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Dedication

This book is dedicated to the late Dr. Arnold H. Greenberg (1941–2001) for his
exceptional leadership and ground-breaking discoveries in the areas of programmed
cell death, immunology and cancer and unwavering steadfast mentorship. I consid-
ered Arnold to be not only an outstanding academician in the truest sense but also
a role model for others who genuinely cared about helping people personally and
professionally. Arnold’s passion for science was truly infectious.

Arnold completed hisDoctors ofMedicine degree at theUniversity ofManitoba in
Winnipeg, Canada, followed by his Residency and Fellowships in Pediatrics at Johns
Hopkins Hospital School of Medicine in Baltimore, Maryland. He later completed
a Ph.D. in Immunology at the University of London in London, England. Upon
returning toWinnipeg to join the Manitoba Institute of Cell Biology where he served
as Director from 1988 to 1999. Arnold was a brilliant scientist. He was intelligent
with a research acumen that was laser sharp, he remained always focused, and knew
exactly what questions were important to ask to solve a given problem. His research
achievements were truly remarkable. His pioneering work on programmed cell death
contributed in a major way to advancing this emerging field. His many discoveries
including Natural Killer T-cells, revealed for the first time a connection between the
immune system and cancer. His work was consistently published in prestigious high
impact journals such as Science. His landmark contributions were recognized at the
highest level internationally by different scientific bodies through his many honors
and awards. His other major discoveries included defining a role for Granzyme B
and Porin as mediators of apoptotic cell death in cancer, which was soon to be
followed by his later interest in a gene called Bnip3 for which both he and I shared a
passion. As Director of the Manitoba Institute of Cell Biology, Arnold built a world
class cancer research institute which is known worldwide and respected for the high
caliber of its scientists and students it trained. On a personal note, I can attest that
Arnold had a true gentleman, he had delightful soft-spoken personality and wit about
him that was truly enviable. Despite being a complex man in many aspects of his
life, Arnold loved simplicity, he exuded intelligence and wisdom without arrogance.
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vi Dedication

He excelled in everything he undertook; and was in constant pursuit of knowledge,
he was an avid reader and a highly competitive sportsman, he loves playing tennis.
Arnold was always generous with his time, and exhibited humility even throughout
his battle with cancer. My friendship with Dr. Arnold Greenberg began more than
30 years ago, when I was a post-doctoral fellow at Baylor College of Medicine. My
research interests were to explore mechanisms that underlie cell death in cardiac
myocytes during heart failure and following myocardial ischemic injury. I recall
contacting Arnold about my recruitment to the Institute of Cardiovascular Sciences
at the University of Manitoba in the mid-1990s, expressing an interest to collaborate
with him in this newlymintedfield.Arnoldwas elatedmy interest to explore cell death
research in the heart and extended an opportunity to work and collaborate with his
group. From that point onward, we had developed a great personal and professional
relationship that often included lunches and dinners and many debates about the
latest and greatest cell death publications. I fondly remember, my disappointment
with what I believed at the time to be a failed experiment, only later to be enlightened
by Arnold’s sage explanation for the outcome. By analogy, he was Obi-Wan-Kenobi
and IwasLukeSkywalker. Itwas at this time, our passion for the studyof programmed
cell death further overlapped with the independent cloning of the Bnip3 gene by our
laboratories. We worked together exchanging ideas and research directions on Bnip3
even during his illness. Arnold focused his attention on work and his family until
the day before he died. He loved his wife Faye and his family Juliet, David, Marni,
Rachel, andKathy, and had deep admiration for his grandchildren. Arnold Greenberg
was someone who I deeply admired; he was simply a wonderful human being.



Preface

Myocardial infarction is the leading cause of morbidity and mortality worldwide.
In the context of the adult myocardium which exhibits a limited capacity for de
novo myocyte regeneration after injury, the functional loss of cardiac cells leads
to acute contractile dysfunction and as importantly, sets into motion a cascade of
events that leads to adverse cardiac remodeling that ultimately manifest as heart
failure. Cell death is a major component of this remodeling process. Perhaps one of
the most compelling observations in the scientific literature over the past 40 years
is the discovery that cell death is a highly regulated and predictable event. Indeed,
the astute observations by Andrew Wylie and his team recognized the appearance
of dysmorphic looking T-cells which exhibited features that were unlike other dying
cells. By electron microscopy, the T-cells were pycnotic, the DNA was fragmented
andmarginalized to the periphery of the nucleus and unlike classical necrosis, the cell
membranewas intact. These features have been utilized to discriminate betweenwhat
is now referred to as programmed cell death of “apoptosis” which is derived from
the Greek apóptōsis, or “falling off”. Apoptosis is an important aspect of normal
embryonic development as exemplified by the selective death of the interdigital
spaces that give rise to the figures and toes as well as the involution of breast ductal
tissue following pregnancy. There are many other examples where apoptosis plays
a crucial physiological role which became more apparent after the discovery of
critical cell death regulator genes in the worm c. elegans. Indeed, c.elegans provided
a useful tool that led to the not only the discovery of certain genes that promoted
cell survival but also genes that promoted cell death. Mammalian orthologues of
cell death regulatory genes were soon discovered which resulted in an explosion in
medicine which had implicated defects in the regulatory processes that govern cell
death to be involved in some if not all aspects in the pathogenesis of human diseases
such cancer, neurodegenerative diseases such as Parkinson’s Disease, Alzheimer’s
Disease, Huntington Disease, and cardiovascular diseases. While the majority of
cell death reported prior to the discovery of apoptosis advanced the concept that cell
death was not only programmed but a highly regulated by the interplay between
survival and death genes respectively, such as the B-cell Lymphoma (BCL) family.
Indeed, discovery of Bcl-2 in more than 25 years ago as a translocation break-point
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viii Preface

mutation between chromosomes 8 and 4 inB-lymphomawas determined to conferred
resistance of cancer cells to chemotherapeutic agents. This major break-through
led to the subsequent discovery of the Bcl-2 gene family which can promote or
prevent cell death in different cell types under different pathophysiological conditions
by impinging on different cellular organelles such as mitochondria, endoplasmic
reticulum, and nucleus to promote or prevent cell death. The discovery that apoptosis
is a regulated event and potentially amenable to therapeutic interventions generated
considerable excitement in the field, because it meant that disease entities resulting
from either too little or too much apoptosis could be potentially cured with new
therapies that modulate apoptotic cell death. The concept that cell death could be
targeted therapeutically provided the impetus for developing new classes of agents
that modulate cell death for treating human diseases.

In contrast, necrosis has been traditionally considered as an unregulated passive
response to injury.While there is little doubt that necrosis induced bymassive cellular
trauma is likely an unregulated event, several lines of investigation including new
exciting data from our laboratory have challenged this dogma and classical text-
book definition that necrotic cell death is merely accidental and unregulated. This
emerging and contemporary view is a paradigm shift in our thinking about how cell
fate is regulated. In fact, the concept that necrotic death is regulated has tremendous
implications for understanding the pathogenesis of diseases that were previously
unexplored as well as developing novel therapies for conditions where necrosis is
known to play a significant role.

In addition to apoptosis and necrosis, autophagy is another cellular process that
has received considerable attention over the past decade for its remarkable ability
to promote cell survival and cell death. Macro autophagy is a catabolic process that
involves the selective and targeted removal of oxidized proteins, macromolecular
structures, and organelles through an elaborate cellular process involving a lysosome
mediated pathway. Defects in autophagy have been linked to a variety of diseases
including Danon disease, Ischemia-reperfusion injury, cancer, and remodeling after
myocardial infarction. A specialized form of autophagy that uniquely involves mito-
chondrial clearance through a process called mitophagy plays an essential role in
clearing damaged or superfluousmitochondria formaintainingmitochondrial quality
control. Other forms of autophagy involving adapter proteins commonly referred to
as chaperone mediated autophagy is a poorly understood process and involves the
selective removal of cellular cargo by the ubiquitin-proteasome pathway.

The relationship between apoptosis, necrosis, and autophagy is profound and
coupled to the mitochondria which serves as signaling platform for integrating
biological signals such as hypoxia, nutrient stress, inflammation, and other cytotoxic
stimuli. Hence there has been tremendous excitement surrounding the underlying
mechanisms that regulate cell death and how these pathways can be manipulated
therapeutically to mitigate human disease. Other regulated forms of cell death have
been recently identified and include pyroptosis, ferroptosis, necroptosis, autosis, as
well as others, many of these share overlapping features with apoptosis and necrosis
respectfully. Understanding the biochemical signalingmechanisms that couple apop-
tosis, necrosis, and autophagy are of great scientific and clinical importance toward
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the design of new therapies that will modulate the pathogenesis of human disease
where excess cell death is the primary underlying defect. This book will provide
new important insight into the biology of the mechanisms that regulate cell death
and autophagy in the pathogenesis of human disease with a particular focus on
cardiovascular system.

At this time, I would like to take the opportunity and express sincerest gratitude
to all the authors and co-authors for their important contributors to this book which
is greatly appreciated. I would also like to express my profound appreciation to Dr.
Naranjan S. Dhalla for his continual enthusiastic support of this initiative as well
as the staff at Springer Nature, in the preparation of this book. I would also like
to acknowledge Ms. Shweta Sharma and Kairee Ryplanski for their diligence and
administrative assistance in the preparation of this book.

Winnipeg, Canada Lorrie A. Kirshenbaum



Contents

1 A Protein-Centric Perspective of Autophagy and Apoptosis
Signaling and Crosstalk in Health and Disease . . . . . . . . . . . . . . . . . . . 1
Ding Wang, Jessica Lee, Jennifer S. Polson, David A. Liem,
and Peipei Ping

2 Adrenergic Receptor Signaling Pathways in the Regulation
of Apoptosis and Autophagy in the Heart . . . . . . . . . . . . . . . . . . . . . . . . 23
Jessica MacLean and Kishore B. S. Pasumarthi

3 Apoptosis in Ischemic Heart Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
Monika Bartekova, Anureet K. Shah, and Naranjan S. Dhalla

4 Autophagy in Cardiac Physiology and Pathology . . . . . . . . . . . . . . . . . 61
Tania Zaglia and Loren J. Field

5 Caspase Signaling Pathways as Convenors of Stress
Adaptation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Charis Putinski and Lynn A. Megeney

6 Cross Talk Between Apoptosis and Autophagy in Regulating
the Progression of Heart Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
Niketa Sareen, Lorrie A. Kirshenbaum, and Sanjiv Dhingra

7 Fibroblasts, Fibrosis and Autophagy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
Sikta Chattopadhyaya and Michael P. Czubryt

8 Gene Therapy and Its Application in Cardiac Diseases . . . . . . . . . . . . 131
Sikta Chattopadhyaya and Michael P. Czubryt

9 Circadian Regulation of Autophagy in the Heart Via
the mTOR Pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
Matthew Love, Inna Rabinovich-Nikitin,
and Lorrie A. Kirshenbaum

xi



xii Contents

10 Mitochondria and Their Cell Hosts: Best of Frenemies . . . . . . . . . . . . 167
Allen M. Andres, Somayeh Pourpirali, and Roberta A. Gottlieb

11 Mitochondrial Dysfunction and Mitophagy: Physiological
Implications in Cardiovascular Health . . . . . . . . . . . . . . . . . . . . . . . . . . 197
Åsa B. Gustafsson

12 Proteotoxicity and Autophagy in Neurodegenerative
and Cardiovascular Diseases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
Kevin M. Alexander, Isabel Morgado, and Ronglih Liao

13 Regulation of Cell Death Signaling Pathways in Cardiac
Myocytes by Mitochondrial Bnip3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
Inna Rabinovich-Nikitin, Jonathon Gerstein, Rimpy Dhingra,
Matthew Guberman, and Lorrie A. Kirshenbaum

14 Role of Cardiomyocyte Apoptosis in Heart Failure . . . . . . . . . . . . . . . 253
Sukhwinder K. Bhullar, Anureet K. Shah, and Naranjan S. Dhalla

15 The Role of FGF2 isoforms in Cell Survival in the Heart . . . . . . . . . . 269
Elissavet Kardami and Navid Koleini



Contributors

Kevin M. Alexander Stanford Cardiovascular Institute, Stanford University
School of Medicine, Stanford, CA, USA

Allen M. Andres SmidtHeart Institute, Cedars-SinaiMedical Center, LosAngeles,
CA, USA

Monika Bartekova Institute for Heart Research, Centre of ExperimentalMedicine,
Slovak Academy of Sciences, Bratislava, Slovakia

Sukhwinder K. Bhullar Department of Physiology and Pathophysiology, Institute
of Cardiovascular Sciences, Max Rady College of Medicine, St. Boniface Hospital
Albrechtsen Research Centre, University of Manitoba, Winnipeg, Canada

Sikta Chattopadhyaya Department of Physiology and Pathophysiology, Rady
Faculty of Health Sciences, University of Manitoba, Winnipeg, Canada

Michael P. Czubryt Department of Physiology and Pathophysiology, Rady Faculty
of Health Sciences, University of Manitoba, Winnipeg, Canada;
Institute of Cardiovascular Sciences, St. Boniface Hospital Albrechtsen Research
Centre, Winnipeg, MB, Canada

Naranjan S. Dhalla Institute ofCardiovascular Sciences, ResearchCentre,Depart-
ment of Physiology and Pathophysiology, Max Rady College of Medicine, St.
Boniface Hospital Albrechtsen, University of Manitoba, Winnipeg, Canada

Rimpy Dhingra Department of Physiology and Pathophysiology, The Institute
of Cardiovascular Sciences, St. Boniface Hospital Albrechtsen Research Centre,
Winnipeg, MB, Canada

Sanjiv Dhingra Department of Physiology and Pathophysiology, Rady Faculty of
Health Sciences, St. Boniface Hospital Albrechtsen Research Centre, Institute of
Cardiovascular Sciences, Max Rady College of Medicine, University of Manitoba,
Winnipeg, Canada

xiii



xiv Contributors

Loren J. Field The Krannert Institute of Cardiology and the Wells Center for
Pediatric Research, Indiana University School of Medicine, Indianapolis, USA

Jonathon Gerstein Department of Physiology and Pathophysiology, The Institute
of Cardiovascular Sciences, St. Boniface Hospital Albrechtsen Research Centre,
Winnipeg, MB, Canada

Roberta A. Gottlieb Smidt Heart Institute, Cedars-Sinai Medical Center, Los
Angeles, CA, USA

Matthew Guberman Department of Physiology and Pathophysiology, The Insti-
tute of Cardiovascular Sciences, St. Boniface Hospital Albrechtsen Research Centre,
Winnipeg, MB, Canada

Åsa B. Gustafsson Skaggs School of Pharmacy and Pharmaceutical Sciences,
University of California San Diego, La Jolla, California, USA

Elissavet Kardami Institute of Cardiovascular Sciences, St. Boniface Albrechtsen
Research Centre, Winnipeg, MB, Canada;
Department ofHumanAnatomy&Cell Sciences, University ofManitoba,Winnipeg,
Canada;
Department of Physiology & Pathophysiology, University of Manitoba, Winnipeg,
Canada

Lorrie A. Kirshenbaum Department of Physiology and Pathophysiology, The
Institute of Cardiovascular Sciences, St. Boniface Hospital Albrechtsen Research
Centre, Winnipeg, MB, Canada;
Department of Pharmacology and Therapeutics, Rady College of Medicine, Max
Rady Faculty of Health Sciences, University of Manitoba, Winnipeg, MB, Canada

Navid Koleini Institute of Cardiovascular Sciences, St. Boniface Albrechtsen
Research Centre, Winnipeg, MB, Canada;
Department of Physiology & Pathophysiology, University of Manitoba, Winnipeg,
Canada;
School of Medicine, Division of Cardiology, Johns Hopkins University, Baltimore,
USA

Jessica Lee NIHBD2KCenter of Excellence for Biomedical Computing At UCLA
(HeartBD2K), Los Angeles, USA;
Department of Physiology, UCLASchool ofMedicine,MRLBuilding, LosAngeles,
CA, USA

Ronglih Liao Stanford Cardiovascular Institute, Stanford University School of
Medicine, Stanford, CA, USA

David A. Liem NIH BD2K Center of Excellence for Biomedical Computing At
UCLA (HeartBD2K), Los Angeles, USA;
Department of Physiology, UCLASchool ofMedicine,MRLBuilding, LosAngeles,
CA, USA



Contributors xv

Matthew Love Department of Physiology and Pathophysiology, The Institute
of Cardiovascular Sciences, St. Boniface Hospital Albrechtsen Research Centre,
Winnipeg, MB, Canada

Jessica MacLean Department of Pharmacology, Dalhousie University, Halifax,
NS, Canada

Lynn A. Megeney Ottawa Hospital Research Institute, Sprott Centre for Stem Cell
Research, Regenerative Medicine Program, Ottawa Hospital, Ottawa, ON, Canada;
Department of Cellular andMolecular Medicine, University of Ottawa, Ottawa, ON,
Canada;
Department of Medicine, University of Ottawa, Ottawa, ON, Canada

Isabel Morgado Stanford Cardiovascular Institute, Stanford University School of
Medicine, Stanford, CA, USA

Kishore B. S. Pasumarthi Department of Pharmacology, Dalhousie University,
Halifax, NS, Canada

Peipei Ping NIHBD2KCenter of Excellence for Biomedical Computing At UCLA
(HeartBD2K), Los Angeles, USA;
Department of Physiology, UCLASchool ofMedicine,MRLBuilding, LosAngeles,
CA, USA;
Department of Computer Science, Scalable Analytics Institute, UCLA School of
Engineering, Los Angeles, CA, USA

Jennifer S. Polson NIHBD2KCenter of Excellence for Biomedical Computing At
UCLA (HeartBD2K), Los Angeles, USA;
Department of Physiology, UCLASchool ofMedicine,MRLBuilding, LosAngeles,
CA, USA

Somayeh Pourpirali Smidt Heart Institute, Cedars-Sinai Medical Center, Los
Angeles, CA, USA

Charis Putinski Ottawa Hospital Research Institute, Sprott Centre for Stem Cell
Research, Regenerative Medicine Program, Ottawa Hospital, Ottawa, ON, Canada;
Department of Cellular andMolecular Medicine, University of Ottawa, Ottawa, ON,
Canada

Inna Rabinovich-Nikitin Department of Physiology and Pathophysiology, The
Institute of Cardiovascular Sciences, St. Boniface Hospital Albrechtsen Research
Centre, Winnipeg, MB, Canada

Niketa Sareen Department of Physiology and Pathophysiology, Rady Faculty of
Health Sciences, St. Boniface Hospital Albrechtsen Research Centre, Institute of
Cardiovascular Sciences, Max Rady College of Medicine, University of Manitoba,
Winnipeg, Canada

Anureet K. Shah Department of Kinesiology, Nutrition and Food Science, Cali-
fornia State University, Los Angeles, CA, USA



xvi Contributors

Ding Wang NIHBD2KCenter of Excellence for Biomedical Computing At UCLA
(HeartBD2K), Los Angeles, USA;
Department of Physiology, UCLASchool ofMedicine,MRLBuilding, LosAngeles,
CA, USA

Tania Zaglia Department of Cardiac, Thoracic, Vascular Sciences and Public
Health, University of Padova, Padova, Italy;
Department of Biomedical Sciences, University of Padova, Padova, Italy;
Veneto Institute of Molecular Medicine, Padova, Italy



Chapter 1
A Protein-Centric Perspective
of Autophagy and Apoptosis Signaling
and Crosstalk in Health and Disease

Ding Wang, Jessica Lee, Jennifer S. Polson, David A. Liem, and Peipei Ping

Abstract Autophagy and apoptosis are pivotal pro-survival mechanisms of multi-
cellular organisms activated in response to a variety of external and internal cues.
Specifically, autophagy entails the degradation of excessive or aberrant cellular
components to restore cellular homeostasis and ensure cell survival, whereas apop-
tosis initiates programmed cell death that sacrifices a subgroup of cells to preserve the
viability of the whole organism.While seemingly opposing forces, these two distinct
yet interconnected mechanisms serve to constrain stress-induced damage, eliminate
potential triggers of pathogenesis, and recycle biological building blocks to support
new biosynthesis in a living cell or organism. Accordingly, autophagy and apoptosis
are tuned by delicate and complex signaling cascades, and inappropriate activation
or disruption of these pathways have been associated with disease phenotypes. This
book chapter focuses on delineating critical promoters of these two distinct biological
processes as well as their interdependent molecular crosstalk from a protein-centric
perspective. To better appreciate their clinical relevance, we also highlight the role
of autophagy, apoptosis, and their crosstalk in diseases spanning four distinct organ
types: heart, liver, central nervous system, and skeletal muscle. While the biolog-
ical impact and signaling pathways of autophagy and apoptosis have been well-
established, present studies have only touched the tip of the iceberg regarding the
complex interplay between these two processes. Therefore, further exploration of
the autophagy-apoptosis crosstalk opens the door to fully understanding the precise
molecular mechanisms in many diseases and developing more effective therapeutic
approaches.

D. Wang (B) · J. Lee · J. S. Polson · D. A. Liem · P. Ping
NIH BD2K Center of Excellence for Biomedical Computing At UCLA (HeartBD2K), Los
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2 D. Wang et al.

Keywords Autophagy · Apoptosis · Signaling pathway · Crosstalk · Clinical
relevance

Introduction and Rationale

During its lifespan, a living organism encounters innumerous internal or external,
physical or chemical challenges that disrupt the organism’s cellular homeostasis.
When elevated to extreme levels, these stress conditionsmay endanger the organism’s
life. To survive,many preventative and protectivemechanisms have been refined over
millions of years of evolution. Among such pro-survival mechanisms, autophagy
and apoptosis employ a fundamental strategy of sacrificing a fraction of cells or
subcellular components to preserve the primary functions and the wellbeing of the
organism as a whole. When triggered by internal or environmental signals, these
two pivotal biological processes initiate the decomposition of subcellular compo-
nents (e.g., aggregated proteins or damaged organelles), as well as cell death, to
restrain local damages and simultaneously recycle metabolic elements. Perturbation
of these processes can cause pathophysiological manifestations that affect diverse
biological systemswithin the organism and across species, as demonstrated in several
groundbreaking studies [1–4].

In this book chapter, we will cover the well-accepted pathways of autophagy
and apoptosis, focusing on their individual signal transduction cascades, interde-
pendent crosstalk, and biological effects. Furthermore, the clinical manifestations of
autophagy and apoptosis in different organ systems will be summarized.

Signal Transduction Pathways

Several major signaling transduction pathways have been summarized to emphasize
the key components of autophagy and apoptosis.

Major Pathways of Autophagy

In contrast to other degradative processes (e.g., degradation by mitochondrial
proteases, ubiquitin-proteasomal system, or endopeptidase), canonical autophagy
has unique characteristics involvingmembrane-aided isolation of degradation targets
(i.e., cargo selection) and subsequent recruitment of lysosomes as sources of degrada-
tive enzymes [5]. Canonical autophagy can be categorized as macroautophagy,
microautophagy, and chaperone-mediated autophagy according to differences in
cargo selection and lysosomal lumen formation. The details regarding these subtypes
of autophagy have been extensively reviewed [6–8]; thus, we will only focus on
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describing the major type, macroautophagy, and refer to it as “autophagy” for the
rest of the book chapter.

Canonical autophagic formation of autophagosomes, which consists of four
stages, is depicted in Fig. 1.1 [9–11]. During the initiation stage, AMPK phospho-
rylates UNC51-like kinase 1 (ULK1) to form the ULK1 complex [9].

The initiation stage of autophagy is modulated in response to nutrient supply (e.g.,
ATP, amino acids) via mTORC1 and AMPK [12]. At basal conditions, mTORC1 is
tonically active and phosphorylates ULK1, which precludes AMPK from associating
with the ULK1 complex. A low ATP/ADP ratio activates AMPK, providing ULK1
with activating phosphorylations and inhibitingmTORC1binding [13]. The activated
ULK1 forms the ULK1 complex, which phosphorylates the Atg protein Beclin 1 to
form the PI3K complex. In the nucleation stage, PI3K complex activity produces
the lipid phosphatidylinositol-3-phosphate (PI3P), which is essential to autophago-
some formation from precursor membranes (e.g., omegasomes derived from the ER
membrane). The third stage, featuring the elongation, cargo loading, and closure of

Fig. 1.1 During the initiation stage, AMPK phosphorylates
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the nucleated membrane, termed the phagophore, is facilitated by two ubiquitin-like
conjugation systems: the Atg12-Atg5 system and the microtubule-associated protein
1A/1B-light chain 3 (LC3) system. The Atg12-Atg5 system results in an Atg12-Atg5
conjugate that associates with the phagophore and enhances lipidation of LC3 with
phosphatidylethanolamine (PE) through the LC3 system. The LC3-PE conjugate,
termed LC3-II, and Atg12-Atg5 complex are both required for phagophore elon-
gation [14]. During elongation, the p62 complex helps to load the cellular debris
and other cargo by recognizing tags and trafficking it to the phagophore [15]. Along
with aggregatedproteins, polysaccharides, andpathogens, damagedmitochondria are
common sources of autophagic cargo. Due to the biological significance of the mito-
chondria, mitophagy in particular has been extensively studied. Indeed, mitophagy
has unique regulatory pathways, having both conserved portions and components
unique to a certain species or organ type [16, 17]. After closure, the newly formed
autophagosome can fuse with the lysosome to form the autophagolysosome. It is at
that point that the contained cargo can be broken down into biomolecules. The degra-
dation and recycling stage, which is dependent on Atg9, ensures that the digested
units can be used by the cell for other biological processes [18].

Other forms of autophagy, classified under non-canonical autophagy, differ in the
details of the initiation, nucleation, or elongation stages [5]. These alternative routes
may complement their canonical counterpart [19].

Major Pathways of Apoptosis

Apoptosis is a form of programmed cell death that features degradation of genetic
material and changes in cell morphology, leading to the cell’s disintegration into
apoptotic bodies [20]. A broad spectrum of stressors, including DNA damage and
oxidative stress, can trigger apoptotic signaling cascades [21, 22]. Within these
signaling pathways are also biological checkpoints that regulate the progression
of apoptosis [22]. In particular, the autophagy checkpoint, where autophagic and
apoptotic processes interface, will be explored in more detail in Sect. 1.3 of this
chapter.

While each type of stressor may activate apoptosis through different triggering
mechanisms, these signals eventually converge at one of two major apoptotic path-
ways: extrinsic apoptosis and intrinsic apoptosis. The progression and integration
of these two pathways are illustrated in Fig. 1.2 [20, 22]. The extrinsic pathway is
initiated by ligand-binding of death receptors (DRs) on the cell surface. The ligand
tumor necrosis factor alpha (TNF-α) binds tumor necrosis factor receptor 1 (TNF-
R1), whereas TNF-related apoptosis-inducing ligand (TRAIL) and Fas ligand (FasL)
bind the DR Fas. Both types of DRs can interact with the Fas-associated death
domain (FADD), which is responsible for binding and activating pro-caspase 8.
Active caspase 8 subsequently stimulates the effector caspases 3, 6, and 7 to perform
caspase-dependent apoptosis [23].
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Fig. 1.2 Both types of DRs can interact

Intrinsic apoptosis, which occurs inside the cell, could be initiated by permeabi-
lization of the mitochondrial outer membrane (OMM)—termed mitochondrial outer
membrane permeabilization (MOMP)—and/or of themitochondrial innermembrane
(IMM), termed mitochondrial permeability transition (MPT). MPT requires the
establishment of MPT pores (mPTPs), whereas MOMP can be initiated by either
mPTPs or the formation of mitochondrial apoptosis-induced channels (MACs),
composed of the pro-apoptotic Bcl-2 homology 3 (BH3)-only proteins BAK and
BAX [22, 24]. Though the precise composition of mPTPs remains under intense
debate, there is recent evidence supporting BAX and BAK as the OMM compo-
nents and the F1F0-ATP synthase (ETC complex V) as the IMM component [22, 25].
Formation of mPTPs results in swelling of the mitochondrial matrix and consequent
rupture of the OMM, releasing factors such as cytochrome C (Cyt C), apoptosis
inducing factor (AIF), and endonuclease G (EndoG) into the cytosol [26]. Cyt C
complexes with apoptotic protease activating factor 1 (Apaf-1) and pro-caspase 9
to form the apoptosome, which activates pro-caspase 9. Similar to caspase 8, active
caspase 9 proceeds to stimulate the caspase-dependent apoptotic cascade [27]. In
parallel, AIF and EndoG translocate to the nucleus, where they instigate the degra-
dation of nuclear DNA and the signaling cascade for caspase-independent apoptosis
[28].

Notably, the extrinsic and intrinsic pathways may intersect through a BH3-only
protein,BH3-interactingdomaindeath agonist (Bid). Insteadof activating the caspase
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signaling cascade directly,DR-activated caspase 8 from the extrinsic pathway cleaves
Bid into its truncated, active form (tBid), which promotes the MOMP essential to
intrinsic apoptosis [29].

Crosstalk Between Autophagy and Apoptosis

Efforts by the scientific community in the past four to five decades have advanced the
understanding of autophagic and apoptotic signal transduction pathways, enabling
in-depth recognition of their complex interplay. The molecular crosstalk between
autophagy and apoptosis are inherently linked by shared metabolic intermediates
as triggering signals or by proteins (enzymes) acting at intersections of signaling
cascades, enabling the two biological processes to inhibit or enhance the other.
Many of these metabolites and proteins coalesce at the mitochondria, which has
been long recognized as the central hub hosting metabolic processes and regulatory
networks [30]. In this section, several protein families substantially participating in
the autophagy-apoptosis crosstalk will be discussed.

Atg Proteins [31]

Autophagy-related proteins (Atgs) were named after their pivotal roles in the initi-
ation of autophagy. As we mentioned before, autophagy is a subcellular process to
remove aggregated proteins and damaged mitochondria, which requires the differ-
entiation of degradable targets and ones to preserve. Such sensitive selection is
conducted via an ubiquitin-like tagging mechanism supported by Atg proteins (see
Sect. 2.1).Generally, damagedmitochondria releaseCytC that,whenbeyond the cell-
tolerable threshold, activates Apaf-1 and subsequently triggers caspase-dependent
apoptosis (Fig. 1.2) [32]. Autophagy promoted by Atgs can remove ROS-damaged
proteins as well as damagedmitochondria (Fig. 1.1), thus removing a source of apop-
totic inducers and increasing the chance of cell survival [33]. For instance, Atg4, a
cysteine protease involved in the lipidation of LC3 during the autophagy initiation
phase, serves as a sensor for low ROS levels and is upregulated during autophagy
and downregulated during apoptosis [34]. In addition to Atg4, Atg5 and Atg12 are
two proteins whose dual impacts on both biological processes have been gradually
recognized. Atg5 recruits FADD, a major factor that triggers extrinsic apoptosis, and
competes for the association between FADD and the death receptors, thus reducing
the risk for apoptosis initiation [35]. Furthermore, the calpain-truncated form ofAtg5
may associate with Bcl-2 and translocate to mitochondria, which contributes to the
anti-apoptotic impact of Bcl-2 by competing with other regulatory partners (e.g.,
NOXA and PUMA) [36].
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Caspases

The caspase-dependent signaling cascade is a major apoptotic pathway involving
sequential activation of caspases 3, 6, 7, 8, and 9 (Fig. 1.2). Several key members of
theAtg family, includingAtg3,Atg4, andBeclin 1, canbedegradedby these caspases,
thus inhibiting autophagy [33]. This autophagy-centric subcellular apparatus is also
indispensible for apoptosis. Using the autophagosomal membrane as the assembly
matrix, caspase 8 associates with Atg5 and colocalizes with LC3-II and p62, which
is critical for autophagy-dependent caspase 8 activation [35].

BH3-Only Proteins

According to sequence homology, BH3-only proteins are members of the Bcl-2
protein family that share a BH3 region. While Bcl-2 family members are known
to play pivotal roles in apoptosis, a few BH3-only proteins appear to trigger both
apoptosis and autophagy [37]. One such protein, Bnip3, is known primarily for stimu-
lating cell death via mitochondrial dysfunction, but has also been shown to workwith
the LC3 conjugate to stimulate autophagy [38]. Another BH3-only protein, Bid, is
involved in activating intrinsic apoptosis as well as the nucleation phase in autophagy
by obstructing the inhibitory effects of Bcl-2 on these processes. Meanwhile, Bcl-2-
interacting mediator of cell death (Bim), similarly binds Bcl-2 to activate apoptosis
but associates with Beclin 1 to inhibit autophagy [20].

P53 Protein

The tumor suppressor protein p53 is best known for its pro-apoptotic role in
preventing cancer, but it can also promote autophagy. Under non-stress conditions,
p53 resides in the cytosol, where it binds the ULK1 complex component FIP200
to block initiation of autophagy. However, when the cell suffers DNA damage, p53
translocates to the nucleus, where it induces the expression of pro-apoptotic and
autophagic genes such as BAX and AMPK. p53 may also translocate to the mito-
chondrial matrix to effect MPT, though the severity of the resulting mitochondrial
dysfunction determines whether p53 prompts mitophagy or cell death [20].

Clinical Relevance of Autophagy and Apoptosis

Although autophagy and apoptosis serve central purposes for survival, insufficient or
excessive activity can contribute to both cell death and disease. Since the discovery
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of these processes, there have been numerous studies documenting their roles in
disease, including cancer, infectious diseases, aging, (drug) intoxications, cardiovas-
cular diseases, neurological illnesses, liver diseases, and skeletal muscle diseases.
To highlight their clinical relevance, we have itemized the most common diseases
linked to autophagy (Table 1.1) and apoptosis (Table 1.2) among four distinct organ
types, namely the heart, liver, central nervous system (CNS), and skeletal muscle.

Autophagy in the Pathogenesis of Four Organ Types

Autophagic processes can result in distinct clinical manifestations. In the heart,
autophagy contributes to ischemia–reperfusion (I/R) injury and oxidative stress,
cardiac remodeling and cardiomyopathies, heart failure, hypertension, atheroscle-
rosis, and lysosomal storage diseases such as Pompe’s disease. Both degradation
and recycling are important in organs with high metabolism such as the liver and
skeletal muscle. Correspondingly, autophagy is linked to viral hepatitis infections,
alcoholic liver disease, non-alcoholic fatty liver disease (NAFLD) and metabolic
syndrome, hepatocellular carcinoma (HCC), starvation, and I/R injury in liver cells.
Perturbations in autophagy have been implicated in CNS diseases such as ataxias,
epilepsy, and prion disease, with the majority in neurodegenerative diseases such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis
(ALS) and Huntington’s disease. Lastly, in skeletal muscle, autophagy has been
described in exercise, insulin-signaling, diabetes, muscle atrophy, myopathies, and
Duchennes muscular dystrophy. Overall, autophagy appears to be a key player in a
broad range of pathological mechanisms and organ types.

Apoptosis in the Pathogenesis of Four Organ Types

While apoptosis is an integral part of organism survival, it has the propensity to lead
to disease phenotypes. Numerous cardiac studies conclude that apoptosis extends
myocardial infarction and heart failure, and is a key factor in the development of
cardiac fibrosis. In highly metabolic organs such as the liver, apoptotic caspases
are major players in the pathology of alcoholic- and non-alcoholic liver diseases,
drug induced hepatotoxicity, cholestasis, and viral hepatitis. In the CNS, apoptosis
contributes to cell death in ischemic strokes and neurodegenerative diseases such as
AD, PD,HD, andMS.Molecular signaling of apoptosis underliesmuscle atrophy and
sarcopenia in skeletal muscle. Similar to autophagy, apoptosis plays a fundamental
role in the pathology of multiple organ types.
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Crosstalk of Autophagy and Apoptosis in the Pathogenesis
of Ischemia–reperfusion Injury

I/R injury is a pathological condition that occurs in all four aforementioned organ
types. For instance, ischemic heart disease, which is precipitated by an acute throm-
botic coronary artery occlusion at the site of an atherosclerotic plaque, is the leading
cause of death and disability in the world. Reperfusion therapy induces an excessive
release of ROS, causing an additional bout of myocardial damage and cell death via
necrosis and apoptosis. Comparably, I/R injury is also a common pathological condi-
tion in the liver during transplantation surgery, the CNS during ischemic strokes, and
in skeletal muscle during exertion-induced claudication of the extremities or during
acute muscle infarction. Conversely, autophagy is generally believed to be protective
during I/R injury (Table 1.1). During prolonged ischemia as well as I/R, activation
of autophagy inhibits apoptosis, indicating a physiological interplay between these
two phenomena during this pathological condition. Moreover, emerging evidence
pinpointed fundamental proteins in autophagy and apoptosis that interact with each
other. For instance, when Beclin 1 expression is reduced, autophagy is inhibited,
followed by increased I/R injury. Furthermore, Mst1, which is a fundamental protein
in promoting apoptosis, is able to phosphorylate the Thr108 residue in the BH3
domain of Beclin 1, thus enhancing the interaction between Beclin 1 and several
Bcl-2 protein family members that regulate apoptosis. Taken together, the extent of
I/R injury may be affected by a functional balance between autophagy and apoptosis.

Conclusions and Future Perspectives

It is well known that autophagy is a biological process related to the orderly
degradation of unnecessary or abnormal proteins, organelles, and other cytoplasmic
constituents. Accordingly, autophagy is fundamental tomaintaining a balanced phys-
iology and cellular homeostasis under normal conditions. With respect to disease,
autophagy can be considered an adaptive response to stress in order to preserve
cell survival; in certain pathological conditions, it appears to promote morbidity
and cell death among different organs. In conjunction with autophagy, apoptosis is
a highly regulated and controlled process of cell death that occurs in multicellular
organisms. It is characterized by a cascade of biochemical events that culminate as
chromatin condensation, cell and nuclear shrinkage, and fragmentation of nuclei and
chromosomal DNA. Similar to autophagy, numerous studies have documented the
pathophysiological role of apoptosis over a wide range of diseases. The biological
function and molecular understanding of apoptosis and autophagy have been exten-
sively characterized for four decades; however, recent findings have made it clear
that we have only witnessed the tip of the iceberg in both processes, particularly
regarding their “crosstalk” signals. Most interestingly, emerging evidence empha-
sizes that both processes may work in synergy rather than in isolation. The complex
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interplay between autophagy and apoptosis in pathological conditions presents a
potential avenue for therapeutic interventions of diseases and a major challenge
for future investigations. In this respect, direct protein–protein interactions between
autophagic and apoptotic proteins, as well as their post-translational modifications,
remain to be further explored.Moreover, it is still amatter of investigationwhether the
common proteins involved in both autophagy and apoptosis modulate each process
separately or simultaneously in true crosstalk.

This book chapter has paid special attention to the translational and clinical
relevance of both autophagy and apoptosis. It is remarkable that both processes
are well documented over a wide range of diseases in four distinct organ types,
including cardiovascular diseases, neurodegeneration of the CNS, and diseases in
highly metabolic organs such as the liver and skeletal muscle. Lastly, while both
autophagy and apoptosis are extensively studied in preclinical animal models as well
as in humans, the paucity of autophagy-apoptosis crosstalk studies among different
species still stands as a major challenge for clinical translation and insights. In the
future, crosstalk between autophagy and apoptosis may be a novel avenue for gaining
mechanistic insights and developing disease therapies.
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Chapter 2
Adrenergic Receptor Signaling Pathways
in the Regulation of Apoptosis
and Autophagy in the Heart

Jessica MacLean and Kishore B. S. Pasumarthi

Abstract Despite the discovery of several new therapeutic interventions, heart
disease remains the number one cause of death worldwide. Many forms of heart
disease are associated with loss of functional heart muscle cells, cardiac hyper-
trophy, remodeling and chamber dilation as well as deterioration in cardiac function.
Significant changes in the levels of mediators regulating apoptosis and autophagy
have been reported in both patients and experimental models of heart disease.
Endogenous catecholamines, norepinephrine and epinephrine have been shown
to play a critical role in cell death and pro-survival pathways in the heart by
binding to β1-, β2- and α1- adrenergic receptors (ARs). While there is scant infor-
mation on the mechanisms regulating cell death and pro-survival pathways, a deeper
understanding of these processes and their interplay is essential for development
of new therapies for patients suffering from heart disease. Here, we have briefly
reviewed various signal transduction mechanisms linking adrenergic receptors with
apoptosis and autophagy in the heart. Notably, elevated plasma levels of nore-
pinephrine or β1-AR autoantibodies can induce apoptosis via stimulation of the
β1-AR/cAMP/protein kinase A dependent and independent pathways and activation
of β2- or α1-ARs can have pro-survival functions in cardiomyocytes. Whereas both
AR agonists and antagonists can either increase or decrease autophagy depending
on the cardiovascular cell type and experimental model system used. In addition,
we have provided a comprehensive survey of the literature relevant to the effects
of various adrenergic drugs on the signaling mechanisms regulating apoptosis and
autophagy and discussed the relevance of these events in heart disease.
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Introduction

The adrenergic system consists of the endogenous catecholamines norepinephrine
and epinephrine and the adrenergic receptors. Norepinephrine from nerve endings
and epinephrine from the adrenal gland are secreted when the sympathetic nervous
system is activated [1]. The systemic effects of the sympathetic nervous system,
particularly on the heart and circulatory system, enable the human body’s fight or
flight response. To this end, sympathetic activation elicits an increased heart rate,
increased contractility and relaxation of the heart, and it causes vasoconstriction
with a subsequent increase in blood pressure. These effects are caused by the actions
of epinephrine and norepinephrine on the adrenergic receptors [2]. Given that nore-
pinephrine is the catecholamine released at the cardiac sympathetic nerve terminals,
it can modulate the heart’s activity more directly than epinephrine which is released
by the adrenal glands in a systemic manner [2, 3]. In addition, some of the nore-
pinephrine released from the postganglionic fibers innervating the heart can also
reach the general circulation when it is produced in large amounts in the myocardium
[2, 4]. Primarily epinephrine, as well as a small amount of norepinephrine, are
produced by chromaffin cells located in the medulla of the adrenal glands [3, 4].
Under normal physiological circumstances 80% of catecholamine production will
consist of epinephrine with the remaining 20% being norepinephrine [2].

Heart failure results from the heart’s inability to function effectively as a pump
due to diseases such as a myocardial infarction or ischemia. Chronic activation of
adrenergic signaling is an important feature of many forms of heart disease. Elevated
plasma norepinephrine levels in individuals with heart failure are strongly correlated
with decreased survival and increased risk of death from chronic heart failure [5]. In
heart failure, overactivation of the sympathetic system occurs with the primary goal
of maintaining cardiac output in the failing heart [1, 4]. A study by Chidsey et al. [6]
was one of the first to highlight the association between heart failure and increased
functioning of sympathetic nervous system, as illustrated by higher norepinephrine
secretion [6]. Decreased cardiac output in heart failure patients can also impact on
the clearance of catecholamines from the plasma, and this, along with increased
activation of the adrenal gland further contributes to increased catecholamines in the
plasma of heart failure patients [2]. In untreated heart failure patients, the levels of
circulating norepinephrine can reach approximately 50 timeswhen compared to those
in normal individuals who are exercising to their maximum ability [2, 7]. Plasma
levels of norepinephrine in patients with congestive heart failure are significantly
higher than those reported for angina patients with no clinical features of heart
failure [8, 9]. Elevated epinephrine and norepinephrine levels have also been found
in patients with hypertension [10]. In addition to the overactivation of adrenergic
system in heart failure, decreased cardiac output increases production of angiotensin
II and endothelin, which collectively promote systemic vasoconstriction and increase
the afterload. These systemic changes further reduce ejection fraction and cardiac
output, and the cycle repeats. The downward spiral is continued until a new steady
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state is reached in which cardiac output is lower and afterload is higher than optimal
for normal activity.

Despite the discovery of several therapeutic interventions, heart failure due to
ischemia remains the number one cause of deathworldwide [11]. In adults, cardiomy-
ocytes (CMs) that die in response to aging and pathological insults are replaced by
scar tissue instead of new muscle cells [12, 13]. While recent reports suggest an
intrinsic capacity for the mammalian myocardium to regenerate via endogenous
stem/progenitor cells, the magnitude of such response appears to be minimal and
not yet realized in CV patients [14, 15]. Current therapies can increase the life
expectancy of end-stage heart failure patients by 2–3 years [16]. Considering these
issues, a deeper understanding of molecular mechanisms regulating cell death and
survival is essential to combat the increasing burden of heart failure. Studies from
multiple laboratories revealed that ischemia and cytotoxic levels of catecholamines
can induce autophagy and programmed cell death or apoptosis inmany forms of heart
disease [17–19]. These two events can account in part for the loss of function in the
diseased heart. In this chapter, we have briefly reviewed various signal transduction
mechanisms linking adrenergic receptors with apoptosis and autophagy in the heart.
In addition, we have provided a brief survey of the literature related to the effects of
adrenergic receptor blockers on apoptosis and autophagy in the heart. Subsequently,
we have identified some important research questions for future studies.

Adrenergic Receptors in the Heart

Norepinephrine and epinephrine elicit their effects by binding to α- and β-
adrenergic receptors (AR). The β-adrenergic receptors (β-ARs) that are located in
the mammalian heart are of three subtypes β1, β2, and β3 [20]. Under normal phys-
iological circumstances only β1 and β2 receptors are active [1, 21]. Additionally,
α1-ARs of the subtypes 1A, 1B, and 1D are also present in the heart, although their
levels of expression are lower than the β-ARs. α1-AR subtypes 1A and 1B are found
on cardiomyocytes whereas 1D receptors are found on smooth muscle cells in the
coronary arteries. The role of α1-ARs in the heart is not well defined, but studies
have shown that they have a protective effect against apoptosis and necrosis and these
receptors are also reported to increase the strength of cardiac contractions. Through
interactions with α1-ARs in blood vessels epinephrine and norepinephrine can elicit
vasoconstriction [1, 22].

Both β1- and β2-ARs are coupled to adenylyl cyclase (AC) through the stim-
ulatory G protein, Gs. Activation of AC leads to an increase in the intracellular
levels of the second messenger, cyclic adenosine monophosphate (cAMP) which
can subsequently activate protein kinase A (PKA). β2-ARs can also interact with the
inhibitory G protein, Gi. Under normal conditions, cardiomyocytes predominantly
express the β1 subtype, whereas cardiac fibroblasts predominantly express the β2
subtype [23–27]. The β3-ARs are believed to interact with the Gi protein and subse-
quently inhibit the activation of adenylyl cyclase, ultimately resulting in myocardial
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relaxation. These receptors are thought to counteract the effects that the β1- and
β2-ARs have on heart rate, conduction speed and inotropy. However, the β3-AR
mediated actions are more relevant in disease states as these receptors become acti-
vated in response to higher concentrations norepinephrine compared with β1- or
β2-ARs [28].

In the failing heart, the adrenergic signalling system changes in response to chron-
ically increased levels of catecholamines. During heart failure, the ratio of β1 to β2
receptors changes from 3:1 to 1:1. Additionally, β1-AR expression at the plasma
membrane is decreased and both β1- and β2-ARs become uncoupled from their
associated G proteins and this process is termed as β-AR desensitization [2, 29].
The expression level of α1-ARs has been found to either remain constant or increase
during heart failure [22].

Role of Adrenergic Receptor Signaling in the Regulation
of Apoptosis and Autophagy in the Heart

Apoptosis is a controlled form of cell death. Unlike necrotic cell death where the
contents of a dying cell leak out, apoptotic cells are not detrimental to surrounding
cells nor do they initiate an inflammatory response [30]. Apoptosis is initiated by a
cascade of caspase enzymes ultimately leading to the cleavage of critical proteins
required for cell survival and the release of caspase activatedDNAse enzymes. Subse-
quently, cells undergoing apoptosis shrink, lose their cytoskeleton and the cellular
DNA is fragmented to the nucleosomal level. Apoptotic cells are then phagocytosed
by surrounding cells ormacrophageswhich recognize specific proteins on the surface
of dying cells [30]. Autophagy is a cellular process activated in response to cellular
stress and is also active in a form of non-apoptotic programmed cell death known as
autophagic cell death [23]. Levine and Kroemer [31] suggested that autophagy is an
adaptive mechanism used by cells to deal with injurious cellular components such as
injured organelles or aggregates of protein. The pathway by which autophagy occurs
can be different according to the cell type/environment [31]. The adrenergic signaling
pathways associated with cardiovascular apoptosis and autophagy are discussed in
subsequent sections.

Chronic catecholamine stimulation can lead to apoptosis in the heart [26, 32,
33]. When cardiomyocytes die, cardiac fibroblasts proliferate to maintain the archi-
tecture of the heart and this results in pathological remodeling and contributes to
the development of heart failure [34]. Norepinephrine-induced apoptosis occurs via
stimulation of the β1-AR and subsequent activation of cAMP-PKA signaling as well
as via PKA independent pathways (Fig. 2.1). Conversely, activation of the β2-AR
opposes apoptosis. The anti-apoptotic actions of the β2-AR stimulation occur via
activation of the Gi protein and subsequent phosphoinositide-3-kinase (PI3K) and
Akt activity [2, 32, 33, 35, 36] (Fig. 2.1). The p38MAP kinase, a known downstream
target of PKA, has been shown to play both pro- and anti-apoptotic roles in β-AR



2 Adrenergic Drugs and Cell Death and Survival Pathways 27

Fig. 2.1 Schematic diagram depicting various mediators involved in the adrenergic receptor (AR)
agonist mediated effects on apoptosis in the heart. PLC: phospholipase C; PIP2: phosphotidyl
inositol 4,5 biphosphate; IP3: inositol triphosphate; DAG: diacyl glycerol; PKC: protein kinase C;
MEK1:mitogen activatedprotein kinase kinase;AC: adenylyl cyclase;ATP: adenosine triphosphate;
cAMP: cyclic adenosine monophosphate; PKA: protein kinase A, p38 MAPK: p38 mitogen acti-
vated protein kinase, MEF2: myocyte enhancer factor 2; CaMKII: calcium dependent calmodulin
kinase II; GSK3β: glycogen synthase kinase 3β; JNK: c-Jun N-terminal kinase; PI3K: phospho-
tidyl inositol-3 kinase and Akt: protein kinase B. Unknown signaling connections are indicated by
question marks. Solid black arrows indicate the stimulatory events, dashed lines with arrowheads
indicate stimulatory events that occur independent of PKA and solid red lines indicate inhibitory
events

mediated apoptosis in cardiomyocytes [37, 38]. Notably, chronic stimulation of β1-
ARs can also promote cardiomyocyte apoptosis independent of PKA via activation
of Ca2+/calmodulin kinase II (CaMKII) [39]. Other studies found that stimulation of
β1-ARs can increase cardiomyocyte apoptosis via activation of either Rac1/c-jun N-
terminal kinase pathway [40] or GSK-3β [41]. Stimulation of the β1-ARs in neonatal
cardiomyocyte cultures by isoproterenol (ISO) or 8-Br-cAMP induced apoptosis
[35]. Notably, ISO induced apoptosis could be blocked by co-treatment with a PKA
inhibitor and 8-Br-cAMP induced apoptosis was blocked by co-treatment with an
α1-AR agonist, phenylephrine via the Gαq/PKC/MEK-1 pathway (Fig. 2.1) [35].

In addition to the increased levels of catecholamines, autoantibodies against the
β1-ARs are frequently generated in patients with dilated cardiomyopathy [42] and
experimental models of heart disease [43]. Recent studies indicated that myocardial
damage is sufficient to stimulate the generation of β1-AR specific autoantibodies
in rats subjected for aortic banding or adriamycin treatment [43] and the long-term
presence of these antibodies can significantly decrease cardiac function [44]. While
these autoantibodies were shown to activate canonical β1-AR associated cAMP and
PKA signaling pathway, sustained stimulation of β1-ARs with these antibodies was
shown to increase levels of activated caspase-3 and cardiomyocytes apoptosis [45,
46]. Notably, β1-AR autoantibodies were also shown to increase the cardiomyocyte
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endoplasmic reticulum stress and apoptosis via β1-AR coupled CaMKII, p38MAPK
and ATF6 pathway [47]. Long-term exposure to β1-AR autoantibodies was also
shown to decrease the myocardial autophagy response and the cardiac dysfunction
associated with autoantibodies could be reversed by upregulation of autophagy
using the mTOR inhibitor, rapamycin [48].

Consistent with a role for adrenergic receptor signaling in the modulation of
cardiomyocyte autophagy, stimulation of β-ARs using a non-selective agonist,
isoproterenol was shown to activate Epac1 and increase autophagy in mouse hearts
as well as primary rat cardiomyocytes [49]. Notably, pharmacological inhibition
or germline deletion of Epac1 prevented the induction of β-AR mediated remod-
eling and cardiomyocyte autophagy in response to isoproterenol treatment. Specif-
ically, it was shown that agonist actions on β-ARs can activate Epac1 via cAMP,
leading to activation of Rap2B and phospholipase C which subsequently activate
the Ca2+/CaMKKβ/AMPK pathway (Fig. 2.2). This pathway is proposed to inhibit
mTORC1 and thereby stimulate autophagy [49]. In this scenario, autophagy is
proposed to be an adaptive response of cardiomyocytes to oppose the effects of Epac1
induced pathological cardiac remodeling [49]. Activation of the β2-ARs in adult rat
cardiac fibroblasts by both isoproterenol and salbutamol (a β2-AR selective agonist)
stimulated autophagy (Fig. 2.2), which augmented type I collagen degradation [23].
This study proposed that autophagy in response to high levels of catecholamines

Fig. 2.2 Schematic diagram depicting various mediators involved in the adrenergic receptor (AR)
agonist mediated effects on autophagy in the heart. FAK: focal adhesion kinase; Atg14L: autophagy
related gene 14-like; AC: adenylyl cyclase; ATP: adenosine triphosphate; cAMP: cyclic adenosine
monophosphate; PKA: protein kinase A; Epac1: exchange protein directly activated by cAMP
1; PLC: phospholipase C; CaMKKβ: calcium dependent calmodulin kinase kinase β; AMPK: 5’
adenosine monophosphate-activated protein kinase; mTORC1: mammalian target of rapamycin 1.
Unknown signaling connections are indicated by question marks. Solid black arrows indicate the
stimulatory events, dashed lines with arrowheads indicate stimulatory events that occur independent
of PKA and solid red lines indicate inhibitory events
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may be an attempt to decrease the fibrosis by balancing the changes in extracellular
matrix composition resulting from increased adrenergic stimulation [23]. A recent
study demonstrated that stimulation of α1-ARswith phenylephrine in cardiomyocyte
cultures or in vivo can suppress autophagy and promote hypertrophy (Fig. 2.2) via
focal adhesion kinase mediated phosphorylation of Beclin1 and subsequent disrup-
tion of Beclin1-Atg14L interaction required for autophagosome formation (Fig. 2.2)
[50]. While these observations underscore the importance of α1-AR signaling medi-
ated suppression of cardiomyocyte autophagy in compensatory hypertrophy, it is not
known whether this pathway plays any regulatory role in pathological hypertrophy
and heart failure.

β-AR Blockers and Heart Disease

Three generations of β-AR blocking drugs have been developed over the past several
decades. The first generation of β-blockers are non-selective, meaning that they block
both the β1- and β2-AR subtypes. These drugs include propranolol, nadolol and
timolol. The second generation β-blockers bind preferentially to the β1-AR subtype
and include metoprolol, atenolol and bisoprolol. The third-generation blockers are
either selective for the β1 subtype (e.g. celiprolol and nebivolol) or non-selective (e.g.
carvedilol). Importantly, the third-generation blockers can also cause vasodilation in
the periphery. Carvedilol does so by blocking the α1-AR, while nebivolol elicits
this effect by interacting with the endothelium and increasing production of nitric
oxide (NO) [28, 51]. Additionally, carvedilol also has antioxidant properties due to
its ability to “scavenge free radicals” [52, 53]. β-blockers are effective in treating
chronic heart failure as can be seen by their ability to mitigate adverse left ventric-
ular remodeling, decreasing heart rate which then decreases the amount of oxygen
required by the heart and theworkload of the heart. These outcomes are accomplished
by decreasing the toxic actions of the elevated levels of norepinephrine, upregulating
the number of β-ARs, among others [1, 2].

The difference in β-AR selectivity between the various β-blockers must be
considered when selecting a drug for clinical use. The majority of the “therapeutic
actions” of these drugs are due to interactions with β1-ARs, whereas many “adverse
effects” are caused by interactions with the β2-AR such as blockade of this receptor
in lungs can lead to bronchoconstriction [52]. This interaction has important impli-
cations for selecting an appropriate β-blocker for patients suffering from both heart
disease and asthma [54, 55]. Additionally, it is important to note that while some
drugs are cardioselective by preferentially binding to the β1-AR, such selectivity
can be overcome at higher doses as in the case with metoprolol. Nebivolol was
found to be more cardioselective compared to other β-blockers such as metoprolol or
bisoprolol [52, 56]. The ability of third generation β-blockers to cause vasodilation
may be of use in certain circumstances, as discussed below.

A meta-analysis conducted on the use of atenolol to treat uncomplicated hyper-
tension found that it had no impact on the occurrence of myocardial infarction or
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mortality compared to placebo or no treatment, despite an ability to decrease blood
pressure [57]. It was found that treatment of hypertension with third generation β-
blockers had lower incidence of mortality compared with atenolol [57, 58]. Okamoto
et al. investigated the actions of nebivolol versus metoprolol on hypertension in
patients with autonomic failure to distinguish the β-AR effects from the vasodila-
tory effects through increasing NO. Nebivolol was able to significantly decrease the
systolic blood pressure compared to control whereas metoprolol did not, and thus
the authors concluded that nebivolol elicited these antihypertensive effects indepen-
dent of its actions at the β1-AR [59]. Although another study found that nebivolol
decreased the incidence of cardiovascular eventsmore effectively than didmetoprolol
in patients with acute myocardial infarction (MI) and left ventricular dysfunction,
there was no large difference between treatment with metoprolol and treatment with
carvedilol with respect to cardiovascular events, nor was there a difference between
the carvedilol and nebivolol groups [60]. The authors of this study suggest that
carvedilol may be less effective in MI patients since blocking of β2-ARs can impair
the pro-survival pathways [33]. Whereas, β2-AR blocking, and antioxidant proper-
ties of carvedilol are thought to be beneficial for the treatment of heart failure patients
since β2-AR levels and oxidative stress are elevated in those patients [60]. Based on
recent reports, it may be beneficial to keep both β2- and α1-AR signaling pathways
intact in acute MI patients, as stimulation of β2-AR can increase autophagy and
collagen degradation in cardiac fibroblasts [23] and α1-AR stimulation can promote
hypertrophy by decreasing cardiomyocyte autophagy [50]. It is possible that blocking
bothβ2- andα1-ARpathways in acuteMI patients using carvedilolmay lead to preco-
cious fibrosis and impaired compensatory hypertrophic responses in addition to loss
of pro-survival signals (Figs. 2.1 and 2.2), subsequently increasing adverse cardio-
vascular events. Thus, more research should be conducted to confirm the effects of
these new generation β-blockers on pathways linking autophagy and apoptosis in
addition to a clear focus on clinical outcomes.

New Mechanistic Insights for the Actions of β-AR Blockers
in the Regulation of Apoptosis and Autophagy

It is clear from both experimental and clinical literature that β-AR blockers are highly
effective in decreasing cardiac workload, oxidative stress, apoptosis, remodeling and
arrhythmias in animal models or patients suffering from heart disease. Although β-
AR blockers were initially not preferred for the treatment of heart failure due to
their negative inotropic effects, positive results from clinical trials combined with
new findings related to the novel actions of these drugs have increased a great deal
of interest in the development of new generation drugs for the treatment of several
forms of heart disease. Notably, the third-generation β-AR blockers nebivolol and
carvedilol are also shown to act as antioxidants and increase the activity of endothelial
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nitric oxide synthase (NOS). These additional features are helpful since heart disease
is often accompanied by oxidative stress [61, 62].

Carvedilol has been implicated in modulating levels of microRNAs (miR), which
are known to repress the expression of certain genes following transcription [61]. A
study by Xu et al. [63] found that carvedilol upregulated miR-133 in the infarcted
rat heart as well as in hydrogen peroxide treated neonatal rat cardiomyocyte cultures
[63]. Further, co-treatment of cardiomyocyte cultures with hydrogen peroxide and
carvedilol resulted in suppression of caspase 9 expression and associated apoptosis
which were normally seen with peroxide treatment alone [63]. However, the mech-
anistic link between carvedilol treatment and miR-133 upregulation is yet to be
established. Activation of β1-ARs in neonatal cardiomyocyte cultures using ISO
was shown to induced apoptosis via cAMP/PKA mediated suppression of myocyte
enhancer factor 2 (MEF2) transcriptional activity and expression of pro-survival
genes such as KLF6 [24]. Whereas, inhibition of β-ARs using atenolol enhanced the
MEF2 transcriptional activity and promoted cardiomyocyte survival (Fig. 2..1) [34].
Although clinical use of atenolol over other β-AR blockers in the treatment of hyper-
tension is debated [57, 58], new findings related to atenolol mediated pro-survival
pathways could be of use shortly after a myocardial infarction as this could prevent
cardiomyocyte apoptosis and the subsequent pathological remodeling [34].

Ahmet and colleagues investigated the long-term effects of β1-AR antagonism in
combination with β2-AR agonism using a rat model of chronic heart failure over a
period of one year [64]. Rats treated in this manner had a 34% increase in survival
when compared to rats that were not treated. Left ventricular remodeling and func-
tion were improved with the combination treatment. Additionally, the size of the
infarct did not increase, and cardiomyocyte apoptosis was significantly decreased
in the combination treatment group [64]. In a rat model of coronary artery ligation
and cardioplegia-induced cardiac arrest, carvedilol treatment was found to decrease
the amount of cardiomyocyte apoptosis that occurred following the cardioplegia
and subsequent reoxygenation via activation of PI3K and MEK (mitogen activated
protein kinase kinase) [65]. These observations underscore the potential for carvedilol
to be used prior to cardiac surgery for prevention of cardiomyocyte apoptosis. Using
a rat model of acute MI, another study found that carvedilol treatment can mitigate
the upregulation of toll like receptor 4 (TLR-4) that is commonly seen following
an infarction. TLR4 activates inflammatory pathways and has been implicated in
pro-apoptotic signaling in the infarcted heart, suggesting this may be the mechanism
by which carvedilol decreases apoptosis [66].

