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Abstract

Adipose tissue mesenchymal stem cells (AD-MSC or ADSC) are multipotent cells 
that do not show immune rejection. In this work, we analyze the route of administra-
tion and its possible differentiation into specific lineages of adipogenic, chondro-
genic, osteogenic, myogenic, or neurogenic phenotypes. Transplanted cells induced 
tissue repair by inducing angiogenic, anti-inflammatory, and immunomodulatory 
effects (IDO, PG-2, nitric oxide, and some cytokine signaling). The ADSC exert 
these tissue repair processes through the release of chemokines and growth factors in 
a paracrine manner. Other fat-derived stem cells such as perivascular adipose tissue 
cells (PVAT) and muse cells induced reparative effects. Cell-free therapy using stro-
mal vascular fraction (SVF) or the use of exosomes releasing miRNAs and cytokines 
also confirmed their safety and efficacy in vitro. Several published preclinical and 
clinical trials with AD-MSC confirmed their beneficial effects to repair and prevent 
chronic-degenerative pathologies. In this chapter, we review AD-MSC-based thera-
pies that have used preclinical rodent models of disease for cartilage repair, regenera-
tion of the peripheral and central nervous system, dental bone, myocardium, and 
liver, and in the treatment of perianal fistula in Chron’s disease, and in wound and 
skin fibrosis repair. In addition, this work also includes clinical studies with AD-MSC 
or other fat-derived stem cells in patients with various pathologies.

Keywords: regenerative medicine, stem cells, adipose tissue mesenchymal stem cells 
(AD-MSC), adipose-derived stem cells (ADSC), exosomes, stromal vascular fraction 
(SVF), clinical applications of adipose stem cells; neurorepair, skin repair, cartilage 
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1. Introduction

1.1 Mesenchymal stem cells from adipose tissue (AD-MSC): Characteristics and 
markers

Adipose tissue secretes adiponectin, leptin, and other adipokines involved in 
metabolic functions [1]. The incidence of obesity in the world is high, and adipose 
tissue aspiration (liposuction-lipoaspiration) is an esthetic surgical procedure that 
reduces the amount of unwanted fat and also allows the isolation of autologous 
adipose-derived stem cells (SC) (ADSC) [2]. Adipose-derived mesenchymal stromal 
cells (AD-MSC) play a role in maintaining adipocyte populations and promote tissue’s 
regenerative effects. Adipose tissue is an abundant, reliable, safe and feasible source 
for mesenchymal stromal cell isolation. Adipose tissue contains a large number of 
multipotent stem cells called adipose mesenchymal stromal cells (AD-MSC) and 
lipoblasts, among other components, capable of differentiating into specific lineages, 
such as adipogenic, chondrogenic, osteogenic, myogenic or neurogenic [3]. However, 
AD-MSC obtained from subcutaneous fat deposits or abdominal fat is a heteroge-
neous cell population, and individual differences could affect autologous transplants 
while allogenic transplants have the risk of immune rejection [4]. On the other hand, 
the efficacy and functionality of transplanted MSC depend on number of trans-
planted cells, route of infusion, and frequency of administration [5–9]. However, the 
number of AD-MSC transplants that reach the damaged tissue is low, although MSC 
can differentiate into the specific cell type to replace it, given its multipotentiality.

It is known that multiple doses infusion of AD-MSC offer longer cell persistence 
and are more effective than a single dose [9, 10]. It is also worthy to mention that 
intravenous infusion of ADSC (or stem cells in general) lead to their accumulation 
into the lung [11, 12], which could reduce the clinical efficacy of these transplanted 
SC [13]. Inflammation produces chemokines (chemotactic cytokines) that recruit 
MSC to damaged tissues. Homing or recruitment of stem cells to damaged tissues 
depends on the route of administration [14–20].

One advantage of fat is its safety and easy procedure for SC isolation under local 
anesthesia, making it less invasive than the puncture technique [21]. In addition, fat 
from liposuction can be preserved in biobanks for long periods of time at −85°C with 
cryoprotective agents. This fat can be isolated throughout life, although there are differ-
ences regarding the origin of fat in the number of cells obtained [1, 2]. In addition, the 
proliferative capacity of isolated cells is greater in fatty deposits of young than in older 
patients [22]. However, the composition of fat-derived SCs (or their subpopulations) 
varies between laboratories and preparations, probably due to the lack of standardization 
of in vitro isolation protocols [23–26]. The number of MSCs is limited and its proliferation 
capacity decreases with successive passages in vitro [27]. ADSC can adhere to plastic in 
vitro and maintain a normal karyotype in vitro through several growth passages (teen), 
although its capacity of expansion progressively decreases in vitro [28]. Thus, the multipo-
tential capacity of differentiation into a wide variety of cell types converts them into good 
candidates for biomedical applications. In fact, several studies have confirmed the long-
term safety of AD-MSC in rodent models of disease and clinical trials without adverse 
effects or tumorigenesis [29–31]. Finally, adipose/fat tissue provides an abundant source 
of stromal vascular fraction (SVF) cells while exosomes (exo) are nanovesicles derived 
vesicles released by SC that contain many soluble factors involved in cell repair [32].

Mesenchymal stem cells (MSC) are a multipotential heterogeneous population 
of stromal cells that adhere to the plastic, including AD-MSC [33–35]. MSC can be 
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isolated from bone marrow, adipose tissue, peripheral blood, Wharton’s jelly from 
the umbilical cord, venous walls, placenta, periosteum, trabecular bone, or teeth, 
including the periodontal ligament, among other tissues [36–39]. The main criteria 
that identify MSC are their ability to adhere to the plastic in vitro, their fibroblast-
type morphology, and the capacity of differentiation in vitro into cells of mesodermal 
origin (chondrocytes, adipocytes, and osteoblasts) [36–40]. The first characterization 
of these cells, obtained from human lipoaspirates, was demonstrated by Patricia Zuk 
and coworkers [41, 42]. It was in 2004 when the International Federation for Adipose 
Therapeutic and Science (IFATS) decided to unify the different nomenclatures of SC 
derived from the vasculo-stromal fraction of adipose tissue with the acronym ADSC 
(Adipose-derived Stem cells), including the mesenchymal stem cells from adipose 
tissues (MS-ADSC) [33, 35]. During the aforementioned congress, this type of cells 
was defined as fibroblast morphology cells able to adhere to the Petri dish in vitro, 
isolated from the stromal fraction of fat and with the capacity for self-renewal for 
long periods, and able to differentiate into adipocytes, chondrocytes, and osteocytes. 
ADSC are positive for the surface markers Stro-1 (stromal precursor antigen-1), CD73 
CD29, CD44, CD90, CD105 and also are negative for the hematopoietic markers 
(CD34 and CD45) [36–45]. Table 1 compares the properties of bone marrow-derived 
MSC (BM-MSC) with ADSC (see table). In addition, ADSC also expresses CD44 
(hyaluronic acid receptor), and adhesion molecules such as CD29 (integrin β1), CD90 
(Thy-1: thymocyte antigen-1), surface enzymes such as CD13 (aminopeptidase), 
CD71, CD105 (endoglin), CD73 (ecto-5′-nucleotidase). They also express CD49d 
(VLA4), CD106 (VCAM-1), and CD54 (ICAM-1) markers [46–48]. However, tissue-
resident MSC may also express the hematopoietic stem cell (HSC) marker CD34 [49]. 
Although freshly isolated ADSC can express CD34, long-term cultured ADSC do not, 
perhaps due to the artificial environment of the tissue culture plate [50].

On the other hand, perivascular stem cells are located in blood vessels, such as 
pericytes or vascular precursor SC [51, 52]. ADSC is predominantly associated with 
vascular structures in the adipose microvasculature having a CD34+/CD31 phenotype 
of capillary endothelial cells [50–53]. In fact, in fresh adipose tissues, CD34+ cells 
are located in the intima and adventitia layers of blood vessels. However, MSC even 
appear to be pericytes capable of stabilizing blood vessels and also contribute to tissue 

Parameter BM-MSC (Bone marrow derived mesenchymal 
stem cells)

AD-MSC (Mesenchymal 
stem cells from fat)

Quantity of isolated 
cells from donnor

Less abundant More abundant

Accessibility Poorly accessible (located in the bone) Highly accessible (located 
subcutaneously in fat)

Extraction procedure It requires general anesthesia It requires local anesthesia

Yield Lower efficiency in the number of isolated stem 
cells

Higher efficiency in the 
number of isolated stem cells

Does it require the 
use of mobilizers?

Yes, the treatment with G-CSF (granulocyte-
colony stimulating factor) enhances the number 
of isolated SC

Not required

BM-MSC: bone marrow mesenchymal stromal cells; MSC: mesenchymal stromal cells; AD-MSC: adipose-derived 
mesenchymal stromal cells.

Table 1. 
Differences between bone mesenchymal stem cells (BM-MSC) and adipose stem cells (AD-MSC).
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homeostasis, playing an active role in repairing against injury [53]. Following ADSC 
transplants, controversial results on their repair capabilities were observed in both 
preclinical models of the disease and in clinical trials [53, 54]. These discrepancies can 
be explained by the infusion route used, differences in the cell type, and in the dose of 
MSC applied, which may affect their clinical efficacy [7, 55]. Even so, the therapeutic 
success of ADSC has been confirmed in multiple studies [56, 57], although there are 
particular cases where results differ, given the lack of standardization among multi-
center clinical trials [58].

Finally, ADSC can be expanded in vitro as well as cryopreserved in biobanks under 
good manufacturing practices (GMP) [59]. In allogeneic transplants, the compatibil-
ity between donor and receptor depends on the histocompatibility antigens (HLA). 
Although allogeneic transplant often is well tolerated, the risk of immune rejection 
could occur after transplant [59–61].

1.2 �Differentiation capacity of adipose-derived stem cells (ADSC) into various 
cell types

ADSC are progenitor cells that have a high capacity to differentiate into mesen-
chymal lineages such as osteocytes, adipocytes, and chondrocytes [28], although they 
can also differentiate into non-mesenchymal lineages (hepatocytes, pancreatic β cells) 
[28, 62–64]. ADSC can differentiate into adipocytes or osteoblasts, as fat-inducing 
factors inhibit osteogenesis, and conversely, bone-inducing factors hinder adipogen-
esis. Several external signals regulate the balance of adipo-osteogenic differentiation, 
and dysregulations of these balances contribute to aging, obesity, osteoporosis, 
osteopenia, etc. The process of MSC differentiation into adipocytes or osteoblasts has 
attracted great attention because of its potential repair capabilities in treating certain 
pathologies [29].

1.2.1 Differentiation of adipose stem cells (ADSC) into mesenchymal lineages

As mentioned above, ADSC can be differentiated into adipogenic, osteogenic, and 
chondrogenic lineages [65].

1.2.1.1 Adipogenic differentiation of ADSC

Given the origin of ADSC, undifferentiated cells express genes such as leptin, 
lipoprotein lipase, and PPARgmama-2 (peroxisome proliferator-activated receptor 
gamma-2). Their ability to differentiate into the adipogenic lineage is maintained 
even after the cells have been transplanted [65]. ADSC cells are grown in adipogenic 
medium with indomethacin, dexamethasone, 3-isobutyl-methylxanthine, penicillin/
streptomycin, and rh-insulin, l-glutamine. Differentiated cells express the PPARγ2 
marker (peroxisome proliferator-activated receptor gamma 2) or Glut4 [65].

1.2.1.2 Osteogenic differentiation of ADSC

Osteogenic induction of ADSC takes place for 21 days after adding osteogenic 
factors to the culture medium, such as TGF-β and bone morphogenetic proteins 
(BMP), dexamethasone, vitamin D3 and ascorbic acid/ascorbate, among others [65]. 
The capacity for osteogenic differentiation is confirmed by Von Kossa or Alizarin Red 
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staining that identify mineralized matrix and calcium deposits at the histological level 
[66]. During differentiation of ADSC into osteoblasts, the expression of bone markers 
and mineralized extracellular matrix (ECM) increases, such as Runx-related tran-
scription factor 2 (Runx2), osteonectin, osteocalcin, alkaline phosphatase (ALP) and 
collagen type I [65, 67, 68]. In fact, osteogenic differentiation is enhanced by transfec-
tion of ADSC with BMP-2 and Runx2 [69, 70].

1.2.1.3 Chondrogenic differentiation of ADSC

Chondrogenic differentiation is induced by the addition of several factors in the 
culture medium such as transforming growth factor family members (TGF-β beta1 
and 3), bone morphogenic protein (BMP-4) or basic fibroblast growth factor (bFGF). 
The differentiation of ADSC takes place during 21–28 days, and it is confirmed by 
Alcian Blue staining, which binds strongly to sulfated glycosamyglycans (GAGs) 
and glycoproteins [65]. Chondrogenic differentiation is also confirmed by TGF-β 
and SOX-9 expression, which is essential for the expression of type II collagen in 
chondrocytes [67, 68]. In this way, SOX-9 overexpression enhances chondrogenic 
differentiation and inhibits the osteogenic differentiation of MSC [71]. In addition, 
proteoglycans in the cartilage-like matrix can be identified by toluidine blue or safra-
nin O staining [72]. Interestingly, the combination of L-ascorbic acid and platelet-rich 
plasma (PRP) can increase the survival of ADSC and improve chondrogenic function 
under appropriate concentrations [3].

1.2.2 �Differentiation of adipose stem cells (ADSC) into non-mesenchymal 
phenotypes (muscle, cardiac, neurogenic, or endothelial cells)

ADSC can also differentiate into non-mesenchymal phenotypes, such as myo-
genic, neuronal, or endothelial lineages [69, 73]. Myogenic capacity of ADSC was 
demonstrated after transplantation into damaged rabbit muscles. In rodent models of 
cardiac injury, ADSC transplantation promotes regeneration of damaged myocardial 
tissue [64] On the other hand, human or rat ADSC can be differentiated into neuronal 
lineages by treatment with beta-mercaptoethanol, which induces the expression of 
beta-enolase, a neuronal marker [74]. In another study, treatment of ADSC with 
endothelin-1 (a paracrine factor released by endothelial cells) promotes their dif-
ferentiation into endothelial cells with angiogenic properties. Finally, ADSC may be 
useful in treating preeclampsia, a complication of hypertension in pregnant women 
that leads to endothelial dysfunction [75].

1.3 �Stromal vascular fraction (SVF) and exosomes (exo-ADSC) are adipose tissue-
derived products

1.3.1 Stromal vascular fraction (SVF)

Lipoaspirate is a medical waste that contains stromal precursor stem cells called 
stromal vascular fraction (SVF). These cells are reliably and viably isolated from 
fat by enzymatic dissociation with collagenase [41, 42, 76] or using commercial kits 
[77]. The application of the local anesthetic method for SVF isolation with the col-
lagenase kit, which is subsequently inactivated, allows the SVF to be obtained from 
the lipoaspirate [77]. The multipotent capacity of adipose tissue-resident stromal 
cells was demonstrated in 2000, when it was discovered that adipose tissue stromal 
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mesenchymal progenitor cells could differentiate into bone tissue in vitro under 
the right conditions [78]. In 2001, the presence of progenitor cells in subcutaneous 
adipose tissue with inherent properties of MSC was discovered, with potential ability 
to differentiate into chondrocytes, osteoblasts, and adipocytes. These cells exhibited 
good self-renewal capacity inherent to progenitor cells and typical mesenchymal-like 
markers on their surface, and at that time were termed processed lipoaspirate cells 
(PLA cells) [41, 76]. In SVF, ADSC are immunophenotypically characterized as 
CD45-/CD235a-/CD31-/CD31-/CD34+ markers, which represent approximately 20% 
of total SVF [33, 64]. In 2013, IFATS published a statement that included the mini-
mum phenotypic criteria for characterizing uncultured SVF and also adherent ADSC 
isolated from adipose tissue, which typically account for up to 3%, approximately 
2500 times more than bone marrow-derived cells (see Figure 1) [65].

