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Abstract 

Fibrosis is a pathological feature of a variety of chronic inflammatory diseases that can affect almost all organs, which 
can cause severe consequences and even lead to death. Fibrosis is characterized by the excessive accumulation of 
extracellular matrix (ECM) due to disruption of the balance between ECM production and degradation. Although 
overabundance of ECM proteins has long been the focus of studies on fibrosis, another facet of the problem—
impaired degradation of the ECM—is gaining increasing attention. Matrix metalloproteinase (MMP) and the tissue 
inhibitor of metalloproteinase (TIMP) system is the main molecular system contributing to ECM degradation, and 
macrophages are the major regulators of ECM. However, the relationship among macrophages, the MMP/TIMP 
system and the ECM is not fully understood in the context of fibrosis. Here, we discuss in detail the role played by the 
ECM in the development of fibrosis and highlight the macrophage-MMP-ECM interaction that is involved in fibrogen-
esis and may be a potential therapeutic target for fibrosis.
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Introduction
Fibrosis results from abnormal wound healing under 
chronic inflammation or during ongoing injury and is 
characterized by the excessive accumulation of extracel-
lular matrix (ECM) in and around inflamed or damaged 
tissue, which may impair the physiological function of 
the affected tissue and eventually lead to organ failure. 
[1, 2] Fibrosis can affect multiple organs, such as the liver, 
kidney, heart, lung, skin and intestine, and can be trig-
gered by a variety of diseases, including cirrhosis, chronic 
kidney disease, heart failure, idiopathic pulmonary fibro-
sis (IPF), scleroderma and inflammatory bowel disease 

(IBD). [3] The annual incidence of major fibrotic diseases 
is approaching 5% worldwide and accounts for more than 
one-third of the annual mortality in industrialized coun-
tries [4, 5].

The ECM plays an important role in the pathogen-
esis of fibrosis. The dynamic equilibrium between ECM 
production and degradation plays an important role in 
the maintenance of tissue homeostasis [6]. However, in 
fibrotic diseases, in addition to the overabundance of 
ECM proteins, inhibition of the degradation pathway is 
crucial to the development of fibrosis [7]. Under physi-
ological conditions, proteases, such as matrix metallo-
proteinases (MMPs), contribute to the maintenance of 
this equilibrium by hydrolyzing ECM components, such 
as collagen, into small peptides. The dysfunction of pro-
teases impairs the degradation of ECM components in 
fibrotic diseases, resulting in excessive ECM deposition 
in fibrotic tissues, which becomes a direct factor leading 
to fibrosis [8].
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Macrophages, the main producers of proteases in tis-
sues, can regulate both the progression and regression 
of fibrosis. Macrophages release cytokines to regulate 
the immune response; phagocytize pathogens, apoptotic 
cells and ECM; and secrete proteases and their inhibitors 
to mediate tissue remodeling [9]. Moreover, macrophages 
can interact with other cells involved in fibrosis, such as 
activating other immune cells through antigen presenta-
tion and inducing fibroblast proliferation or apoptosis, 
thus regulating the processes of inflammation and fibro-
sis [10].

As noted above, the interaction of ECM, proteases and 
macrophages plays a core role in the pathogenesis of 
fibrosis. However, the interaction pathway and regulatory 
mechanism of the macrophage-MMP-ECM interaction 
are unclear. Therefore, we first summarize the mecha-
nism of multiple ECM components in fibrogenesis. 
Then, we describe a certain kind of macrophage that is 
critical for ECM degradation in fibrosis. Finally, we elu-
cidated the interactions among macrophages, MMPs and 
the ECM, which may provide clues for the treatment of 
fibrosis.

