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Abstract: The human body is a complex organism with self-regulating ability and can cope with external
pressures and challenges. To protect the body from damage during exercise or confrontations, beneath the
human epidermal layer, the human body has evolved a coverall gown: the extracellular matrix (ECM). ECM
provides a suitable space for the survival and activity of cells in the body, and affects the behavior of cells
through signal transduction system. Proteoglycans, particularly the small leucine rich proteoglycan (SLRP)
family, have been shown to be molecules that play important roles in matrix remodeling and organ fibrosis,
such as by affecting ECM components or altering the intracellular environment. But in recent years reports
of SLRP families, their manifestations in different organs have not been consistent. Recent studies suggest

that proteoglycans entering the blood in a soluble form hold promise as diagnostic biomarkers of organ
fibrosis and may provide novel therapeutic strategies for fibrotic diseases. Herein, we discuss and review

studies of SLRPs in multi-organ fibrotic diseases.
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1. Introduction

Fibrosis can occur in multiple organs, and the main pathological changes are increased fibrous connective
tissue and decreased parenchymal cells within the organ tissues. The continuous progress can cause the
destruction and reduction of organ structure and even failure, seriously threatening human health and life.
Pathological conditions in organs such as the heart, liver, lungs and kidneys have been implicated in this
process [1]. Besides that, the effect of environment on organ fibrosis is also critical. Epidemiological evidence
indicates that emergency admissions and mortality are significantly higher in frigid zone, especially for adverse
cardiovascular events. Both clinical and experimental studies have revealed that cold stress triggers a variety of
pathological and pathophysiological insults, including ventricular wall thickening and myocardial interstitial
fibrosis [2]. During development, fibroblasts are architects of the extracellular matrix (ECM) and tissue
architecture, tissues and organs often become relatively quiet as they reach maturity. Following tissue injury,
they are rapidly activated and are characterized by proliferation, migration, increased ECM cross-linking, and
physical contraction [3]. ECM acts as a binder, holding all the cells of the tissue in place. It also forms some
specialized structures that not only function as physical scaffolds but also regulate many cellular processes
including growth, migration, differentiation, homeostasis and morphogenesis [4, 5]. The components and
assembled forms of the ECM are determined by the cells produced and are tailored to the specialized
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functional needs of the tissue. At the general level, ECM has two main components, namely fibers and matrix
[6, 7]. The fibrous proteins include collagen and elastin, and the matrix mainly includes fibronectin,
proteoglycans, and laminin, several receptors connect the intracellular and extracellular signaling [8] (Figure 1).
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Figure 1. Schematic representation of the SLRP structure in fibrotic organ's extracellular matrix (ECM). Briefly,
collagen fibrils provide tensile strength to the ECM, limiting the expansion of the tissue. In addition to playing a role
in ECM assembly, laminin, elastin, and fibronectin also participate in ECM cell interactions by acting as ligands for
cell surface receptors, such as integrins. SLRPs consist of a core protein with covalently attached GAG chains,

distributed in collagen fibrils, able to bind to extracellular cytokines or to receptors on the cell membrane, affecting
intracellular signaling pathways that in turn regulate cell fate.

Proteoglycans are glycosylated proteins. They consist of a core protein with covalently attached
glycosaminoglycan (GAG) chains that largely determine proteoglycan function [9]. GAGs are among the
most negatively charged molecules in mammalian tissues, allowing reversible and irreversible interactions
with positively charged partners, including matrix proteins, cytokines, chemokines, pathogens, growth factors,
and proteases [10]. The SLRP family consists of a group of low molecular weight secretory proteoglycans,
named after their leucine-rich repeats (LRRs). Precollagen self-assembles to form triple helix collagen
molecules and combines to form collagen fibers. This process is regulated by auxiliary ECM molecules,
including SLRP family [11]. SLRPs bind collagen fibrils and affect collagen fibrillogenesis by regulating
collagen fibril diameter and interfibrillar spacing in the ECM. SLRP family members that have been studied
in organ fibrosis include Lumican (LUM), Biglycan (BGN), Decorin (DCN), Asporin (ASPN) and
Osteoglycan (OGN), among others [10].The SLRP family consists of 18 different proteoglycans characterized
by a relatively small molecular weight protein core of 36-42 kDa and the presence of LRRs in the structure.
During synthesis, SLRPs are glycosylated and posttranslationally modified in the Golgi apparatus and
secreted directly into the extracellular milieu by exocytosis [12]. When bound to the ECM, SLRPs interact
with various types of collagens and regulate fibrillar growth and organization, cell matrix interactions, ECM
assembly and tissue function. In addition, in the ECM, SLRPs can exist either in a matrix bound, sequestered
form or in a soluble form. Matrix bound SLRPs are able to sequester signaling mediators in the ECM, thereby
interfering with different signaling cascades [13, 14]. SLRPs are classified into five classes based on
evolutionary conservation, protein and genome homology, and chromosomal organization [9]. The class I
SLRP DCN, BGN and ASPN, class I LUM and FMOD, and class III OGN are the best characterized
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members of the SLRP family and have been extensively studied in fibrotic diseases in recent years. Targeting
fibrosis to treat disease remains challenging, and further elucidation of the cellular and molecular mechanisms
of fibrosis is required to develop therapies that can translate into positive clinical outcomes for patients.

