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Abstract: Scars may represent more than a cosmetic concern for patients; they may impose functional
limitations and are frequently associated with the sensation of itching or pain, thus impacting both
psychological and physical well-being. From an aesthetic perspective, scars display variances in
color, thickness, texture, contour, and their homogeneity, while the functional aspect encompasses
considerations of functionality, pliability, and sensory perception. Scars located in critical anatomic
areas have the potential to induce profound impairments, including contracture-related mobility
restrictions, thereby significantly impacting daily functioning and the quality of life. Conventional
approaches to scar management may suffice to a certain extent, yet there are cases where tailored
interventions are warranted. Autologous fat grafting emerges as a promising therapeutic avenue in
such instances. Fundamental mechanisms underlying scar formation include chronic inflammation,
fibrogenesis and dysregulated wound healing, among other contributing factors. These mechanisms
can potentially be alleviated through the application of adipose-derived stem cells, which represent
the principal cellular component utilized in the process of lipofilling. Adipose-derived stem cells
possess the capacity to secrete proangiogenic factors such as fibroblast growth factor, vascular
endothelial growth factor and hepatocyte growth factor, as well as neurotrophic factors, such as
brain-derived neurotrophic factors. Moreover, they exhibit multipotency, remodel the extracellular
matrix, act in a paracrine manner, and exert immunomodulatory effects through cytokine secretion.
These molecular processes contribute to neoangiogenesis, the alleviation of chronic inflammation,
and the promotion of a conducive milieu for wound healing. Beyond the obvious benefit in restoring
volume, the adipose-derived stem cells and their regenerative capacities facilitate a reduction in pain,
pruritus, and fibrosis. This review elucidates the regenerative potential of autologous fat grafting
and its beneficial and promising effects on both functional and aesthetic outcomes when applied to
scar tissue.

Keywords: autologous fat grafting; scar therapy; adipose-derived stem cells; tissue regeneration

1. Introduction

In recent years, the field of regenerative medicine has made significant strides toward
developing treatments that address the complex challenges of scar tissue management.
Among these advancements, autologous fat grafting (AFG) has gained prominence as a
transformative approach, offering a dual-action solution that extends beyond superficial
cosmetic enhancement to address the functional impairments often associated with scarred
tissues [1]. Initially conceptualized for the aesthetic improvement of depressed facial
scars, the methodology behind AFG involves the strategic harvesting and transplantation
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of adipose tissue from one part of the body to another [2]. This approach has evolved
substantially from its origins, now supported by an extensive body of scientific research
that delineates its volumetric and regenerative benefits.

Central to the success of AFG is the critical role played by adipose-derived stem cells
(ADSCs), which are found in abundance within adipose tissue. These cells are key drivers
of the wound healing process, contributing significantly to dermal scar remediation. The
application of ADSCs through AFG not only promises aesthetic enhancements but also
provides therapeutic benefits, including the alleviation of pain and itchiness, restoration of
volume, and the promotion of functional recovery in scarred tissues [3].

The exploration of AFG and its integration with ADSCs underscores a pivotal shift
towards harnessing the body’s intrinsic regenerative capabilities to address scar manage-
ment [1]. The interplay between the volumetric enhancement provided by the transferred
fat and the regenerative functions of ADSCs has opened new avenues for comprehensive
scar treatment. ADSCs, with their potent regenerative properties, including the secretion of
angiogenic, anti-inflammatory, and immunomodulatory factors, act synergistically with
the physical benefits of fat grafting to facilitate not only the cosmetic improvement of
scars but also their structural and functional healing [4]. This synergy points to a broader
implication of AFG in regenerative medicine, suggesting its potential applicability, beyond
scar treatment, to the healing of wounds, the repair of tissue damages from various causes,
and the improvement of other dermatological conditions. By expanding our understanding
of the biological actions of ADSCs within the context of AFG, this paper aims to provide a
comprehensive overview of the current state of research in the field of AFG for scar treat-
ment, comprising the mechanisms through which AFG and ADSCs exert their effects on
scar tissue, offering insight into the potential of these treatments to revolutionize scar man-
agement strategies within the broader scope of tissue regeneration. Thus, a comprehensive
review of the literature was performed.

