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Abstract
The musculoskeletal system includes tissues that have remarkable regenerative capabilities. Bone and muscle sustain micro-
damage throughout the lifetime, yet they continue to provide the body with the support that is needed for everyday activities. 
Our current understanding is that the regenerative capacity of the musculoskeletal system can be attributed to the mesenchy-
mal stem/ stromal cells (MSCs) that reside within its different anatomical compartments. These MSCs can replenish various 
tissues with progenitor cells to form functional cells, such as osteoblasts, chondrocytes, myocytes, and others. However, 
with aging and in certain disorders of the musculoskeletal system such as osteoarthritis or osteoporosis, this regenerative 
capacity of MSCs appears to be lost or diverted for the production of other non-functional cell types, such as adipocytes and 
fibroblasts. In this review, we shed light on the tissue sources and subpopulations of MSCs in the musculoskeletal system 
that have been identified in animal models, discuss the mechanisms of their anti-inflammatory action as a prerequisite for 
their tissue regeneration and their current applications in regenerative medicine. While providing up-to-date evidence of 
the role of MSCs in different musculoskeletal pathologies, in particular in osteoporosis and osteoarthritis, we share some 
thoughts on their potential as diagnostic markers in musculoskeletal health and disease.

Keywords  Musculoskeletal system · Mesenchymal stem cells · Bone · Muscles · Synovium · Regenerative medicine · 
Osteoarthritis · Osteoporosis

Mesenchymal Stem Cells Within 
the Musculoskeletal System: Heterogeneous 
Obscure Populations Within Several Tissues

The cells that constitute our tissues and organs go through 
the continuous process of death and replacement. Indeed, the 
musculoskeletal system, which is of utmost importance for 
human health and mobility in everyday life activities, is built 

of tissues that have remarkable regenerative capabilities. Tis-
sues can thus undergo renewal, such as the renewal of the 
bone of the skeleton every 10 years, and also the growth of 
new bone after bone fractures [1]. Similarly, skeletal mus-
cles can repair micro-tears that can occur during intense 
physical activity or injury [2].

These regenerative features are due to the activity of mes-
enchymal stem/ stromal cells (MSCs), which are multipotent 
progenitor cells that form the musculoskeletal tissues during 
embryonic development. What is really intriguing is that 
MSCs are also retained as rare cell populations in several 
adult organs and tissues. MSCs were initially described in 
the bone marrow based on their unique combination of fea-
tures, which include colony formation, multipotency, and 
plastic in vitro adherence [3, 4]. Cells with similar in vitro 
abilities have since been isolated from numerous adult tis-
sues and organs [5]. For example, for the adult knee joint 
as a vital part of the musculoskeletal system, MSCs-like 
cells have been identified for the following sites: trabecular 
bone (epiphysis, metaphysis), bone marrow, periosteum, 
synovium, infrapatellar fat pad, synovial fluid, and skeletal 
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muscle (Fig. 1). At the same time, although the ligaments 
and tendons have been studied to a lesser extent, they have 
also been identified as a source of progenitor cells similar 
to MSCs [17, 39]. Also for cartilage, where despite being 
an avascular tissue with low healing capacity, a few studies 
have identified cartilage as a source of mesenchymal pro-
genitor cells [42–44].

Even though the hunt to identify such putative MSC pop-
ulations in the adult organism has been ongoing for decades, 
our current knowledge suggests that these MSC-like cells are 
tissue specific and have distinct phenotypes and differentia-
tion potentials [45, 46]. The hypothesis that currently comes 
closest to the term MSCs is that they are pericytes, with 
their CD34-/ CD45-/ CD146 + phenotype. These MSC-like 
cells thus reside on the walls of the microvasculature, and 
hence they are ubiquitously present in vascularized tissue 
[47]. This hypothesis also provides a reasonable explanation 
why highly vascularized tissues, such as bone marrow, are 
better sources of these MSCs than poorly vascularized tis-
sues, such as tendons, ligaments and cartilage. However, this 
hypothesis was challenged recently by Guimarães-Camboa 
et al. [48], where their tracing of the lineage of the Tbx18 
gene showed that pericytes and vascular smooth muscle cells 
maintain their identity during aging and in diverse patho-
logical settings, and do not significantly contribute to other 
cell lineages.

Such studies have now provided a huge amount of knowl-
edge on different MSC-like cell populations and their con-
tributions to cartilage and bone repair in different animal 
models of musculoskeletal disorders. However, there has 

been little translation of these data to human, which leaves 
us with a huge gap between what we know about these cells 
and how we can take advantage of this knowledge for regen-
erative medicine. This is partly due to the markers identified 
in mice being different from those in humans, which still 
remain to be identified. Also, the results of basic studies 
have often been brought to clinical trials too early, without 
sufficient knowledge about how to isolate a specific popula-
tion of MSC-like cells with the desired regeneration poten-
tial. Despite these problems, cell therapies containing MSCs 
are currently in use in clinical practice, and have shown 
promising results. However, based on results of basic scien-
tific research, there remains a lot of space for improvement.

In this review, we provide an overview of MSC sources 
and subpopulations in the musculoskeletal system, we dis-
cuss their mechanisms beyond tissue regeneration, their cur-
rent clinical applications and their potential in the diagnosis 
and treatment of common disorders of the musculoskeletal 
system.

Identification of MSCs in the Musculoskeletal 
System: In Vitro Studies

Since Friedenstein and colleagues [3] established the first 
MSCs culture, their methodology has been widely used 
for culture expansion of animal and human MSCs. By vir-
tue of their physical propensity to adhere to plastic and 
expand in vitro, MSCs are relatively easy to work with, and 
have been widely identified in numerous laboratory set-
tings. MSCs have been isolated from various tissues of the 

Fig. 1   (a) Sites of MSCs that have been identified within the mus-
culoskeletal system. (b) Pathologies of the musculoskeletal system 
where MSCs are already used or have the potential for use in regen-
erative medicine based on animal studies. MSCs have been identified 
in skeletal muscle [2], periosteum [6], bone and bone marrow [3, 7–

11], synovium [12–15] , ligaments [16] and tendons [17]. MSCs have 
been tested in muscles disease [18] and injuries [19], osteonecrosis of 
the femoral head [20–24],  bone fracture [25], (osteochondral) lesions 
and osteoarthritis [26–38], ligament injury [39] and tendinopathies 
[35, 40, 41].
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musculoskeletal system, most often from bone, bone mar-
row, synovium, infrapatellar fat pads, synovial fluid, and 
skeletal muscle. In human, these tissues are most commonly 
acquired from surgically removed biological materials dur-
ing total or partial arthroplasty for osteoarthritis [7, 12, 49] 
or anterior cruciate ligament reconstruction surgery fol-
lowing ligament injury [13, 50]. Control tissue, i.e. without 
musculoskeletal abnormalities is most commonly used from 
post-mortem donors where MSCs from the musculoskeletal 
system have been shown to be preserved several hours, and 
even days, following death [12, 51]. Furthermore, there is 
evidence that MSC-like cells can be isolated from tissue 
stored in liquid nitrogen for 5 years [52].

