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1. Pétijuma aktualitate

Sirds-asinsvadu sistémas saslim§anas ir izplatitakais naves c€lonis
ne tikai Latvija, bet ari Eiropas Savienibd. Eiropa kopuma v&rojama
tendence, ka mirstiba no sirds-asinsvadu sistémas slimibam ir lielaka
Austrum- un Viduseiropas valstis, bet mazaka Rietum- un Ziemeleiropas
valstis (Miiller-Nordhorn et al., 2008). Tadg] joprojam aktuali ir pétijumi,
ka uzlabot dzivildzi un dzives kvalitati, profilaktiski noverSot un arstéjot
§is saslimSanas.

Muskulu 3iinas energijas iegiiSanai izmanto gan taukskabes, gan
oglhidratus. Péc to uzpemsSanas 30nas notiek specifiski katabolisma
procesi, kuros veidojas Stimu energijas avots — adenozina trifosfats.
Normilos apstiklos Sina energiju ieglist galvenokart taukskabju
oksidacijas rtezultatd. Tomér skabekla trikuma gadjuma Sunai
izdevigaka izradas glikozes oksidéSana neka taukskabju izmantoSana, jo
$im procesam nepiecieSams mazaks skabekla daudzums (Beadle &
Frenneaux, 2010). Karnifins ir viens no faktoriem, kas nosaka garo
virkyu taukskabju izmantoanas intensitati, kd arl piedalas lidzsvara
reguléSana starp glikozes un taukskabju ieguldijumu Stnu energétiskaja
metabolisma.

Ka zinams, ar karnitina palidzibu §unas caur mitohondriju
membranam notiek taukskabju transports ar sekojoSu B-oksidaciju un
energijas iegiiSanu (Strijbis et al., 2010). Lai arT karnitina fiziologisko
lomu muskulu metabolisma procesos atklaja jau pirms 50 gadiem un
pedgja laikd to pladi lieto ka uztura bagatinataju, tomer karnitina
farmakologiskie efekti, taja skaita kardioprotekfivie, ir salidzino§i maz
izpétiti. Eksperimenti liecina, ka kamitina koncentracijas izmainam
audos varctu bit divéjads efekts. Nedaudz samazinot karnitina
koncentraciju sirdi, tas $inas vieglak adapt€jas i§émijas apstakliem un
parejosam skabekla badam (Dambrova et al., 2002), kam@r ieveérojama
karnitina koncentracijas samazina§ands varétu izsaukt muskulu distrofiju
(Georges et al., 2000). Tapéc loti nozimigi biitu noskaidrot karnifina
regulacijas farmakologiskds un fiziologiskas sekas, lai labak varétu
izprast ta izmantoSanas iesp&jas klinikd sirds-asinsvadu saslimSanu
arstéSanas joma.

Pamatojoties uz atzipam zinatniskaja literatara, ir formuléta
promocijas darba hipotéze: mildronata kardioprotektiva efekta
molekuldras darbibas mehanisms pamatojas uz karnitina koncentracijas
samazinaSanu un taukskabju metabolisma kaveSanu.



2. Darba meérkis
Pétit ar karnitinu saistitds sirds $Gnu energijas metabolisma

signalsistémas regulacijas iesp&jas kardioprotektiva efekta sasniegSanai.

3. Darba uzdevumi

Pefit ilgsto§i pazeminatas karnitina koncentricijas ietekmi uz sirds
un aknu funkcionalitati un lipidu profila izmainam audos un plazma.
Petit karnitina koncentracijas izmaigu ietekmi uz taukskabju
metabolisma iesaistito enzimu karnitina palmitoiltransferazes I
(XPT I) un karnitina acetiltransferazes (KrAT) aktivitati un glikozes
metabolisma iesaistita piruvatdehidrogendzes kompleksa aktivitati
sirds mitohondrijos.

Raksturot mildronata mijiedarbibu ar karnitina acetiltransferazi
in vitro un ietekmi uz enzima aktivitati in vivo.

Petit mildronata kardioprotektiva efekta saistibu ar karnitina
koncentracijas samazinajumu zurku izolétas sirds infarkta modeli un
angioprotektivas darbibas saisttbu ar karnifina un gamma-
butirobetaina koncentraciju izmaipam Dahl sals-jutigo Zurku
hipertensijas modeli.

4. Darba zinatniska novitate

Darba ietvaros pétita karnitina un ta prekursora gamma-

butirobetalna koncentraciju izmainu nozime mildronata kardioprotektiva
un angioprotektiva efekta sasniegSanai:

Pieradits, ka mildronata ilgstoSas 3 méneSu lietoSanas ietekmée
samazinata karnitina koncentracija neizraisa sirdsdarbibas un aknu
funkciju traucgjumus, ka arT neizmaina lipidu profilu; iegutie
rezultati apliecina mildronata ilgstoSas lieto§anas nekaitigumu.
Paradits, ka ilgsto§s karnitina koncentracijas samazindjums izsauc
kompensatoru, no izsaukta samazindjuma atkarign karnitina
palmitoiltransferazes I aktivitates palielinaSanos.

Pirmo reizi raksturota mildronata saistiSanas  karnitina
acetiltransferazes aktivaja centra; salidzinata mildronata un karnitina
saisti§anas ar enzimu.

Paradita mildronata kardioprotektiva efekta atkariba no karnitina
koncentracijas samazindjuma sirds audos un angioprotekfivas
darbibas saistiba ar karnitina un gamma-butirobetaina koncentraciju
izmainam Dahl sils-jutigo zurku hipertensijas modeli.



5. Darba aprobacija — publikicijas un tézes

Promocijas darbs ietver sekojoSas publikacijas recenzgjamos
starptautiskajos izdevumos:

1. Jaudzems K., Kuka J., Gutsaits A., Zinovjevs K., Kalvinsh I,
Liepinsh E., Liepinsh E., Dambrova M. Inhibition of carnitine
acetyltransferase by mildronate, a regulator of energy metabolism.
J Enzyme Inhib Med Chem, 2009; 24(6):1269-75.

2. Liepinsh E., Kuka J., Svalbe B., Vilskersts R., Skapare E., Cirule H.,,
Pugovics O., Kalvinsh 1., Dambrova M. Effects of long-term mildronate
treatment on cardiac and liver functions in rats. Basic Clin Pharmacol
Toxicol, 2009; 105(6):387-94.

3. Vilskersts R., Liepinsh E., Kuka J., Cirule H., Veveris M., Kalvinsh I,
Dambrova M. Myocardial infarct size-limiting and anti-arrhythmic effects
of mildronate orotate in the rat heart. Cardiovasc Drug Ther, 2009;
23(4):281-8.

4. Vilskersts R., Kuka J., Svalbe B., Cirule H., Liepinsh E., Grinberga S.,
Kalvinsh I., Dambrova M. Administration of L-carnitine and mildronate
improves endothelial function and decreases mortality in hypertensive
Dahl rats. Pienemts publicé$anai (Pharmacological Reports, 2011; 63(3)).

5. Kuka J., Vilskersts R., Cirule H., Makrecka M., Pugovics O., Kalvinsh I,
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cardioprotective effect of mildronate in an isolated rat heart infarction
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Publikacijas vietgjos izdevumos:
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2010; 358(3), 54.-58. Ipp.

2. Dambrova M., Liepin§ E., Kiika J., Medne R. Kamitina 100 gadi. No
atklasanas Iidz kliniskajiem pielietojumiem. Doctus, 2007; 10, 4.-8. lpp.

Par darba rezultatiem zinots sekojosas starptautiskas konferences:

1. Kuka J., Vilskersts R., Vavers E., Liepinsh E., Dambrova M. Effects of
regulation of L-carnitine concentration in experimental heart infarction
model, Frontiers in CardioVascular Biology, Berlin, Germany,
July 16-19, 2010. Abstracts, S134.

2. Vilskersts R., Kuka J., Svalbe B., Liepinsh E., Dambrova M. Protective
effects of L-camitine and mildronate in salt-induced hypertension,
Frontiers in CardioVascular Biology, Berlin, Germany, July 16-19, 2010.
Abstracts, S54.

3. Kuka J., Skapare E., Liepinsh E., Dambrova M. Effects of L-camitine
availability on carnitine palmitoyltransferase I activity in vivo,
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MiPsummer School on Mitochondrial Physiology 2010, Druskininkai,
Lithuania, June 10-16, 2010. Abstracts P2-05, P.9.

4. Kuka J., Zinovjevs K., Skapare E., Liepinsh E. Characterization of
mildronate as an inhibitor of carnitine acetyltransferase. FEBS 2009
Congress: Life’s Molecular Interactions, Prague, Czech Republic,
July 4-9, 2009. Abstracts, P.322.

5. Vilskersts R., Kuka J., Svalbe B., Liepinsh E., Dambrova M. Mildronate
orotate: its cardioprotective and antiarrhythmic effects and mechanism of
action. FEBS 2009 Congress: Life’s Molecular Interactions, Prague,
Czech Republic, July 4-9, 2009. Abstracts, P.351.

6. Vilskersts R., Kuka J., Liepinsh E., Dambrova M. Effects of mildronate
on arrhythmias induced by coronary artery ligation, calcium chloride and
aconitine. Baltic Summer School 2008: Basic and clinical aspects of
cardiac arrhythmia’s, Copenhagen, Denmark, August 17 — September 6,
2008.

7. Kuka J., Skapare E., Liepinsh E., Dambrova M. Interactions of
cardioprotective  drug mildronate with mitochondrial carnitine
acyltransferases, New Frontiers in Cardiovascular Research, 8" Meeting
of France - New EU Members/16" Symposium of Jagiellonian Medical
Research Centre, Krakow, Poland, June 5-7. Abstracts, 2008, P.88.

Par darba rezultatiem zigots sekojosas Latvijas m&roga konferencgs:
1. Vavers E. Kika J.. Kamitina-palmitoiltransferazes I aktivitates
regulacija, RSU 59. Medicinas nozares studentu zinatniska konference.
Bazes priekSmetu sekcija, Riga, Latvija, 17. marts, 2010. T&zes,
12.-13.Ipp.
2. Kika J., ékapare E., Liepin§ E., Medne R., Dambrova M. Mildronata
ietekme uz karnitina aciltransferazem. RSU 2008. gada zinatniska
konference, Riga, Latvija, 13.-14. marts, 2008. Tézes, Ipp. 30.

6. Materiali un metodes

Eksperimentiem izmantoja pieauguSus Wistar Iinijas (RSU
Eksperimentilo dzivnieku laboratorija, Latvija) un Dahl sals-jutigas (DS)
Inijas (Charles River, Vicija) Zurku tévigpus. Visas eksperimentilas
procediras veica saskana ar Eiropas Komisijas direktivas 86/609/EEC
vadlinjjam un saskapoja ar Latvijas Republikas Partikas un veteriniro
dienestu un Dzivnieku aizsardzibas &tikas padomi. Lai izveértétu ilgstosi
samazinatas karnitina koncentracijas efektus, mildronatu 100, 200 un
400 mg/kg vadija perorali Wistar zurkam. Kardioprotektiva efckta
izverteSanai karnitinu 100 mg/kg, mildronatu 100 mg/kg un abu vielu



kombinaciju 100 un 100 mg/kg vadija perorali Wistar Zzurkam.
Antiaritmiska efekta izvertéSanai mildronatu 100 mg/kg, orotskabi
100 mg/kg un mildronata orotatu 200 mg/kg Wistar zurkas sanéma kopa
ar dzeramo Udeni. Dahl sals-jutigas Zurkas karnitinu 100 mg/kg,
mildronatu 100 mg/kg un abu vielu kombinaciju 100 un 100 mg/kg
sanéma kopa ar dzeramo tdeni.

6.1. In vitro metodes
6.1.1. Karnitina, GBB un mildronata noteik§ana audos un plazma

Mildronata, GBB un karnitina koncentracijas noteikSanai asins
plazma un sirds un aknu audos izmantoja UPLC/MS/MS analizi
(Dambrova et al., 2008).

6.1.2. Biokimisko parametru mérijumi

Brivo taukskabju, trigliceridu, glikozes, ketonvielu, LDL-C,
HDL-C, laktata koncentracijas, ALAT, ASAT, ALP aktivitates un kopgja
bilirubina daudzuma merfjumiem izmantoja Wako un Instrumentation
Laboratory (IL) reagentu komplektus atbilsto$i raZotdja instrukcijam.

KrAT aktivitati noteica gan izolétos Wistar Zurku sirds
mitohondrijos, gan izmantojot attiritu balozu kri$u muskulu enzimu
(Sigma, ASV). Mitohondrijus izol&ja péc literatiira aprakstitas metodes
(Wilcke et al., 1995). Reakcijas norises apstakli: DTNB (0,675 mM),
HEPES (125 mM), EDTA (2,5 mM), acetil-koenzims A (0,1 mM),
karnitins (0,0625 lLidz 0,5 mM). Mildronatu (10 uM lidz 1 mM)
izmantoja, tikai parbaudot td mijiedarbibu ar attirito KrAT. KPT I
aktivitati noteica gan aknu un sirds audu homogenata, gan ar1 izoletos
mitohondrijos. Reakcijas norises apstakli: DTNB (0,675 mM),
HEPES (125 mM), EDTA (2,5 mM), palmitoil-koenzims A (0,05 mM)
un atbilsto§as karnitina koncentracijas. Elpo§anas meérfjumus veica
saskana ar literatira aprakstitu metodi (Baliutyte et al., 2010). Elposanas
buferSkidums satur&ja 40 pM palmitoil-koenzima A vai 36 pM palmitoil-
karnitina vai 5 mM piruvata un 5 mM malata. .

6.1.3. Molekularas dinamikas skaitlo§ana mildronata un KrAT
mijiedarbibas raksturoSanai

Molekularas dinamikas skaitlo§anai par mildronata saistiSanos
KrAT akfivaja centra izmantoja MOE2007.09 programmnodro§inajumu
(Chemical Computing Group, Inc., Kanada).



6.2. Exvivo un in vivo metodes
6.2.1. Hemodinamikas parametri in vivo

Sistolisko asinsspiedienu un sirds ritmu DS Zurkdm merjja
eksperimenta sakuma, ki arl péc 4 un 8 nedélam kop$ terapijas
uzsakSanas, izmantojot Zurku neinvaziva asinsspiediena méritaju
MLT125, kas savienots ar PowerLab 8/30 datu registracijas sistému no
ADInstruments.

6.2.2. Langendorffa izoletas Zurku sirds infarkta modelis

Infarktu eksperimentu veikSanai izmantoja literatiira aprakstito
metodi (Liepinsh et al., 2006). No iegitajiem rezultdtiem aprekinaja
nekrozes liclumu pret kop&jo riska zonas lielumu. Kontroles vértibas
pienéma 100% un pargjos rezultatus attiecigi parrekinaja.

6.2.3. Eksperimentalie Zurku aritmiju modeli

Lai novértétu mildronata ietekmi uz i$€mijas-reperfuzijas
izraisitajam sirds aritmijam, izmantoja Wistar zurkas, kuras anestez€ja ar
natrija pentobarbitalu (60 mg/kg i/p). Péc traheotomijas dzivnickus
ventilgja (15 ml/kg, 55 reizes miniit€) ar mazo grauz&ju elpinamo aparatu
(7025, Ugo Basile). Zurkam atvéra kragkurvi un ar 5/0 Surgipro II diegu
cauriuja zem sirds kreisds lejupejo§ds koronaras artérijas. Izmantojot
Chart 5.5 programmu, registr&ja EKG no otra standartnovadijuma. Pec
20 minii$u adaptacijas kreiso lejupejo§o koronaro artériju uz 10 minatem
okludgja, kam sekoja 30 minii§u reperfuzija. Lai novertétu mildronata
ietekmi uz kalcija hlorida izraisitajam aritmijam, izmantoja Wistar
yurkas, kuras anestez&ja ar natrija pentobarbitalu (60 mg/kg i/p). Lai
ievaditu 10% kalcija hlorida §kidumu, kanulgja kreiso femoralo venu.
Kalcija hlorida 8kidumu ievadija aritmogéna deva (180 mg/kg) ar atrumu
0,01 ml/s, un, izmantojot Chart 5.5 programmu, registréja EKG no otra
standartnovadijuma gan ievadiSanas laika, gan 10 miniites péc tam. Tika
novértéta mirstiba, aritmiju sak3anas laiks un laiks Iidz atgrieZas normals
sirds ritms, kreisd kambara tahikardiju un fibrilaciju skaita bieZzums un
ilgums.

