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Abstract

Aims—\We have observed that Bendavia, a mitochondrial-targeting peptide that binds the
phospholipid cardiolipin and stabilizes the components of electron transport and ATP generation,
improves cardiac function and prevents left ventricular remodeling in a 6 week rat myocardial
infarction (MI) model. We hypothesized that Bendavia restores mitochondrial biogenesis and gene
expression, suppresses cardiac fibrosis, and preserves sarco/endoplasmic reticulum (SERCA2a)
level in the noninfarcted border zone of infarcted hearts.

Main methods—Starting 2 hours after left coronary artery ligation, rats were randomized to
receive Bendavia (3 mg/kg/day), water or sham operation. At 6 weeks, PCR array and gRT-PCR
was performed to detect gene expression. Picrosirius red staining was used to analyze collagen
deposition.

Key findings—There was decreased expression of 70 out of 84 genes related to mitochondrial
energy metabolism in the border zone of untreated hearts. This down-regulation was largely
reversed by Bendavia treatment. Downregulated mitochondrial biogenesis and glucose & fatty
acid (FA) oxidation related genes were restored by administration of Bendavia. Matrix
metalloproteinase (MMP9) and tissue inhibitor of metalloproteinase (TIMP1) gene expression
were significantly increased in the border zone of untreated hearts. Bendavia completely prevented
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up-regulation of MMP9, but maintained TIMP1 gene expression. Picrosirius red staining
demonstrated that Bendavia suppressed collagen deposition within border zone. In addition,
Bendavia showed a trend toward restoring SERCAZ2a expression.

Significance—Bendavia restored expression of mitochondrial energy metabolism related genes,
prevented myocardial matrix remodeling and preserved SERCA2a expression in the noninfarcted
border, which may have contributed to the preservation of cardiac structure and function.

Myocardial infarction; Mitochondria; Bendavia; Cardioprotection

Introduction

Myocardial infarction (MI) results in substantial left ventricular damage, which may be
followed by heart failure. Despite the considerable improvement in the treatment of acute
Ml in the past 20 years, MI mortality at 1 year still remains about 15%, and approximately
20% of patients with a first M1 at > 65 years of age will develop heart failure in 5 years?.
The search for better therapies is one of the major challenges in cardiovascular disease.
Emerging evidence shows that following MI, the heart becomes an energy-starved pump
with decreased adenosine triphosphate (ATP) concentrations?: 3, reduced fatty acid (FA)
oxidation rates* and impaired mitochondrial biogenesis®. The modulation of mitochondrial
function may be a promising new approach for the treatment of heart failure related to MlI.

Mitochondria are the powerhouse of the cells and are responsible for transforming chemical
energy into ATP in order to supply energy for the demands of cardiac muscle contraction.
ATP is synthesized primarily by mitochondrial oxidative phosphorylation (OXPHOS) at the
electron transport chain. Mitochondrial OXPHOS is composed of four complexes: 1, I, 11l,
and IV that are embedded in the inner mitochondrial membrane and the ATP synthase
(complex V). The reductions in the expression level and activity of the respiratory chain
complexes have been reported in animal models of heart failure post M1 and in failing
human hearts8: 7.

Bendavia, a cell-permeable peptide, is an analogue of Szeto-Schiller (SS)-peptides SS-31
and is also referred to as MTP-131 in the literature8. Bendavia selectively targets the inner
mitochondrial membrane where it reduces levels of reactive oxygen species (ROS) and
improves energetics through a cardiolipin-dependent mechanism®14, Unlike mitochondrial-
targeted antioxidant such as MitoQ, the uptake of Bendavia is independent of the
mitochondrial membrane potentiall®. In a series of studies®: 1, we reported that Bendavia
showed cardioprotective properties in the setting of acute ischemia/reperfusion injury
models by enhancing mitochondrial energetics and reducing the production of cellular ROS
levels. Recently, our laboratory has further demonstrated that chronic Bendavia therapy
started 2 hours after myocardial infarction improves cardiac function and limits left
ventricular remodeling in a 6 week rat Ml model, without altering blood pressure or heart
ratel®.
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In the present study, to further characterize the mitochondrial directed mechanism of
Bendavia as it relates to improved cardiac function, we determined whether treatment with
Bendavia restores mitochondrial function, suppresses cardiac fibrosis, preserves SERCA2a
expression in a model of chronic left ventricular dysfunction following M.

