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Introduction
White adipose tissue is a heterogeneous mix of mature 
adipocytes, progenitor cells, vascular and immune cells 
[1]. For a long time, subcutaneous white adipose tis-
sue was considered a filler tissue used in plastic surgery 
and was mainly studied in science for its involvement in 
energy metabolism and metabolic disorders.

In the last three decades, research into adipose tis-
sue cell therapy has been enriched by the discovery 
of its regenerative, anti-inflammatory [2, 3], and pro-
angiogenic properties, which have made subcutane-
ous adipose tissue a valuable source of therapeutics in 
regenerative medicine. Simultaneously, new advances 
in tissue bio-engineering are making it possible to use 
this therapeutic resource through different forms (fat 
grafting, stromal vascular fraction, direct administra-
tion of adipose-derived stromal cells, exosomes, or with 
biomaterials).
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Abstract
Over the last few decades, adipose tissue has attracted increasing attention in the field of regenerative medicine, 
thanks to discoveries related to its regenerative, anti-inflammatory, and pro-angiogenic properties. Over the years, 
with the advancement of sophisticated research around adipose tissue, there has been a shift from tissue transfer 
to cell transfer, and then to the application of cell-free derivatives and bioengineering. Understanding the evolution 
of this scientific revolution around adipose tissue not only helps clarify potential therapeutic products and 
indications but also allows us to discuss its limitations and future directions.
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Understanding the evolution of this scientific revolu-
tion surrounding adipose tissue helps us better compre-
hend future therapeutic products and their indications.

The subcutaneous adipose tissue transfer
At the end of the 19th century, Dr Gustav Adolf Neuber, 
a German surgeon, carried out one of the first transfers 
of autologous adipose tissue [4]. He harvested adipose 
tissue from a patient’s arm and reinjected it around the 
orbital frame to treat invaginated scars caused by a bone 
infection.

As early as 1984, Dr. Illouz standardized the methods 
of harvesting subcutaneous adipose tissue by liposuction 
and reinjecting it into another part of the body to com-
pensate for the deficits caused by surgery [5].

However, this technique of autologous fat transfer 
proved to be unsatisfactory for a long time: the reinjected 
fat tended to resorb significantly, with unpredictable 
results.

It was not until the end of the 20th century that this 
practice spread to the field of cosmetic surgery, yielding 
more stable and reproducible results, thanks to the intro-
duction in 1995 by Dr. Sydney Coleman of a rigorous 
procedure for purifying the lipoaspirate before reinjec-
tion [6]. He standardised the methods used to harvest the 
fat and enabled it to be handled atraumatically in a closed 
circuit [7].

With sufficient quantities in the body, adipose subcuta-
neous tissue can be harvested several times to provide a 
significant amount of material.

With this technique, the reinjected fat is revascularised 
in the recipient tissue. The surviving adipocytes continue 
their development cycle in the recipient site, and the 
graft of surviving adipose tissue generates additional tis-
sue through induction (cell replacement theory) [8]. The 
ultimate aim of the fat grafting technique is therefore to 
create adipose tissue from adipose tissue. It is a technique 
used extensively in reconstruction, especially to fill soft 
tissue defects, and also in cosmetic surgery, where the 
aim is to create a volumizing filling effect.

Over the years, the democratisation of this technique 
has led surgeons who use it to conclude that, in addition 
to the volumising effect of injecting adipose tissue, there 
is also a trophic effect, significantly improving the quality 
and speed of healing of the surgical site.

This regenerative effect was later attributed to the pres-
ence of mesenchymal stromal cells (MSCs), which are 
naturally present in adipose tissue, thanks to the work of 
Zuk and colleagues in 2001 [8].

Figure 1 shows the timeline of discoveries from the first 
adipose tissue transfer to the discovery of ADSCs.

The stromal vascular fraction: from the volumising 
effect to the trophic effect
The study by Zuk and colleagues [8] was a pioneering 
study that demonstrated the existence, within adipose 
tissue, of a heterogeneous group of cells attached to the 
vascular network and participating in the architecture 
and homeostasis of this tissue: the Vascular Stromal Vas-
cular Fraction (SVF) [8]. Zuk hypothesised that adipose 
mesenchymal stromal cells may be a variant of the MSC 
population located in the adipose compartment. They 
could therefore be used as alternative therapeutic cells 
to MSCs, which, at the time, had been isolated almost 
exclusively from bone marrow [9]. This is how adipose 
tissue gained popularity with researchers, surgeons, and 
physicians [10]. Adipose tissue-derived stromal cells 
(ADSCs) share the same characteristics as MSCs previ-
ously isolated from bone marrow, exhibiting self-renewal, 
multipotential differentiation, plastic adhesion, and fibro-
blast-like morphology [10].

According to the study by Bourin et al. [11], the SVF is 
composed as follows:

− 15–25% mesenchymal stromal cells (ADSC).
− 25–25% perycites.
− 10–20% endothelial progenitor cells.
− 3–5% perycites.
Adipose tissue-derived stromal vascular fraction 

(ADSVF) is obtained in a reproducible manner [12, 13], 
allowing the separation of a lower density layer contain-
ing the adipocytes rich in triglycerides, the extracellular 
fluid, and a cell pellet, corresponding to the stromal vas-
cular fraction. Extraction of SVF involves several steps: 
washing with phosphate-buffered saline to remove cellu-
lar debris, digestion with collagenases at 37 °C to release 
the cell mixture from the extracellular matrix between 
the adipocytes, and centrifugation to separate the SVF 
from the digestion buffer and adipocytes (1500  rpm for 
5 min). European legislation requires that SVF extraction, 
even when automated, has to be performed in an accred-
ited cell therapy laboratory. A mechanical SVF extraction 
technique is also possible, and it can be realised in the 
operating room following liposuction. This technique is 
known as nanofat grafting, in which fat tissue is rapidly 
transferred from one syringe to another to break down 
the extracellular matrix and extract the SVF [14]. Despite 
its practical advantage, this extraction contains less MSC 
compared with enzymatic extraction [15].

The regenerative effects of adipose tissue mesenchymal 
stromal cells (ADSCs) are based on their ability to dif-
ferentiate in situ according to the cellular environment. 
Indeed, ADSCs display similar properties to bone mar-
row mesenchymal stromal cells (BM-MSCs) [16]. Still, 
despite conventional stem cell transplantation therapies, 
the use of ADSCs within SVF offers multiple advan-
tages: low immunogenicity, the absence of a conditioning 
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regimen for the transplantation procedure, and the lack 
of immunosuppressive treatment after administration 
[17].

Traktuev et al. [18] demonstrated that vascular endo-
thelial growth factor (VEGF) helps in the migration 
of ADSCs and promotes secretion of platelet-derived 
growth factors (PDGF) by endothelial precursor cells 
within the SVF, which enables ADSCs to proliferate and 
to migrate [19, 20]. These growth factors help to maintain 
a vascular-like micro-environment that supports ADSCs 
either in vitro or in vivo [21, 22].

SVF hematopoietic subpopulation presents distinctive 
anti-inflammatory properties as macrophages exhibit the 
expression of the chitinase family member Ym1, the anti-
inflammatory cytokine IL-10, arginase, and surface lec-
tins Mgl1 and Mgl2 [23, 24]. Pro-resolutive macrophages 
M2 generate high levels of anti-inflammatory cytokines, 
such as IL-10 and IL-1 decoy receptors [25], that attenu-
ate TNF-α inflammatory signals via activation of STAT3 
[26] and modulation of inflammatory gene transcription 
rates [27]. Next to these considerations, immunomodula-
tory effects of ADSCs are also based on ADSCs intrinsic 
immunosuppressive properties as the absence of expres-
sion of the human leukocyte antigen class II molecules 

[25], the capacity to inhibit lymphocyte proliferation in 
response to mitogens and mixed lymphocyte reaction in 
vitro [26], and the property of secretion of TGF-β [27] 
and IL-10 promoting the enhancement of T-regs’ activity 
[27].

