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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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Chapter 1

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 “regeneration” 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-β is a central node in driving fibrotic pathways and other diseases, how-
ever, targeting TGF-β 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-β during normal 
development and pathology could facilitate recognition of alternate target-
pathways that may spare or minimally perturb the role of TGF-β in physiology. 
An interesting and relatively less explored theme is involvement and regulation 
of TGF-β 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 in 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 



Extracellular Matrix - Developments and Therapeutics

8

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, HMGB1 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-β 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-α, IL-1β, IL-10, TGF-β 
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-α, and IL-1β [79]. Tryptase and chymase activate a 
potent fibrogenic mediator i.e. TGF-β (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 B and 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-α, following injury [86], while 
CD73 expressing T cells reduced fibrosis [87]. B cells secreted proinflammatory 
cytokines like IL-1β, 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-1β, 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-β and IGF-1 signalling [98, 99]. Endothelial cells can serve as both positive 
and negative regulator of fibrosis by generating profibrotic mediators like TGF-β, 
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-1β 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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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 

Figure 1. 
RNA 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 generation of immunostimulatory RNAs that can trigger 
inflammatory cascade.
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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 ZnF2 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 U1 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 α1 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 (FnIII), 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 in 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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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

TGFβ-SMAD2/3 cascade has been implicated in LTS and TGF-β antagonists have 
shown to attenuate fibrosis, however, TGF-β3 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-β. 
Hypoxia induced expression of IL-6 plays an important role in the pathogenesis of 

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; lnRNA: long non-coding RNA; cirRNA: circular RNA; NMD: nonsense-
mediated decay; NSD: nonstop-mediated decay; NGD: no-go decay
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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, α-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 Th1 cytokine IFN-γ inhibited fibrosis in LTS 
patients. Subsequent studies have shown the impact of IFN-γ on the LTS fibroblasts 
as significant decrease in levels of collagen and TGF-β expression was reported 
in the IFN-γ 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 (βAPN), 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-β1 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 
β1 (TGF- β1). 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 as a 
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-1β, TGF-β and prostaglandin PGE2 [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-1β, IL -10, TNF α, IFN γ and GM-CSF have shown signifi-
cant increase in subglottic stenosis specimens [226]. Enhanced expression of profi-
brotic growth factors and cytokines like TGF-β, PDGF, IL-1, and Prostaglandin E2 
was seen in patients of healing laryngeal lesions [242]. Expression of matrix metal-
loproteinases (MMPs), α-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, TGFβ), proliferation (SMADs, TGFβ), and matura-
tion (MMPs, αSMAs) 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 γδ 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 in 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 



Extracellular Matrix - Developments and Therapeutics

18

pathologic transcripts, associated regulatory RNAs (miRNAs, lncRNA) 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 Twist1, 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 

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 generation 
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 disorders. 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 reductase 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.
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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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Chapter 2

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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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 

Figure 1. 
A schematic plot showing the relations between cardiac ECM remodeling (fibrosis), tissue mechanics and 
ventricular function.
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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 is a 
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 μg/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-β) 
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. 



Extracellular Matrix - Developments and Therapeutics

42

TGF-β 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]. 

MMPs Substrate

MMP-1 Collagens I, II, III, VII, X

MMP-8 Collagens I, II, III, 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 Collagens III, IV, V, VII, X, elastin

MMP-3 Collagens III, IV, V, IX, X, fibronectin, laminin

MMP-10 Collagens III, IV, V, IX, laminin, fibronectin

MMP-11 Collagen IV, fibronectin, laminin

MMP-14 Collagens I, II, III, fibronectin, laminin

Table 1. 
Matrix Metalloproteinases (MMPs) and their substrates (adapted from [24]).
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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, II 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 qPCR (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, III 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 
III/I 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/dtmax, dP/dtmin, 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 a result, 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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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 

RV LV

Fibrosis Persistent in all stages Mostly in early stage; 
degradation occurs in late 
stage

Cardiomyocytes ↓ α-MHC and ↑β-MHC (fetal gene 
expression); no atrial natriuretic 
peptide (ANP); inefficient energy 
metabolism

↑β-MHC only; ↑ ANP; 
Improved energy metabolism

Collagen isoforms Type I and III Type I, III, V, IV, VIII, and 
more

Collagen fiber More aligned fibers into apex-to-outflow 
tract direction

Thicker, denser collagen 
type I, more cross-linking & 
aligned fibers

Dilatation Occurs acutely in early stage Occurs in late stage

Capillary rarefaction?  
(↓ blood perfusion)

Yes No

Inflammatory response 
involved?

Yes (macrophages, TNF-α, IL-1β) Yes (T lymphocytes, TNF-α, 
IL-1β)

Response to anti-fibrosis 
treatment

Discrepant findings on function 
improvement

Mostly effective

Table 2. 
Different responses of the LV and RV to pressure overload. MHC: myosin heavy chain; ANP: atrial natriuretic 
peptide. Adapted from [107–109].
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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.

Figure 2. 
Temporal changes in myocardial fibrosis, wall stiffening and physiological function in pressure overload 
induced heart failure progression.
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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 

Figure 3. 
Temporal changes in myocardial fibrosis, wall stiffening and physiological function in volume overload induced 
heart failure progression.
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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 
a 27% 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 III 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 alterations 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 (MDMV), collagen deposition and myofibroblasts 
activation are observed. Although accumulation of collagen fibers is often associ-
ated with increased stiffness, the CT in MDMV 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’s, 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-β1), 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-β1 expression [155], whereas Lee et al. reported significant 
increases only in TGF-β1 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-β1 stimulation. Furthermore, only the condition medium 
from fibroblasts cultured on stiff matrix treated with TGF-β1 caused neonatal rat 
ventricular myocytes enlargement, indicating a synergistic effect of matrix stiffness 
and TGF-β1 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 in 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 
varying stiffnesses: 8 kPa, 
15 kPa, 50 kPa, 100 kPa 
(stiffness range from healthy 
to diseased heart

Adult Rat 
Cardiomyocytes (CM)

Contracting force of the CM 
tends to increase with matrix 
stiffness. Contractile function, 
though, is normalized when 
the matrix stiffness was 
returned to healthy levels

[165]

PDMS surfaces with varying 
stiffnesses: 1 kPa, 6 kPa, 
20 kPa, 130 kPa (embryonic 
stiffness to fibrotic heart 
stiffness)

Adult Rat 
Cardiomyocytes (CM)

On soft surfaces, CM exhibits 
greater contraction than those 
on stiff surfaces. Sarcomeres 
show faster shortening speeds 
on soft surfaces. TGF-β1 is 
more prevalent on stiffer 
surfaces

[166]

PEG hydrogels with varying 
stiffnesses: 10 kPa (healthy 
neonatal heart), 35 kPa 
(diseased neonatal heart)

Neonatal Rat Ventricular 
Cardiomyocytes (CM)

Regardless of matrix stiffness, 
myocytes spontaneously 
contract and form healthy, 
organized sarcomeres. 
However, fractional 
shortening increased only on 
soft gels

[167]

Collagen type I matrix 
morphology (fibrous vs. 
non-fibrous) and stiffness 
(48–170 kPa)

Alveolar-like 
Macrophages

Non-fibrous collagen leads 
to cells with higher filopodia 
(actin-rich protrusions) and 
higher CD206 expression, 
whereas stiffness has no 
significant impact on cell 
behavior

[168]

Fibronectin coated 
polyacrylamide gels with 
varying stiffness: soft 
(1–5 kPa) to represent 
healthy artery and stiff 
(280 kPa-70 GPa) to 
represent atherosclerotic 
plaque

Human Macrophages Stiffer substrates leads to 
larger cell spread area, faster 
migration speed, less dense 
but more organized F-actin, 
and increased proliferation 
rate

[169]

Polyacrylamide Gel with 
varying stiffness: 1.2 kPa to 
represent normal lungs and 
150 kPa to represent fibrotic 
lungs

Mouse macrophages Cell elasticity increases with 
increased matrix stiffness; 
and cell elasticity is a major 
determinant of innate 
macrophage function

[170]

PEG-RGD hydrogel with 
tangent (compressive) 
modulus from 130 kPa to 
840 kPa

Mouse macrophages Stiffer hydrogel leads to 
larger cell spread area and 
more extended branches of 
actin, activation of pro-
inflammatory cytokines, and 
more severe foreign body 
response

[171]

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 

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 mm2) 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 

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

Figure 3. 
Fluorescence microscopic picture of the nuclei of the keratocytes. Note their distribution and orientation in 
cornea (A) and sclera (B) stained with DAPI. In the cornea there are lower number of keratocytes and they are 
more organized than in the sclera. Scale bar 100 μm.
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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

As indicated 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.



75

The Extracellular Matrix of the Human and Whale Cornea and Sclera: Implications…
DOI: http://dx.doi.org/10.5772/intechopen.97023

The corneas of the whale studied are oval in shape, with axes of 5 x 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 

Figure 4. 
Scanning electron microscopy pictures of the whale’s (A) and human (B) corneas. Note the distribution of the 
fibers in laminar bundles. Scale in μm.
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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’s 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 

Figure 5. 
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 μm.
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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 μm corneal thickness. In this sense, IOP measurements can vary 
depending on the thickness of the cornea, being underestimated in patients with 

Figure 6. 
Raman spectrometry (A) overlapping the spectra from human bone (blue) and whale’s sclera.
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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 



Extracellular Matrix - Developments and Therapeutics

84

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 

Figure 1. 
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-rich repeats (underlined in red 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 

Figure 2. 
Phylogenetic tree of the central conserved regions of tropoelastin and chronogram showing divergence times 
for representatives 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 (red arrows) in million of years (Myr). Sequences are 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)-β binding protein domains 
(TB) and hybrid domains with 8 and 2 repeats, respectively (Figure 3). TB domains 
are shared with latent TGF-β binding proteins (LTBP) and have served to compute 
phylogenetic reconstructions for these proteins [30]. Using this approach, a TB 
domain-containing protein was identified in cnidarians, dating the emergence of 
an ancestral fibrillin to 600 Myr ago. This ancestral fibrillin, not only present in 
cnidarians, but also in molluscs, annelids, arthropods, echinoderms, urochordates, 
cephalochordates and lower vertebrates, such as the lamprey, underwent a duplica-
tion event at the divergence of jawed and jawless fishes giving to fibrillin-1 and an 
ancestral fibrillin-2/3. Interestingly, just before this branching, the ancestral fibril-
lin gained (or reshaped) a domain characterized by a high content of proline- and/
or glycine termed “unique region”, claimed to provide a flexible behavior and for 
which a specific function has not yet been demonstrated (see also Figure 3) [30]. In 
fact, when looking carefully to the these domains from different species including 
jawed and jawless fishes, a clear evolution from a short sequence with just a few 
proline and glycine residues as seen in the ascidian Ciona intestinalis or the lancelet 
Branchiostoma floridae to a longer segment that increases its proline/glycine content 

Figure 3. 
Domain structure of fibrillin-1 and sequence alignment of the unique region from different species. (A) Overview 
of the domain structure of fibrillin-1 showing the relative positions of epidermal growth factor (EGF) and 
calcium-binding EGF domains (cbEGF), transforming growth factor-β binding protein domains (TB), hybrid 
domains and the unique region. (B) A group of unique regions from fibrillins representing different species 
relevant for the emergence of tropoelastin were aligned using the ClustalW algorithm [29]. Aligned segments are 
flanked by conserved cysteines from the end of the first TB domain (left) and the start of the EGF (or cbEGF-
like) domains (right) as indicated. (C) Table shows the number of prolines (Pro) and glycines (Gly) within the 
unique region of fibrillin in the analyzed species as well as their total length of residues. Bar at the right of the 
table assigns a color intensity to these unique regions based on the number of proline/glycine residues as it is used 
in the schematical diagram of Figure 4.
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in the lamprey and progresses to extra-long fragments with a significant number of 
VPG-containing repeats, such as the Japanese pufferfish Takifugu rubripes. These 
sequences remarkably resembles the hydrophobic domains of tropoelastin, particu-
larly those seen in the first jawed fish such as the elephant shark (see Figure 1), and, 
intriguingly, their appearance is evolutionary coincident with that of elastin and 
the high blood pressure closed circulatory systems in these organisms. It is tempting 
to speculate that the VPG-containing repeats from fibrillin-1 contributed to the 
assembly of an ancestral elastin (Figure 4). Subsequent changes giving to KA or 
KP domains or their incorporation from an unknown ancestor, as well as extensive 
domain duplication and expansion, might have ended up sculpting the elastin 
backbone as it is found in elastin-expressing species living today. In fact, in these 
organisms, microfibrils provide the scaffolding platform where elastogenesis takes 
places, making the entire microfibril-elastic fiber unit the material responsible for 
the biomechanical properties of tissues such as the lung, blood vessels and skin 
[31]. Within this context, it has been speculated that the unique region in fibrillin-1 
evolved to support the interaction with elastin [30, 32]. Considering that intrinsi-
cally disorder regions can use their flexibility to allow the association between two 
(or more) IDPs, it is not misconceived to think that the acquisition of this domain 
by an ancestral tropoelastin may have served to mutually establish the binding 
both fibrillin-1 and elastin [33]. Constraints to keep the structural conformation 
rather than the primary sequence may have then blurred the phylogenetic relation-
ships, making difficult to trace back the origin of this genomic event. Curiously, 
the unique region of fibrillin-1 in higher vertebrates dynamically evolved losing 
the VPG-containing repeats while still keeping a high content of proline residues, 
perhaps reflecting novel requirements in the fibrillin-1/elastin interaction during 
elastogenesis in these species.

5. Concluding remarks

Whether elastin evolved as a de novo protein or derived from a pre-existing 
fibrillin-1 (or any other unknown) gene remains with the available genomic 

Figure 4. 
Hypothesis for the emergence of elastin from the unique region of fibrillins from fish species. Schematical 
diagram proposing the evolutionary origin of elastin from sequences of the unique region of fibrillins in the 
fish lineage. Using a color code based on PG content (Figure 3), the figure shows that unique regions in the 
invertebrates Ciona intestinalis and Branchiostoma floridae, being short and containing scarce PG residues, 
progressively increases in size and PG content, displaying a significant number of VPG-repeats from elephant 
shark onwards. One of such domains in an ancient relative of the elephant shark might have contributed to the 
assembly of a primordial elastin. This ancestral protein could evolve further by gaining K-rich cross-linking 
domains and undergoing extensive exon expansion.
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information as an obscure enigma. The intention of this chapter was to bring 
together the current knowledge about the evolutionary history of elastin and to 
discuss the hypotheses that eventually may explain its origin. While this is certainly 
in the realm of speculation, it is hoped that the sequencing and annotation of more 
genomes as well as the advent of further molecular and genomic analyses will 
permit to get more insight about the evolutionary roots of this fascinating protein.

