@ E S C European Heart Journal (2025) 46, 380-393 TRANSLATIONAL SCI ENCE

European Society https:/doi.org/10.1093/eurheartj/ehac782 i i i
of Cardiology P g j Heart failure and cardiomyopathies

Enhanced Parkin-mediated mitophagy
mitigates adverse left ventricular remodelling
after myocardial infarction: role of PR-364

Lizhuo Ai ® “**1, Juliana de Freitas Germano ® 'f, Chengqun Huang ® ",

Marianne Aniag 1. Ssavannah Sawaged 1 Jon Sin 1. Reetu Thakur ® 1,
1,2

Deepika Rai 1 Christopher Rainville 4 David E. Sterner ® %, Yang Song ,

Honit Piplani 1. Suresh Kumar ®*, Tauseef R. Butt ® %, Robert M. Mentzer ©® ',

Aleksandr Stotland ® "%, Roberta A. Gottlieb ® ""**, and
Jennifer E. Van Eyk ® V%3

'Cedars-Sinai Medical Center, Smidt Heart Institute, 127 S San Vicente Blvd Pavilion, Los Angeles, CA 90048, USA; *Cedars-Sinai Medical Center, Advanced Clinical Biosystems Research
Institute, 127 S San Vicente Blvd Pavilion, A9227, Los Angeles, CA 90048, USA; 3Department of Biomedical Sciences, Cedars-Sinai Medical Center, 8700 Beverly Blvd, Los Angeles, CA
90048, USA; and 4Progenra Inc,, 271A Great Valley Parkway, Malvern, PA 19355, USA

Received 8 December 2023; revised 17 April 2024; accepted 27 October 2024; online publish-ahead-of-print 27 November 2024

See the editorial comment for this article ‘Targeting mitochondrial fitness for cardioprotection’, by S. Hernandez-Resendiz
and D.J. Hausenloy, https://doi.org/10.1093/eurheartj/ehae821.

Abstract

Background and Almost 30% of survivors of myocardial infarction (Ml) develop heart failure (HF), in part due to damage caused by the ac-

Aims cumulation of dysfunctional mitochondria. Organelle quality control through Parkin-mediated mitochondrial autophagy (mi-
tophagy) is known to play a role in mediating protection against HF damage post-ischaemic injury and remodelling of the
subsequent deteriorated myocardium.

Methods This study has shown that a single i.p. dose (2 h post-MI) of the selective small molecule Parkin activator PR-364 reduced
mortality, preserved cardiac ejection fraction, and mitigated the progression of HF. To reveal the mechanism of PR-364, a
multi-omic strategy was deployed in combination with classical functional assays using in vivo Ml and in vitro cardiomyocyte
models.

Results In vitro cell data indicated that Parkin activation by PR-364 increased mitophagy and mitochondrial biogenesis, enhanced ad-
enosine triphosphate production via improved citric acid cycle, altered accumulation of calcium localization to the mito-
chondria, and initiated translational reprogramming with increased expression of mitochondrial translational proteins. In
mice, PR-364 administered post-Ml resulted in widespread proteome changes, indicating an up-regulation of mitochondrial
metabolism and mitochondrial translation in the surviving myocardium.

Conclusions This study demonstrates the therapeutic potential of targeting Parkin-mediated mitophagy using PR-364 to protect surviving
cardiac tissue post-MI| from progression to HF.
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Structured Graphical Abstract

Key Question
Does pharmacologically-induced Parkin-dependent mitophagy improve cardiac function following acute myocardial infarction (MI)?

Key Finding

In vitro cell data indicated that Parkin activation by PR-364 increased mitophagy and mitochondrial biogenesis. In mice, administration of
Parkin activator PR-364 at 2 hours post-MI preserved cardiac function and reduced adverse ventricular remodelling by initiating
translational reprogramming and increasing mitochondrial function in the heart.

Take Home Message

Parkin activation through PR-364 provides promising therapeutic potential to preserve cardiac function after acute Ml.

Parkin &PR—364 /

o~

.

g Pec-la
|
ety
e Gl6l0) %@

‘ Mitophagy . Mitochondrial function t Mitochondrial biogenesis

‘ Adverse remodelling ' Cardiac function ' Proteome reprogramming

Autophagosome

|

Parkin activator proposed therapeutic mechanisms. Inactive Parkin (red) is activated by PR-364; activated Parkin (green) promotes enhanced mi-
tophagy and mito-biogenesis, improves mitochondrial function via increased mitochondrial calcium level and biogenesis, and ultimately leads to lim-
ited post-myocardial infarction cardiac remodelling and heart failure. Ml, myocardial infarction.

Keywords Myocardial infarction * Proteomics ¢ Multi-omics ¢ Heart failure * Translational reprogramming * Mitochondrial
function < Parkin-dependent mitophagy

Translational perspective

Heart disease is the leading cause of death worldwide, and developing novel therapeutic approaches remains a top healthcare priority. This work
presents a novel small molecule compound developed to selectively increase the activity of Parkin ubiquitin ligase. This study showed the sig-
nificant therapeutic potential of PR-364 for the prevention of heart failure progression and in cardiac protection for patients after experiencing a
myocardial infarction.

Introduction

energy demands, mitochondria are required to generate 6 kg/day of ad-
Despite progress in diagnosis and treatment of myocardial infarction enosine triphosphate (ATP) to maintain normal cardiac contractile
(MI), 13% of survivors develop heart failure (HF) at 30 days and 20— function,” making the organelle critical in maintaining optimal cardiac
30% do so at 1 year post-discharge." As the myocardium has high performance. It is unsurprising then that damage and dysfunction of
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mitochondria play key roles in pathogenesis in cardiovascular dis-
eases.>* Preventing accumulation of damaged mitochondria after an
Ml is an important therapeutic strategy for reducing subsequent ad-
verse myocardial remodelling, and one of the main mechanisms of
this quality control process is Parkin-mediated mitophagy.