Among the components of SVF, there are certain paracrine factors (VEGF, SDF1 
alpha, BDNF, etc.) that protect against osteoarthritis in patients with joint injuries, 
especially of the knee [79]. The beneficial effects of SVF-associated therapy have 
been confirmed in preclinical models and also clinical trials, especially in patients 
with osteoarthrosis [80]. The clinical safety and efficacy of autologous SVF infusion 
performed in patients with grade 3 and 4 arthritis demonstrated 67% improvement 
in patients after stem cell therapy and with no adverse effects [81]. In this study, 
SVF-induced anti-inflammatory effects reduced osteoarticular injury through the 
release of nitric oxide, TGF-β1, stromal-derived factor (SDF-1 alpha), and other 
chemokines [80, 82, 83]. The exact composition of the paracrine factors in this SVF 
fraction and the exact molecular mechanism(s) by which SVF induces tissue repair 
are questions to be clarified in further studies. In addition, the combination of SVF 

Figure 1. 
Stromal vascular isolation fron fat.
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with platelet-rich plasma (PRP) could enhance anti-inflammatory responses through 
the release of platelet-derived growth factor (PDGF) in patients [79].

1.3.2 Exosomes

Exosomes (exo) are small extracellular nanovesicles (size 40–150 nm) positive 
for CD63 and CD9 tetraspanin markers, and result from the fusion of vesicular 
bodies with the plasma membrane [80, 81]. Exo contains various nucleic acids 
(miRNA, RNA), proteins, and lipids and are involved in the cellular trafficking pro-
cesses [81]. Soluble factors released by exo-ADSC promote anti-inflammatory and 
angiogenic effects as exo contains a cholesterol-rich lipid bilayer and also carries 
miRNAs that contribute to cellular repair mechanisms (miR-23a, miR-26b, miR-
125b, miR-130b, miR-140, miR-203a, miR-223, miR-224), but also several proteins 
involved in many physiological processes [57, 84]. Figure 2 shows several molecules 
involved in cell adhesion, prosurvival, and migration pathways of MSC, including 
fat MSC (ADSC, see Figure 2).

1.4 Repair mechanisms of adipose stem cells (ADSC)

ADSC release a plethora of paracrine factors involved in their protective/repara-
tive effects, as demonstrated in several disease models in rodents, such as in diabetes, 
liver regeneration, ankle pathologies or neurological diseases [85–89]. The angiogenic 
capacity of ADSC depends on their origin [90], and they are cells carrying non-cod-
ing miRNAs involved in angiogenesis (e.g., miR-126, miR-296, miR-378, and miR-210 
[91]). Activation of metalloproteases MMP-2 and 9 induces extracellular matrix 
remodeling, whereas ADSC stem cell transplantation reduces their activity [92] for 
the repair mechanisms of ADSC review (Figures 2 and 3).

The main protective and/or reparative mechanisms of transplanted ADSC are attrib-
utable to paracrine release of factors with angiogenic and/or immunomodulatory effects, 
making them ideal candidates for clinical transplants in patients [91, 93–96]. Indeed, 

Figure 2. 
Content of mesenchymal stem cell (MSC) exosomes (exo): miRNA and proteins involved in cell adhesion, 
migration, survival, and senescence.
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Figure 4. 
Repair mechanisms of mesenchymal stromal cells, including ADSC, promote angiogenic, protective, anti-
apoptotic, and immunomodulatory effects.

MSC favors the conversion of proinflammatory M1 macrophage phenotypes to an anti-
inflammatory M2 phenotype and exerts immunomodulatory effects [97, 98]. MSC may 
act as antigen-presenting cells (APCs) with immunosuppressive properties for allogeneic 
stem cell therapy [98, 99]. Prostaglandin E-2 (PGE-2) and IDO are released by MSC 
[15, 100, 101] and involved in their immunosuppressive activities [102–106]. In addition, 

Figure 3. 
Immunomodulatory properties of mesenchymal stem cells (MSC).
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TNF-stimulated gene 6 (TSG-6), another factor secreted by MSC, is stimulated by TNF-
alpha or IL-1, resulting in anti-inflammatory effects [106] and prevention of vascular 
endothelial cell apoptosis ([107], see Figures 2 and 3). In a rodent infarction model, 
MSC transplantation reduced neutrophil recruitment by promoting anti-inflammatory 
effects dependent on TSG-6 protein levels concomitant with reduced MMP-6 activity in 
damaged areas ([108], and see Figures 2 and 4).

The inflammatory response is regulated by a delicate balance between proinflam-
matory signals released by M1-type macrophages as scavengers that remove cellular 
debris and M2-type macrophages that release cytokines that promote tissue repair. 
MSC can convert macrophages from an M1 proinflammatory phenotype toward an 
M2 anti-inflammatory effect. Activation of TNF-alpha-secreting macrophages by 
MSC could inhibit inflammatory responses [108]. The ability of MSC to regulate 
macrophage polarization through direct cell contact, although recent studies indicate 
that the immunomodulatory properties of MSC largely depend on paracrine media-
tors secreted by them [107].

2. Translational applications of adipose stem cells (ADSC)

Bone tissue engineering allows for improved therapeutic options of ADSC for 
the treatment of bone defects in situations such as reconstructive surgery, trauma, 
malformations, or other pathological conditions. The therapeutic role of bone tissue 
could also improve the quality of life of patients with osteoarticular problems. It is 
known that osteoprogenitor cells can grow in vitro, combined with an appropriate 
scaffold [65]. ADSC combined with various types of organic or inorganic scaffolds 
(polylactic acid, PLA, polyglycolic acid, PGA, glycolic acid, PLGA, fibrin, collagen, 
gelatin) have been shown to have improved their in vitro repair capabilities [107]. 
Ceramics are known to exhibit osteoconductive properties, support osteogenic poten-
tial, and affect growth direction in vitro [109]. ADSC growth, in combination with 
bioactive factors and scaffolds, exhibits strong osteoinductive properties (biocompat-
ible and biodegradable) and increases osteogenic differentiation, enhancing bone 
trabeculae formation without forming toxic by products. Overall, ADSC treatments 
for bone regeneration are promising for the treatment of craniofacial defects [110].

2.1 Cell-based therapies for cartilage repair

The infusion route (intravenous, subcutaneous, etc.), dose, and frequency/timing 
of administration affect the safety and clinical efficacy of autologous or allogeneic 
human stem cell transplants [111]. Osteoarthritis (OA) is a progressive degenerative 
joint disease characterized by deterioration of articular cartilage as well as pathological 
changes in the adjacent subchondral bone. Cartilage injury is a leading cause of dis-
ability worldwide, and current conventional treatments (physical therapy, chondroitin 
sulfate supplementation, and arthroscopic surgery) can improve joint function but 
without complete reversal of pain. Since cartilage injury is a leading cause of disability 
worldwide [110], autologous stem cell therapy treatment could promote cartilage 
regeneration [111]. However, stem cells injected directly into the pain site often have 
limited cell retention and a low survival rate, especially in large cartilage lesions, 
which might reduce their clinical efficacy [112, 113]. In a mouse model of OA injury, a 
single injection of AD-MSC into the knee during the early stage of OA inhibits carti-
lage destruction [114]. However, there was no effect when ADSC were infused at an 
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advanced stage of the disease [115]. Given the limited efficacy of conventional treat-
ments against OA, intra-articular infusion of autologous stem cells could be a potential 
approach for cartilage regeneration, including the application of exosomes or MSC-
derived advanced therapy drugs (ATMPs) against osteoarticular lesions [115, 116].

MSC can differentiate into chondrocytes, osteoblasts, and myocytes, among other 
types of mesodermal cells (for review, see [117]). In one study, the authors demon-
strated that clinical symptoms improved during a 6-month follow-up after intra-arte-
rial injection of ADSC, in patients with osteoarticular problems [118, 119]. In another 
study, an MSC-conditioned culture medium protected against bone defects. However, 
the properties of MSC are affected by sex, age, and body mass index of donors [120], 
leading to inter-individual differences between patients. On the other hand, the use of 
scaffolds increases the viability of ADSC and their aggregation capacity in vitro [121]. 
The three-dimensional structure of ADSC loaded on scaffolds, as well as the pore 
size, the type of material, and the stiffness of the scaffolds, are important factors that 
could affect the osteoarticular regeneration processes. Indeed, certain biomaterials 
(scaffolds) can enhance cartilage formation in vitro, as ADSC can be differentiated 
into chondrocytes by the addition of certain recombinant proteins (IGF-1, TGF-β, 
or BMP) to the medium [117]. MSC-derived cartilage increases mineralization and 
promotes angiogenesis for bone formation in a SCID mouse model [116]. The use of 
biomimetic injectable hydrogels can induce the release of soluble factors capable of 
retaining stem cells at the target site. For example, natural materials favor cell adhe-
sion, promote their biodegradability, and regulate their mechanical properties [122].

Scaffolds with smaller pore sizes (90–250 μm) preserved cell adhesion properties 
and favored proliferation, and also increased collagen type II expression [123]. In this 
sense, a combination of a 3D type I collagen scaffold with platelet-derived growth factor 
(PDGF) and insulin are biocompatible materials in vitro and increase the chondrogenic 
differentiation of ADSC [124]. Other studies have confirmed that hydrogel-based 
scaffold systems can create cartilage but with better mechanical properties [125]. ADSC 
cells in a PLGA-gelatin scaffold with immobilized TGF-β1 reduce cartilage damage and 
improve cartilage quality [116]. The efficacy of intra-articular injections of hydrogels 
(with and without ADSC) was evaluated in a collagenase-induced OA rat model 7 days 
after induction of cartilage degeneration. The results showed that both hydrogel and 
ADSC-hydrogel treated groups showed chondroprotective and anti-inflammatory 
effects, suggesting that the hydrogel induces cartilage tissue regeneration [126–128]. In 
this model, the OA lesion and inflammation were reduced by ADSC-hydrogel treatment. 
In conclusion, the use of biomaterials combined with stem cells could be a good thera-
peutic option for OA patients. Although it is important to establish a specific therapeutic 
option for each patient based on their degree of osteoarticular injury.

A recent systemic review of 4348 articles has evaluated the use of ADSC for 
ankle orthopedy treatment, demonstrating the beneficial effects of AD-MSC against 
osteoarticular lesions. For example, improvements in MRI outcomes after SVF treat-
ment together with marrow stimulation were demonstrated as compared to marrow 
stimulation alone [129]. Other meta-analyses evaluated the effect of ADSC and SVF 
in 82 studies with a total of 3594 treated patients with osteoarticular diseases. 70% 
of these studies evaluated the effect of stem cells in osteoarthritis, and 26% dealt 
with expanded ADSC. This review confirmed the heterogeneity of cell types used 
for osteoarticular lesions from different sources of adipose tissue (for review consult 
[129]). Thus, the safety and efficacy of SVF treatment to treat osteoarticular lesions 
are associated with many protective mechanisms, among them the induction of 
immunomodulatory effects and graft survival, leading to cell repair [130]. However, 
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differences in the methodology for SVF isolation, donor age, etc., are limitations that 
may reduce the efficacy of ADSC and adipose tissue-derived products. On the other 
hand, lack of standardization of clinical procedures, as well as hormonal status or 
comorbidities such as obesity may also affect the efficacy of ADSC transplantation. 
Finally, differences in international regulations between countries may affect the 
products available on the market. In some cases, conducting double-blind random-
ized trials without a true control group is another limitation [131]. Despite these 
limitations, promising results highlight the clinical use of ADSC treatments for osteo-
arthritis pathologies (in general) by inducing anti-inflammatory and chondroprotec-
tive effects without serious complications [132]. Due to regulatory issues, most of the 
research is still in the experimental phase, and most are preclinical results; therefore, 
we are still far from reaching the generation of new cartilage due to the cellular and 
molecular complexity of this tissue (see, Figure 5, [133]).

2.2 �Regeneration of the central and peripheral nervous system by fat-derived stem 
cells (ADSC)

Neuroprotective and promyelinating properties of conditioned culture medium 
have been demonstrated in human adipose mesenchymal stromal cells [134]. This 
study confirmed the repair capacity of isolated ADSC from intact adipose tissue of 
10 subjects undergoing abdominal plastic surgery [134]. The therapeutic potential of 
ADSC in the central and peripheral nervous system has been associated with its capac-
ity to differentiate into neurons, endothelial cells and Schwann cells, to the expression 
of neuronal markers and to a faster proliferation rate than other types of stem cells 
[135]. Neuronal differentiation of ADSC is mediated by several neurotrophins (NGF, 
BDNF, GDNF, FGF) and hormones (IGF-1), which regenerate damaged nerves and 
induce neuroprotective effects [89]. Neuronal degeneration and vascular damage can 
lead to inflammation, followed by loss of oligodendrocytes and neurons in the lesions. 

Figure 5. 
Repairing effects of ADSC in osteoarthritis.
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Therefore, ADSC administration could control the inflammatory response after injury 
and could also improve regenerative capacity, given the contribution of vascular fac-
tors in repair [136]. In fact, vascularization is another factor involved in cell survival 
and proliferation, and released vascular factors released by damaged endothelium 
enhance ADSC-mediated regenerative effects (Figure 5, [137]).

ADSC exo-derivatives produce neuroprotective effects in rodent models of multiple 
sclerosis, cerebral ischemia, and traumatic brain injury (TBI) [138, 139]. ADSC infu-
sion prevented TBI-induced neuroinflammation and also decreased secondary injury 
as a consequence of TSG-6 release, leading to reduced microglial overactivation [140].

ADSC exo-derivatives can decrease the cytotoxic effect of overactivated microglia 
by reducing the nuclear factor kappa-beta (NF-β) transactivation and regulating 
mitogen-activated protein kinase (MAPK) pathway [92]. Axonal regeneration and 
less reactive gliosis were evident after ADSC treatment in rats with spinal cord injury 
[141]. In a multidisciplinary clinical trial, intrathecal infusion of ADSC decreased 
the medullar lesion at L3–4 level of the spinal cord, and the evaluation of lesions with 
objective criteria following the International Standards for Neurological Classification 
of Spinal Cord Injury scores demonstrated improvements in these patients [142]. 
Preclinical findings confirmed that the combination of scaffolds and ADSC could 
prevent symptomatology in certain neurological disorders, such as amyotrophic 
lateral sclerosis, Alzheimer’s (AD), Parkinson’s (PD), or Huntington’s disease [142, 
143]. Some clinical trials evaluated the safety and efficacy of ADSC to treat pathologi-
cal conditions in patients with Alzheimer’s, Parkinson’s or Huntington’s, or amyo-
trophic disease (see ClinicalTrials.gov, www.clnicaltrials.gov identification numbers 
NCT03117738 and NCT02184546) [144–149].