6.2.4. Sals inducétas hipertensijas modelis Dahl Zurkas

DS Zurku endotelialo funkciju noteica izolétas aortas, izmantojot
izoléto organu vannigu (Bartus$ et al., 2008). DS Zurku sirds anatomijas
un funkcijas novérteSanai izmantoja iE33 ultrasonografu (Philips
Ultrasound, Inc.). Zurkas anestez&ja ar ketamina ksilazina maisijumu
(50 un 10 mg/kg i/p) un sirds kreisa kambara mértjumus veica M-reZima.
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6.2.5. Datu apstrades statistiskas metodes

Datu apkopoSanu un sistematizaciju veica ar visparpienemtim
statistikas metodeém, izmantojot programmas Microsoft Excel 2003 un
GraphPad Prism 3.0 (GraphPad Software, Inc.). Rezultatus uzskatija par
ticamiem, ja p<0,05. Grupu salidzina$anai lietoja Manna-Vitnija vai
Stjtidenta t-testu, vai atbilstoSo dispersijas analizes metodi ar sekojosu
péctestu (Bonferoni, Tukija tests). Dzivildzes liknes DS Zurkam ieguva
ar Kaplana-Meiera metodi. Aritmiju bieZuma starpibu starp grupam
analiz&ja, izmantojot hi kvadrata (y°) testu.

7. Rezultati

7.1. Mildronata un karnitina lietoSanas ietekme uz karnitina un
GBB koncentriciju asins plazma un audos

Mildronata 4, 8 un 12 nedglu perordla lictoSana, ja devas ir
100 (M 100), 200 (M 200) un 400 mg/kg (M 400), atbilstosi samazinaja
karnitina koncentraciju Wistar Zurku asins plazma. Péc 4 nedelu
mildronata lietoSanas karnitina koncentracija samazindjas attiecigi 3, 5
un 13 reizes. Tikai mildronata 400 mg/kg devas ievadiSana samazinaja
kamitina koncentraciju atkariba no lieto§anas ilguma (1.A attgls); ta péc
12 nede]am karnitina koncentracija samazinajas 35 reizes. Mildronats
GBB koncentraciju palielindja pat par 14 reizém, tomér §Is izmaipas
neietekméja ne terapijas ilgums, ne deva (1.B attéls).
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1. attels. Mildronata ilgstoSas lietoSanas ietekme uz karnitina (A) un
GBB (B) koncentracijas izmainam Wistar Zurku asins plazma. Rezultati
ir videjais no mérjjumiem 8—10 dzivniekos +SEM. * statistiski ticami
atskiras no kontroles grupas (Tukija tests, p<0,05).
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Wistar Zurku sirds un aknu audos ilgsto$a mildronata lietoSana
karnitina koncentraciju samazindja atkaribd no devas lieluma, bet
lietosanas ilguma ietekmi uz karnitina koncentracijas samazinaSanos
noveroja, ja mildronata deva bija 200 mg/kg (2. attels).

AlKontroleD M 1000O0M 200 m M 400 B ® KontroleOM 1000 M 200 m M 400

r01200 g 2 600 i

£ E <0 |

g 4 500

%" 800 4 29400

E . & 300 -

) 400 4 ¥ £ 200 -
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g | L E 100 -

4.nedgla 8. nedéla 12. nedsla 4, nedsla 8.nedéla 12. nedgla

2. attels. Mildronata ilgstoSas lietoSanas ietekme uz karnitina
koncentracijas izmaipam Wistar Zurku sirds (4) un aknu (B) audos.
Rezultati ir vidéjais no mérjjumiem 8-10 dzivniekos +SEM.
* statistiski ticami atSkiras no kontroles grupas (Tukija tests, p<0,05).

Sirds audos GBB koncentracija palielindjas lidz 10 reizém
(3.A attgls), bet aknu audos pat [idz 66 reizém (3.B attéls), tomer 1idzigi
ka asins plazma ari §is izmainas neietekméja ne terapijas ilgums, ne deva.
AR Kontrolemd M 1003 M 200 B M 400 BN Kontroled M 1000 M 200m M 400
*

*
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3. attels. Mildronata ilgstoSas lietoSanas ietekme uz GBB koncentracijas
izmainam Wistar Zurku sirds (A) un aknu (B) audos. Rezultati ir videjais
no merijumiem 8-10 dzivniekos £SEM. * statistiski ticami atSkiras no
kontroles grupas (Tukija tests, p<0,05).
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Mildronata (100 mg/kg, M 100), karnitina (100 mg/kg, K 100) un
to kombinacijas (100+100 mg/kg, K+M) 14 dienu peroralas lietoSanas
jetekme uz karnitina un GBB plazmas koncentrécijas izmainam Wistar
yurkam paradita 4. attela. Karnitina lietoSana palielinaja ta koncentraciju
asins plazma par 24%, salidzinot ar kontroli, bet mildronata lietoSana
samazinaja kamitina koncentraciju 3 reizes. Karnitina vienlaiciga
lictoSana kopa ar mildrondtu samazin3ja kamitina koncentraciju asins
plazma par 18% (4.A attels). Kamnitina lietoSana GBB koncentraciju
asins plazma palielinaja tikai 2 reizes, bet mildronats un abu vielu
kombinacija attiecigi 10 un 20 reizes (4.B attels).
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4. attels. Mildronata, karnitina un to kombinacijas 14 dienu lietoSanas
ietekme uz karnitina (4) un GBB (B) koncentracijas izmainam Wistar
Zurku asins plazma. Rezultati ir vidéjais no merijumiem 10 dzivniekos
+SEM. * statistiski ticami atSkiras no kontroles grupas (Stjiidenta t-tests,
p<0,05).

Sirds audos, lidzigi ka asins plazma, karnitina lietoSana ta
koncentraciju palielindja par 31%. Mildronata lietoSana karnitina
koncentraciju sirdl pazeminaja tieSi tapat ka plazma, 3 reizes, savukart
karnitina un mildronata kombinacijas lietoSana karnitina koncentraciju
neietekméja (5.A attéls). Karnitina lietoSana GBB koncentraciju sirds
audos palielindja 2 reizes, bet mildronats un abu vielu kombinacija
palielingja attiecigi 6 un 7 reizes (5.B attéls).
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5. attels. Mildronata, karnitina un to kombinacijas 14 dienu lietoSanas
ietekme uz karnitina (4) un GBB (B) koncentracijas izmainam Wistar
Zurku sirds audos. Rezultati ir vidéjais no mérjjumiem 10 dzivniekos
+SEM. * statistiski ticami atSkiras no kontroles grupas (Stjiidenta t-tests,
p<0,05).
7.2. Karnitina koncentracijas izmainu ietekme uz enzimu aktivitati
un audu un asins plazmas biokimiskajiem parametriem
7.2.1. Ietekme uz KPT I aktivitati
6. attela paradita ilgsto8i pazeminatas karnifina koncentracijas
ietekme uz KPT I aktivitati Wistar Zurku sirds audos.

B KontroleOM 1000 M 200m M 400
1,2 1 *
1,0 *
0,8 4 * ¥ F
0,6 1
0,4
0,2
0,0 4

KPT I aktivitate, mU/mg sirds

4.nedela  8.nedéla 12, nedgla

6. anels. Mildrondata ilgstoSas lietoSanas ietekme uz KPT I aktivitates
izmainam Wistar Zurku sirds audos. Rezultati ir videjais no mérijumiem
6 dzivniekos +SEM. * statistiski ticami atSkiras no kontroles grupas
(Tukija tests, p<0,05).

Enzima aktivitati noteica audu homogenatos p&c mildronata
(devas 100, 200 un 400 mg/kg) ilgstoSas 4, 8 un 12 ned€lu peroralas
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lietosanas. Sirds audos bazala KPT I aktivitate péc 4 nedelu mildronata
lietosanas palielinjas pat par 21%, salidzinot ar kontroles grupu. Péc
g un 12 nedelu mildronata lieto§anas, KPT I aktivitate ticami palielinajas
tikai, ja ievadita mildronata lielaka deva, attiecigi par 25% un 35%. Aknu
audu homogenatos statistiski ticamas KPT I aktivitates izmainas péc
ilgstoSas mildronata lieto§anas nenovéroja.

7.2.2. Ietekme uz mitohondriju elpoSanas aktivitati

Elposanas aktivitati Wistar Zurku izolétos sirds mitohondrijos
noteica péc mildrondta (100 mg/kg ), karnitina (100 mg/kg) un to
kombinacijas (100+100 mg/kg) 14 dienu peroralas lietoSanas, ka
substratus izmantojot palmitoil-koenzimu A, palmitoil-karnitimu un
piruvatu/malatu. Mitohondriju elpoSanas mérfjumu rezultati paraditi
1. tabula. Mildronata lietoSana samazindja mitohondriju elpoSanu ar
palmitoil-koenzimu A, bet praktiski neietekmé&ja elpoSanu ar palmitoil-
karnitinu un piruvatu/malatu. Mildronata un karnitina kombinacijas
lietofana stimulgja mitohondriju elpo§anu ar palmitoil-karnitinu un
piruvatu/malatu.

1. tabula
Mildronata, karnitina un to kombinacijas 14 dienu lieto§anas ietekme uz
Wistar Zurku izoletu sirds mitohondriju skabekla patéripu, tiem oksidgjot
daZadus energijas substratus
Kontrole K100 M 100 K+M

Substrat . ]
ubstrats O, patérig§, nmol/min/mg proteina

40 pM palmitoil-koenzims 36.943.8  41.044.9 26.8+0.8* 36.8+14
36 uM palmitoil-karnitins 16.4+1.2 214428  19.240.9  21.3%1.2*
5 mM piruvats/5 mM malats 41.3£2.7 44.746.0  42.6+4.1 524%2.4*

Rezultati ir videjais no mérjjumiem 6 dzivniekos +SEM. * statistiski
ticami atskiras no kontroles grupas (Stjidenta t-tests, p<0,05).

7.2.3. Ietekme uz aknu funkcionalitates un patologiju markieriem

Ilgsto§i pazeminatas karnitina koncentracijas ietekme uz aknu
funkcionalitates un patologiju markieriem Wistar Zurku asins plazma pec
mildronata (devas 100, 200 un 400 mg/kg) ilgstosas 4, 8 un 12 nedélu
peroralas lietoSanas paradita 2. tabula.
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2. tabula
Karnitina koncentracijas samazina§anas ietekme uz aknu funkcionalitates
un patologiju markieriem Wistar Zurku asins plazma
Kontrole M 100 M 200 M 400

4. nedéela
ASAT, UN 49.0+3.8 46.5+6.2 48.2+5.8 43.1+4 4
ALAT, U/ 20.6£1.6 19.5+0.6 19.4+1.7 19.9+1.0
ALP, U/ 33.5+3.2 29.8+3.2 34.0+2.9 35.743.1
Kop. bilirubins, mg/dl 0.39+0.17 0.27+£0.09 0.17+£0.02  0.29+0.05
8. nedéla
ASAT, U/ 39.7+3.2 38.2+3.9 41.74£5.1 37.3+£3.3
ALAT, U/l 17.2£2.1 17.1£1.8 18.3%£1.5 17.241.1
ALP, U/ 16.7+£1.5  21.3+1.0*  18.9+1.1 17.5£2.1
Kop. bilirubins, mg/dl 0.31£0.04 0.33%0.05 0.30+0.04 0.30+0.03
12. nedéla
ASAT,UN 39.9+1.0 42.5+1.8 36.6£2.1  44.4+1.1*
ALAT, U/l 15.8+1.1 17.8+1.4 15.8+0.9 19.0+1.8
ALP,UN 18.840.5 20.2+1.2 21.6£1.6  23.0+£1.9*

Kop. bilirubins, mg/dl 0.23+0.04 0.20+0.03  0.24+0.02  0.19+0.02

Rezultati ir videjais no mérijumiem 810 dzivniekos £SEM. * statistiski
ticami atSkiras no kontroles grupas (Tukija tests, p<0,05).

Mildronata lietoSana neietekméja kopgja bilirubina daudzumu un
ALAT aktivitati. ASAT un sarmainas fosfatazes (ALP) aktivitate
minimali palielingjas tikai pec 12 ned&lam, lietojot mildrondta devu
400 mg/kg. ALP aktivitate minimali palielindjas arl péc 8 nedélam,
lietojot mildronata devu 100 mg/kg.

7.2.4. Ietekme uz lipidu profilu aknu audos

ligsto§i pazeminatas karnitina koncentracijas ietekme uz
trigliceridu un brivo taukskabju koncentraciju Wistar Zurku aknu audos
paradita 7. attéla. Trigliceridu koncentracija aknu audos ticami
palielingjas attiecigi par 21%, 20% un 12% péc 4, 8 un 12 nedélam tikai
tim Zurkdm, kas sapéma lieldko mildronata devu 400 mg/kg
(7.A attels). Savukart taukskabju koncentrdcija aknu audos ticami
palielingjas pec 12 nedélam tikai tam Zurkam, kas sapéma mildronata
devas 200 un 400 mg/kg (7.B attgls).
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7. attels. Mildronata ilgstoSas lietosanas ietekme uz trigliceridu (4) un
brivo taukskabju (B) koncentraciju Wistar Zurku aknu audos. Rezultati ir
vidgjais no mérijumiem 8-10 dzivnickos +SEM. * statistiski ticami
atSkiras no kontroles grupas (Tukija tests, p<0,05).
7.3. Mildronata ietekme uz KrAT

Mildronata mijiedarbibu ar KrAT in vitro noteica, izmantojot
attiritu enzimu (Columba sp.). Lai gan mildronats konkur&josi samazina
enzima aktivitati (8. att€ls), tom@r ir vaj§ inhibitors (9. attéls), jo ta
K vertiba saistibai ar KrAT karnitina klatbiitng ir 5,2+0,6 mM.

A 6@ Kontrole B 120 -'0 Karnitins 0,25 mM

B Karnitins 0,5 mM &
5 @ Mildronats 0,3 mM 100 + A Karnitins 1 mM
g 4 ]A Mildronats 1 mM £ 80 -
= N
§ 3 §° 60 -
Z 2 740
.j = 90 4
8 T T T 1
4 0 ¢ s 12 16 0.(‘)24681I01I21I4
.- 1 .
1/[Karnitins] mM VolVi

8. antels. Linevevera-Burka (4) un Hendersona (B) kinétikas shémas
mildronata mijiedarbibas ar KrAT raksturoSanai. Katrs punkts ir
vidéjais no 3 mérijumiem *SEM. I-inhibitora koncentracija; Vg
reakcijas atrums bez inhibitora; V—reakcijas atrums inhibitora klatiene.
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9. attels. KrAT aktivitate atkariba no mildronata koncentracijas,
izmantojot 3 daZadas karnitina koncentracijas. Katrs punkts ir videjais
no 3 merjumiem +SEM.

Lai raksturotu mildronata saistibu ar KrAT molekulu, veica
molekularas dinamikas skaitlo§anu. Molekularas dinamikas skaitloSanas
rezultati paraditi 10. att€la. Gandriz identisks ir karnitina un mildronata
karboksilgrupas un o-CH, grupas novietojums; savukart KrAT
katalitiskais His-343 veido denrazsaites ar karnita hidroksilgrupu, bet
mildronata gadijuma ar NH grupu. Sis atikirigas saistibas ar His-343
rezultata, buatiski atSkiras trimetilamonija grupas novietojums; ja
karnitina gadijumd trimetilamonija grupa ir iegremdeta KrAT aktiva
centra hidrofobaja kabatd, tad mildronata gadijuma ta ir vérsta prom no
proteina virsmas.
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10. attéls. Modelis karnitina un mildronata saistibai ar KrAT. Karnitina
C atomi attéloti zaja, bet mildronata C atomi gaisi peleka krasa. Attéloti
tikai tie H atomi, kas piedalas iidepraza saisu veidoSana. Udenraza
saites attélotas ar raustitu balto liniju. Attéls iegiits ar MOE2007.09.
Mildronata (100 mg/kg), karnitina (100 mgkg) un to
kombinacijas (100+100 mg/kg) 14 dienu peroralas lietoSanas izraisitas
karnitina koncentracijas izmainas sirds audos, ka ari mildronata klatblitne
neietekmé&ja KrAT aktivitati in vivo.
7.4. Karnitina koncentracijas izmainu ietekme uz infarkta lielumu
Mildronata (100 mg/kg), kamitina (100 mgkg) un to
kombinacijas (100+100 mg/kg) 14 dienu peroralas lietodanas ietekme uz
infarkta lielumu un atbilsto3a karnitina koncentracija Wistar zurku sirds
audos paradita 11. attéla. Lai gan kamnifina lietoSana infarkta lielumu
samazindja par 28%, tomér §is efekts nebija statistiski ticams. Mildronata
lietoSana ievérojami samazinaja karnitina koncentraciju sirds audos, ka
ari statistiski ticami par 34% samazinaja infarkta lielumu, salidzinot ar
kontroles grupu. Mildronata un karnitina kombinacijas lietoSana praktiski
neietekm@&a karnitina koncentraciju sirds audos, ki arl bitiski
neietekmégja infarkta lielumu.
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11. antels. Mildronata, karnitina un to kombinacijas 14 dienu lietoSanas
ietekme uz infarkta lielumu Wistar Zurku sirdi. Rezultati ir vidéjais no
méerijumiem 10 dzivniekos +SEM. * # statistiski ticami atskiras no
kontroles grupas (Stjidenta t-tests, p<0,05).