Preclinical and clinical studies, through clinical and 
histological parameters, suggest that SVF exerts anti-
fibrotic effects regulating the TGFβ1 pathway [28–35]. 
However, isolated ADSCs seemed to reduce fibrosis more 
efficiently than SVF [32–36].

The use of SVF has been reported in a variety of indi-
cations of chronic diseases for which current and con-
ventional therapies are inadequate. Table  1 summarizes 
clinical reports utilizing SVF [38–70]. In the majority of 
clinical trials performed, patients have undergone lipo-
suction and subsequent treatment with their own SVF. 
Apart from post-operative pain, which is easily controlled 
in a few days and with conventional analgesics, very few 
treatment-related adverse events have been noted, dem-
onstrating the safety of this procedure. In all of these 
clinical studies, good results were primarily mediated 
through the reduction of inflammation and promotion of 
tissue repair.

Fig. 1  Timeline of discoveries from the first adipose tissue transfer to the discovery of ADSCs
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Adipose tissue in regenerative therapy: from tissue 
grafting to cell-free derivatives administration
Adipose-derived stromal cells properties
ADSCs constitute 1% of SVF cells compared with the 
0.001–0.002% of BM-MSCs in bone marrow [71]. Eryth-
rocytes are typically removed using a lysis buffer, and 
ADSCs in the SVF can be selectively enriched through 
plastic adherence incubation, immunomagnetic separa-
tion, or flow cytometry, followed by in vitro cell culture 
expansion [72].

ADSCs express CD105, CD90 and CD73. CD34 marker 
is expressed in SVF but decreases after several passages 
in culture. Like BM-MSCs, ADSCs can differentiate into 
cells derived from the mesodermal (osteoblasts, adipo-
cytes, and chondrocytes) lineage after in vitro induction. 
Differentiation of ADSCs into the specialized cells of 
interest enables the replacement of damaged and defec-
tive tissues. In addition, ADSCs exhibit better pro-angio-
genic and anti-inflammatory properties compared to 
BM-MSCs, which facilitate tissue repair and regeneration 
through autocrine and paracrine actions [1].

ADSCs secrete pro-angiogenic growth factors and 
cytokines, such as vascular endothelial growth fac-
tor (VEGF), hepatocyte growth factor (HGF), and basic 

fibroblast growth factor (bFGF). ADSCs also have the 
property of differentiating into endothelial cells, and thus 
participating in angiogenesis and vascular repair [73].

Anti-fibrotic effects are associated with the secretion of 
HGF by ADSCs, whose gene is activated during inflam-
matory responses. Through the paracrine effect of HGF, 
ADSCs reduced the expression of TGF-β1 and its tar-
get genes, including collagen types I and III, and α-Sma. 
They induced a significant increase in TGFβ3 expression, 
resulting in a consequent change in the TGFβ1/TGFβ3 
ratio that favors an anti-fibrotic effect [31, 32].

ADSCs also tended to increase MMP-1 and MMP-3, 
and significantly up-regulated the MMP-2 and MMP-2/
TIMP-2 ratio. These results reflect that ADSCs perform 
a crucial role in the remodelling activity responsible for 
fibrosis resorption [31, 32].

Additionally, their immunoregulatory function has 
gained recognition in recent years. In fact, mesenchy-
mal stromal cells (MSCs) stimulated by IFN-γ, TNF-α or 
IL-1β in the inflammatory environment, acquire immu-
nosuppressive functions [3, 74]. ADSCs have an effect on 
the activation, proliferation and transition of Th1/17 cells 
towards Th2 cells, due to the bias of soluble substances 
such as PGE2. Furthermore, ADSCs are characterized by 
the absence of expression of class II of the human leuco-
cyte antigen [1], they have the capacity to inhibit lympho-
cyte proliferation in response to mitogens [75, 76], and 
they the secrete TGF-β and IL-10 [75] favor the strength-
ening of the activity of lymphocytes T-regs [1] and the 
switch of macrophage M1 towards an anti-inflammatory 
phenotype M2 [73].

These functions could have beneficial effects on auto-
immune disorders but also on oncological disorders as 
tumors are often regarded as “wounds that never heal” 
[76]. MSCs tend to migrate toward sites of inflammation 
and tumor microenvironments, therefore, many studies 
have recommended the use of MSCs as therapeutic vec-
tors to target tumors.

In the study of Ly at al [77], authors characterized 
the relationship between adipocyte differentiation and 
immunomodulation in ADSCs. They confirmed that 
pro-inflammatory cytokines, while eliciting a potent 
immunosuppressive capacity in ADSCs, inhibit adi-
pocyte differentiation. In fact, the upregulation of the 
superoxide dismutase 2 (SOD2) induced by IFN-γ and 
TNF-α, decreased the accumulation of mitochondrial 
ROS, which are required for adipocyte differentiation of 
ADSCs. Therefore, blocking of adipogenic differentia-
tion by mitochondrial antioxidant may represent a novel 
strategy to enhance the immunosuppressive activity of 
ADSCs in the inflammatory microenvironment [77].

Their immunomodulatory, pro-angiogenic, and anti-
fibrotic properties make ADSCs highly attractive cells for 

Table 1  Clinical applications of the SVF
Clinical applications 
of SVF

Pa-
tients 
(N)

References

Neurodegenerative 
disorders

Amyotrophic lateral 
sclerosis

6  [38]

Parkinson disease 8  [37, 38]
Multiple sclerosis 35  [37, 39, 40]
Alzheimer disease 10  [37]
Stroke 1  [37]
Brain injury 1  [37]
Spinal cord injury 1  [37]

Autoimmunes 
diseases

Rheumatic disease 13  [42]

Crohn’s peri-anal fistula 46  [43–46]
Systemic disease Insuffisance cardiaque 

congestive
28  [47]

Maladie pulmonaire 
obstructive chronique

12  [48]

Affections cutanée Scleroderma 84  [49–51]
Radiodermite 1  [53]
Psoriasis 1  [54]
Diabetic foot ulcers 74  [55, 56]
Alopecia 50  [57, 58]

Ischemic diseases Critical limb ischemia 1  [59]
Orthopedic diseases Osteoarthritis 104  [60–64]

Degenerative disc 
disease

15  [65]

Tendinopathy 22  [66, 67]
Esthetic indications Breast augmentation 40  [68]

Facial rejuvenation 67  [69, 70]
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treating inflammatory pathologies and chronic wounds. 
Figure 2 resumes ADSCs properties.

Administration of adipose-derived stromal cells
Adipose-derived stromal cells can be delivered through 
a technique called Cell-assisted lipotransfer (CAL) or 
directly administered.

In 2006, Matsumoto et al. [78] first described the pro-
cess of CAL using a mouse model injected with human 
aspirated adipose tissue both with and without supple-
mental ADSCs. He demonstrated increased survival in 
the CAL group, with an average 35% greater survival, as 
measured by explanted graft weight [78]. Cell-assisted 
lipotransfer has been shown to enhance fat grafting by 
increasing graft retention and reproducibility.

In 2008, Yoshimura was the first to describe the use of 
the CAL technique in humans clearly [79]. Since then, 
numerous researchers have investigated the efficacy of 
the CAL technique compared to standard lipofilling, 
yielding promising results [79–106]. Similarly, several 
systematic reviews or meta-analyses have demonstrated 
encouraging results, which can reinforce the CAL tech-
nique as the gold standard for fat grafts [106, 107]. How-
ever, the use of CAL as a surgical technique is not very 
widespread, being essentially linked to the method of 
isolating SVF or ADSCs [108]. In fact, the isolation of 
ADSCs presents a legal problem in many countries, as 
stromal cell manipulation is strictly controlled by numer-
ous health authorities to avoid potential drift [107].