All experimental protocols were approved by the Institutional Animal Care and Use
Committee, and performed in accordance with the “Guide for the Care and Use of
Laboratory Animals” (National Academy Press, Washington DC, revised 2011, Eighth
Edition). The Heart Institute at Good Samaritan Hospital was accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care International.

Experimental groups

Myocardial infarction was induced in female Sprague-Dawley rats as described
previously8. The artery that we occlude is the proximal left coronary artery right below the
level of the left atrial appendage. Starting 2 hours after left coronary artery ligation, rats
were randomized to receive Bendavia (3 mg/kg/day) or water delivered by Alzet Osmotic
Pump at 0.15 pl/hour (model 2006; 200 ul). Noninfarcted rats served as shams. At 6 weeks,
hearts were rapidly removed and shap frozen in liquid nitrogen. Before freezing, left
ventricles (LV) with MI were surgically separated into border zone (a strip of non-infarcted
heart tissue about 2 mm in width surrounding the scar) and the remote nonischemic area (the
segment from LV septum which is opposite of the infarct area). There are 5 groups that were
studied: Sham = noninfarcted normal hearts, MI/BZ = noninfarcted border zone of water-
treated infarcted hearts, MI/BZ + Bendavia = noninfarcted border zone of Bendavia-treated
hearts, MI/R = remote noninfarcted area of water-treated hearts, and MI/R + Bendavia =
remote noninfarcted area of Bendavia-treated hearts. Data on cardiac function and LV
remodeling using this model were previously reported?®.

PCR gene array

gRT-PCR

Total RNA was extracted using a Trizol reagent (Invitrogen). RNA was treated with RNase-
free DNase and purified using RNase mini kit (Qiagen). Reverse transcription reaction was
performed with 500ng of total RNA using RT2-first strand kit (SABioscience). Rat
mitochondrial energy metabolism PCR array was performed to measure gene expression of
the electron transport chain and oxidative phosphorylation complexes (Rat mitochondrial
energy metabolism, PARN-008ZD. SABioscience) by using Bio-Rad CFX 96 touch real-
time PCR detection system.

Total RNA was extracted using a Trizol reagent. RNA was treated with RNase-free DNase
and purified using RNase mini kit (Qiagen). iScriptTM cDNA Synthesis Kit (Bio-Rad) was
used for cDNA synthesis and quantitative RT-PCR was performed using a CFX96 touch
real-time PCR system (Bio-Rad). Primers used for qPCR include: PGC1a forward
GACCCTCCTCACACCAAAC, reverse GCGACTGCGGTTGTGTATG; B-actin forward
CTGTGTGGATTGGTGGCTCT, reverse GCTCAGTAACAGTCCGCCTA; NRF1 forward
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CGCTCATCCAGGTTGGTACT, reverse TTCACCGCCCTGTAATGTGG; Tfam forward
AGGGGGCTAAGGATGAGTC, reverse ATCACTTCGCCCAACTTCAG; ERRa forward
AACGCCCTGGTGTCTCATC, reverse CTGATGGTGACCACTATCTC; PPARa forward
CTCGGGGATCTTAGAGGCGA, reverse GCACCAATCTGTGATGACAACG; CD36
forward CTCACACAACTCAGATACTGCTG, reverse GCACTTGCTTCTTGCCAACT;
GLUT4 forward TACCGTCTTCACGTTGGTCTC, reverse
TAACTCATGGATGGAACCCGC; MMP9 forward GATCCCCAGAGCGTTACTCG,
reverse GTTGTGGAAACTCACACGCC; Timpl forward ACAGCTTTCTGCAACTCGGA,
reverse AGCGTCGAATCCTTTGAGCA; and SERCA2a forward
TTGTGGCCCGAAACTACCTG, reverse GGGCTGGAAGATGTGTTGCT.

Picrosirius red staining

After 6 weeks of treatment, the hearts were arrested in diastole by injecting intravenous
potassium chloride and were pressure-fixed (13 cm water column) in 10% formalin. The
formalin-fixed hearts were embedded in paraffin and 5um thickness slides were staining
with picrosirius red to estimate the extent of interstitial collagen using Image J. The collagen
volume fraction was determined as the percentage of picrosirius red positive-stained area
relative to total area.

