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Abstract

Muscle regeneration requires the coordination of several factors to mobilize satellite cells and 

macrophages, remodel the extracellular matrix surrounding muscle fibers, and repair existing 

and/or form new muscle fibers. In this review, we focus on insulin-like growth factor I and the 

matrix metalloproteinases, which are secreted proteins that act on cells and the matrix to resolve 

damage. While their actions appear independent, their interactions occur at the transcriptional 

and post-translational levels to promote feed-forward activation of each other. Together, these 

proteins assist at virtually every step of the repair process, and contribute significantly to muscle 

regenerative capacity.
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1. Introduction

Skeletal muscle regeneration relies on a vast array of cells and secreted factors to remove 

damaged debris and to re-form innervated muscle fibers and the supporting vascular 

and extracellular meshwork. Communication between cells is required to coordinate 

regeneration and can be achieved through physical contact or via secreted proteins, termed 

myokines. The interplay of myokines secreted from and acting on multiple cell types 

within the muscle compartment is crucial for skeletal muscle growth and regeneration. 

Once released from a cell, myokines can drive autocrine or paracrine actions through 

binding to cell-surface receptors and triggering intracellular signaling pathways, which 

can ultimately lead to altered gene expression, cytoskeletal rearrangements, and cell 

maturation. Alternatively, myokines may act directly on the surrounding extracellular matrix 

(ECM) through enzymatic cleavage of ECM proteins. Together, these internal and external 

processes afford efficient resolution of damage.
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Historically, several myokines were identified as key contributors to muscle regeneration, 

where global delivery of these agents could enhance regeneration, and global ablation of 

these factors impaired the healing process (reviewed in [1,2]). Less attention was paid to 

the importance of a particular cell source, in part, because myokine activity began within 

the extracellular environment. The development of more sophisticated tools, including single 

cell or single nucleus RNA-sequencing (RNA-Seq) [3-10], has enabled a closer examination 

of the cells contributing to myokine production. The spatial and temporal expression of 

myokines, their receptors, and their substrates provide clues to their actions, and combined 

with cell-specific targeting to eliminate single sources of myokines, we can begin to 

disentangle the multiple mechanisms underlying regeneration.

In this review, we will highlight the contribution of insulin-like growth factor-I (IGF-I), a 

well-known secreted factor driving intracellular processes for regeneration [11-13], and the 

matrix metalloproteinases (MMPs), which target extracellular matrix (ECM) components 

[14-19]. Muscle repair is initiated by the inflammatory response which includes the immune 

cell population, followed by satellite cell activation, proliferation, differentiation, and fusion, 

all while the fibrogenic cell population contributes to ECM remodeling [2]. We will focus 

on the sources and targets of these myokines, and how their activity is regulated during 

regeneration. In addition, because IGF and MMP actions are not mutually exclusive, we 

will also address the regulatory interactions between these myokines. Ultimately, we hope to 

illustrate the complex orchestration that must occur during regeneration, and the challenges 

faced in therapeutic development for improving regenerative capacity.

2. Insulin-like growth factor I

2.1. IGF-I structure

IGF-I is critical for growth in virtually all tissues, and skeletal muscle is no exception. Its 

role in muscle regeneration is also well-documented, where it can enhance both proliferation 

and differentiation of activated satellite cells, a property that sets this growth factor apart 

from other proteins in the regeneration process. Extensive reviews of the Igfl gene, its 

regulation, protein structure, and its signaling through the IGF-I receptor exist [20], and so 

only a limited description of these aspects are included here.

IGF-I is encoded by 6 exons, which undergo alternative splicing at both the 5- and 3-prime 

ends, leading to multiple isoforms (reviewed in [21]). Class I and II isoforms arise from the 

use of exons 1 and 2, respectively, which encodes the signal peptide (Fig. 1A). All isoforms 

include exons 3 and 4, which harbor the sequence for the mature peptide and a portion of 

the C-terminal E peptide. Heterogeneity of the E-peptide is the result of alternative splicing 

of exons 5 and 6. This splicing is species specific, where humans express transcripts with 

exon 6 only (Class A), exon 5 only (Class B), or a portion of exon 5 and an internal splice 

site causing a frame shift and premature termination in exon 6 (Class C). Rodent Class B 

mirrors human Class C, with inclusion of a 52-residue exon 5 leading to a similar frame 

shift in exon 6. All possible combinations between N-terminal signal peptide usage and 

C-terminal E peptides can occur in different IGF-I precursors. However, the most prevalent 

form expressed in skeletal muscle is class I A, encoded by exons 1-3-4-6.
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Post-translational processing is also a significant contributor to IGF-I protein forms found in 

muscle. The 70 amino acid long mature IGF-I peptide must shed the C-terminal E peptide 

through a unique cleavage site recognized by subtilisin- related proprotein convertases 

[22,23], and it is this form that is stabilized by a family of IGF-I binding proteins (IGFBPs) 

in the extracellular space and in the circulation. On the other hand, retention of the E 

peptide, called pro-IGF-I, is also observed in muscle and in the circulation [24,25], calling 

into question whether this provides another way to stabilize more growth factor [26] 

independently on the IGFBPs. Further, pro-IGF-IA also has N-glycosylation sites that may 

also directly interact with the ECM. Hence, there are multiple forms of IGF-I found in the 

ECM, which may afford differential release mechanisms for ligand receptor interactions.

2.2. IGF-I activity

IGF-I signaling is mediated on most cells by the IGF-I receptor (IGF-IR), which is a 

heterotetrametric tyrosine kinase IGF-IR. IGF-I can also activate hybrid receptors, which 

are formed from hemireceptors of IGF-I and insulin receptors and found on muscle fibers 

[27]. While the biological significance of the receptor population is an area of active 

investigation, we will restrict discussion to the signaling pathway mediated by the IGF-IR. 