ADSCs can also be delivered directly to the lesion, as 
in many models of chronic wounds and inflammatory 

diseases [109–115]. In a phase III clinical trial, injection 
of ADSCs from a healthy donor was shown to be effec-
tive and safe for the treatment of complex perianal fistu-
las in patients with Crohn’s disease who did not respond 
to conventional therapies [109]. Promising results have 
also been obtained using ADSC injections for the treat-
ment of osteoarthritis, with a reduction in pain and an 
improvement in the function and mobility of the affected 
joints, without any significant adverse effects [116]. 
Another phase I clinical trial demonstrated an improve-
ment in ulcer healing in patients with critical ischemia of 
the lower limb, thanks to the intramuscular injection of 
autologous ADSCs [117]. However, the delivery of exog-
enous cells directly into the lesion can be defective [118], 
which raises concerns about cell engraftment and the 
preservation of the pro-resolutive phenotype and viabil-
ity of the cells [119]. In addition, stem cell therapy pres-
ents both storage and transportation challenges and risks 
of induced tumorigenesis or abnormalities [120]. Com-
plementary approaches have therefore been explored, 
such as the use of cell-free derivatives or biomaterials 
enriched with therapeutic cells, to improve cell survival 
and function.

Cell-free derivatives administration
Exosomes or extracellular vesicles (EXOs) have been 
defined as “particles naturally released from the cell that 
are delineated by a lipid bilayer that cannot replicate or 
do not contain a functional nucleus” [121]. Exosomes, as 
a subtype of extracellular vesicles (EVs), are derived from 
endosomes and plasma membranes through endocytosis, 

Fig. 2  schematic representation of ADSCs properties
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fusion, and budding processes [122]. They are secretory 
organelles that act as intercellular communications, deliv-
ering bioactive cargos, such as proteins, lipids, nucleic 
acids, miRNAs, and growth factors. They provide sig-
nals regulating cell-to-cell communication, metabolism, 
and homeostasis. Increasing evidence suggests that exo-
somes derived from ADSCs exhibit anti-inflammatory 
properties by inducing the polarization of macrophages 
to the M2 type through the STAT-3 pathway, thereby 
reducing inflammation. Most of all, ADSCs-EXOs have 
become a hot topic in the field of skin wound repairing; 
in fact, they contain microRNAs [123], which reinforce 
the acceleration of wound healing [124]. These exosomes 
can be delivered to the tissue through injections, by being 
loaded into an alginate hydrogel, or by being incorpo-
rated into wound dressings [125]. In a porcine model 
of full-thickness wound healing, topical application of 
ASC-derived exosomes combined with hyaluronic acid 
resulted in accelerated wound closure [126]. The same 
study showed that these exosomes improved the prolif-
eration and migration of healthy human fibroblasts [127].

Compared to ADSC therapeutics, ADSC-EXOs exhibit 
high stability and can be easily stored. Additionally, they 
are not rejected by the immune system and have a hom-
ing effect, and their dosage can be easily controlled [128]. 
However, although their efficacy has been proven, the 
pro- or anti-cancer status of ADSCS-EXOs remains a 
burning question. Thus, the safety of ADSCs-EXOs can-
not be guaranteed at the date [122].

In vitro, numerous studies have also demonstrated 
the therapeutic efficacy of ADSCs’ conditioned medium 
on skin repair [126, 128–130]. Adipose-derived mesen-
chymal stem cells-conditioned medium (ADSC-CM) 
contains indeed cytokines and growth factors that can 
facilitate the regeneration and repair of various tissues 
and organs. ADSCs can secrete a variety of biologically 
active molecules that affect the surrounding microenvi-
ronment via a paracrine mechanism [131]. These cellu-
lar factors render ADSC-derived conditioned medium a 
valuable source for therapeutic application.

In an ex vivo human skin wound model, the condi-
tioned medium from ADSCs improved re-epitheliali-
zation and restored tissue integrity [129]. It was equally 
hypothesized that the ADSC-CM promotes fibrosis 
resolution in vitro and that this effect is enhanced fol-
lowing ADSC cytokine priming [132]. Using stem 

cell–conditioned medium (CM) might be a viable 
alternative to stem cell transplantation, which is often 
hampered by low grafting efficiency and potential tumor-
igenesis, however currently available culture media for 
stem cells contain components that are not intended 
for human use, such as bovine serum, necessitating the 
development of an alternative medium that is safe for 
human clinical use [131].

Adipose-derived stromal cells and bioscaffold
In the era of tissue engineering, functional biomaterials 
that can maintain cell delivery and cellular viability have 
had a profound impact in the field of regenerative medi-
cine [73]. In this concept, scaffolds are defined as the 
ideal materials to restore, maintain, and improve tissue 
function [133], providing a suitable structure that per-
mits cells to survive, proliferate, and differentiate [134].

Natural, synthetic, or composite biomaterials have 
been used in bioengineering. Several factors are typically 
considered in the design of an ideal biomaterial, includ-
ing hemostatic and antimicrobial properties, ease of ster-
ilization and application, biodegradability, non-toxicity, 
and non-immunogenicity [135].

Several techniques are described to permit scaffold 
construction, including the use of extracellular matrix 
(ECM)- secreting cell sheets [136], the construction of 
porous scaffolds from biomaterials [137], the use of decel-
lularized ECM scaffolds [138], and the fabrication of cells 
entrapped in hydrogels [139] (Table 2). Thus, researchers 
have focused on biomaterials to create a favorable micro-
environment for ADSCs, aiming to maximize their thera-
peutic potential. Several studies have investigated the 
efficacy of ADSCs in cutaneous wound healing, confirm-
ing cell viability and promoting accelerated cutaneous 
healing while reducing scarring and fibrosis [73].

Given the potential of this field, further investigations 
will undoubtedly be conducted to estimate the best mate-
rial to apply to humans.

Conclusion
In the last decades, research into adipose tissue cell ther-
apy has been enriched by the discovery of its regenera-
tive, anti-inflammatory, and pro-angiogenic properties, 
which have made subcutaneous adipose tissue a valuable 
source of therapeutics in regenerative medicine. From 
tissue transfer to the discovery of SVF and ADSCs, and 

Table 2  Type of bioscaffolds used in regenerative medicine
Type of Scaffold Mechanism Potential application
Cell sheets scaffolds Cells are seeded on sheets and allowed to secrete ECM Implantation at wound site
Porous scaffolds Natural, synthetic or composite materials are used for generation of porous scaffolds 

providing an appropriate environment for cell proliferation
Wound transplants

Hydrogel scaffolds Monomer or polymeric solution are mixed with cells Implantation at wound site
Acellular scaffolds A complete de-cellularization of the organ is performed to create ECM-based matrix Artificial organs
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from the identification of cell-free derivatives to advance-
ments in bioengineering, this field of research is under-
going an increasingly dynamic expansion.

ADSCs Exosomes, the delivery of ADSC-conditioned 
medium, or the use of ADSCs combined with a bioscaf-
fold have been demonstrated to be effective for their 
regenerative properties and to avoid ADSC-graft prob-
lems related to cell viability, functionality, and stor-
age. However, there is yet a lack of standard procedures 
for applying ADSCs related to varied cell quality, which 
makes it difficult to compare results obtained from dif-
ferent studies and standardized methods for applying 
ADSCs under various conditions and at different check-
points, including donor site selection, isolation proce-
dure, storage, and characterization, are essential for its 
use and application.

Nevertheless, based on the discoveries about adipose 
tissue over the last few decades, we can predict that tis-
sue grafting will progressively give way to cell-free graft-
ing, enabling finer reconstruction with a more precise 
objective.

Author contributions
SG and BC: conception and design of the manuscritSG, AV, AC, BS: idea and 
conception of the manuscritSG, EL and CB wrote the main manuscrit textYB: 
prepared tableAll authors reviewed the manuscript.

Funding
No fundings to disclose.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Clinical trial number
Not applicable.

Received: 16 July 2025 / Accepted: 29 July 2025

References
1.	 Ong WK, Chakraborty S, Sugii S. Adipose tissue: Understanding the heteroge-

neity of stem cells for regenerative medicine. Biomolecules. 2021;22(7):918.
2.	 Fang J, Feng C, Chen W, et al. Redressing the interactions between stem cells 

and immune system in tissue regeneration. Biol Direct. 2021;16:18.
3.	 Yang X, Wang Y, Rovella V, Candi E, Jia W, Bernassola F, Bove P, Piacentini M, 

Scimeca M, Sica G, Tisone G, Mauriello A, Wei L, Melino G, Shi Y. Aged mesen-
chymal stem cells and inflammation: from pathology to potential therapeutic 
strategies. Biol Direct. 2023;18(1):40.