12. attela paradita karnitina koncentracijas izmaigu (5.A attels)
ietekme uz KPT I aktivitati sirds mitohondrijos p&c mildronata, karnitina
un to kombinacijas 14 dienu peroralas lieto§anas. P&c mildronata
lietoSanas KPT I aktivitate samazindjas par 26%.
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12. antels. Mildronata, karnitina un to kombindcijas 14 dienu lietoSanas
ietekme uz KPT I aktivitati Wistar Zurku sirds mitohondrijos. Aktivitates
noteikSanai lietotas karnitina koncentracijas: 700 uM kontroles grupa,
900 uM K 100 grupa, 200 uM M 100 grupa un 600 uM K+M grupa
(5.4 attels). Rezultati ir vidéjais no mérijumiem 5 dzivniekos +SEM.
* statistiski ticami atSkiras no kontroles grupas (Stjiidenta t-tests,
p<0,05).
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7.5. Karnitina koncentracijas izmainu ietekme uz hemodinamikas
raditajiem Wistar Zurkas
Mildronata (devas 100, 200 un 400 mg/kg) 4, 8 un 12 nedelu
eroralas lietoSanas rezultata samazinatad karnitina koncentracija sirds
audos neietekméja hemodinamikas raditajus (sirds ritmu, korondro
plismu, LVDP, sirds kontraktilitati un relaksacijas sp&ju, ka ari sirds
darbu) izolétas sirdis.
7.6. Mildronata un mildronita orotata ietekme uz aritmiju attistibu
7.6.1. Ietekme uz i§emijas-reperfiizijas izraisitajam aritmijam
13. attela paradita mildronata (100 mg/kg) un mildronata orotita
(200 mg/kg) ietekme uz laiku, kad sakas aritmijas oklizija un
reperfiiziji. Visas grupds pirmas aritmijas paradijas apméram
320 sekundes péc artérijas oklizijas, savukart reperflizija mildronata un
mildronata orotata lietoSana biitiski saisingja laiku, attiecigi 73+21 s un
60+8 s, salidzinot ar 175+36 s kontroles grupa, lidz atjaunojas normals
sinusa ritms.
B Laiks [idz pirmajai aritmijai okliizija
DO Laiks Iidz normalizgjas sinusa ritms reperfiizija
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13. attels. Mildronata un mildronata orotata 14 dienu lietoSanas ietekme
uz laiku, lidz attistas aritmijas okluzija, un laiku, lidz atjaunojas normals
sinusa ritms rveperfuzija Wistar Zurkam. Rezultati ir videjais no
merijumiem vismaz 6 dzivniekos +SEM. * statistiski ticami atskiras no
kontroles grupas (Tukija tests, p<0,05).

Lai gan mildronats un mildronata orotats neietekméja tahikardijas
biezumu oklizijas un reperfizijas laika, tomér mildronats ticami
samazindja sirds kambaru fibrilacijas biezumu reperfizijas laika, bet
mildronata orotats gan okliizijas, gan reperfuzijas laika (14. attéls).
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14. antéls. Mildronata un mildronata orotata 14 dienu lietoSanas ietekme
uz sirds kambaru fibrilacijas bieZumu oklizija un reperfizija Wistar
Zurkas. * statistiski ticami atSkiras no kontroles grupas (hi kvadrata
tests, p<0,05).

Mildronats un mildrondta orotats ievérojami samazindja kopgjo
sirds kambaru fibrilacijas laiku reperfuzija (attiecigi 3+2 s un 242 s,
salidzinot ar 38+14 s kontroles grupa), bet neietekmg&ja to okluzijas laika
(15. attgls).
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15. attéls. Mildronata un mildronata orotata 14 dienu lietoSanas ietekme
uz kopéjo sirds kambaru fibrilacijas laiku okliizija un reperfuzija Wistar
Zurkas. Rezultati ir videjais no mérijumiem vismaz 6 dzivniekos +SEM.
* statistiski ticami atSkiras no kontroles grupas (Tukija tests, p<0,05).
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7.6.2. Ietekme uz kalcija hlorida izraisitajaim aritmijam

Mildronats (100 mg/kg) un mildrondta orotats (200 mg/kg)
peietekméja laiku, kad sakas aritmijas p&c kalcija hlorida ievadiSanas
(attiecigi péc 26+4 s un 25+4 s, salidzinot ar 30+4 s kontroles grupa), un
laiku, Iidz atjaunojas normals sinusa ritms (attiecigi 119420 s un
97+12 s, salidzinot ar 159+39 s kontroles grupa). Mildronats un
mildronata orotats ticami samazindja kalcija hlorida izraisito sirds
kambaru tahikardijas biezumu Wistar zurkas (16. attels).
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16. attéls. Mildronata un mildronata orotata 14 dienu lietoSanas ietekme
uz sirds kambaru tahikardijas bieZumu Wistar Zurkas. * statistiski ticami
atskiras no kontroles grupas (hi kvadrata tests, p<0,05).

7.7. Mildronata un karnitina lieto§anas ietekme uz hipertensijas
attistibu Dahl sals-jutigajas Zurkas
7.7.1. Ietekme uz karnitina un GBB koncentraciju asins plazma

Mildronata (100 mg/kg), kamitina (100 mgkg) un to
kombinacijas (100+100 mg/kg) 8 nedélu peroralas lietoSanas ietekme uz
karnitia un GBB plazmas koncentracijas izmainam Dahl Zurkas paradita
3. tabula. Lietojot baribu ar palielinatu sals saturu (PS, 8% NaCl),
kamnitina koncentracija Dahl PS kontroles Zurku asins plazma
samazindjas apméram 2 reizes, salidzinot ar Zurkam, kas lietoja baribu ar
nepalielinatu sals (NS, 0,3% NaCl) saturu. Kamitima (PS/K 100) un
kamifina un mildronata kombinacijas (PS/K+M) lietoSana statistiski
ticami palielindja karnitina koncentraciju Zurku asins plazma, salidzinot
ar PS kontroles grupas dzivnickiem. Mildronata lietoSana statistiski
ticami samazindja karnitina koncentraciju, salidzinot gan ar NS, gan PS
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kontroles grupas Zurkam. Sals saturs bariba neietekméa GBB
koncentriciju NS un PS kontroles grupas, bet mildronata, karnitina un
abu vielu kombinacijas lictoSanas ietekmé GBB koncentracija
palielingjas attiecigi 6, 1,5 un 12 reizes, salidzinot ar PS kontroli.
3. tabula
Mildronata, karnitina un to kombinacijas 8 nedé]u lietoSanas ietekme uz
karnitina un GBB koncentraciju Dakl zurku asins plazma

Nepalielinata Palielinata sals satura diéta (PS)
BAls sa&’;;‘ dieta oontrole  M100 K100  K+M
Karnitins, uM 5546 " 233" 51 5647 362"
GBB, M 1.5+0.1* 1.5+0.1%  8.6+1.0° 2.2:04"* 18.1+34™*

Rezultati ir vidéjais no merijumiem 3-10 dzivniekos +SEM.
* statistiski ticami atSkiras no PS kontroles grupas; # statistiski ticami
atskiras no PS/M 100 grupas (Manna-Vitnija tests, p<0,05).
7.7.2. letekme uz izdzivoSanu
Mildronata (100 mg/kg), karnitina (100 mg/kg) un to
kombinacijas (100+100 mg/kg) ilgstosas lietoSanas ietekme uz Dahl
#urku izdzivoSanu paradita 17. attela.
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17. attels. Kaplana-Meiera Dahl Zurku izdzivoSanas analizes shéma
mildronata, karnitina un (o kombindcijas lietoSanas ietekmes
izvertéSanai. * ** statistiski ticami atSkiras no PS kontroles grupas
(* p<0,05; **p<0,01).

Datu analize ar Kaplana-Meiera metodi paradija, ka PS kontroles
zurkam ir ievérojami lielaka mirstiba neka NS grupas zurkam. Péc
8 nedélam PS kontroles grupa izdzivoja 30% (3 no 10) dzivnieku, bet NS
grupd naves gadijumu nebija. Karnitina un mildronata kombinacijas

24



(PS/K+M) lietosana statistiski ticami uzlaboja izdzivosanu (80%, 8 no
10 dzivniekiem); savukart, lai ari karnitina (PS/K 100) un mildronata
(PS/M 100) grupas izdzivoja 80% (8 no 10) dzivnieku, tomér Sie efekti
nebija statistiski ticami, salidzinot ar kontroli.

7.7.3. Ietekme uz sistolisko asinsspiedienu un sirds ritmu

Eksperimenta sakuma Dahl zurku sistoliskais asinsspiediens visas
grupas bija vid&i 125 mmHg. Mildronata (100 mg/kg), karnitina
(100 mg/kg) un to kombinacijas (100+100 mg/kg) 8 nedglu ilgstosa
lietoSana neietekméja hipertensijas attistibu. Sistoliskais asinsspiediens
visas grupas bija augstaks par 170 mmHg, sasniedzot pat 195 mmHg
(18. attels).
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18. attels. Mildronata, karnitina un to kombindacijas 8 nedelu lietoSanas
ietekme uz sistolisko asinsspiedienu Dahl Zurkas. Rezultati ir videjais no
merijumiem 3-10 dzivniekos +SEM. *** statistiski ticami atSkiras no
PS kontroles grupas (Manna-Vitnija tests, p<0,001).

Sirds ritms neat8kiras starp grupam gan eksperimenta sakuma, gan
ar1 péc 4 nedélam. Toties p&c 8 ned€lam PS kontroles grupa sirds ritms
palielinajas, sasniedzot 510+10 sitienus miniité, bet NS, ka ar1 mildronata
(PS/M 100) un kombinacijas (PS/K+M) grupas sirds ritms bija statistiski
ticami zemaks attiecigi par 16, 12 un 10% (19. attgls).
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19. attels. Mildronata, karnitina un to kombinacijas 8 nedeju lietoSanas
ietekme uz Dahl Zurku sirds ritmu. Rezultati ir vidéjais no mérijumiem
3-10 dzivniekos £tSEM. ** *** statistiski ticami at$kiras no PS kontroles
grupas (Manna-Vimija tests, ** p<0,01, *** p<0,001).

7.7.4. Ietekme uz endotelialo funkciju

Lietojot baribu ar palielinatu sals saturu, pasliktinajas Dahl Zurku
aortas gredzenu atslab§ana acetilholina ietekme, salidzinot ar NS grupas
zurkam. Mildrondta un karnitina kombinacijas lietoSana uzlaboja aortas
gredzenu atslabfanu acetilholina ietekmé, bet karnitins un mildronats
atseviski endotelialo funkciju neietekmgja (20. att€ls).
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20. attéls. Mildronata, karnitina un to kombindcijas 8 nedelu lietosanas
ietekme uz endotelialo funkciju Dahl Zurkas. Rezultati ir videjais no
merijumiem 3—10 dzivniekos +SEM. *, *** statistiski ticami atSkiras no
PS kontroles grupas (Manna-Vitnija tests, * p<0,05, *** p<0,001).
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8. Diskusija

Promocijas darbs veltits pétfjumiem par karnitina koncentricijas
izmaigu ietekmi uz sirds-asinsvadu sistémas funkcionalitati normoksijas
un i$émijas apstdklos. Karnitina koncentracijas izmaipas panaktas,
lietojot gan karnitinu, gan mildronatu. P&tijumd raksturota karnitina
koncentracijas izmaigu ietekme uz sirds aizsardzibu i$émijas laika,
hipertensijas attistibu un karnitina-atkarigo enzimu aktivitates izmaipam.

8.1. Karnitina koncentricijas samazinasanas ietekme uz sirds
funkcionalajiem raditajiem un asins plazmas un audu
biokimiskajiem parametriem

Kamitins piedalds glikozes un taukskabju energijas metabolisma
reguleSana sirds un skeleta muskulos un organisma ta homeostaze tiek
nodroSinata, aktivi darbojoties kompleksai transporta sistémai. Taja pasa
laika trikst petljumu par samazinatas karnitina koncentracijas ietekmi uz
sirds un aknu funkcijam.

Mildronats ir labi zinams karnitina koncentriciju samazinoss
agents, kas kavé gan karnitina biosintezi (Simkhovich et al., 1988), gan
samazina ta reabsorbciju nierés (Spaniol et al., 2001). Kavgjot biosintézi,
mildronats  izraisa kamitina prekursora GBB  koncentracijas
palielina8anos gan asinis, gan audos (Liepinsh et al., 2006). Miisu
petijumu rezultati apliecina, ka, lietojot 4-12 nedélas mildronatu 100,
200 un 400 mg/kg, kamitina koncentracija samazinds, bet GBB
koncentracija palielinds asins plazma (1. attéls) un sirds (2.A un
3.A attels) un aknu (2.B un 3.B attels) audos. GBB koncentracijas
izmainas at8kiriba no karnitina koncentracijas izmainam nebija atkarigas
no mildronata devas. Tas varétu liecinat, ka lietotas mildrondta devas
vienadi kavée GBBH darbibu, bet karnitina koncentricijas samazina§anos,
pieaugot mildronata devai, var&tu skaidrot ar pieaugofo karnitina
reabsorbcijas kaveSanu nierés, inhib&jot OCTN2.

Literatira ir pretruniga informacija par mildronata izraisitd
karnitina samazinajuma ietekmi uz aknu funkcionalitati, Ir zinami
pétijumi, kur samazinata karnitina koncentracija péc 6 nedélu mildronata
lietoSanas deva 200 mg/kg izraisa aknu steatozi (Spaniol et al., 2003).
Taja pasa laika ir paradits, ka lipidu akumuléSanas aknas, ja izteikti ir
samazinata karnitina koncentracija, vérojama tikai badinatam Zurkam un
pec baribas uznemsSanas dazu stundu laika lipidu limenis normalizgjas
(Degrace et al., 2007). Lai parbauditu mildronata (100, 200 un
400 mg/kg) ilgstosas lietoSanas (4, 8 un 12 nede]as) rezultata samazinatas
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karnitina koncentracijas ietekmi uz aknu funkcionalitati, veicam aknu
audu griezumu histokimisko analizi, noteicam trigliceridu un taukskabju
koncentricijas aknu audos, ka ari lipidu profilu un aknu funkcionalitates
markierus asins plazma. Aknu audu griezumu histokimiska analize
neuzradija lipidu infiltracijas pazimes, bet trigliceridu koncentracija
statistiski ticami palielin@jas par 10-20% tikai mildronata 400 mg/kg
devas gadijuma (7.A attéls). Taukskabju koncentracija aknas ticami
palielinajas tikai pec 12 nedélam, neparsniedzot 15%, salidzindjuma ar
kontroles grupu (7.B attgls).

Karnitina koncentracijas samazinajums bitiski neietekmé&ja ari
asins plazmas lipidu profilu, jo vienigds izmaipas, kas varétu liecinat par
ievérojami kavetu taukskabju B-oksidaciju, novéroja mildronata
400 mg/kg devas gadijuma, un izteiktaki Sie efekti bija Zurkam badinata
stavokli. T4, piemé&ram, B-hidroksibutirata koncentracijas samazinasanos,
kas liecina par kavétu taukskabju metabolismu un pastiprinatu glikozes
izmantoSanu (van Knegsel et al., 2005), misu p&tijuma novérojam tikai
péc 12 nedélam, ja mildronata deva bija 400 mg/kg.

AtSkirigie rezultdti par mildronata samazinatas karnitina
koncentracijas ietekmi uz aknu funkcionalitati, iesp&jams, ir saisfiti ar
pétijumos izmantotd 3-(2,2,2-trimetil-hidrazinija)-propiondta izcelsmi.
Spaniol M. ar kolegiem (Spaniol et al., 2003) izmantoja paSu sintezetu
vielu, kas, balstoties uz metodes aprakstu un pétjjumiem par
3-(2,2,2-trimetil-hidrazinija)-propionata atfiriSfanu =~ no sint€zes
blakusproduktiem (Hmelnickis et al, 2008), varétu saturét tadus
toksiskus piemaisijumus k& 1,1,1-trimetilhidrazinija sali un citi
hidrazinija atvasindjumi. Miisu un Degrace P. ar kolégiem (Degrace
et al., 2007) pétijumos izmantots AS ,Grindeks” raZotais
3-(2,2,2-trimetil-hidrazinija)-propionats jeb mildronats un toksiski efekti
nav noveroti.