During muscle growth and regeneration, both satellite cells and myofibers expresses IGF-IR. 

Upon ligand binding, IGF-IR undergoes phosphorylation to mediate 2 arms of downstream 

signaling: 1) the ras/raf/MEK/ERK and 2) the PI3K/Akt/mTOR pathway (Fig. 1B). This 

dual signaling underlies the capacity for IGF-I to promote satellite cell proliferation and 

differentiation. The ras/raf/MEK/ERK pathway serves to amplify satellite cell proliferation 

while the PI3K/Akt/mTOR pathway has been shown to primarily increase protein translation 

and inhibit apoptosis, ultimately driving myofiber hypertrophy.

Insight into the role of IGF-IR in satellite cells was possible when an Igflr floxed mouse 

was crossed with the MyoD-Cre mouse, where only heterozygous (IGF-IR+/−) mice could 

be generated for analysis, suggesting developmental lethality when there is total loss of 

IGF-IR in MyoD positive cells [28]. These mice exhibited smaller muscle masses and fiber 

areas during active growth and muscle regeneration, which was attributed to the inability of 

satellite cells to proliferate and differentiate. Naturally, p-Akt was lower in the IGF-IR+/− 

mice, and interestingly a fibrotic phenotype was produced in the muscle post-injury. This 

could be due to the trans-differentiation of myoblasts into muscle fibroblasts with the 

increased levels of α-smooth muscle actin in damaged IGF-IR+/− muscles.

In contrast to satellite cell ablation, effects of targeting IGF-IRs on myofibers are dependent 

on the method of deletion. Ablation in adult muscle fibers by a skeletal muscle actin 

regulated Cre results in a minor phenotype, where only smaller muscle fiber areas are 

observed [29,30]. Use of the Mef2c promoter for IGF-IR ablation causes further decreases 

in myofiber size possibly due to the lack of myoblast fusion [31]. Use of the MKR mouse, 

which harbors muscle-specific dominant negative IGF-IR, exhibits an impaired ability to 

repair after cardiotoxin injection and points to the importance of IGF-I signaling in muscle 

regeneration [32]. However, the transgene hampers activity of both IGF-IRs and the hybrid 

receptors, supporting the fact that both receptor populations may be required for IGF-I 

dependent regenerative capacity.
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2.2.1. The role of ras/raf/MEK/ERK signaling for satellite cell and myofiber 
activity—The distinction that the two arms of the IGF-I signaling pathway mediates 

mitogenesis and myogenesis was substantiated 25 years ago in culture [33]. Since then, 

the field has taken advantage of cell specific tools to gain more insight into the process. 

For example, the interplay of additional signaling molecules with the ERK pathway are 

necessary for satellite cell proliferation. Satellite cell specific ablation of Ptpnll encoding 

the tyrosine phosphatase, SHP2, prevents satellite cell proliferation, and instead promotes 

satellite cell quiescence [34]. As a consequence, acute injury caused by cardiotoxin 

injection does not resolve, and the muscle remains in a damaged state. The inability for 

satellite cells to proliferate is attributed to loss of sustained ERK phosphorylation, as the 

phenotype can be rescued by cross-breeding with mice expressing constitutively active 

mitogen-activated protein kinase (MAPK). Complementary to its role in satellite cells, 

modulation of the ERK pathway in fibers can also alter their physiological properties. In 

a mouse model where MEK1, the kinase upstream of ERK, is constitutively active in the 

muscle fiber, improvements in metabolic phenotype and protection from muscular dystrophy 

were observed [35]. The fast-to-slow fiber-type switching in skeletal muscle was primarily 

driven by ERK2, supporting the overall need for this pathway in muscle maintenance. 

While in both the above scenarios ERK activation can be driven by multiple ligand-receptor 

triggers, these studies demonstrate that IGF-I can harness these benefits for muscle growth 

and regeneration.

2.2.2. The role of PI3K/Akt/mTOR signaling for satellite cell and myofiber 
activity—Modulation of the myogenic arm of the IGF-I pathway illustrates the necessary 

balance needed among satellite cell activation, proliferation and differentiation. Using a 

MyoD Cre driver, mice with satellite cell ablation of phosphatase and tensin homolog 

(PTEN) have been evaluated (PTENmk0 mice) [36]. PTEN is a negative regulator to 

phosphatidylinositol 3-kinase (PI3K), reversing the actions of PI3K, and so loss of PTEN 

de-represses the PI3K/Akt/mTOR pathway. Mice display muscle hypertrophy (larger muscle 

mass, fiber area and myonuclei/myofiber) and hyperplasia (higher fiber number). Deletion 

of PTEN also promotes satellite cell proliferation and differentiation, with a propensity of 

these cells to exit the cell cycle. PTEN ablation in myofibers does not produce a major 

phenotype [37]. While the PTENMK0 mouse shows reduced atrophy following denervation 

and increased efficiency in muscle regeneration, the price to pay is the inability of PTENMK0 

satellite cells to self-renew. The authors showed that proliferation (Ki67 + /MyoD + /Pax7 

+ cells) and differentiation (MyoG+ nuclei) were enhanced, but quiescent satellite cells 

(Ki67-/MyoD-/Pax7 + ) were significantly lower in PTENMK0 muscles at 10 days post-

injury.Utilizing the MyoD promoter for Cre-induction only targets committed myogenic 

progenitor cells, complicating experiments in measuring the sternness of satellite cells. 