Electron microscopy

All rats were assigned randomly to treatment with Bendavia or water for 6 weeks. Rats were
anesthetized with an intraperitoneal injection of xylazine and ketamine. A catheter was
inserted into the abdominal aorta toward the heart for perfusion fixation and a small nick
was placed in the inferior vena cava to drain blood. Phosphate buffer solution was infused
for 3 minutes to remove blood (pressure equal to the mean blood pressure at 122 cm H20,
90 mm Hg); thereafter the heart was arrested in diastole by potassium chloride injection
followed by 15 minutes perfusion with modified Karnovsky solution. The heart was excised
and ~1 mm x 1 mm x 2 mm thick slices were cut from the border zone and remote area,
immersed in modified Karnovsky’s fixative overnight at 4°C for further fixation and then
processed for ultrastructural analysis using a transmission electron microscope (JEOL
JEM-2100 at 100kV). Quantitative analysis was performed blindly from 10 images per
sample (3000x magnification). The following quantitative measurements were obtained
using Image J: mitochondrial size (uM?), mitochondrial number/10 uM2, width (uM), length
(M) and ratio of width to length. At least 300 mitochondria in the border zone and 200
mitochondria in the remote area of each rat were measured for quantitative assessment.

Cardiolipin analysis

Cardiolipin analysis was carried out by Miao Wang at Sanford-Burnham Medical Research
Institute, Orlando, FL. Heart tissue was pulverized into a fine powder by a stainless steel
biopulverizer at the temperature of liquid nitrogen. The tissue powders of 10 to 20 mg were
weighed and homogenized in 0.5 mL 10x diluted PBS in 2.0 ml cryogenic vials (Corning
Life Sciences, Tewksbury, MA) by using a digital sonifier (Branson 450, Danbury, CT).
Protein assay on the homogenates was performed by using a bicinchoninic acid protein
assay kit (Thermo Scientific, Rockford, IL) with bovine serum albumin as standards. The
determined cardiolipin levels were normalized to the protein content of individual samples.
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Individual homogenate of the heart samples (equal ~ 0.8 mg protein amount) was accurately
transferred into a disposable glass culture test tube. Cardiolipin internal standard was added
prior to lipid extraction. Lipid extraction was performed by using a modified Bligh and Dyer
procedure as described previouslyl’.

Each lipid extract was resuspended into a volume of 200 pL of chloroform/methanol (1:1,
v/v) per mg of protein and flushed with nitrogen, capped, and stored at =20 °C for lipid
analysis. For electrospray ionization (ESI) direct infusion analysis, lipid extract was further
diluted to a final concentration of ~500 fmol/uL by CHCIl3/MeOH/isopropanol (1/2/4,
v/iviv), and the mass spectrometric analysis was performed on a Q-Exactive mass
spectrometer (Thermo Scientific, San Jose, CA) equipped with an automated nanospray
device (TriVersa NanoMate, Advion Bioscience Ltd., Ithaca, NY) and operated with
Xcalibur software. Identification and quantification of lipid molecular species were
performed using an automated software program18.

Statistical Analysis

Results

All results are expressed as means +/— SEM and analyzed using student’s t-test or 1 way
ANOVA as appropriate. Statistically significant differences were established at p <0.05.

Bendavia protects mitochondrial energy metabolism gene expression

We determined whether Bendavia protects the gene expression related to mitochondrial
energy metabolism, including genes that code for all 5 mitochondrial electron transport
complexes. Heat map analysis showed a decrease in mitochondrial energy metabolism gene
expression (70 out of 84 genes) in MI/BZ vs sham. The reduction was largely reversed by
administering Bendavia as shown in MI/BZ + Bendavia group (Figure 1A). The volcano plot
identified that the expression of the majority of genes was reversed toward normal with 5
genes reaching a significant difference in MI/BZ+Bendavia compared with MI/BZ (Figure
1B). The identity of these 5 genes belonging to mitochondrial complex I and IV is
summarized in the table 1. There were no group differences in gene expressions in the
remote nonischemic areas.

