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Abstract

Background: Multipotent progenitor cells have been harvested from different human tissues, including the bone
marrow, adipose tissue, and umbilical cord blood. Previously, we identified a population of mesenchymal
progenitor cells (MPCs) isolated from the traumatized muscle of patients undergoing reconstructive surgery
following a war-related blast injury. These cells demonstrated the ability to differentiate into multiple mesenchymal
lineages. While distal radius fractures from a civilian setting have a much lower injury mechanism (low-energy
trauma), we hypothesized that debrided traumatized muscle near the fracture site would contain multipotent
progenitor cells with the ability to differentiate and regenerate the injured tissue.

Methods: The traumatized muscle was debrided from the pronator quadratus in patients undergoing open
reduction and internal fixation for a distal radius fracture at the Walter Reed National Military Medical Center. Using
a previously described protocol for the isolation of MPCs from war-related extremity injuries, cells were harvested
from the low-energy traumatized muscle samples and expanded in culture. Isolated cells were characterized by
flow cytometry and q-RT-PCRs and induced to adipogenic, osteogenic, and chondrogenic differentiation.
Downstream analyses consisted of lineage-specific staining and q-RT-PCR.

Results: Cells isolated from low-energy traumatized muscle samples were CD73+, CD90+, and CD105+ that are the
characteristic of adult human mesenchymal stem cells. These cells expressed high levels of the stem cell markers
OCT4 and NANOG 1-day after isolation, which was dramatically reduced over-time in monolayer culture. Following
induction, lineage-specific markers were demonstrated by each specific staining and confirmed by gene expression
analysis, demonstrating the ability of these cells to differentiate into adipogenic, osteogenic, and chondrogenic
lineages.
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Conclusions: Adult multipotent progenitor cells are an essential component for the success of regenerative
medicine efforts. While MPCs have been isolated and characterized from severely traumatized muscle from high-
energy injuries, here, we report that cells with similar characteristics and multipotential capacity have been isolated
from the tissue that was exposed to low-energy, community trauma.
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Background
Low-energy trauma is among the largest events that lead
to bone fracture. Epidemiological studies have shown
that the distal radius is among the most frequent site for
low-energy fractures in the pediatric and elderly popula-
tion [1–4]. Distal radius fracture risk factors include age,
gender, health condition, and environmental factors,
such as climate [5]. Low-energy fractures can be challen-
ging to treat due to a low healing potential and, in many
cases, weakened bone strength. Treatment strategies will
vary depending on the complexity of the fracture, in-
cluding the use of open reduction and internal fixation
procedure that provides the stability needed to maintain
an appropriate alignment and improve biomechanical
performance during early rehabilitation [6, 7].
Multipotent progenitor cells have been harvested from

many different human tissues, including the bone mar-
row, trabecular bone, dental pulp, adipose tissue, umbil-
ical cord blood, and high-energy war-traumatized
muscle [8–14]. Previously, we identified a population of
mesenchymal progenitor cells (MPCs) isolated from the
traumatized muscle of patients undergoing reconstruct-
ive surgery following war-related blast injuries [12].
These cells demonstrated the ability to differentiate into
multiple mesenchymal lineages (adipogenic, osteogenic,
and chondrogenic) and expressed a molecular phenotype
characteristic of each lineage following induction. More
recently, MPC-secreted factors were shown to be suffi-
cient to improve axon growth and cell migration in vitro
and MPCs’ neurotrophic activity was enhanced by
in vitro biological induction via VEGF-A production,
conditioned medium combination with endothelial cells,
and/or the co-culture with adult endothelial cells [15,
16]. Altogether, these findings demonstrate the multipo-
tential capacity and neurotrophic activities of human
MPCs, and their potential to be further developed as cel-
lular therapies to promote tissue and/or peripheral nerve
regeneration.
The high-energy transmitted to the soft tissues from

the blast injury is absorbed as thermal, mechanical,
and chemical stress triggering multiple cell- and
tissue-specific events following injury, such as cell ne-
crosis, apoptosis, and inflammation. While fractures
from an urban/civilian setting have a lower injury
mechanism (low-energy trauma) and a less robust

inflammatory response than high-energy blast injuries,
we hypothesized that debrided traumatized muscle
near the fracture site in low-energy injuries contains
multipotent progenitor cells with the ability to differ-
entiate into multiple mesenchymal lineages in vitro
and the potential to be involved and used in tissue
regeneration applications.