Compared to the effects of β-AR blockers on apoptosis, there is scant information
on the effects of these drugs on autophagy in the heart. In a rat cardiac resusci-
tation model, treatment with a short acting β1-AR blocker, esmolol, was effective
in reducing the levels of epinephrine induced cardiomyocyte apoptosis, and this
protective effect was also correlated with a significant reduction in cardiomyocyte
autophagy, as evidenced by reductions in Beclin-1 and parkin expression levels [67].
In a mouse model of pressure-overload induced cardiac dysfunction, treatment with
metoprolol (β1-ARblocker) in combinationwith quiliqiangxin (QL; aChinese herbal
medication) over a 4-week period significantly improved cardiac function, decreased
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remodeling and apoptosis compared to QL treatment alone [68]. Although QL+
metoprolol treatment was effective in reducing the levels of an autophagy marker
protein (LC3-II) in the diseased heart when compared to no drug treatment group,
this combination was not as effective as other combination treatments such as QL+
an angiotensin II receptor blocker or an angiotensin converting enzyme inhibitor
[68]. In contrast to the suppressive effects of esmolol and metoprolol on autophagy,
an earlier study showed that acute treatment of healthy rats with propranolol (a non-
selective β-AR blocker) can significantly increase the volume fraction and density
of autophagic vacuoles (AVs) in the left ventricular myocardium compared to the
control hearts within 2–4 h after treatment. This study suggested that autophagy is an
early cardiac adaptation response to reduced workload since similar effects on AVs
were also observed after acute treatment with a calcium channel blocking drug vera-
pamil [69]. Similar to the effects of propranolol on AVs, treatment of rats subjected
to acute MI with carvedilol for 2 weeks also revealed a significant increase in the
number of AVs, autophagy- and anti-apoptosis related proteins (e.g. Beclin-1 and
Bcl-XL) in the infarct region and the region bordering infarction compared to those
regions in untreated MI hearts [70]. Notably, treatment of non-cardiac HepG2 cells
with propranolol in the absence or presence of a β2-AR agonist clenbuterol signifi-
cantly increased the LC3-II protein levels [71]. However, propranolol treated HepG2
cells also revealed a significant increase in SQSTM1/p62 protein levels as well as a
significant decrease in the number of autolysosomes suggesting that autophagosome
flux was blocked at late stages such as lysosomal fusion, acidification or protease
digestion [71]. Future studies on autophagosome flux with regards to the status of
SQSTM1/p62 levels and autolysosome formation may provide additional insights
into the mechanisms underlying protective effects of β-AR blockers in different
cardiovascular cell types.

Conclusion

Here,we provide evidence from the literature that adrenergic signaling plays a critical
role in the regulation of apoptosis and autophagy in cardiovascular system and both
adrenergic receptor agonists and antagonists can be used to modulate the levels
of apoptosis and autophagy in the heart. Although common signaling mediators
can be readily identified for both pathways, more work needs to be done to define
the relationship between apoptosis and autophagy and their relative significance
in the context of cardiovascular disease. Some studies suggest that upregulation
of autophagy can improve cardiac function [72] while other studies suggest that
downregulation of autophagy may be beneficial during disease states [73, 74]. It
has also been suggested that inadequate autophagy responses may contribute to
cardiac dysfunction [75]. Some in vitro studies suggest that the degree of ischemic
injury may dictate the manifestations of autophagy, apoptosis and necrosis in the
heart. For example, mild ischemic injury may result in autophagy and apoptosis
whereas moderate or severe ischemia may cause apoptosis and necrosis [76]. Thus,
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it is generally thought that autophagy can be an early adaptive response to disease
and increased autophagy can delay the onset of both apoptotic and necrotic cell
death. However, increased autophagy is not always associated with a concomitant
decrease in apoptosis as seen with the in vitro effects of different adrenergic receptor
agonists and antagonists on these processes. A better understanding of molecular
events involved in autophagy and apoptosis and the interplay between these pathways
in heart disease as well as additional mechanistic information related to the effects of
adrenergic drugs specifically on these processes will enable us to develop efficacious
treatments.
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Chapter 3
Apoptosis in Ischemic Heart Disease

Monika Bartekova, Anureet K. Shah, and Naranjan S. Dhalla

Abstract Ischemic heart disease (IHD) due to reduced coronary blood flow over
a prolonged period as well as reperfusion of the ischemic myocardium are asso-
ciated with irreversible cellular damage and contractile failure. Although several
major mechanisms including inflammation, oxidative stress and intracellular Ca2+-
overload have been identified to induce cardiac injury in IHD, the occurrence of
cardiomyocyte cell death due to apoptosis has been considered to play a critical role
in the development of heart dysfunction. The activation of several apoptotic and anti-
apoptotic proteins belonging to both extrinsic and intrinsic pathways of apoptosis has
been demonstrated in IHD. Some major proteins of the extrinsic apoptotic pathway
include Fas/Fas ligand, TNF-α, TRAIL as well as Caspase-8 and Caspase-10. On
the other hand, mediator proteins of the intrinsic apoptotic pathway are: Bcl-2, Bax,
Cytochrome C and Caspase-9. Both extrinsic and intrinsic pathways converge on the
terminal apoptotic pathway in which different proteins such as Caspase-3, Caspase-6
and Caspase-7 are activated leading to the degradation of cellular constituents in the
ischemicmyocardium. Although several agents targeting different apoptotic proteins
have been shown to exert cardioprotective effects in experimental studies, the results
in various clinical trials in IHD have not been encouraging.
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Introduction

Ischemic heart disease (IHD), a major cause of death worldwide, is characterized by
decreased blood flow in coronary arteries due to reduction of their lumen, resulting
in an insufficient supply of oxygen and nutrients to the heart. IHD is mostly caused
by the formation of atherosclerotic plaque in the vessel wall and the reduced blood
flow in the ischemic heart is usually restored by reperfusion upon thrombolytic
therapy, angioplasty and coronary by-pass surgery. There also occurs the formation
of collateral vessels as an adaptivemechanism for reperfusion thatmay help to restore
the supply of oxygen and nutrients to the ischemic heart. However, if the reperfusion
does not occur or is not instituted within a critical time period, it may even exacerbate
the damage to the heart and is called ischemia-reperfusion (I/R) injury [1, 2].

Numerous mechanisms have been documented to be involved in the
pathophysiology of IHD; these include inflammation and endothelial dysfunction due
to invasion of low-density lipoprotein (LDL) particles and macrophages, leading to
development of atherosclerosis [2–5]. Furthermore, several mechanisms, including
the stimulation of intracellular protein kinase cascades, oxidative stress leading
to mitochondrial dysfunction, intracellular Ca2+-overload resulting in proteolysis.
Altered gene expression leading to malfunctioning proteins, as well as activation of
cell death pathways such as apoptosis and necrosis, are activated in the heart leading
to cardiac dysfunction and cardiomyocyte death due to I/R injury in IHD [1, 2, 5].
The present article summarizes the current knowledge on the role of apoptosis in the
pathophysiology of cardiac dysfunction in the ischemic-reperfused myocardium.
In addition, it is intended to discuss the potential of anti-apoptotic therapy in the
treatment of IHD.

Development of Apoptosis

Apoptosis is a conserved and highly regulated process of cell death that takes place in
several physiological and pathological conditions in the body. It helps in the exclusion
of malfunctional cells from the organism as well as balance the proper ratio between
cell proliferation and cell death in physiological conditions and in fact plays an
important role in the prevention of cancer development in highly proliferative organs.
On the other hand, it participates in the progression of various diseases including
cardiovascular diseases (CVD). In addition, it contributes to the organ damage due to
different pathologies such asmyocardial damagedue to I/R injury [6]. It is noteworthy
that the adult myocardium is a non-proliferative tissue and apoptosis occurs at a low
rate in the heart. The apoptotic rate increases in the heart due to pathological stimuli
such as ischemia, inflammation, oxidative stress, and thus apoptosis is considered to
contribute to the development of majority of CVD including IHD. [5, 6].

There is a large body of evidence to indicate that apoptosis is mediated via
two main signaling pathways namely intrinsic and extrinsic, which converge
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on the terminal common pathway involving executive caspases [5–14]. The
intrinsic pathway involves molecular mechanisms consisting of cascades of acti-
vation/deactivation of certain proteins, which can in general be divided into pro-
and anti-apoptotic proteins. A typical example of a pro-apoptotic protein is Bax
(Bcl-2-associated X) protein whereas a typical anti-apoptotic protein is Bcl-2 (B-
cell lymphoma 2) protein. Both of these proteins, together with other pro- and
anti-apoptotic proteins of similar structure belong to the Bcl-2 family of apoptotic
proteins. Usually, the ratio between Bcl-2 and Bax levels in the cell determines
whether the apoptosis process will start or the cell will remain alive. Anti-apoptotic
proteins are capable of hetero-oligomerizing with pro-apoptotic proteins thereby
preventing the formation of homo-oligomers of pro-apoptotic proteins. If the balance
between anti- and pro-apoptotic proteins will shift in favor of apoptosis, homo-
oligomers of pro-apoptotic proteins are formed in membranes of the mitochondria
and allow the flow of mitochondrial proteins (e.g. Cytochrome c) into the cyto-
plasm. They then act as pro-apoptotic signals and stimulate the proteolytic cascade of
caspases (specific proteases), namely caspase-9 and caspase-3. The terminal caspase
is caspase-3, which proteolytically stimulates caspase-activated deoxyribonuclease
and specifically fragments genomic DNA.

The extrinsic pathway, also termed as death receptor pathway, is triggered by the
action of extracellular “death signals”, as in the case of a bacterial infection associated
with the activation of immune system. It starts with the activation of death receptors
due to tumor necrosis factor (TNF) family; this signaling pathway is activated by the
binding of death ligands with TNF at appropriate receptors.When these ligands bind,
the death receptor activates the so-called adaptor protein of this signaling pathway
within the cell, for example FADD (Fas-associated protein with death domain). The
adaptor protein binds to the initiating pro-caspases-8 and -10, and forms a complex
called death-inducing signaling complex (DISC). The DISC activates pro-caspase-8
andpro-caspase-10 for the activation of executive caspases-3, -6, and -7 leading to cell
death. The DISC is inhibited by c-FLIP protein which shows homology to caspase-8
but does not have the caspase activity. In some cell types, both intrinsic and extrinsic
pathways of apoptosismay be cross-linked through cleavage ofBID (BH3-interacting
death domain agonist) protein by caspase-8 to truncated BID (tBID), which is then
translocated to the mitochondria and causes permeabilization of the mitochondrial
membrane required for the activation of intrinsic pathway of apoptosis.

It is pointed out that the executive caspases -3, -6 and -7 in the terminal apoptotic
pathway are common enzymes for both the extrinsic and intrinsic pathways of apop-
tosis and their activation leads to cleavage of various substrates, which in turn results
in the destruction of cells by the apoptotic pathway [7]. The overview of apoptotic
pathways is outlined in the Fig. 3.1. It may also be noted that dysregulation of apop-
totic processes (either enhanced or insufficient) has been shown to be involved in
many different diseases including cancer [8], neurological diseases [9, 10], as well
as infectious and autoimmune diseases [11–13]. Finally, altered apoptosis plays a
significant role in different types of CVD including IHD [17]. In fact, it has been
well documented that apoptosis contributes to cardiomyocyte cell death in acute
myocardial infarction (AMI) [15, 16] and LV remodeling after MI [17]. Particularly,
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Fig. 3.1 Sketch for the apoptotic activation pathways. The intrinsic pathway consists of activation
of pro- and anti-apoptotic proteins of the Bcl-2 family. If the equilibrium between them is shifted
in favor of apoptosis, oligomers of pro-apoptotic proteins allow the flow of mitochondrial proteins
(e.g. cytochrome c) into the cytoplasm. These then stimulate the proteolytic cascade of caspases,
which in turn leads to cell death. On the other hand, the extrinsic pathway begins with the activation
of death receptor, which stimulates an adaptor protein, such as FADD (Fas-associated protein with
death domain). The adaptor protein together with the initiation caspase forms a death-inducing
signaling complex (DISC) activating the initiation pro-caspases-8 and -10), which in turn activates
the executive caspases-3, -6, and -7) which are common enzymes of both pathways. The whole
process finally leads to cleavage of various substrates, and ultimately to cell destruction by the
apoptotic pathway. In some cells, there occurs an interconnection of both pathwaysmediated through
BID (“BH3-interacting death domain agonist”). This Figure is modified from the article by Zaman
et al. [7]

apoptosis has been considered to determine the infarct size, as well as the extent
of left ventricular remodeling, which contribute to the development of heart failure
due to MI. Since the rate of apoptosis can be monitored by changes in various pro-
and anti-apoptotic proteins in the heart tissue, the following discussion is planned to
describe the participations of these mediator proteins for the extrinsic, intrinsic and
common terminal apoptotic pathways in IHD.
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Mediator Proteins of the Extrinsic Apoptotic Pathway

Fas/Fas ligand in IHD:

The Fas (First apoptosis signal) receptor, also known as Apo-1 or CD95, is a trans-
membrane protein of the TNF receptor family, which binds Fas ligand (FasL or
CD95L or CD178). The interaction between Fas and FasL leads to the formation
of the DISC apoptotic complex and activates the extrinsic apoptotic pathway. Fas
is considered as a critical mediator of cardiomyocyte apoptosis in I/R injury [18,
19] and proposed as a potential target for the therapeutic strategies against chronic
heart failure after AMI [20]. However, different results were obtained in different
experimental models of cardiac I/R injury and human IHD patients. In an experi-
mental AMI model in rats, mRNA and protein expressions of Fas/FasL in the heart
tissue were significantly upregulated as compared to non-infarcted hearts, and were
enhanced following the time extension of I/R [19]. On the other hand, in human
AMI patients, the levels of soluble Fas receptor (sFas) observed in IHD patients
differ from the results obtained by measuring the levels of FasL. Further, circulating
levels of soluble FasL measured in patients 1 month after AMI were not associ-
ated with changes in LV monitored up to 1-year post MI [21]. Similar results were
obtained in patients with ST-elevation myocardial infarction (STEMI) prior to percu-
taneous coronary intervention (PCI) and 24 h after the procedure, where levels of
both sFas and sFasL did not correlate with infarct size or LV dysfunction [22]. In
concordance, serum levels of sFas were not associated with prognosis of patients
with acute coronary syndrome during 6-month follow-up period [23].

It was documented that genetic deletion of Fas/FasL ligands from Fas or FasL
knock-out mice does not reduce infarct size after acute global I/R in isolated mouse
hearts, suggesting that Fas/FasL is not the primary determinant of infarct size and
ventricular dysfunction after AMI [24]. On the other hand, serum levels of sFasL
were found elevated in patients with CAD as compared to patients with normal
coronary arteries pointing to association of FasL levels with the severity of CAD
and suggesting sFasL as a biochemical marker of coronary atherosclerosis [25].
Prognostic value of sFas was demonstrated also in patients with various forms of
heart failure, where higher sFas concentrations were associated with higher risk of
mortality or hospitalization for heart failure [26–28]. Finally, the inhibition of Fas-
associated death domain-containing protein (FADD) protected mouse hearts against
I/R injury in a mouse model of heart failure [29]. Taken together, the association
between Fas/FasL-mediated apoptosis and cardiac I/R injury has been widely docu-
mented; however, the data are rather controversial and inconclusive to predict the
potential of Fas/FasL as a therapeutic target or prognostic biomarker for IHD.

TNF-α in IHD:

TNF-α is a pro-inflammatory cytokine which has various biological functions,
including important role in heart disease [5]. It plays an important role in medi-
ating cardiomyocyte apoptosis due to I/R [30]. TNF-α has been also reported to be
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involved inCa2+-overload-induced cardiac apoptosis (Ca2+-paradox) [31].Depressed
production of TNF-α by phosphodiesterase inhibitor pentoxifylline was associated
with a dose-dependent cardioprotective effects in isolated rat hearts exposed to I/R
manifested by markedly improved recovery of heart function upon reperfusion. This
was associated with altered expression of NF-κB suggesting a role of inflammatory
processes and/or apoptosis in the detrimental effects of TNF-α in cardiac I/R injury
[32]. Similar findings have been obtained recently using 22-oxacalcitriol [33] or
arginase-2 [34] to reduce the I/R injury in rats where both treatments suppressed the
NF-κB/TNF-α pathway and reduced cardiomyocyte apoptosis, thus confirming the
important role of TNF-α in apoptosis and inflammation in I/R injury.

Regarding molecular mechanisms underlying TNF-α mediated cardiomyocyte
apoptosis, it is suggested that this includes the binding of TNF-α to TNF receptors or
Fas thus triggering the classical extrinsic apoptotic pathway [30, 35]. Later it has been
documented that TNF-αmediated cardiomyocyte apoptosis involves the activation of
caspase-12 and calpain but not caspase-9 [36].Recently, it has been found that stromal
cell-derived factor-1 (SDF-1), the elevated levels ofwhich are seen in a variety of clin-
ical situations including AMI, induces TNF-mediated apoptosis in cardiac myocytes
[37]. Furthermore, for the role of TNF-α in cardiac I/R injury, it should be mentioned
that TNF-αmay exert a dual effect in I/R depending on its concentration and the type
of its receptor. It was documented that low doses of TNF-α administered during post-
ischemic reperfusion to isolated rat hearts improved myocardial function, whereas
high doses of TNF-α increased myocardial injury following I/R. When TNF-α was
blocked with monoclonal anti-TNF-α antibody, the effects of TNF-α on myocardial
contractility and relaxation were completely abolished [38]. It was demonstrated in
an in vivo murine model of AMI that TNF-α by acting on TNF receptor 1 (TNFR1)
exerts cardiotoxic effects but it is cardioprotective through TNF receptor 2 (TNFR2).
In addition, TNFR2-knockout mice showed worst post-MI survival, greater ventric-
ular dysfunction, as well as higher myocyte hypertrophy and fibrosis as compared to
TNFR1-knockout mice, suggesting that selective blockade of TNFR1 may be a suit-
able therapeutic intervention for AMI [39]. However, clinical trials using compounds
that antagonize TNF-α revealed diverse and largely disappointing results in CVD,
notably in heart failure, most likely due to the ambivalent role of TNF-α and its
receptors in cardiac function [40].

TRAIL in IHD:

TNF-related apoptosis stimulating ligand (TRAIL) is a protein that belongs to TNF
superfamily and functions as a ligand inducing apoptosis by binding to death recep-
tors. In addition to TNF-α, TRAIL has been widely documented in both animal
models of cardiac I/R and in human patients with AMI to be involved in IHD.
In experimental studies, TRAIL was found to be released from the post-ischemic
hearts during early reperfusion period in isolated rat and mouse hearts [41]. The
exact mechanism of TRAIL action in I/R has not been fully clarified yet; however,
the role of TRAIL receptors in mediating pro-survival and proliferation signals has
been pointed out [42]. In 2015, some investigators [43] used an in vivo mouse model
to test the role of TRAIL in I/R, whereas cultured human microvascular endothelial
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cells were used to reveal molecular mechanisms for the vascular effects of TRAIL. It
was demonstrated that TRAIL promotes angiogenesis in mice and that the ischemia-
induced neovascularization is mediated via NADPH oxidase 4 (NOX4) and nitric
oxide (NO)-dependent mechanisms. Accordingly, it was suggested that TRAIL may
be a potential therapeutic target for improving the angiogenic response to ischemia
and may increase the reperfusion recovery in patients with CVD [43]. In addition,
an enhanced TRAIL expression has been reported in peripheral blood mononuclear
cells after myocardial infarction, and the expression of TRAIL receptors 1 and 2 was
documented immunohistochemically in human cardiomyocytes. These observations
have suggested that TRAILmay be involved in the induction of cardiomyocyte apop-
tosis after AMI [44]. It has also been shown in macrophages that TRAIL facilitates
cytokine expression and macrophage migration during hypoxia/reoxygenation via
ER stress-dependent NF-κB pathway. It was suggested that TRAIL affects the func-
tional activities of macrophages during I/R injury, and may represent a potential
therapeutic target for the treatment of IHD [45]. Regarding potential therapeutic use
of TRAIL in treating CVD, it has been shown that administration of soluble recombi-
nant TRAIL reduced the development of cardiomyopathy in the ApoE(−/−) diabetic
mice [46]. Systemic TRAIL delivery also induced the anti-atherosclerotic effect in
diabetic mice [47]. Although these findings are not directly related to I/R injury,
these data indicate certain therapeutic potential of TRAIL in cardioprotection.

Clinical trials were also found to support the relationship between TRAIL and
IHD. It was reported that serum levels of TRAIL were significantly decreased
in patients with AMI at baseline (within 24 h from admission) as compared to
healthy controls and were inversely correlated with levels of negative prognostic
markers, such as CK, CK-MB and BNP. Furthermore, the serum levels of TRAIL
increased progressively at discharge and became normalized at 6–12 months after
AMI. Notably, low serum TRAIL levels at the discharge time were associated with
increased incidence of heart failure and cardiac death in the 12-month follow-up
period. This study clearly indicated that the levels of circulating TRAILmight predict
cardiovascular events independently of conventional cardiac risk markers [48]. This
suggestion was further confirmed in a study by other investigators [49] where low
levels of TRAIL were associated with increased risk of death during a 6-year period
in older patients with CVD. Finally, low concentration of soluble TRAIL (sTRAIL)
was found to be a strong predictor for poor prognosis in patients with acute coronary
syndrome independently of age, ejection fraction, index peak troponin level, concen-
tration of BNP or serum creatinine [23]. Soluble TRAIL concentration was found to
be related to the composition of atheromatous plaques in patients with stable angina
or positive for ischemia [50]. TRAIL concentrations were markedly reduced and
associated with heart failure also in patients with established rheumatoid arthritis
[51]. Recently it has been shown that TRAIL reached the lowest serum concen-
tration after reperfusion in STEMI patients treated with primary PCI. In addition,
low TRAIL levels were associated with worsened LVEF (LV ejection fraction) in
acute STEMI and one month after STEMI. Thus, higher TRAIL level appears to be
beneficial for making TRAIL as a potential protective mediator in post-AMI period
[52]. In line with this suggestion, sTRAIL levels were found increased by ischemic
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post-conditioning and correlated with reduced infarct size and better LV function in
patients with STEMI [53] pointing to the positive role of TRAIL in cardioprotective
effects of ischemic conditioning.

Caspases 8 and 10 in IHD:

Caspase-8 is synthesized as inactive zymogen procaspase, and is activated by prote-
olytic cleavage through either autoactivation or trans-cleavage by other caspases.
Activated caspase-8 propagates the apoptotic signal either directly by activating
downstream caspases via their cleavage, or by cleaving the BH3/Bcl-2 interacting
protein, which evokes the release of cytochrome c frommitochondria [54]. Similarly,
as other enzymes of the extrinsic apoptotic pathway, the activation of caspase-8 has
been documented in cardiac I/R-induced apoptosis, and is consider to contribute in
the myocardial damage in IHD. It was reported that simulated I/R in neonatal rat
cardiomyocytes leads to marked conversion of inactive pro-caspase-8 to its cleaved
active form; this conversion was also observed in cardiomyocytes of isolated hearts
exposed to I/R [55, 56]. Increased levels of active caspase-8 were found in ischemic
area of themouse heart exposed to I/R by coronary occlusion in vivo [57]. In addition,
sevoflurane anesthetic preconditioning blocked the increase in caspase-8 after I/R in
isolated hearts, and this was associated with reduced cytochrome c release, improved
functional recovery of hearts and decreased ischemic injury [58]. The cardioprotec-
tive effect of rosiglitazone against the I/R injury in rats in vivo was associated with
the downregulation of active caspase-8 [59]. Interestingly, TNF-α induced caspase-8
activation leads to leaky ryanodine receptor channels which may also contribute to
myocardial remodeling after I/R [60]. Finally, it was reported that transplantation of
human mesenchymal cells with reduced caspase-8 activity (modified by adenovirus
transfection of small hairpin RNA) significantly improved infracted heart function
and attenuated cardiac fibrosis post MI [61].

It should also be pointed out that caspase-10 also exists as an inactive proenzyme
that is cleaved to produce two subunits, large and small, which dimerize to form
the active enzyme. Caspase-10 cleaves and activates caspases 3 and 7, and itself is
processed by caspase 8. Regarding its role in IHD, there are no data documenting
changes in the activity and/or expression of this enzyme in cardiac ischemia-related
pathologies so far. The information regarding some of the mediator proteins involved
in the extrinsic apoptosis pathway in IHD is summarized in Table 3.1.

Mediator Proteins of the Intrinsic (Apoptotic) Pathway

Bcl-2 family proteins in IHD:

Bcl-2 family consists of a number of proteins that share Bcl-2 homology domains.
The Bcl-2 family members control apoptosis by affecting, permeability of the
outer mitochondrial membrane, a key step in the intrinsic pathway of apoptosis.
Most studied representatives of this family are Bcl-2 and Bax proteins; however,
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Table 3.1 Some studies showing the role of various apoptotic mediators of the extrinsic pathway
in myocardial I/R injury

Proteins Injury/disease Interventions Observations References

Fas/FasL AMI in rats None ↑mRNA/protein
expression of
Fas/FasL in heart
tissue

Liu et al. [19]

AMI in humans None ↑sFas; unchanged
FasL no association
of Fas/FasL and IS,
LV remodeling and
patients prognosis

Fertin et al. [21],
Nilsson et al. [22],
Osmancik et al. [23]

I/R in isolated
mouse hearts

Knock-out of
Fas/FasL

No reduction of IS
due to deleted
Fas/FasL

Tekin et al. [24]

CAD patients None ↑serum levels of
sFasL

Sahinarslan et al.
[25]

Patients with HF None ↑sFas associated
with ↑risk of
mortality or
hospitalization for
HF

Kawakami et al.
[26], Tsutamoto
et al. [27], Niessner
et al. [28]

TNF-α I/R in isolated
rat hearts

Pentoxifilline
treatment

↓TNF-α associated
with improved heart
function and
↓NF-κB

Zhang et al. [32]

in vivo I/R in rat
hearts

Treatment with
22-oxacalcitriol or
arginase-2

↓I/R injury;
↓NF-κB/TNF-α
↓cardiomyocyte
apoptosis

Zhou et al. [33],
Huang et al. [34]

I/R in isolated
rat hearts

Administration of
TNF-α

↓dose of TNF-α
improved heart
function
↑dose of TNF-α
increased injury
post-I/R

Asgeri et al. [38]

TRAIL I/R in isolated
rat/mouse hearts

None ↑release of TRAIL
from hearts during
early reperfusion

Jeremias et al. [41]

(continued)

other members such as Bak, Bcl-XL, Bcl-w, Mcl-1 have also been shown to be
involved in the apoptotic processes. The anti-apoptotic proteins including Bcl-2,
Bcl-XL, Bcl-w andMcl-1 reside mainly in the mitochondria, protecting them against
mitochondrial membrane permeabilization, while pro-apoptotic proteins like Bax
(cytosolic) and Bak (associated with the outer mitochondrial membrane) are required
for mitochondrial membrane permeabilization [62].
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Table 3.1 (continued)

Proteins Injury/disease Interventions Observations References

AMI in humans None ↓serum levels of
TRAIL in AMI
patients
TRAIL levels
negatively
correlated with AMI
markers
↓serum levels of
TRAIL associated
with ↑incidence of
HF and death

Secchiero et al. [48],
Volpato et al. [49]

STEMI patients IPostC ↑levels of sTRAIL
due to IPostC
correlated with
↓IS and better LV
function

Luz et al. [53]

Caspase-8 I/R in cultured
CMs or isoleted
hearts

None Conversion of
inactive
pro-caspase-8 to
active cleaved
caspase-8

Stephanou et al.
[55], Scarabelli
et al. [56]

in vivo I/R in
mouse hearts

None ↑caspase-8 in
ischemic area of
hearts

Roubille et al. [57]

I/R in isolated
rat hearts

Sevoflurane
preconditioning

↓caspase-8
associated with
↓cytochrome c
release and
improved functional
recovery of hearts

Lu et al. [58]

in vivo I/R in rat
hearts

Rosiglitazone
treatment

↓caspase-8
associated with
cardioprotection

Palee et al. [59]

IS-Infarct size; I/R-Ischemia/reperfusion; AMI-Acute myocardial infarction; CAD-Coronary artery
disease; HF-Heart failure; NF-κB-Nuclear factor kappa-B; IPostC-Ischemic post-conditioning;
STEMI-Elevated ST segment myocardial infarction; LV-Left ventricle; ↑-Increase; ↓-Decrease

Regarding role of the intrinsic apoptotic pathway in IHD, it was demonstrated
that cardiac overexpression of Bcl-2 in transgenic mice significantly reduced I/R
injury, and this reduction correlated with the attenuation of cardiomyocyte apop-
tosis [63]. Expression of Bcl-2 and Bax was also examined in the post-mortem
autopsied human hearts of patients who died of MI. It was documented that Bcl-
2 was induced in salvaged myocytes at the acute stage of MI, whereas Bax was
overexpressed at later stages of MI, suggesting that changes in Bcl-2/Bax expres-
sion may play an important pathophysiological role in acceleration of the apoptosis
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after I/R or protection of myocytes against I/R injury [64]. More recently, it was
reported that several efficient cardioprotective interventions against I/R are accom-
panied with alterations in the intrinsic pathway of apoptosis in term of anti-apoptotic
effects, suggesting that Bcl-2 family proteins may represent potential therapeutic
target for protecting myocardium in IHD. For example, treatment of rats with a
traditional Chinese medicine alkaloid, anisodamine, protected hearts from in vivo
I/R injury, and this cardioprotection was associated with increased Bcl-2/Bax ratio in
cardiomyocytes [65]. Association between altered Bcl-2/Bax expression and cardio-
protection against I/R injury has also been reported in human patients undergoing
valve replacement under cardiopulmonary bypass treated with L-carnitine. It was
shown that L-carnitine reduced the surgery-induced myocardial apoptosis through
enhanced expression of Bcl-2 and reduced expression of Bax, resulting in a protective
effect of L-carnitine against cardiac I/R injury [66].

Several microRNAs (miRs) have been shown to be associated with Bcl-2/Bax-
mediated apoptotic changes in I/R injury. For example, both miR-1 and miR-195
levels were downregulated and their common putative target gene Bcl-2 was upreg-
ulated after remote ischemic perconditioning (RIPerC) in patients with rheumatic
valvular disease undergoing valve replacement surgery, suggesting the important
role of gene expression in Bcl-2-mediated anti-apoptotic cardioprotective effects
induced by RIPerC [67]. Recently, it was shown that hypoxia-induced mesenchymal
stem cell-derived exosomes promoted cardiac repair in MI mice through miR-125b-
mediated amelioration of apoptosis. In addition, exosomes with miR-125b knock-
down lost the ability to suppress the expression of the pro-apoptotic BAK1 gene
in cardiomyocytes [68]. The association between various miRs and Bcl-2 family
proteins in cardiac I/R injury or cardioprotection has been widely documented in
other studies using both in vitro and in vivo models of cardiac I/R injury [69–71];
these observations have opened a new avenue in this research field aimed tomodulate
apoptosis via exosome/miR-based therapies. Thus, there is no doubt that the intrinsic
apoptotic pathway via its mediators from Bcl-2 protein family plays an important
role in mediating the I/R-induced cardiac damage, and represents a potential target
for the anti-ischemic therapies.

Cytochrome c in IHD:

Release of cytochrome c from mitochondria is one of the key processes involved
in the intrinsic pathway of apoptosis induction. It may be noted that cytochrome
c is an essential component of the mitochondrial electron transport chain which
transfers electrons between Complexes III (Coenzyme Q-Cyt C reductase) and IV
(Cyt C oxidase). Several studies have shown that the loss of cytochrome c from
mitochondria is associated with cardiac I/R injury [72]; this point was not only
documented in studies performed with isolated cardiac mitochondria [73, 74], but
also in cardiac I/R injury [75, 76]. These observations were further supported by
findings showingdecreased cytochromec release into the cytoplasmas a consequence
of various cardioprotective interventions such as ischemic preconditioning [77] or
treatment with natural antioxidants [78] in different models of cardiac I/R. In contrast
to experimental studies, there are no clinical trials documenting cytochrome c release
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in IHD. However, in a human study in which some association of cytochrome c with
IHD was found when plasma levels of cytochrome c were monitored in patients
with chronic heart failure due to coronary heart disease as well as post-infarction
cardiosclerosis after treatment with refracterin, a mixture containing cytochrome c
and β-acetyldigoxin, NAD, oxyfedrine, and inosine [79]. In this study, increased
levels of cytochrome c due to refracterin treatment were associated with increased
activities of catalase and SOD, increased levels of NADH and NADPH, as well as
increased total antioxidant activity. Notably, these alterations were also associated
with improved cardiac function in these patients.

Caspase-9 in IHD:

Caspase-9 is an initiator caspase in the caspases-activating cascade, which results in
apoptotic cell death after caspase-3 action in the terminal apoptotic pathway.Caspase-
9 is activated by the release of cytochrome c frommitochondria and activation of apaf-
1 (apoptosome) by the cleavage of pro-caspase-9. Similar to the above mentioned
pro-apoptotic processes of the intrinsic pathway of apoptosis, increased activation
of caspase-9 has been documented to be associated with cardiac I/R injury. In an
in vitro model of hypoxia/reoxygenation of neonatal rat cardiomyocytes, 6-h of
ischemia resulted in processing of pro-caspase-9 to active caspase-9 [55]. In an
ex vivo model of I/R in isolated perfused rat hearts, pro-caspase-9 was processed
to caspase-9 mainly in endothelial cells; addition of an inhibitor of caspase-9 to
the perfusion solution prior to the ischemia prevented endothelial apoptosis in these
hearts [56]. Cleaved caspase-9 was found upregulated also in in vivo infarcted rabbit
hearts [80]. In addition, several cardioprotective interventions such as treatment with
natural antioxidants [81, 82] or with opioid receptors agonists [83] were found to
inhibit the cleavage of caspase-9 in I/R and improve heart function.

It is noteworthy that several experimental studies have indicated beneficial effects
of different anti-apoptotic interventions for the intrinsic pathway. The data from
some of the studies describing the role of several mediator proteins in the intrinsic
apoptotic pathways are summarized in Table 3.2.

Mediator Proteins of the Terminal Apoptotic Pathway

Caspase-3 in IHD:

Caspase-3 is themost important enzyme of the terminal apoptotic pathway, as its acti-
vation results in degradation of cellular constituents followed by their fragmentation
into apoptotic bodies, which are quickly removed by phagocytes. It was reported that
increased cardiac specific caspase-3 was associated with increased infarct size and
depressed cardiac function after in vivo I/R injury in transgenic mice overexpressing
caspase-3 [84]. In addition, increased conversion from the inactive pro-caspase form
to the active caspase-3 was found in the heart tissue after in vivo myocardial I/R
injury in rabbits [85]. Caspase-3 was also up-regulated in the ischemic zone at
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Table 3.2 Some studies showing the role of various apoptotic mediators of the intrinsic pathway
in myocardial I/R injury

Proteins Injury/disease Interventions Observations References

Bcl-2/Bax In vivo I/R in
mouse hearts

Transgenic Bcl-2
overexpression

↑Bcl-2 reduced I/R
injury and
↓cardiomyocyte
apoptosis

Chen et al. [63]

In vivo I/R in rat
hearts

Anisodamine
treatment

↑Bcl-2/Bax in
cardiomyocytes
associated with
protection against
I/R

Xing et al. [65]

AMI in human
patients

None ↑Bcl-2 in salvaged
myocytes at the
acute stage of MI
↑Bax in heart
tissue of old MI

Misao et al [64]

CPB patients
valve
replacement

L-carnitine
treatment

↑Bcl-2 and ↓Bax
reduced
surgery-induced
myocardial
apoptosis

Li et al. [66]

Rheumatic
valvular disease
patients

RIPerC ↑Bcl-2 associated
with
cardioprotection
by RIPerC

Hu et al. [67]

Cytochrome c In vivo I/R in rat
hearts

IPC ↓cytochrome c
release improved
mitochondrial
function

Lundberg and
Szweda [77]

I/R in isolated rat
hearts

Anthocyanine
treatment

↓cytochrome c
release, ↓caspase
activation
improved
mitochondrial
respiration

Skemiene et al.
[78]

Caspase-9 In vitro H/R in
CMs

None ↑cleavage of
pro-caspase-9 to
active caspase-9

Stephanou et al.
[55]

I/R in isolated rat
hearts

None ↑processing of
pro-caspase-9 to
caspase-9 in
cardiac endothelial
cells

Scarabelli et al.
[56]

(continued)
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Table 3.2 (continued)

Proteins Injury/disease Interventions Observations References

In vivo MI in
rabbit hearts

None Upregulated
cleaved caspase-9
in heart tissue

Qin et al. [80]

I/R-Ischemia/reperfusion; AMI-Acute myocardial infarction; MI-Myocardial infarction;
CPB-Cardiopulmonary bypass; RI PerC-Remote ischemic preconditioning; IPC-Ischemic
preconditioning; H/R-Hypoxia/reoxygenation; CMs-Cardiomyocytes; ↑-Increase; ↓-Decrease

5 h post I/R injury in pigs [86]. On the other hand, lentivirus-induced downregu-
lation of caspase-3 was associated with decreased infarct size, reduced apoptosis in
cardiomyocytes and improved heart function in an experimental model of AMI in
rats [87]. Furthermore, downregulated expression of caspase-3 against I/R injury was
documented to be the outcome of cardioprotective interventions such as ischemic
conditioning [88, 89], flavonoid treatment [90, 91], anisodamine alkaloid treatment
[65] and irisin (hormone, exercise-induced myokine) treatment [92]. Finally, altered
caspase-3 expression has been associated with different miRs-mediated effects of
I/R; up-regulated caspase-3 with miR-124-mediated detrimental effects [93], and
down-regulated caspase-3 in cardioprotective effects mediated by miR-24-3p [94]
or miR-322 [95].

Caspases 6 and 7 in IHD:

Caspase-6 is processed by caspases-7, -8 and -10, and can also undergo self-
processing without other members of the caspase family. The precursor of caspase-7
is cleaved by caspase-3, -9, and -10. Both caspases-6 and -7 are involved in common
terminal pathway of apoptosis and it was documented that gene and protein expres-
sion of these caspases were significantly down-regulated in mesenchymal stem cells
preconditioned with hyperoxia. Since stem cell therapymay decrease infarct size and
improve LV function post MI, these findings have been suggested to be of potential
relevance in the treatment of AMI using stem cells [96]. In cardiac tissues of patients
at the terminal stage of heart failure due to ischemic cardiomyopathy, no cleavage of
caspase-7 has been observed [97].On the other hand, a selective inhibitor of caspases-
3/7 (MMPSI) was found to reduce myocardial injury due to I/R in isolated rabbit
hearts [98]. It is pointed out that cardioprotection against in vivo cardiac I/R injury
in rats by tilianin (flavonoid) [81], against oxygen–glucose deprivation/ reperfusion
in vitro injury in H9c2 cells by propofol [99], as well as in patients undergoing coro-
nary artery bypass graft by N-acetylcysteine [100], was associated with a decrease
in the expression of caspase-7. Notably, the downregulation of caspase-7 is, in fact
exclusively, accompanied with the downregulation of caspase-3, thus pointing to
hand-in hand action of these two caspases in IHD.The roles of these different proteins
in the terminal apoptotic pathway are summarized in Table 3.3.
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Table 3.3 Some studies showing the role of different apoptotic mediators of the terminal pathway
in myocardial I/R injury

Proteins Injury/disease Interventions Observations References

caspase-3 In vivo I/R in
mouse hearts

Transgenic
caspase-3
overexpression

↑caspase-3 in heart
tissue associated with
↑IS and ↓cardiac
function

Condorelli et al.
[84]

In vivo I/R in
rabbit hearts

None ↑conversion of
pro-caspase-3 to
active caspase-3

Holly et al. [85]

In vivo I/R in
pigs

None ↑caspase-3 in the
ischemic zone at 5 h
post I/R

Pavo et al. [86]

AMI in rats Transgenic
caspase-3
downregulation

↓caspase-3 associated
with ↓IS, ↓apoptosis
and ↑heart function

Liu [87]

In vivo I/R in rat
hearts

RIC ↓caspase-3 associated
with ↓IS and ↑heart
function

You et al. [89]

I/R in isolated
rat hearts

Flavonoid
treatment

↓caspase-3 associated
with ↑heart function
post I/R

Bartekova et al.
[90]

caspase-7 In vivo I/R in rat
hearts

Flavonoid
treatment

↓caspase-7 associated
with cardioprotection

Zeng et al. [81]

CABG patients Antioxidant
treatment

↓caspase-7 associated
with cardioprotection

Fischer et al. [100]

I/R-Ischemia/reperfusion; CABG-Coronary artery bypass graft; AMI-Acute myocardial infarction;
RIC-Remote ischemic conditioning; IS-Infarct size; ↑-Increase; ↓-Decrease

Targeting Apoptosis for the Treatment of IHD

In view of the above mentioned observations, targeting apoptotic proteins can be
seen to represent a promising therapeutic approach to prevent or treat myocardial
I/R injury. In addition to non-specifically altered activity or expression of apoptotic
proteins by diverse cardioprotective interventions including ischemic conditioning
and antioxidant therapies, effects of several pharmacological interventions directly
targeting concrete mediators of apoptotic pathways have been examined to prevent
cardiac I/R injury. The targets of such interventions, primarily, TNF-α, and TNF-α
inhibitors, were tested not only in experimental studies but also in clinical trials. Inhi-
bition of TNF-α can be achieved by using monoclonal antibodies such as infliximab,
adalimumab, certolizumab, or golimumab, etanercept, as well as simple molecules
such as xanthine derivatives including pentoxifylline. In some studies, both groups
of substances in combination were used to inhibit TNF-α in cardiac I/R injury.

Itwas demonstrated that inhibition ofTNF-αwith pentoxifylline improved cardiac
recovery after I/R in isolated rat hearts [32]. Controversial results have been achieved
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in human studies in this regard. In the study of Aslanabadi et al. [101], pentoxifylline
did not show away positive effect on peri-procedural myocardial injury in patients
undergoing percutaneous coronary intervention whereas in the study of Mansourian
et al. [102], it significantly improved the LV ejection fraction as well as decreased the
intensive care unit stay and ventilation time in patients undergoing coronary artery
bypass graft. It was also reported that the risks of AMI and heart failure are reduced
in anti-TNF-treated patients with rheumatoid arthritis or psoriasis [103–107]. On
the other hand, two large clinical trials namely RECOVER and RENAISSANCE,
testing etanercept in patients with chronic heart failure were terminated prematurely
since no clinical benefits were observed [108]. Etanercept provided no immediate
benefit also in patients with AMI [109]. Finally, infliximab did not improve clinical
condition of patients with moderate-to-severe heart failure in the ATTACH trial and
in fact high doses of infliximab caused adverse effects in the patients [110].

Conclusions

It has become evident that apoptosis is one of the major players in IHD as a conse-
quence of atherosclerotic plaque formation, as well as during the development of
cardiac injury due to I/R. Extensive research has been performed to map the contrib-
utory roles of different proteins, members of both extrinsic and intrinsic apoptotic
pathways, to the development of cardiac ischemic injury (Fig. 3.2) as well as to
reveal how these proteins are influenced by various cardioprotective interventions
aimed to prevent I/R injury. While experimental studies in laboratory animals have
uniformly documented activation/upregulation of apoptotic proteins and depression
of anti-apoptotic proteins due to ischemic insult, human studies and clinical trials have
revealed controversial data regarding the role of apoptosis in cardiac I/R injury. Like-
wise, several experimental studies have shown promising data regarding the poten-
tial use of drugs targeting apoptosis in preventing myocardial I/R injury, whereas
different clinical trials have revealed conflicting and largely disappointing results
in preventing IHD using apoptosis-targeting substances, mainly TNF-α antibodies.
Thus, further research is needed to fully uncover the particular contribution of apop-
tosis to myocardial I/R injury as well as to reveal the efficiency of anti-apoptotic
substances in preventing cardiac ischemic damage. There is a real challenge to
translate experimental knowledge to clinical use of apoptosis-targeting drugs for
the benefit of patients in the treatment of IHD, and the hope is still there.
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Ischemic insult

Cultured cardiac cells
(H/R)

Animal heart
(I/R)

Human pa�ents
(AMI, IHD, cardiac surgery)

�Bcl-2/Bax cyt c release �caspase-9

intrinsic pathway

�Fas/FasL �TNF-α �TRAIL 

extrinsic pathway

�caspase-8

�caspase-3/7
terminal pathway

Apoptosis

Cardiomyocyte death
Heart injury

Fig. 3.2 The role of different mediator proteins from both intrinsic and extrinsic pathways in the
development of apoptosis in cardiac I/R injury. Ischemic insult in cultured cardiac cells or animal
heart, as well as any kind of ischemia in human heart, leads to the activation of both intrinsic and
extrinsic apoptotic pathways via modulating their mediator proteins such as Bcl-2 family proteins,
TNF-α or initiation caspases. These consequently activate common/terminal apoptotic pathway via
activating executive caspases, thus leading to cardiomyocyte apoptosis, cell death, and finally to
the heart injury due to I/R
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Chapter 4
Autophagy in Cardiac Physiology
and Pathology

Tania Zaglia and Loren J. Field

Abstract Adult cardiomyocytes have only a limited capacity for regeneration, with
intrinsic renewal rates of approximately 1%per year reported for humans and rodents.
Individual cardiomyocytes are thus quite long-lived andmust be able to continuously
adapt to physiologic and pathophysiologic stresses. Stress adaptation often entails
the renewal of intracellular constituents, as exemplified by the changes in enzymatic
activity which accompanies shifts in oxygenation and metabolism, occurring during
perinatal development; the modification in myofiber content in response to altered
cardiac workload; and the renewal of proteins and organelles which takes place in
response to reactive oxygen species-induced damage. Multiple proteolytic pathways
have evolved to promote the efficient degradation of intracellular constituents, which
is an essential step for their ultimate renewal. This chapter is focused on the role
of the Autophagy in the heart. We begin with a description of types and molecular
regulation ofAutophagy, and then briefly summarize the importance ofAutophagy in
pathophysiologic regulation in other cell types. This is followed by a more detailed
description of the role of Autophagy in cardiomyocytes during physiologic (i.e.
perinatal development and physiologic hypertrophy), as well as pathophysiologic
(i.e. cardiac atrophy, hypertrophy, proteinopathies and aging) conditions.
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Introduction

Autophagy is a housekeeping cellular process critically involved in the turnover of
proteins and organelles. Autophagy is a multi-step mechanism whereby a series of
reactions culminate in the delivery of thematerial to be degraded into lysosomes. The
identification of this complex and highly dynamic cellular phenomenon stemmed
from the serendipitous discovery of lysosomes in the early 1950 by de Duve and
colleagues, whowere utilizing differential centrifugation to establish the sub-cellular
localization of glucose-6-phosphatase [1–3]. Ultrastructural analyses revealed that
lysosomes were sites of focal cytoplasmic degradation which facilitate protein and
organelle turnover in response to injury [4], as well as during normal physiologic
processes [5]. de Duve subsequently coined the term ‘Autophagy’ to describe this
process. A number of groups have exploited genetically-tractable organisms to iden-
tify genes which are required for Autophagy (reviewed in [6]). Once the genes were
identified, there was rapid progress in dissecting the roles which Autophagy plays in
physiology and pathophysiology. The importance of this pathway has been recog-
nized by two Nobel Prizes in Physiology or Medicine: the 1974 Prize was awarded
to de Duve, Claude and Palade for the discovery of the lysosome (as well as of other
organelles), and the 2016 Prize was awarded to Ohsumi for the identification of
Autophagy regulatory genes in yeast. At the time being, advancement in the under-
standing of the molecular basis underlying organization and function of Autophagy,
has placed it at the center of awide range of cellular processes, includingmetabolism,
growth, division, and remarkably, cell death. As a result, cellular biologists, regard-
less of the study topic, cannot dribble considering the state of Autophagy in their
research. However, despite such burst of popularity, a veil of mystery lingers on
Autophagy, leaving the verdict on whether ‘…it is friend or foe…’ open for future
judgement.

This chapter focuses on the role of Autophagy in the heart, and in particular
the role which it plays in response to physiologic and pathophysiologic stresses in
cardiomyocytes.

The chapter is organized in the following paragraphs:

1. The necessity to maintain cardiomyocyte health
2. Biochemistry and regulation of Autophagy

2.1 The different types of Autophagy
2.2 Regulation of Autophagy in response to stress conditions

3. The role of Autophagy in physiology and pathology
4. Autophagy and cell death

4.1 Revisiting an old debate: does autophagic cell death exist in vivo?
4.2 The Autophagy-apoptosis interplay

5. Cardiac Autophagy in physiology and pathology

5.1 The necessary role of Autophagy throughout cardiomyocyte life
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5.2 Autophagy during cardiac atrophy
5.3 Autophagy during cardiac hypertrophy
5.4 Autophagy and cardiac proteinopathy
5.5 Autophagy and cardiac ageing

6. Concluding Remarks
7. References

The Necessity to Maintain Cardiomyocyte Health

The heart continuously pumps oxygenated, nutrient enriched blood to all cells of
the body. Cardiomyocytes account for 85% of the cardiac mass, and constitute ‘the
fundamental work unit of the heart’ [7]. To fulfil this role, cardiomyocytes exhibit a
unique cytoarchitecture characterized by the precise arrangement of myofibrils and
organelles, andmaintain a well-organized three-dimensional microenvironment with
neighbouring cardiomyocytes and interstitial cells. Most studies have shown that
adult ventricular cardiomyocytes have a very limited capacity for renewal, which
occurs predominately via the proliferation of pre-existing cells at a rate of ~ 1% per
year (reviewed in [8]). Indeed, the vast majority of cardiomyocytes stop dividing
shortly after birth and the number of contractile cells observed in the neonatal heart
remains approximately the same throughout the entire lifespan of the organism,
supporting the notion that the mammalian heart is largely ‘a postmitotic organ’ [9,
10]. The increase in cardiac mass, occurring during postnatal life, results from hyper-
trophic cardiomyocyte growth (which is in part driven by neuroendocrine activity)
[11] and is accompanied by the proliferation of interstitial cells (i.e. cardiac fibrob-
lasts) and blood vessel constituents [12]. In mice, postnatal hypertrophic growth
is characterized by the formation of bi-nucleated cardiomyocytes, which is largely
completed by postnatal day 14 (Fig. 4.1). The inability of a large number of ventric-
ular cardiomyocytes to re-enter the cell cycle limits the regenerative capacity of
the heart following tissue damage. This implies that those cardiomyocytes which

Neonatal heart Adult heart

hypertrophic growth

neuro-hormonal &
mechanical stimuli

Fig. 4.1 Heart postnatal development. During development, cardiac mass increases through
cardiomyocyte proliferation (hyperplastic growth). Few days after birth, cardiomyocytes stop divide
and postnatal heart enlargement continues with physiologic hypertrophy of preexisting cells until
the adult phenotype is reached (see red flag)
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die, as a consequence of a pathologic event, are predominantly substituted by non-
contractile scar tissue. Although hypertrophic growth of the surviving myocardium
can partially compensate for loss of myocardial mass, ablation of a large volume of
myocardial tissue ultimately leads to an irreversible decrease of cardiac performance
[13] (Fig. 4.2). While acute management strategies and pharmacological treatment
have significantly reduced early post-infarction mortality, pathologic remodelling of
the ventricular myocardium, with subsequent progression to chronic heart failure
(HF), remains a relevant clinical problem, and is the main cause of death in indus-
trialized countries. To date, HF affects nearly 6 million people in the United States,
with 670,000 new cases diagnosed each year; in most instances heart transplantation
remains the only therapeutic option [14]. Thus, reconstitution of themyocardial mass

RV IVS LV RV IVS LV

fibrotic area

a b

1mm

100 µm

normal post-MI

Fig. 4.2 Cardiac remodeling after myocardial infarction. a–b Haematoxilin–eosin staining on
ventricular sections from normal a and 30-day post-MI, b mouse hearts. Top panels in a and
b show heart sections from the mid portion of the ventricles, while bottom panels illustrate high
magnification details of the region boxed above. The ischemic insult leads to the irreversible loss
of cardiomyocytes and subsequent scar formation (see the fibrotic area evidenced in b). RV, right
ventricle; IVS, interventricular septum; LV, left ventricle



4 Cardiac Autophagy 65

lost upon damage remains a major goal of cardiovascular research, as this holds the
potential for true regeneration of diseased hearts [15]. Several approaches have been
attempted to attain this goal, including transplantation of bona fide cardiomyocyte
donor cells, transplantation or mobilization of donor cells with presumed cardiomyo-
genic activity, directed differentiation of non-cardiomyocyte cells to cardiomyocytes,
and gene- or growth factor-based induction of cardiomyocyte proliferation (reviewed
in [16, 17]). An alternative and perhaps more achievable approach is that of devel-
oping strategies to block and/or reverse themolecular changeswhich transpire during
adverse post-injury remodelling, and in so doing, prevent and/or delay HF progres-
sion. Towards this end, it is important to keep in mind that ‘terminally differentiated’
cardiomyocytes are endowedwith a high capacity for plasticity,which allows for their
continuous adaptation to intrinsic and environmental stresses encountered during
normal daily activities, ageing and injury [18]. As such, cardiomyocytes require to
maintain the equilibrium between the synthesis, folding, assembly and ultimately
removal of structural and signalling proteins to preserve their proper function during
the entire lifespan. Removal of cellular constituents, unfolded/misfolded proteins
and damaged organelles is mediated by the Ubiquitin Proteasome System (UPS)
and the Autophagy/Lysosome System (ALS/Autophagy), which together constitute
the primary intracellular proteolytic machineries [19, 20]. This chapter focuses on
Autophagy and on its role in cardiomyocyte physiology and pathology.

Biochemistry and Regulation of Autophagy

The Different Types of Autophagy

Autophagy is an evolutionary conserved, non-selective catabolic process respon-
sible for the degradation of cellular cytoplasmic components and organelles during
basal states and stress conditions. In mammalian cells, three types of Autophagy
have been described, which employ different mechanisms to deliver components
to the lysosomes for degradation; they are: (i) macroautophagy, (ii) chaperone-
mediated autophagy (CMA) and (iii) microautophagy (Fig. 4.3). The majority of
data accrued thus far on the role of Autophagy in muscle have focused on macroau-
tophagy. This process mediates the degradation of a wide spectrum of substrates,
including misfolded proteins, oligomers, protein aggregates and damaged organelles
(i.e. mitochondria, ribosomes). The first step of macroautophagy is the formation
of a double membrane (the phagophore) which encloses and insulates cytoplasmic
components, giving rise to the autophagosome. Once established, autophagosomes
move along microtubules until they reach and fuse with lysosomes, enabling the
degradation of the engulfed material by acid hydrolases [21, 22]. Although the
majority of the data on the mechanisms underlying Autophagy have used yeast
as a model system, it has been demonstrated that yeast and mammals share most
Autophagy signalling pathways [23], and Autophagy-related genes (ATGs) have



66 T. Zaglia and L. J. Field

Fig. 4.3 Schematic of macroAutophagy, microAutophagy and chaperone-mediated Autophagy
(CMA) pathways in protein and organelle degradation. Reproduced with permission from Bonaldo
and Sandri [21]

been identified as common effectors of key steps of the process. Among these, the
ATG1/ATG13 kinase complex induces Autophagy, while ATG6 (whose mammalian
homolog is Beclin 1) triggers the formation of the phagophore by interacting with
VPS15 and VPS34. ATG12 and ATG8 (LC3 in mammals) subsequently promote the
engulfment of cytoplasmic material and formation of the autophagosome [24]. In
CMA, complexes of chaperone/co-chaperone proteins recognize selective cytosolic
proteins which are subsequently targeted to the lysosome surface and, upon interac-
tion with Lysosome Associated Protein (LAMP) type-2a, are translocated into the
organelle lumen where degradation takes place [25]. Finally, in microautophagy,
lysosomes directly engulf cytosolic fractions via membrane invaginations, but the
mechanisms regulating this process are still poorly understood, particularly in the
myocardium [21].

Regulation of Autophagy in Response to Stress Conditions

Although autophagy-mediated degradation of proteins, protein aggregates and
damaged organelles contributes to the maintenance of cell function and survival
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under basal conditions, it also plays a key survival role in response to cellular stress.
Nutrient deprivation (i.e. starvation) is, for example, a well-established trigger of
Autophagy [26]. During starvation, reduction in the availability of growth factors
activates Autophagy to ensure adequate energy supply and preserve cell homeostasis,
through protein kinase Gcn2 (which is activated by uncharged tRNA molecules)
and other amino acid signaling pathways, involving class III phosphatidylinositol
3 (PI3)-kinase and Beclin 1 [27, 28]. Interestingly, the amino acids produced by
Autophagy-mediated protein breakdown activate a negative feedback mechanism by
both interfering with Erk1/2 signaling [29] and activating mTOR [30]. TOR belongs
to a family of conserved serine/threonine protein kinases and constitutes the main
intracellular sensor of nutrient-derived signals. In yeast, the accumulation of nitrogen
sources activates TOR, which in turn inhibits the expression of genes required for
adaptation to cell starvation, including those related to Autophagy [31]. In addi-
tion, TOR also mediates physiologic repression of Autophagy by cooperating with
the Ras/cAMP/PKA signalling pathway (which has a central role in the regulation
of cell metabolism) and inhibits autophagosome biogenesis [32]. Other important
intracellular molecules which impinge on Autophagy activity include ATP (whose
decrease induces Autophagy directly or via AMPK-dependent sensing of TOR [33,
34]) and cytosolic calcium (whose increase has been shown to activate Autophagy
via TOR inhibition [35]). In addition, the transcription factor FoxO3 (a key mediator
of muscle atrophy downstream of Akt/PKB) has been shown to increase the expres-
sion of several Autophagy-related genes via TOR-independent signalling pathway
[36, 37].

Autophagy is also induced in other situations unfavourable for cell function,
including oxidative stress or hypoxia, both of which are associated with the Endo-
plasmic Reticulum (ER) stress response [38]. Excessive accumulation of unfolded
proteins during the ER stress response induces the so-called Unfolded Protein
Response (UPR), which attempts to restore normal ER function, via transcriptional
and post-transcriptional mechanisms, including activation of ATG genes mediated
by the eIF2α/ATF4 signalling pathway. In fact, Autophagy is the major degradation
system activated during the UPR [39–41].

Activation of the ER stress response can also occur as a consequence of a primary
dysfunction of the UPS (the other main intracellular proteolytic mechanism). In
this case, Autophagy induction functions as a compensatory mechanism to remove
aggregates of UPS protein substrates [42]. Conversely, reduced Autophagy is asso-
ciated with increased proteasome activity [43, 44]. This suggests that the UPS and
the ALS, which have previously been considered two distinct processes, may indeed
be cross-regulated. However, the molecular mechanisms underlying such interplay
have only currently started to be uncovered. The recent demonstration that the ESCR-
TIII protein CHMP2B (a key modulator of Autophagy) is targeted, in cardiomy-
ocytes, by the muscle specific ubiquitin ligase Atrogin1, provides an example of
the molecular mechanism underlying UPS/ALS cross-regulation. Indeed, genetic
ablation of Atrogin1, by altering the turnover and function of CHMP2B, blocked
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Autophagy. Given that ER stress activation in these animals could not be compen-
sated by increased autophagic flux, cell proteotoxicity was amplified, culminating in
cardiomyocyte death, replacement fibrosis and decreased cardiac performance [42]
(Fig. 4.4).

Fig. 4.4 Cross-talk between UPS and Autophagy. a In the heart, the muscle specific ubiquitin
ligase Atrogin1 regulates the turnover of the ESCRIII protein CHMP2B, which is essential for
Autophagy flux, as it mediates endosome maturation and autophagosome/lysosome fusion. b The
impaired turnover of CHMP2B compromises endosome maturation and autophagosome/lysosome
fusion, resulting in the block of the autophagic flux activation of markers of ER stress, expansion of
ER cisternae, and modifications of mitochondria morphology, all of which lead to cardiomyocyte
apoptosis, resulting in a diffuse myocardial interstitial fibrosis. Reproduced with permission from
Zaglia et al. [42]
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The Role of Autophagy in Physiology and Pathology

Autophagy regulates multiple key cellular activities. A large body of evidence indi-
cates that the induction of Autophagy following short-term nutrient deprivation
serves as a pro-survival mechanism. For example, yeast with defective Autophagy
cannot sustain nitrogen starvation [45]. Moreover, mice lacking Atg5 die after birth
due to their inability to adapt the energy metabolism in the early postnatal phases
[46]. As indicated above, Autophagy also impacts on intracellular protein quality
control and ER homeostasis. The cytoprotective effects of Autophagy extend to cell-
specific functions. For example, antigen presentation and removal of intracellular
infectious pathogens (i.e. bacteria and viruses) both rely on Autophagy, suggesting
a role in innate and adaptative immunity, respectively [47, 48]. Finally, several lines
of evidence suggest that induction of Autophagy may alleviate the ageing process.
In support of this, caloric restriction and enhancement of basal Autophagy activity
increased longevity in several animal species and Drosophila [49, 50] (this concept
will be expanded in paragraph 5.5 below). Moreover, knockdown of Atg7 and Atg12
significantly reduced the life-expectancy in C. elegans [51].