2. The Expression of SLRP Family in Organ Fibrosis

Class I: As early as 1993, the author found that the mRNA of BGN in lung tissue increased after
bleomycin perfusion, while the mRNA of DCN decreased on the 10th day, reaching 20% of the control
group [15]. The ECM of the human atrial appendage was analyzed by proteomics, and DCN expression
was increased in patients with atrial fibrillation [16]. The relative abundance of DCN and BGN strongly
increased during liver fibrosis [17]. Experimental animal models of unilateral ureteral ligation, resulted
in overexpression of DCN, BGN, Fibrin-1 and Fibrin-2 [18]. DCN and BGN proteins were not detected
in normal glomeruli. DCN accumulated in amyloid deposits and both DCN and BGN were found in
glomeruli in areas of fibrous tissue in the urinary lumen and in areas of tubulointerstitial fibrosis [19].
BGN expression was significantly increased in patients and mice with myocardial infarction [20]. After
TAC, the expression of BGN in fibroblasts was up-regulated, but the expression of BGN in
cardiomyocytes, endothelial cells or leukocytes was not up-regulated [21]. Hepatic BGN expression is
significantly increased in fibrotic patients and mouse models of liver fibrosis. BGN promotes liver
fibrosis by positively regulating HSP47 to regulate ECM deposition and hepatic stellate cells (HSC)
activation [22]. In other organs, DCN was downregulated while BGN was upregulated during bladder
fibrosis [23]. ASPN expression was increased after pressure overload or cardiac ischemia/reperfusion
injury [24]. Meanwhile, ASPN expression was upregulated in the lungs of patients with IPF and mouse
models of pulmonary fibrosis and was predominantly localized to a -SMA'myofibroblasts [25].
However, the expression and role of ASPN in renal fibrosis and liver fibrosis have not been clearly
reported. ECM2 was detected to be upregulated in patients with IPF compared to healthy controls at
mRNA levels [26].

Class II: LUM was increased in experimental and clinical heart failure [27], and likewise, LUM, an
ECM proteoglycan, was also upregulated in familial hypertrophic cardiomyopathy (HCM) and colocalized
with fibrillar collagen throughout the fibrotic area in HCM [28]. Moderate absence of LUM in mice
attenuated cardiac fibrosis and ameliorated diastolic dysfunction after pressure overload [29]. In lung
tissue from patients with pulmonary fibrosis with relatively normal lung function, LUM was present at low
levels throughout the tissue, whereas patients with advanced disease had significant LUM expression in
fibrotic lesions and was particularly prominent in areas adjacent to the epithelial layer [30]. LUM was
upregulated in the kidney and liver, respectively, in the unilateral ureteral obstruction (UUO) model and
CCl, induced liver fibrosis [31,32], and expression was also increased in the fibrotic joint capsule [33].
Cardiac fibromodulin (FMOD) was upregulated 3-10 fold in heart failure patients and mice. Both
cardiomyocytes and cardiac fibroblasts expressed FMOD and its expression increased upon pro-
inflammatory stimuli. After aortic banding, FMOD-/- mice developed mildly aggravated hypertrophic
remodeling in the left ventricle with increased cardiomyocyte size and altered leukocyte infiltration
compared to wild-type mice [34]. Hepcidin messenger RNA and protein levels were higher in liver
samples from patients with cirrhosis than in controls. Recombinant FMOD promoted the proliferation,
migration and invasion of haematopoietic stem cells and promoted their fibroblastic activity, leading to
liver fibrosis in mice [35]. Immunocytochemistry results showed strong immunostaining for FMOD in the
injured area of rat lung tissue at 14 and 28 d after BLM administration [36], but in the study by G
Westergren-Thorsson et al., in BLM induced pulmonary fibrosis the message for FMOD remained
unchanged throughout the study period [15]. In addition, FMOD was expressed at higher levels in chronic
pancreatitis (CP) fibrotic tissues [37].

Class III: OGN, a proteoglycan released from bone and muscle, is associated with markers of metabolic
health. Higher OGN was associated with higher VO, peak and a higher circulating glucose level [38]. OGN
expression levels were higher in mouse infarcted left ventricle and ischemic heart disease patient hearts, as
well as in lung tissues of ILD mice [39] (Figure 2).
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Figure 2. Distribution and expression of SLRP family members in organ fibrosis.

3. Functional Diversity of SLRP Family Members in Multi-organ Fibrosis
3.1. Cardiac Fibrosis

Fibrosis is a common end-stage feature of virtually every heart disease, centered on cardiomyocyte
hypertrophy with excessive deposition of ECM. Over time, this accumulation leads to impaired cardiac
systolic and diastolic function and an increased propensity for arrhythmias and death. In the adult heart,
fibroblasts continuously alter the microenvironment by degrading and depositing ECM [40]. In many cases,
cardiac fibrosis is reparative, whereas the adult mammalian heart has negligible regenerative capacity and it
can only heal by forming a scar, reflecting replacement of dead cardiomyocytes by a collagen scar that initially
helps stabilize the heart, enhances tissue integrity, but extensive fibrosis can impair cardiac function [40].
Sudden death of a large number of cardiomyocytes stimulates an inflammatory response with subsequent
activation of reparative myofibroblasts, leading to scar formation. The scar lacks contractile capacity but plays
a key protective role, maintaining the structural integrity of the chamber and, in the case of transmural
infarction, preventing catastrophic mechanical complications such as cardiac rupture [41] (Figure 3).

