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Cardiac remodeling is the response of the heart to a range of pathological stimuli. Cardiac remodeling is initially
adaptive; however, if sustained, it ultimately causes adverse clinical outcomes. Cardiomyocyte loss or hypertro-
phy, inflammation and fibrosis are hallmarks of cardiac remodeling. Proteoglycans, which are composed of gly-
cosaminoglycans and a core protein, are a non-structural component of the extracellular matrix. The lack of

proteoglycans results in cardiovascular defects during development. Moreover, emerging evidence has indicated
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vascular diseases.

that proteoglycans act as significant modifiers in ischemia and pressure overload-related cardiac remodeling.
Proteoglycans may also provide novel therapeutic strategies for further improvement in the prognosis of cardio-

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Cardiovascular disease affects millions of individuals worldwide and
is the leading cause of death. Although the mortality of heart disease is
significantly declining due to advances in interventional and pharmaco-
logical therapies, heart failure that results from adverse cardiac remod-
eling continues to lead to a poor clinical prognosis [1]. The most
common preceding conditions that contribute to heart failure include
myocardial ischemia in heart failure with reduced ejection fraction
(HFrEF) and pressure overload in heart failure with preserved ejection
fraction (HFpEF) [2,3]. Cardiac remodeling is a process that is initially
compensatory; however, it eventually becomes detrimental when
sustained. The pathological changes of cardiac remodeling include cell
death, cardiomyocyte hypertrophy, inflammation, and excess extracel-
lular matrix (ECM) accumulation [4]. Despite the tremendous efforts
exerted in the research of cardiac remodeling, a great deal of questions
remain to be clarified, particularly the role of proteoglycans.

Protein glycosylation is a process of posttranslational modification by
adding sugars to proteins in the endoplasmic reticulum and Golgi appara-
tus [5]. Glycosylation contributes to stability, localization and function of
proteins, and regulates many cellular processes, such as cell survival, dif-
ferentiation and angiogenesis [6]. Proteoglycans are heavily glycosylated
proteins and a major component of non-structural ECM. They distinguish
themselves from other sugar-containing proteins by the glycosaminogly-
cans (GAGs) covalently attached to the protein core. GAGs are biologically
active sugars, which may interact with various receptors and ligands thus
both influence and enrich protein functionality [3]. There are five major
groups of GAGs including chondroitin sulfate (CS), dermatan sulfate
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(DS), keratan sulfate (KS), heparan sulfate (HS)/heparin and hyaluronic
acid (HA) [7]. Proteoglycans are classified into 4 groups according to the
location: intracellular, cell surface, pericellular and extracellular proteo-
glycans [7]. Some proteoglycans are essential in the normal heart
development and a deficiency in proteoglycans results in cardiovascular
malformations [8]. Moreover, with the exception of intracellular proteo-
glycan, the remaining three types of proteoglycans are all involved in
the pathogenesis of cardiac remodeling (Table 1 and Fig. 1).

We conducted a systematic search of the PubMed and EMBASE data-
bases to identify studies to August 8th 2018. The terms used in the
search are provided in the supplemental data. The titles and abstracts
in English or Chinese were independently reviewed by two authors to
select the relevant studies for further analysis. In the present narrative
review, we will provide updated and comprehensive information re-
garding proteoglycans in major cardiac diseases that predispose to
heart failure, as well as clarify the therapeutic application of proteogly-
cans in the clinic.

2. Proteoglycans in myocardial ischemia related cardiac remodeling

2.1. Proteoglycans attenuating pathological cardiac remodeling of myocardial
ischemia

2.1.1. Syndecans: syndecan-1 and syndecan-4

Syndecans are a family of 4 transmembrane heparansulfate proteo-
glycans, which are composed of a conserved extracellular ectodomain,
a transmembrane domain and a cytoplasmic domain [9]. Syndecans,
particularly syndecan-1 (Sdc1) and syndecan-4 (Sdc4), have been
shown to prevent adverse cardiac remodeling after myocardial
ischemia [10].
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Table 1

Major findings on proteoglycans in cardiac remodeling studies.