ECM and fibrosis
The ECM is a three-dimensional, noncellular structure 
composed of approximately 300 proteins, including 43 
collagen subunits, 36 proteoglycans and nearly 200 com-
plicated glycoproteins [11]. Depending on its location, 
composition, and function, the ECM is divided into two 
main types: the interstitial connective tissue matrix and 
the basement membrane [12]. The interstitial connec-
tive tissue matrix surrounds cells and is mainly com-
posed of fibrillar proteins (including fibrillar collagen, 
fibronectin, elastin and vitronectin), glycoproteins (fibril-
lins, tenascins, etc.), matricellular proteins (e.g., CCN 
(cyr61, ctgf, nov) proteins and thrombospondins) and 
polysaccharides, such as hyaluronan. The main func-
tion of the interstitial connective tissue matrix is forma-
tion of a meshwork that connects structural cell types 
within tissues (which is mainly realized through fibril-
lar proteins). Moreover, alteration to the structure of 
the interstitial connective tissue matrix (comprising, for 
example, fibronectin and heparin) can regulate cell–cell 
or cell–matrix interactions by releasing growth factors 
(e.g., active or latent TGF-β and BMP-2) that had been 
originally bound within the matrix [6, 13]. In contrast, 
the basement membrane is composed mainly of colla-
gen IV, laminins, heparan sulfate proteoglycans, etc. Its 
main physiological functions are to separate epithelial 
cells from the surrounding matrix and to regulate cell 
differentiation by interacting with cell surface receptors 
[14]. Both basement membranes and interstitial matrices 
create tissue-specific niches that affect the stemness and 

differentiation of progenitor cell populations, as well as 
the proper functions of tissue-specific differentiated cell 
types [12].

ECM (mainly fibronectin, collagen and proteoglycan) 
and its dynamic changes in composition and structure 
are important to the pathogenesis and development of 
fibrosis. Excessive deposition of ECM at a fibrotic site is 
a common pathological feature, and the identification 
of this deposition is the gold standard for the diagnosis 
of fibrosis. Generally, in solid organs (liver and kidney 
fibrosis), elastin deposition in vessel walls leads to local 
blood supply disorders and damage to parenchymal cells 
(e.g., hepatocytes and glomerular and tubular epithelial 
cells), which eventually result in organ dysfunction [15, 
16]. In contrast, fibrosis in cavernous organs may lead to 
thickening and stiffening of the wall. For instance, in car-
diac fibrosis, large amounts of ECM (mainly various iso-
forms of collagen) are deposited mainly in the ventricular 
wall and reduce wall compliance, ultimately leading to 
a decrease in the ejection capacity of the heart [17, 18]. 
Specifically, different ECM components play unique roles 
in each type of fibrotic disease. Type I and III collagen 
and extra-domain A fibronectin (EDA-FN fibronectin) 
form the pathological core in IPF, which continuously 
activates fibroblasts in lesions and ultimately leads to 
fibrosis. In cardiac fibrosis, tenascin-C activates cardiac 
fibroblast TLR4 signaling mediated by damage associ-
ated molecular patterns (DAMPs) signaling, thereby pro-
moting inflammatory and profibrotic responses, while 
perlecan promotes fibroblast migration and survival by 
activating α2β1 signaling [19, 20].

ECM is not only a pathological feature of fibrosis but 
is also an exacerbating factor of fibrosis by either affect-
ing the course of primary disease or by facilitating ECM 
accumulation. First, when accumulated, multiple compo-
nents of the ECM may worsen primary fibrotic disease. 
Reese-Petersen AL’s team found that type I and type III 
collagen expression was upregulated in the left atrium 
of patients with atrial fibrillation (AF), and the accumu-
lated collagen affected the electrical conductance of the 
entire heart by influencing atrial myocyte action poten-
tial timing and conductivity, ultimately resulting in more 
frequent and worsening AF [21]. Second, deposition of 
ECM creates a positive feedback loop in fibrotic diseases. 
In the case of idiopathic pulmonary fibrosis, a fibrosis 
progression mechanism involves increased matrix stiff-
ness via the deposition of ECM, which leads to excessive 
ECM abundance in the tissue microenvironment. Spe-
cifically, as tissue fibrosis proceeds, lysyl oxidase cata-
lyzes the formation of aldehydes from lysine residues in 
collagen and elastin, and then, these residues react with 
each other to form cross-links between collagens, which 
subsequently increases matrix stiffness and inhibits 
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ECM degradation. [22] Moreover, enhanced mechani-
cal stress can act as a signal to induce more ECM pro-
duction through the activation of downstream pathways 
(e.g., TGF-β1 and Wnt-β-catenin) and the epithelial-mes-
enchymal transition (EMT) [23]. Even worse, ECM can 
maintain the activation of ECM-secreting cells (mainly 
myofibroblasts) through the downregulation of miR-29, 
eventually forming a vicious cycle and accelerating fibro-
sis [24]. Numerous studies have identified miR-29 as a 
master fibro-miRNA and negative regulator that plays 
crucial roles in fibrotic diseases such as cardiac fibrosis, 
renal fibrosis and pulmonary fibrosis. Researchers have 
indicated that miR-29 members target at least 16 ECM-
related genes, such as TGF-β, MAPK and Notch. miR-
29b and miR-29c block TGF-β signaling by base pairing 
with the coding sequence (CDS) in TGF-β exon 3 to pre-
vent cardiac fibrosis [25].