3.1.1. Decorin

In the heart, DCN deficiency did not alter collagen concentration or cross-linking but resulted in uneven
collagen fibre diameter and lateral wall filling within the infarct scar [42]. It is well known that the collagen
superfamily plays a dominant role in maintaining the integrity of various tissues, and the onset of fibrosis is
characterized by extracellular collagen deposition, but the lack of collagen in the early stage may lead to
impaired repair. Sara M Weis et al. found that two weeks after acute MI, DCN-/- mice had increased infarct
size, enhanced ventricular remodelling and reduced ventricular function [42]. This may be attributed to the fact
that abnormal collagen fibrils adversely affect postinfarction mechanics and ventricular remodeling. In addition,
the proteoglycan DCN was a known TGF- 1 inhibitor [43]. The mRNA and protein levels of DCN were
increased in patients with heart failure treated with mechanical circulatory support (MCS), and DCN molecules
may be involved in reverse cardiac remodeling by directly inhibiting the profibrotic effects of the TGF-f/Smad2
pathway [44]. Furthermore, DCN gene delivery regulated TGF-/Smad and p38 MAPK signaling pathways
inhibited myocardial fibrosis in spontaneously hypertensive rats [45]. Several ECM derived proteoglycans and
proteins, including DCN, BGN, and Endostatin have been identified as strong inducers of autophagy. In
contrast, Laminin a2, Perlecan, and LUM exerted opposite effects by inhibiting autophagy [46]. Specifically,
DCN enhanced Beclin-1 expression and induced phosphorylation of AMPK, which in turn stimulated Peg3
dependent autophagy in endothelial cells by interacting with vascular endothelial growth factor receptor
(VEGFR2) [47,48]. In addition, DCN regulated autophagy and mitophagy through direct interaction with
members of the subfamily of cell surface receptor tyrosine kinases (RTKs) in endothelial cells [49].
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Figure 3. The central role of fibroblast activation in the pathogenesis of various organ fibrosis. (A) Pulmonary fibrosis
is a common alveolar disease in which external stimuli repeatedly damage alveolar epithelial cells, and healthy lung
tissue is gradually replaced by excessive amounts of interstitial cells and ECM, leading to the destruction of the
alveolar structure, progressive densification of alveolar areas, and ultimately respiratory failure and death. (B) When
myocardial fibrosis occurs, because of cardiomyocyte hypertrophy and ventricular remodeling, the normal structure of
the myocardium is destroyed, the patient's myocardial elastic ability is impaired, and the normal contraction and
diastole cannot be performed, and the ejection function of the heart cannot meet the needs of myocardial tissue. Pre-
existing cardiomyocytes interdigitate and are arranged in a disorganized manner with a massive proliferation of
fibrotic tissue, and the heart is progressively calcified and stiffened. (C) Nephron loss can trigger wound repair to
further progress to interstitial fibrosis. Renal tubular epithelial cells undergo partial EMT and exhibit changes such as
senescence and apoptosis that ultimately lead to tubular atrophy, promoting proinflammatory and profibrotic mediator
secretion. (D) Regeneration after repeated destruction of hepatocytes, diffuse excessive deposition, and abnormal
distribution of ECM such as collagens, glycoproteins, and proteoglycans in the liver, which contribute to the
pathological repair response of the liver to chronic injury, is a key step in the progression of various chronic liver
diseases to cirrhosis. As the main cell population in the liver synthesizing ECM, HSCs activation, proliferation, and
transformation are important processes in liver fibrosis.

3.1.2. Biglycan

BGN deficiency led to spontaneous aortic dissection and rupture in mice, 50% of Biglycan deficient
male mice died suddenly within the first 3 months of birth, and autopsy revealed massive hemorrhage in the
thoracic or abdominal cavity, with histology showing aortic rupture. Transmission electron microscopy and
biomechanical testing revealed abnormal collagen fibril structure and reduced tensile strength in the aorta of
Biglycan-/- mice [50]. BGN knockout mice had increased mortality after myocardial infarction due to
frequent left ventricular (LV) rupture, which manifested as aggravated LV dilation and severely impaired LV
function. Tensile strength of LV was reduced and collagen matrix organization was severely impaired in BGN
knockout mice 21 days after MI [20], indicating that BGN deficiency is essential for the structural and
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functional integrity of the aortic wall and postinfarction heart. BGN participated in pathological cardiac
remodeling by binding to TGF- [51]. Phenotypic characterization of BGN deficient fibroblasts revealed
increased proliferation, and the expression of a-SMA and TGF-f receptor II and phosphorylation of Smad2
were markedly elevated after myocardial infarction in BGN(-/0) mice, indicating that BGN deficiency
promoted myofibroblast differentiation and proliferation probably in response to increased TGF-f and Smad2
signaling [52]. In contrast to the above results, after 9 weeks of long-term TAC, the ablation of BGN
attenuated the development of myocardial hypertrophy and fibrosis. In vitro, BGN induced cardiomyocyte
hypertrophy in neonatal rats, and led to the activation of hypertrophy gene program and the expression of
hypertrophy related genes Rcanl, Abra and Tnfrsfl12a [21]. The combination of BGN overexpression and
Ang 11 infusion resulted in a significant increase in coronary artery VSMC proliferation and migration, as
well as increased perivascular fibrosis [20]. Inconsistencies in the results of these studies may be due to
different models, and thus different functions and animal phenotypes of BGN in acute MI and chronic cardiac
fibrosis.

3.1.3. Lumican

LUM was an inflammation-related ECM-targeting proteoglycan that is known to bind to collagen. The
production and release of LUM by cardiac fibroblasts was induced by mechanical and proinflammatory
stimuli, and LUM may induce collagen cross-linking by increasing the production of type I collagen and
lysine oxidase in cardiac fibroblasts [27]. LUM-KO mice had increased mortality 1-14 days after aortic
banding (AB). Echocardiography showed increased left ventricular dilation, altered hypertrophic remodeling,
and aggravated systolic dysfunction in the surviving LUM-KO 1-10 week post AB. LUM-KO hearts showed
a reduction in collagen expression and AB post cross linking. Lack of LUM attenuated collagen cross-linking
in pressure overloaded hearts, leading to increased mortality, dilation, and systolic dysfunction in mice [53].
In other experimental models, LUM-/- mice were prone to aging and isoproterenol induced myocardial
fibrosis. After isoproterenol induced cardiac fibrosis, LUM-/- mice had reduced blood pressure and impaired
cardiac function, and exhibited severe cardiac fibrosis and disorganized cardiomyocytes [54]. But in a recent
study, Chloe Rixon et al. suggested that LUM may promote the formation of thicker collagen fibers in HCM
[28]. At the cellular level, Kristin V T Engebretsen et al. showed that LUM increased TGF-3 production and
phosphorylation of Smad3 in cardiac fibroblasts to stimulate cardiac fibrosis [27]. This may seem somewhat
paradoxical, as it is generally believed that activation of TGF-f signaling pathways stimulated fibroblast
activation and then aggravated the fibrotic process. However, this may be due to the fact that LUM is
beneficial for the early repair of injury, so overexpression LUM transgenic mice need to be constructed to
examine its role in cardiac fibrosis.