There are a number of different methods for isolation 
of MSCs, with the different procedures mainly depending 
on the tissue source. Tissues in the musculoskeletal system 
are most commonly isolated using chemical digestion (e.g., 
for synovium, skeletal muscle) with additional mechanical 
dissociation for mineralized tissues, such as trabecular and 
cortical bone. Due to the high content of hematopoietic cells 
in human bone marrow, gradient density filtration is applied 
to isolate MSCs [13]. In mice, there are two approaches to 
isolate MSCs from bone marrow: either by flushing the 
bone marrow out of the diaphysis using a syringe; or by 
crushing the diaphysis and subsequent chemical digestion. 
Some differences have been shown between these methods, 
with the crushing approach also including more progenitor 
cells from the endosteum [53]. Chemical digestion is most 
often performed with different types of proteases (e.g., col-
lagenase types II, IV, XI, D, dispase), at different concentra-
tions (e.g., commonly 1–3 mg/mL), and for different dura-
tions of digestion (e.g., 1 h, to several hours). These systems 
largely depend on the tissue source, and thus the need to 
break down the extracellular matrix and release the cells 
from their niche in these perivascular locations. Synovium 
and muscle usually require lower collagenase concentrations 
and shorter digestion times in comparison to bone [13, 14, 
54]. When using bone (e.g., trabecular, cortical), some form 
of mechanical grinding needs to be applied to break down 
the mineralized part of the bone. Small pieces of bone can 
be obtained from samples during surgery via the curetting of 
trabecular bone from the femoral head, or via the sampling 
of larger bone chips, with subsequent micro-dissection [7, 
50, 55]. Either way, such biopsy materials need to be washed 
extensively under sterile conditions to remove hematopoietic 
cells. Of note, MSCs isolated from trabecular bone following 
collagenase digestion appear to be virtually identical in vitro 
to those isolated from bone marrow [50].

Although plastic adherence is an attribute of MSCs, as a 
rule, early primary cultures from these tissue sources rep-
resent a heterogeneous population, comprised of mature 
cells of the original tissue (e.g., osteoblasts, fibroblasts, 
myocytes) and MSCs. As well as the isolation of the cells 

themselves (e.g., dissection of the specific tissue, method 
of isolation used), the culture conditions can greatly affect 
both the expansion of MSC-like cells and their multipo-
tency. The serum used should be either batch tested or 
from commercially selected lots that are suitable for MSC 
culture. Hypoxia (i.e., oxygen supply, < 5% O2) has been 
shown to be the preferred condition for culture expansion 
of MSCs [53, 56]. To obtain a more homogenous popula-
tion of MSCs at the early passages, methods of negative 
and positive selection of MSCs have been applied, such 
as sorting using magnetic beads and fluorescence acti-
vated cell sorting. The most common approach used is to 
select the mesenchymal population as negative lineage for 
CD45, Ter119, and CD31 in mouse, and CD45, CD34, and 
CD11b in human, as being depleted of leukocytes, eryth-
rocytes, endothelial cells, and macrophages. Extremely 
rare populations of cells (i.e., ≤ 0.0025% of single nucle-
ated cells in bone marrow) have been selected and studied 
in vitro using the appropriate sorting methods [8]. Flow 
cytometry is also the preferred method for immunopheno-
typing of these cultured cells.

Due to the heterogeneity of the methods and the cell cul-
ture conditions used across numerous experimental settings, 
minimal criteria for MSC identification have been set by the 
International Society for Cellular Therapy, according to a 
list of positive and negative markers that need to be deter-
mined for human MSC cultures [57]. Although several novel 
MSC markers have been identified since the establishment of 
these criteria, the combination of CD73, CD90 and CD105 
remains the gold standard when working with MSC cultures.

Once the plastic-adherent primary culture has been 
obtained and its MSC phenotype has been established, the 
next step is to demonstrate their multipotency. MSCs can 
differentiate along a number of connective tissues, includ-
ing bone, cartilage, muscle, ligament, tendon, and stroma. 
In vitro, the possibility to guide these cells along the tri-
lineage differentiation of osteogenesis, chondrogenesis, and 
adipogenesis needs to be shown, preferably with histochemi-
cal staining of the end products; e.g., mineralized tissue, 
proteoglycans, and adipocytes. Some kind of robust quan-
tification also needs to be carried out, at either the protein 
(e.g., Alcian blue, Alizarin red S extraction) or gene (e.g., 
quantitative polymerase chain reaction) level, to avoid false-
positive data. The in vitro settings used also include a highly 
controlled microenvironment that can push these cells down 
several lineages.

Recently, in vivo differentiation has become much more 
the norm to demonstrate the multipotency of these cells [45]. 
In this approach, immunocompromised (i.e., nude) mice are 
used as carriers to provide the microenvironment for deter-
mination of the in vivo differential potential of MSCs popu-
lations, which are most commonly transplanted beneath the 
kidney capsule or subcutaneous tissue of these mice.
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Traditionally, following their in vitro isolation, MSCs 
have been defined based on their three main features, namely 
plastic adherence, phenotype, and multipotential differen-
tiation [57]. Due to the massive increase in the identifica-
tion of new MSC markers, these minimal criteria have been 
exceeded in terms of the fuller identity of MSCs. Much has 
been done to identify markers of mature lineages, such as 
osteoblasts (e.g., collagen type I, osteocalcin, alkaline phos-
phatase) and chondrocytes (e.g., collagen type II, aggrecan), 
although a specific marker for MSC identification remains 
to be defined. It appears that no such marker might exist, 
which might be a reasonable consequence of the multiline-
age potential of these cells as they need to maintain mini-
mal expression levels of ubiquitously expressed markers to 
maintain this feature.

Identification of MSCs in the Musculoskeletal 
System: In Vivo Animal Studies

3.1 Tracing MSCs in Space and Time

There was a massive breakthrough in the identification of 
MSCs with the implementation of transgenic animal models 
[58]. The discovery of the genetic elements paved a new 
way to study MSCs elegantly in time and anatomical space, 
such as for Cre recombinase that recognizes loxP sites in 
the transgene construct. Briefly, in these animal models, a 
cell lineage of interest that expresses a specific marker at 
some point during embryonic or adult life is labeled with a 
reporter. Upon gene expression of this specific marker the 
reporter is switched on, which enables the identification and 
tracking of all of the cells of a specific population in ana-
tomical space and time.

There are several variations to these models. The Cre 
model is the simplest one, where switching on the reporter 
labels all of the daughter cells from that point on (i.e., the 
progeny of a specific cell lineage), throughout the adult life. 
Much more sophisticated models such as tamoxifen induc-
ible Cre recombinase (CreER/T) can allow the reporter to 
be switched on and off to label cells that express a specific 
marker at a specific time. We can induce Cre recombinase 
following a specific stimulus for the MSCs, such as injury 
of the musculoskeletal system. Using mouse lineage tracing 
models, it is possible to follow the cells of defined develop-
mental structures, such as the joint interzone, and to identify 
morphogenetic cell populations in adult tissues and organs. 
Several MSC subpopulations have been identified using this 
approach, and their roles in embryonic and adult life and in 
health and disease have been studied (Table 1).