2.2.1 Regeneration of the peripheral nervous system by ADSC

ADSC infusion in rodent models promoted regenerative effects of the peripheral 
nervous system after sciatic nerve damage with varying degrees of severity. ADSC 
treatment enhanced Schwann cell regeneration by increasing the number of myelin-
ated fibers in the damaged nerves. In fact, ADSC can be differentiated into Schwann 
cells [150], and the use of compatible biomaterials in vitro, such as PGA, PCL, and 
collagen, increase the repair capacity of ADSC [151, 152].

2.3 Regeneration of the dental pulp by ADSC

ADSC treatment also promotes the regeneration of bone tissue in alveolar bone 
defects, specifically in patients with periodontal disease [153]. The inclusion of ADSC 
in PLGA matrices enhances bone growth in animal models. The synergic combination 
of ADSC with fibrin also prevented inflammation and reduced bone resorption in 
the tooth, suggesting that MSC from the oral cavity contributes to repair [154]. The 
combination of autologous ADSC and Platelet-Rich Plasma (PRP) induces periodon-
tal tissue regeneration. For example, CD31 positive adipose population contributes 
to promoting repair in dental pulp cells in dogs [153]. However, their applications in 
regenerative dentistry need further confirmation with clinical trials [154].

2.4 Regeneration of the myocardium by ADSC

Several routes of infusion have been evaluated in transplants with ADSC into 
the myocardium, such as intramyocardial, intravenous, or intracoronary injection. 
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Transplantation with ADSC has promoted beneficial effects in cardiovascular 
pathology due to its capacity for differentiation to the required cell type [155] and 
the release of paracrine factors involved in angiogenic, anti-apoptotic, and anti-
inflammatory effects [156, 157]. Intramuscular and intracoronary infusion of ADSC 
improved the left ventricular ejection fraction (LVEF) function [158], and inhibit 
the fibrosis process [159]. The efficacy of direct infusion of ADSC into infarcted 
myocardium in rodent models is limited, given the low survival rate of trans-
planted cells [158]. Intravenous administration of resistin-treated ADSC improved 
LVEF function, reduced fibrosis, and decreased cardiomyocyte apoptosis [160]. 
Intracoronary administration of ADSC also reduced apoptosis (programmed cell 
death) in the infarcted area of the myocardium without significantly affecting LVEF 
[161], clearly indicating the relevance of the infusion route for ADSC transplanta-
tion. This intravenous administration significantly reduced infarct size and induced 
angiogenesis [161].

On the other hand, the combination of biomaterials with ADSC creates a favor-
able microenvironment for tissue repair in the infarcted area [162]. Some studies 
have addressed the factors involved in the reparative effect of ADSC. For example, 
the overexpression of the Stromal Cell Derived Factor (SDF-1 alpha) chemokine as 
a regenerative factor in stem cell therapy since it reduces apoptosis and enhances 
angiogenesis, leading to protective effects [162, 163] and its overexpression prevented 
detrimental consequences of myocardial infarction [164]. Overexpression of other 
trophic factors such as IGF-1, VEGF, hepatic growth factor (HGF), and FGF-2 also 
decreased apoptosis and enhanced angiogenesis [165, 166]. From this perspective, 
several clinical trials have reported that intracardiac ADSC transplantation improved 
the scales with improvement in cardiac function [164, 165].

2.5 Liver regeneration by ADSC

Acute liver failure or chronic liver diseases can be the consequence of infection 
with viruses, toxins or even genetic factors. These liver diseases are characterized by 
fibrosis and can provoke liver damage and inflammation with the consequent activa-
tion of hepatic stellate cells (HSC) [167]. Given that ADSC can differentiate into 
various types of liver cells and have anti-apoptotic and immunomodulatory effects, 
they could be useful for treating liver pathologies [168]. The administration of ADSC 
suppresses the expression of proinflammatory cytokines and decreases the prolifera-
tion of activated HSC cells [168, 169]. In a rodent model of induced liver fibrosis by 
CCl4 treatment, ADSC transplant or exosomes infusion markedly decreased liver 
fibrosis, leading to apoptosis of HSC cells [170, 171]. In another study, ADSC injec-
tion into liver parenchyma protected cells against liver injury by inducing Superoxide 
dismutase-1 (SOD-1) and produced anti-inflammatory effects by reducing IL-1 
beta levels [172]. The culture of ADSC under hypoxia increase the expression Nrf2 
transcription factor in vitro (a nuclear factor erythroid 2 with antioxidant effects) 
that protects against free radical-mediated toxicity in the liver [173]. Another factor 
released by ADSC, such as hepatic growth factor (HGF), induced anti-inflammatory 
effects by increasing IL-10, an anti-inflammatory cytokine [174, 175]. In addition, 
exosomes from ADSC infusion reduced the levels of liver enzymes such as amino-
transferase (AST), alanine aminotransferase (ALT) activities and reduced lactate 
dehydrogenase (LDH) activity [168]. Intravenous infusion of ADSC in a murine 
model of liver injury prevented liver damage concomitant with decreased serum ALT 
and AST activities. In a carbon chloride liver injury model, ADSC-derived exosomes 
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carrying the modified miRNA-181-5p reduced liver fibrosis [176, 177]. The combina-
tion of ADSC with scaffolds such as PLGA markedly improved liver function and 
reduced necrotic areas in the tissue [178]. Umbilical cord MSC (UC-MSC) infusion 
reduces fibrosis and increases caveolin-1 in hepatic stellate cells [179]. Finally, some 
clinical trials confirmed that ADSC infusion is safe and effective in treating liver 
cirrhosis in patients. In these clinical trials, ADSC transplantation improved liver 
function without any adverse effects [180, 181]. However, further clinical trials with a 
larger sample size should confirm the long-term safety of ADSC in patients.

2.6 ADSC infusion for the treatment of perianal fistula

Perianal fistulas are a complication suffered by 20 to 25% of Crohn’s patients, and 
the infusion of autologous or allogenic ADSC can promote reparative effects through 
the release of paracrine, immunomodulatory, anti-apoptotic, and angiogenic factors. 
Several clinical trials have confirmed a complete cure rate of anoperineal fistulas in 
these patients. A phase III controlled trial confirmed the safety of treatment with  
allogenic ADSC (Alofisel®), which induced a radiological remission in 60% of cases 
[41, 42, 76, 182, 183]. Another phase II multicenter randomized controlled trial 
has shown that infusion of expanded ADSC (20 to 60 million cells) in combination 
with fibrin glue is safe and achieves higher cure rates than fibrin glue treatment 
alone [184].

2.7 Skin repair by ADSC

Subcutaneous administration of AD-MSC is well-studied in esthetic medicine, 
especially in cases of facial rejuvenation [185, 186]. Topical administration of 
ADSC increases skin graft survival as well as wound healing capacity [187, 188]. 
Furthermore, subcutaneous injection of AD-MSC from different human donors did 
not form teratomas in immunodeficient SCID mice up to 17 months after infusion. 
Furthermore, increased cell survival, exclusively at the injection site, was observed 
for at least 17 months after infusion, as well as these infused ADSC were able to dif-
ferentiate into subdermal tissue fibroblasts without migration to organs [188]. ADSC 
transplantation normalized blood flow at the wound site [189], facilitated fibroblast 
migration and proliferation, inhibited collagen deposition, and also decreased 
α-smooth muscle α-actin expression in scar fibroblasts [189, 190]. ADSC differenti-
ate into skin stem cells and promote the accumulation of autologous skin SC. Several 
trophic factors are involved in skin repair by ADSC, including epithelial growth factor 
(EGF) receptor, while the increased release of GDF11 factor promotes skin anti-aging 
effects. In addition, severe burn injuries and intractable ulcers are reduced after 
ADSC transplantation during wound healing [191]. Reduced inflammation by ADSC 
infusion promotes the polarization of proinflammatory M1 macrophages into their 
anti-inflammatory M2 phenotype, contributing to wound healing repair in rodent 
models of skin injury [192]. Autologous fat grafts with ADSC induce antifibrotic 
and anti-inflammatory effects, but the exact mechanism of repair is not yet fully 
understood.

Infusion of ADSC promotes reparative effects associated with the release of 
cytokines (G-CSF, PDGF, HGF, IL-6, and IL-8), chemokines (Il-8, SDF-1 alpha), and 
vascular factors (VEGF). Since ADSC are also modulators of metalloprotease activity 
[193, 194], it is possible that they may promote anti-fibrotic effects by decreasing their 
activity. By simulating the interaction of ADSC with fibroblasts and endothelial cells 
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(ECs) in the skin, the ADSC secretome could alter scleroderma vascular inflammatory 
foci (SSc) in the skin in silico [192]. In a study using ADSC expressing Bcl-2 embedded 
in collagen scaffolds to treat diabetic wounds, significant improvement in wound heal-
ing [194, 195], enhanced neovascularization, and decreased healing time compared to 
controls were observed [196]. ADSC exosomes stimulated wound healing by increas-
ing fibroblast, keratinocyte, and endothelial cell proliferation [196, 197].

Several clinical trials have shown that ADSC transplantation has corrected facial 
skin defects in patients with radiation injury [196] and that ADSC are safe and 
effective in the treatment of this type of radiation injury [198]. In contrast, a single 
dose of autologous fat grafting was insufficient to improve burn scars, perhaps due to 
the small patient sample size. Overall, more clinical trials should confirm the clinical 
efficacy of ADSC to treat wound healing [199].

Author Tissue Rodent model and 
implantation of cells

Results

Arrigoni 
et al.

Bone/rabbit Surgery implantation/
rabbit

ADSC-induced bone formation with increased 
bone density

Chen et al. Bone/human Surgery implantation/
rabbit

Overexpression of miR-375 enhances osteogenesis 
in vitro and in vivo
Efficiently reduced inflammatory responses

Li et al. Cartilagous Injection or surgery 
implantation/rabbit

ADSC with scaffold promote long-term 
regeneration

Cho et al. Cartilagous Surgery implantation The transplant of ADSC was able to improves the 
quality of cartilage

ter Huerne 
et al.

Cartilagous injection ADSC infusion improved synovial inflammation

Yin et al. Cartilagous Surgery implantation ADSC combined with an immobilized TGF 
beta scaffold improves regeneration of defective 
cartilage

Hu et al. Nerves surgery implantation Improves nerve regeneration by ADSC treatment

Khingam 
et al.

Nerves surgery implantation ADSC promotes axonal regeneration

Li et al. Nerves Injection ADSC reduces neurodegeneration

Durco et al. Nerves Surgery implantation The ADSC infusion increase the number of nerve 
fibers

Nagata et al. miocardium Transfusión ADSC Transplant Promotes Better Cardiac 
Recovery

Bobi et al. miocardium Surgery implantation ADSC infusion improves perfusion in the 
periischemic area of the myocardium

Mori et al. miocardium Surgery implantation Increases vascular density in the peri-infarct area by 
ADSC infusion in the myocardial

Qiao et al. miocardium injection The combination of scaffolds with ADSCs increase 
angiogenesis, decreases fibrosis, and reduces the 
infarct size.

Zhang et al. liver injection ADSC combined with matrices increased 
angiogenesis, reduced fibrosis, and reduced infarct 
size

Table 2. 
Preclinical studies with adipose stem cells (ADSC).
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3. �Preclinical trials developed with fat-derived stem cells (ADSC) in 
murine models

The following Table 2 indicates the preclinical findings with ADSC infusion in 
murine models of disease, as well as the route of administration of the cells (for a 
review refer to Dong et al. [61]) [65, 200].

4. Clinical trials with ADSC in patients with various pathologies

ADSC treatment of corneal and retinal lesions or optic nerve degeneration is 
associated with corneal epithelial proliferation [61] and promotes anti-inflammatory 
and immunomodulatory effects [61, 201]. The feasibility of ADSC to stabilize retinal 
microvasculature has been conclusively demonstrated in a diabetic retinopathy model 
[88, 202]. Another study reported that ADSC-loaded collagen sponge promoted repair 
of tracheal defects and restored cilia motility function [203], as well as for the treat-
ment of silicosis (2010), asthma, or even inflammatory diseases [204, 205]. On the 
other hand, autologous transplantation of ADSC can improve the functional recovery 
of skeletal muscle and also favor its differentiation without direct involvement of 
new myofiber formation [206]. ADSC have been used to treat autoimmune diseases 
[207] such as systemic lupus erythematosus (SLE), Sjörgren’s syndrome, or Crohn’s 
syndrome [208] or even for the treatment of type I diabetes mellitus [172]. Moreover, 
the anti-inflammatory capacity of ADSC makes them ideal candidates for the treat-
ment of tendon injuries [209]. Furthermore, ADSC-derived extracellular vesicles also 
prevent metabolic dysfunction due to steatosis liver disease [210]. The administration 
of fat from subcutaneous abdominal adipose tissue (lipoaspirate) was evaluated in 
patients with type 2 diabetes with insulin resistance compared with healthy donors. 
In this study, patients with insulin resistance had a lower capacity for proliferation 
of ADSC, which is usually the first stage of diabetes [211]. In addition, the expres-
sion of osteogenesis markers is higher in cells from patients with type 2 diabetes 
(T2D), leading to the conclusion that type 2 diabetes modifies stem cell activity and 
that insulin resistance reduces ADSC proliferation [212]. Stem cell therapy is a novel 
therapeutic strategy for erectile dysfunction in patients with bilateral cavernous nerve 
injury. A meta-analysis of 12 studies with 319 rats analyzed the efficacy of stem cell 
transplants. Further studies will investigate the role of nerve restoration and vascular 
cell recovery in urology [116].

Several trials have confirmed the safety and efficacy of autologous ADSC to treat 
different pathologies [200, 213]. For example, fat is ideal for treating vocal problems 
because it is a biocompatible material and is readily available. The main disadvantage 
of its use is that resorption can cause long-term failure after its transplantation. In one 
study, fat harvested from the liposuction procedure was centrifuged, and the fat cell 
layer was injected directly into the vocal muscle. Fourteen patients received ADSC 
treatment (18–74 years, mean age: 48 years) with respiratory dysphonia secondary 
to laryngeal hemiplegia (n = 7) or anatomical defects (n = 7). The results confirmed 
an improvement in voice quality after ADSC transplantation, and these patients 
remained stable for 3–26 months (mean 10.6) [214]. In addition, seven patients 
improved their paralytic dysphonia after stem cell therapy [206].

Immunophenotyping of SVF-enriched fresh fat grafts has been evaluated 
for enhancing reconstructed breasts. Although fat injection into and around the 
reconstructed breast may require repeated injections and fat necrosis may occur, it 
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appears to be a safe technique that corrects significant contour deformities [215]. The 
performance of both grafts was evaluated through volume measurement by magnetic 
resonance imaging before and after 6 months of the operation in women for breast 
reconstruction. The finding of this study indicates that fat injection corrects contour 
deformities in the reconstructed breast [215].