Mitophagy is an autophagic response that specifically targets and re-
moves dysfunctional mitochondria that are damaged in response to
stress conditions, including hypoxia and increased cytosolic calcium
(Ca®") overload.® Mitophagy is critical for cell survival under stress con-
ditions such as MI,®” and the process is mediated by a variety of re-
sponse factors, foremost among which is the PINK1/Parkin pathway.®
Parkin, a cytosolic E3 ubiquitin ligase, is a central factor mediating select-
ive mitophagy of damaged mitochondria for mitochondrial quality con-
trol.>'° Parkin’s ubiquitin ligase activity occurs largely at damaged or
depolarized mitochondria and is dependent on the activity of the
PTEN-induced putative kinase 1 (PINK1)."" Upon mitochondrial de-
polarization, PINK1 accumulates on the mitochondrial outer mem-
brane,"""? and once stabilized, phosphorylates ubiquitin as well as
directly on Parkin ubiquitin-like (Ubl) domain."® These phosphorylation
events recruit and activate Parkin, which in turn ubiquitinates outer
mitochondrial membrane proteins, resulting in recruitment of the au-
tophagy adapter protein p62"* and leading to the elimination of the da-
maged mitochondria via mitophagy.”>'® The removal of damaged
mitochondria via mitophagy is essential for maintaining cellular fitness,'”
and studies designed to increase autophagic flux and mitophagy have
previously demonstrated beneficial cardioprotective effects.'®'?

Balanced mitochondrial homeostasis requires both clearance of da-
maged mitochondria (mitophagy) and the generation of new functional
mitochondria (biogenesis). Mitochondrial biogenesis requires the syn-
thesis of new proteins encoded by mitochondrial and nuclear DNA.
Mitochondrial biogenesis acts to preserve mitochondrial function and
cellular homeostasis, and the process is governed by a key transcription
factor, peroxisome proliferator-activated receptor gamma co-activator
1-alpha (PGC-1a).*° Canonically, PGC-1a. regulates expression of
nuclear-encoded mitochondrial genes through induction of nuclear re-
spiratory factors (NRFs), mitochondrial transcription factor A (TFAM),
downstream transcriptional targets of PGC-1a, and oestrogen-related
receptor alpha. Parkin-interacting substrate (PARIS) is a transcriptional
repressor that binds to the PGC-1a promoter to suppress mito-
biogenesis.”"*> The use of targeting pathways that increase mitophagy
represents a promising therapeutic direction, but in spite of extensive
studies, currently there are no pharmaceuticals available to modulate
mitophagy and mitochondrial biogenesis for clinical management of
HF.>

There is an exponential increase in biological complexity once initial
gene transcripts are spliced, translated into amino acid sequences, and
post-translationally modified.>* High-throughput proteomics technolo-
gies combined with advanced bioinformatics are extensively used to
identify molecular signatures of diseases based on protein pathways
and signalling cascades.”® Liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) technology are powerful tools to de-
tect protein changes and low-abundance protein alterations in injured
tissue samples and experimental disease models.®?” At the same time,
analysis of heart tissues remains challenging, as the sarcomeric proteins
that comprise the contractile myofilament apparatus dominate the car-
diac proteome.”®*’ Optimization of sample preparation with in-depth
LC-MS/MS approaches has significantly increased the detection sensi-
tivity and coverage of the low-abundance signalling proteins in the car-
diac tissues,” which has expanded our understanding of complex
networks during cardiac diseases.*° Growing numbers of studies using

proteomics have improved our understanding of the cellular system
and biological insights of M| pathophysiology.'~*

In this work, we present a novel small molecule, PR-364 (Progenra),
developed to selectively activate Parkin. We assessed PR-364 thera-
peutic benefit and cardiac outcomes in a mouse Ml model with clinically
relevant experimental paradigms and studied its potential cellular me-
chanisms using in vitro cell models. Utilizing LC-MS/MS techniques com-
bined with bioinformatic pathway analysis tools, we investigated
PR-364 therapeutic potential of enhancing the Parkin-dependent mito-
phagy for prevention of HF progression post-MI.

Methods

Detailed methods are available in Supplementary data online, Methods.

Results

PR-364 promotes selective
Parkin-dependent mitophagy and
mitochondrial biogenesis in differentiated

H9c2 cells

PR-364 was discovered using a TR-FRET-based assay in a high-throughput
screening for activators of Parkin from a diversity-based small molecule
library. PR-364 exhibited potent and selective activation of Parkin
(ECso=2.60+0.23 uM, Figure 1A) with half-life (t1;) of 3.5+037h
(see Supplementary data online, Figure S1). In contrast, PR-364 did not af-
fect 14 other E3 ligases including HHARI which is closely related to Parkin
(ECso > 30 uM; Figure 1B). Most importantly, Parkin activation by PR-364
in vitro was confirmed using the gold standard gel-based autoubiquitina-
tion assay (Figure 1C). Treatment of Parkin with PR-364 resulted in dose-
dependent increase in ubiquitination by Parkin (Figure 1D). Proteomics
analysis also indicates Parkin-specific protein changes, including decreased
protein levels in CDGSH iron sulphur domain 2 and ras homolog family
member T2 (Rhot2), which have been suggested to be down-regulated
with activation of Parkin-mediated mitophagy®*>" (see Supplementary
data online, Figure S2). Collectively, these data strongly suggest that
PR-364 is a selective and potent Parkin activator.