However, utilizing the Pax7CreER mice in driving PTEN deletion specifically in satellite 

cells (PTENPK0) [38] replicates the findings from PTENMKO, where PTENPK0 muscles 

are unable to efficiently regenerate and have depleted quiescent satellite cell numbers. The 

inability of PTENPK0 satellite cells to self-renew is not due to advanced apoptosis, but 

instead, accelerated satellite cell differentiation, which leads to enhanced activation of Akt 

and mammalian target of rapamycin (mTOR) pathways evidenced by higher numbers of 

MyoG+, p-Akt+, and p-S6 + satellite cells, which are markers of differentiation.
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The crucial role of the PI3K/Akt/mTOR pathway has been illustrated through similar 

manipulation of many pathway components. For instance, mice with satellite cell-specific 

deletion of p110a, a catalytic subunit of PI3K, exhibit impaired regenerative capacity due 

to an inability of satellite cells to exit quiescence, as both in vivo and in vitro assessments 

demonstrate a failure to enter the cell cycle [39]. Partial rescue can occur through ablation 

of tuberous sclerosis protein 1/2 (Tscl), an mTORCl repressor, thus releasing the breaks on 

mTORCl and placing PI3K as an important checkpoint for satellite cells to enter the cell 

cycle. The serine/threonine kinase, mTOR, also plays a major role in cell development that 

is associated with raptor (mTORCl) and rictor (mTORC2). Deletion in mTOR specifically 

in satellite cells results in impaired muscle regeneration due to defective satellite cell 

proliferation and differentiation [40]. Specific deletion of mTORC2 in the satellite cells 

poses a less deleterious effect where muscle regeneration impairment is only observed after 

repeated bouts of cardiotoxin-induced injury or in aging mice [41]. Thus, the intracellular 

signaling pathways instigated by IGF-I activation modulate several of the key steps taken by 

satellite cells during muscle growth and regeneration.

Work on a zebrafish model with loss of myogenin (MyoG) further reinforces the role of 

IGF-I in satellite cell activation. The authors reported that deletion of MyoG (MyoGKO) in 

zebrafish increased Igfl mRNA by 130% and decreased myostatin mRNA by 50% in the 

muscle [42]. In terms of signaling, p-Akt was unchanged, but phosphorylation of ribosomal 

protein S6 (p-rpS6) was increased 4-fold in MyoGKO bulk muscle lysates. There was 

a similar trend following satellite cell specific MyoG ablation, where 2-fold increases in 

p-rpS6 were observed. The finding that expression of Tscl was also reduced helped to 

explain the absence of coupling between Akt and rpS6 and led to the conclusion that 

de-repression of mTORCl underlies satellite cell activation. The consensus is that IGF-I and 

its signaling pathway contribute to satellite cell activation; however, the IGF-I source has yet 

to be established.

2.3. IGF-I sources and targets during muscle regeneration

There are multiple sources of IGF-I within the skeletal muscle compartment (Fig. 2). 

At the onset of skeletal muscle repair, inflammatory cells, such as macrophages, secrete 

IGF-I that can activate satellite cells and instigate cell proliferation [43]. Even though 

there may be IGF-I stored in the ECM, myeloid cell-specific deletion of Igfl in mice 

leads to lower levels of IGF-I in injured muscles [44], suggesting that inflammatory cells 

contribute significantly to the muscle IGF-I pool. Phenotypic defects in these mice include 

reduced macrophage polarization and satellite cell proliferation as well as smaller muscle 

fiber areas later in the regeneration process. Macrophage IGF-I actions seem restricted to 

early stages of regeneration, as myoblast fusion is not disrupted [44]. Therefore, IGF-I 

from the macrophage population has the capacity to drive Ml to M2 polarization via 

autocrine regulation, plus provide a paracrine source for satellite cell expansion, which 

further benefits downstream muscle regenerative processes. Other models of injury, such as 

tourniquet-induced ischemia reperfusion (TK-I/R) also display increased Igfl expression in 

macrophages, which is highly correlated to Emrl (F4/80) expression in whole muscle [45]. 

Further, injection of Ml macrophages into the gastrocnemius of mice with TK-I/R leads to 

heightened muscle Igfl expression unlike treatment with unpolarized (MO) macrophages or 
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saline [46]. These studies help to pinpoint the macrophage subpopulation most relevant for 

IGF-I production.

Muscle satellite cells also produce IGF-I as they emerge from quiescence (Fig. 2). In a 

study of muscle biopsies obtained from human subjects, co-localization of IGF-I and Pax7, 

a marker for satellite cells, was detected 72 h post-resistance exercise in both type 1 and 

type 2 muscle fibers, accompanying the bulk muscle increase in Igfl a expression [47]. 

Given the time between exercise and biopsy, it is likely that the satellite cells had been 

activated. However, it raises the question as to when satellite cells begin to produce and/or 

respond to IGF-I. A recent study assessed the differences in satellite cell ability to retain 

sternness, termed a genuine state with high CD34, in contrast to a primed state with low 

CD34, where a satellite cell had restricted commitment to myogenic differentiation [48]. The 

authors found that primed satellite cells had higher Akt phosphorylation (p-Akt) levels and 

lower FOXO3a within the nucleus when compared to genuine satellite cells, supporting that 

signaling through the IGF-I pathway was part of the switch for priming. Upon entry into 

the primed state, satellite cells exhibit decreased sternness, suggesting that IGF-I signaling 

underlies the switch. However, even though IGF-I must be within the satellite cell niche to 

stimulate them, where this factor is produced is unclear. Satellite cells undergo several stages 

during the regeneration process (discussed in other reviews in this issue) after leaving their 

niche by a muscle fiber, and IGF-I also serves as a major factor in their differentiation and 

fusion. A recent innovative study provided a closer look at myoblast fusion, demonstrating 

an IGF-I dose- and time-dependent enhancement of myonuclear accretion and myotube 

formation in culture [49], pointing to the necessity of IGF-I for myoblast fusion.

