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3.1

Introduction

Adipose tissue, for a long time, has been considered merely a storage of excess energy, but more
recent evidence has helped shed some light on its
role [1], comprising energy balance storage [2],
as well as regulating bone metabolism, hematopoiesis, and the inflammatory response [3].
Adipose is a highly vascularized structure,
composed of a heterogeneous mixture of cell
populations, primarily derived from interlobular
and perivascular connective tissues, consisting
of mature adipocytes, preadipocytes, fibroblasts,
vascular smooth muscle cells, endothelial cells,
resident monocytes/macrophages, and lymphocytes, as well as progenitor cells and mesenchymal stem/stromal cells (MSCs). The presence of
MSCs within this tissue (ASCs, adipose-derived
stem/stromal cells) has recently drawn significant clinical attention due to their purported
paracrine effects and multipotent differentiation
capacity [4]. To date, its use as source of pro-
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regenerative cells has been successfully reported
in a variety of preclinical and clinical applications, including musculoskeletal conditions, cardiac diseases, ischemia, amyotrophic lateral
sclerosis, diabetes, and Alzheimer’s and
Parkinson’s diseases [5]. Considering the promising results achieved so far, a wide array of labdriven technologies is actively studied to undergo
the process of a more efficient translation into
the clinical setting.
Adipose tissue either can be used to isolate
ASCs or can be processed at the point of care to
obtain adipose-derived products. In the former
case, ASCs are efficiently isolated by tissue enzymatic digestion and then culture expanded as
adherent monolayers. In this setting, ASCs are
generally consistent with the International
Society for Cellular Therapy (ISCT) accepted
attributes mesenchymal stromal cell populations
(MSCs). Differently, adipose tissue can be processed at the point of care into cell suspensions or
microfragments that have been commonly
referred to as stromal vascular fraction (SVF) or
microfragmented adipose tissue (microfat),
respectively [6].
Both these strategies for the use of adiposederived therapeutic cellular products have advantages and pitfalls. The approach based on cultured
ASCs provides a standardized cell population of
stem/stromal cells, compared to the use of SVF
or microfat, in which different cell types (i.e.,
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endothelial cells, progenitor cells, and leukocytes) are represented together with mesenchymal stem/stromal cells [7]. On the other hand, the
use of microfat or SVF has the theoretical and
practical advantages of providing a point of care
therapy that does not imply the cost and risk of
in vitro culture expansion. Moreover, preparation
of SVF and microfat may preserve the tissue
native niche, which is composed by different cell
types including stem and progenitor cells.
Still many controversial points animate the
debate on the most effective procedure. To shed
some light, in the next paragraphs, a more in-
depth description of both cells and techniques as
well as applications will be discussed, with a final
focus on orthopedic-related tissues and diseases.

3.2

Adipose-Derived Stem/
Stromal Cells and Adipose-
Derived Products: Two Sides
of the Same Moon

3.2.1

SVF and Microfat

Although they have some similarities, including
being prepared at the point of care and the characteristic of preserving the tissue niche, SVF and
microfat also present some substantial
differences.
The adipose tissue SVF is defined as a heterogeneous population of freshly isolated cells comprising all the different types of cells residing in
the tissue such as fibroblasts, preadipocytes, vascular smooth muscle cells, endothelial cells, resident monocytes/macrophages, and lymphocytes,
except mature adipocytes. The process to obtain
SVF may exceed the definition of “minimal
manipulation” as it is frequently based on enzymatic tissue digestion. However mechanical dissociation, albeit less efficient in terms of cell
recovery, is currently favored mainly for regulatory reasons. In contrast, microfat, obtained by
mechanical processing only, is composed of clusters of blood- and lipids-free adipose tissue ranging from tens to few hundred micrometers in
diameter, containing all the adipose tissue cells,
including adipocytes, within their native niche [8,

9]. Moreover, microfat, beyond preserving the
cell composition, also preserves the tissue micro-
architecture [10]. Borrowing the concept from
the world of bone marrow and bone marrow concentrate (BMAC), it is quite common to refer to
these adipose-derived products as “cell concentrates.” Actually, this is improper since, especially for microfat, the production process is not
designed to concentrate any population type, but
rather to eliminate blood and lipid residuals
known to be pro-inflammatory agents [10]. Both
the SVF and microfat have similar nucleated cell
number per gram of product, as well as similar
proliferation abilities and the expression of the
typical MSC marker CD90; nevertheless, the
proportion of cells positive for CD34 and CD45
appears to be higher in SVF compared to microfat [11, 12], underlying the higher blood contamination in SVF.
Both products have shown anti-inflammatory
and immunomodulatory potential, and reparative
effects in vivo [13], and safety in a growing number of clinical trials [14–16], including musculoskeletal diseases. Moreover, the undisputable
practical advantages associated to the use of SVF
and microfat over culture-expanded ASCs have
made them very popular among the orthopedic
community, as revealed by the increasing number
of publications reporting the results of their
application [17].

3.2.2

Culture-Expanded AdiposeDerived Stem Cells (ASCs)

Within the SVF, not all the cells are likely to
have a therapeutic effect [18]. Among them
ASCs have a role of paramount importance in
regenerative medicine, and therefore many therapeutic approaches are based on the use of these
cells only. A small fraction of the adipose tissue
is in fact represented by ASCs that can be isolated and induced to proliferate in culture to generate expanded populations. The process starts
with the enzymatic isolation of the SVF, and
then it further proceeds with in vitro expansion
in appropriate culture media leading to the loss
of the native adipose structure and the achieve-
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ment of a homogeneous population of expanded
cells that can be rigorously characterized in
terms of cell markers, morphology, and secretory profiles. Interestingly, adipose tissue contains up to 3% of MSCs, whereas in bone marrow
it is reported between 0.002% and 0.02% [19].
The identification of the heterogeneous stem/
stromal cell types and native phenotypes in their
environment is still a matter of debate [20].
There is growing evidence supporting the
hypothesis that these cells and more in general
MSCs reside in a perivascular location.
Consistently, the ability of MSCs to stabilize
blood vessels and contribute to tissue homeostasis in both physiological and injury conditions
has also led some authors to propose that MSCs
are a subpopulation of pericytes [21].
Culture-expanded ASCs match the criteria
reported in the ISCT guidelines aimed to standardize the concept and metrics used for culture-
expanded products and the appropriate use of the
term MSCs. The definition and required attributes for MSC included the adherence to plastic
support, the capacity for tri-lineage differentiation (adipocyte, chondroblast, osteoblast)
in vitro, the expression of cell surface markers
(CD73, CD90, and CD105), but the lack of cell
surface markers associated with hematopoietic
stem cells and progenitors (CD45, CD34, CD14
or CD11b, CD79a or CD19, and HLA-DR) [22].
More recently, other potentially useful markers
have been proposed, like positivity for CD13,
CD29, and CD44 and absence of CD31 and
CD235a [23]. Further, cell size and granularity,
telomere length, senescence status, trophic factor
secretion, and immunomodulation ability [24,
25] can also be evaluated. The opportunity to
characterize ASCs, in theory, should lead to more
reproducible product assessment and outcomes
[26]. However, since the techniques of expansion
can affect the relative proportion and features of
the expanded cell populations [27, 28], individual
batches of ASCs can vary significantly with
respect to these metrics. All the aforementioned
are attributes that must be considered as predictive of the potency of any culture-expanded cell
population that may be used in regenerative medicine [29]. Therefore, being able to optimize the
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population attributes, including the secretion of
soluble factors, might allow the development of
tailored cell-based protocols to achieve the
desired result.
However, this strategy requires a GMP facility
and a minimum of two procedures (harvest and
administration) to complete the treatment,
increasing the cost for both patients and NHS or
other payors.