6. Methods

Sequences used in this work are:
 Elephant shark predicted elastin isoform X1 (Callorhinchus milii) [Genbank 
XP_007894595].
Human fibrillin-1 preproprotein (Homo sapiens) [Genbank NP_000129].
Zebrafish fibrillin-1 (Danio rerio) [Genbank XP_017207479].
Stickleback fibrillin-1 (Gasterosteus aculeatus) [UniProtKB G3PX14].
Fugu fibrillin-1 isoform X1 (Takifugu rubripes) [Genbank XP_003969883.1].
Pufferfish fibrillin 1 (Tetraodon nigroviridis) [UniProtKB H3C692].
 Elephant shark predicted fibrillin-1-like, partial (Callorhinchus milii) [Genbank 
XP_007909428].
Sea lamprey putative fibrillin-1 (Petromyzon marinus) [UniProtKB S4RBV9].
Lancelet putative fibrillin-1 (Branchiostoma floridae) [Genbank XP_002601550].
Fibrillin-1 (Ciona intestinalis) [Genbank XP_009858101].
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Chapter 5

The Interplay of ECM-Based Graft 
Materials and Mechanisms of 
Tissue Remodeling
Jason P. Hodde and Michael C. Hiles

Abstract

Wound healing is a complex natural process that involves the recruitment 
of cells, the renewal of tissue composition, and the reinforcement of structural 
tissue architecture. Following ischemic injury or chronic disease, wound healing 
is delayed, and can often result in chronic inflammation or permanent morbidity. 
Tissue engineering strategies to harness the wound healing process include the use 
of naturally derived extracellular matrix (ECM) scaffolds with inherent bioactivity 
to both passively facilitate and actively direct healing toward a successful resolu-
tion. As the body heals, the properly designed ECM scaffold is gradually remod-
eled and integrated into the body, leaving behind organized tissue that provides 
long-term strength. Herein we explain the interplay of the ECM (i.e., its complex 
composition and bioactivity) with the cells of the body throughout the process of 
tissue remodeling, thus explaining how even a tissue-engineered xenograft material 
can direct the body to restore itself.

Keywords: wound healing, extracellular matrix, bioactivity, tissue remodeling, 
xenograft

1. Introduction: extracellular matrix as an implantable graft material

Biologic materials used to repair soft tissue defects must be strong and easy to 
handle during implantation, but they must also be able to support tissue integration 
and maturation once implanted. ECM-based biologic grafts have been widely used 
in surgery over the last two decades. They are a good choice for surgeons because 
they can be safely implanted in contaminated settings where synthetic materials 
are contraindicated. Even though synthetic mesh materials continue to be favored 
in general surgical practice because of their versatility and low cost, they remain 
susceptible to chemical degradation over time, can create physical tissue erosion due 
to mismatches in their mechanical properties with the surrounding tissues, and may 
undergo encapsulation following placement because the body views them as foreign 
materials [1]. Of critical importance in many applications, synthetics can provide 
a nidus for microorganism growth; therefore, if they become infected when in the 
body, they typically need to be removed [2].

ECM biomaterials derived from natural tissue sources, however, have gener-
ally provided adequate strength, resistance to infection, and stability over time 
such that they make adequate materials for soft tissue reconstruction [3].  
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These materials can be obtained as autografts or allografts, but autografts result 
in donor site morbidity, while cadaveric allograft tissues may transmit disease, 
are inherently inconsistent, and are typically quite expensive.

Recent years have seen the advent of multiple off-the shelf tissue-based ECM 
biomaterials that claim to provide an optimal healing environment for soft tis-
sues. They can be obtained from a wide variety of mammalian tissues, processed 
using a wide range of chemicals and cross-linking agents, or can be provided 
in such a way that retains the information-rich scaffold into which adjacent 
cells migrate to create a replacement tissue (Table 1). Many studies have shown 
constructive, functional tissue remodeling with partial restoration of site-
appropriate tissue using these graft materials [4–7], yet this is not always the case. 
Less favorable outcomes include the accumulation of serous fluid at the implant 
site, rapid degradation of the graft material with associated mechanical failure, 
or a lack of biomaterial integration with the patient’s tissues, resulting in a foreign 
body response [8, 9]. These less-than-favorable outcomes typically have been 
associated with variations in manufacturing methods that result in the failure 
of the material to maintain nature’s natural composition and three-dimensional 
architecture that makes the extracellular matrix (ECM) the ideal template for 
tissue repair and regeneration.

Materials that are minimally processed most closely recapitulate the structure 
and function of the original tissue while providing a safe, biocompatible material 
for soft tissue reconstruction. The natural ECM, when retained in its complex 
arrangement of matrix proteins and associated factors, can provide the key extra-
cellular signals and inherent bioactivity needed to restore damaged tissues to their 
natural state [7]. This complexity allows the naturally occurring biologic graft to 
completely integrate with the recipient’s tissues and cells to ultimately form a vascu-
larized, highly organized tissue structure that resembles the native tissue structure 
and architecture [4, 7, 10, 11].

Product Source Crosslinking agent Sterilization

Alloderm Human dermis N/A N/A

AlloMax Human dermis N/A Gamma radiation

Biodesign Porcine small intestine N/A EtO

Gentrix Porcine urinary bladder N/A E-beam

GraftJacket Human dermis N/A N/A

Meso BioMatrix Porcine mesothelium N/A EtO

MicroMatrix Porcine urinary bladder N/A E-beam

Miroderm Porcine liver N/A E-beam

OASIS Porcine small intestine N/A EtO

Peri-Guard Bovine pericardium Glutaraldehyde Liquid chemical

Permacol Porcine dermis HMDI Gamma radiation

Strattice Porcine dermis N/A E-beam

Tutoplast Human pericardium N/A Gamma radiation

XenMatrix Porcine dermis N/A E-beam

EtO ethylene oxide, E-beam Electron beam irradiation, HMDI hexamethylene diisocyanate.

Table 1. 
Source tissue and post-decellularization processing steps of some common commercially available ECM 
biomaterials.
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2. Extracellular matrix as bioactive structure

The ECM is a three-dimensional network of extracellular macromolecules, such 
as collagens, glycoproteins, proteoglycans, and glycosaminoglycans, that provides 
structural and biochemical support to surrounding cells. Because of different 
structural and mechanical requirements, the composition of ECM varies from 
tissue to tissue; however, providing a structure for cell adhesion, directing cell-to-
cell communication, and regulating cell processes such as growth, migration and 
differentiation are common functions of the ECM [12].

Regardless of the source, ECM is a complex three-dimensional scaffold consist-
ing of structural and functional proteins and components arranged in a tissue-
specific orientation [12]. The ECM components directly interact with fibroblasts, 
endothelial cells, and macrophages to maintain a natural and functional homeo-
static environment through a process known as dynamic reciprocity (Figure 1) [13]. 
When injury occurs and the natural equilibrium is disrupted, the dynamic envi-
ronment that exists between the ECM and cells orchestrates acute inflammation, 
wound healing and tissue remodeling to regain function and restore homeostasis. 
After injury occurs and the ECM is damaged, a biologic graft can be implanted 
to provide a surrogate matrix structure that allows dynamic reciprocity to begin 
immediately, ultimately achieving tissue restoration via the process of constructive 
tissue remodeling.

Endogenous ECM functions as the intended bioactive structure when normal 
tissue turnover is taking place or when no significant tissue loss is encountered. The 
body has a remarkable ability to self-renew, in large part due to the instructional 

Figure 1. 
Examples of dynamic reciprocity of fibroblasts, macrophages, endothelial cells (angiogenesis), and the 
extracellular matrix (ECM) during wound healing. These interactions occur through signals such as growth 
factors and/or binding of cells to the ECM.
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nature of the ECM, but in the presence of significant tissue loss, large areas of 
trauma, or surgical reconstructions, there is a need for an exogenous material to 
augment and to bring order to somewhat chaotic processes. An exogenous ECM can 
serve as this bioactive, instructive, and even mechanical blueprint for a constructive 
tissue remodeling process [7, 14, 15].

3. Extracellular matrix and constructive tissue remodeling

Constructive tissue remodeling is more than just another word for wound 
healing or for tissue repair. The stages of wound healing include initial hemostasis, 
characterized by clot formation; inflammation, characterized by the deposition of 
inflammatory and progenitor cells, leading to the formation of granulation tissue; 
proliferation, where resident cells secrete growth factors and cytokines and collagen 
deposition occurs; and remodeling, where the newly formed tissue matures and 
collagen strength increases to meet the demands of the body [16] (Figure 2). Tissue 
repair results in the formation of scar tissue, which is known to be less strong than 
native tissue and can therefore be more susceptible to reinjury [5].

Unlike the tissue repair process that occurs in the absence of a biologic graft 
material, the constructive tissue remodeling process that can be directed by 
an ECM graft leads to a more natural healing process in the recipient that is 
characterized by the deposition of organized connective tissue, rather than just 
chaotic scar [17]. The ideal ECM graft is characterized by an open matrix struc-
ture to allow for rapid cellular ingrowth. It is also characterized by the presence 
of structural collagens and non-collagen ECM components (such as messenger 
nucleic acids, growth factors, glycoproteins, proteoglycans, and glycosamino-
glycans), which act to facilitate the renewal of natural dynamic reciprocity [18]. 
When tissue homeostasis is disrupted, the biologic graft plays the role of the 
recipient’s natural ECM and works to bridge the recipient’s cells across the wound 
to ultimately restore a homeostatic environment. The restoration of homeostasis 
following injury in the presence of a biologic graft occurs through the constructive 
process of tissue remodeling.

Tissue remodeling is a process of tissue restoration that improves upon the scar 
tissue outcome typically achieved by tissue repair. It can be divided into three sepa-
rate phases: 1) Cell recruitment; 2) Tissue renewal; and 3) Tissue reinforcement.

During cell recruitment, the remodeling process starts when the body’s inflam-
matory and progenitor cells populate the biologic graft and release cytokines and 
growth factors that bind to the graft and recruit collagen-secreting fibroblasts 
[18, 19]. In this phase, the graft primarily acts as a scaffold material to support the 
population of the open ECM structure by the patient’s own cells.

As remodeling progresses, the patient’s macrophages and fibroblasts in the 
newly populated matrix work together with matrix-bound signaling factors to 
renew the tissue through the complementary processes of phagocytosis, collagen 
deposition, and angiogenesis. In this phase, the biologic graft is gradually replaced 
by the patient’s own tissue and cells [18, 19].

Over the medium to long term, the resident fibroblasts secrete cytokines and 
growth factors to signal reinforcement of the deposited tissue through the processes 
of additional collagen deposition and maturation, resulting in a strong, repaired tis-
sue [10, 20–22]. In this phase, the biologic graft is no longer needed as the patient’s 
own collagen has gradually matured into a stable structure that has long-term 
strength but is entirely the patient’s own [20–22]. The resulting tissue structure 
is mature, organized and strong, and can withstand (and is even driven by) the 
natural physiological forces that it encounters [17, 23].
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A biologic graft with the correct composition and three-dimensional architec-
ture directs the patient’s body to replace itself – to completely remodel – rather than 
to heal through a tissue repair process that results in chaotic, weak, and ineffective 
scar tissue formation [20–22]. By providing the correct cues to help the body restore 
itself, the graft provides both an essential temporary structure and the local tissue 
instructions to lead the patient to achieve a natural repair (Figure 3).

4. Mechanisms of action for ECM-directed tissue remodeling

An ECM-based biologic graft that has been optimally processed to harness the tis-
sue remodeling properties of nature acts more than just a mechanical tissue reinforce-
ment device. While mechanical reinforcement is still the primary mechanism of action 

Figure 2. 
The phases of wound healing and the processes involved in each stage. The addition of an ECM graft material 
shortly after the injury occurs results in a more natural wound healing response than in its absence.
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for these materials, additional mechanisms of action include: providing a porous tissue 
scaffold matrix structure to allow for fibroblast infiltration and population; altering 
the surrounding wound environment by modulating local cytokine activity; and, 
optimally, acting as a reservoir for growth factors and signaling molecules that can be 
used by the patient as tissue renewal and reinforcement progress (Table 2).

4.1 Mechanical reinforcement during surgical repair

Poor wound healing after trauma, surgery, or due to chronic disease is the 
consequence of a poorly regulated tissue repair response that directly effects the 
processes of inflammation, angiogenesis, matrix deposition, and cell recruitment 
[24]. As a result, tissue healing typically takes a significant time to achieve in 
patients with advanced age or with comorbidities. Prolonged mechanical reinforce-
ment is often needed to get proper approximation of the wound edges and to bolster 
the anatomy until tissue ingrowth is sufficient to achieve the required strength to 
maintain tissue integrity. This mechanical reinforcement mechanism is the primary 
(and often only) means by which most implantable devices achieve their effect. For 
example, synthetic mesh materials, such as polypropylene or polytetrafluoroethyl-
ene, derive their reinforcement benefit from the strength of their fibers at implant 
but never completely integrate with the patient’s tissues over time [25]. Synthetic 
materials are often recognized as foreign by the body – as a material that needs to be 
removed or expunged [26]. When this occurs, an inflammatory response is initiated 
by the patient’s immune system, setting up a chronic inflammatory state that never 
resolves and can result in chronic pain and fibrosis [26].

Figure 3. 
Mechanisms of action for ECM-directed tissue remodeling. The ECM graft initially provides for a direct 
mechanical tissue repair that has inherent strength. It also provides a matrix structure for the support, 
attachment, and orientation of cells. The ECM graft has the ability, through its inherent composition, to 
modulate the local wound environment to have a direct effect on endogenous growth factors and cytokines. 
The graft can provide signals of its own, which may include growth factors, binding sequences on extracellular 
matrix proteins, or other endogenous factors provided by the recipient. Signals control and modify cells and 
other elements. Together the ECM and signals stimulate cell division, proliferation, growth, and integration of 
the ECM graft with the recipient.
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For a well-designed biologic ECM graft, the mechanical means of tissue support 
remains its primary mechanism of action. The ECM graft must allow the passage of 
suture and reinforce the area of weakness under significant pull-out force. It must 
also provide tensile strength and mechanical compliance commensurate with the 
surrounding tissues. Unlike synthetic or even many biosynthetic materials, such as 
poly-4-hydroxybutyrate (P4HB), ECM-based biologic devices are not meant to be 
static implants but are designed to fully integrate with the patient over time. Their 
mechanical properties change after implant as they undergo interaction with the 
patient’s cells, tissues, and the local wound environment [27] and must therefore be 
designed to retain their mechanical integrity even while actively participating in the 
process of tissue renewal. The dynamic process of tissue remodeling is a balance of 
ECM graft degradation with the formation of new patient-derived collagen, meaning 
that an ECM graft must be designed with known strength requirements and degra-
dation rates to keep the repair intact during all phases of tissue remodeling: 1) Cell 
recruitment; 2) Tissue renewal; and 3) Tissue reinforcement (Figure 4) [20, 28].

4.2 Providing a tissue scaffold matrix structure

When foreign materials are implanted into the body, they are quickly recog-
nized by the immune system as something either to rapidly destroy or to compart-
mentalize [29]. The body accomplishes these activities by secreting inflammatory 
enzymes and pH modifiers or by recruiting an army of macrophages to form 
a scarified wall around the implant. While permanent synthetic materials and 
crosslinked biologic grafts are typically walled off by the recipient because they 
are resistant to degradation [30], biosynthetic matrices are often hydrolyzed or 
otherwise degraded over time without allowing complete tissue integration and 
permanent reinforcement to occur [31].