A recent clinical trial has demonstrated the beneficial effects of allogenic ADSC 
treatment in acute stroke. In this single-center, randomized, double-blind, placebo-
controlled, phase II pilot clinical trial, the safety and efficacy of allogeneic ADSC 
therapy has been confirmed [216]. The American Diabetes Association indicates 
that 85 percent of amputations result from complications arising from diabetic foot 
ulcers or peripheral arterial disease. In this context, cell therapy could prevent limb 
amputation by inducing the blood vessel formation and also reduce neuropathy relief 
in diabetic patients (Table 3) [216].

Clinical trials with ADSC Treatment with ADSC Diseases conditions or Therapeutic 
indication

Japanese UMIN clinical trial 
registry (UMIN000022601)

The 3.3 × 105/kg was administered 
via the hepatic artery using 
microcatheter IV.
The follow-up period was 
24 weeks after implantation.

The patients underwent liver biopsies 
prior to treatment. 24 weeks after 
treatment the evolution of nonalcoholic 
fatty liver disease (NAFLD) and fibrosis 
were measured [200]

NCT02904824 Injection using autologous 
fat enriched with ADSC vs. 
autologous fat for the functional 
reconstruction of the glottal gap 
provoked by unilateral vocal cord 
paralysis by laryngoplasty

Unilateral vocal cord paralysis (unilateral)

NCT02387723 without results 
yet (results will be published 
in 2025).

Phase I-II, multicenter, 
randomized, controlled clinical 
trial for the study of factibility 
of the cutaneous adult allogenic 
adipose-derived mesenchymal 
stem cells (AD-MSC) application 
expanded on fibrin hyaluronic 
biological matrix to treat venous 
ulcer of the lower limbs (fistula).

 Adipose tissue stem cells (ADSC)
 on biological matrix for the treatment of 
venous ulcer of the lower limbs
The incidence of adverse events (time 
frame through study completion, an 
average of 1 year) were evaluated.

NCT02287974
Andalusian network for design 
and translation of advanced 
Therapies
n = 48 treated patients (Spain)
Clinical Trial I/II opened, 
randomized and controlled for 
the study of the Use of stem 
Cells therapy in insulinized 
diabetic patients type 2 with 
critical ischemia in lower limbs 
(CLI): study of the needs of 
insulin

To study the effect of the stem 
cells autologous mononuclear 
treatment from the bone marrow 
(n = 12), autologous progenitor 
endothelial CD133 cells from 
the bone marrow (n = 12) and 
autologous mesenchymal stem 
cells from adipose tissue (n = 12) 
on proinflammatory cytokines, 
the resistance to insulin as well as 
the reduction of insulin treatment.
Inclusion criteria:
diabetic type 2 (treated with 
insulin at least 3 previous 
months).
vascular disease infrapopliteal, 
atherosclerotic of severe degree

The critical ischemia of the foot is defined 
as a persistent/persistent pain that needs 
analgesia and/or not healing present 
sores>4 weeks, without evidence of 
improvement with conventional therapies 
patients were included by the criteria 
of impossibility of revascularization or 
fail in the surgery of revascularization 
(evaluated at least 30 days before, or entry 
in phase of critical ischemia).
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Clinical trials with ADSC Treatment with ADSC Diseases conditions or Therapeutic 
indication

NCT01828723
Interventional (Clinical trial 
phase I, interventional)
Estimated enrollment: phase 
one, open Label, single arm 
study
single group assignment

Inclusion criteria:
female or male: age 18 years 
or older that are scheduled for 
liposuction (BMI between and 
including 23 and 28) and facial fat 
grafting procedures for cosmetic 
purposes.
Facial volume defects treated with 
a total graft volume of between 
1 mL and 50 ml.
Aim: to evaluate the safety of 
concentrated SVF-enriched fat 
graft by monitoring the number 
and types of adverse events, 
physical examinations, blood 
draws (CBC/LFT/BMP), and 
urinalysis (time Frame: 6 months) 
were also evaluated

Conditions of disease: lipoatrophy/aging/
wrinkles
Demonstrate the safety of antria cell 
preparation process during facial fat 
grafting assisted with autologous SVF 
treatment.
Outcome: to demonstrate the efficacy of 
autologous SVF treatment via antria cell 
preparation process by observing graft 
survival time, volume, and quality of facial 
re-contouring
(time frame: 6 months)

NCT01678534
(AMASCIS-01: phase II)
Reparative effect of acute 
allogenic mesenchymal stem 
cells from adipose tissue against 
ischemic stroke; evaluation 
of safety assessment, in a 
randomized, double blind 
placebo controlled single center 
pilot clinical trial (n = 19)
Masking: quadruple
(Participant, care
provider, Investigator,
outcomes assessor)
Intervention: ischemic
Stroke and placebo group
Quadruple (Participant, 
Care Provider, Investigator, 
Outcomes Assessor)

Aim: safety evaluation with 
allogeneic MSC-ADSC
Study group: allogeneic stem cells 
from adipose tissue
A single intravenous AD-MSC 
infusion, dose (1 million units/kg) 
infused within the first 2 weeks 
after the onset of stroke symptoms.
Drug: allogenic mesenchymal 
stem cells from adipose in acute 
ischemic stroke patients
(Follow-up 24 months)
Inclusion criteria:
Male or women with acute 
ischemia (aged 60–80 years 
with symptoms of acute cerebral 
infarction).
•	 Patients should be treated 

within 2 weeks from the onset 
of stroke symptoms.

•	 Patients with a focal neurologi-
cal that must persist to the time 
of treatment without clinically 
improvement by computerized 
tomography (CT) and/or MRI.

Patients must have a score on the 
NIH Stroke Scale 8–20, with at 
least 2 of these points and motor 
deficit at the time of inclusion.

Primary Outcome Measures: number 
of participants with Adverse events, 
complications. (Time Frame: 24 months)
Adverse events (AES) were recorded 
during all the study period (24 months) 
Neurological and systemic complications 
(brain oedema, seizures, respiratory 
infections, deep venous thrombosis, 
development of tumors, etc) were 
measured.
Secondary outcome measures: to assess 
the potential efficacy of allogeneic stem 
cells from adipose tissue in acute ischemic 
stroke patients by evaluating the outcome 
at 3 months (NIH Stroke Scale, total 
volume of stroke by performing MRI).
Changes in biochemical markers for brain 
repair as VEGF, BDNF, MMP-9 and its 
relationship to neurological and functional 
outcomes were evaluated

NCT01649687
Phase 1 and II
(n = 7)

Aim: Allogeneic SC treatment for 
the Treatment of cerebellar ataxia 
with fat-derived MSC (ADSC)
Patients will receive intravenously 
one dose of 5–7 × 10^7 cells 
of allogeneic adipose-derived 
mesenchymal stem cells

Allogeneic adult adipose-derived 
mesenchymal stem cells for cerebellar 
ataxia treatment
Biological: allogeneic adult adipose-
derived mesenchymal stem cells for the 
treatment of diagnosed of spinocerebellar 
ataxia 3 (SCA3) or multiple system 
atrophy-cerebellar (MSA-C, ages between 
20 ~ 70 years).
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Clinical trials with ADSC Treatment with ADSC Diseases conditions or Therapeutic 
indication

NCT01585857
A Phase I, prospective, 
bi-centric, single-arm, open-
label (n = 18)

Aim: to study the safety (primary 
aim) and efficacy (secondary aim) 
of a single injection of autologous 
ADSC on patients with moderate 
or severe osteoarthritis of the knee.
Autologous ADSC for intra-
articular infusion (three study 
groups with doses (2, 5, and 10 
millions of ADSC intra-articular 
injection in 5 ml)
Each patient will receive one single 
administration for 3 months.
They will be follow-up during 1 
year with routinely examinations 
for safety issues.
The first patient will be followed 
during 12 weeks before inclusion 
of the second patient.

Osteoarthritis treatment with ADSC 
to evaluate safety of a single injection 
of autologous AD-MSC to treat severe 
osteoarthritis of the knee joint
Primary outcome evaluation of adverse 
events (Time frame: during 1 year, 
following injection)
Secondary outcome measures: functional 
status of the knee. Efficacy will be assessed 
by scales for evaluating the osteoarthritis 
index and range of motion of the target 
knee joint, pain-specific assessment and 
image analysis.

NCT01532076
Effectiveness of Adipose tissue 
derived mesenchymal stem cells 
as osteogenic.
Composite Grafts
Prospective randomized first in 
men proof of principle trial

Aim: to study the effectiveness 
of AD-MSC as osteogenic 
component in composite grafts 
vs. acellular bone graft substitutes 
for augmentation in the treatment 
of proximal humeral fractures as 
model for fractures of osteoporotic 
bone.
Experimental: graft by 
lipoaspiration, SVF and embebed 
in fibrin gel, wrapping around 
hydroxyapatite granules
The control acellular composite 
graft augmentation open reduction 
internal fixation (ORIF) of the 
fracture, augmentation with 
acellular bone graft substitute.

Primary outcome measurements: 
development of secondary dislocation 
within 12 months postoperative 
(Time frame: 12 months postoperative).
Secondary outcome measures: functional 
outcome 6 weeks, 6 and 12 months 
after fixation (Time frame: 12 months 
postoperative).
Pain at either surgical site will be recorded 
via the visual analogue scale.
Finally, bone mineral density 
(Time frame: 12 months postoperative) in 
case of implant removal was analyzed with 
microcomputed tomography) for bone 
mineral density.

NCT0125776 Autologous hhAD-MSC (human 
adipose tissue-derived MSC) to 
treat lower extremity ischemia in 
diabetes

Critical limb ischemia in diabetes

NCT01222039
Multicenter clinical trial phase 
I/II randomized, controlled, 
for the evaluation of safety 
and feasibility of two different 
doses of allogenic AD-MSC in 
patients with graft versus host 
disease GVHD (n = 19).

Aim: to assess the safety and 
feasibility of two-dose of 
allogeneic AD-MSC infusion 
expanded in vitro in patients 
undergoing hematopoietic stem 
cell transplantation, who have 
developed chronic and extensive 
GVHD.
Conventional treatment: gradually 
descending dosage of prednisone 
and cyclosporin or tacrolimus for 
at least 46 weeks.
Starting dose: 1 mg/Kg/24 h 
prednisone and 3 mg/Kg/12 h 
cyclosporin.
Intravenous infusion of allogenic 
AD-MSC (Low dose: 1 × 106/Kg).

Conventional treatment plus intravenous 
infusion of allogenic mesenchymal stem 
cells from adipose tissue for the treatment 
of GVHD.
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Clinical trials with ADSC Treatment with ADSC Diseases conditions or Therapeutic 
indication

NCT01157650
Interventional
(clinical trial, n = 15)

Aim: evaluation of viability, 
security and tolerance of allogenic 
AD-MSC in fistulizing Chron’s 
disease patients, collecting the 
reactions and adverse events 
(3 years of study)
Experimental: Autologous 
mesenchymal stem cells
Fistulizing Crohn’s disease

Treatment of Fistulous Crohn’s Disease by 
Implant of Autologous AD-MSC Tissue.
Evaluating the ADSC therapeutic effect, 
in particular Fistulas healing efficiency.

NCT01056471
Multicenter clinical trial phase 
I/II randomized, placebo-
controlled study.

Aim: to evaluate safety and 
feasibility of two different doses of 
autologous AD-MSC from patients 
with secondary progressive 
multiple sclerosis who do not 
respond to treatment
Intravenous infusion of 
autologous AD-MSC (low 106 
cells/Kg and high dose: 4*106 cells/
Kg), including placebo control.

Condition of diseases: autoimmune 
Diseases
immune System Diseases
demyelinating Diseases
nervous System Diseases
demyelinating autoimmune diseases, CNS
Autoimmune diseases of the nervous 
system

NCT00442806
A randomized clinical trial of 
adipose-derived
The APOLLO Trial
(n = 14).

Subjects who have coronary artery 
disease and have suffered acute 
myocardial infarct
Eligible subjects will undergo 
standard treatment after 
admission and will then undergo 
liposuction for further ADRC’s or 
placebo treatment.

Stem cells for the treatment of myocardial 
Infarction.
Primary outcome measures: to evaluate 
safety determined by major adverse 
cardiac and cerebral events (MACCE) 
(Time frame: 6 months)
Secondary outcome measures: feasibility 
- assessment of cardiac function by MRI, 
SPECT, and Echocardiography (Time 
frame: 6 months)

NCT0177191324
Immunophenotyping of 
Fresh SVF from adipose tissue 
or enriched Fat grafts for 
refinements of reconstructed 
Breasts

Inclusion criteria for women: 
contour irregularities and volume 
insufficiency in reconstructed 
breasts.
local flaps with conditions to 
receive fat grafts
good health condition
Exclusion criteria:
breast cancer patients under 
chemotherapy
bad health condition
patients too thin
patients that require secondary 
reconstruction

Study groups: centrifuged fat graft 
in women who underwent breast 
reconstruction.
Study-2: ADSCs enriched centrifuged fat 
graft.
ADSCs enriched from the abdominal 
subcutaneous tissue is isolated by 
lipectomy and SVF isolated and 
immediately added to the fat graft 
in order- to increase the volume 
insufficiency or correct contour 
irregularities for reconstructed breasts.

This is the first development 
safety update report 
FIBHGM-ECNC007–2010

The aim is to induce the 
overexpression and production of 
microvessels at local level.
Route of administration: injection 
into the thickness of a parlay 
(Phase I/II).
Clinical unicentric trial, 
randomized, controlled, two 
parallel-groups, to evaluate the 
safety of ADSC derived from fat in 
the glottal Gap zed vocal cord.
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5. Future perspectives

ADSC are widely used to treat a wide range of clinical indications. Short follow-
up periods in some studies and low power of findings in clinical trials are explained 
by low patient numbers. Furthermore, differences in regulatory practices between 
countries may hamper the application of stem cell therapies. Standardization of 
protocols and safety of long-term clinical trials need to be demonstrated before 

Clinical trials with ADSC Treatment with ADSC Diseases conditions or Therapeutic 
indication

NCT02904824 The facial recontouring by fat 
was evaluated in the treatment of 
glottic incompetence.
Study design and setting: fourteen 
patients (aged 18–74 years) with 
breathy dysphonia secondary 
to laryngeal hemiplegia or 
anatomical defects underwent 
vocal fold lipoinjection. Fat 
harvested by liposuction was 
centrifuged, and the fat cell layer 
injected into the vocalis muscle.
The patients underwent 
pre- and postoperative 
video laryngostroboscopy, 
maximum phonation time 
(MPT) measurements, and 
voice handicap index (VHI) 
self-assessments

Unilateral vocal cord paralysis (unilateral)

NCT02387723 Allogeneic ADSC in patients with 
heart failure
Patients with heart failure will be 
treated with culture expanded 
AD-MSC from healthy donors 
stored in nitrogen until use.

Heart failure
The cells will be injected directly into 
the myocardium. The patients will be 
followed for 6 months for safety and 
efficacy registration.