Given the multiple roles played in several aspects of cellular biology, it is
not surprising that alterations in Autophagy are implicated in diverse pathologies
affecting post-mitotic cells of the nervous system and the myocardium. In the
former, it has been demonstrated that several neurodegenerative disorders (including
Huntington’s and Parkinson’s disease) are characterized by intracellular accumula-
tion of protein aggregates which compromise neuronal function and viability [20,
52, 53] (Fig. 4.5). Moreover, mutations in CHMP2B and mSnf7-2, two members
of the ESCRTIII complex required for endosome maturation and autophagosome-
lysosome fusion, lead to frontotemporal dementia and amyotrophic lateral sclerosis,
respectively, both of which are characterized by neuronal accumulation of ubiq-
uitinated proteins [54, 55]. Conversely, pharmacologic induction of Autophagy in
murine models of Huntington’s disease increased protein aggregate removal, thereby
reducing disease progression [56, 57]. In muscle, defective Autophagy is associ-
ated with myopathies, such as Danon’s disease, an inherited disorder resulting from
mutations in the lysosomal protein LAMP2 (which is required for autophagosome-
lysosome fusion). LAMP2 mutations result in the intracellular accumulation of
autophagic vacuoles, which are the histopathological hallmark of the disease [58,
59]. Due to its housekeeping function in cardiac cells, alterations in Autophagy are
continuously being identified in several inherited or acquired cardiovascular disor-
ders. However, the exact role of Autophagy in disease onset and progression is not
completely elucidated, and the current view is that Autophagy may exert distinct
roles, depending on the type, severity and stage of a given disease. The role of
Autophagy is also largely debated in cancer. Here, dysfunctional Autophagy has been
shown to promote: cancer initiation, likely by interfering with DNA repair mecha-
nisms and promoting chromosomal instability, and tumor progression, by contrasting
the relative nutrient deprivation of the rapidly proliferating neoplastic cells, in the
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Fig. 4.5 Cellular mechanisms cooperating in protein quality control. Correct cellular protein
turnover is guaranteed by the cooperation of the UPS, CMA, and Autophagy. In post-mitotic cells
(neurons, cardiomyocytes) Autophagy impairment compromises removal of protein aggregates,
leading to cellular degeneration. If primary defects occur in UPS or CMA, Autophagy represents
the sole route for the removal of abnormal and potentially toxic proteins. Dysfunctional Autophagy
causes the formation of protein aggregates and cell proteotoxicity. Reproduced with permission
from Levine and Kroemer [20]
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hypoxic tumor microenvironment [60–63]. At the time being, the molecular mecha-
nisms underlyingAutophagy-dependency in cancer are incompletely understood and
require further research for the identification of novel andmore efficient therapeutics.

Autophagy and Cell Death

Although the data presented above support the notion that correct Autophagy is
required to preserve cell survival, several lines of evidence indicate that, in some
circumstances, Autophagy may contribute to cell loss thorough a mechanism known
as ‘autophagic cell death’.

Revisiting an Old Debate: Does Autophagic Cell Death Exist
In Vivo?

It is generally thought that cell death may occur through three different modalities:
apoptosis (also known as type 1 cell death); autophagic cell death (ACD; type 2 cell
death) and necrosis (type 3 cell death). The distinction among these modalities is
based mainly on the histopathological cellular phenotype and the molecular effec-
tors of cellular degeneration. ACD is characterized by the presence of cytoplasmic
vacuolization in the absence of chromatin condensation (the latter being a hallmark
of apoptosis) [64]. Morphologic evidence for ACD was first described more than
40 years ago by Richard Lockshin [65] and was revisited in the 1990s with the
discovery of Autophagy-related genes and the observation that cell death can occur
in a caspase-independent manner [62]. Circumstantial evidence supporting the pres-
ence of ACD in vivo came from the identification of autophagic vacuoles inmyocytes
of patients affected by Danon’s disease. However, more recent studies indicate that
autophagosome accumulation in the disease is secondary to defects in autophago-
some maturation and fusion with lysosomes [58, 59], thus changing the paradigm
of ‘cell death caused by enhanced Autophagy’ to ‘cell death caused by impaired
Autophagy’. This interpretation agrees well with several in vitro and in vivo studies
showing that knocking-down of ATG genes causes increased cell death during star-
vation, exposure to cytotoxic agents or cell infection. Moreover, evidence indicating
that Autophagy helps maintain cell energy homeostasis and degrade intracellular
toxic aggregates further supports a predominantly protective role in mammalian
cells, and that ACD may indicate cell death ‘accompanied by Autophagy’.

To date, most data supporting the existence of ACD have been obtained from
studies usingDrosophila melanogaster and nematodes [66, 67]. Evidence indicating
the presence of ACD in mammals is less convincing, due in part to off-target activ-
ities of the chemical agents used to suppress Autophagy (i.e. chloroquine and 3-
methyladenine) [68], incomplete inhibition when using gene silencing approaches
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[69], and potential cross-talk with apoptotic pathways when employing constitutive
ablation of ATG genes [70]. Thus, definitive evidence demonstrating that Autophagy
is a direct effector of cell death in mammals under baseline conditions is lacking.
Autophagy may nonetheless contribute to cell loss in response to stress. In support of
this, it has been demonstrated that genetic ablation of Beclin1 (which is required for
the sequestration of autophagic proteins to a pre-autophagosomal structure) reduces
maladaptive Autophagy and cardiac dysfunction in pressure-overload dependent HF
[71]. However, given that several key ALS mediators also participate to Autophagy-
independent signaling pathways (i.e. caspase activation), it is prudent to use a certain
degree of caution when interpreting these results.

The Autophagy-Apoptosis Interplay

Although the existence of ACD is still somewhat controversial, it is well accepted
that there is considerable overlap between signalling pathways regulating Autophagy
and apoptosis. For example, several studies demonstrated that many molecules
are regulators of both apoptosis and Autophagy (i.e. p53, Akt, Jun, BH3-only
proteins, oncogenes) [72], albeit with opposite consequences. The initial signalling
via these proteins can activate Autophagy, with the ensuing removal of pro-apoptotic
cytosolic proteins (including the kinase SRC and caspase 8 [73, 74]), and degrada-
tion of damaged mitochondria, which would otherwise initiate apoptosis [75]. These
processes collectively attenuate cell death. Conversely, when the intensity and dura-
tion of stressor stimuli overcome the threshold of cell tolerance, apoptosis-associated
signalling cascades are activated and suppressAutophagy, e.g. via caspase-dependent
degradation of keyALScomponents (such as beclin1 andATG3 [76, 77]). In addition,
cleavage of Autophagy mediators generates protein fragments with pro-apoptotic
function, thus initiating a positive feedback mechanism to accelerate cell death
[78]. Of note, the interplay between Autophagy and apoptosis regulation differs
in the context of single cell versusmulticellular tissues. For example, soluble factors
released by apoptotic cells can promote Autophagy in the neighbouring ones via
a paracrine mechanism, thus increasing their tolerance to injury and restricting
the extension of the tissue damage. In the context of myocardial ischemia, this
phenomenon has been shown to reduce the area of cardiomyocyte death [72]. All
these data underscore the complex nature of the interplay between Autophagy and
apoptosis in preventing cell death and maintaining cell and tissue integrity.
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Cardiac Autophagy in Physiology and Pathology

The preservation of cell structure and function is of paramount importance in post-
mitotic cells, such as cardiomyocytes. Although cardiomyocytes are largely termi-
nally differentiated, they exhibit a high degree of plasticity and are able to continu-
ously adapt to changes in perfusional demand associated with physiologic and patho-
logic stresses. Given the absence of robust cardiomyocyte renewal, the adult heart is
dependent upon cytoprotective mechanisms to ensure protein quality control as well
as the integrity of cellular structures and organelles (particularlymitochondria, which
play a central role in energy production and apoptosis regulation). Autophagy consti-
tutes one such mechanism. Here, we will focus on the role of cardiac Autophagy in
postnatal life and in the adultmyocardiumunder baseline, physiologic and pathologic
conditions.

The Necessary Role of Autophagy Throughout Cardiomyocyte
Life

The sudden interruption of the trans-placental nutrient supply at birth results in tran-
sient, but severe, starvation in all cells of the body. Activation of Autophagy is essen-
tial for cell survival during the perinatal window, as evidenced by the observation
that mice lacking key Autophagy mediators (such as Atg5 and Atg7) die by postnatal
day 5 [46, 79]. In the heart, Autophagy activity reaches its maximum level at 3–6 h
after birth, and remains transiently elevated even when nutrient supply is restored.
Increased Autophagy and protein breakdown in perinatal life is essential for the recy-
cling of amino acids as energy sources, and for the mobilization of glycogen stores
which are particularly abundant in fetal cardiomyocytes. Indeed, electronmicroscopy
analyses of neonatal mouse and rat hearts revealed the presence of autophagosomes
which often contain only glycogen granules. Autophagy-dependent gluconeogenesis
is essential for supplying energy to cardiomyocytes, thereby ensuring their survival
and supporting their contractile activity during perinatal life [80]. Autophagy also
modulates the postnatal developmental gene program by facilitating the removal
of fetal-specific intracellular components, and thus plays a role in the ‘fetal-to-
neonatal’ metabolic transition (i.e. carbohydrates and low fat in fetal life versus
low carbohydrates and high fat in neonatal life). Perinatal life is also associated
with the transition from a state of relative hypoxia to an oxygen-enriched environ-
ment, which occurs concomitantly with the establishment of autonomous respira-
tion [81]. Consequently, this phase of development is characterized by increased
reactive oxygen species (ROS) production which, in turn, has also been linked to
ER stress activation [82, 83]. As both oxidative and ER stress are associated with
ALS induction, it is likely that Autophagy represents a key mechanism protecting
neonatal hearts from ROS-dependent cell damage. The housekeeping function of
Autophagy in cardiomyocyte maturation during normal physiologic conditions is
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strongly supported by the observation that deficiency in LAMP2 results in accu-
mulation of autophagic vacuoles in cardiomyocytes resulting in cell proteotoxicity,
decreased cardiac performance, and death during adolescence [59, 84]. Once the
heart has completed post-natal development, and mature cardiomyocytes have lost
the regenerative potential, removal of damaged proteins and organelles byAutophagy
becomes a fundamental requirement for the maintenance of normal function. This
concept is readily supported by numerous studies wherein cardiomyocyte-restricted
genetic manipulation of Autophagy circuits in otherwise normal animals results
in cardiomyocyte death, leading to adverse myocardial remodeling and ultimately
to HF [85, 86]. Altogether, these examples support the essential role of regulated
Autophagy for the maintenance of heart homeostasis from birth to the adulthood.

Autophagy During Cardiac Atrophy

It is well accepted that the fully developed heart is able to increase its mass, e.g.
when facing a chronic elevation in workload. What is less commonly recognized
is that the opposite adaptation can also take place via a process known as cardiac
atrophy, which is characterized by decreased cardiomyocyte size, heart weight and
activity [87–89]. Metabolic unloading (i.e. starvation, nutrient deprivation) is the
major cause of cardiac atrophy. Studies in rabbits [87] and rats [90] subjected to
prolonged fasting revealed that starvation-induced cardiac atrophy results mainly
from the increased protein degradation mediated by the UPS and ALS. Inter-
estingly, metabolic unloading-dependent atrophy is typically reversible upon re-
establishment of nutrient availability. Clinically relevant conditions associated with
nutrient deprivation-mediated cardiac atrophy include malabsorption and metabolic
dysfunction, dietary deficiency, loss of nutrients via urinary or digestive tract dysfunc-
tion, and cachexia (the latter of which is responsible for one third of cancer deaths).
Cardiac atrophic remodelling during cachexia was initially described by Burch and
colleagues in 1968, and more recent studies revealed a correlation between the
severity of cardiac atrophy and decreased life-span in tumor-bearing rats [91, 92].
Other studies, using a tumor-induction model in mice, revealed that cancer cachexia
leads to both skeletal and cardiac muscle wasting, albeit through different molec-
ular mechanisms. While skeletal muscle atrophy is mediated predominately by UPS
activation during cachexia, cardiac atrophy is mediated mainly by Autophagy acti-
vation [93]. β2-adrenoceptor agonists (i.e. formoterol; clenbuterol) which enhance
protein synthesis and inhibit proteolysis can be used to counteract cachexia-induced
skeletal muscle atrophy [94]. Unfortunately, these drugs have a number of adverse
side effects when administered chronically, including cardiotoxicity, which may add
relevant co-morbidities, such as HF or arrhythmias [95, 96].

In addition to metabolic factors, mechanical/circulatory unloading and the conse-
quent decreased cardiac workload (which is often incurred by prolonged bedrest
or space flights) is also associated to reduction in heart size. Indeed, three weeks of
bedrest is sufficient to induce a significant decrease in cardiacmass in human subjects
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[97]. Similarly, short-term space flight results in rapid cardiac atrophic remodelling
in humans [89]. To date, the molecular mechanisms underlying cardiac atrophy are
poorly understood, due in part to the paucity of spontaneous animal models and the
complexity of achieving heart unloading experimentally. Heterotopic heart trans-
plantation is a commonly used surgical experimental model of unloading-dependent
cardiac atrophy. This model (initially developed in dogs and subsequently adapted to
rats and mice) entails transplantation of a donor heart such that the great vessels are
anastomosed to the abdominal aorta and inferior vena cava of a recipient animal. In
such configuration, the aortic blood of the recipient animal perfuses retrogradely the
coronary tree of the heterotopic heart, leaving the left ventricle chamber almost
excluded from the circulation and thus physiologically unloaded [98]. Atrophic
remodelling is mediated by the activation of multiple proteolytic pathways including
the ALS, as evidenced by the induction of key Autophagy markers such as LC3,
Atg5 and Atg12 [99]. In human hearts, Autophagy markers, which are elevated in
HF, decrease following the relative mechanical unloading upon left ventricular assist
device implantation [100]. These observations support that Autophagy may play, in
the same pathologic condition, either adaptive or maladaptive roles which depend on
the disease stage. Unfortunately, the implication of such finding is limited due to the
plethora of parallel signaling events which underlie HF progression. Finally, it has
recently been shown that in addition tometabolic andmechanical stimuli, the ablation
of neuro-hormonal signalling (as for example, catecholamines released by cardiac
sympathetic neurons) also results in atrophic remodelling of the heart. The initial
atrophic response to denervation (which is mediated by increased UPS activity) is
subsequently followed by Autophagy activation accompanied by decreased protein
synthesis [101]. This process is important as it closely mimics the condition of the
transplanted heart (in which atrophic remodelling has not been addressed in detail).
In line with these results, chronic pharmacologic therapy with β-blockers, in rabbits
[98] or mice (Zaglia, unpublished), provokes heart atrophy.

Autophagy During Cardiac Hypertrophy

Cardiac hypertrophy is characterized by increased heart mass due to cardiomyocyte
enlargement, which is accompanied with a profound reorganization of their intracel-
lular architecture. The structural, functional and molecular changes occurring during
cardiomyocyte remodelling differ based on the type, magnitude and duration of the
extrinsic stimuli. For example, increasing cardiac workload with chronic exercise
training leads to physiologic hypertrophy, which is characterized by the presence of
increased cardiomyocyte volume, deposition of new sarcomeres, increased myocar-
dial vascularization and improved heart performance. Alternatively, augmenting the
pressure gradient between the ventricle and aorta (as in hypertension and aortic
coartation) or the cardiac volume load (as in valvular disease) results in pathologic
hypertrophy, which also features cardiomyocyte growth, but, in contrast with the
physiologic hypertrophy, occurs with decreased capillary density, reactivation of the
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Fig. 4.6 Hypertrophic remodeling of the myocardium. Reproduced from Chung and Leinwand
[137]

fetal gene program, cardiomyocyte apoptosis and ultimately leads to replacement
myocardial fibrosis. While physiologic cardiac hypertrophy is not a risk factor for
HF, pathologic hypertrophy progresses toward maladaptive myocardial remodelling,
ultimately resulting in cardiac dysfunction and failure [18] (Fig. 4.6). Which is the
role of autophagy in physiologic versus pathologic hypertrophy?

Exercise, a primary stimulator of physiologic hypertrophy, is associated to energy
deprivation, moderately increased oxidative stress and unfolded protein response, all
ofwhich are known to induceAutophagy [102–104].Most studies have addressed the
effects of endurance exercise on the regulation ofAutophagy-related genes in skeletal
muscles, both in animal models and, more interestingly, humans [105]. Recently,
exercise-induced Autophagy has also been described in the heart. For example,
repetitive cycles of running have been demonstrated to significantly increase the
number of autophagosomes in cardiomyocytes, as reported using a transgenic mouse
model expressing the autophagosome protein LC3 fused with GFP. Such induction
results from thedisruptionof theBeclin1/BCL-2 complex;BCL-2 is an anti-apoptotic
proteinwhich inhibitsAutophagy activation by binding to theBH3domain ofBeclin1
[106].
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Pathologic hypertrophy is also associated with modulation of ALS pathway
activity. For example, pressure overload is characterized by a dramatic induction
of ALS in the early phases, followed by a moderate reduction in more advanced
disease stages. This supports the notion that ‘…autophagic activity carries out
different functions depending on disease stage and severity…’ [107]. The observation
that decreased Autophagy in Beclin1 haploinsufficient mice significantly reduced
cardiomyocyte death and systolic dysfunction [71] suggested that Autophagy may,
in the long term, contribute to the transition from adaptive to maladaptive hyper-
trophy andHF.However, other studies came to the seemingly opposite conclusion that
decreasedAutophagy is indeed detrimental inmaladaptive hypertrophy, as evidenced
by the observation that cardiac-specific deficiency of Atg5 accelerates progression to
HF upon pressure overload and β-adrenergic stress [86]. The apparent contradiction
between these studies has been commented by Rothermel and Hill, who suggested
that the degree of Autophagy inhibition (totally ablated in Atg5flox/flox;MLC2v-Cre+

mice, while only partially reduced in the Beclin1 haploinsufficient mice) contributed
to the differential response to stress [71]. Collectively, these observations have led
to a consensus view on the ‘dual role of Autophagy’ in heart diseases and on the fact
that ‘…depending on the amplitude and duration of the autophagic response and the
initial level of basal Autophagy flux, Autophagymay elicit either harmful or beneficial
effects…’ [108]. As a consequence, it has been hypothesized that a precise ‘…window
of optimal Autophagy action…’ exists, beyond which cell viability is compromised
[108] (Fig. 4.7). In light of this, it has been proposed that in the early phases of cardiac
hypertrophy, Autophagy exerts a beneficial role by removing intracellular aggregates
of unfolded/misfolded proteins which cannot be removed by the overloaded UPS.
Indeed, it has been shown both in animal models and human hearts that Autophagy
activation parallels the intracellular accumulation of ubiquitinated proteins [109],
thus leading to the inclusion of pressure-overload hypertrophy into the category
of ‘cardiac proteinopathies’ (see paragraph 5.4 below). Over time, increased ROS
production and mitochondrial calcium overload can induce Autophagy beyond the
‘beneficial’ range, reaching therefore the maladaptive levels which characterize the
failing phase of hypertrophy. Thus,modulation ofALSpathways appears a promising
therapeutic mechanism to be exploited in the setting of pathologic hypertrophy,
however, additional preclinical work is clearly needed to determine the strategy, the
optimal time window and the degree for safe and efficient Autophagy manipulation.

Autophagy and Cardiac Proteinopathy

Protein quality control (PQC) is a housekeeping mechanism to avoid intracellular
accumulation of damaged proteins and consequent cell proteotoxicity. PQC is depen-
dent upon the cooperation between chaperones (which promote correct protein
folding), the UPS (which mediates ubiquitination of proteins to be degraded by
the proteasome) and Autophagy (which removes protein aggregates that cannot be
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Fig. 4.7 Illustration of the dual nature of Autophagy in pathologic cardiac hypertrophy. Basal acti-
vation of Autophagy is required for normal cellular function. Too little or too much Autophagy can
each be maladaptive. Hemodynamic stress triggers Autophagy, which, depending on the amplitude
and duration of autophagic activation and the initial level of basal autophagic flux, may elicit either
harmful or beneficial effects. Reproduced from Rothermel and Hill [108]

destroyed by the UPS). As indicated above, UPS and Autophagy are function-
ally interconnected and influence each other. Thus perturbation of UPS activity
causes aggregation of misfolded proteins in soluble oligomers and inclusion bodies,
which, unless they are removed by Autophagy, may lead to cardiomyocyte death
by a mechanism known as proteotoxicity (Fig. 4.5) [110–112]. UPS dysfunction
has been described in several cardiac disorders, including hypertrophic and dilated
cardiomyopathies, HF, and familial desmin-related cardiomyopathy (DRC). The
latter is a bona fide cardiac proteinopathy, caused by mutations in genes encoding
for desmin or desmin-related proteins, like αB-crystallin (CryAB), which binds both
desmin and actin and functions as a chaperone protein [113–115]. Transgenic mouse
models expressing the R120G-missense mutation of CryAB [116] or the D7-des
protein [117]) recapitulate well the DRC phenotype. Indeed, these animals develop
intracellular desmin aggregates, sarcomeric disarrangement, cardiomyocyte hyper-
trophy, and increased cell death which ultimately leads to contractile dysfunction and
increased mortality. Cardiomyocytes from these mice display increased autophago-
some content, indicating that Autophagy is spontaneously activated. Moreover,
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Autophagy inhibition worsened intracellular accumulation of ubiquitinated protein
aggregates, accelerating cardiomyocyte death and disease progression [118, 119].
These data support a compensatory role of Autophagy as an adaptive and protec-
tive response to counteract cell proteotoxicity following primary or secondary UPS
dysfunction. Although the signalling mechanisms responsible for proteotoxicity-
dependent activation of Autophagy have not been determined, these data suggest that
enhancement of Autophagy may delay disease progression. This was exploited by
Robbins and colleagues, who demonstrated the beneficial role of exercise-dependent
Autophagy induction in preserving cardiomyocyte integrity and cardiac function in
a mouse model of DRC [120]. In further support of the key role of Autophagy in this
disease mechanism, amelioration of the DRC phenotype was achieved by exploiting
the heat-shock protein family of chaperones, which, by improving correct protein
folding, prevent fromprotein aggregation and consequentAutophagy overload [121].

Autophagy and Cardiac Ageing

Ageing is accompanied by a significant increase in the incidence of heart diseases,
featuring increased cardiomyocyte death which in turn results in adverse myocardial
remodellingwith diastolic dysfunction, increasedmyocardial stiffness and decreased
adaptation to extrinsic neuro-hormonal stimuli [122–124]. Several theories have
been proposed to explain the molecular mechanisms which contribute to cardiac
ageing, including the argument that age-related cardiomyocyte damage/death is a
consequence of increased intracellular oxidative stress. In support of this, it is well
accepted that ROS production increases during ageing due to progressive mitochon-
drial dysfunction [125]. ROS activate AMPK, which in turn induces Atg4 transcrip-
tion and consequently ALS activity [82, 126]. ALS activation should negatively
regulate ROS production by removing damaged mitochondria via mitophagy. In
support of the existence of this negative feedback loop, genetic ablation of Atg5
results in increased age-related accumulation of damaged mitochondria and cardiac
dysfunction [127]. Conversely, ROS promote the intra-lysosomal formation of un-
degradable aggregates (i.e. lipofuscin), which in turn alter lysosome pH resulting in
the inhibition of autophagosome/lysosome fusion [128, 129]. Thus, aging-dependent
declines in Autophagy function can generate a positive feedback loop with progres-
sively increased ROS content. Although the notion that Autophagy activity declines
during ageing is generally accepted, the underlying mechanism is debated. Strain-
and species-dependent variations, as well as the use of different Autophagy molec-
ular read-outs as surrogate markers for its activity, have undoubtedly contributed to
the lack of a consensus mechanistic view. Utilization of ‘Autophagy flux’ as the gold
standard for Autophagy activity quantification would go a long way in clarifying the
situation [130]. Given that experimental Autophagy activation can extend lifespan in
multiple species, and given that physiologic interventions associatedwithAutophagy
activation (i.e. caloric restriction, endurance exercise) can also extend lifespan [50,
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131–136], understanding the mechanisms which give rise to age-related reduction
of this proteolytic mechanism is clearly warranted.

Concluding Remarks

The data reviewed here clearly demonstrate that Autophagy plays a pivotal role
in regulating cardiomyocyte homeostasis in both physiologic and pathophysiologic
conditions. Indeed, well-functioning Autophagy is required to maintain cellular
health across the wide spectrum of adaptation to physiologic stresses encountered by
the heart from birth to old age. While there is a good consensus that this concept is
correct, the role of Autophagy in cardiac diseases is still debated, with some studies
indicating that too much Autophagy may be detrimental in the response to patho-
logic stimuli, and contribute to, rather than antagonize, the pathogenesis of cardiac
maladaptation. Such divergent observations, which we have attempted to give a
balanced view on, argue that Autophagy must operate within a precise window of
activity to exert beneficial effects on the post-mitotic cardiomyocytes.Despite intense
research efforts of the last decades, the molecular mechanisms regulating Autophagy
in health and disease have not been completely elucidated, and additional studies of
the role of the ALS are thus warranted. Further, clarification of the degree to which
Autophagy exerts a beneficial or maladaptive role in cardiovascular disorders has the
potential to develop novel strategies aimed at enhancing or inhibiting such proteolytic
machinery to achieve a therapeutic effect.
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Chapter 5
Caspase Signaling Pathways
as Convenors of Stress Adaptation

Charis Putinski and Lynn A. Megeney

Abstract Caspase proteins are a group of proteases that manage intermediate and
late stages of programmed cell death/apoptosis. Despite the core cell death function
inherent to caspases, these proteins also maintain distinct nonapoptotic functions
across most metazoan organisms. Here, we review the role of caspases in cell differ-
entiation and stress adaptation, and the evolution of nonapoptotic activity of these
proteases and related factors. We also discuss how caspases integrate other cell death
signaling pathways to manage and guide stress response in the mammalian heart,
independent of cell death.

Keywords Caspase · Nonapoptotic · Cell differentiation · Cardiac hypertrophy

Introduction

Eukaryotic cells retain a remarkable capacity to adjust and remodel in response to
environmental demands. This innate stress sensing capacity is generally divided into
two distinct outcomes, the cell adapts and survives, or the cell dies, often through a
regulated form of death. Typically, stress induced survival and death are treated as
divergent cell fates, yet the morphologic and biochemical alterations for each stress
response are remarkably similar. This general overlap in the biology of cell stress
has led to the hypothesis that successful adaptation and cell death may utilize similar
proteins and biochemical pathways [1, 2]. This supposition derived from earlier
observations where investigators first demonstrated that cell death pathways were
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conserved and required components of cell differentiation, across a broad species
range [3–7]. More recently, the evolutionary role of cell death proteins as essential
stress sensors and survival factors were confirmed in yeast models, where death
centric proteases were shown to limit accumulation of stress-induced toxic protein
aggregates [8–11].

In this chapter, we discuss the diversity of cell death regulatory mechanisms with
a specific emphasis on caspase protease-mediated signaling pathways. Here, we
examine the emerging intersection between caspase signaling and autophagy as it
relates to stress remodeling and how caspase proteases may alter a wide variety of
stress adaptations including cell hypertrophy and cell atrophy.

Cell Death and Apoptosis

There are two main types of cell death -necrosis and apoptosis- which differ in
mechanism and morphology. Necrosis occurs when there is severe damage to cell
membranes resulting in enzymes leak from lysosomes,which initiates digestionof the
cell. Here, necrotic cells appear enlarged due to swellingwhich is rapidly followed by
cell rupture and release of cellular contents. Autophagy is another form of lysosomal
mediated cell death which is activated under conditions such as nutrient deprivation,
stress, infection and cancer. However, unlike necrosis, autophagy may also occur
as a managed catabolic process, in which cells survive by lysosomal degradation of
their own cellular components.

Apoptosis is a highly regulated form of cell death characterized by nuclear disso-
lution, without complete loss of membrane integrity. Here, DNA fragmentation is
evident and apoptotic cells shrink and form cytoplasmic buds which dissociate into
apoptotic bodies. These fragments are phagocytised, eliminating the induction of an
inflammatory response. Cell injury due to infections, DNA damage and the accu-
mulation of misfolded proteins are examples of pathological states that induce an
apoptotic cell death response. Canonical apoptotic cell death pathways derive from
an intrinsic source originating from the mitochondria or an extrinsic source mediated
by pro-death ligand/receptor interactions. One class of proteins known to mediate
apoptosis is the caspase protease family. Caspases are cysteinyl aspartate-specific
proteases and they have been well characterized for their role in cell death progres-
sion and the apoptotic caspase cascade. During cell death progression, activated
caspases cleave numerous substrates converging on the activation of nucleases that
degrade DNA and other enzymes, which promote destruction of the cytoskeleton and
nucleoproteins. These enzymes cleave their substrates by hydrolyzing peptide bonds
on the carboxyl end of an aspartic acid residuewithin their recognition sequence [12].
Caspases are engaged through the sequential activation and inactivation of numerous
pro- and anti-apoptotic proteins.

Although there is a strong preference to consider apoptosis in a strictly negative
connotation (as a disease inducing mechanism), apoptosis is also a vital process that
maintains organism homeostasis. Specifically, one subtype of apoptosis, referred to
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as programmed cell death (PCD), is as prominent as cell division in shaping the devel-
oping organism. PCD controls cell numbers, provides proper structural sculpting of
developing tissues, which together drives the basic morphogenic process. In devel-
oping amphibians/frogs, the transition from the tadpole stage to the adult is coincident
with a PCD directed removal of the tail and a portion of the intestine. The formation
of digits in higher vertebrates is another well defined example of PCD controlled
tissue sculpting. Apoptosis also serves as a protective mechanism by eliminating
defective cells in developing and adult organisms. A classic example in this regard
is the directed apoptotic process that eliminates self-reactive lymphocytes which
otherwise could instigate the development of autoimmunity [13]. More recently,
the apoptotic machinery and its constituent proteins have been demonstrated to be
involved in various non-death functions, including cellular differentiation and stress
remodeling.

Caspase Signaling in Death and Nondeath Cell Function

Caspase proteases serve a vital role in apoptosis progression. Caspases are synthe-
sized as inactive zymogens composed of three domains: an N terminal prodomain
and the p20 and p10 domains. The active enzyme is a heterotetramer composed of
two p20/p10 heterodimers and two active sites [12]. Mechanisms of caspase activa-
tion include processing by upstream caspases, induced proximity or the association
with a regulatory subunit. Caspases are activated by proteolytic processing of the
inactive zymogen between p20 and p10, and between the prodomain and p20. Each
cleavage event occurs at the carboxyl end of an aspartic acid residue. This caspase
cascade mechanism is evident in the activation of downstream effector caspases 3, 6
and 7 by action of initiator caspases. Induced proximity refers to caspase activation
induced by high concentrations of the pro-enzyme allowing various pro-caspases to
mutually cleave and activate one another. This occurs during the activation of caspase
8 where ligand binding allows recruitment of several pro-caspase 8 molecules. Acti-
vation of caspase 9 requires association with regulatory cofactor apoptosis acti-
vating compound 1 (Apaf-1). This leads to formation of the caspase 9 holoenzyme,
commonly referred to as the apoptosome.

As noted previously, the caspase cascade is initiated by either intrinsic or extrinsic
signals. Death signals can arise from an intrinsic source which originates from
the mitochondria. Mitochondria contain several pro-apoptotic proteins, including
cytochrome c, and anti-apoptotic proteins. Mitochondrial permeability, controlled
by these pro- and anti-apoptotic proteins, determines the fate of the cell. During
stress or nutrient deprivation, sensors activate pro-apoptotic proteins Bak and Bax
which dimerize and insert into the mitochondrial membrane. This forms pores which
allow cytochrome c and other mitochondrial proteins to be released into the cytosol.
This same fate can ensue by action of other sensors which inhibit anti-apoptotic
proteins Bcl-2 andBcl-xL. The binding of cytochrome c andApaf-1 results in apopto-
some formation and subsequent initiator caspase 9 activation. The extrinsic pathway
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involves signals being received through a death receptor, such as Fas of the tumor
necrosis factor (TNF) family of receptors followed by initiator caspase 8 activation.
Regardless of the pathway utilized, the downstream activation of effector caspase
3 or 7 results in subsequent proteolytic processing of target proteins and cellular
dissolution/death [14, 15].

A growing body of literature has provided evidence that apoptotic caspase
signaling mechanisms possess non-death functions in addition to their role in cell
death progression. Primarily, it has been demonstrated that caspase-dependent apop-
tosis pathways act as essential drivers of cell differentiation. One of the earliest
observations in support of the non-death function of caspase activity was in skeletal
muscle biology. Here, the upregulation of caspase 3 activity was synonymous with
skeletal muscle differentiation and the inhibition of caspase 3 led to a significant
reduction in the formation of mature myofibers [4]. Terminal lens fiber cell differen-
tiation is accompanied by a series of morphological and caspase inspired biochem-
ical events that resemble those that occur during apoptosis [16]. Caspase 3, 9, 7
and 2 are transiently activated during erythrocyte differentiation, and the inhibition
of these caspases results in a dramatic reduction in erythroid differentiation [3].
More recently, it has also been demonstrated that cardiomyocyte differentiation is a
caspase-dependent process [17].

Interestingly, caspases have also been linked to earlier steps in cell differentiation
programs, specifically at the stage of stem cell self-renewal versus commitment to
differentiation. A core set of transcription factors, including Oct4, Sox2 and Nanog,
are involved in maintaining stem cells in a self-renewing state [18–20]. Fujita et al.
reported that caspase 3-mediated cleavage of Nanog in embryonic stem cells (ESCs)
is required for ESCs to stop the self-renewal process and initiate differentiation.
Defects in differentiation were noted in stem cells lacking the caspase 3 gene [21].
Similarly, a role for caspase 3 activity inmuscle stem/progenitor cell self-renewal has
been observed [22]. Here, caspase 3 cleavage of the paired-box transcription factor
Pax7 was reported to be crucial in terminating the self-renewal process allowing for
initiation of the myogenic differentiation program. These observations demonstrate
that caspase signaling acts atmultiple levels to limit stemcell self-renewal and engage
differentiation programs, a biologic control that is likely conserved across all cell
lineages.

These non-apoptotic roles of death centric proteases are consistent with an ancient
and conserved physiologic role, which are evident in organisms such as Drosophila
andC.Elegans.Genetic based reporter systems inDrosophila have shownwidespread
caspase activation in otherwise healthy progenitor cells [23]. Similarly, studies in
the worm have shown that caspases manage stem cell differentiation independent
of cell death [24]. Observations in the yeast model S. cerevisiae have established
that the functional caspase equivalent, the metacaspase Yca1, has defined non-death
functions. Here, Lee et al. [25] identified that the deletion or inactivation of the single
yeast metacaspase Yca1 resulted in reduced cell growth and viability. It was further
determined thatYca1 is essential in limiting protein aggregationwithin the cell, rather
than solely promoting cell death [8, 9, 11]. Interestingly, cell death signal pathways
have also been shown to be active remodeling agents in cardiomyocytes and essential
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for the induction of cardiac hypertrophy [26, 27]. The involvement of caspases as
active cellular stress sensing agents is an emergent area of investigation, spanning a
diverse biology and will be the focus of the subsequent chapter components.

Stress Adaptations and the Involvement of Caspase Activity

Stress adaptations are reversible changes in the size, number, morphology, metabolic
activity or function of cells in response to changes in their environment. These adap-
tations can be physiological which include cellular reactions to normal stimulation
by endogenous chemical mediators or hormones. For instance, during pregnancy
physiological enlargement of the breasts and uterus occurs, which reverts back to a
basal state size postpartum. Pathological adaptations are those alterations that allow
cells to evade injury by modulating their structure and function, yet if severe and/or
prolonged,will lead to detrimental outcomes. Cardiac hypertrophy induced by hyper-
tension is an example of such pathological adaptation and caspase signaling may be
central to this clinically relevant alteration (Fig. 5.1).

Hypertrophy

Hypertrophy is typically defined as an increase in cell size with a concomitant
increase in organ size. Hypertrophy can be characterized as physiological or patho-
logical in reference to many organ systems. In the cardiac system, physiological
hypertrophyof the heart is reversiblewhile prolonged irreversible pathological hyper-
trophy can lead to injury and cell death. Physiological cardiac hypertrophy occurs in
response to developmental maturation, pregnancy or exercise, and is adaptive. This is
exemplified by the increased heart mass and individual cardiac muscle cell size seen
in endurance sports athletes, induced by increased workload. Cardiac enlargement
observed in hypertension and aortic valve diseases are maladaptive and detrimental
examples of pathological hypertrophy.

As previously mentioned, caspase-dependent signaling has been demonstrated to
be an initiating factor in pathological cardiac hypertrophy [26, 27]. Here, the disrup-
tion of the intrinsic cell death pathway lead to significant reduction of cardiomy-
ocyte hypertrophy while the treatment of cardiomyocytes with a caspase activating
compound lead to induction of a hypertrophy response. This demonstrated that
caspase-dependent signaling is both required and sufficient to promote patholog-
ical cardiac hypertrophy [26]. Overall, these studies demonstrated that cell death
pathways behave as active remodeling agents in cardiomyocytes, independent of
inducing apoptosis (Fig. 5.1b). A role for caspase-activated DNase (CAD) in the
regulation of pathological cardiac hypertrophy has also been observed [28]. CAD
is a caspase 3 activated endonuclease that plays an important role in the induction
of DNA fragmentation during apoptosis. This study found that disruption of CAD
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Fig. 5.1 Cardiac stress adaptation and a role for caspase-dependent pathways in stress remodeling.
a Stress adaptations can be reversible and categorized as physiological, while others can be patho-
logical, often progressing to injury and cell death if prolonged. A reduction (atrophy) or enlargement
(hypertrophy) in cell size and organ mass can result depending on the stimuli. This can be exem-
plified by the remodeling of the myocardium during different types of environmental demands.
b The intrinsic apoptotic pathway and the associated caspases are activated during pathologic and
physiologic cardiac hypertrophy. The phenotypic divergence in each form of hypertrophy is due
in part to variable caspase 3 activity. Here, the kinase CK2 phosphorylates caspase 3 substrates
inhibiting their cleavage, while also directly supressing cleavage activation of caspase 3 [26, 33]
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led to reduced pressure overload-induced cardiac hypertrophy, fibrosis, and cardiac
dysfunction [28].

No matter the mechanism of hypertrophy, a limit is reached where enlargement
of the myocardium can no longer compensate for the increased load. This results
in degenerative changes in myocardial fibers, a loss of contractile capabilities and
eventual ventricular dilation and cardiac failure. Therefore, although cardiac hyper-
trophy is initially adaptive it often transits to amyopathic response concurrentwith an
increased incidenceof caspase-mediated cell death. Interestingly, caspase activity can
be localized to promote dismantling of specific sub-cellular structures during remod-
eling and differentiation without ushering in cell death [29, 30]. During hypertrophic
remodeling, caspase activity may be involved in the reorganization and remodeling
of the cytoskeleton and contractile proteins [31]. For instance, caspase 3 has been
shown to target α-actin, α-actinin, and cardiac troponin T prior to the onset of apop-
tosis during β-adrenergic stimulation [31]. More recently, it has been demonstrated
that caspase 3 targets the actin remodeling protein gelsolin, to release a highly active
fragment, which alone engages the pathologic hypertrophy phenotype [32]. Indeed,
this caspase gelsolin interaction spurs release of gelsolin itself to propagate hyper-
trophy in neighboring cardiomyocytes [32], a mechanism that is consistent with the
decompensation that eventually occurs in the context of pathologic hypertrophy.

While these observations are consistent with caspase activation giving rise to a
pathologic form of cardiac growth, this does not preclude the role for caspase activity
in physiologic or beneficial forms of cardiac adaptation. Indeed, one may envision
a scenario where muted or greatly reduced levels of caspase activity may institute
the more subtle cardiac growth that occurs during endurance exercise or pregnancy.
Consistent with this nuanced model of caspase activation, a recent study has shown
that induction of physiologic hypertrophy is in fact dependent on activation of caspase
3 activity. Here, investigators demonstrated that the cytokine cardiotrophin 1 (CT1)
can induce beneficial remodeling of individual cardiomyocytes, that translates into an
organ level beneficial adaptation, similar to endurance exercise training [33]. Unlike
pathologic hypertrophy agonists, CT1 promotes a very attenuated activation of the
mitochondrial/intrinsic cell death pathway (Fig. 5.1b). Nevertheless, this temporally
restricted activation of caspase signaling is essential for CT1 to remodel the heart
[33]. How this temporal control of caspase activity translates into such distinct forms
of remodeling remains unknown.A reasonable supposition is that extended activation
of caspase 3 during pathologic settings will target substrate(s) such as gelsolin, which
are not targeted or available during attenuated caspase activation patterns.

Atrophy

In contrast to hypertrophy, atrophy is the reduction in cell size through loss of cell
substance. Cell atrophy typically underpins the reductions in tissue and organ mass
that occur during disease pathology and aging. Cardiac and skeletal muscle are
dramatically impacted by atrophy which can arise from reduced workload due to
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extended bed rest, immobilization or cancer, loss of innervation, malnutrition, aging,
and reduced endocrine stimulation or blood supply. Resulting cellular morphology
is the same in both physiological and pathological atrophy, where smaller cells are
observed and their function is diminished due to decreased protein synthesis and
increased protein degradation. For example, diaphragm atrophy can occur during
prolonged mechanical ventilation [34]. Evidence for cardiac atrophic remodeling
in cancer-induced cachexia in mice has also been reported [35] and the ubiquitin–
proteasome pathway is known to have a dominant role in this degradation process
[36, 37]. Interestingly, both caspase 3 and calpain proteases have been implicated in
muscle atrophy and the breakdown of structural proteins without ensuing cell death
[31, 38, 39]. Evidence has suggested that both caspase 3 and calpain play a role in
respiratory muscle atrophy caused by inactivity [40]. Similarly, both proteases have
been shown to be required for disuse limbmuscle atrophy [41]. Here, the inhibition of
either caspase 3 or calpain was sufficient to protect against immobilization-induced
limb muscle atrophy. Although the mechanisms of action have not been completely
elucidated, structural or sarcomeric proteins have been reported to be targets of
caspase 3 during such negative remodeling events, independent of cell death [31]. In
addition to targeting structural proteins, caspase proteases may augment cell atrophy
by engaging transcriptional responses that govern this form of cell stress. Nuclear
factor kappa B (NF-κB) is a major transcription factor involved in various forms of
muscle atrophy [42]. Interestingly, caspases have been demonstrated to activate NF-
κB in response to specific stimuli [43]. Additionally, the activation of initiator caspase
8 has been observed in skeletal muscle during catabolic stimuli, such endotoxin,
and during sarcopenia providing further support for a role of caspases in muscle
proteolysis and atrophy [44–46]. Collectively, these studies support a temporally
precise use of caspase inhibition in the treatment of muscle atrophy, bearing in mind
that satellite cell mediated growth and repair may be adversely affected.

Caspase Signaling: At the Intersection Between Proteostasis
and Autophagy

Caspase activity has been implicated as a pathogenic signal across a broad spectrum
of neurodegenerative disease. Within this array of pathologies, the role of caspase
activity as a causative disease agent has been most intensely studied in patients
with amyotrophic lateral sclerosis (ALS) and frontotemporal lobar degeneration
with ubiquitinated inclusions (FTLD-U) [47–51]. Evidence supports that activated
caspases are involved in the cleavageof transactive responseDNA-bindingprotein-43
(TDP-43), a protein known to be involved in abnormal aggregation [52–54]. Despite
the propensity to treat caspase activation as a disease intensifying vector, this protease
may in fact restrain or limit ALS pathology. Suzuki et al. demonstrated that caspase-
mediated TDP-43 cleavage induced by endoplasmic reticulum (ER)-stress and stau-
rosporine treatment generates C-terminal fragments (CTFs) of TDP-43, including
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CTF35 and CTF27 through cleavage at Asp89 and Asp169, respectively. Interest-
ingly, in contrast to full-length TDP-43, CTF27 did not induce cell death while it
aggregated in neuronal cells. CTF35was determined to be less effective than TDP-43
at inducing a cell death response. Heightened cell death-inducing capabilities were
alternatively observed in a non-cleavable TDP-43 mutant [55]. This study supports
a role for caspases in reducing toxicity through promoting TDP-43 cleavage. Other
studies have also reported a similar mechanism for caspase-mediated fragmentation
to that observed with TDP-43 [56, 57].

Most recently, two intriguing studies have shown that the proteostatic function
of caspase 3 in neurons is not limited to resolving TDP43 aggregates. Here, investi-
gators have shown that expression of a caspase 3 cleavage resistant mutation of the
Tau protein (the insoluble plaque forming constituent that gives rise to Alzheimers
pathology) leads to the development of overt brain abnormalities reminiscent of early
stage Alzhemiers [58]. Secondly, caspase activity has been shown to participate with
the ubiquitin ligase CHIP to disperse Tau protein aggregates [59]. Indeed, the ability
of caspase 3 to disperse toxic protein aggregates is reminiscent of metacaspase func-
tion in yeast models [8, 9, 11]. While metacaspase and caspase proteases are distinct
in many respects [60], the functional conservation across this larger and diverse
protease family suggests there is a common role in protein quality control.

Caspase activation has also been linked to control of autophagy. Autophagy is
a process where cells self digest either as a pathologic response to a particular
disease condition or as a survival mechanism. In the latter case, autophagy involves
lysosomal digestion during nutrient deprivation. Here, portions of the cytosol and
intracellular organelles are sequestered into autophagic vacuoles formed from the
ribosome-free regions of the rough endoplasmic reticulum (RER). Autophagolyso-
somes are formed when these vacuoles fuse with lysosomes resulting in digestion
of the cellular components by lysosomal enzymes. If prolonged, autophagy can
lead to cell death induction by apoptosis. Interestingly, autophagy and apoptosis are
intricately linked to ensure strict regulation of cellular homeostasis. Caspases have
been reported to cleave various autophagy-related proteins (Atg) and the resulting
cleavage fragments serve different roles [61]. For instance, Atg Beclin-1 is cleaved
by caspase 3 inAlzheimer’s disease resulting in impairedBeclin-1 functionality. This
suggests that caspase-mediated Beclin-1 cleavage may have a role in the dysfunc-
tion of autophagy in neurodegenerative diseases [62]. Proteasome inhibition has
also been shown to induce autophagy [63]. Furthermore, proliferating T cells have
been observed to express activated caspase 8 on autophagosomal membranes [64].
One study showed a link between autophagic signaling and caspase 8 activation in
response to proteasomal pathway blockade. Here, caspase 8 activation was depen-
dent on the induction of autophagy and was independent of death ligands [65]. More
recently, effector caspases have been linked to non-death control of the autophagy
response, through targeting and cleaving key mitochondrial control proteins that
moderate autophagic flux [66, 67]. Again, these observations suggest that caspase
enzymes can be deployed as proteostatic control mechanisms during cell stress, and
that this coordinated protease activity averts cell death rather than inducing it.
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Mechanisms that Restrain Caspase Activity: A Key Step
in the Non-lethal Deployment of Caspase Proteases

The level and duration of caspase activation is a primary determinant in the death
versus non-death role for this protease family. In broad terms unrestrained caspase
activation is a prototypical cell death signal, whereas spatially and/or temporally
restrained caspase activation is associated with non-death outcomes. For example,
low levels of transient caspase activity were reported during pathological cardiac
adaptation, whereas high levels of long standing caspase activation led to cell death
[26]. A similar mechanism was noted during neurohormonal agonist induced hyper-
trophywhere adenoviral expression of wild-type Gαq induced hypertrophy after 24 h
and constitutively active mutant Gαq rapidly progressed to cell death [68]. Further-
more, the Ras GTPase activating protein (AP) (RasGAP) can respond to varied levels
of caspase activity. Here, low levels of apoptotic-stimuli lead to partial RasGAP
cleavage and do not reduce cell viability while high levels of capase activity result
in RasGAP promoted cell death [69, 70]. Another example is the transient caspase 3
activation observed during neural stem cell differentiation, which peaks at 24 h and
is reduced thereafter [6]. Temporal caspase 3 activated mammalian sterile twenty-
like kinase (MST1) has been demonstrated to induce myoblast differentiation while
prolongedMST1 activation leads to accelerated apoptosis progression [4]. One study
also demonstrated that the degree of caspase activity during lens cell differentiation
was lower than that observed during apoptosis [71].

The non-death deployment of caspase activity and its modification of cell stress
likely reside with two distinct regulatory mechanisms. First is the sub-cellular local-
ization of cleaved caspase molecules. Caspase activity can be confined to specific
sub-cellular compartments and depending on its location apoptosis may or may
not be induced. Punctuate cytoplasmic active caspase 3 is observed in maturing
megakaryocytes (MKs) during platelet formation andmore diffuse caspase 3 staining
is observed in apoptotic MKs [72]. Caspase 8 has also been shown to have different
spatial expression during T-cell activation. Here, caspase 8 was demonstrated to
be activated in aggregates within membrane lipid rafts. Conversely, during apoptosis
high levels of diffuse cytosolic caspase 8 expressionwas observed [73]. These studies
suggest that active caspases can be sequestered to specific sub-cellular compartments
to regulate a non-death process, providing access to a limited and specific pool of
substrates [7, 74]. This sequestration may derive from protein/protein interactions
that restrain and position caspases in the required sub-cellular localization. An inter-
action between caspase 3 and the small heat shock protein αB-crystallin has also been
observed. This physical association was shown to be involved in directing caspase to
specific sub-cellular locations and restraining its proteolytic activity in both skeletal
muscle and cardiomyocytes [75, 76]. Caspases can also be regulated by a family of
proteins called inhibitors of apoptosis (IAPs). The X-linked inhibitor of apoptosis
protein (XIAP) is the most potent IAP, although eight different human IAPs have
been observed. XIAP can inhibit activities of caspase 3, 7 and 9 [77]. Interestingly,
XIAP contains E3 ubiquitin ligase activity allowing it to further decrease caspase
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activity by promoting ubiquitination of caspase [77]. For example, XIAP has been
observed to physically interact with and inhibit caspase 3 activity in cardiomyocytes
[78, 79]. XIAP can also modify caspase activity during myoblast differentiation
[80, 81]. Again, the capacity to localize and direct caspase function to a specific
subcellular compartment appears to have been an early evolutionary adaptation in
eukaryotes, as evidenced by the yeast metacaspase, Yca1, which colocalizes with
chaperone remodeling proteins to control protein aggregation during cell stress [8].

A second locus of control that appears to be essential to the non-death deploy-
ment of caspase function is the post-translational modification of the protease itself,
as well as its constituent substrates. As caspase proteases cleave their substrates at
specific recognition sequences, modifications to these peptides or to the flanking
regions can profoundly alter the targeting capacity of the protease. Of interest, a
number of kinases have been demonstrated to alter caspase activity, which impacts
the resulting cellular response and phenotype [82–84]. A well studied example is the
phosphorylation of peptides in close proximity to the caspase 3 cleavage site. Here,
casein kinase 2 (CK2) produces a steric inhibition on caspase 3 cleavage by phos-
phorylating neighboring serine residues [85]. These phosphorylation sites strongly
overlap with known caspase 3 cleavage sites within various known caspase targets,
including the autocatalysis site on caspase 3 itself [84, 85]. CK2-mediated phos-
phorylation of Pax7 has been demonstrated to inhibit caspase cleavage of Pax7 and
promote satellite cell self-renewal of myofibers [22]. One study also demonstrated
that point mutations preventing the phosphorylation of Pax7 result in reduced Pax7
in proliferating muscle progenitors due to coincident Pax7 ubiquitin and caspase-
mediated degradation [86]. Additionally, altering the essential aspartic acid residues
within the caspase cleavage site of Pax7 abolished the caspase-mediated cleavage
event, forcing satellite cell self renewal and limiting the induction of the myogenic
differentiation program [22].

This CK2mediated suppression of caspase 3 is also the mechanism bywhich CT1
manages the induction of beneficial physiologic hypertrophy [33]. For example, CT1
induces a rapid activation of the intrinsic cell death pathway, followed by an equally
rapid decline in this same signaling conduit. Loss or inhibition of CK2 during CT1
exposure leads to extended caspase 3 activation and development of a cell phenotype
that mirrors pathologic hypertrophy [33]. As such, caspase activation can govern
both pathologic and remedial outcomes in the heart dependent, a divergent response
that is managed by fine tuning caspase activity (Fig. 1b).

Conclusions

When cells are presented with stressful stimuli they can adapt and remodel, or if
the demand is too severe, undergo injury and subsequent cell death. The resulting
cell fate is determined by a plethora of factors including the type, duration and
extent of the stress, and the adaptive capabilities of the target cell. Cell adaptations
can be reversible, referred to as physiological adaptations, while other responses
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can be pathological and have irreversible effects on overall cellular function and
morphology. Divergent morphologies can result depending on the stimuli. For
instance, cardiac hypertrophy occurs in athletes training for endurance sports due
to increased workload. This is exemplified by a physiological enlargement of heart
mass and cardiac cell size. Conversely, a reduction in cell size occurs in atrophic
remodeling. This form of stress adaptation is common during extended bed rest or
diminished workload.

In this chapter, we covered the role of the apoptotic signaling, and specifically the
involvement of caspase proteases, in the adaptation to stress. Caspases participate
in cellular functions that extend beyond cell death, including cellular differentiation
and stress remodeling. The timing, level and sub-cellular localization of caspase
activation during stress can have a significant impact on cell fate. Here, we have
explored the emerging role of caspase signaling pathways as convenors of stress
adaptation. For instance, a role for the intrinsic apoptotic pathway and associated
caspases has been observed during cardiac hypertrophy [26]. Interestingly, caspases
may be involved in the morphological changes associated with this pathological
adaptation through the cleavage of specific substrates and contractile protein compo-
nents. Further, caspases have been shown to participate in dispersing toxic aggre-
gates, such as TDP-43, involved in atrophic diseases [55]. Based on these findings,
targeting the components of apoptotic pathways, including caspases, may serve as a
means to inhibit and/or reverse the detrimental effects of injurious stimuli.Modifying
caspases, by for instance silencing their functionality or sequestering active caspases
and/or their substrates to specific sub-cellular locations, may be a potential method of
altering cellular adaptive capabilities from a pathological to a more beneficial phys-
iological state. However, robust caspase inhibition as a therapeutic strategy must be
approached with caution, as there is overwhelming experimental data confirming
a beneficial role(s) for this protease family, i.e. CT1 mediated beneficial cardiac
remodeling. As such, targeting of caspase function must be conducted in a judicious
manner as blockade of proteolytic activity may have unintended outcomes that limit
normal function or induce additional pathology.
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Chapter 6
Cross Talk Between Apoptosis
and Autophagy in Regulating
the Progression of Heart Disease

Niketa Sareen, Lorrie A. Kirshenbaum, and Sanjiv Dhingra

Abstract Apoptosis, the programmed cell death is prominent in multiple cardiac
pathologies eventually resulting in heart failure. Autophagy, on the other hand plays
an important role in recycling nutrients by causing the degradation of intracel-
lular components not required by the cardiomyocytes, during cellular stress. Both
apoptosis and autophagy play significant roles in cardiac development and disease.
Absence of apoptosis in the developing embryo results in various congenital heart
defects; however, excessive apoptosis in heart has been linked to negative ventric-
ular remodeling. Similarly, desired levels of cellular proteins are maintained by basal
levels of autophagy, and abnormal changes in the autophagic pathway have detri-
mental effects on myocytes. Though the mechanisms of each of these pathways
differ, there is some dialogue that is always active amongst these two processes
through common signaling pathways. Therefore, the interaction of proteins specific
to autophagy with the apoptotic proteins might result in activation or inactiva-
tion of the process. This chapter summarizes mechanisms of both the pathways
in cardiomyocytes and the molecules that link these pathways to regulate cell death.

Keywords Apoptosis · Autophagy · Heart failure · Crosstalk · Cardiac
development

Heart failure results in body’s insufficiency to meet the demands of required blood
flow or pressure leading to symptoms like breathlessness, fatigue and death [1].
Moreover, it is also considered as an end result of various complications including
hypertension, valvular heart disease and myocardial infarction [2]. Among several
reported mechanisms, the death of cardiac myocytes has been suggested to be a
leading cause of various cardiovascular diseases [3]. How exactly cardiac cells die is
still an unresolved and ongoing problem. However, studies from various laboratories
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have shown apoptosis, necrosis and autophagy to be the processes through which
cells die under different cardiac insults [4]. These processes can occur independently,
parallel or sequentially to one another depending on the time, extent and type of
injury. Although the cells undergoing necrosis, apoptosis or autophagy meet similar
fate which is “cell death”, but the signaling pathways involved in these processes
are different. Cellular death by necrosis involves various characteristic changes in
the cell including swelling of cytoplasm and organelles such as mitochondria due to
compromised functioning of the plasma membrane. Necrotic cells release cellular
contents in the surrounding which sets off an inflammatory response [1]. Unlike
necrosis which is considered unprogrammed process, apoptosis is a form of cell
death which is programmed and involves organized events such as membrane bleb-
bing, shrinking of cellular cytoplasm, chromatin condensation and fragmentation of
cytoplasm and nuclei followed by their packaging into apoptotic bodies to be later
phagocytosed by nearby macrophages. In contrast to necrosis, the phagocytosis of
the apoptotic bodies prevents the release of inflammatory contents into extracellular
space thus preventing the inflammatory response during apoptosis [1, 5].

Different from necrosis and apoptosis, autophagy is a mechanism to recycle
the cellular organelles, proteins and lipids by lysosomal degradation, releasing the
biochemicals in circulation and thus helping the cellswhen there are inadequate nutri-
ents [4]. Autophagosomes are specific structures that are formed during autophagy
where proteins and organelles are sequestered for degradation [6]. Both apoptosis
and autophagy arewell organized processes and are reported to be involved in cardiac
complications leading to heart failure.

Apoptosis in Heart Failure

Term apoptosis as a form of cell death was first defined by Ker et al. in1971 [7].
However, the first indication of apoptosis in heart can be accounted back to mid-
90s where it was reported to play a role in the ischemic death of cardiac myocytes
following acute myocardial infarction (MI) [8]. There is enormous amount of liter-
ature indicating the role of apoptosis in heart failure. Various cardiac complica-
tions like congenital heart disease, arrythmogenic right ventricular cardiomyopathy,
valvular heart disease and other cardiomyopathies which result in heart failure have
been linked to apoptosis [9]. Additionally, increased levels of apoptotic markers
like Bax, Caspases along with decreased levels of anti-apoptotic markers like Bcl2,
Bcl-XL were observed following an MI [10]. Overall, apoptosis has been linked to
pathological left ventricular remodeling leading to heart failure [11].

Cardiomyocyte death during stress conditions can be a result of apoptosis that
require caspases as a death signal or alternatively it can be caspase indepen-
dent mechanisms that do not involve caspases for the execution of the apop-
totic death of cardiomyocytes [12]. Apoptosis can occur through extrinsic or the
death receptor pathway which involves death receptor molecules on the surface
of the cardiomyocytes. Alternatively, it can occur via activation of the intrinsic
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pathway involving mitochondria and endoplasmic reticulum during intracellular
stress includinghypoxia, nutrient inadequacy,DNAdamageor cellular toxicitywhich
further cause caspase activation.

Extrinsic Pathway of Apoptosis

This pathway is also known as the death receptor pathway as it involves the binding
of a ligand to the death receptors located on the cell membrane. The domains of these
receptors include extracellular domain which interacts with the ligand; transmem-
brane domain; and intracellular death domain which recruits caspases after ligand
binding [13]. Binding of a ligand to the extracellular domain of one of the following
receptors including TNFR (Tumor Necrosis Factor Receptor), Fas or TRAIL-R
(TNF-related apoptosis inducing ligand), leads to the activation of the receptor after
oligomerization [5]. This ligand-receptor complex then recruits FADD (Fas Associ-
atedDeathDomain), which further binds to the initiator pro caspase 8; later activating
it to caspase 8 by cleavage. Caspase 8 activation leads to the activation of executioner
caspases 3, 6 and 7 [14]. Instead, the release of cytochrome c from the mitochondria
is another mechanism by which caspase 8 transmits apoptotic signals. Caspase 8
is known for its ability to cleave Bid (BH3 interacting-domain death agonist) thus
forming tBid (truncated Bid), which is then transported to mitochondria triggering
cytochrome c (cyt c) release. The release of cyt c from mitochondria later activates
caspase 9 and 3 which participates in apoptosis by cleaving the cellular proteins [15].

Cardiomyocytes express both Fas and TNFR1 receptors. However, increased level
of TNFα has been observed in failing human heart [13]. In addition, transgenic
mice overexpressing cardio-specific TNFα develop dilated cardiomyopathy [12, 16].
Another study conducted by Fan et al. [17], highlights the role of Fas/FADD pathway
towards cardiomyocyte apoptosis after ischemia reperfusion injury. According to this
study, the animal models lacking FADD had demonstrated reduction in apoptosis of
cardiomyocytes along with decreased scar size in mouse models of ischemia reper-
fusion (I/R) injury [17]. Similarly, in another study use of vanadyl sulfate to reduce
FasL levels led to a reduction in apoptotic cell death in the ischemia reperfusion (I/R)
in vivo models [18], highlighting the role of Fas mediated apoptosis in heart failure.

Intrinsic Pathway of Apoptosis

Mitochondria are responsible for an uninterrupted and effective supply of ATP to
the contracting cardiac myocytes [13]. However, under stress conditions, mitochon-
dria can also contribute towards cardiomyocyte apoptosis. The intrinsic apoptotic
pathway involves mitochondria and is activated when the cardiomyocytes encounter
oxidative stress, DNA damage, nutrient or survival factor deficiency or other phys-
ical/chemical toxin exposure [19]. Bcl2 family proteins are the major controlling
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factors of intrinsic apoptotic pathway. Mitochondrial integrity is sustained under
normal conditions by anti-apoptoticmembers ofBcl2 family (Bcl2 andBcl-XL)which
prevents the release of pro-apoptotic factors frommitochondria. However, stress acti-
vates proapoptotic members of Bcl2 family such as Bax, Bak, Bnip3, Nix/Bnip3L,
Bad, Bid, Noxa and Puma [20, 21]. Bax and Bak proteins undergo oligomerization
and consequently form a channel for the release of cytochrome c (cyt c) from the inner
mitochondrial membrane to the cytosol. In the cytosol cyt c is associated with Apaf-
1(Apoptosis protease activating factor-1) and ATP to form a complex, which further
recruits and activates procaspase 9 and apoptosis executioner caspases-3, 6, and 7
[22, 23].Moreover, in addition to cyt c, factors like Smac/Diablo are released bymito-
chondria which interfere with and prevent the action of apoptosis inhibitor proteins
including XIAP (X linked Inhibitor of Apoptosis Protein), cIAP1 and cIAP2 [23].