Purified biologic ECM grafts typically contain few of the naturally occurring 
macromolecules of the complex ECM because they have been deconstructed with 
chemicals and then “purified” into single-component constructs or reconstituted 
into single-component implants. While this type of graft material can still act as a 
matrix structure to support cell ingrowth, the lack of complex signaling macromol-
ecules from the natural ECM and its susceptibility to matrix-degrading enzymes, 
such as collagenases, limits its ability to actively promote fibroblast and endothelial 
cell proliferation and secretion of new ECM [32, 33].

Figure 4. 
ECM-based graft materials must be designed to withstand physiologic forces while undergoing the active 
processes of tissue remodeling and tissue integration following implant. The overall repair strength must be 
maintained well above the normal tissue strength required to keep the repair intact while facilitating cell 
recruitment, tissue renewal, and tissue reinforcement.
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Non-crosslinked biologic ECM grafts that have been processed to retain the 
composition and architecture of healthy ECM are neither encapsulated nor 
degraded upon implant [7]. Instead, they contain the complex information of the 
natural ECM that makes them an ideal scaffold environment upon which cells can 
move and proliferate, allowing for colonization of fibroblasts and endothelial cells, 
the eventual secretion of growth factors, and the deposition of a collagen matrix 
[10]. The porous nature of the ECM scaffold provides not only the structure and 
interstices for ingrowth but also the recognition and binding sites that facilitate 
cellular attachment and migration [10]. During the process of tissue renewal, the 
porous matrix structure of the non-crosslinked ECM graft allows for angiogenesis 
and ultimately the removal of byproducts of cellular metabolism, facilitating the 
process of tissue remodeling that is essential to obtaining a long-lasting, strong, and 
permanent repair [10, 34].

4.3 Modulating endogenous cytokine activity

The local wound environment is characterized by a dynamic milieu of signaling 
factors designed to shepherd an injury through the four phases of wound healing 
and to ultimately restore tissue strength and homeostasis [16]. In most instances 
this occurs in a well-defined series of events leading to complete tissue restoration 
that is modulated directly by the local ECM. Because the ECM is laden with macro-
molecules that explicitly bind cytokines and alter their half-lives, bioactivities, and 
concentrations, the presence of a healthy ECM in the local wound environment is 
essential for tissue remodeling to occur. When the ECM is corrupt, it cannot sup-
port tissue restoration and chronic inflammation results [35].

Chronic, non-healing wounds are characterized by increased levels of pro-
inflammatory cytokines, increased levels of MMPs, and low levels of growth factors 
known to stimulate wound closure [36, 37]. They are highly inflamed and proteo-
lytic, have become stalled in the inflammation stage of wound healing, and cannot 
support fibroblast function [38]. In cases such as this, replacing the damaged ECM 
with a healthy ECM-based biologic graft can alter the local wound environment by 
modulating the endogenous cytokine profile of the injured area and stimulating 
normal fibroblast and endothelial cell function [39].

This tertiary mechanism of action for ECM-directed tissue remodeling, endog-
enous cytokine modulation, harnesses the natural structure and composition of the 
ECM to direct tissue remodeling down a productive pathway [37]. Unlike synthetic 
and biosynthetic materials that contain no ECM-binding sites and cannot directly 
influence the composition of the natural wound environment; unlike crosslinked 
ECM biologic graft materials which have had their binding sites obscured by the 
crosslinking process; and unlike purified biologic ECM grafts that are limited in 
the types of cytokines that can interact with them; well-designed, non-crosslinked, 
biologic ECM graft materials have been shown to positively alter the local environ-
ment and lead to constructive tissue remodeling and wound healing [10, 37, 39, 40].

4.4 Acting as a cytokine reservoir

Matrix biologists have long regarded the ECM as a repository for latent bioactiv-
ity in the form of growth factors, cytokines, and more recently, messenger nucleic 
acid depots. Even in their dehydrated state, these factors retain their potency and 
structure because they are tightly bound to proteins that protect them from deg-
radation [41, 42]. Also, recently, science has uncovered the remarkable ability for 
these embedded matrix molecules to modulate cellular activity across species and 
after long periods of dormancy. Porcine growth factors can activate human cells, 
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and vice-versa, with predictable potency and expected effects, even after dehydra-
tion and sterilization [41, 42]. It is this growth factor and cytokine repository that 
separates a complex biologic ECM graft from other types of non-instructional 
implant materials.

After implantation, a complex biologic ECM graft plays the role of the innate 
ECM, interacting with the patient’s cells through dynamic reciprocity to direct 
tissue repair down a positive, active state of wound healing and toward an orga-
nized repair that resembles native tissue structure and architecture rather than scar 
tissue. When its role has been fully realized, an ECM graft becomes completely 
replaced by patient tissue and removed from the body through the normal process 
of matrix turnover, leaving no graft components behind [43]. In many ways it is the 
repository of latent bioactivity that allows the well-designed ECM graft to stimulate 
transformation of itself, by the patient’s cells, into a new, complex and complete, 
functional tissue.

5. Summary: extracellular matrix past, present, and future

ECM graft materials have been used surgically for decades, but historically 
they have been enzymatically stripped of their biological information, chemically 
cross-linked to enhance their durability (while quite effectively silencing their 
biological activity), or otherwise adulterated in such a way as to act much more like 
synthetic mesh than a truly instructive matrix [34, 44]. A more modern approach 
to ECM graft design can capitalize on the inherent complexity and instructiveness 
of natural ECM to build an implant with multi-factorial mechanisms of action that 
harmonize with healing, serve as a surrogate ECM in the wound, and stimulate the 
processes of dynamic reciprocity toward renewed homeostasis. Such an implant 
can guide the patient’s cells through a series of cellular recruitment, renewal of lost 
matrix structures, and reinforcement of tissue strength while undergoing complete 
turnover and disappearance of the original implant.

The current state of the art for ECM grafts has been described. These  
materials have shown remarkable success in a wide variety of clinical applica-
tions [3, 7]. However, there is still room for improvement. Naturally occurring 
biologic ECM graft materials can be enhanced or fortified to accelerate some of 
these biological functions, stimulate cellular phenotype selection, or even create 
inherent antimicrobial activities that will better withstand infection. Ultimately, 
the goal of such “next generation” implants must be one of synergizing with 
natural biology and improving upon the complex interaction of the graft with 
the patient to allow tissue repair, remodeling, and regenerative processes to 
proceed unhindered.
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Hyaluronic Acid Fillers: Where  
We Have Been and Where  
We Are Going
Alexander Daoud and Robert Weiss

Abstract

Since the approval of the United States’ first hyaluronic acid (HA) filler in 
December 2003, HA fillers have become mainstays of soft tissue augmentation due 
to their favorable safety profile and minimally invasive treatment nature. The past 
two decades have not only brought an expansion in the popularity of HA fillers, 
but also in the number of available HA filler products and indications for cosmetic 
enhancement. Accordingly, HA filler injection has become one of the most com-
monly performed cosmetic procedures worldwide. The progression of HA filler 
products is a study in both biomedical engineering advancements, as well as evolv-
ing concepts of beauty and cosmesis. In this chapter, we review the history of these 
products, including their composition and indications for use. We then explore the 
prospect of HA fillers for the future of esthetic medicine, as they remain a vital 
component of nonsurgical soft tissue augmentation.

Keywords: soft tissue augmentation, biomedical engineering, cosmetic dermatology, 
hyaluronic acid

1. Introduction

Although typically thought of as outgrowths of modern medicine, interventions 
for esthetic and cosmetic purposes are well documented through multiple civiliza-
tions across history. In the non-surgical arena, soft tissue augmentation rapidly 
accelerated with the first reports of autologous fat transfer in the late 19th century; 
concomitantly, reports began to emerge from Europe on the use of injectable paraf-
fin for rhytide reduction and soft tissue rejuvenation [1]. Shortly after the spread 
of paraffin injections across Europe and Asia, reports of embolic complications, as 
well as late-onset granulomatous reactions (later called ‘paraffinomas’) led to their 
eventual removal from the realm of esthetic practice, although non-medical/illicit 
injection of paraffin-containing substances still remain a sporadic issue in clinical 
practice today.

It was not until the 1940s that a new injectable agent found widespread use. 
Silicone, a dimethylsiloxane polymer, first entered clinical practice in Japan as an 
agent for breast augmentation. Over the following twenty years, silicone found 
widespread popularity across the United States, with the Dow Corning Corporation 
developing an injectable form of the material in the mid-1960s. As with paraffin 
decades prior, reports began to emerge in the 1960s–70s of delayed granulomatous 
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reactions to injected silicone. Termed siliconomas, these entities displayed a similar 
inflammatory pattern to paraffin, although migration of silicone due to the effects 
of gravity often led to granuloma formation at a site inferior or distal to the original 
site of injection [2]. As with paraffin, illicit silicone injection remains an issue across 
the world today, and clinicians should be mindful of this entity in the evaluation of 
granulomatous reactions following non-medical cosmetic treatments.

In 1981, the cosmetic landscape advanced with the United States Food and Drug 
Administration’s (FDA) approval of Zyderm™, the first injectable filler approved 
for facial cosmetic enhancement. Derived from bovine collagen, Zyderm™ was 
comprised of a matrix of type I and type III collagen, which later formulations 
(Zyplast™) cross-linked with glutaraldehyde in order to slow the degradation of 
injected material [2]. Unlike the relatively inert nature of both paraffin and silicone, 
bovine collagen poses a significant risk of hypersensitivity reactions (3–3.5%, per 
population estimates) due to cross-speciation. Accordingly, skin testing prior to 
injection was necessary for all patients. Furthermore, although the collagen used for 
injection was derived from a closed and closely surveilled group of bovines, public 
concern regarding bovine spongiform encephalopathy (“mad cow disease”) led to 
its fall from favor across the following decades [2].

The modern cosmetic injectables revolution found its genesis in 2003, when the 
FDA approved Restylane™, its first hyaluronic acid (HA) product. While other 
non-HA fillers were approved by the FDA for use in the following years – poly-L-
lactic acid (Sculptra™), polymethylmethacrylate (Belafill™), and Radiesse™ (cal-
cium hydroxylapatite) among the most commercially successful – HA fillers have 
risen as some of the most popular agents available for nonsurgical facial cosmesis.

2. Hyaluronic acid fillers: derivatives and bioengineering

Hyaluronic acid is a glycosaminoglycan, a type of acid mucopolysaccharide that 
demonstrates significant hydrophilicity and serves as a key portion of the extracel-
lular matrix of all organisms. In skin, HA is a key component of “ground substance”, 
the acellular material found in the extracellular environment around collagen 
bundles of the dermis. In its structural support of collagen and elastin fibers, HA’s 
main role in skin is to lubricate these extracellular structures by attracting water, 
which in turn produces a volumizing effect in the skin [3].

With time, the amount of HA in the dermis begins to diminish; accordingly, 
a hallmark of aging skin is a loss of both volume and elasticity. To this effect, HA 
fillers rose as a safe and logical solution for facial soft tissue enhancement: by 
reinstating the HA balance of the dermis, HAs draw water into the extracellular 
environment and lead to significant improvements in rhytide and soft tissue [2, 4]. 
Furthermore, due to HA’s ubiquitous nature as a ‘native component’ of skin, the 
immunogenicity of HA filler products remains extremely low.

Engineering of HA fillers is possible through two broad methods: animal-
derived and bacterial-derived HAs. In the animal-derived group, HA is extracted 
from rooster combs and used for cosmetic injection [5]. Among the most suc-
cessful in this group is Hylaform™, although animal-derived HAs have fallen 
from popularity due to their relatively shorter duration of effect, as well as their 
slightly increased immugenicity as compared to bacterial-derived HAs [1, 2]. In the 
bacterial-derived group, HAs are typically generated by fermentation of nonanimal 
stabilized hyaluronic acid (NASHA) from streptococcal species (Restylane™, 
Juvederm™, Captique™, Hydrelle™).

Two unique variables that determine an HA filler’s physical properties are 
gel particle size, as well as the degree of HA crosslinking present. This is best 
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exemplified by the Restalyne™ and Juvederm™ line of HA fillers, where adjust-
ments in these two variables are used to create novel products with different 
properties and clinical applications. While many other HA filler products are 
commercially available, further analysis of this line of HA filler agents is chosen due 
to their ubiquitous presence in cosmetic offices worldwide.

Alterations in gel particle size are a hallmark of the Restylane™ family of 
products: products featuring particles of lower molecular weight (350 μm for 
Restylane™ versus 800-900 μm for Restylane™Lyft [formerly known as Perlane]) 
allow for a higher density of gel particles per unit volume (100,000 particles/
milliliter for Restylane™ versus 8,000 particles/milliliter for Restylane™Lyft). This 
is engineered through a process of sieving – by filtering particles mechanically, 
products are created with gel particles of a singular size [6]. Accordingly, while 
small gel particle-based products such as Restylane™, Restylane™-L, Restylane™ 
Kysse, and Restylane™ Silk have been approved for applications ranging from 
midface to lip and perioral augmentation, larger gel particle products such as 
Restylane™ Defyne, Restylane™ Refyne, and Restylane™ Lyft has been typically 
employed for deep rhytide correction and volumization of the cheeks and 
midface. Notably, Restylane™ Lyft also carries FDA approval for dorsal hand 
rejuvenation [1, 6, 7].

The effects of varying degrees of crosslinking are best displayed by the 
Juvederm™ family of products. Generally speaking, the greater the degree of 
crosslinking, the greater the degree of water absorption demonstrated by the 
filler; accordingly, more crosslinked products are typically used when significant 
volumizing or deep rhytide correction is desired. In contrast to Restalyne, which 
maintains the same concentration of hyaluronic acid throughout its product line, 
Juvederm™ products feature varying concentration of hyaluronic acid (24 mg/mL 
for Juvederm Ultra, Juvederm Ultra Plus, Juvederm Ultra XC, and Juvederm Ultra 
Plus XC; 20 mg/mL for Juvederm Voluma; 17.5 mg/mL for Juvederm Vollure; 15 mg/
mL for Juvederm Volbella). In addition, these products also differ from each other 
in both their percentage of HA crosslinking, as well as the manner in which they are 
crosslinked [8, 9].

Juvederm Ultra, Ultra Plus, and their XC variants feature a patented crosslinking 
technology termed Hylacross. With Hylacross, HAs of the same molecular weight 
are crosslinked together, creating a relatively uniform product of set viscosity and 
thickness. This is in contrast to Juvederm Voluma, Vollure, and Volbella, which use 
another patented technology called Vycross crosslinking. Vycross-generated fillers 
feature HAs of varying molecular weight, resulting in products that are reported to 
have a greater number of applications across the face, as well as a longer duration of 
action due to non-uniform degradation [8, 10].

Together, it is gel particle size and density, as well as degree/type of HA cross-
linking, that influence the G’, or elastic modulus, of HA fillers. G’ is a measure 
of a filler’s response to shear or dynamic forces: the higher the G’ of a filler, the 
greater its resistance to deformation or movement when under the influences of 
external force (such as dynamic facial movement). Accordingly, fillers with higher 
G’ are often used for their volumizing and lifting effects, and deeper injections are 
needed [9, 11].

