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Scope of the Series

Biochemistry, the study of chemical transformations occurring within living organ-
isms, impacts all of the life sciences, from molecular crystallography and genetics,
to ecology, medicine and population biology. Biochemistry studies macromolecules
- proteins, nucleic acids, carbohydrates and lipids —their building blocks, structures,
functions and interactions. Much of biochemistry is devoted to enzymes, proteins
that catalyze chemical reactions, enzyme structures, mechanisms of action and
their roles within cells. Biochemistry also studies small signaling molecules, co-
enzymes, inhibitors, vitamins and hormones, which play roles in the life process.
Biochemical experimentation, besides coopting the methods of classical chemistry,
e.g., chromatography, adopted new techniques, e.g., X-ray diffraction, electron
microscopy, NMR, radioisotopes, and developed sophisticated microbial genetic
tools, e.g., auxotroph mutants and their revertants, fermentation, etc. More recent-
ly, biochemistry embraced the ‘big data’ omics systems.

Initial biochemical studies have been exclusively analytic: dissecting, purifying

and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehensive,
setting out to integrate and describe fully a particular biological system. The ‘big
data’ metabolomics can define the complement of small molecules, e.g., in a soil or
biofilm sample; proteomics can distinguish all the proteins comprising e.g., serum;
metagenomics can identify all the genes in a complex environment e.g., the bovine
rumen. This Biochemistry Series will address both the current research on biomole-
cules, and the emerging trends with great promise.
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Preface

The elusiveness and intrigue of human physiology and the appeal to understand

it better is a major source of inspiration for millions of scientists and physicians
worldwide. To understand a machine as complex as the human body one must look
at the various elements that make up the machine. Historically, major emphasis
has been placed on understanding cellular processes and their contribution to
physiology and pathology. Over the last thirty-five years, the advent of and easier
access to new imaging techniques and methods to understand molecular structure
and function (various microscopy methods, X-ray diffraction and scanning, X-ray
fluorescence, etc.) have made it much easier to understand sub- and intra-cellular
processes, leading to the need for us to understand the extracellular matrix (ECM).

After initially considering the ECM as a simple connective tissue that literally
connects things in the body, research has brought us to understand the complexity
and the intelligence of the various ECM constituents. Understanding the molecular
and packing structures of various fibrillar collagens (the most prevalent protein
in mammals) has been made possible through synchrotron X-ray diffraction
experiments. Changes to native collagen structures because of disease as well as a
mechanical and chemical insult are also now more readily explored and explained
as a result of these techniques. They also bring to the fore the importance of the
physical, chemical, and biological attributes that trigger, restrict, moderate, and
modify intracellular pathways in both good and bad ways. For instance, the time-
sensitive activation of discoidin domain receptors by fibrillar collagens is directly
linked with various physiological and pathological intracellular cascades [1].

Other ECM elements associated with fibrillar collagen have also become major tar-
gets for various therapeutic and surgical applications. Hyaluronic acid (HA), one of
the chief elements of the ECM, has garnered significant attention and research into
its biology and therapeutic applications. Several advancements and contributions
have been made in the use of HA in wound dressings, bone and cartilage regenera-
tion, cosmetics, and food applications in just the last five years.

We are at a time when understanding biology and applying it to biomedical inter-
ventions is becoming faster and we are generating more interesting and promising
applications every day. I was highly enthused when IntechOpen reached out to me
about serving as the editor for this book. I have spent the last eleven years of my
life, through doctoral and postdoctoral studies, in the area of ECM biology, and

I am more intrigued by the complexity and challenges it presents. This book is a
collection of some of the more recent developments in the areas of collagen and
hyaluronic acid structure and function. I would like to thank all the authors and
their teams for working on this project with me and submitting their amazing
manuscripts. It was genuinely rewarding to have reviewed and edited your work.

I would also like to thank my co-editors, Prof. Joseph Orgel from the Illinois
Institute of Technology and Prof. Zvi Loewy from the Touro College of Pharmacy
and New York Medical College. Special thanks to Prof. Orgel for being my mentor
and helping me become a scientist.
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I cannot describe in words how grateful I am to my wife Mounika for her constant
support and encouragement through all my endeavors. I would like to dedicate this
book to my parents, Venkata Ramana Murthy and Rajya Lakshmi Madhurapantula.
You instilled in me the values of hard work and a strong education. Your love and
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Chapter1

The Cellular Stress Response
Interactome and Extracellular
Matrix Cross-Talk during Fibrosis:

A Stressed Extra-Matrix Affair

Maryada Sharma, Kavita Kaushal, Sanjay Singh Rawat,
Manjul Muraleedharan, Seema Chhabra, Nipun Verma,
Anupam Mittal, Ajay Bahl, Madhu Khullar,

Anurag Ramavat and Naresh K. Panda

Abstract

Diverse internal and external pathologic stimuli can trigger cellular stress
response pathways (CSRPs) that are usually counteracted by intrinsic homeostatic
machinery, which responds to stress by initiating complex signaling mechanisms
to eliminate either the stressor or the damaged cells. There is growing evidence
that CSRPs can have context-dependent homeostatic or pathologic functions that
may result in tissue fibrosis under persistence of stress. CSRPs can drive intercel-
lular communications through exosomes (trafficking and secretory pathway
determinants) secreted in response to stress-induced proteostasis rebalancing. The
injured tissue environment upon sensing the stress turns on a precisely orchestrated
network of immune responses by regulating cytokine-chemokine production,
recruitment of immune cells, and modulating fibrogenic niche and extracellular
matrix (ECM) cross-talk during fibrotic pathologies like cardiac fibrosis, liver
fibrosis, laryngotracheal stenosis, systemic scleroderma, interstitial lung disease
and inflammatory bowel disease. Immunostimulatory RNAs (like double stranded
RNAs) generated through deregulated RNA processing pathways along with RNA
binding proteins (RBPs) of RNA helicase (RNA sensors) family are emerging as
important components of immune response pathways during sterile inflammation.
The paradigm-shift in RNA metabolism associated interactome has begun to offer
new therapeutic windows by unravelling the novel RBPs and splicing factors in
context of developmental and fibrotic pathways. We would like to review emerging
regulatory nodes and their interaction with CSRPs, and tissue remodeling with
major focus on cardiac fibrosis, and inflammatory responses underlying upper
airway fibrosis.

Keywords: extracellular matrix, homeostasis, tissue repair, fibrosis, cellular stress,
RNA binding proteins, RNA interactome
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1. Introduction

Fibrosis is an inherent reparative response invoked to restore tissue integrity
following a pathologic insult, which metamorphoses into a devastating pathol-
ogy culminating in scars due to self-catenating heralding inflammatory loops.
Regeneration is a fundamental biological process initiated to orderly replace the
damaged tissues, however, deregulation of chronic inflammation, growth factor-
receptor cross-talk, intra-intercellular communication, and various extracellular
matrix proteins eventually result in an aberrant wound healing response marked by
fibrosis or scarring. Excessive scarring can obliterate tissue architecture, culminat-
ing in organ failure and death. Therefore, lack of coordination and synchronization
in molecular and cellular events that guide “vegeneration” results in “degeneration”
of the affected organ. Fibroproliferative disorders are widely occurring and include
pulmonary fibrosis, systemic sclerosis, liver cirrhosis, cardiovascular disease, pro-
gressive kidney disease, corneal scarring, proliferative vitreoretinopathy and pos-
terior capsular opacification. Aberrant tissue remodeling marked by fibrosis is also
implicated in cancer metastasis and chronic graft rejection in transplant recipients.
The obvious deprecating impacts of fibrosis are enormous deterrents to patients;
moreover, the disease has failed to meet the required treatments till date. Lack of
availability of desired therapeutic interventions is majorly due to an incomplete
understanding of the mechanism of the disease, therefore, gaining insights into the
mechanistic pathways of fibrosis would facilitate improved therapeutic approaches
to target novel mediators besides the cryptic or altered ECM components as previ-
ously reported by our group [1-5].

TGF-B is a central node in driving fibrotic pathways and other diseases, how-
ever, targeting TGF-f pathways has not met desirable clinical success, perhaps
due to the incomplete mechanistic information on its role in development and
pathology. Therefore, gaining insights into regulation of TGF-f during normal
development and pathology could facilitate recognition of alternate target-
pathways that may spare or minimally perturb the role of TGF-f in physiology.
An interesting and relatively less explored theme is involvement and regulation
of TGF-p isoforms in fetal wound healing that is marked by absence of scar.
Intriguingly, there are common mediators and unifying pathways that underlie
tissue repair, homeostasis and fibrosis in diverse organs; therefore, harnessing
the potential non-fibrotic themes from scarless wound healing might add to the
understanding of challenging fibrotic disorders. A systematic and meticulous
re-assessment and re-evaluation of the role of mediators of scarlessly healing
wounds might offer a reasonably potential tool to be manipulated to prevent
fibrosis and decode the invisible lines dividing the “homeostasis-tissue repair-
fibrosis continuum”.

Interestingly, there are few physiological paradigms where wounds heal scar-
lessly or with minimal scarring, for instance the wounds in the early gestation fetus
and in the oral mucosa of mammals heal without scar [6] the transition from scar-
less to scarred healing occurs in humans during late weeks of gestation [7]. A recent
study showed that dermal fibroblasts with a scarring phenotype when transplanted
into oral mucosa ended up generating more scar-like connective tissue compared
with oral mucosal fibroblasts transplanted into the dermis [8]. The oral mucosal
fibroblasts were shown to possess a higher baseline production capacity of several
ECM-associated proteins than the skin fibroblasts, except type III collagen, which
could be possibly attributed to a more favorable wound healing in oral mucosa [9].
Healthy endometrium heals scarlessly and is suggestive of regenerative healing and
can be paralleled to fetal-like scarless healing responses that are also seen in the
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buccal mucosa of the oral cavity. Endometrial repair involves highly orchestrated
cross-stalk in stromal, epithelial, vascular, and immune cells and presents a remark-
able epitome of healing that involves over 400 cycles of resolution of inflammation,
angiogenesis, tissue remodeling, and formation of new tissue without any residual
scarring [10]. Recently, neutrophil gelatinase-associated lipocalin, follistatin like-1,
chemokine ligand-20, and secretory leukocyte protease inhibitor were identified as
important signatures in menstrual fluid that were proposed to facilitate scar-free
repair [11]. Endometrial stromal cells were shown to exhibit distinct phenotypic
and immunomodulatory profiles and displayed lack of HLA class II that was pro-
posed to drive their physiological roles in tissue repair and immune tolerance during
pregnancy [12].

Psoriasis represents a unique form of “scarless-like or hyper-regenerative”
wound healing marked by nonscarring, inflammatory, and hyperproliferative
tissue repair responses. An amazing aspect about the psoriatic lesions is the fact
that with appropriate therapy the complex skin lesions can be reverted back
to healthy appearing skin, with little if any evidence of altered changes in the
epidermis and dermis. Psoriatic plaques are exciting conundrums as they do not
go to fibrosis even amidst heralding auto-inflammatory loops [13]. An interest-
ing common mediator oncofetal fibronectin extra domain B (Fn-EDB), has been
reported to be prominent in psoriatic lesions and wound healing in fetal tissue
[14]. Interestingly, psoriatic plaques despite being vulnerable to infections, do
not tend to get infected because of the presence of massive antimicrobial peptides
like LL37. Psoriasis pathogenesis involves strong polymorphonuclear neutrophil
(PMN) infiltration and high levels of the PMN associated antimicrobial peptide,
LL37. Psoriasis is marked by self-reactive inflammatory loops of innate immune
responses, which trigger subsequent adaptive immune responses against auto-
antigens like LL-37, ADAMTSL5, and HNRNPA1, with LL-37 and HNRNPA1
having RNA-binding properties. The phenomenon of self-RNA sensing by nucleic
acid sensors [15-17] is central to autoinflammatory and autoimmune diseases
like psoriasis, however, the role of RNA-binding proteins LL37 and HNRNPA1
(the proven autoantigens) in contributing to inflammatory loops remains largely
unexplored. In a psoriatic mice model study excessive polyamine generation was
shown to facilitate self-RNA sensing by immune cells [18] independent of RBPs,
however, a recent study has implicated the role of neutrophil extracellular trap
(NET)-associated RNA and LL37 (RBP) in self-amplifying inflammation in pso-
riasis [19]. Herster et al., highlight an unappreciated yet potential axis involving
neutrophils, LL37 (RBP-like) and surprisingly, RNA that are abundant in psoriatic
as opposed to healthy skin; suggesting a novel role of NET-derived RNA-RBP
(LL37) complexes in self-propagating inflammatory loops. Host defence peptides
or antimicrobial peptides like LL37 can have immunomodulatory protective [20]
or pathological roles. The dual roles are proposed to be linked to post-translational
modifications of peptides by citrullination or carbamylation that may depend
on the disease context and result in altered ability of antimicrobial peptides to
bind nucleic acids, thereby compromising their immunomodulatory potential
(reviewed in [21]). Since RNA binding proteins (like LL37 and HNRNPA1) are
emerging as potential molecules that can rewire inflammatory circuits depending
on the pathological context, and several RBPs are also known to regulate devel-
opmental and fibrotic pathways by interacting with spliceosome machinery and
acting as trans- regulators of RNA processing machinery [22], we would like to
discuss their role in driving ECM remodeling in context of cardiac fibrosis with
particular focus on RBM20, a cardiac-specific RBP that is emerging as a global
regulator of cardiac development and disease.
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2. Cardiac stress induced wound healing, repair and fibrosis: patch up,
break up or a stressed extra-matrix affair

Plethora of extrinsic or intrinsic stressors (persistent hypertension, myocardial
infarction, neurohormonal deregulation, hypoxia, ischemia-reperfusion, pressure
over load, drug toxicity, mechanical stretch, radiation, etc.) can result in fibrosis
and heart failure. The cardiac myocardium is a mosaic of diverse cell types with
overrepresentation of cardiomyocytes and fibroblasts, and moderately populating
endothelial cells, vessel smooth muscle cells, and immune cells like tissue resident
macrophages. The absolute proportions of the cellular components are not deter-
mined; however, lineage tracing studies have identified the above inmates in the
myocardium of healthy heart. Cardiac wound healing following a stress-induced
injury (resulting in development of contraction bands, mitochondrial calcification
and membrane disruption) involves a sequalae of pro-inflammatory, anti-inflam-
matory, and reparative events and majorly resulting in cardiomyocyte death and
functional decline. Concomitantly, the neighboring fibroblasts in the myocardial
niche act as central nodes to drive aberrant wound healing, ECM (extracellular
matrix) remodeling and fibrosis. The continuum of tissue homeostasis, repair, and
fibrosis is not appreciably understood, however, the inherent plasticity of fibro-
blasts and existence of pro- and anti- inflammatory, and pro-fibrogenic polarizing
fibroblast phenotypes suggests a cardinal role of these cells in cardiac regeneration
and repair. The most challenging aspect of cardiac remodeling is the recreation
and restoration of qualitatively (structurally and functionally), and quantitatively
compliant ECM, which is pro-regenerative or anti-fibrotic. It is known that exten-
sive ECM deposition in the myocardial infarct can result in arrhythmias, however
repopulating the native ECM following destruction is an absolute requirement
for maintaining optimal tension in a highly contractile organ like heart. Fibrosis
is projected to be the major player behind compromised myocardial compliance
resulting in altered contraction-coupling events, reduced ventricular filling,
decreased cardiac output and arrhythmias. End-stage heart failure and cardiac
arrhythmia happen to associate with fibrosis, which is triggered as a compensatory
response to counteract tissue damage, however, perpetuating cycles of stress and
inflammation may result in decompensatory fibrosis and organ-failure during late-
stage pathologies marked by recalcitrant accentuating cellular stress and catenating
chronic inflammatory loops. Cardiac fibrosis is common in several cardiac diseases
including atrial fibrillation, hypertrophic cardiomyopathy (HCM), dilated car-
diomyopathy (DCM), and heart failure with preserved ejection fraction. Aberrant
extracellular matrix remodeling can be present in myocardial ischemia and infarc-
tion as seen in ischemic (imbalanced oxygen supply and demand) heart diseases
caused by atherosclerosis of the epicardial coronary arteries, and nonischemic heart
diseases like aortic stenosis, diabetic cardiomyopathy, hypertensive heart disease,
and hypertrophic cardiomyopathy, in which myocardial interstitial fibrosis results
in adverse ventricular remodeling. Hypertrophying of ventricular cardiomyocytes is
an initial adaptive response to compensate for cardiac over load and restore normal-
ization of cardiac output by balancing ventricular wall stress, however, persistence
of stress/stressors eventually culminates in cardiomyocyte death, fibroblast acti-
vation into myofibroblast, deposition of aberrant ECM, interstitial fibrosis, and
adverse cardiac remodeling [23, 24].

