve as a practical indicator of ongoing corticosteroid
effects on hepatic enzyme profiles, even when other parameters (such as ALT)
begin to normalize.

It should also be considered that CS animals had underlying diseases.
Therefore, further comparison with the ES (initially clinically healthy animals)
is essential to distinguish the pharmacological effects of corticosteroids from
situations where systemic burden, inflammation, or chronic conditions may
amplify the hepatic response to MPA.

2.2.2. Changes in Liver Functional Status in ES Dogs Following MPA
Administration

In the experimental study, liver functional status was evaluated in clinically
healthy dogs (n = 7) after administration of MPA (2 mg kg™). To assess the
isolated effect of corticosteroids on biochemical parameters, this subsection
includes animals that received MPA and placebo (tapioca powder) — Group P.
Blood samples were collected on days 0, 7, 14, 21, and 28 (total n = 35), and
serum activities of ALT, GGT, ALP, and cALP were determined.

ALT activity showed a moderate increase: on day 7 to 72.83 = 7.99 U L™
(1.6-fold compared to day 0: 45.83 + 6.52 U L"), on day 14 to 75.54 + 11.23 U
L™, on day 21 to 69.87 £ 10.18 U L' (1.5-fold), and decreased on day 28 to
51.10 = 6.92 U L', approaching baseline levels. No statistically significant
changes in ALT were observed (p > 0.05) (see Table 2.2).

GGT activity increased early and remained statistically significant at all time
points after day 0: on day 7 to 11.37 + 0.86 U L™ (2.2-fold; p < 0.05), on day 14
to 14.36 £ 1.14 U L™ (2.8-fold; p < 0.05), on day 21 to 13.90 + 1.61 U L™ (2.7-
fold; p < 0.05), and on day 28 to 11.37 £ 1.41 U L (2.2-fold; p < 0.05) (see
Table 2.2).

ALP activity increased significantly on day 7 to 210.16 + 30.74 U L (2.4-
fold; p <0.05), remained at a similar level on day 14 (213.47+36.29 U L'; 2.4-
fold; p <0.05), and reached the highest mean value on day 21 (242.97 + 54.54 U
L™; 2.7-fold; p < 0.05). By day 28, activity decreased to 189.74 = 43.84 U L™
(2.1-fold), and the difference was no longer statistically significant (p > 0.05)
(see Table 2.2).

On day 7, cALP activity increased significantly to 173.56 +26.43 U L™ (2.2-
fold; p < 0.05), on day 14 to 177.33 = 29.14 U L (2.3-fold; p < 0.05), and
remained elevated on day 21 (173.56 + 34.09 U L™'; 2.2-fold; p < 0.05), while on
day 28 it decreased to 134.77 +32.03 U L™! (1.7-fold; p > 0.05). Relative changes
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are summarized in Table 3.2, showing that the most pronounced and statistically
significant changes affected GGT, ALP, and cALP during the first 1 — 3 weeks,
whereas ALT increases were more moderate and not statistically significant (see
Table 2.2).

In the ES placebo group, the effect of MPA on initially clinically healthy
animals is evident and differs from the CS group in several important aspects.

The increase in ALT in the ES group was not statistically significant,
although a slight numerical rise (approximately 1.5-fold) was observed. This may
indicate that in clinically healthy dogs, the functional reserve of hepatocytes
allows compensation for corticosteroid-induced metabolic load without a marked
increase in hepatocellular enzyme levels in serum. Therefore, under EP
conditions, ALT may not be a sufficiently sensitive indicator of early steroid
hepatopathy, even when histological changes are already developing in liver
tissue.

In contrast, GGT, ALP, and cALP in the ES group showed statistically
significant increases, although the magnitude of increase was more moderate
compared to the CS group. This suggests that MPA induces a biologically
relevant and laboratory-detectable effect on liver enzyme activity even in
clinically healthy animals.

When comparing ES and CS, the peak increase in ALP activity occurred at
different time points: day 21 in the ES group and day 14 in the CS group. This
difference may reflect variation in pharmacodynamic response between healthy
animals and those with underlying diseases, influenced by differences in
physiological status (endogenous hormonal balance, inflammatory mediator
activity, metabolic state). Clinically, this is important, as it indicates that the same
dose of MPA may result in different enzymatic responses.

2.2.3. Comparison of Liver Functional Status Between CS and ES Dogs
Following MPA Administration

To directly compare changes in liver functional status between the CS and
ES after MPA administration, relative changes in enzyme activity (fold change
relative to day 0) were analyzed for the CS group without hepatoprotective
therapy (Group 1; n = 14) and the ES placebo (P) group (n =7).

Given the differences in measurement schedules between the two study parts,
enzyme activities were normalized by expressing them as a ratio relative to
baseline (day 0 values). The comparison of relative changes is summarized in
Table 2.3.

Overall, the most pronounced and statistically confirmed between-group
differences were observed for ALP and especially cALP, which were markedly
higher and more persistent in the CS group.
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This comparison represents one of the key strengths of the study, as it
demonstrates that the presence of disease (even when not a primary liver
disorder) significantly amplifies and prolongs the elevation of liver enzymes
following MPA administration.