Methods
Ethics statement and clinical samples
Tissue samples were taken from injured patients (6
males and 5 females) undergoing open reduction and
internal fixation for an isolated distal radius fracture
(n = 10) and a humerus fracture (n = 1) from a low-
energy injury mechanism at the Walter Reed National
Military Medical Center. For the purpose of this
study, the low-energy injury was defined as non-
wartime blunt trauma. This type of injury, in this
context, was defined as the absence of traumatic car-
diac arrest during transport; systolic blood pressure
less than 90; respiratory compromise/intubation; Glas-
gow coma scale less than 8; traumatic limb paralysis;
amputation proximal to wrist or ankle; vascular com-
promise of extremity; burns with traumatic compo-
nent; penetrating injuries to head, neck chest,
abdomen, extremities proximal to the elbow or knee;
vital sign instability; flail chest or multiple rib frac-
tures; pneumothorax/hemothorax; open/depressed
skull fractures; two or more long bone fractures;
crush injury to chest or pelvis; and high level of sus-
picion related to the mechanism. The average patient
age from which surgical specimens were obtained was
33.5 years old (range 18 to 63 years old), and the aver-
age time between injury and the surgical procedure
was 10.2 days (range 4 to 24 days). Tissue specimens
used in this study were taken at the margin of devita-
lized and healthy appearing tissue that would other-
wise be discarded as surgical waste. The Walter Reed
National Military Medical Center Institutional Review
Board approved this tissue procurement protocol and
waived the need for consent. Typically, the injured
muscle tissue at the site of the fracture is debrided in
order to facilitate the reduction of the fracture and
placement of internal fixation. The amount of tissue
debrided was determined by the operative surgeon.
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After surgical debridement of the tissue, de-identified
samples were placed in a sterile container and trans-
ported on ice to the laboratory for processing.

Cell harvest and culture
Cells were harvested from the traumatized muscle tissue of
patients undergoing surgical debridements from low-
energy injuries as previously described [12, 17]. Debrided
tissue, from the traumatized pronator quadratus muscle at
the site of injury, was removed in the usual fashion to facili-
tate the reduction of the fracture and placement of internal
fixation. Briefly, the healthy margin of the debrided tissue
was washed in Hank’s Balanced Salt Solution (HBSS, Gibco,
Carlsbad, CA), minced, and incubated with Collagenase
type 2 [0.5mg/mL] (Worthington Biochemical, Lakewood,
NJ) for 2 h at 37 °C with agitation. Following incubation,
the tissue was filtered through cell strainers (100 μM and
40 μM, Falcon/Corning, Corning, NY), pelleted by centrifu-
gation, resuspended in growth medium [Dulbecco’s Modi-
fied Eagle’s Medium (Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 3X Penicillin/Streptomycin
and Fungizone (Gibco)]. Cells were plated and incubated at
37 °C on tissue culture plastic for 2 h and then washed with
HBSS to remove the non-adherent cells and enrich mesen-
chymal progenitor cell (MPC) isolation. After 1 day in cul-
ture, growth medium consisted of Dulbecco’s Modified
Eagle’s Medium (Gibco) supplemented with 10% FBS
(Gibco) and 1X Penicillin/Streptomycin and Fungizone
(Gibco). The culture of the adherent cells was maintained
until confluence (approximately 2 weeks), and cells were
used for differentiation induction experiments between pas-
sages 3 and 6.