Phase II multicenter, clinical 
trial, randomized controlled 
trial

Aim: to investigate the 
effectiveness and safety of ADSC 
for the treatment of complex 
perianal fistulas safety of stem 
cell-based therapy with expanded 
ADSC against Crohn’s disease, and 
perianal cryptoglandular fistulas 
(n = 35; n = 14)
Patients were randomly assigned 
to fibrin glue or 20 million 
ADSC cells plus plus fibrin glue 
treatment.
Fistula healing was tested at 8 
weeks and 1 year. If healing was 
not seen at 8 weeks, they received 
these treatments

Fistula healing was observed in 71 percent 
of ADSC-treated patients. The proportion 
of patients with healing was similar in 
Crohn’s and non-Crohn’s subgroups.
However, ADSC were also more effective 
than fibrin glue alone in patients with a 
suprasphincteric fistulous tract.
At 1 year follow-up, both treatments were 
well tolerated.

Table 3. 
Clinical trials conducted with fat stem cells in patients (consult number of each trial for more detail in www.
clinicaltrials.gov).
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clinical application of AD-MSC and SVF against chronic diseases. Since complications 
in adipose tissue are strongly associated with obesity, cardiovascular disease and type 
2 diabetes, a better understanding of the cellular and repair mechanisms associated 
with adipose organoids as promising tools together with stromal vascular fraction or 
pluripotent stem cells as stem cell sources in the future is also needed [116].

Future perspectives should focus on mechanistic pathways for a better under-
standing of SVF properties. Long-term clinical studies are needed to truly confirm 
safety in patients, as well as studying their optimal dosages for SVF-based therapies 
over time in chronic diseases. Furthermore, studying the signaling pathways associ-
ated with the repair effect of ADSC, including the specific function of each SVF cell 
type, may provide insight into the knowledge and clinical application of fat stem cell 
therapies [217]. Small sample sizes of some studies reduce the power to detect signifi-
cant effects.

6. Conclusions

The application and development of ADSC are boosted by the field of biomaterials 
and tissue engineering, which contribute to the improvement of the field of regenera-
tive medicine. Given its abundance and easy isolation procedure as a waste material, 
liposuction fat is a good source for the isolation of ADSC for biomedical applications. 
These ADSC infusion promotes anti-inflammatory and immunomodulatory effects 
and the release of autocrine and paracrine functions, including chemokines and 
growth factors contribute to repair processes. Finally, the differentiation capacity of 
ADSC into various cell types could into specific local cell types in damage tissue also 
prevent tissular damage. Several clinical trials with ADSC confirmed their protective 
effects against chronic-degenerative osteoarticular injuries. However, further stud-
ies are required to evaluate the long-term biosafety and efficacy of ADSC stem cell 
therapy. Standardization of protocols and the inclusion of a larger sample size are 
required to confirm their long-term safety. However, a systematic review confirmed 
the safety and efficacy of intra-articular application of autologous stem cells, fat-
derived against knee osteoarthritis with good results [218].

Acknowledgements

We appreciate María Eugenia Cabaña-Muñoz’s support.

Conflict of interest

The authors declare no conflict of interest.

Abbreviations

GVHD	 chronic graft versus host disease.
AD-MSC	 mesenchymal stem cells from adipose tissue



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

23

Author details

José Joaquín Merino1*, María Gabriela Villalba2, Ricardo Martínez-Murillo3 
and Ana I. Flores4

1 Facultad de Farmacia, Depatment of Farmacología, Farmacognosía y Botánica, 
Universidad Complutense de Madrid (UCM), Spain

2 Legislation and Regenerative Medicine, Celumed SL, Switzerland

3 Grupo de Investigación Neurovascular, Departamento de Neurobiología 
Traslacional, Cajal Institute, CSIC, Madrid, Spain

4 Grupo de Medicina Regenerativa, Instituto de Investigación Sanitaria Hospital, 
Madrid, Spain

*Address all correspondence to: info@jjmerino.com

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Stem Cell Transplantation

24

References

[1] Simonacci F, Bertozzi N, Grieco MP, 
Raposio E. From liposuction to adipose-
derived stem cells: Indications 
and technique. Acta Bio-Medica. 
2019;90(2):197-208

[2] Mikłosz A, Nikitiuk BE, 
Chabowski A. Using adipose-derived 
mesenchymal stem cells to fight the 
metabolic complications of obesity: 
Where do we stand? Obesity Reviews. 
2022;23(5):e13413. DOI: 10.1111/
obr.13413. Epub 2022 Jan 5

[3] Barlian A, Judawisastra H, 
Alfarafisa NM, Wibowo UA, Rosadi I. 
Chondrogenic differentiation of adipose-
derived mesenchymal stem cells induced 
by L-ascorbic acid and platelet rich 
plasma on silk fibroin scaffold. Peer J. 
2018;9(6):e5809

[4] Li C et al. Allogeneic vs. autologous 
mesenchymal stem/stromal cells in their 
medication practice. Cell & Bioscience. 
2021;11(1):187

[5] Petrou P et al. Safety and clinical 
effects of mesenchymal stem cells 
secreting neurotrophic factor 
transplantation in patients with 
amyotrophic lateral sclerosis: Results of 
phase 1/2 and 2a clinical trials. JAMA 
Neurology. 2016;73(3):337-344

[6] Pinzur MS. Clinical use of stem 
cells. Foot & Ankle International. 
2020;41(8):1027

[7] Kean TJ et al. MSCs: Delivery 
routes and engraftment, cell-
targeting strategies, and immune 
modulation. Stem Cells International. 
2013;2013:732742

[8] Lin CS, Xin ZC, Dai J, Lue TF. 
Commonly used mesenchymal stem cell 

markers and tracking labels: Limitations 
and challenges. Histology and 
Histopathology. 2013;28(9):1109-1116

[9] Tokita Y et al. Repeated 
administrations of cardiac progenitor 
cells are markedly more effective than a 
single administration: A new paradigm 
in cell therapy. Circulation Research. 
2016;119(5):635-651

[10] Tang JN et al. Concise review: Is 
cardiac cell therapy dead? Embarrassing 
trial outcomes and new directions for 
the future. Stem Cells Translational 
Medicine. 2018;7(4):354-359

[11] Leichebaer J, Henschler R. 
Biodistribution, migration and homing 
of systemically applied mesenchymal 
stem/stromal cells. Stem Cell Research & 
Therapy. 2016;7:1

[12] Uwe M et al. Pulmonary passage is 
a major obstacle for intravenous stem 
cell delivery: The pulmonary first-pass 
effect. Stem Cells and Development. 
2009;18(5):683-692

[13] Schrepfer S et al. Scell 
transplantation: The lung barrier. 
Transplantation Proceedings. 
2007;39(2):573-576

[14] Sohni A, Verfaillie CM. Mesenchymal 
stem cells migration homing and 
tracking. Stem Cells International. 
2013;2013:130763. 8 pages

[15] Spaeth E et al. Inflammation and 
tumor microenvironments: Defining the 
migratory itinerary of mesenchymal stem 
cells. Gene Therapy. 2008;15(10):730-738

[16] Imitola J et al. Directed migration of 
neural stem cells to sites of CNS injury 
by the stromal cell-derived factor 1alpha/



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

25

CXC chemokine receptor 4 pathway. 
Proceedings of the National Academy of 
Sciences of the United States of America. 
2004;101(52):18117-18122

[17] Fehrer C, Lepperdinger G.  
Mesenchymal stem cell aging. 
Experimental Gerontology. 
2005;40(12):926-930

[18] Prockop DJ. Concise review: 
Two negative feedback loops place 
mesenchymal stem/stromal cells 
at the center of early regulators of 
inflammation. Stem Cells (Dayton, 
Ohio). 2013;31(10):2042-2046

[19] Ren G et al. Mesenchymal stemcell-
mediated immunosuppression occurs 
via concertedaction of chemokines 
and nitricoxide. Cell Stem Cell. 
2008;2:141-150

[20] Vegh I, Grau M, Gracia M, 
Grande J, de la Torre P, Flores AI. Decidua 
mesenchymal stem cells migrated toward 
mammary tumors in vitro and in vivo 
affecting tumor growth and tumor 
development. Cancer Gene Therapy. 
2013;20(1):8-16

[21] Ou MY, Zhang H, Tan PC, Zhou SB, 
Li QF. Adipose tissue aging: Mechanisms 
and therapeutic implications. Cell Death 
& Disease. 2022;13(4):300

[22] Burian E, Syväri J, Dieckmeyer M, 
Holzapfel C, Drabsch T, Sollmann N, et 
al. Age- and BMI-related variations of fat 
distribution in sacral and lumbar bone 
marrow and their association with local 
muscle fat content. Scientific Reports. 
2020;10(1):9686

[23] Calabrese G, Giuffrida R, Fabbi C, 
Figallo E, Lo Furno D, Gulino R, et 
al. Collagen-hydroxyapatite scaffolds 
induce human adipose derived stem cells 
osteogenic differentiation in vitro. PLoS 
One. 2016;11:e0151181

[24] Horn P, Bork S, Wagner W.  
Standardized isolation of human 
mesenchymal stromal cells with red 
blood cell lysis. Methods in Molecular 
Biology (Clifton N.J.). 2011;698:23-35

[25] Rashid U, Yousaf A, Yaqoob M, 
Saba E, Moaeen-Ud-Din M, Waseem S, et 
al. Characterization and differentiation 
potential of mesenchymal stem cells 
isolated from multiple canine adipose 
tissue sources. BMC Veterinary Research. 
2021;17(1):388

[26] Wang X, Zhang H, Nie L, Xu L,  
Chen M, Ding Z. Myogenic differentiation 
and reparative activity of stromal cells 
derived from pericardial adipose in 
comparison to subcutaneous origin. Stem 
Cell Research & Therapy. 2014;5(4):92

[27] Gu Y, Li T, Ding Y, Sun L, Tu T, 
Zhu W, et al. Changes in mesenchymal 
stem cells following long-term culture 
in vitro. Molecular Medicine Reports. 
2016;13(6):5207-5215

[28] Chen Q, Shou P, Zheng C, Jiang M, 
Cao G, Yang Q, et al. Fate decision of 
mesenchymal stem cells: Adipocytes 
or osteoblasts? Cell Death and 
Differentiation. 2016;23(7):1128-1139

[29] Bielli A, Scioli MG, Gentile P, 
Agostinelli S, Tarquini C, Cervelli V, 
et al. Adult adipose-derived stem cells 
and breast cancer: A controversial 
relationship. Springer Plus. 2014;3:345

[30] Kim KI, Lee MC, Lee JH, Moon YW, 
Lee WS, Lee HJ, et al. Clinical efficacy and 
safety of the intra-articular injection of 
autologous adipose-derived mesenchymal 
stem cells for knee osteoarthritis: A phase 
III, randomized, double-blind, placebo-
controlled trial. The American Journal of 
Sports Medicine. 2023;51(9):2243-2253

[31] Ferreira MY, Carvalho Junior JDC, 
Ferreira LM. Evaluating the quality 



Stem Cell Transplantation

26

of studies reporting on clinical 
applications of stromal vascular 
fraction: A systematic review and 
proposed reporting guidelines (CLINIC-
STRA-SVF). Regenerative Therapy. 
2023;26(24):332-342

[32] Kim YS, Lee HJ, Choi YJ, et al. 
Does an injection of a stromal vascular 
fraction containing adipose-derived 
mesenchymal stem cells influence the 
outcomes of marrow stimulation in 
osteochondral lesions of the talus? A 
clinical and magnetic resonance imaging 
study. The American Journal of Sports 
Medicine. 2014;42:2424-2434

[33] Bourin P 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. 
2013;15(6):641-648

[34] Nahmgoong H, Jeon YG, Park ES, 
Choi YH, Han SM, Park J, et al. Distinct 
properties of adipose stem cell 
subpopulations determine fat depot-
specific characteristics. Cell Metabolism. 
2022;34(3):458-472.e6

[35] Dai Prè E, Busato A, Mannucci S, 
Vurro F, De Francesco F, Riccio V, et al. In 
vitro characterization of adipose stem cells 
non-enzymatically extracted from the 
thigh and abdomen. International Journal 
of Molecular Sciences. 2020;21(9):3081

[36] Almeria C, Kreß S, Weber V, Egger D, 
Kasper C. Heterogeneity of mesenchymal 
stem cell-derived extracellular vesicles 
is highly impacted by the tissue/cell 
source and culture conditions. Cell & 
Bioscience. 2022;12(1):51

[37] Caplan AI. Why are MSCs 
therapeutic? New data: New insight. The 

Journal of Pathology. 2009;217(2):318-
324. DOI: 10.1002/path.2469

[38] Caplan AI. Adult mesenchymal 
stem cells for tissue engineering versus 
regenerative medicine. Journal of 
Cellular Physiology. 2017;213:341-347

[39] Caplan AI. Mesenchymal stem 
cells: Time to change the name! 
Stem Cells Translational Medicine. 
2017;6(6):1445-1451

[40] Henry C et al. Mesenchymal stromal 
cell therapeutic delivery: Translational 
challenges to clinical application. 
Frontiers in Immunology. 2019;10:1645

[41] Zuk PA et al. Cells from human 
adipose tissue: Implications for cell-
based therapies. Tissue Engineering. 
2001;7:211-222

[42] Zuk PA et al. Human adipose 
tissue is a source of multipotent stem 
cells. Molecular Biology of the Cell. 
2002;13:4279-4295

[43] Zampar AG, Farina Junior JA, 
Orellana MD, Caruso SR, Fernandes TR, 
Gomes R, et al. Analysis of adipose-
derived stem cells from different donor 
areas and their influence on fibroblasts 
in vitro. Aesthetic Plastic Surgery. 
2020;44(3):971-978

[44] Lin CS, Xin ZC, Deng CH, Ning H, 
Lin G, Lue TF. Defining adipose tissue-
derived stem cells in tissue and in 
culture. Histology and Histopathology. 
2010;25(6):807-815

[45] Ning H, Lin G, Lue TF, Lin CS. 
Mesenchymal stem cell marker Stro-1 is a 
75 kd endothelial antigen. Biochemical and 
Biophysical Research Communications. 
2011;413(2):353-357. Epub 2011 Aug 27

[46] Chung MT, Liu C, Hyun JS, Lo DD, 
Montoro DT, Hasegawa M, et al. CD90 



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

27

(Thy-1)-positive selection enhances 
osteogenic capacity of human adipose-
derived stromal cells. Tissue Engineering. 
Part A. 2013;19(7-8):989-997

[47] Lv Feng J, Tuan RS, Cheung KM, 
Leung VY. Concise review: The surface 
markers and identity of human 
mesenchymal stem cells. Stem Cells. 
2014;32(6):1408-1419

[48] Ritter A, Friemel A, 
Fornoff F, Adjan M, Solbach C, Yuan J, et 
al. Characterization of adipose-derived 
stem cells from subcutaneous and 
visceral adipose tissues and their 
function in breast cancer cells. 
Oncotarget. 2015;6(33):34475-34493

[49] Sonoda Y. Human CD34-negative 
hematopoietic stem cells: The current 
understanding of their biological nature. 
Experimental Hematology. 2021;96:13-26

[50] Hatzmann FM, Ejaz A, Wiegers GJ, 
Mandl M, Brucker C, Lechner S, et al. 
Quiescence, stemness and adipogenic 
differentiation capacity in human 
DLK1-/CD34+/CD24+ adipose stem/
progenitor cells. Cells. 2021;10(2):214