In comparison to other cell types, myofiber-derived IGF-I has been well studied and is the 

primary source of IGF-I in homeostatic muscle. Glycosylated pro- and pro-IGF-I appear 

to be the predominant forms generated by skeletal muscle fibers, as transgenic or viral 

overexpression of Igfl a leads to accumulation of the two higher molecular weight bands 

[24]. In contrast, muscle-specific deletion of Igfl (MID mice) or its chaperone Grp94 
decreases bulk muscle IGF-I content and results in the disappearance of glycosylated pro-

IGF-I [25,50]. These longer forms of IGF-I retaining the C-terminal E peptide extension 

have been shown to bind to the ECM [26], potentially creating an additional IGF binding 

protein independent reservoir of this factor. Regenerative capacity is enhanced in mice with 

muscle-specific transgenic overexpression of IGF-I [51]. Thus, the increased local IGF-I 

provided by the muscle fibers serves as an active source of the growth factor. The target 

of this IGF-I reservoir could be any cell type within the muscle compartment. In a mouse 

model of disuse atrophy followed by reloading, viral delivery of IGF-I caused an increase 

in Ki67 + cells, a marker of proliferation, during the recovery phase, most of which were 

not Pax7 + [52], supporting that myofiber-secreted IGF-I plays a role in the proliferation of 

other cell types in the muscle.

During acute muscle regeneration, the fibroadipogenic progenitor (FAP) population also 

secretes IGF-I [53,54]. When FAPs differentiate into fibroblasts at the later stages of 

regeneration, IGF-I from these fibroblasts contributes to myoblast differentiation and 

myotube formation, taking over from the earlier macrophage source [44]. Chronic 

degeneration, however, leads to a reduction in fibroblast production of IGF-I: FAPs purified 
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from old mdx mice have lower Igfl than young mdx mice [55]. FAP Igfl expression also 

appears dependent upon their metabolic fuel, where FAPs from mdx mice treated with high 

fat diet leads to increased Igfl mRNA [56]. Hence, modulation of this cell source occurs by 

processes beyond the direct steps of regeneration.

IGF-I from the myovascular niche is provided by pericytes [57], and this source can also 

act on satellite cells. Conditioned media from pericytes enhance myoblast differentiation, 

which is prevented by the addition of an IGF-I blocking antibody. Further, pericyte specific 

deletion of Igfl in mice at birth results in smaller muscles and a lower number of myonuclei 

per muscle fiber 3 weeks later. Thus, while pericyte derived IGF-I levels pale in comparison 

to that from the muscle fibers, the proximity of these cells afford communication through 

boosting the local concentration of secreted factors.

2.4. Temporal regulation of IGF-1 expression during muscle growth and regeneration

The studies above identify several sources of IGF-I, but the timing in IGF-I production 

during skeletal muscle growth and regeneration also requires consideration. For instance, 

several sources of IGF-1 may diffuse into the satellite cell niche for satellite cell activation 

and proliferation, although we cannot discount the possibility of autocrine regulation of 

IGF-1 from satellite cells themselves. To gain a handle on the coordination of these 

sources as well as the presence of IGF-1 receptors, delving into single cell analysis 

is key. The timing of IGF-I expression during skeletal muscle growth and regeneration 

can be observed using publicly available platforms that provides single cell and single 

nucleus transcriptomic evaluation (sc/sn RNA-seq) within the muscle. The Myoatlas [8] 

platform (https://research.cchmc.org/myoatlas/) enables the evaluation of IGF-I expression 

during murine muscle development and aging (Fig. 3A). In addition, the scMuscle [3,58] 

platform (http://scmuscle.bme.comell.edu/) provides cell-specific expression during muscle 

regeneration (Fig. 3B). At day 10 of life (P10), Igfl expression in muscle is most prominent 

in FAP cells, satellite cells and immune cells (Fig. 3A). On the receiving end, IGF-I 

receptor (Igflr) expression appears higher in FAP cells, myocytes and type 1 myofibers. This 

points to the potential autocrine regulation of IGF-I in FAP cells, while the myocytes and 

type 1 myofibers may rely on IGF-I from the satellite cell and immune cell populations. 

A different scenario emerges in muscles from 24 month old mice, where the onset of 

sarcopenic decrements in muscle mass and force have been documented [59]. Igfl expression 

is predominantly from FAP cells and a small population of cells of unknown identity 

[8]. In contrast to PI0 muscles, Igflr is highly expressed in all cell types within the aged 

muscle, possibly indicating high demand of IGF-I signaling in these muscles. At this 

age, total IGF-I levels are modestly changed, but serum IGF-I levels have decreased, and 

mice display muscle atrophy, neuromuscular junction (NMJ) fragmentation accompanied 

by fast to slow fiber transition, lower fiber number and decreased exercise tolerance [60]. 

Nevertheless, transgenic overexpression of muscle-specific IGF-I can rescue the aging 

phenotype including its regenerative capacity [13], implying that it is the local source of 

IGF-I that is lacking in terms of bioavailability.