In chronic inflammation, the production and degra-
dation of ECM deviate from the equilibrium, eventually 
leading to irreversible excess deposition of ECM in tis-
sues and organs. [26] Although hyperactivation of ECM 
production has been widely studied [27], an increas-
ing number of studies have shown that targeting ECM 
degradation is a potential strategy for the treatment of 
fibrosis. Products of ECM degradation can be used as 
biomarkers of fibrotic diseases and to help in diagnosing 
and differentiating diseases. In a randomized controlled 
trial (RCT) including patients with ulcerative colitis (UC) 
and Crohn’s disease (CD), significant differences in the 
concentrations of degraded collagen I and III-IV (C1M, 
C3M, and C4M) and MMP-degraded vimentin (VICM) 
in these patients enabled the accurate differentiation of 
CD, UC and non-IBD patients. [28] A number of in vivo 
experiments and clinical cohort studies have targeted 
ECM degradation for the treatment of fibrosis. In a 
mouse model of bleomycin-induced pulmonary fibrosis, 
the collagen component of pulmonary fibrosis was found 
to be effectively degraded under relaxin induction, and 
then, the severity of pulmonary fibrosis was decreased 
[29]. In a clinical RCT study in IPF patients, IW001, a 
drug targeting anti-collagen V (col(V)) antibodies, was 
tested and found that the cohort receiving the highest 
dose showed better viability, suggesting that IW001 may 
be a new therapeutic approach for col(V)-reactive IPF 
patients [30]. These studies suggest that targeting ECM 
degradation to alleviate fibrosis is a promising therapeu-
tic strategy, more research is needed in the future.

Fibrolytic macrophages in fibrosis
Macrophages are the drivers of fibrosis in most organs 
such as liver, lung and skin , but in fact, the function of 
macrophages in injury repair and fibrosis is plastic and 
complicated [31]. They can be stimulated by different 

signals in the microenvironment and perform corre-
sponding functions [29]. Macrophages exhibit two dif-
ferent polarization phenotypes in  vitro. Treatment with 
interferon-γ and lipopolysaccharides generated clas-
sically activated macrophages (the M1 type), while 
treatment with interleukin (IL)-4/IL-13 polarized mac-
rophages into alternatively activated macrophages (the 
M2 type) [32]. In general, the M1 type is considered to be 
proinflammatory, while the M2 type is considered to be 
anti-inflammatory [33].

However, M1/M2 status is, in fact, an oversimpli-
fied classification that does not adequately describe 
the complex role played by macrophages in the fibro-
sis of different organs and at different stages. Therefore, 
an increasing number of studies have classified mac-
rophages according to their specific functions in tissue 
injury and fibrosis. In the early stage of tissue injury, a 
subset of macrophages can promote fibrosis by releas-
ing proinflammatory cytokines, inducing the activation 
and proliferation of ECM-producing cells and recruiting 
more macrophages to an injury site; hence, these cells are 
called profibrotic macrophages [34]. In addition, Haider 
et al. found that macrophages may contribute to postin-
farct cardiac fibrosis through conversion into collagen-
producing fibroblast-like cells, which may be promising 
targets to modulate fibrotic responses after myocardial 
infarction [35]. During the resolution phase, another 
subset of macrophages can prevent or reverse fibrosis 
by degrading ECM components, inhibiting the activ-
ity of ECM-producing cells and clearing apoptotic cells. 
These macrophages subset are called anti-fibrotic mac-
rophages [36]. The continuous activation of profibrotic 
macrophages and inhibition of anti-fibrotic macrophages 
disrupts the balance between pro- and anti-fibrotic mac-
rophages, which may be an important mechanism by 
which the repair process deviates from the normal pro-
gression, leading to excessive ECM deposition and even-
tually to fibrosis [37].