[51] da Silva ML, Bellagamba BC, 
Camassola M, Nardi NB. Mesenchymal 
stem cells and their relationship to 
pericytes. Frontiers in Biosciences 
(Landmark Ed). 2016;21(1):130-156

[52] da Silva ML, Caplan AI, Nardi NB. 
In search of the in vivo identity of 
mesenchymal stem cells. Stem Cells. 
2008;26(9):2287-2299. Epub 2008 Jun 19

[53] Kabat M et al. Trends in 
mesenchymal stem cell clinical trials 
2004-2018: Is efficacy optimal in 
a narrow dose range? Stem Cells 
Translational Medicine. 2020;9(1):17-27

[54] Horwitz EM et al. Transplantability 
and therapeutic effects of bone 

marrow-derived mesenchymal cells in 
children with osteogenesis imperfecta. 
Nature Medicine. 1999;5(3):309-313

[55] Kanelidis AJ et al. Route of delivery 
modulates the efficacy of mesenchymal 
stem cell therapy for myocardial 
infarction: A meta-analysis of preclinical 
studies and clinical trials. Circulation 
Research. 2017;120(7):1139-1150

[56] Jankowski M, Dompe C, Sibiak R, 
Wąsiatycz G, Mozdziak P, Jaśkowski JM, 
et al. In vitro cultures of adipose-derived 
stem cells: An overview of methods, 
molecular analyses, and clinical 
applications. Cells. 2020;9(8):27, 1783

[57] Yang S, Sun Y, Yan C. Recent 
advances in the use of extracellular 
vesicles from adipose-derived stem cells 
for regenerative medical therapeutics. 
Journal of Nanobiotechnology. 
2024;22(1):316

[58] Tripepi G, Chesnaye NC, 
Dekker FW, Zoccali C, Jager KJ. Intention 
to treat and per protocol analysis in 
clinical trials. Nephrology (Carlton Vic.). 
2020;25(7):513-517

[59] Agostini F, Rossi FM, Aldinucci D, 
Battiston M, Lombardi E, Zanolin S, et 
al. Improved GMP compliant approach to 
manipulate lipoaspirates, to cryopreserve 
stromal vascular fraction, and to expand 
adipose stem cells in xeno-free media. Stem 
Cell Research & Therapy. 2018;9(1):130

[60] Mohty B et al. Long-term 
complications and side effects after 
allogenic hematopoietic stem cell 
trasplantation: An update. Blood Cancer 
Journal. 2011;1:e16

[61] Dong L, Li X, Leng W, Guo Z, 
Cai T, Ji X, et al. Adipose stem cells in 
tissue regeneration and repair: From 
bench to bedside. Regenerative Therapy. 
2023;24:547-e560



Stem Cell Transplantation

28

[62] Wakitani S et al. Mesenchymal 
cell-based repair of large, full-thickness 
defects of articular cartilage. The Journal 
of Bone and Joint Surgery America. 
1994;76(4):579-592

[63] Wang L, Huang C, Li Q, 
Xu X, Liu L, Huang K, et al. Osteogenic 
differentiation potential of adipose-
derived stem cells from ovariectomized 
mice. Cell Proliferation. 2017;50:e12328

[64] Feisst V, Meidinger S, Locke MB. 
From bench to bedside: Use of human 
adipose-derived stem cells. Stem Cells 
Cloning. 2015;8:149-162

[65] Argentati C et al. Adipose stem cell 
translational applications: From bench-
to-bedside. International Journal of 
Molecular Sciences. 2018;2018:3475

[66] Bogdanova-Jatniece A, 
Berzins U, Bruvere R, Eivazova R, 
Kozlovska T. Adipose-derived stem cells 
culture in autologous serum maintain 
the characteristics of mesenchymal 
stem cells. Proceedings of the Latvian 
Academy of Sciences Section B 
Natural Exact and Applied Sciences. 
2011;64(3-4):106-113

[67] Lefebvre V, Huang W, Harley VR, 
Goodfellow PN, de Crombrugghe B. 
SOX9 is a potent activator of the 
chondrocyte-specific enhancer of the pro 
alpha1(II) collagen gene. Molecular and 
Cellular Biology. 1997;17(4):2336-2346

[68] Guasti L, Prasongchean W, 
Kleftouris G, Mukherjee S, Thrasher AJ, 
Bulstrode NW, et al. High plasticity of 
pediatric adipose tissue-derived stem 
cells: Too much for selective skeletogenic 
differentiation? Stem Cells Translational 
Medicine. 2012;1:384-395

[69] Lee SJ, Kang SW, Do HJ, Han I, 
Shin DA, Kim JH, et al. Enhancement 
of bone regeneration by gene delivery 

of BMP2/Runx2 bicistronic vector 
into adipose-derived stromal cells. 
Biomaterials. 2010;31:5652-5659

[70] Cha BH, Kim JH, Kang SW, Do HJ, 
Jang JW, Choi YR, et al. Cartilage tissue 
formation from dedifferentiated 
chondrocytes by codelivery of 
BMP-2 and SOX-9 genes encoding 
bicistronic vector. Cell Transplantation. 
2013;22(9):1519-1528

[71] Liao J, Hu N, Zhou N, Lin L, 
Zhao C, Yi S, et al. Sox9 potentiates 
BMP2-induced chondrogenic 
differentiation and inhibits BMP2-
induced osteogenic differentiation. PLoS 
One. 2014;9(2):e89025

[72] Taninaka A, Kabata T, Hayashi K,  
Kajino Y, Inoue D, Ohmori T, et al.  
Chondroprotective effects of 
chondrogenic differentiated adipose-
derived mesenchymal stem cells sheet 
on degenerated articular cartilage 
in an experimental rabbit model. 
Bioengineering (Basel). 2023;10(5):574

[73] Bacou F et al. Transplantation of 
adipose tissue-derived stromal cells 
increases mass and functional capacity 
of damaged skeletal muscle. Cell 
Transplantation. 2004;13:103-111

[74] Safford KM et al. Neurogenic 
differentiation of murine and human 
adipose-derived stromal cells. 
Biochemical and Biophysical Research 
Communications. 2002;294:371-379

[75] Lee M-S et al. Endothelin-1 
differentially directs lineage specification 
of adipose- and bone marrow-derived 
mesenchymal stem cells. FASEB Journal. 
2019;33(1):996-1007

[76] McElwain CJ, Tuboly E, 
McCarthy FP, McCarthy CM.  
Mechanisms of endothelial dysfunction 
in pre-eclampsia and gestational 



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

29

diabetes mellitus: Windows into future 
cardiometabolic health? Frontiers 
in Endocrinology (Lausanne). 
2020;11(11):655

[77] Garber MG et al. Isolation of 
autologous stromal vascular fraction 
(SVF) from adipose tissue (human 
Lipoaspirates): A clinical protocol. 
International Journal of Science and 
Research (IJSR). 2018;8(4):1869-1875

[78] Halvorsen YC et al. Adipose-
derived stem stromal cells-their utility 
and potential in bone formation. 
International Journal of Obesity 
and Related Metabolic Disorders. 
2000;24(4):S41-S44

[79] Boada-Pladellorens A, 
Avellanet M, Pages-Bolibar E, Veiga A. 
Stromal vascular fraction therapy for 
knee osteoarthritis: A systematic review. 
Therapeutic Advances in Musculoskeletal 
Disease. 2022;14:1759720X221117879

[80] Simunec D, Salari H, Meyer J. 
Treatment of grade 3 and 4 osteoarthritis 
with intraoperatively separated adipose 
tissue-derived stromal vascular fraction: 
A comparative case series. Cells. 
2020;9(9):2096

[81] Anil U, Markus DH, Hurley ET, 
Manjunath AK, Alaia MJ, Campbell KA, 
et al. The efficacy of intra-articular 
injections in the treatment of knee 
osteoarthritis: A network meta-analysis 
of randomized controlled trials. The 
Knee. 2021;32:173-182

[82] DiMarino AM et al. Mesenchymal 
stem cells in tissue repair. Frontiers in 
Immunology. 2013;4:1-9

[83] Doyle LMA, Michael WZ. Overview 
of extracelular vesicles, their origin, 
composition, purpose, and methods for 
exosome isolation and analisis. Cells. 
2019;8:7

[84] de Nobrega M et al. The potential 
of cell-free and exosomal micro-RNAs 
as biomarkers in liquid biopsy in 
patients with prostate cancer. Journal of 
Cancer Research and Clinical Oncology. 
2022;148:2893-2910. DOI: 10.1007/
s00432-022-04213-9

[85] Kokai LE et al. Adipose 
stem cells: Biology and clinical 
applications for tissue repair and 
regeneration. Translational Research. 
2014;163(4):399-408

[86] Lee SC et al. Hypoxic conditioned 
medium from human adipose-derived 
stem cells promotes mouse liver 
regeneration through JAK/STAT3 
signaling. Stem Cells Translational 
Medicine. 2016;5(6):816-825

[87] Roura S et al. Potential of 
extracellular vesicle-associated TSG-6 
from adipose mesenchymal stromal cells 
in traumatic brain injury. International 
Journal of Molecular Sciences. 
2020;21(18):6761

[88] Cronk SM, Kelly-Goss MR, Ray HC, 
Mendel TA, Hoehn KL, Bruce AC, et al. 
Adipose-derived stem cells from diabetic 
mice show impaired vascular stabilization 
in a murine model of diabetic retinopathy. 
Stem Cells Translational Medicine. 
2015;4(5):459-467

[89] Mazini L, Rochette L, Amine M, 
Malka G. Regenerative capacity of 
adipose derived stem cells (ADSCs), 
comparison with mesenchymal stem 
cells (MSCs). International Journal of 
Molecular Sciences. 2019;20(10):2523

[90] Gurunathan S et al. Review of the 
isolation, characterization, biological 
function, and multifarious therapeutic 
approaches of exosomes. Cells. 2021;8:462

[91] Maacha S et al. Paracrine 
mechanisms of mesenchymal stromal 



Stem Cell Transplantation

30

cells in angiogenesis. Stem Cells 
International. 2020;2020:4356359

[92] Zhang Y, Li Y, Wang Q, Zheng D, 
Feng X, Zhao W, et al. Attenuation of 
hepatic ischemia reperfusion injury 
by adipose stem cell derived exosome 
treatment via ERK1/2 and GSK 3β 
signaling pathways. International Journal 
of Molecular Medicine. 2022;49(2):13

[93] Almalki SG, Agrawal DK. Effects of 
matrix metalloproteinases on the fate 
of mesenchymal stem cells. Stem Cell 
Research & Therapy. 2016;7(1):129

[94] Bartholomew A et al. Mesenchymal 
stem cells suppress lymphocyte 
proliferation in vitro and prolong skin 
graft survival in vivo. Experimental 
Hematology. 2002;30(1):42-48

[95] De Miguel MP et al. 
Immunosuppressive properties of 
mesenchymal stem cells: Advances 
and applications. Current Molecular 
Medicine. 2012;12:574-591

[96] Murphy JM et al. Stem cell therapy 
in a caprine model of osteoarthritis. 
Arthritis and Rheumatism. 
2003;48(12):3464-3474

[97] Rui L, Li D, Wang H, Chen K, Wang S, 
Jie X, et al. Exosomes from adipose-derived 
stem cells regulate M1/M2 macrophage 
phenotypic polarization to promote bone 
healing via miR-451a/MIF. Stem Cell 
Research Therapy. 2022;13:149

[98] Nauta AJ, Fibbe WE. 
Immunomodulatory properties of 
mesenchymal stromal cells. Blood. 
2007;110(10):3499-3506

[99] Blanc L, Katarina, and Dimitrios 
Mougiakakos. Multipotent mesenchymal 
stromal cells and the innate immune 
system. Nature Reviews. Immunology. 
2012;12(5):383-396

[100] Ling W. Mesenchymal stem cells 
employ IDO to regulate immunity in 
tumor microenvironment. Cancer 
Research. 2014;74(5):1576-1587

[101] Spaggiari GM et al. Mesenchymal 
stem cells inhibit natural killer-cell 
proliferation, cytotoxicity, and cytokine 
production: Role of indoleamine 
2,3-dioxygenase and prostaglandin E2. 
Blood. 2008;111(3):1327-1333

[102] Spaggiari GM et al. MSCs inhibit 
monocyte-derived DC maturation and 
function by selectively interfering with 
the generation of immature DCs: Central 
role of MSC-derived prostaglandin E2. 
Blood. 2009;113(26):6576-6583

[103] English K. Mechanisms 
of mesenchymal stromal cell 
immunomodulation. Immunology and 
Cell Biology. 2013;91:1926

[104] English K et al. IFN-γ and 
TNF-α differentially regulate 
immunomodulation by murine 
mesenchymal stem cells. Immunology 
Letters. 2007;110:91-100

[105] Wisniewski HG, Vilcek J. TSG-
6: An IL-1/TNF-inducible protein 
with anti-inflammatory activity. 
Cytokine & Growth Factor Reviews. 
1997;8(2):143-156

[106] Song HB, Park SY, Ko JH, Park JW, 
Yoon CH, Kim DH, et al. Mesenchymal 
stromal cells inhibit inflammatory 
lymphangiogenesis in the cornea by 
suppressing macrophage in a TSG-6-
dependent manner. Molecular Therapy. 
2018;26(1):162-172

[107] Kuppa SS, Kim HK, Kang JY, 
Lee SC, Seon JK. Role of mesenchymal 
stem cells and their paracrine mediators 
in macrophage polarization: An approach 
to reduce inflammation in osteoarthritis. 
International Journal of Molecular 



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

31

Sciences. 2022;23(21):13016. DOI: 
10.3390/ijms232113016

[108] Choi H et al. Anti-inflammatory 
protein TSG-6 secreted by activated 
MSCs attenuates zymosan-induced 
mouse peritonitis by decreasing TLR2/
NF-κB signaling in resident macrophages. 
Blood. 2011;118(2):330-338

[109] Elashry MI, Baulig N, Wagner AS, 
Klymiuk MC, Kruppke B, Hanke T, et al. 
Combined macromolecule biomaterials 
together with fluid shear stress promote 
the osteogenic differentiation capacity 
of equine adipose-derived mesenchymal 
stem cells. Stem Cell Research & 
Therapy. 2021;12(1):116

[110] Hatsushika D, Muneta T, 
Nakamura T, Horie M, Koga H,  
Nakagawa Y, et al. Repetitive 
allogeneic intraarticular injections 
of synovial mesenchymal stem cells 
promote meniscus regeneration in 
a porcine massive meniscus defect 
model. Osteoarthritis and Cartilage. 
2014;22(7):941-950

[111] Kasir R, Vernekar VN, 
Laurencin CT. Regenerative engineering 
of cartilage using adipose-derived stem 
cells. Regenerative Engineering and 
Translational Medicine. 2015;1(1):42-49

[112] Makarczyk MJ. Cell therapy 
approaches for articular cartilage 
regeneration. Organogenesis. 
2023;19(1):2278235

[113] Park JS, Piao J, Park G, Yoo KS, 
Hong HS. Osteoporotic conditions 
influence the activity of adipose-
derived stem cells. Tissue Engineering 
and Regenerative Medicine. 
2020;17(6):875-885