2. Autologous Fat Grafting as a New Approach to Scar Treatment with
Regenerative Potential

In 1893, Neuber, A. pioneered the use of AFG for the amelioration of scars, marking
a significant advancement in the treatment of depressed facial scars caused by trauma.
This approach entailed the extraction of a minimal quantity of adipose tissue from the
forearm, which was then transplanted into the affected scar areas. The intervention was
noted for its efficacy, with reports indicating positive outcomes [5]. Over recent years, this
technique has garnered increased interest and recognition due to its dual beneficial effects
of volumetric enhancement and regenerative capabilities. These regenerative capabilities
of AFG on scarred tissue are largely attributed to the presence of ADSCs within the fat
grafts [6]. ADSCs are abundantly found in adipose tissue and have been evidenced,
through both clinical and animal research, to play a pivotal role in enhancing various
aspects of the wound healing process, especially in the context of dermal scars [7]. AFG has
demonstrated efficacy in improving the aesthetic appearance of scars, while also reducing
pain and pruritus, among other advantageous effects on scar-related conditions, which will
be further elaborated upon [8].

Properties of Adipose-Derived Stem Cells and Their Potential Effects on Scars

ADSCs have become a central element in the field of regenerative medicine due to
their significant therapeutic potential for repairing scars and similar conditions, leading
to an increased preference for using lipofilling as a primary method for treating various
types of scars [9,10]. Recent investigations reveal that ADSCs, present within the stromal
vascular fraction (SVF) of adipose tissue, possess proangiogenic properties akin to those of
bone marrow-derived stem cells [11-13]. These studies, including in vivo experiments with
murine models, have highlighted that ADSCs not only secrete angiogenic and antiapoptotic
factors [14], but also exhibit the capability to differentiate into endothelial cells and incor-
porate into existing vascular networks [15]. Such activities promote neovascularization in
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ischemic tissues. Furthermore, ADSCs exert immunomodulatory effects through the secre-
tion of cytokines and have the potential to differentiate into various cell lineages, including
adipogenic, chondrogenic, osteogenic, neural, myogenic, and endothelial cells [10,14,16].

Within the ambit of regenerative medicine and specifically AFG for scar treatment,
the role of ADSCs extends into a complex network of biological pathways, signaling axes,
and molecular interactions that collectively enhance tissue repair and regeneration. The in-
volvement of the TLR4/NF-«B signaling pathway in ADSC-mediated anti-inflammatory re-
sponses presents a noteworthy mechanism, through which ADSCs exert their immunomod-
ulatory effects, mitigating inflammation and thus facilitating an environment conducive to
healing and tissue regeneration [17]. Upon activation, NF-«B translocates to the nucleus,
upregulating the expression of pro-inflammatory genes [18]. However, ADSCs can atten-
uate this pathway, leading to a reduction in inflammatory cytokines, such as TNF-« and
IL-6, thus mitigating inflammation and promoting a conducive healing environment [19].
This pathway underscores the ADSCs’ ability to modulate immune responses, which is
critical in the context of scar treatment where chronic inflammation can perpetuate fibrosis
and impair healing. Beyond the TLR4/NF-«B signaling pathway, ADSCs are also known
to interact with the STAT3 pathway, a critical mediator in the resolution of inflammation
and promotion of tissue repair [20]. Activation of STAT3 leads to the transcription of
anti-inflammatory genes [21], further contributing to the reduction in the pro-inflammatory
milieu in scarred tissues [22-24].

The proangiogenic attributes of ADSCs have been especially significant in treating
degenerative and chronic lesions characterized by low perfusion, such as those resulting
from oncologic radiation treatments. Dramatic symptomatic improvements have been
documented following autologous fat grafting, which can be partially attributed to the
action of ADSCs [16,25]. For instance, Rigotti et al.’s research demonstrated that the
application of ADSCs effectively mitigated severe symptoms following radiation therapy,
including atrophy, retraction, fibrosis, and ulcer formation [25]. Notably, histological
analyses post-ADSC-enriched fat grafting have shown skin structures that more closely
resemble those of non-scarred tissue, evidenced by organized collagen deposition, enhanced
vascularization, and the regeneration of the papillary dermis [26,27].