In this article, we describe macrophages from distinct 
organs that serve similar functions to express ECM deg-
radation-related genes to promote the resolution of fibro-
sis as fibrolytic macrophages, and their characteristics 
are described in Table  1. [38] (Table  1) Fibrolytic mac-
rophages express a variety of proteins involved in ECM 
degradation, including secretory proteases, phagocytic 
receptors and enzymes critical for the intracellular diges-
tion of phagocytosed ECM fragments [39]. Fibrolytic 
macrophages can express several proteolytic enzymes. In 
addition to a series of MMPs, fibrolytic macrophages can 
secrete cathepsins to degrade collagen in the ECM in pul-
monary fibrosis [40]. Fibrolytic macrophages also express 
receptors or soluble proteins involved in ECM protein 
uptake, including integrin, MFGE8, MRC1, etc. [41, 42]. 
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Fibrolytic macrophages are post-phagocytic, and they are 
larger in size and contain ingested apoptotic debris. [43] 
Moreover, fibrolytic macrophages downregulate gene 
clusters involved in collagen organization and focal adhe-
sion in peritoneal fibrosis. [44] Conclusively, macrophage 
subsets with similar ECM-degrading functions have been 
found in many fibrotic organs, but their specific fea-
tures, such as surface markers, phenotypes, gene expres-
sion, functional pathways and regulatory mechanisms 
in different tissue microenvironments are still unclear. 
Therefore, further studies are needed to identify the char-
acteristics of fibrolytic macrophages, which may facilitate 
in-depth investigation into the mechanism of fibrosis and 
provide cues for anti-fibrosis treatment.

Fibrolytic macrophages consist of macrophage sub-
sets from multiple sources, of which two main sources 
are the phenotypically changed tissue-resident mac-
rophages and monocytes recruited from peripheral 
blood. Stimulation of upstream signaling by the tissue 
microenvironment can trigger the functional regulation 

and phenotypic change of tissue-resident macrophages, 
resulting in their acquisition of the anti-fibrotic pheno-
type. For instance, IL-4-activated macrophages displayed 
increased expression of cathepsin S and L and reduced 
activity of phagosomal NADPH oxidase 2 (NOX2), which 
greatly enhanced the proteolytic capacity of their phago-
somes [56]. Moreover, another study found that in pul-
monary fibrosis, recognition and clearance of apoptotic 
cells by macrophages triggered the activation of peroxi-
some proliferator-activated receptor-γ (PPARγ, a tran-
scription factor essential to the alternative activation of 
macrophages), leading to the upregulation of proresolu-
tion cytokines such as IL-10 and hepatic growth factor 
(HGF), as well as the downregulation of proinflamma-
tory cytokines (TNF-α and macrophage inflammatory 
protein 2) and fibrosis markers (collagen 1α2, fibronectin, 
α-smooth muscle actin, etc.), thus hastening the resolu-
tion of fibrosis [57]. Recruitment and transformation of 
monocytes from peripheral blood create another source 
of fibrolytic macrophages. In both murine liver and 

Table 1 Characteristics of Fibrolytic Macrophages

uPARAP urokinase plasminogen activator receptor-associated protein, Mfge8 milk fat globule epidermal growth factor 8, HGF hepatic growth factor, MIP-2 
macrophage inflammatory protein 2

Category Related Proteins Functions Conditions Reference

Anti-fibrosis↑ Fibrolysis MMP-1, MMP-2 Degrading collagen Atherosclerotic plaques [45]

MMP-14, cathepsin K Pulmonary fibrosis [46]

MMP-2, MMP-9 Renal fibrosis [47]