Flow cytometry analyses
Cell surface makers were investigated following standard
immunophenotyping protocols and as previously de-
scribed [12, 17] using anti-human CD73-PE Clone AD2,
CD90-FITC Clone 5E10, CD105-APC Clone 43A3,
CD11b-BV421 Clone ICRF44, and CD45-APC-Cy7
Clone 2D1 antibodies (BioLegend, San Diego, CA). Iso-
lated mesenchymal progenitor cells (MPCs) between
passages 2 and 4 were used for these studies. Compensa-
tion was performed with compensation beads following
manufacture’s protocols (BD CompBeads, Cat #552843,
BD Biosciences, San Jose, CA). Fluorescence was ana-
lyzed in a BD LSRII flow cytometer (BD Biosciences) at
the Flow Cytometry Core, Biomedical Instrumentation
Center, Uniformed Services University of the Health
Sciences.

Adipogenesis, osteogenesis, and chondrogenesis
differentiation
Cells isolated from the low-energy traumatized human
muscle tissue were induced to adipogenic, osteogenic,

and chondrogenic differentiation as previously described
[12, 17]. For adipogenic differentiation, monolayer cul-
tures of multiprogenitor cells were seeded at a density of
40,000 cells/cm2 and treated for 4 weeks with adipogenic
medium, consisting of Dulbecco’s modified Eagle’s
medium with 10% FBS supplemented with 0.5 mM 3-
isobutyl-1-methylxanthine (Acros Organics, Geel,
Belgium), 1 μM dexamethasone, and 1 μg/mL insulin
(both from Sigma-Aldrich, St. Louis, MI). For osteogenic
differentiation, monolayer cultures of multiprogenitor
cells were seeded at a density of 5000 cells/cm2 and
treated for 4 weeks with osteogenic medium, consisting
of Dulbecco’s modified Eagle’s medium with 10% FBS
supplemented with 10 mM β-glycerol phosphate
(Sigma-Aldrich), 50 μg/mL ascorbic acid (Sigma-Al-
drich), 10 nM 1,25-di-hydroxyvitamin D3 (BIOMOL
International, Plymouth Meeting, PA), and 0.01 μM
dexamethasone (Sigma-Aldrich). Finally, chondrogenic
differentiation was performed in high-density pellets cul-
ture (2.5 × 105 cells per pellet) and treated for 4 weeks
with chondrogenic medium, consisting of Dulbecco’s
modified Eagle’s medium supplemented with 1% insulin,
human transferrin, and sodium selenite (ITS) Liquid
Media Supplement (Sigma-Aldrich); 10 ng/mL trans-
forming growth factor-β (Sigma-Aldrich); and 0.1 mM
dexamethasone (Sigma-Aldrich). For comparison (con-
trol), cells were cultured in growth medium consisted of
Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum and 1X Penicillin/Streptomycin
and Fungizone (Gibco). After inductions, monolayered
cultured cells were fixed and stained with Oil Red O so-
lution (Sigma-Aldrich) for intracellular lipid droplets
(adipogenic differentiation) or with 2% Alizarin Red S at
pH 4.2 (Sigma-Aldrich) for evidence of a mineralized
matrix (osteogenic differentiation) as previously de-
scribed [17]. Chondrogenic pellets were fixed after
4 weeks, dehydrated, embedded in paraffin, sectioned [5-
μM thickness] and stained with Alcian blue staining so-
lution (EMD Millipore, Temecula, CA) for sulfated gly-
cosaminoglycans as previously described [12].

RNA isolation and quantitative PCR analysis
Gene expression analyses for OCT4 and NANOG genes
were performed on the total pool of traumatized muscle
cells at the isolation day (total cells) and following cells
isolation on days 1, 3, 5, and 7. Gene expression analyses
for adipogenic (FABP4, LPL, and PPAR-gamma2), osteo-
genic (ALP, CBFA1, and Osteocalcin), and chondrogenic
genes (Aggrecan, SOX9, and COL2A1) were performed
following each respective differentiation induction. The
list of primers used in this study can be found on Sup-
plemental Table 1. RNA was extracted using TRIzol
(Thermo Fisher Scientific/Invitrogen, Carlsbad, CA) fol-
lowing manufacturer’s instructions and purified using
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RNeasy Mini-columns (Qiagen, Germantown, MD).
RNA concentration was measured with a Nanodrop
spectrophotometer (ThermoFisher Scientific), where
RNA quality corresponded to an A260/280 value of at
least 1.8 followed by cDNA synthesis. Relative gene ex-
pression analyses were performed by q-RT-PCR with an
Applied Biosystems QuantStudio 7 Flex real-time PCR
detection system (Applied Biosystems, Foster City, CA).
Gene expression was normalized using GAPDH or
HPRT1 as an internal housekeeping control.