Emblematic of the role of G’ in filler applications, Belotero Balance (Merz 
Esthetics) is a HA filler product that relies on a greater density of non-crosslinked 
HA in order to produce its intended effect. Generally speaking, the strength and 
volumizing effect of fillers is directly related to its degree of HA crosslinking – that 
is, free HAs are non-contributory to the strength, volumizing, or lifting poten-
tial of a filler product. Through a novel, patented formulation called Cohesive 
Polydensified Matrix – a process that generates a varying degree of crosslinked 
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HA in suspension with free HAs – a product is produced that features a signifi-
cantly lower G’ than other HA products (G’ = 30 for Belotero Balance; G’ = 545 for 
Restylane™ Lyft). Accordingly, Belotero ™ Balance is able to be used in both the 
intradermal and superficial subcuticular planes, with lower risk of the Tyndall 
effect (a gray-blue discoloration secondary to light scattering from superficially 
placed filler products) as compared to other HA fillers [9, 11, 12].

Depending on the product used, as well as the location being treated, HA fillers 
typically augment treated soft tissues for a period of 6–18 months. As compared to 
bovine collagen, hypersensitivity reactions are exceedingly rare, estimated at 1 in 
every 5000 injections. A notable benefit of these products, as compared to non-HA 
fillers, is their reversibility: if dissolution of filler is needed, injectable hyaluroni-
dase may be used.

3. Hyaluronic acid fillers: directions for the future

Given their widespread success and popularity, HA fillers are likely to remain a 
mainstay in the cosmetic proceduralist’s toolbox. Innovations in the field – ranging 
from methods of biochemical engineering to novel techniques for injection and 
treatment – all lend great promise to the future of HA fillers in esthetic practice.

In the realm of product development, one such advancement is demonstrated 
by Teosyal ™, an HA filler approved by the FDA in 2017. Through a novel patented 
synthesis method, a product with a lower bacterial protein and endotoxin load (as 
compared to other HA fillers) is generated, with a reported lower risk of potential 
hypersensitivity reactions as a result [9]. Another product generated through a 
unique method of synthesis is the Neauvia ™ family of HA fillers. Marketed as a 
‘fully organic’ product, Neauvia ™ HAs are not synthesized from the streptococ-
cal species typical of other HA fillers, but instead by Bacillus subtilis, a bacterium 
widely used in probiotic supplements. These HAs are then crosslinked with poly-
ethylene glycol, creating a biocompatible hydrogel [13]. Lastly, Juvederm ™ has 
recently introduced Volux, a thicker HA with a concentration of 25 mg/mL, for 
lower face (jawline and chin) augmentation.

Continuing improvements in injection technique also offer a promising future 
of HA filler use. Blunt-tipped cannulas are rising in popularity as an alternative 
to hypodermic needles, as their use is associated with a statistically signifi-
cant decrease in bruising, as well as lower pain associated with injection [14]. 
Additionally, cadaveric studies comparing blunt-tipped cannulas to sharp needles 
demonstrated a higher risk of intra-arterial injection with sharp needles, as well as 
a greater degree of filler extrusion across multiple anatomic planes (as opposed to 
one targeted level of injection) with needles as compared to blunt-tipped cannulas 
[15]. Accordingly, the use of cannulas has greatly advanced the technique, safety 
profile, and resultant cosmetic effect of HA fillers to areas such as the tear troughs 
and jawline, where anatomic plane precision is critical.

Exactness in volumetric dosing is highly dependent on injector experience, as 
elements such as HA filler viscosity, needle gauge, and plane/site of injection all 
influence the force needed to inject a bolus of filler agent. To elevate this aspect of 
treatment beyond volume marking on syringes and “injector feel” while introduc-
ing a bolus, Restylane ™ has recently introduced Skinboosters, a microdroplet HA 
treatment that uses a SmartClick® syringe to provide metered doses with each 
depression of the syringe plunger [16]. This technology has especially shown great 
promise when injecting into more superficial planes, as improper or non-uniform 
technique may otherwise result in nodule or ‘lump’ formation, as well as the 
Tyndall effect.
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4. Conclusions

Hyaluronic acid fillers are essential component of the cosmetic proceduralist’s 
armamentarium. Their ubiquitous presence in clinics across the world, as well as 
their widespread acceptance by the general public, has made awareness of their use 
important for all clinicians. An understanding of their unique properties and physi-
cal features provides esthetic practitioners with a better comprehension of their 
treatment indications, potential complications, and treatment pitfalls, as well as an 
appreciation of developments on the horizon for future HA fillers.
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Abstract

Targeted therapeutics are considered next generation cancer therapy because 
they overcome many limitations of traditional chemotherapy. Cancerous cells may 
be targeted by various hyaluronic acid modified nanovehicles that kill these cells. 
Particularly, hyaluronic acid and its derivatives bind with high affinity to cell sur-
face protein, CD44 enriched tumor cells. Moreover, these molecules have the added 
advantage of being biocompatible and biodegradable, and may be conjugated with 
a variety of drugs and drug carriers for developing various formulations as anti-
cancer therapies such as nanogels, self-assembled and metallic nanoparticulates. In 
this chapter, we have covered various aspects of hyaluronic acid-modified delivery 
systems including strategies for synthesis, characterization, and biocompatibility. 
Next, the use of hyaluronic acid-modified systems as anti-cancer therapies is 
discussed. Finally, the delivery of small molecules, and other pharmaceutical agents 
are also elaborated in this chapter.

Keywords: Hyaluronic Acid, Nano-particulates, Immunogenicity, Biodegradation, 
Tumor Targeted delivery

1. Introduction

Nanoparticles have gained increased attention in the context of cancer therapy; 
however, the major challenge of targeting particles specifically to cancerous cells 
remains. Targeted delivery systems comprising cell-targeting ligands such as 
antibodies, peptides, folic acid, and various biomolecules have been developed to 
ensure tumor-specific delivery. One such targeting ligand is hyaluronic acid (HA).

HA, a glycosaminoglycan (GAG), is a natural polysaccharide present in the 
extracellular matrix of various soft connective tissues such as the vitreous humor, 
dermis of the skin, hyaline cartilage, and synovial fluid of the body. It is water-
soluble, viscoelastic, biodegradable, biocompatible, and non-immunogenic [1–4]. HA 
is a polyanionic mucopolysaccharide consisting of β-1,3 and β-1,4 glycosidic bonds 
between repeating units of D-glucuronic acid and N-acetyl-D-glucosamine [5].

As an intrinsic part of the ECM, HA participates in different biological 
functions of the cell, including signal transduction, vascularization, cell 
migration, and tissue remodeling as schematically represented in Figure 1. 
Additionally, the presence of modifiable hydrophilic functional groups—
hydroxyl, carboxyl, and N-acetyl increases its potential as an adaptable system 
for the delivery of proteins, nucleic acids, and anti-cancer agents by grafting or 
modification with different nanoparticles. Based on cellular interaction stud-
ies, HA has emerged as a tumor-targeting agent in cancer therapy. It exhibits a 
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high binding affinity towards the CD44 cluster [6], which is over-expressed in 
numerous malignant cancer cells [7–9].

Considering its hierarchical structure and potential as a targeting agent, HA can 
be modified using small biomolecules [10], nanotubes [11], or different types of 
metal and non-metal nanoparticles [12] in various formulations. HA modified par-
ticles are effectively ingested by cells, and HA is enzymatically degraded intracellu-
larly [13], resulting in the delivery of only the particles and their cargo inside the cell.

This chapter covers various aspects of HA-modified delivery systems, includ-
ing strategies for synthesis, characterization, and biocompatibility. Furthermore, 
the characteristics of different delivery systems such as nanogel, micelle, 
liposome, and metallic or non-metallic nano-particulates are discussed. The 
mechanism underlying the delivery of small molecules, nucleic acids, and other 
pharmaceutical agents (in vitro, in vivo, or clinical applicability) are also pre-
sented in this chapter.

2. Hyaluronic acid–a primer

HA was discovered in 1934 when scientists Karl Meyer and John Palmer isolated 
a new kind of polysaccharide from bovine vitreous humor, which was later termed 
as hyaluronan [14]. Hyaluronic acid is a polysaccharide composed of repeating units 
of β-1,3-N-acetyl-D-glucosamine and β-1,4-D-glucuronic acid linked by β-1,3 and 
β-1,4 glycosidic bonds. It is a component of the extracellular matrix and mediates 
various cellular functions. HA is a ligand for the cell surface receptor CD44. CD44 

Figure 1. 
Schematic representation of physico-chemical properties and functions of hyaluronic acid (HA) in the native 
tissue environment.
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is a transmembrane protein that is typically expressed by a number of cells, but 
is over-expressed in different types of metastatic tumor cells, including those of 
brain, breast, prostate, colon, bladder, and head and neck cancers [7–9, 15–17]. It 
has a significant role in cell proliferation, migration, metastasis, and cell–cell and 
cell-matrix signal transduction [18].

2.1 Synthesis

Hyaluronic acid is usually obtained from different biological sources. The 
microbial synthesis pathway is preferred as it is cost-effective and an environmen-
tally benign process. The gram-positive bacterium, Streptococcus zooepidemicus 
is used for large-scale production of HA via a fermentative pathway as shown in 
Figure 2(A) [19]. The biosynthetic pathway of HA is as follows: initially, glucose-
6-phosphate is converted to uridine diphosphate glucose (UDP-glucose) in the 
presence of α-phosphoglucomutase and UDP-glucose dehydrogenase followed by 
UDP-glucose dehydrogenase assisted oxidation into UDP-glucuronic acid. Next, 
an amide group is transferred from glutamine-fructose-6-phosphate to fructose-
6-phosphate, followed by rearrangement of the phosphate leading to the forma-
tion of glucosamine-1-phosphate. Subsequently, acetylation and conjugation of 
UTP to glucosamine-1-phosphate generates the second precursor of HA. In the 
final step, hyaluronan synthase polymerizes the two precursors to produce HA, 
which is presented as an extracellular capsule as confirmed by electron micros-
copy (see Figure 2(B)) [20]. However, the pathogenicity of the bacterium limits 
its use for mass production of HA and therefore, several recombinant strains 
such as Agrobacterium sp. ATCC 31749 and recombinant Escherichia coli have been 
adapted as an alternative source of HA production [21, 22].

Figure 2. 
(A) Hyaluronic acid biosynthetic pathway in S. zooepidemicus. Glucose is first converted to glucose-6-phosphate 
by hexokinase which then enters one of two distinct pathways to form UDP-glucuronic acid (pgm, hasC 
and hasB) or UDP-N-acetylglucosamine (hasE, glmS, glmM and hasD). These precursors are subsequently 
bound together via the action of hyaluronic acid synthase or HAVE (encoded by hasA in S. zooepidemicus) 
to form hyaluronic acid. [Ref. [19], reproduced with permission from publishing authority]. (B) Electron 
micrograph section of Streptococcus equi subsp. Zooepidemicus (S. zooepidemicus) cells obtained from the 
late exponential phase of an aerated bioreactor culture. Thin sections were stained with uranyl acetate and lead 
citrate and examined with a Jeol JEM-1010 transmission electron microscope at an accelerating voltage of 80 kV. 
Bar 1 μm. [Ref. [20], reproduced with permission from publishing authority].
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2.2 Properties and uses

As mentioned previously, HA is a polymer. The physiochemical properties 
such as rheology and viscoelasticity of the polymer depend on the length of HA. 
Previous studies have demonstrated that higher molecular weight HA has bet-
ter wound healing properties and is more effective for orthopedic treatment 
whereas low molecular weight HA has a prominent role in angiogenesis and is 
an effective immuno-stimulant [23]. A variety of HA oligosaccharides have been 
synthesized chemically, ranging from disaccharides to hexasaccharides to improve 
biomedical availability and use. Lu et al. synthesized HA decasaccharides using 
a chemoselective glycosylation pathway [24]. Commercially available D-glucose 
and D-glucosamine hydrochloride are chemically connected in the presence of an 
activator to generate various HA-derivatives [25].

3. Applications in cancer therapy

On the basis of their physiochemical properties, different HA-based nano-
formulations have been investigated for their therapeutic application in tumor-
therapy. HA conjugated drugs, polymers, and lipids may self-assemble in aqueous 
solvents, and this property has been used to synthesize a number of self-assembled 
nano-particulates that are either made of the drug or contain the drug.

3.1 Drug-HA conjugates

Direct conjugation of drug molecules with HA results in the development of 
systems that are not only capable of targeting but improve solubility as well as blood 
circulation times of the drug itself. Some of the methods to synthesize drug-HA 
nanoparticles are summarized in Figure 3, and below, we discuss a few examples of 
the use of HA in developing new anti-cancer therapeutics.

The first example, presented in Figure 3(A), involves the conjugation of HA 
with succinic anhydride derived paclitaxel (2-succPTX, a tubulin inhibitor) 
using glutathione (GSH) sensitive cystamine (or non-sensitive adipic dihy-
drazide) as a cross-linker. The resultant self-assembled nanoparticles formed 
were analyzed using 1H nuclear magnetic resonance (NMR), Fourier-transform 
infrared spectroscopy (FTIR), and UV–visible spectroscopy. Transmission 
electron microscopy (TEM) and atomic force microscopy (AFM) analysis dem-
onstrated the presence of spherical shaped nanoparticles of diameter 150 nm. 
The nanoparticles accurately targeted cancer cells with significant anti-tumor 
efficacy both in vitro and in vivo as compared to free PTX [26]. Along similar 
lines, another HA-PTX nanovehicle showed excellent results in reducing tumor 
size with the increase of survival rate in an in vivo mouse xenograft model bear-
ing ovarian cancer cells [27]. A recent development in this area was to improve 
the loading of PTX in these self-assembled nanoparticles through the use of 
dimethylsulfoxide (DMSO) and polyethylene glycol (PEG) in the organic phase. 
This nano-system was suggested to have a 10–20% increase in PTX loading, and 
as a result, had significant anti-tumor activity against the RT-4 and RT-112/84 
bladder carcinoma cell-lines [28].

The second example is the synthesis of a HA-doxorubicin (DOX) based self-
assembled pro-drug that formed spherical core-shell nanostructures (Figure 3(B)) 
of 180–200 nm diameter. It displayed good biocompatibility and pH-responsive 
controlled Dox release in a cervical cancer model and exhibited excellent tumor 
inhibitory effects [29]. An ion-pairing based Dox-HA nano-assembled structure 
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with a liposomal delivery system displayed sustained intracellular release of Dox in 
CD44+ cancer cells with enhanced therapeutic efficacy in a mouse model [30].

The third and final example is the conjugation of HA with cisplatin. Cisplatin is 
an anti-cancer drug that causes adverse side-effects. Increasing cancer cell-specific 
intracellular delivery of cisplatin may reduce side effects, which might be possible by 
conjugating HA onto the drug. Ling et al. have demonstrated the synthesis of HA con-
jugated cisplatin using N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochlo-
ride. The synthesized pro-drug was verified using 1HNMR, 13C NMR, FT-NIR, AFM, 
and DSC analysis. The prepared pro-drug was spherical (Figure 3(C)) and showed 
CD44 mediated endocytosis with negligible stimulation to blood vessels. Systemic 
toxicity studies indicated that the drug was safe and actively delivered cisplatin to kill 
tumor cells with reduced adverse effect on healthy cells [31].