To evaluate PR-364 selective activation to Parkin-dependent mito-
phagy, we differentiated the H9¢2 rat cell line®® towards a cardiac
phenotype®® and then transfected the cells with control (siControl)
or Parkin (siParkin) siRNA for 72 h prior to PR-364 or vehicle treat-
ment for 6 h (Figure 1E and F). The level of p62 (sequestosome1), a mi-
tophagy adaptor that is crucial for damaged mitochondrial clearance,™
was measured using western blots (Figure 1G), demonstrating significant
P-value for interactions between the PR-364 and Parkin silencing, which
suggested that the effect of PR-364 in siControl and siParkin cells is sig-
nificantly different.

Alternative mitophagy pathways, regulated by Fundc1 or Bnip3, were
also measured with PR-364 treatment and no significant activation was
observed (see Supplementary data online, Figure $3). We next assessed
the translocation of p62 to the mitochondria by treating the H9c2 cells
with PR-364 or vehicle for 6 h followed by addition of bafilomycin to
block autophagic flux (3 h before harvesting).***! We isolated the hea-
vy membrane fraction enriched for mitochondria,** hereafter referred
to as the ‘mitochondrial fraction’, and probed for markers of mito-
phagy. PR-364 increased the translocation of p62 into the mitochondria
in the H9¢2 cells (Figure 1H and I). Additional fluorescent microscopy
measurement using mitophagy dye staining H9c2 cells with 6 h
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Figure 1 PR-364 selectively activates Parkin and promotes Parkin-dependent mitophagy in vitro. (A) Recombinant His6-SUMO-Parkin (50 nM) was
incubated with DMSO or PR-364 at indicated concentrations in the presence of MBP-TcPINK1 (2 nM) and ubiquitination reaction was carried out for
90 min at room temperature. ECsg value is reported as mean =+ standard deviation (n = 3). (B) Per cent activation for Parkin and per cent inhibition for
other E3 ligases was plotted and ECsg was determined (n=3). (C) Western blot probed with anti-Ubiquitin antibody (VU-1) after PR-364. (D)
PhosphoSeré65ubiquitin (50 nM) was used as a Parkin activation control in the western blot. The signal intensities of PR-364 doses relative to pUb signal
were shown on the graph, by one-way analysis of variance. (E) VWestern blot analyses of Parkin and p62 to measure mitophagy activation (n = 3/group)
in H9c2 cells. (F and G) Western blot quantifications of Parkin and p62. Two-way analysis of variance with Sidak correction for multiple analyses was
used to demonstrate Parkin levels after silencing. p62 up-regulation was significant by PR-364 in siControl cells but not in siParkin cells. (H) Western
blot analysis of vehicle- vs. PR-364-treated cells with the addition of bafilomycin at 3 h before harvesting (n = 3/group). (I) Quantification of p62 in of
mitochondrial p62 vs. total p62. Error bars represent mean + standard deviation. Two-way analysis of variance with interaction was used to demon-
strate the effects of PR-364 on p62 protein levels with or without bafilomycin (50 nmoles), which inhibits mitophagy flux. (/) 60X images of live H9c2
cells with PR-364 treatment and stained with mitophagy dye, to demonstrate mitophagy. Scale bars represent 50 um. (K) Cells were treated with either
vehicle (DMSO) or PR-364 for 6 h, with or without addition of bafilomycin (50 nmoles) 3 h before harvesting and being analysed by western blot for
protein expression. (L) Western blot quantification of Pgc-1a protein level (n = 3/group), by t-test. (M—0) Western blot and quantification of Tfam and
Tom70 (n = 3/group), by multiple comparisons post two-way analysis of variance
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treatment of vehicle, PR-364, or FCCP (positive control)—confirmed
an increase in mitophagy in PR3-64-treated cells (Figure 1)).

It has been previously reported that mitophagy and mitochondrial
biogenesis were concurrent in mouse hearts after Ml through Parkin
activation.*® To determine whether PR-364 also triggers mitochondrial
biogenesis in vitro, we monitored PGC-1a protein expression, the ma-
jor regulator of mitochondrial biogenesis,***® following PR-364 treat-
ment. The results showed a 2-fold increase in Pgc-1a protein (Figure
1K and L). As concurrent mitophagy can be a confounding factor for
the analysis of mitochondrial biogenesis markers and mitochondrial
protein content,***” to control for this, we treated cells with bafilomy-
cin and compared the results following PR-364 treatment. The data
showed an increase in the accumulation of both TFAM and the mito-
chondrial outer membrane protein TOM70, biogenesis markers down-
stream targets of Pgc-10*8*7 (Figure 1M-0), in PR-364-treated cells.