3.3

Influence of Patient-Specific
Factors on Adipose-Derived
Cells and Products

The tissue source selection, processing methods,
injection techniques, cell composition, and cell
dose have been extensively studied for years, and
the efforts of researchers are still aimed at their
standardization. Nevertheless, the variability in
terms of outcome suggests the presence of
patient-specific factors such as age, body mass
index (BMI), gender, and harvest sites as confounding variables in the evaluation.
Studies have shown a slight decrease in the
overall yield of nucleated cells with increasing
age [30], as well as a significant decrease in the
proliferative and differentiation capacities of
culture-expanded ASCs [31]. This result is in
keeping with studies on bone marrow-derived
expanded MSCs where age is negatively correlated with cell viability and overall potential [32].
Nevertheless, despite a lower yield of pro-
regenerative cells per gram of tissue, the autologous transplantation of ASCs seems to be still a
feasible option for elderly patients [33].
A higher BMI has been associated with a
reduced number of viable mature adipocytes per
gram of tissue, a lower differentiation capacity of
the culture-expanded ASCs, reduced capacity of
cell migration, and angiogenic and proliferative
abilities [30], probably due to the low oxygen
condition and inflammatory conditions observed
in adipose tissue of obese patients. Interestingly,
the effect of BMI on cell performance can be
reverted. Bariatric surgery and diet-induced long-
term calorie restriction could improve cultured
ASCs profile, with reduced DNA damage,
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improved viability, and extended replicative life
span [34]. This evidence is in line with studies
reporting a positive connection between weight
loss and reduced inflammation [35].
The role of gender and donor site is still controversial. Some studies on human ASCs i solation
failed to show any difference in adipose tissue
native stem/stromal cell concentration, prevalence, or yield by gender. However, another study
suggested that men might have a higher yield
compared to women [36]. Likewise, the ideal
donor site for fat harvest is yet to be defined.
Some studies [37–39] showed that fat from
the lower abdomen and medial thighs has higher
yield compared to the upper abdomen, trochanteric region, knees, and flanks but similar differentiation potential. However, previous studies
suggest that the choice of donor site has little
effect on fat graft outcomes and the choice should
be based on ease and safety of access to the tissue
[30]. Other parameters, such as diet, lifestyle,
drug consumption, and smoke and alcohol habit,
should be also investigated to identify a possible
influence on the pre-regenerative properties of
adipose-derived cells or products.

3.4

 he Rationale for Using
T
Injections of Culture-
Expanded ASCs or AdiposeDerived Products

Both ASCs and adipose-derived products can be
delivered mainly with two approaches, which
imply different mechanisms of action. The first
one relies on the seeding of cells/SVF or microfat on scaffolds to generate tissue and organs, and
it is typically used in association with surgery,
such as repair of focal chondral lesion or tendon
rupture, as well as treatment of critical bone
defects. Cells/SVF or microfat are seeded on a
support (scaffold) and can exert their function by
both paracrine regulations of the microenvironment and direct differentiation into tissue-specific
cells, albeit not complete. The second approach
relies on the direct delivery of cells/SVF or microfat to damaged sites, typically by injections or
infusions. In this case, many findings suggest that,
despite still being a valid model in different appli-

cations [40], the direct cell trans-differentiation
mechanism would not be the main responsible for
the benefits observed after MSCs transplantation,
but rather the therapeutic effect is related to the
secretion of soluble factors able to regulate the
cross-talk with resident cells [41]. However, in the
absence of adequate support for attachment, cells
alone after injection on the site are generally
stressed, sometimes leading to a rapid death [42].
In this view the delivery of cells within their
niche, as it happens with SVF and even more
with microfat, could protect them from this phenomenon. Nevertheless, the initiation of the restoration process is guaranteed by the initial
cross-talk between stem/stromal cells and resident cells, and therefore their long term-survival
at the site of injection is not a strict requirement
for their functioning. The low engraftment rate
documented in lung injury models or cardiac
infarcts after MSCs infusion [43, 44], and studies
demonstrating similar or even improved organ
function upon infusion of MSC-derived conditioned medium (MSC-CM) with respect to whole
MSCs [45], are all supporting a paracrine role of
MSCs. Therefore, the research interest is also
shifting on the characterization of secreted factors, collectively termed as the “secretome.”

3.4.1

 aracrine Potential (Soluble
P
Mediators and Exosomes/
Microvesicles)

The term secretome refers to the wide array of
secreted factors, such as cytokines and chemokines or lipids with trophic and immunomodulatory activities [46]. Since Caplan’s description
of MSCs as “drugstores,” i.e., elements that recognize injury signals and became activated in
order to release bioactive molecules able to modulate local immune response and to establish a
regenerative microenvironment [47], a number
of elements, such as trophic (anti-scarring, antiapoptotic, mitogenic, angiogenic), immunomodulatory, and also antimicrobic factors, were
identified in MSCs secretome [48]. Therefore,
the traditional paradigm of MSCs as a “cell
replacement tool” has been now enriched by a
new vision of MSCs as “sensing cells” that inter-
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act with tissue progenitor cells through a paracrine action, which stimulates the innate potential
of the tissue in the repair and modulation of
inflammatory and immune reactions. These features have defined the rationale behind the use of
MSCs as therapeutic tool in treating joint diseases like osteoarthritis. Accordingly, MSCs
were shown to modulate the function of the
immune system typically dysregulated during
joint inflammation, by suppressing B cells and
inhibiting T cells proliferation, together with
attracting regulatory T cells and promoting the
release of anti-inflammatory factors [49]. Even
more importantly, MSCs were reported to promote in macrophages the transition from pro-
inflammatory M1 to anti-inflammatory M2
polarization, inhibiting the release of pro-
inflammatory cytokines (TNF-α and IL-1β), and
augmenting the secretion of anti-inflammatory
molecules (IL-10) [50]. As a consequence, polarization switch may reduce the cartilage degeneration mediated by inflammatory macrophages
[51]. Consistently, the effectiveness of native or
culture-expanded ASCs (and related products)
paracrine action was demonstrated on chondrocytes and tenocytes exposed to pathological conditions, with results suggesting a restoration of
tissue homeostasis [52, 53]. Then, a significant
amount of research explored the possibility of
modulating these factors through the adoption of
different culturing conditions, paving the way
for the development of acellular therapeutic
interventions for autoimmune, inflammatory,
and malignant diseases and tissue regeneration
from cellular secretions derived from MSCs
(Fig. 3.1).
Among all the components of the secretome,
extracellular vesicles (EVs) were also identified
as active entities [54]. EVs embed different type
of molecules (DNA, mRNAs, miRNAs, pre-
miRNAs, ncRNAs, and proteins), can be found in
different biological fluids, and are secreted by a
wide range of cell types including MSCs [55].
The recent advent of omics techniques allowed a
better characterization of these vesicles and fostered research on their involvement in the regulation of different biological processes [56].
Consistently, EVs from MSCs showed an immunosuppressive role on many types of immune
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cells [57]. In specific, treatment of T cells in vitro
resulted in a marked decrease in proliferation and
downregulation of IFN-γ and TNF-α secretion
[58], with inflammation efficiently suppressed
in vivo [59]. Moreover, EVs from cultured ASCs
had positive effects in skin regeneration and cardiac, liver, and neuroprotection [60] with strong
attractive properties as potential therapeutic candidates also in the orthopedic settings since the
reported attenuation of the inflammatory response
and the degeneration after both tendon or cartilage injury [61, 62].
Overall, although further studies involving the
safety and duration of EVs therapeutic effect are
needed, MSC-derived EVs are the most promising
candidates for a rational design of next-generation
cell-free MSC-based therapeutics mainly derived
from adipose tissue. In fact, the use of EVs avoid
potential safety concerns typical of cell-based
approaches (i.e., tumorigenicity and undesired
spontaneous differentiation). Considering their
natural biogenesis process, EVs are generated
with high biocompatibility, enhanced stability, and
limited immunogenicity, which provide multiple
advantages as drug delivery systems over traditional synthetic methods. In this context, EVs can
penetrate the tissues and be bioengineered to
enhance the targetability, avoiding off-target
effects. In comparison with cell-based approaches,
their manufacturing is also more competitive in
terms of cost-effectiveness. In this perspective,
few clinical trials of Phase I, II, and III have been
opened in the last years, covering diseases such as
macular holes (NCT03437759) or diabetes mellitus type 1 (NCT02138331) or ischemic stroke
(NCT03384433) [63]. Rational and potential of
extracellular vesicles—exosomes are reported
more in detail in Chap. 11.