Another sophisticated approach to trace MSCs is double 
nucleoside labeling. Here, the quiescent and slow-cycling 
nature of MSCs is taken advantage of. Following a stress 

stimulus, such as injury, their activity rapidly intensifies, 
and the slow-cycling cells undergo intense proliferation. Ini-
tially, while quiescent, a nucleoside analog such as chloro-
deoxyuridine or iodo-deoxyuridine can be administered to 
these animals via their drinking water for a certain time, 
which becomes incorporated into the cell DNA. By virtue 
of their quiescent and slow-cycling nature, the MSCs retain 
the first nucleoside analog, in contrast to the rest of the cells 
that divide faster and lose this analog. Following stimula-
tion of the MSCs, such as by cartilage injury, the MSCs 
exit the quiescent state and become activated. At this point 
a second nucleoside analog distinct from the first is added, 
and the MSCs take up the second nucleoside analog and can 
be detected as double-positive cells. Taking this approach, 
functional MSCs in mouse synovium have been identified 
[15].

Animal Models of Musculoskeletal Pathologies

Degenerative disorders such as osteoarthritis and osteo-
porosis, and injury, most commonly to cartilage, bone and 
muscle affect the integrity of musculoskeletal system. Mil-
lions of people around the globe are impacted in terms of 
suffering pain and inability of independent motion. Animal 
models are indispensable when studying the regenerative 
abilities of MSCs in various disorders of the musculoskeletal 
system.

Cartilage Damage and Osteoarthritis

Animal models of primary and secondary osteoarthritis are 
available. Similar to human, primary osteoarthritis in ani-
mals is a naturally occurring phenomenon that arises from 
degenerative changes in joints. Secondary osteoarthritis is 
normally associated with specific causes and/or risk factors 
that lead to the joint osteoarthritis, such as trauma and con-
genital diseases [92]. The animal models of post-traumatic 
osteoarthritis that are most commonly used are invasive 
models, where joint injury is induced chemically (e.g., intra-
articular injections of collagenase, steroids) or mechanically 
(e.g., surgical cartilage injury, anterior cruciate ligament 
transection, partial and total menisectomy, medial meniscal 
tear). Several small (e.g., mice, rats, rabbits, guinea pigs) 
and large (e.g., sheep, goats, dogs, horses) animal models 
are being used. Mice represent the most commonly used 
animal models of osteoarthritis, as their genetic background 
can be easily manipulated, while equine articular cartilage is 
the most comparable to human [92]. The knees are the most 
widely studied joints.

The MSC regenerative abilities can be studied by trac-
ing the endogenous MSC population (e.g., with lineage 
tracing in transgenic animal models, or double nucleoside 
labeling), or by transplantation of freshly isolated or in vitro 
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manipulated autologous or allogeneic MSCs. The data 
obtained in this way can provide information relating to what 
the outcome in human might be. Using animal models, it is 
also possible to perform randomized controlled studies that 
provide more evidence of the efficacy of MSC-based cell 
therapies. Here, the controls are usually a group of animals 
subjected to sham surgery or the use of the contralateral 
joint, muscle or limb of the same animal, which is not sub-
jected to the treatment.

Bone Fractures

A variety of different fracture models has been introduced 
over recent years. Models for normal fracture repair (i.e., 
primary, secondary), delayed union, nonunion (e.g., atro-
phy, hypertrophy), segmental defects, and fractures at risk of 
impaired healing have ranged widely in terms of their accu-
racy in reflecting the clinical scenario, and of their reproduc-
ibility [93]. Open and closed models using different fixation 
techniques to provide different stiffnesses are now available, 
in particular with small animal models such as with mice 
and rats. Here, the outcome of the fracture healing can be 
influenced by the animal strain, age and sex, while the anes-
thetic and the postoperative analgesics and antibiotics can 
also have effects.

Muscle and Tendon Damage

To study muscle regenerative capacity and the efficacy of 
regenerative treatments for muscle diseases, four differ-
ent injury models are most commonly used: freeze injury; 
barium chloride; notexin; and cardiotoxin. The most damag-
ing of these is freeze injury. Although comparison of these 
models has shown that the muscle regenerates completely, 
the nature of the injury model should be chosen carefully 
according to the experimental design and the outcome to be 
monitored [94].

Animal models for the study of tendon and ligament 
regeneration are still in their infancy. Again, both small (e.g., 
rats, rabbits) and large (e.g., dogs, horses, primates) animal 
models can be used, depending on the type of injury and the 
tissue to be studied. Rats, for example, appear to be the most 
suitable model for rotator cuff tendon repair, while rabbits 
have been most commonly used to study medial collateral 
ligament tears. Based on the type of experiment and the 
outcome measures, murine, canine, equine, bovine, ovine, 
porcine or primate models can also be used. Ligament and 
tendon injury can be induced in several ways, including by 
surgical transection, overuse exercise, or chemically (e.g., 
collagenase, transforming growth factor [TGF]-β1 injec-
tions) [95–97].

Subpopulations of MSCs with Roles 
in the Musculoskeletal System

Taking advantage of the combination of transgenic animal 
models and animal models of various pathologies of the 
musculoskeletal system has resulted in the identification 
of many subpopulations of MSCs, as well as their roles in 
health and disease. An up-to-date overview of the main MSC 
subpopulations along with their markers and phenotypes, 
and their identified roles in the musculoskeletal system, is 
given in Table 1.

MSCs in Bone and Bone Marrow

Bone marrow is the most studied and well-recognized source 
of MSCs in adult organisms. MSCs were first discovered in 
bone marrow of guinea pig, and then later in human, and 
bone marrow-derived MSCs are those that are most often 
used in current clinical practice. As well as their role as 
progenitor cells that can repair damaged tissue, bone mar-
row MSCs have also been shown to provide meaningful 
support for hematopoetic stem cells in their niche [98]. 
Mouse bone marrow MSCs show high concentrations of 
two positive markers: platelet derived growth factor recep-
tor α (PDGFRα/CD140a) and Sca-1 (PαS subpopulation). 
Conversely, those that lack Sca-1 and secrete the C-X-C 
motif chemokine Ligand 12 (CXCL12) represent a key com-
ponent of the niche for hematopoietic stem cells in adult 
bone marrow [99]. There has been some controversy over 
the Nestin–green fluorescent protein (GFP)-positive popu-
lation of MSCs in bone marrow, which was shown to be 
an MSC population that was required for maintenance and 
homing of hematopoietic stem cells [9, 100]. Conversely, 
another study that used a different Nestin transgenic animal 
reported that Nestin-GFP + cells were nonMSC populations 
[101]. Based on these studies, it is of vital importance to 
validate transgenic animal models, as different transgenes 
can label different populations, which will produce con-
founding results. Subsequently, two distinct populations 
within these Nestin-GFP cell populations were identified 
[102]. The Nestin-GFP bright cells are rare and positive for 
the known pericyte marker NG2, while the Nestin-GFP dim 
cells overlap with the leptin receptor (Lepr)-labeled cells, 
and they are a subpopulation of bone marrow cells found to 
be major source of adult bone [10]. Another study indicated 
that cells defined by promoter/ enhancer activities of genes 
associated with chondrocytes and their precursors, such as 
Sox9, Col2 and aggrecan, might be the source of osteoblasts 
during the rapid phase of bone growth that occurs before 
Lepr-labeled cells provide precursors for the osteoblast line-
age. Combining lineage tracing and various animal models 
of fractures, it appears that Gremlin1 (i.e., bone morphoge-
netic protein [BMP] antagonist) and Lepr subpopulations of 
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MSCs are so far best characterized as MSCs that replenish 
bone and cartilage in the adult and are involved in regen-
erative responses of bone and cartilage after injury. Mouse 
skeletal stem cells have also been defined as mesenchymal 
lineage negative (CD45/Ter119/Tie2), alpha V/CD200 posi-
tive, and CD105/Thy/6C3 negative [11]. Cortical bone has 
also been shown to be a better source of osteogenic MSCs 
than bone marrow [103].