The cALP result is particularly important: in the CS group, it was more than
9 times higher than in the ES group at both measurement time points. This
indicates a pronounced steroid-induced enzyme activation in CS dogs. Possible
mechanisms may include pre-existing systemic inflammation or stress (leading
to increased hormonal and cytokine influence on hepatocellular enzyme
expression), as well as differences in corticosteroid pharmacokinetics
(absorption, binding, and metabolic rate), which may vary more in diseased
animals.

It is important to emphasize that these findings do not necessarily indicate a
higher clinical risk for every patient receiving corticosteroids, but rather highlight
the need for monitoring for up to 1.5 months or longer, even after a single dose
of MPA.

2.2.4. Morphological Changes in Liver Cells in ES Dogs Following MPA
Administration

Histological analysis was performed on liver biopsy samples from the ES
placebo group (P) after MPA administration, with separate evaluation of the first
active period (P1) and the second active period (P2) following the washout
period. In total, 9 biopsy samples were assessed in the P1 group (days 0, 14, and
28; 3 samples per animal), and 12 biopsy samples in the P2 group (days 0, 14,
and 28; 3 samples per animal).

First active period (P1). No histological changes in liver parenchyma were
observed on day 0 in the P1 group: hepatocytes exhibited homogeneous
cytoplasm, preserved lobular architecture, and no evident vacuolization. By day
14 following MPA administration, severe hepatocellular morphological changes
characteristic of steroid hepatopathy were observed in the P1 group, including
cellular enlargement, marked cytoplasmic vacuolization, and peripheral
displacement of nuclei in a large proportion of hepatocytes. These changes
decreased to a moderate degree by day 28: vacuolization persisted, but tissue
architecture appeared more uniform, indicating partial reversal (see Table 2.4).

Segmented neutrophilic leukocytes were rarely observed in the examined
fields on day 0 (on average one cell per field; see Table 2.4). By day 14, a mild
activation of the inflammatory component became evident, with the number of
neutrophils increasing to an average of 1.86 + 0.26 cells per field (mean across
10 fields), and reaching 3.00 + 0.38 cells per field by day 28. The infiltration
remained mild and diffuse, with an even distribution of cells in the parenchyma,
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without focal accumulation, structural destruction, or signs of necrosis. Overall,
the observed pattern can be characterized as a slowly increasing, low-intensity
neutrophilic response, reflecting a mild inflammatory background.

Glycogen accumulation (PAS) in the P1 group was not observed on day 0
(negative reaction). However, by day 14, glycogen deposition was detected in all
animals (predominantly mild, with some samples showing moderate
accumulation). By day 28, glycogen accumulation persisted, with a relatively
higher frequency of moderate changes and more pronounced localization in
periportal zones (see Table 2.5).

Stellate cell activation (0-SMA) was minimal on day 0 (1.6 + 0.38 per 100
hepatocytes; low number of activated stellate cells). On day 14, the count
increased to 4.57 £ 0.37 (low number of activated stellate cells), and by day 28
to 5.4 = 1.58 per 100 hepatocytes (low number of activated stellate cells).

Second active period (P2). At the beginning of the second period (day 0),
hepatocellular morphological changes had not fully regressed; in the P2 group,
they were overall assessed as moderate. On day 14 after MPA administration, the
changes remained moderate, without clear signs of regression. By day 28, partial
improvement was observed in some animals; however, in certain cases, severe
changes persisted, indicating incomplete restoration of liver structure. Overall,
the changes on day 28 were still assessed as moderate (see Table 2.4).

The number of neutrophilic leukocytes remained within the range of mild
diffuse infiltration and did not show marked progression: 3.00 + 0.62 on day 0,
2.29+0.42 on day 14, and 2.14 £ 0.26 on day 28 (see Table 2.4).

Unlike in the first period, glycogen accumulation was already present in most
animals at baseline. It became more pronounced on day 14, while only slight
regression was observed by day 28, with PAS-positive granules persisting in the
majority of hepatocytes (see Table 2.5).

Stellate cell activation persisted during the second period: 5.00 £ 0.76 on day
0, 471 £ 0.47 on day 14, and 3.86 + 0.74 per 100 hepatocytes on day 28,
indicating gradual reduction but without complete normalization (see Table 2.5).

Histological findings demonstrate that MPA induces a pronounced, typical
pattern of steroid hepatopathy, characterized by hepatocellular vacuolization and
glycogen accumulation, without evidence of marked necrosis or fibrosis.

In all dogs from the P1 group, severe hepatocellular changes were already
present by day 14. Glycogen accumulation and cytoplasmic remodeling were
evident, histologically appearing as hepatocyte vacuolization, enlargement, and
nuclear displacement. The increase in neutrophilic leukocytes in the P1 group
was slow, diffuse, and not associated with necrosis, suggesting a low-grade
inflammatory background or sinusoidal cell dynamics under corticosteroid
influence rather than primary inflammatory hepatitis. The increase in a-SMA-
positive stellate cells from 1.6 to 5.4 per 100 hepatocytes indicates that fibrosis
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does not develop after a single MPA dose, although the number of activated cells
increases persistently.

In the P2 group, hepatocellular morphological changes on day 0 (i.e., 56 days
after the first MPA administration) remained moderate, with detectable glycogen
accumulation and increased stellate cell numbers. This finding is particularly
important, as it demonstrates that a single standard dose of long-acting MPA (2
mg kg™) can induce prolonged morphological changes that persist even when
serum biochemical parameters have already returned to normal ranges.

