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The Effect of Mechanical Loading Upon Extracellular Matrix
Bioscaffold-Mediated Skeletal Muscle Remodeling

Jenna L. Dziki, BS,1,2,* Ross M. Giglio,1,* Brian M. Sicari, PhD,1,3 Derek S. Wang,1 Riddhi M. Gandhi,1,2

Ricardo Londono, PhD,1 Christopher L. Dearth, PhD,1,3,4 and Stephen F. Badylak, PhD, DVM, MD1–3

Mounting evidence suggests that site-appropriate loading of implanted extracellular matrix (ECM) bios-
caffolds and the surrounding microenvironment is an important tissue remodeling determinant, although the
role at the cellular level in ECM-mediated skeletal muscle remodeling remains unknown. This study
evaluates crosstalk between progenitor cells and macrophages during mechanical loading in ECM-mediated
skeletal muscle repair. Myoblasts were exposed to solubilized ECM bioscaffolds and were mechanically
loaded at 10% strain, 1 Hz for 5 h. Conditioned media was collected and applied to bone marrow-derived
macrophages followed by immunolabeling for proinflammatory M1-like markers and proremodeling M2-
like markers. Macrophages were subjected to the same loading protocol and their secreted products were
collected for myoblast migration, proliferation, and differentiation analysis. A mouse hind limb unloading
volumetric muscle loss model was used to evaluate the effect of loading upon the skeletal muscle mi-
croenvironment after ECM implantation. Animals were sacrificed at 14 or 180 days. Isometric torque
production was tested and tissue sections were immunolabeled for macrophage phenotype and muscle fiber
content. Results show that loading augments the ability of myoblasts to promote an M2-like macrophage
phenotype following exposure to ECM bioscaffolds. Mechanically loaded macrophages promote myoblast
chemotaxis and differentiation. Lack of weight bearing impaired muscle remodeling as indicated by
Masson’s Trichrome stain. Isometric torque was significantly increased following ECM implantation when
compared to controls, a response not present in the hind limb-unloaded group. This work provides an
important mechanistic insight of the effects of rehabilitation upon ECM-mediated remodeling and could
have broader implications in clinical practice, advocating multidisciplinary approaches to regenerative
medicine, emphasizing rehabilitation.
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Introduction

Severe skeletal muscle injury, such as volumetric
muscle loss (VML), as a result of trauma, tumor ablation,

or prolonged denervation, is a challenging problem in civilian
and military medicine with significant clinical and economic
consequences.1–3 Treatment strategies include muscle grafts,
orthotic devices, and/or physical rehabilitation and typically
leave patients with a bleak prognosis of persistent strength and
functional deficits.4–6 To address this unmet clinical need, a

wide variety of strategies in the field of tissue engineering/
regenerative medicine have been investigated as alternative
therapeutic approaches to VML.

The use of acellular biologic scaffolds composed of mam-
malian extracellular matrix (ECM) as an inductive myogenic
template has been investigated for more than two decades in
multiple animal models, a variety of tissues, and types of in-
jury, and with diverse bioscaffold source tissues. Outcomes
have ranged from successful to unsatisfactory.7–16 The find-
ings from these preclinical studies served as the basis for the
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clinical use of ECM bioscaffolds for VML treatment in a pilot,
13-patient cohort study, with promising results, including par-
tial restoration of muscle strength, function, and range of mo-
tion.17–19 Although the preliminary clinical outcome of ECM
bioscaffold-based treatment for VML is encouraging, it is un-
likely that the use of ECM bioscaffolds alone will yield com-
plete restoration of skeletal muscle function.

Evidence suggests that mechanical loading is not only
beneficial but also necessary for musculoskeletal develop-
ment, strength and endurance gains, fatigue resistance, and
even acute regeneration.20–25 However, the role of mechan-
ical loading in the context of ECM bioscaffold-mediated
repair following VML is not fully understood.

Innate immunity is an essential component of the host re-
sponse to injury and also plays a regulatory role in tissue de-
velopment and homeostasis. Moreover, macrophage presence
and phenotype have been shown to be a critical regulator of
skeletal muscle regeneration and predictive of downstream
ECM-mediated tissue repair following injury. Since mechanical
loading has been shown to have myogenic benefits, it is plau-
sible that incorporation of early postinjury mechanical loading
may foster a proregenerative crosstalk between macrophages

and myogenic progenitor cells following ECM implantation
for VML repair. The objective of this study was to investigate
the role of mechanical stimulation upon the macrophage and
myoblast response in ECM bioscaffold-mediated VML repair,
in well-accepted in vitro and in vivo models.

