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Topicality of the problem

Cardiovascular diseases are the leading causeati de Latvia
and European Union. The highest mortality ratesolierved in Central
and East European countries, while the lowest mte£haracteristic for
Western and Northern European countries (Miillerelorn et al.,
2008). Therefore, the investigations of novel tmeatits to improve the
survival and quality of life of cardiovascular patts are of great
importance worldwide.

In order to produce adenosine triphosphate, musells utilize
both glucose and fatty acids as energy substrdtesler normal
conditions the main energy supply for the heagererally provided by
the oxidation of fatty acids. However, under iscieponditions a shift
from fatty acid oxidation to glucose oxidation igpposed to lead to
lower oxygen consumption (Beadle & Frenneaux, 2010arnitine
regulates the intensity of long chain fatty acidiagtion, and plays an
important role in the regulation of glucose andtyfaacid energy
metabolism.

It is well-known, that carnitine facilitates theamisport of fatty
acids into the mitochondrial matrix, so they colld metabolized
throughp-oxidation to obtain energy (Strijbis et al., 201Bhysiological
effects of carnitine in the muscle metabolism weiszovered more than
50 years ago. Nowadays carnitine is widely usedaasutritional
supplement; however pharmacological effects of itam including
cardioprotective activity, are not well describettlsstudied in details.
Experimental evidence suggests that different &ffean be induced
through changing carnitine concentration. While esev carnitine
deficiency leads to conditions similar to musculgstrophy (Georges et
al., 2000), a moderate decrease in heart tissustioar concentration
adapts the cellular metabolism to ischemic stresglitions (Dambrova
et al., 2002). The investigations of the pharmagickl and physiological
consequences of the regulation of carnitine systould provide
evidence for novel treatment possibilities for idal treatment of
cardiovascular diseases.

After summarizing the available theoretical and exkpental
evidence, thehypothesis of the present doctoral thesis was set as
follows: the molecular mechanism of the cardioprtwe effect of
mildronate is based on mildronate-induced decreasecarnitine
concentration and subsequent inhibition of fattig awetabolism.
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Aim of the study

To test the hypothesis that the cardioprotectiiecefcan be

achieved by altering carnitine concentration artiging changes in the
carnitine-related energy metabolism pathways ddiearcell.

Objectives of the study

To study the effects of long-term decrease in tizniconcentration
on heart and liver function and changes in plasn tessue lipid
profile.

To study the effects of changed carnitine concéntraon fatty acid
metabolism related enzymes carnitine palmitoyltffenase | (CPT 1)
and carnitine acetyltransferase (CrAT) activity armglucose
metabolism related pyruvate dehydrogenase comptaivitg in
heart mitochondria.

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

To study the effects of mildronate in an isolatatltreart infarction
model as well as the angioprotective effect of noifchte in aDahl
salt-sensitive rat hypertension model.

Novelty of the study
The differential roles of changed concentrationsafitine and

its biosynthetic precursor gamma-butyrobetaine tloe cardio- and
angioprotective activity of mildronate were studied

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

The long-term decrease in carnitine concentratimudées a dose-
dependent compensatory increase in carnitine pajittiansferase |
activity.

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

Evidence is provided that the cardioprotective @ffef mildronate
depends on decrease in carnitine heart concemtratidile the
angioprotective effect ibahl salt-sensitive rat hypertension model
depends on changes in carnitine and gamma-butgioket
concentrations.



1. Approbation of the study

Doctoral thesis is based on following SCI publicas:
Jaudzems K., Kuka J., Gutsaits A., Zinovjevs K., Kalvinsh 1.,
Liepinsh E., Liepinsh E., Dambrova M. Inhibition ofarnitine
acetyltransferase by mildronate, a regulator of rggnemetabolism.
J Enzyme Inhib Med Cher2009; 24(6):1269-75.
Liepinsh E.,Kuka J., Svalbe B., Vilskersts R., Skapare E., Cirule H.,
Pugovics O., Kalvinsh |., Dambrova M. Effects ohdpterm mildronate
treatment on cardiac and liver functions in r&asic Clin Pharmacol
Toxicol 2009; 105(6):387-94.
Vilskersts R., Liepinsh EKuka J., Cirule H., Veveris M., Kalvinsh I.,
Dambrova M. Myocardial infarct size-limiting andtaarrhythmic effects
of mildronate orotate in the rat hea@ardiovasc Drug Ther 2009;
23(4):281-8.
Vilskersts R.,Kuka J., Svalbe B., Cirule H., Liepinsh E., Grinberga S.,
Kalvinsh ., Dambrova M. Administration of L-carmie and mildronate
improves endothelial function and decreases muytafi hypertensive
Dahl rats. Accepted for publicatiorPlfarmacological Reports2011;
63(3)).
Kuka J., Vilskersts R., Cirule H., Makrecka M., Pugovics ®alvinsh 1.,
Dambrova M., Liepinsh E. Treatment with L-carnitidéminishes the
cardioprotective effect of mildronate in an isothteat heart infarction
model. lesniegts manuskripts Zalminternational Journal of Cardiology.

Non SCI publications:
Kika J. ékapare E., Makrecka M., Medne R., Dambrova M.
Polinepiestinatas taukskbes organisma funkciéBari. Latvijas arsts
2010; 358(3), 54.-58. Ipp.
Dambrova M., Liepins E.Kiika J., Medne R. Karnina 100 gadi. No
atklaSanasidz kiiniskajiem pielietojumiemDoctus,2007; 10, 4.-8. Ipp.

Results are reported in following international fevances:
Kuka J., Vilskersts R., Vavers E., Liepinsh E., Dambrova Bffects of
regulation of L-carnitine concentration in experitta@d heart infarction
model, Frontiers in CardioVascular Biology Berlin, Germany,
July 16-19.2010. Abstracts, S134.
Vilskersts R.,Kuka J., Svalbe B., Liepinsh E., Dambrova M. Protective
effects of L-carnitine and mildronate in salt-inddc hypertension,
Frontiers in CardioVascular BiologyBerlin, Germany, July 16-12010.
Abstracts, S54.
Kuka J., Skapare E., Liepinsh E., Dambrova M. Effects ofdrnitine
availability on carnitine palmitoyltransferase | tigity in vivo,
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MiPsummer School on Mitochondrial Physiology 20I®ruskininkai,
Lithuania, June 10-1&010. Abstracts P2-05, P.9.

Kuka J., Zinovjevs K., Skapare E., Liepinsh E. Charactdiuza of
mildronate as an inhibitor of carnitine acetyltf@nase. FEBS 2009
Congress: Life's Molecular InteractionsPrague, Czech Republic,
July 4-9,2009. Abstracts, P.322.

Vilskersts R.Kuka J., Svalbe B., Liepinsh E., Dambrova M. Mildronate
orotate: its cardioprotective and antiarrhythmifeets and mechanism of
action. FEBS 2009 Congress: Life’'s Molecular Interactior®rague,
Czech Republic, July 4-2009. Abstracts, P.351.

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

Kuka J., Skapare E., Liepinsh E., Dambrova M. Interactioofs
cardioprotective drug mildronate with mitochondriaktarnitine
acyltransferasedyew Frontiers in Cardiovascular Researcl{! Bleeting
of France - New EU Membersf1&ymposium of Jagiellonian Medical
ResearctCentre Krakow, Poland, June 5-7. Abstra@808, P.88.

Results are reported in following local conferences
Vavers E., Kaka J., Karnitina-palmitoiltransfeizes | aktiviites
regukcija, RSU 59. Medimas nozares studentu ziniskz konference
Bazes priekSmetu sekcija, g, Latvija, 17. marts,2010. Tezes,
12.-13.lpp.
Kiika J., Skapare E., Liepd E., Medne R., Dambrova M. Mildrata
ietekme uz karniba aciltransfeizem. RSU 2008. gada zitniski
konferenceRiga, Latvija, 13.-14. mart2008. Tezes, Ipp. 30.