3.5

In Vitro and Preclinical
Findings

As already mentioned, the interest in the use of
ASCs and adipose-derived products such as SVF
and microfat in musculoskeletal applications is
dramatically increasing over the last years. In the
following paragraph, we will comment on the
most relevant findings of in vitro preclinical

E. Ragni et al.

52

Adipose Tissue

SVF

ASC

Micro Fragmented
Tissue

Glc-Gal-PYD
CTXII
C2C
ARGS
COMP
Pentosidine
Fib3-1
Fib3-2
MMP-3, -9, -13
ADAMTS-4
TIMP-1, -2
MidOC
CTXI
NTXI
PYD
DPD
HA
YKL-40
PIICP
PIIANP
C-Cd10
PIINP
Osteocalcin

MSC effects Paracrine Role
Anti-apoptotic
Anti-catabolic
Anti-fibrotic
Anabolic
Pro-chondrogenic
Immune-modulatory

OA

tendinopathy

muscle lesions

nonunion

TNF-alpha
IL-6
IL-15
IL-18
IL-1Ra
TNF-RS
IL-2
IL-4
PGE2

Fig. 3.1 Adipose-derived products: applications and properties

studies published so far for the treatment of joint
lesions/degeneration, tendon and bone repair, as
well as muscle lesions, to give the readers significant insights about their mechanisms of action.
Given the preclinical settings, most of the studies
show the results of the use of culture-expanded

ASCs, although some results are about the unprocessed products. Up-to-date reviews and meta-
analysis can also provide the readers with the
most recent papers about the clinical applications
of both ASCs and SVF and microfat [17,
64–66].
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with native stem/stromal cell-enriched microfat
where it was able to effectively restore cartilage
tissue [80]. A very interesting paper reports a
direct comparison of cultured ASCs, SVF, and
microfat for the treatment of OA in a rabbit model
of bilateral transection of the anterior cruciate
ligament. The rabbits were either left untreated or
injected with culture-expanded ASCs or SVF or
300μl of microfat. The analysis conducted at 2and 4-month follow-ups showed no macroscopic
differences among the groups. However, at both
experimental times, microfat showed the most
promising results with a more uniform cartilage
staining and a smoother cartilage surface than the
untreated group [81].

Articular cartilage degeneration eventually gives
rise to osteoarthritis (OA), the main cause of disability in developed countries [67]. The current
conservative options may relieve symptoms but
are ineffective in the restoration of the damaged
tissues. Recently, innovative therapies for cartilage regeneration showed efficacy [68, 69], with
particular regard to MSCs thanks to their immunomodulatory and pro-regenerative potential
[70].
Pivotal in vitro studies reported the ability of
culture-expanded ASCs to induce chondrocyte
proliferation and extracellular matrix production,
through their paracrine activity with anti- 3.5.2 Focus on Culture-Expanded
ASCs and SVF/Microfat
inflammatory, anti-apoptotic, and chondrogenic
in Tendon Repair
properties [71].
Also, the potential of autologous ASCs infusion for osteochondral defects treatment has Tendon tissue has poor healing potential, given
been assessed in numerous animal models [72, by the limited cellular content and vasculariza73]. Interestingly, the successful regeneration of tion. Thus, the response to treatment is generally
cartilage has also been reported with an alloge- low, and prolonged recovery is needed [82]. In
neic transplant of ASCs in a sheep OA model addition, spontaneous tendon repair often fails in
[74]. Similar results have been observed in a adequately restoring the structural and molecular
rabbit model, where ASCs infusion promoted composition of the tissue, often resulting in scar
histological healing [75]. Single intra-articular tissue rich in collagen type III, more vulnerable
injections of ASCs have been tested in dogs to injuries and relapses [83]. Surgical repair also
with hip OA. ASCs-treated animals were showed frequent relapses. Conservative treatreported to have improved their condition [76] ments were able to improve symptoms, but none
with improved limb function within 3 months of them provided a long-term solution [84], and
from the procedure [77]. Conversely, the intra- therefore, the application of ASCs or adipose
venous injection of ASCs in dogs with elbow tissue-
derived products has been explored for
OA failed to significantly improve the animals’ tendon regeneration.
conditions [78].
In vitro models demonstrated that the co-
For what concern adipose-derived products, in culture of primary tenocytes and ASCs could
a model of goat osteochondral defect, the appli- drive the differentiation of the latter into tenocation of SVF showed higher regeneration com- cytes in vitro [85, 86]. In vivo, in a mice tendon
pared to the controls. SVF-treated animals repair model, the local administration of ASCs
exhibited more extensive collagen type II, has been reported to accelerate the tendon healhyaline-like cartilage, and more tissue native-like ing process through differentiation of ASCs into
content of glycosaminoglycan in the cartilagi- tenocytes, and by increasing the expression of
nous layer. Moreover, in the defect regions, it has angiogenic growth factors [87]. Similar results
been observed more intense collagen type I stain- were obtained on a rabbit calcaneal tendon injury
ing [79]. Similar results have been obtained in a model, which showed that the application of
rat model of full-thickness cartilage defect treated ASCs associated with platelet-rich plasma
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increased the resistance of tendons as well as the
amount of collagen type I, VEGF, and FGF [88].
More recently, using a rat tendinopathy model,
the application of ASCs significantly improved
the pathological picture [89]. ASCs have also
been used on racehorses suffering from superficial flexor digitorum longus tendon (SFDLT)
lesions. The injection of ASCs significantly
improved healing, with treated horses showing
shorter periods of lameness and better organization of collagen fibers in the injured tendon [90].
Similarly, in a horse model of collagenase-
induced SFDLT lesions, the administration of
ASCs resulted in a better organization of collagen fibers and a reduction of the inflammatory
infiltrate. Besides, the ultrasound evaluation
showed a lack of lesion progression compared to
the control group [91].
Analyzing the effect of uncultured adipose tissue products, some authors reported that in vitro
microfat significantly increased the proliferation
rate of tendon progenitor cells as well as the
expression of VEGF, which is crucial for the neovascularization of the tissue during the healing
process [92]. In a similar experimental model, it
was also demonstrated that microfat was effectively able to counteract the detrimental effect of
experimentally induced inflammation in co-
cultures with autologous tenocytes [53].
Likewise, in a rotator cuff tear model in rabbits,
the application of native stem/stromal cell-
enriched SVF caused a significant improvement
in few physiological parameters, and it accelerated the transformation of collagen fibers from
type III to type I, the crucial step of repaired tissue maturation [93].