Karnitins enzima KPT [ ietekmé veido acilkarnitinus, kuri tiek
transport&ti mitohondrijos. Lidz ar to bija svarigi noskaidrot, kas notiek
ar KPT I aktivitati samazinatas karnitina koncentracijas apstaklos. Virkne
petijumu paradijusi, ka mildronata lietoSanas izraisitais karnitina
samazinajums izsauc KPT I mRNS ekspresijas un arl proteina daudzuma
palielina$anos ne tikai sirdi, bet ari aknu audos (Degrace et al., 2004,
Degrace et al., 2007; Liepinsh et al., 2008). Iepriek$gjos p&tijumos
paradits, ka p&c mildronata lietoSanas KPT I aktivitate ir palielinata sirds
un aknu audos, mérfjumus veicot izolétos mitohondrijos eksogéni
pievienota karnifina klatbitng; ir zinams, ka samazinata karnitina
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koncentracija audos neiespaido KPT I jufibu pret malonil-koenzima A
inhib&joso ietckmi (Tsoko et al.,, 1995; Degrace et al., 2004; Degrace
et al., 2007).

Miisu pétijuma ietvaros KPT I aktivitati noteicam, izmantojot
realas karnifina koncentracijas audos, bez karnitina koncentraciju
izlidzina8anas, ka to darjja iepriek§ minétajos pétjjumos. KPT I aktivitate
sirds audos palielindjas pec ilgstofas (4-12 ned€las) mildronata
lietoSanas (6. att€ls), bet nemainijas aknu audos. Toties péc 2 ned€lu
ilgas mildronata (100 mg/kg) lietoSanas, KPT I aktivitate sirdi
samazinajds par 26%, salidzinot ar kontroles grupu (12. att€ls), bet no
KPT I atkarigd taukskabju fB-oksidacija samazinajas par 27% (1. tabula).
Vienlaikus nenovéroja KPT IA un IB mRNS ekspresijas izmainas. Tas
atskiras no iepriek$&os pétjjumos noverotas mRNS ekspresijas
stimulacijas, lietojot mildronatu devas 200 mg/kg pelés (21 diena) un
800 mg/kg zurkas (10 dienas) (Degrace et al., 2004; Liepinsh et al.,
2008).

Iegutie rezultati liecina, ka KPT I aktivitates, protena un mRNS
daudzuma izmaipas péc mildronata lietoSanas ir atkarigas no ta, cik
izteikts vai ilgstoSs ir bijis karnitina samazindjums. So efektu iesp&jams
skaidrot ar dazado KPT I izoenzimu K., vértibam karnitinam, kas ir no
35 uM KPT IA aknas, lidz 500-700 uM KPT IB musku]u audos, bet
sirdi, kur sastopamas abas izoformas, K, vértiba ir ~200 uM (Brown
et al., 1995). Lidz ar to karnitina koncentracija normalos apstaklos sirds
audos (0,6-3 mM atkariba no sugas) un aknu audos (0,43 mM atkariba
no sugas) ir vairak nekd pietieckama, lai nodro§inatu taukskabju
transportu mitohondrijos. Tap&c var secinat, ka karnitina koncentracijas
samazindgjumam jabut Joti izteiktam wvai ilgstoSam, lai notiktu
kompensatora KPT I mRNS un proteina daudzuma, ka ari aktivitates
palielina8anas sirds un it Tpasi aknu audos.

Vairakos pétijumos paradits, ka izteikts karnitina samazinajums
izraisa hipoglikémiju vai stimulé glikozes oksidaciju Zurkas (Broderick,
2006), savukart mérens karnitina samazindjums péc mildronata
lietoSanas (200 mg/kg) veicina glikozes uzpemsSanu sirdl un glikozes
metabolisma iesaistito enzimu un transportproteinu g€nu ekspresijas
palielina§anos pelés (Liepinsh et al., 2008). Karnitina samazingjums pat
péc mildronata lietoSanas deva 400 mg/kg praktiski neietekmgja glikozes
koncentraciju asinis ne €du$am, ne badinatam Wistar Zurkam. Sie dati
liecina, ka karnitina samazinajuma ietekme uz glikozes metabolismu ir
atkariga no energijas substratu pieejamibas, jo glikozes metabolisma
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veicinaSana kalpo ka kompensators mehanisms kavétas taukskabju
B-oksidacijas apstaklos. Papildus jaatzime, ka kardioprotektiva efekta
sasniegSanai nozimigak butu veicinat glikozes metabolismu tieSi
i§€mijas-reperfuzijas, nevis normoksijas laika.

Agrakie petijumi paradijusi, ka mildronats kavé KrAT, un izteikta
hipotéze, ka, palielinot acetil-koenzima A daudzumu, tiek veicinata
dazadu mitohondrijos notiekoSo metabolisma procesu norise. Tomér
pédgja laika pétijumi par mildrondta lietoSanas stimuléto glikozes
metabolismu (Liepinsh et al., 2008) ir pretruna iepriek§ novérotajam, jo
acetil-koenzima A uzkrafanas kaveétu PDH kompleksa reakciju norisi.
Lai pilnigak raksturotu mildronata mijiedarbibu ar KrAT, més veicam
petjumus gan ar attiiitu enzimu in vitro, gan ex vivo izolétos
mitohondrijos péc mildronata 2 nedglu lietoSanas. Biokimiskie enzima
aktivitates meérijumi apliecindja, ka mildronata saistiba ar KrAT karnitina
klatiene ir salidzino§i vaja, jo noteikta K; vertiba re@lo karnitina
koncentraciju gadfjuma bija 5,2+0,6 mM (8. un 9. attels). Ar molekularas
dinamikas skait]oSanas palidzibu noskaidrojam, ka mildronats konkur€ ar
karnitinu par saistiSanos KrAT akfivaja centra. Vieniga butiska at8kiriba
ir abu molekulu trimetilamonija grupas izvietojuma: karnitina gadijuma
trimetilamonija grupa ir iegremdéta KrAT aktiva centra hidrofobaja
kabata, bet mildrondta gadijuma — vérsta prom no proteina virsmas
(10. attels). Tiesi tas var izskaidrot, kapéc tik loti pasliktinas mildronata
saistiba ar KrAT karnitina klatbiitn€. Lai gan tiek uzskatits, ka visam
aciltranferazém aktivie centri péc to uzbiives ir lidzigi (Jogl et al., 2004),
ir zinams, ka mildronats neietekmé KPT I aktivitati (Tsoko et al., 1995),
kas netiesi liecina par at$kirigo mildronata un, iesp&jams, ari karnitina
saistiSanos §o enzimu katalitiskajos centros.

Lai pilnvertigi raksturotu mildronita mijiedarbibu ar KrAT,
enzima aktivitdti noteicam sirds mitohondrijos (bez karnitina
koncentracijas izlidzinaSanas), kas izoléti no Wistar Zurkam, kuram
vadits mildronats 100 mg/kg. Lai gan karnitina koncentracija citosola
samazinas, ir zinams, ka sirds mitohondrijos péc mildronata lietoSanas
karnitina koncentréacija pat nedaudz palielinas (Degrace et al., 2004).
KrAT aktivitates merijumi ex vivo apliecingja in vitro iegitos datus, jo
enzima aktivitate, salidzinot ar kontroles grupu, nemainijas. legiitie
rezultati liecina, ka ne mildronats, ne ta lietoSanas ietekmé izmainita
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kamitina koncentracija citosola un mitohondrijos tiei neietekm& KrAT
aktivitdti normoksijas apstaklos in vivo. Taja pasa laikd nevar izslégt
karnitina koncentracijas izmaigu nozimi KrAT aktivitates regulacija
isémijas un it Ipa§i reperfuzijas laikd, kad palielinata karnitina un
samazinatd garo virkpu acilkoenzimu A koncentrdcija mitohondrijos
KPT 1 kaveSanas dé], varétu stimulét enzima aktivitati un attiecigi
glikozes metabolisma norises.

Kopuma iegitie rezultati liecina, ka mildronata izraisitais
karnifina samazindajums izsauc tadas izmainas energijas metabolisma
jesaistito enzimu aktivitats, kas varétu veicinat sirds $tnu aizsardzibu
pret i§€mijas-reperfiizijas iespgjamo bojajumu attistibu.

8.2. Karnitina koncentracijas izmainu ietekme uz infarkta liclumu

Gan karnitina  koncentracijas  palielinaSanas, gan arl
samazinaSanas var reducét iS€mijas izraisito sirds §tnu bojajumu.
Kamitina lieto§ana samazindja infarkta lielumu pe&c paliekoSas sirds
kreisas koronards artérijas okliizijas (Mouhieddine & de Leiris, 1993),
bet neietekméja i$€mijas-reperfuzijas izsaukta nekrotiska bojajuma
Helumu (Briet et al., 2008). Mildronata lietofanas ietekm& samazinati
kamnitina koncentracija ir kardioprotekfiva (Dambrova et al, 2002;
Liepinsh et al., 2006). Iepricksgjos pétijumos arl paradits, ka mildronata
kardioprotektivais efekts korele ar karnitina biosintezes prekursora GBB
koncentracijas palielina§anos (Liepinsh et al., 2006).

Miisu pétijuma laika salidzinZjam karnitina (100 mg/kg),
mildronata (100 mg/kg) un abu vielu kombinacijas (100 un 100 mg/kg)
14 dienu ilgstoSas lietoSanas ietekmi uz sirds aizsardzibu pret i¥&mijas-
reperfiizijas bojajumu. Ta ka gan kamnitina, gan mildronita lietoSana
izraisa GBB koncentracijas palielina§anos, tad Tpa$i izvert&jam
kardioprotekiiva efekta saistibu ar GBB koncentracijas izmainam asins
plazma un sirds audos.

Mildronata 14 dienu lieto§ana samazinaja karnitina koncentraciju
sirds audos par 69%, ki ari infarkta lielumu par 34%. Lietojot mildronata
un karnitina kombinaciju, karnitina koncentracija sirds audos un infarkta
lielums praktiski nemainijas. Karnitina lieto§ana palielingja t3
koncentraciju sirds audos par 28%, tomeér ticami samazinat infarkta
lielumu nespgja (11. attéls). Sirdsdarbibas parametri neatSkiras starp
grupam ne normoksijas, ne i§émijas un reperfuzijas laika, liecinot, ka
mildronata un karnitina ietekme uz infarkta lielumu nav saistama ar
izmainam sirds veiktaja darba.
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Gan péc karnitina, gan mildronata lictoSanas GBB koncentracija
bija palielinita asins plazma (4.B attéls) un sirds audos (5.B attels).
Visizteiktak GBB koncentraciju sirds audos palielingja karnitina un
mildrondta kombinacijas lietoSana, tomér ¥aja grupa nebija vE&rojams
infarkta samazinajums (11. attéls).

Ieglitie rezultati apliecindja, ka mildronata kardioprotektivais
efekts saistits ar izmaindm sirds energijas metabolisma, ko izsauc
karmnitina koncentracijas samazinaSanas un nevis GBB koncentracijas
palielina$anas. Karnitina koncentracijas samazina$anas ne tikai inhibé
KPT I (12. attéls), kas kavé taukskabju metabolismu (1. tabula), bet,
balstoties uz iepriek§€jo pétijumu rezultdtiem, stimulé ari glikozes
izmantoSanu, jo kompensatori palielinds tas metabolisma iesaistito
enzimu ekspresija un aktivitate (Broderick, 2006; Liepinsh et al., 2008).

8.3. Karnitina koncentracijas izmaipu ietekme uz hipertensijas
attistibu

Hipertensija ir miokarda infarkta riska faktors, ka ari veicina
endotelialas disfunkcijas (Hirooka et al., 2008) un aterosklerozes atfistibu
(Biswas et al., 2003). Savukart karnitina lietoSana spg aizkavét ar
hipertensiju saistito komplikaciju attistibu (de Sotomayor et al., 2007).
Lidziga antiaterosklerotiska un angioprotektiva iedarbiba ir mildronatam
(Vilskersts et al, 2009). Misu pétijjuma salidzindjam karnitina,
mildronata un abu vielu kombinacijas 8 nedelu ilgstoas lictoSanas
ietekmi uz hipertensijas izraisito komplikaciju attistibu Dahl sals-jutigo
(DS) Zurku modeli.

DS Zzurkam, kas sapéma baribu ar palielinatu sals saturu
(PS, 8% NaCl), izteikta hipertensija attistijas jau péc 4 nedélam
(18. attels). P&c 8 nedelam attistfjas ari sirds hipertrofija, tomér sirds
mazsp&ju nenoveroja neviend no grupam, dodot iespgju parbaudit
karnitina un mildronata terapijas ietekmi uz hipertensijas izraisitajam
komplikacijam.

PS kontroles zurkam, salidzinot ar NS Zurkam, aptuveni 2 reizes
samazinajas karnitina koncentracija asins plazma (3. tabula). Tas varétu
bt saistits ar pastiprinatu karnitina ekskréciju ar urinu nieru bojajumu
de] (Zhu et al, 2009). Karnitina lieto§ana pilniba novérsa ta
koncentracijas samazina§anos Zurkam, kuras sapéma baribu ar palielinatu
sals saturu. Ari karnitina un mildronata kombinacijas lietoSana dalgji
novérsa karnitina koncentracijas samazina$anos (3. tabula). Mildronata
lietoSana ievérojami samazindja karnitina koncentraciju, laujot novértét
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gan neizmainitas, gan ievérojami pazeminatas karnitina koncentracijas
ietekmi uz hipertensijas izraisito komplikaciju atfistibu. Lidzigi, ka
novérojam Wistar Zurkas, arT DS Zurkds lietotds vielas palielinaja GBB
koncentraciju asins plazma (3. tabula), pie tam visizteiktak karnitina un
mildronata kombinacijas grupa.

PS kontroles DS zurkam bija ievérojami augstaka mirstiba neka
NS grupas DS Zurkam. Karnitina un mildronata kombinacija samazinaja
mirstibu par 80% (17. attéls). Ta ka sirds funkcionalie parametri un
plausu/kermepa masas indekss starp grupam neatSkiras, tad iespgjamais
naves c€lonis varétu but saistits ar sirds kreisa kambara hipertrofijas
attistibu, kas ir miokarda infarkta un sirds kambaru letalu aritmiju riska
faktors (Messerli, 1999).

Misu pétijuma rezultati Wistar Zurku modeli liecina, ka
mildronatam piemit antiaritmiska iedarbiba, samazinot kop&jo dazadas
izcelsmes aritmiju attistibas bieZzumu (14. un 16. att€ls), ka ar1 samazinot
laiku, Iidz atjaunojas normals sinusa ritms (13. att€ls), un kopgjo aritmiju
ilgumu (15. attels). Ta ka tiek uzskatits, ka acilkarnitinu uzkraSanas ir
saistita ar aritmiju atfistibu (Bonnet et al., 1999), tad visticamak
mildrondata antiaritmogéna iedarbiba saistita ar samazinato KPT I
aktivitati (12. attéls), ko izraisa samazinata karnifina koncentracija sirds
audos (5.A attels). Rezultata samazinds acilkarnifinu koncentracija sirds
audos un tiek novérsta to aritmogéna ietekme. Ta ka arl karnitinam
piemit antiaritmiskas ipasibas (Najafi et al., 2008), tad iesp&jams tiesi S0
efektu de] karnitina un mildronata kombinacija ticami samazindja DS
Zurku mirstibu (17. attels).

