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BACKGROUND AND PURPOSE

Because myocardial infarction is a major cause of morbidity and mortality worldwide, protecting the heart from the ischaemia
and reperfusion (I/R) damage is the focus of intense research. Based on our in vitro findings showing that TVP1022 (the
S-enantiomer of rasagiline, an anti-Parkinsonian drug) possesses cardioprotective effects, in the present study we investigated
the hypothesis that TVP1022 can attenuate myocardial damage in an I/R model in rats.

EXPERIMENTAL APPROACH

The model consisted of 30-min occlusion of the left anterior descending artery followed by 4 or 24 h reperfusion. In addition,
we investigated the possible mechanisms of cardioprotection in H9c2 cells and neonatal rat ventricular myocytes (NRVM)
exposed to oxidative stress induced by H,O,.

KEY RESULTS

TVP1022 (20 and 40 mg-kg™") administered 5 min before reperfusion followed by an additional dose 4 h after reperfusion
reduced the infarct size and attenuated the decline in ventricular function. TVP1022 also attenuated I/R-induced deterioration
in cardiac mitochondrial integrity evaluated by mitochondrial swelling capacity. In vitro, using H9c2 cells and NRVM, TVP1022
attenuated both serum free- and H,O,-induced damage, preserved mitochondrial membrane potential and Bcl-2 levels,
inhibited mitochondrial cytochrome c release and the increase in cleaved caspase 9 and 3 levels, and enhanced the
phosphorylation of protein kinase C and glycogen synthase kinase-3f.

CONCLUSIONS AND IMPLICATIONS
TVP1022 provided cardioprotection in a model of myocardial infarction, and therefore should be considered as a novel
adjunctive therapy for attenuating myocardial damage resulting from I/R injuries.

Abbreviations

A¥m, mitochondrial membrane potential; DAPI, 4’,6-diamidino-2-phenylindole; EF, ejection fraction; FS, fractional
shortening; GSK-38, glycogen synthase kinase 3f; I/R, ischemia/reperfusion; JC-1, 5,5’,6,6’-tetrachloro-1,1’,3,3’-
tetraethyl-benzimidazolylcarbocyanine iodide; LVIDs/d, left ventricle intraventricular diameters of systole and diastole;
MPTP, mitochondrial permeability transition pore; MTT, 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium; NRVM,
neonatal rat ventricular myocytes; PI3K, phosphoinositide 3 kinase; PMA, 12-myristate 13-acetate; ROS, reactive oxygen
species; STE, speckle tracking echocardiography
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Introduction

As myocardial infarction is a major cause of morbidity and
mortality worldwide (Tiyyagura and Pinney, 2006; Lloyd-
Jones et al., 2009), protecting the heart from ischaemia and
reperfusion (I/R) damage is the focus of intense research.
However, despite numerous publications and many success-
ful preclinical experiments, thus far, no effective cardiopro-
tective drug has found its way into clinical practice (Black,
2000; Downey and Cohen, 2009). In view of such shortage of
effective drugs for attenuating I/R damage, we have been
studying the cardioprotective efficacies of TVP1022 [the
S-enantiomer of rasagiline (Azilect®), an anti-Parkinsonian
drug] in a variety of in vitro experimental models. In agree-
ment with its cytoprotective efficacy, TVP1022 protected
neonatal rat ventricular myocytes (NRVM) against
doxorubicin- and serum starvation-induced apoptosis
(Kleiner et al., 2008). TVP1022 also attenuated the functional
(e.g. intracellular Ca®" transients, contractions, intercellular
coupling) derangements in NRVM exposed to doxorubicin
(Berdichevski et al., 2010). Although TVP1022 is 1000-fold
less active than rasagiline as a MAO inhibitor (Mandel et al.,
2005; Youdim et al., 2005), it exerts a prominent neuropro-
tective effect in neuronal cell cultures in response to various
neurotoxins and also shows neuroprotection in an in vivo
model of head trauma (Huang et al., 1999; Youdim et al.,
2001; 2005). Studies on the structure-activity relationship of
TVP1022 revealed that the neuroprotection is associated with
its propargyl moiety, and is ascribed to stabilization of mito-
chondrial membrane potential, induction of Bcl-2 and acti-
vation of the PKC signalling pathway (Youdim et al., 2005).

Based on the abovementioned beneficial effects of
TVP1022, in the present study we tested the working hypoth-
esis that this compound would provide cardioprotection in
the rat I/R model. In order to reproduce the clinical settings of
acute myocardial infarction followed by reperfusion therapy,
we employed a model of left anterior descending (LAD) artery
occlusion for 30 min followed by reperfusion (Bhindi et al.,
2006). In brief, our study showed that TVP1022 provided
prominent cardioprotection as demonstrated by a reduction
in the infarct size, attenuation of the decline in ventricular
function and diminution of mitochondrial damage caused by
I/R. Thus, TVP1022 is a novel cardioprotective drug with
potential for clinical benefits.

Methods

Animals

All animal care and experimental procedures were according
to the institutional animal ethical committee guidelines,
which conform to the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(NIH Publication No. 85-23, revised 1996) (Institutional
Assurance No. A5026-01) (Ethics Numbers: IL-101-10-2007
and IL-106-11-2007). We used 3-month-old male Sprague-
Dawley rats, weighing 310-340 g (n = 60). The animals were
maintained at the Experimental Surgical Unit of the Tech-
nion, and fed on normal rodent chow diet, with tap water ad
libitum, and housed at a constant temperature and relative
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humidity under a regular light/dark schedule (12 h: 12 h).
All operators including the surgeon and echocardiography
technician were unaware of the treatment given to the
groups.