Location Classification Eponym Function Disease models Mechanisms References
Cell surface Transmembrane Syndecan-1 Inflammation -Myocardial infarction -Monocyte chemoattractant protein-1 Lei et al. [13]
-Aortic banding -Leukocyte-endothelia interaction Vanhoutte et al. [11]
-p38 MAPK Lunde et al. [52]
Cardiomyocyte apoptosis Myocardial infarction -p38 MAPK Lei et al. [13]
Fibrosis -Angll-induced cardiac hypertrophy -TGF-3/Smad2 Schellings et al. [19]
-Myocardial infarction -MMPs Vanhoutte et al. [11]
Syndecan-4 Inflammation -Myocardial infarction -Immune cell recruitment Xie et al. [12]
-Aortic banding Matsui et al. [18]
Strand et al. [48,53,54]
Lunde et al. [52]
Fibrosis -Myocardial infarction -Myofibroblast differentiation Matsui et al. [18]
-Aortic banding -Calcineurin/NFAT Herum et al. [56,57]
Cardiomyocyte hypertrophy Aortic banding Calcineurin-NFAT Finsen et al. [45,50]
Cardiomyocyte death -Ischemia-reperfusion injury -ERK Echtermeyer et al. [14]
-Myocardial infarction -NFAT Uryash et al. [15]
Angiogenesis Aortic banding -tPKCa activation Liet al.[51]
NG2 Cardiac fibrosis Myocardial infarction - Offerhaus et al. [36]
Betaglycan Cardiomyocyte hypertrophy -Aortic banding -Calcineurin-NFAT Lou et al. [69]
-Isoproterenol-induced cardiac hypertrophy -CaMKII
Cardiac fibrosis Myocardial infarction ERK1/2 & JNK pathway Sun et al. [43]
Cardiomyocyte apoptosis Myocardial infarction p38 Sun et al. [42]
Glycosyl-phosphatidyl-inositol Glypican-6 Cardiomyocyte hypertrophy Aortic banding ERK1/2 Melleby et al. [70]
(GPI)-anchored
Others CD44 Inflammation Myocardial infarction -Immune cell recruitment Huebener et al. [37]
-Cytokine production Iyer et al. [38]
-Neutrophil apoptosis
Cardiac fibrosis -Myocardial infarction -Cardiac fibroblast proliferation Huebener et al. [37]
-Angiotensin Il-induced cardiomyopathy -TGF-P signaling Yang et al. [39]
Pericellular Basement membrane zone Agrin Cardiomyocyte proliferation Myocardial infarction Yap & ERK signaling Bassat et al. [35]
Perlecan Angiogenesis Myocardial infarction FAX and p38 MAPK Fuet al. [34]
Collagen XVIII Cardiac fibrosis Myocardial infarction MMP-2 and MMP-9 Isobe et al. [41]
Collagen XV Cardiac fibrosis Isoproterenol-induced cardiac hypertrophy Fibrillar collagen organization Rasi et al. [68]
Extracellular Hyalectan lectican Versican Inflammation Myocardial infarction -Immune cell adhesion Mjaatvedt et al. [44]
-Chemotaxis
Fibrosis Myocardial infarction -Fibroblast infiltration Mjaatvedt et al. [44]
-Collagen deposition
Small leucine rich proteoglycans Biglycan Cardiac fibrosis -Myocardial infarction -Collagen assembly Westermann et al. [22,74]
-Aortic banding -Fibroblast transdifferentiation Beetz et al. [71]
Cardiomyocyte hypertrophy Aortic banding Hypertrophic gene activation Beetz et al. [71]
Cardiomyocyte death - -TLR4 Gorbe et al. [30]
-Nitric oxide synthase Gaspar et al. [31]
Decorin Cardiac fibrosis -Spontaneously hypertensive heart failure -Collagen organization Medeiros et al. [58]
-Myocardial infarction -Smad2/3 activation Weis et al. [21]
-TGF-B Jahanyar et al. [59]
Liet al. [28]
Yan et al. [29]
Cardiomyocyte hypertrophy Spontaneously hypertensive rats -p38 MAPK Yan et al. [29]
-TGF-3/Smad
Cardiomyocyte death - TLR4 Gorbe et al. [30]
Lumican Cardiac fibrosis -Ischemia-reperfusion -Collagen-cross-linking Baba et al. [23]
-Aortic banding -MMP-9 Chen et al. [61]
-Isoproterenol-induced cardiac fibrosis -TGF-3-Smad3 Mohammadzadeh et al. [62]
Engebretsen et al. [63]
Osteoglycin Cardiac fibrosis -Angll-induced cardiac hypertrophy -Cardiac fibroblasts proliferation Van Aelst et al. [25]
-Myocardial infarction -TGF-p signaling Petretto et al. [64]
-Aortic banding -Collagen maturation Deckx et al. [66]
-MMP-2 Voss et al. [65]
Inflammation Angll-induced cardiac hypertrophy Pro-inflammatory cytokines and chemokines Deckx et al. [66]
Fibromodulin Cardiomyocyte hypertrophy Aortic banding ERK1/2 signaling Andenaes et al. [72]
Podocan Cardiomyocyte hypertrophy Aortic banding Wnt-pathway activity Speidl et al. [73]
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Fig. 1. Schematic representation of proteoglycans involved in cardiovascular remodeling.