Following repeated MPA administration, hepatocellular changes on day 14
in the P2 group remained moderate. These results differ from those of the P1
group at day 14, where severe changes predominated, and may indicate activation
of cellular adaptation mechanisms after the initial exposure. By day 28, gradual
regression was observed in some animals; however, glycogen deposition and
stellate cell activation did not completely resolve.

Importantly, no hepatocellular necrosis or destructive changes characteristic
of acute hepatitis were observed throughout the histological analysis. Thus, the
findings support the view that MPA-induced changes are primarily metabolic and
adaptive rather than cytotoxic. This aspect is clinically significant, as it indicates
that laboratory and histological changes do not necessarily correlate with
irreversible liver damage.

Interestingly, during the second period, following repeated MPA
administration, the results in the P2 group did not differ significantly from
baseline values at any time point, despite an expected worsening of changes.

2.3. Effect of Hepatoprotective Therapy on the Morphofunctional State of
the Liver in Dogs Following MPA Administration

2.3.1. Effect of Hepatoprotective Therapy on Liver Functional Status
in CS Dogs Following MPA Administration

In the clinical study (CS), the potential effect of hepatoprotective therapy was
evaluated by comparing the dynamics of liver enzyme activities (ALT, GGT,
ALP, and cALP) between dogs that did not receive hepatoprotective treatment
after administration of long-acting MPA (Group 1; n = 14) and dogs that received
hepatoprotective therapy in addition to MPA (Group 2; n = 14). Statistical
significance was assessed within each group relative to day 0 and between groups
at specific time points (p < 0.05).

In Group 2, which received the hepatoprotective agent GlutaMax, ALT
activity increased significantly (p < 0.05) on day 14 to 160.1 =+ 7.0 U L™,
corresponding to a 2.3-fold increase compared to day 0. In contrast, in Group 1
(without hepatoprotection), ALT reached 206.4 + 28.8 U L' on day 14,
representing a 3.0-fold increase (p < 0.05). By day 30, ALT in Group 2 decreased
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to 141.3 £ 8.6 U L' (approximately 2.0-fold above baseline), and the difference
was no longer statistically significant (p > 0.05), whereas in Group 1 ALT
remained significantly elevated at 177.6 + 19.5 U L™ (2.6-fold increase; p <
0.05). By day 45, ALT in Group 2 further decreased to 59.9 + 25.5 U L™
(approximately 0.9-fold vs. baseline; p > 0.05), while in Group 1 it was 113.5 +
48.8 U L (1.6-fold above baseline; p > 0.05). No statistically significant
differences between the groups were observed on days 14, 30, and 45 (p > 0.05).

For GGT, in Group 2, activity increased significantly (p < 0.05) on day 14 to
12.3+1.7U L (2.5-fold increase compared to day 0). In Group 1, GGT reached
19.6 £ 4.4 U L' at the same time point (3.9-fold increase; p < 0.05). By day 30,
GGT in Group 2 decreased to 11.0 + 1.3 U L' (approximately 2.2-fold above
baseline), and the difference was no longer statistically significant (p > 0.05),
whereas in Group 1 GGT remained significantly elevated at 17.8 + 3.5 U L™
(3.6-fold increase; p < 0.05). By day 45, GGT activity continued to decline in
both groups: in Group 2 to 4.9 + 2.0 U L' (similar to baseline; p > 0.05), and in
Group 1 t0 9.8 + 6.2 U L™ (2.0-fold above baseline; p > 0.05).

A statistically significant difference between the groups was observed on
days 14 and 30 (p < 0.05), while no significant difference was found on day 45
(p > 0.05).

In Group 2, which received hepatoprotective therapy, ALP activity increased
rapidly after methylprednisolone acetate administration and reached 274.0 +20.5
U L™ on day 14, corresponding to a 4.6-fold increase compared to baseline; this
increase was statistically significant (p < 0.05). At the same time point, in Group
1 (without hepatoprotection), the increase was more pronounced, reaching 412.8
+75.3 UL (7.0-fold vs. baseline; p < 0.05). On day 30, ALP activity remained
significantly elevated in both groups (p < 0.05), but differences in magnitude
persisted: 221.2 + 18.1 U L™ (3.7-fold) in Group 2 and 329.2 £ 46.7 U L' (5.6-
fold) in Group 1. By day 45, group dynamics diverged: in Group 2, ALP
decreased to 89.3 +33.9 U L' (approximately 1.5-fold vs. baseline; p > 0.05),
whereas in Group 1 it remained significantly elevated at 157.2 +86.4 U L™ (2.7-
fold vs. baseline; p < 0.05).

ALP activity was significantly lower (p < 0.05) in Group 2 compared to
Group | on days 14 and 30, while no significant difference was observed on day
45 (p > 0.05).

The dynamics of corticosteroid-induced alkaline phosphatase (cALP) were
characteristic of steroid effects, with a rapid increase and prolonged persistence.
In Group 2, cALP increased significantly (p < 0.05) on day 14 to 205.2 +22.5 U
L™ (16.4-fold vs. baseline). In Group 1, cALP reached 265.1 £41.4 U L™ at the
same time point (21.2-fold vs. baseline; p < 0.05). On day 30, cALP remained
significantly elevated in both groups (p < 0.05): 158.4 £ 17.1 U L' (12.7-fold)
in Group 2 and 210.4 + 36.6 U L' (16.8-fold) in Group 1. Although a marked
decrease in cALP activity was observed in both groups by day 45, complete
normalization was not achieved equally. In Group 1, cALP remained
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significantly elevated (79.4 +£26.8 U L™'; 6.4-fold vs. baseline; p <0.05), whereas
in Group 2 it decreased to 39.8 = 18.1 U L (approximately 3.2-fold vs. baseline;
p <0.05).