3.1.4. Fibromodulin

FMOD bound to specific portions of the collagen domain and forms a complex with lysyl oxidase to
direct the enzyme to specific sites of cross-linking [55]. In vitro, overexpression of FMOD decreased the
expression of LOX and TGM2 in cardiac fibroblasts. Furthermore, the reduced expression of the ECM
protein Periostin suggested a direct effect of FMOD on the profibrotic properties of cardiac fibroblasts, but
collagen quantity and cross-linking are comparable between FMOD-/- and wild-type mice [34].

3.1.5. Osteoglycin

OGN promoted cross-linking of collagen fibers and was essential for proper collagen assembly in the
diseased heart. Increased expression of OGN in the infarct scar promoted collagen maturation after
myocardial infarction and prevented cardiac destruction and adverse remodeling [39]. However, OGN was
negatively correlated with the expression of collagen in the study of Sophie deckx et al. OGN deficient
cardiac fibroblasts were more susceptible to premature senescence, with a trend toward increased senescence
associated p16 expression [56]. OGN deficiency caused diastolic dysfunction in aged mice. OGN limited the
expression of proinflammatory molecules IL-13, ICAM-1, and MCP-1 by macrophages and reduced cardiac
fibroblast proliferation and TGF- f -mediated collagen production [57]. OGN-/- mice exhibited enhanced
myocardial interstitial fibrosis and significantly more severe cardiac dysfunction after Ang II infusion, but
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OGN deficiency did not affect cardiomyocyte hypertrophy nor alter blood pressure. Mechanistically, OGN
negatively regulated cardiac fibrotic remodeling by inhibiting cardiac myofibroblasts proliferation and
migration through LPA3 mediated and Rho/ROCK dependent inhibition of MT1-MMP translocation, MMP2
activation, and EGFR transactivation [58]. However, the role of OGN was bifacial. In a myocarditis mouse
model, OGN silencing had an inhibitory effect on myocardial fibrosis and epithelial/endothelial mesenchymal
transition. OGN gene silencing inhibited cell cycle progression while promoting apoptosis in mouse cardiac
fibroblasts [59].

3.1.6. Asporin

ASPN was released by cardiac fibroblasts and attenuated TGF- B signaling [24]. However, in
cardiomyocytes, ASPN promoted H9C2 cardiomyocyte apoptosis by upregulating TGF-f as well as Smad2
and Smad3 phosphorylation [60], indicating that in different cell types of the same organ, ASPN may play
opposing roles. Furthermore, ASPN regulated mitochondrial bioenergetics, protecting cardiomyocytes from
hypoxia mediated cell death. Utilizing ASPN derived peptides may attenuate pressure overload induced
fibrosis and preserve cardiac function [24].

3.1.7. Proline and Arginine Rich End Leucine Rich Repeat Protein (PRELP)

Overexpression of PRELP increased infarct size and interstitial fibrosis area, and PRELP promoted
myocardial fibrosis and ventricular remodeling after acute myocardial infarction through Wnt/p -catenin
signaling pathway [61].

3.2. Liver Fibrosis

Liver fibrosis is a dynamic process responsible for driving excessive accumulation of ECM components,
maintained by heterogeneous hepatic myofibroblasts [62]. Cirrhosis is characterized by structural changes,
including the formation of parenchymal regenerative nodules surrounded by fibrotic septa, and significant
alterations in the vascular architecture of organs, which in turn can lead to the development of portal
hypertension and associated complications (e. g., variceal hemorrhage, hepatic encephalopathy, ascites).
Chronic hepatocyte injury leads to the release of damage associated patterns (DAMPs) and apoptotic bodies
that activate hepatic stellate cells (HSCs) and recruit immune cells. Complex multidirectional interactions
between activated HSCs and Kupffer cells as well as innate immune cells promote transdifferentiation into
proliferating and ECM-producing myofibroblasts [62]. HSCs in the normal liver reside in the subendothelial
space of Disse and establish close contacts with surrounding hepatocytes and nerve endings through their
cytoplasmic processes. Activated hepatic stellate cells, portal fibroblasts and bone marrow-derived
myofibroblasts have been identified as the major collagen producing cells in the injured liver through their
activation and transdifferentiation into MF like cells under conditions of chronic liver injury. Emerging
antifibrotic treatments aim to inhibit the accumulation of fibroblasts and/or prevent the deposition of ECM
proteins [63].