Bendavia restores mitochondrial biogenesis and regulates the gene expression of glucose
and fatty acid oxidation

In addition to the analysis described above we also determined whether Bendavia could
restore mitochondrial biogenesis in this chronic Ml rat model. Peroxisome proliferator-
activated receptor gamma coactivator-1a (PGCLla) and its target genes were examined.
PGC1a is a master regulator of mitochondrial biogenesis, which can co-activate nuclear-
encoded respiratory proteins (NRF) to regulate the expression of mitochondrial transcription
factor A (Tfam). Tfam is responsible for both the replication and transcription of
mitochondrial DNA29: 20, Our data showed that PGC1a, NRF1 and Tfam were decreased by
42%, p=0.007, 29%, p=0.022 and 30%, p=0.059, respectively, in the MI/BZ group compared
with sham. Bendavia completely prevented down-regulation of PGCla and its target genes
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(Figure 2A, 2B and 2C). There were no group differences in gene expressions in the remote
areas (Figure 2D, 2E and 2F).

In parallel to impaired mitochondrial biogenesis, the altered regulation of FA and glucose
utilization is also believed to contribute to cardiac dysfunction. We, therefore, measured the
gene expression level of peroxisome proliferator-activated receptor (PPARa), estrogen-
related receptor (ERRa), glucose transporter 4 (GLUT4) and fatty acid transporter (CD36).
Bendavia upregulated the expression of ERRa and PPARa in MI/BZ+Bendavia compared
with MI/BZ (Figure 3A and 3B), although, these findings did not achieve statistical
significance. The expressions of CD36 and GLUT4 were significantly reduced in the MI/BZ
group compared to sham and Bendavia completely prevented the downregulation of these
two genes (Figure 3C and 3D). There were no significant changes in the remote areas
(Figure 3E, 3F, 3G and 3H).

Bendavia has no effect on myocardial ultrastructure

The electron micrographs were taken from tissue samples in the noninfarcted border zone
and remote areas of water and Bendavia-treated hearts at 6 weeks. The mitochondrial cristae
appeared intact and compact. We did not observe swollen mitochondria and separation or
disruption of the cristae in either border zone or remote area at 6 weeks in this model. The
mitochondria at the border zone (Figure 4A and 4C) appeared to be rounder and smaller in
shape and occurred more in pools than between the myofilaments compared to the remote
nonischemic area (Figure 4B and 4D). These mitochondrial clusters suggest mitochondrial
pathology at the border zone?!: 22, However, there was no qualitative difference in
myocardial ultrastructure between water and Bendavia-treated groups. The overall number
and size of the mitochondria were comparable between water and Bendavia-treated group
within the border zone and remote area (Table 2). Therefore, quantitative data from water
and Bendavia group were pooled for analysis. The overall number of interfibrillar
mitochondria significantly increased in the border zone compared with the remote area, and
the average length of the mitochondria significantly decreased in the border zone reflecting a
more rounded morphology (Table 3). We therefore examined the quantity and type of
cardiolipin, the molecular target for Bendavia, in these mitochondria.

Effect of Bendavia on cardiolipin

Cardiolipin is a phospholipid that is exclusively expressed on the inner mitochondrial
membrane where it is essential for cristae structure and supercomplex formation. Cardiolipin
species have four fatty acyl chains (Tetra-acyl cardiolipin) and the (18:2)4 cardiolipin is
dominant species in heart. Cardiolipin depletion and structure change have been reported in
a variety of pathological settings including heart failure23 24, Recently, it has been
demonstrated that Bendavia selectively interacts with cardiolipin to protect the structure of
mitochondrial cristae and promote oxidative phosphorylation!l. Our data demonstrated that
there was a trend (not statistically significant) for the depleted total cardiolipin, (18:2)4
cardiolipin species and monolysocardiolipin (MLCL) in the border zone and the remote area
to be restored in the Bendavia group (n=9) compared with the water group (n=10) (Figure
5).
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Bendavia modulates postischemic LV remodeling

MMPs and TIMPs play an important role in LV remodeling.2> qRT-PCR analysis showed
that MMP9 and TIMP1 gene expression were significantly increased by 7.6 fold, p=0.026
and 4.4 fold, p=0.016, respectively, in the MI/BZ vs sham. Bendavia completely prevented
up-regulation of MMP9, but maintained TIMP1 gene expression (Figure 6A and 6B). There
were no significant differences in the remote areas (Figure 6C and 6D). Next, we assessed
Picrosirius red staining to directly quantify collagen deposition in the border zone and
remote area, respectively. As shown in Figure 6E, Bendavia significantly suppressed
collagen deposition comparing the MI/BZ + Bendavia (11 £ 1% of the area of border zone)
with MI/BZ (15 = 1%, p=0.03). Bendavia also showed a trend to decrease collagen
deposition in the remote area (Figure 6F). This is likely a downstream effect of Bendavia on
mitochondrial energy metabolism including restoration of healthy ATP levels and reduction
of the pathological production of ROS.