Fibroblasts are key players in the secretion, deposition, organization and
regulation of ECM turnover, however, their phenotypic heterogeneity, functional
diversity, and attendant signalling pathways that modulate fibrotic over regenera-
tive repair in cardiac diseases remain largely indecisive [25-37]. The sphingosine
1-phosphate (S1P) signaling pathway is a hot spot in research for fibrotic diseases
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involving lung, liver, and heart [29], and improved understanding of its cross-talk
with fibroblasts is in progress as the attendant pathways are still controversial.
Therefore, improved understanding of the molecular mechanisms and cross-talk
underlying fibroblast activation and cardiomyocyte death are central for restor-
ing cardiac homeostasis, designing novel regenerative approaches and developing
anti-fibrotic therapies. Given the close association underlying tissue repair and
fibrosis, it is intuitive that the balanced participation of common mediators can
drive regeneration as opposed to skewed responses that may result in fibrosis.
However, what are these checks and balances and how do they determine differ-
ential outcomes (homeostasis, repair or fibrosis) is the major challenge in the field
of treating fibrosis or regenerating cardiac tissues iz vitro. Delineating the subtle
mechanisms and cellular, molecular, and extracellular matrix players implicated in
regenerative and non-regenerative hearts can provide insights into the homeostasis-
repair-fibrosis continuum, which remains the most vexing challenge in developing
successful regenerative/anti-fibrotic approaches for fibrotic disorders. Further, the
refractory response of cardiomyocytes to complete cell-cycle progression through
mitosis limits their self-renewal, therefore, cardiomyogenic approaches to treat
heart failure remain practically intractable [38-48].

3. Abortive cellular homeostasis rebalancing in cardiac fibrosis: a
tragedy behind the broken heart

Cardiomyocytes being post-mitotic senesce with age and create cellular stress
induced pool of biological waste over the course of ageing favoring late onset of
fibrotic cardiomyopathies (acquired and inherited). Therefore, ageing and pro-
fibrotic gene inheritance serve as additional “self-contained spontaneous stressors”
that can impair the cellular homeostatic autophagic machinery, which is indispens-
able for cardiac tissue repair and proteostasis rebalancing [49-52]. Regulation of
autophagy pathways are strongly implicated in liver, lung, heart, kidney and cystic
fibrosis, which suggests that autophagy is a potential target for the treatment of
chronic multiorgan fibrotic diseases involving aberrant extracellular remodeling
[53]. The divergent homeostatic pathways converge to counter cellular stress or
clear the stressor by intersecting and coordinating with precision, therefore, the
intersection points, interacting partners and regulatory nodes are under extensive
research. Molecular and cellular players driving homeostasis rebalancing in diverse
diseases including fibrosis are continuing to emerge and recently reported for endo-
plasmic and mitochondrial stress pathway networks [54-56]. Mitochondria and
endoplasmic reticulum (ER) in cardiomyocytes are overrepresented organelles to
co-ordinate the increased metabolic demands and maintain active calcium stores for
smooth flow. Endoplasmic reticulum and mitochondria quality control circuits are
also integral to cardiac function, and deregulation of these pathways are strongly
implicated in cardiac diseases including heart failure [57-63]. ECM remodeling
is emerging to coincide with metabolic rewiring in cardiomyocytes and matrix-
guided control of mitochondrial function in cardiomyocytes is seen as a potential
therapeutic target in cardiac fibrosis, repair, regeneration and tissue engineering
[64]. A recent trend in increasing ribosome profiling studies has stratified quality
control checks that provide additional fidelity by clearance of defective messenger
RNAs under ribosome associated quality control [65]. A genetic locus for cardiac
hypertrophy that has been associated with alterations in stoichiometric translation
rates of sarcomeric proteins has recently been defined [66]. Pro-fibrotic transla-
tionally regulated genes underlying cardiac fibrosis with proline (amino acid rich
in collagen) codon usage promoted collagen synthesis emphasizing the importance
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of translational rates that may be heightened in failing hearts that select for codon
biasing for profibrotic genes [67].

Importantly, the stress pathways gradually converge, overlap and cross-talk with
RNA metabolic, and sterile inflammatory pathways through processing, secretion,
and regulation of DAMPS (danger associated molecular patterns) generated in
response to heralding stress and inflammation. DAMPs include diverse endogenous
host-derived molecules (extracellular ATP, histones, HMGBI1 chaperons, etc.),
which can be sensed by innate immune receptors [17] owing to their cellular/
extracellular mis-localization, stress induced modification or overexpression related
conformational anomalies. DAMPs are primarily released by damaged and dying
cells to facilitate sterile inflammation, which is important for tissue repair and
regeneration, however, if left unchecked they can result in of numerous inflam-
matory diseases, metabolic disorders, neurodegenerative diseases, autoimmune
diseases, cancer and fibrosis. Recently TGF-f has been proposed as an inducible
DAMP that activates mechanotransducing pathways resulting in self-perpetuating
loops leading to activation of myofibroblasts in diverse pathologies including
cardiac fibrosis. Sarcomere integrity and rhythmic efficiency amidst high protein
turnover, multiple protein-protein interactions, cyclic contractions and relaxations,
and diverse “stress-stimuli” such as pressure overload, metabolic alterations,
oxidative stress, hypoxia, ischemia-reperfusion, mechanical stress etc. is remark-
able. However, it is also highly vulnerable to succumbing to these multiple stressors
that can result in generation of DAMPs leading to inflammation, fibrosis and
heart failure. The myocardium cell types express DAMP- sensing receptors and are
proficient to respond immediately to stress and damage. Therefore, efficient quality
control mechanism regulating cardiac homeostasis are indispensable to sarcomere
maintenance and dynamic adaptation to stress [68-72].

4. Inflammatory networking in cardiac fibrosis: a heart on (in) flame

It is becoming increasingly recognized that the regenerative ability is not
completely reliant on genetic makeup, environmental conditions or evolutionary
hierarchies but the nature and extent of the immune responses to cardiac injury
equally play important role in governing regenerative and non-regenerative modes
of wound healing [73]. Importantly, cellular stress pathways cross- talk with
inflammatory pathways that actively participate in restoring tissue homeostasis
and overactivation of the inflammatory mediators can result in cardiomyocyte
death and fibrosis. Macrophages are crucial for tissue homeostasis, following
injury, circulating monocytes give rise to proinflammatory macrophages through
activation mediated by DAMPs or cytokine secretion. Macrophages may contribute
to cardiac fibrotic remodelling through secretion of TNF-a, IL-1p, IL-10, TGF-$
and growth factors [74]. Studies have shown that Gata6 expressing macrophages
can regulate cardiac fibrosis [75], CX3CR1" and CCR2" resident macrophages
may positively or negatively regulate cardiac fibrosis, respectively following
injury [76, 77]. Mast cells exist in low density in heart tissue, however, following
an injury mast cells infiltrate heart tissue [78]. DAMPs may trigger degranula-
tion of mast cells that leads to the release of inflammatory mediators including
tryptase, chymase, TNF-a, and IL-1p [79]. Tryptase and chymase activate a
potent fibrogenic mediator i.e. TGF-p (that promote myofibroblast differentia-
tion and collagen production). Mast cells also produce PDGF-A and FGF2, which
positively regulate fibrosis [80, 81]. However, studies have shown that mast cells
can also produce IL-10 (anti-inflammatory agent) that is a negative regulator of
fibrosis [82, 83]. Dendritic cells (DCs) play important role in initiating an adaptive
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immune response in post-injury cardiac remodelling. Studies have shown that DCs
infiltrate cardiac tissue following an injury, specifically CD11* DCs (bone marrow
derived) are held crucial for cardiac homeostasis. Deficiency of CD11* DCs fol-
lowing a cardiac injury may result in enhanced fibrosis [84]. Another study had
shown that deletion of cardiac CD103* DCs resulted in increased fibrosis [85].
Adaptive T and B lymphocytes are also central to cardiac inflammation as Band T
cells infiltrate cardiac tissue following injury. There are different subsets of T cells
including: CD4", CD8*, CD73" and Tregs. CD4" cells have been reported to produce
proinflammatory and fibrotic cytokines like IFN-a, following injury [86], while
CD73 expressing T cells reduced fibrosis [87]. B cells secreted proinflammatory
cytokines like IL-1p, IL-6 and TNF have been positively associated with fibrosis
[88]. Neutrophils are known to regulate fibrosis in context dependent manner,
however, neutrophil-derived extracellular traps (NETs) are becoming increasingly
implicated in fibrotic pathologies including cardiac fibrosis. NETs have recently
gained attention in chronic inflammatory, autoimmune and fibrotic settings
including cystic fibrosis, interstitial lung disease, thromboinflammation, hyper-
trophic cardiomyopathy and liver fibrosis (reviewed in [89-95]). Notably, NETs
have been reported to be associated with disease-specific bioactive proteins loaded
onto them [96]. Intriguingly, emerging clinical and experimental studies indicate
that neutrophils are able to release intrinsically and qualitatively different NETs
decorated with disease-specific bioactive proteins dictated by diseased inflammatory
environment containing tissue factor, IL-1p, IL-17, and LL37, suggesting systemic
inflammation driven transcriptional-reprogramming in circulating neutrophils,
which triggers de novo expression of disease-specific protein fingerprints that are
extracellularly delivered through generation of NETs [97] and references therein,
these exciting findings implicate NETs as potential anti-fibrotic targets. The non-
immune cells of myocardial niche also participate in inflammatory responses, e.g.
cardiomyocytes can generate pro-inflammatory mediators leading to profibrotic
TGF-p and IGF-1 signalling [98, 99]. Endothelial cells can serve as both positive
and negative regulator of fibrosis by generating profibrotic mediators like TGF-p,
FGFs, or endothelin-1 [100] and undergoing endothelial to mesenchymal transi-
tion [101]. Endothelial cells express HIF-1 (hypoxia inducible factor) that can have
anti-fibrotic effects [102] endothelial CXC chemokine Interferon-gamma-inducible
protein (IP)-10/CXCL10, is also an anti-fibrotic molecule [103, 104].

The key observations that reflected elevated circulating proinflammatory
cytokines in heart failure with reduced ejection fractions pumped the research into
exploring role of immune system in heart failure pathogenesis. If inflammation is
the cause or result of heart failure is still debatable, however, the developments in
understanding the roles of innate and adaptive immune cells in heart failure are
in active progress to identify heart failure patients who can have a cardio-inflam-
matory phenotype and can receive prospective anti-inflammatory and immuno-
modulatory regimens. The CANTOS trial with anti- IL-1f antibody canakinumab
indicated decreased hospitalization rates in certain group of heart failure patients
[105], these findings have renewed the interest in decoding cardio-inflammatory
pathways for therapeutic targeting. Sensing of DAMPs can trigger non-cellular
and cellular effectors in including IL-1, IL-6, IL-8, TNF, chemokines, complement
system, inflammasome assembly, and activation of neutrophils, monocytes, macro-
phage innate immune cells that further engage the adaptive immune arm to trigger
inflammatory loops [106]. Leukocyte dependent regulation of cardiac fibrosis is an
ongoing area; however, it stays controversial and warrants further studies to exploit
leukocyte plasticity and heterogeneity in cardiac fibrosis therapeutics [107]. Recent
demonstration of engineered T cells or the CAR T-cell therapy directed against acti-
vated fibroblast specific antigen has sparked new hopes to existing limited clinical
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Figure 1.

RI%A processing and modifications and their link to inflammation in cardiac fibrosis: (a) m6A Methylation,
(b) Uridylation, (c) Editing, (d) Alternative Splicing, (e) Immunostimulatory RNA may result in Interferon
and cytokines production. (f) Interaction between immune and non-immune cells during fibrotic remodeling.
Diverse RNA processing pathways can result in genevation of immunostimulatory RNAs that can trigger
inflammatory cascade.

interventions and therapies in fibrotic heart failure [108, 109]. A recent study has
demonstrated that macrophages expressing Mertk immune receptor in the heart
supports cardiomyocyte health by phagocytosing exopher particles ejected from
stressed cardiomyocytes harboring defective mitochondria. Mertk facilitated
defective elimination of mitochondria from the myocardial tissue and prevented
activation of the inflammasome, autophagy, metabolic stress, and ventricular
dysfunction [110]. IL-11 signaling is also implicated in cardiac and cardiorenal
fibrosis, however further studies will better indicate its precise role in driving
pathogenesis [111]. A cross-talk between RNA processing pathways and immune-
and non-immune cells through diverse mediators in context of cardiac fibrosis has
been depicted in Figure 1.

5. Messenger RNA regulatory networks may modulate cellular stress and
inflammation driving cardiac fibrosis: a message to the heart still in
the outbox

The global co- and post- transcriptional mechanisms implicated in cardiac
fibrosis are not well established, however, emerging studies are geared at extract-
ing the subtle communications to identify intersection points between the cel-
lular stress regulating pathways, regulatory non-coding RNAs, RNA metabolism
intermediates/mediators and cardiac RNA binding proteins (RBFox, HuR, MBNL2,
PUM2, QKI, CELF1, MBNL1, PTBP1) in context of cardiac diseases including
fibrosis [66, 112-120]. A recent study implicated NUP155 subdomain hotspot with
enriched allelic variants of the gene that suggests important role of RNA metabo-
lism in cardiac disease and development [121].

Stem cell based regenerative approaches have found limited applicability in
clinical translation to treat fibrosis. This ignited the research targeted at identify-
ing cell- free secretory molecules that could not only have potential anti-fibrotic/
regenerative potential to ameliorate fibrosis but characterization of these molecular
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players would also facilitate understanding of mechanisms underlying pathogenesis
of fibrosis. In this context, bioactive vesicles/exosomes have been extensively inves-
tigated to explore the role of regulatory RNAs (generated through RNA processing
pathways) in delivering pro- or anti- fibrotic outcomes, besides non-coding RNAs
are also extensively studied in context of fibrosis independent of their exosomal/
vesicular loading [120-141]. The cardiac inflammatory circuits also tend to con-
verge at the regulatory networks controlled by RNA processing, metabolism and
surveillance pathways. Particularly, the post- transcriptional regulation of cyto-
kines to stabilize mRNA, determine the strength of proinflammatory pathways.
Altered expression of AU rich (ARE) or GU rich (GRE) elements in cytokine and
cytokine pathway intermediate transcripts impairs mRNA decay and can result in
heightened immune responses as seen in diseased states [142]. Immunostimulatory
RNAs (like double stranded RNAs) generated through deregulated RNA processing
pathways along with RNA binding proteins of RNA helicase (RNA sensors) fam-
ily are emerging as important components of immune response pathways during
sterile inflammation that involves DAMP sensing [15, 16]. Mitochondrial quality
control pathways intersecting with the endosomal compartments and lysosomes
are recently reported to favor generation and release of mitochondrial-derived
vesicles in former condition [143], further offering discernible biologically stable
lipid vesicles that may help investigate how secreted cargos can impact tissue repair
and homeostasis or trigger fibrosis, and can be extended to establishment of liquid
biopsies for studying the progression of fibrotic diseases or alternatively these
vesicles may serve as therapeutic tools like exosome-derived non coding RNAs

[121, 125, 127, 128, 138, 139, 141, 144] circulating microRNAs (miRNAs) and tissue
resident miRNAs play paradoxical role both as anti-fibrotic [145-148] and pro-
fibrotic [149-151].

6. Harnessing RNA metabolic pathways in cardiac development and
disease: getting to core of the heart

The cardiac output is tightly tuned to the functional outputs of the cardiac
transcriptome or faithful expression of cardiac-specific genes. It is becoming
evident that cellular processes (that are linked to generation of RNA variants)
including alternative splicing, RNA editing, epitranscriptomic modifications like
methylation, and alternative polyadenylation [152] have a major role in shaping the
cardiac adaptive responses [119]. The advent of high throughput NGS sequencing
has revealed striking diversity in RNA species/variants/isoforms that have revolu-
tionized the field of RNA biology by informing on the codes of burgeoning RNA
inventory, which has now been exploited in context of functional relevance of the
neo-RNA entities in context of physiological and pathological outcomes. Expanding
information and identification of genetic markers for heterogeneous complex
diseases like heart failure has made it appreciably evident that cardiac develop-
ment and differentiation cues are under tight regulation of splicing events [153],
and mis-splicing of certain genes like titin (TTN) that is implicated in contractility
and mechanosensation can result in adverse cardiac extracellular remodeling and
fibrosis. Interestingly, single cell RNA sequencing of cochlear hair cells recently
documented unappreciated complexity in splicing diversity and isoform abundance
underlying biology of hearing and deafness, and reported sorcin (a key player in
cardiac excitation-contraction) as a top hit in cochlear outer hair cells [154]. These
exciting findings reflect potential shared mechanosensory targets that could result
in co-manifestation of heterogenous genetic disorders like heart failure and hearing
loss, which involve electrical conductance and contraction events (it remains to be
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explored if sorcin may have isoformic pattern of expression). It is already known
that cardiac arrhythmias are a feature of Jervell and Lange-Nielsen syndrome
(JLNS), an autosomal recessive disorder associated with congenital profound
sensorineural hearing loss arising from homozygous or compound heterozygous
mutations in either KCNQ1 or KCNE1 subunits of potassium ion channel conduct-
ing the slow component of the delayed rectifier current [155, 156].

Constitutive RNA splicing primarily involves the spliceosome machinery acting
at the splice sites, however, alternative splicing may differ in its mechanism of
action by engaging further cis- elements (regions within pre mRNA besides 5°/3’
splice sites) like enhancers of exon/intron splicing [157]; the cis-elements are
further acted upon by trans- acting modulators that constitute a family of RNA
binding proteins (RBPs) with RNA binding motif (RBM), which further regulate
negatively (repress) or positively (activate) the splice site selection. The activators
include serine/arginine-domain-containing (SR) proteins and SR-related factors
that dictate binding and assembly of the spliceosome complex and decide differ-
ential inclusion of exons in the mature transcript [158]. In contrast, the repressor
trans-elements include the family of heterogenous nuclear ribonucleoproteins
(hnRNPs) that tend to suppress splice site recognition [159, 160]. Therefore,
alternative splicing events diversify the overall repository of functional and/or
regulatory genes by inclusion/exclusion of exon, intron retention, alternative 5’ or
3’ splicing, and mutually exclusive exon utilization [119, 152], and at the same time
splicing diversity may reflect pathological vulnerabilities dictated by the inherited
variants that offer isoformic switching.