The I/R model and drug administration

The I/R model was generated by LAD occlusion for 30 min
followed by 4 h or 24 h reperfusion (Bhindi et al., 2006). In
brief, rats were anaesthetized with a combination of
87 mg-kg' ketamine and 13 mg-kg” xylazine, intubated,
mechanically ventilated at a rate of 80-90 cycles-min™ with a
tidal volume of 1-2 mL-100 g', and the surgical procedures
performed as previously described (Bhindi et al., 2006). For
the 24 h reperfusion protocol, TVP1022 (20 or 40 mg-kg™)
dissolved in saline or vehicle was administered in two con-
secutive doses: (i) an i.v. dose 5 min before reperfusion, in
order to achieve, rapidly, therapeutic blood levels in the
anaesthetized animal; (ii) a p.o. dose 4 h after reperfusion. For
the 4 h reperfusion protocol, TVP1022 (40 mg-kg' 1.V) or
vehicle was administered once, 5 min before reperfusion.
Altogether, 16 rats were analysed at 4 h and 31 rats were
analysed at 24 h of reperfusion. An overall mortality rate of
27% was observed during the surgical procedure and 24 h
thereafter.

Determination of the viable area, area at risk
and infarct size

The viable area, area at risk (AAR) and infarct size were deter-
mined using the triphenyltetrazolium chloride (TTC) stain-
ing (Reinhardt et al., 1993; Ojha et al., 2008). After in vivo
staining with Evan’s blue, the heart was removed, transferred
to —80°C for 5-6 min and cut manually into seven to nine
transverse slices. The slices were dipped in 1% TTC solution
(in double-distilled water pH = 7.4) at 37°C for 20 min, rinsed
in phosphate-buffered saline (PBS) and weighed. Improve-
ment of colour delineation was achieved by keeping the slices
for 3 weeks in a preservative solution of PBS + sodium azide
(0.01%) at 4°C (Pitts et al.,, 2007). Subsequently, the slices
were placed on a light table and photographed on both sides.
Using the Image] software (NIH, Boston, MA, USA http://
rsb.info.nih.gov/ij), the pictures were analysed and the dif-
ferent areas were delineated. Using the weights of the slices
and the percentages of the different coloured areas, the
percent of viable cardiac muscle (dark blue), AAR (red and
white) and infarcted area (white) of the left ventricle (LV)
were calculated. The analysis included rats with AAR >20%.

Echocardiographic measurements

For the echocardiographic measurements, rats were lightly
sedated by an intraperitoneal injection of a sub-anaesthetic
dose of 29 mg-kg™ ketamine plus 4.3 mg-kg™' xylazine (Liu
et al., 2006; Stein et al., 2007). After sedation, the rats were
placed in a left lateral decubitus position and scanned via a
commercially available echo-scanner — Vivid™ i ultrasound
cardiovascular system (GE Healthcare Inc., Haifa, Israel) using
a 10S phased array paediatric transducer and a cardiac appli-
cation. The transmission frequency was 10 MHz, the depth
was 2.5 cm and the frame rate was 225 frames-s™. The mea-
surements included three parasternal short axis sections: at
the mitral valve, papillary muscle (PM) and apex (AP) levels.



For each rat, two measurements were performed: before (base-
line) LAD occlusion and after 24 h of reperfusion. To assess
ventricular function, two parameters were employed: (i) ejec-
tion fraction (EF) (cardiac output/LV diastolic volume) was
determined by the Vivid i LV function software; (ii) fractional
shortening (FS) which takes into consideration one 2D cross-
section of the heart. Specifically, in the M-mode records, the
LV intraventricular diameters (LVID) were measured at systole
and diastole (LVIDs and LVIDd, respectively), and FS was
LVIDd - LVIDs
LVIDd

calculated as follows: FS =

Speckle tracking echocardiography (STE)

The wultrasound records were post-processed by the STE
program (EchoPAC Dimension ‘08, GE Healthcare Inc.,
Horten, Norway), which tracks myocardial movement and
calculates LV circumferential strain (% from the diastolic
state) (Rappaport et al., 2006; Popovic et al., 2007). We chose
to use the circumferential strain parameter as it correctly
identifies segmental wall motion in the rat (Popovic et al.,
2007). Further, circumferential strain is considered a more
sensitive measure than EF because it is calculated at two
different levels of the heart (PM and AP) using multiple points
on the cardiac wall circumference (Rappaport et al., 2006).

Isolation of mitochondria

Cardiac mitochondria were isolated from the left ventricular
free wall of non-operated rats, or from the AAR 4 h after
starting reperfusion, by differential centrifugation (Baines
et al., 2002; Argaud et al., 2005). Briefly, cardiac samples were
homogenized in a buffer containing (in mM): 10 HEPES, 200
mannitol, 70 sucrose, 1 EGTA and 0.25 mg-mL™" trypsin. The
homogenates were centrifuged at 1000x g for 10 min to
remove nuclei and debris. The supernatant was centrifuged at
11 000x g for 10 min. The pellet corresponding to the mito-
chondrial fraction was resuspended in a swelling buffer con-
taining (in mM): 120 KCl, 10 Tris-HCI pH 7.4, 5 KH,PO, and
20 MOPS to a final concentration of 0.3 mg-mL™". Mitochon-
dria were kept on ice and used within 1 h after isolation. Total
mitochondrial protein was quantified using the Bradford
assay.