Bendavia preserves SERCAZ2a expression

Depressed SERCA2a has been implicated as a major factor in the failing heart.26 To
determine whether Bendavia preserves SERCAZ2a level, SERCA2a gene expression was
examined. As shown in Figure 7A, SERCA2a expression was markedly decreased by 44%,
p<0.05 in the MI/BZ group vs sham and Bendavia restored SERCA2a gene expression
toward normal. There were no group differences in the nonischemic remote area (Figure
7B).

Discussion

Early coronary reperfusion via thrombolytic therapy or percutaneous coronary intervention
remains the only established intervention for reducing myocardial infarct size and improving
survival rate in humans. Nevertheless, delay of the door to balloon or needle time requires
new adjunctive therapy for additional improvements in morbidity and mortality of post-
infarction heart failure.2” In addition, a recent study suggests that despite earlier “door to
balloon time”, mortality rates have plateaued and new therapies are needed to further
improve survival rates28,

Our previous study demonstrated that Bendavia restored the regulators and mediators
mitochondrial-related gene expression in the noninfarcted border zonel®. In this study, we
further found that post-infarction chronic therapy of Bendavia restored gene expression of
mitochondrial energy metabolism, including all 5 mitochondrial complexes, promoted
mitochondrial biogenesis and regulated glucose & fatty acid oxidation related gene
expression. Furthermore, we demonstrated that Bendavia preserved SERCAZ2a expression
and reduced cardiac fibrosis, indicating that this compound represents a novel strategy to
improve cardiac function post-Ml.

The energy demands of the heart are immense and require a highly active mitochondrial
system. Dysregulation of mitochondrial function occurs in many human diseases including
post-MI heart failure®. In recent years, several mitochondrial-targeting strategies have
emerged as potential treatment paradigms. One example is MitoQ, a ubiquinone moiety
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conjugated to triphenylphosphonium cations (TPP*) that freely crosses membranes and
accumulates in the mitochondrial matrix. MitoQ has been shown to reduce mitochondrial
ROS and protect the heart against ischemia-reperfusion injury2?. However, mitochondrial
uptake of MitoQ is membrane potential-dependent39 and studies showed that this compound
inhibited mitochondrial bioenergetics3: 31 which may limit its therapeutic potential in the
failing heart. Clearly, development of additional novel cell-permeable and mitochondrial-
targeted compounds is needed.

Bendavia can easily cross cell membranes and selectively targets the inner mitochondrial
membrane as a result of its interaction with the phosophilipid cardiolipin, which resides
exclusively in this location. Importantly, this localization of Bendavia is independent of the
mitochondrial membrane potentiall®>. Numerous studies have demonstrated that Bendavia
reduces the levels of ROS, decreases lipid peroxidation, inhibits mitochondrial permeability
transition in pathological states and protects mitochondrial cristae® 12: 13,32,

In the failing heart, there is a reduced activity of electron transport chain complexes and
decreased capacity for oxidative phosphorylation, which resulted in a significant decrease in
myocardial ATP and phosphocreatine content33-35, Using a Rat Mitochondrial Energy
Metabolism RT2 Profiler PCR Array that profiles the expression of 84 key genes involved in
mitochondrial respiration, including genes encoding components of electron transport chain
complexes, our study showed for the first time that Bendavia treatment restored the majority
of mitochondrial energy metabolism related gene expression within the noninfarcted border
zone. In particular, genes involved in complex | (NADH-coenzyme Q reductase): Ndufb3,
Ndufa7, Ndufc2 and Ndufa5 and complex IV (Cytochrome C Oxidase): Cox6¢ were
significantly upregulated by Bendavia treatment in the noninfarcted border zone. Our
previous data demonstrated that the activity of complex | and complex IV were markedly
reduced in the border zone and Bendavia significantly increased complex | and IV activity to
normal levels'6. These findings suggest that downregulation of mitochondrial energy
metabolism related gene expression and reduction of complex IV activity in MI/BZ group
may indicate a state of cell energy deprivation. Bendavia’s ability to restore mitochondrial
bioenergetics may be beneficial in treating heart failure post-MI or other ischemic and
nonischemic impairments in cardiac function.