Translation of these findings to human is rare, mainly 
because no specific surface markers have been associated 
with the lineages identified in transgenic animals. Looking 
at human MSCs, a subset of so-called pericytes, with the 
CD34-/CD45-/CD146 + phenotype, would come closest to 
the term of MSCs [47]. Interestingly, low/ negative expres-
sion of PDGFRα identifies candidate primary MSCs in adult 
human bone marrow [104], in contrast to the PDGFRα-
positive population in fetal bone marrow. A subpopulation 
of bone marrow MSCs with an up-regulated Lepr gene was 
described for human CD271 + cells, which also expressed 
the low-affinity nerve growth factor receptor. Thus, sorting 
of these cells for CD271 and for low expression/ absence 
of CD140a has enabled the enrichment of human adult pri-
mary bone marrow MSCs [104]. These provided the high-
est purity reported for hematopoietically active adult bone 
marrow MSCs to date, which suggests that CD271 + and 
CD140(PDGFRα)low/− cells should be the basis used 
when studying human MSCs. Interestingly, the proportion 
of CD45-/CD271 + MSCs was higher in subchondral bone 
marrow lesions compared to non-bone marrow lesions in 
patients with hip osteoarthritis [105]. Apart from such line-
age tracing and surface markers, it has been shown that a 
minimal set of biophysical markers can be used to identify, 
isolate, and predict the function of MSCs within mixed cell 
populations in bone marrow, such as cell diameter, mechani-
cal stiffness, and nuclear membrane fluctuations [106].

Identification of subpopulations of MSCs with specific 
features is one approach toward their better use in regen-
erative medicine, which might include those that undergo 
chondrogenesis rather than osteogenesis in vivo. Another 
approach is to identify molecules that can guide and stimu-
late MSCs toward the preferred tissue lineage. In image-
based high-throughput screening with primary human bone 
marrow MSCs, a small molecule known as kartogenin was 
identified and confirmed to be effective in repairing cartilage 
in two mouse models of osteoarthritis (i.e., collagenase VII 
and surgery induced) [107].

MSCs in Skeletal Muscle

For a long time, muscle regeneration was thought to be 
dependent solely on a heterogeneous population of adult 
stem cells known as satellite cells. These were first iden-
tified in the 1960s using electron microscopy [108], and 

they were defined as small, mononuclear cells that occupy 
a niche juxtaposed to multinuclear myofibers in muscle tis-
sue [109]. Since their discovery, however, several distinct 
types of myogenic progenitor cells that can regenerate 
skeletal muscle tissue both in vitro and in vivo have been 
described. One of these populations is the so-called ‘side-
population’ cells. These were initially described in a study of 
murine hematopoietic stem cells [110], based on their efflux 
of the fluorescent DNA-binding dye Hoechst 33342 that is 
taken up by live cells. Later on, these side-population cells 
were described for other tissues [111], including skeletal 
muscle. These skeletal muscle side-population cells repre-
sent a heterogeneous population with distinct markers and 
physiological roles [112]. The efflux of the Hoechst 33342 
dye from these cells is dependent on a member of the ATP-
binding cassette sub-family G member 2 (Abcg2) [113]. A 
rare subset of these skeletal muscle side-population cells 
that are characterized by Syndecan-4 and Pax7 constitute a 
self-renewing muscle stem cell population that can generate 
both satellite cells and their myonuclear progeny in vivo [65, 
114]. Two vessel-associated cell populations with myogenic 
ability have been described for skeletal muscle. The first 
of these cell populations are the pericytes in the skeletal 
muscle interstitium, whereby those of type-1 contribute to 
fat accumulation and those of type-2 to muscle regeneration 
[80]. The second of these two vessel-associated cell popu-
lations are the so-called mesoangioblasts. These cells can 
cross the vessel wall when applied systemically, and they 
contribute to muscle regeneration [76, 115]. Animal mod-
els have shown mesoangioblasts to be excellent candidates 
for cellular therapy of muscle dystrophy [116, 117]; how-
ever, human clinical trials have not shown much promise 
yet [118]. There are two other cell populations in the muscle 
interstitium. One is the so-called fibro/ adipogenic progeni-
tor cells, which are defined by the expression of PDGFRα. 
As these cells are highly adipogenic and fibrogenic, they 
are believed to contribute to skeletal muscle fibrosis and 
ectopic fat formation [82, 83, 85]. Interestingly, these fibro/ 
adipogenic progenitor cells are also abundant in young 
and healthy muscle, although fibrosis and fat formation 
only appear to occur in diseased and ageing muscle. The 
second of these last two cell populations is comprised of 
paternally expressed gene 3 (Peg3/PW1)-positive interstitial 
cells. These positive interstitial cells show the properties of 
bona-fide tissue-specific stem/ progenitor cells, including 
clonigenicity, ability to self-renew, and broad differentiation 
potential. However, clonal positive interstitial cells show a 
strong tendency toward the skeletal muscle lineage from 
which they originated [70]. These positive interstitial cells 
themselves consist of two sub-populations: those that are 
PDGFRα positive and highly adipogenic; and those that are 
PDGFRα negative and are myogenic and cannot form fat 
[69]. These sub-populations account for the two recently 
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identified populations of fibro/ adipogenic progenitor cells 
[82, 83, 86]. Pannérec et al. [69] suggested a model of stem-
cell hierarchy based on PW1 expression, in which the myo-
genic potential resides in satellite cells, mesoangioblasts and 
a subpopulation of positive interstitial cells with adipogenic 
potential, while cells that do not express PW1 give rise to 
fibroblasts.

Most of the evidence for regenerative capacity in vivo is 
attributed to Pax-7–expressing satellite cells [119]. Further-
more, other cell types with regenerative potential depend on 
the presence of the satellite-cell population [120]. Identifi-
cation of the pathways that regulate satellite-cell behavior 
might provide insights toward future applications to modu-
late satellite-cell fate during muscle regeneration, such as 
paired like homeodomain 2 transcription factor, Pitx2, that 
has an important role in muscle morphogenesis [121].

