1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Bioessays. Author manuscript; available in PMC 2024 December 01.

-, HHS Public Access
«

Published in final edited form as:
Bioessays. 2023 December ; 45(12): €2300134. doi:10.1002/bies.202300134.

Signaling roles of platelets in skeletal muscle regeneration

Flavia A. Gracal, Benjamin A. Minden-Birkenmaier2, Anna Stephan?!, Fabio Demontis?,
Myriam Labelle?

1Department of Developmental Neurobiology, St. Jude Children’s Research Hospital, Memphis,
TN, USA.

2Department of Oncology, Division of Molecular Oncology, St. Jude Children’s Research Hospital,
Memphis, TN, USA.

Abstract

Platelets have important hemostatic functions in repairing blood vessels upon tissue injury.
Cytokines, growth factors, and metabolites stored in platelet a-granules and dense granules

are released upon platelet activation and clotting. Emerging evidence indicates that such platelet-
derived signaling factors are instrumental in guiding tissue regeneration. Here, we discuss the
important roles of platelet-secreted signaling factors in skeletal muscle regeneration. Chemokines
secreted by platelets in the early phase after injury are needed to recruit neutrophils to injured
muscles, and impeding this early step of muscle regeneration exacerbates inflammation at

later stages, compromises neo-angiogenesis and the growth of newly formed myofibers, and
reduces post-injury muscle force production. Platelets also contribute to the recruitment of pro-
regenerative stromal cells from the adipose tissue, and the platelet releasate may also regulate

the metabolism and proliferation of muscle satellite cells, which sustain myogenesis. Therefore,
harnessing the signaling functions of platelets and the platelet secretome may provide new avenues
for promoting skeletal muscle regeneration in health and disease.

Graphical Abstract

Skeletal muscles have the remarkable capacity to regenerate in response to damage, and this
requires the infiltration of neutrophils and, subsequently, of other immune cells to the injured
muscle. How neutrophils are recruited to the site of muscle damage was, however, largely
unknown. This minireview reports the emerging evidence that signaling factors secreted by
platelets are key for the recruitment of neutrophils to injured muscles and for the subsequent
regeneration and re-establishment of muscle homeostasis.
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Introduction

Platelets have important roles in wound healing because of their capacity to repair blood
vessels. In addition to having a role in hemostasis, platelets are emerging as important
signaling centers that instruct the subsequent steps of tissue regeneration that follow blood
clotting [1]. Specifically, growth factors, cytokines, and metabolites are stored in platelet
a-granules and dense granules that are released by platelets upon activation [2,3]. On this
basis, several studies have tested the impact of administering the platelet releasate (PR) and
the platelet-rich plasma (PRP), which is enriched for platelets and platelet-secreted factors
[4]. Both the platelet releasate and the platelet-rich plasma have been proposed to boost
wound healing and regeneration in several tissues including the skeletal muscle [4,5].

Previous studies have described a remarkable capacity for skeletal muscle to regenerate

in response to xenobiotics, trauma, and strenuous exercise [6,7] and that this regenerative
capacity declines with aging [7-10] and is altered in several diseases [11,12], including
cancer [13]. Upon the death of muscle cells (myofibers), different waves of immune
populations (e.g. neutrophils, monocytes, and macrophages) invade the injured muscles
[14-16] and set the stage for the formation of new myofibers from satellite (~stem) cells in
the process of myogenesis [6,7,17,18], which is also accompanied by the formation of new
blood vessels (neo-angiogenesis) [19-22].

In this minireview, we will discuss recent developments in understanding how platelets
guide skeletal muscle regeneration via the secretion of growth factors and cytokines (Figure
1). From the results of these studies, platelets emerge as important signaling regulators that
initiate muscle regeneration.