Mitochondrial biogenesis is a process responsible for mitochondrial component synthesis
and assembly that correlates with energy metabolism. In the healthy heart, mitochondrial
biogenesis matches cardiac growth and cardiac work. Recently, a considerable amount of
data suggests that mitochondrial biogenesis disorders play a critical role in cardiac
dysfunction and heart failure36-38, PGC1a, a master regulator of mitochondrial biogenesis,
is preferentially expressed in the heart serving as transcriptional coactivator. Expression
levels of PGCla are intricately linked to the maintenance of heart function. Spiegelman et
al3° reported that there was reduced mitochondrial enzymatic activities and pronounced
decrease in ATP concentrations with genetic ablation of the PGC1a mouse heart. Our
present study demonstrated that chronic Bendavia therapy completely prevented down-
regulation of mitochondrial biogenesis genes within the border zone, which may represent a
mechanism by which it preserved cardiac function.
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PGCla also can directly coactivate peroxisome proliferator-activated receptors (PPARS) and
estrogen-related receptors (ERRS) regulating glucose and FA oxidation. There are 3 PPAR
isoforms and PPARa is highly expressed in heart and its activation increases fatty acid
oxidation“?. The ERR family includes ERRa, ERR, and ERRYy. ERRa, cooperates with
PPARa and NRF regulating glucose and FA utilization. Glucose and FA uptake are mainly
mediated by GLUT4 and the FA transporter CD36 in healthy adult heart. Moreover, these
two genes are also PGC1la downstream target genes. In general, oxidation of FA is reduced
in the failing heart#l: 42, However, the alteration in glucose utilization in the failing heart is
variable as decreased, unchanged or increased glucose oxidation. Our result showed that
myocardial Glut4 was 51 % lower in the noninfarcted border zone of infarcted hearts
indicating a decreased capacity for glucose uptake. Two previously published papers
reported that CD36 was up-regulated in acute ischemic brain and Bendavia attenuated the
expression of CD36%3 44, In our chronic MI model, we found that Bendavia prevented the
downregulation of CD36. These findings suggest that Bendavia has an ability to bring CD36
toward normal level whether CD36 is up or down-regulated in pathologic condition. In
addition, Kelly DP et al reported that the failing heart exhibited a decrease in PPARa and
ERRa content, correlated with FA oxidation gene down-regulation and reduced fatty acid
utilization®. Our results are generally consistent with studies in the literature that showed a
decrease in the expression of glucose and FA utilization related genes within the border
zone. Importantly, these decreases in gene expression were reversed by chronic Bendavia
therapy. Therefore, these findings suggest that impaired myocardial glucose and FA uptake
may contribute to the progression of heart failure post-MI and Bendavia plays a beneficial
role in regulating mitochondrial substrate utilization. Our data are also in line with a recent
study*6, showing that myocardial expression of PGC1a and PPARa, was blunted in
renovascular hypertension, but improved in Bendavia-treated pigs.

Mitochondrial and sarcoplasmic reticulum (SR) are the two organelles that coordinate
energy production and calcium control. Any perturbation in mitochondrial or cytosolic Ca2+
homeostasis will have a detrimental effect on cell function. In the ischemic heart, the
decreased ATP leads to elevation in cytosolic calcium level. Abnormal calcium cycling is
widely attributed to decreased SERCA expression?’. For this reason, a number of
experimental and clinical efforts have aimed to improve cardiac function in heart failure by
increasing SERCA using gene therapy*®8 49, Our present study demonstrated that chronic
Bendavia administration preserved SERCAZ2a expression in the border zone, suggesting that
improved mitochondria function is also beneficial for cellular Ca?* homeostasis.