The balance between anti-apoptotic and pro-apoptotic proteins regulates mito-
chondrial health and cell survival. Enhanced expression of Bcl-XL in cardiac cells
has been shown to prevent hypoxiamediated apoptosis bymaintainingmitochondrial
integrity [24]. In another study, miRNA induced downregulation of Bcl2 expression
was responsible for myocardial apoptosis in hypoxia reoxygenation models [25].
In a pressure overload model, transition from cardiac hypertrophy to heart failure
was accompanied by a substantial shift in Bax to Bcl-XL ratio [26]. Upregulation
of oxidative stress in the cells increased the levels of pro-apoptotic protein Bax and
mitochondrial damage thus enhancing the rate of I/R injury which was significantly
reduced in Bax knock out mice. This suggests a role of Bax in causing mitochondrial
damage and I/R injury [13].Activation ofBax andBak has been linked to another pro-
apoptotic gene Bnip3, which is activated during oxidative stress and further leads
to activation of Bax/Bak [13, 27]. Furthermore, myocardial systolic and diastolic
dysfunction and left ventricular interstitial fibrosis has been attributed to increased
expression of Bnip3 leading to heart failure [28]. In a recent study, it is reported that
Bnip3 knockdown prevented doxorubicin induced cardiac cell death [29]. Further-
more, in another study involving rat MI models, induction of MI was accompanied
by increased cytochrome c release frommitochondria as well as increased expression
of apoptotic markers including Bax, Apaf1 along with caspases 9 and 3 [30].

Endoplasmic Reticulum (ER) Mediated Intrinsic Apoptosis

ER plays an important role in protein production, folding and transportation to golgi
apparatus. ERundergoes stresswhen there is an imbalance in the import and secretion
of folded proteins, causing the activation of stress related proteins-inositol requiring
protein-1(IRE1), pancreatic eukaryotic translation initiator factor 2α kinase (PERK)
and activating transcription factor-6 (ATF6) [31]. This ER trauma is followed byUPR
(unfolded protein response) to overcome the stress, however prolongedUPR can lead
to apoptosis either by activation of caspase 12 followed by caspase3 activation [13];
through IRP1 or by upregulation of transcription factor CHOP (C/EBP homologous
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protein) [31] which further leads to the activation of pro-apoptotic proteins like BH3-
only protein Puma [32]. Increased levels of Puma have been observed in I/R injury
models of cardiomyocytes; Importance of Puma in ER stress is supported by reports
which demonstrated reduced ER stress in Puma deficient mice models [13].

Apoptotic Mechanisms Independent of Caspases

Under certain conditions when caspases do not get activated, cells switch to alternate
form of apoptosis that involves death factors which are independent of caspases [33].
These factors include apoptosis inducing factor (AIF), endonuclease G (Endo G),
serine protease high temperature requirement protein A2 (HtrA2/Omi) and Bnip3
[12]. Recently, a dual role of AIF has been reported, when in mitochondria AIF
is involved in cell survival. However, when it translocates to the nucleus, AIF
contributes to cell death [34]. Normally, AIF is present in the intermembrane space
of mitochondria and is required for oxidative phosphorylation in the cells. However,
in the presence of a death stimulus; AIF is translocated to the nucleus thus leading
to the DNA fragmentation independent of caspase activation [3]. There have been
reports regarding the involvement of AIF in various forms of cardiomyopathies like
ischemia reperfusion, oxidative stress, cardiac hypertrophy and heart failure [12].
Similar to AIF, endo G and HtrA2/Omi participate in caspase independent apop-
tosis. Both of these factors are translocated from mitochondria to the nucleus and
cytosol respectively to execute apoptosis in cardiomyocytes [12].

Protective Role of Apoptosis During Cardiac Development

Cell death by apoptosis does not always have negative effects. Several reports indi-
cate the role played by apoptosis during normal cardiac morphogenesis [35]. Various
reports indicate that the failure of normal apoptotic signaling in hearts of devel-
oping embryo leads to the occurrence of various congenital heart defects. The major
phases of heart development involving apoptosis include septa formation between the
chambers and valve formation. Moreover, during the transitional phase of heart from
fetal to adult, apoptosis has been observed in the interventricular septum and right
ventricular wall after birth. In addition to septa formation, in the course of cardiac
development, other regions of marked apoptosis include the zones of fusion of atri-
oventricular cushions. Furthermore, the cells other than cardiac myoblasts, including
the cells of aortic and pulmonary valves also undergo apoptosis during the cardiac
development. Hence the disruption of apoptosis in any of the abovementioned devel-
opmental phases leads to various defects in the developing child such as long QT
syndrome, presence of the accessory pathways or other congenital heart defects [36].
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Autophagy

Autophagy refers to the process of degrading various intracellular components
including organelles as well as other macromolecules which are no longer required
by the cells [37]. It is considered to be an evolutionarily conserved mode of cellular
organelle degradation [38] and its function is known to be preserved from yeast to
humans [37]. Autophagy being considered as a pivotal mechanism for the mainte-
nance of the cellular energy levels during nutrient deprivation and stress conditions;
does this by the breakdown of the several important cellular biomolecules including
amino acids, fatty acids [1] in addition to damaged organelles such as mitochon-
dria, ER, golgi body. For the process of autophagy to complete, the formation of
autophagosomes is one of the key steps. These double membraned vesicles that
are reported to be responsible for delivering biomolecules, proteins or organelles
to lysosome are the hall mark of autophagy process [39]. Following fusion with
lysosomes, autophagosomes are ultimately degraded by lysosomal enzymes. The
process of autophagy has been shown to be both essential as well as detrimental for
numerous intracellular events. The basal levels of autophagy help in the maintenance
of requisite levels of the cellular proteins, on the contrary, increased and abnormal
levels of autophagic protein degradation might result in the breakdown of necessary
biomolecules ultimately proving fatal for the cell [40].

Mechanisms Underlying Autophagy

Cellular autophagy is divided into three different types including –microautophagy,
chaperone mediated autophagy and macroautophagy. Out of these, microautophagy
involves non-specific, direct consumption of the cytoplasmic contents followed by
lysosomal degradation [38]. Chaperone mediated autophagy, however, is different
in its binding of the target protein through the chaperones which are responsible
for the delivery of these specific proteins to lysosomes ultimately leading to the
degradation of target proteins [40]. Finally, macroautophagy encompasses the forma-
tion of an autophagosome which fuses with the lysosome in order to complete
the degradation of the cellular components in the cytoplasm [41]. The process of
macroautophagy comprises different stages including- induction and nucleation of
phagophore which involves the formation of an isolation membrane, followed by
expansion of phagophores and engulfment of the biomolecules or organelles to be
degraded, forming autophagosomes which ultimately fuses with lysosomes [40].
The formation of the phagophore is stimulated by ULK1 complex which includes
Atg13,Ulk 1(Unc-51-like kinase 1),Ulk2 andFIP200 (FocalAdhesionKinase family
interacting protein 200) [40]. Initiation of autophagy is regulated by mTOR, which
negatively regulates autophagy by preventing the formation of ULK1 complex under
normal growth conditions.However under stress conditions like starvation or hypoxia
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the reduction in PI3K-Akt and activation of AMPK respectively result in the inhibi-
tion ofmTORactivity, thus leading to the activation of autophagy [1, 40]. Phagophore
nucleation is completed after the formation of VPS34 (Lipid kinase vacuolar protein
sorting 34) and Beclin 1 complex [42]. mTOR regulatory step; this is another mode
of autophagic regulation through Beclin 1 which acts as a positive regulator of
autophagy. BH3 domain of Beclin 1 has the affinity to bind to anti-apoptotic proteins
including Bcl2 and Bcl-XL; which prevents interaction of Beclin 1 with VPS34 thus
preventing autophagy [1]. The nucleation of phagophore is followed by elongation
phase. This step involves transformation of cytoplasmic LC3-I to membrane associ-
ated LC3-II after binding to phosphatidylethanolamine. For this binding reaction to
occur it requires a pair of ubiquitination like reactions. The first reaction is the binding
of Atg5 and Atg12 complex to the phagophore membrane in the presence of Atg7
andAtg10. Second reaction requires the presence of Atg3, Atg5, Atg7 andAtg12 and
it drives the conversion of LC3-I to LC3-II [40]. The last stage in autophagy is the
maturation of autophagosome and its fusion to the lysosomes. Fusion between lyso-
somes and autophagosomes is facilitated by various proteins including Rab-7 whose
action is mediated by lysosomal receptor proteins LAMP1 and LAMP2 [43]. More-
over, another set of proteins, SNARE (Soluble N-ethylmaleimide sensitive factor
attachment protein receptor) proteins have also been reported to play an important
role in the fusion of autophagosomes with lysosomes [40].

Role of Autophagy in Heart Failure

In heart, the role of autophagy has been controversial and has been reported to have
positive aswell as negative effects during pathological conditions including hyperten-
sion, myocardial ischemia, hypertrophy, dilated cardiomyopathy [44, 45]. Increased
levels of autophagy have been reported to play a protective role in various patho-
logical conditions including neurodegenerative diseases like dementia, Parkinson’s
disease and Huntington’s disease where autophagy degrades harmful proteins in the
cytoplasm [37]. Additionally, in the heart, autophagy has been shown to be beneficial
during I/R injury [43, 46]. In a study byOka et al. [49], the essential role ofmitochon-
drial autophagy has been indicated in the heart. This study reported that the failure of
autophagy to eliminate defective mitochondria may result in the dilated cardiomy-
opathy and myocarditis after inflammation through the activation of TLR pathway
[47]. Furthermore, the absenceofAtg5, an autophagic genewhich in conjunctionwith
Atg12 plays a role in autophagosome formation, results in dilation of left ventricles in
mice [48]. In a recent study by Zhang et al. [51], autophagy has also been suggested
to play a role in the differentiation of cardiac progenitor cells [49]. However, several
other studies reported negative effects of excessive autophagic process on the cells.
For instance, Zhu et al. [50], revealed that autophagy plays a detrimental role in
the development of heart failure in a pressure overload mouse model. In this study,
increased levels of LC3-II and LAMP-1 were reported in pressure overload mice
models compared to controls indicating increased autophagic process [50]. Another
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study indicated the prevalence of autophagy in the failing hearts where increased
levels of cathepsin D and enhanced autophagy was observed [51].

Crosstalk Between Autophagy and Apoptosis

Although the mechanisms of apoptosis and autophagy are different, yet there is some
dialogue that always keeps on going among these two processes through common
signaling pathways. Several studies have reported a crosstalk between autophagy
and apoptosis.

Beclin 1 has a BH3 (Bcl2 Homology 3) domain that interacts with BH3 receptor
domain of anti-apoptotic proteins including Bcl2 and Bcl-XL. Interaction of Beclin
1 with the anti-apoptotic proteins results in its inactivation thus leading to inhibition
of Beclin 1 mediated autophagy [52]. Moreover, binding of Beclin 1 to Bcl2 and
Bcl-XL receptors results in the inhibition of anti-apoptotic effect of Bcl2 and Bcl-XL

proteins that might further result in the activation of pro apoptotic members such as
Bax and Bak [53].

Dapk-(Death associated protein kinase 1) is also another common protein reported
to be involved in both autophagy and apoptosis. This kinase protein is responsible for
the phosphorylation of BH3 domain of Beclin 1; which further prevents inhibition
of Beclin 1 by Bcl2 and Bcl-XL, leading to autophagy in the cells [54].

FLIP-(FADD Like IL-Beta-converting enzyme like protein) is an anti-apoptotic
protein which also shows anti autophagic response by competing with LC3 for
binding site on Atg3. Under autophagic conditions LC3 interacts with Atg3 that
is important for elongation of autophagosome and thus for the process of autophagy.
Flip binds to Atg3 which results in competitive inhibition of LC3-Atg3 complex and
results in the inhibition of autophagy process [55].

Atgs-(Autophagy related proteins) along with their established essential role in
autophagy, these proteins can also play a major role in regulating apoptosis under
certain conditions. The formation of complex between autophagy proteins Atg3-
Atg12 is shown to regulate mitochondria mediated apoptosis. However once the
complex is disrupted the mitochondrial autophagy is reduced [41]. Caspase medi-
ated cleavage of Atg4 shows similar effect in inducing apoptosis by mediating mito-
chondrial potential imbalance [56, 57]. Moreover, there are some indications that
ATG5 may bind to FADD which would further stimulate the induction of caspase
dependent apoptosis [58]. In addition to this, ATG5 is also involved in the forma-
tion of complex with ATG12 during the binding of autophagosome to the lysosomal
membrane. However, under some circumstances, calpainmediates cleavage of ATG5
results in the generation of N terminal fragment from ATG5, causing its mitochon-
drial translocation and cytochrome c release following disruption of mitochondrial
membrane potential. This cleavage of ATG5, thus leads to activation of intrinsic
apoptotic pathway [59]. Similarly, another study indicated the role of ATG12 in
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mediating apoptosis by binding to anti apoptotic proteins Bcl2 and Mcl1 and causing
their inactivation. This inactivation was responsible for mitochondrial cytochrome c
release causing apoptosis [60].

BNIP3-(Bcl2 nineteen-kilodalton protein) is a well-known protein responsible for
the induction of apoptosis. It has also been known to be responsible for activation of
autophagy in cardiac myocytes [61]. The interaction of Bnip3 with Bcl2 and Bcl-XL

results in the inhibition of Bnip3 function. One of the mechanisms of autophagy
induction by Bnip3 is by blocking the interaction of Beclin 1 and anti-apoptotic
protein Bcl-XL [42]. Moreover, upregulation of Bnip3 during ischemia reperfusion
injury has been reported to promote autophagy and protect against apoptosis induced
myocardial damage [62].

Caspases are known for their role in mediating apoptotic cell death. During cellular
apoptosis caspases have been known to breakdown essential cellular proteins, which
then lead to appearance of characteristic apoptotic morphological features. However
caspases have also been reported to degrade and inactivate some of the autophagy
related proteins including Beclin 1, p62, Atg4D, Atg5, Atg7, Atg3 and AMBRA
[41, 42]. The cleavage of Beclin 1 by caspase 3, 6 or 9 has been reported to result
in the formation of C terminal fragment of Beclin 1, which leads to mitochondrial
membrane permeabilization and causes release of cyt c (cytochrome c). The release of
cyt c from themitochondrial membrane is involved in the regulation ofmitochondrial
apoptotic pathway [42]. Similar to this mechanism, caspases have also been reported
to inducemitochondrial apoptotic pathway by cleaving Atg5 protein [63]. Therefore,
the above-mentioned research indicates a strong correlation between the two major
death pathways and switch between their functions.

Conclusion

One of the major reasons for the development of heart failure following a cardiac
injury is the death of cardiomyocytes. Cellular death may occur through either one
or multiple pathways which consist of necrosis, apoptosis and autophagy. Of these,
necrosis results in the release of the cellular components into cytoplasm leading to
inflammation which is characteristic of necrotic cell death. Inflammation is absent
in the other two forms of cell death. However, the process of apoptosis results in
cell death which is executed by the various caspases in the cell. These caspases may
be activated either by intrinsic or extrinsic pathway depending on the involvement
of the death receptor; in the mitochondria or the endoplasmic reticulum. Autophagy
related cell death mainly is a mode of degradation of unwanted cellular organelles
or components which are not needed in the cell. The myocyte death, however, may
not be the result of one single pathway working by itself; rather through multiple
pathways working in co-ordination. Therefore, various components of apoptosis
might play an important role in autophagy or necrosis by activating or deactivating
the process. However, in spite of the numerous literature indicating the link between
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the major death pathways; more studies are required to understand the depth of
these pathways in regulating cardiomyocyte death which ultimately results in heart
failure. Understanding these pathways will help us to find the molecular targets for
development of future therapies.
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Chapter 7
Fibroblasts, Fibrosis and Autophagy

Sikta Chattopadhyaya and Michael P. Czubryt

Abstract The major distinguishing feature of fibrosis is significant deposition of
collagen and other extracellular matrix (ECM) proteins, which can result in scarring
if sufficiently excessive. Fibrosis affects many tissue types, and thus contributes to
a broad group of diseases which, with few exceptions, continues to lack specific
therapy. It has been estimated that nearly 45% of deaths in the developed world
are caused by fibroproliferative diseases, which contribute to cardiovascular disease,
pulmonary, renal, gut and liver fibrosis, and scleroderma (Bitterman and Henke in
Chest 99:81S–84S, [1]). Fibroblasts are the most common stromal cell type of the
connective tissues found in the body, and are the primary source ofECMinphysiolog-
ical conditions, i.e. in the absence of disease. The conversion of fibroblasts or similar
stromal cells tomyofibroblasts is a principalmediator of pathological fibrosis inmany
tissue types, and frequently occurs in response to ongoing tissue injury and chronic
inflammation. While the fibrotic response can occur in response to existing disease,
the phenotype conversion of fibroblasts to myofibroblasts due to transient stress or
damage may lead to the initiation of long-term fibrotic disease (Bagchi et al. in BMC
Biol 14:21, [2]). Inflammation has been found to be a critical inducer of fibrosis,
with immune cells generating a variety of growth factors and cytokines that play
critical roles in fibroblast activation and subsequent tissue remodelling and fibrosis.
A common cellular response to stress stimuli such as inflammation is autophagy,
and recent studies have tightly linked the activation or inhibition of autophagy with
fibrotic diseases in myriad tissues. Here, we discuss the inter-relationship of these
pathways to provide insight into their potential as therapeutic targets in fibrotic
disease.
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Introduction

Fibrosis occurs due to the abnormal regulation of the synthesis and/or degradation
of ECM, resulting in excessive extracellular deposition of fibrillar collagens (partic-
ularly type I and III) and other proteins and proteoglycans, and can alter the function
of virtually every organ system in the body.While the precise impact of altered ECM
production varies according to tissue type, fibrosis typically results in significant
organ dysfunction, and frequently organ failure, contributing to patient morbidity
and mortality. For example, idiopathic pulmonary fibrosis (IPF) progressively and
severely compromises lung function, and shortens lifespan in affected individuals
by many years [3]. Fibrosis frequently occurs secondary to other comorbidities—in
the heart, hypertension and diabetes can both be significant drivers of fibrosis, as
can smoking in the lung or acute or chronic toxic agent exposure in the liver [4–8].
Cardiac fibrosis can present in multiple patterns, but mid-wall fibrosis appears to
be particularly dangerous, increasing the risk of death or hospitalization by up to
18-fold in dilated cardiomyopathy patients exhibiting this pattern compared to those
without [9]. Thus, fibrosis is not only an outcome of pre-existing disease, it can
also be a risk factor for further organ dysfunction, exacerbating adverse outcomes
for patients. Clinical treatments for fibrosis in any organ remain scant, thus a better
understanding of fibrosis pathogenesis is critically needed to enable the identification
and development of novel therapeutics.

Fibroblasts are a polymorphic cell type which may arise from a variety of
precursors such as endothelial or epithelial cells, depending on tissue type. Stromal
fibroblasts play a variety of roles, including facilitating organ development, gener-
ating the supportive ECM of a tissue, and communicating with nearby parenchymal
cells to maintain tissue homeostasis [10]. The ECM generated by fibroblasts consists
of fibrous proteins such as collagen and elastin, gelatinous ground substance rich
in glycosaminoglycans, and adhesive proteins such as laminin. This complex ECM
provides overall tissue, organ and body integrity, and fibroblasts not only synthesize
this material, they also play central roles in ECM maintenance and reabsorption.
The specific composition of ECM can vary widely across tissues, depending on
the specific mechanical stresses to which the tissue is subjected [11]. The critical
importance of ECM, and thus of the fibroblasts that produce it, is reflected in the
population of virtually all tissue types by fibroblasts or cells that fulfil a fibroblast
function, such as hepatic stellate cells. Fibroblasts themselves are heterogeneous,
even within tissues, and this is likely to help tune tissue integrity to local mechanical
stresses [11, 12].

A general hypothesis that has gained significant consensus is that fibrosis repre-
sents a wound healing process that has somehow gone awry. In brief, the normal
reparative process following tissue injury involves an initial inflammatory response,
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increased stromal tissue coupled with elevated ECM synthesis to support the healing
injury, replacement of the dead or injured tissue with new parenchyma and a resolu-
tion phase in which the temporary ECM and stromal cells such as myofibroblasts are
removed [13]. However, if the transition from the inflammatory phase to subsequent
proliferation (of stroma and parenchyma) and wound remodelling (including ECM
synthesis) fails to execute properly, fibrosis may occur.

A critical event duringwound healing and the development of fibrosis is the activa-
tion of fibroblasts to a proliferative, migratory state, followed by a further phenotype
transition to that of themyofibroblast [11, 14].While fibroblasts synthesize andmain-
tain ECM levels in homeostatic balance, myofibroblasts are the arbiters of excessive
ECM production that occurs during tissue fibrosis. Not all myofibroblasts arise from
fibroblasts, however they are largely responsible for disease progression and dysfunc-
tion in organs as varied as the heart, lungs, skin, kidneys, liver and gastrointestinal
tract [12].Myofibroblasts secrete high levels of ECM, and both secrete and are hyper-
sensitive to a variety of cytokines, growth factors, and chemokines that promote and
maintain the pro-fibrotic myofibroblast phenotype [15]. Their hallmark functional
change is the acquisition of a contractile apparatus due to the induction of expression
of α-smooth muscle actin which is incorporated into stress fibers, which may permit
these cells to exert physical traction to help close or reduce the margins of wounds
[12, 16, 17]. Cardiac myofibroblasts have been shown to also express the matricel-
lular protein periostin, which itself has been implicated as a driver of fibrosis, and
which is not expressed in non-activated fibroblasts [18, 19]. Fibroblast activation is
unquestionably important in the wound healing process, but long-term maintenance
of a myofibroblast-like phenotype contributes to pathological fibrosis [20, 21].

A number of cytokines and growth factors have been demonstrated to induce
or facilitate the conversion of fibroblasts to myofibroblasts. While the most
potent of these is TGFβ, a variety of other factors have also been implicated
in fibroblast activation and fibrosis in multiple tissue types, including endothelin-
1, Platelet-Derived Growth Factor (PDGF), angiotensin II, and Connective Tissue
Growth Factor (CTGF/CCN2) [22–27]. Elevated TGFβ expression has long been
associated with a host of fibrotic diseases including cystic fibrosis, scleroderma,
and fibrosis of the lungs, heart, kidneys and liver [28–34]. TGFβ is produced
and secreted to the extracellular matrix in a protein-bound, latent form by various
cell types, including fibroblasts themselves as well as inflammatory cells [35, 36].
Various processes, including protease action or physical disruption, results in the
release of active TGFβ, which acts via cell surface receptors to activate intracellular
signalling cascades that can be Smad-dependent (canonical) or Smad-independent
(non-canonical) [35, 37–39]. TGFβ-mediated expression of CTGF/CCN2, a matri-
cellular protein, can further amplify pro-fibrotic processes, while upstream agents
such as angiotensin II can up-regulate expression of TGFβ itself [40–43]. Antago-
nism of TGFβ signaling is effective in reducing evidence of fibrosis, and drugs that
interfere with the renin–angiotensin–aldosterone system have been shown to exert
anti-fibrotic effects [44–46]. It is unclear if these various factors act solely as a trigger
to activate fibroblasts, or if their presence is required for ongoing maintenance of the
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myofibroblast phenotype. In either scenario, the transition of fibroblasts to myofi-
broblasts appears to be a critical step in the development and progression of fibrosis
across tissue and organ types.

Immune Cells as Mediators of Fibrosis

Inflammation is a potent inducer of fibrosis across tissue types.While inflammation is
an important initial step of the normalwound healing process, it is critical that inflam-
mation resolves in a timely manner as a chronic inflammatory state leads to tissue
remodelling and fibrosis [47]. Inflammation is mediated by a variety of immune cells
including macrophages, mast cells, eosinophils, neutrophils, and CD4+ and CD8+
lymphocytes, and fibroblasts themselves can generate pro-inflammatory products
such as growth factors and cytokines. Two primary types of immune responses can
contribute to fibrosis. In type 1 immunity, Type 1 T helper (Th1) cells release factors
such as interferon gamma (IFNγ) and interleukin-2 (IL-2). In turn, these factors
stimulate phagocytic cells including mast cells and macrophages. In type 2 immu-
nity, characterized by high antibody titers, Th2 cells secrete a variety of cytokines
including IL-4, IL-5, IL-9, IL-10, and IL-13, resulting in eosinophil activation [48].
Fibrosis is initially characterized by the production of Th1 cytokines followed by
the Th2 response, producing TGFβ and IL-13 and leading to activation of fibroblasts
and their conversion to myofibroblasts to promote fibrosis [14, 49, 50]. Th17 cells
have also been implicated in fibrosis of the skin and lung [51].

Mast Cells

Mast cells are involved in both innate and adaptive immunity, and play a pivotal
role in inflammation as well as in tissue remodelling leading to fibrosis [52]. Mast
cells produce, store and release various growth factors, inflammatory factors and
cytokines which contribute to fibrosis, including TGFβ [53]. In addition, mast cells
canproduceproteoglycans such as hyaluronic acidwhich contribute tomatrix compo-
sition directly, but which can also stimulate fibroblast activation [54]. Mast cells
release a variety of proteases, including chymase, leukocyte elastase, and plasmin,
that in turn release latent TGFβ from ECM niches to induce fibroblast activation
[39]. Mice that were mast cell deficient were protected from bleomycin-induced
pulmonary fibrosis, and this same study found that mast cell release of histamine
and renin could activate fibroblasts either directly, or via the eventual generation
of angiotensin II, respectively [55]. Thus, mast cells can trigger the initial activa-
tion of fibroblasts leading to their proliferation and ECM production via several
complementary mechanisms, demonstrating their key role in the development of
fibrosis.
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Macrophages

Macrophages can be broadly classified into two phenotypes: the classical M1 pheno-
type that is pro-inflammatory and activated by cytokines such as IFNγ, and the alter-
nativeM2phenotype that is involved in the resolution of inflammation and is activated
by interleukins such as IL-4 and IL-13 [56, 57]. While M2 macrophages have been
shown to specifically promote tissue remodelling and fibrosis, M1 macrophages can
also drive fibrosis via the sustained maintenance of tissue inflammation, although the
specific interplay of factors that determine whether M1 macrophages act in a pro- or
anti-fibrosis fashion remain to be determined.

The pro-fibrotic role of M2 macrophages has been demonstrated in multiple
tissue types [58]. When human monocyte THP-1 cells were polarized to M1 or M2
macrophages and exposed to human dermal fibroblasts, M2 macrophages, specifi-
cally, induced fibrotic responses including up-regulation of αSMA and expression of
collagen [59]. However, the source of these macrophages appears to be important for
their role in promoting fibrosis. Alveolar macrophages derived frommonocytes were
required for lung fibrosis inmice, whereas tissue-resident alveolarmacrophageswere
not [60]. While M2 macrophages can serve as a source of TGFβ that subsequently
acts directly on fibroblasts to induce their activation and promote fibrosis, TGFβ

can instead act on bone marrow-derived macrophages to induce their conversion to
myofibroblasts [61]. Macrophages thus exert a variety of effects on the induction of
fibrosis across tissue types.

Interleukins

Interleukins are cytokines produced by white blood cells. They play a central role in
the body’s immune and inflammatory responses, and their action is modulated by the
inflammasome—a cytosolic multiprotein complex produced by myeloid cells which
can contribute to tissue fibrosis [62]. In response to stress or injury, inflammasome
assembly results in the activation of inflammatory caspases that in turn activate
inflammatory cytokines via cleavage of inactive precursors [63]. The inflammasome
acts as a binding site for a variety of caspases responsible for activating different
interleukins, including IL-1 family members and related cytokines that stimulate
fibrosis via the inflammatory response [63, 64].

Inflammatory cytokines including IL-1, Tissue Necrosis Factor and IL-33, can
promote fibroblast activation, proliferation and collagen synthesis, potentially by
increasing TGFβ expression [65–67]. Activated cytokines IL-18 and IL-33, along
with IL-1, enhance inflammation and through the involvement ofTGFβ can lead to the
production of other cytokines such as IL-4 and IL-13, which in the setting of the lung
can activate fibroblasts to behave as inflammatory cells, releasing pro-inflammatory
cytokines and chemokines [68]. IL-5 is secreted by several inflammatory cell types,
including mast cells and eosinophils, and eosinophils in turn are activated by IL-5
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and Granulocyte–Macrophage Colony Stimulating Factor to contribute to activation
of fibroblasts or other stromal cells to promote lung and intestinal fibrosis [69, 70].

In contrast to these pro-fibrotic cytokines, some demonstrate anti-fibrotic activity.
IL-37 is an IL-1 familymember, but has been found to attenuate the production of pro-
inflammatory cytokines and chemokines bymast cells,macrophages or other immune
cells that contribute to inflammation, and has shown promise as an anti-fibrotic in the
lung and liver [71, 72]. Kim et al. reported that IL-37 reduced extracellular matrix
protein expression in primary human lung fibroblasts, attenuated their proliferation
in response to TGFβ, and was more highly expressed in alveolar epithelial cells and
macrophages compared to cells from IPF patients [73]. In this study, the beneficial
effect of IL-37 was dependent upon its ability to induce autophagy by inhibition of
mTOR. IL-37 may also induce the expression of IL-10, and over-expression of IL-10
in the lung was able to reduce pulmonary fibrosis induced by bleomycin [74]. IL-
10 has been reported to promote wound healing via activation of fibroblast-specific
STAT3 and down-stream hyaluronan synthesis without driving fibrosis [75]. IL-22
is an IL-10 family member that has been found to act as an anti-inflammatory and
anti-fibrotic cytokine in liver injury [76].

Autophagy

Autophagy is a critical process for the removal of excessive or defective cellular
components including proteins and organelles, which can be recycled both to remove
their detrimental effects on cell function and to provide energy and resources back
to the cell. While autophagy can help the body to cope with stress, damage, injury,
or pathogen infection, excessive levels of autophagy can be detrimental, potentially
leading to cell apoptosis and tissue dysfunction.

Recent studies have linked autophagy, apoptosis and fibrosis in a variety of tissue
types (Fig. 7.1). Stimulation of human atrial myofibroblasts with TGFβ induced
both collagen synthesis and autophagy, while blockade of autophagy attenuated the
fibrotic effect of TGFβ and in a separate study, prevented the conversion of rat
cardiac fibroblasts to myofibroblasts [77, 78]. Over-expression of the TGFβ/Smad
repressor Ski induced apoptosis in rat cardiac myofibroblasts, and this effect was
increased if autophagy was simultaneously inhibited, suggesting that autophagy
provides energy required for cell survival [79]. In normal human lung parenchymal
and airway fibroblasts, TGFβ induced collagen synthesis and autophagy in parallel,
however while the effect of TGFβ on collagen synthesis was increased in cells
derived from IPF patients, autophagy induction was reduced demonstrating that the
relationship between autophagy and fibrosis is variable [80]. Instead, the unfolded
protein response was induced in IPF cells. These pathways may thus represent mech-
anisms to meet the high energy demands of ECM synthesis when fibroblasts become
myofibroblasts, including in the setting of fibrosis. Conversely, apoptosis may be a
means by which myofibroblasts are removed when energy levels are insufficient
to support their ECM synthesizing function. These mechanisms may be highly
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Fibroblasts
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• Healthy lung
• Heart
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TGFβ

Autophagy
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Autophagy
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Fig. 7.1 The association of autophagy with TGFβ treatment is context-dependent. In response
to tissue injury, chronic inflammation or impaired healing, fibroblasts undergo a phenotype conver-
sion to myofibroblasts. The cytokine TGFβ can also independently induce this cellular change,
however the induction of autophagy concomitantly with fibrosis is context-dependent. In a variety
of cells including healthy lung fibroblasts, and atrial and ventricular cardiac fibroblasts, TGFβ

induces both fibrotic gene expression and autophagy during conversion to myofibroblasts, and
inhibition of autophagy typically attenuates fibrosis (lower panel). Conversely, in lung fibroblasts
isolated from idiopathic pulmonary fibrosis (IPF) patients, autophagy decreases in response to TGFβ

despite an induction in fibrotic gene expression during myofibroblast conversion. In kidney mesan-
gial cells, TGFβ induced autophagy and collagen synthesis together, however reducing autophagy
by decreasing Beclin-1 expression also stimulated collagen synthesis, further demonstrating that
these pathways can be separated. Autophagy is positively correlated with fibrosis in other collagen-
producing non-fibroblast cell types such as hepatocellular carcinoma cells, while in gut epithe-
lium, attenuation or stimulation of autophagy increased or decreased fibrosis, respectively. The link
between autophagy and fibrosis thus likely depends not only on cell type, but also on the specific
environment and/or health of the cells

context- and signalling pathway-dependent, however: in kidney mesangial cells,
TGFβ induced both collagen synthesis and autophagy, while knockout or knockdown
of the autophagy protein Beclin 1 also increased collagen synthesis [81].

While autophagy may be required for fibroblast activation to myofibroblasts, the
response of fibroblasts to the induction of autophagy may be distinct depending
on the relative health status of the tissue, further supporting the idea that the
specific cellular context is important in the relationship between autophagy and
fibrosis. In normal lung fibroblasts, culturing on polymerized collagen can induce
cell stress that results in apoptosis, but in contrast, IPF fibroblasts resist this stress
and instead become proliferative and pro-fibrotic [82]. This was found to be due to
alterations in PTEN/Akt/mTOR signalling in IPF fibroblasts compared to healthy
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lung fibroblasts, such that healthy cells undergo autophagy and subsequent apop-
tosis. Conversely, autophagy is down-regulated in IPF fibroblasts following culture
on collagen resulting in increased cell survival [82]. A recent study suggests that
IPF fibroblasts exhibit a senescent phenotype with reduced apoptosis and prolifera-
tion, rather than an activated fibroblast phenotype, with TGFβ inducing endoplasmic
reticulum stress [83]. The disparity in these studies may represent differences in
cell collection, nature or length of culture, biological variability across patients
from which the cells are derived, or may simply be reflective of high levels of
fibroblast heterogeneity. It is noteworthy, however, that both studies identified
reduced apoptosis as a feature of IPF fibroblasts. It remains to be seen whether
similar mechanisms linking fibrosis, autophagy and apoptosis occur in fibroblasts
derived from other healthy or diseased tissues.

Regulation of Autophagy by TGFβ

TGFβ has been shown to regulate autophagy via both Smad-dependent and Smad-
independent pathways, in a variety of disease contexts including cancer and fibrosis.
In human hepatocellular carcinoma cells, for example, knockdown of Smad2/3 or
Smad4 resulted in the inhibition of TGFβ-induced autophagy, although knockdown
of c-Jun NH2-terminal kinase had a similar effect, implicating both canonical and
non-canonical TGFβ pathways [84]. In several cancer cell lines, TGFβ induced
pRb/E2F1-mediated up-regulation of autophagy genes and induction of autophago-
some formation [85]. Conversely, berberine administration in a rat bleomycin model
of IPF attenuated Smad andPI3K/Akt signalling, but also inhibitedmTOR to increase
autophagy [86]. As noted above, TGFβ both induced or inhibited autophagy in lung
fibroblasts depending on whether they were derived from healthy or IPF donors,
respectively, despite inducing collagen expression in both cell types [80]. Thus, the
variable induction of canonical and non-canonical signalling pathways downstream
ofTGFβmayaccount, in part, for the differential effects noted onfibrotic gene expres-
sion and the induction of autophagy. In turn, alterations in the level of autophagy
may be beneficial or detrimental with respect to fibrosis in different contexts. Clearly,
additional investigation in this area is required.

Potential Therapeutic Targets for Fibrosis

Given the central roles of inflammation and autophagy in the induction and/or
progression of fibrosis in various tissue types, it is tempting to consider these areas
for exploitation in the quest for novel anti-fibrotic treatments, particularly given
the current and conspicuous lack of such medications. Given its central role as a
product of inflammatory cells and inducer of fibrosis and autophagy, TGFβ presents
a tempting target. However, with its myriad roles within individual cells and across
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cell and tissue types, some of which may oppose one another depending on context
or disease state, direct therapeutic interference with TGFβ itself is complicated at
best [87].

Other targets may be more tractable for development [11]. As noted, IL-37
is an anti-inflammatory cytokine which can act directly by downregulating pro-
inflammatory mediators and interfering with TGFβ signalling, and indirectly by
promoting the production of other anti-inflammatory cytokines such as IL-10 [73,
74]. IL-37 may be of particular use in the setting of IPF. IL-10 and its family
member IL-22 may similarly be useful therapeutically via their anti-inflammatory
and anti-fibrotic properties [74, 76].

The regulation of autophagy provides another opportunity to reduce fibrosis.
Autophagy may be required for the activation of fibroblasts to myofibroblasts, and
autophagy inhibition leads to cardiac myofibroblast apoptosis [79]. However, the
link between autophagy and fibrosis appears to be variable across tissues, and may
further be influenced by not only the presence of disease, but also by the specific
nature of the disease. For example, autophagy inhibitionmay actually increase activa-
tion of lung fibroblasts, with consequences for IPF [88]. Stimulation of autophagy by
rapamycin in a gut fibrosismodel reduced fibrosis, while autophagy inhibitionwith 3-
methyladenine exacerbated fibrosis [89]. Thus, the positive or negative manipulation
of autophagy to treat fibrosis will be critically dependent on the specific pathology
involved.

Conclusion

Fibrosis is an aberrant wound healing process in which fibroblasts, in response to
various stimuli including growth factors like TGFβ, which in turn is secreted and
activated through inflammation-activated immune cells, increase collagen and extra-
cellular matrix protein deposition. The end result is tissue remodeling leading to
organ failure, with increased risk of patient morbidity and mortality. The inter-
play of fibrosis development and autophagy is complex, variable across cell and
tissue types, and dependent on a variety of intracellular signaling pathways including
mTOR/AKT/PTEN, Smads and others, despite the superficial similarity of fibrosis
in different tissues.

The identification of novel anti-fibrotic medications is arguably one of the most
urgent clinical challenges at present, given the widespread occurrence of fibrosis and
dearth of treatments. Targeting the relationships between inflammation, autophagy
and fibrosis provides an exciting new frontier for therapeutic development. However,
caution is required given the heterogeneity of fibrotic disease mechanisms, and
further mechanism-focused research in this area is critically needed.
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Chapter 8
Gene Therapy and Its Application
in Cardiac Diseases

Sikta Chattopadhyaya and Michael P. Czubryt

Abstract Cardiovascular diseases are responsible for high mortality rates
throughout the world, and diseases specifically affecting the myocardium including
fibrosis,myocardial infarction, arrhythmias, and cardiomyopathies leading to cardiac
dysfunction and heart failure remain significant contributors to this problem. For
decades, therapeutic intervention has relied almost exclusively on surgical or phar-
macologic approaches, and while these have improved survival and quality of life,
side effects can be significant and cardiac death remains a major problem, leading to
extensive efforts to identify novel means of treatment. The potential for cardiac gene
therapy, inwhich disease is treated via the introduction of therapeutic geneticmaterial
to correct defective genes, improve cellular function, and restore cardiac health, has
been recognized for many years, but early challenges and adverse outcomes severely
limited adoption. Improvements in gene therapeutic approaches have resulted in
safer and more precisely-targeted means of treating heart diseases, with consider-
able advancement in the field in recent years. In this chapter, we review the viral
and non-viral vectors which have been utilized in treating cardiac diseases such as
ischemic cardiomyopathy, myocardial infarction, and fibrosis. We also consider the
use of these approaches to facilitate gene editing usingCRISPR/Cas9-basedmethods,
provide a brief overview of stem cell therapy including the use of engineered stem
cells, and discuss how combinational strategies are gaining in popularity due to
therapeutic advantages over individual strategies.
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Introduction

Cardiovascular diseases which lead to heart failure—in brief, an impaired ability of
the ventricles of the heart to fillwith or eject blood—are responsible for highmortality
rates worldwide. Standard treatments for heart failure (HF) are primarily pharmaco-
logical, targeting critical signaling pathways such as the renin–angiotensin–aldos-
terone or adrenergic receptor-mediated systems, and include angiotensin converting
enzyme inhibitors, angiotensin receptor blockers, β-adrenergic receptor antagonists,
aldosterone antagonists, and diuretics [1]. Surgical approaches may also be taken,
including heart transplantation or implantation of a ventricular assist device [2].
Despite improvements in patient care and treatment, mortality rates remain high,
and heart failure treatments themselves may cause unwanted side effects arising
from pharmacotherapy or required anti-rejection medications. Moreover, many ther-
apies improve symptomology but may not correct underlying defects at the cellular
or subcellular level, such as derangements in cardiomyocyte metabolism. Recently,
significant attention has shifted to the exciting potential of gene therapy, which can
be used to effectively target specific signaling pathways in cardiac myocytes as an
approach to treat heart failure [2]. The heart, due to its anatomical compartmental-
ization and relatively easy accessibility by surgical and percutaneous approaches,
presents an excellent target for gene therapy [3].

Gene Therapy

Gene therapy refers to a type of genetic modification involving the introduction of
exogenous genetic material (a transgene) to a target cell with the aim of providing
new functions inside the cell, thus correcting genotypic or phenotypic abnormali-
ties [4]. This exogenous genetic material can encode a protein, peptide, minipep-
tide or small interfering RNA, which affects and corrects altered or defective intra-
cellular signaling pathways in the targeted cardiac cells [5, 6]. For example, key
proteins such as the Ca2+-sensor S100A1 or the sarcoplasmic reticulum (SR) Ca2+

ATPase (SERCA2a) are downregulated in the failing heart, therefore upregulation
of these proteins through gene therapy may provide novel treatment options [7].
Conversely, heart failure may be induced in part via the upregulation of proteins
or enzymes causing altered and detrimental cell responses, such as the G-protein-
coupled receptor kinase 2 (GRK2). In this situation, delivery of inhibitors, domi-
nant negative variants, short interfering RNA, short hairpin RNA, microRNA, trun-
cated proteins for expressing enzyme auto-inhibitory domains, or hindering of
protein–protein interactions can offer potential therapies [8] (Fig. 8.1).

In cardiovascular gene therapy, there are a number of key points that must be
considered for the procedure to be safe and effective: first, the correct transgene
must be selected for achieving the specific clinical aim, such as inhibition of fibrosis,
improving cardiac contractility, reversal or improvement of remodelling, increased
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Lipsomes
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Viral vectors:
Adenovirus
Adeno-associated virus
Sendai virus
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Fig. 8.1 Vectors for cardiac gene therapy. Vectors used for delivery of transgenic material for
cardiac therapy comprise a variety of non-viral options such as liposomes, exosomes, electropora-
tion, direct microinjection to the myocardium, and biological ballistics (gene gun), as well as viral
vectors including adenovirus, adeno-associated virus, Sendai virus, retrovirus, and lentivirus. The
non-viral approaches of direct injection, electroporation, and biological ballistics are those most
commonly used for the delivery of bacterial plasmids (pDNA) encoding therapeutic transgenes.
Gene editing, employingCRISPR/Cas9 delivery, is typically accomplished viamicroinjection, elec-
troporation or hybrid exosome-liposome nanoparticles. As the technology of viral vectors improves,
along with a better understanding of potential complications such as immune or inflammatory
responses and their avoidance, the use of such vectors is anticipated to sharply increase

angiogenesis, regeneration of myocytes, correction of a specific genetic effect, or
inhibiting apoptosis. Second, the correct delivery option must be used such that
the efficiency of transfer of the transgene, its stability and its expression in the
target cell is high, and results in achievement of the desired therapeutic effect. Third,
the selected delivery route should be clinically safe. Fourth, all of the above three
considerations must be used at the minimum effective dose to avoid the risk of
increased immunogenicity, to reduce adverse effects at the time of delivery, and to
obtain efficient therapeutic effect [9].
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Different Options for Transgene Delivery

Transgene deliverymethods for gene therapy are subdivided into two categories: non-
viral and viral delivery vectors. Both delivery mechanisms have their own associated
advantages and disadvantages.

Non-viral Gene Transfer

The main advantages of the non-viral gene transfer are that it is safe, and it provokes
a low immunogenic response. Furthermore, the size of the transgene to be delivered
is restricted in the case of viral vectors due to packaging constraints which are not
present in non-viral delivery. However, the main challenge with non-viral delivery is
that the transfection efficiency remains low, regardless of the specific method used
for transgenesis [3].

i. Liposomes
Liposomes act as vehicles for transferring transgenes to target cells. They are
usually prepared by the addition of lipid bilayer constituents to an aqueous solu-
tion of DNA molecules. By a self-organization process they form lipid bilayer
spheres containing the aqueous solution alongwith the transgene-bearingDNA.
The transgene is in turn delivered by fusing of the bilayer sphereswith the recip-
ient cell membrane, or by endocytosis [10, 11]. There are several challenges
with liposome-mediated transgene delivery. Liposomes may be phagocytosed
and cleared mostly by liver and spleen macrophages, reducing their transfec-
tion efficiency [12]. While liposomes are less toxic and less immunogenic than
viral delivery methods, and while the transgenic cargo is delivered to the cyto-
plasm with reasonable efficiency, only a small fraction further traverse into the
nucleus, making this process less efficient in terms of overall transgene stability
and expression [4, 13]. Recently, liposomal magnetofection, i.e. the application
of a magnetic field to liposome-mediated transgene delivery, has been found
to increase transfection efficiency in vivo [14]. Liposomal magnetofection has
been used for the efficient delivery of shIGF1R for downregulating IGF1R
(insulin-like growth factor 1 receptor), an oncogene overexpressed in the hyper-
trophic heart and responsible in part for its pathology. Liposomal magnetofec-
tion mediated site-specific delivery of shIGF1R was able to attenuate cardiac
hypertrophy [14].

ii. Exosomes
Exosomes are secreted from virtually all types of cells, and are extracellular
vesicles of endocytic origin [15]. They are a cell-free naturally-derived system
that exhibits significant advantages as compared to other vectors for transgene
delivery. Exosomes efficiently transport exogenous RNA (siRNA and miRNA)
to target cells primarily via receptor-mediated fusion with the recipient cell
membrane [15, 16]. The tough exosomemembrane protects theRNA/transgene
from degradation, and exosomes are very efficiently taken up by target cells
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[15]. Another advantage of this transgene delivery approach is that the size
of the exosomes prevents them from undergoing phagocytosis. They can be
derived from the patient, thus are recognised as self, lowering immunogenicity
and cytotoxicity [16]. Recently, exosomes secreted from stem cells have been
successfully used for transferring miRNA to recipient cells in the heart to
facilitate cardiac repair [15].

iii. Electroporation
Cell membranes exposed to high intensity electrical impulses become
temporarily destabilized and thus highly permeable. Electroporation harnesses
this phenomenon to transfer transgenes across the lipid bilayer membrane of
the cell [4, 17]. Although this method is fast and inexpensive, the disadvantages
faced are that broad empirical optimisation is required for every cell type, and
the efficiency of genomic integration of the transgene is very low [4]. Nonethe-
less, recent research indicates that electroporation of pDNA (bacterial plasmids
containing the transgene; see below) can be an effective measure in treating
heart diseases in vivo via the safe and effective transfer of pDNA into beating
porcine hearts [18].

iv. Microinjection
This process of transgene delivery permits germline targeting of the genome
by direct injection of naked DNA to zygotic cell nuclei. This approach may be
effective in treating genetic cardiovascular diseases via delivery of transgenes,
but has been limited to animal models to date—and in fact has been a critical
technique for the production of novel transgenic model organisms, particularly
mice. Themanipulation of the germline carries significant ethical implications,
thus its use in humans remains a more distant possibility. This method is one
of the most efficient physical or non-viral methods of transporting gene editing
cargos of the CRISPR/Cas9 system [19, 20].
DNA injection can also be used for delivery of nakedDNA into specific tissues,
although this has beenmore often performed in liver andmuscle cells [21, 22]. It
has not been used for direct DNA injection into heart cells to date as it has been
associated with disadvantages including acute inflammatory responses, post
needle injury and poor uniformity of expression of the transgene, remaining
primarily at the site of injection and thus being insufficient for correction of
autosomal and X-linked recessive cardiomyopathies [23, 24]. However, this
approach may provide an option for regionally-restricted therapy, for example
inducing border zone angiogenesis following myocardial infarction [9].

v. Biological ballistics
Biolistic transfection refers to the use ofmicrometer-sized heavymetal particles
(including gold or tungsten) coated with exogenous DNA and accelerated to
high velocity using helium gas under pressure. At this velocity, these particles
bombard cells and pass through the lipid bilayer membrane and the exogenous
DNA is transferred to the cytoplasm, where the transgene is solubilized and
expressed. The cell membrane rupture is transient and self-healing [25]. This
process was first established in plants, and recently has been used for transgene
delivery to animal cells in vivo [25, 26]. Biolistics are highly efficient compared
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to liposome-mediated transfection, but less efficient than adenovirus-mediated
transgene delivery [25]. Disadvantages associated with this technique include
limited penetration into themyocardium, as only the surface layer of cardiomy-
ocytes are transfected, and low levels of transgene expression [27]. Gene guns
have been used to successfully transfer plasmid DNA (pDNA—see below) into
heart cells using Epstein-Barr virus-based episomal vectors, achieving long-
lasing expression of the transgene [27]. A handheld gene gun induced efficient
delivery of transgenes into the beating heart of adult Wistar rats [28]. Biolog-
ical ballistics thus show significant potential for gene therapy of cardiovascular
diseases.

vi. pDNA
While not a delivery method per se, bacterial plasmids (pDNA) encoding
transgenes represent the most basic method of gene delivery with significant
advantages over naked DNA fragments. Following transfection by electro-
poration, biological ballistics or direct injection, cells take up the transgene
DNA, which is transported to the nucleus and expressed. The advantages of
using pDNA include the fact that it can be obtained at higher concentrations
and purity by means of HPLC or other purification methods, plasmids remain
stable and can be stored for longer periods of time without loss of potency,
they can be easily manipulated, they have much lower packaging restrictions
compared to viral methods thus the size of the transgene is less problematic,
and they provoke relatively low immunogenic responses. The primary disad-
vantage is that transfection efficiency and persistence after introduction can
be very low, as when pDNA was directly injected into mouse skeletal muscle
in vivo [29, 30]. However, as noted above, transfection efficiency can be signif-
icantly boosted via electroporation or biological ballistics procedures, with
recent studies showing pDNA can be used effectively for cardiac gene therapy
[18, 27].

Viral Gene Transfer

A primary advantage of using viruses as transgene delivery vectors is their typically
much higher transfection efficiency compared to non-viral methods. Conversely,
viral transgene delivery is also accompanied by a number of risks or caveats that
must be considered in any therapy to be developed, notably the potential to give
rise to an immunogenic response, packaging constraints that limit the size of the
transgenes to be delivered, and the possibility of targeting the wrong cells. The
most common vectors used for cardiovascular gene transfer are adenovirus, adeno-
associated virus (AAV), Sendai virus, and retrovirus. AAV, lentivirus and retrovirus
vectors are capable of integrating the transgene into the host genome,which increases
the risk of oncogenic transformation and is not critically required in non-dividing
cardiomyocytes, but may be important for stem cell-mediated therapies in which the
transgene needs to be replicated and maintained in dividing cells [3].
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i. Adenovirus
Adenoviruses are very commonly used in gene therapy, second only to retro-
viruses. Adenoviruses are DNA viruses encoding early promoter regions (E1 to
E4) which initiate viral replication, followed by late promoter regions respon-
sible for transcription of the viral genes. The adenovirus contains genes in both
cis and trans, with cis genes intrinsic to the virus and responsible for its origin
of replication and packaging of the DNA, while trans genes can be replaced
by the exogenous transgene payload which is to be delivered to recipient cells
[31]. There are several advantages of adenoviruses, including the ability to
efficiently carry large transgenes, a lack of host specificity enabling them to be
used for treating different types of tissues and organs, and ease of manipula-
tion. Adenoviruses may be used to provide stable transgene expression in both
dividing and quiescent cells, such as fibroblasts and cardiomyocytes, respec-
tively. Since they do not integrate into the host genome, the chances of transgene
mutation are reduced [4, 31, 32]. In the first generation of therapeutically-used
adenoviruses, the E1 region was replaced by the transgene to inhibit viral repli-
cation, but still gave rise to high immunogenic responses—a primary disad-
vantage of adenoviral gene therapy. This high immunogenic response more-
over resulted in the loss of transgene expression [33]. The second and third
generation adenoviruses have been created by deletion of combinations of the
E1, E2, and E4 genes as they were found to be associated with induction of
the immune response. Although this approach reduced the toxicity and stabi-
lized gene expression, the efficiency of gene transfer was lowered [34]. In
addition to high immunogenicity, another issue with adenoviruses is transient
expression of the transgene due to a lack of integration of the transgene into
the host genome, thereby limiting their usage in gene therapy [31]. The main
problem which remains with the use of adenoviruses is their ability to elicit
a potent immune response. This issue was brought into sharp focus following
the tragic death of Jesse Gelsinger, which occurred due to systemic response
inflammatory syndrome when adenovirus was used for transfer of ornithine
transcarbamylase cDNA to treat an enzyme deficiency [35]. Although the use
of adenovirus for gene therapy in the heart has not given rise to a similar
event, the potential for a dangerous inflammatory response remained a signif-
icant concern which limited the clinical use of adenovirus for gene transfer
in cardiac gene therapy to date [3]. This concern has only recently started to
decrease due to improved approaches and a better understanding of the body’s
response.

ii. AAV (Adeno-associated virus)
The parvovirus AAV is nonpathogenic—a key beneficial feature of this
vector—was discovered first as a contaminant in laboratory stocks of aden-
ovirus, and was referred to as a “defective satellite virus” [36, 37]. It is a
single-stranded DNA virus which generates a double-stranded DNA template
upon infection of a host cell. It lacks replication potential, unless in the pres-
ence of other helper viruses (mainly adenovirus or herpesvirus), thus provoking
a much lower immune response compared to adenoviruses, and thus is much
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safer [37–39]. In addition to having a number of advantages in common with
adenoviruses, including low host cell specificity and the ability to transfect
both dividing and quiescent cells, AAV is capable of site-specific genome
integration into human chromosome 19 using Rep protein, and thus can main-
tain the stable expression of transgenes for longer periods of time, making
AAV one of the more efficient viral vectors in gene therapy [40]. The primary
disadvantage of AAV is its low packaging capacity, limiting payload size [41].
With respect to gene therapy for treatment of cardiomyocytes, AAV (primarily
AAV9) exhibits greater efficiency of transfection than lentiviruses [42, 43]. In
the early years of gene therapy, AAV was found to be effective in the treat-
ment of dilated cardiomyopathy in hamsters, where AAV-mediated recom-
binant δ-sarcoglycan gene transduction improved sarcolemmal integrity and
function, resulting in improved cardiacwall thickness, demonstrating thepoten-
tial of this approach for clinical cardiac gene therapy [44]. Similarly, another
study involved MYBPC3, a gene encoding cardiac myosin-binding protein
C (cMyBP-C); frameshift mutation of MYBPC3 causes neonatal cardiomy-
opathy, which was successfully treated by using MYBPC3 gene therapy with
AAV as the vector [45]. Patients with non-ischemic cardiomyopathy or chronic
systolic heart failure were treated with AAV1-encoded sarcoplasmic reticulum
calcium ATPase 2a (SERCA2a) in the CUPID2 trial. However, while previous
smaller trials had given positive results, this was not the case in CUPID2, owing
to low gene transfer efficiency [46].

iii. Sendai virus
Sendai virus vectors are non-pathogenic, single-stranded RNA viruses that
can infect both dividing and non-dividing cells [47]. It does not integrate into
the host chromosome, resulting in transient gene expression and limiting its
use in cardiovascular research or treatment [3]. However, in a recent study,
integration-free induced pluripotent stem cells were generated from urine
samples (UiPSCs) of a ventricular septal defect patient using Sendai virus
which carried the Yamanaka factors responsible for generation of induced
pluripotent cells. Through further modification of the canonical Wnt signalling
pathway with small molecules, the UiPSCs were induced to convert into func-
tional cardiomyocytes, providing a useful and abundant model for studying the
genetic signature, pathology and treatment of ventricular septal defect [48]. A
similar study was done in which iPSCs were generated from skin fibroblasts
of a short QT syndrome patient using Sendai virus. This approach provided
a model for elucidating the mechanisms associated with the disease, which
results in life-threatening cardiac arrhythmias leading to heart failure, and for
discovering potential therapeutics [49].

iv. Retrovirus
The most commonly used therapeutic vectors are the retroviruses. A key char-
acteristic of retrovirus is how it alternately uses both DNA and RNA as its
genetic material during the infectious life cycle. Normally retrovirus carries
its genetic material inside individual virions in the form of RNA, which is
reverse transcribed into DNA after infection, i.e. after entering the host cell
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and integrating into the host genome (the provirus). The site of integration is
usually random, but can also occur at preferred integration sites that have been
identified in specific cell types [50]. Retroviruses can be manipulated to carry
exogenousRNA for eventual integration into the host genome, and the resulting
efficiency of transgene uptake is high. These advantages make retrovirus an
efficient vector for somatic gene therapy [4, 51]. The primary disadvantage
of retrovirus is that it is limited to infecting dividing cells undergoing mitosis,
thus they are not effective for gene therapy in cardiomyocytes, although cardiac
fibroblasts, vascular smooth muscle and endothelial cells can be targeted [52].
Recently retrovirus has been used for transgene delivery of cardiac reprogram-
ming factors to convert cardiac fibroblasts into induced cardiac-like myocytes
[53].

v. Lentivirus
One of themost efficient viral vectors currently used for gene therapy of cardio-
vascular diseases is lentivirus, a genus of retroviruses. The primary difference
between lentivirus and retrovirus is that lentivirus can infect both dividing and
non-dividing cells, broadening its efficacy and applicability. Lentivirus can be
used for both ex vivo and in vivo gene transferwith high efficiency, including for
the generation of induced pluripotent stem cells or transfer of transgenes into
hematopoietic stem cells, maintaining consistent transgene expression when
the recipient cell divides [54–57]. Safety concerns exist due to the potential for
insertional mutagenesis, however while oncogenic transformation is possible,
lentiviruses are considered safe since transgenes typically integrate far from
transcription start sites [58]. The self-inactivating (SIN) lentiviral vectors have
further improved lentivirus safety, enabling their use in clinical trials [59].
SIN lentiviral vectors were found to maintain stable and long-lasting transgene
expression in cardiomyocytes, and the efficiency of transfection increased upon
forced diffusion into the myocardium, thus they can act as an effective tool for
gene therapy in cardiovascular diseases [60, 61]. Although lentiviruses have
been used for efficient gene transfer into cardiomyocytes, the efficiency of gene
transfer was much lower compared to that obtained from AAV, particularly
AAV9 [42, 43].

Emerging Therapeutic Approaches

CRISPR/Cas9

Oneof themost powerful and promising gene editing techniques is the clustered regu-
larly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) system which may be used for gene deletion, precise homology-directed
repair or mutation by error-prone non-homologous end-joining [62]. Germline
CRISPR/Cas9-directed genome editing offers the exciting potential to cure mono-
genic cardiovascular diseases not only in the affected offspring, but also in future
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generations [63]. A critical challenge, however, is how to deliver this therapy.
Recently it has been found that, although liposomes and exosomes cannot deliver
the CRISPR/Cas9 system individually, a hybrid exosome-liposome nanoparticle
created though simple incubation of exosomes and liposomes together could effi-
ciently deliver the CRISPR/Cas9 system to its specific target cell, offering an effec-
tive strategy in gene therapy for the treatment of cardiovascular disorders [62].
CRISPR/Cas9-directed germline alteration has also been achieved using electropo-
ration and microinjection for delivery [20, 64]. In addition to these non-viral vector
methods, gold nanoparticles can also be used for CRISPR/Cas9 delivery [65, 66].

Although the non-viral delivery options for CRISPR/Cas9 have advantages, viral
delivery through AAV, adenovirus and lentivirus was initially predicted to be a
better approach, and was successfully used for in vivo gene therapy [67, 68]. Recent
cardiovascular studies indicate that non-viral delivery of CRISPR/Cas9 is gaining
popularity [69]. For permanent correction of disease-causing mutations in the adult
cardiomyocyte genome, althoughCRISPR/Cas9 appears to be an effective tool, it has
not yet been as successful in clinical trials since a mosaic pattern of gene disruption
was observed, however additional research will undoubtedly lead to greater adoption
of this promising approach in time [70].

Stem Cell Therapy

Stem cells exhibit the key capabilities of self-renewal and the capacity to differentiate
into a wide variety of mature cell types [71]. In cardiac stem cell therapy, i.e. the
delivery of stem cells to effect tissue repair or to treat disease, a key feature is that,
rather than involving the transfer of isolated genes, it comprises the adoptive transfer
of healthy cells which either directly replace the unhealthy cells, or operate indirectly
through secretion of growth factors, paracrine factors, exosomes or even miRNAs to
modulate immune response mechanisms and stimulate cardiac regeneration [72].

The main criteria that must be considered in developing a stem cell-based therapy
include selection of the best population of cells, identification of the optimum mode
of administration, and determination of the correct dose and timing of the treatment
[72–74]. Stem cell therapy typically involves the use of pluripotent stem cells, or
cells taken from tissues such as bonemarrow, heart, or skeletal muscle [75–81]. Stem
cells may be autologous, such as the mesenchymal stem cells and mononuclear bone
marrow cells used in the TAC-HFT randomized clinical trial, which showed that these
cells were safe for patients with ischemic cardiomyopathy and improved myocardial
function [82]. The stem cells can also be allogeneic, such as the mesenchymal stem
cells used in the POSEIDON randomized clinical trial, which showed that injection
of these cells reduced scar size, improving the myocardial function in patients with
chronic ischemic cardiomyopathy [83]. Allogeneic induced pluripotent stem cells
(iPSCs) have also been used for cardiac repair [84]. The mode of delivery of stem
cells is also important. In myocardial infarction, transendocardial stem cell injection
reduced infarct size compared to other modes of delivery including intracoronary
infusion, intramyocardial injection and intravenous infusion [74].
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Several clinical trials have successfully used stem cells for treating heart disease,
including the CADUCEUS trial, which showed that stem cell therapy decreased
infarct size, and the SCIPIO trial, which was the first human phase 1 clinical trial
employing autologous cardiac stem cells, showing local and global improvement
in left ventricular function, reduction in scar size and an increase in viable tissue
that persisted for one year with evidence of cardiac regeneration in patients with
ischemic cardiomyopathy [80, 85]. Several studies have shown that bone marrow
mesenchymal stem cells can be successfully used for the treatment of myocardial
infarction [77, 86, 87]. Recently, human umbilical cord blood-derived mesenchymal
stem cells were modified to carry the transgene lymphoid enhancer-binding factor 1
(LEF-1) integrated into the AAV integration site 1 locus by CRISPR/Cas9. Because
of the AAV safe and stable integration site on chromosome 19, this approach resulted
in stable transgene expression of LEF-1, resulting in cardioprotective effects in the
case of ischemic heart diseases such asmyocardial infarction, and decreasing fibrosis
and infarct size [88].