3.5.3

Focus on Culture-Expanded
ASCs and SVF/Microfat
in Bone Repair

Bone fractures and segmental bone defects are a
significant source of patient morbidity and place
a substantial economic burden on the healthcare
system. Generally, after damage, bone can regenerate itself, but in the case of significant loss of
tissue, surgery with bone grafts or bone substi-

tutes is required. These approaches may be characterized by long immobilization periods, donor
site morbidity (in case of autologous graft), muscular atrophy, and potential complications such
as infection, pain, or hemorrhage [94, 95] that
may lead to incorrect graft integration, resorption, and eventually relapses [96]. Therefore,
potential applications of ASCs in this context
have then been explored [95, 97, 98].
In vitro studies have reported, under specific
stimuli, the ability of ASCs to differentiate into
osteocytes, unequivocally showing markers of
the mature tissue [99, 100]. Interestingly, it has
been reported that osteogenic induction might
not be mandatory as the primary function of
adhesion, migration, proliferation, and differentiation can also be achieved using native ASCs
[101, 102]. Animal models mainly relied on the
use of scaffolds populated by ASCs, with few
applications involving ASCs injection. Some
studies explored the use of ASCs and osteocyte-
induced ASCs in the context of distraction osteogenesis (DO) [94]. In a rabbit model of tibial
defect, the authors reported a shorter consolidation period using osteo-differentiated or undifferentiated stem/stromal cells compared to the
control, but osteo-differentiated ASCs seem to
perform better in terms of tissue density and
quality [103]. Similarly, in a rat model of DO, the
authors demonstrated that the injection of ASCs
resulted in a significantly higher density and fracture strength after 6 weeks, supported by molecular evidence as ASCs’ derived tissue expressed
osteogenic markers [104].
For what concern the uncultured adipose tissue product, mechanical generated-SVF (mSVF)
and enzymatic generated-SVF (eSVF) were compared to test whether the mechanical approach
influences the biological features and functions
of SVF. Albeit less efficient in terms of cell
recovery and CFU-F than eSVF (five times less),
mSVF preserved the functions of cell populations within the adipose tissue, with similar
osteo-differentiation commitment and similar
release of VEGF, HGF, IGF-1, and PDGF-bb,
involved in pathways mediating osteochondral
repair and cell migration, and of the anti-
inflammatory cytokine IL-10 [105].
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tissue healing in a rabbit model of critical limb
ischemia [116]. The effects of ASC whole secretome or isolated extracellular vesicle fraction
were evaluated in an in vivo cardiotoxin-induced
Among musculoskeletal tissues, the muscle is skeletal muscle injury model, and this study demmore prone to regenerate after injury, thanks to onstrated that both extracellular vesicles and solthe presence of satellite cells, a subpopulation uble molecules released in the ASC secretome
with stem cell-like properties [106, 107]. promote muscle regeneration acting in synergisAlthough these cells are able to regenerate mus- tic manner [117].
cle tissue after strains, tears, or lacerations, they
Interestingly, the rat ASCs paracrine activity
fail to resolve conditions of greater damage with for muscle regeneration can be improved by pre-
significant muscle tissue loss, indicated as volu- treatment of stem/stromal cells with IL-4 and
metric muscle loss injuries [108].
SDF-1. Indeed, ASCs treated with these factors
As per the other tissues, the use of ASCs for were able to improve muscle structure and funcmuscle regeneration and repair may rely on direct tion and decrease fibrosis in a rat model of skeldifferentiation or on the release of paracrine etal muscle injury [118].
effectors. Indeed, ASCs are able to differentiate
In an attempt to determine the importance of
in vitro into skeletal myoblasts and myotubes, the direct use of ASCs, ASCs and ASC-
and they maintain myogenic potential also after conditioned medium were used in type I collagen
expansion [109], but if properly stimulated using hydrogel, and the action of these constructs were
dedicated scaffold, they may also differentiate directly compared in volumetric muscle loss rat
in vivo [110].
model. The results indicated that hydrogels bearASCs with specific myogenic properties, and ing ASCs or conditioned medium only were able
able of homing to the injured muscle tissues, to induce similar increase of angiogenesis and
have been obtained [111] and used in a mice myogenesis, as well as M2 stimulation, suggestmodel of Duchenne muscular dystrophy, with ing that both elements retain an immunomodulapromising results [112].
tory role on macrophages transition. A decrease
The potential of ASCs to regenerate the skeletal of inflammation and collagen deposition was also
muscle showed to be comparable to muscle- observed, resulting in improved muscle repair
derived progenitor cells in a volumetric muscle [119], confirming once more the pivotal ASCs
loss injury murine model employing tissue- paracrine role.
engineered muscle repair (TEMR) construct [113].
Cultured homologous ASCs injected into
injured soleus muscles showed an acceleration of 3.6
Conclusions
skeletal muscle repair in rat [114].
Similar results were obtained when human The rationale for the use of adipose-derived stem/
ASCs were implanted in a model of murine hind stromal cells and adipose-derived products such
limb ischemia: an improvement in the functional- as SVF and microfat, as well as their safety proity of the damaged limb occurred faster than in file, for the treatment of several musculoskeletal
the control mice. In this work, the authors hypoth- conditions is strong and well documented in both
esize a paracrine action of IL-6 released from in vitro and preclinical studies. The possibility of
ASCs, leading to stimulation of M2 macrophages local survival and differentiation of tissue-derived
and inducing muscle repair through neovascular- cells and the formation of new tissues is theoretiization [115].
cally appealing but as yet unproven. Moreover,
The paracrine activity of ASCs for muscle this effect could be mainly observed when the
regeneration has been investigated specifically in adipose-derived cells or products are associated
different animal models. The conditioned media with surgery and delivered locally at the injury/
of ASCs have been suggested to improve muscle defect site. Paracrine action mediated by soluble
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factors as well as by exosomes and microvesicles
may play a key role in ASCs-based therapies by
modulating the microenvironment, especially in
a setting of injury or degeneration. In some cases,
ASCs or the adipose tissue-derived products may
act not only on symptoms relief but also as
disease-modifying agents, possibly reverting the
pathological progression. The current efforts of
the scientific community are aimed to improve
the knowledge of the most effective strategies to
improve the therapeutic effects of these
approaches. In particular, cell priming, that is the
modulation of the secretory ability of cells
through the use of cytokines and growth factors,
hypoxia, pharmacological drugs, biomaterials, or
different culture conditions, has been indicated as
one of the most promising ones. In fact, an appropriate priming can modulate the cell secretory
profile so that the molecule cargo is able to exert
a specific therapeutic effect for each different
pathology. Regardless of the mechanism of
action, the optimization of dose and delivery
strategies to achieve both predictable and durable
positive effects needs to be further evaluated in
high-quality clinical studies. While ASCs have
the undisputable advantage of being homogeneous and therefore more controlled, SVF and
microfat are easier to use and do not have to follow strict regulatory pathways. Overall, both are
associated with pros and cons, and only further
research studies will allow to identify the best
approach for the different musculoskeletal
pathologies and the different type of patient.

Take-Home Messages

• The presence of ASCs within the adipose tissue has drawn significant clinical
attention due to their purported paracrine
effects and multipotent differentiation
capacity. Practical methods to exploit the
properties of adipose tissue at the point
of care, such as SVF and microfat, have
been developed to promote an efficient
use into the clinical setting.
• ASCs, SVF, or microfat can be delivered in association with surgery for the

treatment of local defects or through
injection to damaged sites to treat wider
areas of degeneration.
• The main therapeutic effect of ASCs
and adipose-derived products is mainly
mediated by the release of soluble factors as well as by exosomes that interact
with the resident cells creating a pro-
regenerative microenvironment.
• The efficacy of ASCs, SVF, and microfat for the treatment of several musculoskeletal conditions, as well as their
safety profile, is well documented in
both in vitro and preclinical studies.
Therefore, there is a high potential of
the individual fat component to be used
in regenerative medicine.
• While ASCs have the undisputable
advantage of being homogeneous and
therefore more controlled, SVF and
microfat are easier to use and do not
have to follow strict regulatory pathways. Further research studies will
allow to identify the best approach for
the different musculoskeletal pathologies and type of patient.

References
1. Schäffler A, Büchler C. Concise review: adipose
tissue-derived stromal cells-basic and clinical implications for novel cell-based therapies. Stem Cells
Wiley. 2007;25:818–27.
2. Casteilla L, Dani C. Adipose tissue-derived cells:
From physiology to regenerative medicine. Diabetes
Metab. Elsevier Masson SAS. 2006:393–401.
3. Li Y, Meng Y, Yu X. The unique metabolic characteristics of bone marrow adipose tissue. Front
Endocrinol. Frontiers Media S.A. 2019:69.
4. Mazini L, Rochette L, Amine M, Malka
G. Regenerative capacity of adipose derived
stem cells (ADSCs), comparison with mesenchymal stem cells (MSCs). Int J Mol Sci. MDPI AG.
2019;20:2523.
5. Chu D-T, Nguyen Thi Phuong T, Tien NLB, Tran
DK, Minh LB, Van Thanh V, et al. Adipose tissue
stem cells for therapy: an update on the progress of
isolation, culture, storage, and clinical application. J
Clin Med. MDPI AG. 2019;8:917.