PR-364 increases mitochondrial function

in human AC16 cardiomyocytes

To focus on the effects of PR-364 in a model of human cardiomyocytes,
proliferating AC16 adult human ventricular cardiomyocytes were used
to study the functional changes in vitro.>® AC16 cardiomyocytes (pas-
sage between 4 and 10) were incubated with 3 uM PR-364 or volume
equivalent vehicle for 6 h (Figure 2A). Comprehensive functional assays
and omics experiments were performed to understand the mitochon-
drial functional changes induced by PR-364 in vitro, including real-time
Seahorse mito-stress assay, flow cytometry, and western blots, discov-
ery proteomics and targeted metabolomics (Figure 2A). We measured
218 metabolites in the central carbon chain,®! and identified 4734 pro-
teins from discovery proteomics (Figure 2B). Statistical analysis of the
multi-omics data identified 39 metabolites and 188 proteins changed
by PR-364 in the AC16 cells (Figure 2C). ClueGO pathway analysis of
the metabolomics data showed five metabolites (malic acid, ATP, aco-
nitic acid, citric acid, and phosphoenolpyruvate) from the citric acid
(TCA) cycle were all increased in abundance (Figure 2D).
Interestingly, ATP was >6-fold increased by PR-364 after 6 h treatment
in the metabolomic data, reflecting increased mitochondrial function.
Concurrently, adenosine 5-diphosphate and adenosine 5-monopho-
sphate metabolite abundances in PR-364-treated AC16 cells were
also increased (see Supplementary data online, Figure $4), demonstrat-
ing increased ATP production and mitochondrial activity following
PR-364 treatment. Real-time live-cell Seahorse Mito-stress assay meas-
uring mitochondrial activities confirmed that PR-364 increased AC16
cardiomyocyte basal respiration, maximum respiration, and ATP pro-
duction, indicative of increased mitochondrial function (Figure 2E).
ClueGO pathway analysis using the discovery proteomics data iden-
tified increased quantity of five proteins (voltage-dependent anion
channel 1, voltage-dependent anion channel 2, peptidase, mitochondrial
processing subunit alpha, prohibitin 2, and YME1-like 1 ATPase), indi-
cating an alteration in mitochondrial calcium (Ca®") transport pathway,
essential for cardiac contractility®*>* (Figure 2F), as well as six proteins
[mitochondrial ribosomal protein S9 (MRPS9), mitochondrial riboso-
mal protein L37 (MRPL37), mitochondrial ribosomal protein 43
(MRPL43), mitochondrial ribosomal protein L10 (MRPL10), mitochon-
drial ribosomal protein S18a (MRPS18a), and mitochondrial ribosomal
protein 525 (MRPS25)] in mitochondrial translation (Figure 2G). To de-
termine the functional outcome of the proteomic increase in mito-
chondria in the proteins comprising the calcium ion import pathway,
we performed fluorescent microscopy and flow cytometry. To meas-
ure mitochondrial Ca®*, we used RhoD2AM, a fluorescent

mitochondria-specific Ca®* probe® together with MitoTracker Green
FM (mitochondrial labelling dye; see Supplementary data online, Figure
S5A). To quantitatively assess whether PR-364 increased mitochondrial
Ca®* level, we used flow cytometry to compare the fluorescent intensity
ratio of RhoD2AM to MitoTracker Green FM in vehicle- and
PR-364-treated cells (n=8915-9416 cells each group). The results
showed PR-364 increased the RhoD2AM:MitoTracker Green FM ratio
at 6 h (see Supplementary data online, Figure S5B), indicating an increase
in Ca®" level. Protein expression of mitochondrial calcium uptake 1
(MICU1), a negative regulator of mitochondrial Ca®* uniporter
(MCU)-mediated mitochondrial calcium uptake®®*’ and a target of
Parkin-mediated degradation,58 was significantly lower in cells treated
with PR-364 (see Supplementary data online, Figure S5C). Interestingly,
no significant changes in the levels of expression of other members of
the calcium uniporter machinery (MCU, MICU2, or MICU3;
Supplementary data online, Figures S5D) were detected, suggesting that
the accumulation of Ca®* following PR-364 treatment may be mediated
directly by Parkin-targeted degradation of MICU1.

PR-364 promotes proteomic changes

in vivo

To interrogate the in vivo effects of PR-364, we administered PR-364 to
wild-type (WT) adult male mice for 6 h, along with an inhibitor of au-
tophagic flux>® chloroquine. PR-364-treated mice demonstrated an in-
crease in autophagy markers, including mitochondria-localized Parkin,
increased LC3-Il/l ratio, and mitochondrial mass (represented by in-
creased protein abundance of matrix protein Cox4°), indicating that
PR364 was able to activate mitophagy (see Supplementary data
online, Figure $6). To confirm that PR-364 can induce mitophagy follow-
ing Ml, we treated male mice 2 h post-permanent coronary artery liga-
tion (post-PCAL) with PR-364, and left ventricle (LV) tissue was
collected 6 h post-PCAL (n = 3, Figure 3A). As expected, PR-364 was
able to induce elevated levels of the autophagic marker LC3-Il in total
lysate and mitochondrial fraction in the hearts of PR-364-treated mice
following Ml (Figure 3B and C).

To further characterize the global proteome changes in vivo at base-
line condition without perturbation, PR-364 or vehicle was adminis-
tered to healthy adult male mice (n=4) at 0 h, and the non-infarcted
LV was collected at 6 h (Figure 3E). Total proteins were extracted
and prepared for discovery proteomics analysis using LC-MS/MS.
Twenty-five up-regulated proteins and 40 down-regulated proteins
were significantly altered by PR-364 after 6 h compared with vehicle
mice. Interestingly, in all proteins that were statistically changed by
6h of PR-364 treatment, mitochondrial ribosomal protein S$14
(MRPS14), involved in mitochondrial translation, was the top altered
protein in expression with more than 6-fold up-regulation compared
with vehicle control group (n=4, P<.0001 by t-test, Figure 3F).
PR-364 altered the proteome profiles and showed distinct separation
from the vehicle control-treated state based on principal component
analysis (PCA; Figure 3G). Gene Set Enrichment Analysis®"¢?
showed biological pathways enriched in the top or bottom of the
ranked list, with the ‘na_pos’ and ‘na_neg’ phenotypes corresponding
to enrichment in up-regulated or down-regulated proteins. The posi-
tive enrichment score reflects the up-regulation of mitochondrial trans-
lation by PR-364 (Figure 3H). Later proteomics analysis in a separate Ml
cohort showed the same pathway up-regulation in mice after PR-364
treatment (Figure 5). Further, MitoPLEX,>" a targeted proteomic assay,
designed to quantify select mitochondrial proteins (OXPHOS, TCA,
and other mitochondrial functions), confirmed that PR-364 increased