ADSCs influence the wound healing process and scar tissue remodeling through
several mechanisms:

Angiogenesis: By secreting proangiogenic factors such as vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), and hepatocyte growth factor (HGF), ADSCs
stimulate the formation of new blood vessels, enhancing tissue perfusion and oxygena-
tion [28]. VEGEF, for instance, acts by binding to its receptors (VEGFRs) on the surface of
endothelial cells, triggering a cascade of intracellular events, including the activation of the
PI3K/ Akt pathway, leading to endothelial cell proliferation and migration [28-34]. FGF
contributes to the proliferation and differentiation of endothelial cells, while HGF promotes
angiogenesis and tissue regeneration. The combined activity of these factors culminates in
the formation of new capillary structures, which are crucial for the revascularization and
subsequent healing of ischemic and scarred tissues [35].

The interplay between ADSCs and the HIF-1«/VEGEF axis emerges as a pivotal mech-
anism by which ADSCs promote vascularization within scarred tissues. The hypoxic
environment of damaged tissues activates HIF-1«, a transcription factor that upregulates
the expression of VEGEF, thereby enhancing angiogenesis and improving tissue perfusion
and oxygenation [36]. This process is crucial for delivering nutrients and oxygen to the
healing tissue, promoting the survival of grafted fat cells and the regeneration of the scarred
area [37]. Additionally, Sphingosine-1-phosphate (S1P), a bioactive lipid mediator secreted
by ADSCs, has emerged as a significant player in promoting angiogenesis, enhancing
endothelial cell migration and stabilizing new blood vessels. Its role underscores the com-
plexity of the angiogenic process essential for supplying nutrients and oxygen to healing
tissues [32].
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While VEGE, FGF, and HGF are central to the angiogenic process, Angiopoietin-1 (Ang-
1) and EphrinB2/EphB4 also merit attention for their roles in vascular stabilization and
maturation [38]. Ang-1, acting through the Tie2 receptor, plays a pivotal role in stabilizing
and maturing newly formed blood vessels, complementing the actions of VEGF [39]. The
EphrinB2/EphB4 signaling axis is crucial for arteriovenous differentiation, further detailing
the molecular intricacies of angiogenesis facilitated by ADSCs in the context of AFG [34].

Immunomodulation: ADSCs modulate the immune response by secreting anti-
inflammatory cytokines, which can alter the inflammatory phase of wound healing,
potentially reducing scar formation [36,40-46]. The immunomodulatory function of
ADSCs is largely attributed to their production of cytokines such as IL-10 and TGF-
. IL-10 is known for its anti-inflammatory effects, including the downregulation of
pro-inflammatory cytokine synthesis and the inhibition of antigen-presenting cells [47].
TGEF-f has a broader role, including the modulation of immune cell proliferation, dif-
ferentiation, and survival, as well as the conversion of effector T-cells into Tregs, which
play a crucial role in maintaining immune tolerance [41]. Through these pathways,
ADSCs can attenuate the inflammatory environment. Beyond IL-10 and TGF-3, ADSCs
produce a range of other cytokines and chemokines, which are crucial for modulating the
healing environment. Interleukin-6 (IL-6), while often considered pro-inflammatory, can
have regenerative roles, depending on the context, contributing to the transition from
inflammation to healing [42]. Similarly, interleukin-4 (IL-4) promotes anti-inflammatory
responses and assists in tissue remodeling by influencing macrophage polarization to-
wards an M2 phenotype, which is associated with tissue repair and regeneration [43]. The
JAK/STAT-signaling pathway is another critical route through which ADSCs promote
cellular communication and immunomodulation. The activation of this pathway can
lead to the transcription of genes involved in cell growth, survival, and differentiation,
which are essential for effective wound healing [48].