Materials and Methods

Overview of study design

The role of mechanical stimulation upon cell processes
known to be important in ECM bioscaffold-mediated skeletal
muscle remodeling was evaluated in a two-part study (Fig. 1).
In vitro characterization of the macrophage and myoblast
response to concurrent exposure to ECM degradation products
and mechanical stimulation was conducted (FlexCell Inter-
national, Burlington, NC). Conditioned media (containing
secreted factors) from myoblasts and macrophages following
exposure to ECM degradation products and/or mechanical
strain were collected. The corresponding cell type was then
exposed to these conditioned media to evaluate the effect on
well-established functional outcome metrics (Fig. 1A, B). In a

FIG. 1. Overview of experimental design. The goal of this study was to determine the ability of mechanical stimulation in the
presence of ECM degradation products to promote skeletal muscle remodeling. The following questions were posed: (A) how
does mechanical loading affect macrophage phentoype in the presence of an ECM bioscaffold and how is the macrophage
secretome altered in the context of promoting myoblast chemotaxis, proliferation, and differentiation? (B) How does mechanical
loading affect myoblast differentiation in the presence of an ECM bioscaffold and how does the myoblast/myotube secretome
change in the context of promoting a change in activation in macrophages? (C) What is the effect of absence of mechanical
loading upon the ECM-mediated skeletal muscle repair microenvironment? ECM, extracellular matrix.
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parallel study, the effect of mechanical stimulation on ECM
bioscaffold-mediated skeletal muscle reconstruction was
evaluated using tail suspension-induced hind limb unloading
in an established in vivo model of VML (Fig. 6).

Preparation of ECM bioscaffolds

Small intestinal submucosa extracellular matrix (SIS-ECM)
was prepared as previously described.26–28 Briefly, porcine small
intestine was obtained (Animal Biotech Industries, Danboro,
PA) and the stratum compactum, muscularis mucosa, and tunica
submucosa were isolated from the jejunum of animals weighing
*240–260 lbs. Peracetic acid, deionized H2O, and phosphate
buffer saline washes were used to decellularize the tissue. SIS-
ECM sheets were lyophilized to form sheets or milled to form a
powder. The powder was then solubilized with 1.0% pepsin as
previously described for the preparation of an ECM hydrogel to
yield a 10 mg/mL solution of ECM degradation products.29

Isolation and culture of murine bone
marrow-derived macrophages

Murine bone marrow-derived macrophages were isolated
and cultured as previously described.30 Briefly, bone marrow
was isolated from the femurs and tibias of female C57BL/6
mice and was subsequently cultured in complete growth me-
dia, including Dulbecco’s modified Eagles medium (DMEM;
Gibco, Grand Island, NY), 10% fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA), 10% L929 supernatant, 0.1% beta-
mercaptoethanol (Gibco), 100 U/mL penicillin, 100mg/mL
streptomycin, 10 mM nonessential amino acids (Gibco), and
10 mM HEPES buffer, for 7 days with complete media changes
every 48 h until mature bone marrow-derived macrophages
were obtained, as confirmed by F4/80 immunolabeling. Mac-
rophages were cultured on Uniflex culture plates (FlexCell
International) for mechanical loading.

Myoblast culture

C2C12 myoblasts (ATCC) were cultured in accordance
with ATCC guidelines. The cells were grown in DMEM/
high glucose (4500 mg/L), 10% FBS, and 1% penicillin–
streptomycin. Cells were grown at 37�C, 5% CO2, and were
assayed at *80% confluence.

ECM treatment and mechanical loading
of myoblasts and macrophages

Macrophages and myoblasts were treated with solubilized
SIS-ECM at 200mg/mL in media containing 10% FBS and 1%
penicillin/streptomycin in DMEM/high glucose for 18 h or
treated with canonical activation controls of interferon gamma
(IFNg) and lipopolysaccharide (LPS) to derive a proin-
flammatory macrophage phenotype, or IL-4 to derive a pro-
remodeling phenotype. Cells designated for mechanical
loading were plated at 1 · 105 cells per well on 35 mm collagen
I-coated 6-well Uniflex culture plates (FlexCell International)
and were subjected to 10% uniaxial strain at a cyclic rate of
1 Hz using the F-4000 FlexCell machine after being cultured to
*70% confluence. Cells were kept in normal growth media
with or without SIS-ECM to analyze the effect of mechanical
loading upon cell phenotype, or were mechanically loaded in
serum-free, ECM-free media for secreted product collection for
crosstalk analyses.