2. Materialsand methods
Male Wistar (Laboratory of Experimental Animals, Riga Stradins

University, Latvia) andahl salt-sensitiveCQharles River Germany) rats
were used. The experimental procedures were caotieéh accordance
with the guidelines of the European Community (88/&EC) and local
laws and policies, and the procedures were appriyedhe Latvian
Animal Protection Ethical Committee of the Food aweterinary
Service.Wistar rats were perorally treated daily with a mildranalbse
of 100, 200 or 400 mg/kg to study the effects afgiderm decrease in
carnitine concentrationWistar rats were perorally treated daily with
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carnitine 100 mg/kg, mildronate or combination of ottb
(100+100 mg/kg) to study the cardioprotective dff&¥istar rats were
perorally treated daily with mildronate 100 mg/kgetic acid 100 mg/kg
or mildronate orotate 200 mg/kg to study the artiighmic effect.Dahl
salt-sensitive rats received carnitine 100 mg/kgjldnonate or
combination of both (100+100 mg/kg) with drinkingter.

2.1. Invitro methods

2.1.1. Deter mination of carnitine, GBB and mildronate in tissues and
blood plasma

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

2.1.2. Biochemical measurements

Free fatty acids, triglycerides, glucose, ketonelié®, LDL-C,
HDL-C, lactate, total bilirubin and activity of ALRy ASAT and ALP
were determined using kits froVakoand Instrumentation Laboratory
according to manufacturers’ instructions.

CrAT activity was determined in both isolat&distar rat heart
mitochondria and using purified pigeon breast meigizyme $igma
USA). Mitochondria were isolated as previously dised (Wilcke et al.,
1995). Assay conditions were DTNB (0.675 mM), HEPE35 mM),
EDTA (2.5 mM), acetyl-coenzyme A (0.1 mM), carndirf{0.0625 to
0.5 mM). Mildronate (1QuM to 1 mM) was used only to characterize
interplay of mildronate and purified CrAin vitro. CPT | activity was
determined in isolated mitochondria and whole liggd heart tissue
homogenates. Assay conditions were DTNB (0.675 mMEPES
(125 mM), EDTA (2.5 mM), palmitoyl-coenzyme A andreesponding
carnitine concentrations. Mitochondrial respiratioras measured as
previously described (Baliutyte et al., 2010). Regtfpn buffer solution
contained 40 pM palmitoyl-coenzyme A, 36 uM palitcarnitine or
5 mM pyruvate/5 mM malate.

2.1.3. Molecular docking to characterize binding of mildronate to
CrAT

Mildronate docking in the active site of CrAT wasrfprmed with
the MOE2007.09 softwar@hemical Computing Group, IndcCanada).



2.2. Exvivo and in vivo methods
2.2.1. Haemodynamic measurementsin vivo

Systolic blood pressure and heart rate were medisui@S rats at
the beginning of the experiment and after 4 and 8eks of
administration of the compounds using a Non-Inved®lood Pressure
Controller MLT125 connected tBDInstrument$?owerLab8/30 system.

2.2.2. Isolated rat heart infar ction model according to Langendor ff

The infarction study was performed as describedviposly
(Liepinsh et al., 2006). The infarct size was chlltad as a percentage of
the risk area. The control values were normalipetid0 %, and all of the
results are expressed as values compared to thrlson

2.2.3. Experimental models of arrhythmiain rats

To examine effect of mildronate on ischemia-repgdo induced
arrhythmia, Wistar rats were anesthetized with sodium pentobarbital
(60 mg/kg i/p). Tracheotomy was performed, and #mémals were
ventilated with ambient air (15 ml/kg, 55 strokesr pninute) using a
rodent ventilator 7025Jgo Basilg. The chest was opened and a sling
(5/0 Surgipro 1) was placed around the left corgnartery. Rats were
allowed to stabilize for 20 min and then the corgratery was occluded
for 10 minutes, followed by 30 min reperfusion. &amine effect of
mildronate on calcium chloride induced arrhythmigfistar rats were
anesthetized with sodium pentobarbital (60 mg/ky. il he left femoral
vein was cannulated for the administration of 10c&cium chloride
solution. Experimental heart rhythm disturbancesrewenduced by
intravenously infusing (0.01 ml/s) 10% calcium cide solution in an
arrhythmogenic dose (180 mg/kg). ECG was recordech fil standard
lead using Chart 5.5 software during calcium chlleradministration and
10 min after discontinuation. The following paraerstwere monitored:
mortality, time to onset of arrhythmias and timentrmal sinus rhythm
and incidence of ventricular tachycardia and fiatibn.

2.2.4. Salt induced hypertension in Dahl rats

Endothelial function was examined in aortic ring$ng an organ
chamber bath as described previously (Baetual., 2008). DS rat heart
anatomy and function was examined using iE33 wtragraph Philips
Ultrasound, Inc). Rats were lightly anesthetized with an intrépeeal
injection of ketamine and xylazine (50 and 10 mgXkgnd M-mode
tracings of the left ventricle were recorded.
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2.2.5. Data analysis

Established statistical methods were used and latiloos were
performed with MS Excel 2003 and GraphPad Prism (&faphPad
Software, Ing. p-value < 0.05 was considered to be significsMdann—
Whitney or Student's t-test, analysis of variarméofved by Tukey's or
Bonferroni test were used to compare effects. S8ahurves for DS rats
were constructed for each group using the KaplareMenethod.
Differences in the incidence of arrhythmias amorgugs were analyzed
by Chi-Square test.

3. Results

3.1. Effectsof mildronate and carnitine treatment on GBB,
mildronate and car nitine concentrationsin plasma and tissues

4, 8 and 12 week treatment with 100 (M 100), 200200) and
400 mgkg (M 400) of mildronate induced dose-dependiecrease in
the carnitine concentration Wistar rat blood plasma. After 4 weeks of
treatment with mildronate significant decreases3gf5- and 13-fold,
respectively, in the carnitine concentrations werdeserved. Time-
dependent decrease in carnitine concentration wasreed only in the
rats treated at the 400 mgkg dose, reaching aedserof 35-fold at the
end of the 12-week treatment (Figure 1A). Mildrenaeatment induced
up to a 14-fold increase in the GBB concentratiomt, this effect was
dose and time independent (Figure 1B).

A 8IOContrOID M 1000M 200m M 400 B m Controlo M 1000 M 200m M 400

15 4
*
260- 10 4 * ¥ % * %
5 % - .
540- gg *
c * * 5 -
520 =", * « ©
* *
0 4

4 weeks 8 weeks 12 weel 4 weeks 8 weeks 12 weeks

Figure 1. Effect of long-term mildronate treatment on changes
carnitine (A) and GBB (B) concentrations in Wistat blood plasma.
Values are represented as average + SEM of 8—1falsi * - p<0.05,
vs. control group (Tukey's test).
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Long-term mildronate treatment induced a dose-dépan
decrease in the carnitine concentratiolMistar rat heart and liver tissue.
Time-dependent decrease in carnitine concentratamobserved only in
the rats treated at the 200 mg/kg dose (Figure 2).

A mContro 0M1000M 200 mM 400 g m Contro OM 1000 M 200m M 400

o 2
2 =
2 800 =
£ - R R £
qC; 400 - * . T, T, .GEJ—
= * =
2 c
8 8

4 weeks 8 weeks 12 weel 4 weeks 8 weeks 12 weeks

Figure 2. Effect of long-term mildronate treatment on changes
carnitine concentration in Wistar rat heart (A) ariver (B) tissue.
Values are represented as average + SEM of 8—1fhalsi * - p<0.05,
vs. control group (Tukey's test).

GBB concentration increased up to 10-fold in heftssue
(Figure 3A), and up to 66-fold in liver tissue (kig 3B), however none
of these changes were dose or time-dependent.