Statistical analysis
Replicates are expressed as mean + standard error values
and significance was calculated by two-tailed Student’s t
test.

Results
Human cells isolated from low-energy traumatized
muscle samples express CD73, CD90, and CD105 surface
markers
We have previously identified and characterized a popu-
lation of human mesenchymal progenitor cells (MPCs)
isolated from the traumatized muscle of patients under-
going reconstructive surgery following war-related blast

injuries [12]. These cells also demonstrated the ability to
differentiate into multiple mesenchymal lineages [12,
17]. To determine if the cells isolated from low-energy
trauma have similar characteristics to the previously re-
ported MPCs isolated from high-energy trauma [12], we
performed flow cytometry analysis on the cells isolated
from low-energy traumas. As shown on Fig. 1a–c, low-
energy trauma cells express the cell surface markers
CD73 (average + standard error: 99.8 + 0.05%), CD90
(average + standard error: 97.8 + 1.3%), and CD105
(average + standard error: 94.3 + 2.3%), which are the
characteristic of adult human mesenchymal stem cells
and high-energy trauma MPCs [12]. In addition, low-
energy trauma cells are negative for CD11b (average +
standard error: 0.9 + 0.5%) and CD45 (average + stand-
ard error: 2.3 + 0.04%), which are the characteristic of
monocytes/macrophages and leukocytes, respectively
(Fig. 1d, e).
To investigate the multiprogenitor capacity of the cells

isolated from low-energy trauma, we performed q-RT-
PCR analysis for the genes OCT4 and NANOG, whose
expression and involvement in the regulation of stem
cell properties have been previously reported in MSCs
[18, 19]. The total cell fraction from low-energy

Fig. 1 Cells isolated from the low-energy traumatized muscle samples express CD73, CD90, and CD105 surface markers. Representative flow dot
plots of cells isolated from the low-energy traumatized tissue and stained with a CD73, b CD90, c CD105, d CD11b, and e CD45. Cells were
identified and gated on the basis of their size (forward scatter) and granularity (side scatter), followed by analysis of cells stained with each
respective antibody. Mean value + standard error of two independent donors for each staining
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traumatized tissue, prior to the 2 h incubation for pro-
genitor cells isolation, was used as a reference for com-
parison. The progenitor cells were collected on days 1, 3,
5, and 7 following the tissue processing. Interestingly,
low-energy progenitor cells expressed high levels of the
stem cell markers OCT4 (fold change [average + stand-
ard error]: total cells: 1.0 + 0.003, day 1: 3.7 + 0.7, p =
0.2; day 3: 0.3 + 0.1, p = 0.04; day 5: 0.3 + 0.1, p = 0.02;
and day 7: 0.2 + 0.1, p = 0.01) and NANOG (fold change
[average + standard error]: total cells: 1.0 + 0.003, day 1:
3.9 + 1.9, p = 0.4; day 3: 0.1 + 0.03, p = 0.001; day 5:
0.1 + 0.1, p = 0.01; and day 7: 0.05 + 0.02, p = 0.0005)
1 day after isolation, while expression of these genes was
significantly reduced after 3 days in monolayer cell cul-
ture conditions (Fig. 2). Of note, although reduced, a
low-level expression was detected after day 3 in culture.
Altogether, these results demonstrate that progenitor
cells isolated from the low-energy traumatized tissue ex-
press similar cell surface markers as previously reported
MPCs isolated from high-energy trauma [12], while ex-
pressing a stem cell phenotype that decreases overtime,
but it is not completely abrogated, in monolayer culture.