4.	 Gkagkaris L, Papadakis M, Lytsikas-Sarlis P. The revolutionary Gustav 
Adolf neuber: A tribute to the father of aseptic surgery. Surg Innov. 
2022;29(6):817–21.

5.	 Sterodimas A, Boriani F, Magarakis E, Nicaretta B, Pereira LH, Illouz YG. Thirty-
four years of liposuction: past, present and future. Eur Rev Med Pharmacol 
Sci. 2012;16(3):393–406.

6.	 Egro FM, Roy E, Rubin JP, Coleman SR. Evolution of the Coleman Technique. 
Plast Reconstr Surg. 2022;1;150(2):329e-336e.

7.	 Emont MP, Rosen ED. Exploring the heterogeneity of white adipose tissue in 
mouse and man. Curr Opin Genet Dev. 2023;80:102045.

8.	 Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ, Benhaim P, Lorenz HP, 
Hedrick MH. Multilineage cells from human adipose tissue: implications for 
cell-based therapies. Tissue Eng. 2001;7(2):211–28.

9.	 Zuk PA, Zhu M, Ashjian P, et al. Human adipose tissue is a source of multipo-
tent stem cells. Mol Biol Cell. 2002;13:4279–95.

10.	 Gandolfi S, Pileyre B, Drouot L, Dubus I, Auquit-Auckbur I, Martinet J. 
Stromal vascular fraction in the treatment of myositis. Cell Death Discov. 
2023;19(1):346.

11.	 Bourin P, Bunnell BA, Casteilla L, Dominici M, Katz AJ, March KL, Redl H, Rubin 
JP, Yoshimura K, Gimble JM. Stromal cells from the adipose tissue-derived 
stromal vascular fraction and culture expanded adipose tissue-derived stro-
mal/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):641–8.

12.	 Gimble JM, Katz AJ, Bunnell BA. Adipose derived stem cells for regenerative 
medicine. Circ Res. 2007;100:1249–60.

13.	 Gimble J, Guilak F. Adipose-derived adult stem cells: isolation, characteriza-
tion, and differentiation potential. Cytotherapy. 2003;5:362–9.

14.	 Tonnard P, Verpaele A, Peeters G, Hamdi M, Cornelissen M, Declercq H. 
Nanofat grafting: basic research and clinical applications. Plast Reconstr Surg. 
2013;132:1017–26.

15.	 Chaput B, Bertheuil N, Escubes M, Grolleau JL, Garrido I, Laloze J, Espagnolle 
N, Casteilla L, Sensebé L, Varin A. Mechanically isolated stromal vascular 
fraction provides a valid and useful Collagenase-Free alternative technique: A 
comparative study. Plast Reconstr Surg. 2016;138(4):807–19.

16.	 Bora P, Majumdar AS. Adipose tissue-derived stromal vascular fraction in 
regenerative medicine: a brief review on biology and translation. Stem Cell 
Res 2017; Ther. 8, 145.

17.	 Yang W, Hu P. Skeletal muscle regeneration is modulated by inflammation. J 
Orthop Translat. 2018;7(13):25–32.

18.	 Traktuev DO, Merfeld-Clauss S, Li J, et al. A population of multipotent CD34- 
positive adipose stromal cells share pericyte and mesenchymal surface mark-
ers, reside in a periendothelial location, and stabilize endothelial networks. 
Circ Res. 2008;102:77–85.

19.	 Traktuev DO, Prater DN, Merfeld-Clauss S, et al. Robust functional vascular 
network formation in vivo by Cooperation of adipose progenitor and endo-
thelial cells. Circ Res. 2009;104:1410–20.

20.	 Zuk P. Adipose-derived stem cells in tissue regeneration: a review. Int Sch 
Res.2013; e713959.

21.	 Planat-Benard V, Silvestre J-S, CousinB, Andre M, Nibbelink M, Tamarat R, et al. 
Plasticity of human adipose lineage cells toward endothelial cells: physiologi- 
Cal and therapeutic perspectives. Circulation. 2004;109(5):656–63.

22.	 Gordon S. Alternative activation of macrophages. Nat Rev Immunol. 
2003;3:23–35.

23.	 Raes G, et al. Macrophage galactose-type C-type lectins as novel markers 
for alternatively activated macrophages elicited by parasitic infections and 
allergic airway inflammation. J Leukoc Biol. 2005;77(3):321–7.

24.	 Williams L, Bradley L, Smith A, Foxwell B. Signal transducer and activator of 
transcription 3 is the dominant mediator of the anti-inflammatory effects of 
IL-10 in human macrophages. J Immunol. 2004;172:567–76.

25.	 Murray PJ. The primary mechanism of the IL-10-regulated antiinflammatory 
response is to selectively inhibit transcription. Proc. Natl. Acad. Sci. U. S. A. 
2005; 102:8686–869.

26.	 Cui L, Yin S, Liu W, Li N, Zhang W, Cao Y. Expanded adipose-derived stem cells 
suppress mixed lymphocyte reaction by secretion of prostaglandin E2. Tissue 
Eng. 2007;13(6):1185–95.

27.	 Cho K-S, Park M-K, Kang S-A, Park H-Y, Hong S-L, Park H-K et al. Adipose- 
derived stem cells ameliorate allergic airway inflammation by inducing regu-
latory T cells in a mouse model of asthma. Mediators Inflamm 2014; 436476.

28.	 Sabol RA, Bowles AC, Côté A, Wise R, Pashos N, Bunnell BA. Therapeutic 
potential of adipose stem cells. Adv Exp Med Biol. 2021;1341:15–25.

29.	 Serratrice N, Bruzzese L, Magalon J, Véran J, Giraudo L, Aboudou H, et al. New 
fat-derived products for treating skin-induced lesions of scleroderma in nude 
mice. Stem Cell Res Ther. 2014;5(6):138.

30.	 Domergue S, Bony C, Maumus M, Toupet K, Frouin E, Rigau V et al. Compari-
son between stromal vascular fraction and adipose mesenchymal stem cells 
in remodeling hypertrophic scars. PLoS ONE 2016; 11(5), e0156161.

31.	 Mattei A, Magalon J, Bertrand B, Grimaud F, Revis J, Velier M, Veran J, Dessi P, 
Sabatier F, Giovanni A. Autologous adipose-derived stromal vascular fraction 



Page 8 of 10Gandolfi et al. Biology Direct           (2025) 20:95 

and scarred vocal folds: first clinical case report. Stem Cell Res Ther. 2018; 
27;9(1):202.

32.	 Domergue S, Bony C, Maumus M, Toupet K, Frouin E, Rigau V, Vozenin MC, 
Magalon G, Jorgensen C, Noël D. Comparison between stromal vascular frac-
tion and adipose mesenchymal stem cells in remodeling hypertrophic scars. 
PLoS ONE. 2016;11(5):e0156161.

33.	 Usunier B, Benderitter M, Tamarat R, Chapel A. Management of fibrosis: the 
mesenchymal stromal cells breakthrough. Stem Cells Int. 2014;340257. ​h​t​t​p​​s​:​/​​
/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​5​5​​/​2​​0​1​4​/​3​4​0​2​5​7. (2014).

34.	 Jackson WM, Nesti LJ, Tuan RS. Mesenchymal stem cell therapy for Attenua-
tion of Scar formation during wound healing. Stem Cell Res Ther. 2012;3:20. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​c​r​t​1​1​1.

35.	 Maurer B, Stanczyk J, Jungel A, Akhmetshina A, Trenkmann M, Brock M, et al. 
MicroRNA-29, a key regulator of collagen expression in systemic sclerosis. 
Arthritis Rheum. 2010;62:1733–43. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​1​0​​​0​2​​/​​a​r​t​.​2​7​4​4​3.