The absence of Sdc1 or Sdc4 results in adverse cardiac remodeling
after myocardial infarction (MI) by augmenting cardiac inflammation or
suppressing cardiac apoptosis [11-14]. Sdc1 functions as a barrier against
invading inflammatory cells through masking adhesion ligands on
endothelial cells and competing inflammatory chemokines [11]. The
loss of Sdc1 leads to increased cardiac inflammation and monocyte
chemoattractant protein-1 expression after MI. Moreover, increased
Sdc1 expression reduces cardiac inflammation by decreasing leukocyte-
endothelia interactions [11]. Sdc1 or Sdc4 over-expression through injec-
tion of adenovirus containing Sdc1/Sdc4 gene in the infarcted myocar-
dium is also of therapeutic benefit [12,13]. It improves post-MI cardiac
remodeling by suppressing cardiac inflammation and reducing apoptosis
through the p38 mitogen-activated protein kinase (MAPK) or extracellu-
lar signal-regulated kinase (ERK) pathways [12-14]. Mice deficient of
Sdc4 demonstrate increased myocardial damage with enhanced apopto-
sis of cardiomyocytes after ischemia-reperfusion injury. ERK dephos-
phorylation promotes apoptosis, and Sdc4 activates p44-ERK to reduce
the incidence of cell death [14]. In addition, increased Sdc4 expression
by vibroacoustic transthoracic stimulation in mice post-MI could improve
left ventricular (LV) function by downregulating the c-Jun N-terminal ki-
nase (JNK)/ERK ratio and nuclear factor of activated T cell (NFAT) levels
[15].

Sdc1 and Sdc4 are also essential mediators in cardiac remodeling
post-MI by amplifying profibrotic signaling. Both Sdcland Sdc4 contain
HS chains, which could interact with various growth factors or receptors
to modulate cardiac fibrosis [16,17]. The absence of Sdc1 or Sdc4 pre-
vents infarct healing post-MI and results in cardiac dilatation or cardiac
rupture [11,18]. Sdc4 is vital in granulation tissue formation post-MI.
The differentiation of cardiac fibroblasts into myofibroblasts is defective
in Sdc4-deficient mice [18]. Sdc1 loss in cardiac fibroblasts is associated
with reduced activation of the Smad2 pathway [19]. By contrast, Sdc1
overexpression improves post-MI ventricular remodeling. Sdc1 aug-
ments fibrogenic responses by accentuating transforming growth
factor-3 (TGF-B) and angiotensin Il (Angll) mediated Smad2

phosphorylation and connective tissue growth factor (CTGF) expression
[19]. The inhibition of HS chains by protamine prevents the induction of
CTGF and collagen I by Sdc1 after Angll stimulation [19,20].