3.2 Drug loaded HA based nanoparticles

HA may also be conjugated with lipids and other small molecules, which also 
self-assemble to form particulates that may be used to encapsulate drugs. One 
example of such a system is deoxycholic acid conjugated with HA, which results 

Figure 3. 
(A) Synthesis of 2′-succinyalted paclitaxel (PTX) and cystamine (ss) modified hyaluronic acid (HA)-
g-paclitaxel (PTX) [HA–ss–PTX] through two consecutive pathways. Initially, PTX was functionalized 
with succinic anhydrate to obtain an active free carboxylic acid group which was further grafted with HA 
in the presence of cystamine as a cross-linker using EDAC. HCl and NHS reaction chemistry mechanism.
[A(i&ii)] illustrate the schematic and TEM images of HA-PTX based self-assembled structure. [Ref. [26], 
adapted with permission from publishing authority]. (B) Schematic presentation of the synthesis of amide 
methyl 4 (aminomethyl) benzoate crosslinked with self-assembled HA-doxorubicin graft. (C) Synthesis of 
2, 7-succinyalted cisplatin [2, 7-Succ-Pt(IV)] followed by ethylene diamine (EDA) mediated conjugation 
with HA using EDAC. HCl and NHS reaction chemistry to form HA-EDA-Pt(IV) pro-drug. [C(i&ii)] 
AFM images of HA–EDA–Pt (IV) nanoconjugate at an optimal dilution ratio, indicating the formation 
of microspheres with an average diameter of 200 nm. [Ref. [31], adapted with permission from publishing 
authority].
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in the formation of micelles that may, in turn, be loaded with drug molecules 
(Figure 4(A)). In the specific study presented in this figure, Huo and colleagues 
showed that the average hydrodynamic size and colloidal stability in terms of ‘zeta 
potential’ of the resultant micelle was 120 nm and 36 mV, respectively. These par-
ticles were capable of releasing taxol (the drug here) into the cytoplasm of cancer 
cells, causing tumor apoptosis, with a minimum adverse effect on healthy cells 
[32]. In another study, cholesterol coupled HA was employed as the amphiphilic 
molecule that self-assembles into nanoparticles that encapsulate both the anti-
cancer drug Dox and magnetic nanoparticles (Figure 4(B)). This multifunctional 
delivery system exhibited high cytotoxicity and cellular uptake against several 
cancer cell lines such as HeLa, HepG2, and MCF7 [33].

Utilizing HA-molecule conjugated self-assembled nanovehicles for drug loading 
enables the development of combinatorial therapeutic approaches. As an example 
of such an approach, the photo-sensitizer, Ce6, has been coupled with HA to form a 
self-aggregated system that is capable of delivering therapeutic drugs. Such a system 
was used in a human colon xenograft and displayed a significant anti-tumor effect 

Figure 4. 
(A) Schematic illustration of cystamine (ss) cross-linked deoxycholic acid (DOCA) conjugated hyaluronic 
acid (HA) [HA-ss-DOCA conjugate] nanoparticles. (B) Schematic illustration of the synthesis of cholesterol-
conjugated HA (ch-HA) and the formation of DOX/SPION loaded ch-HA micelles. [Ref. [33], adapted with 
the permission from publishing authority]. (C) Schematic illustration of the preparation of HA-grafted 
micelles (HA-M) [Ref. [36], reproduced with permission from publishing authority]. (D) Preparation of  
HA/TN-CCLP and other liposomes. [Ref. [37], adapted with permission from publishing authority.
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in a mouse model [34, 35]. In the case of brain tumor therapy, the delivery of che-
motherapeutic agents is hindered by the sophisticated blood–brain barrier (BBB) 
[36], and such combinatorial therapeutics could be beneficial for hard-to-treat 
cancers such as glioblastoma multiforme (GBM). Combinatorial chemotherapy 
strategies based on lauroyl-gemcitabine, honokiol (HNK), and HA grafted micelle 
formulations (Figure 4(C)) were shown to significantly suppress GBM in an in vivo 
xenograft model [36]. Similarly, Liposomes composed of TAT-NBD (TN, a 22 amino 
acid cell-penetrating peptide) modified HA, encapsulating celecoxib (CXB) and 
curcumin (CUR) (HA/TN-CCLP) (Figure 4(D)) were reported to block nuclear 
factor-κB (NF-κB) and signal transducer and activator of transcription 3(STAT3) 
signaling pathways, potentially inhibiting tumor growth and metastasis by improv-
ing infiltration of inflammatory cells [37].

3.3 Gel formulations

One of the major advantages of using HA is its ability to be used in diverse 
forms. As HA is an extracellular matrix protein, it may also be used to form hydro-
gels by itself or in combination with other polysaccharides. Injectable polymeric 
hydrogels have made a significant contribution to active targeted delivery of 
chemotherapeutic agents as the 3-dimensional porous environment allows for pH or 
thermo-sensitive controlled intracellular release of cargo. A HA modified chitosan 
grafted poly-N-isopropylacrylamide hydrogel was reported to have the loading 
capacity of Dox/folic acid-g-graphene sheets with high killing efficacy against 
MCF7 breast cancer cells. An in vivo study also demonstrated delivery of anti-tumor 
agents using the same system [38].

Interferon α-2a (IFN α-2a) loaded HA–tyramine hydrogels have also been 
shown to have anti-tumor effects, while native IFN α-2a injection did not show 
any anti-cancer effects. This was due to the controlled release of IFN α-2a from the 
hydrogel network [39]. Such gels may also be developed as nano-formulations, as 
demonstrated by Jaya Kumar and colleagues who showed that a redox-sensitive Dox 
loaded chitin-cystamine-HA nanogel may be used to specifically kill CD44+ HT-29 
cells [40].

3.4 Graphene oxide (GO) based formulations

In the past couple of decades, carbonaceous compounds have gained significant 
attention in cancer therapy due to their large surface area and bio-sensing, bio-
imaging, cellular probing, and drug carrier abilities. Owing to its 2D structure, 
biocompatibility, and water-dispersion features, graphene oxide (GO) and its HA 
conjugate have been investigated as anti-cancer drug delivery platforms. Three 
specific examples are discussed here.

First is the development of HA and Arg-Gly-Asp (RGD) peptide coated gra-
phene oxide as a nano-carrier for Dox. Raman spectroscopic analysis revealed two 
strong peaks at 1350 cm−1 and 1550 cm−1 due to the presence of D and G bands in 
exfoliated graphene oxide, as shown in Figure 5(A), which was further confirmed 
by TEM. The nano-carrier was composed of a single transparent layer with a gauze-
like lid layer. It exhibited high Dox loading capacity and excellent cytotoxicity when 
tested on an ovarian cancer cell line, SKOV-3. It was also found to be biocompatible 
when tested on a healthy human cell line, HOSEpiC [41].

The second is the development of a redox-sensitive near-infrared (NIR) con-
trolled system consisting of both HA and GO. Yin et al. demonstrated (Figure 5(B)) 
that a Dox/HA-cystamine-GO nano-carrier displays selective targeting and glutathi-
one responsive release of Dox in the cytosol without any collateral damage to healthy 
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Figure 5. 
(A) Schematic illustration of the preparation and characterization of RBITC labeled Q-graphene (HA-Q-G-
RBITC)/DOX nanoparticles and HA-mediated endocytosis. (i) XPS analysis of Q-graphene (a), Q-graphene-
COOH (b), Sulf-Q-graphene (c), and PEG Q-graphene (d). (ii) TEM image of Q-graphene. (iii) cytotoxic 
effects of Q-G-RBITC/DOX, HA-Q-G-RBITC/DOX, and DOX against A549 cells with increasing DOX 
concentration. The error bar represents standard deviation (n = 5). (iv) CLSM images of A549 cells incubated 
with (A) HA-Q-G-RBITC, (B) HAQ-G-RBITC/DOX, or (C) Q-G-RBITC/DOX for 5 h. (D) MRC-5 
cells incubated with HA-Q-G-RBITC/DOX for 5 h. [Ref. [41], reproduced with permission from publishing 
authority]. (B) Synthesis of HSG-DOX nanosheets. (i) Raman absorption spectra of HCG, HSG, GO-COOH, 
and GO. (ii) In vitro DOX release from HSG-DOX after incubation with glutathione at 37°C. (iii) In vivo 
fluorescent imaging of MDA-MB-231 tumor-bearing nude mice at 4, 16, and 36 h after intravenous injection 
of Cy7-labeledHSG-DOX and HCG-DOX nanosheets with or without pre-injection of free HA at HSG/HCG 
dose of 5 mg/kg. (iv) tumor growth curves after intravenous injection of different formulations at a DOX dose 
of 5 mg/kg. **P < 0.01. [Ref. [12], reproduced with permission from publishing authority]. (C) Synthesis of 
dox loaded magnetite nanoparticles/GO-HA. Cytotoxicity induced by combination of drug treatment and 
hyperthermia. GO-HA-iron oxide particulates (i) without or (ii) with dox were cultured with MDA-MB-231 
cells and exposed to magnetic fields, and cell viability was measured. Cell viability measurements are 
normalized to control cultures of cells in the absence of particulates, drugs, and hyperthermia. Paired Student’s 
t-test was performed to compare hyperthermia treatment to their respective no-heat controls. **p < 0.01.  
[Ref. [43], adapted with permission from publishing authority].
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cells. As compared to free Dox, the NIR irradiated nanosystem exhibited enhanced 
cytotoxicity in a xenograft tumor model [12]. A similar cytotoxic effect was observed 
when HiLyte 647 loaded nano GO-HA was used to treat melanoma. Photo-thermal 
treatment resulted in the complete ablation of tumor tissue without any further 
tumorigenesis [42].

The third example is our own work on a formulation containing magnetic 
nanoparticle decorated GO-HA, which was evaluated for magnetothermal and 
CD44 (+) positive breast cancer targeted cancer therapy. A shown in Figure 5(C), 
the nanoplatform can be loaded with various types of chemotherapeutic agents 
such as Dox and Ptx. Furthermore, the study revealed that the nanoplatform had 
significant anti-tumor activity under magnetic hyperthermia in the MDA MB231 
cell line. These nanovehicles provide a versatile platform for next-generation cancer 
therapy [43].

3.5 Other carriers

Owing to their high stability, biocompatibility, and tunable porous architecture, 
mesoporous silica nanoparticles (MSNPs) have been used as multifunctional 
tumor-targeting nano-carriers. Dox loaded HA modified MSNPs have been 
developed and tested against HCT-116 cells, as shown in Figure 6(A). As part of 
the morphological analysis, TEM revealed spherical nanoparticles organized as a 
hexagonally packed mesoporous structure with a mean particle size of 70–100 nm. 
Surface modification of the MSNPs was confirmed by 13C NMR analysis. Strong 
absorption peaks at 43, 22, and 10 ppm and broad peaks at 70–180 ppm confirmed 
the presence of the methylene carbon in NH2-MSNPs and the anomeric carbon in 
HA, respectively. Compared to free Dox and Dox loaded MSNPs, Dox-HA-MSNPs 
exhibited a significantly greater anti-proliferative effect because of better CD44 
mediated uptake of HA modified nanoparticles at physiological pH [44].

A similar approach was used to fabricate mesoporous silica nanoparticles, 
post-functionalized with PEG-PDS-NH2 [poly(poly(ethyleneglycol) methacrylate-
co-pyridyldithioethyl methacrylate-co-2 aminoethylmethacrylate], followed by HA 
decoration for selective targeting. As shown in Figure 6(B), Dox loaded nanopar-
ticles demonstrated clathrin and macropinocytosis-mediated cellular uptake with 
the killing of CD44 positive HeLa cells [45].

Gold nanoparticles (AuNPs) in cancer therapy have dual functionality due to the 
presence of a bioactive surface, contrast ability, and photodynamic features. Kang 
et al. developed HA conjugated pheophorbide-A coated AuNPs (Figure 6(C)) that 
had excellent colloidal stability and photoactivity in the intracellular environment 
[46]. Electron microscopy analysis of the hybrid nanomaterial revealed spherical 
nanoparticles with a mean diameter of 70–80 nm, whereas native gold nanopar-
ticles had a mean diameter of 10–15 nm. The increase in size is attributed to the 
surface coating of the AuNPs. Active targeting was observed 48 h post-injection 
of PheoA-HA/AuNPs as indicated by bright fluorescence intensity at the tumor 
site rather than elsewhere, suggesting CD44 receptor-mediated accumulation of 
nanoparticles with minimum adverse effects on healthy tissues. In vivo study of 
administration of PheoA-HA/AuNPs revealed their excellent anti-tumor efficacy 
with 3-fold to 5-fold decrease in tumor size compared to free PheoA, saline, and 
AuNPs. In another study, Wang et al. synthesized {(Au0)100G5.NH2-FI-DOTA 
(Mn)-HA, where DOTA-1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic 
acid} NPs which facilitated selective internalization of dendrimers in tumor cells 
whose imaging capability is presented in Figure 6(D) [47].

Super-paramagnetic iron oxide nanoparticles have gained tremendous 
attention in targeted cancer therapy due to their diverse properties, including 
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Figure 6. 
(A) Synthesis of different hyaluronic acid (HA) modified metal nano formulations for targeted cancer therapy. 
[A(i&ii)]. 13CNMR spectra of NH2-MSNs and HA-MSNs. [iii(a&b)]. TEM images of MSNs and (iv) 
HA-MSNs. (D) Cytotoxicity of free dox, dox-HA-MSNs, dox-MSNs, HA-MSNs and MSNs againstHCT-116 
cells at different concentrationsC1, C2andC3 (for details, see table v). [Ref. [44], adapted with permission 
from publishing authority]. (B) Schematic illustration of efficient mesoporous nanoparticle-mediated DDSs 
using noncovalent polymer gatekeepers and HA conjugation for targeting capability. (i) TEM images of 
HA-PMSNs, (ii) cumulative dox release profiles of 62 Mol% crosslinked PMSNs with (1 and 5 mM) and 
without GSH. (iii) cell viability analysis of HA-PMSNsCD44-positive in HeLa cells. [Ref. [45], adapted 
with permission from publishing authority]. (C) Schematic representation of the synthesis of {(Au0)100G5.
NH2-FI-DOTA (Mn)-HA} NPs. (i) TEM image of the {(Au0)100G5.NH2-FI-DOTA (Mn)-HA} NPs. The 
scale bar in each panel measures 20 nm. (ii) In vivo CT images of orthotopic liver tumors at different times 
after a 0.3-mL intravenous injection of a {(Au0)100G5.NH2-FI-DOTA (Mn)-HA} NP solution (0.3 mL 
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biocompatibility, enabling their use as a contrast agent for MRI and in magneto-
thermal therapy. Moreover, their tendency for aggregation in an aqueous medium 
is avoided by coating with active biopolymers and cancer-targeting agents. For 
example, HA modified and fluorescein isothiocyanate decorated iron nanoparticles 
may be utilized as an efficient probe for targeted MRI assisted cancer therapy, as 
shown in Figure 6(E) [48].