Progenitor cells isolated from the low-energy traumatized
muscle have the ability to differentiate into multiple
mesenchymal lineages similar to progenitor cells from
high-energy traumas
To investigate the ability of the multiprogenitor cells
from the low-energy traumatized tissue to undergo dif-
ferentiation into the adipogenic, osteogenic, and chon-
drogenic pathways, cells were cultured in inductive
media for each respective lineage differentiation. As pre-
viously reported for high-energy MPCs, monolayer cul-
ture conditions were used for osteogenesis and

adipogenesis inductions, while a pellet culture condition
was used for chondrogenesis induction [12]. After
4 weeks in adipogenic induction culture conditions, we
observed intracellular lipid droplet accumulation by Oil
Red O staining, which is consistent with an adipocyte
phenotype compared to control cells cultured in growth
medium (Fig. 3a, b). In addition, after 4 weeks in
osteoinductive medium, we observed histological evi-
dence of increased matrix mineralization by Alizarin red
staining compared to control cells (Fig. 3a, c). Finally,
after 4 weeks in chondrogenic induction culture condi-
tions, histological sections of the cell pellet cultures were
stained with Alcian blue, demonstrating the presence of
a sulfated proteoglycan-rich extracellular matrix charac-
teristic of cartilage tissue compared to control cells
(Fig. 3a, d).
To confirm the ability of these cells to undergo differ-

entiation, we performed gene expression analyses by q-
RT-PCR targeting genes that are characteristic for each
mesenchymal cell lineage (adipogenic: FABP4, LPL, and
PPAR-gamma2; osteogenic: ALP, CBFA1, and Osteocal-
cin; and chondrogenic: Aggrecan, SOX9, and COL2A1).
As shown on Fig. 4, all inductions resulted in increased
expression of the lineage-specific genes compared to
control cultures in growth medium (fold change [aver-
age + standard error]: FABP4: control: 1.0 + 0.001, adi-
pogenic: 1938 + 84.2; LPL: control: 1.1 + 0.1, adipogenic:
4967 + 352; PPAR-gamma2: control: 1.0 + 0.02, adipo-
genic: 4.5 + 1.5; ALP: control: 1.0 + 0.02, osteogenic:
2.5 + 1.1; CBFA1: control: 1.0 + 0.01, osteogenic: 5.7 +
2.5; Osteocalcin: control: 1.0 + 0.001, osteogenic: 4.7 +
2.3; Aggrecan: control: 1.0 + 0.04, chondrogenic: 2.2 +
0.5; SOX9: control: 1.1 + 0.1, chondrogenic: 1.5 + 0.2;
COL2A1: control: 1.4 + 0.2, chondrogenic: 16.1 + 10.5).

Fig. 2 Cells isolated from the low-energy traumatized tissue express a robust stem cell phenotype immediately after isolation that is reduced
over-time in monolayer culture conditions. Relative expression levels of a OCT4 and b NANOG were investigated by q-RT-PCR on total cells (prior
to the 2 h incubation for progenitor cells isolation) and isolated cells (adherent cells after the 2 h incubation) on days 1, 3, 5, and 7. Gene
expression was normalized using GAPDH as an internal housekeeping control. Mean value + standard error of three independent donors.
*p ≦ 0.05, **p ≦ 0.01, ***p ≦ 0.001, T test 2-tail
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These results demonstrate that following the induction,
lineage-specific markers were demonstrated by each spe-
cific staining (Oil Red O, Alizarin red, and Alcian blue)
and confirmed at the gene expression level by q-RT-
PCR analyses for lineage-specific genes, which confirm
the ability of the multiprogenitor cells isolated from the
low-energy traumatized tissue to differentiate into the
mesenchymal adipogenic, osteogenic, and chondrogenic
lineages.

Discussion
Adult multipotent progenitor cells are essential for the
success of tissue engineering and regenerative medicine
efforts. In this study, mesenchymal progenitor cells
(MPCs) from the muscle tissue following low-energy
trauma were isolated and cultured in vitro. This study is
a continuation of our previous efforts to isolate and
characterize MPCs from war-traumatized, military, high-
energy blast injuries [12, 17]. Here, we expand and relate
these initial findings to community, low-energy, civilian
non-wartime blunt trauma. We believe this is a highly
translational study that demonstrates that our previous
discoveries found in a more limited, specialized patient
population of war-traumatized service members are