7.RBM20 interactome in cardiac development and disease: determining
the soft- or hard- heartedness

Cardiac diseases including cardiomyopathy and arrhythmia are long known to
be regulated by isoformic pattern of protein expression for genes including titin
[161], CAMK2D, LDB3 and CACNA1C [162, 163]. Titin isoform-switching mecha-
nisms at RNA (alternative splicing) and protein (post-translational modification)
levels, which direct titin-based passive tension tuning remained largely elusive
[164-169]. RNA binding protein RBM20, which is a splicing related factor was
known to steer various aspects of cardiac function by regulating genes involved in
biomechanics (TTN and TPM1), ion homeostasis and electrical activity (CAMK2D
and CACNA1C) and signal transduction (CAMK2D and SPEN). Titin is the best
exemplified target of RBM20 and TTN mutations are vastly implicated in cardio-
myopathy [170, 171], and cardiovascular diseases [164, 172-174]. However, the
mechanisms underlying alternative splicing of titin and role of thyroid hormone
and insulin signaling in regulating it were nearly correlative [175-178] as the splice
factors regulating alternative splicing in titin remained undetermined until early
this decade. The role of post-transcriptional regulation in cardiac function and
pathogenesis of human heart failure gained impetus following a pioneer study [179]
on RNA binding motif (RBM20) protein, which has now emerged as a global regu-
lator of cardiac alternative splicing isoformic switch in protein titin. RBM20 was
found to be predominantly expressed in striated muscle, with maximum expression
in the heart and its deficiency in rats was reported to resemble the pathophysiology
of genetic dilated cardiomyopathy (fibrotic remodeling in heart). The RBM20-
null rats exhibited increased subendocardial fibrosis with age and this effect was
accompanied by electrical abnormalities and sudden death. The reduced activity of
RBM20 (due to mutations/variants) resulted in altered isoform expression of genes
central to biomechanics, electrophysiology and signal transduction culminating in
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cardiomyopathy, fibrosis, arrhythmia and sudden death [179]. Following these sem-
inal findings that delineated the role of RBM20 driven splicing in titin isoforms, the
ribonucleoprotein RBM20 has now paralled the role of titin in regulating structural
and functional characteristics of cardiac development and disease. Cardiac-specific
splicing events are attributed to RBM20, and recent studies with defective RBM20
variants have been shown to be associated with cardiac transcript variants resulting
in cardiomyopathy including DCM (dilated cardiomyopathy) [180-190].

Structurally, RBM20 is a 1227 amino acid long protein with a leucine-rich
N-terminal domain, zinc finger (ZnF) domain 1, RNA recognition motif (RRM)
followed by mutational hotspot arginine-serine (RS) rich domain, glutamate (E)
rich and ZnF?2 regions located towards C-terminal. RRM and RS regions, and
phosphorylation within RS region, are reported to be crucial for nuclear localiza-
tion [179, 191, 192], RRM is important for binding to “UCUU” RNA sequence
that dictates RBM20 binding to target genes. Several mutations are reported in RS
region (predominantly the RSRSP stretch, amino acids 634-638) that likely disrupt
its nuclear localization and hence splicing of target genes like titin, subsequently
resulting in adverse cardiac modelling and familial dilated cardiomyopathy with
associated fibrosis [148, 183, 193-203]. Compared to nuclear localization regions,
the structural components contributing to splicing activity of RBM20 towards its
targets are not fully explored, the near C-terminal E region has shown to have some
contributions to splicing though [179, 204]. RBM20 is known to interact with spli-
ceosome complex subunits Ul and U2 (small nuclear ribonucleic particles) and U2
related proteins like U2AF6 and U2AF35 [205]. The inventory of RBM20 regulated
cardiac pre-mRNAs is dynamic and includes the following validated genes in human
and rat- titin (TTN), calcium voltage gated channel subunit al C (CACNA1C),
calcium/calmodulin dependent protein kinase II delta and gamma (CAMK2D
and CAMK2G), formin homology 2 domain containing 3 (FHOD3), Lim domain
binding 3 (LDB3), Lim domain only protein 7 (LMO7), muscular-enriched A type
laminin-interacting protein (MLIP), PDZ and LIM domain 3 (PDLIM3), reticulon
4 (RTN4), ryanodine receptor 2 (RyR2), SH3 domain containing kinase binding
protein 1 (SH3KBP1), sorbin and SH3 domain containing protein (SORBS1), and
triadin (TRDN) [153, 179, 205-208].

Titin is an integral sarcomere protein responsible for maintaining passive
elasticity in heart, structurally it is organized into modular structure with immu-
noglobulin-like (Ig), fibronectin type III (FnlII), proline (P), glutamate (E), valine
(V), and lysine (K) containing highly elastic I-band region. The N-terminal domain
of titin anchors it to the sarcomeric Z-band and C-terminal domain embeds it into
M-band. The A-band maintains rigidity during contraction by binding to myosin.
Titin’s structural integrity is central to normal cardiac function, maintaining passive
tension and driving length-dependent activation/Frank-Starling effect. Besides
providing mechanical properties, titin stretching also participates in cellular
signaling that facilitates cardiomyocyte growth and might be implicated in chronic
myocardium remodeling, hypertrophy and fibrosis. Cardiomyopathy patients with
mutations in titin gene further demonstrate the contribution of titin to systolic
and diastolic heart failure. Systolic dysfunction underlies dilated cardiomyopathy
(dilation of left ventricle) and hypertrophic cardiomyopathy (myocardial hypertro-
phy and ventricular thickening). Diastolic dysfunction is a hallmark of restrictive
cardiomyopathy with preserved contractile force, however, abnormal relaxation
during diastole results in decreased cardiac output due to inappropriate ventricle
filling. Truncation mutations in titin gene cause dilated cardiomyopathy through
diverse pathways that involve haploinsufficiency, activation of mTOR energy
sensor pathways and increased metabolic stress (recently reviewed in [209]).
Human induced pluripotent stem cell (hiPSCs) culture models aimed at generating
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cardiomyocytes from titin mutation carrying patients depict disorganized sar-
comeric array, contraction disability and impaired force generation, however,
similar extent of sarcomeric damage and myofibril contraction impairment has
not been recapitulated in human studies or biopsied cardiomyocytes from titin
variant patients. Therefore, it is alternatively proposed that titin variants may
operate through creating a metabolic stress that could impair cardiac function
independent of mutation sites by altering RNA metabolism pathways triggering
non-sense mRNA decay (NMD) of abnormal titin variants and development of
DCM phenotype. The cardiac metabolism could switch to branched chain amino
acid pathway in place of fatty acid metabolism, deregulation of mTOR and
autophagy pathways [210-218].

RBM20 cardiomyopathy has high penetrance and correlates with increased rates
of heart failure, arrhythmias, and sudden cardiac death, new insights into RBM20
cardiomyopathy are extensively discussed recently [190]. Given the large size of titin
(near 300kb) it is known to undergo extensive splicing events and yield several titin
isoforms with cardiac N2B and N2BA to be the best characterized. N2B (shorter and
stiff isoform) and N2BA (longer and pliant isoform) are adult cardiac isoforms of
titin that regulate passive stiffness in the heart, and this is attributed to their struc-
tural dissimilarity in the highly elastic I-band region. Alternative splicing variants of
titin during cardiac development keeps selecting for the shorter and stiffer isoform
N2B in course of fetal to adult cardiac development, and physiologically N2B is
overexpressed as compared to pliant N2BA isoform. However, aberrant expression
patterns of titin isoforms resulting in altered ratios of N2B and N2BA are associated
with cardiac diseases including cardiomyopathy with fibrosis and heart failure.
RBM20 is shown to facilitate exon skipping events thereby selecting for shorter and
stiffer forms of titin over development. In animal models, RBM20 homozygous
mutations show increased ratio of N2BA/N2B (mirroring DCM phenotype), induced
expression of RBM20 in RBM null mice decreases this ratio, however, intermediate
effects (titin length, passive tension, sarcomere length) are seen in heterozygous
mutations, indicating quantitative modulations of RBM20 as potential therapeutic
approach to treat cardiac diseases [153, 179, 183, 194, 219]. RBM20 mutations in
human patients result in severe inherited early onset DCM, manifesting even early
on in younger patients with sudden death [190, 220]. Patient-specific stem cell based
hiPSC culture models or CRISPR/CAS9 gene editing tools have been exploited to
measure the effect of RBM20 point mutations in cardiomyocytes and alterations in
sarcomere length, calcium handling, electrical coupling have been reported. The
human iPSCs containing RBM20 mutations offer great tractable and tunable system
to model cardiomyopathy iz vitro and investigate potential signaling pathways con-
tributing to the pro-fibrotic phenotypes [189, 221, 222]. The paradigm-shift in RNA
metabolism associated interactome has begun to offer new therapeutic windows
by unravelling the novel RNA binding proteins and splicing factors in context of
cardiac development and fibrotic cardiomyopathies [119]. Biogenesis of regulatory
non-coding RNAs i.e. microRNA, long noncoding RNA, and circular RNA, and their
role in cardiac fibrosis, and RBM20 mediated alternative splicing of titin pre-mRNA
is shown in Figure 2.

We briefly discuss the inflammatory networks in upper airway fibrotic diseases
like laryngotracheal stenosis and subglottic stenosis that are relatively less explored
in terms of mechanisms of fibrotic pathways, however, these pathologies need
special attention as they might affect increasing number of patients given the cur-
rent COVID-19 pandemic. Recent reports show that COVID-19 critically ill patients
need mechanical ventilation, and many of these patients who need prolonged
ventilation need surgical tracheostomy that is implicated in development of upper
airway fibrosis.
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Figure 2.

Biogenesis of regulatory non-coding RNAs i.e. microRNA, long noncoding RNA and circular RNA and

their role in cardiac fibrosis (a-c). Fate of aberrant RNA transcripts (d). RBM20 dependent splicing of

Titin pre-mRNA resulting in formation of Titin isoforms which regulate cardiac development and fibrosis.
Abbreviations: miRNA: microRNA; InRNA: long non-coding RNA; cirRNA: circular RNA; NMD: nonsense-
mediated decay; NSD: nonstop-mediated decay; NGD: no-go decay

8. Laryngotracheal stenosis: the pathogenesis and inflammatory
pathways

Laryngotracheal stenosis (LTS) is an abnormal wound healing process of
laryngotracheal mucosal inflammation, wound healing and scar formation. LTS
is a fibrotic disease leading to pathologic narrowing of the larynx, subglottis, and
trachea (the upper airway). There can be multiple etiologies to LTS, ranging from
intubation injury (iatrogenic), radiation, autoimmune disease, to idiopathic [223].
The early stages of LTS are marked by dysphonia and communication difficulties
that can develop into life-threatening progressive dyspnea leading to the airway
compromise [224]. The most common form of LTS is the iatrogenic LTS (iLTS)
caused by regional hypoxic and ischaemic pressure (stress) induced necrosis of the
airway following prolonged intubation or tracheostomy [225]. The possible patho-
physiology behind iatrogenic LTS is the surpassing of the pressure exerted by the
cuff while prolonged intubations to that of the mucosal capillary perfusion pressure
(approx. 35 mmHg), which results in ischemia, inflammation of the mucosa, and
subsequent fibrotic strictures [226, 227]. The airway is primarily formed of 3 sets of
cell types including epithelial cells, the fibroblasts, and the resident immune cells.
The cross-talk of fibroblasts, immune cells and inflammatory cytokines participates
in the development and propagation of LTS.

9. Inflammatory networks in the pathogenesis of LTS

TGFp-SMAD?2/3 cascade has been implicated in LTS and TGF-p antagonists have
shown to attenuate fibrosis, however, TGF-p3 isoform has been reported to have
antifibrotic response in LTS healing by significantly decreasing the inflammation
and collagen deposition [228, 229], indicating opposing roles for isoforms of TGF-p.
Hypoxia induced expression of IL-6 plays an important role in the pathogenesis of
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LTS, the pressure exerted by the endotracheal tube cuff causes hypoxic and isch-
emic necrosis of the laryngotracheal mucosal tissue leading to inflammation and
scarring marked by increased expression of IL-6, a-SMA & collagen, importantly
IL-6 and myofibroblasts were also increased in an ex-vivo culture of healthy tracheal
fibroblasts cultured under hypoxic conditions [230]. Possible role of B or T-cells in
the formation of granulation tissue has also been been suggested [231]. Increased
expression of profibrogenic Th2 cytokine IL-4 was seen in the brush biopsy samples
of LTS scar and it stimulated fibroblast activation and excessive collagen formation
in the LTS wound [225]. The expression of another Th2 cytokine IL-13 appeared

to follow the same expression pattern of IL-4 and resulted in excessive fibrosis
[232]. In contrast to Th2 cytokines, the Thl cytokine IFN-y inhibited fibrosis in LTS
patients. Subsequent studies have shown the impact of IFN-y on the LTS fibroblasts
as significant decrease in levels of collagen and TGF-p expression was reported

in the IFN-y treated human LTS-derived fibroblasts compared to the untreated
LTS-derived fibroblasts and normal laryngotracheal fibroblasts [226]. Dysregulated
functioning of macrophages is related to fibroproliferative LTS [232], a prolonged
cytokine signalling in the form of IL-4/IL-13 by Th2 cells can also contribute to
impairment of macrophages by switching the non-fibroproliferative “classically
activated” M1 macrophages into the fibroproliferative “alternatively activated” M2
macrophages [232]. Mice LTS model of chemical and mechanical injuries showed
increased expression of M2 cell surface marker CD206 [224]. Inflammatory cyto-
kine expression study in iLTS and autoimmune LTS patients demonstrated elevated
levels of the macrophage growth factor granulocyte macrophage colony-stimulating
factor (GM-CSF) and M2 cytokine IL-10 than that in controls [233]. Fibroblasts

are the mesenchymal cells which are not terminally differentiated and rest in
inactive state, under homeostasis. In their inactive but normal state they localise

to the subepithelial layer of the airway tissue and provide for the biochemical and
mechanical support to the tissue [234]. However, studies have reported increased
ECM production and migration, and reduced contraction of iLTS fibroblasts [235],
moreover, studies involving use of beta-aminopropionitrile (BAPN), an inhibitor
of collagen cross-linking also demonstrated enhanced profibrotic features (overex-
pression of collagen I and II) in iLTS-derived fibroblasts [236], metabolically they
exhibited enhanced glycolysis to oxidative phosphorylation ratio as see in prolifera-
tive cancer cells, justifying highly proliferative nature of iLTS-derived fibroblasts
[237]. Emerging studies are reporting genetic link to LTS pathology, suggesting
alternative treatment approaches to cure this fibrotic pathology. A functional single
nucleotide polymorphism of TGF-p1 located in a negative regulatory element of its
promoter was associated with the iatrogenic LTS. The data identified protective and
susceptible genetic loci in patients undergoing endotracheal intubation. Another
study, focused on 3 candidate genes encoding the innate immune receptor CD14,
matrix metalloproteinase-1 (MMP-1), and the cytokine transforming growth factor
p1 (TGF- p1). Reported association between MMP-1 and susceptibility to iLTS fol-
lowing intubation merits further investigation in a lager patient cohort [238].

10. Subglottic stenosis: a complex interplay between inflammation and
fibrosis

Subglottic stenosis (SGS) is a relatively less explored fibrotic pathology in terms
of mechanistic insights on inflammatory pathways. Researchers have gathered
information to some extent by evaluating the changes that occur in the airway asa
result of obliterative bronchiolitis [239], which shares the same fibrotic features of
subglottic stenosis as studied in a murine model with emphasis on cytokines such
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as IL-1B, TGF-f and prostaglandin PGE?2 [240]. SGS is accompanied by an acute
and an exaggerated inflammatory response that triggers a shift in the cellular and
molecular components in the healing wound in favor of more fibroblastic etiology
[235]. SGS has numerous potential etiologies of which the most common cause in
adults and children alike is prolonged endotracheal intubation. With developments
in intensive care and associated intubations, it is natural that iatrogenic stenosis will
become a major factor affecting post ICU quality of life. Animal and human studies
have shown an upregulation of inflammatory markers in stenotic tissues. Patient
factors like increased BMI, diabetes mellitus and chronic laryngopharyngeal reflux
have also been implicated as causative factors for development of subglottic stenosis
[241]. Cytokines like IL-1p, IL -10, TNF a, IFN y and GM-CSF have shown signifi-
cant increase in subglottic stenosis specimens [226]. Enhanced expression of profi-
brotic growth factors and cytokines like TGF-p, PDGF, IL-1, and Prostaglandin E2
was seen in patients of healing laryngeal lesions [242]. Expression of matrix metal-
loproteinases (MMPs), a-SMA, SMADs, IL-1 continued to rise 3 weeks beyond the
initial insult [231]. Therefore, it appears that SGS undergoes an aberrant healing
response as cytokines corresponding to various stages of wound healing process
including inflammation (IL-1, TGFp), proliferation (SMADs, TGFp), and matura-
tion (MMPs, aSMAs) are reported to present in pathogenesis of SGS. Idiopathic
subglottic stenosis (iSGS) also has an inflammatory network evident from various
studies suggesting the role of yd T cells in IL-17A dependent tissue inflammation
and airway remodeling in iSGS. Further studies delineating the role of RNA biology
pathways might open up viable therapeutic options for this devastating pathology.