Alterations in the balance of MMPs and TIMPs are involved in myocardial matrix
remodeling. MMPs are expressed at very low levels in normal myocardium but markedly
increased expression and activity of MMPs have been demonstrated in human and animal
hearts during the remodeling process after MI°9: 51, Rohde et al®2 demonstrated that
pharmacological MMP inhibitor attenuated left ventricular enlargement and increased
fractional shortening after experimental MI in mice. In addition, the particular importance of
MMP9 has been identified in LV remodeling. Ducharme et al®3 reported that targeted
deletion of MMP9 attenuated left ventricular enlargement and collagen accumulation in
mice post-MI. TIMP1 is an important endogenous inhibitor of myocardial MMPs. In a
mouse model post-MI, overexpression of adenoviral TIMP1 resulted in decreased collagen
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deposition and prevention of cardiac rupture®*. Our present result showed that Bendavia
completely prevented up-regulation of MMP9, but maintained TIMP1 gene expression
suggesting a reduction of MMP activity and less pronounced ventricular remodeling in the
Bendavia treatment group.

A published paper reported that mitochondrial cristae quality and density significantly
declined in the transverse aortic constriction (TAC)-induced model of cardiac hypertrophy
and it was ameliorated by Bendavia®®. This pressure-overload-induced heart failure model
showed mitochondrial swelling and disrupted cristae in saline-TAC hearts. However, in our
6-week rat MI model, we detected no evidence of this type of visual mitochondrial injury at
an ultrastructural level in the control water-treat group. This lack of morphologic damage to
the mitochondria may explain why we did not detect the difference between water and
Bendavia-treated groups. Perhaps, if we had extended our study to 6 months (at a time
where the heart is more dilated, ventricular function has further deteriorated and
mitochondria structure may have exhibited more damage), we may have been able to
identify a protective effect of Bendavia upon mitochondrial structure. The trend toward
preservation of cardiolipin content and type further suggests that mitochondrial structural
improvements with Bendavia may follow with more chronic therapy.

As previously reported, Bendavia interacts with cardiolipin and improves electron transport
and reduces ROS level in stressed cardiomyocytes. In the present study there was a non-
significant trend supporting the concept that Bendavia may have normalized cardiolipin
levels in the border zone; however our n values may have been too low in the present study
to show a statistically significant improvement in this model.

Conclusion

Limitation

Bendavia is a compound that targets mitochondria and improves energy production and
decreases the generation of ROS. Our data showed for first time that Bendavia’s action of
improving cardiac function and preventing adverse LV remodeling may be through its
impact on primary and downstream pathways related to mitochondrial function and
energetics. Bendavia reversed the down-regulation of mitochondrial energy metabolism gene
expression, promoted mitochondrial biogenesis, regulated glucose & fatty acid oxidation
related gene expression, preserved SERCAZ2a and reduced cardiac fibrosis in the
noninfarcted border zone.

The gene expressions need to be further confirmed at protein levels in future studies.
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Figure 1.
Bendavia protects genes involved in mitochondrial energy metabolism and restores

transcripts associated with complexes | and IV. (A) Heatmap of 84 mitochondrial energy
metabolism gene expressions. Red and green colors indicate increased and decreased gene
expression, respectively (N=4 in sham, N=5 in the rest of groups). The top row represents
gene expression in non-ischemic sham hearts. The second row represents gene expression
within the non-infarcted border zone of water-treated rats (MI/BZ). Note that the green
stripe represents down-regulated genes. The third row from the top represents non-infarcted
border zone of the Bendavia-treated rats. Note that many of the genes that were down-
regulated in the water group are up-regulated in the Bendavia group (MI/BZ+Bendavia).
There were no changes with Bendavia in the non-ischemic remote areas of the LV (MI/R +
Bendavia) compared to the water control rats (MI/R). (B) A “volcano’ plot of mitochondrial
energy metabolism. Each point represents the average MI/BZ + Bendavia: MI/BZ ratio (fold
change, x axis, log scale) for all 84 genes, versus the statistical significance for the
difference in MI/BZ + Bendavia vs MI/BZ expression (y axis, log scale). Some of the
notable genes that were upregulated by Bendavia included genes involved in mitochondrial
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complex I: Ndufb3, Ndufa7, Ndufc2 and Ndufa5 and mitochondrial complex IV: Cox6c¢. P
values <0.05 are considered statistically significant (N=4 in sham, N=5 in the rest of