Other strategies that have been explored include combining tissue engineering
with iPSCs to improve heart function post-myocardial infarction. Polyethylene glycol
hydrogel, iPSCs and erythropoietin in combination were introduced by injection
into rat hearts after myocardial infarction, and after 10 weeks there was a decrease in
ventricular remodeling, increased scar thickness and improved cardiac function, with
this combination providing greater improvement than iPSCs alone [89]. Hydrogel
injection did not induce arrythmias or negative effects on cardiac function. This tissue
engineering strategy resulted in significantly lower loss of the grafted cells within
24 h as compared to the direct injection of cells suspended in liquid solution to the
infarcted heart [90].

The main caveats associated with stem cell therapy include minimal evidence of
differentiation of stem cells into cardiomyocytes, and a lack of long-term engraftment
of the cells due to immune clearance. This problem of poor engraftment is associated
with all varieties of cardiomyogenic cells, including cardiac precursors and cardiomy-
ocytes derived from pluripotent stem cells, reprogrammed cells, and mesenchymal
stem cells [91, 92]. In spite of these issues, stem cells have been found to promote
cardiac precursor differentiation, endogenous cardiac repair, and immune modula-
tion, and the grafted cells have been found to secrete pro-survival and pro-angiogenic
signals through a probable paracrine mechanism which still remains poorly eluci-
dated [93, 94]. Additional study is required to determine these unknownmechanisms,
however the demonstrated beneficial effects ensure that stem cell therapy will remain
a key emerging strategy for the treatment of myocardial infarction and other cardiac
diseases.

The survival and retention of stem cells in the infarcted heart represent signifi-
cant problems facing the adoption of stem cell treatment techniques. Recent studies
suggest that the sequential delivery of mesenchymal stem cell-derived exosomes
and bone marrow-derived stem cells has the potential to solve this problem. This
approach improved cardiac function after myocardial infarction, reduced infarct size
and inflammatory factors, promoted stem cell survival and increased angiogenesis
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and neovascularization significantly better than exosomes or bone marrow-derived
stem cells applied separately [87].

IL-10was reported to have anti-inflammatory, anti-apoptotic, and cardioprotective
effects, increasing angiogenesis and resulting in a reduction in infarct size thereby
ameliorating left ventricular dysfunction [95–97]. Improvement in cardiac function
post-MI was observed when IL-10 was overexpressed in mesenchymal stem cells
using adenovirus followed by their transplantation into the heart [95]. A more recent
study has shown that IL-10-overexpressing bone marrow-derived stem cells, created
using CRISPR/Cas9 methods and transplanted into the heart for the treatment of
myocardial infarction in diabeticmice, exhibited greater sustained survival, enhanced
angiogenesis and attenuated inflammation [98]. This study is particularly noteworthy
since the diabetic environment has been found to decrease the functional efficiency
of mesenchymal stem cells, affecting their reparative potency, including their ability
to proliferate and induce angiogenesis [98, 99].

Another recent study, although not involving stem cells, is noteworthy as an alter-
native form of cardiac cell therapy. An editorial paper suggested that gene therapy
can be used for reducing cardiac arrhythmias [100]. This suggestion was made based
on a study in which human dermal fibroblasts underwent myogenic differentiation
using a lentivirus vector to express the skeletal muscle myogenic determination
factor, MyoD, and gap junction protein connexin 43, resulting in cellular electrical
coupling [101]. This study showed that fibroblasts could be genetically modified to
generate excitable cells, which can electrically couple and be used to repair defects
in cardiac conduction.

Use of Gene Therapy Techniques for Treating Cardiac
Fibrosis

Several studies have employed gene therapy techniques to treat cardiac fibrosis. Since
raising high density lipoprotein (HDL) helps protect against heart failure, Apo-AI,
the major apolipoprotein in HDL, was over-expressed via gene transfer using adeno-
associated virus serotype 8 in mice subjected to transverse aortic constriction (TAC).
Compared to control TACmice, the TACmice that receivedAAV8-mediated Apo-AI
gene therapy showed significant improvement in cardiac function, reduced cardiac
fibrosis and a reduction in hypertrophy [102].

Cardiac fibroblasts activated to the myofibroblast phenotype are the major players
responsible for excessive deposition of extracellular matrix proteins in cardiac
fibrosis. iPSCs were used to generate quiescent cardiac fibroblasts which could be
used for testing drugs that could induce or inhibit fibrogenesis [103]. Using this
approach, it was found that crosstalk between iPSC-derived cardiomyocytes and
iPSC-derived cardiac fibroblasts via the atrial/brain natriuretic peptide receptor 1
pathway plays a major role in suppressing fibrosis, and thus can be targeted as a
novel anti-fibrotic therapy [103].
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Conclusion

Gene therapy shows remarkable promise for the effective treatment of cardiovascular
diseases including heart failure. Recent gene therapy studies suggest that, rather than
using a single strategy, a combination of strategies may yield better results via more
efficient treatment, and additional studies will undoubtedly improve the effectiveness
of these approaches. As noted above, both non-viral and viral delivery vectors for
transgene delivery have their own associated advantages and disadvantages, and
current studieswill better elucidatewhich combination strategies involving non-viral,
viral and stem cell-based therapies will be most effective against specific forms of
cardiac disease. Clinical trials have already demonstrated the tremendous promise of
such approaches, and new research in the field will help bring cardiac gene therapy
to the frontline of care for patients.
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Chapter 9
Circadian Regulation of Autophagy
in the Heart Via the mTOR Pathway

Matthew Love, Inna Rabinovich-Nikitin, and Lorrie A. Kirshenbaum

Abstract Disruption of the normal circadian clock has been associated with greater
incidence of cardiovascular disease in shift workers. While the underlying mecha-
nisms for this phenomenon are poorly understood, recent evidence from our labora-
tory has identified a novel signalling axis that functionally connects the mechanistic
target of rapamycin (mTOR) to circadian biology in cardiac myocytes. The mTOR
pathway regulates several processes such as cell growth, metabolism, and home-
ostasis throughout the body. mTOR has been linked to the cardiovascular systems
through its regulation of both physiological and pathological processes, making it a
desirable suspect for the investigating of its role in cardiovascular disease emanating
from circadian dysfunction. Herein, we review the relevant literature highlighting the
interworking of circadian interaction with metabolism including nutrient stress and
autophagywithin the cardiovascular system.We hope to use this information to spark
interest in the potential for circadian intervened therapies designed for improving
cardiovascular metabolism.
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Introduction

Circadian and the Cardiovascular System

The circadian clock is responsible for regulating various cellular, metabolic, and
physiological processes associated with transitioning between sleep/wake periods.
Stimuli such as light, nutrient availability, and other environmental cues can lead to
changes in circadian driven proteins that are found in virtually every cell type in the
body [8, 68, 74, 93, 114]. In mammals, the circadian clock is regulated centrally by
the hypothalamic pacemaker found in the suprachiasmatic nucleus (SCN) and coor-
dinates circadian oscillations peripherally to other systems, [68]. A key component of
the molecular circadian machinery is the heterodimerization of two basic helix-loop-
helix domain proteins that include the Circadian locomotor output cycles kaput
(Clock) and brain and muscle Arnt-like protein 1 (BMAL1). The Clock:BMAL1
dimer allows the complex to bind to E- box elements on certain promotors and
transcriptionally activate circadian output genes [45, 68]. This drive a transcrip-
tional core-clock network (CCN) comprised of other circadian regulators that include
Period (Per) and Cryptochrome (Cry) proteins which serve as a negative feedback
loop on the Clock:BMAL1 dimer, supressing their activity. The Clock:BMAL1
complex also activates other circadian genes such as ROR and REV-ERB and simi-
larly feedback to regulate the expression of BMAL1.While the binding of REV-ERB
to BMAL1 represses its function ROR activates Bmal [45, 68]. Disruption of this
intricate feedback cycle such as during jet lag [6], shift work (Knutsson et al. 1986),
or sleep disorders [13, 54] can be detrimental and contribute to the pathophysiology
of cancer, cell metabolism, and the cardiovascular disease.

It is well known that components of the cardiovascular system including vascular
smooth muscle, aorta and endothelial cells possess internal clocks that in addition
to receiving input from the SCN. Previous research has pointed towards this strong
association between circadian clock and the cardiovascular system. Most notably,
their relationship is highlighted by the circadian influence on blood pressure (BP) and
heart rate (HR); where both parameters peak in the morning and progressively fall
throughout the day [29, 115]. This association is important physiologically because
individuals who deviate from this diurnal oscillation have reported increased risk of
cardiovascular diseases (CVD’s) [52, 115, 118]. Circadian genes such as BMAL1
and Cry were shown to cause BP levels to fluctuate and the deletion of PPAR γ ,
a known activator of BMAL1 resulted in reduced diurnal variation in heart rate
[26, 122]. Additionally, myocardial infarction (MI) and other CVD’s such as stroke,
arrhythmias, and heart failure are more likely to occur in the morning partly due
to the circadian controlled genetic and immune responses at that time of day [9].
MI in murine models strengthen the understanding of the circadian machinery in
the heart by showing that short term disruption of diurnal rhythms worsens cardiac
outcomes resulting in increased scarring and left ventricular dysfunction, ultimately
leading to decline in ejection fraction when compared to normal mice [3]. Appro-
priate inflammatory responses allow for removal of dead tissue and remodelling
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of myocardium, however, the diurnal disruption leads to an altered inflammatory
responses and wound healing which triggers maladaptive cardiac remodelling [36,
74]. Therefore, the importance of a normal intact circadian rhythm is necessary for
prevention of CVD’s.

Another CVDof interest to circadian rhythm is Ischemia reperfusion (IR) injury, a
condition where coronary artery flow is compromised resulting in decreased oxygen
delivery to the heart muscle. This causes tissue hypoxia that ultimately leads to
cardiac dysfunction from increased cardiac cell death [20, 85]. Despite promising
therapies for treating IR injury such as revascularization and cardiac catheriza-
tion, the risk for adverse cardiac remodelling is extremely high and may lead to
heart failure [104]. One of the major underlying causes of cardiac dysfunction is
cardiomyocyte cell death. While there are many types of programmed cell death,
several involve biological cues from the mitochondria—a highly dynamic organelle
which constantly undergoes morphological changes by highly coordinated fusion
and fission [105]. Mitochondria change their structural morphology depending on
nutrient and ATP availability, with long elongated mitochondria associated with
abundant ATP from oxidative metabolism, fragmented mitochondria exhibited a
reduced pool of cellular ATP and impaired mitochondrial bioenergetics [37].
Under normal physiological conditions mitochondria oxidize glucose and fatty acids
to produce ATP essential for continuous contraction of cardiac myocytes, however
CVD’s such as IR disrupt calcium homeostasis resulting in the production of reactive
oxygen species (ROS), mitochondrial dysfunction and mitochondria mediated cell
death [10, 113].

The mTOR Pathway and the Cardiovascular System

A key player that links mitochondrial function and circadian rhythm is the mecha-
nistic Target Of Rapamycin (mTOR) protein which is an evolutionary conserved
serine/threonine kinase involved in cellular metabolism and growth [101, 106].
mTOR forms twomultiprotein complexes: mTOR complex 1 (mTORC1) andmTOR
complex 2 (mTORC2) [102]. These two complexes contain mTOR, mammalian
lethal with sec13 protein 8 (mLST8) [57], the inhibitory DEP domain containing
mTOR interacting protein (DEPTOR) [82] and Tel two interacting protein 1 (Tel
2) [53]. mTORC1 contains the regulator associated protein of mammalian target of
rapamycin (Raptor) [42, 57] and Proline-rich AKT substrate of 40 kDa (PRAS 40
[98] while mTORC2 has the rapamycin insensitive companion of mTOR (Rictor)
[100], mammalian stress activated MAP kinase-interacting protein 1 (mSIN1), and
Proteins observed with rictor 1 and 2 (PROTOR1&2) [102]. These complexes both
regulate anabolic processes such as protein, nucleotide, and lipid synthesis while
inhibition of the mTOR complexes leads to catabolic pathways such as autophagy
[101, 125].

There are several proteins that interact with the mTOR complex including protein
kinase B (Akt), AMP protein activated kinase (AMPK), tuberous sclerosis protein
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1/2 (TSC-1/2), and Ras homolog enriched in brain (Rheb). As seen in Fig. 9.1, both
AMPK and TSC-1/2 regulate mTOR activity in response to changes in nutrient avail-
ability, hypoxia, DNA damage or cytokines. Specifically, TSC2 was shown to inhibit
the small GTPase lysosomal membrane protein Rheb, from activating mTORC1 in
cardiomyocytes [48, 66, 73]. When AMPK is active, it not only inactivates mTOR
by phosphorylating TSC-2, but it also inhibits RAPTOR—a critical positive regular
of mTOR [40, 50]. Conversely, both phosphorylation of Akt and presence of growth
factors dissociate TSC1/2 from the lysosomalmembrane therefore inhibiting TSC1/2
and allowing Rheb to activate mTOR and cell growth [63, 64, 73]. Below, we high-
light the cellular dysfunction upon manipulation of up and downstream mTOR
targets Fig. 9.1.

Important downstream targets of mTOR are S6-kinase1 (S6K1) and elF4E
binding protein 1 (4E-BP1) which promote growth when activated [125]). In the
heart, mTORC1 phosphorylates 4E-BP1, thus inhibiting interaction with initiation
factor 4E (elF4E) which results in reduced protein synthesis along with less 4E-BP1
accumulation [62, 131]. In contrast, when mTOR phosphorylates S6K1, cell growth
is promoted by activating eIF4E, leading to protein translation while programmed
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Fig. 9.1 Hypothesized mechanism linking circadian rhythm to cardiovascular disease mediated
through the mTOR pathway. Circadian mechanisms manipulate the mitochondrial metabolism
through the mTOR pathway by interacting with upstream targets AMPK or AKT, leading to cell
death by necrosis, apoptosis or autophagy. AMPK activates TSC1/2 which inhibits RHEB from
activating mTOR promoting autophagy through ULK1 while reducing translation by phosphory-
lating 4E-BP1 and S6 activity. This interferes with the association of 4E-BP1 and e1F4E. AKT
can inhibit TSC1/2 preventing it from inhibiting RHEBwhich activates mTOR leading to increased
protein translation from triggering of 4E-BP1 and S6. Mechanistic Target Of Rapamycin (mTOR),
AMP Activated Protein Kinase (AMPK), Protein Kinase B (AKT), Tuberous Sclerosis Protein −
1/2 (TSC-1/2), Ras Homolog Enriched In Brain (RHEB), Eukaryotic Translation Initiation Factor
4E Binding Protein 1 (4E-BP1),Ribosomal S6 Kinase (S6), Eukaryotic translation initiation factor
4E (e1F4E), Unc- 51Like Autophagy Activating Kinase (ULK1)
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cell death 4 (PDCD4) is inhibited [28]. It is also noteworthy, that cardiomyocytes
undergoing cellular stress from hypoxia or nutrient deprivation experience reduced
mTOR expression. It was shown that nutrient stress increased AMPK levels which
was reported to interact with mTORC1 directly through RAPTOR or indirectly
via TSC-1/2, thereby inhibiting mTOR activity [40, 49]. During oxidative stress in
cardiomyocytes it was recently shown that Thioredoxin-1 bindingto mTOR reduces
its activity, while simultaneously maintaining the complex for cell survival [83]. Due
to the important role for mTOR and its effector proteins in regulating cell growth
and autophagy, it is not surprisingthat cardiomyocytes heavily rely on this complex
for normal cardiac development and homeostatic function.

Both mTORC1 and mTORC2 are identified as vital contributors of cardiac and
vascular growth starting at embryonic development. Notably, complete genetic abla-
tion of mTOR in the mouse resulted in cardiovascular developmental abnormalities
and metabolic defects in utero [118]. Cardio-specific deletion of mTOR and Raptor
resulted in similar cardiac defects in adult mouse hearts that included sarcomere
disorganization, apoptosis, and autophagy [131]. Cardiomyopathies were also found
when Rheb was deleted from these mice resulting in mortality after 10 days, because
of loss of fundamental protein synthesis production in cardiomyocytes [131]. Simul-
taneous deletion of 4E-BP1 rescued the catastrophic phenotype seen with deletion
of mTOR, RAPTOR, and Rheb demonstrating that the mTOR pathway was signif-
icantly required for normal cardiac development [116, 131]. Postnatal mice with
cardiacmTORdeletion also displayed cardiac dilation, fibrosis, and apoptosis leading
to heart failure with the mice dying within three weeks [71]. These data show that
genetic disruption of the mTOR pathway during development or in post-natal heart
triggers metabolic and aberrant defects in cardiac cell growth.

Although complete genetic ablation of the mTOR complex is incompatible with
both normal cardiac development and cardiac function in adulthood, partial ablation
of mTOR has been suggested to be beneficial to the cardiovascular system [123,
124]. This is because the partial inhibition of mTOR allows for less hypertrophy
inducing proteins to be synthesized , leading to a decrease in energy expenditure,
misfolded proteins and activation of autophagy [102]. These factors have been linked
to a decrease in cardiac aging by lowering heart inflammation and fibroblast accu-
mulation [35]. The beneficial effects of partial ablation could be reversed when
both mTOR and Rheb were overexpressed due to their effects on on the activa-
tion of growth dependent gene expression and sarcomere assembly proteins in
cardiomyocytes [133]. This implies that partial inhibition of the mTOR pathway
is an adaptive response in cardiomyocytes by upholding key mechanisms such as
energy preservation, and proper protein folding leading to cardiac cell survival, and
autophagy.
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Circadian Mediated Mitochondrial Autophagy
in the Cardiovascular System

In the heart, autophagy is necessary for maintaining cardiac homeostasis, func-
tion, and cell survival. [107]. Autophagy is a catabolic process that permits cells to
re-cycle and/or discard damaged organelles, and macromolecular structures during
metabolic stress imposed by CVDs such as IR injury, MI, and heart failure [33, 47,
69]. Autophagy is activated in response to nutrient stress or when cellular ATP falls
below a threshold resulting in AMP/ADP accumulation. The catabolism of damaged
macromolecules through this highly specialized lysosomal regulated process allows
for amino acids, fatty acids, and carbohydrates to be re-cycled as an energy source
to maintain cellular ATP levels [81]. This is especially important to adult cardiomy-
ocytes when taking into account their lost replicative ability and their role in cardiac
contraction. Cardiomyocyte use ATP for contraction and therefore, during starvation
autophagy becomes a vital process to determine whether cells have sufficient energy
to survive nutrient deprivation [46, 94]. Although autophagy is viewed as a protective
mechanism, excessive or de-regulated autophagy can be detrimental and exacerbate
injury resulting in cell death [134].

Autophagy is a highly regulated process that involves the lysosomal digestion of
autophagosomes and their cargo. Autophagosomes are formed with the activation
and recruitment of unc-51-like-autophagy activating kinase (ULK) to cellular cargo
destined for removal, that creates the phagophore structure—the outer membrane
of the eventual autophagosome. ULK1 in particular phosphorylates Beclin 1 acti-
vating the Vps34 kinase complex leading to formation of the developing autophago-
some. Autophagy-related genes (ATG) allow the autophagosome to mature and
subsequently fuse with the lysosome associated N-ethylmaleimide-sensitive fusion
proteins attachment protein receptor (SNARE) to form the autolysosome.

Notably, mTOR inhibits autophagy by phosphorylating ULK1, thereby inhibiting
the downstream activation of Vsp34 complex and autophagosome formation.
Conversely, when mTOR is inactive, such as during nutrient stress conditions,
autophagosomes readily form and fuse with lysosomes with help from autophagic
machinery, including the Transport of transcript factor EB (TFEB)which drives lyso-
some biogenesis [83]. TFEB’s role in autophagic clearance has been highlighted by
its importance as a therapeutic target for lysosomal storage disorders, accumulation
of cell toxins, and undigested autophagosomes [113]. In the presence of nutrient
abundance, mTOR phosphorylates TFEB and retains it in the cytoplasm, thereby
inhibiting lysosomal synthesis and autophagy [109]. In contrast, starvation inacti-
vates mTOR allowing nuclear translocation of TFEB and lysosomal synthesis to
occur which promote autophagy [83]. In this way, mTOR plays a central role in
autophagy by regulating not only the formation of the autophagosomes but also
lysosomal biogenesis.

In mammalian tissue, light/dark cycles provide physiological cues that help
regulate energy metabolism such as gluconeogenesis [88], lipogenesis [44], and
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cholesterol biosynthesis [31]. Autophagy is another circadian controlled mecha-
nism, through its ability to degrade protein aggregates, remove damaged organelles,
and suppress the effects of invading pathogens through immune responses [75]. This
connection recieved tremendous attention in the 1970s, when electron microscopy
was used to discover how autophagic vacuoles varied throughout the day [86]. In a
further study, the diurnal cycle of vacuole formation and density, was found to peak
in the heart during the late phase of the light period and fell towards the early phase
of the dark period [87]. These observations were further supported by recent data
from our lab showing that the Clock gene transcriptionally coordinates mitochon-
drial autophagy during myocardial ischemia by directly controlling transcription of
genes required for mitochondrial fission, fusion and quality control, demonstrating
that Clock regulates an adaptive stress response critical for cardiac cell survival
[91]. The energy sensing kinase AMPK is another mechanism that functionally links
Clock and cell metabolism. As previously mentioned, AMPK is an mTOR inhibitor,
meaning that it promotes catabolic mechanisms such as autophagy [56]. In hepa-
tocytes, AMPK was shown to follow a cyclic oscillation that inversely mimicked
that of the circadian protein Cry1 highlighting, the importance of catabolic inducers
in destabilizing Cry1 proteins [60]. Limited function of AMPK resulted in signifi-
cant peripheral clock impairment [60]. This directly connects to autophagy, because
AMPK can interact with ULK1 and abrogate the inhibitory effects of mTOR on
ULK1 [56]. Since AMPK provides crosstalk between circadian and metabolism via
mTOR and ULK1, there appears to be a close relationship between mitochondrial
fitness and circadian rhythm suggesting a mechanism for metabolism synchronizing
with time of a day cycles, [91].

Interaction of Circadian Machinery and Cell Metabolism

As previously mentioned, the circadian rhythm is important for ensuring metabolic
homeostasis . During sleep, the body is nutrient deprived and does not require
anabolic complexes such as the mTOR pathway to be activated. This would suggest
an evolutionarily advantageforcell metabolism to be in communication with circa-
dian rhythms. For example, the insulin signalling pathwayhas becomeoneof themost
investigated areas for circadian and metabolic interaction. Studies highlighted the
importance of circadian regulated oscillations of insulin-like growth factors (IGFs)
for activating PIK3-Akt-mTOR pathway for cell growth [132]. While these studies
provided exciting advancements for the of CCN proteins on metabolism, there is
recent literature that highlights a bi-directional relationship between circadian clock
and metabolism from mTOR signalling, and resynchronizing of the SCN.

Cao et al. found that light pulses at night activated the mTORC1/S6K pathway
within the SCN causing photic entrainment and later found that mTORC1 medi-
ated activation of 4E-BP1 resulted in increased mRNA transcripts of vasoactive
intestinal polypeptide (VIP) [18, 19]. Additionally, it was found that drosophila
with elevated AKT and mTOR expression levels induced longer circadian periods,
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conversely, reducing these genes shortenes circadian periods [55]. In mice, in which
mTOR was knocked down showed impaired circadian behaviour and decreased
synchronization in SCN cells [19].

In hepatocytes, lentiviral shRNA mediated mTOR knockdown, increased the
circadian period length in mice, that was reversed when gain of function muta-
tions of Rheb was mutations increased mTOR. This in turn could be reversed by
inhibition of mTOR via rapamycin, torin1 and PP242 which act as negative regu-
lators of mTORC1&2 [92]. Additionally, CCN proteins Clock, BMAL1, and Cry1
were elevated when TSC-2 was knocked down compared to its activation, however
the effects of TSC-2 knockdown overexpression could be inhibited by rapamycin
[92]. Studies have investigated the affects of circadian rhythm on other autophagic
regulators such as TFEB and have shown, its nuclear localization to follow a a
cyclic oscillation. Additionally, overexpression of TFEB leads to increased REV-
ERB which inhibits autophagic flux, suggesting that TFEB works together with
circadian regulated genes to create its own autophagic rhythm [84]. The following
results point to a complex interaction between autophagy related proteins such as
mTORandTFEBwith circadian genes, however,more canbe uncovered by exploring
if these proteins are still interacting with circadian proteins in cardiomyocytes.

SIRT1 as a Potential Mediator Between Circadian Rhythm,
mTOR, and the Cardiovascular System

Potential mediators for the circadian/mTOR interaction in the cardiovascular system
come from the Sirtuin (SIRT) protein family, which are a family of seven proteins
encoded by the Silent Information Regulatory gene [25, 41]. SIRT proteins can be
found in the cytoplasm or nucleus and deacetylate awide range of proteins promoting
survival during extreme conditions [25, 41, 70, 127]. Certain SIRT proteins such
as SIRT3 can play an important role in mitochondria biogenesis, metabolizing both
lipids and glucose, and insulin sensitivity [11, 89, 127, 133]. SIRT3 alongwith SIRT5
and SIRT6, have protective roles in IR injury [12, 59] while SIRT2 and SIRT3 have
similar positive effects on atherosclerosis and heart failure respectively [39, 130].

In both the brain and peripheral clocks, SIRT1 alters the expression of many CCN
proteins. In particular, SIRT1 directly deacetylates BMAL1 on E-Box containing
promotors which antagonize the heterodimerization of Clock and BMAL1 [79].
This deacetylation also seems to be circadian controlled, implying that SIRT1
also regulates circadian rhythm [7, 79]. Additionally, mice deficient in SIRT1 had
impaired regulation of CCN proteins such as Per1, Per2, cry1, and cry2 with Per2
specifically repressing SIRT1 activity [97, 112]. Concordantwith CCNgenes, SIRT1
is another regulator of metabolic health status. SIRT1 can also function as an energy
sensor, consuming nicotinamide adenine dinucleotide (NAD+) which is a metabolite
of nicotinamide phosphoribosyltranferase (NAMPT) [70]. SIRT1 was shown to be
activated by NAD+ in caloric restricted yeast leading to extended lifespan [5, 4].
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Another study found that NAD+ depletion from nutrient stress is a major cause of
cell death highlighting the importance of SIRT1 and cell survival [129]. Caloric
restriction also increases SIRT1 expression in a plethora of tissues [22] while high
fat diets and obesity decrease SIRT1 [21]. Within prostate cancer cells, SIRT1 was
upregulated leading to resistance towards oxidative stress increasing cell proliferation
[51, 121].

With this body of information regarding the underlying relationship between
SIRT1 and metabolism, we can begin to appreciate an association between mTOR
and SIRT1. The previously mentioned energy currency produced by the mitochon-
dria such as ATP and NADH need to be tightly regulated to ensure depletion does not
trigger aforementioned mitochondrial injury and cell death. The mTOR pathway
detects the metabolic end products through upstream targets such as AMPK, which
becomes activated by low cellular levels of ATP. [80]. SIRT1 utilizes NAD+ for
enzymatic activity and sensing NAD+/NADH levels, therefore supporting a role
for SIRT1 in mitochondrial quality control and thus mTOR complex activity [4,
80]. AMPK increases SIRT1 by increasing levels of NAD+, while at the same
time activating fatty acid oxidation, thereby indirectlyproviding a feedback loop
for activating AMPK [17, 34, 117] The polyphenol resveratrol was found to be
dependent on SIRT1 for mediating resverastrol’s activation of AMPK and NAD+
for improving mitochondrial function.

SIRT6 is found to associatewith Forkhead box proteinO (FOXO), however SIRT1
also has a relevant relationship with FOXO. SIRT1 has been shown to catalyze the
deacetylation of FOXO during oxidative stress preventing FOXO induced cell death
[15, 38, 77]. While intriguing on its own, this circles back to mTOR because the
upstream mTOR regulator Akt along with its upstream partner phosphoinositide
kinase 3 (PI3K), phosphorylates FOXOtranscription factors in the presence of growth
factors such as IGF which promote cell survival through the Akt-mTOR pathway
[14, 27, 38, 90]. Additionally, PI3K and Akt contribute to the activation of mTORC1
to promote physiological cardiac hypertrophy [72]. Notably, FOXO1 overexpression
resulted in Akt-mTOR mediated cell growth while deficiency of FOXO1 led to the
loss of Akt-mTOR feedback loop [27]. We see here that SIRT1 has the potential to
be a major site for interaction between key upstream mTOR targets such as AMPK,
Akt and circadian rhythm.

SIRT1 in the heart functions similarly to its role in circadian and metabolic physi-
ology by deacetylating histone and non-histone proteins [30]. SIRT1 can be induced
by phytoalexin which has been shown to improve cardiac function after CVDs such
as IR-injury, atheroscelorsis, and cardiac aging [24, 61, 111]. Similarly, to the mTOR
pathway, SIRT1 expression is also increased during embryonic cardiac development
in mice suggesting a role in both maintenance and development of the heart [99]. It
was found that low tomoderate overexpression of SIRT1 leads to antioxidant enzyme
activation which inhibits apoptotic pathways mentioned previously. Higher levels of
SIRT1 were found to have negative effects by activating Akt thus leading to Akt
mediated cardiac hypertrophy likely through the mTOR pathway [1]. Despite this, it
has been shown that cardiac aging reduces levels of SIRT1 showing that SIRT1 may
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be linked to autophagy because of the diminished regulation of autophagy throughout
cardiac aging.

MTOR and Starvation

Human metabolism was evolutionary influenced through periods of nutrient stress,
and thus our bodies evolved ways to adapt to periods of starvation. Glucose is
often considered the fuel for organismal life, however during times when glucose
was sparse, specific mechanisms were completed to ensure enough glucose was
present such as gluconeogenesis and glycogenolysis [65, 96]. As nutrient avail-
ability depletes, triglycerides release from lipid stores and allow fats to become the
primary energy source and thus allows for the preservation of proteins. This high-
lights the importance of glucose sensing for starvation, and it should come as no
surprise that mTOR acts as a glucose sensor. When glucose is present, mTOR is
activated and can be used towards anabolic processes while glucose depletion leads
to catabolic processes including autophagy as mentioned above [67]. The synthesis
of proteins, lipids, and nucleotides are extremely ATP demanding, thus the ability to
control mTORwhen glucose levels are low is critical to avoidATP depletion [65, 16].
Notably, dysregulated mTOR has been observed in a number of metabolic related
diseases such as diabetes, obesity, and metabolic syndrome [101].

Depleted glucose levels cause upstream negative mTOR regulators AMPK and
TSC-1/2 to activate by detecting low levels of ATP rather than AMP and ADP [43,
65]. It was found that the observed pathway of AMPK phosphorylating TSC-1/2
to inhibit mTOR allowed energy depleted cells to control cell size, reduce protein
synthesis, and prevent apoptosis [48, 50]. TSC knockout cells were unable to adapt to
glucose deprivation resulting in the increase of a known apoptosis inducer: p53. This
led to cell death, however when mTOR was inhibited the cells had their ATP levels
restored and were protected against apoptosis via TSC1/2 and AMPK [23, 63, 64].
When nutrients are present, the tight association between the pro-autophagic protein
ULK1 andAMPK is disrupted bymTORphosphorylatingULK1, keeping autophagy
inactivated once again suggesting the importance of autophagy for cell longevity [32,
56]. Many studies have used amino acid deficient Hanks balanced buffer solution
(HBSS) as a way to investigate the effect starvation has on this particular pathway
[108]. While it is well understood that starvation causes the dissociation between
mTOR and ULK1 leading to autophagic activity, this mechanism is thought to be
independent of AMPK [2]. Since circadian is heavily tied to nutrient availability,
which is linked to the mTOR complex, understanding the role of circadian rhythm in
this nutrient sensitive protein network could provide new insight in treating starved
cardiomyocytes. Future studies arewarranted to investigate this important connection
betweenmTOR, cellmetabolismand circadian regulation andhowdisruption of these
highly interconnected feedback pathways underlie human disease.
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Chapter 10
Mitochondria and Their Cell Hosts: Best
of Frenemies

Allen M. Andres, Somayeh Pourpirali, and Roberta A. Gottlieb

Abstract Mitochondria originated as an endosymbiont in the first eukaryotic cells,
leading to a successful partnership that is at times an uneasy truce. In this review we
discuss the interplay between mitochondria and the cells they occupy. Cells regulate
the potentially lethal aspects of mitochondria by inserting both pro-apoptotic and
anti-apoptotic machinery into mitochondria. In this way mitochondria can trigger
apoptosis, ferroptosis, necrosis, and energy insufficiency; they also serve as a nexus
for inflammatory signaling. Cellular mitigation of mitochondrial mischief includes
anti-apoptotic Bcl-2 family members, mitophagy and other protein quality control
mechanisms.

Keywords Apoptosis ·Mitochondrial permeability transition pore · Programmed
cell death · Inflammation ·Mitophagy

Perspective: Since the dawn of eukaryotic life, when protobacteria established intra-
cellular existence within eukaryotic host cells, there has been an uneasy truce that
included pacts of mutually assured destruction. Cell death is a common and easily-
triggered response to disruption of the homeostatic balance and proceeds by an
evolutionarily conserved mechanism. In this chapter we will discuss various mito-
chondrial disruptions that trigger cell death, and will also examine corresponding
responses to ensure cell survival.

Attacking the Host: Apoptosis and MPTP

Apoptosis. Programmed cell death is mediated by proteolytic destruction of multiple
intracellular targets and activation of oligonucleosomal DNA cleavage. Initiation
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of cell death may be through the extrinsic pathway involving death receptors (e.g.,
Fas, TRAIL receptors), or through the intrinsic pathway mediated by pro-apoptotic
Bcl-2 family members, which activate mitochondrial outer membrane permeabiliza-
tion and release of cytochrome c. Cytochrome c, essential for shuttling electrons
between OXPHOS complex III and IV in the mitochondrial inner membrane, plays
a more sinister role in the cytosol, where it is a cofactor in assembly of the apop-
tosome, a multiprotein complex made up of APAF-1, cytochrome c, and caspase-9.
Apoptosome assembly leads to proteolytic activation of caspase 9, which in turn
processes procaspase 3 to its active form as the prime death-effector protease of the
cell. Release of cytochrome c from mitochondria is governed by interactions of pro-
apoptotic and anti-apoptotic Bcl-2 family members, which have up to 4 conserved
Bcl-2 homology (BH) domains. Proapoptotic Bax and Bak have BH1, BH2, and
BH3 domains, whereas antiapoptotic Bcl-2 and Bcl-xL have, in addition to BH1,
BH2, BH3, a BH4 domain that is considered to be a hallmark of the antiapoptotic
Bcl-2 family members. A third branch of the Bcl-2 family is represented by the
BH3-only proteins such as Bid and Bad. These cytosolic proteins respond to cellular
derangements such as abnormal kinase signaling (Bad), activation of proteases (Bid)
or ER stress (Bim). Many more Bcl-2 family members exist, particularly BH3-only
proteins. Interestingly, apoptosis and autophagy are linked as Beclin 1, Ambra-1
and Atg12 contain a BH3 domain and have been shown to participate in both path-
ways [1–3]. The balance of pro-apoptotic and anti-apoptotic Bcl-2 family members
is generally thought to determine whether mitochondrial outer membrane permeabi-
lization and release of cytochrome c occurs, but it is more nuanced. Bak is consti-
tutively present but inactive in the mitochondrial outer membrane, whereas Bax
is often located in the cytosol and must undergo translocation and conformational
change to associate with the mitochondrial outer membrane and mediate permeabi-
lization. Phosphorylation of Bax by Akt (Ser184) stabilizes the inactive cytosolic
conformation, preventing its mitochondrial association [4]. Once associated with the
mitochondrial outer membrane, Bax or Bak can oligomerize to cause permeabiliza-
tion of themitochondrial outermembrane and release of cytochrome c. Cytochrome c
must dissociate from the inner membrane and electron transfer complexes, andmajor
reorganization of crista architecture must take place before egress to the cytosol is
possible [5, 6]. Outer membrane permeabilization also permits the egress of addi-
tional proapoptotic factors including apoptosis-inducing factor (AIF), Smac/Diablo,
HtrA2/OMI, and endonuclease G (reviewed in [7]).

The existence of this arcane and mutually sadistic arrangement between cytosolic
factors that can disrupt themitochondrial outermembrane and the consequent release
of proapoptotic molecules that ensure death of the cell appears, at first glance,
to be a case of mutually-assured destruction. But when one considers that all of
the proteins involved are nuclear-encoded and which lack bacterial homologs, it
appears that evolution has seen fit to ensure that mitochondrial damage results in
death of the cell. An important stopgap measure is mitophagy (discussed in a later
section) which is a mechanism to eliminate damaged mitochondria without trig-
gering cell death. One can speculate that these measures are necessary to prevent
release ofmitochondrial components that would be recognized as damage-associated
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molecular patterns (DAMPs), including cardiolipin (ligand for NLRP3 inflamma-
some) [8], hsp60 (TLR4 ligand) [9], and mitochondrial DNA (mtDNA), which lacks
CpG methylation and is a ligand for TLR9 [10]. As inflammation can affect many
neighboring cells, apoptotic cell death, in the event of mitochondrial damage, may
be preferable to permitting complete mitochondrial disintegration and wholesale
activation of inflammation. This will be discussed in greater detail in a later section.

Mitochondrial permeability transition pore (MPTP). The MPTP is a large-
conductance pore spanning the inner mitochondrial membrane that allows exchange
of solutes andwater up to—1500 daltons in size. As thematrix has a very high oncotic
pressure, sustained opening of the pore will result in the influx of water and expan-
sion of the matrix compartment, which normally is quite condensed and surrounded
by a heavily infolded and serpiginous inner membrane. As the matrix swells with
water, the outer membrane may rupture, releasing intermembrane space components
(cytochrome c, endonucleaseG,AIF, Smac/Diablo, etc.). At the same time, thematrix
Ca2+ may re-equilibrate with cytosolic Ca2+, abruptly raising cytosolic levels and
activating calpains and other destructive enzymes. Disruption of the proton gradient
across the inner membrane may result in the ATP synthase operating in reverse,
hydrolyzing ATP in a futile attempt to restore membrane potential. This dysregula-
tion can spread rapidly fromonemitochondrion to the next and can culminate in death
of the cell. The pattern of cell death may resemble apoptosis if release of cytochrome
c leads to caspase activation before ATP (a necessary cofactor of the apoptosome) is
depleted; however, if ATP is depleted rapidly, the cell ruptures due to failure of the
Na+/K+ ATPase at the plasma membrane. The molecular constituents of the MPTP
have been the target of investigation for decades. Cyclophilin D was implicated
based on the ability of the inhibitor cyclosporin A to prevent MPTP opening [11],
and efforts to identify interacting proteins led to partial purification of the most abun-
dant and hydrophobic proteins of the outer and inner membranes, namely VDAC and
ANT [12]. Despite thorough substantiation, the model was rapidly adopted and still
appears in textbooks and slides. However, gene knockout studies disproved a role for
VDAC and ANT in the MPTP [13, 14]. Cyclophilin D, however, was proven to be
a critical regulator of the pore [15]. Recently Paolo Bernardi published compelling
evidence representing more than a decade of work, showing the MPTP to comprise
dimers of ATP synthase in a conformation that is consistent with the known features
of the pore [16]. Cyclophilin D interacts with the ATP synthase, somehow triggering
its reorganization to the MPTP state. Cell death mediated by the MPTP is likely to
trigger more inflammation due to the release of mitochondrial DAMPs.

MPTP: With Friends Like This, Who Needs Enemies?

Benefits of inhibiting the MPTP. Many studies have documented the benefits of
inhibiting the MPTP in catastrophic injury scenarios such as ischemia/reperfusion
injury, anthracycline toxicity, and hypoglycemic coma [17–19]. Cyclosporine A is
commonly used as an inhibitor of the MPTP, but it also inhibits calcineurin which
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alsomediates very important signaling in cells. Therefore investigators often confirm
their findings by one of 3 approaches: (a) inhibiting calcineurin but not theMPTPwith
FK506 [20]; (b) inhibiting the MPTP but not calcineurin with NIM811 [21]; or (c)
using cyclophilinDknockoutmice [15].Nearly every instance of cell injury involving
MPTP opening can be rescued by inhibiting cyclophilin D. However, cyclosporin
A is toxic to some cell types such as renal tubular cells [22] although this may be
due to its effects on calcineurin; not surprisingly, nephrotoxicity is a complication of
long-term treatment with CsA [23]. At present, it is difficult to identify any settings
where specifically inhibiting MPTP is acutely cytotoxic.

Physiologic role of the MPTP. Like cytochrome c, which is required for the essen-
tial function of electron transport, the ATP synthase of theMPTP is essential for ATP
production. But why would such a dangerous conformation exist in the first place?
Many reports have described transient, low-conductance opening of the pore—pore
flicker—which might resemble a pressure release valve, allowing a small amount
of swelling, release of Ca2+, and a modest drop in mitochondrial membrane poten-
tial. These brief pore openings may serve to fine-tune mitochondrial energetics. In
this way, pore flickering serves to distinguish between vigorous mitochondria and
ones that are beginning to falter in their ability to restore membrane potential. These
senescent mitochondria would be targets for mitophagy (discussed in a later section).
Indeed, it was shown that in HL-1 cells subjected to starvation conditions, 70% of
the mitochondrial mass is removed by autophagy in a few hours, but this is abrogated
in cyclophilin D null cells [24]. Failure to “groom” mitochondria via the combined
efforts of pore flicker and selective mitophagy would lead eventually to the accu-
mulation of dysfunctional and damaged mitochondria. A second role for the MPTP
was revealed by studies of platelet function in cyclophilin D knockout mice. Jobe
et al. found that platelet activation and mitochondrial membrane depolarization were
altered in CypD KO mice exposed to strong platelet activators [25]. However, if
this were a dominant role, cyclophilin D would likely be tissue-specific rather than
globally expressed. Thus it seems likely that there is a physiologic role for MPTP in
all tissues.

Long term consequences. Given the serious consequences of sustained opening
of the MPTP, and the fact that the cyclophilin D knockout mice have a minimal
phenotype, one might wonder why not inhibit or eliminate cyclophilin D entirely.
However, the physiologic flicker described above may serve an important role. CsA
treatment is associated with increased occurrence of malignancies [26], which has
been attributed to the immunosuppression and loss of tumor immune surveillance.
However, other instances of impaired autophagy and mitophagy are associated with
an increase in cancers, including mutations or deficiency of Atg5, Parkin and PINK1
[27–29]. Evidence linking cyclophilin D deficiency to cancer has not been reported.
However, the constellation of findings is consistent with a paradigm in which a
failure to eliminate damaged mitochondria may result in cumulative DNA damage
from mitochondrial ROS, or chronic inflammation by mtDNA activation of innate
immunity; the combination of ROS, DNA damage, and chronic inflammation will
drive tumorigenesis.
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Pore flicker andmitochondrial grooming is also important for cells in whichmito-
chondria must function optimally, such as the retina, where function is diminished by
CsA treatment and where autophagy protects against light-induced retinal damage
[30, 31]. Mitophagy is essential in neurons, where much has been written about
the importance of Parkin and PINK1 in maintaining neuronal integrity (reviewed in
[32]), although less is known about the related importance of pore flicker in neurons.

Anti-Apoptotic Defenses

Bcl-2 family. The Bcl-2 family is a complex network of pro-apoptotic and anti-
apoptotic proteins. Bcl-2 family proteins are involved in the regulation of the intrinsic
pathway of apoptosiswhich is important for tissue homeostasis, embryo development
and maturation of blood cells [33]. Bcl-2 family proteins are divided into three
subgroups: (1) anti-apoptotic Bcl-2-like proteins including Bcl-2, Bcl-xL, Bcl-W,
Mcl-1, and Bfl-1/A1, which share structural homology in the Bcl-2 homology (BH)
1, 2, 3, and 4 domains. (2) Pro-apoptotic Bcl-2-like proteins, or effectors, which
share homology with BH domains 1, 2, and 3, including Bax, Bak, and Bok/mtd.
(3) pro-apoptotic BH3-only proteins which share homology with BH3 domain of
Bcl-2 including Bim, Bad, Bid, Bik, and Noxa. BH3-only proteins can be further
divided into two groups: ‘sensitizer’, such as Noxa, Bfm or Bik, which interact with
the anti-apoptotic proteins and inhibit their function, and ‘direct activators’, such as
Bid and Bim, which are able to directly bind and activate pro-apoptotic proteins Bax
and Bak [34, 35].

Anti-apoptotic Bcl-2 proteins can regulate apoptosis by maintaining mitochon-
drial integrity and preventing mitochondrial outer membrane permeabilization
(MOMP) [36]. During apoptosis, Bax becomes activated and translocates from
cytosol to outer mitochondrial membrane. There, they oligomerize with mitochon-
dria resident Bak proteins and allow the release of cytochrome c to the cytosol [37,
38]. Conversely, under physiological conditions Bax is retrotranslocated to cytosol
by anti-apoptotic Bcl-2 through an unknown mechanism. This retrotranslocation
ensures that Bax doesn’t permanently attach to outer mitochondrial membrane and
therefore it doesn’t autoactivate [39].

Two major models have been suggested to regulate Bcl-2 family members and
apoptosis. The derepression model suggests that anti-apoptotic Bcl-xL continuously
binds to Bax and/or Bak to prevent their oligomerization and subsequent MOMP
[40]. Direct activation model states that Bax/Bak are activated by BH3 proteins,
and anti-apoptotic Bcl-xL sequesters and inhibits these activators (such as tBid and
Bim) [41, 42]. Later, the “embedded together” model was proposed emphasizing on
the interaction with the membrane as the critical step and stating that both models
could be correct [43, 44]. Recently, a more comprehensive model incorporating two
different regulation modes was proposed by Llambi et al. They created a chimeric
tBid protein in which the BH3 domain was substituted with the BH3 domain of Bax
orBak, (tBIDBAX−BH3 and tBIDBAK−BH3 respectively) to seewhether the activation of
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BH3 only proteins was due to inhibition of anti-apoptotic Bcl-2 proteins or activation
of Bax/Bak [45]. Four different scenarios were investigated using these constructs
in which the anti-apoptotic protein can bind (1) both direct activator and effector, (2)
the direct activator but not the effector, (3) the effector but not the direct activator, or
(4) none. Among these, only scenario 2 and 3 were shown to be involved which were
called Mode 1 and Mode 2 respectively. They showed that in healthy cells, chimeric
BH3 proteins containing the Bax or Bak domains were inactive and inhibited by
anti-apoptotic Bcl-2 proteins, referred to as Mode 1. When apoptosis was induced,
though, Bak/Bak were activated but sequestered and inhibited by anti-apoptotic Bcl-
2 proteins. Thus anti-apoptotic Bcl-2 proteins must either sequester the activating
BH3-only proteins or the activated effectors Bax and Bak. Mode 1 inhibition proved
to be less efficient since inhibition of MOMP required more anti-apoptotic protein.
Interestingly, Mode 2 inhibition was associated with mitochondrial fragmentation
[45].

Anti-apoptotic Bcl-2 proteins are overexpressed in a variety of cancers such as
acute B-cell leukemia and follicular lymphoma. In fact, the first member of this
family was discovered by detecting a translocation between chromosomes 14 and 18,
t(14;18), which results in the fusion of the immunoglobin heavy chain and Bcl-2 loci
in acute B-cell leukemia and follicular lymphoma cells, and subsequent overexpres-
sion of Bcl-2. This overexpression enhances the survival of these cells by inhibiting
apoptosis [46, 47]. Differentmechanisms have been suggested for the overexpression
of anti-apoptotic Bcl-2 proteins such as chromosomal translocation, transcriptional
activation of NF-κB, promoter hypomethylation, or post-translational mechanisms
[48, 49]. Overexpression of anti-apoptotic Bcl-2 proteins facilitates tumorigenesis
and tumor progression and results in a poor response to therapy. In fact, Mcl-1 or
Bcl-xL amplification have been identified in lung, breast and bone tumors [50, 51].
Conversely, downregulation of pro-apoptotic Bcl-2 and BH3 only proteins facilitates
and accelerates the formation of tumors. Loss of genomic region containing Puma
and Bok gene copies has been observed in a variety of cancers [52]. Bax loss of func-
tion has been related to colon cancer and combined loss of Bax and Bak has been
observed in some AML patients [53, 54]. Due to their major role in tumor formation
and progression, Bcl-2 proteins have been extensively studied as potential targets
for cancer therapy (reviewed in [55]). BH3 mimetics are a new class of molecules
that have been developed as a novel strategy for cancer therapy. They inhibit anti-
apoptotic Bcl-2 proteins by binding to the BH3-groove of protein and disrupting its
interaction with BH3 proteins, therefore activating apoptosis. ABT-737 and ABT-
263 are two examples of these mimetics binding to Bcl-2, Bcl-xL, and Bcl-w, which
are currently being tested in clinical trials [55].

IAPs and ARC. As mentioned before, inhibition of apoptosis results in increased
survival of cancer cells and tumor progression. Inhibitors of apoptosis (IAPs) are
another class of molecules involved in this process. All IAPs have one to three BIR
domains (zinc-binding baculovirus IAP repeat), which is essential for their function.
Some of them also have a carboxy-terminal RING domain with ubiquitin ligase
activity and a caspase-associated recruitment domain (CARD) [56, 57]. To date,
eight IAPs have been identified in human including NAIP, cIAP1, cIAP2, XIAP,
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Survivin, Apollon/Bruce, ML-IAP and ILP-2. cIAP1, cIAP2, XIAP and ML-IAP
are directly involved in apoptosis while the other members of IAP family control cell
survival through regulation of other pathways such as cell cycle and inflammation
[57].

XIAP controls the intrinsic pathway of apoptosis by directly binding to caspases
3, 7, and 9. This function is inhibited by SMAC/DIABLO which is released from
mitochondria along with cytochrome c after induction of apoptosis [58, 59].

cIAP proteins use their ubiquitin ligase activity to modulate the extrinsic pathway
of apoptosis. cIAP1/2 promote ubiquitination of a variety of molecules such as
TRAF1, TRAF2, RIP, and NIK. Non-ubiquitinated RIP forms a cytosolic complex
with FADD and caspase 8 which leads to induction of apoptosis [60].

IAPs regulate other pathways such as NF-κB, JNK, p38 MAPK, TGF-β, Myc,
and PI3K/Akt and are involved in regulation of innate immunity and inflammation.
For example, IAPs regulate both canonical and non-canonical NF-κB pathway. In
the canonical pathway, cIAP1/2 bind TNF receptor through interaction with TRAF2.
This binding in turn recruits more TRAF2 molecules, resulting in cIAP1/2 dimeriza-
tion and activation and subsequent ubiquitination of RIP1, one of the main regula-
tors of this pathway. In the non-canonical pathway TRAF2 and TRAF3 bring cIAPs
and NIK (the key regulator of non-canonical pathway) together. cIAP1/2 promote
ubiquitination of NIK which designates it for proteasomal degradation (reviewed in
[61]).

As mentioned before, inhibition of apoptosis helps progression of tumors. In this
regard, overexpression of IAPs has been observed in several cancers. For example,
XIAP is overexpressed in some cases of breast cancer, melanoma and clear-cell renal
carcinoma [62, 63]. Moreover, overexpression of survivin, cIAP1, cIAP2, and XIAP
was associated with poor prognosis in multiple myeloma patients that undergo drug
resistance [64]. Involvement of IAPs in various cancersmakes them a target of choice
for cancer therapy. Small molecule IAP agonist and antisense oligonucleotides have
been used in this regard (reviewed in [61]).

ARC (apoptosis repressor with caspase recruitment (CARD) domain) is another
class of apoptosis inhibitors which is mainly expressed in post-mitotic cells of heart,
muscle, and brain [65, 66]. ARC exerts its function through the N-terminal caspase
recruitment domain. It can dimerize via its CARD domain which results in loss of
anti-apoptotic activity [66]. ARC inhibits the extrinsic pathway of apoptosis through
interaction with the death effector domain (DED) of procaspase 8. It can also bind
Fas and FADD and inhibit the formation of the Fas death-inducing signal complex
(DISC). Moreover, when overexpressed, ARC can interact with procaspase 2 [67].
ARC is involved in the intrinsic pathway by interaction with BH3 proteins Bad and
Puma through its CARD domain therefore acting as an anti-apoptotic Bcl-2 protein
[67]. It also binds cytosolic Bax, inhibiting its spontaneous activation [68]. Mice
lacking ARC develop normally and have normal heart function in resting condi-
tions. When mice undergo stress such as ischemia or pressure overload, they develop
cardiomyopathy faster along with an increase in cardiomyocyte apoptosis, affirming
a role for ARC in resistance to apoptosis [69]. In contrast, high levels of ARC have
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been observed in various tumors suggesting its involvement in cancer development
and progression [66, 70].

Connection to fission. Mitochondria are highly dynamic organelles, undergoing
constant fusion and fission. Mitochondrial fragmentation or fission is one of the
hallmarks of apoptosis. It requires the remodeling of inner and outer mitochondrial
membranes. Several proteins are involved in fusion and fission including dynamin-
related protein 1 (Drp1), Mitofusin (Mfn)1 and 2, and Opa1 [71].

Drp1 plays an important role in mitochondrial fragmentation. Under physiolog-
ical conditions Drp1 moves between cytoplasm and outer mitochondrial membrane
(OMM). When apoptosis is induced, Bax is activated and Drp1 is SUMOylated in a
Bax/Bak dependent manner resulting in a stable association with OMM [72]. In fact,
active Bax is found in distinct foci on OMM near Drp1 and Mfn2 in mitochondrial
fission sites [73]. Evidence suggests that this phenomenon could also happen through
a Drp1-independent mechanism since Drp1 inhibition only delays this process but
does not completely inhibit it [74].

There are different hypotheses regarding the mechanism of apoptosis-induced
mitochondrial fragmentation. One states that mitochondrial fragmentation is induced
by release of proteins after MOMP and activating fission and/or inhibiting fusion.
In fact, time-lapse studies have shown that mitochondrial fragmentation follows
cytochrome c release [75]. A study by Arnoult et al. showed that Opa1 was released
from mitochondria along with cytochrome c. Loss of Opa1 itself accelerated the
release of cytochrome c [75]. It has been suggested that Opa1 is involved in main-
taining mitochondrial cristae structure and its loss and subsequent disruption of
cristae releases cytochrome c which is mostly sequestered in cristae. Opa1 deple-
tion in turn blocks fusion, suggesting a mechanism for mitochondrial fragmentation
during apoptosis [75].

Bax and Bak also play a role in regulation of mitochondrial dynamics. In phys-
iological conditions, Bax and Bak regulate mitochondrial fusion possibly through
interaction with mitofusin 2. When apoptosis is induced though, Bax activation and
MOMP coincide with mitochondrial fragmentation [76].

ARC has been shown to inhibit mitochondrial fission. It directly binds Puma
on mitochondria, blocking its function to promote Drp1 accumulation. In the study
by Wang et al. it was shown that ARC inhibits mitochondrial fission induced by
Doxorubicin. Translocation of Drp1 to mitochondria was enhanced upon Doxoru-
bicin treatment which was attenuated by ARC expression. They further showed that
Doxorubicin increased the level of Puma. Down-regulation of Puma decrease accu-
mulation of Drp1 on mitochondria suggesting that Puma is required for this process.
Further investigation showed that there is cross-talk between ARC and Puma which
regulates mitochondrial fission through Drp1 [77].

Importance of mitochondrial fission in apoptosis is controversial. Some studies
suggest that mitochondrial fission contributes to the release of cytochrome c to the
cytosol. A study using a dominant-negative mutant of Drp1 which interferes with
fission, showed inhibition of cytochrome c release and apoptosis [78]. Conversely,
another study showed that although down-regulation of Drp1 or Fis1 blocks fission,
it does not inhibit apoptosis. In this study, overexpression of Bax and Bak resulted in



10 Mitochondria and Their Cell Hosts: Best of Frenemies 175

mitochondrial fragmentation and induction of apoptosis. Interestingly, cytochrome c
releasewas blocked by co-expression ofBcl-xL but notmitochondrial fission showing
that fission is not necessarily required for apoptosis [76].

Humanin and MOTS-C. Retrograde signaling is relaying information from mito-
chondria to nucleus. It occurs through transient metabolites or mitochondrial-located
nuclear protein such as Ca2+, ROS (reactive oxygen species), NO (Nitric Oxide),
and cytochrome c [79]. Recently, mitochondrial-derived peptides (MDP) have been
discovered which can regulate cellular homeostasis as part of retrograde signaling
[79].

Humanin (HN)was the firstMDPdiscovered in the brain of a patientwith sporadic
Alzheimer’s Disease (AD) [80]. It is encoded from an ORF within the 16 s rRNA
region in mitochondria. If the translation happens in mitochondria, a 21 amino acid
product will be obtained but if it gets exported from mitochondria and translated in
the cytoplasm, the resulting product will have 24 amino acids. Both isoforms are
functional and are found in a wide range of tissues, with heart expressing the highest
levels, and also in body fluids such as plasma, cerebral, and seminal fluids [79, 81].

Humanin is involved in promoting cell survival, regulating insulin sensitivity, and
preventing oxidative-stress induced damage [82]. Cytoprotection by Humanin was
first demonstrated in F11 neuronal cells. Humanin protected F11 cells from cell death
induced by exposure to APP, PS1, or PS2, which cause familial AD [80]. Humanin’s
role in conferring protection against other stressors such as cerebral and myocar-
dial ischemia, oxygen and glucose deprivation, and hypoxia has been extensively
studied [83]. Humanin promotes cell survival through interacting with intracellular
molecules. It binds inactive Bax, blocking its conformational change and transloca-
tion from cytosol to mitochondria, thereby suppressing cytochrome c release [81].
Humanin also binds to Bid and its truncated form, tBid, and inhibits its interac-
tion with Bak and Bax. Subsequently, it prevents Bax and Bak oligomerization and
inhibits cytochrome c release [84]. Humanin also binds to extracellular receptors
such as FPRL1 and CNTFR/WSX-1/gp130, thus activating the downstream ERK1/2
and STAT3 pathways [85, 86].

MOTS-C (Mitochondrial open reading frame of the twelve S rRNA type c) is a 16
amino acid peptide encoded from an open reading frame inside the 12S rRNA region
onmtDNA. It is highly conserved among different species and is expressed in various
tissues and can be detected in plasma as well. Unlike Humanin, MOTS-C bioactive
form is only translated and produced in the cytoplasm because mitochondria-specific
genetic code results in the formation of tandem start and stop codons [87]. Using
Hela ρ0 and actinonin treatment, which deplete mtDNA and mtRNA respectively, it
was shown that MOTS-C is strictly of mitochondrial origin [87].

MOTS-C treatment alters gene expressionwithin 4 hwhich progresses to a distinct
shift in gene expression profile by 72 h. This treatment mainly affects genes involved
in cell metabolism and inflammation. In fact, global metabolomics profiling revealed
that MOTS-C targets folate-methionine cycle and de novo purine synthesis [87].
Most recently, it has been shown that MOTS-C can prevent ovariectomy-induced
osteoporosis through activation of AMPK and inhibition of osteoclastogenesis [88].
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Accumulation of mtDNA damage occurs with age resulting in deterioration of
mitochondrial function. As the level of Humanin and MOTS-C decrease with age,
it could explain the metabolic dysfunction observed in older ages. In fact, treatment
of aged mice with exogenous MOTS-C could improve glucose uptake [89]. Also,
a specific polymorphism, m.1382A > C found in MOTS-C might be the reason for
exceptional longevity in northeast Asian population [87]. All in all, these results
point to a significant role for Humanin and MDP in delaying the onset of metabolic
and age-related diseases.

Freezing Out the Host: Energy Insufficiency

Mitochondrial ATP production. While mitochondria are known to participate in a
myriad of cellular functions such as regulating cell death through apoptosis, intra-
cellular signaling, and iron/sulfur metabolite production, one of its most fundamental
and important functions is the production of adenosine triphosphate (ATP). ATP is
generated by the mitochondria through a series of catabolic reactions that harness
the energy released from breaking down larger nutrients, such as carbohydrates,
fats and proteins. Ultimately, theses macromolecules are oxidized into CO2. NADH
and FADH2 are also generated during the Krebs cycle and their reducing power is
used during oxidative phosphorylation to establish the protonmotive force needed to
catalyze the generation of ATP. Electrons are transferred down the electron transport
chain through a series of redox reactions that lead to increased H+ in the mitochon-
drial intermembrane space forming a pH gradient and electrical potential across the
mitochondrial innermembrane. ATP is generated as protons flowback into thematrix
through the ATP synthase. In this chemiosmotic reaction, ADP is phosphorylated to
form ATP.

Fuel inflexibility. An important feature animals have evolved is the versatility
to maintain energy homeostasis despite variations in the fuel resources available.
During periods of resource scarcity, it becomes critical to spare glucose for the brain
which is limited in its ability to utilize fats. Tissues such as the skeletal muscle and
heart are unique in their ability to quickly transition between fat-based fuels and
carbohydrates, thus these tissues are key for the body’s ability to spare glucose. In
addition to systemic flexibility of fuel use, cellular partitioning of fuel also occurs,
and the mitochondria play an essential role in this process.

This concept was first recognized by Sir Philip Randle in 1963 and subsequently
referred to as the Randle glucose fatty-acid cycle [90, 91]. Substrates such as
acetyl-CoA, NADH and ATP can allosterically inhibit the pyruvate dehydrogenase
complex (PDC), limiting the entry of pyruvate into the Krebs Cycle. Conversely,
these substrates activate pyruvate dehydrogenase kinases which further suppress the
PDC through phosphorylation [92]. In this manner, utilization of fatty-acids leads to
sparing of glucose by limiting the entry of pyruvate. Cellular citrate levels attenuate
glycolysis and pyruvate utilization leading to an increase in G6P levels. This in turn
inhibits hexokinase thus limiting glucose uptake into muscle tissues.