In acute muscle regeneration, Igfl expression begins with inflammatory and fibrogenic 

cells (Fig. 3B). From day 5 post-injury onwards, Igfl expression expands to additional 
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cell populations, including Ml and M2 macrophages, endothelial cells, satellite cells, and 

myoblasts. Using a more severe freeze injury in contrast to chemical injections [61], 

Igfl expression is most pronounced at the 3 day timepoint. Presence of Igflr expression 

occurs in endothelial and smooth muscle cells as well as myogenic cells including satellite 

cells and myoblasts, suggesting that all of these cells can respond to IGF-I in the early 

stages of muscle regeneration (Fig. 3B). Taken together, muscle regeneration expression 

patterns replicate some aspects of early muscle growth, such as Igfl expression from muscle 

and fibroadipogenic progenitors, but also expand to include transient IGF-I production by 

inflammatory cells, which may be key to triggering satellite cells.

3. Matrix metalloproteinases

3.1. MMP family and stTucture

The matrix metalloproteinases (MMPs) are aptly named for their site, regulation, and mode 

of action. The MMPs are key enzymes for degrading components of the ECM, enabling cell 

migration, and releasing growth factors [62,63]. As all of these actions are central features 

of muscle regeneration, the family of more than 2 dozen MMPs coordinate the process 

through highly regulated temporal and cell specific changes in expression and production, 

activation through cross talk between members, and preferential substrate specificity 

(reviewed in [64]). Control of MMP activity occurs at several levels: transcription, activation 

of the precursor zymogen, and inhibition by endogenous inhibitors (tissue inhibitors of 

metalloproteinases, or TIMPs). Without regulation, active MMPs can cause extensive ECM 

remodeling and result in a spectrum of pathological conditions, including arthritis, cancer, 

atherosclerosis, and fibrosis. However, the absence of MMP activity results in unresolved 

repair in bone [62], stalled development [65], and impaired wound healing (reviewed 

in [66]). Therefore, appropriately timed activity of MMPs is essential for proper ECM 

remodeling during development and tissue repair.

The family of MMPs are classified by their structural domains and their substrates 

(collagenases, gelatinases, stromelysins and matrilysins) although extensive substrate 

overlap exists (reviewed in [67]). MMPs share a number of domains (Fig. 4A), which 

include a signal peptide that directs nascent MMPs to the endoplasmic reticulum for 

processing, a regulatory propeptide, and a catalytic domain where zinc binding is required 

for endopeptidase activity [68]. Most MMPs also have a hemopexin-like domain connected 

to the catalytic domain via a proline rich linker. The propeptide inhibits zymogen activity, 

as it is docked in the active site on the catalytic domain and prevents substrate entry [69]. 

Removal of the propeptide converts latent MMPs to active enzymes [70], affording the 

active site to cleave substrates. Substrate specificity is aided by the hemopexin-like domain, 

which forms a 4-bladed propeller that contributes to substrate binding and also interacts with 

tissue inhibitors of metalloproteinases (TIMPs) [71]. Most MMPs are secreted and remain 

in the ECM as latent proenzymes awaiting activation by other activated MMPs or by serine 

proteinases. A small group of members are membrane bound via a transmembrane domain 

at the carboxy-terminus [16,63].

Kok and Barton Page 8

Semin Cell Dev Biol. Author manuscript; available in PMC 2022 May 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2. MMP actions during regeneration

Even though there is much overlap in the specificity for ECM substrates, there is a wide 

range of substrate cleavage potency across the MMP family and is an important part of 

the regeneration process (Fig. 2) [72]. This allows for a high level of regulation of the 

ECM degradation process, not only in the targets for removal, but also in the localization 

of matrix remodeling. Generalized MMP inhibition prevents resolution of muscle damage, 

supporting the necessity of the MMP family for regeneration [73]. Conceptually, there are 

two major interleaved processes governed by MMP activity: ECM remodeling and cell 

migration. Degrading specific protein components “loosens” the meshwork of the ECM, 

affording greater ability for cells to move; however, the cells themselves can also secrete 

MMPs, or harbor them on their surface, to clear paths through the ECM and increase the 

distance and/or speed of cell movement.

In skeletal muscle, only a few of the many MMPs have been deeply investigated. The 

most prevalent MMPs reported in homeostatic muscle include MMP-2, a gelatinase and 

MTl-MMP/MMP-14, a membrane bound MMP [14,74]. In regenerating muscle, additional 

MMPs emerge, including MMP-9, a second gelatinase, and MMP-1 and MMP-13, members 

of the collagenases. The following sections will highlight features of these most prominent 

MMPs with respect to their temporal expression and varied sources during regeneration, as 

well as their targets upon activation.

3.3. Gelatinases

The gelatinase, MMP-2, is the most prevalent MMP in muscle, but has minimal activity in 

healthy muscle. It resides as a latent zymogen in the ECM, and further inhibited by TIMP2 

binding. It is activated by several of the MMP family members as well mechanical loading 

[75]. One of the most well-studied MMP2 activation pathways is via MMP-14 (reviewed 

in [63]). One molecule of MMP-14 bound and inhibited by TIMP2 serves as a tether for 

pro-MMP-2, after which an uninhibited MMP-14 molecule can cleave and activate MMP-2. 

Given the highly regulated activation of MMP-2, it is not surprising that transcriptional 

regulation is minimal. The greatest proportion of expression is from the FAP cell population 

(Fig. 4B), which remains fairly stable during regeneration; however, other cell types express 

Mmp2, including muscle stem cells.

In synergist ablation models, increased MMP-2 activity is associated with ECM remodeling 

and muscle hypertrophy, and the hypertrophic response is impaired with the global loss of 

MMP-2 [76]. This study points to the need for ECM remodeling not only with regeneration 

but also to allow changes in muscle fiber size. One can consider the ECM structure as a 

corset, restricting muscle fiber expansion much like Victorian era waistlines. While MMP 

activity is most well characterized in the extracellular space, several MMPs have been 

detected inside cells, including MMP-2, where they may also cleave intracellular targets. 