3

Adipose-Derived Stem/Stromal Cells, Stromal Vascular Fraction, and Microfragmented Adipose Tissue
6. Casteilla L. Adipose-derived stromal cells: their
identity and uses in clinical trials, an update. World
J Stem Cells. Baishideng Publishing Group Inc.
2011;3:25.
7. Polancec D, Zenic L, Hudetz D, Boric I, Jelec Z, Rod
E, et al. Immunophenotyping of a stromal vascular
fraction from microfragmented Lipoaspirate used in
osteoarthritis cartilage treatment and its lipoaspirate
counterpart. Genes (Basel). 2019;10(6):474.
8. Aronowitz
JA,
Lockhart
RA,
Hakakian
CS. Mechanical versus enzymatic isolation of stromal vascular fraction cells from adipose tissue.
SpringerPlus. 2015;4:1–9.
9. Shah FS, Wu X, Dietrich M, Rood J, Gimble JM. A
non-enzymatic method for isolating human adipose tissue-derived stromal stem cells. Cytotherapy.
Elsevier Inc. 2013;15:979–85.
10. Vezzani B, Shaw I, Lesme H, Yong L, Khan N,
Tremolada C, et al. Higher pericyte content and
secretory activity of microfragmented human adipose tissue compared to enzymatically derived
stromal vascular fraction. Stem Cells Transl Med.
2018;7:876–86.
11. Carelli S, Messaggio F, Canazza A, Hebda DM,
Caremoli F, Latorre E, et al. Characteristics and
properties of mesenchymal stem cells derived
from microfragmented adipose tissue. Cell
Transplant. SAGE Publications Inc. 2015;24:
1233–52.
12. Rodriguez J, Pratta A-S, Abbassi N, Fabre H,
Rodriguez F, Debard C, et al. Evaluation of three
devices for the isolation of the stromal vascular
fraction from adipose tissue and for ASC culture:
a comparative study [internet]. Stem Cells Int.
2017:e9289213.
13. Leto Barone AA, Khalifian S, Lee WPA, Brandacher
G. Immunomodulatory effects of adipose-derived
stem cells: fact or fiction? Biomed Res Int.
2013;2013:383685.
14. Koh YG, Choi YJ. Infrapatellar fat pad-derived mesenchymal stem cell therapy for knee osteoarthritis.
Knee. 2012;19:902–7.
15. Koh YG, Choi YJ, Kwon SK, Kim YS, Yeo
JE. Clinical results and second-look arthroscopic
findings after treatment with adipose-derived stem
cells for knee osteoarthritis. Knee Surg Sports
Traumatol Arthrosc. 2015;23:1308–16.
16. Comella K, Blas JAP, Ichim T, Lopez J, Limon J,
Moreno RC. Autologous stromal vascular fraction
in the intravenous treatment of end-stage chronic
obstructive pulmonary disease: a phase I trial of
safety and tolerability. J Clin Med Res. Elmer Press,
Inc. 2017;9:701–8.
17. Lopa S, Colombini A, Moretti M, de Girolamo
L. Injective mesenchymal stem cell-based treatments for knee osteoarthritis: from mechanisms
of action to current clinical evidences. Knee Surg
Sports Traumatol Arthrosc. 2019;27:2003–20.
18. Nielsen FM, Riis SE, Andersen JI, Lesage R, Fink T,
Pennisi CP, et al. Discrete adipose-derived stem cell

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

57

subpopulations may display differential functionality after in vitro expansion despite convergence to
a common phenotype distribution. Stem Cell Res
Ther. BioMed Central Ltd. 2016;7:1–13.
Alvarez-Viejo M, Menendez-Menendez Y, Blanco-
Gelaz MA, Ferrero-Gutierrez A, Fernandez-
Rodriguez MA, Gala J, et al. Quantifying
mesenchymal stem cells in the mononuclear cell
fraction of bone marrow samples obtained for cell
therapy. Transplant Proc. 2013;45:434–9.
Gomez-Salazar
M,
Gonzalez-Galofre
ZN,
Casamitjana J, Crisan M, James AW, Péault B. Five
decades later, are mesenchymal stem cells still relevant? Front Bioeng Biotechnol [Internet] Frontiers.
2020;8:148.
Crisan M, Yap S, Casteilla L, Chen C-W, Corselli M,
Park TS, et al. A perivascular origin for mesenchymal stem cells in multiple human organs. Cell Stem
Cell. 2008;3:301–13.
Dominici M, Le Blanc K, Mueller I, Slaper-
Cortenbach I, Marini FC, Krause DS, et al.
Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for
Cellular Therapy position statement. Cytotherapy.
2006;8:315–7.
Bourin P, Bunnell BA, Casteilla L, Dominici M, Katz
AJ, March KL, et al. Stromal cells from the adipose
tissue-derived stromal vascular fraction and culture
expanded adipose tissue-derived stromal/stem cells:
a joint statement of the International Federation for
Adipose Therapeutics and Science (IFATS) and the
International Society for Cellular Therapy (ISCT).
Cytotherapy. Elsevier. 2013;15:641–8.
Domergue S, Bony C, Maumus M, Toupet K, Frouin
E, Rigau V, et al. Comparison between stromal
vascular fraction and adipose mesenchymal stem
cells in remodeling hypertrophic scars. PLoS One.
2016;11. Public Library of Science.
Nyberg E, Farris A, O’Sullivan A, Rodriguez R,
Grayson W. Comparison of stromal vascular fraction
and passaged adipose-derived stromal/stem cells as
point-of-care agents for bone regeneration. Tissue
Eng Part A. Mary Ann Liebert Inc. 2019;25:1459–69.
Pittenger MF, Discher DE, Péault BM, Phinney DG,
Hare JM, Caplan AI. Mesenchymal stem cell perspective: cell biology to clinical progress. Npj Regen
Med Nat Res. 2019:1–15.
Peng Q, Alipour H, Porsborg S, Fink T, Zachar
V. Evolution of ASC Immunophenotypical subsets during expansion in vitro. Int J Mol Sci.
Multidisciplinary Digital Publishing Institute.
2020;21:1408.
Dominici M, Paolucci P, Conte P, Horwitz
EM. Heterogeneity of multipotent mesenchymal
stromal cells: from stromal cells to stem cells and
vice versa. Transplantation. 2009;87:S36–42.
Samsonraj RM, Raghunath M, Nurcombe V, Hui
JH, van Wijnen AJ, Cool SM. Concise review:
multifaceted characterization of human mesenchymal stem cells for use in regenerative medicine.