MMP-13 Liver fibrosis [48]

ECM uptake Integrin α2β1 Involved in soluble collagen degradation and 
phagosome maturation mediated by uPARAP/
Endo180 or mannose receptor

In vitro [49]

Mannose receptor Binding and internalizing collagen IV and gelatin 
in a carbohydrate-independent manner

In vitro [50]

uPARAP (Endo180) Binding collagen through its Endo180 FNII 
domain

In vitro [51]

Mfge8 Binding collagen through its discoidin domains; 
targeting collagen uptake and digestion by 
macrophages

Pulmonary fibrosis [41]

Stabilin-1 A homeostatic scavenger receptor binding ECM 
osteonectin

Liver fibrosis [42]

Proresolution cytokine IL-10 Preventing macrophage production of proinflam-
matory cytokines; preventing the development 
of Th1-type and Th2 T-cell responses; promoting 
regulatory T-cell population

Renal fibrosis [47]

HGF Enhancing hepatocyte proliferation after liver 
injury

Liver fibrosis [52]

CXCL1 Recruiting collagenase-producing neutrophiles to 
degrade the ECM

Liver fibrosis [53]

Profibrosis↓ Profibrotic cytokine TGF-β1 Regulating fibroblast proliferation, migration, 
activation and differentiation

Liver fibrosis [43]

TNF-α Promoting hepatic stellate cell (fibroblast) survival 
and activation; upregulating expression of TIMP

Liver fibrosis [54]

CXCL2 (MIP-2) Recruiting neutrophiles; promoting fibroblast 
proliferation

Pulmonary fibrosis [55]
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kidney fibrosis,  Ly6Chi  (Gr1hi) monocytes in peripheral 
blood were recruited to sites of injury or inflammation 
[39, 54]. After phagocytosing cell debris,  Ly6Chi mono-
cytes transformed into  Ly6Clo monocytes, which further 
differentiated into  Ly6Clo fibrolytic macrophages through 
the regulation of CX3CR1 expression [39]. In addition to 
monocyte recruitment from peripheral blood, fibrolytic 
macrophages also originate from macrophages recruited 
from adjacent areas. Deniset JF et  al. showed that 
GATA6+ macrophages in the pericardial cavity migrated 
to injured heart tissues and augmented cardiac fibrosis 
[58].

Macrophage‑MMP‑ECM interaction
The secretion of MMP and the ingestion of ECM com-
ponents by macrophages are two main ECM degradation 
pathways in fibrosis. Therefore, we aimed to elucidate the 
common mechanisms and regulation of fibrolytic mac-
rophages in fibrosis from the perspective of the inter-
action of macrophages, MMPs and the ECM. We also 
discuss how relevant mechanisms can be transformed 
into potential targets for anti-fibrosis therapy.

MMPs and the ECM
MMPs are the main proteases involved in ECM degra-
dation. Their activity is low under normal conditions 
but increases during repair or inflammation [59]. MMPs 
cleave all ECM components, including collagen, fibronec-
tin, laminin, and gelatin, in the form of secreted or cell 
membrane-anchored proteins. [60] MMPs carry many 
functional domains: a signal peptide domain, propeptide 
domain, catalytic domain and hemopexin-like domain 
(except MMP7, MMP23 and MMP26), among which 
the catalytic domain exhibits a major hydrolytic func-
tion. The catalytic domain includes a highly conserved 
Zn2+ binding motif, in which the nucleophilic gluta-
mate attacks the peptide bond of a substrate to hydro-
lyze the macromolecule [61]. The TIMP family includes 
four members (TIMP1-TIMP4), all of which can revers-
ibly inhibit the activity of proteases such as MMPs. In 
unstimulated human peripheral blood, TIMPs are mainly 
expressed by monocytes, B cells and T cells [62]. The 
N-terminal end of TIMP folds within itself and, impor-
tantly, is wedged into the active site of MMPs, inhibiting 
MMP hydrolytic activity [63]. The concentration ratio of 
MMP and TIMP determines the total potency of protein 
hydrolysis, and this balance plays an important role in 
angiogenesis, inflammation, tissue repair and the devel-
opment of fibrosis [8].