Despite differences in magnitude and persistence, no statistically significant
differences in cALP activity between the groups were observed on days 14, 30,
and 45 (p > 0.05).

To further characterize the effect of hepatoprotective therapy on liver enzyme
dynamics in CS dogs following MPA administration, relative changes in ALT,
GGT, ALP, and cALP were analyzed across different time points. Enzyme
activities were normalized and expressed as fold changes relative to day 0 values.
A summary of relative changes and statistical significance compared to baseline
is presented in Table 2.6.

The most pronounced changes were observed on day 14, when all analyzed
enzymes increased significantly: ALT — 2.3-fold, GGT — 2.5-fold, ALP — 4.6-
fold, and cALP — 16.4-fold (p < 0.05) compared to day O (see Table 2.6).

By day 30, some parameters remained markedly elevated: statistically
significant increases compared to baseline were observed for ALP (3.7-fold; p <
0.05) and particularly cALP (12.7-fold; p <0.05). In contrast, although ALT and
GGT values remained above baseline, they were no longer significantly different
(p > 0.05), indicating stabilization of these parameters (see Table 2.6).

Enzyme activity continued to decrease by day 45 of the study, reflecting a
trend toward normalization under hepatoprotective therapy. However, complete
return to baseline was not uniform across all parameters: cALP remained
elevated 3.2-fold and was still considered statistically significantly higher
compared to day 0 (p < 0.05) (see Table 2.6).

To more objectively assess the effect of hepatoprotective therapy on enzyme
activity dynamics, an intergroup relative comparison was also performed by
calculating the ratio of enzyme activities between Groups 1 and 2 at each time
point. This approach allowed quantitative evaluation of the potential protective
effect of hepatoprotection by comparing the magnitude of enzyme increase in the
group without hepatoprotection versus the group receiving it (see Table 2.7).

On day 14, the increase in ALT activity in Group 1 (without
hepatoprotection) was approximately 1.3-fold higher than in Group 2, GGT was
1.6-fold higher, ALP 1.5-fold higher, and cALP 1.3-fold higher.

A similar trend persisted on day 30: ALT activity in Group 1 was 1.3-fold
higher than in Group 2, GGT 1.6-fold higher, ALP 1.5-fold higher, and cALP
1.3-fold higher.

On the final day of the study, intergroup differences remained, particularly
for ALP and cALP. ALT activity in Group 1 was 1.8-fold higher than in Group
2, GGT 2.0-fold higher, ALP 1.8-fold higher, and cALP 2.0-fold higher (see
Table 2.7).

Overall, the relative intergroup analysis demonstrates a greater increase in
enzyme activity in dogs that did not receive hepatoprotective therapy, suggesting
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a potential mitigating effect of the hepatoprotectant on MPA-induced elevations
in liver enzyme activity.

The use of hepatoprotective therapy was associated with a more moderate
increase in enzyme activity; however, the effect was not uniform across all
parameters. This indicates that the hepatoprotectant may reduce overall
hepatocellular functional burden or stabilize cellular membrane processes, but
has less influence on steroid-induced regulatory mechanisms responsible for
cALP elevation.

The fact that intergroup differences did not consistently reach statistical
significance is most likely related to the small sample size and considerable
individual variability in clinical responses. Therefore, the results should be
interpreted as indicative of a potential beneficial effect of hepatoprotective
therapy on certain liver function parameters, while exercising caution in
considering it as providing complete protection against MPA-induced changes.

2.3.2. Effect of Hepatoprotective Therapy on Liver Functional Status in
ES Dogs Following MPA Administration

In the experimental study (ES), the effect of the hepatoprotective agent
mitoquinol mesylate on liver functional status was evaluated by comparing the
dynamics of ALT, GGT, ALP, and cALP activities in dogs receiving mitoquinol
mesylate (MQ) with those in the placebo (P) group.

Results were analyzed separately for the first active period (MQI vs. P1), the
second active period (MQ2 vs. P2), and for the combined crossover dataset
(MQK vs. PK). Statistical significance was assessed relative to day 0 within each
group, while between-group differences were reported only at time points where
p < 0.05 was reached.

In the first active period (MQ1 and P1), fluctuations in ALT activity were
minimal in both groups and showed no statistically significant dynamics (p >
0.05). By the end of the period (day 28), ALT levels in both groups were lower
than at baseline (MQ1: 39.40 £ 9.85 U L' vs. 56.65 + 1.21 U L™"; P1: 33.40 +
584 UL"vs.49.23 +16.11 U L) (see Tables 2.8 and 2.9b). Thus, during the
first period, ALT values did not differ between MQ1 and P1.