MMP-2 is detectable within muscle fibers, concentrated at the z-line, in mitochondria, and 

surrounding the nucleus [77], distinct from compartments involved in protein secretion. In 

situ zymography indicates that MMP-2 is active within the cell and supports the observation 

that MMP-2 cleaves titin [78]. Given MMP-2 can act both inside and outside of the muscle 
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fiber, it may also coordinate intracellular protein turnover as the fibers expand. Thus, similar 

to the ECM remodeling ascribed to MMPs, they can also assist in remodeling inside fibers.

The gelatinase MMP-9 shares many substrates with MMP-2, but is transiently produced 

during regeneration, and elevated in chronically regenerating dystrophic muscle [79,80]. It 

is expressed early in the regeneration process by neutrophils, with a peak of expression 

by muscle fibers at day 10 post injury (Fig. 4B). Hence, its actions may be beneficial 

for remodeling muscle tissue after acute damage, but detrimental to muscle stability in 

chronic damage, exemplifying the double-edged sword of MMP actions [17]. Inhibition 

of MMP-9 through genetic ablation or pharmacologic inhibition improved the dystrophic 

phenotype in mdx mice [81,82], with multi-pronged actions on macrophage polarization and 

satellite cell proliferation. However, active MMP-9 increased muscle fiber hypertrophy with 

a commensurate improvement in strength [83]. In the same study, regenerative capacity was 

improved in the presence of active MMP-9, with enhanced Igfl expression, and improved 

satellite cell fusion. These contradictory findings with regard to MMP9 suggest that timing 

and location may underly the differences. One recent observation supports that cell specific 

actions may be important to regulate when and where MMP-9 is present and active. In a 

model of mechanical overload, the ablation of satellite cells resulted in enhance expression, 

implicating satellite cells as a repressive force on MMP-9 production by muscle [84]. In 

sum, MMP-9 clearly plays a role in muscle regeneration, but grappling with its dual actions 

warrants further investigation.

3.4. Collagenases

MMP-13 is a member of the collagenase family that includes MMP-1 and MMP-8, and 

these can cleave native fibrillar collagens, proteoglycans, and fibronectin. MMP-13 is 

activated by MMP-2, −3, and −14, and also can activate MMP-2 and −9 [85], contributing 

to the intricate crosstalk among the MMP family. A primary action of MMP-13 is 

cell migration in virtually all cell types investigated. Modulation of MMP-13 activity in 

C2C12 myoblasts is directly correlated with their ability to move in transwell assays [86]. 

Fibroblasts in the dermal layer involved in migration toward the wound center express high 

levels of MMP-13 [87]. Even its original discovery in breast carcinomas points to its role 

in cell migration [88]. Thus, it comes as no surprise that targeted ablation of MMP-13 

in satellite cells slows their migration in vitro resulting in diminished muscle growth and 

regenerative capacity in vivo [15]. The global knockout of MMP-13 displays similar defects 

in resolution from acute injury. In mdx mice, however, there is no apparent difference 

in muscle morphology between mice with or without MMP-13. The fact that there are 

heightened levels of several MMPs in dystrophic tissue [89,90] may mask any MMP-13 

specific actions, and supports the concept of functional overlap between MMPs.

Unlike the more prevalent MMPs, Mmpl3 expression is almost undetectable in healthy 

muscle [15,86]. However, during regeneration, expression and MMP-13 activity transiently 

increase, with a peak at ~ 1 week following cardiotoxin injection [86]. Similar patterns have 

been documented in other models of healing, such as recovery from cutaneous wounds [87]. 

Cell specific expression of Mmpl3 illustrates the relatively low transcript abundance across 

all cell types compared to Mmp2 or Mmp9 (Fig. 4B). FAPs display the greatest level of 
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expression, with maximal expression occurring at day 7 post cardiotoxin injection, similar to 

the findings in bulk muscle tissue. In contrast, myoblasts and muscle satellite cells express 

very low Mmpl3 levels. Bearing in mind the significant effects to regeneration caused by 

Mmpl3 ablation from Pax7 positive cells, this suggests that the cell source may be more 

critical than the amount produced, where local Mmpl3 increases in the immediate vicinity of 

satellite cells are more impactful on the regeneration process.

The collagenase family shares cell migration properties. MMP-1 has been considered as 

a therapeutic agent to boost resolution of damage after muscle injury. Exogenous delivery 

of recombinant MMP-1 combined with myoblasts into damaged muscle enhanced cell 

engraftment [91]. More recently, transduction of myoblasts to express MMP-1 enhanced 

migration in vitro and in vivo [92]. Thus, the collagenase family appears to be generally 

beneficial for muscle regeneration, directly enhancing cell migration, and likely indirectly 

enhancing myoblast fusion.

The third collagenase, MMP-8, is classically dubbed the “neutrophil collagenase”, as its 

initial identification was in peripheral leukocytes [93]. No evidence of skeletal muscle 

expression has been reported, but detection in additional cell types, including endothelial 

cells, smooth muscle cells, and mononuclear phagocytes associated with atherosclerotic 

plaques suggests a broader expression profile [94]. Whether these cell sources also produce 

MMP-8 in muscle is not known. However, because collagen types I and III are preferential 

substrates for MMP-8, and it is unable to cleave collagen IV [95], it is possible that MMP-8 

could help to remodel the ECM, while sparing the basement membrane that is enriched with 

collagen IV.