AN ControloM 1000 M 200 m M 40( B = ControdoM 1000 M 200m M 400

300 4 * 500 - *

B 5 400 -
< 200 - 2
o © 300
g °
£ 100/ £ 200
% cf 100

0 - O o/

4 weeks 8 weeks 12 wee 4 weeks 8 weeks 12 weeks

Figure 3. Effect of long-term mildronate treatment on change&BB
concentration in Wistar rat heart (A) and liver (Bysue. Values are
represented as average + SEM of 8-10 animals. £0.@5, vs. control
group (Tukey's test).

Effects of 14-day treatment with carnitine (100 kgg/C 100),
mildronate (100 mg/kg; M 100) or both (100+100 ngg/KC+M) on
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carnitine and GBB concentrations \iistar rat blood plasma are shown
in figure 4. Treatment with carnitine induced angfigant increase in its
blood plasma concentration by 24 % as comparedntral; mildronate
treatment induced a 3-fold decrease in carnitimeentration. Treatment
with a combination of both substances decreasetticer concentration
by 18 % (Figure 4A). Treatment with carnitine inddconly a slight
2-fold increase in GBB concentration, whereas imeat with mildronate
or the combination of both substances increased G&®entration by
up to 10- and 20-fold, respectively (Figure 4B).

A 100 - * B 60
*
80
* 40 -
2604 s
g 40 ; i
‘E‘ * g 20 4
8 204 . .
04 : : : o+ = 0 : .
Control C 100 M 100 C+M Control C 100 M 100 C+M

Figure 4. Effects of 14-day treatment with carnitine, mildata or both
on carnitine (A) and GBB (B) concentrations in \Aligtat blood plasma.
Values are represented as average + SEM of 10 deima p<0.05, vs.
control group (Student's t-test).

As in blood plasma, treatment with carnitine insegh its heart
tissue concentration (by 31 %). After treatmenthwibildronate, the
carnitine concentration in heart tissue was deexkay 69 %. Treatment
with carnitine and mildronate combination had ngniicant impact of
carnitine concentration in heart tissue as compated control
(Figure 5A). Similar to the findings in blood plaamtreatment with
carnitine induced only a slight 2-fold increaseGBB concentration in
heart tissue, whereas treatment with mildronatéher combination of
both substances increased the GBB concentratioheart tissue by
5- and 7-fold, respectively.
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A 1000+ * B 300-
*
5 800 £ 2504
£ € 200 :
= |
2 600 >
S S 1501
4001

= « € 100+ .
£ 200 - i 50 4
: N
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Control C 100 M 100 C+M Control C 100 M 100 C+M

Figure 5. Effects of 14-day treatment with carnitine, mildate or both
on carnitine (A) and GBB (B) concentrations in \Alistat heart tissue.
Values are represented as average + SEM of 10 deima p<0.05, vs.
control group (Student's t-test).

3.2. Effectsof changesin carnitine concentration on enzyme activity
and biochemical measuresin blood plasma and tissues
3.2.1. Effect on CPT | activity

The effect of mildronate treatment on CPT | acfivit Wistar rat
heart tissues is shown in figure 6.

m ControloM 1000 M 200m M 400
1,2 - *

1,01 *
0,8 1 * x X

0,6
0,4 -
0,2 -
0,0 -

CPT | activity, mU/mg heart

4 weeks 8 weeks 12 weeks

Figure 6. Effect of long-term mildronate treatment on Wistar heart
CPT | activity. Values are represented as averageEM of 6 animals.
* - p<0.05, vs. control group (Tukey's test).

CPT | activity was determined in tissue homogenatsr 4, 8
and 12 weeks of treatment with 100, 200 and 400kg@f mildronate.
In heart tissue homogenates after 4 weeks mildeainaatment, the basal
CPT 1 activity was significantly increased by up2t % in all of the
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mildronate treated groups, whereas after 8 andeeksvof treatment, the
CPT | activity was significantly increased by 25 &wnd 35 %,
respectively, only in the rats treated with a 40@kag dose of mildronate.
In liver tissue homogenates, no significant changethe basal CPT |
activity were observed.

3.2.2. Effect on mitochondrial respiration

Mitochondrial respiration was measured in isolaWstar rat
heart mitochondria after 14 day treatment with item@ (100 mg/kg),
mildronate (100 mg/kg) or both (100+100 mg/kg), ngsipalmitoyl-
coenzyme A, palmitoyl-carnitine and pyruvate/malate a substrates.
Mitochondrial respiration results are shown in ¢altl Treatment with
mildronate decreased the mitochondrial respiratiom palmitoyl-
coenzyme A, but did not have any statistically gigant impact on
mitochondrial respiration on pyruvate/malate or nm&dyl-carnitine.
Treatment with combination of mildronate and caneit increased
mitochondrial respiration on palmitoyl-carnitinedapyruvate/malate.

Tablel
Effects of 14-day treatment with carnitine, mildade or both on isolated
Wistarrat heart mitochondria respiration on differen¢myy substrates

Control C 100 M 100 C+M
O, consumption, nmol/min/mg protein

Substrate

40 uM palmitoyl-coenzyme A 36.9+3.8 41.0+4.9 26.8*0 36.8+1.4
36 UM palmitoyl-carnitine 16.4+1.2 21.4+2.8 19.230. 21.3+1.2*
5 mM pyruvate/5 mM malate 41.342.7 44.7+6.0 42.6+4.52.4+2.4*

Values are represented as average + SEM of 6 asintal p<0.05, vs.
control group (Student's t-test).
3.2.3. Effect on liver functionality markers

Effects of long-term (4-12 weeks) decrease in tiaeni
concentration induced by treatment with 100, 208 400 mg’ kg of
mildronate on the levels &Wistarrat liver function markers are shown in
table 2.
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Table?2
The effect of decreased carnitine concentratioliven function markers
in Wistarrat blood plasma

Control M 100 M 200 M 400

4 weeks
ASAT, U/l 49.0+3.8 46.5+6.2 48.2+5.8 43.1+4.4
ALAT, U/l 20.6+1.6 19.5+0.6 19.4+1.7 19.9+1.0
ALP, U/I 33.5£3.2 29.8+3.2 34.0£2.9 35.743.1
Total bilirubine, mg/dI 0.39+0.17 0.27+0.09 0.178®. 0.29+0.05
8 weeks
ASAT, U/l 39.74£3.2 38.2+3.9 41.745.1 37.3+3.3
ALAT, U/l 17.2+2.1 17.1+1.8 18.3+1.5 17.2+1.1
ALP, U/l 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 0.3030. 0.30+0.03
12 weeks
ASAT, U/l 39.9+1.0 42.5+1.8 36.612.1 44.4+1.1*
ALAT, U/l 15.8+1.1 17.8+1.4 15.8+0.9 19.0+1.8
ALP, U/l 18.8+0.5 20.2+1.2 21.6+1.6  23.0+1.9*

Total bilirubine, mg/dI 0.23+0.04 0.20+0.03 0.243P. 0.19+0.02

Values are represented as average + SEM of 8-1fhaisi * - p<0.05,
vs. control group (Tukey's test).

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

3.2.4. Effect on lipid profilein liver tissue

Effects of long-term decrease in carnitine con@in on
triglyceride and fatty acid concentrationsWistar rat liver tissues are
shown in figure 7. The triglyceride concentratiorthe livers of fed rats
that received the 400 mgkg dose of mildronate wamificantly
increased after 4, 8 and 12 weeks of treatmentlb$220 % and 12 %,
respectively (Figure 7A). The fatty acid concerntnatin the liver was
significantly increased by 24 % and 14 % only afi&x weeks of
treatment with 200 and 400 mgkg of mildronate, peesively
(Figure 7B).
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A mControoM1000M 200m M 400 m ControO M 100@M 200m M 400
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Figure 7. Effects of long-term mildronate treatment on tyigdride and
fatty acid concentrations in Wistar rat liver tigsu Values are
represented as average + SEM of 8-10 animals. ¥0.95, vs. control
group (Tukey's test).