Mitochondrial swelling assay

Mitochondrial swelling was assessed spectrophotometrically
as a decrease in absorbance of the mitochondrial suspension,
measured at 520 nm after exposure to 200 uM Ca** (Wang
et al., 2005). The results were presented relative to the base-
line absorbance at 520 nm, just before exposing the mito-
chondria to high Ca*.

Cell cultures

Rat heart-derived H9c2 cells were purchased from American
Type Culture Collection (Manassas, VA, USA) and cultured as
previously described (Youn et al., 2005). NRVM cultures were
prepared from ventricles of 1 to 2-day-old Sprague-Dawley
rats (Kleiner et al., 2008).

The serum starvation protocol in NRVM
To induce apoptosis NRVM were incubated in serum-free
medium (0% serum) for 24 h. TVP1022 (20 uM) was added to
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the culture medium 24 h before inducing serum starvation
and was present throughout the apoptosis-inducing protocol
(Kleiner et al., 2008).

Induction of oxidative stress in H9c2
cardiomyoblasts

H9c2 cells were maintained in Dulbecco’s modified Eagle’s
medium with 4.5 g¢mL™ glucose, 10% fetal bovine serum,
2 mM glutamine, 100 units-mL™" penicillin and 100 pg-mL™
streptomycin. The cells were grown (1 x 10* per well) in a
96-well plate and cultured for 24 h before the actual experi-
ment. The cultures were treated for 24 h with TVP1022
(20 uM) before exposing the cultures to H,O, for 1 h (Win-
stead et al., 2005).

Cell viability assay

Cell viability was measured using the 3-(4.5-dimethylthiazol-
2-yl)-2.5-diphenyltetrazolium (MTT) assay (Weinreb etal.,
2008). Briefly, at the end of the experimental protocol, the
medium was replaced with a fresh medium (100 pL per well),
and 5 mg-mL™" of MTT solution in PBS was added to each
well. After incubation at 37°C for 2 h, 100 uL of 10% SDS in
0.01N HCI were added, and the solution was mixed thor-
oughly and incubated for an additional 24 h. Absorption was
determined in an Eliza-Reader, as the ratio of 570-650 nm
signal. Cell viability was expressed as a percentage of control,
untreated cells.

Apoptosis staining was performed using an in situ cell
death detection, terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate-digoxigenin nick end
labeling (TUNEL) kit (Roche, Penzberg, Germany) according
to the manufacturer’s instructions. Confocal image stacks
were captured with a Zeiss LSM-5, Axiovert 200 microscope,
using LSM 5 analysis software (Zeiss, Oberkochen, Germany).
Absolute values of 5-10 separate fields were averaged, and
apoptotic cells were expressed as percentage of total cells
(70-100 cells counted in each field) in three independent
experiments.

Immunofluorescence analysis

H9c2 cells plated on cover slips were incubated with 50 nM
MitoTracker Red (Invitrogen Co., Carlsbad, CA, USA), fixed
and permeabilized, and further incubated with mouse mono-
clonal anti-cytochrome ¢ and Cy2 goat anti-mouse. Nuclei
were stained with Topro-3 (Molecular Probes, Eugene, OR,
USA). The co-localization of cytochrome ¢ and the
MitoTracker signal was represented by the orange fluores-
cence. The co-localization percentage was calculated as the
orange-coloured area out of the total cell area. The
co-localization was analysed in five fields of each treatment
sample by means of the LSM-5 software. No fluorescence was
detected in the absence of the primary antibody.

Western blot analysis

Lysates were prepared from H9c2 cells or NRVM (Kleiner
et al., 2008; Berdichevski et al., 2010), and protein concentra-
tion was determined by the Bradford assay. Equal amounts of
protein from cell lysates were electrophoretically separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and processed by standard methods (Kleiner et al., 2008).

British Journal of Pharmacology (2011) 163 755-769 757



O Ertracht et al.

Quantification of the results was accomplished by measuring
the optical density of the labelled bands from the autoradio-
grams, using the computerized imaging program Bio-1D
(Vilber Lourmat Biotech. Bioprof, Mame La Vallee Cedex,
France).

Assessment of the mitochondrial

membrane potential

Mitochondrial membrane potential (A¥m) was determined
using the fluorescent probe 35,5,6,6’-tetrachloro-1,1",3,3’-
tetraethyl-benzimidazolylcarbocyanine iodide (JC-1) kit
(ImmunoChemistry Tech, Bloomington, MN, USA) and
visualized with a fluorescence microscope (Olympus, Tokyo,
Japan) with excitation at 490 nm and emission at 520 nm.
The fluorescence intensity of the red/green ratio was
determined using Image] software, and 6-10 fields were
counted for each treatment sample. A decrease or increase
in this ratio was interpreted as a loss or gain in A¥m,
respectively.

Statistical analysis

The results are presented as mean * SEM. To compare
between groups of a certain protocol, one-way ANOVA was
used. To compare between parameters at different time
points, two-way ANOVA was used. The Holm-Sidak test was
used as the post hoc test whenever a significant difference was
found by ANOVA. P < 0.05 was considered statistically signifi-
cant. The analysis was performed by the SigmaStat for
windows version 3.11 (Systat Software, Inc. San Jose, CA,
USA).