Ari sirds ritma paatrinaSands ir saistita ar mirstibas pieaugumu
gan normotensijas, gan hipertensijas apstiklos, turklat mirstibas risks
$ada gadijumd ir vienads vai pat lielaks neka paaugstinata holesterina
limena, asinsspiediena vai smék&Sanas ietekmé (Palatini, 2008). Lidzigus
novérojumus izdarjjam ari savos pétijumos, jo PS kontroles Zurkam pec
8 nedelam ticami paatrindjas sirds ritms (19. attéls), ka ar1 bija vislielaka
mirstiba, salidzinot ar NS grupas Zurkam (17. attéls). Karnitina un
mildronata kombinacijas lieto§ana noversa sirds ritma paitrina§anos, ka
arl ticami samazindja mirstibu (17. attéls). Mildronata lietoSana arl
novérsa sirds ritma padtrindSanos, tomér mirstibu ticami samazinat
nespéja (p<0,06, salidzinot ar PS kontroles grupu). legitie rezultati
liecina, ka samazinato mirstibu kombinacijas grupa (17. att€ls) var saistit
ar abu savienojumu iepriek§ aprakstito kardiovaskularo sisteému
aizsargajo$o iedarbibu.
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Hipertensijas izraisito endotélija disfunkciju saista gan ar
kardiovaskularo notikumu bieZumu, gan organu bojdjumu atfistibu
(Xu et al, 2009). Misu pétijuma ietvaros izvért€jam mildronata,
karnitina un to kombinacijas lietosanas ietekmi uz endotélija disfunkcijas
attistibu DS Zurku izoléto aortas gredzenu modeli. Lai gan agrakos
pétijumos ir novéroti atseviski mildronata un karnitina angioprotekiivie
efekti (Vilskersts et al., 2009), més endotélija funkcijas uzlaboSanos
novérojam tikai karnitina un mildronata kombinacijas grupa (20. attels).
Pastav hipotéze, ka endotélija disfunkcijas attistibas kavésana ir saistita
ar tie$u aizsargdjoSo ietekmi uz endotéliju, nevis ar asinsspiedienu
samazino§u iedarbibu (Tzemos et al., 2001). Misu iegitie rezultati
saskan ar $o hipotézi, jo, lai gan karnitina un mildronata kombinacija
nesamazindja asinsspiedienu (18. att€ls), ta kav&ja endotelija disfunkcijas
attistibu (20. att€ls).

Lai gan GBB koncentracijas izmainas sirds audos korelé ar
kardioprotekciju i§&mijas-reperfuzijas eksperimentald Zurku modeli péc
mildronata lieto¥anas (Liepinsh et al., 2006), misu rezultati liecina, ka
§is efekts tomeér ir atkarigs no karnitina koncentracijas samazinajuma
(11. attéls). Toties viens no ticamdkajiem karnitina un mildronata
kombinacijas angioprotektiva efekta skaidrojumiem ir saistits ar GBB
koncentracijas palielinasanos, jo gan karnitins, gan mildronats un it Ipasi
abu kombinacija palielindja GBB koncentraciju asins plazma. Ta ka tiei
kombinacijas grupa novérojam visizteiktako GBB koncentracijas
palielina$anos un vienlaicigi izteiktako aizsardzibu pret hipertensijas
komplikacijam, tad varétu domat, ka GBB ir biitiska loma $o efektu
sasniegSana. Vienlaicigi $ie dati vedina domat, ka GBB angioprotektiva
darbiba varétu uzlabot ar karnitina samazindgjumu = saistitos
kardioprotektivos efektus, tomeér eksperimentals pieradijums $adai
hipotézei vél jamekle.
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9. Secinajumi
Ieglitie rezultati apliecina mildronata ilgstoSas lieto$anas
nekaitigumu. Noteikts, ka lidz tris méne$u ilga mildronata lietosana
devas, kas sirds audos 8 Iidz 16 reizes samazina karnitina
koncentraciju un 8 Iidz 10 reizes palielina y-butirobetaina (GBB)
koncentraciju, bet aknu audos 8 lidz 17 reizes samazina karnitina
koncentraciju un 30 lidz 66 reizes palielina GBB koncentraciju,
neizraisa sirdsdarbibas un aknu funkcionalitates traucgjumus, ka arl
praktiski neietekmé lipidu profila izmaipas audos un asins plazma.
Mildronata ilgstoSas lietoSanas rezultata tiek kavéta no KPT I
atkariga taukskabju B-oksiddcija. P&c 14 dienu ilgas mildronata
lietoSanas izraista karnitina koncentracijas pazeminaSands izsauc
KPT 1 aktivitdtes samazina§anos, tapéc par 27% samazinis sirds
mitohondriju elpoSana, ka substratu izmantojot palmitoil-
koenzimu A. Kompensatori enzima aktivitate sirds audos pieaug
tikai péc vismaz menesi ilga karnitina koncentracijas pazemingjuma.
Normoksijas apstak]os mildronats neietekmé piruvata metabolismu,
jo nemainds KrAT un piruvat-dehidrogenazes kompleksa aktivitate
sirds mitohondrijos. Lai gan mildronats ir vaj§ KrAT inhibitors
in vitro un konkuré ar karnitinu par saistiSanos enzima akfivaja
centrd, in vivo mildronats neietekmé enzima aktivitati.
Mildronata izraisitais karnitina koncentracijas samazinajums sirds
audos ir pamatda mehanismiem, kas nodrofina mildronata
kardioprotektivo efektu i§€mijas apstaklos. NoverSot mildronata
izraistto karnitina koncentracijas samazinaSanos, kardioprotekiivais
efekts netiek noverots.
Angioprotektiva  efekta atfistbu  sals-inducétas hipertensijas
apstaklos Dahl Zurkam nosaka mildronata un 13 kombinacijas ar
kamnitinu izraisita GBB koncentracijas palielina$anas asins plazma.

Mildronata molekularas darbibas mehfinisma pamata ir KPT I
aktivitates kavéSana, samazinot karnitina koncentraciju sirds
audos, ka rezultata tiek kavéts taukskibju metabolisms un
sasniegts kardioprotektivais efekts.

Karnitina sistéemas regulacija ir jauns mehanisms
farmaceitiskajai industrijai zalu izstradei kardiovaskularo
saslimSanu terapijai.
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11. Topicality of the problem

Cardiovascular diseases are the leading cause of death in Latvia
and European Union. The highest mortality rates are observed in Central
and East European countries, while the lowest rates are characteristic for
Western and Northern European countries (Miiller-Nordhom et al.,
2008). Therefore, the investigations of novel treatments to improve the
survival and quality of life of cardiovascular patients are of great
importance worldwide.

In order to produce adenosine triphosphate, muscle cells utilize
both glucose and fatty acids as energy substrates. Under normal
conditions the main energy supply for the heart is generally provided by
the oxidation of fatty acids. However, under ischemic conditions a shift
from fatty acid oxidation to glucose oxidation is supposed to lead to
lower oxygen consumption (Beadle & Frenneaux, 2010). Camitine
regulates the intensity of long chain fatty acid utilization, and plays an
important role in the regulation of glucose and fatty acid energy
metabolism.

It is well-known, that carnitine facilitates the transport of fatty
acids into the mitochondrial matrix, so they could be metabolized
through B-oxidation to obtain energy (Strijbis et al., 2010). Physiological
effects of carnitine in the muscle metabolism were discovered more than
50 years ago. Nowadays carnitine is widely used as a nutritional
supplement; however pharmacological effects of carnitine, including
cardioprotective activity, are not well described and studied in details.
Experimental evidence suggests that different effects can be induced
through changing carnitine concentration. While severe carnitine
deficiency leads to conditions similar to muscular dystrophy (Georges et
al., 2000), a moderate decrease in heart tissue carnitine concentration
adapts the cellular metabolism to ischemic stress conditions (Dambrova
et al., 2002). The investigations of the pharmacological and physiological
consequences of the regulation of carnitine system could provide
evidence for novel treatment possibilities for clinical treatment of
cardiovascular diseases.

After summarizing the available theoretical and experimental
evidence, the hypothesis of the present doctoral thesis was set as
follows: the molecular mechanism of the cardioprotective effect of
mildronate is based on mildronate-induced decrease in carnitine
concentration and subsequent inhibition of fatty acid metabolism.
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12. Aim of the study
To test the hypothesis that the cardioprotective effect can be

achieved by altering carnitine concentration and inducing changes in the
carnitine-related energy metabolism pathways of cardiac cell.

13. Objectives of the study

To study the effects of long-term decrease in carnitine concentration
on heart and liver function and changes in plasma and tissue lipid
profile.

To study the effects of changed carnitine concentration on fatty acid
metabolism related enzymes carnitine palmitoyltransferase I (CPT I)
and carnitine acetyltransferase (CrAT) activity and glucose
metabolism related pyruvate dehydrogenase complex activity in
heart mitochondria.

To characterize the interactions of mildronate and CrAT in vitro and
effect of mildronate on enzyme activity in vivo.

To study the effects of mildronate in an isolated rat heart infarction
model as well as the angioprotective effect of mildronate in a Dahl
salt-sensitive rat hypertension model.

14. Novelty of the study
The differential roles of changed concentrations of carnitine and

its biosynthetic precursor gamma-butyrobetaine for the cardio- and
angioprotective activity of mildronate were studied.

Obtained results support the safety of long-term administration of
mildronate; it was shown that 3 month mildronate treatment at doses
up to 400 mg/kg is not associated with any cardiac impairments or
disturbances of liver functions and lipid profile.

The long-term decrease in carnitine concentration induces a dose-
dependent compensatory increase in carnitine palmitoyltransferase I
activity.

For the first time the binding of mildronate to CrAT active site is
characterized and it is established that mildronate is a weak inhibitor
in vitro and it does not influence CrAT activity in vivo.

Evidence is provided that the cardioprotective effect of mildronate
depends on decrease in carnitine heart concentration, while the
angioprotective effect in Dahl salt-sensitive rat hypertension model
depends on changes in camitine and gamma-butyrobetaine
concentrations.
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15. Approbation of the study

Doctoral thesis is based on following SCI publications:
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Liepinsh E., Liepinsh E., Dambrova M. Inhibition of -carnitine
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J Enzyme Inhib Med Chem, 2009; 24(6):1269-75.
Liepinsh E., Kuka J., Svalbe B., Vilskersts R., Skapare E., Cirule H.,
Pugovics O., Kalvinsh 1., Dambrova M. Effects of long-term mildronate
treatment on cardiac and liver functions in rats. Basic Clin Pharmacol
Toxicol, 2009; 105(6):387-94.
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63(3)).
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Dambrova M., Liepinsh E. Treatment with L-carnitine diminishes the
cardioprotective effect of mildronate in an isolated rat heart infarction
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2010; 358(3), 54.-58. Ipp.
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Vilskersts R., Kuka J., Svalbe B., Liepinsh E., Dambrova M. Protective
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Abstracts, S54.

Kuka J., Skapare E., Liepinsh E., Dambrova M. Effects of L-carnitine
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Kuka J., Zinovjevs K., Skapare E., Liepinsh E. Characterization of
mildronate as an inhibitor of carnitine acetyltransferase. FEBS 20?9
Congress: Life’s Molecular Interactions, Prague, Czech Republic,
July 4-9, 2009. Abstracts, P.322.

Vilskersts R., Kuka J., Svalbe B., Liepinsh E., Dambrova M. Mildronate
orotate: its cardioprotective and antiarrhythmic effects and mechanism of
action. FEBS 2009 Congress: Life’s Molecular Interactions, Prague,
Czech Republic, July 4-9, 2009. Abstracts, P.351.

Vilskersts R., Kuka J., Liepinsh E., Dambrova M. Effects of mildronate
on arrhythmias induced by coronary artery ligation, calcium chloride and
aconitine. Baltic Summer School 2008: Basic and clinical aspects of
cardiac arrhythmia’s, Copenhagen, Denmark, August 17 — September 6,
2008.

Kuka J., Skapare E., Liepinsh E., Dambrova M. Interactions of
cardioprotective drug mildronate with mitochondrial carnitine
acyltransferases, New Frontiers in Cardiovascular Research, 8" Meeting
of France - New EU Members/I16™ Symposium of Jagiellonian Medical
Research Centre, Krakow, Poland, June 5-7. Abstracts, 2008, P.88.

Results are reported in following local conferences:

Vavers E., Kiika J., Karnitina-palmitoiltransferdzes 1 aktivitates
regulacija, RSU 59. Medicinas nozares studentu zinatniska konference.
Bazes priekSmetu sekcija, Riga, Latvija, 17. marts, 2010. T&zes,
12.-13.1pp.

Kiuka J., §kapare E., Liepin$ E., Medne R., Dambrova M. Mildronata
ietekme uz kamnitina aciltransferazém. RSU 2008. gada zinatniska
konference, Riga, Latvija, 13.-14. marts, 2008. Tézes, Ipp. 30.

16. Materials and methods
Male Wistar (Laboratory of Experimental Animals, Riga Stradins

University, Latvia) and Dahl salt-sensitive (Charles River, Germany) rats
were used. The experimental procedures were carried out in accordance
with the guidelines of the European Community (86/609/EEC) and local
laws and policies, and the procedures were approved by the Latvian
Animal Protection Ethical Committee of the Food and Veterinary
Service. Wistar rats were perorally treated daily with a mildronate dose
of 100, 200 or 400 mg/kg to study the effects of long-term decrease in
carnitine concentration. Wistar rats were perorally treated daily with
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carnitine 100 mg/kg, mildronate or combination of both
(100+100 mg/kg) to study the cardioprotective effect. Wistar rats were
perorally treated daily with mildronate 100 mg/kg, orotic acid 100 mg/kg
or mildronate orotate 200 mg/kg to study the antiarrhythmic effect. Dah/
salt-sensitive rats received carnitine 100 mg/kg, mildronate or
combination of both (100+100 mg/kg) with drinking water.

16.1. In vitro methods

16.1.1. Determination of carnitine, GBB and mildronate in tissues
and blood plasma

The determination of carnitine, GBB and mildronate
concentrations in the blood plasma and liver and heart tissues was
performed by UPLCMSMS (Dambrova et al., 2008).

16.1.2. Biochemical measurements

Free fatty acids, triglycerides, glucose, ketone bodies, LDL-C,
HDL-C, lactate, total bilirubin and activity of ALAT, ASAT and ALP
were determined using kits from Wako and Instrumentation Laboratory
according to manufacturers’ instructions.

CrAT activity was determined in both isolated Wistar rat heart
mitochondria and using purified pigeon breast muscle enzyme (Sigma,
USA). Mitochondria were isolated as previously described (Wilcke et al.,
1995). Assay conditions were DTNB (0.675 mM), HEPES (125 mM),
EDTA (2.5 mM), acetyl-coenzyme A (0.1 mM), carnitine (0.0625 to
0.5 mM). Mildronate (10 uM to 1 mM) was used only to characterize
interplay of mildronate and purified CrAT in vitro. CPT 1 activity was
determined in isolated mitochondria and whole liver and heart tissue
homogenates. Assay conditions were DTNB (0.675 mM), HEPES
(125 mM), EDTA (2.5 mM), palmitoyl-coenzyme A and corresponding
carnitine concentrations. Mitochondrial respiration was measured as
previously described (Baliutyte et al., 2010). Respiration buffer solution
contained 40 pM palmitoyl-coenzyme A, 36 uM palmitoyl-carnitine or
5 mM pyruvate/5 mM malate.

16.1.3. Molecular docking to characterize binding of mildronate to
CrAT

Mildronate docking in the active site of CrAT was performed with
the MOE2007.09 software (Chemical Computing Group, Inc., Canada).
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16.2. Ex vivo and in vivo methods
16.2.1. Haemodynamic measurements in vivo

Systolic blood pressure and heart rate were measured in DS rats at
the beginning of the experiment and after 4 and 8 weeks of
administration of the compounds using a Non-Invasive Blood Pressure
Controller MLT125 connected to ADInstruments PowerLab8/30 system.

16.2.2. Isolated rat heart infarction model according to
Langendorff

The infarction study was performed as described previously
(Liepinsh et al., 2006). The infarct size was calculated as a percentage of
the risk area. The control values were normalized to 100%, and all of the
results are expressed as values compared to the controls

16.2.3. Experimental models of arrhythmia in rats

To examine effect of mildronate on ischemia-reperfusion induced
arthythmia, Wistar rats were anesthetized with sodium pentobarbital
(60 mg/kg i/p). Tracheotomy was performed, and the animals were
ventilated with ambient air (15 ml/kg, 55 strokes per minute) using a
rodent ventilator 7025, Ugo Basile). The chest was opened and a sling
(5/0 Surgipro II) was placed around the left coronary artery. Rats were
allowed to stabilize for 20 min and then the coronary artery was occluded
for 10 minutes, followed by 30 min reperfusion. To examine effect of
mildronate on calcium chloride induced arrhythmias, Wistar rats were
anesthetized with sodium pentobarbital (60 mg/kg i/p). The left femoral
vein was cannulated for the administration of 10% calcium chloride
solution. Experimental heart rhythm disturbances were induced by
intravenously infusing (0.01 ml/s) 10% calcium chloride solution in an
arrhythmogenic dose (180 mg/kg). ECG was recorded from II standard
lead using Chart 5.5 software during calcium chloride administration and
10 min after discontinuation. The following parameters were monitored:
mortality, time to onset of arrhythmias and time to normal sinus rhythm
and incidence of ventricular tachycardia and fibrillation.

16.2.4. Salt induced hypertension in Dahl rats

Endothelial function was examined in aortic rings using an organ
chamber bath as described previously (Bartu$ et al., 2008). DS rat heart
anatomy and function was examined using iE33 ultrasonograph (Philips
Ultrasound, Inc.). Rats were lightly anesthetized with an intraperitoneal
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injection of ketamine and xylazine (50 and 10 mgxkg™) and M-mode
tracings of the left ventricle were recorded.