3.2.1. Decorin and Biglycan

DCN-/- mice not only had more severe liver fibrosis induced by experiment, but also had significantly
delayed the healing process compared with wild-type mice. The excessive deposition of connective tissue
in the liver of DCN-/- mice was due to increased production rather than degradation damage [64].
Exogenous protein DCN could attenuate CCl, induced liver fibrosis in mice and promote liver regeneration
after partial hepatectomy in fibrotic mice. In the experimental group, the degree of fibrosis was reduced, as
was the collagen fiber content, TGF- f and a-SMA expression. Treatment with bone marrow-derived
mesenchymal stem cells (BM-MSCs) in combination with DCN protein resulted in strong protection
against liver fibrosis by inhibiting TGF- B/Smad signaling [65]. DCN had a protective role in liver
fibrogenesis as its genetic ablation in mice led to enhanced matrix deposition, impaired matrix degradation,
and activation of hepatic stellate cells [66]. But Kornélia Baghy et al. found that two major axes of TGF-f
-induced signaling pathways were affected in DCN -/- mice, namely ERK1/2 and Smad3 were activated,
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while no significant difference was observed in phosphorylated Smad2 [64]. Cells dying by ferroptosis
released DCN, which then acted as an alarming signal to trigger innate and adaptive immune responses.
Extracellular DCN bound to its receptor advanced glycation end product specific receptor (AGER) on
macrophages to trigger proinflammatory cytokine production in an NF-«B dependent manner [67]. In
response to tissue injury, the ECM may become saturated and unable to sequester excess biglycan. BGN
was released from the ECM as a danger signal, and at the same time proteases can cleave the ECM bound
BGN to release soluble BGN, which interacted with innate immune receptors toll like receptors 2 (TLR2)
and 4 (TLR4) to initiate a sustained inflammatory response [68]. Meanwhile, by interacting with TLR4,
BGN could mediate the downstream effects of pro-inflammatory and pro-autophagy, depending on the
choice of receptors CD14 and CD44, respectively [68]. BGN promoted the enhancement of Beclin-1 via
innate immune TLR-4 and its co-receptor CD44, triggered LC3-II conversion and p62 recruitment to
promote autophagic flux in macrophages, but not in endothelial cells [68-70]. In addition, BGN evoked
autophagy further contributes to anti-inflammatory M2 macrophage polarization, inflammation resolution,
and tissue repair [68].

3.2.2. Lumican

In liver fibrosis model, LUM null could not protect against liver injury or inflammation, but had a
protective effect on fibrotic progression, which seemed to be downstream of collagen production and
mediated by the combined effects of impaired collagen fibrogenesis, increased matrix turnover and
enhanced proliferative response [31]. LUM significantly decreased AMPK activity and inhibited autophagy.
The combination of LUM and Gemcitabine increased mitochondrial damage, reactive oxygen species
(ROS) production and cytochrome-C release, suggesting lumican induced disruption of mitochondrial
function [71].

3.3. Pulmonary Fibrosis

In patients with pulmonary fibrosis, healthy tissue is replaced by altered ECM and alveolar architecture
is disrupted, leading to decreased lung compliance, disrupted gas exchange, and ultimately respiratory
failure and death. Pulmonary fibrosis is currently thought to originate from abnormal repair following
repeated injury to the alveolar epithelium [72]. Whereas pulmonary fibrosis is mainly characterized by
excessive proliferative activation of stimulated fibroblasts, differentiation into myofibroblasts, secretion of
large amounts of collagen and matrix proteins, increased migratory capacity, expression of a-SMA and
formation of contractile bundles, alterations in mechanical forces and structural microenvironment and
increases in certain factors such as TGF-f} can further promote fibroblast activation, leading to the formation
of a fibrous scar with honeycomb cysts, ultimately resulting in disrupted lung architecture and loss of
function [73,74].

3.3.1. Decorin and Biglycan

In vitro, the cell supernatant of AdDec-infected cells eliminated the biological activity of TGF- in a
dose-dependent manner. Single administration of AdDec in vivo was beneficial to produce local lung
environment, and effectively blocked the fibrosis response to bleomycin by inhibiting TGF-p [75]. DCN and
BGN were able to bind and inhibit TGF- activity in vitro [22,76]. However, in vivo, overexpression of DCN
significantly attenuated TGF-B-induced lung fibrosis, whereas BGN had no effect [76]. Soluble DCN acted as
a signaling molecule for the IGF-IR, thereby protecting epithelial cells from apoptosis or inducing fibrillin-1
production by fibroblasts, and Allawadhi P et al. suggested that DCN could be a strategy to improve COVID-
19 [77]. However, DCN exerted anti-fibrotic effects to some extent, as DCN also induced IL-10 anti-
inflammatory gene expression through TLR2/4 [78]. It has been reported that DCN may play a negative
regulatory role in the formation of central fibrosis in lung adenocarcinoma [79].

3.3.2. Lumican

LUM levels in BALF were significantly higher in acute respiratory distress syndrome (ARDS) patients
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than in ventilated or spontaneously breathing controls, and Lumican increased o -SMA, COL1Al, and
COL3A1 expression in primary human lung fibroblasts [80]. Secretion of inflammatory signals by fibroblasts
TNF-a stimulated secretion of the small leucine rich proteoglycan LUM, which further promoted human
fibroblast differentiation. And that LUM induced fiber cell differentiation was based on a2p1,aMB2 and aXf
2 integrin functioning [30]. An increase in ERK phosphorylation and Slug was found in both LUM treated
lung fibroblasts and small airway epithelial cells (SAECS). LUM triggered the transdifferentiation of lung
fibroblasts into myofibroblasts, and the epithelial mesenchymal transition of SAECS, possibly through the
ERK/Slug pathway [80].

3.3.3. Others

In lung tissue, the function of OGN was closely related to the Wnt signaling pathway, and results from
Songtao Shi et al. showed that overexpression of microRNA-140 reduced proliferation and lung fibrosis by
leading to apoptosis of lung fibroblasts and increased Wnt3a expression via downregulation of OGN [81]. In
a pulmonary fibrosis model, FMOD deficient mice were not protected, but the composition of the matrix was
affected and FMOD deficient mice had reduced type I collagen. Also BGN was increased while DCN was
decreased in animals with FMOD deficiency [82]. ASPN reduction in lung fibroblasts inhibits the TGF-f/
Smad signaling pathway and myofibroblast differentiation by regulating the stability of TGF- receptor I
(TBRI). Mechanistically, knockdown of ASPN inhibited TGF- f/Smad signaling and promoted lysosome
mediated TPRI degradation by inhibiting TPRI recycling to the cell surface in an Rabll dependent
manner [25].