GGT showed a moderate increase in both groups during the first period;
however, statistically significant differences compared to day 0 were observed
only at certain time points and were similar between groups: in the P1 group on
day 14 (2.0-fold; p < 0.05), and in the MQ1 group on day 21 (1.9-fold; p < 0.05).
By the end of the period (day 28), GGT decreased in both groups to levels that
were no longer significantly different from baseline (MQ1: 1.4-fold; P1: 1.4-fold,;
p > 0.05) (see Tables 2.8 and 2.9).

The most pronounced differences in the first period were observed in the
dynamics of ALP and cALP. ALP activity increased in both groups; however,

68



the increase was more marked and persistent in the placebo group. In the P1
group, ALP was significantly elevated as early as day 7 (2.7-fold; p < 0.05) and
remained significantly increased on days 14 and 21 (2.4- and 2.2-fold; p < 0.05).
In contrast, in the MQ1 group, the increase in ALP was more moderate (1.4—1.7-
fold) and did not reach statistical significance at any time point (p > 0.05)
compared to day O (see Tables 2.8 and 2.9).

A similar pattern was observed for cALP dynamics: in the P1 group, cALP
was significantly elevated on days 7-21 (2.6-, 2.4-, and 2.1-fold; p < 0.05),
whereas in the MQ1 group, the increase was modest (1.1-1.6-fold) and not
statistically significant (p > 0.05) (see Tables 2.8 and 2.9).

Opverall, the first active period demonstrated that under mitoquinol treatment,
the increase in enzyme activity was less pronounced, particularly for ALP and
cALP, although between-group differences during this period were not
statistically significant (p > 0.05).

In the second active period (MQ2 and P2), the dynamics of enzyme
changes were more pronounced and consistent in both groups, with most
parameters showing statistically significant differences compared to day 0 at
multiple time points.

ALT values increased approximately 1.9-2.0-fold in both groups and were
already significantly elevated on day 7 (MQ2: 2.0-fold; P2: 1.9-fold; p < 0.05),
remaining elevated until day 28 (MQ2: 1.4-fold; P2: 1.5-fold; p < 0.05) (see
Tables 2.10 and 2.11).

The increase in GGT activity during the second period was the most
pronounced: 2.8-3.8-fold in the MQ2 group and 2.7-3.5-fold in the P2 group,
with statistical significance at all time points (p < 0.05). Even on day 28, GGT
remained elevated at approximately 2.9-fold above baseline in both groups.

ALP and cALP in the second period showed a stable and statistically
significant increase compared to day 0 in both groups (ALP approximately 2.0—
2.9-fold; cALP approximately 2.0-2.3-fold up to day 21; p < 0.05). By day 28,
cALP remained approximately 1.9-fold above baseline in both groups.

Importantly, despite similar magnitudes of increase, no statistically
significant differences between MQ2 and P2 were observed at specific time
points (p > 0.05).

In the combined crossover dataset (MQK and PK), where results from
MQ1+MQ2 and P1+P2 were pooled, the overall trend becomes clearer and the
influence of individual variability is reduced.

In this combined analysis, ALT values did not show statistically significant
changes either compared to day 0 or between groups (p > 0.05), and by day 28
they had essentially returned to baseline levels in both groups (MQK: 1.0-fold;
PK: 1.1-fold; see Tables 2.12 and 2.13).
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In contrast, in the combined analysis of GGT and ALP, GGT in the MQK
group was significantly elevated on days 7, 14, and 21 (2.1-, 2.3-, and 2.6-fold;
p <0.05), while on day 28 it remained 2.0-fold above baseline but was no longer
significantly different from day 0. In the PK group, GGT remained statistically
significant at all time points, including day 28 (2.2-fold; p < 0.05) (see Tables
2.12 and 2.13).

ALP activity in the MQK group increased 1.8-1.9-fold compared to baseline
and was statistically significant on days 7 and 21 (p < 0.05). In the PK group, the
increase was more pronounced (2.4-2.7-fold) and statistically significant from
days 7 to 21 (p < 0.05), while on day 28 it remained 2.1-fold above baseline
without statistical significance (see Tables 2.12 and 2.13).

cALP values showed a moderate decrease over time (MQK 1.3-1.7-fold; PK
1.7-2.3-fold). In the PK group, cALP remained significantly elevated on days 7-
21 (p < 0.05), whereas in the MQK group, the increase did not reach statistical
significance overall (see Tables 2.12 and 2.13).

At the same time, even in the combined crossover analysis, no statistically
significant differences between groups were confirmed at specific time points (p
> 0.05), suggesting that the potential beneficial effect of mitoquinol on
biochemical parameters was not strongly expressed.

Overall, the ES results demonstrate that MPA induces measurable
biochemical effects even in initially clinically healthy animals. The most
sensitive parameters in this study design were GGT and ALP, while cALP varied
depending on the study period. ALT showed smaller, less pronounced
fluctuations and did not consistently reach statistical significance in the
combined analysis. The use of mitoquinol mesylate in the first period was
associated with a less pronounced increase in ALP and cALP; however, in the
second period and in the combined analysis, the enzyme response was
predominantly driven by MPA, and intergroup differences generally did not
reach statistical significance.

From a practical perspective, this indicates that even in the absence of clinical
disease, GGT and ALP changes may persist for several weeks following MPA
administration.