16.2.5. Data analysis

Established statistical methods were used and calculations were
performed with MS Excel 2003 and GraphPad Prism 3.0 (GraphPad
Software, Inc.). p-value <0.05 was considered to be significant. Mann—
Whitney or Student's t-test, analysis of variance followed by Tukey's or
Bonferroni test were used to compare effects. Survival curves for DS rats
were constructed for each group using the Kaplan-Meier method.
Differences in the incidence of arrthythmias among groups were analyzed
by Chi-Square test.

17. Results

17.1. Effects of mildronate and carnitine treatment on GBB,
mildronate and carnitine concentrations in plasma and tissues

4, 8 and 12 week treatment with 100 (M 100), 200 (M 200) and
400 mgkg (M 400) of mildronate induced dose-dependent decrease in
the carnitine concentration in Wistar rat blood plasma. After 4 weeks of
treatment with mildronate significant decreases of 3-, 5- and 13-fold,
respectively, in the carnitine concentrations were observed. Time-
dependent decrease in carnitine concentration was observed only in the
rats treated at the 400 mgkg dose, reaching a decrease of 35-fold at the
end of the 12-week treatment (Figure 1A). Mildronate treatment induced
up to a 14-fold increase in the GBB concentration, but this effect was
dose and time independent (Figure 1B).
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Figure 1. Effect of long-term mildronate treatment on changes in
carnitine (4) and GBB (B) concentrations in Wistar rat blood plasma.
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Values are represented as average £SEM of 8—10 animals. * - p<0.05,
vs. control group (Tukey's test).

Long-term mildronate treatment induced a dose-dependent
decrease in the carnitine concentration in Wistar rat heart and liver tissue.
Time-dependent decrease in carnitine concentration was observed only in
the rats treated at the 200 mg/kg dose (Figure 2).
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Figure 2. Effect of long-term mildronate treatment on changes in
carnitine concentration in Wistar rat heart (4) and liver (B) ftissue.
Values are represented as average +SEM of 8—10 animals. * - p<0.05,
vs. control group (Tukey's test).

GBB concentration increased up to 10-fold in heart tissue
(Figure 3A), and up to 66-fold in liver tissue (Figure 3B), however none
of these changes were dose or time-dependent.
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Figure 3. Effect of long-term mildronate treatment on changes in GBB
concentration in Wistar rat heart (A) and liver (B) tissue. Values are
represented as average £SEM of 8-10 animals. * - p<0.05, vs. control

group (Tukey's test).

46



Effects of 14-day treatment with carnitine (100 mg/kg; C 100),
mildronate (100 mg/kg; M 100) or both (100+100 mg/kg; C+M) on
carnitine and GBB concentrations in Wistar rat blood plasma are shown
in figure 4. Treatment with carnitine induced a significant increase in its
blood plasma concentration by 24% as compared to control; mildronate
treatment induced a 3-fold decrease in carnitine concentration. Treatment
with a combination of both substances decreased carnitine concentration
by 18% (Figure 4A). Treatment with carnitine induced only a slight
2-fold increase in GBB concentration, whereas treatment with mildronate
or the combination of both substances increased GBB concentration by
up to 10- and 20-fold, respectively (Figure 4B).
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Figure 4. Effects of 14-day treatment with carnitine, mildronate or both
on carnitine (A) and GBB (B) concentrations in Wistar rat blood plasma.
Values are represented as average +SEM of 10 animals. * - p<0.035, vs.
control group (Student's t-test).

As in blood plasma, treatment with carnitine increased its heart
tissue concentration (by 31%). After treatment with mildronate, the
carnitine concentration in heart tissue was decreased by 69%. Treatment
with carnitine and mildronate combination had no significant impact of
carnitine concentration in heart tissue as compared to control
(Figure 5A). Similar to the findings in blood plasma, treatment with
carnitine induced only a slight 2-fold increase in GBB concentration in
heart tissue, whereas treatment with mildronate or the combination of
both substances increased the GBB concentration in heart tissue by
5- and 7-fold, respectively.
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Figure 5. Effects of 14-day treatment with carnitine, mildronate or both
on carnitine (A4) and GBB (B) concentrations in Wistar rat heart tissue.
Values are represented as average +SEM of 10 animals. * - p<0.03, vs.
control group (Student's t-test).

17.2. Effects of changes in carnitine concentration on enzyme activity
and biochemical measures in blood plasma and tissues

17.2.1. Effect on CPT I activity

The effect of mildronate treatment on CPT I activity in Wistar rat

heart tissues is shown in figure 6.
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Figure 6. Effect of long-term mildronate treatment on Wistar rat heart
CPT I activity. Values are represented as average +SEM of 6 animals.
* - p<0.03, vs. control group (Tukey's test).

CPT I activity was determined in tissue homogenates after 4, 8
and 12 weeks of treatment with 100, 200 and 400 mg/ kg of mildronate.
In heart tissue homogenates after 4 weeks mildronate treatment, the basal
CPT I activity was significantly increased by up to 21% in all of the

48



mildronate treated groups, whereas after 8 and 12 weeks of treatment, the
CPT I activity was significantly increased by 25% and 35%, respectively,
only in the rats treated with a 400 mgkg dose of mildronate. In liver
tissue homogenates, no significant changes in the basal CPT I activity
were observed.

17.2.2. Effect on mitochondrial respiration

Mitochondrial respiration was measured in isolated Wistar rat
heart mitochondria after 14 day treatment with carnitine (100 mg/kg),
mildronate (100 mg/kg) or both (100+100 mg/kg), using palmitoyl-
coenzyme A, palmitoyl-carnitine and pyruvate/malate as a substrates.
Mitochondrial respiration results are shown in table 1. Treatment with
mildronate decreased the mitochondrial respiration on palmitoyl-
coenzyme A, but did not have any statistically significant impact on
mitochondrial respiration on pyruvate/malate or palmitoyl-carnitine.
Treatment with combination of mildronate and carnitine increased
mitochondrial respiration on palmitoyl-carnitine and pyruvate/malate.

Table 1
Effects of 14-day treatment with carnitine, mildronate or both on isolated
Wistar rat heart mitochondria respiration on different energy substrates

Control C 100 M 100 C+M

Substrate - - -
O, consumption, nmol/min/mg protein

40 pM palmitoyl-coenzyme A 36.9+3.8 41.0+4.9 26.8£0.8* 36.8+1.4
36 uM palmitoyl-carnitine 164+1.2 214428 192409  21.3%1.2%
5 mM pyruvate/5 mM malate 41.342.7 447460  42.6:4.1  52.4+2.4*

Values are represented as average +SEM of 6 animals. * - p<0.05, vs.
control group (Student's t-test).
17.2.3. Effect on liver functionality markers
Effects of long-term (4-12 weeks) decrease in carnitine
concentration induced by treatment with 100, 200 and 400 mg’ kg of
mildronate on the levels of Wistar rat liver function markers are shown in
table 2.
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Table 2
The effect of decreased carnitine concentration on liver function markers
in Wistar rat blood plasma

Control M 100 M 200 M 400

4 weeks
ASAT, U/ 49.0+3.8 46.5+6.2 48.2+5.8 43.1+4 .4
ALAT, U/ 20.6x1.6 19.5+0.6 19.4+1.7 19.9+1.0
ALP,UN 33.5+3.2 29.8+3.2 34.0+£2.9 35.743.1
Total bilirubine, mg/dl 0.39+0.17 0.27£0.09 0.17+0.02 0.29+0.05
8 weeks
ASAT, UN 39.743.2 38.243.9 41.745.1 37.343.3
ALAT, U 17.2+2.1 17.1+£1.8 18.3%1.5 17.2£1.1
ALP,UN 16.7£1.5  21.3+1.0* 18.9+1.1 17.5+2.1
Total bilirubine, mg/dl 0.31+0.04 0.33+0.05 0.30+0.04 0.30+0.03
12 weeks
ASAT, U/ 39.9+1.0 42.5+1.8 36.6£2.1 44.4+1.1%
ALAT, UN 15.8+1.1 17.8+1.4 15.8+0.9 19.0+1.8
ALP, U/l 18.8+0.5 20.2+1.2 21.6+1.6  23.0+1.9*

Total bilirubine, mg/dl 0.23£0.04  0.20£0.03  0.24+0.02  0.19+0.02

Values are represented as average +SEM of 8-10 animals. * - p<0.05,
vs. control group (Tukey's test).

Mildronate treatment did not affect the total bilirubine, ASAT and
ALAT values. The ALP level was significantly increased by 28% after
8 weeks of treatment with 100 mg / kg of mildronate and by 23% after
12 weeks of treatment with 400 mg/kg of mildronate.

17.2.4. Effect on lipid profile in liver tissue

Effects of long-term decrease in carnitine concentration on
triglyceride and fatty acid concentrations in Wistar rat liver tissues are
shown in figure 7. The triglyceride concentration in the livers of fed rats
that received the 400 mgkg dose of mildronate was significantly
increased after 4, 8 and 12 weeks of treatment by 21%, 20% and 12%,
respectively (Figure 7A). The fatty acid concentration in the liver was
significantly increased by 24% and 14% only after 12 weeks of treatment
with 200 and 400 mgkg of mildronate, respectively (Figure 7B).
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Figure 7. Effects of long-term mildronate treatment on triglyceride and
fatty acid concentrations in Wistar rat liver tissues. Values are
represented as average £SEM of 8—10 animals. * - p<0.05, vs. control
group (Tukey's test).
17.3. Characterization of mildronate binding to CrAT

Binding of mildronate to CrAT was determined in vifro using
purified enzyme (Columba sp.). Mildronate inhibits CrAT in a
competitive manner (Figure 8); however it is weak inhibitor with a
K; value of 5.2+0.6 mM (Figure 9).
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Figure 9. Lineweaver—Burk (A) and Henderson (B) plots to characterize
binding of mildronate to CrAT. Points represent average +SEM of
3 measures. I-total concentration of inhibitor; Vy-control velocity,
V-velocity in presence of inhibitor.
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Figure 9. Dose—response curves for the inhibition of CrAT by mildronate
at carnitine concentrations 0.25, 0.5, and 1 mM. Points represent
average +SEM of 3 measures.

For detailed characterization of the mildronate molecule on CrAT,
molecular docking was used. Docking results (Figure 10) showed the
conformation, where the trimethylammonium group of the mildronate
was exposed to the solvent. However, the carboxyl and a-CH, groups of
mildronate and carnitine were bound to CrAT very similarly. The
catalytic His343 is hydrogen-bonded to the NH group of mildronate,
instead of the OH moiety in carnitine. This caused differences in binding
of both ligands. The trimethylammonium group of mildronate was
situated in a channel approximately 4 A away from the protein surface
and was exposed to the solvent, whereas the trimethylammonium group
of carnitine was buried in a hydrophobic pocket.
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Figure 10. Proposed model for the positioning of carnitine and
mildronate in CrAT enzyme. Carnitine carbons are shown in green and
mildronate carbons are shown in light gray. All hydrogen atoms, except
those involved in hydrogen bonds, are omitted. Hydrogen bonds are
shown as white dashed lines. Produced with MOE 2007.09.

14-day treatment with carnitine (100 mg/kg; C 100), mildronate
(100 mg/kg; M 100) or both (100+100 mg/kg) did not affect CrAT
activity in heart mitochondria in vivo.

17.4. Effect of changes in carnitine concentration on infarct size

Effects of 14-day treatment with carnitine (100 mg/kg),
mildronate (100 mg/kg) or both (100+100 mg/kg) on infarct size and
carnitine concentrations in the Wistar rat heart tissues are shown in
figure 11. Mildronate decreased carnitine concentration in heart tissue
and reduced infarct size by 34% compared to control group. Carnitine
treatment reduced infarct size by 28%, but this effect was not statistically
significant. Mildronate and carnitine combination had no significant
impact on infarct size or carnitine concentration.
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Figure 11. Effects of 14-day treatment with carnitine, mildronate or both
on carnitine concentration and infarct size in Wistar rat heart tissue.
Values are represented as average xSEM of 10 animals. # * - p<0.05, vs.
control group (Student's t-test).

Effects of changes in carnitine concentration (Figure 5A) induced
by 14-day treatment with carnitine, mildronate or both on CPT I activity
in mitochondria isolated from Wistar rat hearts are shown in figure 12.
Treatment with mildronate decreased CPT I activity by 26%.
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Figure 12. Effects of treatment with carnitine, mildronate or both on
CPT I activity in the presence of carnitine concentrations found in the
heart tissue after the treatment (700 uM for control, 900 uM for C 100,
200 uM for M 100 and 600 uM for C+M group). Values are represented
as average +SEM of 5 animals. * - p<0.05, vs. control group (Student's
t-test).
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17.5. Effects of changes in carnitine concentrations on Wistar rat
haemodynamic measurements

Decrease in carnitine concentration after treatment with
mildronate (100, 200 and 400 mgkg) for 4, 8 and 12 weeks did not
induce any changes in isolated heart parameters (heart rate, coronary
flow, LVDP, left ventricle contractility and relaxation, cardiac work).

17.6. Anti-arrhythmic effects of mildronate and mildronate orotate
17.6.1. Effects on ischemia-reperfusion induced arrhythmia

Effects of mildronate (100 mg/kg) and mildronate orotate
(200 mg/kg) on time to onset of arrhythmias during occlusion and time to
onset of normal sinus rhythm during repetfusion are shown in figure 13.
In all the experimental groups the first arrhythmia episodes started
approximately 320 s after the start of coronary artery occlusion, however
both drugs significantly reduced the time elapsed prior to onset of normal
sinus rhythm during reperfusion (175+36 s in the control group, 73+21 s
in the mildronate group and 60+8 s in the mildronate orotate group).
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Figure 13. Effects of 14-day treatment with mildronate and mildronate
orotate on time to onset of arrhythmias during occlusion and time fo
normal sinus rhythm during reperfusion in ischemia-reperfusion induced
experimental arrhythmia model in Wistar rats. Values are represented as
average +SEM of at least 6 rats. * - p<0.05, vs. control group (Tukey's
test).

Treatment with mildronate and mildronate orotate had no effect
on ventricular tachycardia during occlusion and reperfusion, but
protected rat hearts against ventricular fibrillation during occlusion (only
mildronate orotate) and reperfusion (both drugs) (Figure 14).
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Figure 14. Effects of 14-day treatment with mildronate and mildronate
orotate on incidence of ventricular fibrillation during occlusion and
reperfusion in Wistar rats. * - p<0.05 vs. control group (Chi-Square
test).

Mildronate and mildronate orotate significantly decreased the
cumulative duration of fibrillation during reperfusion (38+14 s in the
control group, 3+2 s in the mildronate group and 2+2 s in mildronate
orotate group), but had no significant effect on fibrillation duration
during occlusion (Figure 15).
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Figure 15. Effects of 14-day treatment with mildronate and mildronate
orotate on duration of fibrillation during occlusion and reperfusion in
Wistar rats. Values are represented as average +SEM of at least 6 rats. *
- p<0.05, vs. control group (Tukey's test).

17.6.2. Effect on calcium chloride induced arrhythmia

Treatment with mildronate and mildronate orotate had no effect
on time to the onset of arrhythmias after infusion of calcium chloride

56



(2644 and 25+4 s, respectively as compared to 3044 s in the control
group) and on times to normal sinus rhythm (119420 and 97+12 s,
respectively as compared to 159+39 s in the control group). Mildronate
and mildronate orotate treatment decreased the incidence of ventricular
tachycardia induced by calcium chloride in Wistar rats (Figure 16).
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Figure 16. Effects of 14-day treatment with mildronate and mildronate
orotate on the incidence of ventricular tachycardia in Wistar rats.
*_ p<0.05, vs. control group (Chi-Square test).