11. Future perspectives and summary

We are encouraged to chase the role of RBPs in homeostasis-tissue-repair-
fibrosis continuum based on our recent preliminary findings, where we report for
the first time an iz vitro model that rigorously recapitulates proteolytic stress (as
encountered in fibrotic pathologies) induced stress granule (SG) biomolecular
condensate-like proteome signatures [243]. Dynamic phase separated membrane-
less organelles including SGs are induced upon varied stress-stimuli (infectious or
non-infectious) and are implicated in spatiotemporal control of various cellular
functions including formation of signalling complexes, clustering of vesicles,
sorting and trafficking of cargo [244]. Phase separated biomolecular condensates
are becoming increasingly linked to developmental and pathological pathways
[245-249]. We proposed proteases as novel stressors that can have diverse outcomes
when present at varying concentrations (protease-antiprotease balance is crucial for
driving tissue repair or fibrotic phenotypes). We observed heightened ribonucleo-
proteins (RNPs), spliceosome machinery, regulatory RNA generating proteins, and
RNA binding proteins (RBPs) in our high-throughput proteomics data [243]. The
formation of SGs like proteome was concomitant to translational halt in major-
ity of proteins, sparing few essential cytoprotective proteins including exosome
biogenesis and secretory pathway proteins that undergo synthesis despite stress
environ. We hypothesize that the unique stress-associated proteins that represent
“stress-essentialome” might get packaged and enriched into exosome vesicles in
addition to the hitchhiking of SG regulatory RNAs, RBPs, RNPs and cytoprotective
proteins onto the exosomal carriers leading to conglomeration of unique disease/
stressor-specific cargos in exosome silos. Translational halt would result in poly-
some run off and dissociation of ribosome and translating mRNAs that would
partition into the stress granules, therefore, RNA and polysome profiling of stressed
cells in addition to exosome cargo profiling might offer valuable information on
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Figure 3.

Proposed model for cellular stress induced biological condensates that can regulate homeostasis,

tissue repair and fibrosis. A cellular-stress induced reshaping of RNA processing machinery by genevation

of biomolecular condensates, and their coupling to mitochondrial and exosomal pathways. The stress-coupled
exosomes are proposed to carry pathologic cargo which can be exploited to develop liquid biopsies in the context
of fibrotic disovders. The expression of cardiac-specific RBPs in our model can be utilized to develop cardiac
regenerative approaches in vitro or to study the role of RBPs in cardiac fibrosis. RNPs: ribonucleoproteins:
RBPs: RNA binding proteins; CBC: cap binding complex; EJC: exon junction complex; SERBP1: SERPINE1
mRNA-binding protein 1; PAI-1: Plasminogen activator inhibitor-1; ISG: Interferon stimulated gene; PRKRA:
Protein kinase, interferon-inducible double stranded RNA dependent activator; ADAR: Adenosine deaminases
acting on RNA; EF2AK2: Eukaryotic Translation Initiation Factor 2-alpha Kinase 2; RED color: upregulated
proteins; MT: mitochondrion; CPT: Carnitine palmitoyl-transferase; MPC: mitochondrial pyruvate carrier;
PDC: Pyruvate dehydrogenase complex; ACAD: Acyl-CoA dehydrogenase; ACAA2: acetyl-Coenzyme A
acyltransferase 2; BCKDHA: branched-chain alpha-keto acid dehydrogenase; NDUFS: NADH-ubiquinone
oxidoreductase subunit; SDHAF: Succinate dehydrogenase complex assembly factor 1; UQCRB: Ubiquinol-
cytochrome c veductase binding protein; SCO: synthesis of cytochrome c oxidase; TOM: translocase of the

outer membrane; TIM: translocase of the inner membrane; ETC: electron transport chain. DAMPs- danger
associated molecular patterns.

pathologic transcripts, associated regulatory RNAs (miRNAs, IncRNA) and trans-
lating ribosome composition besides the proteome signatures, thereby offering new
dimensions to investigate stress-induced regenerative or fibrotic responses and the
role of RNA processing machinery and RBPs in driving these triggers. It might offer
identification of cell or tissue specific splicing factors and an opportunity to attempt
rescuing splicing related alterations inherited in genome (pathogenic variants), to
switch for native isoforms. In addition, stress-induced secretion of extracellular
vesicles/exosomes could offer novel therapeutic opportunities by developing liquid
biopsies in fibrotic diseases (a less explored area), which may yield meaningful
information and help predict progression of the disease in suitable disease-specific
in vitro models. Exosomes are relatively stable, can avoid background noise, can be
easily detected from blood and their molecular analysis may decipher pathobiol-
ogy of disease, fibrotic liver derived exosomes (in mice) showed increased CCN2;
decreased Twistl, miR-214 than control mice [250]. Circulating exosomes from
mice with alcohol related liver disease when transmitted to normal mice resulted in
pro-inflammatory/fibrogenic liver phenotype [251]. MiR-125 has also been found to
be upregulated in serum from patients with cirrhosis than controls [252]. Multiple
studies in-vitro and in mice have revealed pathologic micro-RNAs associated with
liver injury, liver fibrosis and liver malignancy [250]. However, major challenge

in translating bench to bedside knowledge include reliable standardization and
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characterization protocols, and validation in a well-characterized patient popula-
tion. Therefore, we are interested in deciphering the molecular information stored
in exosomes of patients with liver cirrhosis using standardized protocol and their
correlation with key events like death, sepsis, organ failures. Our proposed model of
stress- induced reshaping of RNA metabolic pathways that are coupled to mito-
chondrial alterations and exosome biosynthesis is shown in Figure 3.
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Chapter2

Extracellular Matrix in Cardiac
Tissue Mechanics and Physiology:
Role of Collagen Accumulation

Kristen LeBar and Zhijie Wang

Abstract

The extracellular matrix (ECM) forms a mesh surrounding tissue, made up of
fibrous and non-fibrous proteins that contribute to the cellular function, mechan-
ical properties of the tissue and physiological function of the organ. The cardiac
ECM remodels in response to mechanical alterations (e.g., pressure overload, vol-
ume overload) or injuries (e.g., myocardial infarction, bacterial infection), which
further leads to mechanical and functional changes of the heart. Collagen, the
most prevalent ECM protein in the body, contributes significantly to the mechani-
cal behavior of myocardium during disease progression. Alterations in collagen
fiber morphology and alignment, isoform, and cross-linking occur during the
progression of various cardiac diseases. Acute or compensatory remodeling of
cardiac ECM maintains normal cardiac function. However, chronic or decompen-
satory remodeling eventually results in heart failure, and the exact mechanism of
transition into maladaptation remains unclear. This review aims to summarize the
primary role of collagen accumulation (fibrosis) in heart failure progression, with
a focus on its effects on myocardial tissue mechanical properties and cellular and
organ functions.

Keywords: collagen deposition, fibrosis, myocardial stiffening, left and right
ventricle, mechanobiology

1. Introduction

The extracellular matrix (ECM) is a network of proteins, fibrous and non-
fibrous, which form a supporting architecture for the cells in cardiac tissues.
Cardiomyocytes, fibroblasts, vascular cells, and inflammatory cells that are
responsible for the synthesis and degradation of ECM proteins exist in and around
the cardiac ECM. A unique hallmark of the cardiovascular (CV) system is that the
tissue is subject to dynamic mechanical load from the pulsatile blood pressure and
flow. A perturbation of the mechanical load will be transduced to and sensed by
the cells via the ECM to trigger acute or chronic remodeling of the tissue, resulting
in structural and mechanical changes in the ECM. The altered ECM biomechanical
properties further change the behavior of the cells within the tissue. These aspects
are known as mechanobiology. This chapter will focus primarily on the changes of
the ECM in various cardiac diseases, the alterations in the mechanical properties
of the myocardium as a result of the ECM remodeling, and the impact of these
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Figure 1.
A schematic plot showing the relations between cardiac ECM remodeling (fibrosis), tissue mechanics and
ventricular function.

biomechanical factors on cellular and organ function in the progression of heart
failure (Figure 1). Moreover, because collagen accumulation (fibrosis) is mostly
investigated and contributes significantly to myocardial mechanical properties,

we will limit our discussion on cardiac fibrosis as the main ECM remodeling event.
Readers are referred to other extensive reviews that have summarized a broad
category of ECM proteins during myocardial remodeling in different types of heart
diseases [1, 2].

2. Extracellular matrix proteins in cardiac tissues
2.1 Overview of extracellular matrix proteins in biological tissues

Extracellular matrix (ECM) proteins found in biological tissue can serve struc-
tural or non-structural roles, depending on the location and composition of the
protein. Glycoproteins primarily consist of structural ECM proteins, which include
fibrillar collagen, elastin, fibronectin, and laminin [1]. These are often the main
determinants of tissue’s passive mechanical properties. The non-structural ECM
proteins are primarily categorized as proteoglycans, which are further distinguished
as four subgroups—hyalectans, cell surface proteoglycans, basement membrane
proteoglycans, and small leucine-rich proteoglycans (SLRP’s) [2]. These proteins
play a key role in cell-cell or Cell—matrix interactions, interaction with growth
factors, as well as binding to cell receptors to regulate cellular function [2].

Among the structural ECM proteins, collagen and elastin are mostly investigated
in cardiovascular tissues. Collagen is the most abundant protein in the body and
formed from the basic unit of tropocollagen [3]. Tropocollagens, made up of poly-
peptide chains, spontaneously twist together to form a triple helix structure, which
form a newly synthesized procollagen fibril. Mature collagen fibers can then form
via cross-linking of procollagen fibrils into bundles or sheets, conferring versatile
mechanical properties in various tissues [3]. There are over 25 collagen types to date
[2], each with different physical and mechanical properties [4]. For instance, type
I collagen is a subtype that exhibits stiffer mechanical property and higher tensile
strength compared to type III collagen. Collagen metabolism is maintained by the
synthesis and degradation balance, and different tissues have different turnover
rates [4, 5]. Higher turnover of collagen types I and III is observed in diseased
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tissues, and is also linked to the pathological state of the tissue such as inflamma-
tion and aging [4, 5]. Overall, fibrillar collagen contributes to CV tissue’s nonlinear
elastic behavior at high strains due to the increased recruitment of fibers.

Elastin is another primary structural protein, contributing to the mechanical
property of the CV tissue at low strains [6]. It is formed as sheets comprised of the
base unit tropoelastin, which has the ability to stretch and recoil [6]. Compared
to collagen fibers which have an average Young’s Modulus of 250-400 MPa [7],
elastin fibers are more compliant with an average Young’s Modulus of 1 MPa [8].
Elastin is a highly stable protein that has very low turnover rate — once formed, it
lasts almost for the entire lifespan [9]. Increased elastin degradation or damage isa
sign of pathological remodeling of the tissue and is associated with aging and CV
diseases [9].

2.2 Primary ECM proteins in the heart

In the myocardial tissue, the main ECM protein is collagen. Collagen is diffu-
sively spread over in the myocardium—interstitial and perivascular collagen fibers
have been revealed by histology. Collagen types I and III are the most prominent
collagen types in the myocardium [10], making up 85% and 6-11% of the total col-
lagen, respectively [11]. Other isoforms of collagen are also reported. Bashey et al.
examined murine, canine, and nonhuman primate healthy hearts and found that
type V collagen comprises 2 ~ 3% and type VI collagen comprises ~5% of the total
collagen in the myocardium [11]. While the fractional content of type IV collagen
was not evident, it appeared most prominent in the basement membrane and in the
media [11]. A detailed summary of all fibrillar and non-fibrillar collagen and their
roles in cardiac diseases can be found in a recent review [12].

Elastin content in the ventricle is not detailed in the same manner as collagen.
The distribution of elastin is mainly limited to the epicardium, the outer layer of the
ventricular wall [13, 14]. Biochemical measurements showed that elastin content
is about one tenth of the collagen content in healthy heart. Furthermore, the left
ventricle (LV) tended to have more elastin and collagen content (in pg/mg) than the
right ventricle (RV) [15].

In heart valves, elastin is more abundant than in the myocardium. It is located
primarily in the inflow layer and sparsely distributed in the outflow and central lay-
ers, comprising approximately 10% of total proteins in the tissue [16, 17]. Collagen
type I is found primarily in the valve leaflets and the valve outflow layer, whereas
collagen type III is distributed throughout the entire valve structure [16]. Collagen
comprises approximately 60% of ECM proteins in human heart valves [17].

2.3 Cells and molecules responsible for ECM synthesis and degradation

The cellular components responsible for the cardiac collagen synthesis include
interstitial fibroblasts (in healthy hearts), transdifferentiated myofibroblasts and
inflammatory cells (in diseased hearts), cardiomyocytes, and adventitial fibroblasts
and smooth muscle cells (SMCs) in the blood vessels [18-20]. Several biological
mediators such as pro-inflammatory cytokines, growth factors and hormones are
also identified to participate in collagen synthesis, which are reviewed previously
[4, 21, 22]. Among them, fibroblasts and transforming growth factor beta (TGF-p)
are two main contributing factors. In cardiac remodeling, fibroblasts migrate to the
injured region or to the area where ECM proteins are over-degraded and secrete
new ECM proteins—primarily collagen types I and III [18]. Moreover, a “new”
phenotype of cells myofibroblasts, emerge in injured myocardium, which is a key
step to strengthen cardiac fibrosis in both infarcted and hypertensive myocardium.
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MMPs Substrate
MMP-1 Collagens I, I1, III, VII, X
MMP-8 Collagens I, IL, 111, V; VII, X
MMP-13 Collagens I, II, III, IV, fibronectin, laminin
MMP-2 Collagens, I, IV, V, VII, X, XI, fibronectin, laminin elastin
MMP-9 CollagensIII, IV, V, VII, X, elastin
MMP-3 CollagensIII, IV, V, IX, X, fibronectin, laminin
MMP-10 Collagens III, IV, V, IX, laminin, fibronectin
MMP-11 Collagen 1V, fibronectin, laminin
MMP-14 Collagens], II, I1I, fibronectin, laminin

Table 1.

Matrix Metalloproteinases (MMPs) and their substrates (adapted from [24]).

TGF-p is involved in signaling pathways of various cells (fibroblasts, cardiomyo-
cytes, immune and vascular cells) to initiate fibrogenic action [19]. For a thorough
review of current understanding of cardiac fibrosis in ischemic and non-ischemic
heart diseases, the reader is referred to these references [12, 21].

Degradation of the ECM proteins is necessary for the turnover as well as normal
protein function. Matrix metalloproteinases (MMPs) are the most significant
molecules that contribute to this degradation and these enzymes are key in the CV
tissue remodeling [10]. MMPs in the heart are primarily expressed by the fibroblasts
and cardiomyocytes [20, 23]. Table 1 details various types of MMPs and the ECM
proteins that they target. Insoluble fibrillar collagen such as collagen type I and III
or more cross-linked collagen is difficult to be enzymatically degraded [11]. To pre-
vent excessive degradation of ECM, tissue inhibitors of metalloproteinases (TIMPs)
are secreted to bind to MMPs and limit the role of activated MMPs. Therefore,
the overall balance between the activated MMPs and TIMPs determines the ECM
remodeling and turnover rate.

3. Measurement of ECM proteins

There is increasing agreement that the ECM is not a passive biological compo-
nent but actively interferes with cellular and organ function in the dynamic remod-
eling process. Thus, the measurement of ECM proteins is critical to study their roles
in tissue biomechanics and remodeling in various diseases. The existing measure-
ment methods can be classified into these categories: medical imaging techniques,
optical imaging techniques, biochemical and biological methods.

3.1 Medical imaging techniques

Medical imaging techniques are generally noninvasive because they can be
performed on a live subject with negligible risks; they are sometimes referred to as
organ-scale imaging [25]. Primary medical imaging techniques include Magnetic
Resonance Imaging (MRI), ultrasound and nuclear imaging. These techniques
could measure bulk quantities of the materials—concentration, volume fraction
and distribution of proteins.

MRI is the most common imaging method for collagen detection because of its
higher sensitivity to specific molecular probes to target specific ECM proteins [26].
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For example, the feasibility of detection of collagen (predominantly collagen type I)
using a gadolinium-containing molecular contrast agent (delayed or late gadolinium
enhancement) has been demonstrated in preclinical animal studies [27, 28]. The
technique is valuable in the detection of fibrosis in ventricles [29, 30]. Recently, T1
mapping technique has emerged as a more useful technique for diffuse interstitial
fibrosis measurement [31, 32]. In addition, a particular mode of MRI, tagging and
feature tracking, enables clinicians to measure tissue strain from which collagen
measurements can be indirectly deduced [33]. Elastin content can be quantified
directly by molecular MRI as well [34].

Ultrasound technique is another imaging method to quantify collagen or elastin.
Strain elastography measures elasticity of the myocardium, from which properties
of the structure and content of collagen and elastin are indirectly derived [35, 36].
This method is sensitive to the fiber angle and density, both of which give light
to the health status of the tissue [35]. Using the known mechanical properties of
elastin and collagen (i.e., Young’s Modulus), one can distinguish the relative contri-
butions of ECM proteins to the tissue. Finally, cardiac nuclear imaging, including
single-photon emission computed tomography (SPECT) and positron-emission
tomography (PET), has been used to quantify the ECM content [25]. Radioactive
molecular probes are used in these techniques. The common targets include collagen
type I, Il and IV, as well as MMPs [37, 38].