3.3. Characterization of mildronate bindingto CrAT

Binding of mildronate to CrAT was determinéul vitro using
purified enzyme Columba sp. Mildronate inhibits CrAT in a
competitive manner (Figure 8); however it is weakilbitor with a
K; value of 5.2 £ 0.6 mM (Figure 9).

B 120 - Carnitine 0.25 mM

m Carnitine 0.5 m
1004 4 carnitine 1 m

A 65 m Control
5 ] & Mildronate 0.3 mM
| A Mildronate 1 mM

=
£ 80 -

S 60
S 60
= 40 4
N

= 204

-4 0 4 8 12 I 0 2 4 6 8 10 12 14
1/[Carnitine] mM! Vo/Vi

1/V, min/nmol
w

Figure 9. Lineweaver—Burk (A) and Henderson (B) plots to eltarize
binding of mildronate to CrAT. Points represent @ge + SEM of
3 measures. total concentration of inhibitor; Mcontrol velocity;
V;-velocity in presence of inhibitor.
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+ Carnitine 0.25 mM
= Carnitine 0.5 mM
+ Carnitine 1 mM

A

0.0 T T
2 3 4 5

log[mildronate (M)]

Figure 9. Dose—response curves for the inhibition of CrAThlgronate
at carnitine concentrations 0.25, 0.5, and 1 mM.inBo represent
average + SEM of 3 measures.

For detailed characterization of the mildronateenale on CrAT,
molecular docking was used. Docking results (Figl@g@ showed the
conformation, where the trimethylammonium grouptloé mildronate
was exposed to the solvent. However, the carbaxglaCH, groups of
mildronate and carnitine were bound to CrAT verynikrly. The
catalytic His343 is hydrogen-bonded to the NH graafpmildronate,
instead of the OH moiety in carnitine. This cauddterences in binding
of both ligands. The trimethylammonium group of dninate was
situated in a channel approximately 4 A away fréva protein surface
and was exposed to the solvent, whereas the tryfiaetimonium 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 areveh in green and
mildronate carbons are shown in light gray. All hygen atoms, except
those involved in hydrogen bonds, are omitted. Hgdn bonds are
shown as white dashed lines. Produced with MOE 2807

14-day treatment with carnitine (100 mg/kg; C 10@jldronate
(100 mg/kg; M 100) or both (100+100 mg/kg) did raffect CrAT
activity in heart mitochondrian vivo.

3.4. Effect of changesin carnitine concentration on infarct size

Effects of 14-day treatment with carnitine (100 kgg/
mildronate (100 mg/kg) or both (100+100 mg/kg) ofaict size and
carnitine concentrations in thé/istar rat heart tissues are shown in
figure 11. Mildronate decreased carnitine conceioimain heart tissue
and reduced infarct size by 34 % compared to cbgimup. Carnitine
treatment reduced infarct size by 28 %, but thifeatf was not
statistically significant. Mildronate and carnitim®mbination had no
significant impact on infarct size or carnitine centration.
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Figure 11. Effects of 14-day treatment with carnitine, mildate or both
on carnitine concentration and infarct size in \distat heart tissue.
Values are represented as average + SEM of 10 dsin#g* - p<0.05,
vs. control group (Student's t-test).

Effects of changes in carnitine concentration (FegbA) induced
by 14-day treatment with carnitine, mildronate otthon CPT | activity
in mitochondria isolated froriVistar rat hearts are shown in figure 12.
Treatment with mildronate decreased CPT | actibity26 %.

1hl

Control Cc 100 M 100 C+M
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CPT | activity, mU/mg prot.

Figure 12. Effects of treatment with carnitine, mildronate looth on
CPT | activity in the presence of carnitine concatibns found in the
heart tissue after the treatment (700! for control, 900uM for C 100,
200uM for M 100 and 60@M for C+M group). Values are represented
as average + SEM of 5 animals. * - p<0.05, vs. congroup (Student's
t-test).
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3.5. Effectsof changesin carnitine concentrations on Wistar rat
haemodynamic measur ements
Decrease in carnitine concentration after treatmavith
mildronate (100, 200 and 400 mgkg) for 4, 8 andwleeks did not
induce any changes in isolated heart parametemt(inate, coronary
flow, LVDP, left ventricle contractility and relatian, cardiac work).

3.6. Anti-arrhythmic effects of mildronate and mildronate or otate
3.6.1. Effects on ischemia-reperfusion induced arrhythmia

Effects of mildronate (100 mg/kg) and mildronateotate

(200 mg/kg) on time to onset of arrhythmias durdeglusion and time to
onset of normal sinus rhythm during reperfusionsirewn in figure 13.
In all the experimental groups the first arrhythn@pisodes started
approximately 320 s after the start of coronargrgrbcclusion, however
both drugs significantly reduced the time elapsealr o onset of normal
sinus rhythm during reperfusion (17536 s in thatoa group, 73+21 s
in the mildronate group and 6048 s in the mildrenatotate group).

W Time to onset of arrhythmias during occlusion

O Time to normal sinus rhythm during reperfusion

400

320
240
160 -
80 -
0 -

Time, seconds

Control M 100 MO 200

Figure 13. Effects of 14-day treatment with mildronate anddronhate
orotate on time to onset of arrhythmias during as@n and time to
normal sinus rhythm during reperfusion in ischemggerfusion induced
experimental arrhythmia model in Wistar rats. Valage represented as
average = SEM of at least 6 rats. * - p<0.05, ventrol group (Tukey's
test).

Treatment with mildronate and mildronate orotatd ha effect
on ventricular tachycardia during occlusion and eréygsion, but
protected rat hearts against ventricular fibridatduring occlusion (only
mildronate orotate) and reperfusion (both druggufe 14).
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Figure 14. Effects of 14-day treatment with mildronate anddronhate
orotate on incidence of ventricular fibrillation dog occlusion and
reperfusion in Wistar rats. * - p<0.05 vs. contrgtoup (Chi-Square
test).

Mildronate and mildronate orotate significantly ceased the
cumulative duration of fibrillation during reperfoa (3814 s in the
control group, 3+2 s in the mildronate group an® &tin mildronate
orotate group), but had no significant effect ohrifiation duration
during occlusion (Figure 15).
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Figure 15. Effects of 14-day treatment with mildronate anddronhate
orotate on duration of fibrillation during occlusioand reperfusion in
Wistar rats. Values are represented as average M S at least 6 rats.
* - p<0.05, vs. control group (Tukey's test).

3.6.2. Effect on calcium chlorideinduced arrhythmia

Treatment with mildronate and mildronate orotatd ha effect
on time to the onset of arrhythmias after infus@fncalcium chloride
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(2614 and 25+4 s, respectively as compared to 344 the control
group) and on times to normal sinus rhythm (119#2@ 97+12 s,
respectively as compared to 159+39 s in the comrolp). Mildronate
and mildronate orotate treatment decreased theence of ventricular
tachycardia induced by calcium chloridéifistarrats (Figure 16).
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Figure 16. Effects of 14-day treatment with mildronate anddronhate
orotate on the incidence of ventricular tachycardia Wistar rats.
* - p<0.05, vs. control group (Chi-Square test).

3.7. Effectsof treatment with mildronate and car nitine on
hypertension in Dahl salt-sensitive rats

3.7.1. Effects on carnitine and GBB concentration in blood plasma

Effects of 14-week treatment with carnitine (100 /kgg,
mildronate (100 mg/kg) or both (100+100 mg/kg) @nnitine and GBB
concentrations inDahl rat blood plasma are shown in table 3.
Consumption of diet with high salt (PS, 8 % NaQpd decreased
concentration of carnitine nearly 2-fold compareithwthat of rats
consuming diet with normal salt (NS, 0.3 % NaCBdo Administration
of carnitine (PS/C 100) or combination (PS/C+M)ndfigantly increased
the concentration of carnitine in the plasma, thé treatment with
mildronate (PS/M 100) decreased it as comparedSacéhtrol group
animals. Consumption of high or normal salt load dot affect GBB
concentration, but administration of mildronate,rnittne or their
combination significantly increased the concentratof GBB in blood
plasma samples 6-, 1.5- and 12-fold.
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Table3
Effects of treatment with mildronate, carnitine ahéir combination on

carnitine and GBB concentrationsDahl rat blood plasma
High salt diet (PS)

NS group

Control M 100 C 100 C+M
Carnitine,uM 5546 23+3 5+1 56+4" 36477
GBB, uM 1.5+0.7 1.5¢0.f 8.6+1.0 2.2+0.4* 18.1+3.4%

Values are represented as average + SEM of 3-1Malsi * p<0.05, vs.
PS Control; # p<0.05, vs. HS/M 100 group.