[114] Lin W, Yang Z, Shi L, Wang H, 
Pan Q, Zhang X, et al. Alleviation of 
osteoarthritis by intra-articular 

transplantation of circulating 
mesenchymal stem cells. Biochemical 
and Biophysical Research 
Communications. 2022;636(1):25-32

[115] Meng HY, Lu V, Khan W. Adipose 
tissue-derived mesenchymal stem cells 
as a potential restorative treatment for 
cartilage defects: A PRISMA review and 
meta-analysis. Pharmaceuticals (Basel). 
2021;14(12):1280

[116] Shan H, Chen F, Zhang T, 
He S, Xu L, Wei A. Stem cell therapy 
for erectile dysfunction of cavernous 
nerve injury rats: A systematic 
review and meta-analysis. PLoS One. 
2015;10(4):e0121428

[117] Somoza RA, Welter JF, Correa D, 
Caplan AI. Chondrogenic differentiation 
of mesenchymal stem cells: Challenges 
and unfulfilled expectations. Tissue 
Engineering. Part B, Reviews. 
2014;20(6):596-608. Epub 2014 May 27

[118] Schmitz C, Alt C, Pearce DA,  
Furia JP, Maffulli N, Alt EU. 
Methodological flaws in meta-analyses 
of clinical studies on the management 
of knee osteoarthritis with stem cells: A 
systematic review. Cells. 2022;11(6):965

[119] Vargel İ, Tuncel A, Baysal N, 
Hartuç-Çevik İ, Korkusuz F. Autologous 
adipose-derived tissue stromal 
vascular fraction (AD-tSVF) for knee 
osteoarthritis. International Journal of 
Molecular Sciences. 2022;23(21):13517

[120] Rady D, Abbass MMS, 
El-Rashidy AA, El Moshy S, Radwan IA, 
Dorfer CE, et al. Mesenchymal stem/
progenitor cells: The prospect of 
human clinical translation. Stem Cells 
International. 2020;2020:8837654

[121] Koh YG, Lee JA, Kim YS, Lee HY, 
Kim HJ, Kang KT. Optimal mechanical 
properties of a scaffold for cartilage 



Stem Cell Transplantation

32

regeneration using finite element 
analysis. Journal of Tissue Engineering. 
2019;28(10):2041731419832133

[122] Romano IR, D’Angeli F, Vicario N, 
Russo C, Genovese C, Lo Furno D, et al. 
Adipose-derived mesenchymal stromal 
cells: A tool for bone and cartilage repair. 
Biomedicine. 2023;11(7):1781

[123] Zhou J, Xiong S, Liu M, Yang H, 
Wei P, Yi F, et al. Study on the influence 
of scaffold morphology and structure 
on osteogenic performance. Frontiers 
in Bioengineering and Biotechnology. 
2023;27(11):1127162

[124] Scioli MG, Bielli A, Gentile P,  
Cervelli V, Orlandi A. Combined 
treatment with platelet-rich plasma 
and insulin favours chondrogenic and 
osteogenic differentiation of human 
adipose-derived stem cells in three-
dimensional collagen scaffolds. Journal 
of Tissue Engineering and Regenerative 
Medicine. 2017;11(8):2398-2410

[125] Wei W, Ma Y, Yao X, Zhou W, 
Wang X, Li C, et al. Advanced hydrogels 
for the repair of cartilage defects and 
regeneration. Bioactive Materials. 
2020;6(4):998-1011

[126] Yin F, Cai J, Zen W, Wei Y, Zhou W, 
Yuan F, et al. Cartilage regeneration 
of adipose-derived stem cells in the 
TGF-β1-immobilized PLGA-gelatin 
scaffold. Stem Cell Reviews and Reports. 
2015;11(3):453-459

[127] Szponder T, Latalski M, Danielewicz 
A, Krać K, Kozera A, Drzewiecka B, 
et al. Osteoarthritis: Pathogenesis, 
animal models, and new regenerative 
therapies. Journal of Clinical Medicine. 
2022;12(1):5

[128] Bhattacharjee M, Escobar Ivirico JL, 
Kan HM, Shah S, Otsuka T, Bordett R, et 
al. Injectable amnion hydrogel-mediated 

delivery of adipose-derived stem cells 
for osteoarthritis treatment. Proceedings 
of the National Academy of Sciences 
of the United States of America. 
2022;119(4):e2120968119

[129] Arceri A, Mazzotti A, Artioli E, 
Zielli SO, Barile F, Manzetti M, et al. 
Adipose-derived stem cells applied to 
ankle pathologies: A systematic review. 
Musculoskeletal Surgery. 2024;108(1):1-
9. DOI: 10.1007/s12306-023-00798-
7. Epub 2023 Nov 9. Erratum in: 
Musculoskelet Surg. 2024 108(2):239

[130] Ossendorff R, Menon A, 
Schildberg FA, Randelli PS, Scheidt S, 
Burger C, et al. A worldwide analysis of 
adipose-derived stem cells and stromal 
vascular fraction in orthopedics: Current 
evidence and applications. Journal of 
Clinical Medicine. 2023;12(14):4719

[131] Sterne JAC, Savović J, Page MJ, 
Elbers RG, Blencowe NS, Boutron I, et 
al. RoB 2: A revised tool for assessing 
risk of bias in randomised trials. BMJ. 
2019;366:l4898

[132] Goncharov EN, Koval OA, 
Igorevich EI, Encarnacion Ramirez MJ, 
Nurmukhametov R, Valentinovich KK, 
et al. Analyzing the clinical potential 
of stromal vascular fraction: A 
comprehensive literature review. 
Medicina (Kaunas, Lithuania). 
2024;60(2):221

[133] Ude CC, Shah S, Ogueri KS, 
Nair LS, Laurencin CT. Stromal vascular 
fraction for osteoarthritis of the knee 
regenerative engineering. Regenerative 
Engineering and Translational Medicine. 
2022;8:210-224

[134] Piccinno MS, Petrachi T, Pignatti M, 
Murgia A, Grisendi G, Candini O, et al. 
Human adipose mesenchymal stromal/
stem cells improve fat transplantation 
performance. Cells. 2022;11(18):2799



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

33

[135] Madani Neishaboori A,  
Eshraghi A, Tasouji Asl A, 
Shariatpanahi M, Yousefifard M, Gorji A. 
Adipose tissue-derived stem cells as 
a potential candidate in treatment of 
Alzheimer’s disease: A systematic 
review on preclinical studies. 
Pharmacology Research & Perspectives. 
2022;10(4):e00977

[136] Sochocka M, Diniz BS, 
Leszek J. Inflammatory response in 
the CNS: Friend or foe? Molecular 
Neurobiology. 2017;54(10):8071-8089. 
Epub 2016 Nov 26

[137] Saffari TM, Bedar M, 
Hundepool CA, Bishop AT, Shin AY. 
The role of vascularization in nerve 
regeneration of nerve graft. Neural 
Regeneration Research. 
2020;15(9):1573-1579

[138] Sheykhhasan M, Amini R,  
Soleimani Asl S, Saidijam M, 
Hashemi SM, Najafi R. Neuroprotective 
effects of coenzyme Q10-loaded 
exosomes obtained from adipose-
derived stem cells in a rat model of 
Alzheimer’s disease. Biomedicine & 
Pharmacotherapy. 2022;152:113224

[139] Singh G, Mehra A, Arora S, 
Gugulothu D, Vora LK, Prasad R, et 
al. Exosome-mediated delivery and 
regulation in neurological disease 
progression. International Journal of 
Biological Macromolecules. 2024;264(Pt 
2):130728

[140] Lu X, Lv C, Zhao Y, Wang Y, Li Y, 
Ji C, et al. TSG-6 released from adipose 
stem cells-derived small extracellular 
vesicle protects against spinal cord 
ischemia reperfusion injury by inhibiting 
endoplasmic reticulum stress. Stem Cell 
Research & Therapy. 2022;13(1):291

[141] Yin H, Jiang T, Deng X, Yu M, 
Xing H, Ren X. A cellular spinal cord 

scaffold seeded with rat adipose derived 
stem cells facilitates functional recovery 
via enhancing axon regeneration in 
spinal cord injured rats. Molecular 
Medicine Reports. 2018;17(2):2998-3004

[142] Bydon M, Qu W, Moinuddin FM, 
Hunt CL, Garlanger KL, Reeves RK, et al. 
Intrathecal delivery of adipose-derived 
mesenchymal stem cells in traumatic 
spinal cord injury: Phase I trial. Nature 
Communications. 2024;15(1):2201

[143] Jeon ES et al. 
Sphimgosylphosphorylcholine induced 
proliferation of humant tissue adipose-
derived mesenchymal stem cells via 
activation of JNK. Journal of Lipid 
Research. 2006;47:653-664

[144] Wu H, Fan Y, Zhang M. Advanced 
Progress in the role of adipose-derived 
mesenchymal stromal/stem cells in 
the application of central nervous 
system disorders. Pharmaceutics. 
2023;15(11):2637. DOI: 10.3390/
pharmaceutics15112637

[145] Wu R et al. Concise review: 
Optimized strategies for stem cell-based 
therapy in myocardial repair: Clinical 
translatability and potential limitation. 
Stem Cells. 2008;36(4):482-500

[146] Soltani A, Moradi M, Nejad AR, 
Moradi S, Javandoost E, Nazari H, et al. 
Adipose-derived stem cells: Potentials, 
availability and market size in 
regenerative medicine. Current Stem Cell 
Research & Therapy. 2023;18(3):347-379

[147] Yeh DC, Chan TM, Harn HJ, 
Chiou TW, Chen HS, Lin ZS, et al. 
Adipose tissue-derived stem cells in 
neural regenerative medicine. Cell 
Transplantation. 2015;24(3):487-492

[148] Sánchez-Castillo AI, Sepúlveda MR, 
Marín-Teva JL, Cuadros MA, Martín-
Oliva D, González-Rey E, et al. Switching 



Stem Cell Transplantation

34

roles: Beneficial effects of adipose 
tissue-derived mesenchymal stem cells 
on microglia and their implication 
in neurodegenerative diseases. 
Biomolecules. 2022;12(2):219

[149] Duma C, Kopyov O, Kopyov A, 
Berman M, Lander E, Elam M, et al. 
Human intracerebroventricular (ICV) 
injection of autologous, non-engineered, 
adipose-derived stromal vascular 
fraction (ADSVF) for neurodegenerative 
disorders: Results of a 3-year phase 
1 study of 113 injectioaurns in 31 
patients. Molecular Biology Reports. 
2019;46(5):5257-5272

[150] Cai A, Zheng ZM, Himmler M, 
Schubert DW, Fuchsluger TA, Weisbach V, 
et al. Schwann cells promote myogenic 
differentiation of myoblasts and 
adipogenic mesenchymal stromal 
cells on poly-ɛ-caprolactone-collagen 
I-nanofibers. Cells. 2022;11(9):1436

[151] Zhang J et al. Adipose-derived 
stem cells: Current applications and 
future directions in the regeneration of 
multiple tissues. Stem Cells International. 
2020;2020:8810813

[152] Jiang W, Zhan Y, Zhang Y, Sun D, 
Zhang G, Wang Z, et al. Synergistic large 
segmental bone repair by 3D printed 
bionic scaffolds and engineered ADSC 
nanovesicles: Towards an optimized 
regenerative microenvironment. 
Biomaterials. 2024;308:122566

[153] Gaur S, Agnihotri R. Application of 
adipose tissue stem cells in regenerative 
dentistry: A systematic review. 
Journal of International Society of 
Preventive & Community Dentistry. 
2021;11(3):266-271

[154] Cabaña-Muñoz ME, Pelaz 
Fernández MJ, Parmigiani-Cabaña JM, 
Parmigiani-Izquierdo JM, Merino JJ. 
Adult mesenchymal stem cells from oral 

cavity and surrounding areas: Types and 
biomedical applications. Pharmaceutics. 
2023;15(8):2109

[155] Nagata H, Ii M, Kohbayashi E,  
Hoshiga M, Hanafusa T, Asahi M. 
Cardiac adipose-derived stem cells 
exhibit high differentiation potential to 
cardiovascular cells in C57BL/6 mice. 
Stem Cells Translational Medicine. 
2016;5(2):141-151

[156] Yamada Y, Wang XD, 
Yokoyama S, Fukuda N, Takakura N. 
Cardiac progenitor cells in brown adipose 
tissue repaired damaged myocardium. 
Biochemical and Biophysical Research 
Communications. 2006;342(2):662-670

[157] Bulati M, Miceli V, Gallo A, 
Amico G, Carcione C, Pampalone M, et 
al. The immunomodulatory properties 
of the human amnion-derived 
mesenchymal stromal/stem cells are 
induced by INF-γ produced by activated 
lymphomonocytes and are mediated 
by cell-to-cell contact and soluble 
factors. Frontiers in Immunology. 
2020;12(11):54

[158] Jo HJ, Kim JH, Hong SJ. Adipose 
tissue-derived stem cells for myocardial 
regeneration. Korean. Circulation 
Journal. 2017;47(2):151-159

[159] Chai CY, Song J, Tan Z, Tai IC, 
Zhang C, Sun S. Adipose tissue-derived 
stem cells inhibit hypertrophic scar 
(HS) fibrosis via p38/MAPK pathway. 
Journal of Cellular Biochemistry. 
2019;120(3):4057-4064

[160] He Y, Guo Y, Xia Y, Guo Y, Wang R, 
Zhang F, et al. Resistin promotes cardiac 
homing of mesenchymal stem cells and 
functional recovery after myocardial 
ischemia-reperfusion via the ERK1/2-
MMP-9 pathway. American Journal 
of Physiology. Heart and Circulatory 
Physiology. 2019;316(1):H233-H244



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

35

[161] Bobi J, Solanes N, 
Fernández-Jiménez R, Galán-Arriola C, 
Dantas AP, Fernández-Friera L, et 
al. Intracoronary administration of 
allogeneic adipose tissue-derived 
mesenchymal stem cells improves 
myocardial perfusion but not left 
ventricle function, in a translational 
model of acute myocardial infarction. 
Journal of the American Heart 
Association. 2017;6(5):e005771

[162] Omar AM, Meleis AE, Arfa SA, 
Zahran NM, Mehanna RA. Comparative 
study of the therapeutic potential of 
mesenchymal stem cells derived from 
adipose tissue and bone marrow on acute 
myocardial infarction model. Oman 
Medical Journal. 2019;34(6):534-543

[163] Zisa D, Shabbir A, Mastri M, 
Taylor T, Aleksic I, McDaniel M, et 
al. Intramuscular VEGF activates 
an SDF1-dependent progenitor cell 
cascade and an SDF1-independent 
muscle paracrine cascade for cardiac 
repair. American Journal of Physiology. 
Heart and Circulatory Physiology. 
2011;301(6):H2422-H2432

[164] Mazo M, Planet-Bérnard V, 
Abizanda G, Pelacho B, Léobon B,  
Gávira JL, et al. Transplantation of 
adipose derived stromal cells is associated 
with functional improvement in a rat 
model of chronic myocardial infarction. 
European Journal of Heart Faillure. 
2014;10(5):454-4612