3.2 Optical imaging techniques

Optical imaging techniques are often used to provide the images of collagen
fibers including their content and fiber orientation in intact, fresh tissues using
physical properties of photons [39]. Two primary optical imaging techniques are
the Second-harmonic Generation (SHG) and Small Angle Light Scattering (SALS).
SHG imaging is a form of nonlinear optical microscopy. It can be applied to fresh
or fixed tissues at varying depths (optical section), thus revealing the 2D or 3D
structure of the collagen fibers [40]. This technique is advantageous due to its high
resolution and specificity for the microstructure of collagen fibers [41]. However,
it only allows the imaging of samples to a certain distance (depth), and deep tissue
imaging systems are currently under development to enable larger length of pene-
tration [42]. SALS is another method to measure fiber orientation when a polarized
light beam is passed through a specimen—biological or nonbiological [43, 44]. The
distribution of the scattered light is used to identify fiber orientation and align-
ment [43]. The gross/average collagen fiber orientation can be obtained in tissues
with a thickness of at least 500 microns [45]. The advantage of this technique is the
capability to measure in thicker tissues than SHG; but the disadvantage is that only
an average of planar (2D) fiber orientation is derived, and the information along the
depth direction is unavailable.

3.3 Biochemical and biological measurements

Direct measurements of collagen can be obtained using a long-established bio-
chemical measurement — hydroxyproline assay, which quantifies the hydroxypro-
line content in digested samples. Hydroxyproline is a main molecular component of
collagen and its amount can indirectly reflect the collagen content or is converted
to collagen content with assumed collagen to hydroxyproline ratio [46]. Different
methods have been established to measure hydroxyproline including colorimetric
methods, high-performance liquid chromatography (HPLC) and liquid chromatog-
raphy-mass spectrometry (LC-MS) [47].
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In addition, tissue staining protocols—histology methods—are convenient to
examine the ECM protein content and structure without losing the local distribution
information. The common staining methods for collagen are Masson’s Trichrome
stains [35, 48] and Picrosirius Red stains [49]. Because mature collagen is birefringent
and the Picrosirius Red stain can enhance the birefringency of collagen, collagen
fibers can be visualized better and in more details under polarized light. It also enables
a quick examination of types I and III collagen in CV tissues due to the different fiber
thickness [50, 51]. Alternatively, the elastin is often examined by the Verhoeff-Van
Gieson (VVG) stain [52] and the glycosaminoglycans (GAGs) and proteoglycans are
examined by the Alcian blue stain [53]. Moreover, immunohistochemistry (IHC)
employs the use of antibodies to quantify the specific protein of interest [10, 11].

Non-microscopic measurement methods include enzyme-linked immunosor-
bent assay (ELISA) and other standard biological methods. ELISA has been applied
to detect collagen types I and III, as well as elastin and cross-linking of collagen
[54, 55]. Finally, like all other proteins, the ECM proteins can be quantified by the
protein expression using Western blot (immunoblotting) or by the mRNA or DNA
expression using JPCR (quantitative Polymerase Chain Reaction) [6, 56].

4. Alterations of biomechanical properties in cardiac disease
progression

Heart failure (HF) affects approximately 6.2 million adult Americans [57]. The
main causes of HF are myocardial infarction, pressure-overload (hypertension),
volume-overload, arrhythmia, valve stenosis or regurgitation, etc. Ventricular
dysfunction is the most common type of HF including left-sided HF with preserved
ejection fraction (HFpEF) and reduced ejection fraction (HFrEF), as well as
right-sided HF secondary to pulmonary hypertension and congenital heart disease
[58-60]. The malfunction of the myocardium can occur in the LV, RV, or both
ventricles (biventricular HF).

As shown in the overall scheme (Figure 1), the cardiac ECM remodeling is an inter-
active, dynamic procedure that brings the cellular function, tissue mechanical behav-
ior and organ function into one scenario. The ECM remodeling leads to both biological
(structural) and mechanical (functional) changes of the tissue, which in turn regulates
cell behaviors and alters the hemodynamics and cardiac performance. It is accepted
that the remodeling often starts with an attempt to maintain the homeostasis environ-
ment of the cells and organ. This is referred to as adaptive remodeling (compensation).
However, when the remodeling cannot achieve a ‘stable’ status of the new homeostasis
but continues to deteriorate, impairments of the cells and organ will occur. This is
known as adverse or mal-adaptive remodeling (decompensation). The mechanism of
transition from compensation to decompensation remains a key knowledge gap. In
almost all types of HF, cardiac fibrosis plays an important role in the pathogenesis; but
its effects on mechanical changes of the myocardium and the physiological function
are less noted. Hence, our discussion here will focus on the maintenance of the biome-
chanical homeostasis in common types of HF involving both LV and RV.

4.1 Biomechanical adaptations of hypertensive (pressure overload)
myocardium

4.1.1 Fibrotic changes in hypertensive LV and RV

Hypertension is defined as chronically elevated blood pressure in the systemic
circulation, with a systolic blood pressure greater than 120 mmHg, and/or a
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diastolic blood pressure greater than 80 mmHg [61]. It is one of the most preva-
lent pathologies in the United States, affecting approximately one in three adults.
Hypertensive heart disease (HHD) accounts for approximately a quarter of all
causes of heart failure [61]. In response to the pressure overload, cardiac hypertro-
phy and fibrosis are the most prominent events observed. The increased interstitial
and perivascular collagen is originated from several cell types including cardiac
fibroblasts, activated macrophages [62], cells derived from EndMT (or epithelial-
to-mesenchymal transition (EMT)) or myofibroblasts, which are transdifferenti-
ated from EndMT and EMT [21, 63].

In preclinical animal models, HHD can be induced by aortic banding [64, 65],
genetic alteration (e.g. spontaneous hypertensive rates (SHR)) [66], or other
methods that overlap with the models of systemic hypertension (e.g. high-salt
diet or angiotensin II infusion) [63]. From both clinical and animal studies,
various fibrillar collagen types such as I, III, IV, and V were reported to increase
in the hypertensive LV [12, 64, 65, 67, 68]. The regulation of collagen turnover
is dynamic. For instance, collagen types I and III increased within a day after
hypertension was induced [64, 65]. Collagen types I and III reached a peak content
(fivefold and 1.7-fold, respectively) at day 3, then decreased at day 7 and plateaued
four weeks after the aortic banding. In contrast, collagen type IV reached its peak
one day after the banding, and then began to decline at day 3 and plateaued at
day 7 [65]. A similar trend of an initial elevation followed by a decline of collagen
types I, IIl and IV has been reported by Jalil et al. in a rat aortic banding model
[64]. The time-dependent change has been suspected to be associated with the
transition from compensative hypertrophy to decompensation. The overall ECM
degradation in later stages of HHD is speculated to disrupt the mechanical support
and electrical conduction for myocardial contraction and promote cardiomyocyte
apoptosis, which results in impairments of cardiomyocyte contractility and organ
failure [12, 69].

There is no consensus on whether type I or type III collagen plays a more sig-
nificant role in the LV hypertrophy. Some studies have indicated a predominance
of type I collagen accumulation [70, 71], but others reported equivalent elevations
of type I and III [72]. In a patient study that examined the collagen type I and III
mRNAs expression in dilated cardiomyopathy, it was shown that the collagen type
ITI/1 ratio was higher in dilated cardiomyopathy patients (idiopathic, hypertensive
and alcoholic) than the healthy controls [73]. This suggests an important role of
collagen type III in the hypertensive LV fibrosis. The metabolism of the two collagen
isoforms may not be independent since it has been shown that type III collagen is
crucial for collagen I fibrillogenesis during the normal development of cardiovascu-
lar system [74]. Therefore, a further understanding of the role of collagen isoforms
in fibrosis is needed.

In the RV, similar fibrotic remodeling occurs in response to pulmonary hyper-
tension (PH), which is defined as a mean pulmonary arterial pressure (mPAP)
exceeding 20 mmHg [75]. Increases in total collagen content or collagen synthesis
were consistently reported in hypertensive RVs, from clinical to preclinical stud-
ies, from large to small animals, as well as from early to late stage of RV failure
[50, 76-78]. The types of collagen upregulated in the RV has been investigated
but inconsistent findings are reported. In a mouse model of PH (Sugen+hypoxia),
the ratio of collagen type I/III was increased in the diseased RV and it was mainly
attributed to the increase in type I collagen [78]. But in a recent ovine model of PH,
type III collagen rather than type I collagen was found to be increased more sig-
nificantly in the RV [51]. While both studies used Picrosirius Red stained histology
samples to quantify collagen isoforms in the RV, these results need to be confirmed
by other quantitative methods in future studies.
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Finally, not only is there a change of the collagen content, but the morphol-
ogy, cross-linking, and alignment are altered in the remodeling process. First, in
the hypertensive LV, collagen type I became thicker and denser, creating a tighter
mesh of fibers [64]. Second, the increase in collagen content is accompanied
with an increase in cross-linking as this is part of the maturation of new collagen.
Cross-linking is an enzymatic driven event and two types of enzymes—the LOX
(lysyl oxidase) family and TG (tissue transglutaminase)—have been found to be
upregulated in hypertensive myocardium [79, 80]. It has been shown that the col-
lagen cross-linking, not content, was associated with the LV chamber stiffness and
filling pressure [80, 81]. Collagen cross-linking was also associated with a higher
incidence of hospitalization in HHD patients [82]. On the other hand, the cardiac
remodeling requires degradation of insoluble collagens to enable rearrangement
of cells and matrix proteins, and reduction in collagen cross-linking was reported
as well [70]. Therefore, the role of cross-linking has not been fully understood in
HHD. Third, collagen fibers became more aligned in the hypertensive LV [65].
Similarly, enhanced fiber alignment has been reported in the RV. In rat PH RVs,
the myo-fibers and collagen fibers were more strongly aligned in the longitudinal
(apex-to-outflow) direction so that the tissue became more anisotropic in mechani-
cal behavior [83].

4.1.2 Mechanical changes in hypertensive LV and RV

Myocardial stiffening is widely evident in HHD patients, particularly revealed
by the increase in diastolic (passive) stiffness of the LV [65, 67]. The reduced
mechanical strain is a surrogate of myocardial stiffening and became noticeable
in hypertensive LVs even when the contractility was preserved [32, 84]. This
indicates that the stiffening occurs in the early stage of HHD. Increased myocardial
stiffness is thought to predominantly contribute to the diastolic dysfunction,
which is evident by increases in isovolumetric relaxation time (IVRT), and end-
diastolic volume or diameter (EDV or EDD) [85, 86]. Moreover, the persistent
diastolic dysfunction with a dilatation/thinning of the myocardium is associated
with impaired contractile (systolic) function, which was revealed by changes in
dP/dty,y, dP/dtyn, end-systolic pressure-volume relations (ESPVR), fractional
shortening (FS), ejection fraction (EF), stroke volume (SV), or cardiac output
(CO) [87]. The mechanical changes are of high clinical relevance as the myocardial
stiffness is significantly greater in the high-risk patients than in healthy controls,
which may indicate a transition to heart failure with preserved ejection fraction
(HFpEF) [88]. However, what initiates the transition from adaptive to maladaptive
remodeling remains unclear.

Like the LV, the RV myocardium stiffens under chronic pressure overload
[83, 89, 90]. The clinical evidence of RV stiffening in PH patients has been reported
via the myocardial strain or strain rate measurements [91, 92]. Compared with the
LV, the RV passive mechanics seem to play a more important role in physiological
function, which is supported by the findings that the RV elasticity is more closely
associated with the severity of RV failure and is better related to prognosis than
the RV systolic function [93-95]. The RV stiffening is also evident from ex vivo
measurements of RV mechanical properties from a number of preclinical animal
studies. A significant increase in RV stiffness was noted in the PH group in both
longitudinal and circumferential directions, with or without cardiomyocytes
[96, 97]. But some reported a greater change in stiffness in the longitudinal direc-
tion [90], whereas others reported a greater change in the circumferential direction
[89]. Therefore, the characterization of anisotropic mechanical changes of hyper-
tensive RV needs to be further elucidated.
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The potential clinical significance of RV stiffening has been explored in a few
studies. Jang et al. found that in PH rats, the RV longitudinal elastic modulus (EM)
derived at low strains was correlated with RV diastolic function (end-diastolic
elastance). This is the first report on the linkage of RV tissue mechanics and in vivo
hemodynamics [90]. Recently, from an ovine model of PH, the RV longitudinal
stiffness was significantly increased and correlated with the long-axis end-diastolic
or end-systolic diameter or area. Moreover, in the longitudinal (apex-to-outflow
tract) direction, there were trends of correlations between the low-strain EM and
the acceleration time, as well as between the high-strain EM and the decelera-
tion time. These findings indicate the critical role of the RV passive mechanical
properties in the organ function [98]. Nevertheless, the question remains as to how
exactly the mechanical changes affect the transition from adaptive to maladaptive
remodeling.

4.1.3 Different roles of fibrosis in hypertensive LV and RV?

Finally, the role of RV fibrosis in PH development may be different than the
fibrosis in the hypertensive LV. For instance, RV fibrosis occurs early with the
pressure overload and no report of collagen degradation has been noted in failing
RVs. In contrast, collagen degradation has been documented in the late stage of
LV failure (see Figure 3 below). Second, the RV fibrosis measured by T1 map-
ping was correlated with pulmonary arterial stiffness and RV RAC (relative area
change), but not correlated with pulmonary pressure, RV mass or ejection frac-
tion in PH patients [99]. This indicates that the RV fibrosis may be an early marker
of maladaptive RV remodeling before the deterioration in the functional metric
[99]. Such prognostic role has not been reported in LV fibrosis. Third, different
outcomes of anti-fibrotic treatment were found between LV and RV. In the LV,
treatments that induced reduction of fibrosis had led to regression of chamber
stiffness and function improvement [71, 100-103]. The beneficial outcomes of
anti-fibrotic treatment are convincing and recently reviewed [104]. But interest-
ingly, interruptions of collagen accumulation in RV had led to various conse-
quences. The restriction of collagen accumulation using a transgenic mouse model
resulted in limited RV hypertrophy and preserved RF function in PH develop-
ment, indicating a protective role of anti-fibrosis therapy for the RV [78]. Other
drug studies that demonstrated reduced RV fibrosis and improved RV function
are briefly summarized by Bogaard et al. [105]. But recently, an anti-fibrotic
intervention via suppressed Gelectin-3 expression (knock-out mice) or pharma-
ceutical inhibitors was insufficient to improve RV function in PH mice, despite an
improvement in RV fibrosis [106]. These results raise more questions about the
role of RV fibrosis in its function. Therefore, whether and how the fibrotic event
precedes the functional decline in the RV may be organ specific and remains to be
elucidated. Other different responses of the LV and RV to pressure overload are
listed in Table 2.

4.2 Biomechanical adaptations in volume overload myocardium

Volume overload is initially learned as physiological responses of myocardium
because of the reversible myocardial remodeling observed in athletes and women
in pregnancy. But pathological responses are also found in patients with heart valve
disease (regurgitation) and congenital heart disease, which alternatively lead to
heart failure. As aresult, different views form regarding whether the remodeling
from volume overload is adaptive and irreversible [110, 111]. In contrast to pressure
overload, volume overload is often treated as another type of mechanical ‘insult’
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RV LV
Fibrosis Persistent in all stages Mostly in early stage;
degradation occurs in late
stage
Cardiomyocytes | a-MHC and 1p-MHC (fetal gene 1B-MHC only; 1 ANP;
expression); no atrial natriuretic Improved energy metabolism
peptide (ANP); inefficient energy
metabolism
Collagen isoforms TypeIand III Type L 111, V, IV, VIII, and
more
Collagen fiber More aligned fibers into apex-to-outflow Thicker, denser collagen
tract direction type I, more cross-linking &
aligned fibers
Dilatation Occurs acutely in early stage Occurs in late stage
Capillary rarefaction? Yes No
(1 blood perfusion)
Inflammatory response Yes (macrophages, TNF-a, IL-1p) Yes (T lymphocytes, TNF-a,
involved? IL-1B)
Response to anti-fibrosis Discrepant findings on function Mostly effective
treatment improvement
Table 2.

Different responses of the LV and RV to pressure overload. MHC: myosin heavy chain; ANP: atrial natriuvetic
peptide. Adapted from [107-109].

in which the tissue is stretched beyond its normal state during diastole [112-114].
Under this type of mechanical load, collagen loss and chamber dilatation occurred
since the early stage and these changes persisted, leading to an overall decrease in
cardiac ECM [112-115]. Such remodeling was attributed to an increase in MMP
activity [113]. But elastin showed biphasic changes in the progression of ECM
remodeling. Ruzicka et al. reported an initial (within one week of induced volume
overload) increase in elastin concentration but then a decrease of elastin concentra-
tion below control levels 10 weeks after induced volume overload [114]. The reduc-
tion of ECM turnover in volume overloaded LV was related to a phenotype change
of fibroblasts into hypofibrotic type [116] and increased MMP expressions from
macrophages or mast cells [117-119]. An increased collagen III/I ratio was also noted
in the compensated stage of the remodeling [114]. The elevated ECM degradation
in volume overloaded LV seems to share common pathways as seen in late stage of
HHD—to enable ventricle dilatation and thinning and weaken the cell-matrix con-
nections, which impairs contractile function.