17.7. Effects of treatment with mildronate and carnitine on
hypertension in Dahl salt-sensitive rats

17.7.1. Effects on carnitine and GBB concentration in blood plasma

Effects of 14-week treatment with carnitine (100 mg/kg),
mildronate (100 mg/kg) or both (100+100 mg/kg) on carnitine and GBB
concentrations in Dahl rat blood plasma are shown in table 3.
Consumption of diet with high salt (PS, 8% NaCl) load decreased
concentration of carnitine nearly 2-fold compared with that of rats
consuming diet with normal salt (NS, 0.3% NaCl) load. Administration
of carnitine (PS/C 100) or combination (PS/C-+M) significantly increased
the concentration of carnitine in the plasma, but the treatment with
mildronate (PS/M 100) decreased it as compared to PS control group
animals. Consumption of high or normal salt load did not affect GBB
concentration, but administration of mildronate, carnitine or their
combination significantly increased the concentration of GBB in blood
plasma samples 6-, 1.5- and 12-fold.
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Table 3
Effects of treatment with mildronate, carnitine and their combination on
carnitine and GBB concentrations in Dahl rat blood plasma

High salt diet (PS)
NSgroup  — ol M 100 C 100 C+M
Carnitine, pM 5546 " 23+37 5417 5644 36+27F
GBB, uM 1.5+0.1% 1.540.1*  8.6+£1.0° 22+04"* 181434

Values are represented as average +SEM of 3—10 animals. * p<0.05, vs.
PS Control; #p<0.05, vs. HS/M 100 group.
17.7.2. Effect on survival rate

Effects of long-term treatment with mildronate (100 mg/kg),
carnitine (100 mg/kg) and their combination (100+100 mg/kg) on Dahl
rat survival rate are shown in figure 17.
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Figure 17. Kaplan—Meier plots of the survival rate of DS rats fed a
normal-salt diet or a high salt diet and treated cither with vehicle,
carnitine, mildronate or their combination. * p<0.05, vs. PS Control;
** p<0.01, vs. PS Control.

Kaplan-Meier analysis revealed that the survival rate of PS group
rats was markedly reduced compared with that of animals from the
NS group In the PS group after 8 weeks of treatment, the survival rate
was 30% (3 of 10 animals), while there were no lethal cases in the
NS group. Administration of a combination of carnitine and mildronate
significantly increased the survival rate compared with the PS group, and
after 8 weeks of treatment, the PS/C+M group survival rate was 80%
(8 of 10 animals). The obtained data showed that there was no
statistically significant increase in survival rate in the PS/C 100 (80%,
8 of 10 animals) and PS/M 100 (80%, 8 of 10 animals) groups compared
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with the PS control group although the number of animals that survived
was similar as in PS/C+M group.

17.7.3. Effects on systolic blood pressure and heart rate

At the beginning of the experiment in all of the experimental
groups the average systolic blood pressure was about 125 mmHg.
Treatment with mildronate (100 mg/kg), carnitine (100 mg/kg) and their
combination (100+100 mg/kg) did not influence the systolic blood
pressure, which had increased to above 170 mmHg in all the groups,
reaching as high as 195 mmHg (Figure 18).
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Figure 18. Effects of 8-week treatment with mildronate, carnitine and
their combination on systolic blood pressure in Dahl rats. Values are
represented as average +SEM of 3-10 animals. *** p<0.001, vs.
PS Control (Mann-Witney ftest).

No differences were among the heart rate of animals of all of the
experimental groups before switching to the high salt diet or on the
fourth week of the treatment. However, on the eighth week of the
experiment, the mean heart rate in the PS control group was
510410 bpm, but in the NS group and after administration of mildronate
(PS/M 100) and a combination of mildronate and carnitine (PS/C+M)
heart rate was lower by 16, 12 and 10%, respectively (Figure 19).
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Figure 19. Effects of 8-week treatment with mildronate, carnitine and
their combination on heart rate in Dahl rats. Values are represented as
average +SEM of 3-10 animals. ** p<0.001, vs. PS Control;
*** p<0.001, vs. PS Control (Mann-Witney fest).
17.7.4. Effects on endothelial function
Endothelium-dependent relaxation to acetylcholine in the aortic
rings of PS group animals was significantly impaired compared with NS
group animals. Treatment with a combination of mildronate and carnitine
improved endothelium-dependent relaxation, but mildronate or carnitine
alone had no impact on acetylcholine-induced relaxation (Figure 20).
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Figure 20. Effects of 8-week treatment with mildronate, carnitine and
their combination on endothelial function in Dahl rats. Values are
represented as average +SEM of 3-10 animals. *** p<0.001, vs.
PS Control (Mann-Witney test).
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18. Discussion

The present work describes the effects of changes in carnitine
concentration on functionality of cardiovascular system under normoxic
and ischemic conditions. Treatment with carnitine and mildronate were
used to induce changes in carnitine concentration. The cardioprotective
effects of altered carnitine concentration during ischemia, development
of hypertension and changes in carnitine-dependent enzyme activities
were characterized.

18.1.  Effects of decreased carnitine concentration on heart
function and blood plasma and tissue biochemical parameters

Carnitine regulates the energy metabolism pathways in the heart
and skeletal muscle. The physiological range of carnitine concentration
in various tissues is maintained by a complex transporter system.
However, the critical levels of carnitine for the function of the heart and
the liver are not well-established.

Mildronate is known to decrease carnitine concentration through
inhibition of biosynthesis of carnitine (Simkhovich et al., 1988) and its
reabsorption in the kidneys (Spaniol et al, 2001). As a result of
biosynthesis inhibition, mildronate treatment is known to elevate GBB
concentrations in blood plasma and tissues (Liepinsh et al., 2006). The
present study confirms that 4-12 week treatment with mildronate
(100, 200 and 400 mg/kg) induces a significant decrease in the carnitine
concentration simultaneously with increase in GBB concentration in
blood plasma (Figure 1) and heart (Figure 2A and 3A) and liver
(Figure 2B and 3B) tissues. Unlike GBB, changes in carnitine
concentration were mildronate dose-dependent. This suggests that
mildronate doses equally inhibit GBBH, but the dose-dependent decrease
in carnitine concentration is most likely due to decreased reabsorption of
carnitine in the kidneys, because of increasing inhibition of OCTN2.

Some controversy is present in literature regarding effects of
mildronate induced decrease in carnitine concentration on liver functions.
It has been suggested that decrease in carnitine concentration induced by
6-week treatment with mildronate (200 mgkg) may develop liver
steatosis (Spaniol et al, 2003). However, it was shown that steatosis is
transient in fasted rats and disappears upon refeeding (Degrace et al.,
2007). In the present study, to examine effects of long-term (4-12 weeks)
mildronate (100, 200 and 400 mg/kg) treatment induced decrease in
carnitine concentration on liver functions, we performed a histological

61



examination of liver cryosections, measured liver triglyceride and fatty
acid contents, as well as assayed for liver damage markers and measured
lipid profile in the blood plasma. In liver cryosections we did not find
any signs of fat accumulation, while a statistically significant increase in
the triglyceride concentration by 10-20% was only observed after
treatment with a 400 mgkg dose of mildronate (Figure 7A). A
statistically significant increase (of 15%) in the liver fatty acid
concentration was observed only after 12 weeks of treatment
(Figure 7B).

Decrease in carnitine concentration had no significant effect on
blood plasma lipid profile; the only changes that could indicate about
decreased fatty acid B-oxidation were observed after treatment with
400 mgkg dose of mildronate and more pronounced these changes were
in fasted rats. Thus, decrease in B-hydroxybutyrate concentration that
could indicate about decreased fatty acid and increased glucose
metabolism (van Knegsel et al, 2005), we observed only after 12 weeks
of treatment with a 400 mgkg dose of mildronate.

Diverse effects of decreased carnitine concentration on liver
function observed after treatment with mildronate, might be related to the
origin of 3-(2,2,2-trimethyl-hydrazinium)-propionate used for studies.
Spaniol et al. (Spaniol et al., 2003) have used custom prepared
3-(2,2,2-trimethyl-hydrazinium)-propionate, that may have been
contaminated with several highly hepatotoxic impurities, such as
1,1,1-trimethylhydrazinium salts and hydrolysis products of the fully
substituted hydrazinium derivative (Hmelnickis et al., 2008). In our
studies and study by Degrace et al. (Degrace et al., 2007), only
commercial 3-(2,2,2-trimethyl-hydrazinium)-propionate or mildronate
from the original manufacturer JSC Grindeks was used and no toxic
effects have ever been observed.

CPT I converts camitine to form acyl-carnitine that can be
transported in mitochondria. Therefore, it was important to determine
how decrease in carnitine concentration affect CPT I activity. Previously
it was shown that decrease in carnitine concentration after treatment with
mildronate induces an increase in CPT I mRNA and protein levels in
both heart and liver tissues (Degrace et al., 2004; Degrace et al., 2007;
Liepinsh et al., 2008). After treatment with mildronate CPT I activity
was increased in heart and liver tissues when activity measurements were
performed in isolated mitochondria in the presence of fixed carnitine
concentrations. Decrease in carnitine tissue concentration does not affect
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the sensitivity of CPT I to malonyl-coenzyme A inhibition (Tsoko et al.,
1995; Degrace et al., 2004; Degrace et al., 2007).

We determined CPT I activity in the presence of carnitine
concentrations that are found in tissues (i.e. carnitine concentrations were
not equalized as in previous studies). CPT I activity was increased after
long-term (4-12 weeks) treatment with mildronate in the heart tissue
(Figure 6), but not in liver tissues. After 2 week treatment with
mildronate CPT I activity in heart tissue was significantly reduced for
26% as compared to the control (Figure 12), but CPT I dependent fatty
acid f-oxidation was significantly reduced for 27% (Table 1).
Previously, it was shown that treatment with mildronate at a doses of
200 mg/kg (21 days, mice) and 800 mg/kg (10 days, rats) induces a
compensatory increase in CPT I mRNA expression (Degrace et al., 2004;
Liepinsh et al., 2008). In this study we did not observe any significant
changes in CPT I mRNA expression.

The obtained results indicate that changes in CPT I activity,
protein and mRNA expression after treatment with mildronate depend on
decrease itself and duration of decrease in carnitine concentration. This
could be explained by observation that different tissues have different
isoforms of CPT I, which are differentially sensitive to carnitine. For
example, the rat isoforms of CPT I in the liver (CPT IA) and muscle
(CPT IB) have a Ky, for carnitine that is 30 and 500 uM, respectively. In
the heart, both CPT I isoforms, CPT IA and CPT IB, are present and as a
result, the average K, for carnitine in the heart is about 200 pM (Brown
et al., 1995). Therefore, carnitine concentrations found in heart
(0.6-3 mM, depending on species) and liver tissues (0.4-3 mM,
depending on species) in normal conditions are more than enough to
facilitate the transport of fatty acid in mitochondria. We can conclude
that only marked or long-term decrease in carnitine concentration
induces a compensatory increase in CPT I protein and mRNA expression
as well as an increase in CPT I enzyme activity in heart and liver tissues.

It was shown that marked decrease in' carnitine concentration
induces hypoglycemia or facilitates glucose oxidation in rats (Broderick,
2006), while moderate decrease in carnitine concentration after treatment
with mildronate (200 mg/kg) facilitates glucose uptake and increases
glucose metabolism-related gene expression in mice (Liepinsh et al.,
2008). Decrease in carnitine concentration even after treatment with
mildronate at a dose of 400 mg/kg did not affect glucose concentration in
the fed and fasted Wistar rat blood. This result suggests that the effect of
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decrease in carnitine concentration on glucose metabolism strongly
depends on substrate availability and energy requirements. Thus, in cases
of partially decreased fatty acid B-oxidation, changes in glucose
metabolism could play a compensatory role. It should be noted that it is
more important to facilitate glucose metabolism during ischemia-
reperfusion rather than under normoxic conditions in order to achieve
cardioprotection.

Previous studies have shown that mildronate inhibits CrAT
activity to some extent; it was suggested that the inhibition of CrAT by
mildronate and increase in acetyl-coenzyme A concentration might be an
important pharmacological mechanism for maintenance of intra-
mitochondrial metabolic pathways. However, recent findings of
facilitation of glucose metabolism after treatment with mildronate
(Liepinsh et al., 2008) contradict previous findings, because increase in
acetyl-coenzyme A levels would decrease PDH activity. To give insights
into the CrAT binding of mildronate we performed experiments with
purified enzyme in vitro and we also measured the activity of the enzyme
ex vivo in isolated mitochondria after treatment with mildronate for
2 weeks. Biochemical measurements confirmed that mildronate is a weak
inhibitor of CrAT as the K; value in the presence of carnitine was 5.2 &
0.6 mM (Figure 8 and 9). Molecular docking suggested that mildronate
competes with carnitine for binding in the active site of CrAT. The
bound conformation of mildronate closely resembles that of carnitine
except for the orientation of the trimethylammonium group, which in the
mildronate molecule is exposed to the solvent (Figure 10). This might
explain why binding of mildronate to CrAT declines so much in the
presence of carnitine. Although it has been suggested that the active sites
of all acyltransferazes are similar (Jogl et al., 2004), it was demonstrated
that mildronate does not inhibit CPT I (Tsoko et al., 1995); this indirectly
suggests that mildronate and camitine bind differently to the catalytic
sites of these enzymes.

To give additional insights about effects of mildronate on CrAT,
we determined the activity of enzyme in isolated Wistar rat heart
mitochondria after treatment with mildronate at a dose of 100 mg/kg.
Although carnitine concentration is decreased in cytosol, it was shown
that treatment with mildronate increases carnitine concentration in heart
mitochondria (Degrace et al., 2004). Activity measurements of CtAT ex
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vivo confirmed in vivo data, because no changes in enzyme activity as
compared to the control group were observed. These results suggest that
neither mildronate, nor changes in carnitine concentration do affect
CrAT activity directly under normal conditions in vivoe. However, the
changes in carnitine concentration might play an important role in the
regulation of CrAT activity during ischemia-reperfusion. Thus, increase
in the mitochondrial carnitine concentration and decrease in long-chain
acyl-coenzyme A concentrations could increase CrAT activity and
facilitate glucose metabolism.

Altogether present findings indicate that the decreased carnitine
concentration after treatment with mildronate induces changes in energy
metabolism-related enzyme activity that lays grounds for
cardioprotective effects under ischemic conditions.

18.2.  Effect of changes in carnitine concentration on infarct size

Both increase and decrease in carnitine concentration are known
to reduce ischemia induced cardiac cell injury. Treatment with carnitine
decreased the myocardial infarct size after permanent occlusion of the
left coronary artery by ligation (Mouhieddine & de Leiris, 1993), but it
did not influence the infarct size after ischemia-reperfusion injury (Briet
et al., 2008). Decrease in carnitine concentration after treatment with
mildronate was shown to be cardioprotective (Dambrova et al., 2002;
Liepinsh et al., 2006). Previously it was shown that the cardioprotective
effect of mildronate correlates with the increase in camitine biosynthesis
precursor GBB concentration (Liepinsh et al., 2006).

This study evaluated the anti-infarction effects of mildronate
(100 mg/kg), carnitine (100 mg/kg) and, in particular, a combination of
both substances (100+100 mg/kg) in an isolated rat heart ischemia-
reperfusion injury model; the cardioprotective effects were analyzed with
respect to the observed changes in carnitine and particularly GBB levels
in blood plasma and heart tissue.

14-day treatment with mildronate resulted in a marked decrease in
carnitine concentration in heart tissues by 69% as well as a significant
decrease in infarct size by 34%. Treatment with mildronate plus carnitine
diminished both the mildronate-induced decrease in carnitine tissue
concentration and the cardioprotective effect of mildronate. Treatment
with carnitine alone increased its heart tissue concentration by 28%, but
the decrease in the infarct size was not significant (Figure 11). No
significant differences were observed in the haemodynamic parameters
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during ischemia-reperfusion in any of the treatment groups when
compared to the control group, indicating that the observed effects of
mildronate and camnitine on infarct size are not related to changes in
cardiac workload.

Treatment with camitine or mildronate alone or with the
combination of mildronate and carnitine induced an increase in GBB
blood plasma (Figure 4B) and heart tissue (Figure 5B) concentrations.
The highest GBB concentration was observed in the combination
treatment group; however, the combination treatment did not reduce the
infarct size (Figure 11).

Obtained results confirm that the mildronate-induced long-term
decrease in carnitine concentration, as opposed to an increase in GBB
concentration, in heart tissue is a key mechanism of action leading to the
cardioprotective  effects of mildronate. Decrease in carnitine
concentration not only leads to inhibited CPT I dependant fatty acid
metabolism, but it also compensatory facilitates glucose metabolism by
increasing glucose metabolism related gene expression and enzyme
activity (Broderick, 2006; Liepinsh et al., 2008).

18.3.  Effects of changes in carnitine concentration on the
development of hypertension

Hypertension is a well established risk factor for myocardial
infarction and the development of endothelial dysfunction (Hirooka et
al., 2008) and atherosclerosis (Biswas et al., 2003). Meanwhile treatment
with camnitine has a certain impact on the development of hypertension-
related complications (de Sotomayor et al., 2007). Mildronate also
possess anti-atherosclerotic and angioprotective effects (Vilskersts et al.,
2009). The aim of the present study was to investigate whether the
administration of carnitine, mildronate or their combination for 8 weeks
is protective against hypertension-induced complications in Dahl salt-
sensitive (DS) rats.