Another use of these particulates could be targeted brain tumor therapy, and 
a specific example is the development of HA-polyethylene glycol stabilized mag-
netite nanoparticle modified nano-sized liposomes. Dox loaded versions of these 
nanoparticles were shown to enhance drug release under induced hyperthermia 
(43°C). Confocal microscopy and flow cytometry analysis revealed CD44 targeted 
internalization of liposome nanoparticles in glioblastoma (U87 cells) tumor cells 
with a dual effect i.e. magneto-thermal and chemotherapeutic triggered the killing 
of tumor cells in vitro, suggesting their potential role as next-generation in vivo 
anti-cancer nano-vehicles [49].

4. Immunogenicity of HA-based nanoparticles

The extent of interaction between nanoparticles and serum proteins, i.e. the 
formation of the protein corona, is a key factor deciding the intravenous delivery 
efficiency of the nanoparticles. The protein corona may be modified using coatings 
that alter the surface properties of the nanoparticles. Almalik et al. showed that 
modifying chitosan NPs with HA avoided inflammatory protein adsorption com-
pared to nanoparticles not coated with HA [50]. Similarly, reactive oxygen species 
(ROS) production was suppressed when activated macrophages were treated with 
HA modified chitosan nanoparticles. The secretion of cytokines such as TNF-α 
and IL-1β were drastically reduced, indicating low immunogenicity of the HA-CS 
NPs without any collateral biological responses [51]. Zaki et al. also demonstrated 
that HA-chitosan NPs were taken up at a relatively slower rate compared to NPs not 
coated with HA. Moreover, the extent of internalization was two-fold lesser [52]. 
Further studies are required to verify that HA coatings decrease the immunogenic-
ity of particulates.

5. Conclusions

Research in the development of active cancer-targeting agents led to the dis-
covery of various cell surface molecules that control cellular function via different 
signaling pathways. CD44 is a cell surface protein that plays a significant role in 
tumorigenesis, metastasis, and proliferation of cancer cells. Several studies have 
demonstrated that the interaction of CD44 and HA, an extracellular component, 

in PBS, [Au] = 120 mM). (iii) In vivo MR images of orthotopic liver tumors at different times after an 
intravenous injection of 0.3 mL of a {(Au0)100G5.NH2-FI-DOTA (Mn)-HA} NP (300 μg Mn) solution in 
PBS. [Ref. [47], adapted the permission from publishing authority]. (D) Synthesis of HA-modified magnetite 
nanoparticles (HA-Fe3O4 NPs) (i) TEM micrographs of HA-Fe3O4 NPs. The viability of MIAPaCa-2 cells 
after treated with PBS, nHA-Fe3O4 NP and HA-Fe3O4 NPs at the different Fe concentrations for 24 h (ii) 
or 48 h (iii) at 37 oC by the CCK-8 assay (iv) In vivo transverse T2 MR images of tumors after intravenous 
injection of the nHA-Fe3O4 NP ((a) 7 days; (c) 14 days; (e) 21 days) and HAFe3O4 NPs ((b) 7 days; (d) 
14 days; (f) 21 days) ([Fe] 1 mg/mL, in 200 mL saline) at different time points post i.v.-injection. (v) In vivo 
biodistribution of hearts, livers, spleens, lungs, kidneys, and tumors 24 h post intravenous injection of the nHA-
Fe3O4 NP and HA-Fe3O4 NPs (600 mg Fe, in 0.3 mL PBS). (vi) The ability of MIAPaCa-2 cells to uptake 
PBS (a), nHA-Fe3O4 NP (b) and HA-Fe3O4 NPs (c) ([Fe] 50 mg/mL) 4 hours after treatment, MIAPaCa-2 
cells treated with PBS were used as control, scale bar ¼ 10 mm. [Ref. [48], adapted with permission from 
publishing authority].
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leads to the progression, growth, and metastasis of cancer cells via different sig-
naling pathways. Consequently, strategies have been developed to fabricate HA 
mediated tumor targeting nanoplatforms. Moreover, it has been reported that 
conjugation of HA with different nanoparticles increases the internalization of 
therapeutic molecules via enhanced permeability and retention or CD44 medi-
ated endocytosis with increased therapeutic efficacy both in vivo and in vitro. 
Particularly, various drug loaded targeting strategies have emerged, including 
redox, thermosensitive, and pH sensitive self-assembled HA-prodrug delivery and 
HA modified metallic and non-metallic nanovehicle-mediated delivery. In sum-
mary, HA-based nanoliposomes, micelles, and nano-carriers are promising thera-
peutic platforms for the delivery of multifunctional cargo in the context of active 
targeted cancer therapy, paving the way for next-generation clinical cancer therapy.
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Abstract

Hyaluronidase enzyme degrades hyaluronan, the primary component of the 
extracellular matrix found in connective tissues animals and on the surface of 
certain pathogenic bacteria. The degradation of hyaluronan is linked to a wide 
range of physiological and pathological process. Inhibiting the hyaluronidase 
enzyme is thus significant as an approach to treat a variety of diseases and health 
conditions such as anti-fertility, anti-tumor, antimicrobial, and anti-venom/toxin 
agents. HAase inhibitors of different chemical types have been identified include 
both synthetic compounds and constituents obtained from naturally sources. Plant 
natural products as HAase inhibitors are unique due to their structural features and 
diversity. Medicinal plants have historically been used as contraceptives, antidote 
for snakebites and to promote wound healing. In recent years, small molecules, par-
ticularly plant natural products (alkaloids, flavonoids, polyphenol and flavonoids, 
triterpenes and steroids) possessing potent HAase have been discovered. A number 
of plant species from various families, which have folk medicinal claims for these 
ailments (related to hyaluronan disturbances) were scientifically proven for their 
potential to block HAase enzymes.

Keywords: hyaluronidase inhibitors, natural products, medicinal plant, 
phytochemicals

1. Introduction

Hyaluronan/hyaluronic acid (HA) is a biologically important polysaccharide 
molecule found in the animal kingdom, most notably in the extracellular matrix 
(ECM) of connective tissues and on the surface of certain pathogenic bacteria. 
Although HA is found in nearly every tissue of vertebrates, it is abundantly present 
in the extracellular matrix of soft connective tissues. In mammals, it’s predomi-
nantly found in the connective tissue of skin, testes, umbilical cord and synovial 
fluid. HA is composed of a linear polymeric chain with a uniform repeating disac-
charide units of D-glucuronic acid and N-acetyl-D-glucosamine linked through 
(1,3 and 1,4) glycosidic bond. HA is a megaDalton molecule, synthesized as free 
polymer by the plasma membrane at its inner face [1–3].

The molecular function of hyaluronan in the body include interaction with HA 
receptors on the surface of the same cell or ECM molecules of the surrounding cells 
[4, 5]. When newly secreted, HA interacts with a variety of cell surface receptors 
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(CSRs) which give rise to important physiological functions such as signal trans-
duction, building of pericellular matrix and the degradation endocytosis of HA via 
receptor-mediated internalization [6–8].

The metabolism of hyaluronan involves hyaluronidase enzyme, which is a class 
of glycosidase that predominantly degrades hyaluronan (HA). Karl Meyer coined 
the word Hyaluronidases (HAases), and over the years of research, the importance 
of HAases in controlling the physiological and pathological function of HA in 
animals has been established [9]. In mammals, the HAases hydrolyze the glucosa-
minidic β-1,4-linkages of hyaluronic acid and produces tetrasaccharide fragments. 
Three types of HAase enzymes act in concert to degrade HA biochemically; first, 
intact HA is acted on by endoglycosidase HAases, resulting in oligosaccharides with 
varying chain lengths that serve as substrates for the other two HAase enzymes 
(exoglycosidases), namely -glucuronidase and -N-acetyl hexos [10, 11].

The enzyme hyaluronidase and its substrate (Hyaluronan) perform a critical 
biological function in human body and their imbalance has been linked with vari-
ous pathological processes and disease states including skin diseases and cancer [1]. 
The biological role of HA depends on the type of product formed after degradation 
and the circumstances under which it is synthesized [6, 12]. The involvement of 
HA has been established in various physiological and pathological processes include 
embryogenesis [7, 13, 14], immune surveillance, inflammation [15–18], wound 
healing [19], multi-drug resistance [6], cancer, water homeostasis and viscoelas-
ticity of ECM [6, 8, 11, 20, 21]. Thus, it is critical to maintain HA homeostasis by 
balancing the action of HAase enzymes involved in anabolic and catabolic activi-
ties using various approaches such as hyaluronidase enzyme inhibitors (HAIs). 
The biological and therapeutic potential of HAase inhibitors (HAIs) is receiving 
significant attention, and an increasing amount of research is being conducted 
to develop potent hyaluronidase inhibitors for a variety of health conditions, 
including contraceptives, anti-tumor, antimicrobial, and anti-venom/toxin agents 
[22–24]. Hyaluronidase inhibitors of different chemical types are increasingly being 
reported, which include synthetic and plant derived bioactive compounds, polysac-
charides, fatty acids, proteins, glycosaminoglycans and others [23, 25–30].

In this chapter, we have discussed and presented an updated overview of studies 
on important natural product agents (small molecules, and plants extracts) of 
various chemical forms derived from medicinal plants, which have been reported 
as potent hyaluronidase inhibitors. The search engines, such as, Google Scholar and 
PubMed were used to search the literature using key words such as natural prod-
ucts, medicinal plants, phytochemicals with hyaluronidase inhibitors, and anti-
hyaluronidase. Majority of the data covered in this study are research published 
during the last fifteen years and studies with incomplete data or doubtful peer 
review system were excluded.

2. Hyaluronidases

Hyaluronidases are a family of endoglycosidase enzymes found in both eukary-
otes and prokaryotes and prevalent across the animal kingdom [31]. It was first 
observed by Duran-Reynals in mammalian testis extract and termed it “spreading 
factor” as it has the property of breaking down the hyaluronan structure and 
facilitating tissue permeability and spreading [32]. Karl Meyer later classified 
hyaluronidases into three groups depending on chemical analysis and end products 
formed, which included mammalian, leech, and bacterial hyaluronidases.

Mammalian hyaluronidases are endo-β-Nacetlyhexosaminidases which arbitrary 
cleave hyaluronan glycosidic ate β-1-4 position, yielding even numbered tetra- and 
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hexa oligosaccharides as the major end products along with N-acetylglucosamine at 
the reducing end of the product. These hyaluronidases exhibit both hydrolytic and 
transglycosidase activity and are found in spermatozoa, mammalian cell lysosomes, 
and bee, snake, and reptile venoms [33].

The second type of HAases are leech hyaluronidase, which cleave glucoro-
nate linkages of hyaluronan and are inert towards other glycosaminoglycans. 
These group of HAases are hyaluronate-3-glycanohydrolases are endo-β-D-
glucuronidases. Tetra- and hexasaccharides are the main end products with 
glucuronic acid at the reducing end. This group of enzymes are present in salivary 
glands of leeches and hook worms [34].

The third type is microbial hyaluronidases, which are distinguished from mam-
malian and leech HAases by their lack of hydrolysis activity. These HAases catalyze 
the cleavage of HA at the 1–4 glycosidic bond, resulting in the formation of 4 and 
5 member unsaturated oligosaccharides. Enzymes in this class includes HA lyases 
from Streptococcus pneumoniae (S. PHL) and S. agalactiae [34, 35].

In humans, six hyaluronidase-like genes known as hyaluronoglucosaminidases 
(Hyals1–6) have been identified. Of the six Hyal genes, Hyal1 and 2 are the pri-
mary hyaluronidases responsible for the catabolism of HA in somatic tissue, while 
Hyals3 to 6 are inactive and likely do not participate in HA cleavage [36]. Although 
inactive, hyal3 is widely expressed in chondrocytes, testis, and bone marrow, 
and its expression increases when fibroblasts differentiate into chondrocytes. 
Inflammatory cytokines such as IL-1 and TNF- (tumor necrosis factor-alpha) 
upregulate the Hyal2 and Hyal3 genes, but not the Hyal1 gene [37].

3. Plant derived natural products as hyaluronidase inhibitors

In the regulation of biological processes, inhibition of enzyme activity can be as 
essential as the activity itself. Many diseases are caused by overactivation of enzymes, 
which can be regulated with enzyme inhibitors since blocking the enzyme is more 
efficient in active catabolic reactions than stimulating the synthesis of substrates such 
as the high molecular weight polymeric hyaluronan contained in the extracellular 
matrix [38]. This is particularly true when a rapid response or finely regulated tempo-
ral and spatial ECM activities are required. Mio and his colleagues have identified the 
first inhibitor of the hyaluronidase enzyme in human and mouse serum [39].

For centuries, nature has been a source of medicinal products, with numerous 
useful medicines have been derived from plant sources [40]. Their therapeutic utility 
in treating a variety of illnesses have been investigated in various conventional medi-
cal systems, and their role as a biological modulator has been recognized throughout 
human history [41]. Natural products’ effectiveness as enzyme inhibitors is attributed 
to their product biosynthetically in living organisms, which enhances their chances 
of interacting effectively with a variety of biological targets [42]. The inherent steric 
complexity, more number of rings and chiral centers, as well as the presence of more 
oxygen and the ability to form more hydrogen bonds, increases drug-likeness prop-
erty of natural products from synthetic ones [43, 44]. The following section discusses 
recent research on various plant extracts and phytoconstituents as potential sources 
of hyaluronidase inhibitors.

3.1 Anti-hyaluronidase phytoconstituents

Various class of natural products derived from different plants species docu-
mented as hyaluronidase inhibitors include alkaloids, flavonoids, polyphenols, 
terpenes and steroids as shown in the Table 1. Natural products derived from plants 
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Class of Natural 
Products

Compounds Source 
of HAase 
enzyme

IC50/%Inhibition Ref.

Alkaloid
s

Aristolochic acid Naja naja 
venom

50 μM [28]

Ajmaline -

Reserpine -

Nuciferine Testicular >100 μM [45]

Nornuciferine 22.5 μM

N-methylasimilobine >100 μM

Asimilobine 11.7 μM

Pronuciferine >100 μM

Armepavine >100 μM

Norarmepavine 26.4 μM

N-methylcoclaurine >100 μM

Coclaurine 11.4 μM

Norjuziphine 24.3 μM

Aristolocic acid Naja naja 
venom

1.43 μM [46]

3-[(4-methylpiperazin-
1-yl)methyl]-5-phenyl-

1H-indole

Testicular 23% (5 μM) [47]

Flavonoids/
polyphenols

Flavone
Tannic acid
Quercetin

Naja naja 
venom

50 μM [28]

Tannin Honey bee, 
scorpion, 

snakes and 
cobra venoms

0.9% [53]

Kaempferol 21.0%

Silybin 24.8%

Myriceetin 31.5%

Morin 33.0%

Quercetin 33.9%

Butein 37.8%

Phloretin 41.1%

Catechin 42.5%

Flavone 46.9%

Rutin 40.5%

Isoquercitin 42.1%

Apigenin 15.0%

Apigenin
Kaempferol

Luteolin
Tannic acid

Honey bee, 
scorpion, 

snakes and 
cobra venoms

[54]
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are well-known as HAase inhibitors due to their unique structural features. As 
indicated in Table 1, many classes of natural compounds produced from various 
plant species have been recorded as hyaluronidase inhibitors. These classes include 
alkaloids, flavonoids, polyphenols, terpenes, and steroids.