Immunolabeling analyses

Macrophages and myoblasts were fixed following me-
chanical strain with 2% paraformaldehyde for 20 min and
then washed with phosphate-buffered saline (PBS). Cells
were then immunolabeled for macrophage activation
markers iNOS and Fizz1 or myogenic markers MyoD,
desmin, and sarcomeric myosin. Before immunolabeling,
cells were incubated for 1 h in a blocking solution con-
sisting of 0.1% Triton-X 100, 0.1% Tween-20, 2% bovine
serum albumin, and 4% normal goat serum. Cells were
then incubated with the following primary antibodies di-
luted in the blocking solution for 16 h at 4�C: (1) mono-
clonal anti-F4/80 (abcam, Cambridge, MA) as a pan
macrophage marker at 1:200, (2)polyclonal anti-iNOS
(abcam) as an Mpro-inflammatory macrophage marker at
1:100, (3) polyclonal anti-Fizz1 (Peprotech, Rocky Hil,
NJ) as an Mpro-remodeling macrophage marker at 1:200, (4)
monoclonal anti-MyoD (ThermoFisher, Pittsburgh, PA) at
1:500 as an early myogenic marker, (5) monoclonal anti-
desmin (abcam), and (6) anti-sarcomeric myosin heavy
chain (Developmental Studies Hybridoma Bank, Uni-
versity of Iowa) at 1:500. Cells were then washed with
PBS and incubated in Alexa Fluor 488 goat anti-rat, goat
anti-rabbit, or goat anti-mouse diluted to 1:200 in the
blocking solution for 1 h at room temperature and nuclei
were counterstained with 4¢,6-diamidino-2-phenylindole,
dihydrochloride (DAPI).

Myoblast chemotaxis

The effect of macrophage-conditioned media upon C2C12
skeletal muscle myoblast chemotaxis was examined using a
modified Boyden Chamber cell migration assay as previously
described.31 C2C12 myoblasts were cultured in starvation media
(DMEM, 0.5% FBS, and 1% penicillin/streptomycin) for 18 h
before use. Cells were then trypsinized, resuspended in growth
factor-free DMEM, and transferred to a 15 mL conical tube for
1-h incubation at 37�C, 5% CO2. Polycarbonate chemotaxis
membranes with 8mm pores were coated with 0.05 mg/mL
collagen type I. Macrophage-conditioned media (MIFNy+LPS,
MIL-4, MECM, and their mechanically loaded counterparts) or
positive (DMEM with 20% FBS) or negative (growth factor-
free DMEM) controls were added to the lower wells of Neuro
Probe 48-well microchemotaxis chamber. Collagen-coated
membranes were placed over the chemoattractants and
2 · 105 cells were added to each of the upper wells of the
chamber. Cells were allowed to migrate across the chamber
for 3 h at 37�C, 5% CO2. Following the migration period,
nonmigrating cells were scraped from the upper side of the
membrane using a rubber scraper. Migrated cells that at-
tached to the bottom of the membrane were fixed with 95%
methanol and stained with DAPI before imaging. Membranes
were imaged using a Zeiss Axiovert microscope and the
number of migrated cells was quantified using a CellProfiler
pipeline.

Myoblast mitogenesis

C2C12 myoblasts were seeded in normal growth media at
1 · 103 cells per well in a 96-well plate. Media were switched to
starvation media (DMEM, 0.5% FBS, 1% penicillin/strepto-
mycin) for 18 h. Following the starvation period, cells were
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treated with one of the macrophage-secreted product samples or
positive (DMEM with 20% FBS) or negative (growth factor-
free DMEM) control media for 18 h. Treatments were supple-
mented with 10mM 5-bromo-2¢deoxyuridine (BrdU) for the
final 4 h. Cells were fixed with 95% methanol for 10 min and
washed with PBS. Cells were then treated with 2 N HCl for
30 min at 37�C. Following HCl treatment, cells were blocked
using the previously described blocking solution for 1 h at room
temperature. Following the blocking period, cells were incu-
bated in G3G4 (Anti-BrdU) antibody (Developmental Studies
Hybridoma Bank, University of Iowa) at a dilution of 1:1000
for 16 h at 4�C. After primary antibody incubation, cells were
washed thrice with PBS and incubated in Alexa Fluor donkey
anti-mouse 488 secondary at a dilution of 1:300 for 1 h at room
temperature before being subjected to DAPI nuclear stain.
BrdU incorporation was imaged using a Zeiss Axiovert mi-
croscope and quantified using an ImageJ macro.