2.1.2. Small leucine-rich proteoglycans (SLRPs): biglycan, decorin, lumican
and osteoglycin

SLRPs are proteoglycans with a relatively small protein core of 36—
42 kDa. They are characterized by a central region constituted by
leucine-rich repeats [7]. SLRPs, particularly biglycan, decorin, lumican
and osteoglycin, are of significant importance in ischemia-induced car-
diac fibrosis. They are all elevated in models of MI or ischemia/reperfu-
sion. Mice that lack any of these SLRPs and subjected to ischemia tend to
exhibit less organization in mature scars or ventricular rupture [21-25].

Biglycan and decorin are members of class I SLRPs, which contain CS
or DS chains and share the most structural homology. Both biglycan and
decorin have been shown to interact with collagens and elastin via its
core protein or GAG chains to promote collagen stability [26]. Decorin
has also been suggested to reduce the aggregation of fibrils into fibers
and fiber bundles, thus increasing the modulus and tensile strength of
collagen gels [27]. Besides, decorin inhibits fibroblast transformation
into myofibroblasts and attenuates activated TGF-3 signaling to prevent
adverse fibrosis by decreasing phosphorylated Smad2 expression and
increasing Smad6 expression [28,29]. Furthermore, biglycan and
decorin have been shown to protect cardiomyocytes against hypoxia/
reoxygeneration injury by increasing endothelial nitric oxide (NO) syn-
thase [30]. Biglycan also modulates the necrosis, apoptosis and autoph-
agy of cardiomyocytes by activating the Toll-like receptor 4 (TLR4)
pathways and its downstream mediators [31].

Both lumican and osteoglycin are SLRPs modified with KS. The ex-
pression of lumican is increased in ischemic and reperfused rat hearts
compared with control rat hearts. Lumican is localized in proliferated
collagen fibers of the infarct lesion and mainly contributes to collagen
fiber assembly in fibrotic lesions [23]. Osteoglycin, also referred as
mimecan, is essential for maintaining the integrity of the cardiac ECM
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after MI [25]. Osteoglycin stabilizes the infarct scar tissue by bridging
with collagen fibrils to create non-enzymatic collagen cross-links [32].
The upregulation of osteoglycin by adenovirus alleviates adverse colla-
gen deposition and blunts cardiac dysfunction after MI [25].

2.1.3. Other proteoglycans: perlecan, agrin, NG2, CD44, and collagen XVIII

Perlecan and agrin belong to the group of pericellular proteoglycans.
Both of them contain HS chains and have a homologous multimodular
structural organization [7]. The expression of perlecan is increased
after ML Perlecan interacts with type IV collagen and promotes growth
factor-receptor interactions to affect ECM remodeling [33]. Perlecan is
also induced by basic fibroblast growth factor (bFGF) to promote ische-
mic myocardial angiogenesis via focal adhesion kinase (FAK) and the
p38 MAPK pathway. The up-regulation of perlecan by myocardial injec-
tion of bFGF has been shown to reduce the size of infarcted myocardium
and improve cardiac function [34]. Administration of agrin may have
therapeutic potential in MI by promoting cardiac regeneration. Recom-
binant agrin could trigger cardiomyocyte proliferation, and mice defi-
cient of agrin in cardiac mesoderm induce cardiac maturation. By
binding to the dystrophin glycoprotein complex (DGC) through o-
dystroglycan, agrin reduces the stability of DGC and activates Yap and
ERK signaling, leading to cardiomyocyte division. Intramyocardial injec-
tion of agrin facilitates cardiomyocyte cell cycle re-entry in myocardium
adjacent to the infarcted area and improves cardiac function [35].

Both nerve glial antigen 2 (NG2) and cluster of differentiation 44
(CD44) are cell surface proteoglycans [7]. NG2 typically presents in em-
bryonic cardiac myocytes and is upregulated in the infarct border zone.
Mice that lack NG2 manifest with more interstitial fibrosis and cardiac
dysfunction compared with wild type (WT) mice [36]. CD44 functions
as the main receptor for HA and transduces intracellular cascades to
modulate inflammation and fibrosis. The expression of CD44 is substan-
tially upregulated in infarcted myocardium and expressed in infiltrating
leukocytes. A lack of CD44 aggravates neutrophil and macrophage infil-
tration and promotes the production of cytokines and chemokines in
the infarcted myocardium [37]. The CD44-HA interaction impaired by
a matrix metalloproteinase-12 (MMP-12) inhibitor prolongs inflamma-
tion and worsens cardiac function [38]. CD44 also triggers the prolifera-
tion of cardiac fibroblasts and promotes TGF-{3 signaling [37,39]. CD44-
HA interaction may also be linked to cardiac remodeling through en-
hancing Na*/H™ exchanger isoform-1 (NHE1) activity [40].