Class of Natural 
Products

Compounds Source 
of HAase 
enzyme

IC50/%Inhibition Ref.

quercetin 
3-O-β-D-glucopyranoside

Bovine testes 20.9 mM [57]

quercetin 
3-O-β-D-xylopyranoside

22.1 mM

kaempferol 
3-O-β-D-glucopyranoside

26.5 mM

isorhamnetin 55.4 mM

Rosmarinic acid Testicular 309 μg/mL [57]

Lithospermic acid B 164 μg/mL

Diometin-7-O-β-D-
glucopyraanoside

644 μg/mL

Apigenin-7- O-β-D-
glucuronopyranoside

548 μg/mL

Tannic acid Testicular 4.97 units/mL [58]

Apigenin 4.02 units/mL

Quercentin 4.28 units/mL

Tannic acid Testicular 0.8 units/mL [59]

Gallic acid 5 units/mL

Ellagic Acid 4.8 units/mL

Chicoric acid Escherichia coli 
F470

171 μM [68]

Terpenes/
steroids

Glycyrrhizin Streptococcus 
agalactiae

0.020–1.300 mM [52]

Glycyrrhetinic acid Bovine testes 0.060–0.260 mM

3β-urs-12-en-28-oic acid Testicular 103.18 ±1.70 μM [62]

3β,19,23-trihydroxyurs-12-
en-28-oic acid

286.95±10.28 μM

3β-acetylolean-12-en-28-
oic acid triterpenoid

1466.5± 2.37 μM

Steroidal Fraction Brevibacterium 
halotolerans 

DC1

5.19 mM [67]

Testosterone Propionate Escherichia coli 
F470

124 ± 1.1 μM [68]

Glycyrrhizic acid Escherichia coli 
F470

175 ± 1.2 μM [68]

Table 1. 
Natural product compounds active against hyaluronidase enzyme.
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3.1.1 Alkaloids

Alkaloids are naturally occurring secondary metabolites, which consist of a 
basic nitrogen atom and produced by various species of animals, plants, bacteria 
and fungi. Morikawa and his team evaluated aporphine and benzylisoquinoline 
alkaloids which they have earlier isolated from the flower buds of Sacred lotus 
(Nelumbo nucifera) tably, Among the alkaloids discovered as a hyaluronidase 
inhibitor, nornuciferine (IC50 = 22.5 μM), asimilobine (11.7 μM), norarmepavine 
(26.4 μM), coclaurine (11.4 μM), and norjuziphine (24.3 μM) have shown potent 
activity, even higher than the standard atilllergic drug (disodium cromoglycate 
(IC50 = 64.8 μM). Nuciferine, N-methylasimilobine, pronuciferine, armepavine, and 
N-methylcoclaurine are the other alkaloids with moderate anti-HAase action [45]. 
Girish and co-researchers tested various compounds including well known alkaloids 
such as aristolocic acid, reserpine, and ajmaline on hyaluronidase enzymes obtained 
from the Naja naja snake venome and observed a dose dependent inhibition of hyal-
uronidase enzyme activity in manner. It was further observed that aristolochic acid 
has completely inhibited HAase, while reserpine and ajmaline inhibited it partially 
in a non-competitive manner. [28, 46]. Olgen and colleagues have tested as a series of 
aminomethyl indole alkaloids derivatives against the bovine testes hyaluronidase and 
found 3-[(4-methylpiperazin-1-yl)methyl]-5-phenyl-1H-indole as the most potent 
inhibitor of HAase enzyme [47].

3.1.2 Flavonoids and polyphenols

Flavonoids are a large group of polyphenolic compounds having benzo-γ-pyrone 
structure and are ubiquitously present in various parts of the plants. Flavonoids 
are a wide class of polyphenolic chemicals with a benzo—pyrone structure that are 
found in virtually every part of plants. Secondary metabolites of phenolic origin, 
such as flavonoids, are involved in a variety of pharmacological activities [28]. 
Based on their structure, flavonoids of different types such as flavones, anthocyani-
dines, flavones, and chalcones have demonstrated antioxidant, anti-inflammatory, 
antiviral, and antithrombotic properties, antitumor, hepatoprotective and enzyme 
inhibitory properties [48–50].

Girish and co-researchers have observed in an in vitro study that flavonoids of 
different structure types such as flavone, tannic acid quercetin were able to inhibit 
the hyaluronidase enzyme activity obtained from Naja naja snake venom [28].

In an early study, Rodney and co-researchers evaluated the effect of flavonoids 
on hyaluronidase and afterwards the effect of 31 flavonoids has been found potent 
against the activity of bovine testicular hyaluronidase. The inhibitory action of 
flavonoids on hyaluronidases is dependent on the number of hydroxyl groups and 
side chain substituents present in the molecules, and flavonoids containing many 
hydroxyl groups were found to significantly reduce inhibitory activity hyaluroni-
dase enzyme [51]. Plant based flavonoids such as flavones, 2-hydroxy-flavone, 
apigenin, luteolin, quercetin, and myricetin demonstrated the inhibitory effects on 
hyaluronidase activity [51].

Herte et al. investigated the effects of several flavonoids on the microbial origin 
of the hyaluronidase enzyme (Hyaluronate lyases). During their research, they 
discovered quercetin and myricetin to be the most potent inhibitors, with extra 
hydroxyl groups at positions 3,3′ (quercetin) and 5′ (myricetin) (myricetin). In 
addition, glycosylated flavonoids such as rutin, apiin, and silybin have shown a 
decline in their capacity to inhibit hyaluronate lyase, even when the side groups 
carried hydroxyl groups themselves [52].
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A series of flavonoids were examined by Kuppusamy et al. against hyaluronidase 
enzyme extracted from the venom of honey bee, scorpion and cobra and found 
flavonoids such as myricetin, quercetin, luteolin, apigenin, phloretin and kaemp-
ferol showing potent anti-HAase effects in in vitro assay [53]. In another study the 
same authors observed a contrast where, sylibin inhibited hyaluronidase activity 
of bee and scorpion venom supported by the apigenin, kaempferol, luteolin, and 
tannic acid [54].

Kim and his co-worker isolated flavonols (quercetin 3-O-β-D-glucopyranoside, 
quercetin 3-O-β-D-xylopyranoside, kaempferol 3-O-β-D-glucopyranoside, and 
isorhamnetin 3-O-β-D-glucopyranoside) from the Allium sativum L. for anti-
hyaluronidase properties [55].

Polyhenols are naturally occurring secondary metabolites, largely found in plants 
and generally involves in the defense of plants against pathogens [56]. Other type of 
phenolic compounds includes rosmarinic acid, lithospermic acid B, diometin-7-O-
β-D-glucopyraanoside, and apigenin-7-O-β-D-glucuronopyranoside reported from 
the Meehania fargesii plant, all of which were effective at suppress HAase activity 
[57]. Tatemoto and colleagues investigated the effects of tannic acid, apigenin, and 
quercetin, in in vitro fertilization parameters, on hyaluronidase activity, and found 
that tannic acid was the most active hyaluronidase enzyme activity in a dose-
dependent manner at concentrations ranging from 2 to 10 g/ml [58]. The same group 
of researchers investigated three tannins, tannic acid, gallic acid, and ellagic acid, 
and found tannic and ellagic acid as potent inhibitors of the hyaluronidase enzyme, 
effectively preventing polyspermy by suppressing the acrosome reaction induced by 
sperm-zona interaction during in vitro fertilization of porcine oocytes [59].

3.1.3 Terpenes and steroids

Terpenes are the constituents of pheromones, anti-feedants and flavors, which 
are composed of isoprene unite (C5) and their derivatives. Terpenes and terpenoids 
(oxygenated derivative) are recognized as one of the important class of natural 
products, are widely distributed in plants and possesses a range of bioactivity, 
exhibiting a wide bioactivity, such as anticancer, neuroprotection, and anti-inflam-
mation and anti-infective agents [60, 61]. Abdullah and co-authors isolated terit-
erpenes as HAase blocking agents from Prismatomeris tetrandra (Roxb.) K. Schum. 
The two triterpenoids (3β-urs-12-en-28-oic acid and 3β,19,23-trihydroxyurs-12-en-
28-oic acid) were obtained from the chloroform fraction whereas another triterpe-
noid 3β-acetylolean-12-en-28-oic acid was isolated from the roots of Prismatomeris 
tetrandra. Also, the synthetic analogues of ursolic acid were identified as potential 
inhibitor of hyaluronidase [62]. The in-vitro inhibition of bovine hyaluronidase and 
hylaluronate lyase was shown by the triterpenes glycyrrhizin and glycyrhetinic acid 
[52]. However, fatty acid derivative of glycyrrhetinic acid, known as stearyl ester 
was unable to inhibit the hyaluronidase activity [63]. This difference may be due to 
the specific structures of the respective enzymes as well as the splitting mechanism 
of hyaluronic acid as endoenzyme or exoenzyme [64].

Sterols are important structural components in higher organisms. They take 
part in the regulation of membrane fluidity, permeability and membrane associated 
metabolic processes [65]. Steroids of different structure types are reported to influ-
ence hyaluronidase metabolism [66]. Patil and co-researchers found the steroidal 
fraction isolated from the leave of Carissa carandas as strong inhibitior of hyal-
uronidase enzyme activity with IC50 = 5.19 mM/mL as compared to the standard 
(quercetin). This steroidal fraction could contain potential hyaluronidase inhibitor 
and therefore should be considered for further studied as anti-venom agent [67]. 
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In a study, Lengers and team found chicoric acid (IC50 = 171 μM) and testosterone 
propionate (IC50 = 124 ± 1.1 μM) as strong inhibitors of Hyal1 expressed over the 
surface of Escherichia coli F470 which was comparable to that of glycyrrhizic acid 
(IC50 = 177 μM) [68].

3.2 Anti-hyaluronidase medicinal plant extracts

Plants have remained a major source of medicine for centuries and therapeutic 
agents derived from natural sources are used traditionally to recover from wound 
healing, treat snakebites or inflammation as contraceptives. Several studies indicate 
that plants species from various families, which have folk medicinal claims for these 
ailments were also scientifically been proven for their potential to block HAase 
enzymes as shown in Table 2.

Plant Name Plant part/type 
of extract (active 
extract)

Biological activity Source 
of HAase 
enzyme

Ref.

Meehania fargesii 
(Lamiaceae)

Whole plants 80% 
acetone extract 
(water soluble 
fractions)

Anti-HAase Testicular [57]

Aesculus hippocastanum 
(Hippocastanaceae)

Seeds/
aqueous-ethanol

Anti-inflammatory Testicular [69]

Hedera helix (Araliaceae) Leaf/
aqueous-ethanol

Anti-inflammatory Testicular [69]

Hygrophila schulli Leaf/ethanolic 
extract

Anti-inflammatory Testicular [70]

Areca catechu (Arecaceae) Whole plant/
aqueous methanol

Anti-aging Testicular [71]

Dryopteris cassirrhizoma 
(Dryopteridaceae)

Methanol–water 
extract of whole 
plant

Anti-aging/
Anti-inflammatory

Testicular [71]

Alpinia katsumadai 
(Zingiberaceae)

Whole plant/
aqueous-ethanol

Anti-aging/
Anti-inflammatory

Testicular [72]

Cinnamonum cassia 
(Lauraceae)

Whole plant/
aqeuous-methanol

Anti-aging/
Anti-inflammatory

Testicular [72]

Curcuma longa 
(Zingiberaceae)

Methanol–water 
extract of whole 
plant

Anti-aging/
Anti-inflammatory

Testicular [72]

Prunus salicina 
(Rosaceae)

Root bark/aqueous 
decoction

Anti-HAase — [73]

Anemarrhena 
asphodeloides 
(Asphodelaceae)

Rhizom/methanol 
extract

Anti-inflammatory/
Anti-allergy

Testicular [74]

Rubus 
fruticosus/Blackberry 
(Rosaceae)

Fruits/Methanol Anti-Inflammatory — [75]

Artocarpus altilis 
(Moraceae)

Bark/ethanol Anti-aging Testicular [76]

Curcuma aromatica 
(Zingiberaceae)

Rhizomes/ethanol Anti-aging Testicular [76]
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Plant Name Plant part/type 
of extract (active 
extract)

Biological activity Source 
of HAase 
enzyme

Ref.

Chamaerhodos altaica 
(Rosaceae)

Aerial parts/80% 
acetone extract 
(aqueous fraction, 
BuOH)

Anti-HAase — [77]

Camellia sinensis 
(Theaceae)

Leaves, buds/(water 
brew)

Anti-aging/skin care Testicular [78]

Canavalia gladiata White 
Sword Beans (Fabaceae)

Seeds/80% methanol 
extracts(fermented 
and non-fermented)

Anti-inflammatory — [79]

Glycine max Soybeans 
(Fabaceae)

Seeds/80% 
methanol extracts 
(fermented and 
non-fermented)

Anti-inflammatory — [79]

Coffee Rubiaceae 
(Rubiaceae)

Seeds/Coffee 
silverskin 
(byproduct of the 
roasting procedure 
for coffee beans

Anti-inflammatory/
Anti-allergy

Testicular [80]

Deutzia coreana 
(Hydrangeaceae)

Stem/methanolic 
extract

Anti-inflammatory/
Anti-allergy

Testicular [81]

Osmanthus insularis 
(Oleaceae)

Stem/methanol Anti-inflammatory/
Anti-allergy

Testicular [81]

Styrax japonica 
(Styracaceae)

Stem/methanol 
extract

Anti-inflammatory/
Anti-allergy

Testicular [81]

Dracocephalum foetidum 
(Lamiaceae)

Aerial parts/80% 
aqueous acetone 
extract (aqueous 
fraction)

Anti-inflammatory Testicular [82]

Keiskea japonica 
(Lamiaceae)

Aerial part/80% 
acetone extract

Anti-HAase Testicular [87]

Lycopus lucidus 
(Lamiaceae)

Aerial part 80% 
acetone extract

Anti-HAase Testicular [88]

Lythrum salicaria L 
(Lythraceae)

Whole Plant/
aqueous extract

Anti-inflammatory Testicular [89]

Terminalia chebula 
(Combretaceae)

Fruit dried/95% 
ethanol extract

Anti-fertility Human 
spermatozoa

[90]

Gaultheria procumbens 
(eastern teaberry) 
(Ericaeae)

Leaves/Petroleum 
ether, chloroform

Anti-inflammatory Testicular [91]

Payena dasyphylla 
(Sapotaceae)

Bark/methanolic 
extract

Anti-arthritic Testicular [92]

Phyllanthus emblica 
(Phyllanthaceae)

Aqueous extract of 
fruit

Chondroprotective Testicular [93]

Vitis rotundifolia 
(Vitaceae)

Seed and skin/50% 
ethanol extract

Anti-HAase Testicular [94]

Malaxis acuminata 
(Orchidaceae)

Leaves, stem/
methanolic extract

Skin-aging — [95]

Mimosa pudica 
(Fabaceae)

Roots/aqueous 
extract

Anti-ophidian Snake venom [96]
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In a bioassay directed study, the polar fraction of Aesculus hippocastanum L 
(seeds) and Hedera helix L (leaves) were found active against hyaluronidase enzyme 
and later isolation of triterpene and steroidal saponins and sapogenins also exhibited 
strong anti-HAase activity when tested against testicular hyaluronidase enzyme [69].