MSCs in Tendons and Ligaments

Tendons connect muscles to bones to enable joint move-
ment. As a result, they are subjected to large mechanical 
loads, and hence frequently undergo injury [122]. Tendons 
consist of collagen and elastin embedded in a proteoglycan-
rich matrix. The tendon matrix is produced by tenoblasts 
and tenocytes, which lie parallel with and between the lon-
gitudinally arranged collagen fibers. The cellularity of ten-
don tissue is however low, with approximately 1–4% of total 
nucleated cells as tendon stem/ progenitor cells [123]. This 
explains the low turnover and poor self-healing capacity of 
this tissue [124]. Bi et al. [123] successfully isolated tendon 
stem/ progenitor cells from both mouse and human tendons, 
and they showed that these cells possess several of the cri-
teria for stem cells, including clonogenicity, self-renewal, 
and multipotent differentiation capacity. Unlike MSCs, ten-
don stem/ progenitor cells express tendon-related markers 
in vitro, such as scleraxis and tenomodulin, and they can 
form tendons [125]. Tendon stem/ progenitor cells show 
greater clonogenicity, cell proliferation, and tenogenic dif-
ferentiation potential compared to bone marrow MSCs, and 
so they might represent a better source for musculoskeletal 
tissue regeneration [16].

Ligaments are the least-studied source of stem cells. 
However, recent studies that have focused on human ante-
rior cruciate ligament have shown that ligament-derived 
stem cells have these features of clonogenicity and triline-
age multipotency, and that they express common markers 
found in MSCs, and also in tendon stem/ progenitor cells 
[126]. Clear variations in characteristics of ligament-derived 
stem cells isolated from different ligament types have been 
shown; however, human anterior and posterior cruciate liga-
ments appear to harbor the same population of ligament-
derived stem cells [127]. Further investigations are required 

to characterize these cells, and to better define their func-
tions and therapeutic potential.

MSCs in Synovium and Synovial Fluid

The synovium is a tiny but complex membrane that encir-
cles synovial joints, and it has been well recognized as a 
source of MSCs [12]. Synovium can roughly be divided 
in two anatomical parts: the intima inner layer, with mac-
rophages or fibroblast-like synoviocytes; and the subintima 
outer layer, with synoviocytes and fibroblasts, which secrete 
collagen and other extracellular matrix proteins. Synovium 
is the active site of inflammation in cartilage injury and 
osteoarthritis, although the hyperplasia that occurs within 
this tissue can also be attributed to mobilization and acti-
vation of MSC-like cells [15]. MSCs identified from syn-
ovium have been shown to have superior differential ability 
in vitro compared to MSCs from other sources [13]. Using 
a cardiotoxin muscle injury model in nude mice, De Bari 
et al. [19] showed that human synovial-membrane-derived 
MSCs can regenerate muscle, in terms of contributions to 
myofibers and long-term persisting functional satellite cells. 
Moreover, the Gdf5-lineage cells in adult synovium that are 
derived from the very first overt joint embryonic structure 
interzone have been shown to retain a specific joint mor-
phogenetic memory [14]. Superiority of synovium-derived 
MSCs in osteogenesis and chondrogenesis has been shown 
in vitro [13, 54].

Synovial fluid, however, has been shown to harbor MSCs 
from other sources of the synovial joint, as cell populations 
that show similarities with bone marrow and synovial mem-
brane MSCs have been found [128].

Mechanisms of MSCs in Tissue Regeneration

Anti‑inflammatory Actions

Following tissue injury, inflammation occurs as a conse-
quence of danger signals that mobilize different, mainly 
immune, cells. These first sense and check on nocive fac-
tors, and then act to remove them as soon as possible. 
Acute inflammation is a normal component of a complex 
multistep wound-healing process. However, under certain 
circumstances, the acute inflammation does not resolve as 
expected, but rather continues to persist. This leads to for-
mation of chronic inflammatory foci, where perpetuated 
collateral lesions of adjacent healthy tissue are generated. 
As the resolution of inflammation is one of the major pre-
requisites for successful regeneration of damaged tissue, an 
understanding of the mechanisms involved in this process 
and their modulation is of the utmost importance.
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It has been known for some time that MSCs act as anti-
inflammatory agents that can effectively suppress innate 
and adaptive immune responses. Furthermore, in recent 
years, MSCs have been recognized as active participants in 
tissue damage-repair processes [129, 130]. Consequently, 
anti-inflammatory immunomodulation of MSCs is now 
being attempted in numerous clinical studies, and is being 
exploited in experimental treatments of acute graft-versus-
host disease following allogeneic hematopoietic stem cell 
transplantation, and in Crohn’s disease [131, 132]. Although 
several of their immunomodulatory mechanisms remain to 
be defined, it is clear that MSCs can suppress inflammation 
both directly via cell-to-cell interactions and indirectly via 
soluble paracrine factors that they produce [129, 130, 132]. 
Interestingly, it appears that MSCs are not spontaneously 
immunosuppressive. Thus they need to be pre-activated by 
pro-inflammatory cytokines to acquire this ability, such as 
interferon-γ, tumor necrosis factor (TNF)-α, and interleukin 
(IL)-1β [130]. Another interesting feature of MSCs is their 
very low, or lack of, immunogenicity, which has been attrib-
uted to lack of expression of MHC class II molecules and 
the presence of human leukocyte antigen G on their surface, 
which is a potent tolerogenic non-classical MHC class I mol-
ecule [133, 134]. Through different direct and indirect mech-
anisms, MSCs target the cells involved in innate immunity: 
mastocytes, monocytes/ macrophages, immature dendritic 
cells, natural killer cells, and natural T-killer cells [129, 130, 
134, 135]. They disable the process of macrophage polariza-
tion through secretion of prostaglandin E2 (PGE2), IL-6, and 
granulocyte–macrophage colony-stimulating factor, thereby 
preventing their transition to the pro-inflammatory state (i.e., 
M1 macrophages). In this way, the M2 macrophages that 
produce and secrete anti-inflammatory IL-10 can prevail 
[129, 135]. The PGE2 produced by MSCs inhibits mastocyte 
degranulation and differentiation and activation of dendritic 
cells, where in combination with IL-6, it promotes the onset 
of regulatory/ tolerogenic dendritic cells that produce the 
strong anti-inflammatory cytokine TGF-β [129, 135]. The 
numerous soluble factors that are produced by MSCs and 
affect the functions the of the innate immune system effec-
tor cells include TNF-α–stimulated gene protein-6 (TSG-
6), TGF-β, and the enzyme indoleamine-2,3-dioxygenase, 
which catalyses the turnover of tryptophan to kynurenine. 
TSG-6 activates the CD44 receptor, which basically moni-
tors changes in the extracellular matrix that influence cell 
growth, survival and differentiation, and consequently 
inhibits nuclear transcription factor NFκB in macrophages 
and dendritic cells, and also in helper T-cells (i.e., adaptive 
immunity) [129]. Both TGF-β and indoleamine-2,3-dioxy-
genase strongly inhibit cytotoxic functions of natural killer 
cells [135]. MSCs can also change phenotypic properties 
and inhibit proliferation and production of pro-inflammatory 
cytokines by dendritic cells and natural T-killer cells, as well 

as the cytotoxic functions of the latter. These immunomod-
ulatory effects are a consequence of intercellular interac-
tions and paracrine activities of TGF-β and PGE2 [132]. 
Additionally, MSCs can induce complement activation and 
express the CD59 protein and complement factor H, which 
both protect cells from lysis [130].