[165] Pang JL, Shao H, Xu XG, Lin ZW, 
Chen XY, Chen JY, et al. Targeted drug 
delivery of engineered mesenchymal 
stem/stromal-cell-derived exosomes in 
cardiovascular disease: Recent trends 
and future perspectives. Frontiers in 
Bioengineering and Biotechnology. 
2024;15(12):1363742

[166] Deng H, Zhang P, Gao X, Chen W, 
Li J, Wang F, et al. Emerging trophic 

activities of mesencephalic astrocyte-
derived neurotrophic factor in tissue 
repair and regeneration. International 
Immunopharmacology. 2023;114:109598

[167] Rani R, Gandhi CR. Stellate cell 
in hepatic inflammation and acute 
injury. Journal of Cellular Physiology. 
2023;238(6):1226-1236

[168] Wu B, Feng J, Guo J, Wang J, Xiu G, 
Xu J, et al. ADSCs-derived exosomes 
ameliorate hepatic fibrosis by 
suppressing stellate cell activation and 
remodeling hepatocellular glutamine 
synthetase-mediated glutamine and 
ammonia homeostasis. Stem Cell 
Research & Therapy. 2022;13(1):494

[169] Yamamoto D, Tada K, Suganuma S, 
Hayashi K, Nakajima T, Nakada M, et al. 
Differentiated adipose-derived stem cells 
promote peripheral nerve regeneration. 
Muscle & Nerve. 2020;62(1):119-127

[170] Wu B, Feng J, Guo J, Wang J, Xiu G, 
Xu J, et al. ADSCs-derived exosomes 
ameliorate hepatic fibrosis by 
suppressing stellate cell activation and 
remodelling hepatocellular glutamine 
synthetase-mediated glutamine and 
ammonia homeostasis. Stem Cell 
Research & Therapy. 2022;13(1):494

[171] Wang X, Rao H, Liu F, Wei L, 
Li H, Wu C. Recent advances in adipose 
tissue dysfunction and its role in the 
pathogenesis of non-alcoholic fatty liver 
disease. Cells. 2021;10(12):3300

[172] Hou Y, Ding W, Wu P, Liu C, 
Ding L, Liu J, et al. Adipose-derived 
stem cells alleviate liver injury induced 
by type 1 diabetes mellitus by inhibiting 
mitochondrial stress and attenuating 
inflammation. Stem Cell Research & 
Therapy. 2022;13(1):132

[173] Chen X, Yan L, Guo Z, Chen Z, 
Chen Y, Li M, et al. Adipose-derived 



Stem Cell Transplantation

36

mesenchymal stem cells promote the 
survival of fat grafts via crosstalk 
between the Nrf2 and TLR4 pathways. 
Cell Death & Disease. 2016;7(9):e2369

[174] Park JS, Kim D, Hong HS. Priming 
with a combination of FGF2 and 
HGF restores the impaired osteogenic 
differentiation of adipose-derived stem 
cells. Cells. 2022;11(13):2042

[175] Qu Y, Zhang Q, Cai X, Li F, Ma Z, 
Xu M, et al. Exosomes derived from 
miR-181-5p-modified adipose-derived 
mesenchymal stem cells prevent liver 
fibrosis via autophagy activation. Journal 
of Cellular and Molecular Medicine. 
2017;21(10):2491-2502

[176] Liao N, Pan F, Wang Y, Zheng Y, 
Chen W, Gao Y, et al. Adipose tissue-
derived stem cells promote the reversion 
of non alcoholic fatty liver disease: An 
in vivo study. International Journal of 
Molecular Medicine. 2016;37:1389-1396

[177] Liu P, Mao Y, Xie Y, Wei J, Yao J. 
Stem cells for treatment of liver fibrosis/
cirrhosis: Clinical progress and 
therapeutic potential. Stem Cell Research 
& Therapy. 2022;13(1):356

[178] Chae YJ, Jun DW, Lee JS, Saeed WK, 
Kang HT, Jang K, et al. The use of Foxa2-
overexpressing adipose tissue-derived stem 
cells in a scaffold system attenuates acute 
liver injury. Gut Liver. 2019;13(4):450-460

[179] Yao Y, Xia Z, Cheng F, Jang Q, 
He J, Pan C, et al. Human placental 
mesenchymal stem cells ameliorate 
liver fibrosis in mice by upregulation of 
Caveolin1 in hepatic stellate cells. Stem 
Cell Research & Therapy. 2021;12(1):294

[180] Tao YC, Chen EQ. Clinical 
application of stem cell in patients with 
end-stage liver disease: Progress and 
challenges. Annals of Translational 
Medicine. 2020;8(8):564

[181] Buscail E, Le Cosquer G, Gross F, 
Lebrin M, Bugarel L, Deraison C, et 
al. Adipose-derived stem cells in the 
treatment of perianal fistulas in Crohn’s 
disease: Rationale, clinical results and 
perspectives. International Journal of 
Molecular Sciences. 2021;22(18):9967

[182] Garcia-Olmo D, Herreros D, Pascual I, 
Pascual JA, Del-Valle E, Zorrilla J, et al. 
Expanded adipose-derived stem cells for 
the treatment of complex perianal fistula: 
A phase II clinical trial. Diseases of the 
Colon and Rectum. 2009;52(1):79-86

[183] Gilletta C, Buscail L. Adipose-
derived stem cells in the treatment of 
perianal fistulas in Crohn’s disease: 
Rationale, clinical results and 
perspectives. International Journal of 
Molecular Sciences. 2021;22(18):9967

[184] Surowiecka A, Struzna J. Adipose-
derived stem cells for facial rejuvenation. 
Journal of Personalized Medicine. 
2022;12:117

[185] Surowiecka A et al. Stromal 
vascular fraction and emulsified fat as 
regenerative tolos in rejuvenation of the 
lower eyelid área. Dermatologic Therapy. 
2021;34:e14937

[186] Hanson SE et al. Mesenchymal stem 
cell therapy for nonhealing cutaneous 
wounds. Plastic and Reconstructive 
Surgery. 2010;125(2):510-516

[187] Magne B et al. Mesenchymal stromal 
cell preconditioning: The next step 
toward a customized treatment for severe 
burn. Stem Cells and Development. 
2018;27(20):1385-1405

[188] López-Iglesias P, Blázquez-Martínez A, 
Fernández-Delgado J, Regadera J, 
Nistal M, Miguel MP. Short and long term 
fate of human AMSC subcutaneously 
injected in mice. World. Journal of Stem 
Cells. 2011;3(6):53-62



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

37

[189] Zhou ZQ, Chen Y, Chai M, 
Tao R, Lei YH, Jia YQ, et al. Adipose 
extracellular matrix promotes skin 
wound healing by inducing the 
differentiation of adipose derived stem 
cells into fibroblasts. International 
Journal of Molecular Medicine. 
2019;43(2):890-900

[190] Wang M, Zhao J, Li J, Meng M, 
Zhu M. Insights into the role of adipose-
derived stem cells and secretome: 
Potential biology and clinical 
applications in hypertrophic scarring. 
Stem Cell Research & Therapy. 
2024;15(1):137

[191] Hao Z, Qi W, Sun J, Zhou M, Guo N. 
Review: Research progress of adipose-
derived stem cells in the treatment of 
chronic wounds. Frontiers in Chemistry. 
2023;13(11):1094693

[192] Frommer ML, Langridge BJ, 
Awad L, Jasionowska S, Denton CP, 
Abraham DJ, et al. Single-cell analysis of 
ADSC interactions with fibroblasts and 
endothelial cells in scleroderma skin. 
Cells. 2023;12(13):1784

[193] Mazini L, Rochette L, Admou B, 
Amal S, Malka G. Hopes and limits of 
adipose-derived stem cells (ADSCs) 
and mesenchymal stem cells (MSCs) in 
wound healing. International Journal of 
Molecular Sciences. 2020;21(4):1306

[194] Ding S, Ye X, Xin Y, Yue L, Tan Q. 
Effect of collagen scaffold with Bcl-2 
modified adipose-derived stem cells 
on diabetic mice wound healing. The 
International Journal of Lower Extremity 
Wounds. 2019;19(2):139-147

[195] Papadopoulos KS, Christina P, 
Penelope K. Clinical applications of 
adipose-derived stem cell (ADSC) 
exosomes in tissue regeneration. 
International Journal of Molecular 
Sciences. 2024;25(11):5916

[196] Lesmanawati FE, Windura CA, 
Saputro ID, Hariani L. Autologous fat 
grafting and adipose-derived stem cells 
therapy for acute burns and burn-related 
scar: A systematic review. Tzu Chi 
Medical Journal. 2024;36(2):203-211

[197] Wang K, Yang Z, Zhang B, 
Gong S, Wu Y. Adipose-derived stem 
cell exosomes facilitate diabetic wound 
healing: Mechanisms and potential 
applications. International Journal of 
Nanomedicine. 2024;17(19):6015-6033

[198] Berry CE, Abbas DB, Lintel HA, 
Churukian AA, Griffin M, Guo JL, 
et al. Adipose-derived stromal cell-
based therapies for radiation-induced 
fibrosis. Advances in Wound Care (New 
Rochelle). 2024;13(5):235-252

[199] Gal S, Ramirez JI, Maguina P. 
Autologous fat grafting does not improve 
burn scar appearance: A prospective, 
randomized, double-blinded, 
placebo-controlled, pilot study. Burns. 
2017;43(3):486-489

[200] Sakai Y, Fukunishi S, Takamura M, 
Kawaguchi K, Inoue O, Usui S, et al. 
Clinical trial of autologous adipose 
tissue-derived regenerative (stem) cells 
therapy for exploration of its safety 
and efficacy. Regenerative Therapy. 
2021;21(18):97-101

[201] Finocchio L, Zeppieri M, Gabai A, 
Spadea L, Salati C. Recent advances of 
adipose-tissue-derived mesenchymal 
stem cell-based therapy for retinal 
diseases. Journal of Clinical Medicine. 
2023;12(22):7015

[202] Nakamura R, Katsuno T, Tateya I, 
Omori K. Evaluation of cilia function 
in rat trachea reconstructed using 
collagen sponge scaffold seeded with 
adipose tissue-derived stem cells. 
The Anatomical Record (Hoboken). 
2020;303(3):471-477



Stem Cell Transplantation

38

[203] Ji S, Peng Y, Liu J, Xu P, Tang S. 
Human adipose tissue-derived stem cell 
extracellular vesicles attenuate ocular 
hypertension-induced retinal ganglion 
cell damage by inhibiting microglia- 
TLR4/MAPK/NF-κB proinflammatory 
cascade signaling. Acta Neuropathologica 
Communications. 2024;12(1):44

[204] Chen S, Cui G, Peng C, Lavin MF, 
Sun X, Zhang E, et al. Transplantation of 
adipose-derived mesenchymal stem cells 
attenuates pulmonary fibrosis of silicosis 
via anti-inflammatory and anti-apoptosis 
effects in rats. Stem Cell Research & 
Therapy. 2018;9(1):110

[205] Trzil JE, Masseau I, Webb TL, 
Chang CH, Dodam JR, Liu H, et al. 
Intravenous adipose-derived mesenchymal 
stem cell therapy for the treatment of 
feline asthma: A pilot study. Journal 
of Feline Medicine and Surgery. 
2016;18(12):981-990

[206] Rosa I, Romano E, Fioretto BS, 
Matucci-Cerinic M, Manetti M. Adipose-
derived stem cells: Pathophysiologic 
implications vs therapeutic potential in 
systemic sclerosis. World Journal of Stem 
Cells. 2021;13(1):30-48

[207] Gorecka A, Salemi S,  
Haralampieva D, Moalli F, 
Stroka D, Candinas D, et al. Autologous 
transplantation of adipose-derived 
stem cells improves functional recovery 
of skeletal muscle without direct 
participation in new myofiber formation. 
Stem Cell Research & Therapy. 
2018;9(1):195

[208] Sayegh S, El Atat O, Diallo K, 
Rauwel B, Degboé Y, Cavaignac E, et 
al. Rheumatoid synovial fluids regulate 
the immunomodulatory potential of 
adipose-derived mesenchymal stem 
cells through a TNF/NF-κB-dependent 
mechanism. Frontiers in Immunology. 
2019;28(10):1482

[209] Senesi L, De Francesco F, 
Marchesini A, Pangrazi PP, Bertolini M, 
Riccio V, et al. Efficacy of adipose-
derived mesenchymal stem cells 
and stromal vascular fraction alone 
and combined to biomaterials in 
tendinopathy or tendon injury: 
Systematic review of current concepts. 
Medicina (Kaunas, Lithuania). 
2023;59(2):273

[210] Li W, Yu L. Role and therapeutic 
perspectives of extracellular vesicles 
derived from liver and adipose tissue 
in metabolic dysfunction-associated 
steatotic liver disease. Artificial Cells, 
Nanomedicine, and Biotechnology. 
2024;52(1):355-369

[211] Yan D, Song Y, Zhang B, 
Cao G, Zhou H, Li H, et al. Progress and 
application of adipose-derived stem 
cells in the treatment of diabetes and its 
complications. Stem Cell Research & 
Therapy. 2024;15(1):3

[212] Skubis-Sikora A, Sikora B,  
Witkowska A, Mazurek U, Gola J. 
Osteogenesis of adipose-derived stem 
cells from patients with glucose 
metabolism disorders. Molecular Medicine 
(Cambridge, Mass.). 2020;26(1):67

[213] Cantarella G, Mazzola RF, 
Domenichini E, Arnone F, Maraschi B. 
Vocal fold augmentation by autologous 
fat injection with lipostructure 
procedure. Otolaryngology and Head and 
Neck Surgery. 2005;132(2):239-243

[214] Soria B, Escacena N, 
Gonzaga A, Soria-Juan B, Andreu E, 
Hmadcha A, et al. Cell therapy of vascular 
and neuropathic complications of 
diabetes: Can we avoid limb amputation? 
International Journal of Molecular 
Sciences. 2023;24(24):17512

[215] Spear SL, Wilson HB, 
Lockwood MD. Fat injection to correct 



Mesenchymal Stem Cells from Fat: From Differentiation Mechanisms to Biomedical Application…
DOI: http://dx.doi.org/10.5772/intechopen.1007734

39

contour deformities in the reconstructed 
breast. Plastic and Reconstructive 
Surgery. 2005;116(5):1300-1305

[216] Okumuş EB, Böke ÖB, Turhan SŞ, 
Doğan A. From development to future 
prospects: The adipose tissue & 
adipose tissue organoids. Life Sciences. 
2024;30:122758

[217] Guess AJ, Daneault B, Wang R, 
Bradbury H, La Perle KMD, Fitch J, et 
al. Safety profile of good manufacturing 
practice manufactured interferon 
γ-primed mesenchymal stem/
stromal cells for clinical trials. 
Stem Cells Translational Medicine. 
2017;6(10):1868-1879

[218] Holzbauer M, Priglinger E, Kølle ST, 
Prantl L, Stadler C, Winkler PW, et al. 
Intra-articular application of autologous, 
fat-derived orthobiologics in the 
treatment of knee osteoarthritis: A 
systematic review. Cells. 2024;13(9):750