2.3.3. Effect of the Antioxidant Mitoquinol Mesylate on Liver Tissue
Morphology in ES Dogs Following MPA Administration

Histological analysis was performed on liver biopsy samples from ES dogs
in the MQ group (MPA + mitoquinol mesylate), with separate evaluation of the
first active period (MQ1) and the second active period (MQ?2), and comparison
with the corresponding placebo (P) groups.
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First active period (MQ1). No histological changes in liver parenchyma
were observed on day 0. In the MQI group, by day 14 after MPA administration,
changes characteristic of steroid hepatopathy were observed, including
hepatocyte enlargement and vacuolization; however, in some animals, the
severity of changes was less pronounced than in the P1 group. In three out of four
animals, the changes were classified as severe, while in one animal they were
moderate. Compared to the P1 group, where severe changes predominated in all
animals, the MQ1 profile showed more moderate morphological alterations.

By day 28, a more pronounced regression was observed in the MQ1 group
compared to the P1 group: in most cases, changes were classified as moderate,
tissue architecture appeared more uniform, and vacuolization was less
pronounced (see Table 2.14). This suggests a potentially faster structural
stabilization associated with the use of mitoquinol mesylate.

The number of neutrophilic leukocytes increased similarly to the placebo
group, remaining within the range of mild, diffuse infiltration without necrosis
or focal lesions. The use of mitoquinol mesylate did not significantly influence
this parameter (see Table 2.14).

In the MQ1 group, mild to moderate glycogen accumulation in hepatocytes
was observed on day 14, similar to the P1 group. PAS-positive staining persisted
on day 28 but was relatively less pronounced than in the P1 group. Quantitative
analysis did not reveal statistically significant differences between the groups.

The number of stellate cells increased from physiological levels on day 0 to
higher values on days 14 and 28; however, the degree of activation was similar
to that observed in the P1 group. This indicates that mitoquinol mesylate did not
significantly affect early stellate cell activation.

Overall, during the MQI period, morphological changes were typical of
steroid hepatopathy but of moderate severity, with signs of regression.

Second active period (MQ2). The MQ2 group included animals that had
received placebo during the first period and mitoquinol mesylate during the
second period under MPA exposure.

At the beginning of the second period (day 0), hepatocellular morphological
changes were already present, indicating incomplete structural recovery
following the first period (56 days after MPA administration). These changes
were assessed as moderate and were comparable to those observed in the P2
group. By day 14 after repeated MPA administration, severe hepatocellular
alterations were observed in all animals in the MQ2 group. At this stage, the
morphological profile was similar to that of the P2 group (see Table 2.15).

The number of segmented neutrophilic leukocytes in the liver parenchyma
during the second active period was similar in both groups and gradually
decreased over time. On day O of the second period, the mean number of
neutrophils was 4.0 + 1.53 cells per field in the MQ2 group and 3.0 =+ 1.73 in the
P2 group. By day 14 after repeated MPA administration, the number decreased
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to 3.0 + 1.00 cells in the MQ2 group and 2.0 £ 0.96 in the P2 group. By the end
of the period (day 28), the number continued to decline in both groups, reaching
2.0 £ 1.00 cells in the MQ2 group and 2.0 + 0.50 in the P2 group. No statistically
significant differences between groups in neutrophil counts were observed
throughout the observation period (see Table 2.15).

Glycogen accumulation in the MQ2 group on day 14 was more pronounced
than in the MQI group during the first period, reflecting a cumulative
corticosteroid effect. By day 28, partial regression was observed; however, PAS-
positive granules persisted.

The number of stellate cells in the second period was already higher at
baseline (day 0) than in the first period, indicating persistent cellular activation.
Nevertheless, by day 28, a trend toward gradual reduction was observed in both
groups.

A particularly important observation is that animals which received
mitoquinol mesylate in the first period (MQIl) showed less pronounced
morphological changes in the second period, even without active antioxidant
treatment, compared to the P1 group, and in several parameters approached the
MQ?2 profile. This phenomenon indicates a carryover effect of mitoquinol
mesylate, which became identifiable due to the crossover study design.

Unlike a parallel design, the crossover model allowed assessment not only of
the acute effect of therapy but also whether prior mitochondrial protection could
influence subsequent hepatic response to corticosteroid exposure. The findings
suggest that mitoquinol mesylate may stabilize hepatocyte, and particularly
mitochondrial, functional reserve, resulting in less pronounced structural changes
upon repeated MPA exposure.

At the same time, it should be emphasized that this effect was not absolute
and did not fully prevent steroid-induced changes. However, the morphological
dynamics were more favorable compared to animals without prior antioxidant
protection.

2.4. Effect of Methylprednisolone Acetate and Mitoquinol Mesylate on
Hepatocyte Ultrastructural Morphology in ES Dogs

2.4.1. Effect of Methylprednisolone Acetate and Mitoquinol Mesylate on
Hepatocyte Nuclear Morphology in ES Dogs

Hepatocyte nuclear morphology was analyzed using DAPI fluorescence
labeling and quantitative morphometric parameters: the coefficient of variation
(CV) of the nucleus and the nuclear Feret diameter. The Feret diameter represents
the longest distance between two opposite points of an object.

On day 0 of the first active period, hepatocyte nuclei in both groups exhibited
regular, round shapes with uniform fluorescence distribution. The coefficient of
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variation and Feret diameter were within physiological ranges described in the
literature, indicating a homogeneous nuclear population.