Numerous studies have demonstrated significant 
changes in the levels of MMP/TIMP in patients with 
fibrotic diseases as well as in experimental models of 
fibrosis. For example, patients with cardiac fibrosis 

exhibited significantly higher levels of free MMPs (MMP-
3, MMP-9, etc.) in peripheral blood and lesions com-
pared with healthy controls[64, 65]. In further studies, 
MMP- or TIMP-knockout mice were used to verify the 
essential role played by MMP/TIMP in the develop-
ment of fibrosis. Pellicoro A’s team found that MMP-12 
was secreted from the liver of mice mainly by Kupffer 
cells (tissue-resident macrophages in the liver). Serving 
as CCL4-induced liver fibrosis model, MMP-12 knock-
out mice showed more elastin deposition both in the 
early and late stages of fibrosis [66]. K J Leco et al. found 
that MMP activity was higher in TIMP-3-deficient mice 
than in wild-type mice. The altered MMP/TIMP balance 
resulted in enhanced collagen degradation in the peri-
bronchiolar space and disruption of collagen fibrils in the 
alveolar interstitium, respectively, and both outcomes 
led to accelerated pulmonary fibrosis [67]. The balance 
of the MMP/TIMP system is critical for the homeostasis 
of ECM components and structure, while the disruption 
of this system causes dysregulation of the ECM, which 
further leads to the pathogenesis and development of 
fibrosis.

Macrophages and MMPs
Macrophages can regulate the production and activity 
of MMPs. The regulation of MMP production by fibro-
lytic macrophages is categorized into transcriptional 
regulation and secretory regulation. A variety of tran-
scription factors, such as EGR1, GATA1, and NF-κB, the 
AP-1 family and STAT3C are involved in the transcrip-
tional regulation of MMPs[68]. The initial signals origi-
nated from ligands binding to integrins (INT), Toll-like 
receptors (TLR) and receptors for interferons (IFN), 
interleukin (IL)-1 (IL1R), tumor necrosis factor (TNFR), 
prostaglandin E2 (EP4), IL-6 (GP130) and granulocyte–
macrophage colony-stimulating factor (CSFR2).Then, the 
phophoinositide-3 kinase (PI3K), extracellular signal-
related kinases 1/2 (ERKs), p38 mitogen-activated pro-
tein kinase and c-jun N-terminal kinase (JNK) are also 
activated. These lead together to activation of the activa-
tor protein-1 (AP-1) and nuclear factor-κB (NF-κB) tran-
scription factors that directly induce several MMPs and 
TIMP-1 [68].

The process of MMP secretion is essential to regulate 
MMP activity. Initially, secreted pro-MMPs are non-
functional due to the interaction of the unpaired cysteine 
sulfhydryl group in the propeptide domain with the 
zinc ion-containing active site. Disruption of the bond 
between the sulfhydryl group of the conserved cysteine in 
the propeptide domain and the active site zinc ion causes 
activation of the latent enzyme, a mechanism called the 
cysteine switch of pro–MMP activation [69]. Fibrolytic 
macrophages play an important role in regulating this 
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cleavage process by secreting the serine protease throm-
bin. The secretion of preformed MMP12 is induced when 
thrombin cleaves PKC-activating protease-activated 
receptor-1 (PAR-1) on the surface of macrophages [70].

On the other hand, MMPs can regulate the function 
of fibrolytic macrophages. MMPs (including MMP-1, 
MMP-2, MMP-3 and MMP-13) are endogenous inhibi-
tors of macrophage recruitment in inflammation. [71] For 
example, MMP2 cleaves and inactivates monocyte chem-
oattractant protein-3 (MCP-3) in the tissue microenvi-
ronment, concurrently producing a general antagonist to 
chemokine receptors on macrophages, thereby inhibiting 
the recruitment of monocytes from peripheral blood to 
sites of inflammation [72]. Moreover, MMPs (including 
MMP-10 and MMP-28) can promote the anti-fibrotic 
function of macrophages [73]. In pulmonary fibrosis, 
MMP-28 dampens proinflammatory macrophage func-
tion while promoting M2 polarization, which augments 
fibrosis [54].