Materials

TVP1022 was kindly donated by TEVA (Netanya, Israel).
B-tubulin and p-actin antibodies, H,O,, 12-myristate
13-acetate (PMA), the phosphoinositide 3 kinase (PI3K)
inhibitor LY294002 and the PKC inhibitor chelerythrine were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
The PKC inhibitor GF109203X was purchased from Calbio-
chem (La Jolla, CA, USA). Lab-Tek Chamber Slide system and
culture plates were purchased from Nalge Nunc International
(Rochester, NY, USA), mounting medium for fluorescence
with 4’,6-diamidino-2-phenylindole from Vector Laboratories
Inc. (Burlingame, CA, USA), electrophoresis reagents from
Invitrogen Corporation (Carlsbad, CA, USA) and cell culture
reagents from Biological Industries (Beth-Haemek, Israel).
Phospho PKC (pan) antibody which detects PKCo, B1, 2,
¢, &, m and & isoforms (Alexander et al., 2009), phospho-
glycogen synthase kinase 3 (GSK-3B) Ser9 antibody, caspase
9 and 3 antibodies were purchased from Cell Signaling
(Beverly, MA, USA). Mouse anti-cytochrome ¢ and Bcl-2 anti-
bodies were purchased from BD Biosciences Pharmingen
(Oakville, Canada), and the secondary antibodies Cy2 anti-
mouse/goat, monoclonal anti-mouse and polyclonal anti-
rabbit were purchased from Jackson Immunoresearch
Laboratories (West Grove, PA, USA). The drug and molecular
target nomenclature conforms to the BJP’s Guide to Receptors
and Channels (Alexander et al., 2009).
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Results

TVP1022 reduced the infarct size in I/R rats

The cardioprotective efficacy of TVP1022 was demonstrated
by its ability to cause a marked decrease in the infarct size, as
depicted by representative ventricular sections (Figure 1A)
and the summary of these experiments (Figure 1C). Specifi-
cally, while there was no difference in the AAR (% of LV)
between the saline-treated rats (control) and TVP1022-treated
rats (Figure 1B), the infarct size (% of AAR) was reduced (P <
0.05) in the TVP1022 (20 and 40 mg-kg') groups, providing a
~70% reduction in the infarct size, normalized to the AAR
(Figure 1C).

TVP1022 attenuated the decline in
ventricular function in I/R rats

In agreement with previous studies (Homes ef al., 1994; Onai
et al., 2004), at 24 h reperfusion I/R was associated with a
pronounced reduction in LV function, represented by FS, EF
and circumferential strain. As shown by the representative
echocardiographic M-mode records (Figure 2A), whereas
in the saline-treated rat, ventricular wall motion was
attenuated 24 h post-I/R, the motion was relatively
preserved in the TVP1022 (40 mg-kg')-treated rat. The
summary of these experiments demonstrates that, in the
saline and 20 mg-kg™' TVP1022 groups, EF and FS decreased
(albeit to a different extent) 24 h post-I/R, compared with
their respective baseline levels (P < 0.05) (Figure 2B,C). In
contrast, in the group treated with 40 mg-kg™ TVP1022, EF
and FS were not different at 24 h post-I/R, compared with
baseline values, indicating that this dose of TVP1022 had
attenuated the decline in ventricular function. The mean =
SEM heart rate during the echocardiographic measurements
was 274 *+ 3 beats-min™ (n = 31).

Ventricular function was further assessed by measuring
circumferential strain which represents ventricular contrac-
tion (Rappaport et al., 2006). Figure 3A depicts baseline and
24 h post-I/R representative apical B-mode records for saline
and TVP1022 (40 mg-kg')-treated rats. On each record a
coloured circumferential strain map is superimposed, demon-
strating the strain distribution along the cardiac wall; dark
blue colours represent extreme (~ —20% to —30%) circumfer-
ential strain and lighter colours represent moderate (~0% to
—10%) circumferential strain. As shown in Figure 3A, the dark
blue colours, which characterize the baseline readings at all
levels, were disrupted by the I/R procedure, and turned into
light blue and turquoise colours. In contrast, TVP1022
(40 mg-kg™") preserved the baseline circumferential strain
pattern 24 h post-I/R. In summary (Figure 3B,C) and in agree-
ment with the EF and FS findings, although circumferential
strain was reduced (P < 0.05) at both the AP and PM levels in
the saline and the 20 mg-kg™ TVP1022 groups, compared
with baseline, this parameter was not significantly dimin-
ished in the rats treated with 40 mg-kg™ TVP1022. It should
be noted that as the ligation was located just above the PM
level, circumferential strain at this level was less affected
(26%) than at lower ventricular locations, such as the AP
(34%).
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TVP1022 reduced the infarct size in ischaemia and reperfusion (I/R) rats. (A) Representative pictures of ventricular slices from rats treated with
saline or TVP1022 (40 mg-kg™") as described in Methods. The area at risk (AAR) and infarct regions were determined at 24 h after reperfusion. Dark
stain — viable area; pale stain — area at risk (AAR). (B) The AAR normalized to LV area (%). (C) The infarct size normalized to the AAR (%). Each
bar represents the mean = SEM of the I/R + saline (n = 13), I/R + TVP1022, 20 mg-kg™ (n=12) and MI + TVP1022, 40 mg-kg™' (n = 6) groups.

*P < 0.05 versus control.