10 Mitochondria and Their Cell Hosts: Best of Frenemies 177

Seminalwork byMcGarry, Foster and colleagues elucidated the converse situation
wherein glucose utilization leads to sparing of fat-derived resources (reviewed in [93,
94]). This situation happens upon feeding. Feeding leads to an increase in circulating
glucose levels and the utilization of fat-derived fuels is diminished as malonyl-CoA
levels rise. This metabolite is an allosteric inhibitor of CPT-1 and limits entry of long
chain fatty acids into the mitochondria. The rise in glucose after feeding leads to
increased pyruvate, which inhibits the activity of pyruvate dehydrogenase kinases,
thereby allowing for increased flux of carbohydrates through the PDC. As flux of
carbons through glucose increases into the mitochondria, so does efflux of citrate
into the cytosol. This liberated citrate is a precursor for malonyl-CoAwhich prevents
entry of fatty-acids into the mitochondria and thus their oxidation.

Mammals have evolved to survive episodic famine, in part by efficiently storing
excess nutrients as fat, a pathway governed by so-called “thrifty” genes. This
metabolic adaptation becomesmaladaptive inwestern society’s life of caloric excess.
Continual nutrient overload leads to obesity and the other features of metabolic
syndrome (MetS), including insulin resistance, dyslipidemia, and hypertension.
Kelley and colleagues demonstrated that MetS impairs the ability of mitochondria
to utilize different fuels [95]. A consequence of insulin resistance is that tissues lose
the ability to respond appropriately to nutrient availability. Thus, even in the fed state
these tissues (mainly skeletal muscle and heart), are unable to appropriately adjust
fuel utilization to maintain efficient energy homeostasis for the entire organism. In
this situationwhere there is an overabundance of all major fuels, themitochondria are
unable to shift appropriately to utilize fatty acids or glucose. This state of metabolic
inflexibility (reviewed by Muoio [100]) has been observed in patients who are obese
[96], are sedentary [99], have diabetes [97], or heart disease [98].

Spreading Rumors: Creating Inflammation

mtDNA and TLR9. The innate immune system is the first line of defense against
external stimuli such as pathogens. This system can be activated through pattern-
recognition receptors (PRRs). These receptors recognize pathogen-associatedmolec-
ular patterns (PAMPs) and initiate the inflammatory response. They can also recog-
nize the molecules released by host upon injury called danger-associated molecular
patterns (DAMPs) [101].

Traumatic injury is the leading cause of death in younger adults. It results in the
activation of neutrophils (PMN) and the systemic inflammatory response syndrome
(SIRS). SIRS in the absence of infection is called sterile SIRS. It was long thought
that bacterial gut release due to shock is the reason for SIRS but recent studies have
shown that mechanical shock could release mtDNA as a DAMP in circulation and
activate PMNs [101–103].

The first study showing that mtDNA activated immune response in vivo was
performed in 2010. It was shown that mtDNA was elevated in the plasma of trauma
patients [103]. Increased extracellular mtDNA has also been detected in the synovial
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fluid (SF) of inflamed joints of rheumatoid arthritis patients, in circulation in plasma
of HIV patients and in the plasma obtained from animals and patients with non-
alcoholic steatohepatitis (NASH) [103–106].

Toll-like receptor family (TLR) is a class of single, transmembrane PRRs [101].
TLR9 is a member of TLR family which is located in endolysosomes and senses
bacterialDNA.Under physiological conditions, TLR9 is localized in the endoplasmic
reticulum(ER).Upon stimulation, it is transferred to endosomes andbinds to bacterial
DNAwhich subsequently activates the downstream cascade of p38MAPK or NF-κB
pathways [107]. mtDNA can in fact bind TLR9 receptor and trigger inflammatory
response. It shares similarities with bacterial DNA since it contains unmethylated
CpG islands and lacks histones, therefore it is believed to trigger inflammation in
the same manner [103]. It has been shown that mtDNA isolated from hepatocytes
of high-fat diet mice resulted in a greater activation of TLR9 compared to mtDNA
obtained from chow diet fed mice [106].

Oxidized mtDNA and NLRP3. The Nod-like receptor (NLR) family is another
subset of pattern recognition receptors. The Nod-like receptor protein 3 (NLRP3) is
an important member of NLR family required for activation of caspase 1 inflamma-
some by different stimuli such asmitochondrial damage, and bacterial and viral RNA
[108]. NLRP3 interacts with apoptosis-associate speck-like protein (ASC) to form
oligomers which is able to activate pro-caspase1. Caspase 1 inflammasome in turn
activates precursor interleukin-1β (IL-1β) and IL-18 to initiate immune responses.
Under normal circumstances, NLRP3 is localized in endoplasmic reticulum. Upon
activation, it translocates to the perinuclear region and colocalizes with ER and
mitochondria [108].

Different mechanisms are suggested for activation of NLRP3 including reactive
oxygen species (ROS) generation, lysosomal damage, and cytosolic K+ efflux [108].
Mitochondria play a key role in activation of NLRP3 inflammasome since all the
mechanisms suggested for this induction affect mitochondrial function and integrity
[109]. A study by Kenichi et al. showed that Chlamydia pneumococcus (CP) infec-
tion in mice resulted in a decrease in mitochondrial membrane potential and oxygen
consumption, suggesting that mitochondrial dysfunction might be linked to IL-1β
secretion through activation of the NLRP3 inflammasome. It was shown that mtDNA
is important for NLRP3 activation since cells lacking mitochondria (ρ0) were unable
to secrete IL-1β in response to NLRP3 activation. Moreover, mtDNA was immuno-
precipitated with NLRP3 inflammasome, showing an interaction between the two
components [110].

Apoptosis is required for release of mtDNA since inhibiting apoptosis by overex-
pression of anti-apoptotic Bcl-2 reduced IL-1β secretion. Detailed analysis revealed
that mtDNA bound to NLRP3 is in fact oxidized, since 8-OH-dG nucleotides were
detected in association with NLRP3. To further confirm this phenomenon, mtDNA
was analyzed using liquid chromatography-tandem mass spectrometry and a three-
fold increase in the amount of 8-OH-dG was found. Treating cells with oxidized
DNA increased IL-1β production, but not in the absence of NLRP3. All in all, this
study proved that mitochondrial dysfunction induces apoptosis leading to production
of oxidized mtDNA which in turn activates NLRP3 inflammasome [110].
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It has also been shown that blocking autophagy results in accumulation of
mitochondrially-generated ROS capable of activating the NLRP3 inflammasome
[111]. LC3B-deficient macrophages had a higher level of active caspase 1 in response
to LPS and ATP treatment. Also, higher levels of IL-1β were secreted into the
medium. Similarly, treatment of Beclin1 heterozygous macrophages with LPS and
ATP resulted in an increase in cleaved caspase 1 and IL-1β. Analysis of cells using
transmission electron microscopy (TEM) revealed accumulation of swollen mito-
chondria in LC3B and Beclin1-deficient cells. This phenotype is characteristic of
dysfunctional mitochondria capable of producing high levels of ROS [111].

The role of mitochondria in this process was further confirmed using ρ0 cells
which showed an inhibition of caspase 1 activation and IL-1β production in response
to LPS and ATP. On the other hand, treating cells with rotenone, which inhibits
the mitochondrial respiratory chain at the level of Complex I and which generates
large amounts of ROS, had the opposite effect to increase caspase 1 activation and
IL-1β production. Co-treating the cells with mito-TEMPO, a scavenger of mitochon-
drial ROS, blocked the secretion of IL-1β, showing the involvement of mitochon-
drial ROS in this process [111]. These investigators further examined the role of
cytosolic mtDNA. Treating macrophages with LPS and ATP resulted in an increase
in mtDNA in the cytoplasm which was blocked by mito-TEMPO. Conversely,
rotenone treatment together with LPS and ATP significantly increased cytosolic
mtDNA in macrophages. This was further increased in LC3B- and Beclin1-deficient
macrophages [111].

Involvement of mtDNA was further confirmed by treating the cells with DNaseI.
These cells displayed a reduced secretion of IL-1β in response to LPS and ATP
treatment. Inhibition of NLRP3 blocked the secretion of IL-1β and IL-18 in LC3B-
and Beclin1-deficient macrophages treated with LPS and ATP or rotenone. Genetic
deletion of NLRP3 had the same effect. This effect was due to inhibition of mtDNA
release to cytosol in the absence ofNLRP3. Same resultswere obtained in twomurine
models of sepsis [111]. These results show the involvement of mitochondrial DNA
and ROS in inducing inflammation through NLRP3 pathway.

ROS and NF-κB. Nuclear factor κB (NF-κB), is a transcription factor with a
major role in inflammation through inducing the expression of pro-IL-1β andNLRP3
inflammasome. NF-κB comprises of different transcription factors: p50 or NF-κB1,
p52 or NF-κB2, RELA or p65, RELB and c-REL. These factor are sequestered in
the cytoplasm by inhibitors of NF-κB (IKBs) (reviewed in [112]).

There are two different pathwaysmediating NF-κB activation: canonical and non-
canonical [112]. Different stimuli such as ligands for antigen receptors, cytokine
receptors, and pattern-recognition receptors activate the canonical pathway. IκB
kinase (IKK) complex is a central molecule in this pathway which is composed of
catalytic (IKKα and IKKβ) and regulatory (IKKγ) subunits. Upon activation, IκBα

is phosphorylated by IKK, triggering its ubiquitination and proteasomal degradation
finally leading to the nuclear translocation of NF-κB complexes such as RelA and
c-Rel dimers [112]. In the non-canonical NF-κB pathway, the NF-κB2/RelB dimer
is activated in response to selective receptor signals. In this pathway, a central step is
stabilization of protein kinase NIK which together with IKKα induce processing of
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NF-κB precursor protein, p100. This processing not only produces NF-κB2 but also
results in nuclear translocation of NF-κB2/RelB dimer [113]. A very recent study
has shown that NF-κB can prevent excessive inflammation by inducing delayed
accumulation of the autophagy receptor p62/SQSTM1 [114].

Reactive oxygen species (ROS) such as hydrogen peroxide, superoxide anion,
and hydroxyl radical, are byproducts of mitochondrial respiratory chain but can be
produced by cytoplasmic enzymes as well. Under normal conditions, ROS are the
main component of redox signaling important for maintaining tissue homeostasis by
oxygen sensing, cell growth, migration and differentiation. Sustained production of
ROS, however, can cause cell damage [115].

Production of ROS is essential for innate immunity and inflammation. During
pathogen invasion, activated neutrophils emit a burst of ROS which are bactericidal
[116]. ROS has been proposed to trigger the activation of the NLRP3 inflammasome.
It has been shown that activators of NLRP3 such as uric acid crystals, silica, asbestos,
and alum can trigger ROS production as well [117]. Different mechanisms have been
suggested for ROS production by NLRP3 activators such as potassium efflux and
frustrated phagocytosis [117, 118], however the exact mechanism is still unclear.

Recent evidence suggests that there is cross-talk between ROS and NF-κB path-
ways. ROS inhibits the phosphorylation of IκBα, therefore prevents activation ofNF-
κB [119]. In addition, S-glutathionylation of IKKβ by ROS inhibits its activity [120].
Finally, NIK is activated by ROS through inhibition of phosphatases and formation
of NIK/TRAF6 complexes and the following recruitment to the IL-1 receptor [119].
On the other hand, the NF-κB pathway itself can regulate ROS levels by inducing
the expression of antioxidant proteins such as SODs, GST, MT3, and FHC [115].

Bacteria-like molecules (hsp60, cardiolipin). As discussed before, mitochondria
play a major role in activation of NLRP3 inflammasome. Different components of
mitochondria are involved in this process. The role ofmitochondrially generatedROS
andmtDNA has been described in previous sections. Cardiolipin is another molecule
which is able to activate the NLRP3 inflammasome. Cardiolipin is a phospholipid
found in bacteria and the innermembrane ofmitochondria. It has a very specific struc-
ture, highly acid with a head glycerol group and two phosphatidylglyceride backbone
fragments instead of one. Cardiolipin interacts with components of oxidative phos-
phorylation (OXPHOS) complexes and stabilizes respiratory supercomplexes (see
review [121]). Cardiolipin also plays a functional role in mitochondria. It is involved
in apoptosis through interacting with cytochrome c. When peroxidized, cardiolipin
releases cytochrome c to the cytosol where it binds toApaf-1which eventually results
in the activation of caspase 9 [121].

Cardiolipin has been implicated in inflammation through direct interaction with
NLRP3 inflammasome. A study by Iyre et al. has shown the involvement of cardi-
olipin in this process. Mitochondrial destabilization results in transfer of cardiolipin
to the outer membrane. There, it acts as an endogenous PAMP, since it resembles a
bacterial lipid. Cardiolipin binds to the leucine-rich repeat domain of NLRP3 and
this interaction is sufficient for activation of the NLRP3 inflammasome. In fact,
down-regulation of cardiolipin by using siRNA against cardiolipin synthase reduced
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caspase-1 activation and IL-1β production which occurs downstream of NLRP3
activation [8].

Heat-shock proteins (Hsp), as the name implies, were first discovered in response
to high temperatures. They are highly conserved from prokaryotes to eukaryotes.
Under physiological conditions, they act as chaperones involved in protein folding
and transport [122]. Hsp60 is a mitochondrial molecular chaperone. It is involved in
folding proteins into their functional structure and restoring the structure ofmisfolded
or denatured proteins. It can also serve as a DAMP and activate the innate immune
response if released in the extracellular environment [123].

In the central nervous system, inflammation is protective against pathogens and
cell debris. On the other hand, reactive oxygen and nitrogen species generated as
byproducts of the immune response can result in neuronal injury and cell death.
In pathological conditions in the CNS, microglia (CNS-resident monocytes) are
activated. Hsp60 released from damaged neurons binds to TLR4, amembrane-bound
member of TLR family, on the surface of microglia. Myeloid differentiation factor
88 (MyD88) is an adaptor protein which is recruited to TLR4 upon its activation
which eventually induces NF-κB and inflammation [124].

Rosenberger et al. showed an increase in Hsp60 expression in neurons and oligo-
dendrocytes upon injury. It was also detected in the cerebrospinal fluid (CSF) in a
mouse model of stroke. Intrathecal injection of Hsp60 in mouse resulted in neurode-
generation and demyelination. This effect requires both TLR4 and MyD88 since
mice lacking thesemolecules didn’t developneural injury afterHsp60 injection [125].
Finally, a study byKim et al. showed involvement of Hsp60 in apoptosis in cardiomy-
ocytes. Hsp60 interacted with TLR4 receptor on the surface of cardiomyocytes,
activating downstream NF-κB leading to apoptosis [126].

Unstable Allies: Fusion and Fission

Mitochondrial fission is governed by the small GTPase Drp1, which interacts with
mitochondrial outer membrane receptors Fis1, Mff, and Mid49. Drp1 forms multi-
meric spirals that constrict the mitochondrion (reviewed in [17]). Fusion is mediated
by the structurally relatedmitofusins 1 and 2 (Mfn1,Mfn2) which are anchored to the
mitochondrial outer membrane by a transmembrane sequence, and by Opa1, which
is responsible for inner membrane fusion. Mfn2 can also be found in ER membranes
and is thought to also play a role in tethering ER to mitochondria to enhance calcium
delivery to mitochondria [127]. Loss of ER tethering is thought to be the reason
conditional knockout of Mfn2 protects against ischemia/reperfusion injury [20].

Mitochondria exist in a dynamic state, alternating between isolated organelles
and extensive alliances. Like political alliances, fusion and fission are responses to
environmental cues, energy availability, and cell programming. For instance, during
cell division, mitochondria must be distributed between the daughter cells. While
this may be symmetric, in the case of stem cells, mitochondria may be unequally
apportioned between the cell that will undergo differentiation and the cell that will
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retain stemness, the latter retaining the “younger” mitochondria [128]. Mitochon-
drial fission itself is often asymmetric, resulting in two mitochondria that differ with
respect tomembrane potential; the low-potentialmitochondrion is likely to be a target
of mitophagy [129]. Loss of membrane potential is a trigger for Drp1 recruitment
and generalized mitochondrial fission, but this is not the only stress that can trigger
fission. Oligomycin preserves membrane potential (actually causes hyperpolariza-
tion) but results in fission and loss ofmitochondrial mass (presumably bymitophagy)
[130]. Oxidant stress also triggers fission [130]. It is plausible that cytosolic signals
(kinases, cytosolic ATP, glucose metabolites) may regulate fission. Calcineurin regu-
lates Drp1 by dephosphorylation, triggering its translocation to mitochondria; PKA
phosphorylates Drp1 [131].

Even cardiomyocytes exhibit a certain degree of alternation between fusion and
fission, although the extent of fusion is less dramatic than the complex branched
networks of other cell types. Excluding pathologic settings of complete knockout
of fusion or fission factors, the extent of fusion gives rise to mitochondria that may
extend two sarcomere lengths, and fission may result in mitochondria about half a
sarcomere length [132, 133]. This modest dynamic range may be an underestimate
because transmission electron microscopy may cut through a mitochondrion that
extends out of plane, much like the Loch Ness monster if only viewed at the plane
of the ocean surface (Fig. 10.1). The limitations of electron microscopy are only
exceeded by those of tissue homogenization and flow cytometric analysis, which is
equivalent to putting poor Nessie through a wood chipper and scoring the size of the
sawdust.

Given the rigid architecture of the cardiomyocyte, what can be accomplished by
altering the extent of fusion and fission? Fission will alter the surface area to volume
ratio, whichmay affect intra-mitochondrial volume and Ca2+ concentration, which in
turn will affect OXPHOS and ATP production. Fusion will facilitate redistribution of
components such as newly-synthesized proteins and mtDNA [134–136]. Fission is
also essential formitophagy, which recent studies in yeast have shown to be selective,
in that matrix components are eliminated at different rates, implying some degree
of segregation of specific components [18]. Dengjel and Abeliovich state “These
results are consistent with models in which phase separation within the mitochon-
drial matrix leads to unequal segregation of proteins during mitochondrial fission.
Repeated fusion and fission cycles may thus lead to “distillation” of components that

Fig. 10.1 Mitochondria in three dimensions, as a 2-D projection, and after homogenization
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Fig. 10.2 Concept of OXPHOS complexes as a paracrystalline array, and mechanism of Drp-1
mediated asymmetric fission

are destined for degradation.” [19] Similar studies remain to be conducted for inner
membrane OXPHOS components, which are arranged in paracrystalline supercom-
plexes. If these supercomplexes are dynamic, undergoing cycles of assembly and
disassembly, then there is an opportunity for nonfunctional subunits to be selec-
tively excluded if misfolding precludes their incorporation during the next cycle of
assembly. One question is how fission proteins might participate in the segregation
process. One model we have proposed is that the supercomplexes confer rigidity to
the mitochondrion, whereas disorganized membrane proteins may result in a more
fluid membrane. The cinching action of Drp1 oligomers may be unable to constrict
the supercomplex-rich segment of the mitochondrion but can easily pinch off the less
rigid segment that would contain subunits and complexes that are too distorted to
incorporate into supercomplexes. Repeated cycles of assembly/disassembly coupled
with fission would serve to parsimoniously remove only the misfolded or damaged
components (Fig. 10.2).

Fusion plays an equally important role in the cell. Regions of the mitochondria
have been shown to be specialized for importing protein and additionally are enriched
for mtDNA and mitofusin 2. The presence of Mfn2 suggests that these specialized
mitochondria may ‘share their wealth’ by fusing with the rest of the network and
delivering newly-imported proteins and newly-replicated mtDNA. Conditional dele-
tion of Mfn1 and 2 in the heart results in mitochondrial dysfunction and heart failure
[21]. As mitochondrial homeostasis depends upon both fission and fusion, it is not
surprising that deletion of either element carries significant consequences for the
heart.

The topic would not be complete without discussing Opa1, the factor responsible
for inner membrane fusion and, after proteolytic processing, fission. Full-length
Opa1 supports fusion and is important for maintenance of crista structure. Opa1
is processed by mitochondrial proteases Yme1L and Oma1, giving rise to several
shorter forms of Opa1 that tend to promote fission, or at the very least, interfere
with fusion. The short forms colocalize with Drp1 and ER-mitochondrial contact
sites [22]. Loss of mitochondrial membrane potential is sufficient to activate Oma1,
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leading to processing of Opa1 [23]; elegantly, loss of membrane potential arrests
the import and PARL-mediated processing of PINK1, resulting in accumulation of
PINK1 and initiation of mitophagy (including recruitment of Drp1) [137, 138].

Defense: Isolate and Eliminate Troublemakers

Mitophagy. Mitophagy is the process cells use to clear damaged or unwanted mito-
chondria via autophagy. Loss of mitochondrial components required for oxida-
tive phosphorylation to sustain the chemiosmotic gradient in mitochondria leads
to membrane potential depolarization. Loss of mitochondrial membrane potential
results in accumulation of PINK1 on the damaged mitochondria (discussed earlier).
PINK1-mediated phosphorylation of ubiquitin and perhaps Parkin itself facilitates
the activation and recruitment of the said E3 ubiquitin ligase to the mitochondria
[139–143]. Parkin then ubiquitinates several outer mitochondrial membrane proteins
causing recruitment of autophagy adapter proteins such as p62/SQSTM1, optineurin,
and/or NDP52, all of which contain a ubiquitin binding domain (UBA) and an LC3
interacting region (LIR) [144–152]. The ubiquitin proteasome systemplays an impor-
tant role in the initial phase of mitophagy for degradation of some of the ubiquiti-
nated outer membrane-associated proteins [152, 153]. Recruitment and binding of
autophagy adapter proteins facilitates the formation of the autophagosome around
the isolated mitochondrion allowing for autophagic engulfment and routing to the
lysosome. It is important to note however that different models and/or stimulus may
dictate which adapter proteins will be relevant to support mitophagy. Mitophagy has
been shown to a critical factor in protecting the heart against ischemia/reperfusion
damage [154, 155]. It is important to note that mitophagy can be triggered via
mitochondria-specific unfolded protein response even without loss of membrane
potential [156].

Mitochondrial Derived Vesicles. The importance of mitochondrial-derived vesi-
cles (MDVs) as a mechanism of mitochondrial quality control is an emerging
story. MDVs have been observed to target to peroxisomes [157], and late endo-
somes/lysosomes [158]. Little is currently understood about the role ofMDVdelivery
to peroxisomes; however, the E3 ubiquitin ligaseMULANwas identified as one such
protein cargo [157, 159]. MDVs fated for transport to lysosomes contain an abun-
dance of oxidized proteins and are destined for degradation [160]. Moreover, it was
found that formation of these lysosome-destined MDVs requires PINK1 and Parkin
[161]. McBride and colleagues offer the plausible suggestion that MDVs may act as
a first line of defense to isolate and eliminate small portions of the mitochondrion
which are characterized by protein import arrest and PINK1 accumulation. Elim-
ination of these dysfunctional regions of mitochondria may serve to preserve the
mitochondria and ultimately protect the whole cell [162].

Proteostasis. Proteostasis is a key element of mitochondrial quality control and
delays the progression of ageing, development of cancer, and neurodegenerative
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diseases [163–166]. The buildup of misfolded proteins can impact OXPHOS func-
tion with deleterious consequences. Numerous mechanisms have evolved to ensure
mitochondrial protein homeostasis. Proteostasis engages multiple systems sequen-
tially and in proportion to the magnitude of the problem and its chronicity: molecular
chaperones, sulfhydryl repair enzymes, proteases, protein sorting mechanisms, and
mitophagy.

By assisting in the proper folding of newproteins, and refolding ofmisfolded ones,
molecular chaperones contribute greatly to mitochondrial proteostasis. Cytosolic
heat shock proteins Hsp70 and Hsp90 are important chaperones known to protect
the hydrophobic regions of newly synthesized mitochondrial proteins as they
are imported into mitochondria [167]. Hsp90 is a cytosolic chaperone that was
recently shown to be important for facilitating mitochondrial protein import through
the translocase of outer membrane (TOM) complex [168]. Mitochondrial Hsp70
(mtHsp70) and the complex associated with Hsp60 and Hsp10 were identified as
important facilitators of folding of proteins entering the mitochondria [169, 170].

Mitochondrial proteases are estimated to degrade 6–12% of proteins per hour in
yeast and deal with misfolded proteins or excess, unincorporated proteins to prevent
their aggregation [171]. Mitochondrial proteases regulate protein half-life; it is note-
worthy that the half-life of mitochondrial proteins vary widely, indicating that a
variety of differentmechanisms govern their turnover. Protein quality control ismoni-
tored by severalATP-dependent peptidases such as iAAA,mAAA(AAA—ATPasese
associated with diverse cellular activities), Lon protease homologue (LONP), and
Clp protease proteolytic subunit (CLPP). ATP-independent peptidases includeAtp23
homolog and inner membrane associated HTRA2/OMI. PITRM1 is a key metallo-
protesase involved in monitoring and degrading proteins in the mitochondrial matrix
[175]. These proteases detect and degrade non-assembled or misfolded mitochon-
drial proteins [176]. Processing peptidases are essential partners in protein import
into themitochondria, responsible for removing themitochondrial import and sorting
signals of new proteins as they enter [172]. Key proteases in this category include the
mitochondrial processing peptidase (β-MPP a.k.a. PMPCB) and the inner membrane
proteases IMMP1L and IMMP2L [173, 174].

An excess of either mitochondrial-encoded or nuclear-encoded OXPHOS compo-
nents that fail to be assembled into complexes, termed mitonuclear imbalance,
activates the mitochondrial unfolded protein response (mtUPR) [177]. Activation
of the mtUPR leads to the transcription of chaperones and proteases that act to
reverse mitochondrial proteotoxic stress [178]. More severe proteotoxic stress leads
to sequestration of material in regions of the mitochondria followed by their elimi-
nation as MDVs; when large portions of mitochondria contain defective OXPHOS
components (e.g., unable to maintain membrane potential), they become targets
of mitophagy (discussed above). Excellent reviews on general proteostasis, mito-
chondrial proteases, and the mitochondrial unfolded protein response and have
been published by the groups of Hartl [179], Lopez-Otin [176] and Auwerx [178]
respectively.
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Conclusions

Mitochondria play a central role in the life (and death) of a cell, regulating
metabolism, inflammation, and survival. The dialog between mitochondria and the
rest of the cell proceeds via small molecules and ions, lipids, peptides that are
mitochondria-encoded, and proteins that are normally sequestered within the mito-
chondria. Even mitochondrial DNA can serve as a signaling molecule, activating
inflammation. Release of cytochrome c can trigger cell death, making this a perilous
friendship, indeed. The cell has evolved multiple mechanisms to de-escalate damage
including antiapoptotic Bcl-2 proteins, ARC, and IAPs. While the benefits of a high-
efficiency system for ATP production cannot be denied, the alliance carries consid-
erable risk, and homeostatic happiness is poised on a knife’s edge. The real miracle
is that it doesn’t go awry more frequently.

Best of Frenemies

The best of frenemies, mitochondria cohabit the cell.

Friends today, but tomorrow things could go askance.

When the balance of Bax/bak and Bcl-xL.

Are by Bid, Bad and Noxa, thrown out of balance.

Within the cell, mitochondria squirm.

Between fission and fusion, and occasionally,

Instead of choosing life to affirm,

Opt instead to release cytochrome c.

Though mitochondria are great.

At synthesizing copious ATP,

Burning sugar and fats at a prodigious rate;

But they sometimes annoy NLRP3.

When mtDNA helps activate caspase 1.

With cardiolipin and inflammasome assembly.

For secretion of interleukin-1.

It’s an inflammation calamity.

But love them we must.

Despite occasional strife.

If we are to be more animated than dust.

And enjoy eukaryotic life.

Roberta A. Gottlieb.

July 23, 2016.
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Chapter 11
Mitochondrial Dysfunction
and Mitophagy: Physiological
Implications in Cardiovascular Health

Åsa B. Gustafsson

Abstract Heart failure is the typical end stage for cardiovascular diseases and
presents a major public health burden. Heart failure occurs as a result of an excess
loss of cardiac myocytes and increased fibrosis, which leads to a reduced capacity
to sustain contractile function. Cardiac myocytes are highly enriched in mitochon-
dria which are responsible for generating energy via oxidative phosphorylation.
Although mitochondria are critical for myocyte function, they can become harmful
when damaged or dysfunctional. Therefore, the quality of mitochondria must be
carefully and continuously monitored to ensure cellular homeostasis. Mitochon-
drial autophagy or mitophagy refers to the selective engulfment of mitochondria by
autophagosomes. This selective elimination of mitochondria in response to various
bioenergetic or environmental cues is responsible for regulating both mitochondrial
quality and quantity and is critical for maintaining a healthy population of mitochon-
dria. Defects in this process affect cardiac homeostasis and contribute to cardiac
aging and development of various myocardial pathologies. This chapter provides
insights into the molecular mechanisms involved in regulating mitophagy in cells
and examines the functional importance of mitophagy in the myocardium.

Keywords Autophagy ·Mitophagy ·Mitochondria · Heart failure · Cardiac
myocytes · PINK1 · Parkin · BNIP3 · FUNDC1 · Deubiquitinases

Introduction

Cardiovascular diseases are a global epidemic and are the leading cause of morbidity
and mortality in the developed world [5]. Heart failure is the most common end
stage of cardiovascular diseases and results when there is an excess loss of cardiac
myocytes coupled with increased fibrosis. To support their high energy demands,
cardiac myocytes are highly enriched in mitochondria which are responsible for
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producing ATP via oxidative phosphorylation [43]. However, damaged or dysfunc-
tional mitochondria can be a major source of reactive oxygen species (ROS). They
also release pro-death factors and mitochondrial DNA (mtDNA) that activate cell
death pathways and induce activation of the inflammasome, respectively [3, 102,
129]. Mitochondrial dysfunction also disrupts functions of other organelles such a
lysosomes, which are critical in degradation and recycling of cellular material [20].
Therefore, the quality of mitochondria must be carefully and continuouslymonitored
to ensure cellular homeostasis. Indeed, defects in mitochondrial quality control path-
ways have been reported to contribute to pathologies such as Parkinson’s disease,
diabetic cardiomyopathy, heart failure and cardiac aging [19, 28, 29, 34, 38, 46, 61,
63, 110, 111].

Mitochondrial autophagy or mitophagy refers to the selective engulfment of mito-
chondria by autophagosomes. This specific elimination of damaged or excessive
mitochondria is responsible for regulating both mitochondrial quality and quantity
and is critical for maintaining a healthy population of mitochondria. Mitophagy
is responsible for different aspects of mitochondrial clearance such as: (1) base-
line turnover of old or excess mitochondria; (2) elimination of mitochondria during
metabolic transition or differentiation; and (3) removal of damaged mitochondria
in response to cellular stress. The mitophagy process requires crosstalk between
mitochondria and the autophagy machinery. First, the dysfunctional mitochondrion
is segregated from the network of healthy mitochondria and labeled for degrada-
tion. Second, mitophagy also requires the concurrent formation of autophagosomes
which are responsible for engulfing the mitochondria that have been marked for
degradation. Autophagy is initiated by the formation of a phagophore membrane
(Fig. 11.1). The membrane is elongated and then closes around the labeled cargo.
The autophagosome then delivers the cargo to a lysosome for degradation [28].

Phagophore  Autophagosome Autophagolysosome  

Engulfment Fusion 

Lysosome 

Fig. 11.1 Scheme of mitochondrial autophagy process. A phagophore is formed near the cargo to
be degraded. The membrane elongates and then encloses around the cargo. The double membraned
autophagosome then fuses with a lysosome leading to formation of the autophagolysosome and
subsequent degradation of cargo
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Mitophagyplays an important role in clearingmitochondria in cardiacmyocytes in
response to various bioenergetic or environmental cues. Defects in thismitochondrial
quality control pathway affects cardiac homeostasis and contribute to development
of cardiac dysfunction [38, 44, 63, 104, 111]. This chapter describes our current
knowledge of the molecular mechanisms involved in regulating mitophagy in cells.
It also examines the role ofmitophagy in cardiovascular homeostasis and howdefects
contribute to development of heart failure.

PINK1/Parkin-Mediated Mitophagy

PINK1/Parkin-dependent mitophagy is one of the best-characterized pathways for
the degradation of depolarizedmitochondria (Fig. 11.2a). PINK1 is a serine/threonine
kinase that contains an N-terminal mitochondrial targeting sequence (MTS) and a
C-terminal kinase domain [83], whereas Parkin is a cytosolic E3 ubiquitin ligase
that is recruited to depolarized mitochondria by PINK1 [76, 83]. Under normal
conditions, PINK1 is imported into mitochondria in a ��m-dependent manner via
the translocase of outer membrane (TOM) and translocase of inner membrane (TIM)
complexes where it is subjected to proteolytic cleavage [68, 83]. This constitutive
turnover of PINK1 ensures that the protein levels are maintained low under normal
conditions.

Depolarization of the mitochondria abrogates the import of PINK1 and leads to
its accumulation on the outer mitochondrial surface and activation of mitophagy [76,
83]. Studies have found that saturating the import mechanisms with excess PINK1,
knock down of mitochondrial proteases responsible for PINK1 cleavage or deleting
the MTS also leads to PINK1 accumulation on the outer mitochondrial membrane
and activation of mitophagy [39, 76, 87]. Once PINK1 is stabilized on the outer
mitochondrial membrane, it phosphorylates pre-existing ubiquitin proteins in the
OMM at the conserved Serine 65 which then functions to recruit Parkin to the mito-
chondria [50, 53, 59]. PINK1 also phosphorylates Mitofusin 2 (Mfn2) which acts
as a mitochondrial receptor for Parkin [13]. Interestingly, once Parkin has translo-
cated to the mitochondria, it is also phosphorylated by PINK1 on Serine 65 in its
ubiquitin-like domain which leads to its full activation [55, 99, 100]. After its phos-
phorylation and binding to phospho-ubiquitin, Parkin proceeds to attach polyubiq-
uitin chains to numerous proteins in the outer mitochondrial membrane that in turn
are phosphorylated by PINK1 in a feed-forward mechanism [90]. K63, K48, K11
and K6-mediated ubiquitination of various substrates by Parkin lead to the coor-
dinated proteasomal and autophagic degradation of proteins and mitochondria [8,
58, 89, 90, 126]. The UPS-mediated degradation of certain proteins functions to
facilitate mitophagy. For instance, mitochondrial fusion proteins Mfn1 andMfn2 are
Parkin substrates and proteasome-dependent degradation of Mfn1 and Mfn2 facili-
tates mitophagy by preventing re-fusion of depolarized mitochondrial fragments to
the healthy mitochondrial network [109]. Degradation of MIRO1, a protein involved
in connecting mitochondria to the microtubules, serves to disconnect the damaged
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mitochondrion from the network and prevents it from being transported in the cell
[120].

The PINK1/Parkin pathway was initially identified to play a role Parkinson’s
Disease (PD) where loss-of-function mutations in PINK1 or PARKIN contribute
to development of early onset PD [56, 74, 114]. Subsequent studies have demon-
strated that the PINK1/Parkin pathway is critical for efficient mitochondrial quality
control in other systems as well, including the heart. For instance, PINK1-deficient
mice are more susceptible to I/R injury compared to wild-type (WT) mice [101],
whereas cardiac specific PINK1 transgenic mice have reduced myocardial I/R injury
[119]. Similarly, the presence of Parkin is also critical for efficient mitophagy in
response to acute mitochondrial stress in the myocardium. Mice that are deficient in
Parkin are unable to efficiently clear their dysfunctional mitochondria in myocytes
after a myocardial infarction which leads to rapid development of heart failure [63].
Moreover, Parkin-deficient mice accumulate abnormal mitochondria with age [61]
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and cardiac specific overexpression of Parkin ameliorates the functional decline in
cardiac function that occurs with aging [44]. Parkin also plays a role in ischemic
pre-conditioning (IPC) and Parkin-deficiency abolishes the cardioprotective effects
of IPC [45]. Parkin-mediated mitophagy has also been reported to play an impor-
tant role in the removal of fetal mitochondria in the neonatal heart. After birth, the
heart undergoes a metabolic transition from utilizing carbohydrates to fatty acids for
energy production. This change in metabolic substrate preference has been thought
to involve transcriptional reprogramming of mitochondria [118]. However, a recent
study discovered that the reprogramming of mitochondria involves removal of fetal
mitochondria via Parkin-mediated mitophagy and that specific abrogation of Parkin
in myocytes prevents the normal perinatal transition from fetal to adult mitochondria
[38].

Furthermore, diabetic patients are at higher risk of developing cardiac defects
and mitochondrial dysfunction is one of the characteristics of the diabetic cardiomy-
opathy. It was recently reported that high fat diet is associated with activation of
Parkin-mediated mitophagy in hearts [111]. Parkin-deficiency leads to accumu-
lation of dysfunctional mitochondria and exacerbated diabetic cardiomyopathy in
mice [111], confirming the importance of mitophagy in maintaining mitochondrial
health in the heart during high fat intake. Overall, these findings suggest that Parkin-
mediated mitophagy plays important roles in adapting to metabolic changes and to
acute mitochondrial stress.

Autophagy Adaptors

Ubiquitin serves as a label for degradation. Thus, targeting ubiquitinated mitochon-
dria to autophagosomes is a critical step in mitophagy and involves the use of
adaptor proteins such as p62/SQSTM1, NBR1, optineurin (OPTN), and NDP52 [65,
69, 91, 122]. Autophagy adaptors contain an LC3-interacting region and ubiquitin
binding motifs to connect ubiquitinated cargo to autophagosomes (Fig. 11.2b). How
autophagy adaptors promote the autophagosomal engulfment of select substrates
is still poorly understood but recent studies have uncovered a role for the TANK-
binding kinase 1 (TBK1) in regulating activity of the autophagy adaptors. Mitochon-
drial damage leads to activation of TBK1 and its phosphorylation of p62, OPTN,
and NDP52 [42, 77, 78]. Inhibition of TBK1 abrogates the recruitment of these
proteins to depolarized mitochondria [42]. Also, TBK1-mediated phosphorylation
of OPTN enhances its binding to ubiquitin chains [42], while TBK1-mediated phos-
phorylation of p62 is required for the engulfment of mitochondria by autophago-
somes. This suggests that TBK1-mediated phosphorylation is an important regula-
tory step in the mitophagy pathway. In addition, some of the autophagy adaptors
have additional functions in mitophagy than just linking ubiquitinated mitochondria
to LC3 on the autophagosome. They are also involved in recruiting components in
autophagicmachinery, such as ULK1, to themitochondrionwhich ensures formation
of the autophagosome adjacent to the damaged mitochondrion [69]. A recent study
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demonstrated that NDP52 and TBK1 cooperate to recruit ULK1 to ubiquitinated
mitochondria [117].

Mitophagy Receptors

Mitophagy can also be directly initiated by proteins that are anchored in the outer
mitochondrial membrane. Similar to the autophagy adaptors, these mitophagy recep-
tors contain conserved LIR motifs and directly interact with ATG8/LC3 proteins
on the autophagosomes eliminating the need for ubiquitination of proteins. Atg32
was the first protein to be identified as a mitophagy receptor in yeast [51, 86].
Subsequent studies have identified the presence of several mitophagy receptors
in mammalian cells. The molecular mechanisms by which the mammalian recep-
tors regulate mitophagy has been challenging to delineate since many of these
proteins also have additional functions that are independent of their mitophagy
functions. However, studies agree that post-translational modification plays a key
role in the regulation of receptor-mediated mitophagy and that phosphorylation or
dephosphorylation of these receptors function to modulate the interaction with LC3
[2, 10, 125, 132].

BNIP3 and NIX

The first mammalian mitophagy receptors identified were BCL2 and adenovirus
E1B 19-kDa-interacting protein 3 (BNIP3) and BNIP3-like (BNIP3L, also known
as NIX). They were originally characterized as atypical pro-apoptotic BH3-only
proteins based on sequence homology with other BH3-only proteins [9, 116]. BNIP3
and NIX are both expressed in the heart where they induce apoptosis via the intrinsic
or mitochondrial pathway [40, 95, 127]. Although these two proteins are closely
functionally related, they induce cell death in response to different cellular stressor.
For instance, BNIP3 is significantly upregulated in response to hypoxia and a major
mediated of cell death in myocardial ischemic injury [24, 40, 95]. BNIP3 is also
responsible for loss of myocytes in cardiotoxicity induced by the chemotherapy
drug doxorubicin [21]. NIX is upregulated in response pathological hypertrophy and
activation of Gαq and PKCα [32] which leads to loss of myocytes and development
of heart failure [25, 127].

However, it was observed that BNIP3 and NIX are less efficient at inducing cell
death compared to other BH3-only proteins. Subsequent studies identified that these
two proteins are also inducers ofmitophagy. BNIP3was found to promotemitophagy
in cardiac cells in response to I/R [40] andNixwas reported to be required for selective
autophagic degradationofmitochondria during reticulocytematuration [96, 98].Both
BNIP3 and NIX are anchored in the outer mitochondrial membrane via their C-
terminal transmembrane domains and contain N-terminal LIRs that face the cytosol,
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thereby facilitating the clearance of mitochondria [41, 85, 97]. BNIP3 and Nix also
form homodimers [62] and it was recently demonstrated that NIX homodimerization
was required for recruitment of the autophagy machinery to the mitochondrion upon
induction ofmitophagy [75]. The exact function of BNIP3/NIX-mediatedmitophagy
is still being elucidated. In the myocardium, they appear to play a role in the normal
turnover of mitochondria and BNIP3/NIX deficiency leads to development of age-
dependent mitochondrial cardiomyopathy [26]. Although BNIP3 and NIX have dual
functions as pro-death proteins and mitophagy receptors, it is currently unclear when
and how they switch between these two functions.

There is clearly cross talk between the PINK1/Parkin and BNIP3/NIXmitophagy
pathways. There are reports that NIX serves a critical role in Parkin-mediated
mitophagy. Ding et al. initially reported that NIX is required for both the induc-
tion of autophagy and for recruiting Parkin to mitochondria [23]. In contrast, a
recent study reported that NIX acts downstream in the PINK1/Parkin pathway to
induce mitophagy [33]. This study found that NIX is a Parkin substrate and that
ubiquitination of NIX by Parkin induces the recruitment of the autophagy adaptor
NBR1, thereby targeting mitochondria for degradation [33]. A recent case study of
an asymptomatic patient (i.e. no PD symptoms) with loss of function mutations in
the Parkin gene reported that increased NIX protein levels compensated for the lack
of Parkin-mediated mitophagy in cells [57]. Clearly, additional studies are needed to
resolve the exact relationship between NIX and the PINK1/Parkin mitophagy path-
ways. Furthermore, although induction of BNIP3-mediated autophagy is reduced
in Parkin-deficient myocytes [70], the relationship between BNIP3 and Parkin has
not been extensively investigated. Interestingly, BNIP3-mediated mitophagy is unaf-
fected in PINK1-deficient myocytes [60], suggesting that BNIP3 is not dependent
on the presence of PINK1. On the other hand, BNIP3 can amplify PINK1/Parkin-
mediated mitophagy by suppressing the proteolytic cleavage of PINK1 allowing it
to accumulate on the OMM for Parkin recruitment [128].

FUNDC1

FUN14 domain-containing protein 1 (FUNDC1) is another protein in the outer
mitochondrial membrane that promotes mitophagy by interacting with LC3 [72].
FUNDC1 functions as mitophagy receptor during hypoxia [72]. FUNDC1 levels are
reduced in hearts of patients with heart failure [124]. Recent studies have identi-
fied an important role for FUNDC1-mediated mitophagy in protecting hearts against
ischemia/reperfusion injury [130, 131] and in the differentiation of cardiac stem cells
[66].

The regulation of FUNDC1 involves the coordination of multiple proteins. In
particular, phosphorylation of FUNDC1 plays a key role in regulating its function
and the interaction with LC3. ULK1 is a Ser/Threonine kinase and is required for
mitophagy [64]. ULK1 translocates to damaged mitochondria where it phosphory-
lates FUNDC1 on Ser17 to activate mitophagy [125]. Phosphorylation at this site
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enhances the interaction between FUNDC1 and LC3. In contrast, phosphorylation
of FUNDC1 at Ser 13 under normoxic conditions by casein kinase 2 (CK2), a consti-
tutive Ser/Thr kinase, inhibits the interaction between FUNDC1 and LC3 [10]. The
phosphoglycerate mutase family member 5 (PGAM5) is responsible for dephos-
phorylating FUNDC1 at Ser 13 [10] and under normoxic conditions, PGAM5 is
sequestered and inhibited by Bcl2L1 [123]. During hypoxia, CK2 is inactivated
and Bcl2L1 is degraded. This leads to release of PGAM5 and subsequent dephos-
phorylation of FUNDC1, thereby activating FUNDC1-mediated mitophagy [123].
Thus, coordinatedULK1-mediated phosphorylation of Ser17 and dephosphorylation
of Ser13 by PGAM5 are required for activation of FUNDC1-mediated mitophagy.
Interestingly, a recent study identified that PGAM5 is also a positive regulator of
PINK1/Parkin-mediated mitophagy. Presenilin-associated rhomboid-like (PARL) is
a mitochondrial inner membrane protease protein that is responsible for degrading
PINK1 [83] and PGAM5 is responsible for stabilizing and protecting PINK1 against
PARL cleavage after mitochondrial depolarization [73]. In the absence of PGAM5,
PINK1/Parkin-mediated mitophagy is disrupted.

Other Mitophagy Receptors

Cardiolipin

Cardiolipin (CL) is a unique mitochondrial phospholipid in the inner membrane.
CL is important for stabilizing the inner membrane and for optimal respiration [71].
Interestingly, CL has also been reported to function as a mitophagy receptor [15].
In response to mitochondrial stress, the intermembrane space protein hexameric
nucleoside diphosphate kinase D (NDPK-D, NME4, or NM23-H4) facilitates the
redistribution of CL to the outer mitochondrial surface where it then directly binds to
LC3 [15, 48]. Of the eight different humanATG8 proteins, CL preferentially interacts
with LC3B and their interaction involves both electrostatic forces and alterations in
membrane properties by CL [1]. Interestingly, neurons have a much greater increase
in externalized CL compared to HeLa cells after exposure to a mitochondrial uncou-
pler [15], suggesting that the mitophagy function of CL is limited to select cells.
CL plays a fundamental role in the heart and genetic diseases with mutations in
genes involved in CL biosynthesis, such as Barth syndrome, Sengers syndrome, and
Dilated cardiomyopathy with ataxia, result in cardiomyopathy [30].

Ambra1

Activating Molecule in Beclin1-Regulated Autophagy 1 (AMBRA1) is also a regu-
lator of mitophagy and can interact with Parkin to promote mitophagy [115]. It was
reported that although Parkin translocation to depolarized mitochondria is indepen-
dent of AMBRA1, the subsequent clearance ofmitochondria requires the presence of
AMBRA1. AMBRA1 is a component of the class III phosphatidylinositol 3-kinase
(PI3K) complex that is essential for the initiation of phagophore formation [31].
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Hence, the interaction between AMBRA1 and Parkin facilitates formation of the
phagophore specifically adjacent to mitochondria that have been labeled for degra-
dation, allowing for efficient removal of mitochondria. A more recent study reported
that AMBRA1 can also function as a mitophagy receptor and directly interact with
LC3 via its LC3-interacting region (LIR) motif to promote mitophagy. Interest-
ingly, AMBRA1 induces mitophagy independently of PINK1/Parkin and can restore
mitophagy in PINK1 and PARKIN-deficient cells, confirming the existence of a
distinct AMBRA1-mediated mitophagy pathway [22, 107].

BCL-2-like protein 13

The Bcl2-like protein 13 (Bcl2-L-13, also known as Bcl-rambo) was identified as
a putative mammalian homologue of the yeast mitophagy receptor Atg32 [51, 86]
in a screening of the UniProt protein data base [81]. To meet the requirements of a
mitophagy receptor, the authors used the following criteria in the screen: 1. local-
ization to mitochondria, 2. presence of a LIR motif, 3. clusters of acidic amino
acids, and 4. a single transmembrane domain. Based on these factors, the authors
identified Bcl2-L-13 as a potential homologue of Atg32 and mitophagy receptor.
Similar to BNIP3 and NIX, Bcl2-L-13 was originally identified to be a pro-apoptotic
protein where overexpression induced caspase-mediated apoptosis [52]. The authors
confirmed that Bcl2-L-13 promotesmitophagy by binding to LC3 via its LIR and that
it induces degradation of mitochondria independently of Parkin. Bcl2-L-13, but not a
LIR mutants, also partially restores mitophagy in Atg32-deficicient yeast cells [81].
Bcl-2-L-13-mediated mitophagy is also dependent on the serine/threonine kinase
ULK1 [80].

Deubiquitinases as Critical Regulators of Mitophagy

The PINK1/Parkin pathway uses ubiquitin as the signal for autophagic degradation of
mitochondria which is recognized by autophagy adaptor proteins. Hence, a balance
between ubiquitination and deubiquitination dictates the level of mitophagy. Deubiq-
uitinases (DUBs) are responsible for removing ubiquitin modifications from proteins
[16]. Recent studies have described several DUBs, including USP8, USP15, USP30,
USP33, USP35 and USP36, as important regulators of Parkin-mediated mitophagy
[6, 17, 18, 27, 35, 84, 88, 121].

Ubiquitin specific protease 30 (USP30) is currently the only known DUB that
is constitutively anchored in the outer mitochondrial membrane [82]. It counteracts
mitophagy by removing ubiquitin fromParkin substrates such asMIRO1 andTOM20
(Fig. 11.3a) [6, 121]. USP30 overexpression in cells decreases the levels of ubiqui-
tinated proteins in the outer mitochondrial membrane and hinders Parkin-mediated
degradation of mitochondria. USP30 also delays the recruitment of Parkin to depo-
larized mitochondria likely due to a reduced pool of ubiquitin for PINK1 to phos-
phorylate. Because Parkin is recruited to mitochondria by phosphorylated ubiquitin,
lower levels of ubiquitin in the presence of USP30 might lead to reduced recruitment
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of Parkin. USP30 is also a Parkin substrate and its ubiquitination leads to proteasomal
degradation [6, 36], thereby removing the brake on mitophagy. Structural studies on
USP30 also suggest that phosphorylated ubiquitin chains inhibit USP30 activity [36],
suggesting that phosphorylation by PINK1 on depolarized mitochondria protects the
ubiquitin from USP30-mediated hydrolysis and allows for recruitment of Parkin.
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In addition, UPS35 is another DUB that is localized to respiring mitochondria
but it quickly dissociates from depolarized mitochondria by an unknown mecha-
nism (Fig. 11.3b). Interestingly, USP35 knockdown in cells also results in decreased
levels of the mitochondrial fusion protein Mfn2, suggesting that the presence of
USP35 at the mitochondria is important in maintaining Mfn2 levels [121]. It has
been observed that mitochondria that undergo fusion during starvation are also
protected from mitophagy [37, 94]. Thus, it is possible that the primary function
of USP35 is to prevent unnecessary degradation of mitochondria, especially during
energy limiting conditions such as starvation. Finally, USP15 also inhibits Parkin-
mediated mitophagy [17]. Although USP15 is primarily localized to the cytosol, a
portion is found at themitochondriawhere it counteracts Parkin-mediatedmitophagy.
USP15 antagonizes Parkin-mediated accumulation of K48- and K63-linked poly-
ubiquitin chains on mitochondria after mitochondrial depolarization [17]. Impor-
tantly, although USP15 knockdown does not enhance mitophagy in the complete
absence of Parkin, it restores mitophagy in fibroblasts from PD patient with PARK2
mutations that lead to reduced Parkin activity. Many clinical PARK2 mutations do
not completely abolish the E3 ligase activity of Parkin [106], so this suggests that
USP15 could be a therapeutic target for PD in patients carrying specific PARK2
mutations.

Moreover, DUBs can act as positive regulators of Parkin-mediated mitophagy.
The activity of many E3 ubiquitin ligases, including Parkin, is regulated by auto-
ubiquitination [7, 112]. In contrast to theDUBsdescribed above,UPS8does not act on
known Parkin substrates at themitochondria [27]. Instead, USP8 promotes activation
of Parkin by removing its K6-linked ubiquitin chains (Fig. 11.3c). Interestingly,
USP8-mediated de-ubiquitination of Parkin is required for recruitment of Parkin to
mitochondria and induction ofmitophagy [27]. Hence, these studies demonstrate that
induction of PINK1/Parkin-mediated mitophagy requires the coordination of several
DUBs. Future studies will provide insights into whether the DUBs are involved in
regulating mitophagy in the myocardium.

Coordination Between Mitochondrial Dynamics
and Mitophagy

Mitophagy is closely coordinatedwithmitochondrial dynamics for efficient clearance
of dysfunctional mitochondria. Mitochondria undergo asymmetrical fission to segre-
gate damaged mitochondria from the healthy network so that they can be degraded
[113]. In contrast, mitochondrial fusion protects mitochondria from unnecessary
mitophagy [37]. Mitochondrial dynamics are regulated by dynamin family GTPases.
Drp1 is a cytosolic protein that is recruited to mitochondria where it coordinates with
Mff and Fis1 to induce fission. Mfn1 and Mfn2 are required for fusion of the outer
mitochondrialmembranewhereasOPA1 is responsible for fusion of innermembrane.
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The balance between mitochondrial fission and fusion dictates mitochondrial
morphology and an imbalance in either process leads to abnormal mitochondrial
function and cardiac dysfunction. For instance, disruption of fusion by cardiac
specific deletion of both Mfn1 and Mfn2 in adult hearts leads to mitochondrial
fragmentation, respiratory defects, and development of lethal dilated cardiomy-
opathy [14]. Similarly, deletion of Mfn1/2 in cardiac myocytes during midgestation
also results in accumulation of abnormal mitochondria in the postnatal heart and
development of a lethal cardiomyopathy before 16 days of age [92].

Disrupting fission by conditional deletion of Drp1 in myocytes leads to mito-
chondrial elongation and abrogation of mitophagy. It also results in mitochondrial
dysfunction, increased oxidative stress and cardiac dysfunction [46, 49]. Interest-
ingly, another study found that conditional cardiomyocyte-specific Drp1 deletion
leads to the expected mitochondrial enlargement, and development of a lethal dilated
cardiomyopathy [105]. However, this group did not observe a defect in mitophagy.
Instead, they found that loss of Drp1 resulted in excessive Parkin-mitophagy [104,
105]. In addition, Mff is a mitochondrial membrane protein that acts a receptor for
Drp1 and mice deficient in Mff develop dilated cardiomyopathy [11]. Similar to the
findings by Song et al., these mice have reduced mitochondrial numbers and respi-
ratory chain activity along with increased mitophagy. Remarkably, reducing mito-
chondrial fusion by deletion ofMfn1 completely rescued the lethal cardiomyopathy
observed in Mff-deficient mice.

Thus, the studies in mice clearly demonstrate the importance of functional fission
and fusion in the heart. Interestingly, simultaneously disruption of fission and fusion
in cardiac specificMfn1/Mfn2/Drp1 triple knockout mice leads to a different cardiac
phenotype with longer survival and development of a distinct pathological cardiac
hypertrophy compared to Drp1 and Mfn1/2 deficient mice [103]. Disruption of both
fission and fusion also leads to impaired mitophagy resulting in excess abundance
of mitochondria. Overall, these studies clearly demonstrate that a proper balance
between mitochondrial fusion and fission is critical for maintaining mitochondrial
homeostasis and cardiac function.

There is evidence that some of the mitophagy proteins are directly involved in
regulating mitochondrial dynamics. Studies have found that mitophagy regulators
such as PINK1, Parkin, BNIP3 and FUNDC1 can directly regulate mitochondrial
dynamics proteins and morphology. For instance, AKAP1 anchors PKA at the mito-
chondria where it phosphorylates Drp1 on Ser 637 to inhibit its pro-fission activity
[54]. When PINK1 accumulates on the outer mitochondrial membrane, it disrupts
PKA-mediated Drp1 inhibition by displacing PKA from AKAP1, thereby allowing
for Drp1-mediated fission to proceed [93]. However, further studies are needed to
determine how PINK1 disrupts the AKAP1–PKA axis upon mitochondrial damage.
Moreover, Mfn2 has been reported to prevent PINK1/Parkin-mediated mitophagy
by tethering mitochondria to the ER [4, 79]. For mitophagy to proceed, Mfn2 must
be ubiquitinated by Parkin which leads to its proteasomal degradation and release of
mitochondria from ER [79].

In addition, the mitophagy receptor FUNDC1 interacts with both Drp1 and OPA1
to regulate mitochondrial morphology [12]. Under baseline conditions, FUNDC1
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exists in a complex with OPA1 which favors a fused mitochondrial morphology.
In response to mitochondrial stress, the interaction between FUNDC1 and OPA1 is
reduced whereas the interaction between FUNDC1 and Drp1 is increased favoring a
fragmentedmitochondrialmorphology. In addition, it has been reported that the phos-
phatase PGAM5 which dephosphorylates FUNDC1 to promote its activation, also
dephosphorylates and activates Drp1 [108]. Thus, this would lead to simultaneous
activation of mitochondrial fission and mitophagy. BNIP3 has also been reported
to interact with OPA1 to regulate mitochondrial morphology. However, whereas the
interaction between FUNDC1 and OPA1 promotes mitochondrial fusion, the inter-
action between BNIP3 and OPA1 induces mitochondrial fission [67]. Overexpres-
sion of BNIP3 also leads to recruitment of Drp1 to mitochondria and induction of
fission [70]. Inhibition of Drp1 leads to abrogation of BNIP3-mediated mitophagy,
suggesting that this mitophagy receptors requires Drp1 for mitophagy [70].

Concluding Remarks

The presence of dysfunctional mitochondria is a prominent feature in various cardio-
vascular diseases which can contribute to loss of myocyte and development of
heart failure. Therefore, there is a growing interest in understanding how mitophagy
can be targeted to delay or inhibit mitochondrial deterioration. Proper modulation
of mitophagy to eliminate dysfunctional mitochondria while maintaining efficient
functional mitochondrial mass in response to stress could delay or prevent the
development of heart failure in patients with cardiovascular diseases or in aging.

However, there are still many unanswered questions in this field and increased
understanding of the distinct and complex mechanisms that exist for selective
mitophagy is crucial before they can be targeted therapeutically. For instance, how
the mitophagy receptors sense the mitochondrial stresses within mitochondria to
activate mitophagy remains largely unknown. Also, it is unclear how they coor-
dinate with each other and/or with the PINK1/Parkin pathway to ensure efficient
mitophagy in response to mitochondrial damage. Another open question is whether
there are additional E3 ubiquitin ligases that can also activate mitophagy similar to
Parkin. Clearly, delineating the molecular mechanisms regulating mitophagy is of
great importance and could potentially identify new therapeutic approaches or targets
to prevent development of heart failure in patients.
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Chapter 12
Proteotoxicity and Autophagy
in Neurodegenerative
and Cardiovascular Diseases

Kevin M. Alexander, Isabel Morgado, and Ronglih Liao

Abstract Aberrant protein folding and subsequent aggregation play a central role
in a broad range of diseases that can affect nearly every tissue and organ. In partic-
ular, protein aggregation has been implicated in several neurodegenerative and
cardiovascular diseases, such as Alzheimer’s disease and cardiac amyloidosis, that
are associated with significant morbidity and mortality. Increasing evidence high-
lights that misfolded protein oligomers exert significant proteotoxicity and result
in cell death, serving as a main driver of disease pathogenesis. Autophagy is a
natural, precisely regulated process responsible for the sequestration and clearance
of misfolded proteins and damaged organelles to counteract the effects of proteotox-
icity. Through a variety of mechanisms, autophagic pathways are often impaired
in protein aggregation diseases. Moreover, augmenting autophagy has been demon-
strated to ameliorate the end organ damage caused by protein aggregates. Therefore,
understanding the interactions betweenprotein aggregation and autophagy are crucial
to treat proteotoxic neurodegenerative and cardiovascular diseases.

Keywords Proteotoxicity · Autophagy · Amyloidosis · Alzheimer’s disease ·
Parkinson’s disease · Transthyretin · Immunoglobulin light chain · β amyloid ·
α-synuclein

Introduction

Protein aggregation is a major event underlying many severe and fatal disorders. For
reasons not fully understood, a protein can fail to adopt its functional conformation
and instead misfold and self-associate into aggregates that are toxic to cells. This
type of toxicity caused by proteins is referred to as proteotoxicity [1, 2].
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Often, protein aggregation can produce amyloid-like structures, which have been
implicated in an increasing number of neurologic disorders including Alzheimer’s
disease, familial amyloid polyneuropathy and cardiomyopathies, such as wild-type
transthyretin amyloidosis (ATTRwt) or light chain amyloidosis (AL) [3–7].

Factors that contribute to amyloid formation include genetic mutations [8, 9] and
conditions that disturb cellular function, such as aging or stress [10]. However, there
is no established causative agent or event that clearly triggers amyloid formation,
and it is likely that several factors are required for amyloid formation to occur. Once
triggered, the amyloid aggregation pathway culminates in the formation of long rigid
amyloid fibrils that accumulate in vivo as plaques, but consistent data suggest that the
main proteotoxic agents are not the final plaques but rather the intermediate amyloid
oligomers [11–17]. Their exact mode of action is unclear and focus of intensive
research but, it is likely, to be linked with the disturbance of protein homeostasis in
the cell, which is dependent on specific events, such as protein synthesis, processing,
transport, assembly and clearance [18].

For example, aggregation and concomitant proteotoxicity can arise when amino
acid mutations render a protein susceptible to aggregation [3, 5, 19] or, for reasons
extrinsic to the protein, a chaperone fails to facilitate proper protein folding during
synthesis [20, 21]. Alternatively, if the cellular quality control mechanisms that
normally remove abnormally folded proteins become compromised or less efficient
due to aging, stress, or environmental conditions (e.g., changes in pH, temperature,
osmotic pressure, or ionic strength), aggregation and/or accumulation of damaged
proteins can occur [22, 23].