Myoblast myogenesis

High-serum media (10% FBS) and low-serum media (1%
FBS, 1% horse serum) were used as negative and positive con-
trols for C2C12 myotube formation as described previously.32

These media will be referred to as proliferation and differentia-
tion media, respectively. Myogenic differentiation potential
following exposure to macrophage-secreted products was de-
termined by examining myotube formation. C2C12 myoblasts
were cultured in proliferation media until they reached *70%
confluence. Media were then changed to treatment media con-
sisting of a 1:1 solution of macrophage supernatants and 20%
FBS DMEM to yield a final serum concentration of 10% FBS, or
controls of proliferation or differentiation media. Following 4–
5 days or when differentiation media controls showed myotube
formation, cells were fixed for immunolabeling with 2% para-
formaldehyde. Fixed cells were blocked according to the pre-
viously described protocol for 1 h at room temperature and
incubated with anti-sarcomeric myosin heavy chain as described
previously. Images of five 20X fields were taken for each well
using a Zeiss Axiovert microscope.

Surgical procedure and hind limb unloading

All animal studies were conducted in accordance with the
University of Pittsburgh Institutional Animal Care and Use
Committee (IACUC) guidelines. Seventy-two C57bl/6 mice
(Jackson Laboratories, Bar Harbor ME) were randomly di-
vided into six equal groups. All mice were subjected to tail
suspension to achieve hind limb unloading with full access to
the cage floor for two weeks to acclimate before the surgical
procedure. A mouse model of VML was used to evaluate the
in vivo remodeling response to SIS-ECM in the presence or
absence of mechanical load. A 5 mm segment including the
distal third of the gastrocnemius and proximal half of the
Achilles tendon was surgically excised (Fig. 6), or left unin-
jured as a healthy control. In the VML groups, the segmental
defect was repaired with an SIS-ECM sheet or autologous test
sample, or was allowed to heal normally without intervention
(i.e., no treatment). The device or autologous graft was placed
over the proximal and distal stumps and fixed in place with
interrupted 7–0 Prolene sutures. The skin closure was sub-
cuticular with absorbable sutures. Animals were then allocated
into the tail-suspended hind limb-unloaded group or the nor-
mal ambulation group. Animals were checked twice daily to

assure slippage from the tail-suspension apparatus had not
occurred, and were sacrificed at 14 or 180 days postsurgery.

Tissue harvest and immunolabeling

Animals were sacrificed at their predetermined time point
and the gastrocnemius and Achilles tendon unit was excised
from the surrounding tissue, fixed in neutral-buffered for-
malin, and paraffin embedded. Sections were deparaffinized
and rehydrated using a graded ethanol series and subjected to
heat-mediated antigen retrieval with a citrate buffer (pH = 8).
Following antigen retrieval, tissue sections were incubated in
the blocking solution consisting of 0.1% Triton X-100, 0.1%
Tween-20, 2% bovine serum albumin, and 4% goat serum to
prevent nonspecific antibody binding. After the blocking
step, tissue sections were incubated with the following pri-
mary antibodies diluted in the blocking solution for 16 h at
4�C: (1) anti-iNOS (abcam) and (2) anti-Fizz1 (Peprotech).
After incubation in primary antibody, tissue sections were
washed with PBS and incubated for 1 h at room temperature
with fluorescent secondary antibody diluted in the blocking
solution: (1) Alexa Fluor 488 goat anti rabbit at 1:200.
Sections were washed again and counterstained with DAPI
and cover-slipped for imaging using a Nuance multispectral
microscope with appropriate fluorescent filter sets.