results
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Figure 2 PR-364 up-regulates metabolite and protein expression, improves mitochondrial respiration and calcium ion uptake in AC16 cardiomyo-
cytes. (A) Experimental design for in vitro AC16 studies (graph created using biorender.com). (B) Numbers of proteins were identified and metabolites
that were measured using mass spectrometry—based untargeted proteomics or targeted metabolomics. (C) Heat map of 39 metabolites and 188 pro-
teins that were significantly different between PR-364 and vehicle AC16 cells. The scale bar indicates z-scores of protein intensity values, with highly
abundant proteins depicted in dark red and lower abundance proteins depicted in dark blue. n =6, P < .05 by unpaired t-test for each metabolite mea-
sured or protein identified. (D) Pathway analysis of the 39 metabolites revealed enrichment of the TCA cycle by PR-364. Metabolites showing mean
values at each dot; n = 6, by t-test for each metabolite. Specifically, mean mass spectrometry peak intensity ATPyehicie = 34 660, mean mass spectrom-
etry peak intensity ATPpg 364 =218 512; n = 6, P < .0001 by t-test, statistics not shown in the figure (TCA cycle illustration was created using Biorender.
com). (E) Seahorse mito-stress assay reveals increased ATP production and maximal respiration after PR-364 administration; mean ATP,epice =
0.148 pmol/min/pg, mean ATPpg 364 = 0.312 pmol/min/pg; n = 3; P < .05 by t-test. (F) Proteomics pathway analysis showed PR-364 increased expres-
sion of some proteins involved in mitochondrial calcium ion transport. Proteins showing mean values at each dot; n = 6; P < .05 by t-test for each pro-
tein, statistics not shown on graph. (G) Proteomics pathway analysis showed PR-364 increased expression of proteins involved in mitochondrial
translation. Proteins showing mean values at each dot; n = 6; P <.05 by t-test for each protein, statistics not shown on graph
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the abundance of a number of mitochondrial proteins, consistent with
increased mitochondrial mass (Figure 3I).

PR-364 preserves cardiac function and
reduces mortality post-myocardial
infarction

To study the effects of PR-364 on the heart following ischaemia, either
a single dose of 1 mg/kg PR-364 or vehicle (Dimethylsulfoxide, DMSO)
was injected i.p. 2 h post-Ml in a clinically relevant in vivo Ml paradigm
where adult WT and Parkin knockout (PKO) male mice were subjected
to Ml by PCAL.6*** Echocardiograms were performed at baseline be-
fore MI, Day 14, and Day 28 post-MI to track cardiac functional changes
(Figure 4A). Mice were monitored for a total of 28 days prior to euthan-
asia and tissue collection. PR-364-injected WT mice had a 75% survival
rate (n = 20 at baseline, with 15 surviving by collection time on Day 28)
compared with 64% in vehicle WT mice post-MI (n =25 at baseline,
with 16 surviving by collection time on Day 28; Figure 4B).
Importantly, PR-364 was not able to replicate the same trend of in-
creased survival in PKO mice (see Supplementary data online, Figure
S7A). While two groups of WT mice maintained similar body weights

at the end of the 28-day protocol (Figure 4C), the heart weight to tibia
length ratio (HW/TL) indicated greater ventricular enlargement in the ve-
hicle group compared with the PR-364 group (Figure 4D). This significant
difference in the HW/TL ratio was not observed in the PKO mice (Figure
4D). Additional images of whole hearts on Day 28 demonstrated myo-
cardial enlargement in the vehicle WT group, while the hearts from
PR-364 WT mice maintained sizes similar to the vehicle condition
(Figure 4E). Ejection fraction (EF) and fractional shortening (FS) from
M-mode echocardiograms showed significant preservation of cardiac
function in the PR-364 group at both time points post-MI compared
with the vehicle group in the WT mice (Figure 4F). However, this preser-
vation was not observed in PKO mice (Figure 4F, Supplementary data
online, Figure S7B). Additionally, the EF and FS in the WT PR-364 group
were significantly higher compared with the PKO PR-364 group at Day
14, with this trend continuing at Day 28 (Figure 4F, Supplementary data
online, Figure S7B). These results indicate that PR-364 was not able to
rescue cardiac function post-Ml in PKO mice without Parkin.

Masson’s trichome staining for myocardial injury showed a larger
scar area in the vehicle WT group compared with the PR-364 WT
group post-Ml, indicating PR-364 attenuated pathological cardiac re-
modelling (Figure 4G). PR-364 was also not able to prevent scar tissue
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Figure 4 PR-364 protects myocardium by maintaining cardiac function, preventing cardiac remodelling, and reducing mortality post-myocardial in-
farction. (A) Twenty-eight-day in vivo paradigm (graph created using biorender.com). (B) Survival curve of the PR-364- or vehicle-treated wild-type mice
post-permanent coronary artery ligation. (C) Measurement of body weight of each wild-type mouse in both vehicle and PR-364 groups, not significant
by t-test. (D) Heart weight to tibia length ratios in vehicle vs. PR-364-treated wild-type and Parkin knockout mice, respectively, mean + standard de-
viation, by unpaired t-test. (E) Representative pictures of hearts from untreated (no permanent coronary artery ligation) and permanent coronary ar-
tery ligation wild-type mice in both vehicle- and PR-364-treated groups. (F) Echocardiogram recordings of the wild-type and Parkin knockout mice on
baseline (before permanent coronary artery ligation), Day 14, and Day 28. Ejection fractions were calculated based on the M-mode echo at each time
point, by two-way analysis of variance with Sidak’s multiple comparisons test. (G) 60X representative heart sections after Masson Trichrome staining to
examine infarct size in hearts of untreated and permanent coronary artery ligation wild-type mice after vehicle vs. PR-364 treatment, mean =+ standard
deviation, by unpaired t-test. (H) Representative Parkin knockout heart sections after Masson Trichrome staining to examine cardiac infarct size with
vehicle vs. PR-364 treatment post-permanent coronary artery ligation. Mean =+ standard deviation, by unpaired t-test