TVP1022 prevented 1/R-induced
mitochondrial damage

Because mitochondria are intimately involved in I/R apop-
totic damage as well as constitute a novel target for myocar-
dial protection (Molavi and Mehta, 2004), we investigated
the ability of TVP1022 to preserve mitochondrial integrity in
ventricular tissue from I/R rats. Integrity was assessed by
determining Ca*-induced mitochondrial swelling (Borillo
etal., 2010) measured as a decrease in 520 nm wavelength
(Asy) readout in isolated mitochondria from control (see
details in Methods), I/R + saline and I/R + TVP1022-treated
rats. Figure 4 shows that in mitochondria isolated from intact
rats, high Ca* decreased the Asy signal in the course of
5 min. In contrast, in mitochondria isolated from the AAR of
saline-treated I/R rats, the Asy signal was only slightly
decreased, presumably because these mitochondria were
already considerably swollen due to the I/R insult. However,
in mitochondria isolated from the AAR of the I/R + TVP1022
group, the swelling response was much more pronounced

than in the I/R + saline group (P < 0.001), resembling
the response of mitochondria from samples of intact
myocardium.

In vitro effects of TVP1022 on

heart-derived cells

In order to determine the protective efficacy of TVP1022 in
vitro under ischaemic and oxidative stress conditions which
simulate key components of the I/R insult, we used two
common models in NRVM cultures: serum starvation, and
exposure to H,O, which is a potent reactive oxygen species
(ROS)-inducing cardiac cell death. In the first stage of these
experiments, NRVM were grown in serum-free medium in the
absence or presence of TVP1022. The apoptosis-inducing
capacity of serum starvation is reflected by the increase in
apoptotic cells, compared with those cultured in full serum,
demonstrated by the representative pictures and by the
summary of these experiments (Figure 5A). In agreement
with its known anti-apoptotic efficacy and with our previous
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TVP1022 attenuated the decline in ventricular function in ischaemia and reperfusion (I/R rats). (A) Representative echocardiographic 2D-mode
records obtained at the papillary muscle level at baseline and 24 h post-I/R, in rats treated with saline (upper panel) or TVP1022 40 mg-kg™' (lower
panel). (B) Ejection fraction and (C) fractional shortening measured at baseline and 24 h post-I/R in the different groups: I/R + Saline (n=10), I/R
+ TVP1022, 20 mg-kg™' (n = 9) and I/R + TVP1022, 40 mg-kg™" (n = 10). *P < 0.05. versus baseline measurement.
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Figure 3

TVP1022 preserved global circumferential strain 24 h post-ischaemia and reperfusion (I/R). (A) Two sets of representative circumferential strain
maps (coloured circles) implanted on the echocardiographic records. Each set includes baseline and 24 h post-I/R records of three B-mode
short-axis records. Upper panel — apex (AP); middle panel — papillary muscle (PM); lower panel — mitral valve (MV). Negative circumferential strain
(blue) indicates myocardial contraction. (B) AP and (C) PM circumferential strain measured at baseline and 24 h post-I/R. Results were expressed
as mean = SEM obtained from the I/R + saline (n = 16), TVP1022 20 mg-kg™' (n = 14) and TVP1022 40 mg-kg™' (n=9) groups. *P < 0.05 versus
baseline measurement.
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TVP1022 attenuated ischaemia and reperfusion (I/R)-induced mito-
chondrial damage. Mitochondria were isolated from intact ventricu-
lar tissue (n=5), and from the area at risk from I/R + saline (n=5) and
I/R+TVP1022 40 mg-kg™ (n= 6) groups. The absorbance at 520 nm
of isolated mitochondria was recorded every 10 s for 5 min after the
addition of 200 uM Ca?*. The relative absorbance is presented as
mean = SEM. #P < 0.001 versus intact; *P < 0.001 versus I/R + saline.

report (Kleiner et al., 2008), TVP1022 (20 uM) decreased (P <
0.05) the number of apoptotic NRVM (Figure SA). Consistent
with its anti-apoptotic effect, TVP1022 attenuated the expres-
sion of the cleaved, activated forms of caspases 9 and 3 (46 =
1% and 43 = 7%, respectively, n = 3, P < 0.05 versus serum-
free medium). In addition, TVP1022 attenuated the decrease
in the levels of the pro-survival protein Bcl-2 (2.05 = 0.2 fold,
n =3, P <0.05 versus serum free) (Figure 5B).

In addition to NRVM, we utilized H9c2 rat-derived cardi-
omyoblasts which are commonly used for investigating
death/survival signalling pathways in cardiac cells (Winstead
et al., 2005). As H,O, induces a similar oxidative stress in
H9c2 cells and in NRVM, the former source constitutes a
useful model for investigating oxidative stress-induced injury
to cardiac cells (Chen etal., 2001; Sheng et al., 2010). As
shown in Figure 6A, TVP1022 dose dependently increased
cell viability of H9c2 cells exposed to H,O, (300 uM). In
control experiments TVP1022 alone did not affect cell viabil-
ity (data not shown). As oxidative stress facilitates the mito-
chondrial permeability transition pore (MPTP) opening,
thereby depolarizing AYm which leads to the release of
apoptogenic proteins into the cytoplasm, we determined
the ability of TVP1022 (10 uM) to alleviate H,O,-induced
decrease in A¥Ym. As demonstrated in Figure 6B, control
untreated H9c2 cells exhibit many brightly stained
mitochondria-emitting red fluorescence spots, indicative of
normal uptake of dye into mitochondria driven by fully
polarized A¥Ym. In contrast, H9c2 cells exposed to H,O,
display fewer red spots and a diffuse pattern of green JC-1
spots scattered in the cytoplasm, suggesting a reduction in
AW¥m. In contrast, H9¢c2 cells treated with TVP1022 showed a
smaller decrease in the red fluorescence, likely to result from
a partial preservation of A¥Ym. In summary, an analysis of
four independent experiments showed that AYm (expressed
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as the ratio of red/green fluorescence intensity) of H9c2 cells
exposed to H,O, was 24 = 1% of the control value (P < 0.05),
while in TVP1022-treated cells, the ratio was 38 = 3% (P <
0.05 versus H,O, alone).