E. Ragni et al.

58

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Stem Cells Transl Med. John Wiley and Sons Ltd.
2017;6:2173–85.
Varghese J, Griffin M, Mosahebi A, Butler
P. Systematic review of patient factors affecting
adipose stem cell viability and function: implications for regenerative therapy. Stem Cell Res Ther.
2017;8:45.
De Girolamo L, Lopa S, Arrigoni E, Sartori MF,
Baruffaldi Preis FW, Brini AT. Human adipose-
derived stem cells isolated from young and elderly
women: their differentiation potential and scaffold
interaction during in vitro osteoblastic differentiation. Cytotherapy. Elsevier Inc. 2009;11:793–803.
D’Ippolito G, Schiller PC, Ricordi C, Roos BA,
Howard GA. Age-related osteogenic potential of mesenchymal stromal stem cells from
human vertebral bone marrow. J Bone Miner Res.
1999;14:1115–22.
Gonzalez-Garza MT, Cruz-Vega DE. Regenerative
capacity of autologous stem cell transplantation in
elderly: a report of biomedical outcomes. Regen
Med. Future Medicine Ltd. 2017;12:169–78.
Mitterberger MC, Mattesich M, Zwerschke
W. Bariatric surgery and diet-induced long-term
caloric restriction protect subcutaneous adipose-
derived stromal/progenitor cells and prolong their
life span in formerly obese humans. Exp Gerontol.
Elsevier Inc. 2014;56:106–13.
Moschen AR, Molnar C, Geiger S, Graziadei I,
Ebenbichler CF, Weiss H, et al. Anti-inflammatory
effects of excessive weight loss: potent suppression of adipose interleukin 6 and tumour necrosis
factor a expression. Gut. BMJ Publishing Group.
2010;59:1259–64.
Faustini M, Bucco M, Chlapanidas T, Lucconi G,
Marazzi M, Tosca MC, et al. Nonexpanded mesenchymal stem cells for regenerative medicine: yield
in stromal vascular fraction from adipose tissues.
Tissue Eng Part C Methods. 2010;16:1515–21.
Padoin AV, Braga-Silva J, Martins P, Rezende
K, Rezende ARDR, Grechi B, et al. Sources of
processed lipoaspirate cells: influence of donor
site on cell concentration. Plast Reconstr Surg.
2008;122:614–8.
Geissler PJ, Davis K, Roostaeian J, Unger J, Huang
J, Rohrich RJ. Improving fat transfer viability:
the role of aging, body mass index, and harvest
site. Plast Reconstr Surg. Lippincott Williams and
Wilkins. 2014;134:227–32.
Jurgens WJFM, Oedayrajsingh-Varma MJ, Helder
MN, ZandiehDoulabi B, Schouten TE, Kuik DJ,
et al. Effect of tissue-harvesting site on yield of
stem cells derived from adipose tissue: implications for cell-based therapies. Cell Tissue Res.
2008;332:415–26.
Yorukoglu AC, Kiter AE, Akkaya S, Satiroglu-
Tufan NL, Tufan AC. A concise review on the use
of mesenchymal stem cells in cell sheet-based tissue
engineering with special emphasis on bone tissue
regeneration. Stem Cells Int. 2017;2017:2374161.

41. Si Z, Wang X, Sun C, Kang Y, Xu J, Wang X,
et al. Adipose-derived stem cells: sources, potency,
and implications for regenerative therapies.
Biomed Pharmacother. Elsevier Masson SAS.
2019;114:108765.
42. Hutton DL, Grayson WL. Hypoxia inhibits de novo
vascular assembly of adipose-derived stromal/stem
cell populations, but promotes growth of preformed
vessels. Tissue Eng Part A. 2016;22:161–9.
43. Jae WL, Gupta N, Serikov V, Matthay MA. Potential
application of mesenchymal stem cells in acute lung
injury. Expert Opin Biol Ther. NIH Public Access.
2009;9:1259–70.
44. Basu J, Ludlow JW. Developments in tissue engineered and regenerative medicine products: a practical approach. Developments in tissue engineered
and regenerative medicine products: a practical
approach. Elsevier Ltd; 2012.
45. Gnecchi M, Danieli P, Malpasso G, Ciuffreda
MC. Paracrine mechanisms of mesenchymal stem
cells in tissue repair. Methods Mol Biol. Humana
Press Inc. 2016;1416:123–46.
46. Madrigal M, Rao KS, Riordan NH. A review of therapeutic effects of mesenchymal stem cell secretions
and induction of secretory modification by different
culture methods. J Transl Med. BioMed Central Ltd.
2014;12:260.
47. Caplan AI, Correa D. The MSC: an injury drugstore.
Cell Stem Cell. Cell Press. 2011;9:11–5.
48. Murphy MB, Moncivais K, Caplan AI. Mesenchymal
stem cells: environmentally responsive therapeutics
for regenerative medicine. Exp Mol Med. Nature
Publishing Group. 2013;45:e54.
49. Rawat S, Gupta S, Mohanty S. Mesenchymal stem
cells modulate the immune system in developing
therapeutic interventions. Immune response activation and immunomodulation. IntechOpen; 2019.
50. Vasandan AB, Jahnavi S, Shashank C, Prasad P,
Kumar A, Jyothi PS. Human mesenchymal stem
cells program macrophage plasticity by altering their
metabolic status via a PGE 2 -dependent mechanism. Sci Rep. Nature Publishing Group. 2016;6.
51. Fernandes TL, Gomoll AH, Lattermann C,
Hernandez AJ, Bueno DF, Amano MT. Macrophage:
a potential target on cartilage regeneration. Front
Immunol. Frontiers Media S.A. 2020;11:111.
52. Denkovskij J, Bagdonas E, Kusleviciute I,
Mackiewicz Z, Unguryte A, Porvaneckas N, et al.
Paracrine Potential of the Human Adipose Tissue-
Derived Stem Cells to Modulate Balance between
Matrix Metalloproteinases and Their Inhibitors in the
Osteoarthritic Cartilage In Vitro. hindawi.com. 2017.
53. Viganò M, Lugano G, Orfei CP, Menon A, Ragni
E, Colombini A, et al. Autologous microfragmented adipose tissue reduces the catabolic and
fibrosis response in an in vitro model of tendon cell
inflammation. Stem Cells Int. Hindawi Publishing
Corporation. 2019;2019:5620286.
54. Théry C, Witwer KW, Aikawa E, Alcaraz MJ,
Anderson JD, Andriantsitohaina R, et al. Minimal

3

Adipose-Derived Stem/Stromal Cells, Stromal Vascular Fraction, and Microfragmented Adipose Tissue

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

information for studies of extracellular vesicles
2018 (MISEV2018): a position statement of the
International Society for Extracellular Vesicles and
update of the MISEV2014 guidelines. J Extracell
Vesicles. Taylor and Francis Ltd. 2018;7:1535750.
Hong P, Yang H, Wu Y, Li K, Tang Z. The functions and clinical application potential of exosomes
derived from adipose mesenchymal stem cells: a
comprehensive review. Stem Cell Res Ther. BioMed
Central Ltd. 2019:1–12.
Zhang M, Zhang F, Sun J, Sun Y, Xu L, Zhang D,
et al. The condition medium of mesenchymal stem
cells promotes proliferation, adhesion and neuronal
differentiation of retinal progenitor cells. Neurosci
Lett. Elsevier Ireland Ltd. 2017;657:62–8.
Burrello J, Monticone S, Gai C, Gomez Y, Kholia
S, Camussi G. Stem cell-derived extracellular vesicles and immune-modulation. Front Cell Dev Biol.
Frontiers Media S.A. 2016.
van den Akker F, Vrijsen KR, Deddens JC, Buikema
JW, Mokry M, van Laake LW, et al. Suppression of T
cells by mesenchymal and cardiac progenitor cells is
partly mediated via extracellular vesicles. Heliyon.
Elsevier Ltd. 2018;4:e00642.
Cosenza S, Toupet K, Maumus M, Luz-Crawford P,
Blanc-Brude O, Jorgensen C, et al. Mesenchymal
stem cells-derived exosomes are more immunosuppressive than microparticles in inflammatory arthritis. Theranostics. Ivyspring International Publisher.
2018;8:1399–410.
Lee M, Ban JJ, Yang S, Im W, Kim M. The exosome
of adipose-derived stem cells reduces β-amyloid
pathology and apoptosis of neuronal cells derived
from the transgenic mouse model of Alzheimer’s
disease. Brain Res. Elsevier B.V. 2018;1691:87–93.
Shen H, Yoneda S, Abu-Amer Y, Guilak F,
Gelberman RH. Stem cell-derived extracellular vesicles attenuate the early inflammatory response after
tendon injury and repair. J Orthop Res. John Wiley
and Sons Inc. 2020;38:117–27.
Mianehsaz E, Mirzaei HR, Mahjoubin-Tehran M,
Rezaee A, Sahebnasagh R, Pourhanifeh MH, et al.
Mesenchymal stem cell-derived exosomes: a new
therapeutic approach to osteoarthritis? Stem Cell
Res Ther. BioMed Central Ltd. 2019.
Yin K, Wang S, Zhao RC. Exosomes from mesenchymal stem/stromal cells: a new therapeutic paradigm. Biomark Res. BioMed Central Ltd. 2019;7:8.
Vasiliadis AV, Galanis N. Effectiveness of AD-MSCs
injections for the treatment of knee osteoarthritis:
analysis of the current literature. J Stem Cells Regen
Med. 2020;16:3–9.
Di Matteo B, Vandenbulcke F, Vitale ND, Iacono F,
Ashmore K, Marcacci M, et al. Minimally manipulated mesenchymal stem cells for the treatment of
knee osteoarthritis: a systematic review of clinical
evidence. Stem Cells Int. 2019;2019:1735242.
Robinson DM, Eng C, Makovitch S, Rothenberg JB,
DeLuca S, Douglas S, et al. Non-operative orthobiologic use for rotator cuff disorders and gleno-