3.4. Kidney Fibrosis

Renal fibrosis is a common outcome in a variety of chronic kidney diseases (CKDs), mainly
characterized by glomerulosclerosis and renal interstitial fibrosis, and current studies suggest that instead of
being evenly distributed throughout the renal parenchyma, it starts locally, forming a distinct and clustered
niche. These niches provide a unique tissue microenvironment and result in excessive deposition of ECM,
leading to tissue scarring. The formation of a fibrotic niche is associated with a complex and highly dynamic
series of cellular events, including tubule cell injury, inflammatory cell infiltration, myofibroblast activation,
tubule atrophy and microvascular rarefaction [83]. In renal fibrosis, tubular epithelial cells are lost by cell
death and the remaining cells dedifferentiate, resulting in decreased expression of characteristic epithelial
markers and increased expression of mesenchymal markers [84]. In combination with environmental insults,
injured epithelial cells mount aberrant responses, and glomerulosclerotic changes can promote loss of the
glomerular filtration barrier and autoregulation of peritubular capillaries, ultimately leading to complete loss
of glomerular filtration function, and loss of tubular to peritubular capillary interstitial transfer [85].

3.4.1. Decorin and Biglycan

Renal tissue from 18 patients with crescentic glomerulonephritis (CGN) was immunohistochemically
examined, and DCN and BGN were found clustered in type I collagen rich areas, including fibrocytes and
fibrous lacunae as well as interstitial fibrosis. DCN and BGN may contribute to the progression of CGNs by
interacting with type I collagen in the reconstituted ECM [86], and Louise Tzung-Harn Hsieh et al. also
demonstrated that soluble DCN protein played a pro-inflammatory role in unilateral ureteral obstruction [32].
Thl and Th17 cells, the T helper (Th) subtypes, are key inducers of renal fibrosis. BGN triggered CXCL10
expression in macrophages via TLR4/TRIF dependent signaling pathway, which promoted Th1 and Th17 cell
recruitment to the kidney. Meanwhile, BGN regulated renal Th17 cell infiltration by regulating CCL20
expression, leading to the development of fibrosis [87]. In addition, purified BGN stimulated macrophages to
express TNF-a, iNOS, NOX2, and CCL3 via the TLR4/NF-«B pathway [88]. DCN is highly homologous
with BGN, and DCN is also a high-affinity ligand of TLR2 and TLR4, which triggered the production of
proinflammatory TNF- a and IL-12p70 in an NF- kB or MAPK-dependent manner [89]. DCN deletion
triggered massive apoptosis of tubular epithelial cells and evoked inflammatory responses to promote renal
fibrosis. However, in fibroblasts, DCN promoted IGF-IR phosphorylation and activated the Akt/PKB
signaling cascade, thereby exacerbating renal fibrosis [90, 91]. In renal fibroblasts, DCN bound to and
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induced phosphorylation of the IGF-IR, increasing Fibrillin-1 synthesis [90]. DCN has an inhibitory effect on
the activity of CTGF in fibroblasts, which has been shown to have a high affinity direct interaction with
CTGF through its LRR12 protein core [92].

3.5. Role of SLRPs in Other Fibrosis

DCN was found to neutralize the effects of myostatin in fibroblasts and myoblasts, while also upregulating
the expression of follistatin, an antagonist of myostatin, resulting in significantly less fibrosis and better skeletal
muscle regeneration [93]. DCN transfection inhibited fibroblast genes and myofibroblast formation of human
corneal fibroblasts [94]. ASPN induced collagen calcification, which reduced their mechanical sensitivity and
mechanical signals transmitted through the collagen network, prevented the activation and differentiation of
fibroblasts into mature muscle fibroblasts, and thus effectively reconstructed the ECM [95].

Hypertrophic scar (HTS) group had significantly lower levels of DCN and FMOD and higher levels of
BGN compared to normal skin [96]. In normal and over mechanically loaded porcine skin wounds, FMOD
reduces scar size and increases scar tensile strength [97]. Reduced DCN, FMOD and TGF-f33 in the deeper
dermis led to hypertrophic scarring [98]. In a bleomycin skin fibrosis model, FMOD-/- mice had a significant
reduction in collagen fiber diameter, but the extent of skin fibrosis was similar to that in FMOD+/+ mice, so
Andréasson K. et al. suggested that the impact of FMOD deficiency on the development of experimental skin
fibrosis is limited [99]. FMOD-/- mice were migration inhibited by TGF- 3, and delayed dermal cell
migration results in delayed wound closure and a significant increase in scar size [100]. Furthermore, Ad-
FMOD induced decreased expression of TGF-1 and TGF-B2 precursor proteins, but increased expression of
TGF-B3 precursor protein and TGF-f type II receptor, which can promote wound healing, suggesting that
FMOD may be a key mediator in reducing scar formation [101]. LUM promoted cutaneous wound healing by
promoting the activation and contraction of wound fibroblasts via integrin a2, but not by promoting the
proliferation and migration of keratinocytes [102]. Likewise, as a type II SLRP family member, PRELP
potently attenuated fibroblast response to TGF- 1 stimulation and cell contractility. PRELP, as a novel
natural TGF- antagonist, had a possible dermoepidermal proadhesive ability [103]. ERK and JNK inhibitors
attenuated FMOD expression. AP-1 bound to the FMOD promoter, increasing the expression of FMOD

through transcriptional regulation. FMOD induced activation of pancreatic stellate cells to maintain fibrotic
phenotype [37] (Figure 4).