Collagen XVIII (ColXVIII), which contains HS chains, harbors structural
features of collagen and proteoglycan. Proteolytic cleavage of colXVIII
generates endostatin. The expressions of colXVIII and endostatin are ele-
vated in cardiomyocytes of the infarcted area and isolated rat neonatal
cardiomyocytes under hypoxic stimuli. Endostatin neutralization ele-
vates multiple MMP activities, thus leading to adverse LV remodeling
and impaired heart function. It indicates that colXVIIl may suppress ad-
verse cardiac remodeling post-MI [41].

2.2. Proteoglycans exacerbating pathological cardiac remodeling of
myocardial ischemia

Proteoglycans, including betaglycan and versican, are linked to ad-
verse cardiac remodeling post-MI by affecting cardiomyocyte apoptosis,
inflammation and fibrosis [42-44].

Betaglycan, also referred to as TGFP type III receptor, is a type of
transmembrane proteoglycan that acts as a co-receptor for the TGF su-
perfamily. Increased betaglycan expression in cardiomyocytes promotes
cell apoptosis and cardiac fibrosis. Cardiac betaglycan transgenic mice
present with an enlarged infarct size and augmented cardiomyocyte ap-
optosis through activation of p38 signaling [42]. It has been demon-
strated that simvastatin upregulates betaglycan expression in cardiac
fibroblasts to alleviate fibrosis by inhibiting ERK1/2 and JNK signaling,
whereas silencing cardiac betaglycan promotes fibrosis and improves
cardiac function in MI [43].

Versican is a large chondroitin sulfate proteoglycan located in the
extracellular matrix and is upregulated at the infarct borders accompa-
nied by increased infiltration of CD45+ cells [44]. Mice deficient of
versican show a reduced injured wall thickness, less infiltration of car-
diac fibroblasts and collagen deposition. Increased versican expression
in mice leads to adverse remodeling after MI [44].

3. Proteoglycans in pressure-overload related cardiac remodeling

3.1. Proteoglycans promoting favorable cardiac remodeling after pressure
overload

3.1.1. Syndecans: Sdc4

Sdc4 is an important modulator in pressure-overload induced car-
diac remodeling. The lack of Sdc4 leads to cardiomegaly and heart dys-
function in response to aortic banding [45]. During different stages of
the disease, Sdc4 demonstrates various functions in cardiomyocytes,
immune cells and fibroblasts.

Sdc4 is present in costameres and the Z-disc of cardiomyocytes [46],
which is the crucial site of mechano-sensing and signal transduction
across the membrane [47]. This special location makes it a very possible
candidate related to cardiomyocyte hypertrophy. Compared with re-
spective sham-operated mice, the Sdc4 expression is elevated in mice
that undergo aortic banding [48]. Further studies have shown that
Sdc4 is a mechanotransducer for calcineurin-NFAT signaling. Calcine-
urin is a calcium/calmodulin-dependent protein phosphatase, and
could dephosphorylate transcription factors of the NFAT family, leading
to their translocation to the nucleus and ultimately activating hypertro-
phic genes [49]. Mechanical stretch could trigger significant calcineurin-
dependent NFAT activation in WT cardiomyocytes and substantially
lower the level of NFAT activation in Sdc4—/— cardiomyocytes
[45,50]. It seems that Sdc4 is an important modulator in cardiac hyper-
trophy by regulating the calcineurin-NFAT pathway. Moreover, Sdc4
knockout mice subjected to aortic banding also exhibit a reduced capil-
lary density with a decrease in protein kinase C alpha expression. These
findings indicate that Sdc4 is essential for cardiac hypertrophy by regu-
lating adaptive angiogenesis [51].