DS rats fed with a high salt diet (PS, 8% NaCl) developed marked
hypertension already after 4 weeks of treatment (Figure 18). After
8 weeks of treatment elevated systolic blood pressure lead to the
development of cardiac hypertrophy, but we did not observe the
development of heart failure. Thus, in our study, we investigated the
effects of the test compounds on hypertension-induced complications.

Experimental animals from PS group had decreased plasma
concentration of carnitine compared with NS group animals (Table 3).

66



Differences between both groups could be result of an increased renal
loss of carnitine due to development of renal injuries (Zhu et al., 2009).
Treatment with carnitine (PS/C 100) completely restored, while
combination treatment (PS/C+M) partially restored blood plasma
concentration of camitine (Table 3). Treatment with mildronate
significantly decreased carnitine concentration, so it was possible to
study effects of different carnitine availability on the development of
hypertension-induced complications. Similarly to effects in Wistar rats,
test compounds increased GBB concentration also in DS rat blood
plasma (Table 3), especially in the combination treatment group.

Mortality in the PS control group was significantly increased
compared to the NS group and administration of a combination of
camnitine and mildronate significantly decreased mortality by 80%
(Figure 17). Because there were no differences between the functional
parameters of the heart and lung to body weight indexes between groups,
the possible cause of death could be the left ventricular hypertrophy, a
recognized risk factor for myocardial infarction and lethal ventricular
arthythmias (Messerli, 1999).

Our results obtained in Wistar rat model suggest that mildronate
possess an anti-arrhythmic effect which is presented as a decreased
incidence of different types of arrhythmias (Figure 14 and 16), decreased
time elapsed prior to onset of normal sinus rhythm (Figure 13), decreased
duration of arrhythmias (Figure 15). It was hypothesized that increase in
acyl-camitines could provoke arrhythmias (Bonnet et al., 1999),
therefore the anti-arrhythmic effect of mildronate could be related to
decrease in CPT 1 activity (Figure 12) induced by decreased carnitine
concentration in heart tissue (Figure 5A). As a result, also the
concentration of acyl-carnitine should be decreased in mildronate treated
heart tissues. In addition, some anti-arrhythmic effects of carnitine have
been described (Najafi et al., 2008). Thus, the increased survival of DS
rats after treatment with a combination of mildronate and camitine could
be result of both mechanisms (Figure 17).

It has been shown that resting heart rate is an independent
predictor of cardiovascular morbidity and mortality, irrespective of the
presence of co-morbidities (Palatini, 2008). Our results are in agreement
with this observation, because after 8 week treatment the highest heart
rate was found in PS group animals (Figure 19), along with the highest
mortality (Figure 17) compared to NS group animals. Treatment with a
combination of mildronate and carnitine decreased heart rate and also
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significantly reduced mortality (Figure 17). Although mildronate
treatment for 8 weeks also decreased heart rate, the protective effect
against mortality was not so pronounced (p<0.06 vs. PS group) as in the
combination group. These findings indicate that reduction of mortality in
the PS/C+M group (Figure 17) could be related to the previously
described cardioprotective effects of the tested compounds in the heart.

Similar to resting heart rate, endothelial dysfunction has been
shown to be associated with the occurrence of cardiovascular events and
hypertension-induced organ damage (Xu et al., 2009). In our study, the
effects of treatment with carnitine, mildronate or their combination on
the development of endothelial dysfunction were assessed in isolated DS
rat aortic rings. Angioprotective effects of mildronate and carnitine have
been described before (Vilskersts et al., 2009), however in the present
study only administration of their combination attenuated the
development of endothelial dysfunction (Figure 20). It has been
suggested that the mechanism of attenuation of the development of
endothelial dysfunction is based on direct influence on endothelium and
vascular tissues, and not on the anti-hypertensive activity (Tzemos et al.,
2001). Our results support this theory, as endothelial function was
improved (Figure 20) without significant effect on arterial blood pressure
(Figure 18).

Although changes in GBB concentration in the heart tissue
correlate with the cardioprotective effect of mildronate in an
experimental ischemia-reperfusion model in rats (Liepinsh et al., 2006),
our results suggest that this effect depends on decrease in carnitine
concentration (Figure 11). Meanwhile the angioprotective effect of
combination of mildronate and carnitine most likely is related to increase
in GBB concentration. Altogether, mildronate, carnitine and especially
their combination increased GBB concentration in blood plasma. The
most pronounced increase in GBB concentration and protection against
hypertension-induced complications were observed in the combination
group, thus suggesting the importance of GBB. These data suggest that
the angioprotective action of GBB could improve the cardioprotective
effects related to decrease in carnitine concentration, however
experimental proof for such hypothesis remains to be found.
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19. Conclusions

Obtained results support the safety of long-term administration of
mildronate. Treatment with mildronate for up to 3 month at doses
that in the heart tissue decrease carnitine concentration 8- to 16-fold
and increase GBB concentration 8- to 10-fold, but in the liver tissue
decrease carnitine concentration 8- to 17-fold and increase GBB
concentration 30- to 66-fold is not associated with cardiac
impairment or disturbances in liver function and does not induce
significant changes in lipid profile in tissues and blood plasma.
Long-term treatment with mildronate inhibits CPT I dependent fatty
acid B-oxidation. Decrease in carnitine concentration induced by
14-day mildronate treatment inhibits CPT I activity, therefore,
mitochondrial respiration on palmitoyl-coenzyme A is decreased by
27%. A compensatory increase in enzyme activity in the heart tissue
is observed only after at least a month-long decrease in carnitine
concentration.

Under normal conditions mildronate does not affect pyruvate
metabolism, since CrAT and pyruvate dehydrogenase complex
activities in heart mitochondria are unchanged. Although mildronate
is weak inhibitor of CrAT in vitro and competes with carnitine for
binding to the catalytic site of an enzyme, in vivo it does not affect
the enzyme activity.

A mildronate-induced decrease in carnitine concentration in the
heart tissue is a key mechanism of action for the cardioprotective
effects of mildronate during ischemia. When mildronate induced
decrease in carnitine tissue concentration is diminished, no
cardioprotective effect can be observed.

Angioprotective effect of mildronate and its combination with
carnitine in the salt-induced hypertension model is based on the
increase in GBB concentration in the blood plasma of Dahl rats.

Molecular mechanism of the cardioprotective effect of
mildronate is based on the decreased carnitine concentration
that decreases CPT I activity and inhibits fatty acid metabolism.
Carnitine system regulation is a new tool for pharmaceutical
industry to develop mnew medicines for the treatment of
cardiovascular diseases.

69



20. Acknowledgements

I would like to thank my supervisors Maija Dambrova and Renite
Medne who coordinated and supported my work.

Thanks to my colleagues without whom this work would not be
possible: theoreticians and practitioners Edgars Liepins and Reinis
Vilskersts, brain specialist Liga Zvejniece animal caretakers Helena
Cirule and Ligita Karina, masters in biochemistry Elina Skapare and
Baiba Svalbe, assistants Ridolfs MezZapuke and Olga Zarkova, document
organizer Raita Brikmane and talented students Marina Makrecka and
Edijs Vavers.

I would like to say thanks to direction of Latvian Institute of
Organic Synthesis, in person to Ivars Kalvips.

I would like to say thanks to Solveiga Grinberga and Osvalds
Pugovics, Edvards Liepin§ and Kristaps Jaudzems, Aleksandrs Gutsaits
and Kirils Zinovjevs for their help in obtaining results.

Special thanks to my family.

Thanks for financial support to JSC “Grindeks” and
JSC “Grindeks” foundation “Support for science and education”.
Materials were obtained with the help of Latvian State Research Program
grant No. 2010.10-4/VPP-4,

The doctoral studies were supported by the ESF Project "Support
for PhD Program Studies and Earning of Scientific Degree at RSU”.

Ex ESF

EIROPAS SOCIALAIS
FONDS

70



21. Literatiairas saraksts/References

Baliutyte G, Baniene R, Trumbeckaite S, Borutaite V, Toleikis A. Effects of
Ginkgo biloba extract on heart and liver mitochondrial functions: mechanism(s)
of action. J Bioenerg Biomembr, 2010; 42(2):165-172.

Bartu$ M, Lomnicka M, Kostogrys RB, Kazmierczak P, Watata C, Stominska
EM, Smolefiski RT, Pisulewski PM, Adamus J, Gebicki J, Chlopicki S.
1-MethylInicotinamide =~ (MNA) prevents endothelial ~ dysfunction in
hypertriglyceridemic and diabetic rats. Pharmacol Rep, 2008; 60(1):127-138.

Beadle RM, Frenneaux M. Modification of myocardial substrate utilisation: a
new therapeutic paradigm in cardiovascular disease. Heart, 2010; 96(11):
824-830.

Biswas S, Dastidar DG, Roy KS, Pal SK, Biswas TK, Ganguly SB.
Complications of hypertension as encountered by primary care physician.
J Indian Med Assoc, 2003; 101(4):257-259.

Bonnet D, Martin D, Pascale De Lonlay, Villain E, Jouvet P, Rabier D, Brivet
M, Saudubray JM. Arrhythmias and conduction defects as presenting symptoms
of fatty acid oxidation disorders in children. Circulation, 1999; 100(22):2248-53.

Briet F, Keith M, Leong-Poi H, Kadakia A, Aba-Alkhail K, Giliberto JP,
Stewart D, Errett L, Mazer CD. Triple nutrient supplementation improves

survival, infarct size and cardiac function following myocardial infarction in rats.
Nutr Metab Cardiovasc Dis, 2008; 18(10):691-699.

Broderick TL. Hypocarnitinaemia induced by sodium pivalate in the rat is
associated with left ventricular dysfunction and impaired energy metabolism.
Drugs R D, 2006; 7(3):153-161.

Brown NF, Weis BC, Husti JE, Foster DW, McGarry JD. Mitochondrial
carnitine palmitoyltransferase I isoform switching in the developing rat heart.
J Biol Chem, 1995; 270(15):8952-8957.

Dambrova M, Cirule H, Svalbe B, Zvejniece L, Pugovichs O, Zorenko T,
Kalvinsh I, Liepinsh E, Belozertseva I. Effect of inhibiting carnitine biosynthesis
on male rat sexual performance. Physiol Behav, 2008; 95(3):341-347.

Dambrova M, Liepinsh E, Kalvinsh I. Mildronate: cardioprotective action
through carnitine-lowering effect. Trends Cardiovasc Med, 2002; 12(6):275-279.

de Sotomayor MA, Mingorance C, Rodriguez-Rodriguez R, Marhuenda E,
Herrera MD. L-camnitine and its propionate: improvement of endothelial function
in SHR through superoxide dismutase-dependent mechanisms. Free Radic Res,
2007; 41(8):884-891.

Degrace P, Demizieux L, Du ZY, Gresti J, Caverot L, Djaouti L, Jourdan T,
Moindrot B, Guilland JC, Hocquette JF, Clouet P. Regulation of lipid flux
between liver and adipose tissue during transient hepatic steatosis in carnitine-
depleted rats. J Biol Chem, 2007; 282(29):20816-20826.

71



Degrace P, Demizieux 1, Gresti J, Tsoko M, André A, Demaison L, Clouet P.
Fatty acid oxidation and related gene expression in heart depleted of carnitine by
mildronate treatment in the rat. Mol Cell Biochem, 2004; 258(1-2):171-182.

Georges B, Le Borgne F, Galland S, Isoir M, Ecosse D, Grand-Jean F,
Demarquoy J. Carnitine transport into muscular cells. Inhibition of transport and
cell growth by mildronate. Biochem Pharmacol, 2000; 59(11):1357-1363.

Hirooka Y, Kimura Y, Sagara Y, Ito K, Sunagawa K. Effects of valsartan or
amlodipine on endothelial function and oxidative stress after one year follow-up
in patients with essential hypertension. Clin Exp Hypertens, 2008; 30(3):267-276.

Hmelnickis J, Pugovics O, Kazoka H, Viksna A, Susinskis I, Kokums K.
Application of hydrophilic interaction chromatography for simultaneous
separation of six impurities of mildronate substance. J Pharm Biomed Anal,
2008; 48(3):649-656.

Jogl G, Hsiao YS, Tong L. Structure and function of carnitine acyltransferases.
Ann N'Y Acad Sci, 2004; 1033:17-29.

Liepinsh E, Vilskersts R, Loca D, Kirjanova O, Pugovichs O, Kalvinsh I,
Dambrova M. Mildronate, an inhibitor of carnitine biosynthesis, induces an
increase in gamma-butyrobetaine contents and cardioprotection in isolated rat
heart infarction. J Cardiovasc Pharmacol, 2006; 48(6):314-319.

Liepinsh E, Vilskersts R, Skapare E, Svalbe B, Kuka J, Cirule H, Pugovics O,
Kalvinsh I, Dambrova M. Mildronate decreases carnitine availability and up-
regulates glucose uptake and related gene expression in the mouse heart. Life Sci,
2008; 83(17-18):613-619.

Messerli FH. Hypertension and sudden cardiac death. Am J Hypertens, 1999;
12(12 Pt 3):181S-188S.

Mouhieddine S, de Leiris J. Cardioprotective effect of L-carnitine in rats
submitted to permanent left coronary artery ligation. Arch Int Physiol Biochim
Biophys, 1993; 101(6):411-416.

Miiller-Nordhorn J, Binting S, Roll S, Willich SN. An update on regional
variation in cardiovascular mortality within Europe. Eur Heart J, 2008;
29(10):1316-1326.

Najafi M, Garjani A, Maleki N, Eteraf Oskouei T. Antiarrhythmic and
arrhythmogenic effects of L-camnitine in ischemia and reperfusion. Bull Exp Biol
Med, 2008; 146(2):210-213.

Palatini P. Heart rate as predictor of outcome. Blood Press Monit, 2008;
13(3):167-168.

Simkhovich BZ, Shutenko ZV, Meirena DV, Khagi KB, Mezapuke RJ,
Molodchina TN, Kalvigs 1J, Lukevics E. 3-(2,2,2-Trimethylhydrazinium)
propionate (THP)--a novel gamma-butyrobetaine hydroxylase inhibitor with
cardioprotective properties. Biochem Pharmacol, 1988; 37(2):195-202.

72



Spaniol M, Brooks H, Auer L, Zimmermann A, Solioz M, Stieger B,
Krihenbiihl S. Development and characterization of an animal model of carnitine
deficiency. Eur J Biochem, 2001; 268(6):1876-1887.

Spaniol M, Kaufmann P, Beier K, Wiithrich J, Térok M, Scharnagl H,
Mirz W, Krihenbtihl S. Mechanisms of liver steatosis in rats with systemic
carnitine deficiency due to treatment with trimethylhydraziniumpropionate.
J Lipid Res, 2003; 44(1):144-153.

Strijbis K, Vaz FM, Distel B. Enzymology of the camnitine biosynthesis
pathway. JUBMB Life, 2010; 62(5):357-362.

Tsoko M, Beauseigneur F, Gresti J, Niot I, Demarquoy J, Boichot J, Bezard J,
Rochette L, Clouet P. Enhancement of activities relative to fatty acid oxidation in
the liver of rats depleted of L-camitine by D-carnitine and a gamma-
butyrobetaine hydroxylase inhibitor. Biochem Pharmacol, 1995; 49(10):
1403-1410.

Tzemos N, Lim PO, MacDonald TM: Nebivolol reverses endothelial
dysfunction in essential hypertension: a randomized, double-blind, crossover
study. Circulation, 2001; 104(5):511-514.

van Knegsel AT, van den Brand H, Dijkstra J, Tamminga S, Kemp B. Effect of
dietary energy source on energy balance, production, metabolic disorders and
reproduction in lactating dairy cattle. Reprod Nutr Dev, 2005; 45(6):665-688.

Vilskersts R, Liepinsh E, Mateuszuk L, Grinberga S, Kalvinsh I, Chlopicki S,
Dambrova M. Mildronate, a regulator of energy metabolism, reduces
atherosclerosis in apoE/LDLR-/- mice. Pharmacology, 2009; 83(5):287-293.

Wilcke M, Hultenby K, Alexson SE. Novel peroxisomal populations in
subcellular fractions from rat liver. Implications for peroxisome structure and
biogenesis. J Biol Chem, 1995; 270(12):6949-6958.

Xu JZ, Zhang Y, Wu SN, Niu WQ, Zhu DL, Gao PJ. Impaired endothelial
function in hypertensive patients with target organ damage. J Hum Hypertens,
2009; 23(11):751-757.

Zhu A, Yoneda T, Demura M, Karashima S, Usukura M, Yamagishi M,
Takeda Y. Effect of mineralocorticoid receptor blockade on the renal renin-
angiotensin system in Dahl salt-sensitive hypertensive rats. J Hypertens, 2009;
27(4):800-805.

73