applicable to the general population and low-energy
trauma patients. From the clinical and translational per-
spective, this manuscript fills a critical gap validating
war-time findings and making them relevant to the civil-
ian population. The MPCs isolated in this study from
the low-energy tissue were adherent to the plastic cul-
ture dishes after 2 h of incubation, following similar iso-
lation and culture conditions previously described for
MPCs isolated from the severely traumatized muscle
from high-energy injuries [12]. Low-energy MPCs were
positive for CD73, CD90, and CD105, and negative for
CD11b and CD45. The MPCs isolated from the low-
energy traumatized muscle also demonstrated multipo-
tential capacity, as upon induction with previously
defined culture conditions [12], they differentiated into
adipogenic, osteogenic, and chondrogenic lineages. Simi-
lar characteristics were previously reported for MPCs
isolated and cultured from high-energy traumatized tis-
sue samples [12]. Importantly, the multipotential cap-
acity of low-energy traumatized MPCs was validated by
robust and consistent lineage-specific expression of adi-
pogenic, osteogenic, and chondrogenic genes. These re-
sults demonstrate that debrided muscle from low-energy
trauma is a robust source of primary multiprogenitor

Fig. 3 Progenitor cells isolated from the low-energy traumatized muscle have the ability to undergo adipogenic, osteogenic, and chondrogenic
differentiation. Representative images are shown from a control cells compared to cells induced to differentiation for 4 weeks followed by b Oil
Red O staining (adipogenic induction), c Alizarin red staining (osteogenic induction), and d Alcian blue staining (chondrogenic induction).
Multiprogenitor cells cultured in adipogenic induction medium demonstrated intracellular lipid droplets that stained positively for Oil Red O.
Multiprogenitor cells cultured in osteogenic induction medium exhibited enhanced mineralized matrix formation that stained positively for
Alizarin red staining. Histological sections of the multiprogenitor cell pellet cultures showed a positive matrix staining with Alcian blue,
demonstrating the presence of sulfated proteoglycan-rich extracellular matrix. Images are at ×20 magnification
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cells with significant potential for translation into tissue
regeneration clinical applications.
The isolation and characterization of progenitor cells

in the low-energy traumatized muscle tissue that have
similar characteristics to the progenitor cells isolated in
high-energy traumatized tissue suggests that following

either low- and high-energy injury, the cascade of events
triggered as initial healing response are similar. By com-
parison, when the non-traumatized muscle is submitted
to the same protocol for the isolation and
characterization of MPCs, no cells are observed attached
to the plate up to 2 weeks after plating and processing.

Fig. 4 Progenitor cells isolated from the low-energy traumatized muscle express an adipogenic, osteogenic, and chondrogenic phenotype upon
differentiation induction. Relative expression levels of a adipogenic genes (FABP4, LPL, and PPAR-gamma2), b osteogenic genes (ALP, CBFA1, and
Osteocalcin), and c chondrogenic genes (Aggrecan, SOX9, and COL2A1) were investigated by q-RT-PCR on progenitor cells from the low-energy
traumatized tissue following differentiation induction for 4 weeks. Gene expression was normalized using GAPDH or HPRT1 as an internal
housekeeping control as indicated. Mean value + standard error of three independent donors. *p ≦ 0.01, T test 2-tail

Dingle et al. Stem Cell Research & Therapy            (2021) 12:6 Page 7 of 10



As such, the non-traumatized (normal) muscle is not a
suitable control for this study. Interestingly, the isolation
of mesenchymal stem/stromal cells from the non-
traumatized human muscle has been previously de-
scribed [20]. However, in this study (i), a different cell
harvesting protocol was used that most likely isolated
different cell populations compared to the MPCs iso-
lated here, and (ii) a distinct patient population diag-
nosed with osteoarthritis and undergoing routine total
hip arthroplasty was recruited for tissue sampling and
harvest [20]. Altogether, these differences make it chal-
lenging to establish a direct comparison between these
cell populations and studies.
Importantly, while our study investigated a clinically