The RV did not undergo initial remodeling to the same extent of the LV. It is well
known that the RV is better in adaptation of the volume overload whereas the LV
is better in adaptation of the pressure overload [107, 120]. The chamber difference
also lies in the fact that LV alterations are more widely reported on than those of
the RV and that the RV has exhibited milder remodeling than the LV [121]. The less
pronounced remodeling including the ECM alteration of the RV may be explained
by the different origins and contractile behaviors of cardiomyocytes [120, 122] and,
thus, different responses to the mechanical stimulations.

Like in pressure overloaded HF, myocardial stiffening also arises in response
to volume overload and eventually leads to heart failure [123, 124]. For instance,
Emery et al. reported a 10-fold increase in LV mid-wall stiffness along the fiber
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direction and the cross-fiber direction six weeks after volume overload induc-

tion [125]. The underlying cause of the myocardial stiffening is investigated by
collagen measurement. Interestingly, despite the decrease in the relative collagen
content, there was an upregulation of collagen cross-linking [115]. A similar finding
was identified using hydroxylysylpyridinoline (HP) assay in minipig LVs [126].
Therefore, despite a decrease in total collagen content, the tissue stiffening occurs
due to elevated cross-linking in these ventricles [115, 125, 126].

Myocardial compliance, however, showed different trends of changes than the
intrinsic (material) mechanical property of the myocardium. This is because the
chamber compliance is a measurement of overall stiffness that incorporates changes
in the intrinsic mechanical property, the geometry of the wall (dilatation and thin-
ning) and the contractility of the heart (ventricular pressure). In the acute stage,
the LV wall dilated and the compliance increased 2 days after induction of volume
overload [112]. Similar findings are reported in the compensated stage. A signifi-
cant decrease in the end-diastolic pressure-volume relationship (EDPVR) and a
right shift of the pressure-volume loop were seen in the group with 8-week volume
overload [127]. This indicated increased compliance and chamber dilatation. But
at 15-21 weeks of volume overload, there was no significant change in the EDPVR
compared to that at week 8 [127]. Thus, the maintained compliance may be a com-
bined results of increased intrinsic stiffness and decreased myocardial thickness.

4.3 Different myocardial remodeling induced by pressure and volume overload

Both pressure overload and volume overload are categorized as the hemody-
namic (mechanical) ‘insult’ of the myocardium. The pressure overload is consid-
ered as an afterload increase whereas the volume overload is considered as a preload
increase. Therefore, the main mechanical stimulus difference lies in the ‘phase’ -
systolic phase for pressure overload and diastolic phase for volume overload, during
which the cells sense increased wall stress or stretch. The comparison of physi-
ological changes and cellular responses are reviewed previously [110, 111, 128],
and temporal myocardial responses to pressure overload and volume overload are
summarized in Figures 2 and 3.

[Early Stage (Compensation)| Late Stage (Decompensaﬂoﬁ

Collagen deposition ,__7-rf**"’r‘“f——“,__‘
[12], [64], [65], [99] —

Collagen cross-linking _
[80], [99] -

Cardiomyocyte Increased contractility Apoptosis (cell death)
[126],127]

Myocardial intrinsic stiffness e
[12], [32], [65], [99]

Myocardial dilatation ) —
[12], [87], [99]

Diastolic dysfunction L o
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Systolic dysfunction i
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Figure 2.
Temporal changes in myocavdial fibrosis, wall stiffening and physiological function in pressure overload
induced heart failure progression.
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Figure 3.
Temporal changes in myocardial fibrosis, wall stiffening and physiological function in volume overload induced
heart failure progression.

The initial (early) remodeling of these two types of overload is different, leading
to concentric remodeling (reduced volume and increased wall thickness (h) to
radius (r) ratio) in pressure overload and eccentric remodeling (increased volume
and reduced h/r ratio) in volume overload. Sometimes these changes are considered
as ‘adaptive’ since the wall stress was normalized by the remodeling (according
to Law of Laplace). However, at the cellular level, the ‘growth’ of cardiomyocytes
is in width (pressure overload) and in length (volume overload), respectively.
Interestingly, it remains unclear why and how the cardiomyocytes respond to the
higher stress at passive and active states differently [129]. Furthermore, as pointed
by Pitoulis et al., the late remodeling of these two types of overload ‘converges’,
indicating some common pathways shared in the decompensation stage [128]. The
convergence could be caused by a co-existence of these mechanical overloads in
the same patient or by the key shared pathways that lead to irreversible remodeling
at the late stage of heart failure. These are important questions that remain to be
investigated to further improve the clinical management of non-ischemic heart
failure patients.

4.4 Biomechanical adaptations in myocardial infarction (ischemia)

Myocardial infarction (MI) is caused by a reduction of blood perfusion in
coronary arteries and necrosis—cardiomyocyte cell death [130]. This is the most
studied type of heart failure, and there are numerous reviews on ECM changes in
MI [1, 2, 21]. Acute and chronic MI lead to significant inflammatory and fibrotic
responses by recruitment and activation of neutrophils, macrophages and (myo)
fibroblasts. Interstitial and perivascular fibrosis from both replacement and reac-
tive types of collagen accumulation greatly reduces the cardiomyocyte population
and muscle contractility. The failure to resolve the fibrotic region (scar) results in
a continuous stiffening and dilatation of myocardium and irreversible HF [105].
Compared to the LV, the RV is less susceptible to ischemic injury and it can recover
after prolonger coronary occlusion [131, 132]. Therefore, our discussion below is
mainly focused on the LV.

The initial response of MI is a cascade of events including the release of MMPs
and proteases, which is thought to trigger the post-MI inflammatory response and
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to degrade the ECM following proliferative phase [12]. Then, collagen deposition
is seen most prevalently in the infarcted region, creating a fibrotic scar [133]. The
injured region can be clearly identified, with a high-density mesh of small diam-
eter, aligned collagen fibers [134]. Both collagen types I and III were increased in
infarcted LVs [134, 135]. Cleautiens et al. found that type I procollagen expression
was increased and peaked by 10-fold four days post-MI, and the elevation remained
90 days after infarction. A similar trend was seen in type III procollagen, however
its levels reached a peak later at day 21 post-MI [135]. Alternatively, experimental
work also shows that the procollagen type III induction occurs earlier than that

of procollagen I [136]. Other fibrillar collagen, such as types V and VI, increased
in infarcted areas; for instance, the content of type VI peaked two weeks post-MI
[137]. Elastin content was found to increase initially, but it rapidly decreased to
values lower than the healthy tissue [134].

Moreover, regional changes occur in the non-infarcted zones. In the rat LV,
collagen concentration increased by 50% in the infarcted region, whereas only
a27% increase was reported in the remote region [138]. Furthermore, collagen
cross-linking only occurred in the infarcted zone and not in the remote region
[138]. Similarly, there was a gradient of changes in the mechanical properties
in different regions. The infarcted region showed mechanical alterations to the
highest degree; the border zone showed moderate changes, and the remote region
showed little to no change [139]. ECM remodeling also arises in the septum and RV
with infarcted LV [135]. A 4-5 folds increase in expression of procollagen types I
and III mRNA was observed in the septum within three weeks post-MI, followed
by a decline to control levels. A less but significant elevation of collagen types I
and IIT also occurred in the RV, with levels of type III remaining elevated 90 days
post-MI [135].

The injured area post-MI is predominantly a fibrotic scar with time-dependent
changes in mechanical properties. Torres et al. found that the myocardial stiffness
increased initially in the MI region, then in the border zone and the remote region.
At 28 days post-MI, the myocardial longitudinal stiffness in all three regions
decreased, and the reduction was most notable in the MI region with a 40%
decrease [139]. Decreases in stiffness in the infarcted zone in late MI have been
documented in other studies: the tissue becomes more compliant and more iso-
tropic compared to the healthy tissue [140]. The initial increase in stiffness can be
attributed to deposition of collagen and increased collagen isotropy [141]. At later
stages, tissue became softer (e.g., 6-8 weeks post-MI) due to collagen degradation
[131, 132, 140, 141]. These biomechanical changes are speculated to contribute
to the further thinning and dilation of the myocardium leading to irreversible
HF. Thus, the end-stage of HF due to MI, pressure overload and volume overload
seem to share some common pathways associated with similar biomechanical
alterations.

4.5 Biomechanics of heart valves
4.5.1 Biomechanical altevations in heart valve disease

Heart valve disease can occur as a result of various causes such as aging, birth-
defects, or infections. Depending on the mechanical abnormalities, the heart valve
disease can be categorized into two types—stenosis (with reduced opening of
valves) and regurgitation (with incomplete closure of valves). These mechanical
changes will increase the mechanical load of the ventricle and reduce cardiac out-
put. Often the disease progression involves a mix of pressure and volume overloads
and biventricular dysfunction. Aortic valve disease (AVD) is the most studied
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heart valve disease and involves high levels of ECM degradation and calcification.
For instance, collagen I and III decreases resulted in decreased valve stiffness

[142]. But the aggregation of calcium hydroxyapatite (calcification) that replaces
degraded collagen can lead to an ultimate stiffening of the valve leaflets. We recom-
mend the reader to these thorough reviews of the biomechanical changes of heart
valves in heart valve disease [143-145].

4.5.2 Role of ECM in the mechanics of heart valves

In healthy valve leaflets, collagen makes up ~90% of the ECM and thus is the
main load-bearing component. Elastin, proteoglycans, and GAGs also contribute
to the mechanical properties of the heart valves. This dense connective tissue is
highly organized and present special viscoelastic mechanical behavior (minimal
creep but significant stress relaxation) [146]. Therefore, any changes in the collagen
fiber orientation or ECM proteins will induce mechanical dysfunction and thus
abnormal opening/closing of the valves. The necessity of investigation of valve
ECM is recently reviewed [143]. Furthermore, for the atrioventricular valve (i.e.,
mitral valve or tricuspid valve), the additional connection of the leaflets (LL) to the
chordae tendineae (CT) and then further to papillary muscles (PM) has extended
the research into transition regions of LL-CT and CT-PM. Because CT rupture is the
primary cause of valve regurgitation, the mechanical properties of these regions
are critical to delineate the pathology. Advanced methodologies on collagen fiber
quantification (e.g., X-ray diffraction) and computational models were recently
adopted to investigate the macro- and micro-mechanical properties of these transi-
tion regions [147, 148], although the research has been mostly focused on healthy
tissues. A nice review of the microstructural mechanical characterization on CT of
valves is referred here [149].

Collagen fibers in the CT contribute greatly to the overall function of the
valve [147]. From the mitral valve (MV), collagen fibers found in the CT form a
‘core’ that are oriented longitudinally, with another group of collagen fibers that
wrap around the core, offset from the primary axis [150]. Conversely, it has been
observed that the CT extending from the tricuspid valve (TV) consists of smaller
diameter of fibers but in higher densities than the MV [151]. This difference
in collagen formation is a result of the mechanical needs of each CT, as the TV
experiences lower loading than the MV. In diseased valves such as myxomatous
degeneration of the mitral valve (MDMYV), collagen deposition and myofibroblasts
activation are observed. Although accumulation of collagen fibers is often associ-
ated with increased stiffness, the CT in MDMYV actually becomes more compliant.
Barber et al. found that the elastic modulus (EM) of healthy CT (132 + 15 MPa), as
well as the failure strength (25.7 + 1.8 MPa), were significantly higher than those of
diseased CT in MDMV (40.4 + 10.2 MPa and 6.0 + 0.6 MPa, respectively) [152]. A
similar finding was also observed in other valve diseases: myxomatous degenera-
tion of the tricuspid valve by Lim et al. [153], as well as by Casado et al. in the calci-
fied mitral valve CT [154]. In such cases, the collagen fibers in the center core of
the CT became disorganized and were no longer formed in tight bundles as they do
in healthy CT [153]. Therefore, the altered alignment and dis-organization of the
collagen fibers reduce the overall stiffness as well as the tensile strength of the CT.

5. Mechanobiology of cardiac cells

As we discussed above, ECM remodeling is a critical part of tissue’s response
to altered mechanical loads or other pathological stimulations (e.g., ischemia)
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[112-114, 155-160]. This leads to dynamic alterations of the myocardial mechani-
cal properties including the anisotropic, nonlinear elastic behavior as well as the
viscoelastic behavior. The clinical relevance of ventricular mechanical behavior has
been recently reviewed by our group [76]. In this chapter, we will focus on another
impact — the cellular response to substrate biomechanical properties. Because of the
prominent role of fibrillar collagen in myocardial mechanical behavior (especially
in diseased tissues), we will mainly discuss the cellular response caused by fibrillar
collagen deposition. The influence of other ECM proteins on cardiac cells during HF
progression is reviewed in these references [12, 161].

The cardiac cell’s response to mechanical factors has been mostly investigated
by exposing cells to steady or cyclic stretches to mimic myocardial contraction.
Compared to the unstretched condition, there was significant increase in procol-
lagen type I activity in cultured fibroblasts under cyclic stretching [156, 157].
Alternatively, Carver et al. evaluated the change in collagen III/I ratio in isolated
cardiac fibroblasts. After 12 hours of cyclic loading, there was a 70% increase in
the ratio of type III to type I collagen compared to unstretched cells [158]. Not only
the collagen synthesis but also the degradation signaling pathway are upregulated
by the mechanical loads. Multiple studies have found an upregulation of MMPs,
particularly MMP-2 and MMP-9, in response to mechanical stretches compared to
unstretched conditions [113, 155, 159]. Since the expression of collagen or procol-
lagen was greater than that of MMP’, a net increase in collagen was observed
[155]. This mechanical regulation can be attributed to higher levels of transform-
ing growth factor beta 1 (TGF-p1), which stimulates fibroblast’s growth and
transdifferentiation and ECM protein synthesis [155, 160]. However, while these
findings strongly advocate the mechanical regulation of cardiac fibroblasts and
fibrogenesis, the unstretched condition is non-physiological and thus it is difficult
to directly translate the findings into pathogenesis of fibrosis and heart failure.

More in-depth investigation of the substrate’s mechanical regulation is per-
formed by varying the magnitudes of mechanical strains or comparing the effects
of tensile stretch and compression. For example, after 24 hours of culture of
cardiac fibroblasts, Lee et al. found that the expression of collagen type I mRNA
significantly increased at uniaxial strain of 10% but showed no change at 20%
strain. In contrast, type III collagen mRNA expression significantly increased
at 10% strain but decreased at 20% strain. The response of collagen type III was
more prominent than collagen type I [160]. In compression though, no significant
change was noted in type I or III collagen mRNA. The different response between
stretch and compression is intriguing as it implies that it is the mechanical signal in
diastole (stretching of wall), not in systole (compression of wall), that stimulates
the fibrotic response in fibroblasts. But a discrepant result is also reported. Kong
et al. observed at compressive cyclic loading (5-20% strain) an upregulation in
collagen type I and TGF-f1 expression [155], whereas Lee et al. reported significant
increases only in TGF-p1 expression and no notable changes in collagen type I at 6%
compressive strain compared to unstretched cells [160].

Besides the mechanical forces, it is also critical to investigate if and how the
mechanical stiffness of the substrate affects cellular function. To date, a few in vitro
studies have reported the regulation of matrix stiffness using synthetic hydrogels
tuned to match the stiffness of healthy and diseased myocardial tissues. When
cultured on different stiffness of poly (ethylene glycol) (PEG) hydrogels, cardiac
fibroblasts were activated into myofibroblasts by increased stiffness (6 vs. 60 kPa)
and addition of TGF-p1 stimulation. Furthermore, only the condition medium
from fibroblasts cultured on stiff matrix treated with TGF-p1 caused neonatal rat
ventricular myocytes enlargement, indicating a synergistic effect of matrix stiffness
and TGF-p1 on the activation of myofibroblasts and myocyte hypertrophy [162]. In
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addition, the fibroblasts responded to the dynamic stiffening of the PEG hydrogel
(from 10 to 50 kPa) by increasing cell spread area and reducing nuclei round-

ness within 2-5 days of culture, mimicking the iz vivo observation of phenotype
changes of fibroblasts [163]. Increased fibroblast cells spreading and collagen type I
expression, and decreased collagen III expression were reported in stiffer matrix

Biomechanical Cue Cell Type Main Finding Ref
Polyacrylamide gel with Adult Rat Contracting force of the CM [165]
varying stiffnesses: 8 kPa, Cardiomyocytes (CM) tends to increase with matrix
15 kPa, 50 kPa, 100 kPa stiffness. Contractile function,
(stiffness range from healthy though, is normalized when
to diseased heart the matrix stiffness was
returned to healthy levels
PDMS surfaces with varying Adult Rat On soft surfaces, CM exhibits [166]
stiffnesses: 1 kPa, 6 kPa, Cardiomyocytes (CM) greater contraction than those
20 kPa, 130 kPa (embryonic on stiff surfaces. Sarcomeres
stiffness to fibrotic heart show faster shortening speeds
stiffness) on soft surfaces. TGF-p1 is
more prevalent on stiffer
surfaces
PEG hydrogels with varying Neonatal Rat Ventricular Regardless of matrix stiffness, [167]
stiffnesses: 10 kPa (healthy Cardiomyocytes (CM) myocytes spontaneously
neonatal heart), 35 kPa contract and form healthy,
(diseased neonatal heart) organized sarcomeres.
However, fractional
shortening increased only on
soft gels
Collagen type I matrix Alveolar-like Non-fibrous collagen leads [168]
morphology (fibrous vs. Macrophages to cells with higher filopodia
non-fibrous) and stiffness (actin-rich protrusions) and
(48-170 kPa) higher CD206 expression,
whereas stiffness has no
significant impact on cell
behavior
Fibronectin coated Human Macrophages Stiffer substrates leads to [169]
polyacrylamide gels with larger cell spread area, faster
varying stiffness: soft migration speed, less dense
(1-5 kPa) to represent but more organized F-actin,
healthy artery and stiff and increased proliferation
(280 kPa-70 GPa) to rate
represent atherosclerotic
plaque
Polyacrylamide Gel with Mouse macrophages Cell elasticity increases with [170]
varying stiffness: 1.2 kPa to increased matrix stiffness;
represent normal lungs and and cell elasticity is a major
150 kPa to represent fibrotic determinant of innate
lungs macrophage function
PEG-RGD hydrogel with Mouse macrophages Stiffer hydrogel leads to [171]

tangent (compressive)
modulus from 130 kPa to

larger cell spread area and
more extended branches of

840 kPa actin, activation of pro-
inflammatory cytokines, and
more severe foreign body
response

Table 3.