3.7.2. Effect on survival rate

Effects of long-term treatment with mildronate (108g/kg),
carnitine (100 mg/kg) and their combination (1008-10g/kg) onDahl
rat survival rate are shown in figure 17.

< 100 ‘
& ——NS llﬁ
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E ——PS/M 100 .
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A ——PS/C+M
G T T T 1
0 14 28 42 56

Time, Days

Figure 17. Kaplan—Meier plots of the survival rate of DS rdesl a
normal-salt diet or a high salt diet and treatedher with vehicle,
carnitine, mildronate or their combination. *, p<@b, vs. PS Control;
** p<0.01, vs. PS Control.

Kaplan—Meier analysis revealed that the survivid td PS group
rats was markedly reduced compared with that omats from the
NS group In the PS group after 8 weeks of treatmiet survival rate
was 30 % (3 of 10 animals), while there were nddkttases in the
NS group. Administration of a combination of caimét and mildronate
significantly increased the survival rate compargith the PS group, and
after 8 weeks of treatment, the PS/C+M group satviate was 80 %
(8 of 10 animals). The obtained data showed tharethwas no
statistically significant increase in survival ratethe PS/C 100 (80 %,
8 of 10 animals) and PS/M 100 (80 %, 8 of 10 ané)ngtoups compared
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with the PS control group although the number afnaifs that survived
was similar as in PS/C+M group.

3.7.3. Effects on systolic blood pressure and heart rate

At the beginning of the experiment in all of theperxmental
groups the average systolic blood pressure wastabdbd mmHg.
Treatment with mildronate (100 mg/kg), carnitin®@Img/kg) and their
combination (100+100 mg/kg) did not influence thgstelic blood
pressure, which had increased to above 170 mmHglithe groups,
reaching as high as 195 mmHg (Figure 18).
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Figure 18. Effects of 8-week treatment with mildronate, ciémei and
their combination on systolic blood pressure in Dadits. Values are
represented as average + SEM of 3-10 animals. *#0®01, vs.
PS Control (Mann-Witney test).

No differences were among the heart rate of aniwiddl of the
experimental groups before switching to the high da&ét or on the
fourth week of the treatment. However, on the dighteek of the
experiment, the mean heart rate in the PS contm@upy was
510£10 bpm, but in the NS group and after admiaitn of mildronate
(PS/M 100) and a combination of mildronate and itiaen (PS/C+M)
heart rate was lower by 16, 12 and 10 %, respdgt{f/gure 19).
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Figure 19. Effects of 8-week treatment with mildronate, cémei and
their combination on heart rate in Dahl rats. Vatuare represented as
average + SEM of 3-10 animals. **, p<0.001, vs. F3ntrol;
*** n<0.001, vs. PS Control (Mann-Witney test).

3.7.4. Effects on endothelial function

Endothelium-dependent relaxation to acetylcholimethie aortic
rings of PS group animals was significantly impdicempared with NS
group animals. Treatment with a combination of naitthte and carnitine
improved endothelium-dependent relaxation, but roildte or carnitine
alone had no impact on acetylcholine-induced relamgFigure 20).
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Figure 20. Effects of 8-week treatment with mildronate, cémei and
their combination on endothelial function in Dahdts. Values are
represented as average + SEM of 3-10 animals. *#0®01, vs.
PS Control (Mann-Witney test).
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4. Discussion

The present work describes the effects of changesainitine
concentration on functionality of cardiovasculasteyn under normoxic
and ischemic conditions. Treatment with carnitimel anildronate were
used to induce changes in carnitine concentrafitwe. cardioprotective
effects of altered carnitine concentration durisghemia, development
of hypertension and changes in carnitine-dependeatyme activities
were characterized.

4.1. Effects of decreased car nitine concentration on heart function
and blood plasma and tissue biochemical parameters

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

Mildronate is known to decrease carnitine concéiotnathrough
inhibition of biosynthesis of carnitine (Simkhoviet al., 1988) and its
reabsorption in the kidneys (Spaniol et al., 200A% a result of
biosynthesis inhibition, mildronate treatment isowm to elevate GBB
concentrations in blood plasma and tissues (Liép@tsal., 2006). The
present study confirms that 4-12 week treatmenth witildronate
(100, 200 and 400 mg/kg) induces a significant elee in the carnitine
concentration simultaneously with increase in GB@haentration in
blood plasma (Figure 1) and heart (Figure 2A and 3Aad liver
(Figure 2B and 3B) tissues. Unlike GBB, changes carnitine
concentration were mildronate dose-dependent. Thiggests that
mildronate doses equally inhibit GBBH, but the ddependent decrease
in carnitine concentration is most likely due t@msed reabsorption of
carnitine in the kidneys, because of increasingitibn of OCTN2.

Some controversy is present in literature regardifigcts of
mildronate induced decrease in carnitine conceatran liver functions.
It has been suggested that decrease in carnitimgentration induced by
6-week treatment with mildronate (200 mgkg) mayvedep liver
steatosis (Spaniol et al, 2003). However, it waswshthat steatosis is
transient in fasted rats and disappears upon reigg@egrace et al.,
2007). In the present study, to examine effectsg-term (4-12 weeks)
mildronate (100, 200 and 400 mg/kg) treatment iedudecrease in
carnitine concentration on liver functions, we penied a histological
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examination of liver cryosections, measured livéglyceride and fatty
acid contents, as well as assayed for liver damaay&ers and measured
lipid profile in the blood plasma. In liver cryosiemns we did not find
any signs of fat accumulation, while a statistigalignificant increase in
the triglyceride concentration by 10-20 % was oolyserved after
treatment with a 400 mgkg dose of mildronate (FegwA). A
statistically significant increase (of 15 %) in tHwer fatty acid
concentration was observed only after 12 weeks m@atient
(Figure 7B).

Decrease in carnitine concentration had no sigaficeffect on
blood plasma lipid profile; the only changes thatld indicate about
decreased fatty aci@-oxidation were observed after treatment with
400 mgkg dose of mildronate and more pronouncedetlthanges were
in fasted rats. Thus, decreasefifhydroxybutyrate concentration that
could indicate about decreased fatty acid and &s@@ glucose
metabolism (van Knegsel et al, 2005), we observed after 12 weeks
of treatment with a 400 mgkg dose of mildronate.

Diverse effects of decreased carnitine concentrabo liver
function observed after treatment with mildronaéght be related to the
origin of 3-(2,2,2-trimethyl-hydrazinium)-propiomatused for studies.
Spaniol et al (Spaniol et al., 2003) have used custom prepared
3-(2,2,2-trimethyl-hydrazinium)-propionate, that ynahave been
contaminated with several highly hepatotoxic impes, such as
1,1,1-trimethylhydrazinium salts and hydrolysis quots of the fully
substituted hydrazinium derivative (Hmelnickis dt, £2008). In our
studies and study byegrace et al (Degrace et al., 2007), only
commercial 3-(2,2,2-trimethyl-hydrazinium)-propi¢@aor mildronate
from the original manufacturer JSC Grindeks wasduaad no toxic
effects have ever been observed.