Macrophages and ECM
In addition to secreting MMPs to degrade ECM, mac-
rophages ingest ECM components and digest them 
through the lysosomal pathway. Integrin-mediated 
phagocytosis is the classical pathway involved in mac-
rophage ECM ingestion. Furthermore, proved in renal 
and pulmonary fibrosis, receptor-mediated endocyto-
sis plays an important role in ECM ingestion, and this 
pathway includes the urokinase plasminogen activator 
receptor-associated protein (uPARAP/Endo180) and 
CD206 pathways [74]. A recent study indicated that some 
extracellular soluble glycoproteins also mediate mac-
rophage endocytosis by binding to collagen, promoting 
ECM clearance. In bleomycin-induced pulmonary fibro-
sis, milk fat globule epidermal growth factor 8 (Mfge8, a 
soluble glycoprotein)-knockout mice exhibited impaired 
collagen uptake and enhanced fibrosis severity [41].

Conversely, ECM components in the fibrotic micro-
environment can regulate the function of macrophages. 
In fibrosis, with increases in the amount of ECM, the 
properties of the ECM change markedly. The accu-
mulation of specific ECM components during fibrosis 
and the products of ECM degradation all make fibrotic 
ECM different from the ECM in normal tissue [75]. The 
unique properties of fibrotic ECM can affect the func-
tion of macrophages, such as their phenotype acquisition 
or chemotactic properties. Specific components of the 
fibrotic ECM can induce phenotypic changes in mac-
rophages. Chondroitin sulfate proteoglycan (CSPG) is a 
component of glial scars formed after spinal cord injury. 
CSPG-cultured monocytes are induced to express high 
levels of IL-10, a sign of transformation toward the fibro-
lytic macrophage type [75]. Moreover, products of active 

ECM degradation show chemotactic or activating effects 
on monocytes. With the increase in ECM production 
during fibrosis, ECM degradation is more active, result-
ing in a significant increase in the number of ECM deg-
radation products. Several proteinase families, mostly 
zinc metalloproteinases and serine or cysteine proteases, 
generate bioactive fragments during ECM remodeling. 
The ECM fragments produced in the process of ECM 
degradation (e.g., collagens, elastin, fibronectin, laminins 
and matricellular proteins) contain structural sites with 
unique biological activities that were previously inac-
tive within ECM molecules under normal conditions 
[76]. These fragments are defined as matricryptins or 
matrikines. Although different matricryptins are derived 
from different sources and are of differing sizes, many 
matricryptins exhibit chemotactic effects on monocytes 
in the tissue microenvironment, including tripeptide 
GHK (a fragment of collagen Iα2) and kappa-elastin pep-
tides (a fragment of elastin) [77]. Matricryptins can also 
induce monocyte activation and differentiation into mac-
rophages [78].

Macrophages are the main cells that secrete MMPs, 
and MMPs are important proteases in ECM degrada-
tion. Based on the relationships between fibrolytic mac-
rophages, MMPs and ECM, macrophage-MMP-ECM 
interaction is established in fibrotic sites (Figure 1).

The double‑edged sword in fibrosis? Profibrotic effect 
of macrophage‑MMP‑ECM interaction
Although the macrophage-MMP-ECM interaction can 
promote ECM degradation and fibrosis regression, the 
ECM continues to deposit with the progression of fibro-
sis, making the situation worse and possibly irreversible. 
This outcome suggests that many factors in the fibrotic 
microenvironment hinder the occurrence and advance-
ment of ECM degradation.