3.5. Membrane bound MMPs

MTl-MMP/MMP-14 is one of the membrane bound MMPs. In addition to the domains 

shown in Fig. 4A, the carboxy-terminus also contains a 24 residue transmembrane domain 

and a cytoplasmic tail. The PEX domain of MMP-14 also includes unique loop structures 

that enable substrate specificity via the hemopexin blades for collagens I and III, non-

collagenous substrates found in the basement membrane (e.g., fibronectin, laminins), other 

MMPs (MMP-2 and −13), and integrins (reviewed in [16]). The propeptide can be cleaved 

by MMP-2 affording its activation, whereas MMP-14 activity is negatively regulated by 

TIMPs, particularly TIMP2. Inactivation can occur through autocatalytic cleavage at the 

hinge domain, separating the catalytic domain from the membrane anchor.

MMP-14 is found in many tissues within mice, including the kidney, heart, lung, and 

developmental tissues. Further, adult mouse muscle has detectable MMP-14 protein [96] 

and transcription [15]. During regeneration, activated MMP-14 appears at day 4 following 

cardiotoxin injection, preceding the appearance of active MMP-2 in gelatin zymography 

[14]. Its absence impairs overall collagen turnover leading to a variety of connective 

tissue diseases in knockout mice, which are viable for only a few weeks after birth [74]. 

Despite the severe phenotype examination of skeletal muscles up to 4 weeks of age was 

possible [14]. The quadriceps exhibited fiber size heterogeneity, a modest increase in 

central nucleation, pockets of interstitial ECM, and thickened basement membrane. The 

authors went on to show that there was abnormal processing of laminin within the muscle, 
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suggesting that MMP-14 has a specific cleavage site on laminin alpha2. Taken together, the 

direct actions of MMP-14 on the basement membrane as well as its activation of MMP-2 

have significant effects on resolution of muscle damage.

More recent analysis of MMP-14 actions has been performed in human myoblasts [97], as 

there was no MMP-14 evident on murine primary myoblasts, even though it is found on 

the surfaces of the myoblast C2C12 cell line. Cell based 3D invasion assays with C2C12 

and human myoblasts demonstrate that MMP-14 directs migration through Collagen I rich 

substrates [97], a property that is common to its actions in pericellular remodeling and 

invasion by mesenchymal stem cells and tumor cells. Whether murine satellite cells produce 

a different membrane bound MMP, or if the redundancy of MMP actions enables growth and 

regeneration to progress without MMP-14 on their surface is not clear.

To address the cell specificity of Mmpl4 expression, the single cell RNA-Seq data base 

was queried. FAPs, monocytes, and macrophages exhibit Mmpl4 expression throughout 

the regeneration process (Fig. 4). In addition, muscle stem cells and myoblast/myogenic 

progenitors express Mmpl4 in the later stages of regeneration, even though in cultured cells 

detection is minimal. This suggests that the properties described for human myoblasts in 3D 

invasion assays bear relevance to the in vivo remodeling process in mouse. Further, presence 

of Mmpl4 transcripts in type IIb myonuclei suggests that the membrane bound MMP could 

alter the basement membrane surrounding muscle fibers, supporting the earlier observations 

of the thickened basement membrane in the MMP-14 knockout mice.

4. Interactions between IGF-I and the MMPs

4.1. MMP actions on IGF-1

It should be borne in mind that presence of IGF-I is not the only requirement for its ability 

to enhance regeneration. Coordinated production of IGF-I and the MMPs during muscle 

regeneration is critical to afford both cells and their environment to undergo the changes 

needed for resolving damage. The most direct coupling between these factors is within 

the ECM. Given that a large reservoir of IGF-I is stored within the matrix, cleavage of 

its ECM anchors allows for bulk release of IGF-I to activate cells. IGF-I release could 

occur in multiple ways. First, cleavage of ECM proteins can release IGF:IGFBP complexes, 

or pro-IGF-I that may be bound directly to the ECM [26]. For example, IGFBP-5 has 

high affinity for a number of ECM proteins, including collagen III found in the interstitial 

matrix, as well as several basement membrane proteins, including collagen IV, fibronectin, 

and laminin [98]. Cleavage of these proteins untethers IGF:IGFBP, and in turn, enables 

proteases to cleave IGFBPs and release IGF-I. IGFBPs can associate with the ECM with or 

without IGF-I association, such as IGFBP3 and fibronectin [99]. Further, association with 

the ECM reduces the affinity between IGFBP-5 and IGF-I, suggesting that the localization 

of the IGF:IGFBP complex to the matrix may also lower the barrier for IGF-I release. 

Alternatively, the ECM-IGFBP docking provides the stabilization sites for IGF-I once it is 

produced by cells within the muscle.

A second way MMP can modulate IGF-I activity is via direct cleavage of IGFBPs [100]. 

Much of the evidence for MMP cleavage of IGFBPs has been collected in cell-based 
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assays rather than in vivo. No studies, to date, have explicitly addressed the MMP-IGFBP 

interactions in muscle, but inferences from other experimental platforms provide clues 

to what may occur during muscle regeneration. A proteomic comparison of MMP-2 and 

MMP-9 substrates, or “degradomics”, revealed that IGFBP-4 was a shared substrate [101]. 

This may bear significance on the release of IGF-1 in muscle early in the regeneration 

process, as IGFBP-4 inhibits IGF-I activity [102]. MMP-2 can also cleave IGFBP-5 and 

−6 [17], and several MMPs can degrade IGFBP-3. In particular, MMP-9 mediated cleavage 

of IGFBP-3 underlies the paracrine signaling between endothelial cells and myoblasts, 

affording both angiogenic and myogenic actions in wound healing [103]. Thus, MMP 

actions on non-ECM substrates, such as the IGFBPs are also critical for regenerative 

processes.