CPT | converts carnitine to form acyl-carnitine tthean be
transported in mitochondria. Therefore, it was in@ot to determine
how decrease in carnitine concentration affect CR@tivity. Previously
it was shown that decrease in carnitine concentratfter treatment with
mildronate induces an increase in CPT | mRNA anatgin levels in
both heart and liver tissues (Degrace et al., 20®grace et al., 2007;
Liepinsh et al., 2008). After treatment with mildede CPT | activity
was increased in heart and liver tissues whenigctivvasurements were
performed in isolated mitochondria in the presentdixed carnitine
concentrations. Decrease in carnitine tissue cdrat@n does not affect
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the sensitivity of CPT | to malonyl-coenzyme A ibition (Tsoko et al.,
1995; Degrace et al., 2004; Degrace et al., 2007).

We determined CPT | activity in the presence ofnitare
concentrations that are found in tissues (i.e.itaenconcentrations were
not equalized as in previous studies). CPT | dgtiwias increased after
long-term (4-12 weeks) treatment with mildronatetlie heart tissue
(Figure 6), but not in liver tissues. After 2 wedleatment with
mildronate CPT | activity in heart tissue was siigaintly reduced for
26 % as compared to the control (Figure 12), butf CBependent fatty
acid B-oxidation was significantly reduced for 27 % (Tabll).
Previously, it was shown that treatment with miltate at a doses of
200 mg/kg (21 days, mice) and 800 mg/kg (10 dagts)rinduces a
compensatory increase in CPT | mRNA expression (@zget al., 2004;
Liepinsh et al., 2008). In this study we did nosetve any significant
changes in CPT | mRNA expression.

The obtained results indicate that changes in CPactivity,
protein and mMRNA expression after treatment witldronate depend on
decrease itself and duration of decrease in caenitbncentration. This
could be explained by observation that differeasues have different
isoforms of CPT I, which are differentially sengdito carnitine. For
example, the rat isoforms of CPT | in the liver {CR) and muscle
(CPT IB) have a K for carnitine that is 30 and 5Q0M, respectively. In
the heart, both CPT | isoforms, CPT IA and CPTdR; present and as a
result, the average Kfor carnitine in the heart is about 2GM (Brown
et al, 1995). Therefore, carnitine concentraticiosind in heart
(0.6-3 mM, depending on species) and liver tiss@e-3 mM,
depending on species) in normal conditions are ntea®m enough to
facilitate the transport of fatty acid in mitocheizdd We can conclude
that only marked or long-term decrease in carnito@ncentration
induces a compensatory increase in CPT | protainnaRNA expression
as well as an increase in CPT | enzyme activitygart and liver tissues.

It was shown that marked decrease in carnitine exunation
induces hypoglycemia or facilitates glucose oxmaiin rats (Broderick,
2006), while moderate decrease in carnitine comagon after treatment
with mildronate (200 mg/kg) facilitates glucose al and increases
glucose metabolism-related gene expression in rfigepinsh et al.,
2008). Decrease in carnitine concentration eveasr dfteatment with
mildronate at a dose of 400 mg/kg did not affeatgke concentration in
the fed and fasteWistarrat blood. This result suggests that the effect of
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decrease in carnitine concentration on glucose boésm strongly
depends on substrate availability and energy remeénts. Thus, in cases
of partially decreased fatty aci@-oxidation, changes in glucose
metabolism could play a compensatory role. It sthdad noted that it is
more important to facilitate glucose metabolism imyr ischemia-
reperfusion rather than under normoxic conditiomsoider to achieve
cardioprotection.

Previous studies have shown that mildronate indhil@rAT
activity to some extent; it was suggested thatitibition of CrAT by
mildronate and increase in acetyl-coenzyme A comagon might be an
important pharmacological mechanism for maintenarafe intra-
mitochondrial metabolic pathways. However, recefmdihgs of
facilitation of glucose metabolism after treatmenith mildronate
(Liepinsh et al., 2008) contradict previous findindpecause increase in
acetyl-coenzyme A levels would decrease PDH agtiVib give insights
into the CrAT binding of mildronate we performedperiments with
purified enzymaen vitro and we also measured the activity of the enzyme
ex vivoin isolated mitochondria after treatment with rmildate for
2 weeks. Biochemical measurements confirmed thigiramate is a weak
inhibitor of CrAT as the Kvalue in the presence of carnitine was 5.2 £
0.6 mM (Figure 8 and 9). Molecular docking suggedteat mildronate
competes with carnitine for binding in the activige sof CrAT. The
bound conformation of mildronate closely resemblest of carnitine
except for the orientation of the trimethylammonigroup, which in the
mildronate molecule is exposed to the solvent (f6gl0). This might
explain why binding of mildronate to CrAT declines much in the
presence of carnitine. Although it has been suggettat the active sites
of all acyltransferazes are similar (Jogl et a0Q4), it was demonstrated
that mildronate does not inhibit CPT | (Tsoko ef &995); this indirectly
suggests that mildronate and carnitine bind diffdyeto the catalytic
sites of these enzymes.

To give additional insights about effects of mildate on CrAT,
we determined the activity of enzyme in isolatédstar rat heart
mitochondria after treatment with mildronate at @sel of 100 mg/kg.
Although carnitine concentration is decreased itosy, it was shown
that treatment with mildronate increases carnitioacentration in heart
mitochondria (Degrace et al., 2004). Activity measnents of CrATex
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vivo confirmedin vivo data, because no changes in enzyme activity as
compared to the control group were observed. Thesdts suggest that
neither mildronate, nor changes in carnitine cotre¢ion do affect
CrAT activity directly under normal conditionia vivo. However, the
changes in carnitine concentration might play apartant role in the
regulation of CrAT activity during ischemia-repesion. Thus, increase

in the mitochondrial carnitine concentration andrdase in long-chain
acyl-coenzyme A concentrations could increase Crddfivity and
facilitate glucose metabolism.

Altogether present findings indicate that the daseel carnitine
concentration after treatment with mildronate inekichanges in energy
metabolism-related enzyme activity that lays graundfor
cardioprotective effects under ischemic conditions.

4.2. Effect of changesin carnitine concentration on infarct size

Both increase and decrease in carnitine concemtratie known
to reduce ischemia induced cardiac cell injury.afment with carnitine
decreased the myocardial infarct size after permtaoeclusion of the
left coronary artery by ligation (Mouhieddine & deiris, 1993), but it
did not influence the infarct size after ischenmgaerfusion injury (Briet
et al.,, 2008). Decrease in carnitine concentratifier treatment with
mildronate was shown to be cardioprotective (Damwdret al., 2002;
Liepinsh et al., 2006). Previously it was shownt tie cardioprotective
effect of mildronate correlates with the increasearnitine biosynthesis
precursor GBB concentration (Liepinsh et al., 2006)

This study evaluated the anti-infarction effects rofidronate
(100 mg/kg), carnitine (100 mg/kg) and, in partisyla combination of
both substances (100+100 mg/kg) in an isolatedhestrt ischemia-
reperfusion injury model; the cardioprotective effewere analyzed with
respect to the observed changes in carnitine arigtydarly GBB levels
in blood plasma and heatrt tissue.

14-day treatment with mildronate resulted in a redrllecrease in
carnitine concentration in heart tissues by 69 %wvel as a significant
decrease in infarct size by 34 %. Treatment witHdmnate plus
carnitine diminished both the mildronate-inducedrdase in carnitine
tissue concentration and the cardioprotective effet mildronate.
Treatment with carnitine alone increased its hésstie concentration by
28 %, but the decrease in the infarct size wasigatficant (Figure 11).
No significant differences were observed in the nhadynamic
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parameters during ischemia-reperfusion in any ef tteatment groups
when compared to the control group, indicating thatobserved effects
of mildronate and carnitine on infarct size are raated to changes in
cardiac workload.

Treatment with carnitine or mildronate alone or hwithe
combination of mildronate and carnitine induced iacrease in GBB
blood plasma (Figure 4B) and heart tissue (FiguB¢ &oncentrations.
The highest GBB concentration was observed in thenbination
treatment group; however, the combination treatnoéshinot reduce the
infarct size (Figure 11).