SLRP Name HEART LIVER LUNG KIDNEY SKIN PANCREAS Sﬁ;ﬁ{% CORNEA
Decorin — S - —/+ — — —
Biglycan —/+ o o
Asporin —/+ + —

Lumican —/+ + +

Fibromodulin + —

PRELP it

Osteoglycin —/+ +

Figure 4. Functions of SLRPs in multiple fibrosis diseases. “— " represents inhibiting fibrosis, “+* represents

promoting fibrosis; “- / +” represents studies on inhibiting fibrosis and promoting fibrosis in the same organ have been
reported.

4. Circulating Proteoglycan As a Diagnostic Marker

Soluble SLRPs can be generated by partial proteolytic processing of the collagen matrix or by denovo
synthesis caused by stress or injury. One potential mechanism of action was that when the ECM was
saturated with SLRP proteins, SLRPs became soluble to reach the extracellular fluid and subsequently
entered the blood circulation [104].

To analyze the association of serum DCN levels with clinical parameters and prognosis in patients with
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acute exacerbation of idiopathic interstitial pneumonia (AE-IIP). Serum DCN levels were significantly lower
in AE-IIP patients than in healthy subjects and patients with stable idiopathic interstitial pneumonia (SD-IIP).
When all IIP patients were analyzed, serum DCN levels did not correlate with clinical parameters or
prognosis. In IPF patients, serum DCN levels were significantly correlated with oxygenation, and IPF
patients with low serum DCN levels had a significantly better survival than those with high serum DCN
levels [105]. Development and validation of a competitive enzyme-linked immunosorbent assay (ELISA)
quantifying a specific fragment of DCN degraded by cathepsin-S, DCN-CS levels were increased in lung
cancer patients and IPF patients compared with healthy controls. It has potential as a novel non-invasive
serum biomarker for fibrotic lung diseases [106].

Preclinical animal models and human studies have recently identified soluble BGN as a key initiator and
modulator of various inflammatory kidney diseases [32]. One study suggested that measurement of BGN
levels in serum may aid in the diagnosis of heart failure patients who may benefit from lipid-lowering therapy
with statins [107]. Serum BGN was associated with liver fibrosis and inflammation, and BGN was increased
in the significant fibrosis group compared to the mild fibrosis group. BGN was an independent predictor of
significant fibrosis in multivariate analysis [108]. Consistently, serum BGN levels were significantly higher
in patients with chronic hepatitis B than in healthy controls. There was a significant positive correlation
between serum BGN levels and fibrosis stage. In addition, serum BGN levels were positively correlated with
necroinflammatory activity with statistical significance [109].

Multiple studies have found that OGN may be a biomarker for a variety of diseases, and OGN was
identified as a possible biomarker in amniotic fluid in a study that identified women at risk for preterm labor
and delivery [110]. OGN holds promise as a biomarker for vascular diseases. At 1-year follow-up of patients
who underwent coronary angiography for acute coronary syndrome or stable angina, circulating OGN levels
were associated with major adverse cardiovascular events [111]. ECM remodeling plays a key role in the
progression and complications of fibrosis in multiple organs. Five biomarkers related to remodelling biology
were assessed in the diagnostic follow-up of HF patients, of which OGN was most associated with events
[112]. Compared with patients with nonischemic HF, those with a history of myocardial infarction had
increased circulating OGN levels. OGN levels were negatively correlated with ventricular volumes and
correlated with fibrosis, suggesting adverse remodeling and poor prognosis [39, 113]. In a multivariate
analysis of 383 patients with chronic kidney disease stages 3 to 4, lower levels of proteinuria and hemoglobin
and higher levels of C-reactive protein were significantly associated with higher levels of OGN. In the non-
diabetic group, each 1 ng/ml increase in serum OGN was associated with all-cause mortality and the
composite outcome. However, in the diabetic group, OGN levels were not associated with mortality, major
adverse cardiovascular and cerebrovascular events, or the composite outcome [114].

Serum soluble LUM levels were used as a potential prognostic factor for predicting poor outcomes after
aortic surgery [115]. Multislice computed tomographic angiography (MSCTA) was used to determine the
severity of acute aortic dissection (AAD). Serum was collected from patients on admission, and LUM levels
were measured by enzyme-linked immunosorbent assay. LUM levels were significantly higher in AAD
patients compared to healthy volunteers. LUM may be a potential marker to aid in the diagnosis and
screening of AAD and can be used to predict the severity of AAD [116]. Linear regression analysis revealed a
significant correlation between hepatic collagen fractional synthesis rate (FSR) and plasma LUM FSR in all
subjects, as well as in subjects with NASH+ fibrosis only. Turnover of plasma fluorescent protein was
approximately 3-fold faster than that of liver collagen. Similar to hepatic collagen FSR, plasma LUM FSR
was also correlated with noninvasive fibrosis stage indicators including liver stiffness [117].

Based on the above findings, serum levels of SLRPs may be novel noninvasive indicative markers for
the presence of fibrotic diseases and therapeutic targets in the disease process. Proteoglycans offer new
opportunities to evaluate tissue ECM remodeling using tissue or blood samples from patients.