Isometric torque measurement

Functional analysis was performed by measuring isometric
torque production of the gastrocnemius 180 days postsurgery
using a protocol previously described.33 This method allows
the determination of contractile properties of the isolated gas-
trocnemius, while maintaining normal muscle orientation, in-
nervation, and vascular supply. Animals were anesthetized
while the hind limb was stabilized by platform supports with
the foot in the flexed position. Needle electrodes were inserted
into the belly of the muscle injury site *2–3mm beneath the
skin. Muscles were stimulated at nine different frequencies (1–
200 Hz) with a 2-min rest period between each frequency.
Twitch contraction and tetanic contraction were analyzed using
a Dynamic Muscle Analysis program (Aurora Scientific, Inc.,
Canada) and data were normalized to the animals’ weights.

Statistical analysis

All statistical analysis was conducted using SPSS Statis-
tical Analysis Software (IBM, Chicago, IL). Data were
normally distributed and tested for homogeneity of variance.
Data were compared between groups using a one-way in-
dependent ANOVA and Tukey’s post hoc analysis with an
alpha value of 0.05. Error bars represent standard deviation.
A two-way ANOVA and Fisher’s least significant difference
(LSD) post-hoc analysis were used to compare isometric
torque between treatment groups at each frequency with an
alpha value of 0.05. Error bars represent standard deviation.

Results

Cyclic mechanical strain promotes
a Fizz1 – macrophage phenotype

After 18 h, degradation products derived from SIS-ECM
promote a predominant iNOS-/Fizz1+ macrophage phenotype.
When exposed to mechanical load, naive macrophages begin to
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D
ow

nl
oa

de
d 

by
 H

ar
va

rd
 U

ni
ve

rs
ity

 F
R

A
N

C
IS

 A
 C

O
U

N
T

W
A

Y
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
11

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



express the M2-like marker Fizz1 similar to IL-4 and ECM-
treated resting macrophages (Fig. 2).

Cyclic mechanical strain promotes a proremodeling
macrophage phenotype that induces
myoblast chemotaxis

As previously shown, naive macrophages treated with
SIS-ECM behave similar to macrophages treated with IL-
4.27,28 Specifically, both promote a significant increase in
myoblast chemotaxis and myotube formation (Fig. 3A, D,
C, and F). In contrast, macrophages treated with IFNy+LPS
increase myoblast mitogenesis. Interestingly, when me-
chanically strained, all macrophage types (IFNy+LPS trea-
ted, IL-4 treated, or SIS-ECM treated) promote a significant
increase in myoblast chemotaxis when compared to their
resting, unstrained counterparts (Fig. 3D).

Cyclic mechanical strain promotes a proremodeling
macrophage phenotype that reduces myoblast
proliferation and promotes myoblast differentiation

IFNy+LPS-stimulated macrophages promote a signifi-
cant increase in the number of BrdU-positive proliferating
myoblasts (Fig. 3B, E). However, if IFNy+LPS-stimulated
macrophages are first subjected to mechanical strain, this
response is significantly diminished and is similar to IL-4-
treated or SIS-ECM-treated macrophages (Fig. 3B, E).
Mechanical strain applied to IFNy+LPS-stimulated macro-
phages also increased the ability of their collective secre-
tome to promote C2C12 myotube formation (Fig. 3C, F).

Cyclic mechanical strain combined with SIS-ECM
treatment promotes myoblast differentiation

Treatment of proliferating myoblasts with SIS-ECM
coupled with mechanical strain resulted in a significant in-
crease in desmin expression (Fig. 4F). Consistent with
previous findings, the application of mechanical strain alone
resulted in sarcomeric myosin heavy chain positive myotube

formation in the proliferating group, suggesting the ability
of mechanical strain to promote myoblast differentiation as
shown in Figure 4G.34 This response was augmented by the
addition of SIS-ECM treatment. Furthermore, when sub-
jected to both SIS-ECM treatment and mechanical strain,
the number of differentiated myotubes expressing the ter-
minal differentiation marker, sarcomeric myosin heavy
chain, significantly increased compared to the resting, un-
treated myotubes (Fig. 4F).

Cyclic mechanical strain promotes
myotube-mediated macrophage activation
toward a proremodeling phenotype

It is well established that the secretome of stem cells can
promote a proremodeling macrophage phenotype.35 The
secretome of proliferating C2C12 myoblasts (i.e., those
upstream of the terminal differentiation pathway) can shift
macrophages toward an iNOS-/Fizz1+ phenotype regard-
less of whether the myoblasts are treated with SIS-ECM or
mechanically strained (Fig. 5). However, when allowed to
exit the cell cycle and fuse to form myotubes following
serum withdrawal, the secretome of C2C12 myotubes does
not alter macrophage phenotype toward an iNOS-/Fizz1+
phenotype. In contrast, when first treated with SIS-ECM,
the C2C12 myotube secretome is altered and promotes the
iNOS-/Fizz1+ macrophage phenotype (Fig. 5). A similar
response is seen when myotubes are mechanically strained.
Exposure to both SIS-ECM and mechanical strain augments
this response; specifically, there is a significant increase in
the number of Fizz1+ macrophages after exposure to this
secretome (Fig. 5F).