In tissues or organswhere the cells aremostly post-mitotic and cannot easily divide
to reduce aggregate deposition, the risk of proteotoxicity significantly increases.
Accordingly, these tissues have a very limited ability to counteract proteotoxic-driven
cell death. This is the case for cardiomyocytes and neurons and explains why the
heart and the central and peripheral nervous systems, which have a low regeneration
capacity, are particularly affected by protein aggregation and amyloid diseases [24].
In neurodegenerative diseases, such as Alzheimer’s disease, proteotoxicity occurs
via aggregation of the peptide Aβ, which ultimately forms cerebral plaques [25,
26]. Prion disease secondary to prion protein [27] or Parkinson’s disease due to α-
synuclein [28] are additional examples of neurodegenerative amyloid diseases. In
the case of amyloid-related cardiomyopathies, important causes arise from systemic
amyloidoses, such as AL [5, 29] or ATTR amyloidosis [16, 30, 31], in which either
a wild type or mutant form of the protein can form aggregates. The presence of these
aggregates leads to severe heart conditions, such as restrictive cardiomyopathy and
subsequent heart failure.

The ultimate outcome of proteotoxicity is cell death, due to severe disruption of
protein homeostasis. To prevent and/or control the formation of proteotoxic aggre-
gates, cells rely on quality control mechanisms [22]. Such mechanisms involve
molecular chaperones [1, 21], small specialized proteins that assist and assure correct
nascent protein folding, and also two major clearance/degradation systems, the
autophagy and the ubiquitin–proteasome system [7, 22, 24], which remove damaged
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and aggregated proteins. Autophagy focuses on the degradation of pre-formed aggre-
gates and organelles by transporting them to lysosomes within autophagic vacuoles.
On the other hand, the ubiquitin–proteasome system involves an organized cascade of
enzymes that use ubiquitin molecules to label proteins to target them for degradation
by the proteasome. Disruption of these specific mechanisms in cardiomyocytes and
neurons and their contribution to cell death in cardiomyopathies and neuropathies
will be further detailed in this chapter. We will also explore the different amyloid
species involved in protein aggregation, in particular Aβ, ATTR, andAL amyloidoses
and discuss their specific contributions to proteotoxicity and cell death.

Protein Aggregation and Proteotoxicity

Protein Amyloid Structures: Proteotoxic Oligomers

The misfolding of proteins into potentially toxic aggregates is a gradual, nucleation-
dependent process [32] initiated by the monomeric protein or peptide, culminating in
the formation of mature amyloid fibrils. Such fibrils are characterized by a rigid beta
sheet-rich structure organized in a cross-beta pattern [33–35] that can be identified
by X-ray and also have the ability to bind molecules like thioflavin-T and Congo red,
commonly used as amyloid markers.

The structure of amyloid fibrils, in particular the ones derived from the peptide
Aβ, which is involved in Alzheimer’s disease, have been well described using
nuclear magnetic resonance, cryo-electron microscopy, Fourier transform infared
spectroscopy, circular dichroism, and X-ray crystallography [35–40].

In vivo, amyloid fibrils co-deposit with additional components (e.g., heparin
sulfates, lipids) to form plaques in organs and tissues. The detection of such plaques
is the common diagnostic strategy for amyloid diseases, but curiously there is often a
poor correlation between the presence and extent of amyloid deposition and disease
severity [13, 41]. However, a large body of evidence indicates that intermediate
species generated during amyloid formation are the actual proteotoxic species and
correlate with pathogenesis and cell death [13, 42, 43]. During protein self-assembly,
a range of structurally different species are formed, and they have been broadly clas-
sified as oligomers and protofibrils (i.e., elongated oligomers) [12, 13, 17, 25, 44–46]
(Fig. 12.1). Significant effort has been directed toward identifying, characterizing,
and understanding the mode of action of these toxic agents. However, this has proven
to be a difficult task. Due to their transient nature and dynamic structure, amyloid
intermediates cannot be easily isolated.

Important progress has been achieved using the above-mentioned biophysical
techniques to study oligomers produced in vitro [25, 38, 44–50]. Another impor-
tant tool is conformation-specific antibodies generated against specific amyloid
conformations, rather than simply an amino acid sequence. In some cases, these
antibodies have been found to inhibit fibril formation, impair toxicity, and isolate
specific intermediate conformations (e.g., protofibrils), allowing for their structural
characterization [11, 51–55].
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Fig. 12.1 Schematic representation of the protein fibril formation process. Protein monomers self-
assembly into oligomer that elongate into curvilinear protofibrils which eventually become mature
fibrils. Transmission electron microscopy images illustrate the appearance of each species (lower
panel). In the mature state fibrils are characterized by a rigid β-sheet-rich structure organized in a
cross-β pattern where stacked β-sheets organize in a helical fashion (as represented in colors on the
right)

Oligomer Structure and Toxicity

The intrinsic metastability of oligomers and the different methodologies employed
for their preparation in vitro have led to a large plethora of polymorphic species
being described in the literature. These oligomers have different sizes, morphologies,
secondary structures, stability, and degrees of toxicity. For example, oligomers have
been described as Aβ-derived diffusible ligands (ADDLs) [25] due to their solubility
or annular protofibrils [45] due to an annular shape. The latter are proposed to be
derived from pre-fibrillar oligomers [56] that appear as spheres of 3–10 nm in diam-
eter and develop into ring-shaped, pore-like structures [57]. Annual protofibrils have
been observed for different amyloid forming proteins, such as Aβ [45], α-synuclein
[58], and islet amyloid polypeptide precursor [59], and have been suggested to be a
factor in toxic membrane pore formation [60, 61].

The general consensus from reports on oligomer structures is that they begin
as small pre-fibrils structures (early aggregates), often composed of dimers or up
to hexamers [62], that are mostly unstructured [63], molten [64], and have a high
degree of hydrophobic surface exposure [65]. Regardless of the native structure of
the precursor protein (even those containing α-helices [66]), these oligomers usually
undergo a progressive transition into a stable β-sheet structure. Along with this struc-
tural rearrangement, oligomers also increase in size and stability [67] and become
more compact [68]. The β-sheet structure becomesmore organized, and hydrophobic
clusters become progressively less exposed and more prone to form long, rigid and
stable structures similar to fibrils. These structural transitionsmay correlate well with
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a decrease in toxicity as the oligomers become fibrils. Oligomers are now well estab-
lished as being the major pathogenic agents in different amyloid diseases by inter-
fering with cell function as supported both by cellular assays and mouse models [11–
15, 69, 70]. Although exact mechanisms through which oligomers exert proteotox-
icity and cause cell death remains controversial, it is believed that their observed
structural plasticity and surface hydrophobicity allows them to easily interact with
cellular membranes. However, as they develop into fibrils, their structure becomes
more rigid and hydrophobic and likely less prone to interact with cell membranes
and exert toxicity. This idea is consistent with the observation that fibrils seem to be
less toxic (or non-toxic) compared with oligomers [41]. The toxicity of oligomeric
structures will be further detailed below for Aβ, TTR, and immunoglobulin light
chain.

Oligomers in Alzheimer’s Disease, TTR Amyloidosis, and AL
Amyloidosis

In Alzheimer’s disease, amyloid fibrils derived from the peptide Aβ interfere with
neurons [25, 26], while in AL amyloidosis, light chain-derived amyloids can inter-
fere with cardiomyocytes leading to severe cardiomyopathy [5, 29]. Furthermore,
TTR-derived amyloid can affect both the nervous system (i.e., familial amyloid
polyneuropathy) and cardiomyocytes (i.e., ATTRwt) [30, 31].WhileAβ is an intrinsi-
cally disordered peptide, TTR and immunoglobulin light chains are globular proteins
with complex, well-defined three-dimensional folding; thus, they possess differing
mechanisms of aggregation [71].

Aβ Oligomers

Aβ is a small 39–43 amino acid peptide derived from the endoproteolysis of the
transmembrane protein amyloid precursor protein (APP). Monomeric Aβ has poor
solubility, is mostly unstructured, and has a very low content of α-helices in aqueous
solution [72, 73]. Its propensity to aggregate can be influenced not only by its amino
acid sequence and post-translational modifications but also the solution character-
istics (e.g., peptide concentration, temperature, type of buffer, and the presence of
lipids). These factors can easily prompt a conformational transition into a β-sheet
structure [74–78], causing andAβ to self-associate into transient intermediate species
including dimers, oligomers and protofibrils. This culminates in the formation of
mature amyloid fibrils, such as those found in AD plaques [75, 79]. These fibrils are
composed of intermolecular β-sheets running perpendicular to the fibril axis to form
a highly stable “cross-β” conformation [33, 34].

Aβ oligomers are known to interfere with synapses and disrupt neuronal function
[15, 80, 81], probably because they can easily transfer from the cerebral interstitial
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fluid into synaptic membranes, disrupting their structure [70]. In fact, it is believed
that cell membranes can serve as a scaffold for Aβ amyloid aggregation. This process
compromises the integrity and permeability of themembrane [82–84] and can lead to
pore formation [45, 57, 85, 86]. These perturbations can affect intra- and extracellular
homeostasis (e.g., Ca2+ imbalance) and neuronal signal transduction [57, 87] that lead
to cell death. These mechanisms will be discussed further in Sect. 3. Interestingly,
other studies show that adsorption ofmature fibrils intomembranes has no significant
impact on their integrity [88, 89] which might explain the low toxicity of fibrils.

TTR and Light Chain Oligomers

TTR and immunoglobulin light chains are natively folded proteins, and studies have
suggested that a partial loss of the globular structure is an essential, rate-limiting step
to prompt aggregation and subsequent amyloid formation [90, 91].

TTR is a homotetramer rich in β-sheets, and its major function is to transport
vitamin A and thyroid hormone in the circulation [92]. Kinetic destabilization of
TTR tetramers triggers subsequentmisfolding, self-association, andmonomer aggre-
gation. Often, point mutations causing a single amino acid substitution can lead
to increased TTR tetramer and/or monomer instability. More than 125 different
amino acid mutations [93] have been associated with TTR amyloidosis. However,
amyloidosis can also occur with wild-type TTR (i.e., ATTRwt cardiomyopathy). The
mechanism for ATTRwt aggregation remains unclear.

Similar to Aβ, TTR oligomers are also believed to be the proteotoxic species
rather thanmature fibrils. In early studies, TTRmonomers and very small oligomeric
aggregates (less than 100 kDa) were found to be highly cytotoxic to neuronal cells,
while mature fibrils and high molecular weight aggregates were innocuous [16].
These results have been reproduced by other groups [4, 94, 95]. For example,
Sorgjerd et al. [17] suggested that small cytotoxic TTR oligomers comprised of
only 20–30 monomers and wild-type TTR became toxic upon storage at 4 °C due to
conformational changes in the tetramer.

Again, previous evidence suggests that the structure and conformation of the
amyloid species dictates its proteotoxicity. Biophysicalmethods have been employed
to uncover such structures. A recent in vitro observation using atomic force
microscopy suggests that, upon acid-induced tetramer destabilization, the early,
supposedly toxic TTR aggregates appear as annular oligomers that can assemble into
a “double-stack of octameric rings” and further transition into spheroid oligomers
and extended protofibrils [96]. Such annular morphology has been previously associ-
ated with cytotoxic pore formation in cellular membranes [41, 60, 97]. Interestingly,
protofibrils can also disassemble into small oligomers [27], and studies [98] have
reported a dynamic equilibrium between TTR protofibrils and unfolded monomers
which seem to remain present throughout the aggregation process and are in constant
exchange with the more mature amyloid states. In this way, fibrils can be a source of
toxicity by storing and leaking oligomers, triggering new structural transitions into
toxic species.
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In AL amyloidosis, blood marrow cells produce abnormal antibody light chains
that are intrinsically unstable and aggregation prone [91, 99]. Like TTR, light chain
monomers are also composed of an extensive β-sheet framework that potentially
contributes to its amyloid propensity. Structural studies [5, 19, 100, 101] indicate
that light chains can form dimers with different conformations depending on somatic
mutations present in the dimer interface [5]. The importance of the contact region
between the dimers for amyloid formation is further supported by three-dimensional
models produced for amyloid-forming light chain proteins [101, 102], indicating that
light chains can form dimers with different conformations depending on somatic
mutations. Overexpression of certain mutated forms of light chains can promote
the formation of partially folded states that initiate the amyloidogenic process [5].
Besides the mutations described for most amyloidogenic proteins, environmental
factors, such as concentration, pH, temperature, and ionic strength that promote
structural destabilization, can easily contribute to amyloid formation [103].

Although structural information about light chain oligomers is scarce, early
studies using atomic force microscopy have proposed a model for amyloid formation
using a variable domain from patient-derived light chain fibrils [104]. Subsequent
studies demonstrated that light chain fibrillogenesis is involved in the formation of
smaller and thinner filaments (2.4 nm) and subsequently larger protofibrils (4.0 nm
diameter) and mature fibrils (>6.0 nm diameter). Such structural transitions likely
involve rearrangement of the β-strands in the monomer into β-sheets consistent with
previous predictions for TTR [105].

Several studies have demonstrated that soluble light chain species isolated from
patients with AL amyloidosis can be cytotoxic in vitro by disturbing cell homeostasis
in renal and cardiac cells [106, 107], inducing cellular stress, impairing contractility
in cardiomyocytes, and leading to apoptosis [107, 108]. Further studieswith recombi-
nant and structurally characterized counterparts of the toxic species revealed that the
predominant cytotoxic species are monomers and dimers of the light chain variable
domain [109].

Proteotoxicity and Autophagy in Neurologic Diseases

Alzheimer’s Disease

Alzheimer’s disease is the most common neurodegenerative disorder and is charac-
terized by progressive cognitive dysfunction and dementia. The accumulation of Aβ

plaques and neurofibrillary tangles, composed of hyperphosphorylated tau protein,
are key components of pathogenesis [110]. These toxic protein species are known to
cause oxidative and endoplasmic reticulum stress, resulting inmitochondrial damage
and neuronal death [111, 112]. Moreover, Alzheimer’s disease has been associated
with impaired clearance of autophagosomes, containing thesemisfolded proteins and
damaged mitochondria, due to defects in autophagy and lysosomal function [113].
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Genetic studies of families with early-onset Alzheimer’s disease provided some
of the initial evidence for important factors in disease pathogenesis. Mutations in
amyloid precursor protein (APP) and presenilin 1 and 2 have been associated with
a highly penetrant, autosomal dominant form of Alzheimer’s disease [114–116].
APP is an integral membrane protein found in neurons. It can be cleaved by β- and
γ-secretases to form A β peptides of various lengths, including the amyloidogenic
Aβ42 [117]. APP mutations have been shown to increase Aβ production, leading to
increased amyloid substrate [118]. Presenilin 1 and 2 are subunits of the γ-secretase
complex, andmutations in these proteins can increase amyloidogenic Aβ42 and cause
early-onset Alzheimer’s disease [117, 119].

In subsequent studies, bothAβ42 and altered presenilin function have been demon-
strated to impair autophagy and lysosomal function. In a Drosophila model, Aβ42
caused to reduced autophagosome clearance in neurons, and leakage of these vesi-
cles led to cytosolic acidification and cell damage [120]. In hippocampal neurons,
presenilin 1 deficiency impairs autophagic vesicle fusion to lysosomes, thus blunting
autophagic flux [121]. Furthermore, in fibroblasts derived fromAlzheimer’s patients,
pathogenic presenilin 1 mutations have been shown to disrupt autophagy through
reduce lysosome acidification and proteolysis [122].

More recently, genome-wide association and observational studies in Alzheimer’s
patients have identified additional proteins associated with the disease, some of
which directly impact autophagy [123–125]. Phosphatidylinositol binding clathrin
assembly protein (PICALM) is an assembly protein that facilitates endocytosis of
clathrin-containing vesicles [126]. In Alzheimer’s disease, PICALM has a demon-
strated role in clearance of tau protein [127]. PICALM controls vesicle fusion
through interactions with multiple soluble NSF attachment protein receptors. Conse-
quently, impaired PICALM disrupts autophagy by affecting autophagosome forma-
tion and clearance. Another protein, beclin 1, appears to be involved in autophagy
and Alzheimer’s disease. Beclin 1 is an adaptor protein that interacts with numerous
proteins, including phosphatidylinositol 3-kinase VPS34 and autophagy related 14,
to promote autophagosome formation and subsequent autophagy [128]. Beclin 1 is
reduced in the brains of patients with early-stage Alzheimer’s disease [125]. More-
over, a loss of function beclin 1 mutation reduced autophagosome formation in vitro,
and constitutively active beclin 1 in a mouse model increased autophagy, reduced
cerebral Aβ aggregation, and halted cognitive decline [129, 130]. Taken together,
these data suggest that beclin 1 has an important role in countering the proteotoxi-
city associated with Alzheimer’s disease and may be a potential therapeutic target
[131].

Parkinson’s Disease

Parkinson’s disease is the second most common neurodegenerative disease behind
Alzheimer’s disease. Parkinson’s disease is predominantly a movement disorder
and is characterized by deposition of α-synuclein aggregates, or Lewy bodies, in
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dopaminergic neurons leading to cytotoxicity. These aggregates have been thor-
oughly linked to oxidative stress and mitochondrial dysfunction. Consequently,
autophagy and lysosomal function have been investigated for both their role in disease
pathogenesis and as potential therapeutic targets.

Genetic studies have revealed multiple causal mutations that lead to heritable
forms of Parkinson’s disease [132]. Many of these mutations affect specific aspects
of autophagy, includingmitochondrial degradation (i.e.,mitophagy), lysosomal func-
tion, and autophagosome generation. Several genetic mutations in proteins impor-
tant in regulating mitophagy, including parkin, phosphatase and tensin homologue
induced putative kinase 1 (PINK1), and F-box only protein 7 (FBXO7), have been
associated with an autosomal recessive, early-onset form of Parkinson’s disease
[133–135]. Parkin is an E3 ubiquitin ligase that catalyzes the formation of polyu-
biquitin chains on substrates in damaged mitochondria [136]. This leads to binding
of autophagy factors and lysosome-mediated degradation [137]. PINK1 is a kinase
that translocates to the outer membrane in depolarized mitochondria [138]. Then,
PINK1 phosphorylates both parkin and ubiquitin to enhance mitophagy [139].
FBX07 belongs to a family of proteins that recognize E3 ubiquitin ligase-protein
complexes to facilitate ubiquitination [140]. FBX07 has been shown to directly bind
and translocate parkin to damaged mitochondria [141]. FBXO7 is also involved in
parkin-mediated ubiquitination of mitofusin, a mitochondrial fusion protein [141].

Lysosomal function, a key regulator of protein and mitochondrial clearance, has
also been shown to play a role in the response to α-synuclein proteotoxicity. Indeed,
mutations in several lysosomal proteins have been described to cause heritable forms
of Parkinson’s disease. Mutations in leucine-rich repeat kinase 2 (LRRK2), a protein
with multiple domains and functions, have been associated with an autosomal domi-
nant form of Parkinson’s disease [142]. LRRK2 regulates endosome to lysosome
trafficking at least in part by localizing trans-Golgi network-derived vesicles to
lysosomes for degradation [143]. Moreover, LRRK2 mutants were associated with
increased damage from oxidative stress in neuronal cells, and rodent models of
LRRK2 mutations display abnormally reduce neurite length [144, 145]. ATP13A2
is a lysosomal P-type ATPase responsible for metal cation homeostasis [146]. In
humans, mutations in ATP13A have been associated with early-onset Parkinson’s
disease, and fibroblasts derived from these patients demonstrate reduced autophago-
some clearance and reduced lysosomal acidification [147, 148]. Glucocerebrosi-
dase is a lysosomal enzyme involved in sphingolipid metabolism. Deficiency of this
enzyme is known to cause the lysosomal storage disorder Gaucher disease [149]. In
addition, glucocerebroside mutations have been associated with Parkinson’s disease,
in which accumulation of the glycolipid substrate leads to lysosomal dysfunction
and impaired α-synuclein clearance [150, 151].
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Proteotoxicity and Autophagy in Cardiovascular Diseases

AL Cardiac Amyloidosis

The pathophysiology of AL cardiac amyloidosis has long been considered to occur
through gradual extracellular fibril infiltration of the myocardium, ultimately leading
to passive myocardial restriction and dysfunction. However, both in vitro and obser-
vational human studies have demonstrated the lack of a strong association between
the burden of fibril deposition and cardiac outcomes. Indeed, mouse hearts infused
with light chains from cardiac amyloidosis developed diastolic dysfunction in the
absence of significant myocardial infiltration [152]. Moreover, AL amyloidosis
patients receiving chemotherapy who achieve a reduction in circulating free light
chains have an improvement in cardiac function without any change in the amount
of amyloid deposition, suggesting the importance of direct light chain proteotoxicity
in disease progression (Fig. 12.2) [153–155].

Several groups have begun to elucidate the molecular mechanisms responsible
for this active light chain toxicity. Early studies have shown an increase in reactive

Fig. 12.2 Cellular
mechanisms of light chain
proteotoxicity. In AL
amyloidosis, amyloidogenic
light chains cause cellular
toxicity through lysosomal
dysfunction and
mitochondrial damage. The
latter leads to increased
production of reactive
oxygen species and
subsequent oxidative stress
and cell death. An inducer of
autophagy, such as
rapamycin, can attenuate
light chain-mediated
proteotoxicity
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oxygen species and impaired contractility and relaxation in isolated rat cardiomy-
ocytes treated with light chains from patients [106]. The importance of increased
reactive oxygen species is supported by the attenuation of this myocardial dysfunc-
tion by treatment with an antioxidant (i.e., a superoxide dismutase/catalase mimetic).
Another group showed atrial coronary arterioles and adipose arterioles exposed
to amyloidogenic light chains developed endothelial dysfunction, increased reac-
tive oxygen species production, and apoptosis [156, 157]. This observation may
explain the coronary microvascular dysfunction seen clinically in patients with AL
amyloidosis [158].

Subsequent experiments using rat cardiomyocytes and in vivo mouse models
discovered the role of stress responsive p38 mitogen-activated protein kinase
(MAPK) in triggering reactive oxygen species production and apoptosis [107, 159].
Through a non-canonical signaling pathway, p38 MAPK activates downstream
target proteins, including stanniocalcin1. Stanniocalcin1 is important in calcium
homeostasis, and increased expression leads to the loss mitochondrial membrane
potential and apoptosis [160]. Stanniocalcin 1 is upregulated in myocardium from
AL amyloidosis patients. Furthermore, gene silencing of stanniocalcin 1 prevents
light chain-mediated cardiotoxicity in isolated cardiomyocytes, and stanniocalcin 1
overexpression mimicked the cardiac changes caused by light chains.

Light chains also affectmitochondrial function by alteringmetabolism [161]. This
was demonstrated using purified human amyloidogenic and non-amyloidogenic light
chains in a series of co-immunoprecipitation experiments with adult rat cardiomy-
ocytes. Proteomic analysis was performed to identify the light chain-protein interac-
tome. Several protein interactions that were unique to the amyloidogenic light chains
were discovered. These proteins—peroxisomal acyl-coenzyme A oxidase 1, acyl-
coenzyme A dehydrogenase family member 9, voltage-dependent anion channel,
and optic atrophy 1-like protein—have crucial roles in cell survival and fatty acid
β-oxidation pathways in mitochondria and peroxisomes. These data along the previ-
ously discussed experiments demonstrating stanniocalcin1-mediated mitochondrial
toxicity suggest that impaired mitochondrial function and energy handling are key
factors in light chain-induced cell death.

Another important feature of light chain-mediated proteotoxicity is impaired
clearance of these damaged mitochondria via autophagy, or more specifically
mitophagy. Lysosomes are responsible for degrading these defective mitochondria
and appear also to be directly affected by light chain toxicity. Indeed, amyloidogenic
light chains were shown to internalize into mouse cardiomyocytes and localize to
lysosomal compartments [162]. Reactive oxygen species appear to be an important
link between light chain toxicity and impaired autophagy. Multiple studies have
demonstrated that reactive oxygen species regulate several components of crucial
autophagy signaling pathways [163–165]. Therefore, the above-mentioned mecha-
nisms of light chain-mediated reactive oxygen species productions have deleterious
effects on normal autophagy.

The effects of light chains on autophagy and lysosome function were further
delineated in a series of experiments [166]. Rat cardiomyocytes exposed to toxic
light chains had impaired autophagic flux based on decreased expression of the



230 K. M. Alexander et al.

autophagy marker LC3-II and increased expression on p62, a marker of autophagic
clearance.Moreover, rapamycin, anmTORsignaling pathway antagonist and inducer
of autophagy, ameliorated this light chain-mediated disturbance in autophagy in rat
cardiomyocytes and an in vivo zebrafish model. Also, in the presence of toxic light
chains, lysosomes had decreased acidity and expression of gene and transcription
regulators of lysosome function, including lysosomal-specific ATPase, cathepsin D,
and transcription factor EB.

Other Cardiomyopathies

The importance of autophagy has been described for several other protein
aggregation-mediated cardiomyopathies. Misfolding of desmin, a type III interme-
diate filament protein, or its chaperone and heat shock protein family member α-β-
crystallin, have been implicated in cardiotoxicity and subsequent dilated cardiomy-
opathy [167, 168]. In early experiments using a transgenic mutant α-β-crystallin
mouse model of desmin-related cardiomyopathy, treatment with geranylgeranylace-
tone, a potent inducer of multiple heat shock proteins attenuated myocardial fibrosis
and improved cardiac function. In addition, geranylgeranylacetone inhibited apop-
tosis in these transgenic mice [169]. Furthermore, in a proteotoxic mouse model
of heart failure (desmin-related cardiomyopathy), upregulation of autophagy via
overexpression of autophagy-related 7 ameliorated the cardiomyopathy phenotype
[170].

These preclinical studies highlight the importance of mitochondrial dysfunc-
tion and impaired autophagy in AL amyloidosis and other proteotoxicity-mediated
cardiomyopathies. Thus far, there has been a paucity of clinical trials targeting
autophagy in cardiovascular disease. Currently, a clinical trial is investigating the
use of the mTOR inhibitor rapamycin, an inducer of autophagy, to ameliorate
cardiac allograft remodeling after heart transplantation (ClinicalTrials.gov Identi-
fier NCT01889992). Further mechanistic studies and subsequent clinical trials are
needed to identify additional therapeutic targets.

Conclusions

Protein aggregation is increasingly recognized as a fundamental component of patho-
genesis in many diseases. A variety of precursor proteins have the ability to misfold
and formoligomers that exert significant cytotoxicity. In particular, post-mitotic cells,
such as neurons and cardiomyocytes are vulnerable to proteotoxic cell death. Conse-
quently, proteotoxicity has been implicated in several neurodegenerative and cardio-
vascular diseases, including Alzheimer’s disease, Parkinson’s disease, and cardiac
amyloidosis. Autophagy represents a natural defense for protecting cells against
proteotoxic species, and impaired autophagy is often a key feature of protein aggre-
gation diseases. Interventions that augment autophagy are a potential strategy to
prevent and treat disease-related proteotoxicity.



12 Proteotoxicity and Autophagy in Neurodegenerative … 231

References

1. Douglas PM, Summers DW, Cyr DM (2009)Molecular chaperones antagonize proteotoxicity
by differentially modulating protein aggregation pathways. Prion 3(2):51–58

2. Ross CA, Poirier MA (2004) Protein aggregation and neurodegenerative disease. Nat Med
10(Suppl):S10–S17

3. Willis MS, Patterson C (2013) Proteotoxicity and cardiac dysfunction—Alzheimer’s disease
of the heart? N Engl J Med 368(5):455–464

4. MendesSousaMet al (2001)Deposition of transthyretin in early stages of familial amyloidotic
polyneuropathy. Am J Pathol 159(6):1993–2000

5. Ramirez-Alvarado M (2012) Amyloid formation in light chain amyloidosis. Curr Top Med
Chem 12(22):2523–2533

6. Pinney JH et al (2013) Senile systemic amyloidosis: clinical features at presentation and
outcome. J Am Heart Assoc 2(2)

7. Sandri M, Robbins J (2014) Proteotoxicity: an underappreciated pathology in cardiac disease.
J Mol Cell Cardiol 71:3–10

8. Thomas PK (1975) Genetic factors in amyloidosis. J Med Genet 12(4):317–326
9. Spinney L (2014) Alzheimer’s disease: the forgetting gene. Nature 510(7503):26–28

10. Douglas PM, Dillin A (2010) Protein homeostasis and aging in neurodegeneration. J Cell
Biol 190(5):719–729

11. Kayed R et al (2003) Common structure of soluble amyloid oligomers implies common
mechanism of pathogenesis. Science 300:486–489

12. Cleary JP et al (2005)Natural oligomers of the amyloid-Bprotein specifically disrupt cognitive
function. Nat Neurosci 8:79–84

13. Haass C, Selkoe DJ (2007) Soluble protein oligomers in neurodegeneration: lessons from the
Alzheimer’s amyloid [β]-peptide. Nat Rev Mol Cell Bio 8(2):101–112

14. Demuro A et al (2005) Calcium dysregulation and membrane disruption as a ubiquitous
neurotoxic mechanism of soluble amyloid oligomers. J Biol Chem 280(17):17294–17300

15. Zhao LN et al (2012) The toxicity of amyloid β oligomers. Int J Mol Sci 13(6):7303–7327
16. ReixachN et al (2004) Tissue damage in the amyloidoses: transthyretinmonomers and nonna-

tive oligomers are the major cytotoxic species in tissue culture. Proc Natl Acad Sci USA
101(9):2817–2822

17. Sörgjerd K et al (2008) Prefibrillar transthyretin oligomers and cold stored native tetrameric
transthyretin are cytotoxic in cell culture. Biochem Biophys Res Commun 377(4):1072–1078

18. Powers ET, Balch WE (2013) Diversity in the origins of proteostasis networks [mdash] a
driver for protein function in evolution. Nat Rev Mol Cell Biol 14(4):237–248

19. Peterson FC et al (2010) A single mutation promotes amyloidogenicity through a highly
promiscuous dimer interface. Structure 18(5):563–570

20. Morimoto RI (2008) Proteotoxic stress and inducible chaperone networks in neurodegenera-
tive disease and aging. Genes Dev 22(11):1427–1438

21. Hightower LE (1991) Heat shock, stress proteins, chaperones, and proteotoxicity. Cell
66(2):191–197

22. Kastle M, Grune T (2012) Interactions of the proteasomal system with chaperones: protein
triage and protein quality control. Prog Mol Biol Transl Sci 109:113–160

23. Latonen L (2011) Nucleolar aggresomes as counterparts of cytoplasmic aggresomes
in proteotoxic stress. Proteasome inhibitors induce nuclear ribonucleoprotein inclusions
that accumulate several key factors of neurodegenerative diseases and cancer. Bioessays
33(5):386–395

24. He C, Klionsky DJ (2006) Autophagy and Neurodegeneration. ACS ChemBiol 1(4):211–213
25. Klein WL (2002) Abeta toxicity in Alzheimer’s disease: globular oligomers (ADDLs) as new

vaccine and drug targets. Neurochem Int 41(5):345–352
26. Finder VH, Glockshuber R (2007) Amyloid-beta aggregation. Neurodegener Dis 4(1):13–27
27. Safar JG (2012)Molecular pathogenesis of sporadic priondiseases inman. Prion6(2):108–115



232 K. M. Alexander et al.

28. Ebrahimi-Fakhari D, Wahlster L, McLean PJ (2012) Protein degradation pathways in
Parkinson’s disease: curse or blessing. Acta Neuropathol 124(2):153–172

29. Gallo G et al (1996) Light chain cardiomyopathy. Structural analysis of the light chain tissue
deposits. Am J Pathol 148(5):1397–1406

30. Ando Y et al (2013) Guideline of transthyretin-related hereditary amyloidosis for clinicians.
Orphanet J Rare Dis 8(1):1–18

31. Benson M (2009) Genetics: clinical implications of TTR amyloidosis. In: Richardson SJ,
Cody V (eds) Recent advances in transthyretin evolution, structure and biological functions,
Springer, Berlin

32. Garvey M, Morgado I (2013) Peptide concentration alters intermediate species in amyloid β

fibrillation kinetics. Biochem Biophys Res Commun 433(3):276–280
33. Sunde M et al (1997) Common core structure of amyloid fibrils by synchrotron X-ray

diffraction. J Mol Biol 273(3):729–739
34. Lu J-X et al (2013) Molecular structure of β-amyloid fibrils in Alzheimer’s disease brain

tissue. Cell 154(6). https://doi.org/10.1016/j.cell.2013.08.035
35. Fandrich M (2007) On the structural definition of amyloid fibrils and other polypeptide

aggregates. Cell Mol Life Sci 64(16):2066–2078
36. Schmidt A et al (2016) Cryo-EM reveals the steric zipper structure of a light chain-derived

amyloid fibril. Proc Natl Acad Sci
37. Serpell LC (2000) Alzheimer’s amyloid fibrils: structure and assembly. Biochimica et

Biophysica Acta (BBA)—Mol Basis Dis 1502(1): 16–30
38. Fändrich M, Schmidt M, Grigorieff N (2011) Recent progress in understanding Alzheimer’s

β-amyloid structures. Trends Biochem Sci 36(6):338–345
39. Nelson R, Eisenberg D (2006) Structural models of amyloid-like fibrils. Adv Protein Chem

73:235–282
40. Toyama BH, Weissman JS (2011) Amyloid structure: conformational diversity and conse-

quences. Annu Rev Biochem 80:557–585
41. Caughey B, Lansbury PT (2003) Protofibrils, pores, fibrils, and neurodegeneration: separating

the responsible protein aggregates from the innocent bystanders. Annu Rev Neurosci 26:267–
298

42. Lesne S et al (2006) A specific amyloid-beta protein assembly in the brain impairs memory.
Nature 440(7082):352–357

43. Shankar GM et al (2008) Amyloid-beta protein dimers isolated directly from Alzheimer’s
brains impair synaptic plasticity and memory. Nat Med 14(8):837–842

44. Bemporad F, Chiti F (2012) Protein misfolded oligomers: experimental approaches, mecha-
nism of formation, and structure-toxicity relationships. Chem Biol 19(3):315–327

45. Kayed R et al (2009) Annular protofibrils are a structurally and functionally distinct type of
amyloid oligomer. J Biol Chem 284(7):4230–4237

46. tBreydo L, UverskyVN (2015) Structural, morphological, and functional diversity of amyloid
oligomers. FEBS Lett 589(19 Pt A):2640–2648

47. Scheidt HA et al (2011) Solid-state NMR spectroscopic investigation of Ab protofibrils:
implication of a b-sheet remodeling upon maturation into terminal amyloid fibrils. Angew
Chem Int Ed Engl 50(12):2837–2840

48. Lindgren M, Sörgjerd K, Hammarström P (2005) Detection and characterization of aggre-
gates, prefibrillar amyloidogenic oligomers, and protofibrils using fluorescence spectroscopy.
Biophys J 88(6):4200–4212

49. Stefani M (2012) Structural features and cytotoxicity of amyloid oligomers: implications in
Alzheimer’s disease and other diseases with amyloid deposits. Prog Neurobiol 99(3):226–245

50. Pham JD et al (2013) Structures of oligomers of a peptide from beta-amyloid. J Am Chem
Soc 135(33):12460–12467

51. Morgado I et al (2012) Molecular basis of beta-amyloid oligomer recognition with a
conformational antibody fragment. Proc Natl Acad Sci U S A 109(31):12503–12508

52. Haupt C et al (2011) Amyloid fibril recognition with the conformational B10 antibody
fragment depends on electrostatic interactions. J Mol Biol 405(2):341–348

https://doi.org/10.1016/j.cell.2013.08.035


12 Proteotoxicity and Autophagy in Neurodegenerative … 233

53. Paduch M et al (2013) Generating conformation-specific synthetic antibodies to trap proteins
in selected functional states. Methods 60(1):3–14

54. O’Nuallain B et al (2011) A monoclonal antibody against synthetic Abeta dimer assemblies
neutralizes brain-derived synaptic plasticity-disrupting Abeta. J Neurochem 119(1):189–201

55. Kreutzer AG et al (2016)X-ray crystallographic structures of a trimer, dodecamer, and annular
pore formed by an Aβ17–36 β-hairpin. J Am Chem Soc 138(13):4634–4642

56. Chiti F et al (2003) Rationalization of the effects of mutations on peptide and protein
aggregation rates. Nature 424(6950):805–808

57. Lashuel HA et al (2002) Neurodegenerative disease: amyloid pores from pathogenic
mutations. Nature 418(6895):291

58. Conway KA, Harper JD, Lansbury PT Jr (2000) Fibrils formed in vitro from alpha-synuclein
and two mutant forms linked to Parkinson’s disease are typical amyloid. Biochemistry
39(10):2552–2563

59. Janson J et al (1999) The mechanism of islet amyloid polypeptide toxicity is membrane
disruption by intermediate-sized toxic amyloid particles. Diabetes 48(3):491–498

60. Lashuel HA, Lansbury PT Jr (2006) Are amyloid diseases caused by protein aggregates that
mimic bacterial pore-forming toxins? Q Rev Biophys 39(2):167–201

61. Glabe CG, Kayed R (2006) Common structure and toxic function of amyloid oligomers
implies a common mechanism of pathogenesis. Neurology 66(2 Suppl 1):S74–S78

62. Bitan G et al (2003) Amyloid beta-protein (Abeta) assembly: Abeta 40 and Abeta 42
oligomerize through distinct pathways. Proc Natl Acad Sci U S A 100(1):330–335

63. Carulla N et al (2009) Experimental characterization of disordered and ordered aggregates
populated during the process of amyloid fibril formation. Proc Natl Acad Sci 106(19):7828–
7833

64. Wei L et al (2011) The molecular basis of distinct aggregation pathways of islet amyloid
polypeptide. J Biol Chem 286(8):6291–6300

65. Dusa A et al (2006) Characterization of oligomers during alpha-synuclein aggregation using
intrinsic tryptophan fluorescence. Biochemistry 45(8):2752–2760

66. Plakoutsi G et al (2005) Evidence for a mechanism of amyloid formation involving molecular
reorganisation within native-like precursor aggregates. J Mol Biol 351(4):910–922

67. Calamai M et al (2005) Reversal of protein aggregation provides evidence for multiple
aggregated states. J Mol Biol 346(2):603–616

68. Kaylor J et al (2005) Characterization of oligomeric intermediates in alpha-synuclein fibril-
lation: FRET studies of Y125W/Y133F/Y136F alpha-synuclein. J Mol Biol 353(2):357–372

69. Alberdi E et al (2010) Amyloid β oligomers induce Ca2+ dysregulation and neuronal death
through activation of ionotropic glutamate receptors. Cell Calcium 47(3):264–272

70. Hong S et al (2014) Soluble Aβ oligomers are rapidly sequestered from brain ISF in vivo and
bind GM1 ganglioside on cellular membranes. Neuron 82(2):308–319

71. EiseleYS et al (2015) Targeting protein aggregation for the treatment of degenerative diseases.
Nat Rev Drug Discov 14(11):759–780

72. Tomaselli S et al (2006) The α-to-β conformational transition of Alzheimer’s Aβ-(1–42)
peptide in aqueous media is reversible: a step by step conformational analysis suggests the
location of β conformation seeding. ChemBioChem 7(2):257–267

73. Vivekanandan S et al (2011) A partially folded structure of amyloid-beta(1–40) in an aqueous
environment. Biochem Biophys Res Commun 411(2):312–316

74. Fezoui Y, Teplow DB (2002) Kinetic studies of amyloid β-protein fibril assembly: differential
effects of α-helix stabilization. J Biol Chem 277(40):36948–36954

75. Morgado I, Fändrich M (2011) Assembly of Alzheimer’s Ab peptide into nanostructured
amyloid fibrils. Curr Opin Colloid Interface Sci 16(6):508–514

76. Morgado I, Garvey M (2015) Lipids in amyloid-beta processing, aggregation, and toxicity.
Adv Exp Med Biol 855:67–94

77. Benseny-Cases N, Cocera M, Cladera J (2007) Conversion of non-fibrillar β-sheet oligomers
into amyloid fibrils in Alzheimer’s disease amyloid peptide aggregation. Biochem Biophys
Res Commun 361:916–921



234 K. M. Alexander et al.

78. Dahse K et al (2010) DHPC strongly affects the structure and oligomerization propensity of
Alzheimer’s Aβ(1–40) peptide. J Mol Biol 403(4):643–659

79. Benseny-Cases N, Cocera M, Cladera J (2007) Conversion of non-fibrillar beta-sheet
oligomers into amyloid fibrils in Alzheimer’s disease amyloid peptide aggregation. Biochem
Biophys Res Commun 361:916–921

80. Walsh DM et al (2002) Naturally secreted oligomers of amyloid beta protein potently inhibit
hippocampal long-term potentiation in vivo. Nature 416(6880):535–539

81. Walsh DM, Selkoe DJ (2004) Oligomers on the brain: the emerging role of soluble protein
aggregates in neurodegeneration. Protein Pept Lett 11:213–228

82. McLaurin J, Chakrabartty A (1996) Membrane disruption by Alzheimer Î2-amyloid peptides
mediated through specific binding to either phospholipids or gangliosides: Implications For
Neurotoxicity. J Biol Chem 271(43):26482–26489

83. Murphy RM (2007) Kinetics of amyloid formation and membrane interaction with amyloido-
genic proteins. Biochimica et Biophysica Acta (BBA)—Biomembranes 1768(8): 1923–1934

84. Relini A et al (2009) The two-fold aspect of the interplay of amyloidogenic proteins with
lipid membranes. Chem Phys Lipid 158(1):1–9

85. Prangkio P et al (2012) Multivariate analyses of amyloid-β oligomer populations indicate a
connection between pore formation and cytotoxicity. PLoS ONE 7(10): e47261

86. Kawahara M et al (2011) Membrane incorporation, channel formation, and disruption of
calcium homeostasis by Alzheimer’s β-Amyloid Protein. Int J Alzheimer’s Dis 17

87. Soto C (2003) Unfolding the role of protein misfolding in neurodegenerative diseases. Nat
Rev Neurosci 4(1):49–60

88. Yip CM, McLaurin J (2001) Amyloid-β peptide assembly: a critical step in fibrillogenesis
and membrane disruption. Biophys J 80(3):1359–1371

89. Bokvist M et al (2004) Two Types of Alzheimer’s β-Amyloid (1–40) peptide membrane
interactions: aggregation preventing transmembrane anchoring versus accelerated surface
fibril formation. J Mol Biol 335(4):1039–1049

90. Colon W, Kelly JW (1992) Partial denaturation of transthyretin is sufficient for amyloid fibril
formation in vitro. Biochemistry 31(36):8654–8660

91. Hurle MR et al (1994) A role for destabilizing amino acid replacements in light-chain
amyloidosis. Proc Natl Acad Sci U S A 91(12):5446–5450

92. Monaco HL, Rizzi M, Coda A (1995) Structure of a complex of two plasma proteins:
transthyretin and retinol-binding protein. Science 268(5213):1039–1041

93. Saraiva MJ (1995) Transthyretin mutations in health and disease. Hum Mutat 5(3):191–196
94. Gonçalves NP, Teixeira-Coelho M, Saraiva MJ (2015) Protective role of anakinra against

transthyretin-mediated axonal loss and cell death in a mouse model of familial amyloidotic
polyneuropathy. J Neuropathol Exp Neurol 74(3):203–217

95. AnderssonK et al (2002)Only amyloidogenic intermediates of transthyretin induce apoptosis.
Biochem Biophys Res Commun 294(2):309–314

96. Pires RH et al (2012) Distinct annular oligomers captured along the assembly and disassembly
pathways of transthyretin amyloid protofibrils. PLoS One 7(9): e44992

97. Demuro A, Smith M, Parker I (2011) Single-channel Ca(2+) imaging implicates Abeta1-42
amyloid pores in Alzheimer’s disease pathology. J Cell Biol 195(3):515–524

98. Groenning M et al (2015) Considerably unfolded transthyretin monomers preceed and
exchange with dynamically structured amyloid protofibrils. Sci Rep 5:11443

99. Kastritis E et al (2010) Bortezomib with or without dexamethasone in primary systemic (light
chain) amyloidosis. J Clin Oncol 28(6):1031–1037

100. SchormannNet al (1995)Tertiary structure of an amyloid immunoglobulin light chain protein:
a proposed model for amyloid fibril formation. Proc Natl Acad Sci U S A 92(21):9490–9494

101. Randles EG et al (2009) Structural alterations within native amyloidogenic immunoglobulin
light chains. J Mol Biol 389(1):199–210

102. SchormannNet al (1995)Tertiary structure of an amyloid immunoglobulin light chain protein:
a proposed model for amyloid fibril formation. Proc Natl Acad Sci USA 92(21):9490–9494



12 Proteotoxicity and Autophagy in Neurodegenerative … 235

103. Chiti F et al (1999) Designing conditions for in vitro formation of amyloid protofilaments and
fibrils. Proc Natl Acad Sci USA 96(7):3590–3594

104. Ionescu-Zanetti C et al (1999) Monitoring the assembly of IG light-chain amyloid fibrils by
atomic force microscopy. Proc Natl Acad Sci 96(23):13175–13179

105. Blake C, Serpell L (1996) Synchrotron X-ray studies suggest that the core of the transthyretin
amyloid fibril is a continuous beta-sheet helix. Structure 4(8):989–998

106. Brenner DA et al (2004) Human amyloidogenic light chains directly impair cardiomyocyte
function through an increase in cellular oxidant stress. Circ Res 94(8):1008–1010

107. Shi J et al (2010) Amyloidogenic light chains induce cardiomyocyte contractile dysfunction
and apoptosis via a non-canonical p38alpha MAPK pathway. Proc Natl Acad Sci U S A
107(9):4188–4193

108. Teng J et al (2004) Different types of glomerulopathic light chains interact with mesangial
cells using a common receptor but exhibit different intracellular trafficking patterns. Lab
Invest 84(4):440–451

109. Sikkink LA, Ramirez-Alvarado M (2010) Cytotoxicity of amyloidogenic immunoglobulin
light chains in cell culture. Cell Death Dis 1(11): e98

110. Vinters HV (2015) Emerging concepts in Alzheimer’s disease. Annu Rev Pathol 10:291–319
111. Chakrabarti S et al (2013) Oxidative stress and amyloid beta toxicity in Alzheimer’s disease:

intervention in a complex relationship by antioxidants. Curr Med Chem 20(37):4648–4664
112. Santos LE, Ferreira ST (2017) Crosstalk between endoplasmic reticulum stress and brain

inflammation in Alzheimer’s disease. Neuropharmacology
113. Zhang Y et al (2017) The role of ubiquitin proteasomal system and autophagy-lysosome

pathway in Alzheimer’s disease. Rev Neurosci 28(8):861–868
114. Rogaev EI et al (1995) Familial Alzheimer’s disease in kindreds with missense mutations in a

gene on chromosome 1 related to theAlzheimer’s disease type 3 gene. Nature 376(6543):775–
778

115. Sherrington R et al (1995) Cloning of a gene bearing missense mutations in early-onset
familial Alzheimer’s disease. Nature 375(6534):754–760

116. Goate A et al (1991) Segregation of a missense mutation in the amyloid precursor protein
gene with familial Alzheimer’s disease. Nature 349(6311):704–706

117. Bentahir M et al (2006) Presenilin clinical mutations can affect gamma-secretase activity by
different mechanisms. J Neurochem 96(3):732–742

118. Citron M et al (1992) Mutation of the beta-amyloid precursor protein in familial Alzheimer’s
disease increases beta-protein production. Nature 360(6405):672–674

119. Kumar-Singh S et al (2006) Mean age-of-onset of familial alzheimer disease caused by prese-
nilin mutations correlates with both increased Abeta42 and decreased Abeta40. Hum Mutat
27(7):686–695

120. Ling D et al (2009) Abeta42-induced neurodegeneration via an age-dependent autophagic-
lysosomal injury in Drosophila. PLoS One 4(1):e4201

121. Esselens C et al (2004) Presenilin 1 mediates the turnover of telencephalin in hippocampal
neurons via an autophagic degradative pathway. J Cell Biol 166(7):1041–1054

122. Lee JHet al (2010)Lysosomal proteolysis and autophagy require presenilin 1 and are disrupted
by Alzheimer-related PS1 mutations. Cell 141(7):1146–1158

123. Beecham GW et al (2014) Genome-wide association meta-analysis of neuropathologic
features of Alzheimer’s disease and related dementias. PLoS Genet 10(9): e1004606

124. Naj AC et al (2014) Effects of multiple genetic loci on age at onset in late-onset Alzheimer
disease: a genome-wide association study. JAMA Neurol 71(11):1394–1404

125. Pickford F et al (2008) The autophagy-related protein beclin 1 shows reduced expression
in early Alzheimer disease and regulates amyloid beta accumulation in mice. J Clin Invest
118(6):2190–2199

126. Tebar F, Bohlander SK, Sorkin A (1999) Clathrin assembly lymphoid myeloid leukemia
(CALM) protein: localization in endocytic-coated pits, interactions with clathrin, and the
impact of overexpression on clathrin-mediated traffic. Mol Biol Cell 10(8):2687–2702



236 K. M. Alexander et al.

127. Moreau K et al (2014) PICALM modulates autophagy activity and tau accumulation. Nat
Commun 5:4998

128. Salminen A et al (2013) Impaired autophagy and APP processing in Alzheimer’s disease: the
potential role of Beclin 1 interactome. Prog Neurobiol 106–107:33–54

129. Park JM et al (2018) ULK1 phosphorylates Ser30 of BECN1 in association with ATG14 to
stimulate autophagy induction. Autophagy 1–28

130. Rocchi A et al (2017) A Becn1 mutation mediates hyperactive autophagic sequestra-
tion of amyloid oligomers and improved cognition in Alzheimer’s disease. PLoS Genet
13(8):e1006962

131. Wang BJ et al (2017) ErbB2 regulates autophagic flux to modulate the proteostasis of APP-
CTFs in Alzheimer’s disease. Proc Natl Acad Sci U S A 114(15):E3129–E3138

132. Chang D et al (2017) A meta-analysis of genome-wide association studies identifies 17 new
Parkinson’s disease risk loci. Nat Genet 49(10):1511–1516

133. Kitada T et al (1998) Mutations in the parkin gene cause autosomal recessive juvenile
parkinsonism. Nature 392(6676):605–608

134. Valente EM et al (2004) Hereditary early-onset Parkinson’s disease caused by mutations in
PINK1. Science 304(5674):1158–1160

135. Di Fonzo A et al (2009) FBXO7 mutations cause autosomal recessive, early-onset
parkinsonian-pyramidal syndrome. Neurology 72(3):240–245

136. Cunningham CN et al (2015) USP30 and parkin homeostatically regulate atypical ubiquitin
chains on mitochondria. Nat Cell Biol 17(2):160–169

137. Stolz A, Ernst A, Dikic I (2014) Cargo recognition and trafficking in selective autophagy. Nat
Cell Biol 16(6):495–501

138. Narendra DP et al (2010) PINK1 is selectively stabilized on impaired mitochondria to activate
Parkin. PLoS Biol 8(1):e1000298

139. Kane LA et al (2014) PINK1 phosphorylates ubiquitin to activate Parkin E3 ubiquitin ligase
activity. J Cell Biol 205(2):143–153

140. Chang YF et al (2006) The F-box protein Fbxo7 interacts with human inhibitor of apop-
tosis protein cIAP1 and promotes cIAP1 ubiquitination. Biochem Biophys Res Commun
342(4):1022–1026

141. Burchell VS et al (2013) The Parkinson’s disease-linked proteins Fbxo7 and Parkin interact
to mediate mitophagy. Nat Neurosci 16(9):1257–1265

142. Zimprich A et al (2004) Mutations in LRRK2 cause autosomal-dominant parkinsonism with
pleomorphic pathology. Neuron 44(4):601–607

143. Beilina A et al (2014) Unbiased screen for interactors of leucine-rich repeat kinase 2 supports
a common pathway for sporadic and familial Parkinson disease. Proc Natl Acad Sci U S A
111(7):2626–2631

144. Angeles DC et al (2011) Mutations in LRRK2 increase phosphorylation of peroxiredoxin 3
exacerbating oxidative stress-induced neuronal death. Hum Mutat 32(12):1390–1397

145. MacLeod D et al (2006) The familial Parkinsonism gene LRRK2 regulates neurite process
morphology. Neuron 52(4):587–593

146. Ramonet D et al (2012) PARK9-associated ATP13A2 localizes to intracellular acidic vesicles
and regulates cation homeostasis and neuronal integrity. Hum Mol Genet 21(8):1725–1743

147. Ramirez A et al (2006) Hereditary parkinsonism with dementia is caused by mutations in
ATP13A2, encoding a lysosomal type 5 P-type ATPase. Nat Genet 38(10):1184–1191

148. Dehay B et al (2012) Loss of P-type ATPase ATP13A2/PARK9 function induces general
lysosomal deficiency and leads to Parkinson disease neurodegeneration. Proc Natl Acad Sci
U S A 109(24):9611–9616

149. Dandana A et al (2016) Gaucher disease: clinical, biological and therapeutic aspects.
Pathobiology 83(1):13–23

150. Mazzulli JR et al (2011) Gaucher disease glucocerebrosidase and alpha-synuclein form a
bidirectional pathogenic loop in synucleinopathies. Cell 146(1):37–52

151. Sardi SP et al (2017) Glucosylceramide synthase inhibition alleviates aberrations in
synucleinopathy models. Proc Natl Acad Sci U S A 114(10):2699–2704



12 Proteotoxicity and Autophagy in Neurodegenerative … 237

152. Liao R et al (2001) Infusion of light chains from patients with cardiac amyloidosis causes
diastolic dysfunction in isolated mouse hearts. Circulation 104(14):1594–1597

153. Comenzo RL et al (1996) Dose-intensive melphalan with blood stem cell support for the
treatment of AL amyloidosis: one-year follow-up in five patients. Blood 88(7):2801–2806

154. Dember LM et al (2001) Effect of dose-intensive intravenousmelphalan and autologous blood
stem-cell transplantation on al amyloidosis-associated renal disease. Ann Intern Med 134(9
Pt 1):746–753

155. Sanchorawala V et al (2005) Serum free light-chain responses after high-dose intravenous
melphalan and autologous stem cell transplantation for AL (primary) amyloidosis. Bone
Marrow Transplant 36(7):597–600

156. Migrino RQ et al (2010) Systemic and microvascular oxidative stress induced by light chain
amyloidosis. Int J Cardiol 145(1):67–68

157. Migrino RQ et al (2011) Human microvascular dysfunction and apoptotic injury induced by
AL amyloidosis light chain proteins. Am J Physiol Heart Circ Physiol 301(6):H2305–H2312

158. Dorbala S et al (2014) Coronary microvascular dysfunction is related to abnormalities in
myocardial structure and function in cardiac amyloidosis. JACC Heart Fail 2(4):358–367

159. Shin JT et al (2012) Overexpression of human amyloidogenic light chains causes heart failure
in embryonic zebrafish: a preliminary report. Amyloid 19(4):191–196

160. Guan J et al (2013) Stanniocalcin1 is a key mediator of amyloidogenic light chain induced
cardiotoxicity. Basic Res Cardiol 108(5):378

161. Lavatelli F et al (2015) Novel mitochondrial protein interactors of immunoglobulin light
chains causing heart amyloidosis. FASEB J 29(11):4614–4628

162. Levinson RT et al (2013) Role of mutations in the cellular internalization of amyloidogenic
light chains into cardiomyocytes. Sci Rep 3:1278

163. Scherz-Shouval R et al (2007) Reactive oxygen species are essential for autophagy and
specifically regulate the activity of Atg4. EMBO J 26(7):1749–1760

164. Sciarretta S et al (2013) Activation of NADPH oxidase 4 in the endoplasmic retic-
ulum promotes cardiomyocyte autophagy and survival during energy stress through the
protein kinase RNA-activated-like endoplasmic reticulum kinase/eukaryotic initiation factor
2alpha/activating transcription factor 4 pathway. Circ Res 113(11):1253–1264

165. Song M et al (2014) Super-suppression of mitochondrial reactive oxygen species
signaling impairs compensatory autophagy in primary mitophagic cardiomyopathy. Circ Res
115(3):348–353

166. Guan J et al (2014) Lysosomal dysfunction and impaired autophagy underlie the pathogenesis
of amyloidogenic light chain-mediated cardiotoxicity. EMBO Mol Med 6(11):1493–1507

167. Arbustini E et al (1998)Restrictive cardiomyopathy, atrioventricular block andmild to subclin-
ical myopathy in patients with desmin-immunoreactive material deposits. J Am Coll Cardiol
31(3):645–653

168. Li D et al (1999) Desmin mutation responsible for idiopathic dilated cardiomyopathy.
Circulation 100(5):461–464

169. Sanbe A et al (2009) Protective effect of geranylgeranylacetone via enhancement of HSPB8
induction in desmin-related cardiomyopathy. PLoS One 4(4):e5351

170. BhuiyanMS et al (2013) Enhanced autophagy ameliorates cardiac proteinopathy. J Clin Invest
123(12):5284–5297



Chapter 13
Regulation of Cell Death Signaling
Pathways in Cardiac Myocytes
by Mitochondrial Bnip3

Inna Rabinovich-Nikitin, Jonathon Gerstein, Rimpy Dhingra,
Matthew Guberman, and Lorrie A. Kirshenbaum

Abstract The 19kd Bcl-2 interacting protein 3 (Bnip3) belongs to a subclass of the
Bcl-2 gene family that regulates a wide range of cellular processes including apop-
tosis, necrosis and autophagy. However, while Bnip3 localizes to the mitochondria
in different cell types including cancer cells, its biological function particularly in
cardiac myocytes appears to be context specific. This varied response of Bnip3 may
be due to differences in Bnip3 abundance, temporal or spatial activation or asso-
ciation with mitochondrial proteins in response to different cell stress conditions.
Understanding the biological significance of Bnip3 and the signaling pathways it
impinges upon to regulate apoptosis, necrosis and autophagy under disease states
is of paramount importance toward developing new therapies to modulate cardiac
cell death during cell stress conditions. Herein, we highlight the role of Bnip3 in
cardiac cell death under two physiologically important and clinically relevant condi-
tions where Bnip3 is known to be activated, namely ischemic stress and doxorubicin
cardiotoxicity.

Keywords Bnip3 ·Mitochondria · Apoptosis · Necrosis · Doxorubicin

Introduction

Historically, the adult myocardium has been viewed as a non-proliferative post-
mitotic organ with a limited capacity for myocyte regeneration after injury. Hence,
the loss of functional cardiac myocytes by programmed apoptosis or necrosis is
postulated as a central underlying mechanism for ventricular remodeling and heart
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failure. Based on morphological criteria alone, apoptosis was initially identified as
a programmed death pathway typified by DNA fragmentation and cell shrinkage
without loss ofmembrane integrity [1]. The fact that apoptosis is a regulated event and
potentially amenable to therapeutic interventions, my laboratory and others investi-
gated the signaling pathways andmolecular factors that govern apoptotic cell death in
the heart during disease. Because necrosis was traditionally viewed as an accidental
or an unregulated passive response to injury [2], it was largely overlooked or even
ignored as a potential form of cell death that could be manipulated by therapeutic
or genetic interventions. Consequently, over the past several years a greater appre-
ciation and detailed understanding of the molecular signaling pathways involved
in apoptosis and necrosis, coupled with advanced biochemical criteria and cellular
markers to discriminate between apoptotic and necrotic cell death, has resulted in
an insurgence of recent studies exploring necrosis as a regulated form of cell death
during disease.

Apoptosis and Necrosis Cell Death Pathways

Arguably, one of the most intriguing and compelling issues to impact contemporary
biology to date is the concept that programmed cell death is a genetically regulated
process. Observations made on the basis of distinct morphological criteria alone,
more than 30 years ago byKerr et al. [1], markedly distinguished apoptosis from clas-
sical cell death by necrosis. Apoptosis is a highly regulated evolutionary conserved
genetic program of cell death essential for normal development and tissue home-
ostasis [3]. In contrast, necrosis has been traditionally considered as an unregulated
passive response to injury [4]. While there is little doubt that necrosis induced by
massive cellular trauma is likely an unregulated event, several lines of investigation
including new exciting data from our laboratory have challenged this dogma and
classical textbook definition that necrotic cell death is merely accidental and unregu-
lated [5–7].This emerging and contemporary view is a paradigm shift in our thinking
about how cell fate is regulated. In fact, the concept that necrotic death is regulated
has tremendous implications for understanding the pathogenesis of diseases thatwere
previously unexplored as well as developing novel therapies for conditions where
necrosis is known to play a significant role.

Bcl-2 Family and Molecular Regulation of Cell Death

TheBcl-2 gene family is highly conserved groupof proteins that are found throughout
evolution and associated with a number of cellular processes that include cell-cycle,
metabolism and cell fate [8]. The archetypic member of this group of diverse proteins
is Bcl-2 (B cell lymphoma 2). Bcl-2 was discovered as a translocation break-point
mutation between chromosome (t14:18) in B-cell lymphomas and believed to confer
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resistance of cancer cells to anti-neoplastic agents [9–11]. Since its initial discovery,
several other proteins with similar domain structures to Bcl-2 have been identified
including the c. elegans ortholog ced 9 [12]. The interesting feature among these
proteins is their ability to influence cell fate through regulation of cellular processes
involved in cell survival and programmed cell death pathways. Interestingly, these
are relate through the presence of distinct structures known as Bcl-2 homology (BH)
domains that are conserved among these proteins.Ostensibly, the presence or absence
of a given domain confers the ability of these proteins to promote cell death of
cell survival which is achieved through the formation of homotypic and heterotypic
interactions which influences their cellular distribution and influence on cell fate in
response to different physiological/pathophysiological conditions [13]. In this regard,
in the most generalized state Bcl-2 and other family members such Bcl-xL or MCl-
1 that promote cell survival contain an α-aliphatic N-terminal BH4 domains, BH3,
BH2, and BH1 domain, and highly conserved carboxyl terminus domain required for
insertion into membranes such as mitochondria, nuclear and endoplasmic reticulum
[13]. Other family members such as Bax and Bak which induce cell death retain the
N-and C- terminal as well as the conserved BH1, BH2 and BH3 domain but lack the
α-aliphatic BH4 domain [13]. Notably, a sub-class of Bcl-2 family proteins known
to as BH3 only exist which only contain the N- and -C-terminus and single BH3
like domain. While these proteins, like the other BH3 death proteins (Bax, Bak) can
promote cell death in response to pathophysiological conditions, less is known of
their ability to influence organelles such as mitochondria and endoplasmic reticulum
to promote apoptosis, necrosis or autophagy, Fig. 13.1.