development in the PKO mice post-Ml (Figures 4H, Supplementary data
online, Figure S7C). These data suggest PR-364 leads to Parkin-specific
cardiac protection by maintaining high EF and FS, preserving cardiac
physiology, and reducing mortality post-Ml. Vehicle-treated WT mice
showed a significant increase in LV end-diastolic diameter (LVEDD)
starting on Day 14, whereas PR-364 WT group preserved LVEDDs

until Day 28, indicating PR-364 was able to delay the ventricular remod-
elling post-Ml (see Supplementary data online, Figure S8A). Septum
thickness (IVSd) was unchanged between PR-364 and vehicle groups
(see Supplementary data online, Figure S8B). Interestingly, the Ml
model by PCAL had limited or no effects on female mice mortality,
and additional PR-364 treatment in female mice showed no significant
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Figure 5 PR-364 reduces mortality and leads to translational reprogramming of the heart in mice post-permanent coronary artery ligation.
(A) Experimental schematic of the 3-day (A) and 7-day (B) mouse cohorts (graph created using biorender.com). (B) Seven-day cohort survival curve.
(C) The numbers of total proteins detected by mass spectrometry in the two cohorts. (D) Sankey diagrams showing the proteomic changes in two
cohorts. Left: From the 3826 identified proteins in the Day 3 mice, 904 proteins (~24% of total detected proteome) had significant changes either
between vehicle sham control group vs. vehicle permanent coronary artery ligation group or between vehicle permanent coronary artery ligation group
vs. PR-364 permanent coronary artery ligation group (cut-off P < .05 by t-test). Seventy proteins (646 up + 80 down—656 no change) showed signifi-
cant changes in both comparisons. Right: from the 3994 identified proteins in the Day 7 mice, 1115 proteins (~28% of total detected proteome)
showed significant changes either between vehicle sham control group vs. vehicle permanent coronary artery ligation group or between vehicle per-
manent coronary artery ligation group vs. PR-364 permanent coronary artery ligation group (cut-off P < .05 by t-test). Two hundred and eighty-seven
proteins (617 up + 191 down—521 no change) showed significant changes in both comparisons. (E) Principal component analysis plots of the 70 pro-
teins from 3 days (left) and 287 proteins from 7 days (right), indicating PR-364 translationally reprogrammed a subgroup of proteome in the permanent
coronary artery ligation hearts back to the normal healthy state (vehicle sham). (F) Bubble plots of GO network analysis of the 3-day vehicle permanent
coronary artery ligation and PR-364 permanent coronary artery ligation group (114 up + 134 down proteins). (G and H) Bubble plots of GO network
analysis of the 7-day vehicle permanent coronary artery ligation and PR-364 permanent coronary artery ligation group (355 up + 239 down proteins)

changes in cardiac function or heart size (see Supplementary data online,
Figure S9).

PR-364 leads to early translational
reprogramming of the heart and prevents
pathological proteomic changes
post-myocardial infarction

In the 28-day cohort, mouse mortality generally peaked between 3 and
7 days after the Ml (Figure 4B). Thus, we were interested in understand-
ing the effects of PR-364 on the cardiac proteome profiles in treated
mice on Day 3 (before the mortality starts) and Day 7 (in the surviving

mice). The previously described in vivo experimental paradigm was re-
peated with the hearts harvested earlier: either on Day 3 (sub-cohort
A) or on Day 7 (sub-cohort B; Figure 5A). Non-ischaemic regions of LVs
were collected for total protein extraction and global proteomic ana-
lysis via LC-MS/MS. In the 7-day cohort, PR-364-treated mice had
100% survival post-Ml, whereas the mice treated with vehicle had
50% mortality [vehicle PCAL group n=10 at baseline, and n=15 by
the end of the 7-day protocol, n =5 all other groups, P =.0019 by log-
rank (Mantel-Cox) test, Figure 5B]. A total of 3994 proteins were iden-
tified in the 7-day cohort and 3826 proteins in the 3-day cohort, sep-
arately (n=5 each group, Figure 5C). From the 3826 identified
proteins in the 3-day mice, 904 proteins (~24% of total detected
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proteome) had significant changes either between vehicle sham control
group vs. vehicle PCAL group or between vehicle PCAL group vs.
PR-364 PCAL group (cut-off P<.05 by t-test, Figure 5D). From the
3994 identified proteins in the 7-day mice, 1115 proteins (~28% of total
quantified proteome) showed significant changes either between vehicle
sham control group vs. vehicle PCAL group or between vehicle PCAL
group vs. PR-364 PCAL group (cut-off P < .05 by t-test, Figure 5D).