Lack of mechanical stimulation alters the macrophage
activation response in ECM-mediated skeletal
muscle remodeling

After 14 days, hind limb unloading results in a significant
decrease in the Fizz1+:iNOS+ macrophage infiltrate within
the defect site (Fig. 7).

FIG. 2. Cyclic mechanical strain of bone marrow-derived macrophages. Macrophages were subjected to 10% mechanical
strain for 5 h using the FlexCell system. Five-hour mechanical strain resulted in an F480+/iNOS-/Fizz1+ macrophage
phenotype, suggesting that mechanical strain alone can promote macrophage activation toward a proremodeling phenotype.
(*p < 0.05 when compared to the MCSF-unflexed group, n = 5, error bars represent standard deviation). MCSF, macrophage
colony stimulating factor.
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Lack of mechanical stimulation hinders ECM
bioscaffold-mediated constructive and functional remodeling
in a mouse model of musculotendinous injury

SIS-ECM treatment promotes site-appropriate tissue de-
position following VML (i.e., gastrocnemius-Achilles mus-
culotendinous unit) injury in the mouse hind limb (Fig. 8),
whereas fatty tissue deposition and disorganized connective
tissue occur in the autologous graft or untreated controls
(Fig. 8). When prevented from bearing weight on their hind

limbs, the SIS-ECM treatment results in more adipose tissue
deposition and less muscle formation within the defect site
when compared to the normal ambulation SIS-ECM-treated
group (Fig. 8). Isometric torque production in the SIS-ECM-
treated group is significantly increased compared to the au-
tologous graft-treated and graft-untreated control groups
following after 6 months when animals were allowed to bear
weight normally (Fig. 8). This functional gain is significantly
diminished in the absence of mechanical loading upon the
hind limbs (Fig. 8). Peak isometric torque is reduced in both

FIG. 3. The effect of ECM and mechanical stimulation upon the macrophage secretome. Macrophages were treated with
activating cytokines IFNy+ LPS or IL-4, or 200mg/mL of ECM degradation products for 18 h. After 18 h, cells were washed
and media were replaced with serum-free, ECM-free media. Macrophages were strained for 5 h and their conditioned media
were collected for C2C12 experiments. (A, D) IL-4-treated and ECM-treated macrophages promote increased C2C12
migration. Mechanically loaded macrophages significantly increase C2C12 migration compared to the unloaded control
macrophages and the low-serum negative control. (B, E) IFNy+LPS-treated macrophages promote increased C2C12 mi-
togenesis. Mechanically loaded macrophages significantly increase C2C12 mitogenesis compared to the unloaded and
proliferation media positive control. (C, F) IL-4-stimulated and M-ECM-stimulated macrophages significantly increase
C2C12 myogenesis. Mechanically loaded macrophages significantly increase C2C12 myogenesis compared to the unloaded
and proliferation media negative control. (#p < 0.05 when compared to the 20% FBS control, *p < 0.05 compared to the
indicated groups, ***p < 0.01 when compared to the 20% FBS and IFNy+LPS groups, n = 5, error bars represent standard
error of the mean). FBS, fetal bovine serum.

MECHANICAL LOADING IS A DETERMINANT OF ECM-MEDIATED VML REMODELING 39
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the SIS-ECM-treated groups and the healthy control ani-
mals in the absence of hind limb weight-bearing (Fig. 8). In
general, there is a positive correlation between histologically
evident new skeletal muscle tissue formation and a regain of
isometric torque following injury.