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

59

humeral osteoarthritis: a systematic review. J Back
Musculoskelet Rehabil. 2020;34:17.
Hiligsmann M, Cooper C, Arden N, Boers M,
Branco JC, Luisa Brandi M, et al. Health economics
in the field of osteoarthritis: an Expert’s consensus
paper from the European Society for Clinical and
Economic Aspects of Osteoporosis and Osteoarthritis
(ESCEO). Semin Arthritis Rheum. 2013;43:303–13.
Bendich I, Rubenstein WJ, Cole BJ, Ma CB, Feeley
BT, Lansdown DA. What is the appropriate Price
for PRP injections for knee osteoarthritis? A cost-
effectiveness analysis based on evidence from level
1 randomized controlled trials. Arthroscopy. Elsevier
BV. 2020.
Mehranfar S, Abdi Rad I, Mostafavi E, Akbarzadeh
A. The use of stromal vascular fraction (SVF),
platelet-
rich plasma (PRP) and stem cells in the
treatment of osteoarthritis: an overview of clinical
trials. Artif Cells Nanomed Biotechnol. Taylor and
Francis Ltd. 2019;47:882–90.
Colombini A, Perucca Orfei C, Kouroupis D, Ragni
E, De Luca P, ViganÒ M, et al. Mesenchymal stem
cells in the treatment of articular cartilage degeneration: new biological insights for an old-timer cell.
Cytotherapy. 2019;21:1179–97.
Torres-Torrillas M, Rubio M, Damia E, Cuervo B,
Del Romero A, Peláez P, et al. Adipose-derived
mesenchymal stem cells: a promising tool in the
treatment of musculoskeletal diseases. Int J Mol Sci.
MDPI AG. 2019;20:3105.
De Girolamo L, Niada S, Arrigoni E, Di Giancamillo
A, Domeneghini C, Dadsetan M, et al. Repair of
osteochondral defects in the minipig model by OPF
hydrogel loaded with adipose-derived mesenchymal stem cells. Regen Med. Future Medicine Ltd.
2015;10:135–51.
Hsu YK, Sheu SY, Wang CY, Chuang MH, Chung
PC, Luo YS, et al. The effect of adipose-derived mesenchymal stem cells and chondrocytes with platelet-
rich fibrin releasates augmentation by intra-articular
injection on acute osteochondral defects in a rabbit
model. Knee. Elsevier B.V. 2018;25:1181–91.
Feng C, Luo X, He N, Xia H, Lv X, Zhang X, et al.
Efficacy and persistence of allogeneic adipose-
derived mesenchymal stem cells combined with
hyaluronic acid in osteoarthritis after intra-articular
injection in a sheep model. Tissue Eng Part A.
2018;24:219–33.
Oshima T, Nakase J, Toratani T, Numata H, Takata Y,
Nakayama K, et al. A scaffold-free allogeneic construct from adipose-derived stem cells regenerates
an osteochondral defect in a rabbit model.
Arthroscopy. W.B. Saunders. 2019;35:583–93.
Rubio M, Sopena J, Carrillo JM, Cugat R,
Dominguez JM, Vilar J, et al. Hip osteoarthritis in
dogs: a randomized study using mesenchymal stem
cells from adipose tissue and plasma rich in growth
factors. Int J Mol Sci. MDPI AG. 2014;15:13437–60.
Vilar JM, Batista M, Morales M, Santana A,
Cuervo B, Rubio M, et al. Assessment of the effect

60

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

E. Ragni et al.
tendon repair: biomechanical and immunohistoof intraarticular injection of autologous adiposechemical evaluation. J Plast Reconstr Aesthet Surg.
derived mesenchymal stem cells in osteoarthritic
2012;65:1712–9.
dogs using a double blinded force platform analysis.
89. Oshita T, Tobita M, Tajima S, Mizuno H. Adipose-
BMC Vet Res. BioMed Central Ltd. 2014;10:143.
derived stem cells improve collagenase-induced tenOlsen A, Johnson V, Webb T, Santangelo KS, Dow
dinopathy in a rat model. Am J Sports Med. SAGE
S, Duerr FM. Evaluation of intravenously delivPublications Inc. 2016;44:1983–9.
ered allogeneic mesenchymal stem cells for treat90. Skutella T. Autologous adipose tissue-derived
ment of elbow osteoarthritis in dogs: a pilot study.
mesenchymal stem cells affect the regeneration of
Vet Comp Orthop Traumatol. Georg Thieme Verlag.
equine tendon lesions. Ommega Int. 2016;1:1–8.
2019;32:173–81.
91. Carvalho ADM, Badial PR, Álvarez LEC, Yamada
Jurgens WJFM, Kroeze RJ, Zandieh-Doulabi B, van
ALM, Borges AS, Deffune E, et al. Equine tendonDijk A, Renders GAP, Smit TH, et al. One-step suritis therapy using mesenchymal stem cells and plategical procedure for the treatment of osteochondral
let concentrates: a randomized controlled trial. Stem
defects with adipose-derived stem cells in a caprine
Cell Res Ther. 2013;4:85.
knee defect: a pilot study. Biores Open Access. Mary
92. Randelli P, Menon A, Ragone V, Creo P, Bergante
Ann Liebert Inc. 2013;2:315–25.
S, Randelli F, et al. Lipogems product treatment
Xu T, Yu X, Yang Q, Liu X, Fang J, Dai
increases the proliferation rate of human tendon stem
X. Autologous micro-fragmented adipose tissue as
cells without affecting their Stemness and differentistem cell-based natural scaffold for cartilage defect
ation capability. Stem Cells Int. 2016;2016:4373410.
repair. Cell Transplant. SAGE Publications Ltd.
93. Lu LY, Ma M, Cai JF, Yuan F, Zhou W, Luo SL, et al.
2019;28:1709–20.
Effects of local application of adipose-derived stroFilardo G, Tschon M, Perdisa F, Brogini S, Cavallo
mal vascular fraction on tendon-bone healing after
C, Desando G, et al. Micro-fragmentation is a valid
rotator cuff tear in rabbits. Chin Med J. Wolters
alternative to cell expansion and enzymatic digestion
Kluwer Medknow Publications. 2018;131:2620–2.
of adipose tissue for the treatment of knee osteoar94. Morcos MW, Al-Jallad H, Hamdy R. Comprehensive
thritis: a comparative preclinical study. Knee Surg
review of adipose stem cells and their implication
Sports Traumatol Arthrosc. [Internet]. 2021.
in distraction osteogenesis and bone regeneration.
Ahmad Z, Wardale J, Brooks R, Henson F, Noorani
Biomed Res Int. 2015;2015:842975.
A, Rushton N. Exploring the application of stem
95. Mousaei Ghasroldasht M, Matin MM, Kazemi
cells in tendon repair and regeneration. Arthroscopy.
Mehrjerdi H, Naderi-Meshkin H, Moradi A,
W.B. Saunders. 2012;28:1018–29.
Rajabioun M, et al. Application of mesenchymal
Ni M, Lui PPY, Rui YF, Lee WYW, Lee WYW, Tan
stem cells to enhance non-union bone fracture healQ, et al. Tendon-derived stem cells (TDSCs) proing. J Biomed Mater Res A. John Wiley and Sons
mote tendon repair in a rat patellar tendon window
Inc. 2019;107:301–11.
defect model. J Orthop Res. John Wiley and Sons
96. Sohn HS, Oh JK. Review of bone graft and bone
Inc. 2012;30:613–9.
substitutes with an emphasis on fracture surgeries.
Schneider M, Angele P, Järvinen TAH, Docheva
Biomater Res. BioMed Central Ltd. 2019:9.
D. Rescue plan for Achilles: therapeutics steer97. Yoon D, Kang BJ, Kim Y, Lee SH, Rhew D, Kim
ing the fate and functions of stem cells in tendon
WH, et al. Effect of serum-derived albumin scafwound healing. Adv Drug Deliv Rev. Elsevier B.V.
fold and canine adipose tissue-derived mesenchymal
2018;129:352–75.
stem cells on osteogenesis in canine segmental bone
de Aro A, Carneiro G, Teodoro L, da Veiga F,
defect model. J Vet Sci. Korean Society of Veterinary
Ferrucci D, Simões G, et al. Injured Achilles tendons
Science. 2015;16:397–404.
treated with adipose-derived stem cells transplanta98. Dozza B, Salamanna F, Baleani M, Giavaresi G,
tion and GDF-5. Cell. MDPI AG. 2018;7:127.
Parrilli A, Zani L, et al. Nonunion fracture healing:
Schneider PRA, Buhrmann C, Mobasheri A, Matis
evaluation of effectiveness of demineralized bone
U, Shakibaei M. Three-dimensional high-density
matrix and mesenchymal stem cells in a novel sheep
co-culture with primary tenocytes induces tenogenic
bone nonunion model. J Tissue Eng Regener Med.
differentiation in mesenchymal stem cells. J Orthop
2018;12:1972–85.
Res. 2011;29:1351–60.
Kokubu S, Inaki R, Hoshi K, Hikita A. Adipose- 99. Gimble JM, Guilak F. Adipose-derived adult stem
cells: isolation, characterization, and differentiation
derived stem cells improve tendon repair and prevent
potential. Cytotherapy. Elsevier Inc. 2003;5:362–9.
ectopic ossification in tendinopathy by inhibiting
inflammation and inducing neovascularization in the 100. Halvorsen YDC, Franklin D, Bond AL, Hitt DC,
Auchter C, Boskey AL, et al. Extracellular matrix
early stage of tendon healing. Regen Ther. Japanese
mineralization and osteoblast gene expression by
Society of Regenerative Medicine. 2020;14:103–10.
human adipose tissue-derived stromal cells. Tissue
Uysal CA, Tobita M, Hyakusoku H, Mizuno
Eng. 2001;7:729–41.
H. Adipose-derived stem cells enhance primary