Cell differentiation: The ability of ADSCs to differentiate into multiple cell types is
pivotal for tissue repair. Through the regulation of signaling pathways such as the Wnt/3-
catenin pathway for osteogenic differentiation [49] or PPARY activation for adipogenic
differentiation [50], ADSCs replace damaged cells and contribute to the restoration of tissue
architecture [51]. This pluripotency allows for the repopulation of diverse cell types, aiding
in the functional recovery of the damaged tissue, whether it be skin, bone, cartilage, or
vascular structures [51].

Extracellular matrix remodeling: ADSCs influence the deposition and organization of
collagen and other matrix components, contributing to the structural integrity and func-
tional recovery of scarred tissue. ECM remodeling is a critical component of scar maturation
and resolution [52-56]. ADSCs secrete various MMPs that break down over accumulated
ECM proteins, allowing for the proper reorganization of the matrix [53]. Concurrently, the
secretion of TIMPs regulates this breakdown, ensuring a balance between ECM synthesis
and degradation [54,57]. Additionally, ADSCs can influence fibroblasts within the scar
tissue to modulate their collagen production, promoting a more organized and less fibrotic
ECM that resembles that of normal, healthy tissue [58]. Connective tissue growth factor
(CTGF) and Decorin are additional molecules worth discussing. CTGF is a key mediator
in connective tissue remodeling, working with TGF-f to stimulate fibroblast proliferation,
collagen synthesis, and tissue repair [55]. Decorin, a small leucine-rich proteoglycan, plays
a crucial role in regulating collagen fibrillogenesis and inhibiting TGF-3 activity, thus
preventing excessive fibrosis [56]. These molecules, secreted by ADSCs, further detail the
complex regulation of extracellular matrix remodeling in scar healing, providing a more
nuanced understanding of how AFG influences tissue structure and function. By engaging
in these pathways, ADSCs offer a multifaceted approach to tissue regeneration, underscor-
ing their utility in enhancing the healing of scar tissue and improving the outcomes of
lipofilling procedures (Figure 1).
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Figure 1. Adipose-derived stem cells: properties and potential effects on scars. Angiogenesis:
ADSCs secrete proangiogenic factors (VEGE, FGF, HGF) that promote new blood vessel formation,
improving tissue oxygenation and perfusion. They also interact with the HIF-1«/VEGF axis and
produce Sphingosine-1-phosphate (S1P) for vessel stabilization; immunomodulation: ADSCs release
anti-inflammatory cytokines (IL-10, TGF-f) that reduce inflammation and scar formation. They
also secrete other cytokines (IL-6, IL-4) and activate the JAK/STAT pathway to support healing; cell
differentiation: ADSCs differentiate into various cell types, aiding tissue repair and regeneration
through pathways such as Wnt/3-catenin and PPARy. Extracellular matrix remodeling: ADSCs
modulate collagen and matrix components, enhancing structural integrity and reducing fibrosis. They
secrete MMPs for matrix breakdown and TIMPs to balance synthesis and degradation, influencing
fibroblasts and secreting CTGF and Decorin for organized ECM formation.

Overall, ADSCs facilitate comprehensive tissue regeneration and improve healing
outcomes in scarred tissues.