Platelet-secreted chemokines promote muscle regeneration by recruiting

neutrophils to injured muscles

Platelets have emerged as important signaling centers of inter-cellular communication in
many physiological and disease contexts [1,23,24]. We have recently found that platelets are
the first responders that mount the regenerative response of skeletal muscle [25]. By virtue
of their hemostatic functions, platelet clusters are found within the muscle blood vessels
at the site of injury [25]. Although capillaries may not be directly damaged by myotoxic
agents, it was previously reported that the blood vessel network is indirectly disrupted
because of myofiber necrosis [26]. Interestingly, we found that antibody-based platelet
depletion from 2 hours before the time of muscle injury impairs subsequent regeneration
[25]. Myogenesis does not seem to be affected by platelet depletion because there is a
similar number of newly formed myofibers that are positive for embryonic myosin heavy
chain (eMHC) in the platelet-depleted mice as in the IgG mock-treated mice. However,
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platelet depletion exacerbates inflammation at later stages of regeneration, and this impairs
myofiber growth and leads to ultrastructural defects in post-injury muscles [25]. Because
platelets are recruited immediately after injury to the damaged muscle, they may influence
any of the following steps of muscle regeneration, which entails the sequential recruitment
of waves of immune cell populations, the clearance of the debris of necrotic myofibers,
and the activation, proliferation, and fusion of muscle satellite (~stem) cells to form new
myofibers (myogenesis).

Neutrophils are recruited to injured muscles within the first 24 hours after injury and
gradually transition back to circulation or undergo apoptosis at the site of injury [15].
Neutrophils are tasked with removing the debris resulting from the necrosis of myofibers
and with secreting the signaling factors that promote regeneration and that recruit
subsequent immune cell populations [15]. Despite this pivotal role in the early phase of
muscle regeneration, it was largely unknown how neutrophils are timely recruited to the
damaged muscle upon injury. Our study now indicates that platelets are necessary to recruit
neutrophils to injured muscles and that this occurs via the secretion of platelet-specific
chemokines with potent neutrophil chemoattractant activities [25]. In particular, we found
that neutrophil infiltration, which occurs by day 1 after injury, is significantly reduced

by platelet depletion. Cytokine arrays indicate that the intramuscular protein levels of the
neutrophil chemoattractants CXCL5 and CXCL7/PPBP, which are chemokines specifically
expressed by platelets [27], are high at day 1 after injury but that their levels are significantly
reduced by platelet depletion [25]. Because CXCL7/PPBP is 1000x more abundant than
other platelet-specific chemokines with neutrophil chemoattractant activities [25], we next
examined its role and found that it is necessary for optimal muscle regeneration: in

the absence of CXCLY7, the infiltration of neutrophils into injured muscles was reduced,
resulting in reduced myofiber size and muscle force production at 14 days post-injury [25].
Further confirming the important role of neutrophils in muscle regeneration downstream of
platelet-induced chemokine signaling, we found that antibody-based depletion of neutrophils
similarly reduces myofiber size and muscle force production post-injury [25]. Altogether,
this study identifies a key role of platelets in regenerating muscle by guiding the infiltration
of neutrophils into injured muscles (Figure 1).

In addition to recruiting neutrophils to injured muscles, platelets may also play a role in

the intramuscular infiltration of other cell types needed for optimal regeneration. It was
recently found that the subcutaneous adipose tissue is the source of mesenchymal/adipose
stromal cells (ASCs) which are similar to the fibro-adipogenic progenitor cells (FAPs) that
reside in skeletal muscles and promote regeneration. Interestingly, ASCs express high levels
of podoplanin, a ligand for the C-type lectin-like receptor 2 (CLEC-2) which activates
platelets. Platelets interact with ASCs via CLEC-2/podoplanin and promote the mobilization
of ASCs from the adipose tissue and their infiltration into the injured muscle. Consequently,
podoplanin knockdown or platelet depletion reduces the number of ASCs/FAPSs present in
the muscle on day 1 after injury, and this impairs muscle regeneration [28].