Obtained results confirm that the mildronate-indlideng-term
decrease in carnitine concentration, as opposeaghtmcrease in GBB
concentration, in heart tissue is a key mechanisattion leading to the
cardioprotective effects of mildronate. Decrease @garnitine
concentration not only leads to inhibited CPT | eegant fatty acid
metabolism, but it also compensatory facilitatascgbe metabolism by
increasing glucose metabolism related gene expmesand enzyme
activity (Broderick, 2006; Liepinsh et al., 2008).

4.3. Effects of changesin car nitine concentration on the development
of hypertension

Hypertension is a well established risk factor fayocardial
infarction and the development of endothelial dgsfion (Hirooka et
al., 2008) and atherosclerosis (Biswas et al., pG@8anwhile treatment
with carnitine has a certain impact on the develepihof hypertension-
related complications (de Sotomayor et al., 20(Mjldronate also
possess anti-atherosclerotic and angioprotectifeetsf (Vilskersts et al.,
2009). The aim of the present study was to invastigvhether the
administration of carnitine, mildronate or theimagination for 8 weeks
is protective against hypertension-induced comptica in Dahl salt-
sensitive (DS) rats.

DS rats fed with a high salt diet (PS, 8 % NaClyaleped
marked hypertension already after 4 weeks of treatn{Figure 18).
After 8 weeks of treatment elevated systolic blgodssure lead to the
development of cardiac hypertrophy, but we did mditserve the
development of heart failure. Thus, in our studg imvestigated the
effects of the test compounds on hypertension-iedwomplications.

Experimental animals from PS group had decreasesma
concentration of carnitine compared with NS grooprals (Table 3).
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Differences between both groups could be resuliroincreased renal
loss of carnitine due to development of renal iegi(Zhu et al., 2009).
Treatment with carnitine (PS/C 100) completely oest, while
combination treatment (PS/C+M) partially restoredbod plasma
concentration of carnitine (Table 3). Treatment hwimildronate
significantly decreased carnitine concentration, itsevas possible to
study effects of different carnitine availabilityn dhe development of
hypertension-induced complications. Similarly téeefs in Wistar rats,
test compounds increased GBB concentration als®$ rat blood
plasma (Table 3), especially in the combinatioattrent group.

Mortality in the PS control group was significantigcreased
compared to the NS group and administration of ebioation of
carnitine and mildronate significantly decreasedrtality by 80 %
(Figure 17). Because there were no differences dmtwthe functional
parameters of the heart and lung to body weighied between groups,
the possible cause of death could be the left iedir hypertrophy, a
recognized risk factor for myocardial infarctiondatethal ventricular
arrhythmias (Messerli, 1999).

Our results obtained ikVistar rat model suggest that mildronate
possess an anti-arrhythmic effect which is preskrste a decreased
incidence of different types of arrhythmias (Fig#eand 16), decreased
time elapsed prior to onset of normal sinus rhy{Rigure 13), decreased
duration of arrhythmias (Figure 15). It was hypaibed that increase in
acyl-carnitines could provoke arrhythmias (Bonndt a., 1999),
therefore the anti-arrhythmic effect of mildronateuld be related to
decrease in CPT | activity (Figure 12) induced legréased carnitine
concentration in heart tissue (Figure 5A). As aultesalso the
concentration of acyl-carnitine should be decreasedildronate treated
heart tissues. In addition, some anti-arrhythmfea$ of carnitine have
been described (Najafi et al., 2008). Thus, theeased survival of DS
rats after treatment with a combination of mildrenand carnitine could
be result of both mechanisms (Figure 17).

It has been shown that resting heart rate is arp@ddent
predictor of cardiovascular morbidity and mortalityrespective of the
presence of co-morbidities (Palatini, 2008). Owults are in agreement
with this observation, because after 8 week treatrttee highest heart
rate was found in PS group animals (Figure 19na@bwith the highest
mortality (Figure 17) compared to NS group animadleatment with a
combination of mildronate and carnitine decreasedrthrate and also
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significantly reduced mortality (Figure 17). Althglu mildronate
treatment for 8 weeks also decreased heart ragepibtective effect
against mortality was not so pronounced (p<0.0P&group) as in the
combination group. These findings indicate thatiotidn of mortality in
the PS/C+M group (Figure 17) could be related te freviously
described cardioprotective effects of the testadpmunds in the heart.

Similar to resting heart rate, endothelial dysfiortthas been
shown to be associated with the occurrence of caadcular events and
hypertension-induced organ damage (Xu et al., 2009ur study, the
effects of treatment with carnitine, mildronate their combination on
the development of endothelial dysfunction wereesssd in isolated DS
rat aortic rings. Angioprotective effects of mildate and carnitine have
been described before (Vilskersts et al., 2009)dwer in the present
study only administration of their combination atiated the
development of endothelial dysfunction (Figure 2®). has been
suggested that the mechanism of attenuation ofdénelopment of
endothelial dysfunction is based on direct inflleeon endothelium and
vascular tissues, and not on the anti-hyperteraitieity (Tzemos et al.,
2001). Our results support this theory, as endmthdlinction was
improved (Figure 20) without significant effect arterial blood pressure
(Figure 18).

Although changes in GBB concentration in the heissue
correlate with the cardioprotective effect of midate in an
experimental ischemia-reperfusion model in rateginsh et al., 2006),
our results suggest that this effect depends omedse in carnitine
concentration (Figure 11). Meanwhile the angiopmtte effect of
combination of mildronate and carnitine most likedyrelated to increase
in GBB concentration. Altogether, mildronate, ctimg and especially
their combination increased GBB concentration iooll plasma. The
most pronounced increase in GBB concentration antegtion against
hypertension-induced complications were observeth@ combination
group, thus suggesting the importance of GBB. Thizda suggest that
the angioprotective action of GBB could improve tterdioprotective
effects related to decrease in carnitine conceaatrat however
experimental proof for such hypothesis remainsatdoind.
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5. Conclusions

Obtained results support the safety of long-termiatstration of
mildronate. Treatment with mildronate for up to ®nth at doses
that in the heart tissue decrease carnitine coraté 8- to 16-fold
and increase GBB concentration 8- to 10-fold, buthe liver tissue
decrease carnitine concentration 8- to 17-fold ammtease GBB
concentration 30- to 66-fold is not associated withrdiac
impairment or disturbances in liver function andesimot induce
significant changes in lipid profile in tissues éidod plasma.
Long-term treatment with mildronate inhibits CPddpendent fatty
acid p-oxidation. Decrease in carnitine concentrationugatl by
14-day mildronate treatment inhibits CPT | actiyvittherefore,
mitochondrial respiration on palmitoyl-coenzyme sAdecreased by
27 %. A compensatory increase in enzyme activith@heart tissue
is observed only after at least a month-long dessréa carnitine
concentration.

Under normal conditions mildronate does not aff@gtruvate
metabolism, since CrAT and pyruvate dehydrogenaseptex
activities in heart mitochondria are unchangedhédigh mildronate
is weak inhibitor of CrATin vitro and competes with carnitine for
binding to the catalytic site of an enzynie vivo it does not affect
the enzyme activity.

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

Angioprotective effect of mildronate and its condtion with
carnitine in the salt-induced hypertension modebased on the
increase in GBB concentration in the blood plasmaahl rats.

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

34



6. References

Baliutyte G, Baniene R, Trumbeckaite S, BorutaiteTdleikis A. Effects of
Ginkgo biloba extract on heart and liver mitochaaldfunctions: mechanism(s)
of action.J Bioenerg Biomembg010; 42(2):165-172.

Bartus M, tomnicka M, Kostogrys RB, Kamierczak P, Watata C, Stominska
EM, Smola@ski RT, Pisulewski PM, Adamus J, Gebicki J, Chl&pics.
1-Methylnicotinamide  (MNA) prevents endothelial  @ysction in
hypertriglyceridemic and diabetic raBharmacol Rep2008; 60(1):127-138.