36.	 Atalay S, Coruh A, Deniz K. Stromal vascular fraction improves deep partial 
thickness burn wound healing. Burns. 2014;40(7):1375–83.

37.	 Duma C, Kopyov O, Kopyov A, Berman M, Lander E, Elam M, Arata M, Weiland 
D, Cannell R, Caraway C, Berman S, Scord K, Stemler L, Chung K, Khoudari S, 
McRory R, Duma C, Farmer S, Bravo A, Yassa C, Sanathara A, Singh E, Rapaport 
B. Human intracerebroventricular (ICV) injection of autologous, non-engi-
neered, adipose-derived stromal vascular fraction (ADSVF) for neurodegen-
erative disorders: results of a 3-year phase 1 study of 113 injections in 31 
patients. Mol Biol Rep. 2019;46(5):5257–72.

38.	 Carstens M, Martínez-Cerrato J, Garcia L, Rivera B, Bertram K. Safety of 
adipose-derived stromal vascular fraction cells to treat parkinson’s disease. 
Parkinsonism Relat Disord. Mar; 2025;132:107214.

39.	 Bora P, Majumdar AS. Adipose tissue-derived stromal vascular fraction in 
regenerative medicine: a brief review on biology and translation. Stem Cell 
Res Ther. 2017;15(1):145.

40.	 Bowles AC, Strong AL, Wise RM, Thomas RC, Gerstein BY, Dutreil MF, Hunter 
RS, Gimble JM, Bunnell BA. Adipose stromal vascular Fraction-Mediated 
improvements at Late-Stage disease in a murine model of multiple sclerosis. 
Stem Cells. 2017;35(2):532–44.

41.	 Daumas A, Magalon J, Jouve E, Truillet R, Casanova D, Giraudo L, Veran J, 
Benyamine A, Dignat-George F, Magalon G. Long-term follow-up after 
autologous adipose-derived stromal vascular fraction injection into fingers in 
systemic sclerosis patients. Curr Res Transl Med. 2017;65:40–3.

42.	 Dykstra JA, Facile T, Patrick RJ, Francis KR, Milanovich S, Weimer JM, Kota DJ. 
Concise review: fat and furious: Harnessing the full potential of Adipose-
Derived stromal vascular fraction. Stem Cells Transl Med. 2017;6:1096–108.

43.	 Philandrianos C, Serrero M, Grimaud F, Magalon J, Visée C, Velier M, Francois 
P, Orsoni P, Magalon G, Grimaud JC, Desjeux A, Véran J, Sabatier F. First clinical 
case report of local microinjection of autologous fat and adipose-derived 
stromal vascular fraction for perianal fistula in crohn’s disease. Stem Cell Res 
Ther. 2018;10(1):4.

44.	 Serrero M, Grimaud F, Philandrianos C, Visée C, Sabatier F, Grimaud JC. 
Long-term safety and efficacy of local microinjection combining autolo-
gous microfat and Adipose-Derived stromal vascular fraction for the 
treatment of refractory perianal fistula in crohn’s disease. Gastroenterology. 
2019;156(8):2335–e23372.

45.	 Arkenbosch JHC, van Ruler O, Dwarkasing RS, Fuhler GM, Schouten WR, van 
Oud-Alblas MB, de Graaf EJR, de Vries AC, van der Woude CJ. Stromal vascular 
fraction with platelet-rich plasma injection during surgery is feasible and 
safe in treatment-refractory perianal fistulising crohn’s disease: A pilot study. 
Aliment Pharmacol Ther. 2023;57(7):783–91.

46.	 Guillo L, Grimaud F, Houser F, Prost C, Jouve E, Philandrianos C, Abellan 
M, Veran J, Visee C, Beyer-Berjot L, Desjeux A, Dignat-George F, Leone M, 
Grimaud JC, Sabatier F, Serrero M, Magalon J. Three-year outcome of local 
injection of autologous stromal vascular fraction cells and microfat in refrac-
tory perianal fistulas of crohn’s disease. Stem Cell Res Ther. 2022;9(1):67.

47.	 Comella K, Parcero J, Bansal H, Perez J, Lopez J, Agraw- al A, Ichim T. Effects of 
the intramyocardial implantation of stromal vascular fraction in patients with 
chronic ischemic cardiomyopathy. J Transl Med. 2016;14(1):158.

48.	 Comella K, Blas JAP, Ichim T, Lopez J, Limon J, Moreno RC. Autologous stromal 
vascular fraction in the intravenous treatment of end-stage chronic obstruc-
tive pulmonary disease: a phase I trial of safety and tolerability. J Clin Med 
Res. 2017;9(8):701–8.

49.	 Iglesias M, Torre-Villalvazo I, Butrón-Gandarillas P, Rodríguez-Reyna TS, 
Torre-Anaya EA, Guevara-Cruz M, Flores-Cháirez MA, López-Contreras DB, 
López-Sánchez JY, Ruiz-Betanzos ÁJ, Méndez López AL, Rubio-Gutierrez C, 
Téllez-Pallares F, Nario-Chaidez F. Adipose derived stromal vascular fraction 

and fat graft for treating the hands of patients with systemic sclerosis. A 
randomized clinical trial. PLoS One. 2023; 14;18(8):e0289594.

50.	 Guillaume-Jugnot P, Daumas A, Magalon J, Jouve E, Nguyen PS, Truillet R, 
Mallet S, Casanova D, Giraudo L, Veran J, Dignat-George F, Sabatier F, Magalon 
G, Granel B. Autologous adipose-derived stromal vascular fraction in patients 
with systemic sclerosis: 12-month follow-up. Rheumatology (Oxford). 
2016;55(2):301–6.

51.	 Daumas A, Magalon J, Jouve E, Casanova D, Philandrianos C, Abellan Lopez 
M, Mallet S, Veran J, Auquit-Auckbur I, Farge D, Levesque H, Benhamou Y, 
Arnaud L, Giraudo L, Dumoulin C, Giverne C, Boyer O, Giuliani A, Bourgarel V, 
Harlé JR, Schleinitz N, Brunet J, Pers YM, Ferreira R, Cras A, Boccara D, Larghero 
J, Château J, Hot A, Dignat-George F, Magalon G, Sabatier F, Granel B. Adipose 
tissue-derived stromal vascular fraction for treating hands of patients with 
systemic sclerosis: a multicentre randomized trial autologous AD-SVF versus 
placebo in systemic sclerosis. Rheumatology (Oxford). 2022;5(5):1936–47.

52.	 Granel B, Daumas A, Jouve E, Harlé JR, Nguyen PS, Chabannon C, Colavolpe 
N, Reynier JC, Truillet R, Mallet S, Baiada A, Casanova D, Giraudo L, Arnaud 
L, Veran J, Sabatier F, Magalon G. Safety, tolerability and potential efficacy 
of injection of autologous adipose-derived stromal vascular fraction in the 
fingers of patients with systemic sclerosis: an open-label phase I trial. Ann 
Rheum Dis. 2015;74(12):2175–82.

53.	 Comella K, Bell W. First-in-man intraglandular implantation of stromal 
vascular fraction and adipose-derived stem cells plus platelet-rich plasma 
in irradiation-induced gland damage: a case study. Int Med Case Rep J. 
2017;10:295–9.

54.	 Comella K, Parlo M, Daly R, Dominessy K. First-in-man intravenous implanta-
tion of stromal vascular fraction in psoriasis: a case study. Int Med Case Rep J. 
2018;21:11:59–64.

55.	 Carstens MH, Quintana FJ, Calderwood ST, Sevilla JP, Ríos AB, Rivera CM, 
Calero DW, Zelaya ML, Garcia N, Bertram KA, Rigdon J, Dos-Anjos S, Correa 
D. Treatment of chronic diabetic foot ulcers with adipose-derived stromal 
vascular fraction cell injections: safety and evidence of efficacy at 1 year. 
Stem Cells Transl Med. 2021;10(8):1138–47.