For further support of our findings, we determined the
ability of TVP1022 to inhibit H,O,-induced release of
cytochrome ¢ from the mitochondria by assessing the
co-localization between the fluorescence signals of cyto-
chrome ¢ and the MitoTracker fluorescence-labelled mito-
chondria (Figure 6C). Whereas H,O, (300 uM) increased the
release of cytochrome c from the mitochondria, indicated by
the increment in the green fluorescence distribution and
decreased orange fluorescence in the merged panel, in the
presence of TVP1022, this phenomenon was attenuated. As
summarized in Figure 6C, TVP1022 diminished the decline in
the co-localization of cytochrome ¢ and mitochondria caused
by H,0,, suggesting that the drug maintained mitochondrial
integrity.

PKC and PI3K/AKT/GSK-3p signalling
pathways are involved in TVP1022
cardioprotection

In this series of experiments we tested the hypothesis that the
PKC and PI3K/AKT/GSK-3p pathways underlie the cardiopro-
tective efficacy of TVP1022. Figure 7 shows that chelerythrine
(a specific PKC inhibitor) and LY294002 (a PI3K inhibitor)
blocked the cytoprotective effect of TVP1022 in H9c2 cells
exposed to H,O, (Figure 7A). Further supporting data are the
findings that incubating H9¢2 cells with TVP1022 for 30 min
dose dependently increased phospho-PKC levels, similar to
the effect of the PKC activator PMA (Figure 7B). Importantly,
this increase in phospho-PKC level by TVP1022 was blocked
by pre-incubation with chelerythrine (5 uM) (Figure 7C).
Additionally, TVP1022 dose dependently increased GSK-3f
(Ser9) phosphorylation (Figure 7D); this effect was attenuated
by pre-incubation with LY294002 (10 uM) and GF109203X
(2.5 uM), which inhibit GSK-38 phosphorylation (Figure 7E).
Collectively, these findings suggest that both PKC and PI3K/
AKT/GSK-3p signalling pathways are involved in the anti-
apoptotic effect of TVP1022. These findings in H9c2 cells
were further supported in NRVM by demonstrating that
TVP1022 increased PKC and GSK-3B (Ser9) phosphorylation
(Figure 8A,C) and that these effects were blocked by pre-
incubation with chelerythrine (5 uM) and LY294002 (10 uM)
(Figure 8B,D).

Discussion

The present study showed that TVP1022 exerted a protective
effect against I/R injury in the rat heart and attenuated oxi-
dative stress in vitro via PKC and GSK-38 signalling pathways.
The major findings were: (i) pre-reperfusion followed by post-
reperfusion administration of TVP1022 reduced the infarct
size and attenuated the decline in ventricular function; (ii)
TVP1022 preserved the mitochondrial integrity in the AAR;
(iii) in vitro, TVP1022 conferred cytoprotection in serum-free
and H,O,-induced apoptotic models; (iv) TVP1022 caused
phosphorylation of both PKC and GSK-3p. Collectively, these
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antibody against B-actin (n = 3). DAPI, 4’,6-diamidino-2-phenylindole; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine

triphosphate-digoxigenin nick end labeling.

findings demonstrate that TVP1022 provides significant pro-
tection against cardiac I/R injury.

TVP1022 protects the myocardium in

the rat 1/R model

The clinical setting simulated by the current experimental
protocol is of a patient diagnosed with myocardial infarction,

and treated with a cardioprotective drug prior to and follow-
ing reperfusion therapy. Hence, the I/R procedure resulted in
an AAR of about 27% of the LV, of which about one-third was
infarcted tissue. Under these experimental conditions, both
20 and 40 mg-kg' TVP1022, given 5 min before reperfusion
and 4 h thereafter, reduced the infarct size (normalized to
AAR) by ~70%. In patients, a similar or even a smaller reduc-
tion in infarct size will have a remarkable beneficial effect on
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TVP1022 protected H9c2 cells from H,O-induced cardiotoxicity. H9c2 cells were treated with H,O, (300 uM) in the absence or presence of
TVP1022 (0.1, 1T and 10 uM) for 1 h. (A) Cell viability was measured using the MTT assay. (B) Representative images of H9c2 cells stained with
JC-1. (C) Representative immunofluorescence images of cytochrome c and a quantitative summary of four independent experiments. Cytochrome
¢ (green); mitochondrial staining with MitoTracker (red); nuclear staining with Topro (blue) and merged images of cytochrome ¢ and mitochon-
drial staining showing co-localization in yellow. Co-localization is presented as percentage of stained area per total cell area (n = 20-30 cells).
#P < 0.05 versus control; *P < 0.05 versus H,O,. MTT, 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium.

morbidity and mortality following a myocardial infarction.
Further, TVP1022 (40 mg-kg™") diminished the decrease in EF,
FS and circumferential strain at the PM and AP levels, 24 h
post-I/R. An observation unaccounted for in the current
study is that whereas both 20 and 40 mgkg' TVP1022
reduced infarct size similarly, the beneficial effect of
40 mg-kg' on ventricular function was more pronounced
than that of 20 mg-kg™.