Summary of in vitro studies of matrix stiffness dependent changes in cell behavior and function.
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(3 vs. 8 kPa), which is postulated to imitate the late stage MI heart with matured
scar formation [164]. In the same study;, it was also found that the cross-linking of
collagen was ‘triggered’ by non-equibiaxial static stretch mimicking in vivo strains
in the border region rather than the matrix stiffening. While this experiment
design de-couples the mechanical stretch and stiffness, it must be noted that in
physiological conditions, these two factors are not independent - a stiffer material
will result in reduced stretch/strain under the same pressure. We have listed a few
in vitro studies that investigated the responses of cardiomyocytes or macrophages
to substrate stiffness in Table 3. These pilot studies highly support a role of ECM
mechanical properties in cellular regulation relevant to cardiac ECM remodeling.
Overall, the area of cardiac mechanobiology is still very young, as we reviewed
recently [76]. The discrepant elastic moduli reported from literature and different
matrix stiffness ranges selected by various groups have increased the difficulty to
delineate the cellular responses in the progression of cardiac diseases. Therefore,
future studies should aim to further elaborate the role of matrix mechanics (stretch/
strain, stiffness, etc.) in heart failure development.

6. Conclusions

The cardiac ECM is critical in maintaining cardiac tissue structure and func-
tion. Many studies have been conducted to measure ECM proteins in healthy and
diseased myocardium to better understand their roles in cardiac remodeling -
including the biomechanical changes. Our review shows that the ECM remodeling
(particularly collagen accumulation) in HF is both spatially and temporally depen-
dent. We have compared the myocardial collagen deposition, wall stiffening and
systolic and diastolic dysfunction between early and late stages of various types of
HF. While the initial remodeling events being quite different among these diseases,
common biomechanical changes are shared in the end-stage of HF - ECM degrada-
tion with persisted cross-linking, which are associated with thinning and dilatation
of the myocardial wall. However, the relation of cardiac fibrosis to the transition
from compensation to decompensation remains to be elucidated. Furthermore,
we have high-lighted different responses of the LV and RV to ‘identical stimulus’
(pressure overload, volume overload and ischemia). The interventricular difference
should be another important future direction of research, which may help to bring
new insights into the pathogenesis and treatment for ventricular failure.
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Abstract

The cornea is the transparent part of the eye that allows light to enter into the
eye and reach the retina, thereby activating the neurons that will send messages
to the brain. The sclera is the hard-white part of the eye, and its main function is
to provide structure and form to the eye, and to support the retina. Indeed, while
the cornea best performs its main functions when transparent and it is capable
of adapting its curvature to allow the eye to focus, the sclera must be opaque and
hard to function correctly. Both structures are mainly composed of collagen, some
elastic fibres and ground substance, all components of the Extracellular Matrix.
The disposition of the collagen fibres and the amount of ground substance around
the fibres is responsible for the differences in the aspect of both these structures. In
this chapter, for the first time we have compared the structure and ultrastructure of
the cornea and sclera in humans and the whale adult (18mts) Balaenoptera physalus,
the second largest animal on the planet. We will discuss how the differences in their
structure may be related to the maintenance of intraocular pressure in their distinct
environments, which is of particular clinical interest as increased intraocular pres-
sure is one of the main causes underlying the development of open angle glaucoma.

Keywords: cornea, sclera, extracellular matrix, structure, ultrastructure, collagen,
whale, eyes

1. Introduction

The cornea and sclera are the two most external structures of the eye and the
extracellular matrix (ECM) plays a crucial role in their activity. While the cornea
is transparent and located in the front the eye, the sclera is the white part that
forms the rest of the eye, giving it its spherical form, and providing hardness and
structural protection to the internal part of the eye. Different types of collagen
constitute the core of both structures, which is surrounded by the so-called “ground
substance” that lies between the collagen fibers and around the few cells that are
present in these elements. The viscoelastic properties of the cornea and sclera define
the distensibility of the eye, which is related to the control these structures exert
over intraocular pressure. Moreover, the cornea fulfils its main functions at the
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interface of the eye with air or water (depending on the habitat). Indeed, the cornea
is the principal refracting surface of the dioptric system of the eye, which is why it is
transparent, avascular, viscoelastic and quite resistant to deformation.

The structural and chemical composition of the ECM of very large eyes like the
whale’s eye has been little studied. The human eye measures approximately 2.3 cm
in diameter and the two whale’s eyes that we have analyzed were 12 and 13 cm in
diameter (Figure 1). In this chapter we compare the morphological and structural
aspects of the human cornea and sclera with those structures in one of the largest
eyes ever studied. We consider that at least some of the differences in the structure
of these eyes is likely to help adapt the whale to its very extreme conditions of life.
These animals live between two very different habitats, capable of rapidly shifting
between the water surface and the very deep sea, experiencing huge changes in
pressure that their eye can only support without deforming thanks to the strong
structure of both the cornea and sclera.

Here we will consider the two structures separately, the cornea and sclera,
although there is a continuation between both in the eye. The composition of both
structures is very similar, mainly comprised of an ECM that contains collagen, as
mentioned above, although the organization of the collagen fibers in each dif-
fers underlies their distinct viscoelastic characteristics. Quick-freezing and the
deep-etching methods have been used in ultrastructural studies of the collagen
fibers in the cornea and sclera, demonstrating that corneal collagen fibers were
separated by moderate interfibrillar spaces. By contrast, scleral collagen fibers
were organized compactly, with fewer interconnecting filaments. In the sclera, the
collagen fibers have a wider diameter (around 200 nm) than those in the cornea
(around 40 nm), and the periodicity of the collagen striations was variable in each
structure, although in the sclera these striations were difficult to detect because of
the surrounding ground substance [1]. Here we used several techniques to study
the whale’s cornea and sclera, from classical histochemical trichromic staining
(Figure 2), fluorescent light microscopy (Figure 3) to scanning electron micros-
copy (SEM) (Figures 4 and 5), in addition to Raman spectroscopy (Figure 6).
While microscopy will enable us to determine the structure and ultrastructure of
the tissue, Raman spectroscopy is a technique that can be used to optically probe
the molecular changes in the tissue. The result of this technique is a spectrum

O Human

Figure 1.
(A) Scheme of the whale and human eye in proportional scale. In green the sclera and in blue the cornea
(B) Picture of half of the whale’s eye. (C) cornea, (S) Sclera.
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characterized by shifts in wave numbers, which in many cases can be associated
with the vibration of particular chemical bond (or single functional group) in the
molecule [2]. We will describe the two structures cornea and sclera, comparing
human and whale main differences.

2. Methods

Four methods were used to study the extracellular matrix. Two light microscopy
methods, for that purpose the cornea and sclera were fixed for 12 h with parafor-
maldehyde (PAF) 4% and for the other two techniques of electron microscopy a
post fixation with 2,5% glutaraldehyde for 2 h was performed after the previous
fixation with PAF. The first histological technique used was Masson’s trichrome
staining, performed in 5 micrometers paraffin sections to visualize the collagen
fibers in blue/green from the extracellular matrix (Figure 2). The second technique
used was fluorescence microscopic technique, to determine the organization of
the keratocytes. For that purpose the nuclei of the keratocytes were stained with
DAPI in cryostat sections (14 micrometers) (Figure 3). The third technique was the
scanning electron microscopy (SEM) to visualize the ultrastructure of the matrix
components, for that purpose, small portions (few mm?) of cornea and sclera were
dehydrated in increasing gradation of alcohol followed by complete dehydration
with hexamethyldisilazane (HDMS), then the pieces were oriented in the platform

Ao C‘N B ' Sclera

| : : . g T s

Figure 2.
Trichrome staining of paraffin sections from cornea (A) and sclera (B) of whalek eye. Note the linear and parallel
organization of the fibres in cornea and the different orientation of the fibres in the scleva. Scale bar 50 pm.

Cornea Sclera

Figure 3.

Fluovescence microscopic picture of the nuclei of the keratocytes. Note their distribution and ovientation in
cornea (A) and scleva (B) stained with DAPI. In the cornea there are lower number of keratocytes and they are
morve organized than in the scleva. Scale bar 100 pm.
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of the microscope and coated with gold (Figures 4 and 5). The last technique was
RAMAN microscopy, for that purpose small portions of cornea and sclera were
dehydrated as for the SEM, but the HDMS step was not carried out. Thus, the
samples were analyzed with a confocal InVia Raman (Renishaw) connected to

a spectrophotometer and an excitation laser of 785 nm was connected to a Leica
microscope to register the spectro of the different tissues (Figure 6).

3. The cornea

Asindicated above, the cornea is a transparent organ that allows the light to
enter into the eye. The features that contribute to its transparency are a thin epi-
thelium, the absence of blood vessels and its chemical composition, mainly com-
prised of collagen and some important ground substance, with very few cells. The
cornea has five main parts: (1) the epithelium; (2) Bowman’s layer; (3) the stroma;
(4) Descement’s layer; and (5) the endothelium. In this chapter we will concentrate
on the stroma, of which the ECM is the main component.

In humans the cornea is approximately 0.5 mm thick, while in the whale’s
eye it measures 3 to 4 millimetres. In both cases it is composed almost entirely of
collagenous lamellae. The collagen fibres are organized in lamellae approximately
6 mm in diameter but with certain variability in their width and thickness. The
lamellae are arranged parallel to the corneal surface and sometimes they form loose
fibrillar networks. The collagen fibres within the bundles lie parallel to each other,
and they are uniform in size and spacing, a feature produced by the cementing
ground substance that is distributed regularly between the fibres (Figure 2). In the
most peripheral cornea, the lamellae gradually adopt a less regular orientation and
little-by-little their structure approximates to the organization in the sclera [3]. The
collagen fibres in the central cornea vary in diameter between 21-65 nm in humans
[4], data that is consistent with that found in our human SEM preparations.

A few specialized fibroblasts called keratocytes can be found between the
collagen fibres, and they are responsible for the synthesis of the collagen and
ground substance. Only a small proportion of the cornea is occupied by these cells,
around 2-3% in humans, and as such, it is generally considered an almost acellular
structure [5]. The small number of cells present in the corneal stroma, the avascular
nature of this structure and the very well-organized collagen lamellae, all contrib-
utes to the characteristic transparency of the cornea (Figures 2 and 3).

The ground substance in the cornea consists of mucoproteins, glycoproteins and
other substances exclusive to collagen, and it forms a cement like filling in the space
between the corneal fibres. In 1969, using alkaline lead, citrate and uranyl acetate
staining, 2 nm diameter filaments were seen to exist at right angles to the collagen
fibres that they connected, postulating that these were the proteoglycans that bind
to the corneal collagen D-period [6]. Using cationic dyes (alcian blue, cuprolinic
blue, cupromeronic blue) in a critical electrolyte mode, the presence of proteo-
glycans was confirmed. Later studies described these proteoglycans to be keratan
sulphate (lumincan) and dermatan sulphate (decorin) in the cornea [7], while
only dermatan sulphate proteoglycan was found in the sclera, bound to the same
sites as in cornea [8]. It was subsequently proposed that these molecules play a role
in maintaining the relative positions of the fibrils, which is important for corneal
transparency [9, 10]. So far, the most sophisticated and less invasive technique to
study the ultrastructure of the cornea, without affecting the physiological state of
hydration is the X-ray [11] and this will help in the future for a better understand
the pathophysiology of the cornea.
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Figure 4.
Scanning electron microscopy pictures of the whales (A) and human (B) corneas. Note the distribution of the
fibers in laminar bundles. Scale in pm.

The corneas of the whale studied are oval in shape, with axes of 5x 3 cm, and
they have a convex outer surface. The corneal thickness varies between the centre,
where it is 2.5 mm thick, and the periphery where it is thicker, measuring 4 mm
at the corneal-scleral boundary. The diameter of the corneal collagen fibres also
differed significantly between the human and whale. Thus, while in humans the
corneal fibres are around 60 nm in diameter, in whale they measure around 200 nm
(Figure 4). The composition of the collagen is probably very similar in both species,
not least because their histochemical staining is very similar, also resembling that of
the pig, rat and mouse cornea. Moreover, and in addition to SEM and TEM, when
the whale cornea and sclera was studied by Raman spectroscopy, the characteristics
of the peaks for the collagen components were similar to those in humans [12].

4, The sclera

The sclera is the white part of the eye and it is relative thin, ranging from 0.6 mm
in the anterior part to 1 mm in the posterior part of human eyes. However, the sclera
is very thick in large whales like the fin whales that we have studied, and it measures
3 to 4 cm at the back of the eye, although it is thinner (0,5 cm) in the anterior part
(Figure 1). This thick and quite hard structure serves as a coffer in which the sensi-
tive parts of the eye like the retina can be protected from the intense pressures these
animals are exposed to when swimming in the deep seas.

The ECM of the human sclera is mainly composed of type I, III, V and VI col-
lagen. The principal function of type I collagen is to resist tension, while type III
collagen is considered essential in maintain the structure of expandable organs and
type V collagen has been implicated in controlling fibril diameter. Type V collagen
also fulfils a role in anchoring to the basement membrane and adjacent stromal
matrix, a function it shares with type VI collagen [13]. In the sclera, the collagen
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fibrils have various diameters, ranging from 25 to 230 nm. Although these collagen
fibrils form bundles, their arrangement is more heterogeneous in the sclera than

in the cornea. These collagen bundles vary in width and thickness, often sprouting
branches and intertwining with each other, at least in humans [14]. Moreover, in the
sclera there is a narrower interfibrillar distance than in the cornea and the ground
substance is more abundant, impairing the discrimination of the band periodicity
of the collagen fibres. Indeed, it has been necessary to use special treatments and
atomic force microscopy to describe the differences in the periodicity of the col-
lagen bands between the cornea and sclera [15].

In transverse section of the eye the human sclera is thinner towards the corneo-
scleral junction, while it thickens in the medial direction, posterior to the vitreous
chamber, where it joins the bundle of the optic nerve. The dorsal part of the sclera
is larger than the ventral domain, which means that the optic nerve can exit the eye
with a ventral disposition. The collagen fibres that make up the sclera are mainly
embedded in the ground substance and the characterization of the different types
of collagen fibres has been achieved in humans by immunogold EM staining [16].
The fibres are tightly packed and arranged in different directions, which provides
the eyeball with strength and shape (Figures 2B and 5). Close to the corneo-scleral
limbus, large blood vessels circulate not far from the angle, forming a ring. In the
sclero-corneal stroma of the limbus there is a large number of pigmented cells and
numerous channels are present in this area that form the well-developed trabecular
meshwork responsible for draining aqueous humour toward the veins.

The analysis of the whale’s sclera using Raman spectrometry showed us that
even when the thick sclera is quite hard (with a texture like a spongiosum bone),
hydroxyapatite does not appear to be present and thus, we concluded that the hard
sclera is not ossified Indeed, when comparing the spectrometry fingerprint of
human bone with that from the whale’ sclera, both structures share collagen peaks
(Figure 6). The sclera is likely to be important in preserving the shape of the eye-
ball, shielding it from the effects of the deforming forces. Indeed, this large eye can
be retracted or protruded thanks to a large muscle that surrounds the optic nerve

Figures.
Scanning electron microscopic pictures of (A) and (B) are both sclera collagen fibers from whale’s sclera. (A)
lower and (B) higher magnification. Scale in um.
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Figure 6.
Raman spectrometry (A) overlapping the spectra from human bone (blue) and whale’s sclera.

and that is full of blood vessels, the ophthalmic rete [17]. It is possible that this large
muscle also helps the eye and a thick sclera resist the pressure of the deep seas and
avoid eye deformation.

5. Implications of the cornea and sclera extracellular matrix in glaucoma
and other eye pathologies

Glaucoma is the main cause of blindness in the world. Although there are
several types of glaucoma, the most common is characterized by an increase in the
intraocular pressure (IOP) that induces neurodegeneration in the retina. Indeed,
glaucoma leads to the death of the retinal ganglion cells that are the responsible for
sending visual information from the eye to the brain, thus causing blindness [18].
The increasing of the intraocular pressure is due to the elevated secretion of aque-
ous humour or to a reduction in the evacuation of it, mainly through the trabecular
meshwork. So far, in the human eye it has not been detected any sensor to detect
and control the intraocular pressure. Interestingly, encapsulated sensory corpuscles
are specialized nerve endings located in the corneo-scleral area that do not have a
very clear function. These have been found in different cetaceans and in the whale
Balaenoptera acutorostrata, they were also found in the buccal cavity. It has been
speculated that these corpuscles might play a role in detecting and controlling the
pressure in different areas of the eye including the sclera [19].