56.	 Mustafa A, Simay A, Hamdullah Y, Yildirim E, Ali MB, Hikmet EG, Yasin G, 
Yilmaz KB. Autologous adipose-derived tissue stromal vascular fraction and 
intralesional epidermal growth factor combined application in patients with 
diabetic foot. J Wound Care. 2025;1(Sup3):xxx–xxxviii.

57.	 El-Khalawany M, Rageh MA, Elnokrashy I, Ibrahim SMA. Efficacy of autologous 
stromal vascular fraction injection in the treatment of androgenic alopecia. 
Arch Dermatol Res. 2023;315(5):1269–76.

58.	 Anderi R, Makdissy N, Azar A, Rizk F, Hamade A. Cellular therapy with human 
autologous adipose-derived adult cells of stromal vascular fraction for alope-
cia areata. Stem Cell Res Ther. 2018;15(1):141.

59.	 Parcero J, Perez JA, Patel A, Ichim T, Gonzalez S, Mc- Quillan S, Comella K. 
Autologous adipose derived stro- Mal stem cell implantation to resolve criti-
cal limb ischemia: case report. Cureus. 2014;6(5):e182.

60.	 Hong Z, Chen J, Zhang S, et al. Intra-articular injection of autologous 
adipose-derived stromal vascular fractions for knee osteoarthritis: a double-
blind randomized self-controlled trial. Int Orthop. 2019;43:1123–34.

61.	 Garza JR, Campbell RE, Tjoumakaris FP, et al. Clinical efficacy of intra-articular 
mesenchymal stromal cells for the treatment of knee osteoarthritis clinical 
trial. Am J Sports Med. 2020;48:588–98.

62.	 Fodor PB, Paulseth SG. Adipose derived stromal cell (ADSC) injections for 
pain management of osteoarthritis in the human knee joint. Aesthet Surg J. 
2016;36:229–36.

63.	 Tsubosaka M, Matsumoto T, Sobajima S, et al. The influence of adipose-
derived stromal vascular fraction cells on the treatment of knee osteoarthritis. 
BMC Musculoskelet Disord. 2020;21:207.

64.	 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;9:2096.

65.	 Comella K, Silbert R, Parlo M. Effects of the intradiscal implantation of stromal 
vascular fraction plus platelet rich plasma in patients with degenerative disc 
disease. J Transl Med. 2017;15(1):12.

66.	 Usuelli FG, Grassi M, Maccario C, Vigano M, Lanfranchi L, Al eri Montrasio U, 
de Girolamo L. Intratendinous adipose-derived stromal vascular fraction (SVF) 
injection provides a safe, efficacious treatment for Achilles tendinopathy: 
results of a randomized controlled clinical trial at a 6-month follow-up. Knee 
Surg Sports Traumatol Arthrosc; 2017.

67.	 Lo Presti M, Costa GG, Agrò G, Vasco C, Zunarelli P, Zaffagnini S. Adipose-
derived Stromal Vascular Fraction Injection in a Competitive High-level 

https://doi.org/10.1155/2014/340257
https://doi.org/10.1155/2014/340257
https://doi.org/10.1186/scrt111
https://doi.org/10.1186/scrt111
https://doi.org/10.1002/art.27443


Page 9 of 10Gandolfi et al. Biology Direct           (2025) 20:95 

Athlete Affected by Insertional Achilles Tendinopathy. J Foot Ankle Surg. 
2021;;60(3):626–629.

68.	 Yoshimura K, Sato K, Aoi N, et al. Cell-assisted Lipotransfer for cosmetic 
breast augmentation: supportive use of adipose-derived stem/stromal cells. 
Aesthetic Plast Surg. 2008;32:48–55.

69.	 Tonnard P, Verpaele A, Peeters G, Hamdi M, Cornelissen M, Declercq H. 
Nanofat grafting: basic research and clinical applications. Plast Reconstr Surg. 
2013;132(4):1017–26.

70.	 Charles-de-Sá L, Gontijo-de-Amorim NF, Maeda Takiya C, et al. Antiaging 
treatment of the facial skin by fat graft and adipose-derived stem cells. Plast 
Reconstr Surg. 2015;135:999–1009.

71.	 Fraser JK, Wulur I, Alfonso Z, Hedrick MH. Fat tissue: an underappreciated 
source of stem cells for biotechnology. Trends Biotechnol. 2006;24:150–4.

72.	 Andrzejewska A, Lukomska B, Janowski M. Concise review: mesenchymal 
stem cells: from roots to boost. Stem Cells. 2019;37:855–64.

73.	 Gandolfi S, Sanouj A, Chaput B, Coste A, Sallerin B, Varin A. The role of adipose 
tissue-derived stromal cells, macrophages and bioscaffolds in cutaneous 
wound repair. Biol Direct. 2024;19(1):85.

74.	 Cao L, Li Y, Ou M, Smirnov A, Liu R, Wang T, Su X, Li P, Mara M, Candi E, Zheng 
Z, Melino G, Shao C, Shi Y. Mesenchymal stromal cells highly expressing Sca-1 
promote breast cancer lung metastasis through recruiting myeloid cells. Cell 
Death Dis. 2025;16(1):507.

75.	 Yu R, Han H, Chu S, Qin L, Du M, Ma Y, Wang Y, Jiang W, Song Y, Zou Y, Wang 
M, Liu Q, Jiang B, Gong Y, Sun G. Cullin 4B-RING E3 ligase negatively regulates 
the immunosuppressive capacity of mesenchymal stem cells by suppressing 
iNOS. Cell Death Differ. 2025;32(1):149–61.

76.	 Gao X, Ren H, Zhang Z, Cao S, Zhang B, Sun Q, Melino G, Huang H. Human 
lung cancer-derived mesenchymal stem cells promote tumor growth and 
immunosuppression. Biol Direct. 2024;19(1):39.

77.	 Li Y, Wang T, Li X, Li W, Lei Y, Shang Q, Zheng Z, Fang J, Cao L, Yu D, Meng Z, 
Zhang S, Liu R, Liu C, Xu C, Ding Y, Chen Y, Candi E, Melino G, Wang Y, Shi 
Y, Shao C. SOD2 promotes the immunosuppressive function of mesen-
chymal stem cells at the expense of adipocyte differentiation. Mol Ther. 
2024;32(4):1144–57.

78.	 Matsumoto DSK, Gonda K, Takaki Y, Shigeura T, Sato T, Aiba-Kojima E, Iizuka 
F, Inoue K, Suga H, Yoshimura K. Cell-assisted lipotransfer: supportive use of 
human adipose-derived cells for soft tissue augmentation with lipoinjection. 
Tissue Eng. 2006;12:3375–82.

79.	 Yoshimura K, Sato K, Aoi N, Kurita M, Inoue K, Suga H, et al. Cell-assisted 
Lipotransfer for facial lipoatrophy: efficacy of clinical use of adipose-derived 
stem cells. Dermatol Surg. 2008;34(9):1178–85.

80.	 Autologous cell-enriched fat grafting for breast augmentation, Kamakura T, 
Ito K. Aesthetic Plast Surg. 2011;35:1022–30.

81.	 Cell-assisted lipotransfer, Laloze J, Varin A, Bertheuil N, Grolleau JL, Vaysse C, 
Chaput B.: current concepts. Ann Chir Plast Esthet. 2017;62:609–16.

82.	 Ni Y, He X, Yuan Z, Liu M, Du H, Zhong X. Effect of fat particle-to-SVF ratio on 
graft survival rates in rabbits. Ann Plast Surg. 2015;74(5):609–14.

83.	 Tanikawa DYS, Aguena M, Bueno DF, Passos-Bueno MR, Alonso N. Fat 
grafts supplemented with adipose-derived stromal cells in the reha-
bilitation of patients with craniofacial microsomia. Plast Reconstr Surg. 
2013;132(1):141–52.

84.	 Wang L, Luo X, Lu Y, Fan Z-H, Hu X. Is the resorption of grafted fat reduced 
in cell-assisted Lipotransfer for breast augmentation? Ann Plast Surg. 
2015;75(2):128–34.