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

Biswas S, Dastidar DG, Roy KS, Pal SK, Biswas TKan@uly SB.
Complications of hypertension as encountered byngmy care physician.
J Indian Med AssqQ@003; 101(4):257-259.

Bonnet D, Martin D, Pascale De Lonlay, Villain Budet P, Rabier D, Brivet
M, Saudubray JM. Arrhythmias and conduction defastpresenting symptoms
of fatty acid oxidation disorders in childreBirculation, 1999; 100(22):2248-53.

Briet F, Keith M, Leong-Poi H, Kadakia A, Aba-Alkih&K, Giliberto JP,
Stewart D, Errett L, Mazer CD. Triple nutrient sigpentation improves
survival, infarct size and cardiac function follegi myocardial infarction in rats.
Nutr Metab Cardiovasc Dj2008; 18(10):691-699.

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

Brown NF, Weis BC, Husti JE, Foster DW, McGarry Jmitochondrial
carnitine palmitoyltransferase | isoform switchiimg the developing rat heart.
J Biol Chem 1995; 270(15):8952-8957.

Dambrova M, Cirule H, Svalbe B, Zvejniece L, Pughd O, Zorenko T,
Kalvinsh |, Liepinsh E, Belozertseva I. Effect ahibiting carnitine biosynthesis
on male rat sexual performanéthysiol Behay2008; 95(3):341-347.

Dambrova M, Liepinsh E, Kalvinsh I. Mildronate: daprotective action
through carnitine-lowering effectrends Cardiovasc Me@002; 12(6):275-279.

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

Degrace P, Demizieux L, Du ZY, Gresti J, CaveroDjaouti L, Jourdan T,
Moindrot B, Guilland JC, Hocquette JF, Clouet P.gRation of lipid flux
between liver and adipose tissue during transiepatic steatosis in carnitine-
depleted rats] Biol Chem2007; 282(29):20816-20826.

35



Degrace P, Demizieux L, Gresti J, Tsoko M, AndréD&maison L, Clouet P.
Fatty acid oxidation and related gene expressidreart depleted of carnitine by
mildronate treatment in the rlol Cell Biochem2004; 258(1-2):171-182.

Georges B, Le Borgne F, Galland S, Isoir M, EcoBseGrand-Jean F,
Demarquoy J. Carnitine transport into muscularscéiihibition of transport and
cell growth by mildronateBiochem PharmacpR000; 59(11):1357-1363.

Hirooka Y, Kimura Y, Sagara Y, Ito K, Sunagawa Kfegts of valsartan or
amlodipine on endothelial function and oxidativeess after one year follow-up
in patients with essential hypertensi@iin Exp Hypertens2008; 30(3):267-276.

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

Jogl G, Hsiao YS, Tong L. Structure and functiorcafnitine acyltransferases.
Ann N 'Y Acad ScP004; 1033:17-29.

Liepinsh E, Vilskersts R, Loca D, Kirjanova O, Puiphis O, Kalvinsh I,
Dambrova M. Mildronate, an inhibitor of carnitindobynthesis, induces an
increase in gamma-butyrobetaine contents and gaatiction in isolated rat
heart infarctionJ Cardiovasc PharmacpP006; 48(6):314-319.

Liepinsh E, Vilskersts R, Skapare E, Svalbe B, Kdk&irule H, Pugovics O,
Kalvinsh I, Dambrova M. Mildronate decreases camnitavailability and up-
regulates glucose uptake and related gene expneissibe mouse healtife Scj
2008; 83(17-18):613-619.

Messerli FH. Hypertension and sudden cardiac detath.J Hypertens1999;
12(12 Pt 3):181S-188S.

Mouhieddine S, de Leiris J. Cardioprotective effe€tL-carnitine in rats
submitted to permanent left coronary artery ligatirch Int Physiol Biochim
Biophys 1993; 101(6):411-416.

Miiller-Nordhorn J, Binting S, Roll S, Willich SN. rAupdate on regional
variation in cardiovascular mortality within Europ&ur Heart J 2008;
29(10):1316-1326.

Najafi M, Garjani A, Maleki N, Eteraf Oskouei T. #arrhythmic and
arrhythmogenic effects of L-carnitine in ischemradaeperfusionBull Exp Biol
Med, 2008; 146(2):210-213.

Palatini P. Heart rate as predictor of outcorBéod Press Monjt 2008;
13(3):167-168.

Simkhovich BZ, Shutenko ZV, Meirena DV, Khagi KB, e¢bplte RJ,
Molodchina TN, Kalvis 13, Lukevics E. 3-(2,2,2-Trimethylhydrazinium)
propionate (THP)--a novel gamma-butyrobetaine hygese inhibitor with
cardioprotective propertieBiochem Pharmacoll988; 37(2):195-202.

36



Spaniol M, Brooks H, Auer L, Zimmermann A, Solioz, Nstieger B,
Krahenbihl S. Development and characterizatiomadramal model of carnitine
deficiency.Eur J Biochem2001; 268(6):1876-1887.

Spaniol M, Kaufmann P, Beier K, Withrich J, Toérok, charnagl H,
Marz W, Krahenbihl S. Mechanisms of liver steatdeigats with systemic
carnitine deficiency due to treatment with triméblygraziniumpropionate.
J Lipid Res2003; 44(1):144-153.

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

Tsoko M, Beauseigneur F, Gresti J, Niot |, DemaygdioBoichot J, Bezard J,
Rochette L, Clouet P. Enhancement of activitieatiet to fatty acid oxidation in
the liver of rats depleted of L-carnitine by D-déime and a gamma-
butyrobetaine hydroxylase inhibitorBiochem Pharmacel 1995; 49(10):
1403-1410.

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

van Knegsel AT, van den Brand H, Dijkstra J, Tangais, Kemp B. Effect of
dietary energy source on energy balance, prodyctitabolic disorders and
reproduction in lactating dairy cattiReprod Nutr Dey2005; 45(6):665-688.

Vilskersts R, Liepinsh E, Mateuszuk L, GrinbergaK&|vinsh I, Chlopicki S,
Dambrova M. Mildronate, a regulator of energy metsm, reduces
atherosclerosis in apoE/LDLR-/- mideharmacology2009; 83(5):287-293.

Wilcke M, Hultenby K, Alexson SE. Novel peroxisompbpulations in
subcellular fractions from rat liver. Implicatiorier peroxisome structure and
biogenesisJ Biol Chem 1995; 270(12):6949-6958.

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

Zhu A, Yoneda T, Demura M, Karashima S, Usukura Y4magishi M,
Takeda Y. Effect of mineralocorticoid receptor iade on the renal renin-
angiotensin system in Dahl salt-sensitive hypertengts.J Hypertens 2009;
27(4):800-805.

37



Acknowledgements

I would like to thank my supervisors Maija Dambravad Reate
Medne who coordinated and supported my work.

Thanks to my colleagues without whom this work vdbuabt be
possible: theoreticians and practitioners Edgarspih¥ and Reinis
VilSkersts, brain specialist iga Zvejniece, animal caretakers &t
Cirule and Ligita Kama, masters in biochemistry iBh Skapare and
Baiba Svalbe, assistantsid®lfs MeZapige and Olga Zarkova, document
organizer Raita Brikmane and talented students mMdaklakrecka and
Edijs Vavers.

I would like to say thanks to direction of Latvidnstitute of
Organic Synthesis, in person to Ivars Kadvi

I would like to say thanks to Solveiga @berga and Osvalds
Pugovts, Edvards LiepiS and Kristaps Jaudzems, Aleksandrs Gutsaits
and Kirils Zinovjevs for their help in obtainingdts.

Special thanks to my family.

Thanks for financial support to JSC “Grindeks” and
JSC “Grindeks” foundation “Support for science amducation”.
Materials were obtained with the help of Latviaat8tResearch Program
grant No. 2010.10-4/VPP-4.

The doctoral studies were supported by the ESFeBréupport
for PhD Program Studies and Earning of Scientifegie at RSU".

2x ESF

EIROPAS SOCIALAIS
FONDS

38