We further investigated the number of proteins that were differently
expressed (DEPs) after an Ml but were reversed to sham levels by the
single dose of PR-364 (highlighted in Figure 5D). From the DEPs, 70 (646
up + 80 down and 656 proteins with no change) were identified for the
3-day cohort and 287 proteins (617 up + 191 down and 521 proteins
with no change) for the 7-day cohort. The PCA plots were used to visu-
alize groups of protein similarity by sample clustering (Figure 5E,
Supplementary data online, Figure S10). We observed PR-364 PCAL
cluster closely resembled the vehicle sham group in the PCA plot for
both 3 and 7 days, while the vehicle PCAL cluster separated from
the vehicle sham cluster by 3 days and further away by 7 days on the
PCA plot. The close resemblance of the PR-364 PCAL group to vehicle
sham group on the PCA plot suggested similar proteomes and protect-
ive amelioration of protein changes by PR-364 post-MI. Pairwise com-
parison of the reverted proteins by PR-364 post-MI by analysing the
pathway and cellular component changes between PR-364 PCAL and
vehicle PCAL groups using ClueGO,%® revealed limited pathway alter-
ation in the 3-day groups, potentially due to proteome changes domi-
nated by the acute Ml effects (Figure 5F). However, by Day 7, multiple
cellular pathways were shown to be up-regulated by PR-364, including
82 proteins involved in metabolism and mitochondrial mass (Figure 5G
and H). These results indicated PR-364 was able to prevent large-scale
proteomic changes in the surviving LV tissue, with a cardiac LV prote-
ome that resembles a healthy sham heart.

Discussion

Heart disease remains a leading cause of death worldwide, and develop-
ing novel therapeutic approaches remains a top healthcare priority.
This work presents a novel small-molecule compound developed to se-
lectively increase the activity of Parkin ubiquitin ligase. We hypothesize
that PR-364 benefits the heart post-Ml by inducing Parkin-dependent
mitophagic clearance of damaged mitochondria, promoting mitochon-
drial biogenesis through PGC-1a. pathway, and improving the function
of the remaining mitochondrial network with increased Ca*" levels and
protein translational reprogramming in the post-ischaemic myocar-
dium; PR-364 thus results in preserved cardiac function and reduced
adverse cardiac remodelling. PR-364 enhances these effects even
when administered after the injury with a single dose required. Our bio-
chemical, in vitro, and in vivo data strongly suggest that PR-364 specific-
ally activates Parkin and its downstream effects (Structured Graphical
Abstract). However, the possibility of non-specific binding to non-E3
ubiquitin ligase proteins cannot be ruled out. Further investigation
into direct binding partners and effects on non-cardiac tissues is on-
going but beyond the current scope of this work.

In this study, we first investigated the effects on survival and cardiac
function of PR-364 post-MI. We adopted a previously published mouse
MI model®® and modified it to a clinically relevant experimental para-
digm, where adult male mice received Ml via PCAL followed by a single
dose of PR-364 or vehicle at 2 h. The timing of PR-364 administration
post-MI mimics the actionable intervention timing post-Ml found in the
clinical setting. The paradigm was also designed to assess whether a sin-
gle dose would be sufficient as a therapeutic strategy to benefit patients

for long term, as most of the current FDA-approved treatments for Ml
require continued therapy and long-term management.®®®’ Increased
mitophagy has been suggested to alleviate ischaemia/reperfusion car-
diac injury as well as myocardial injury;*®~"°
porary PR-364-mediated increase in mitophagy reduces the number of
damaged mitochondria that would otherwise release proapoptotic
mediators (e.g. ROS, cytochrome c), inflammatory mediators (e.g.
mtDNA, hsp60), attenuating the early cascade of injury signalling.

The PCAL-induced MI mortality in mice®* peaked in both cohorts
during the first week post-Ml in either 7-day cohort or 28-day cohort.
The reasonable cause for this is either LV rupture, arrythmia, or both.”!
This correlates to the high mortality observed during the first 30 days
after Ml in patients.”” Although PR-364-treated mice did not exhibit a
statistically significant reduction in mortality immediately following the
infarct, it is nonetheless remarkable that the drug was able to preserve
cardiac function in the surviving mice.

PR-364 also preserved cardiac function long-term post-Ml, with
higher EF and FS by both 14 and 28 days, with smaller infarct size ob-
served in the treated heart. The risk of developing HF is proportional
to the magnitude of the infarct and the degree of no-reflow.”*”*
Accordingly, with no-reflow for the PCAL procedure, we were able
to focus our further proteomic analysis on the surviving tissue (border
zone and remote myocardium). Ejection fraction links highly to the clin-
ical outcomes as well as the quality of life in patients with heart dis-
eases,”>’® and our data demonstrate the impressive therapeutic
potential of PR-364 in preserving cardiac function post-Ml.

The targeting of PR-364 for Parkin is supported by the fact that
Parkin-deficient mice experienced no benefits from PR-364 treatment
post-Ml, supporting our hypothesis that cardiac protection conferred
by PR-364 is Parkin mediated. Further, the Parkin silencing in the in vitro
data also excluded the activation of alternative mitophagy pathways
such as the one directed by Fundc1®®”” or Bnip3.”® Our H9c2 cell
data suggested that PR-364 enhanced Parkin-mediated mitophagy
through mitophagy and increased mitochondrial biogenesis. In the
heart, mitophagy functions as an adaptive response to stress and plays
an important role in mitochondrial quality control. While it has been
argued that Parkin is present in the heart at low levels and is therefore
biologically unimpor‘tant,79 it is activated in response to ischaemic in-
jury;¥% and, in mice, Parkin deficiency leads to aggravated post-Ml injury
and loss of pharmacological cardioprotection.®>%? The importance of
Parkin for cardiac protection was also confirmed in our recent study
of the glucagon-like peptide-1 receptor (GLP1R) allosteric agonist,
6,7-dichloro-2-methylsulfonyl-3-N-tert-butylaminoquinoxaline.** In
concert with mitophagy, cardiomyocytes increase their mitochondrial
mass to meet the needs of increased energy demand through mito-
biogenesis. Thus, our data support increased mitophagy and mito-
biogenesis by PR-364 interaction with Parkin resulting in accelerated
mitochondrial turnover in cardiac protection. Previous studies have
noted the sex differences in outcomes and disease progression, often
with conflicting results; in general, women have a lower incidence of
major adverse cardiac events compared with men, and animal studies
show that mitophagy and mitochondrial function are sexually dimorph-
ic.8378> A study using the UK Biobank showed that the incidence rates
of Ml per 10000 person-years were 7.76 (95% confidence interval
7.37-8.16) in women and 24.35 (23.57-25.16) in men.® In our study,
MI was achieved in the mouse model via PCAL, which mimics that of
men with obstructive coronary artery disease, while relatively more
suffer coronary dysfunction.87'88
Intriguingly, this cardioprotective effect of PR-364 was exclusively ob-
served in male mice, whose female counterparts (n=8 female