The well-known medicinal plant Hygrophila schulli, traditional used as anti-
inflammatory and pain treatment in the north Ethiopia and India, possess anti-
hyaluronidase activity in vivo by the ethanolic leaf extract [70]. In a study by Lee 
et al. [71], the aqueous methanolic extracts of 150 plant species assayed for their 
potential as hyaluronidase inhibitors, the extracts of six species found to be most 
active against HAases were Areca catechu, Alpinia katsumadai, Dryopteris cassir-
rhizoma, Cinnamonum cassia, and Curcuma longa, and the extract of Areca catechu 
showed relatively higher anti-HAase activity. The major constituents identified in 
Areca catechu which include phenolic compounds such as flavonoids and tannins 
could be responsible for the anti-HAase effect [72].

In another anti-HAase screening study, Tomohara et al. [73] evaluated the 
decoction extracts of 98 plant species for HAase inhibitory activity in an in vitro 
HAase assay. They observed 17 extracts exhibited moderate to high inhibitory activ-
ity (>50% inhibition at 500 μg/mL) and also noted correlation between the total 
phenol present in the extract and their cumulative effect as anti-HAase activity was 
varying. From the study, rhizome extract of Panax japonicus and root bark extract 
of Prunus salicina were found most potent HAase inhibitors.

Jeong et al. [74] evaluated 100 Korean medicinal plants for their anti-allergic 
activity. The methanolic rhizome extract of Anemarrhena asphodeloides was found 
active against hyaluronidase enzyme. Marquina and colleagues investigated the 
anti-inflammatory effect of blackberry fruit extract and fractions. Two of the seven 
fractions inhibited the hyaluronidase enzyme and shown superior anti-inflamma-
tory effect when compared to aspirin [75].

A study conducted by Liyanaarachchi et al. [76] on fifteen Sri Lankan medici-
nal plants for their skin aging and anti-wrinkle effect has identified three plant 
extract with relatively higher anti-HAase activity. The ethanol extract of Curcuma 

Plant Name Plant part/type 
of extract (active 
extract)

Biological activity Source 
of HAase 
enzyme

Ref.

Oenothera biennis 
Evening-primrose 
(Onagraceae)

Aerial Part/50% 
methanolic extract

Anti-inflammatory — [97]

Oenothera paradoxa 
Evening-primrose 
(Onagraceae)

Aerial Part/50% 
methanolic extract

anti-inflammatory — [97]

Otostegia fruticosa 
(Lamiaceae)

Leaf/70% ethanolic 
extract

Anti-inflammatory Testicular [98]

Brown algae (Eisenia 
bicyclis and E. kurome)

Crude phlorotaninin 
extract

Anti-aging Testicular [99]

Padina pavonica 
(Dictyotaceae)

Seaweed/extracts 
(Pressurized 
liquid extraction, 
microwave assisted 
extraction. 
Supercritical fluid 
extraction)

Anti-aging Testicular [100]

Table 2. 
Medicinal plants with hyaluronidase activity.
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aromatica rhizomes exhibited marked hyaluronidase inhibitory activities (95.0%) 
inhibition at 500 μg/mL) followed by Artocarpus altilis (68.59%) and Artocarpus 
nobilis bark extracts (44.78%) when tested at 500 μg/mL concentration level.

Selenge et al. [77] studied two medicinal plant famous in Mongolian traditional 
medicine Chamaerhodos erecta and C. altaica and revealed in the bioassay guided 
isolation the moderate ability of its constituents as anti-HAase enzyme, suggesting 
their potential to prevent the extracellular matrix degradation factors.

Similarly, the Sri Lankan origin black tea Camellia sinensis L. (Orthodox 
Orange Pekoe) was evaluated for its potential as cosmeceutical for skin aging by 
Ratnasooriya et al. [78]. The extract revealed moderate anti-HAase activity (IC50 
=1.09 ±0.12 mg/mL) compared to standard compound (epigallocatechin gallate) 
(IC50 = 0.09±0.00 mg/mL) in as dose dependent manner.

Han et al. [79] assayed the fermented and non-fermented seed’s methanolic seed 
extract of White Sword Beans (Canavalia gladiata DC) and Soybeans (Glycine max 
L. Merrill) and found higher inhibitory activity exhibited by red sword beans (non-
fermented/fermented) (1.5–2.6-fold) against HAase enzyme than that of soybeans 
(non-fermented/fermented). The study suggests that B. subtilis-fermented sword 
beans are potential as potential anti-inflammatory agents for the food industry.

Furusawa et al. [80] investigated the silverskin coffee beans (a by-product dur-
ing roasting) for its anti-inflammatory and anti-allergic effects. The results indi-
cated a potent inhibitory effect against hyaluronidase (IC50=0.27 ±0.04 mg/mL) as 
compared to the standard disodium cromoglycate (IC50 = 0.31±0.05 mg/mL). The 
strong effect is argued possibly due to the presence of acidic polysaccharides pres-
ent in the extract, which is mainly composed of uronic acid present in Silverskin 
coffee beans extract.

A major screening study on 500 Korean Medicinal plants as HAase inhibitors 
identified the stem extract of three species possessing relatively higher anti-HAase 
activity include plant specied Styrax japonica (57.28%), Deutzia coreana (53.50%), 
and Osmanthus insularis (53.19%). The study further explores that the HAase inhi-
bition could be due to presence of multifunctional compounds and may be effective 
in preventing allergic reactions and inflammation [81].

Dracocephalum foetidum Bunge, is a medicinal plant traditionally used by 
Mongolian nomads for various infections and suppurative disease and fever. Its 
chemical and physiological role was investigated by Selenge et al. [82] and found 
the aqueous acetone extract of the aerial part possess potent anti-hyaluronidase 
activity Acetone extract (IC50 = 0.27 ± 0.01 mg/mL) compared to the standard 
(disodium cromoglicate, IC50 = 0.33 ± 0.02 mg/mL) and further phytochemical 
analysis of its aqueous fraction resulted into compounds of various class as highly 
potent HAase inhibitors.

Załuskia et al. [83] found strongest inhibitory effects in the freshly dried fruits 
of Eleutherococcus senticosus (IC50 = 0.58 ± 0.01 mg/mL) and E. henryi (IC50 = 0.61 
± 0.05 mg/mL), compared to positive control (Methyl indole-3-carboxylate, (IC50 
= 07.11 mM). Eleutherococcus senticosus Maxim. called as Siberian ginseng, and has 
been used from ancient times in Northeastern Asia and Eastern Russia as a tonic 
and anti-fatigue agent. In northeast China, the ethanolic roots extract is a popular 
health supplement for weakness, rheumatism, impotence and hemorrhoids [84, 
85]. E. senticosus products are imported in Europe and it is one of the ten popular 
herbal dietary supplements in North America [86].

Murata and co-researchers investigated three the 80% acetone extracts of 
three medicinal plants, Keiskea japonica, Lycopus lucidusand and Meehania fargesii 
for their inhibitory effect against hyaluronidase. From bioassay directed study of 
these plants, the phenylpropanoids and flavone glucuronide from aerial part of 
Keiskea japonica [87], phenylpropanoids from aerial parts Lycopus lucidas [88] and 
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spermidine alkaloids flavone glycosides from dried whole plant extract of Meehania 
fargesii [57] showed strong hyaluronidase inhibitory activity.

Piwowarski and group examined tannin-rich aqeous extract of twelve plant 
for their ability to inhibit hyaluronidase materials based on their use in traditional 
Polish medicine for external treatment of skin and mucosal diseases. Among the 
plants, Lythrum salicaria L. extract has shown strongest inhibition of hyaluronidase 
(IC50 = 8.1 ± 0.8 μg/mL) compared to the heparin (IC50 = 62.1 ± 7.5 μg/mL) which 
was used as standard control [89].

Terminalia chebula, an Indian medicinal plant was assessed for its role as male 
antifertility agent using hyaluronidase inhibition enzyme assay. The 95% ethanol 
dried fruit extract of the plant showed in vitro HAase inhibitory activity of the 
human spermatozoa (~93% inhibition,) (IC50 = 0.8579 mg/ml) and rat caudal 
epididymal spermatozoa (~86% inhibition) (IC50 = 1.6221 mg/ml) at 30 mg/mL 
compared to the standard tannic acid (IC50 =299.6 μM). In the in vivo study on rates 
showed statistically significant (P < 0.001) inhibition of hyaluronidase activity of 
HAase enzyme extracted from testis (50 mg/kg dose, −47% decrease) and caused 
a further decrease (−72% decrease) at 100 mg/kg dose. The anti-HAase activity 
of the extract against caput and cauda epididymal spermatozoa extracted enzyme 
exhibited significantly better (P < 0.001) activity at 50 mg/kg dose (−41% each) and 
100 mg/kg dose (−65% and −77%, respectively) when given orally for 60 days [90].

Michel and colleagues investigated the anti-inflammatory properties of Eastern 
Theaberry (Gaultheria procumbens) [91], found the chloroform (IC50 = 282.15 ± 
10.38 μg/mL) and pet-ether (IC50 = 401.82 ± 16.12 μg/mL) fractions of the plant leaf 
extract as potent hyaluronidase inhibitors compared to the standard drug heparin 
(IC50 = 366.24 ± 14.72 μg/mL) which was higher than the activity they observed in 
nine most active constituents present in the sample.

Citalingam and Co-researchers have screened different extracts prepared from 
the bark and leaves of Payena dasyphylla medicinal plants for their potential as anti-
hyaluronidase inhibitors. It was found to exert higher activity (IC50 = 100 μg/mL) 
against bovine testicular hyaluronidase The Payena dasyphylla extract also showed 
strong inhibition of HAase expression (IC50 = 100 ng/mL) in the cultured human 
chondrocyte cells in response to IL-1β. Similarly, the ethyl acetate fraction of the 
plant has strongly exhibited inhibited the HYAL1 and HYAL2 mRNA gene expres-
sions (IC50 = 100 μg/mL) [92].

Phyllanthus emblica is a rejuvenating plant famous in Ayurvedic medicine has 
been evaluated by Sumantran et al. for its ant-arthritic property [93]. The aqueous 
decoction extract fruit (powder) was found to inhibit the activity of HAase enzyme 
effectively at IC50 = 0.15 mg/ml.

The muscadine grape (Vitis rotundifolia) is scientifically known for its anti-
inflammatory properties. Bralley and co-authors have tested the ethanol extract 
of fruit skin and seed for their inhibitory potential against hyaluronidase enzyme. 
In their study they observed the bronz IC50 = 0.3 mg/mL for) and purple IC50 = 
0.6, mg/mL) mascadine seed extracts as highly potent compared to the fruit skin 
extracts of the two mascadine types (IC50 = 1.0, 1.0 mg/mL respectively) [94].

Malaxis acuminata, an important medicinal plant known in Ayurvedic medicine 
was evaluated for its effect on skin aging and related enzyme activity. The research-
ers found the in vitro- isolated leaf extract (Methanolic) as strong inhibitor of hyal-
uronidase activity (IC50 = 60.36 ± 1.6 μg/mL) compared to the standard compound 
oleanolic acid-known for skin protective effect (IC50 = 32.45 ± 1.7 μg/mL) [95].

Girish et al. demonstrated that the aqueous root extract of Mimosa pudica 
reduced the hyaluronidase activity of three Indian snake venoms; Naja naja (2.16 
x 10−3 ± 0.04), Vipera russelii (1.25 x10−3 ± 0.045) and Echis carinatus (1.1 x10−3 ± 
0.072) units/min/mg protein [96].
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Plants bearing high amount of tannin are known to block Hyaluronidase 
enzyme. A study conducted by Granica et al. discovered the extracts made from 
aerial part of two plants Oenothera paradoxa Hudziok and O. biennis L, which are 
rich in macrocyclic ellagitannin showed strong inhibition (97.3 ± 3.0% and 97.9 
± 1.7% respectively) of the HAase enzyme activity at 50 μg/mL compared to the 
stander heparine (62.1 ± 7.5 μg/mL) [97].

In a recent study on Otostegia fruticose, a medicinal plant traditionally used in 
Ethiopia to treat different ailments including inflammatory disorders. In the study, 
Bahta and co-researchers [98] found the ethanolic leaf extract and its fractions a 
dose depended anti-HAase activity. The crude ethanolic extract and chloroform 
fraction exhibited highest hyaluronidase inhibition (79.20% and 85.75% respec-
tively), compared to standard drug indomethacin (95.52%) at the concentration of 
100 μg/mL.

Brown algae are a nutrient-dense and potential source of bioactive second-
ary metabolites. In a study conducted by Shibata and co-workers [99], the crude 
phlorotaninin extract of two brown algae (Eisenia bicyclis and E. kurome) exhibited 
stronger anti-HAase activity (IC50 = 0.03 and 0.035 mg/mL respectively) compared 
to the two standard compounds Epigallocatechin gallate (IC50 = 190 mM/mL and 
Sodium cromoglycate (IC50 = 270 mM/mL). In the same study they observed its 
constituents possessing strong inhibitory activity.

In another study on algae, Fayad and co-researcher have used capillary electro-
phoresis-based enzymatic assay method to assess the anti-skin aging property of a 
macroalga (Padina pavonica). In their study, the water extract was found strongly 
inhibiting the hyaluronidase activity (IC50 = 0.04 ± 0.01 mg/mL) compared to 
the literature reported value of phlorotannin fractions of Einsenia bicyclis (IC50 = 
0.03 mg/mL) [100].

4. Conclusion

The modulation of hyaluronidase enzyme and its substrate HA throughout the 
body is critical to maintain hyaluronan homeostasis as HA degradation is associated 
with pathogenesis of various health conditions. The literature survey carried out 
in this study found an increasing number of studies reported on HAase inhibitors 
derived from various biological sources and majority of the discoveries were from 
medicinal plants which have ethnobotanical claims for ailments associated with 
hyaluronan. Various class of natural products identified include alkaloids, flavo-
noids and terpenes have shown potent inhibitory activity against HAases in the in 
vitro studies. Similarly, a number of medicinal plant extracts and their fractions 
were found active against hyaluronidases and could serve as potential reservoirs 
for HAase inhibitors. These preliminary findings need further research to identify 
the active constituent(s) present in the extracts and establish their mechanism of 
action, safety profile and appropriate dosage of the active agents in animal and 
human studies. Hence, HAase inhibitors could be effective in controlling diseases 
involving uncontrolled degradation of HA and may serve as chondroprotec-
tive, anti-aging, antitumor, antimicrobial contraceptive agents, and anti-venom 
alternative.
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