5. Therapeutic Prospect

Decorin-modified mesenchymal stem cells (MSCs-DCN) promoted the expression of IL-10 and IFN-y
in lung tissue 3 months after radiation, reduced the expression of Collal and Col3al to normal level, and
down-regulated Tregs to inhibit and delay the progression of fibrosis [118]. Minoru shimizukawa et al. found
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that only intratracheal injection of exogenous DCN increased DCN mRNA expression in lung tissue and
decreased hydroxyproline content. In contrast, intravenous injection only increased the expression of DCN in
the liver, but not in the lung, and did not reduce pulmonary fibrosis [119]. Due to the degradation of
proteases, targeted delivery and effective protein therapy remain a challenge. Vijayan AN et al. prepared PCL-
gelatin biomimetic scaffold to optimize biological activity and provide local delivery of recombinant DCN.
The biomaterial was biodegradable and provided sustained release of recombinant DCN. In an in vitro
fibrosis model, DCN loaded nanofibers could effectively reduce the expression of ECM related proteins
[120]. Vascular homing and cell penetrating peptides as targeting carriers, DCN as a therapeutic domain
greatly enhanced its biological activity [121]. Utilizing polydopamine membrane to load DCN proteins on
titanium surface, the decorating protein coating on titanium surface could inhibit the proliferation and
function of fibroblasts and improve the proliferation and function of osteoblasts [122]. After DCN cDNA was
transferred into rat skeletal muscle, the expression of DCN in skeletal muscle and kidney increased, which
had a significant therapeutic effect on glomerulonephritis induced fibrosis [43]. DCN promoted the binding
of low-density lipoprotein particles to collagen, and the injection of bile duct-targeting lecithins- (PC-)
coupled DCN (PC-DCN) nanoliposomes via the bile duct alleviated the degree of liver fibrosis and
downregulated the liver function indicators [123]. In other respects, DCN also showed preventive effects on
epidural fibrosis and epidural adhesions after laminectomy [124]. Pietraszek K et al. identified a 17 amino
acid sequence in the LUM core protein, named Lumcorin, that was able to inhibit cell chemotaxis and to
replicate the anti-migratory effects of LUM in vitro, exerting anti-tumor effects on melanoma cells, but this
peptide has not yet been reported and applied in fibrotic diseases [125].

Based on the existing research results, the combined application of DCN and biomaterials can increase
its targeting and biological activity, which is of great significance for the treatment of multi-organ fibrosis.
But at the same time, the research on targeted therapy of other members of SLRP family is still poorly
understood, partly because SLRP protein has both pro-fibrotic and anti-fibrotic properties, so this part of
research still needs to continue to explore.

6. Conclusions

In the previous study, Rockey DC et al. proposed the concept of fibrosis and related medical basis in the
pathological remodeling of human multi-organ tissues, and divided the fibrotic response into four stages. The
first is that different types of stimuli cause repeated damage to the epithelium, accompanied by a variety of
inflammatory responses that stimulate and recruit other cells. The recruitment of inflammatory factors in
phase II drives the activation of fibrotic effector cells, while effector cells activated in phase III secrete a large
amount of ECM, which affects the process of cell adhesion, proliferation and differentiation. Ultimately, the
damage of these cells triggers a variety of pathological effects, promotes excessive tissue repair, and produces
a fibrotic response [126]. The role of the various members of the SLRP family in the pan-fibrotic process are
complex and puzzling (Figure 5). On the one hand, the increase of SLRP family members is a compensatory
mechanism that limits the progression of organ fibrosis. On the other hand, in some fibrotic processes, SLRPs
are able to exacerbate fibrosis through pro-fibrotic signaling pathways or by directly affecting collagen
synthesis. Considering the importance of fibrotic diseases and the fact that death in many diseases is
associated with fibrosis, it is important to further investigate the role of SLRPs.

Several recent studies have shown, among others, that SLRPs play a greater role during tumorigenesis,
particularly tumor epithelial-mesenchymal transition [127, 128]. For example, FMOD secreted by
differentiated glioma cells (DGCs) promoted angiogenesis by activating integrin dependent Notch signals in
endothelial cells [129]. In addition, FMOD and SOX2 signal coupling positively regulated the brain
metastasis and growth of melanoma [130]. BGN participated in the positive feedback loop of FAP and STAT3
to mediate the interaction between tumor cells and mesothelial cells to regulate peritoneal metastasis of
gastric cancer [131]. Our current understanding may just touch the surface of several roles of SLRPs in
fibrosis and tumorigenesis, with new signaling pathways being discovered each year, and the most important
finding of this review is that SLRPs have the potential to be developed as effective diagnostic markers and
therapeutic techniques. Based on the above studies, the role and mechanism of SLRPs in multi-organ fibrosis
remain to be further explored, which is essential for providing biomarkers and intervention targets.
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Figure 5. SLRPs are widely involved in the mechanism of multi-organ fibrosis. (A) In the heart, the majority of
SLRPs promote collagen assembly and synthesis. Extracellularly, DCN, BGN, and ASPN bind to and inhibit TGF-f1.
BGN inhibits TGF-f RII, which together with DCN antagonizes the TGF-B/Smad signaling pathway. In contrast, LUM
and ASPN contribute to this pathway. Besides that, OGN and PRELP benefit the Wnt/B-catenin signaling pathway, and
DCN promotes p38 MAPK phosphorylation. ASPN promotes mitochondrial energy metabolism. (B) DCN inhibits the
TGF-p signaling pathway during liver fibrogenesis. BGN promotes inflammatory responses through TLR2 and TLR4,
while also mediating mitophagy to suppress inflammation. LUM decreases AMPK activity and inhibits autophagy
while inducing mitochondrial function disruption. (C) DCN and BGN inhibit TGF- activity. DCN inhibits epithelial
cell apoptosis by promoting PI3K/AKT signaling via IGF-IR. ASPN promotes the TGF- /Smad pathway. LUM
mediates fibroblast transdifferentiation via integrin receptors and potentiates the ERK/SLUG pathway. OGN inhibits
Wnt/B -catenin signaling to promote fibroblast apoptosis. Meanwhile, FMOD decreases DCN while increasing BGN
expression. (D) DCN and BGN promote the expression of downstream inflammatory factors mainly through TLR2
and TLR4, and DCN inhibits tubular epithelial cell apoptosis while mediating PI3K/Akt signaling. In extracellular
DCN is able to inhibit CTGF-induced ECM deposition. DCN, decorin; BGN, biglycan; LUM, lumican; FMOD,
fibromodulin; OGN, osteoglycin; ASPN, asporin; PRELP, proline and arginine rich end leucine rich repeat protein.
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