therefore, we believe a tem-

women from microvascular
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animals/group) neither succumbed to post-MI death nor suffered sig-
nificant reductions in EF despite their equivalent Ml sizes. Other studies
have established that female heart mitochondria, while lower in number
per cardiomyocyte than in males, have higher mitochondrial efficiency
while producing less reactive oxygen species; interestingly, they also re-
tain Ca®* better than male mitochondria.t’ Furthermore, our data im-
ply that by directly activating Parkin, PR-364 increases mitophagy and
mitochondrial function in male hearts to match basal levels of mito-
chondrial function in female hearts, preserving cardiomyocytes and im-
proving survival.

In the heart, Ca®* plays an important role in contraction and relax-
ation of cardiomyocytes. Ca®* flux across the inner mitochondrial
membrane regulates cell bioenergetics, cytoplasmic Ca** signals, and
activation of cell death pa‘chways.56 We found altered proteins that
were enriched in the pathway of mitochondrial Ca*" transport in
PR364-treated AC16 cardiomyocytes which were supported by the
direct detection of the increased mitochondrial Ca®" level using
RhoD2AM. In addition, the increase in mito-Ca®* levels due to
PR-364 may explain the altered mitochondrial function using
Seahorse assay, and the up-regulated TCA cycle metabolites (including
ATP). Our mouse data showed significant improvement in cardiac func-
tion by PR-364 (Figure 4) and up-regulated metabolic pathways and
mitochondrial proteins (Figure 5) post-MI, which all closely associates
to Ca®* regulation.90 Further studies are required, but we propose
that PR-364-mediated Parkin activation improves cardiac function by
clearing dysfunctional mitochondria, initiating mitochondrial biogenesis
(newly synthesized mitochondria better able to produce and maintain
ATP levels) and improved function of the remaining mitochondrial net-
works by increasing mitochondrial calcium levels through discrete tar-
geting of negative regulators of the mitochondrial calcium importer.

The metabolic switch from efficient mitochondrial oxidative metab-
olism to less-efficient glycolysis is one of the factors contributing to HF
in ischaemic patients.”’ By 7-day post-MI, the mice that received a dose
of PR-364 at 2 h compared with vehicle had increased pathways in me-
tabolism (including fatty acid metabolism and pyruvate metabolism),
mitochondrial biogenesis and translation, and TCA cycle, supporting
better energy supply in the PR-364-treated heart to supplement car-
diac demand. It was interesting that there were limited pathway altera-
tions by PR-364 on Day 3, likely due to the overwhelming proteomic
changes caused by MI. The advancement of pathways and cellular com-
ponents activated on Day 7 compared with Day 3 suggested that by
Day 7, the single PR-364 dose at 2 h post-MI was able to continue ei-
ther up-regulating protective mechanisms or suppressing the progres-
sion of pathological pathways to preserve cardiac functions, while the
hearts in the vehicle mice kept deteriorating. Studying the proteomic
consequences on Day 28 post-Ml in the heart in the surviving mice is
one of our future steps, and we expect to see more progressive diver-
gence in proteomic profiles between the PR-364-treated mice and the
vehicle-treated mice.

Post-translational modifications (PTMs) have enormous impact on
the stability and activity of proteins, and it is important to consider
the effects of various potential PTMs after Parkin activation by
PR-364 on cardiac protection as well as the PTM status of Parkin itself.
One possibility is that PR-364 causes structural change in the Parkin
protein that enhances its activity. We are currently performing studies
to determine what if any effect PR-364 has on the phosphorylation of
Parkin by PINK1.

An alternate hypothesis that could explain the benefit of PR-364 is in-
hibition of inflammation and apoptosis. Post-MI remodelling is associated
with interleukin-1p (IL-1p)-driven inflammation®? and apoptosis,”® which

is driven by the activation of the NLRP3 inflammasome, essential for pro-
teolytic maturation of pro-IL-1B. The inflammasome forms upon assem-
bly of NLRP3, Caspase 1, ASC, and pro-IL-1 on the mitochondrial outer
membrane under conditions where oxidized mitochondrial DNA and/or
cardiolipin are accessible to the complex.”*?> Activated Parkin is an in-
hibitor of NLRP3, and IL-1B promotes activation of Parkin by increasing
pUb and NEDDS, suggesting feedback inhibition of inflammation and an
alternate pathway of cardioprotection provided by PR-364."%%7 Parkin
activation by PR-364 may therefore inhibit IL-1B-driven inflammation
and apoptosis post-Ml in the heart, affecting multiple immune cells.
The work on these hypotheses is ongoing and is outside the scope of
this study.

Conclusions

In this study, we demonstrated the cardioprotective benefit of using the
small-molecule compound PR-364 to preserve cardiac function and
physiology post-Ml in male mice. Mechanistically, we observed that
PR-364 activated Parkin which induced Parkin-dependent mitophagy
and mitochondrial biogenesis, initiated translational reprogramming, in-
creased mitochondrial Ca®* level, and increased ATP production.
Overall, this study showed the significant therapeutic potential of
PR-364 for prevention of HF progression and in cardiac protection
for patients after experiencing an Ml.

Supplementary data

Supplementary data are available at European Heart Journal online.
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