In mice subjected to aortic banding, all four syndecans participate in
hypertrophic remodeling by influencing inflammatory pathways, par-
ticularly Sdc4 [52]. Cardiac expression of Sdc4 is induced by inflamma-
tory cytokines to affect immune cell infiltration. In Sdc4 knock-out mice,
T-cell specific markers are reduced, which suggests impaired inflamma-
tion [53]. Pressure overload also increases the cardiac levels of Sdc4
fragment, which indicates that Sdc4 is shed during hypertrophic remod-
eling. Neonatal cardiomyocytes cultured in conditioned medium that
contains shed Sdc4 ectodomains induce the expression of inflammatory
cytokines and receptors. Inflammatory cytokines could also upregulate
enzymes to mediate Sdc4 shedding. It implies that Sdc4 shedding may
be central to the inflammatory process in hypertrophic remodeling [54].

Sdc4 also promotes collagen cross-linking and myocardial stiffening
in the pressure-overloaded heart. Sdc4 co-localizes with integrins in fi-
broblast focal adhesions and function cooperatively with integrins to ini-
tiate mechanochemical signaling [55]. Studies have shown that cardiac
fibroblasts isolated from Sdc4—/— mice demonstrate reduced numbers
of focal adhesions and impaired differentiation into myofibroblasts.
Moreover, the overexpression of Sdc4 increases myofibroblast transfor-
mation [56]. Sdc4 is engaged in the differentiation of cardiac fibroblasts
into myofibroblasts and the production of ECM through the calcineurin/
NFAT pathway [57]. Further studies have shown that it is not the total col-
lagen content but rather collagen cross-linking that is affected by Sdc4
[56].

In general, Sdc4 plays a protective role in pressure-overload condi-
tions to accelerate compensated cardiomyocyte hypertrophy. Neverthe-
less, since Sdc4 promotes cardiac fibrosis, the diastolic function of the
pressure-overloaded heart may be impaired in the long run.
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3.2. Proteoglycans mitigating pathological cardiac remodeling after
pressure overload

3.2.1. SLRPs: decorin, lumican and osteoglycin

In spontaneously hypertensive heart failure (SHHF) rats, the expres-
sion of decorin is gradually enriched during its progression to heart fail-
ure, along with an increased ratio of type I to type III collagen. Decorin
has been shown to bind to collagen, which alters the organization and
crosslinks of fibrils [58]. Human cardiac fibroblasts cultured with exog-
enous decorin demonstrate decreased collagen production in response
to TGF-p [59]. Moreover, gene delivery by r-AAV vector to increase
decorin expression substantially mitigates the LV dysfunction in hyper-
tensive rats [29]. These findings indicate that decorin may attenuate the
effects of adverse remodeling.

Lumican controls cardiomyocyte growth by regulating ECM. Lumican
deficient mice exhibit an enlarged heart with an increased cardiomyocyte
size and alteration of other ECM components [60]. After isoproterenol in-
fusion or transverse aortic constriction (TAC), lumican-null mice show
significantly impaired systolic function and severe ventricular fibrosis
[61,62]. Cyclic mechanical stretch and IL-p stimulation of cardiac fibro-
blasts has been suggested to increase the expression and release of
lumican. Cardiac fibroblasts stimulated with recombinant glycosylated
lumican show increased expression of Collagen 1A2 and lysyl oxidase,
which thus facilitates collagen cross-linking. Furthermore, lumican may
downregulate the amount of collagen by decreasing the activity of
MMP-9 [63]. These results suggest that lumican can change both the
quantity and quality of collagen. Interestingly, lumican also promotes
the expression of TGF31 and the phosphorylation of Smad3 in cardiac fi-
broblasts [63], thus indicating that lumican may impact cardiac fibrosis,
in part, through the TGF-p pathway.