As mitochondria are key elements in I/R injury, we
assessed the mitochondrial functional integrity by measuring
their swelling response to high Ca*" concentration (Cromp-
ton, 1999; Wang et al., 2005). In agreement with its ability to
reduce infarct size and preserve LV function, treating I/R rats
with one dose of TVP1022 5 min before reperfusion improved
the mitochondrial swelling response (of mitochondria iso-
lated from the AAR), compared with the I/R + saline group,
suggesting an improvement in mitochondrial function.
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These findings are in agreement with previous studies
(Argaud et al., 2005; Cour et al. 2011) showing the beneficial
effect of inhibiting MPTP opening in a model of reperfusion.
Specifically, in New Zealand rabbits treated with cyclosporin
A or NIM811, inhibition of MPTP opening pre-reperfusion
caused almost full recovery of cardiac haemodynamics.

Protective effects of TVP1022 on
heart-derived cells

To determine whether TVP1022-induced cardioprotection in
vivo was due to a direct effect on cardiomyocytes, we exposed
H9c2 cells and NRVM to serum-free medium or to H,O,, both
constituting common models of oxidative stress-induced
apoptosis (simulating a key component of the I/R insult)
(Umansky etal., 1995; Bialik etal., 1999; Bonavita etal.,
2003; Sheng et al., 2010). H,O, is an important component of
the ROS, which are increased in the course of I/R injury, and



Cardioprotective efficacy of TVP1022

60,
A *
2B -+
=+ 40
© § A A
T o 20
[
0
TVP1022 [uM] 0 10 10 10
Chelerythrine [5uM] - 2 + .
LY294002[10uM] - - - +
H,O, [300 pM]
B c
PhoSpho-PKC | e o= e | Phospho-PKC | — ——|
5-tubu|iﬂ|—-——-—-—.—-[ B'tUbu”n |———_|
34
4
= # €5
€F 3 # TNg= 9 #
C.L I= T E (=] =T
23 & 50
25 2 = 85 "
232 &5 I
o &1 =, T
D 0
TVP1022 ] 0 1 10 0 TVP 1022 [uM] 0o 10 10
PMA 100 nh] - - -+ Chelenythrine [Sph] - = +
D E
Phospho-GSK-3B (5r-9) [ = e —— |
Phospho-GSK-3B (ser-0)| = — = e | GSK-3p [== == ==w —]
GSI@;?BI-——-———I—I L5 .
] s 2
5E3 # O 5 4
23 2.2
H 5s 2|
[ =D
2& o = 11 *
o *
D [I' —
TVP1022 [uM] 0 1 10 TVP1022[10uM] 0 10 10 10
LY 29400210 uM] - -+ -
GF109203X[25 uM] - - - +