Mitochondrion Regulated Cell Death Pathways

In addition to energy production, the mitochondrion has been identified as major
signaling platform for apoptosis and necrosis, respectively, Fig. 13.2. The mito-
chondrial events that discriminate apoptosis versus necrosis signaling events remain
poorly understood. However, a growing body of evidence supports a paradigm in
which permeability changes to the outer mitochondrial membrane (OMM) or inner
mitochondrial membrane (IMM) distinguish apoptosis and necrosis respectively
[14]. Hence, in response to cell stress such as genotoxic DNA damage, hypoxia,
reactive oxygen species or nutrient deprivation many of the Bcl-2 proteins partic-
ularly Bax and Bak engage the intrinsic mitochondrial death pathway and activate
apoptosis [15]. The activation and oligomerization of Bax andBak proteins, results in
permeabilization of the mitochondrial outer membrane (MOMP) through the forma-
tion of ion conductance Bax/Bak channels [15]. MOMP results in the dissipation
of mitochondrial membrane potential (��m) on the IMM where electron trans-
port and respiration occurs and release of apoptogens from mitochondria including
cytochrome c, through an undefined mechanism that associates with the mitochon-
drial protein SMAC, caspase 9 and dATP form the apoptosome in the cytosol [16].
Once formed the apoptosomes triggers the activation of death effector caspases 3, 6,
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and 8 which through the proteolytic cleavage of intracellular substrates leads to the
demise of the cell through apoptosis [16], Fig. 13.3. Notably, the loss of��mduring
apoptosis is a relatively late event compared to necrosis which is a relatively early
event [17]. Conversely, early permeability changes resulting from the formation of a
permeability transition pore on the IMM (mPTP) is considered an integral feature of
necrotic cell death [17]. mPTP causes structural and functional derangements to the
mitochondrion that include impaired respiration, loss of��m,ATP synthesis, redis-
tribution of ions, osmotic imbalance, mitochondrial matrix swelling, and increased
Ca2+ that eventually leads to OMM rupture [17]. Linkage of the intrinsic death
pathway to the extrinsic death receptor pathway is achieved through the processing
and activation of initiation caspases such as 8 and 10 result in the proteolytic cleavage
of Bid to truncated Bid (tBid) which upon translocation to the mitochondria triggers
MOMP and apoptosis [16]. Further involvement of death receptors to necroptosis
involves the intracellular adapter kinases Receptor Interacting Protein 1 Kinase,
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(RIP1K RIP3) and mix linage kinase (MLKL) which presumably disrupt mitochon-
drial metabolism leading to necrotic cell death through a poorly understood mech-
anism involving RIP3 [18]. Importantly, many of the processes that lead to MOMP
or IMM defects leading to apoptosis or necrosis are not well understood but can
be suppressed by over-expression of Bcl-2 or B-cell lymphoma—extra larger (Bcl-
XL) proteins. Together, these observations highlight the importance of Bcl-2 family
proteins in regulating apoptotic and necrotic cell death, respectively. Given the over-
lapping nature of someBcl-2 proteins to promote cell survival or cell death, it remains
to be elucidated how the cell discriminates between apoptosis and necrosis pathways
in response cell stress. Recent data suggests that selective post-translationalmodifica-
tions such as phosphorylationmay alter the putative function and cell fate and context
specificmanner. For example, the site specific phosphorylation ofBeclin-1 can switch
its ability to interact with Bcl-2 and promote cell death through displacement of Bax
from Bcl-2 or promote autophagy and cell survival [19].

Hypoxia-Inducible Expression of Bnip3

The adenovirus Bcl-2 19Kd interacting protein 3, (Bnip3) is a member of BH3
domain like members of the Bcl-2 gene family. Bnip3 was initially identified as
cellular protein that formed protein–protein interactions with the 19kD anti-death
gene of adenovirus in cells infected with adenovirus [20]. Indeed, to circumvent
premature lysis of infected cells, adenovirus and several other human viruses produce
anti-death genes that suppress cell death of the infected host cell to ensure sufficient
viral progeny has replicated during lytic infection. Since these initial observations,
several laboratories including our own, identified Bnip3 as critical regulator of cell
death in a number of different cell types including cardiac myocytes [6]. To this
end, we identified Bnip3 as a Bcl-2 interacting protein in cardiac myocytes. Notably,
the 19kD anti-death gene of adenovirus is the viral homologue to Bcl-2 [21]. Our
excitement surrounding the identification of Bnip3 is predicated on the fact that in
contrast to other Bcl-2 family members known to promote cell death by apoptosis,
Bnip3 is the only member of this family that is highly expressed in the heart and
specifically cardiac myocytes under hypoxic conditions [6]. Indeed, in contrast to
other death promoting proteins such as Bax, or Bak which are known to promote
MOMP and cell death in response to a variety of cell stress signaling, Bnip3 was
found to be the only protein activated in cardiacmyocytes during hypoxia. The unique
feature and hypoxia-inducible nature of Bnip3 identifies it a potentially important
cellular target that could be manipulated therapeutically to prevent cell death and
cardiac dysfunction during ischemic or hypoxic stress. During the course of our
previous studies we established that Bnip3 resides under basal conditions loosely
associate with the mitochondrial outer member, in contrast to Bax or Bak which
reside in the cytoplasm and translocate to the mitochondrial outer membrane in
response to apoptosis signaling [6, 13]. The hypoxia induced activation of Bnip3
involves not only induction of its promoter activity resulting in increased Bnip3
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cellular content but also in its integration to mitochondrial inner membranes [6].
We have demonstrated that the integration of Bnip3 into the mitochondrial IMM
is contingent upon its carboxy-terminal transmembrane domain [6]. Earlier studies
from our group and others revealed that the BH3 like domain and the N-terminal
domains of Bnip3 are dispensable for cell killing, again in contrast to Bax and Bak
which require their respective BH3 domains for inducing apoptosis, however, the
carboxyl terminal transmembrane (TM) was identified to be crucial for triggering
mitochondrial and cell death of cardiac myocytes during hypoxic stress [6]. These
findings are substantiated by studies in which engineered mutations or complete
deletion of the TM domain completely abrogated mitochondrial dysfunction and cell
death of cardiac myocytes. Further genetic ablation of Bnip3 through transgenesis
resulted in mice with greater functional recovery and smaller infarct sizes following
myocardial infarction than correspondingwild type animals [7].Collectively, our data
identify Bnip3 as an inducible death factor and critical regulator of mitochondrial
dysfunction and cell death of cardiac myocytes during ischemic injury, Figs. 13.2
and 13.3.

Another interesting feature of Bnip3 that readily distinguishes it from the other
Bcl-2 familymemberswhich predominately trigger apoptosis, is its ability to promote
necrotic cell death by a mechanism that impinges on the IMM [5]. As stated above,
the mitochondrion plays a critical role in oxidative metabolism and cellular respira-
tion for ATP synthesis which is crucial for maintaining cellular homeostasis and day
to day cardiac contractile function [22]. This is achieved through the stepwise univa-
lent electron transport from the entry of NADH and FADH generated by cellular
metabolism from glucose and fatty acid oxidation, which enter the respiratory chain
complexes I to IV which produce an electrochemical proton gradient across the
IMM. The flow of protons across the IMM through the mitochondrial F0/F1ATPase
is responsible for ATP generation 23. Disruption of the electron transport chain
proteins through oxidation or carbonylation of the mitochondrial complex proteins
on the IMM triggers calcium mediated mPTP opening and necrotic cell death [23].
Importantly, our work has demonstrated that the mitochondrial integration of Bnip3
in response to cell stress disrupts the IMM resulting in cell death with features of
necrosis [5], Fig. 13.3.

Another mode by which Bnip3 can provoke mPTP opening, involves Cyclophilin
D (CypD), the knownmPTP regulator. CypD is a peptidyl prolyl cis–trans-isomerase
and normally resides in the mitochondrial matrix. Under mitochondrial stress condi-
tions CypD translocates to the intermembrane space (IMS) of the mitochondria.
How CypD translocates from matrix to intermembrane space under stress condi-
tions is largely unknown, but post translational modifications of CypD, such as
phosphorylation and acetylation, have been proposed as an underlying mechanisms.
Calcium overload through the mitochondrial calcium uniporter (MCU) has also been
suggested to activate CypD, resulting in its recruitment to IMS [24–27]. Increased
interaction between CypD and F1F0 ATPase has been implicated in mitochondrial
perturbations. We recently found that Bnip3 protein interacts with CypD in doxoru-
bicin treated cardiomyocytes, Fig. 13.3. The significance of interaction between
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Bnip3 and CypD is not clear at the moment, but the fact that Bnip3 induced mito-
chondrial defects and cell death could be supressed by genetic knock down of CypD
or by use of chemical inhibitor Cyclosporin A (CSA), suggest that CypD might
be the effector downstream from Bnip3. Taken together our studies unravel a new
mechanism of Bnip3 mediated mitochondrial defects which are obligatorily linked
to CypD [28].

Bnip3 and Autophagy

Autophagy is a cellular quality control process essential for maintaining tissue home-
ostasis and organ function [29]. Defects in autophagy have been linked to a variety
of diseases entities including Danon Disease as well as heart failure [30]. Gener-
ally speaking, autophagy plays a key role in the removal of damaged organelles,
proteins and pathogens such as viral particles and bacteria from the cell through an
elaborate lysosome system [29, 31]. Autophagy can be classified as macro- micro
and chaperone mediated autophagy. In most cases, macro-autophagy referred to as
within is critical for the selective removal of oxidized proteins and lipids as well as
damaged organelles such as mitochondria, Golgi and Endoplasmic reticulum [31]. In
this regard, autophagy ormitophagy of damaged or irreparablemitochondria plays as
an essential cellular quality control mechanism for ensuring a healthy pool of mito-
chondrial for oxidative metabolism, respiration and ATP production [32, 33]. The
inability to effectively clear damaged mitochondria through defective quality control
mechanisms leads to the accumulation of mitochondria producing reactive oxygen
species which would be toxic to cells [32, 34]. Hence, clearing mitochondria is of
paramount importance in maintaining cell viability and tissue quality control. In this
regard, a less well defined feature of Bnip3 and related protein Bnip3L, is to serve as a
docking site for the autophagy regulator proteins such asmicrotubule associated light
chain 3 II (LC3II) and p62 for the autophagic clearance of damaged mitochondria
through mitophagy [35, 36]. Indeed, the N-terminus of Bnip3 and Bnip3L contain
LC3II-Interacting Regions which allow these proteins to interact with LC3II [35],
Fig. 13.3.

In this way, Bnip3 may contribute to mitochondrial quality control mechanisms
through association with LC3II or other autophagy related proteins (Atgs) to ensure
the adequate removal of ROS producing mitochondria during stress conditions such
as nutrient deprivation or hypoxia. However, the role of Bnip3 as a major participant
in mitochondrial quality control is not well defined since germ-line deletion of Bnip3
does not appear to influence mitochondrial turnover under basal or stress conditions,
suggesting that Bnip3 is either dispensable for mitochondrial autophagy or other
proteins such as Bnip3L may functionally substitute for the absence of Bnip3 in
controlling mitochondrial turn-over. Further, the relationship between Bnip3 and
necrotic cell death in relation to mitophagy activation or inhibition requires further
examination since the interplay between these two cellular processes remains poorly
understood.
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Bnip3 and Doxorubicin Cardiomyopathy

Doxorubicin (DOX) is a widely used chemotherapeutic used to treat cancers in both
children and adults [5]. It has been proven to play a major role in the effective treat-
ment of a number of cancers, including leukemia, breast cancer and non-Hodgkin’s
lymphoma [37]. Though its clinical efficacy is well documented, patients treated
with DOX are observed to have a higher risk of aberrant arrhythmias, myocardial
infarction and cardiomyopathy [38]. Furthermore, over a third of patients receiving a
dosage greater than 601 mg/m2 of body surface area suffered congestive heart failure
[38]. In attempt to maximize the clinical reliability of DOX, the cardiotoxic effects
of the chemotherapeutic should be minimized, while keeping its antitumor proper-
ties intact. The mechanisms that underlie DOX toxicity in cardiac myocytes remain
poorly understood. There are reports demonstrating that DOX acts upon topoiso-
merase II activity to disrupt DNA synthesis and inhibit cell proliferation in cancer
cells [39], while other reports demonstrate increased oxidative stress and reactive
oxygen species (ROS) form iron overload [40]. Indeed, a recent report the Ardehali
laboratory demonstrated that DOX treatment resulted in mitochondrial iron over-
loaded from defects in the ABC cassette iron transporter protein [41]. Restoration
or normalization of iron homeostasis suppressed mitochondrial damage induced by
DOX.

At the cellular level, close inspection by electronmicroscopy revealed severe ultra-
structural defects that include disruption of the sarcomeres, mitochondrial swelling
with rarefaction of mitochondrial cristae [5]. Interestingly, the cellular and mito-
chondrial defects induced by DOX were reminiscent of the cellular injury induced
by Bnip3, raising the intriguing possibility that Bnip3 may underlie the cardiotoxic
effects of DOX. In fact, because the heart is abundantly rich in mitochondria, predis-
poses it to potential damaging effects of drugs such as DOX. To explore this possi-
bility as a step toward understanding the mechanisms that underlie DOX cardiotox-
icity, we tested whether Bnip3 is involved in the mitochondrial defects and cardiac
dysfunction in cardiac myocytes treated with DOX. For these studies we treated
mice with saline or DOX 5 mg/kg for 4 days for a cumulative DOX dose of 20 mg
[5]. One week following treatment, mice were assessed for cardiac function, parallel
studies were conducted in isolated primary cultured cardiac myocytes to assess cell
viability, mitochondrial respiration, mitochondrial membrane potential ��m and
permeability transition pore opening mPTP following DOX (5ug/ml) treatment [5].
Interestingly, western blot analysis revealed a marked increase in Bnip3 expression
in cardiac myocytes in vivo and in vitro which corresponded with a reduction in cell
viability [5]. The increased cell death in vitro, was concordant with ultrastructural
injury and impaired contractile function in vivo [5].

Further, mitochondria isolated from mice hearts following DOX treatment exhib-
ited diminished oxygen consumption rates and respiratory reserve capacity, consis-
tent with impairedmitochondrial respiration andATP production [5]. Impaired respi-
ration also coincided with a loss of mitochondrial membrane potential, mitochon-
drial calcium, and mPTP opening. A dramatic increase in LDH and cTnT release
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was observed in mice treated with DOX, a finding consistent with increased mito-
chondrial damage impaired contractile function [5]. These findings substantiate that
defects to the mitochondrial IMM, trigger mPTP opening and necrotic cell death of
cardiac myocytes. Given that Bnip3 was highly expressed and integrated into mito-
chondrial membranes, we were curious if Bnip3 was responsible for the cytotoxic
effects induced by DOX in vitro and in vivo. Therefore, to test this possibility, we
tested whether genetic knock-down or ablation of Bnip3 would influence the mito-
chondrial injury and cardiac dysfunction induced by DOX. To this end, we observed
that in contrast to wild type hearts treated with DOX which displayed impaired
mitochondrial morphology and contractile function, Bnip3−/− mice treated with
DOX were relatively resistant to DOX treatment and were indistinguishable from
vehicle treated saline controls with respect to cell morphology and cardiac contrac-
tility. Further, knock-down of Bnip3 or mutations of Bnip3 defective for integrating
into the IMM, were sufficient to suppress DOX-induced mitochondrial injury. In
fact, loss or inactivation of Bnip3 in the presence of DOX, normalized mitochon-
drial respiration, and mitochondrial ��m. Further, mitochondrial calcium overload
which is critical for mPTP was suppressed in cells deficient for Bnip3 [5]. This
suggests that Bnip3 may trigger intracellular calcium release from the endoplasmic
reticulum to promote mPTP and necrotic cell death. Importantly, DOX induced
mPTP opening and necrotic cell death in vitro and in vivo was abrogated following
Bnip3 inactivation. Taken together, these data strongly suggest that Bnip3 is a critical
effector of DOX inducedmitochondrial injury and cell death of cardiac myocytes. To
address the mode by which Bnip3 perturbs mitochondrial respiration on the IMM,
we reasoned that Bnip3 may disrupt one or more of the electron chain transport
complexes which would impair respiration and trigger mPTP. In this regards, we
identified that intra-mitochondrial complexes between uncoupling protein 3 (UCP3)
and cytochrome c oxidase subunit I (COXI) of complex IV were disrupted in cardiac
myocytes following DOX treatment. Notably, genetic ablation of Bnip3 prevented
DOX induced disruption ofUCP3-COXI and impaired respiration in vivo and in vitro.
These findings fully support a model in which the activation of Bnip3 in cardiac
myocytes treatedwithDOXpromotesmitochondrial perturbations resulting inmPTP
opening and necrotic cell death [5], Fig. 13.2.

Concluding Comments

The Bcl-2 protein Bnip3 is a highly conserved evolutionary protein that is vastly
transcriptionally induced in cardiac myocytes subjected to hypoxia. Bnip3 is also
induced in cardiac myocytes treated with DOX. The activation and integration of
Bnip3 into mitochondrial IMM promotes perturbations resulting in loss of mito-
chondrial ��m, impaired respiration, and mPTP. The ability of Bnip3 to provoke
mitochondrial mPTP on the IMM is an underlying feature of necrotic cell death. The
ability of Bnip3 to serve as a mitochondrial quality control mechanism by promoting
mitophagy through the adapter protein for LC3II is another feature of Bnip3 that
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requires further investigation. How Bnip3 intersects with key cellular process that
underlie apoptosis, necrosis and autophagy remains to be elucidated, Fig. 13.3.
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Chapter 14
Role of Cardiomyocyte Apoptosis
in Heart Failure

Sukhwinder K. Bhullar, Anureet K. Shah, and Naranjan S. Dhalla

Abstract Cardiomyocyte apoptosis has now been identified in a wide variety of
patients with heart failure as well as in failing hearts due to experimentally induced
pathophysiological situations such as myocardial infarction, hemodynamic alter-
ations, and different types of cardiomyopathies. Several mechanisms including
oxidative stress, inflammation and intracellular Ca2+-overload have been suggested
to induce the release of cytotoxic proteins such as cytochrome C for the activa-
tion of caspases -3/-9 and subsequent occurrence of apoptotic cell death. Extensive
research has revealed both the up-regulation of pro-apoptotic pathway involving PKC
isoforms -α/-ε, NFκB, p38-MAPK and BAX, and down-regulation of anti-apoptotic
pathway involving Akt, BAD, Bcl-2 and Erk-1/2 in cardiomyocytes from failing
hearts. In view of the critical role of inflammation in heart failure, some evidence has
been presented to show the role of TNF-α in the activation and deactivation of cell
survival and cell death signal transduction pathways for the occurrence of apoptosis
in non-ischemic failing hearts due to volume overload and dilated cardiomyopathy.
Although the occurrence of apoptosis in failing hearts can be seen to produce loss
of some cardiomyocytes leading to heart dysfunction, no meaningful conclusion
can be made regarding the exact role of apoptosis in contractile defects during the
development of heart failure.
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Introduction

Apoptosis, an energy-dependent programmed cell death process, was first reported
in patients with heart failure by Narula et al. [1] in 1996. Later, the occurrence of
this active process was demonstrated in different types of failing hearts by several
other investigators [2–8]. The efficacy of apoptosis in the progression of heart failure
was shown to be associated with apoptotic signaling activation and even the low rate
of apoptosis was considered to cause cardiac dysfunction [9–17]. Although some
studies have casted doubt on the involvement of apoptosis in heat failure [18–24],
various other investigations have provided evidence that apoptosis in cardiomyocytes
is related to the development of cardiac hypertrophy and is responsible for worsening
of heart failure [25–30]. Despite this controversy regarding the role of apoptosis in
the development of heart failure, there is ample evidence to indicate that in initial
phases of apoptotic process, cells undergo the structural changes including shrinkage,
plasma membrane blebbing and DNA fragmentation followed by disintegration into
apoptotic bodies and their extraction by phagocytes. Since apoptotic cardiomyocytes
neither push out their contents into the environment nor cause inflammation, major
morphological deformity, as well as damage to the surrounding cells interstitium
[31–37], it has been suggested that apoptosis can be easily manipulated [38–40]. In
this regard, the understanding of precise measurement, detection, and monitoring of
apoptosis could lead to its reversal or modulation with a therapeutic approach that
could prove as an effective intervention to prevent heart failure [25–27, 41–43]. Thus
targeting apoptosis was considered helpful to reduce the incidence, mortality, and
economic burden associated with heart failure, which is a life-threatening among
most cardiovascular diseases and is continuously growing around the globe [44–
46]. It may be noted that the existence of cardiomyocyte apoptosis in the heart
has been reported in various cardiac diseases, including ischemic heart failure,
myocardial infarction, cardiac arrhythmias, pressure overload and volume overload.
Furthermore, themost effective stimuli that provoke cardiomyocyte apoptosis include
oxygen radicals, cytokines, growth factors and energy deprivation.

A variety of complex signal transduction pathways, which have been implicated in
the execution of cardiomyocyte apoptosis, include Fas/TNF-α receptors signaling,G-
protein coupled receptor signaling, mechanical stretch or mitogen-activated protein
kinases, caspases, aswell as phospholipase-C type biochemical reactions. In addition,
the regulators of the apoptotic processes involve the activation and deactivation of
pro-apoptotic and anti- apoptotic proteins such as the Bcl-2 family of proteins and the
Bax associated proteins [2, 5, 47–58]. It is noteworthy that different cytokines have
been shown to produce cardiomyocyte apoptosis in heart failure and the presence
of very high levels of circulating TNF-α has been indicated [59]. TNF-α binds to
its membrane receptors to activate downstream caspases and initiate the receptor-
dependent cell death pathway [60], and provoke inhibition of the mitochondrial
function [61] to induce apoptosis [62]. A member of the apoptotic signal protein
family BAX enters the outer mitochondrial membrane to form a large conductance
channel and allows the release of cytochrome C [63–65], while, Bcl-2 and other
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proteins of the anti-apoptotic family protect the release of cytochrome C [66] and
target the protein kinase for cell survival [67]. Since TNF- α signaling pathway is
nowwell known as a significant contributing factor in the progressive cardiomyocyte
apoptosis for the development of heart failure [12, 17, 68–71], the present article
is intended to focus discussion on the elevated levels of TNF-α—mediated signal
transduction pathway and alterations in the activation and/or deactivation of anti-
and pro-apoptotic proteins for the occurrence of cardiomyocyte apoptosis in the
development of heart failure.

Development of Cardiomyocytes Apoptosis in Heart Failure

With progressive loss of cardiomyocytes and limited capacity of their regeneration,
the heart is unable to sustain efficient contractile function as a consequence of fewer
cardiomyocytes [4, 70, 72]. Thus, cardiomyocyte apoptosis is considered to play
a significant role in the development of heart failure and this view is supported
by numerous studies in humans and animals. Cardiomyocytes apoptosis in patients
undergoing transplantation in heart failure due to dilated and ischemic cardiomy-
opathy is an excellent example in this regard [1, 2]. Activation of the mitochon-
drial apoptotic signal transduction pathway has been demonstrated to support the
phenomenon of cardiomyocytes apoptosis in patients with congestive heart failure
[4]. It should be recognized that cardiomyocyte apoptosis is only one of the mech-
anisms leading to cell death and cardiac dysfunction [1, 22, 47, 73, 74] and thus
it is difficult to define its exact contribution in the development of heart failure.
However, a link of cardiomyocytes apoptosis with transition from the left ventric-
ular compensated to decompensated hypertrophy has been observed in response
to chronic pressure overload [5, 75]. A progressive loss of cardiomyocytes in the
failing heart due to hypertension is considered to contribute towards the develop-
ment of heart failure [76]. Furthermore, increased serum Fas Ligands in patients with
heart failure [77] and altered Bcl-2 activity, as well as activation of mitochondrial
apoptotic signaling, leading to cardiomyocyte apoptosis seem to show association
with the development of heart failure [78, 79]. It has also been pointed out that a
persistent β-adrenergic receptor activation in failing heart may promote cardiomy-
ocyte death by protein kinase A-dependent and protein kinase A-independent acti-
vation of calcium/calmodulin-dependent kinase II (CaMKII) [80] and can be seen to
play a role in the progression of heart failure. These observations support the view
that cardiomyocyte apoptosis may be of critical importance for the manifestation of
contractile dysfunction during the development and progression of heart failure. In
the following sections of this article, it is planned to provide some details regarding
the signal transduction mechanisms of cardiomyocyte apoptosis in two experimental
models of non-ischemic heart failure namely heart failure due to volume overload
and heart failure in dilated cardiomyopathy.
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Cardiomyocyte Apoptosis in Volume Overload Induced
Heart Failure

The occurrence of cardiomyocytes apoptosis in the development of heart failure
induced by volume overload in both the left ventricle and right ventricle under
different conditions has now beenwell established [16, 29, 30, 54, 81–87]. In patients
with left ventricular volume overload, a progressive increase in the expression of pro-
apoptotic factors (Bax, p53, TNFR1), anti-apoptotic mitochondrial factor (Bcl-xL),
and caspases -3, and -9 leading to cardiomyocyte apoptosis has been found at different
stages of the heart failure [54].Morphological evidence ofmyocardial apoptosis asso-
ciated with activation of the mitochondrial apoptotic pathway has also been reported
in an experimental heart failure model [81]. A reduced level of Akt and increased
CaMKII signaling pathways induced cardiomyocyte apoptosis has been shown to
occur during the transition to heart failure due to volume overload [83, 84]. Also, an
increase in cardiomyocyte apoptosis in a murine model of right ventricular volume
overload-induced heart failure has been demonstrated [85]. Since TNF-α family of
cytokine receptors is considered to play a major role in cardiomyocyte apoptosis as
a link to several signaling pathways [16], the following discussion will be focussed
on changes in the levels of TNF-α signal transduction and associated alterations in
both death and survival signals in heart failure induced by volume overload.

In our laboratory heart failure due to volume overload was induced by creating
arteriovenous (AV) shunt in rats for a period of 16 weeks [15, 16] and some of
the results are shown in Figs. 14.1 and 14.2. A marked increase in the cardiac
TNF-α concentration was observed to be associated with increased occurrence of
cardiomyocyte apoptosis in the failing heart (Fig. 14.1). Likewise, the content of pro-
apoptotic proteins such as BAX, caspase -3 and caspase -9 content were increased
in failing hearts of these animals (Fig. 14.1). On the other hand, phosphorylated
Akt anti-apoptotic protein content was decreased significantly without any changes
in non-phosphorylated Akt protein content in the failing heart (Fig. 14.2). Further-
more, phosphorylated form of Bcl-2, unlike the unphosphorylated form was reduced
in the failing hearts due to volume overload (Fig. 14.2). It should be noted that
several other studies have also demonstrated that TNF-α produces cardiomyocyte
apoptosis by promoting activation of the BAX signaling pathway, reduction in phos-
phorylated Bcl-2 and Akt protein content, as well as increase in protein content for
caspases in different types of failing hearts [60, 61, 66, 67]. These results indicate
that elevated levels of TNF-αmay serve as a trigger for both the activation of the cell
death (involving BAX and caspase proteins) pathway and down-regulation of the
cell survival (involving Akt and Bcl-2 proteins) pathway, and thus play a significant
role in the occurrence of cardiomyocyte apoptosis in heart failure due to volume
overload.
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Fig. 14.1 TNF-α, BAX, caspase -3 and caspase -9 protein content as well as cardiomyocyte apop-
tosis in control (Sham) and failing hearts due to volume overload (Shunt) in rats. Data are taken
from our paper: Dent MR, Das S, Dhalla NS. J Mol Cell Cardiol 43:726–732, 2007 [16]. *P < 0.05
versus sham control

Cardiomyocyte Apoptosis in Heart Failure Due to Dilated
Cardiomyopathy

Dilated cardiomyopathy is a common clinical outcome of many prolonged cardiac
insults including valvular defects. This form of cardiomyopathy is characterized by
enlargement of the ventricular chamber and thinning of the ventricular walls, which
make the heart to work inefficiently and reduce the amount of blood supply to the
body [88, 89]. Triggered by functional abnormalities in the cardiomyocytes as a
consequence of various etiologies such as gene mutations, mitochondrial irregulari-
ties, metabolic derangements, viral infections, and toxins, dilated cardiomyopathy is
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to volume overload (Shunt) in rats. Data are taken from our paper: Dent MR, Das S, Dhalla NS. J
Mol Cell Cardiol 43:726–732, 2007 [16]. p-phosphorylated; *P < 0.05 versus sham control

considered to be as the end-stage of severe cardiac disorder [90–92] and it is respon-
sible for 40–50% of cases of heart failure [93]. The occurrence of cardiomyocytes
apoptosis in heart failure due to dilated cardiomyopathy has been reported in different
experimental models [55, 94–100]; a significantly higher apoptotic index has been
found in patients with dilated cardiomyopathy [74].

It is well known that the extent of activation of mitochondrial caspases for the
development of apoptosis is determined by the activation of some proteins such as
p38-MAPK andNFκB aswell as deactivation of Erk1/2, BAD andBcl-2 due to phos-
phorylation/dephosphorylation processes [101–110]. In the process of cardiomy-
ocyte apoptosis leading to the development of heart failure, TNF-α signal transduc-
tion [16, 17, 111–114] mediates, the up-regulation or down-regulation of pro- and
anti-apoptotic proteins including BAD, Bcl-2 and caspases -3 and -9. Some other
proteins such as PKC isozymes, p38-MAPK), nuclear factor (NFκB), extracellular
protein kinases (Erk1/2) are also considered to be intimately involved in the genesis
of cell death or cell survival [101–106, 114]. However, it is not clear whether TNF-α
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and PKC isozymes promote apoptosis due to the activation of p38-MAPK and deac-
tivation of Erk1/2 pathways or do these changes further contribute towards the devel-
opment of cardiac dysfunction in failing hearts. Accordingly, in order to understand
the mechanisms, the occurrence of apoptosis and the status of TNF-α were assessed
in the hearts of genetically modified 31-week old J2N-k strain of cardiomyopathic
hamsters, which exhibited all the signs and symptoms of dilated cardiomyopathy
and heart failure [17].

The dilated cardiomyopathic hamster hearts showed marked increases in TNF-α
in the myocardium in association with increased caspase -9 and caspase -3 activities
aswell as the incidence of cardiomyocytes apoptosis (Fig. 14.3). An increase in phos-
phorylated NFκB proteins and the ratio of phosphorylated NFκB to total NFκBwere
increasedwhereas phosphorylated forms of bothBADandBcl-2 protein contentwere
decreased in the cardiomyopathic heart (Fig. 14.4). No change in the unphospho-
rylated forms of NFκB, BAD and Bcl-2 proteins were seen in the cardiomyopathic
hearts [17]. It may also be noted that the protein content of PKC-α and PKC-ε and
phosphorylated formof p38-MAPKwere increasedwhereas the content for phospho-
rylated forms of both Erk1 and Erk2 were depressed in heart failure associated with
dilated cardiomyopathy (Fig. 14.5). The unphophorylated form of p38-MAPK, Erk1
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Fig. 14.4 Protein content of p-BAD, p-Bcl-2 and p-NFκB as well as the ratio of p- NFκB to total
NFκB in control (CON) and cardiomyopathic (CM) hamster hearts. Data are taken from our paper:
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< 0.05 versus control

and Erk 2 were unaltered in cardiomyopathic heart [17]. These observations indi-
cate that TNF-α associated pro-apoptotic signal transduction pathway is up-regulated
whereas the anti-apoptotic pathway is down-regulated in heart failure due to dilated
cardiomyopathy.

Conclusions

The existence of cardiomyocytes apoptosis in different types of heart failure is now
well established. Although apoptosis can be seen to result in the loss of some
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cardiomyocytes in the failing heart, the role of apoptosis in the development of
contractile function in heart failure is not fully understood. Several mechanisms
involving oxidative stress, intracellular Ca2+-overload and inflammation have been
suggested to participate in the genesis of cardiomyocyte apoptosis; however, the inter-
actions of these signal transduction pathways are far from clear. In view of the critical
role of TNF-α in the pathogenesis of heart failure, elevated level of this cytokine has
been observed to be associated with changes in the activities of various pro-apoptotic
and anti-apoptotic proteins for the development of cardiomyocyte apoptosis in the
failing heart. A schematic representation of TNF-α associated cell death and cell
survival pathways for the activation of caspases -3, -9 and subsequent cardiomy-
ocyte apoptosis is depicted in Fig. 14.6. It appears that both the up-regulation of
pro-apoptotic pathways and down-regulation of anti-apoptotic pathways by TNF-α
lead to the activation of different caspases for the occurrence of apoptosis in the
failing heart.
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Chapter 15
The Role of FGF2 isoforms in Cell
Survival in the Heart

Elissavet Kardami and Navid Koleini

Abstract Multiple cardiac pathologies culminate in heart failure which is a major
cause of morbidity and mortality world-wide. Although great advances have been
made, there remain a need to identify additional strategies to manage heart disease
and improve outcomes. Identifying the various signals and pathways that contribute
to cardiac cell pathology and death, as well as those that promote cell survival and
overall protection can lead to new ways to intervene and ameliorate the adverse
consequences of various pathological stimuli. This chapter will focus on fibroblast
growth factor 2 (FGF2) isoforms as potential agents and/or targets of cardioprotective
therapies. In the first part we will provide an overview of the biological properties of
FGF2 isoforms, including regulation of expression and secretion, localization, and
signalling pathways triggered by FGF2, based on literature fromdiverse cell types but
especially cardiac cells. Our focus will be on molecular signals associated with the
causation of, or prevention from, various forms of cells death, by apoptosis, necrosis
and dysregulated autophagy, and their relationship to different FGF2 isoforms. In
the second part we will present an overview of major experimental models of cardiac
pathology that have addressed the effects of endogenous and/or administered FGF2
isoforms. We anticipate that a picture will emerge highlighting both the complexity
as well as the potential of FGF2 isoforms in the context of heart disease prevention
and management.
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General Introduction

Fibroblast growth factor 2 (FGF2), or, as was originally described, basic FGF, is a
multifunctional protein which is expressed in variable amounts by many cell types
and is implicated in multiple cellular pathways that affect normal physiology as
well as pathophysiology by regulating wound healing, cell proliferation, migration,
differentiation and cell survival [1, 2]. FGF2 belongs to the larger family of heparin-
binding growth factors (FGF1 to 23) [2]. One single FGF2mRNA produces, through
alternate translation, CUG-initiated high molecular weight (>20 kDa) isoforms (Hi-
FGF2), and a AUG-initiated low molecular weight (18 kDa, Lo-FGF2) isoform. In
the heart, several studies have pointed to FGF2 as an important factor modulating
cardiac response to injury and cardiomyocyte cell death; however, the majority of the
literature represents findings regarding Lo-FGF2, while the role of Hi-FGF2, which
represents the bulk of tissue FGF2, has not received much attention [1]. Lo-FGF2
has been extensively studied as a cytoprotective agent in several systems including
brain injury [3] and as promoting dermal wound healing as reviewed in [4].

FGF2 expression and regulation. The human FGF2 gene is located on chro-
mosome 4 and consists of two introns and three exons [5]. The human and rat
FGF2 promoters lack the common TATA or CCAAT binding sites that are present in
most promoters; instead the FGF2 promoter contains multiple rich G/C sequences
which could act as a binding site for the specificity protein 1 (Sp1) transcription
factor. The promoter structure resembles that of constitutively active genes, the so-
called housekeeping genes [6]. In addition, theFGF2 promoter contains early growth
response protein 1 (Egr-1) binding elements and increases in Egr-1 activity stimulates
FGF2mRNAtranscription in rat cardiomyocytes.Theoverlapbetween the consensus
sequences of Sp1 and Egr-1 results in a complex regulation of the promoter activity
allowing the gene to be regulated in early and intermediate development as well as
in response to stress. Various stimuli and transcription factors have been reported to
increase FGF2 transcription including β-adrenergic agonists, endothelin-1, TGF-β,
angiotensin II, and transcription factor NF-κB [7].

Human, rodent and avian FGF2 mRNAs contain multiple translation initiation
sites: CUG-initiated sites are located upstream of the more commonly used AUG-
initiation consensus site, and produce high molecular weight (Hi, >20 kDa) FGF2
isoforms. Translation from the one AUG start site produces the lowmolecular weight
(Lo, 17–18 kDa) FGF2 isoform. Human FGF2 mRNA contains four CUG start sites,
corresponding to 22, 22.5, 24 and 34 kDa isoforms, while rodent FGF2 mRNA has
two CUG start sites, corresponding to 21.2–23 kDa isoforms [1, 2]. The 22–24 kDa
human Hi-FGF2 22–24 kDa isoforms represent the bulk of human Hi-FGF2 [8].

Internal ribosome entry sequence (IRES) -mediated translation initiation occurs
under conditions of cellular stress (heat shock, hypoxia, apoptosis) providing a
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strategy for producing the 18–24 kDa isoforms of FGF2 when most other protein
synthesis is shut down [9].Only the 34 kDahumanFGF2 isoform is translated through
the more common cap- dependent mechanism of translation initiation [10]. At least
two IRES trans-acting factors have been shown to regulate FGF2 IRES: p53 can bind
to the FGF2mRNA leader region and block IRES as well as the cap dependent trans-
lation; heterogeneous nuclear ribonucleoprotein A1 can directly bind to the FGF2
IRES facilitating 40S ribosomal binding and protein translation [11].

Scant information exists as to whether there is selective translational regulation of
the AUG-initiated versus the CUG-initiated FGF2 isoforms. An older study posited
that stressed or transformed cells preferentially produce the CUG-initiated Hi-FGF2
isoforms, while ‘normal cells’ produce mainly the AUG-initiated Lo-FGF2 [12]; we
have not found this to be the case since adult organs such as the brain [13] and the
heart [8, 14], accumulate predominantly Hi-FGF2.

Factors interacting preferentially with FGF-2 mRNA may promote translation
initiation via CUG rather than AUG; a ‘translational enhancer’ sequence in the 3’
untranslated sequence of human FGF2 mRNA was identified [15]. These studies
have not however been confirmed by other laboratories. One might consider the
possibility that the CUG-initiated Hi-FGF2 isoforms are the predominant products
of translation, and that post-translational processing converts Hi-FGF2, partially
or in total, to a Lo-FGF2 protein. We and others have found that tissues contain
serinelike protease(s) that exert limited degradation of the CUG-initiated isoforms
at their unique N-terminal region producing smaller 17–18 kDa Lo-FGF-2 [8, 16].
Inadequate prevention of endogenous proteolysis, which persists even in heparin-
bound tissue extracts, is likely responsible for the underestimation of the actual levels
ofHi- FGF2present in various tissues and cells [13, 17]. The limited proteolysis of the
N-terminal extension of Hi-FGF2 by thrombin is likely of physiological significance
as it would be expected to convert an anti-angiogenic FGF2 isoform (Hi-FGF2) to
a pro-angiogenic Lo-FGF2 [16]. Santiago and colleagues have demonstrated that
thrombin can cleave fibroblast-secreted and pro- hypertrophic Hi-FGF2 to an 18
kDa, non-hypertrophic, Lo-FGF2-like protein [8].

FGF2 localization and secretion/export. FGF2 accumulates in smooth muscles,
adipose tissue, kidneys and heart, especially atrial tissue [18]. The large amounts of
FGF2 found in the atria implicates this growth factor in the normal physiology of
tissue andmay be related to the higher proliferative capacity of atrial fibroblasts [19].
Cells of mesenchymal origin are rich in FGF2; fibroblasts are the main producers of
FGF2 [8, 14].

FGF2 isoforms are present in extracellular and intracellular spaces, including the
nucleus and cytosol [8, 14]. Heparan sulfate proteoglycans (HSPGs) in the extra-
cellular matrix, the basal lamina, and even the plasma membrane can act as sinks
of secreted FGF2, concentrating it in the vicinity of various cells, and releasing it
for interaction and activation of the plasma membrane tyrosine kinase receptors, as
needed [20].

The FGF2 isoforms share a common nuclear localization-like sequence, while
Hi-FGF2 contains an additional NLS in its N-terminus. The traditional belief is that
Hi-FGF2 isoforms localize only to the nucleus, and thus they have been referred to
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as “nuclear” FGF2, while Lo-FGF2 could accumulate in the nucleus and cytosol as
well as be secreted to the extracellular space [21]. This view has been challenged; a
number of studies using mostly rat or human cells and tissues demonstrated that Hi-
FGF2 is also exported to the extracellular space, and can be localized in the cytosol,
as well as the nucleus of cells [8]. Rat cardiac ventricular, as well as human atrial and
ventricular fibroblasts export Hi-FGF2, in addition to, and in excess of, Lo-FGF2, to
the extracellular milieu; importantly, extracellular Hi-FGF2 can exist in the soluble
phase, but also in association with the cell surface, due to its affinity to HSPGs
[14]. Retention of FGF2 isoforms by the extracellular face of the plasma membrane
and adjacent matrix may explain the failure to detect secreted Hi-FGF2 in a mouse
model [22]. Importantly, fibroblast-secreted, extracellular Hi-FGF2, is biologically
active, by promoting cardiomyocyte hypertrophy in vitro; or by promoting fibroblast
activation to a pro-fibrotic phenotype [8].

The effects of fibroblast-secreted Hi-FGF2 on cardiomyocytes and fibroblasts can
be blockedbyneutralizing antibodies selective forHi-FGF2 [14, 23]; or by converting
Hi-FGF2 to a Lo-FGF2-like version through limited proteolysis. Importantly Hi-
FGF2, as well as Lo-FGF2 are present in human biological fluids, such as pericardial
fluid [8]. Therefore, in contrast to a prevailing dogma [21], both Hi and Lo-FGF2
are capable of paracrine and autocrine activities, and can be targeted/neutralized by
reagents, such as monoclonal antibodies, that can reach the extracellular space.

Unlike proteins secreted via conventional pathways, FGF2 does not possess a
signal peptide for secretion. A variety of mechanisms could control FGF2 release
from cells. Minor and reversible plasma membrane injury, as might occur during
cellular contraction, results in FGF2 release to the extracellular space [24]. Involve-
ment of the plasma membrane Na+/K+ ATPase was inferred in earlier studies, where
it was shown that FGF2 export was inhibited by ouabain [25]. Importantly, FGF2
secretionwas also shown to occur by amechanism similar to that of interleukin-1 and
other proteins that lack a conventional signal peptide for secretion; the mechanism
requires the activity of caspase-1, a major enzyme involved in innate inflammation
[14, 26, 27]. Release of FGF2 by stromal bone marrow cells via exosomes has also
been reported [28].

FGF2 signal transduction. The biological effects of extracellular FGF2 are initi-
ated by binding and activating plasma membrane tyrosine kinase FGF receptors,
FGFR1-4 [2]. A fifth FGFR isoform, lacking the cytosolic domain, FGFR5, can act as
a co-receptor [29]. In addition to FGFR, HSPGs, at the plasmamembrane are an inte-
gral part of FGF signalling. HSPGs can independently bind both FGFs and FGFR1
and are thought to stabilize the FGF/FGFR1 complexes [2]. FGFR1 represents the
most abundant FGF2 receptor in the immature and adult heart and cardiomyocytes
[1]. FGF2 isoforms are also capable of “intracrine”, cytosolic/nuclear, signalling in
conjunction (or not) with intracellular FGFR1 [30].

FGF2 isoforms and FGFR1. Hi- and Lo-FGF2 share a core sequence which
contains the FGFR binding site. This would suggest that both types of isoforms are
capable of activating FGFR1 at the plasmamembrane. Early studies showed that that
Hi- andLo-FGF2were both capable of stimulating proliferative growth of endothelial
cells [31] and cardiomyocytes [32] presumably via activation of FGFR; however
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only Hi-FGF2 inhibited cell migration, by a process requiring its unique N-terminal
region, as it was blocked by antibodies raised against a Hi-FGF2-specific sequence;
a peptide containing the N-terminal region of human Hi-FGF2 was reported to be
anti-angiogenic in vivo, signalling via the co-receptor Neurophilin-1 [33].

There is evidence that FGFR1 activation (phosphorylation) is downregulated in
mice chronically overexpressing humanHi-FGF2 [22]; our ownwork has shown that
endogenousHi-FGF2 expression decreases relative FGFR1 activity [34]. Therefore it
would appear that prolonged or constitutive exposure to Hi-FGF2, but not Lo-FGF2,
downregulates FGFR1 activation.

Extracellular-acting Hi-FGF2 and Lo-FGF2 have some effects in common and
some that are isoform-specific on cardiac myocytes and fibroblasts . Engagement
of co-receptors by the unique N-terminal region of Hi-FGF2 could provide a way
to modify downstream signal transduction and specific endpoints. It is also impor-
tant to consider that, separately from plasmamembrane FGFR1, intracellular/nuclear
FGFR1 is found in association with Hi-FGF2, and can form nuclear complexes regu-
lating gene expression [30]; cardiac mitochondrial FGFR1, regulating mitochondrial
integrity in direct interactionwith FGF2 isoforms has also been detected [35]. Overall
it is possible that intracellular FGF2 isoforms can interact with intracellular FGFR1
at various intracellular locations, producing signals thatmay reinforce or even oppose
the plasmamembrane originating signal transduction. Themode of differential FGF2
isoform signalling via FGFR1 presents a complexity that is not as yet understood or
in fact explored in sufficient detail.

In the remaining of this section we will outline the major signalling pathways
activated downstream of FGF2, based mainly in studies on Lo-FGF2. FGFR belongs
to the larger family of receptors containing immunoglobulin-like domain in their
ligand binding region; cardiac FGFR1 has 2 or 3 immunoglobulin-like domains [36]
results of alternative splicing; it also has a transmembrane domain and a cytosolic
(catalytic) domain at the C-terminal of the molecule. Following FGF2 ligand binding
FGFR dimerizes, an event that facilitates trans-phosphorylation of several tyrosine
(Y) residues at the FGFR1 cytosolic domain, including residues 653/54, 583, 463,
585, and 766. Phosphorylation at Y766 is essential for binding and activation of PKC
gamma and downstream pathways [37].

ERK. Activation of FGFR1 results in sequential recruitment of substrates, adap-
tors and kinases and the recruitment of the RAS-GTPase; activated RAS uses
its effector RAF to then activate mitogen-activated protein kinases (MAPKs) in
different downstream branches of the pathway, including the ERK1/ERK2 pathway,
the p38 pathway, and the JNK pathway. The ERK pathway has been studied exten-
sively regarding FGF2/FGFR signaling, and is considered to mediate FGF2-induced
cell proliferation, cytoprotection, and hypertrophy [38–40]. It should be noted
that different FGF2 isoforms may engage the ERK pathway to achieve different
endpoints; it has been shown that both Hi- and Lo-FGF2 can activate the ERK
pathwaywith equal potency but to contrasting ends. In the case of Hi-FGF2, the ERK
pathway was required to induce apoptosis caused by increased nuclear accumulation
of Hi-FGF2 [41].
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AKT.Phosphoinositide 3-kinase (PI3K)-AKT is anothermajor signaling pathway
activated downstream of FGFR1. In the heart, AKT is reported to be essential
for preconditioning and cardioprotection [42]. PI3K catalyzes formation of phos-
phatidylinositol (3,4,5)-trisphosphate (PIP3) from PI 4,5-bisphosphate (PIP2). PIP3
acts as a docking site forAKT (also known as protein kinaseB) and phosphoinositide-
dependent protein kinase (PDK). PDK1 and PDK2 mediate activation of AKT via
phosphorylation at threonine 308 and serine 473, respectively, [43]. Dephosphory-
lation of PIP3 to PIP2 by phosphatases and tensin homolog (PTEN) blocks AKT
phosphorylation resulting in its inactivation. Phosphorylated AKT has a wide range
of effects in cellswhich include stimulationof cell proliferation, cell survival, changes
in gene transcription, inhibition of glycogen synthase kinase (GSK) which in turn
increases glucose metabolism [44]. The promotion of a pro-survival/anti-apoptotic
pathway can occur through the upregulation of Bcl-2 (B-cell lymphoma 2) [45] and
inhibition of Bcl-2-associated death promoter (Bad) and bcl-2-like protein 4 (Bax)
[44]. In muscles, FGF2 secreted from vascular smooth muscle cells in response to
hypoxia/reoxygenation protected co-cultured H9C2 cells via the AKT pathway [46].
The FGF2 stimulated migration of Sca1+ cardiac stem cells were attenuated by a
PI3K-AKT inhibitor [47]. The FGF2- protection from hydrogen peroxide-induced
necrosis and mitochondrial dysfunction in H9C2 cells required the AKT pathway
[48]. The AKT/ERK pathway was shown to protect from myocardial damage due to
ischemia-reperfusion [49–51].

mTOR. Growth factors such as FGF2 are known to activate (via phosphoryla-
tion on serine 2448) the mammalian target of Rapamycin (mTOR) serine/threonine
kinase; AKT is implicated in this event. mTOR signaling is a central regulator of
various anabolic processes, and an inhibitor of autophagy initiation [52]. mTOR
forms two complexes, mTORC1 and mTORC2, through assembly of different adap-
tors. mTOR complexes are master regulators of protein synthesis, autophagy, as well
as mitochondrial and lysosomal biogenesis. mTORC1 is inactivated by rapamycin
through its Raptor subunit; in contrast mTORC2 contains Rictor which makes this
complex insensitive to rapamycin. Well known substrates of mTORC1 are S6 kinase
1 (S6K1) and 4E (eIF4E)-binding protein 1 (4E-BP1). mTORC1 phosphorylates
S6K1 which in turn stimulates mRNA biogenesis and protein translation, while it
inhibits 4E-BP1 allowing formation of eIF4F complex and, therefore, cap-dependent
protein translation. mTORC1 also promotes ribosomal biogenesis as well as lipid
membrane formation through sterol regulatory element-binding protein dependent
lipid synthesis [53]. Active mTOR signaling is important for lysosomal biogenesis
and completion of autophagy through the lysosomal degradation of autophagic cargo
[54].

PLC/PKC. Phospholipase C/protein kinase C activation mediates several of the
effects of FGF2 on cardiomyocytes and the heart, including proliferation of immature
cardiomyocytes and increased cardiac resistance against multiple types of injury. The
FGF2-stimulated transient negative inotropism in perfused adult rat and protection
from ischemia-reperfusion injury were linked to the activation of PKC [55]. The
FGF2-triggered and PKCepsilon-mediated phosphorylation of the channel and hemi-
channel protein Connexin-43 (Cx43) at serine 262 was essential for development of
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increased resistance to injury, and could be observed at both intercalated disk sites
and also in association with subsarcolemmal mitochondria [56, 57]. Perfusion of
rat hearts with Lo-FGF2 exerts a preconditioning-like cardiorotective effect against
ischemia-reperfusion (I-R) injury; it also results in the translocation of PKCepsilon
to cardiac mitochondria, which renders them resistant to calcium-overload -induced
mPTP [35]. The ability of FGF2 to protect cardiomyocytes against genotoxic stress
by Doxorubicin was also found to require PKC activity [58].

CK2. Protein kinase 2 (CK2) is a serine/threonine kinase which can regulate cell
proliferation, cell survival, and chromatin remodelling [59]. It has been established
that CK2, which interacts with both FGF2 isoforms, is essential for cell, including
cardiomyocyte, proliferation stimulated by Lo-FGF2. A singlemutation, a serine 117
to alanine substitution in the core sequence of FGF2, prevents interaction of FGF2
isoforms with CK2, and at the same time blocks the mitogenic ability of Lo-FGF2
[60, 61] Using thus mutated Lo-FGF2 is was shown that CK2, while not essential for
acute cardiomyocyte protection in vitro or in vivo [61, 62], it was essential for long
term cardioprotection and angiogenesis by Lo-FGF2 [61]. Furthermore, the ability
of overexpressed Hi-FGF2 to promote nuclear condensation and apoptosis were also
dependent on CK2, as they were prevented by emodin, a CK2 inhibitor, and in the
presence of a mutant Hi-FGF2 incapable of interacting with CK2 [63].

FGF2 Isoforms in Heart Pathophysiology

Early studies aimed at determining the role of FGF2 in cardiac pathologymade use of
mousemodelswhere bothHi- andLo-FGF2 isoformswere knocked out [64–66].As a
consequence, it was not possible to assign isoform-specific or non-specific functions
to endogenous FGF2 expression. Thus the remaining of this section will deal mainly
with models that allow a degree of distinction between FGF2 isoforms. There is a
large body of evidence showing that treatment with Lo-FGF2 protects cardiac cells
against various types of injurious conditions including ischemia-reperfusion [55, 67–
70], oxidative stress [48, 49], Doxorubicin toxicity, pressure-overload remodelling,
both acutely and long-term [58, 71]. In comparison, a series of studies have identified
certain differences between Lo- andHi-FGF2. Ectopic expression of Hi- or Lo-FGF2
in immature chicken or rat cardiomyocytes in culture showed that while increases in
extracellular FGF2 (Lo-as well as Hi-) increasemyocyte DNA synthesis and prolifer-
ation, increases in intracellular, nuclear Hi-FGF2 (but not Lo-FGF2) decreased DNA
synthesis, increased bi-nucleation, and promoted chromatin condensation typical of
apoptosis [32, 41, 72, 73]. Thepro-apoptotic effects of nuclearHi-FGF2oncardiomy-
ocytes were prevented by the overexpression of Bcl-2, indicative of mitochondrial
involvement [41]. Overexpression of a dominant-negative FGFR1 was also able
to attenuate the pro-apoptotic effects of intracellular Hi-FGF2 in cardiomyocytes
[74], supporting the notion that signalling by intracellular Hi-FGF2/FGFR1/ERK
can promote cell death. As mentioned earlier, CK2, normally a pro-survival kinase,
mediated the pro-apoptotic function of intracellular Hi-FGF2 [63].
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Myocardial infarction, together with ischemia-reperfusion (I-R)-caused myocar-
dial damage and ensuing remodeling represent major causes of heart failure. Several
experimental models in vitro and in vivo have been used to address the mechanism,
prevention, and management of ischemic injury. Administration of Lo-FGF2 to the
ex vivo heart by perfusion either prior to global ischemia, or during reperfusion
following global ischemia protects from I-R associated loss of contractile function,
cell damage and cell death [55, 68, 75]. In vivo, direct injection of Lo-FGF2 into rat
myocardium rendered ischemic due to irreversible coronary occlusion ameliorated,
both acutely and in the long term, scar size (and therefore myocyte loss), decline
in contractile function, and hypertrophy development; it also increased small vessel
formation at the infarct border, increasing circulation and perfusion in the area [55,
68, 75]. Similar results testifying to the protective effect of administered or overex-
pressed Lo-FGF2 have been obtained using different animal models and different
modes of administration [1, 76]. Central cardioprotective signals such as PKC and
ERK have been documented by several reports as mediators of the protective effect
of Lo-FGF2 [77]. In addition, administration of Lo-FGF2 in mice prevented loss of
contractile function, maladaptive hypertrophy, fibrosis and cell death caused byM-I;
the mechanism included downregulation of the anti-oncogene p53 and upregulation
of endothelial angiogenesis and the AKT/HIF-1a pathway [78].

Administration of Hi-FGF2 to the ischemic myocardium had distinct long
term effects compared to Lo-FGF2. Exogenous Hi-FGF2 exerted acute protection,
similar to that of Lo-FGF2, but not sustained protection: at 8 weeks after myocar-
dial infarction, Hi-FGF2-injected hearts displayed deteriorating function, increased
hypertrophy and scar size, and reduced formation of small vessels at the infarct
border, reducing heart perfusion in the area [75]. Furthermore, only Hi-FGF2 (but
not Lo-FGF2) administration caused the accumulation of cardiotrophin-1, a pro-
inflammatory cytokine associated with heart failure [79] in the hearts post-infarction.
The ability of administered Hi-FGF2 to directly promote myocyte hypertrophy has
been further documented in several studies in vitro [14, 75]. A detrimental effect for
endogenous or overexpressed Hi-FGF2 in the heart subjected to I-R has been also
documented in ex vivo working heart model where lack of endogenous Hi-FGF2
expression protected from I-R induced loss of contractile function, while hearts
from a transgenic mouse model overexpressing the 24 kDa human Hi-FGF2 were
more vulnerable to I-R induced dysfunction [22].

Anti-cancer genotoxic drugs are another cause of myocardia damage leading to
heart failure. Doxorubicin is representative of a group of drugs used against various
types of cancer. Unfortunately, the effectiveness of Doxorubicin is compromised by
its cardiotoxic effects, especially when higher doses of the drug are needed. Adverse
effects can manifest acutely as well as years after treatment and include ventricular
dysfunction, dilated cardiomyopathy and heart failure [23]. At the cellular level,
Doxorubicin causes cardiomyocyte damage, and death by apoptosis, necrosis and
dysregulated autophagy [54, 80]. The ability of Hi-FGF2 to exert short term, but
not long term, protection has been documented using in vitro and in vivo models of
Doxorubicin induced cardiotoxicity. In acute studies (24 hour), in vitro, Lo- and
Hi-FGF2 isoforms, administered to cardiomyocytes prior to Doxorubicin insult,
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were equally capable of attenuating cardiomyocyte injury and cell death, indicated
by their ability to decrease levels of: released cytochrome-c, active caspase 3, the
tumour suppressor p53, oxidative stress, loss of ATP and mitochondrial damage.
Both isoforms prevented the Doxorubicin induced downregulation of the transcrip-
tion factor TFEB, a master regulator of lysosomal biogenesis [54], and a regulator of
endoplasmic reticulum (ER) autophagy [81]. It has been proposed that downregula-
tion of TFEB creates a lysosomal deficit in theDoxorubicin-treated cells, by blocking
autophagy flux and successful elimination of defective proteins and organelles [54].
By preventing TFEB downregulation, added FGF2 would be expected to contribute
to prevention of cell death caused by dysregulated autophagy.

Bnip3 (BH3-only protein Bcl-2-like 19 kDa-interacting protein-3), a member
of the Bcl-2 family of proteins is an important effector of Doxorubicin-induced
cell death [82]. Bnip3 causes depolarization of mitochondria by promoting mPTP
formation which leads to cell death [82]. Both p53 and Bnip3 can also regulate
autophagy and mitophagy [82]. Pre-treatment with FGF2 isoforms prevented the
Doxorubicin-induced p53 and Bnip3 upregulation [54]. The protective effects of
FGF2 isoforms , at least in the acute setting, required the activity of mTORC1 (which
promotes anabolic processes and prevents autophafy) and its downstream targets
NRF2 and HO-1 acting as detoxification agents [54]. Prevention of dysregulated
autophagy, and apoptosis, through the activation of the PI3K/Akt/mTOR pathway
by Lo-FGF2 has also been observed in a model of I-R myocardial injury [67]. The
ability of Lo-FGF2 to prevent excessive autophagy and apoptosis has also been
reported in brain spinal cord injury and the neuronal cell line PC12 [3, 83].

The effects of endogenous FGF2 on cardiac damage and dysfunction observed at
10 days after Doxorubicin injection in vivo were isoform-specific: A bolus dose of
Doxorubicin administered to wild type mice, (expressing Hi- and Lo-FGF2 isoforms
in a 7:3 ratio), elicited decrease in contractile function, and increased accumulation of
the pro-cell death protein Bnip3. In contrast, Hi-FGF-2 knockoutmice, constitutively
expressing only endogenous Lo-FGF2, were protected from the adverse effects of
Dox [84]. These results reinforce the notion that chronic exposure to Hi-FGF2 has
adverse effects during prolonged stress in the heart.

Non-myocytes, being the major producers of FGF2 in the heart, may be respon-
sible, at least in part for the effects of endogenous FGF2 isoform expression observed
in the in vivo model of Dox cardiotoxicity: wild type rodent cardiomyocytes co-
cultured with fibroblasts from wild type mice showed increased vulnerability to
Dox cellular and mitochondrial damage compared to those co-cultured with Hi-
FGF2-knockout mice [84]. Further in vitro studies suggested that neutralization
of fibroblast-produced Hi-FGF2 with specific antibodies protected cardiomyocytes
from Doxorubicin-induced injury, in vitro [84]. The latter finding is significant as
it opens the possibility to attenuate Doxorubicin-induced cardiotoxicity by using
neutralizing anti-Hi-FGF2 antibodies.

Pressure overload hemodynamic stress, as occurs in hypertension, is a frequent
cause of cardiac functional and structural deterioration and heart failure. Our recent
studies indicated that elimination of endogenous Hi-FGF2, allowing unopposed
action for endogenous Lo-FGF2, is protective against pressure overload-induced
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decrease in systolic function, and myocardial damage, observed at 4–8 weeks from
trans-aortic constriction surgery in mice [34]. Microarray analysis of the whole tran-
scriptome of hearts from wild type mice and mice expressing only endogenous Lo-
FGF2, showed that absence ofHi-FGF2promoted a significant increase in the expres-
sion of heat shock protein 70 (hsp70), in non-stressed as well as in heart subjected to
pressure overload [85]. Hsp70 is reported to prevent caspase-mediated apoptosis, as
well as programmed necrosis (necroptosis) by modulating autophagy in cardiomy-
ocytes subjected to I-R injury [86], and can therefore be added to the signals used
by Lo-FGF2 to protect hearts from chronic stress induced pathologies [85].

Conclusion

After many years of research on FGF2, several issues have been established, while
severalmore remain to be understood. Thus, it is clear that FGF2 isoforms are capable
of affecting cardiac response to injurious stimuli either in a beneficial manner, typical
of Lo-FGF2, or adversely, as is the case for Hi-FGF2 especially in the context of
constitutive exposure and chronic stress. The ability of administered Lo-FGF2 to
protect from cardiac cell death (by apoptosis, necrosis, and dysregulated autophagy)
provides an important avenue to effect mitochondrial and cardiac protection during
cardiac stresses. There is a need to expand studies on the potential of Lo-FGF2 to
protect from I-R or genotoxic cardiac injury in higher mammals, including humans.
Targeting/neutralizing endogenous Hi-FGF2 expression and production, could be
considered as another strategy for augmenting cardiac resistance to injury.

The role of context (age, sex, species, cell type) needs to be taken into considera-
tion in understanding the role and potential of FGF2. Along these lines, the cross talk
between various FGFR1-dependent or independent signalling pathways activated by
extracellular, and/or intracellular FGF2 isoforms, are fundamental aspects of FGF2
biology in urgent need of untangling.
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