Lymphocytes B and T are the effector cells of adaptive 
immunity, and they are important targets for the immunosup-
pressive activities of MSCs. As well as inhibition of acti-
vation and proliferation of lymphocytes B and chemokine 
receptor expression on their surfaces, MSCs also prevent 
maturation of activated B-cells into antibody-producing 
plasma cells. These effects arise from intercellular interac-
tions (e.g., binding of PD-1 inhibitory receptors on B-cells to 
their specific PD-1L ligands, expressed by MSCs), and from 
the activities of MSC-produced soluble factors (e.g., TGF-β, 
galectin 9) [129, 132, 135]. MSCs inhibit proliferation and 
effector functions of both CD4+ (helper) and CD8+ (cyto-
toxic) T-lymphocyte subsets, regardless of antigen-specific 
restrictions at the level of the major histocombatibility mol-
ecules that present antigenic peptides to appropriate clones 
with T-cell receptors. This is achieved not only via MSC-
secreted PGE2, indoleamine-2,3-dioxygenase, hepatocyte 
growth factor, TGF-β, nitric oxide (mainly in rodents, rab-
bits, hamsters) and galectin 1, but also by direct cell-to-cell 
interactions (e.g., binding of PD-1L to PD-1 receptor) [132, 
134, 135]. Additionally, MSCs can recruit immunosuppres-
sive natural regulatory T cells and induce the generation 
of induced regulatory T lymphocytes (e.g., Tr1), which by 
producing and secreting anti-inflammatory cytokines (e.g., 
IL-10, TGF-β), strongly inhibits the activation of T-cells 
[130, 132, 135].

Other Regenerative Mechanisms

For some time the prevailing hypothesis behind the regen-
erative capabilities of MSCs was that upon their applica-
tion, MSCs migrate to damaged tissue sites, where they 
engraft, differentiate, and thereby functionally reconstitute 
the injured tissue. However, the data from numerous animal 
and human studies that have been carried out over recent 
decades have clearly shown that this is not the case. Thus, 
it has been shown that when applied, MSCs do not engraft 
in either significant numbers or for sufficient time to satisfy 
this hypothesis [129]. Additionally, the unresolved enigma 
regarding their regenerative efficacy in nonmesodermal tis-
sues remains. This was at first ascribed to their trans-ger-
mline or cross-germline differentiation, which contradicted 
the established belief that differentiation of adult stem cells 
is restricted exclusively to the germ layer of their origin. 
Later studies showed that most of these data had been mis-
interpreted due to limitations in the methodologies used, 
or can be explained by cell fusion, an essential process for 
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development and tissue repair [136–138]. All of these open 
questions are stimulating new ideas and investigations into 
the underlying mechanisms here. Recent aspects have con-
sidered several alternative modes of MSC reparative actions, 
such as enhancement of target tissue cell viability and prolif-
eration, reduction of their apoptosis, and local immunomod-
ulation. These effects can be promoted by MSCs through 
their paracrine activities (i.e., production, secretion of vari-
ous growth factors, cytokines, other bioactive molecules), 
through their cell-to-cell interactions that are mediated by 
tunneling nanotubes (50-200-nm-diameter filaments) that 
are involved in the transfer of mitochondria and lysosomal 
vesicles, and through their release of extracellular vesicles 
that contain regeneration-stimulating proteins and peptides, 
as well as mRNA and miRNAs [129].

Interestingly, intravenously administered MSCs have been 
shown to be preferentially, although transiently, trapped after 
their first pass through the circulation in the lung micro-
vasculature, regardless of the absence or presence of lung 
injury [129]. Therefore, after their intravenous application, 
the circulating and trapped MSCs (i.e., in the microvascula-
ture, capillary network) release their paracrine factors into 
the blood stream, thereby indirectly providing distal injured 
or diseased tissues with potentially healing stimuli.

Analysis of the animal and human MSC secretome and 
proteome have confirmed the presence of a variety of par-
acrine cell pro-survival trophic factors/ mediators that can 
stimulate progenitor cell self-renewal and angiogenesis, as 
well as reduce apoptosis and inflammation. These include 
secreted frizzled related protein, stromal cell derived fac-
tor-1, and vascular endothelial growth factor-A [129]. 
Another important feature of MSCs is their anti-fibrotic 
(i.e., anti-scarring) effects. Although these effects can be 
partly explained by the MSC anti-inflammatory actions, the 
specific mechanisms remain largely unknown. Usunier et al. 
[139] suggested that the anti-fibrotic actions of MSCs arise 
from a combination of their immunomodulatory capabilities, 
inhibition of TGF-β–induced differentiation of various types 
of cells into extracellular-matrix–secreting myofibroblasts 
(e.g., epithelial-to-mesenchymal transition), inhibition of 
oxidative stress, and matrix remodeling.

It has been shown that MSCs can transfer mitochondria 
(and/or mtDNA) via tunneling nanotubes to several dif-
ferent types of cells, such as epithelial, endothelial, and 
cardiac myocytes. This occurs especially when these cells 
are injured or stressed [129], and this has been shown both 
in vitro and in vivo [140–142].

It appears that all cells release different extracellular 
vesicles, exosomes (30–100 nm diameter), microvesicles 
(50 − 1,000 nm diameter), and apoptotic bodies (1–5 µm 
diameter). Valadi et al. [143] were the first to demonstrate 
that mRNA and miRNAs can be exchanged between cells 
via exosomes. Exosomes from MSCs can reduce apoptosis 

and necrosis in rodents following ischemic injury to their 
heart, brain, lungs, liver and kidneys [129]. In addition, these 
exosomes can reduce inflammation and promote cell prolif-
eration during tissue repair.

Musculoskeletal Regenerative Medicine

MSCs in Musculoskeletal Regenerative Medicine

The pathological tissue degeneration, in particular those of 
cartilage and bone, that occurs in most musculoskeletal dis-
orders is a result of an imbalance in tissue homeostasis that 
can be due to inflammation, overuse, or trauma [144]. To 
restore the structure and function of damaged tissues, regen-
erative medicine approaches that use the therapeutic actions 
of MSCs have been tested in numerous clinical trials. These 
trials have included cells derived from both autologous and 
allogeneic cell sources [145].

Bone marrow is still the most widespread source for the 
MSCs used in musculoskeletal regenerative medicine. How-
ever, only a small percentage (i.e., 0.01%-0.001%) of the 
total mononuclear cells used is MSCs [146]. Bone marrow 
is usually aspirated from the iliac crest, whereby the tech-
nique of aspiration can have large effects on the levels of 
MSCs in the aspirate [147]. Methods for separating cells 
from bone marrow are based on density gradient centrifuga-
tion [147], while new approaches using filter devices have 
been developed more recently [148, 149]. Adipose tissue 
has also gained an important role as a source of therapeutic 
cells for regenerative medicine. In 2001, Zuk et al. [150] 
showed that adipose tissue contains MSCs (which they 
termed ASCs – adipose-derived MSCs) that can differenti-
ate into cartilage and bone. Then the first clinical procedure 
for their use in the treatment of traumatic calvarial defects 
was reported in 2004 [151]. Subcutaneous adipose depots 
are ubiquitous, and they are relatively easily accessible using 
minimally invasive liposuction aspiration. This method is 
also cheaper and less invasive than bone marrow aspiration 
[152]. An additional advantage lies in their large numbers 
of multipotent cells, as it has been reported that the uncul-
tured stromal-vascular fraction can contain up to 3% of the 
of adipose-derived MSCs; this is 2,500-fold more than the 
levels of stem cells in bone marrow [153]. To obtain this 
stromal-vascular fraction the lipoaspirate has to be digested 
with collagenase [150].