Osteoglycin is linked to cardiac hypertrophy in a genome wide anal-
ysis of the rat heart. Patients with aortic stenosis and elevated left ven-
tricular mass (LVM) present with an increased expression of osteoglycin
[64]. Compared with WT mice, mice that lack osteoglycin manifest a sig-
nificant attenuation in the LVM response with the stimulation of Angll
|64]. In the TAC model, osteoglycin deficiency leads to impaired heart
function, ventricular dilatation and fibrosis [65]. A further in vitro
study indicates that osteoglycin could reduce cardiac fibroblast prolifer-
ation and inhibit the TGF-B pathway. Macrophages derived from
osteoglycin null mice exhibit higher levels of pro-inflammatory cyto-
kines and chemokines. The absence of osteoglycin leads to diastolic dys-
function resulting from cardiac inflammation and fibrosis [66].

3.2.2. Collagen XV (ColXV)

ColXV is a nonfibrillar collagen composed of a highly interrupted col-
lagenous domain flanked by large globular domains and CS chains [67].
ColXV belongs to the family of pericellular proteoglycans, which are
closely associated with the surface of many cell types via integrins or
other receptors [7]. The loss of ColXV in mice triggers cardiac dysfunc-
tion, which manifests as a blunted contractile response to stimulation
with isoproterenol in isolated and perfused hearts [68]. Moreover,
ColXV is essential for the organization of fibrillar collagen matrix in car-
diac muscle, and the lack of ColXV increases myocardial stiffness [68]. A

further in vivo study indicates that in response to experimental hyper-
tension, the expression of ColXV is increased in the left ventricles of
wild-type mice [68]. Moreover, mice that lack ColXV show less induc-
tion of natriuretic peptide mRNAs and qualitatively different fibrotic le-
sions compared with WT mice in the condition of hypertension. Mice
absent of ColXV share similar hypertrophic responses with WT mice;
however, the ECM remodeling in the LV is abnormal with an increased
Collagen I/IIl mRNA ratio [68]. These findings indicate that ColXV mainly
affects the composition of the ECM and subsequently influences the
heart function.

3.3. Proteoglycans pending further clarification in pressure-overload
related cardiac remodeling

Both betaglycan and glypican-6 belong to the cell surface proteogly-
cans. Betaglycan is significantly increased in patients' hypertrophic
heart tissue and mediates pressure-overload induced cardiac hypertro-
phy through activation of Ca>*/calmodulin-dependent protein kinase II
(CaMKII) [69]. Glypican-6 is upregulated in mice subjected to aortic
banding from hypertrophic remodeling to heart failure and correlated
with the severity of cardiac dysfunction. Some studies indicate that
glypican-6 regulates cardiomyocyte growth via ERK signaling [70].
However, further investigations are required to determine the potential
involvement of betaglycan and glypican-6 in the prevention or treat-
ment of pressure-overload provoked cardiac dysfunction.

Biglycan, fibromodulin and podocan belong to the family of SLRPs,
and are all upregulated in mice subjected to TAC [71-73]. Mice that
lack biglycan and undergo TAC demonstrate attenuated ventricular fi-
brosis and improved heart function [71]. However, the loss of biglycan
impairs cardiac function during Angll induced heart failure [74]. More
research is needed to confirm and reveal the underlying mechanism
of biglycan during the process of pressure-overload induced cardiac re-
modeling. Compared with WT mice, fibromodulin knock-out mice that
undergo TAC develop mildly exacerbated hypertrophic remodeling
with upregulated ERK1/2 signaling [72]. A deficiency in podocan pro-
motes cardiac hypertrophy in the TAC model with increased Wnt-
pathway activation [73]. Nevertheless, whether the upregulation of
fibromodulin or podocan could be used to alleviate pressure-overload
induced cardiac dysfunction has not been elucidated.

4. Future perspectives and conclusions

An increasing body of evidence shows that proteoglycans are crucial
modulators in cardiac remodeling. Nevertheless, treatment options that
target specific proteoglycans in cardiovascular diseases are scarce and
insufficient (Table 2). The implementation of novel therapeutic
methods associated with proteoglycans may shed new light on the
management of cardiovascular diseases.