4.2. IGF-1 actions on MMPs

IGF-I signaling can alter gene expression of MMPs and their inhibitors in multiple tissues, 

although less has been established in skeletal muscle. In our hands, we found that viral 

mediated expression of IGF-I in skeletal muscle dramatically increased Mmpl3 expression 

and also elevated Mmp9 expression [11]. Given the actions of these MMPs, this would 

enable activated satellite cells to produce MMP-13 and allow for efficient migration [15]. 

In addition, a feed-forward loop could occur through the MMP-9 mediated cleavage of 

IGFBP-3 [103]. IGF-1 can also promote Mmp2 transcription in vascular smooth muscle 

cells in an Akt dependent manner [104]. However, not all tissues exhibit the same 

IGF-1 dependence for MMP expression. In the heart, heightened IGF-IA can improve 

functional recovery following infarction and is associated with blunted Mmp2 and Mmp9 
expression [105]. Alternatively, rather than a direct coupling to regulation of transcription, 

the differential pattern of Mmp expression may be due to the reduction of inflammatory 

monocytes entering the infarction area.

5. Clinical prospects and concluding remarks

There are several situations in which inefficient regeneration leads to muscle weakness 

and accumulation of fibrosis, and seeking ways to improve regenerative capacity is an 

active research area. In the simplest view, strategies to boost IGF-I and reduce MMP have 

been considered. For IGF-1, a major hurdle is seeking a way to restrict its activity to 

muscle, rather than have systemic pro-growth activity. As the acceptance of gene therapy 

to restore functional proteins lost in genetic disease grows, it is more plausible that a 

similar strategy could be adopted for muscle specific expression of IGF-I. Alternatively, 

strategies that target delivery of therapeutics through engagement with muscle specific 

receptors could reduce side effects associated with systemic alterations in IGF-1 or MMPs. 

Further, highly innovative biomaterials afford controlled release of IGF-1 and other growth 

factors from scaffolds laid directly on traumatic muscle wounds [106]. Importantly, many 

scaffolds contain or are composed of decellularized ECM [107], supporting the notion that 

the proteins retained within the ECM are also key for muscle healing. For the MMPs, the 

“protease web” [108] makes it challenging to specifically target a single MMP without 

compensatory changes in others. In chronic conditions, such as muscular dystrophies, toning 

down elevated MMPs, such as MMP-2 or −9, may be beneficial for patients [80,81,109]. 
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Ultimately, muscle regeneration requires the coordinated and transient actions of the MMPs 

along with IGF-1 to efficiently resolve damage.
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Fig. 1. IGF-I structure and activity.
A. Domains of IGF-1. The N-terminus includes a signal peptide directing secretion. This 

is followed by the mature IGF-1 peptide, and a C-terminal extension celled the E-peptide. 

In the Igfla isoform, the E-peptide can undergo N-glycosylation. B. Signaling cascade of 

IGF-1. IGF-1 is normally sequestered by IGFBPs in the ECM. Upon release, it can bind 

to and activate the IGF-IR, which is a tyrosine kinase. The two arms of the pathways 

include the ras/raf/MEK/ERK pathway that can amplify satellite cell proliferation, and 

the Pl3K/Akt/mTOR pathway that increases protein translation. Figure was generated in 

BioRender.
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Fig. 2. 
Sources of IGF-1 and MMPs in muscle. IGF-1 (solid arrow) can be secreted by many cell 

types in muscle, including muscle fibers, macrophages, fibroblasts, pericytes, and satellite 

cells, as well as from the circulation. IGF-1 is stabilized in the ECM through IGFBPs and 

direct interaction with ECM proteins. MMPs (dotted arrow) are also secreted from these 

cell sources to act on ECM proteins. The satellite cell niche (Inset) may include high local 

concentrations of MMPs that specifically cleave proteins of the basement membrane. Figure 

was generated in BioRender.
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Fig. 3. Cell specific expression of Igfl and Igflr.
A. Age dependent expression of Igfl and Igflr [8], demonstrates the decrease in Igfl 
expression in muscle fibers and satellite cells with age, and a persistence of Igfl expression 

in FAPs with age, and the general increase in Igflr expression in old murine muscle. B. 

Timecourse of Igfl and Igflr expression [3] from Day 0 (DO), representing no damage, 

through Day 21 (D21) following acute injury, shows the transient appearance of these 

transcripts, where macrophages and the FAP population have persistent Igfl expression, 

and muscle stems cells and myoblasts express Igfl at greater levels late in the regeneration 

process. Muscle stems cells and myoblasts show upregulation of Igflr expression at D5 and 

D7, respectively, preceding the rise in their own Igfl expression.
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Fig. 4. MMP protein domains and expression during muscle regeneration.
A. Domains of MMPs include a signal peptide conferring secretion, a pro domain that can 

regulate activity, the catalytic domain, a hinge linker, and a hemopexin-like domain, which 

can tune substrate specificity. Figure was generated in BioRender. B. Timecourse of Mmp 
expression [3] from Day 0 (DO), representing no damage, through Day 21 (D21) following 

acute injury. Mmp2 shows stable expression by the FAP population throughout regeneration. 

Mmp9 shows early upregulation in neutrophils, and an increase in muscle fibers expression 

at day 10 (DIO). Mmpl3 has the lowest level of expression in comparison to the other MMPs 
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shown. Mmp14 has the broadest expression, including muscle stems cells (MUSCs) and 

myoblasts from Days 5 - 21.
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