The thickness of the cornea is very important and has to be taken into consider-
ation in order to measure IOP correctly. Since the way to measure the IOP is through
the cornea, the instruments used must be adapted to the mean cornea thickness.
However, in order to correct the defects, a refraction technique has been developed
that involves correcting the curvature of the cornea by reshaping the stroma of the
cornea with a laser, LASIK surgery. The thickness of the cornea is critical to be able
to perform this surgery, particularly since the mean cornea thickness in humans is
500 um and it reaches a maximum of 600 um, and LASIK surgery should not be
performed on thinner corneas. After LASIK surgery, the patient should retain a
minimum of 250 pm corneal thickness. In this sense, IOP measurements can vary
depending on the thickness of the cornea, being underestimated in patients with
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thinner corneas and overestimated in patients with thicker corneas. Another side
effect of re-shaping a thin cornea is the deformation in the central part, which can
alter corneal curvature, so-called keratoconus. This is a phenomenon that leads to

a gradually bulging of the cornea outwards into a cone shape, which causes blurry,
distorted vision. In order to correct this keratoconus crosslinking of the collagen
fibers should be performed by applying UV light to the collagen fibers, thereby
reinforcing the structure of the cornea. The UV light together with the application
of riboflavin (vitamin B2) will enhance the bonds between collagen fibers in the
stroma of the cornea [20]. It is also hypothesized that stiffening of ocular structures,
including cornea and sclera may be related to the pathogenesis of glaucoma [21].

Another alteration to the cornea that can influence IOP measurement is the
prolonged use of contact lenses. Initially, contact lenses can induce a flattening of
the cornea during the first months of use, but prolonged use can cause a thinning
of the cornea with some deformation. Thus, we can conclude that prolonged use
of contact lenses negatively influences corneal physiology. Aging can also change
central and peripheral corneal thickness. By using ultrasonic pachymetry in 250
patients aged 9 to 97 years, it was concluded that central corneal thickness increases
significantly with age, whereas the degree of symmetry decreases [22]. Accordingly,
there are different factors that can affect corneal thickness and thus, IOP measure-
ments, which could influence the detection and treatment of glaucoma.

The sclera provides a tough fibrous support structure for the retina and optic
nerve, fulfilling a biomechanical function that may be crucial in glaucoma. Several
studies have assessed collagen fiber architecture in order to identify if uniaxial (one
preferred direction) or biaxial (two directions) collagen organization of the sclera is
related to glaucoma. So far, changes in fiber orientation have been detected between
glaucomatous and non-glaucomatous eyes, although it could be an adaptation to the
elevated pressure and it is not clear if there is a predisposition to glaucomatous axon
damage [23]. However, the very hard, strong and thick sclera present in the whale’s
eye means there is no capacity for distension or structural modification. As such,
any elevation in IOP in whales would be sensed by the retina. The other structure
in the eye that is sensitive to IOP is the lamina cribosa (LC) or cribiform plate that
forms a scaffold for the passage of the optic nerve’s axon bundles, anchoring the
bundles to each other and to the sides forming the optic nerve. It reinforces the pos-
terior eye, protecting it from injury at the site of optic nerve exit. The LC is subject
to mechanical strain as it lies at the border between two different compartments
subject to pressure: the anterior compartment to IOP and the retrobulbar compart-
ment to that of the cerebrospinal fluid [24]. Hence, the LC has been proposed as the
main site controlling the pressure that represents the insult to retinal ganglion cell
axons in glaucoma [25]. Moreover, the LC thickness and the posterior displacement
of its components have been associated with the rate of progressive retinal fiber
layer thinning and the severity of glaucoma. Changes in the structure of the LC
have been found in patients with glaucoma, indicating that these structural changes
could provide information regarding the evolution of glaucoma [26]. However, in
our large exanimated animals, the LC of the whales is as hard as the sclera, which
means it will be very difficult for it to deform. Thus, in these animals there is a very
limited possibility for the eye to deform in response changes in the IOP.

6. Conclusions
In conclusion, we have evaluated the structure of the eye in the second largest

mammalian on the planet, the long fin whale, considering the possible functional
consequences of its features. These eyes are around 150 times larger than the human
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eye, although their structure is very similar and their ECM components are also
comparable, albeit in different proportions. Thus, the cornea and sclera are thicker,
adapting to the whale’s ecosystem and to the physiology of their body size. The very
large structures and the rigid ECM lead us to consider the implication of the ECM
in eye diseases like glaucoma and keratoconus, which in these animals will be very
difficult to explain in the context of their very distinct dimensions and structure.
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Chapter 4

The Evolutionary Origin of
Elastin; Is Fibrillin the Lost
Ancestor?

Fernando Rodriguez-Pascual

Abstract

Elastin is the extracellular matrix protein providing large arteries, lung
parenchyma and skin with the properties of extensibility and elastic recoil. Within
these tissues, elastin is found as a polymer formed by tropoelastin monomers
assembled and cross-linked. In addition to specific protein regions supporting the
covalent cross-links, tropoelastin is featured by the presence of highly repetitive
sequences rich in proline and glycine making up the so-called hydrophobic domains.
These protein segments promote structural flexibility and disordered protein
properties, a fundamental aspect to explain its elastomeric behavior. Unlike other
matrix proteins such as collagens or laminins, elastin emerged relatively late in
evolution, appearing at the divergence of jawed and jawless fishes, therefore pres-
ent in all species from sharks to humans, but absent in lampreys and other lower
chordates and invertebrates. In spite of an intense interrogation of the key aspects in
the evolution of elastin, its origin remains still elusive and an ancestral protein that
could give rise to a primordial elastin is not known. In this chapter, I review the main
molecular features of tropoelastin and the available knowledge on its evolutionary
history as well as establish hypotheses for its origin. Considering the remarkable
similarities between the hydrophobic domains of the first recognizable elastin gene
from the elasmobranch Callorhinchus milii with certain fibrillin regions from related
fish species, I raise the possibility that fibrillins might have provided protein domains
to an ancestral elastin that thereafter underwent significant evolutionary changes to
give the elastin forms found today.

Keywords: elastin, evolution, fibrillin, cross-linking, extracellular matrix

1. Introduction

Elastin is an extracellular matrix (ECM) component of tissues such as the
large arteries and lung parenchyma, among others. Even if it is considerably less
abundant compared to other matrix proteins, such as collagens, it impacts the
biomechanical properties as it is ultimately responsible for the extensibility and
elastic recoil [1]. Different aspects make elastin an unusual protein, for example,
its molecular structure, fundamental to understand its function, or the complexity
of the mechanisms giving to the formation of elastin-based polymers in the ECM.
In the genomics era, where uncountable genomes are decoded and extraordinary
valuable information on the phylogenetic relationships has been established, it is
remarkable that the evolutionary origin of elastin remains unclear. This fact looks
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anomalous considering that its roots are relatively close to us in an evolutionary
scale, compared to other cell components originated at the dawn of life. It is worth-
while and the main objective of this work to review the main molecular features of
elastin and the current knowledge on its evolutionary history as well as to explore
new avenues to explain its origin. A couple of hypotheses are put on the table to
stimulate (and provoke) discussion and further research. In this regard, I can only
recognize the contributions of Professor Fred W. Keely to the overall understanding
of the biology of elastin, and particularly to its evolutionary relationships [2].

2. Molecular features of tropoelastin

Most ECM components such as collagens or fibronectin are usually large
polypeptides with numerous domains that include repetitive motifs allowing
multimerization into supramolecular assemblies [3]. Tropoelastin, the monomer
making up polymeric elastin, features some of these characteristics but is indeed
an unusual ECM protein. While fibril-forming collagens such as types I and II
contain almost 1500 residues and fibronectin goes far beyond 2000, tropoelastin
rarely exceeds 800 aminoacids, with some species such as the dog harboring elastin
chains of about 500 residues. Moreover, crystal structures of particular domains of
collagens or fibronectin have been determined by X-ray diffraction whereas those
of elastin have persistently remained elusive [4, 5]. This is in fact a consequence
of the disordered nature of the elastin polypeptide, a key feature to understand
its elastomeric properties [6, 7]. Analysis of all known elastins shows an alterna-
tion between lysine-rich and hydrophobic domains. The former contain the lysine
residues destined to take part in the covalent cross-linking catalyzed by members of
the lysyl oxidase (LOX) family, therefore named cross-linking domains. The latter
are consistently rich in hydrophobic domains and have been shown to be essential
for the elastomeric behavior [1]. With noticeable variations, these domains contain
stretches of the sequence VPGVG in multiple combinations either forming repeats
or included within glycine/proline-rich segments. Molecular dynamic simulations
and experimental studies have shown that the hydrophobic motifs support the
disordered state by promoting structural flexibility [6, 8, 9]. In fact, this plasticity is
likely not limited to the hydrophobic domains but also impacts the whole molecule,
considering the fact that lysine oxidation and further condensation of cross-linking
domains occur in a random manner, as recently reported [10]. The quasi-stochastic
assembly of highly flexible tropoelastin monomers results in aggregates that exhibit
the elastomeric properties and are the basis for the formation of elastic fibers in
numerous tissues, including the lung, skin and blood vessels.

3. Evolutionary history of elastin

It may be easily inferred that this sophisticated natural material has required
thousands of millions of years to be shaped by the evolution. However, unlike
collagens or laminins, whose origin dates back 770-880 million years (Myr) to
the emergence of the Metazoa, tropoelastin appeared late on stage [2, 11]. In fact,
not even it emerged with the blood vascular systems, a feature of vertebrates and
many invertebrates, but it made its debut 400 Myr ago with the jawed vertebrates,
therefore absent in jawless fishes such as the lamprey and hagfish. Elastin has been
repeatedly invoked as the vascular component that allowed the development of
closed circulatory systems. However, these are present in a wide variety of inverte-
brates including annelids, cephalopods and non-vertebrate chordates [12]. Here, the
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magic word is blood pressure. It is actually the presence of elastin that led to closed
systems exhibiting high pressures (from 30 to 200 mmHg) in jawed vertebrates,

in contrast to non-elastin based systems in invertebrates and lower vertebrates,
with blood pressures values ranging from one or a few mmHg up to 20-30 mmHg.
Most ancient elastin so far reported includes that from the elasmobranch fish
Callorhinchus milii (elephant shark) and displays the characteristic alternating pat-
tern of hydrophobic and cross-linking domains (Figure 1). Amphibians such as the
western clawed frog (Xenopus tropicalis) or teleost fishes such as zebrafish (Danio
rerio) and fugu (Takifugu rubripes) feature two versions of tropoelastins, elastin a

(elna) and elastin b (elnb), compared to other vertebrate genomes that possesses
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Figure 1.

I Cross-linking domains (KA or KP)

|:| I Hydrophobic domains (VG repeats in red)

Primary structure of elephant shark’s tropoelastin (Callorhinchus milii, predicted elastin isoform X1).
(A) Sequence indicates the position of KA- or KP-crosslinking domains (underlined in black bold). Residues

outside the KA/KP domains are enriched in glycine and proline and represent the hydrophobic domains, including
those containing the valine/glycine/proline-vich repeats (underlined in ved bold). (B) Schematic diagram of the

domain structure tropoelastin showing the relative position of cross-linking and hydrophobic domains.
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a single gene. The case of zebrafish is particularly interesting as specialization of
elnb contributed to the smooth muscle-like characteristics of the bulbus arteriosus,
a chamber of the heart zebrafish that is homologous to the aortic trunk of higher
vertebrates [13].

Search and identification of elastin sequences in genome databases from different
organisms is crucial to delineate its evolutionary history, and to this aim, a signifi-
cant number of sequences are known today [2, 14, 15]. Nevertheless, an accurate
phylogenetic reconstruction of elastin evolution is still quite incomplete. Focus has
been placed on different parts of the gene, including a central conserved region,
the C-terminal, the 3’-untranslated region and a region presumably resulting from
exon replication. However, reaching a unified picture has been difficult. Being an
intrinsically disordered protein (IDP) does not make things easier as IDPs lack strict
structural constraints, and therefore are more permissive to substitutions [16]. With
the only restriction that the conformational flexibility not be altered, IDPs evolve
faster than well-folded proteins adding higher complexity to their phylogenetic
analyses [17]. To this respect, the soluble monomer of lamprin, the non-collagen/
non-elastin major connective tissue component of the lamprey annular cartilage,
contains tandem repeats of the sequence GGLGY that are recognized by anti-elastin
antibodies targeting the VPG repeats of elastin in a remarkable example of evolution-
ary convergence [18]. In fact, more distant polypeptides such as some insect proteins
or spider silks have also acquired these repeats [19].

Despite the difficulties, phylogenetic trees such as that shown in Figure 2 based
on the central conserved region have been generated.

4. Hypotheses on the evolutionary origin of elastin

As mentioned above, genomic roots of tropoelastin trace back to the elephant
shark and related species. Recent publication and open access to whole genome
sequences and assemblies of lower vertebrates/chordates have not shown any trace-
able sign of tropoelastin-related sequences, and that was also true for genomes of
invertebrates. These findings (or the lack of them) raise questions as to the origin
of tropoelastin and the existence of an ancestral protein. Here, two main hypoth-
eses are proposed to explain its emergence and further evolution: (1) tropoelastin
appeared de novo; and (2) like other ECM components, it emerged from the assem-
bly of preexisting proteins that eventually gained novel capabilities. What follows
discusses evidences and arguments for and against these hypotheses.

4.1 Tropoelastin as a de novo protein

Following Darwin’s postulates, the general assumption is that new genes evolve
from existing ones in an endless, slow-paced journey since the beginning of life.
However, recent studies are showing that this has not been always the case and
that new genes can arise from the dark depths of the non-coding genome [20]. By
gaining the capability of being transcribed and translated, stretches of “junk” DNA
can give rise to de novo protein products. Interestingly, when deeply studied, de
novo genes produce firstly dysfunctional or disordered proteins and in many cases
with repetitive sequences [21]. Therefore, it is not unreasonable to consider that
an ancestral tropoelastin might have emerged as a de novo gene. The identification
of de novo genes is mostly based on the comparison of syntenic regions. This type
of analysis has revealed, for instance, that the gene FLJ33706, overexpressed in
Alzheimer’s disease, appeared in human after the divergence from chimpanzee [22].
Another three human genes of unknown function have been described to originate
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from chimp non-coding DNA [23]. Unfortunately, synteny of genetic loci is often
lost over long evolutionary timescales. Therefore, distant genomic events result-
ing in de novo products are difficult if not impossible to identify. Its emergence in
the crossroad of jawed vertebrates places tropoelastin in an unfavorable scenario.
Studies so far performed have not found evidences for its de novo origin.

4.2 Reorganization or assembly from pre-existing components

It is a recurring theme in the evolutionary history of ECM proteins that the
gradual appearance of specific gene families and domains, often in pre-metazoan
lineages, allowed thereafter their assembly and formation of matrix components
genuine to animals [24]. This has been the case for matrix proteins such as fibrillar
or basement membrane collagens, and for matrix-remodeling enzymes like LOX
(see Figure 2). The late emergence of tropoelastin does not fit with this behavior.
As mentioned above, no single tropoelastin-related sequence has been found in
genomes back to the elephant shark in the evolutionary scale. Or yes? Before the

Prokaryotes Eukaryotes Cnidarians
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| e Myr
1 ) 1 I 1 T ] T
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Figure 2.

Phylogenetic tree of the central conserved regions of tropoelastin and chronogram showing divergence times
for vepresentatives species. The tree, adapted from Keeley [2], represents generally accepted phylogenetic
relationships and was deliberated rooted to propose the existence of a putative ancestral elastin [2].
Chronogram indicates the emergence of relevant phyla (black arrows) as well as that of different ECM or
ECM-related motifs or proteins (ved arrows) in million of years (Myr). Sequences ave as follows: human
(Hum), bovine (Bov), rat (Rat), mouse (Mse), chicken (Ckn), lizard (Liz), zebrafish (Zef), japanese
pufferfish (Fug), medaka fish (Med), and stickleback (Sbk).
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onset of tropoelastin, microfibrils were largely responsible for tissue elasticity

in many species. Extracellular matrix structures such as the mesoglea from the
cnidarian jellyfish or the blood vessels in invertebrates are functionally elastic due
to microfibrils [25, 26]. These supramolecular structures, visualized as beaded
filaments under electron microscopy, contain numerous proteins, being fibrillins
the major constituent. Like many other ECM components, fibrillins, from which
three isoforms exist in humans, fibrillin-1, —2 and — 3, are multidomain proteins
that expand along a large polypeptide sequence of almost 3000 aminoacids [27].
The large size and the variety of domains explain the existence of multiple diseases
caused by defects in fibrillins, named fibrillinopathies, including various forms

of Marfan syndrome, isolated ectopia lentis, kyphoscoliosis, Shprintzen-Golberg
syndrome, and stiff skin syndrome, among others [28]. Epidermal growth factor-
like domains (EGF and calcium binding EGF) dominate the structure, with 46-47
repeats, followed by transforming growth factor (TGF)-f binding protein domains
(TB) and hybrid domains with 8 and 2 repeats, respectively (Figure 3). TB domains
are shared with latent TGF- binding proteins (LTBP) and have served to compute
phylogenetic reconstructio