85.	 Peltoniemi HH, Salmi A, Miettinen S, Mannerström B, Saariniemi K, Mikkonen 
R, et al. Stem cell enrichment does not warrant a higher graft survival in lipo-
filling of the breast: a prospective comparative study. J Plast Reconstr Aesthet 
Surg. 2013;66(11):1494–503.

86.	 Pérez-Cano R, Vranckx JJ, Lasso JM, Calabrese C, Merck B, Milstein AM, et al. 
Prospective trial of adipose-derived regenerative cell (ADRC)-enriched fat 
grafting for partial mastectoctomy defects: the the RESTORE-2 trial. Eur J Surg 
Oncol. 2012;38(5):382–9.

87.	 Gentile P, Orlandi A, Scioli MG, Di Pasquali C, Bocchini I, Curcio CB, et al. A 
comparative translational study: the combined use of enhanced stromal 
vascular fraction and platelet-rich plasma improves fat grafting maintenance 
in breast reconstruction. Stem Cells Transl Med. 2012;1(4):341–51.

88.	 Jung HK, Kim CH, Song SY, Sterodimas A, de Faria J, Nicaretta B, Boriani F. Pro-
spective 1-year follow-up study of breast augmentation by cell-assisted lipo-
transfer. Aesthetic Surg J Am Soc Aesthetic Plast Surg. Autologous fat trans-
plantation versus adipose-derived stem cell-enriched lipo-grafts: a study. 
Aesthetic Surg J Am Soc Aesthetic Plast Surg 2011;31(6):682—93. Schendel 

SA. Enriched Autologous Facial Fat Grafts in Aesthetic Surgery: 3D Volumetric 
Results. Aesthetic Surg J Am Soc Aesthetic Plast Surg 2015;35(8):913—9.

89.	 Lee SK, Kim D-W, Dhong E-S, Park S-H, Yoon E-S. Facial soft tissue augmenta-
tion using autologous fat mixed with stromal vascular fraction. Arch Plast 
Surg. 2012;39(5):534–9.

90.	 Tiryaki T, Findikli N, Tiryaki D. Staged stem cell-enriched tissue (SET) injections 
for soft tissue augmentation in hostile recipient areas: a preliminary report. 
Aesthetic Plast Surg. 2011;35(6):965–71.

91.	 Sasaki GH. The safety and efficacy of cell-assisted fat grafting to traditional 
fat grafting in the anterior mid-face: an indirect assessment by 3D imaging. 
Aesthetic Plast Surg. 2015;39(6):833–46.

92.	 Koh KS, Oh TS, Kim H, Chung IW, Lee KW, Lee HB, et al. Clinical application of 
human adipose tissue-derived mesenchymal stem cells in progressive hemi-
facial atrophy (Parry-Romberg disease) with microfat grafting techniques 
using 3-dimensional computed tomography and 3-dimensional camera. Ann 
Plast Surg. 2012;69(3):331–7.

93.	 Li J, Gao J, Cha P, Chang Q, Liao Y, Liu C, et al. Supplementing fat grafts 
with adipose stromal cells for cosmetic facial contouring. Dermatol Surg. 
2013;39(3 Pt 1):449–56.

94.	 Chang Q, Li J, Dong Z, Liu L, Lu F, Herold C, Ueberreiter K, Busche MN, Vogt 
PM. Quantitative volumetric analysis of progressive hemifacial atrophy 
corrected using stromal vascular fraction-supplemented autologous fat 
grafts. Dermatol Surg. Autologous fat transplantation: volumetric tools for 
estimation of volume survival. A systematic review. Aesthetic Plast Surg 
2013;37(2):380—7.

95.	 Dos Anjos S, Matas-Palau A, Mercader J, Katz AJ, Llull R. Reproducible volume 
restoration and efficient long-term volume retention after point-of-care 
standardized cell-enhanced fat grafting in breast surgery. Plast Reconstr Surg 
Glob Open. 2015;3(10):e547.

96.	 Yoshimura K, Asano Y, Aoi N, Kurita M, Oshima Y, Sato K, et al. Progenitor-
enriched adipose tissue transplantation as rescue for breast implant compli-
cations. Breast J. 2010;16(2):169–75.

97.	 Kamakura T, Ito K. Autologous cell-enriched fat grafting for breast augmenta-
tion. Aesthetic Plast Surg. 2011;35(6):1022–30.

98.	 Gentile P, De Angelis B, Pasin M, Cervelli G, Curcio CB, Floris M, et al. Adipose-
derived stromal vascular fraction cells and platelet-rich plasma: basic and 
clinical evaluation for cell-based therapies in patients with scars on the face. J 
Craniofac Surg. 2014;25(1):267–72.

99.	 Tissiani LAL, Alonso N. A prospective and controlled clinical trial on stromal 
vascular fraction enriched fat grafts in secondary breast reconstruction. Stem 
Cells. 2016;2016(2):2636454–51.

100.	 Gentile P, Scioli MG, Orlandi A, Cervelli V. Breast reconstruction with enhanced 
stromal vascular fraction fat grafting: what is the best method? Plast Reconstr 
Surg Glob Open. 2015;3(6):e406.

101.	 Domenis R, Lazzaro L, Calabrese S, Mangoni D, Gallelli A, Bourkoula E, et al. 
Adipose tissue derived stem cells: in vitro and in vivo analysis of a standard 
and three commercially available cell-assisted Lipotransfer techniques. Curr 
Stem Cell Res Ther. 2015;6:2.

102.	 Toyserkani NM, Jensen CH, Sheikh SP, Sørensen JA. Cell-assisted Lipotransfer 
using autologous adipose-derived stromal cells for alleviation of breast 
cancer-related lymphedema. Stem Cells Transl Med. 2016;5(7):857–9.

103.	 Calabrese C, Orzalesi L, Casella D, Cataliotti L. Breast reconstruction after 
nipple/areola-sparing mastectomy using cell-enhanced fat grafting. Ecancer-
medicalscience. 2009;3:116.

104.	 Perrot P, Rousseau J, Bouffaut A-L, Rédini F, Cassagnau E, Deschaseaux F, et al. 
Safety concern between autologous fat graft, mesenchymal stem cell and 
osteosarcoma recurrence. PLoS ONE. 2010;5(6):e10999.

105.	 Zhou Y, Wang J, Li H, Liang X, Bae J, Huang X, et al. Efficacy and safety of cell-
assisted lipotransfer: a systematic review and meta-analysis. Plast Reconstr 
Surg. 2016;137(1):e44–57.

106.	 Toyserkani NM, Quaade ML, Sørensen JA. Cell-Assisted Lipo-transfer:. A 
systematic review of its efficacy. Aesthetic Plast Surg. 2016;40(2):309–18.

107.	 Grabin S, Antes G, Stark GB, Motschall E, Buroh S, Lampert FM. Cell-assisted 
Lipotransfer. Dtsch Ärztebl Int. 2015;112(15):255–61.

108.	 Laloze J, Varin A, Bertheuil N, Grolleau JL, Vaysse C, Chaput B. Cell-assisted 
lipotransfer: current concepts. Ann Chir Plast Esthet. 2017;62(6):609–16.

109.	 Panés J, García-Olmo D, Van Assche G, Colombel JF, Reinisch W, Baumgart DC, 
et al. Expanded allogeneic adipose-derived mesenchymal stem cells (Cx601) 
for complex perianal fistulas in crohn’s disease: a phase 3 randomised, 
double-blind controlled trial. Lancet. 2016;24(10051):1281–90.



Page 10 of 10Gandolfi et al. Biology Direct           (2025) 20:95 

110.	 Gu Y, Mu Z, Chen Y, Wu C, Shi J, Bai N. Therapeutic potential of ADSCs 
in diabetic wounds: a proteomics-based approach. Front Cell Dev Biol. 
2024;13:12:1468220.

111.	 Kuo YR, Wang CT, Cheng JT, Kao GS, Chiang YC, Wang CJ. Adipose-Derived 
stem cells accelerate diabetic wound healing through the induction of 
autocrine and paracrine effects. Cell Transpl. 2016;25(1):71–81.