Direct intramyocardial administration of agrin has been demon-
strated to promote cardiac regeneration in mice after MI [48], which
highlights the therapeutic potential of proteoglycans in cardiac repair.
Perlecan is homologous to agrin, and the upregulation of perlecan by
injecting bFGF could reduce the size of infarcted myocardium [34]. It is

Table 2
Specific proteoglycans in the treatment of cardiovascular diseases.
Proteoglycans Diseases Methods References
Sdc1 Myocardial infarction (rat) Intramyocardial injection of adenovirus-carrying Sdc1 cDNA Lei et al. [13]
Sdc4 Myocardial infarction (rat) Intramyocardial injection of adenovirus-carrying Sdc4 gene Xie et al. [12]
Myocardial infarction (mouse) Increased Sdc4 expression by vibroacoustic transthoracic stimulation Uryash et al. [15]
Perlecan Myocardial infarction (rat) Intramyocardial injection of bFGF Fuet al. [34]
Agrin Myocardial infarction (mouse) Intramyocardial injection of agrin Bassat et al. [35]
Betaglycan Myocardial infarction (mouse) Intramyocardial injection of lentivirus with betaglycan short hairpin RNA Sun et al. [43]
Decorin Myocardial infarction (mouse) Adenoviral vectors encoding human decorin injected into the hindlimbs Liet al. [28]
Spontaneous hypertension (rat) Intravenous injection of recombinant adeno-associated viral vector containing decorin gene Yan et al. [29]
Osteoglycin Myocardial infarction (mouse) Intravenous injection of adenovirus-overexpressing osteoglycin Van et al. [25]
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reasonable to suspect that intramyocardial administration of perlecan
may also be effective in the treatment of MI.

Proteoglycans could be upregulated or downregulated in animals via
delivering viral vectors. Intramyocardial or intravenous injection of ad-
enovirus to overexpress proteoglycans that are beneficial for cardiac re-
modeling post-MI is therapeutic [12,13,25,28]. Moreover, silencing
proteoglycans that are detrimental for cardiac remodeling is also effec-
tive in the treatment of MI [43]. Intravenous injection of recombinant
adeno-associated viral vectors that contain decorin into spontaneously
hypertensive rats has also been shown to be effective in reducing colla-
gen accumulation and improving cardiac function [29]. Thus, delivering
viral vectors to regulate the expression of other proteoglycans may also
be effective in the treatment of cardiovascular diseases.

Decellularized myocardial matrix hydrogels delivered via
transendocardial injection have shown substantial promise to reverse
adverse cardiovascular remodeling post-MI [75,76]. However, these
matrix hydrogels are derived from healthy animal heart tissues. They
contain components that may not favor cardiac remodeling or lack pro-
teoglycans that are critical for cardiac function improvement. Therefore,
future matrix hydrogels containing proteoglycans that have been veri-
fied to be beneficial in cardiac remodeling might be a novel therapy
for cardiovascular diseases.

As proteoglycans are synthesized and degraded by various enzymes,
approaches that upregulate or suppress relative enzymes to regulate the
quantity and quality of ECM may also be promising. ADAMTS4
(a disintegrin and metalloprotease with thrombospondin motifs) has
been demonstrated to degrade proteoglycans, including versican,
whereas pentosan polysulfate (PPS) inhibits the function of ADAMTSA4.
Subcutaneous injection of PPS in rats undergoing aortic banding improves
cardiac function by downregulating ADAMTS4 [77]. Heparanase specifi-
cally decomposes HS chains, and it is upregulated in ventricular hypertro-
phy [78]. The inhibition of heparanase activity may hold promise in
reversing adverse cardiac remodeling. Proteoglycans that contain CS
chains, such as decorin and biglycan, play significant roles in the process
of heart failure. Arylsulfatase B could degrade CS chains, and intravenous
administration of this enzyme is effective at preventing and improving
cardiac dysfunction in rats subjected to TAC or isoprenaline infusion [79].

In conclusion, proteoglycans could modulate cardiac remodeling in
antecedent diseases leading to heart failure. Novel therapeutic methods
associated with proteoglycans may provide new opportunities for fur-
ther improvement in the prognosis of cardiovascular diseases.
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