Discussion

The results of this study show that mechanical stimulation
fosters a proremodeling macrophage and myoblast crosstalk
with both direct and indirect promotion of an M2-like mac-
rophage phenotype and increased myoblast chemotaxis and
differentiation after exposure to the macrophage secretome.
Lack of mechanical stimulation mitigates ECM-mediated
skeletal muscle remodeling and reduces restoration of func-
tion. This less robust functional response was associated with

a reduced M2:M1 macrophage ratio at early time points. The
M2:M1 ratio has been shown to be a critical regulator of
downstream skeletal muscle remodeling.36

The mechanisms by which ECM bioscaffolds promote
restoration of innervated, vascularized, skeletal muscle
tissue with associated increased strength and improvement
in functional performance in VML patients have not been
totally elucidated, but it is well established that ECM
bioscaffolds modify the default wound healing response by
promoting an early transition in macrophage phenotype and
mobilization of progenitor cells.19,28 The successful clinical
use of ECM bioscaffolds for VML has been coupled with
aggressive, early (i.e., immediate) physical rehabilitation.
This regimen of postoperative physical therapy has been
considered an important contributor to downstream func-
tional remodeling when ECM bioscaffolds are used.17,19,37

FIG. 5. The effect of ECM and mechanical stimulation upon the myoblast secretome. C2C12 cells were cultured in
proliferation media or allowed to form myotubes in differentiation media culture. Myoblasts or myotubes were treated with
200 mg/mL of ECM degradation products for 18 h, after which the media were replaced with serum-free, ECM-free media
and the cells were subjected to mechanical strain. Conditioned media were collected and added to bone marrow-derived
macrophage for 18 h and the cells were fixed for immunolabeling. (A) Exposure times were normalized to cytokine
stimulated controls. (B, D) The secretome of proliferating myoblasts promotes an iNOS-/Fizz1+ macrophage phenotype,
(C) however, differentiated myotubes do not promote the same effect. Treating myotubes with ECM degradation products,
however, alters their secretome allowing them to promote a Fizz1+ macrophage phenotype. (E) This response is augmented
when ECM-treated myotubes are subjected to mechanical strain. (F) Percentage of iNOS- and Fizz1-positive macrophages
were quantified using CellProfiler. (#p < 0.05 for iNOS expression when compared to the untreated control, *p < 0.05 for
Fizz1 expression when compared to the untreated control, n = 4, error bars represent standard error of the mean).

MECHANICAL LOADING IS A DETERMINANT OF ECM-MEDIATED VML REMODELING 41

D
ow

nl
oa

de
d 

by
 H

ar
va

rd
 U

ni
ve

rs
ity

 F
R

A
N

C
IS

 A
 C

O
U

N
T

W
A

Y
 f

ro
m

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
11

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



This study supports this concept and provides evidence
of the complex signaling and, to at least some extent, de-
pendency between mechanical loading, the innate immune
system, and stem/progenitor cell development and differ-
entiation. The incorporation of structured mechanical load-
ing (i.e. physical therapy), supported by data such as that
provided in this study, could narrow the gap between some of
the disparate outcomes seen with studies of ECM-mediated
skeletal muscle remodeling.14,38,39

While the benefits of muscle loading and exercise have long
been recognized, the impact upon the innate immune response
and benefits of early mechanical loading (i.e., within 24–48 h
after injury and ECM placement) in the presence of a bioma-
terial intervention have not been appreciated. Macrophages
are key regulators of many complex physiologic processes not
only in wound healing but also in tissue homeostasis and de-
velopment, and these cells appear to have particular importance
in regulating skeletal muscle regeneration. The importance of

FIG. 6. Overview of animal model of VML and hind limb unloading. C57bl/6 mice were subjected to tail-suspension to
achieve hind limb unloading for 2 weeks before surgery. Surgical excision of the distal gastrocnemius and proximal Achilles
was replaced with an SIS-ECM bioscaffold or an autologous graft, or left untreated. Animals were either allowed to walk
normally or subjected to hind limb unloading and sacrificed according to the indicated timeline. VML, volumetric muscle loss.

FIG. 7. Marophage and myoblast response to hind limb unloading following ECM-mediated VML remodeling. (A) Hind
limb unloading results in an increased infiltration of iNOS+ macrophages at 14 days following implantation and (B)
decreased Fizz1+ macrophage infiltration in contrast to the (C, D) normal ambulation control. (E) Quantification of the
Fizz1+:iNOS+ macrophage ratio across all animals showed a significant decrease following 14 days of hind limb unloading
(**p < 0.01, error bars represent standard error of the mean).
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macrophages has also been investigated in the broader context
of ECM bioscaffold-mediated tissue repair.27,30,36,40–46