Altogether, these studies indicate a key role of platelets in initiating regeneration via the
recruitment of neutrophils and other pro-regenerative cell populations to the injured muscle.
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Platelet-secreted factors can promote myoblast proliferation and metabolic

fitness

Application of the platelet releasate (PR) was found to promote the proliferation of cultured
C2C12 myoblasts and muscle satellite cells in vitro [29-31]. These effects were ascribed to
growth factors secreted by platelets, including VEGF and PDGF: pharmacologic inhibitors
of VEGF and PDGF receptor signaling impeded PR-induced myaoblast proliferation [29-32].
Continuous PR administration maintained the myoblasts in a proliferative phase, indicating
that the PR application needs to be transient to promote myogenesis. However, PR
administration after myoblast fusion promoted the differentiation of myotubes [29-31],
indicating that the platelet secretome can aid different steps of myogenesis [4]. In addition,
it was found that a platelet extract promotes the chemotaxis of muscle satellite cells in vitro,
and that this can be largely prevented by anti-TGF-p neutralizing antibodies, indicating that
these effects are due to platelet-secreted TGF-f [33].

It was also found that the PR improves the mitochondrial respiratory capacity of muscle
satellite cells, suggesting that platelet-secreted factors sustain myoblast proliferation and
myogenesis by boosting metabolism [29-31]. Although these effects can be mediated

by platelet-secreted signaling factors, mitochondria can also be released by platelets and
uptaken by nearby cells and that such mitochondrial transfer improves the metabolic and
regenerative capacity of the recipient cells [34]. These studies suggest that platelet-secreted
factors can influence muscle satellite cell proliferation and migration, and this may occur at
least in part by boosting their metabolic capacity.

While these findings are certainly interesting, they are primarily based on in vitro systems;
therefore much remains to be learned about how the PR regulates myogenesis in vivo, and
whether this is a therapeutic effect of exogenous PR application, or it is also a normal
outcome of platelet-induced signaling during regeneration. However, as discussed above,
platelets are recruited to injured muscles immediately after damage, several days before the
onset of myogenesis [25]. Because platelets typically release their granules upon clotting
and activation, any ensuing effect on myogenesis in vivo may be the indirect result of

the effects of platelets on earlier steps of regeneration (such as neutrophil recruitment,
inflammation, and neo-angiogenesis, as discussed in the paragraphs above and below).
Although no effect of platelet depletion was found on myogenesis in vivo, the assessment of
eMHC [25] indicates that exogenous (therapeutic) application of the PR may indeed boost
several aspects of myogenesis, as observed in cell culture systems [29-31,33].

In agreement with this possibility, an interesting study found that intraperitoneal injection
of the PR from wild-type platelets can rescue the muscle regeneration deficits of

ApoE knockout mice, at least in part by promoting myoD and myogenin expression in
differentiating myoblasts, and by promoting the growth of newly formed myofibers [35].
The decreased regenerative capacity of ApoE knockout mice arises from hyperlipidemia and
metabolic stress, suggesting that the systemic delivery of the PR from wild-type mice may
help normalize metabolism in ApoE knockout mice, possibly via ApoE released by platelets
[2,3]. Further studies should determine whether platelets and the PR influence myogenesis
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in distinct disease contexts and whether this response also occurs in vivo in physiological
conditions (i.e. in wild-type mice).

Platelet-secreted factors promote myofiber growth and neo-angiogenesis

during regeneration

Muscle regeneration requires the assembly of blood vessels around the newly formed
myofibers [19,21,26,36]. Consistently, a key pro-angiogenic factor, VEGF, promotes skeletal
muscle regeneration and is normally expressed by myofibers in uninjured muscles [37]. At
day 1 after injury (a time point at which the myofibers are necrotic), we found that platelet
depletion reduces the intramuscular levels of VEGF [25]. Because myofibers are necrotic
on day 1 after injury and because both platelets and neutrophils are highly present in

injured muscles at that stage [25] and are both known sources of VEGF [38-41], neutrophils
and platelets appear to be the major source of VEGF at this early stage of regeneration