relevant primary population of cells isolated from the
site of injury, the exact origin of these cells is still un-
clear; it is possible that they comprise a quiescent resi-
dent population of cells in the non-traumatized muscle
and/or a population of cells that migrate from the bone
marrow to the site of injury in response to the wound-
healing signaling events triggered by the trauma. Differ-
ent origins of multipotential cell populations have been
identified and characterized in a tissue-specific manner;
the periosteum has been reported as the primary source
of stem and/or progenitor cells that form the cartilage
and bone during fracture repair [21]; bone marrow-
derived MSCs have also been reported to selectively
home to sites of injury, regardless of the tissue [22–24],
and their migration signal(s) vary widely such as hyp-
oxia, growth factors, and chemokines secreted by the in-
jured cells and/or by immune cells also recruited to the
site of injury [25–31]. Moreover, resident muscle stem
(satellite) cells (known as MuSC) have been reported as
major players during skeletal muscle regeneration, in
combination with immune cells, fibroblasts, pericytes,
and others [32, 33]. Human muscle-derived stem cells
correspond to a population of early myogenic-
committed progenitors with a perivascular/mesenchymal
phenotypic signature that reside in the human skeletal
muscle and display a high proliferation rate [33]. These
cells differ from the MPCs as they are isolated from a
population of poorly adhering cells between days 5 and
8 after plating from normal muscle samples [33], while
the MPCs are isolated from a population of fast-
adherent cells after 2 h of incubation under standard
tissue-culture conditions (37 °C, 95% humidified air, and
5% CO2) [12] on the same day that the cells are isolated
and plated from the low-energy traumatized muscle tis-
sue. Additionally, a population of CD146+ cells that is
anatomically and phenotypically distinct from satellite
cells was isolated from the interstitium of the normal
adult human skeletal muscle tissue [34]. These cells also
differ from the population of MPCs isolated in this study
as single-cell suspensions were seeded for non-clonal or

multi-clonal cultures without the 2h adherence incuba-
tion step [34] used here and that we previously described
[12]. As such, distinct populations of multiprogenitor
cells are most likely been isolated and investigated in
each of these studies.
Both low- and high-energy trauma will result in struc-

tural tissue-damage, impaired tissue perfusion and trig-
ger the activation of an inflammatory response [35]. As a
result, we hypothesize that the recruitment, induction,
and proliferation of stem and/or multiprogenitor cells
are an essential component of the wound-healing re-
sponse process. Nonetheless, inhibition and/or patho-
logical inflammatory response to injury can impair stem
cell function and lead to unsatisfactory tissue regener-
ation and poor recovery outcomes [35]. As such,
Torossian et al. [36] recently demonstrated that an in-
crease in secreted Oncostatin M produced by activated
macrophages—a cytokine known to promote osteogenic
differentiation in mesenchymal stromal cells—also pro-
moted osteogenic differentiation and mineralization of
muscle-derived stromal cells surrounding the site where
neurogenic heterotopic ossification developed. Further-
more, fibrosis is a well-known pathologic event of the
normal wound healing process that leads to suboptimal
tissue regeneration, in particular limiting the functional
regeneration of the musculoskeletal tissues. It is likely
that in high-energy trauma, the exacerbated inflamma-
tory response, generated as part of the wound healing
and tissue regeneration process, leads to an undesirable
repair response, resulting in the formation of fibrotic tis-
sue that compromises efficient wound healing and tissue
regeneration [37, 38]. Instead, low-energy trauma most
likely triggers a less exacerbated inflammatory response,
promoting less undesirable fibrotic tissue formation and
more tissue repair and regeneration.

Conclusions
In summary, we have isolated and characterized a popu-
lation of primary mesenchymal progenitor cells har-
vested from the debrided human muscle tissue following
low-energy community trauma. Upon induction with
previously defined culture conditions [12], these pro-
genitor cells were capable of differentiating into multiple
mesenchymal lineages and have the potential to play a
role in future tissue engineering and regenerative medi-
cine efforts.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13287-020-02038-2.

Additional file 1: Supplemental Table 1. Primer sequences (5′ to 3′)
and TaqMan assays used for relative gene-expression analysis by quantita-
tive reverse transcription polymerase chain reaction (q-RT-PCR).
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