3

Adipose-Derived Stem/Stromal Cells, Stromal Vascular Fraction, and Microfragmented Adipose Tissue

101. Jeon O, Rhie JW, Kwon IK, Kim JH, Kim BS, Lee
SH. In vivo bone formation following transplantation of human adipose-derived stromal cells that
are not differentiated osteogenically. Tissue Eng
A. Mary Ann Liebert Inc. 2008;14:1285–94.
102. Li X, Yao J, Wu L, Jing W, Tang W, Lin Y, et al.
Osteogenic induction of adipose-derived stromal
cells: not a requirement for bone formation in vivo.
Artif Organs. 2010;34:46–54.
103. Sunay O, Can G, Cakir Z, Denek Z, Kozanoglu I,
Erbil G, et al. Autologous rabbit adipose tissue-
derived mesenchymal stromal cells for the treatment of bone injuries with distraction osteogenesis.
Cytotherapy. 2013;15:690–702.
104. Nomura I, Watanabe K, Matsubara H, Hayashi K,
Sugimoto N, Tsuchiya H. Uncultured autogenous
adipose-derived regenerative cells promote bone formation during distraction osteogenesis in rats. Clin
Orthop Relat Res. 2014;472:3798–806.
105. Desando G, Bartolotti I, Cattini L, Tschon M,
Martini L, Fini M, et al. Prospects on the potential in vitro regenerative features of mechanically
treated-adipose tissue for osteoarthritis care. Stem
Cell Rev Rep. 2021;17(4):1362–73.
106. Mauro A. Satellite cell of skeletal muscle FIBERS. J
Biophys Biochem Cytol. 1961;9:493–5.
107. Anderson JE. The satellite cell as a companion
in skeletal muscle plasticity: currency, conveyance, clue, connector and colander. J Exp Biol.
2006;209:2276–92.
108. Grogan BF, Hsu JR. Skeletal trauma research consortium. Volumetric muscle loss. J Am Acad Orthop
Surg. 2011;19(Suppl 1):S35–7.
109. Vieira NM, Brandalise V, Zucconi E, Jazedje T, Secco
M, Nunes VA, et al. Human multipotent adipose-
derived stem cells restore dystrophin expression of
Duchenne skeletal-muscle cells in vitro. Biol Cell.
2008;100:231–41.
110. Desiderio V, De Francesco F, Schiraldi C, De Rosa
A, La Gatta A, Paino F, et al. Human Ng2+ adipose
stem cells loaded in vivo on a new crosslinked hyaluronic acid-Lys scaffold fabricate a skeletal muscle
tissue. J Cell Physiol. 2013;228:1762–73.
111. Milner DJ, Bionaz M, Monaco E, Cameron JA,
Wheeler MB. Myogenic potential of mesenchymal

112.

113.

114.

115.

116.

117.

118.

119.

61

stem cells isolated from porcine adipose tissue. Cell
Tissue Res. 2018;372:507–22.
Liu Y, Yan X, Sun Z, Chen B, Han Q, Li J, et al.
Flk-1+ adipose-derived mesenchymal stem cells
differentiate into skeletal muscle satellite cells and
ameliorate muscular dystrophy in mdx mice. Stem
Cells Dev. 2007;16:695–706.
Kesireddy V. Evaluation of adipose-derived
stem cells for tissue-engineered muscle repair
construct-
mediated repair of a murine model of
volumetric muscle loss injury. Int J Nanomedicine.
2016;11:1461–73.
Peçanha R, de Bagno LLES, Ribeiro MB, Robottom
Ferreira AB, Moraes MO, Zapata-Sudo G, et al.
Adipose-derived stem-cell treatment of skeletal muscle injury. J Bone Joint Surg Am. 2012;94:609–17.
Pilny E, Smolarczyk R, Jarosz-Biej M, Hadyk A,
Skorupa A, Ciszek M, et al. Human ADSC xenograft
through IL-6 secretion activates M2 macrophages
responsible for the repair of damaged muscle tissue.
Stem Cell Res Ther. 2019;10:93.
Tauber Z, Cizkova K, Janikova M, Jurcikova J,
Vitkova K, Pavliska L, et al. Serum C-peptide level
correlates with the course of muscle tissue healing in
the rabbit model of critical limb ischemia. Biomed
Pap Med Fac Univ Palacky Olomouc Czech Repub.
2019;163:132–40.
Mitchell R, Mellows B, Sheard J, Antonioli M, Kretz
O, Chambers D, et al. Secretome of adipose-derived
mesenchymal stem cells promotes skeletal muscle
regeneration through synergistic action of extracellular vesicle cargo and soluble proteins. Stem Cell
Res Ther. 2019;10:116.
Zimowska M, Archacka K, Brzoska E, Bem J,
Czerwinska AM, Grabowska I, et al. IL-4 and SDF-1
increase adipose tissue-derived stromal cell ability to
improve rat skeletal muscle regeneration. Int J Mol
Sci. 2020;21.
Huang H, Liu J, Hao H, Chen D, Zhizhong L, Li
M, et al. Preferred M2 polarization by ASC-based
hydrogel accelerated angiogenesis and m
 yogenesis
in volumetric muscle loss rats. Stem Cells Int.
2017;2017:2896874.