For clinical applications of MSCs for musculoskeletal 
regeneration, two approaches are generally used, as shown 
in Fig. 2. The first of these is the nonculture expanded form 
for the bone marrow aspirate or lipoaspirate, which are also 
known as the bone marrow concentrate and the stromal vas-
cular fraction, respectively. The second approach involves 
the use of culture-expanded forms. Typically, nonculture 
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expanded forms are autologous in nature, and transplanta-
tion is performed in one operative procedure, directly in the 
operating room (i.e., a one-step procedure). On the contrary, 
in vitro cell manipulation and expansion of MSCs in a Good 
Manufacturing Practice facility is costly and time consum-
ing [146, 154]. Additionally, culture-expanded MSCs are 
considered to be a pharmaceutical product, which thus 
requires regulatory clearance and approval [155]. Depending 
on the patient indications, both of these non-expanded and 
expanded forms of MSCs can be delivered into the diseased 
environment or the lesion by direct intra-articular injection 
of the cell suspension, or alternatively, they can be seeded 
into a biocompatible scaffold and implanted using surgical 
procedures [156].

Clinical Studies Using MSCs for Musculoskeletal 
Regeneration

All of the above-described features strongly support the 
application of MSCs in clinical trials of various patholo-
gies where inflammation and degeneration have a role. The 
numbers of clinical trials that use MSCs for musculoskeletal 
regeneration have been increasing every year, and an over-
view of recent studies is given in Table 2. Most of these are 
case studies that lack a control group. However, a recent 
review by Reissis et al. [157] demonstrated robust clinical 
evidence that MSCs have significant potential for the regen-
eration of hyaline articular cartilage in patients with minimal 
adverse effects.

In terms of adverse events, a recent study performed in 
a large group of over 2,000 orthopedic patients treated with 

MSCs and followed for up to 9 years reported no clinical 
evidence for increased risk of neoplasm with MSCs of any 
type [158].

It is still questionable whether the treatment of sympto-
matic, localized cartilage lesions that are associated with the 
risk of progressing to generalized osteoarthritis requires con-
centrated autologous MSCs. The application of a biocom-
patible scaffold and local microenvironment-derived MSCs, 
such as those derived from subchondrial bone, appear to 
provide similar regenerative effects. Recent reviews have 
also noted the large heterogeneity for these MSC sources, 
the biomaterials used, and the clinical protocols followed 
[159, 160]. Both of the approaches with and without cells 
appear to be safe and to show promising therapeutic out-
comes; however, the potential superiority of one over the 
other here is still something for future clinical studies.

Role of MSCs in Musculoskeletal Disorders: 
Their Potential in Early Diagnosis

Even though MSC research is mostly focused on the identi-
fication of the opportunities for exploiting their regenerative 
potential, MSCs can also potentially be used in diagnosis of 
musculoskeletal diseases. Evidence for their use as a diag-
nostic tool comes from colorectal cancer, where a specific 
adult intestinal stem cell population that predicts disease 
relapse has been identified in these patients [161]. With the 
exception of bone marrow and adipose tissue, MSC subpop-
ulations that reside within the musculoskeletal system are 
not easily available for diagnostic purposes. There is some 

Fig. 2   Current routes of used 
for MSC isolation, preparation 
and administration, as used in 
clinical practice with a view to 
musculoskeletal regeneration
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evidence that cells with MSC-like features, such as plastic 
adherence and multipotency, can be isolated from peripheral 
blood [162, 163]; however, there is no data on how these 
correlate with those in the musculoskeletal system in health 
and disease. The following sections provide brief overviews 
of the roles of MSCs in the pathogenesis of musculoskeletal 
disorders, with some comments on how these changes might 
be applied to potential early diagnosis of these conditions.

Osteoporosis

Primary osteoporosis is a progressive musculoskeletal dis-
order where the complementary actions of two cell players, 
osteoblasts and osteoclasts, become imbalanced, whereby 
bone resorption ultimately prevails over bone formation. 
MSCs have long been suggested to have a role in the patho-
physiology of osteoporosis [164, 165]. There is evidence 
of their reduced numbers or their diverted differentiation 
toward adipocytes rather than osteoblasts [164, 166]. It 
is still not entirely clear if it is MSCs themselves or their 
microenvironment that guides them along the wrong path-
way, as there is evidence from both sides.

MSCs isolated from bone marrow of elderly patients have 
shown lower proliferation and osteogenesis in vitro [167]. 
Cells termed as circulating osteogenic progenitors can be 
isolated from peripheral blood according to their phenotype 
of CD45, CD19 and CD3 negative and osteocalcin positive, 
and these have been associated with the prevalence of frailty 
and disability in elderly people [168]. A cocktail of several 
inflammatory cytokines, adipokines, growth factors and 
others can create a microenvironment that is not favorable 
for osteogenesis [169]. A comparison of human MSCs iso-
lated from a control group of patients without osteoporosis 
and from a group of patients with osteoporosis has shown 
intrinsic deficiencies in self-renewal and differentiation 
potential for the osteoporotic stem cells [170]. Patients with 
osteoporosis who sustain a fracture and undergo total hip 
replacement have higher rates of prosthesis loosening due to 
slower and less effective biomaterial osseointegration [171]. 
MicroRNAs identified in sera of patients with osteoporosis 
have been shown to either stimulate (i.e., miR-382-3p) or 
inhibit (i.e., miR-550a-5p) osteogenesis, while both of these 
miRNAs stimulate adipogenesis [172].

Osteoarthritis

As endogenous MSCs contribute to the maintenance of 
healthy joints by acting as reservoirs to repair cells or as 
immunomodulatory sentinels to reduce inflammation, 
their role in promoting changes that can lead to osteo-
arthritis appears inevitable. The onset of degenerative 
changes in joints is associated with aberrant activity or 
depletion of these cell reservoirs, which can lead to loss of 

the chondrogenic potential and preponderance of a fibro-
genic phenotype [173]. Murphy et al. [49] reported that 
MSCs isolated from the bone marrow of the iliac crest of 
donors with osteoarthritis appear to differ in vitro from 
those in the normal population in several respects: they 
have less proliferative capacity, and they are less active 
in chondrogenic and adipogenic differentiation. Synovial 
membranes from patients with osteoarthritis contain more 
cells positive for CD44, CD90, and CD105 than those 
from joints with undamaged cartilage, although no dif-
ferences in chondrogenic potential was indicated [174]. 
In a comparison of subchondral bone without and with 
bone marrow lesions in patients with hip osteoarthritis, 
numeric and topographic changes in the native MSCs were 
shown [79]. As osteoarthritis is a whole joint disease that 
involves several joint tissues [175], a more comprehensive 
approach needs to be taken to identify which MSCs con-
tribute to the pathogenesis of this complex disease, and 
how this contribution is mediated. However, it cannot be 
excluded that the MSCs abnormalities observed in sub-
jects with osteoarthritis are the consequence rather than 
the cause of osteoarthritis.