Figure 7

The involvement of the PKC/GSK-3f8 and PI3K/AKT pathways in the cardioprotective efficacy of TVP1022 in H9c2 cells. (A) H9c2 cells were
pre-incubated without or with chelerythrine (5 uM) or LY294002 (10 uM) for 1 h, and then further incubated with H,O, (300 uM) in the absence
or presence of TVP1022 (10 uM) for 1 h. Cell viability was measured by the MTT assay. Results are presented as percent of control untreated cells.
n =3 experiments. *P < 0.05 versus H,O, alone; *P < 0.05 versus H,O, + TVP1022. (B) H9c2 cells were incubated without or with TVP1022 (1 uM
and 10 uM) or PMA (100 nM) for 30 min. (C) H9c2 cells were pre-incubated with a vehicle alone, or with chelerythrine (5 uM) for 1 h, and then
incubated without or with TVP1022 (10 uM) for 30 min. Phosphorylated PKC levels were analysed in cell lysates and were normalized to B-tubulin
levels. (D) H9c2 cells were incubated without or with TVP1022 (1 uM and 10 uM) for 30 min. (E) H9c2 cells were pre-incubated with a vehicle
alone, or with LY294002 (10 uM) or GF109203X (2.5 uM), and then incubated without or with TVP1022 (10 uM) for 30 min. Phosphorylated
GSK-3 (Ser9) levels were analysed in cell lysates and normalized to GSK-3p levels. In panels (B)-(E), upper lanes show representative Western blots
of the respective proteins in the different experimental groups. Equal loading was checked with an antibody against -tubulin or GSK-38. All blots
are representative of three independent experiments, summarized in bar graphs below. #P < 0.05 versus control untreated cells; *P < 0.05 versus
TVP1022. MTT, 3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium; PMA, 12-myristate 13-acetate.
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The effect of TVP1022 on phosphorylation of PKC and GSK-3f in neonatal rat ventricular myocytes (NRVM). NRVM were incubated without or
with TVP1022 (1 or 10 uM) for 30 min. Phosphorylation levels of (A) PKC and (C) GSK-3B (Ser9) were analysed in NRVM lysates by Western
blotting. NRVM were pre-incubated with vehicle alone, or with (B) chelerythrine (5 uM) or (D) LY294002 (10 uM) for 1 h, and then incubated
without or with TVP1022 (10 uM) for 30 min. Phosphorylated PKC and GSK-3f levels were analysed in cell lysates and normalized to B-tubulin
or to GSK-3f levels respectively. In panels (A)-(D) upper lanes show representative Western blots of the respective proteins in the different
experimental groups. Equal loading was checked with an antibody against B-tubulin or GSK-38. All blots are representative of three independent
experiments, summarized in bar graphs below. #P < 0.05 versus control untreated cells; *P < 0.05 versus TVP1022. (E) A schematic model for the
cardioprotective effect of TVP1022. TVP1022 inactivates GSK-3 via PKC and PI3K signalling pathways, resulting in cardioprotection against MPTP
opening, and mitochondrial cytochrome crelease into the cytosol. In turn, TVP1022 increases the levels of anti-apoptotic protein Bcl-2 and inhibits
the activation of caspases 9 and 3. MPTP, mitochondrial permeability transition pore.
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also contribute to the pathogenesis of heart failure (Chen
et al., 2001; Winstead ef al., 2005; Sheng et al., 2010). The in
vitro experiments demonstrated that TVP1022 attenuated
serum starvation and H,O,-induced apoptosis. These anti-
apoptotic effects were associated with the preservation of
mitochondrial membrane potential and Bcl-2 levels, inhibi-
tion of mitochondrial cytochrome ¢ release and of the
increased levels of cleaved caspases 9 and 3. These observa-
tions are consistent with our previous study demonstrating
that TVP1022 attenuated doxorubicin- and serum starvation-
induced apoptosis in NRVM (Kleiner et al., 2008). Several
studies have shown that caspase 3 plays a central role in the
execution phase of cell apoptosis (Porter and Janicke, 1999).
The activation of caspase 3 is governed by a group of signal-
ling cascades, among which the interaction of the anti-
apoptotic Bcl-2 and the pro-apoptotic Bax proteins plays a
critical role. It was demonstrated that Bcl-2 is capable of
forming a heterodimer with Bax, thereby preventing Bax
homodimerization, the release of mitochondrial cytochrome
¢, and the sequential activation of caspase 9 and caspase 3
(Narita et al., 1998; Murphy et al., 2000). The present findings
are also in agreement with our recent studies showing that
TVP1022 and its (R)-enantiomer rasagiline, exhibit similar
neuroprotective activities in response to various neurotoxins
in neuronal cell cultures and in an in vivo model of close head
injury (Huang et al., 1999; Youdim et al., 2001; 2005). The
molecular mechanisms underlying the neuroprotective
effects of rasagiline were found to involve suppression of
MPTP opening, prevention of cytochrome c¢ release and
caspase 3 activation, and nuclear glyceraldehyde-3-
phosphate dehydrogenase translocation and induction of the
pro-survival protein Bcl-2 (Naoi and Maruyama, 2009).

A number of intracellular signalling elements were pro-
posed to be involved in cardioprotection against I/R injury,
including PKC and AKT, which may regulate GSK-3B to
promote cell survival (Juhaszova et al., 2009). Previous studies
have shown that GSK-3p is a putative regulator of MPTP
opening, and thus several cytoprotective signals may con-
verge on this kinase (Juhaszova et al., 2004; Juhaszova et al.,
2009; Zorov et al., 2009). Indeed, here we demonstrated that
PI3K/AKT/GSK-3B inhibition blocked the cardioprotective
effect of TVP1022 against apoptosis induced by oxidative
stress. The present study also shows that TVP1022 dose
dependently increased phospho-PKC and phospho-(Ser9)
GSK-3B levels in both H9c2 cells and NRVM; these effects
were attenuated by specific inhibitors of PKC and GSK-3f
signalling pathways. Moreover, we previously reported that
the R-enantiomer rasagiline and propargylamine increased
mRNA expression levels and activation of the isoenzyme
PKCe (Weinreb et al., 2004; Bar-Am et al., 2005). Indeed, it
was clearly shown that PKCe has distinct functions in cardio-
protection (Chen etal., 2001; Inagaki etal.,, 2006; Garlid
et al., 2009). Notably, our inhibition studies illustrated that
the PKC inhibitor GF109203X also inhibited TVP1022-
induced phospho-GSK-3B(Ser9) levels, in accordance with a
previous finding showing that GSK-3f can be inactivated by
the PKC pathway (Gross et al., 2004; Juhaszova et al., 2004).
In this regard, an earlier study by Fang ef al. in non-cardiac
cells demonstrated that PKC induced the phosphorylation of
GSK-3B(Ser9) by an AKT-independent mechanism (Fang et al.,
2002). Thus, PKC may be responsible for PI3K/AKT-

Cardioprotective efficacy of TVP1022

dependent phosphorylation of GSK-3f, although the possi-
bility of involvement of other kinases cannot be excluded.

In summary, we have demonstrated that TVP1022 attenu-
ated H,O,-induced cytotoxicity in cardiac cells in vitro via the
PKC/GSK-3B pathway. The mechanism underlying the pro-
tective efficacy appears to involve inhibition of MPTP
opening, thus leading to decreased cytochrome c release from
the mitochondria (see model scheme in Figure 8E) (Juhaszova
et al., 2004). As inhibiting the opening of MPTP is a critical
event in the acute cardioprotection induced by pre-
conditioning and post-conditioning, the current findings
suggest that TVP1022 may confer cardioprotection against
myocardial infarction and reperfusion by preserving mito-
chondrial integrity via activation of the PKC/GSK-383
pathway.
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