By day 14 after MPA administration, pronounced nuclear morphological
remodeling was observed in both groups: the DAPI signal became
heterogeneous, and nuclear contours appeared irregular. Quantitatively, this was
reflected by an increase in the coefficient of variation and enlargement of the
Feret diameter. These changes were more pronounced in the P1 group than in the
MQ1 group, where the increase in nuclear heterogeneity was more moderate.

By day 14, partial normalization of parameters was observed in the MQI
group, the coefficient of variation and Feret diameter approached baseline values
(see Table 2.16).

These changes can be interpreted as a corticosteroid-induced nuclear
response in hepatocytes. Nuclear enlargement and chromatin redistribution
reflect increased metabolic load and enhanced nuclear activity. The use of
mitoquinol mesylate had a noticeable influence on this process.

At day 0 of the second active period, nuclear parameters in both groups no
longer corresponded to physiological ranges described in the literature and
differed from those observed at day 0 of the first period. In the MQ2 group, the
coefficient of variation was 0.24 + 0.01 and the Feret diameter was 10.93 + 0.15
pum, whereas in the P2 group the values were 0.33 = 0.03 and 12.63 + 0.25 um,
respectively.

By day 14 after repeated MPA administration, nuclear heterogeneity
increased in both groups, reflected by an increase in the coefficient of variation
(MQ2:0.28 £0.01; P2: 0.25 + 0.02) and an increase in Feret diameter in the MQ2
group (11.53 £ 0.15 um), while in the P2 group the Feret diameter remained
relatively unchanged (10.95 £ 0.46 pm).

By day 28, partial normalization of parameters was observed in the MQ2
group (coefficient of variation 0.25 £+ 0.01; Feret diameter 10.90 £ 0.10 um),
whereas in the P2 group the coefficient of variation remained elevated (0.27 +
0.02), while the Feret diameter was close to baseline (10.48 + 0.33 pm) (see Table
2.17).

Overall, DAPI analysis confirms that MPA induces persistent alterations in
nuclear architecture that do not fully return to normal ranges even after several
weeks. Mitoquinol mesylate did not significantly reduce these nuclear changes.

2.4.2. Effect of Methylprednisolone Acetate and Mitoquinol Mesylate on
Hepatocyte Mitochondrial Morphology in ES Dogs
The effect of methylprednisolone acetate (MPA) and mitoquinol mesylate on

hepatocyte mitochondrial morphology was evaluated by analyzing TOMM?20
immunofluorescence signal and quantitative morphometric parameters:
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mitochondrial roundness, elongation (aspect ratio), and mean TOMM20
fluorescence intensity (AU) at different time points.

On day 0 of the first active period, mitochondrial morphometric parameters
in both groups were within physiological ranges described in the literature. In the
MQ1 group, the roundness coefficient was 0.57 + 0.01, the elongation coefficient
was 2.20 + 0.08, and the mean TOMM20 fluorescence intensity was 1230 + 18
AU. Similar values were observed in the P1 group (0.59 + 0.01; 2.20 + 0.10;
1237 + 20 AU, respectively), indicating comparable mitochondrial structural
organization in both groups prior to MPA administration (see Table 2.18).

By day 14 after MPA administration, changes in mitochondrial morphometric
parameters were observed in both groups. In the MQ1 group, the roundness
coefficient increased to 0.75 = 0.03, the elongation coefficient decreased to 1.60
+ 0.08, and TOMM20 fluorescence intensity increased to 1488 + 30 AU. In the
P1 group, these changes were more pronounced: the roundness coefficient
reached 0.80 + 0.02, the elongation coefficient decreased to 1.30 + 0.10, and
TOMM20 fluorescence intensity increased to 1780 £ 70 AU (see Table 2.18).

By day 28, partial stabilization of morphometric parameters was observed in
the MQ1 group: the roundness coefficient decreased to 0.64 + 0.01, the
elongation coefficient increased to 1.90 + 0.08, and TOMM20 fluorescence
intensity decreased to 1330 &+ 18 AU. In contrast, in the P1 group, the roundness
coefficient remained relatively higher (0.71 £ 0.02), the elongation coefficient
was 1.50+ 0.10, and TOMM20 fluorescence intensity remained elevated at 1590
+ 55 AU (see Table 2.18).

Overall, during the first active period, MPA administration was associated
with changes in mitochondrial morphometric parameters in both groups;
however, in the MQ1 group, a more pronounced return of parameters toward
baseline values was observed by day 28, whereas in the P1 group, greater
deviations from baseline persisted.

At day 0 of the second active period, mitochondrial morphological
parameters in both groups already slightly deviated from physiological ranges.
In the MQ2 group, the roundness coefficient was 0.66 + 0.02, the elongation
coefficient was 1.90 £ 0.10, and the TOMM20 fluorescence intensity was 1400
+ 20 AU. In the P2 group, the corresponding values were 0.61 + 0.02, 2.00 +
0.16, and 1335 + 38 AU, respectively (see Table 2.19).

By day 14 after repeated MPA administration, in the MQ2 group the
roundness coefficient slightly decreased to 0.63 + 0.04, the elongation coefficient
decreased to 1.70 + 0.10, and the TOMM20 fluorescence intensity increased to
1650 + 30 AU. In the P2 group, the roundness coefficient increased to 0.65 +
0.03, the elongation coefficient was 1.90 + 0.08, and the TOMM20 fluorescence
intensity was 1365 =46 AU (see Table 2.19).