Sarcopenia

Sarcopenia is a multifactorial syndrome that affects more 
than 40% of people over 70 years of age [176]. Clinical 
criteria for the diagnosis of sarcopenia are not clearly 
defined and have differed greatly between studies. Sar-
copenia is characterized by a loss of muscle mass and a 
decrease in muscle strength that is caused by atrophy of 
type II muscle fibers, heterogeneity in muscle fiber size, 
accumulation of intramuscular connective tissue and fat, 
and decreased oxidative capacity. It is also accompanied 
by a significant decline in satellite-cell function and num-
bers [177]. Although it remains unclear whether satellite-
cell loss contributes to the age-associated loss of muscle 
mass, they do contribute to age-dependent muscle fibrosis 
and compromised recovery capacity of sarcopenic muscles 
in response to injury [178, 179]. It has also been shown 
that muscle damage affects the potential lineages of skel-
etal muscle side-population cells, by promoting their dif-
ferentiation along fibro-adipogenic lineages while inhib-
iting myogenesis [67]. PDGFRα-positive cells have been 
shown to be conspicuous in muscles of patients with both 
genetic and nongenetic muscle diseases, and their patho-
logical relevance to human muscle diseases has been sug-
gested [125]. Studies on sarcopenia treatment have been 
mainly focused on the promotion of muscle fiber hypertro-
phy and the activation of endogenous satellite cells using 
pharmacological and nonpharmacological interventions 
[180, 181].
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Duchenne Muscular Dystrophy

Duchenne muscular dystrophy is an X-linked recessive 
severe progressive and degenerative muscle disease that 
affects approximately 1 in 3,500 new-born boys [182]. It is 
caused by mutations in the dystrophin gene, which result in 
synthesis of an abnormal dystrophin protein, and the con-
sequent muscle degeneration [183, 184]. Dystrophin pro-
vides the required stability for the connection between the 
cytoskeleton and the plasma membrane [184]. It also has an 
essential role in satellite-cell polarity [185]. In the absence 
of dystrophin, satellite-cell polarity is impaired, which in 
turn leads to dysregulation of mitotic spindle orientation and 
affects cell-proliferation kinetics. Consequently, this leads to 
a deficit in cell division, lack of asymmetric division, and 
reduced generation of myogenic progenitor cells.

Therefore, in addition to muscle fragility, Duchenne mus-
cular dystrophy is a muscle stem-cell disease. Therapies 
based on the use of stem cells are one of the most promising 
methods for treating such muscular dystrophies. Although 
the results of Duchenne muscular dystrophy therapies using 
satellite cells are encouraging, these approaches have limi-
tations, the greatest of which is the death of most of the 
injected satellite cells within the first 72 h. More studies 
are therefore being focused on the use of different cell pop-
ulations that show myogenic potential, such as pericytes, 
mesangioblasts and positive interstitial cells [18, 186].

Future Directions Towards Better Human 
Tissue Regeneration

While there are many positive indications from basic studies 
and a growing body of evidence coming from clinical trials 
in favour of MSCs in human tissue regeneration, there is still 
a lot to be done in future endeavours of regenerative medi-
cine. Despite a myriad of research being done to identify 
and characterize MSCs isolated from different human tis-
sues, we still do not know exactly how they behave in vivo. 
Are impaired MSCs responsible for degenerative changes 
observed in musculoskeletal disorders or does a given dis-
order itself affect the local microenvironment which then 
induces changes in MSC phenotype? Does aging affect MSC 
numbers, their proliferation and differentiation potential? 
Studies so far have produced conflicting evidence that can 
be attributed at least to differences in anatomical locations 
of MSCs sources, isolation protocols used, musculoskeletal 
pathologies and cell culture conditions.

Another major obstacle is a lack of knowledge on their 
adverse effects in humans. The results of clinical studies 
have clearly shown their short and long-term safety not only 
in orthopaedic conditions [158], but numerous extra muscu-
loskeletal disorders such as Chron’s and other inflammatory 

bowel diseases, multiple sclerosis, idiopathic pulmonary 
fibrosis, etc. (reviewed elsewhere). However safety, in par-
ticular of culture expanded MSCs [187], remains the main 
concern. We still need to bear in mind that MSCs are multi-
potent stem cells responding to growth factors and cytokines 
in their microenvironment. Their specific combinations 
could, at least in theory, cause MSCs maldifferentiation and 
possible oncogenic transformation.

In light of all the above described obstacles, much is still 
left to be done. To start with, we need to identify human 
MSCs in their physiologic state and learn more about how 
they are influenced by chronic inflammation, oxidative 
stress or other conditions accompanying musculoskeletal 
disorders. We then need to seek further for better alterna-
tive sources of MSCs intended for more targeted musculo-
skeletal tissue regeneration, e.g. autologous or allogeneic 
tissues other than bone marrow, adipose tissue or cord blood. 
Moreover, we need to standardize cell therapies by develop-
ing new optimized procedures for their isolation, characteri-
zation, cultivation and therapeutic applications. Next, more 
well-designed clinical trials are needed to prove the efficacy 
and confirm long-term safety of such cell therapies. Last, but 
not least, development of prognostic tests that would predict 
the regenerative efficacy of autologous, i.e. patient-derived 
cells before their clinical application should be strongly 
encouraged.

MSCs are not the only population of stem cells which 
can be used human musculoskeletal regeneration. Pluripo-
tent stem cells, in particular induced pluripotent stem cells 
(iPSC) created by reprogramming autologous somatic cells, 
which are not a subject of ethical issues, are becoming a 
promising source in musculoskeletal regenerative medi-
cine [188]. However, it is not yet clear whether the act of 
reprogramming itself or factors used for reaching this goal 
can cause genomic instabilities of iPSCs, making them 
potentially tumorigenic. There is also some evidence that 
both autologous and allogeneic iPSCs can trigger immune 
responses [189]. Since extensive preclinical experiments are 
required to prove their efficacy and safety, at least for now, 
the use of classical MSCs seems to have an advantage in 
musculoskeletal regenerative medicine.

Conclusions

Mesenchymal stem/stromal cells are rare, and due to their 
heterogeneity, they represent largely unknown progenitor 
cells. MSCs can be found in several adult tissues, where they 
have been preserved from embryonic development through-
out adult life. With the advances in sophisticated animal 
models to trace MSCs, rare subpopulations that show dif-
ferent regenerative potentials have been identified in several 
structures of the musculoskeletal system. In other words, 
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there is substantial evidence from basic studies that every 
individual harbors their own unique tool to repair damaged 
tissues.

The question here is now how well we can translate this 
knowledge to human, to identify these putative cells within 
human musculoskeletal system, and to exploit them for the 
purpose of regenerative medicine. Accumulating data from 
clinical trials and various case studies show promising effi-
cacies and safeties for cell therapies based on MSCs. How-
ever, much remains to be learnt about these unique cells 
within adult human musculoskeletal system. Only by obtain-
ing better understanding of their nature and their behaviour 
in health and disease can we then seek to investigate new 
options for their stimulation to regenerate various tissues, 
including cartilage, bone and muscle, with the ultimate aim 
being to improve the quality of life of affected individuals.
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