112.	 Uzun E, Güney A, Gönen ZB, Özkul Y, Kafadar İH, Günay M, Mutlu M. Intral-
esional allogeneic adipose-derived stem cells application in chronic diabetic 
foot ulcer: phase I/2 safety study. Foot Ankle Surg. 2021;27(6):636–42.

113.	 Cheng C, Zhang Y, Jiang H, Shi Y, Xue T, Wu X, Wang H. Human Adipose-
Derived mesenchymal stem cells colonize and promote healing of 
leprosy ulcer by inducing Neuro-Vascularization. Stem Cells Dev. 
2024;33(11–12):276–89.

114.	 Del Papa N, Di Luca G, Sambataro D, Zaccara E, Maglione W, Gabrielli A, 
Fraticelli P, Moroncini G, Beretta L, Santaniello A, et al. Regional implantation 
of autologous adipose tissue-derived cells induces a prompt healing of long-
lasting indolent digital ulcers in patients with systemic sclerosis. Cell Transpl. 
2015;24:2297–305.

115.	 Bayram Y, Deveci M, Imirzalioglu N, Soysal Y, Sengezer M. The cell based dress-
ing with living allogenic keratinocytes in the treatment of foot ulcers: A case 
study. Br J Plast Surg. 2005;58:988–96.

116.	 Ceccarelli S, Pontecorvi P, Anastasiadou E, Napoli C, Marchese C. Immuno-
modulatory effect of adipose derived stem cells: the cutting edge of clinical 
application. Front Cell Dev Biol. 2020;17:8:236.

117.	 Bura A, Planat-Benard V, Bourin P, Silvestre JS, Gross F, Grolleau JL, et al. Phase 
I trial: the use of autologous cultured adipose-derived stroma/stem cells to 
treat patients with non-revascularizable critical limb ischemia. Cytotherapy. 
2014;16(2):245–57.

118.	 Migliorini F, Tingar M, Maffulli N. Progress with stem cell therapies for tendon 
tissue regeneration. Expert Opin Biol Ther. 2020;20(11):1373–9.

119.	 Gandolfi S, Chaput B, Varin A. Comments on morphological, histological and 
Biomechanical comparison of bone marrow aspirate concentrate, micro-
fragmented adipose tissue and platelet-rich plasma in prevention of tendon 
adhesion. J Plast Reconstr Aesthet Surg. 2024;90:35–6.

120.	 Trounson A, McDonald C. Stem cell therapies in clinical trials: progress and 
challenges. Cell Stem Cell. 2015;17(1):11–22.

121.	 Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina R, 
Antoniou A, Arab T, Archer F, Atkin-Smith GK, et al. Minimal information for 
studies of extracellular vesicles 2018 (MISEV2018): A position statement of the 
international society for extracellular vesicles and update of the MISEV2014 
guidelines. J Extracell Vesicles. 2018;7:1535750.

122.	 Yáñez-Mó M, Siljander PR‐M, Andreu Z, et al. Biological properties of 
extracellular vesicles and their physiological functions. J Extracell Vesicles. 
2015;4:e27066.

123.	 Wang T, Li T, Niu X, Hu L, Cheng J, Guo D, Ren H, Zhao R, Ji Z, Liu P, Li Y, Guo Y. 
ADSC-derived exosomes attenuate myocardial infarction injury by promoting 
miR-205-mediated cardiac angiogenesis. Biol Direct. 2023; 27;18(1):6.

124.	 Deng H, Chen Y. The role of adipose-derived stem cells-derived extracellular 
vesicles in the treatment of diabetic foot ulcer: trends and prospects. Front 
Endocrinol. 2022;13:902130.

125.	 Hu L, Wang J, Zhou X, Xiong Z, Zhao J, Yu R, Huang F, Zhang H, Chen L. Exo-
somes derived from human adipose mensenchymal stem cells accelerates 

cutaneous wound healing via optimizing the characteristics of fibroblasts. Sci 
Rep. 2016;6:32993.

126.	 Lee JH, Won YJ,Kim H, Choi MLE, Ryoou B, et al. AdiposeTissue-Derived mes-
enchymal stem Cell- derived exosomes promote wound healing and tissue 
regeneration. Int J Mol Sci. 2023;21(13):10434.

127.	 An Y, Lin S, Tan X, Zhu S, Nie F, Zhen Y, Gu L, Zhang C, Wang B, Wei W, Li D, Wu 
J. Exosomes from adipose-derived stem cells and application to skin wound 
healing. Cell Prolif. 2021;54(3):e12993.

128.	 Fui LW, Lok MPW, Govindasamy V, Yong TK, Lek TK, Das AK. Understanding 
the multifaceted mechanisms of diabetic wound healing and therapeutic 
application of stem cells conditioned medium in the healing process. J Tissue 
Eng Regen Med. 2019;13(12):2218–33.

129.	 Guo X, Schaudinn C, Blume-Peytavi U. Vogt a,rancan f.effects of Adipose-
Derived stem cells and their conditioned medium in a human ex vivo wound 
model. Cells. 2022;11(7):1198.

130.	 Kober J, Gugerell A, Schmid M, Zeyda M, Buchberger E, Nickl S, Hacker S, 
Ankersmit HJ, Keck M. Wound healing effect of conditioned media obtained 
from adipose tissue on human skin cells: A comparative in vitro study. Ann 
Plast Surg. 2016;77(2):156–63.

131.	 Bhang SH, Lee S, Shin J-Y, Lee T-J, Jang H-K, Kim B-S. Efficacious and clinically 
relevant conditioned medium of human adipose-derived stem cells for 
therapeutic angiogenesis. Mol Ther. 2014;22:862–72.

132.	 Brizio M, Mancini M, Lora M, Joy S, Zhu S, Brilland B, Reinhardt DP, Farge D, 
Langlais D, Colmegna I. Cytokine priming enhances the antifibrotic effects of 
human adipose derived mesenchymal stromal cells conditioned medium. 
Stem Cell Res Ther. 2024;15(1):329.

133.	 Fergal OBJ. Biomaterials and scaffolds for tissue engineering. Mater Today. 
2011;14:88–95.

134.	 Jafari M, Paknejad Z, Rad MR, Motamedian SR, Eghbal MJ, Nadjmi N, 
Khojasteh A. Polymeric scaffolds in tissue engineering: a literature review. J 
Biomed Mater Res B Appl Biomater. 2017;105(2):431–5.

135.	 Farahani M, Shafiee A. Wound healing: from passive to smart dressings. Adv 
Healthc Mater. 2021;10(16):e2100477.

136.	 Takezawa T, Mori Y, Yoshizato K. Cell culture on a thermo-responsive polymer 
surface. Biotechnology. 1990;8:854–6.

137.	 Chevalier E, Chulia D, Pouget C, Viana M. Fabrication of porous substrates: 
a review of processes using pore forming agents in the biomaterial field. J 
Pharm Sci. 2008;97:1135–54.

138.	 Knight RL, Wilcox HE, Korossis SA, Fisher J, Ingham E. The use of acellular 
matrices for the tissue engineering of cardiac valves. Proc Inst Mech Eng. 
2008;22:129–43.

139.	 Orive G, Hernandez RM, Gascon AR, Calafiore R, Chang TM, de Vos P, Hor-
telano G, Hunkeler D, Lacik I, Shapiro AM, et al. Cell encapsulation: promise 
and progress. Nat Med. 2003;9:104–7.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Evolution of cell therapies derived from adipose tissue: historical perspectives, current development trends and future directions
	﻿Abstract
	﻿Introduction
	﻿The subcutaneous adipose tissue transfer
	﻿The stromal vascular fraction: from the volumising effect to the trophic effect
	﻿Adipose tissue in regenerative therapy: from tissue grafting to cell-free derivatives administration
	﻿Adipose-derived stromal cells properties
	﻿Administration of adipose-derived stromal cells
	﻿Cell-free derivatives administration
	﻿Adipose-derived stromal cells and bioscaffold

	﻿Conclusion
	﻿References