Macrophages can be anti-fibrotic, but the phenotype 
and function of macrophages vary markedly, and there-
fore, macrophages may become promoters of fibrosis. 
In the early stage of injury in organs such as lung, skin 
and liver, M1 macrophages promote ECM deposition and 
fibrosis by producing proinflammatory cytokines (IL-
1, IL-6, IL-12, etc.) and activating fibroblasts and peri-
cytes [34]. The phenotype and function of tissue-resident 
macrophages are determined by the microenvironment. 
Injury- and inflammation-related factors, includ-
ing pathogen-associated molecular patterns (PAMPs), 
DAMPs and proinflammatory cytokines, induce mac-
rophage polarization to the M1 subtype, [79] and M1 
macrophages can be transformed into M2 macrophages 
(some of these cells are anti-profibrotic macrophages) 
through stimuli, such as cell debris, IL-1R and prosta-
glandin E2 (PGE2) [80]. Therefore, the dominance of 
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profibrotic macrophages and the insufficient proportion 
and function of anti-fibrotic macrophages are possible 
reasons for the failure of fibrosis remission.

MMPs not only can degrade excessive ECM in fibro-
sis but can also disrupt the normal structure of the 
ECM, resulting in tissue damage and aggravated fibro-
sis. In renal fibrosis, TGF-β-activated macrophages 
release MMP-9, which specifically degrades the tubular 
basement membrane, leading to tubular cell EMT and 
ultimately kidney fibrosis. Inhibition of MMP-9 activ-
ity can reduce macrophage recruitment and infiltration, 
prevent the EMT and reduce the degree of fibrosis, 
making MMP-9 a potential therapeutic target in renal 
fibrosis[81]. Matricryptins produced by ECM degra-
dation also contribute to inflammation and fibrosis. 

Moreover, MMP cleavage can enhance the degree to 
which chemokines, such as osteopontin, recruit mac-
rophages, thereby promoting macrophage migration in 
the early stage of renal fibrosis [82]. In Ang II-induced 
skin and perivascular fibrosis, MMP-12 deficiency pre-
vents the enrichment of M2 macrophages in fibrotic 
sites and attenuates the degree of fibrosis [83].

Because of these profibrotic factors, macrophage-
MMP-ECM interaction may promote ECM deposition 
rather than degradation in fibrotic sites. In this regard, 
eliminating profibrotic factors or enhancing anti-
fibrotic factors may be a therapeutic strategy for fibro-
sis because they can induce macrophage switching into 
a fibrolytic phenotype by altering upstream signals or 
inhibiting the profibrotic functions of certain MMPs.

Fig. 1 Macrophage-MMP-ECM interaction in fibrosis. Fibrolytic macrophages can degrade the ECM by secreting MMPs and phagocytizing ECM 
components in fibrotic sites. Regulated at the transcriptional and secretory levels, MMPs are released by fibrolytic macrophages to hydrolyze ECM 
components. Matricryptins, hydrolysis products of ECM degradation, are ingested by fibrolytic macrophages through the lysosomal pathway. Both 
MMPs and matricryptins can regulate the function of fibrolytic macrophages, enhancing their ability to resolve fibrosis. In addition, matricryptins 
exert a chemotactic effect on monocytes in peripheral blood, which may induce the transformation into fibrolytic macrophages due to inducing 
stimuli in the microenvironment
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Conclusions
ECM deposition is not only a feature of fibrotic diseases 
but is also the core pathological process in fibrosis. 
Research on ECM degradation in fibrosis is increas-
ing, and targeting ECM degradation to treat fibrosis 
shows great potential. On the one hand, this approach 
can significantly alleviate established fibrosis through 
symptomatic treatment. More importantly, the res-
toration of ECM homeostasis can improve the tissue 
microenvironment and potentially inhibit overactiva-
tion of fibroblasts. The macrophage-MMP-ECM inter-
action is a major pathway in ECM degradation during 
fibrosis, and macrophages are the main producers and 
regulators of MMPs. Hence, we suggest that precisely 
regulating the function of fibrolytic macrophages may 
better contribute to the degradation of ECM and the 
alleviation of fibrosis. Further investigations are needed 
to identify the role played by fibrolytic macrophages 
in fibrosis, including 1) the origin and transformation 
of fibrolytic macrophages in different stages of fibrotic 
disease and 2) the mechanism of interaction between 
fibrolytic macrophages and fibroblasts. Nonetheless, 
the macrophage-MMP-ECM interaction can lead to 
better understanding of the pathogenesis and progres-
sion of fibrosis from a different angle, and targeting this 
interaction may be a promising therapeutic strategy for 
fibrosis.
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