The results of this study confirm earlier findings that ECM-
based signaling molecules influence macrophage behavior
both directly27,30,41 and through myogenic progenitor sig-
naling mechanisms.30 These findings also show that mechanical
stimulation can accentuate this response. While sensitivity of
myoblasts to cyclic loading has been extensively studied, the
importance of the early macrophage response to mechanical cues
has not been generally appreciated. Previous work has shown
that cell elasticity and cyclic strain can regulate macrophage
phenotype and drive biomaterial design.47,48 Although in vitro
cyclic loading of macrophages was shown to push macro-
phages toward a proremodeling phenotype, this study also
shows a similar in vivo macrophage response. These findings
show that macrophage behavior can be influenced by not only
changing surface topography of a bioscaffold substrate but
also by providing external cues in the form of mechanical
loading, following severe skeletal muscle injury. Seminal
studies investigating the response of macrophages to sub-
strates of varying elasticities and rigidities have shown that
changes in the cytokine secretion profile and gene/surface
marker expression patterns of macrophages occur through
mechanotransduction pathways, including actin polymeriza-
tion, activation of stretch-sensitive ion channels, and/or acti-
vation or denaturation of G-proteins.21,48,49 Through these and
other mechanisms, a link between mechanics and biologic
processes can be established, allowing for another controllable
factor to drive the design of biomaterials, and the proscription
of rational physical therapy/rehabilitation regimens to facili-
tate functional skeletal muscle restoration.

Although attempts to directly relate in vitro strain regimens
to the complexities of the in vivo response to injury are gen-
erally overreaching, studies have shown that altering strain
regimens can promote both beneficial and detrimental cell
responses.47,50,51 This study did not investigate a range of
straining protocols, but it is noteworthy that mechanical loading
in general, and in combination with cues from ECM bioscaffold
degradation products, can foster a constructive crosstalk be-
tween myoblasts and macrophages. The results of this crosstalk
include immunomodulation, myoblast chemotaxis and differ-
entiation, site-appropriate tissue deposition, and increased iso-
metric torque production. Future work would logically be
aimed at investigating strain-related changes to macrophages,
skeletal muscle progenitor cells, myofiber alignment, angio-
genesis, and innervation among other important components
of functional skeletal muscle regeneration. Such strain-related
variables would include a range of strain magnitude, duration,
and rate in both in vitro constructs and rehabilitation medicine.

There are several limitations to this study. Macrophage phe-
notype cannot be characterized by analysis of a single marker as
this inevitably ignores other important aspects such as the met-
abolic state, gene expression pattern, the secretome, and func-
tional capacity.52,53 This limitation being recognized, iNOS and
Fizz1 are frequently utilized as proinflammatory and immuno-
modulatory macrophage markers, respectively, and they have
been shown to be regulated by mechanical loading and play
important roles in ECM remodeling, following acute skeletal
muscle injury.54–56 Changes in arginine metabolism by iNOS
have been widely investigated in skeletal muscle and can af-
fect muscle health,54,55 and therefore iNOS and Fizz1 were
chosen as macrophage markers in this study.

Another limitation of this study is the use of only one cell
type for analysis of the skeletal muscle response to injury.
Skeletal muscle regeneration in vivo involves the coordination
of many cell types, not only myoblasts but also satellite cells,57

perivascular stem cells,58,59 and other myogenic progenitor
cells.58–60 The effect of mechanical stimulation has been in-
vestigated particularly in satellite cell involvement,23,61,62 but
likely will affect most if not all of the cell types involved in
skeletal muscle regeneration. Finally, although the hind limb
unloading model sufficiently reduced weight-bearing in the
remodeling gastrocnemius/Achilles, it did not allow for com-
plete immobilization. It is noteworthy, although, that the lack of
weight-bearing alone was clearly detrimental to the remodeling
process after ECM intervention. Future work should evaluate
the effects of complete immobilization, and conversely, over-
loading of the gastrocnemius upon remodeling outcomes to
better understand the mechanisms through which mechanical
stimulation contributes to skeletal muscle repair.

Conclusion

The results of this work substantiate the relevance and im-
portance of incorporation of mechanical cues in conjunction with
acellular biologic scaffold therapies to support skeletal muscle
remodeling following VML. Appropriate mechanical loading
may narrow the gap between ECM bioscaffold-mediated con-
structive remodeling and complete skeletal muscle regeneration,
and has important implications when utilizing biologic scaffold
therapies for VML in clinical practice.
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