By day 28, in the MQ2 group the roundness coefficient decreased to 0.61 +
0.02, the elongation coefficient increased to 1.80 £ 0.10, and the TOMM20
fluorescence intensity decreased to 1500 + 20 AU. In the P2 group, at the same
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time point, the roundness coefficient was 0.64 + 0.03, the elongation coefficient

was 1.78 £ 0.14, and the TOMM?20 fluorescence intensity was 1383 + 60 AU

(see Table 2.19).

Overall, during the second active period, changes in mitochondrial
morphometric parameters in both groups were moderate, and by the end of the
period the values tended to return toward baseline.

Combined DAPI and TOMM20 analysis highlights two distinct processes:

1. Nuclear enlargement and heterogeneity — predominantly a result of
corticosteroid pharmacodynamic effects, not significantly influenced by
mitoquinol administration.

2. Mitochondrial fragmentation and signal heterogeneity — a structural
response more closely associated with oxidative stress, with a more favorable
dynamic observed under mitoquinol treatment.

Thus, ultrastructural analysis expands the interpretation of biochemical and
histological findings, demonstrating that even when serum enzyme levels show
stabilization, persistent structural alterations remain at the cellular level.
Mitoquinol mesylate may contribute to stabilization of mitochondrial
morphometric parameters (roundness coefficient, elongation coefficient, and
mean TOMM20 fluorescence intensity) and reduce their variability following
repeated MPA administration.
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CONCLUSIONS

. The use of long-acting methylprednisolone acetate (MPA) at a dose of 2
mg/kg in dogs resulted in an increase in liver enzyme activity, particularly
alkaline phosphatase (ALP) and corticosteroid-induced alkaline phosphatase
(cALP), indicating alterations in liver functional status. The increase in
enzyme activity was significant on days 7 and 14 after MPA administration
and remained elevated until the end of the study. Histological changes
characteristic of steroid hepatopathy — hepatocyte swelling, cytoplasmic
vacuolization, glycogen accumulation, and others, were observed even after
a single MPA administration. Although partial regression of these changes
occurred within 56 days, complete morphological recovery of liver tissue was
not observed.

. Hepatoprotective therapy following MPA administration promoted faster
reversal of liver functional parameters in dogs but did not completely prevent
the increase in enzyme activity. In the clinical study, the hepatoprotective
preparation containing mainly extracts of milk thistle (Silybum marianum),
turmeric (Curcuma longa), and artichoke (Cynara scolymus) reduced the
MPA-induced increase in liver enzyme activity, particularly GGT and ALP.
In the experimental study, mitoquinol mesylate also reduced liver enzyme
activity, especially ALP and cALP.

. The use of the antioxidant mitoquinol mesylate in cases of steroid
hepatopathy in dogs did not demonstrate a statistically significant effect on
the reversal of pathological changes in liver tissue, as the severity of
hepatocyte morphological alterations and glycogen accumulation was
generally similar between the mitoquinol and placebo groups. At certain time
points, less pronounced structural changes in hepatocytes were observed in
dogs receiving mitoquinol mesylate. Overall, regression of liver tissue
changes in both groups was only partial, and complete morphological
recovery was not achieved.

. Ultrastructural analysis of hepatocytes following MPA exposure revealed
changes in nuclear morphology, manifested by an increased coefficient of
variation and Feret diameter, as well as a more heterogencous DAPI
fluorescence signal, indicating increased nuclear heterogeneity. Mitoquinol
mesylate did not significantly affect nuclear morphological parameters. In
contrast, mitochondrial morphology showed an increase in mitochondrial
roundness, a decrease in elongation, and alterations in TOMM20
fluorescence signal. The use of mitoquinol mesylate was associated with less
pronounced mitochondrial structural changes, suggesting a protective effect
on hepatocyte mitochondrial ultrastructure.

. The crossover study design revealed a carryover effect of the antioxidant
mitoquinol mesylate, manifested as stabilization of hepatocyte function and
structure even after discontinuation of the antioxidant. In the second-period
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placebo group (animals that received mitoquinol mesylate in the first period),
mitochondrial morphometric parameters remained similar to or, at certain
time points, even better than those in the MQ2 group (animals that received
mitoquinol mesylate in the second period). Histologically, the overall severity
of hepatocyte alterations was lower in the P2 group compared to the MQ2
group.
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RECOMMENDATIONS

. Before administering long-acting corticosteroids, it is recommended to assess
the patient’s liver functional status and risk factors (previous liver damage,
chronic medication use, etc.), and to plan follow-up visits with laboratory
monitoring.

. During therapy, regular monitoring of liver enzymes (ALT, ALP, GGT, and,
if possible, cALP) is recommended, along with evaluation of their dynamics;
in patients with risk factors, hepatoprotective support should be initiated
concurrently with corticosteroid therapy and continued until stable
normalization of parameters.

. Mitoquinol mesylate may be considered as adjunct therapy in cases where
signs of steroid hepatopathy are present; if laboratory parameters worsen or
remain markedly elevated, reduction of corticosteroid dose, extension of
dosing intervals, or modification of therapy should be considered.

. In clinical practice, preference should be given to treatment protocols with
better titratability (short-acting formulations, alternative anti-inflammatory
and immunomodulatory approaches), as well as ensuring adequate intervals
between repeated long-acting corticosteroid injections.
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