groups).
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Bendavia restores gene expression associated with mitochondrial biogenesis in the border
zone. Real time PCR analysis for genes of (A) PGC1la in border zone, (B) NRF1 in border
zone, (C) Tfam in border zone, (D) PGCla in remote area, (E) NRF1 in remote area and (F)
Tfam in remote area, at 6 weeks after myocardial infarction. All real time PCR data were
normalized to B-actin and presented relative to the sham group. * p<0.05 vs. sham, # p<0.05
vs. MI/BZ (N=7 in each group).
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Figure 3.
Bendavia normalizes genes associated with glucose and fatty acid oxidation. Real time PCR

analysis for genes of (A) PPARa in border zone, (B) ERRa in border zone, (C) GLUT4 in
border zone, (D) CD36 in border zone, (E) PPARa in remote area, (F) ERRa in remote area,
(G) GLUT4 in remote area and (H) CD36 in remote area, at 6 weeks after myocardial
infarction. All real time PCR data were normalized to -actin and presented relative to the
sham group. * p<0.05 vs. sham, # p<0.05 vs. MI/BZ (N=7 in each group).
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Figure 4.
Representative electron micrograph in border zone (A) and remote area (B) at 3000x

magnification. The basic internal mitochondrial structure appears normal with intact cristae
and no swelling. The green line was drawn around and across mitochondria. The
mitochondria at the border zone appear to be rounder and smaller in shape and occur more
in pools compared to mitochondria in the remote nonischemic area. Representative high-
resolution electron micrograph in border zone (C) and remote area (D) at 8000x
magnification.
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Figure 5.
Bendavia show a trend of increasing the content of total cardiolipin, (18:2)4 cardiolipin and

monolyso cardiolipin (MLCL) in border zone (A), (B) and (C) and remote area (D), (E) and

(F).
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Bendavia suppresses cardiac fibrosis by regulating gene expression of MMP9 and TIMPL1.
Real time PCR analysis for genes of (A) MMP9 in border zone, (B) TIMPL1 in border zone,
(C) MMP9 in remote area and (D) TIMP1 in remote area, at 6 weeks after myocardial
infarction. All real time PCR data were normalized to f-actin and presented relative to the
sham group. * p<0.05 vs. sham, # p<0.05 vs. MI/BZ (N=7 in each group). (E) Collagen
deposition in border zone assessed by Picrosirius red staining. * p<0.05 vs. MI/BZ (N=26 in
MI/BZ group, N=28 in MI/BZ+Bendavia group). (F) Collagen deposition in remote area
assessed by Picrosirius red staining. (N=26 in MI/R group, N=28 in MI/R+Bendavia group).
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SERCA2a

SERCA2a

Figure 7.
Bendavia preserves SERCA?2a expression. Real time PCR analysis for genes of (A)

SERCAZ2a in border zone and (B) SERCAZ2a in remote area, at 6 weeks after myocardial
infarction. All real time PCR data were normalized to -actin and presented relative to the
sham group. * p<0.05 vs. sham (N=10 in each group).
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Table 1
Mitochondrial energy metabolism related gene expression with significant difference in MI/BZ + Bendavia vs
MI1/BZ
Symbol  Name Fold change  p-value
Complex |
Ndufb3 ~ NADH dehydrogenase (ubiquinone) 1 beta subcomplex 3 141 0.0222
Ndufa7  NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 7 1.26 0.0412
Ndufc2 ~ NADH dehydrogenase (ubiquinone) 1, subcomplex unknown, 2 1.30 0.0443
Ndufa5  NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 5 1.26 0.0471
Complex IV
Cox6ec Cytochrome c oxidase, subunit Vic 141 0.0107
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Mitochondrial ultrastructure in border zone and remote area.

Table 3

Border zone (n=11) Remote area (n=11) p
Size (UM?) 0.336 + 0.026 0.377 £0.014 0.181
Number/10 pM?2 7.919 +0.611 5.896 + 0.190 0.005 ™
Width (W) (uM) 0.450 + 0.027 0.447 +0.013 0.917
Length (L) (uM) 0.826 +0.036 0.915 +0.021 0.04a%
Ratio of W/L 0.557 £ 0.017 0.511 +0.022 0.118

*
p <0.05 border zone vs. remote area
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