[25]. Moreover, the high levels of MMP9 and other metalloproteases expressed by
neutrophils release additional VEGF from the extracellular matrix, further increasing VEGF
bioavailability [42,43]. Consistent with the secretion of VEGF and other pro-angiogenic
factors by platelets and by neutrophils, we found that platelet depletion reduces capillary
density in regenerating skeletal muscles [25]. Such a decline in regenerative angiogenesis
may contribute to the reduced growth of newly formed myofibers in the skeletal muscles

of mice treated with platelet-depleting antibodies [25]. However, paradoxically, platelets
also secrete signaling factors that reduce angiogenesis. This is the case for CXCL4/PF4,
which is secreted by platelets in response to signaling via the complement 5a receptor
C5aR1 [44]. Consequently, it was found that platelet-specific deletion of C5aR1 promotes
neo-angiogenesis in regenerating muscles by reducing CXCL4/PF4 secretion [44].

Collectively, these findings indicate that platelets secrete several signaling factors that
regulate angiogenesis: although platelets generally have pro-angiogenic functions [45], the
secretion of CXCL4/PF4 and of other anti-angiogenic factors such as endostatin [46] may
constitute a rheostat that impedes an excessive induction of neo-angiogenesis by platelets
during muscle regeneration. In other contexts, it was proposed that pro- and anti-angiogenic
signaling factors are stored in separate platelet granules and that their release occurs
differently depending on the specific stimulus that activates platelets [47]. Whether this
holds true during skeletal muscle regeneration and how it is regulated is unknown but
certainly of interest.

Altogether, these findings suggest that the formation of novel blood vessels is promoted by
platelets and platelet-secreted pro-angiogenic signaling factors during muscle regeneration:
however, this occurs under the tight control of anti-angiogenic factors secreted by platelets
that may constitute a negative feedback loop to limit or shut down the pro-angiogenic
program induced by platelet-secreted VEGF.

Conclusion

The studies discussed above highlight platelets' important signaling roles in skeletal muscle
regeneration. Several aspects of muscle regeneration are promoted by platelets, including
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infiltration of immune cells, neo-angiogenesis, growth of newly formed myofibers, and
possibly also satellite cell function and myogenesis. Future studies should dissect the
specific components of platelet-initiated signaling that are necessary for muscle regeneration
in different contexts characterized by muscle damage and/or impaired regenerative capacity,
such as myopathies, cancer, and aging. Moreover, because of their capacity to be selectively
recruited to the site of injury and release the content of their secretory granules, platelets
could be engineered to deliver specific therapeutics to the site of injury to further improve or
modify the characteristics of the regenerating muscle. In addition, recombinant versions of
platelet-secreted factors could be delivered to the muscle to augment platelet-induced muscle
regeneration. In summary, platelets and their secretome offer promising therapeutic avenues
for promoting skeletal muscle regeneration during aging and disease.
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FIGURE 1.

Skeletal damage occurs during myopathies and in response to xenobiotics and exercise.
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Upon injury, circulating platelets are activated and clot to ensure the repair and integrity of

the blood vessels adjacent to the necrotic myofibers. In addition to their role in hemostasis,

platelets have signaling functions in muscle regeneration. Platelet-secreted chemokines are
necessary for the recruitment of neutrophils to the damaged muscle [25], and this initial step
of regeneration is followed by the subsequent infiltration of other immune cell populations
into the injured muscle. In addition, platelet- and neutrophil-secreted growth factors (e.g.,

VEGF) contribute to other aspects of muscle regeneration, such as neo-angiogenesis

and myofiber growth. Platelet-secreted factors collectively initiate muscle regeneration by
recruiting neutrophils to the injured muscle, the growth of new myofibers and blood vessels
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(myogenesis and angiogenesis), and the optimal recovery of muscle force production post
injury [25]. The scheme was drawn with BioRender.
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