3. Techniques and Clinical Implication of Autologous Fat Grafting

Autologous adipose tissue, recognized for its accessibility, availability, high biocompat-
ibility, and minimal surgical trauma, has become a cornerstone in clinical practices for both
defect repair and aesthetic enhancements (Table 1). The evolution of fat grafting techniques,
categorized by adipose particle size—macrofat, microfat, and nanofat—each serves distinct
clinical purposes, tailored to their specific application methodologies [59]. Macrofat grafting
utilizes particles larger than 2.4 mm, making it ideal for substantial volume augmentation
in areas such as the breasts and buttocks. The use of blunt needles with a diameter of 2 mm
for injection is necessitated by this approach [59]. Transitioning to microfat, which requires
a cannula with a hole diameter ranging from 1.2 to 2.4 mm, is optimized for augmenting
more delicate areas such as the forehead, eyelids, and hands. The smaller particle size not
only reduces the risks associated with larger fat particles but also facilitates a smoother
injection process, making it well-suited for detailed and nuanced enhancements [59]. The
innovation in fat grafting is exemplified by the introduction of nanofat, which involves
the mechanical emulsification and filtration of microfat. The composition of the harvested
adipose tissue is also a critical success factor in fat grafting. Adipose tissue comprises ma-
ture adipocytes and a stromal vascular fraction (SVF), rich in various cellular components
including ADSCs, endothelial cells, pericytes, and immune cells. These components are
vital for the integration and survival of the graft [60]. This process yields a mixture with
two cell types: stromal vascular fraction (SVF) cells and ADSCs. In seminal research by
Tonnard and colleagues, it was discovered that every 100 mL of nanofat contains between
1.9 to 3 million active SVF-derived stem cells, along with 100,000 to 200,000 CD34+ cells [61].
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Remarkably, these concentrations are consistent regardless of the initial adipose tissue
processing method, illustrating the robustness of nanofat in producing a cellular mixture
vital for tissue repair and regeneration. The SVF and CD34+ cells in nanofat have the
capacity to transform into mature adipocytes, similar in quality and quantity to those
found in macrofat and microfat. CD34+ cells exhibit significant proliferative capabilities
and are more adept at colony formation [62]. Furthermore, CD34+ cells within adipose
tissue share several properties with ADSCs, which are crucial for tissue maintenance and
remodeling [63]. Additionally, it has been demonstrated that MSCs enhance the viability
of fat grafts, primarily through the promotion of angiogenesis [64,65]. Leveraging the
regenerative properties of SVF cells and ADSCs, nanofat has shown promising outcomes
in improving skin quality and ameliorating scars, achieving high patient satisfaction, with
minimal adverse effects.

Table 1. Autologous fat grafting: techniques and clinical implications. This table reports some key
points about how autologous fat grafting (AFG) techniques are categorized by adipose particle size
into macrofat, microfat, and nanofat, each suited for different applications, ranging from large volume
augmentations to fine-detail enhancements. Nanofat, in particular, is noted for its high content of
stromal vascular fraction (SVF) and stem cells, crucial for tissue regeneration and repair. SVF cells,
including ADSCs, are key for graft integration, survival, and differentiation into mature adipocytes,
aiding in both volumetric and regenerative outcomes. AFG is effective in improving scar appearance
by enhancing skin quality and reducing fibrosis and functional impairment. ADSCs play a significant
role in this process by releasing growth factors and cytokines that promote angiogenesis, reduce
inflammation, and modulate immune responses, which can alleviate scar-associated pain and improve
tissue elasticity and pliability. Studies show significant improvements in scar characteristics post-fat
grafting, with positive impacts on volume restoration, contour correction, and functional recovery.

Techniques and Clinical Implication of Autologous Fat Grafting: Key Points

Overview and Evolution

Autologous adipose tissue is highly accessible, biocompatible, and minimally traumatic surgically.
Techniques evolved to use macrofat, microfat, and nanofat for different clinical purposes.

Uses particles > 2.4 mm, suitable for large volume augmentations (breasts, buttocks).

Macrofat Grafting Requires blunt needles with a 2 mm diameter.
Microfat Graftin Uses particles between 1.2 to 2.4 mm, ideal for delicate areas (forehead, eyelids, hands).
& Smaller particles facilitate smoother injections and detailed enhancements.
Nanofat Graftin Involves mechanical emulsification and filtration of microfat.
& Contains a high concentration of SVF cells and ADSCs, promoting tissue repair and regeneration
Vital for graft integration and survival, capable of transforming into mature adipocytes.
SVF and ADSCs CD34+ cells within SVF show significant proliferative capabilities and enhance graft viability

through angiogenesis.

Centrifugation process

Critical for isolating the SVF, ensuring optimal regenerative potential.
Different mechanical and enzymatic methods impact cell yield and viability.

Donor Site Selection

No significant difference in fat quality or graft survival among various sites.
Selection should consider patient-specific factors and clinical needs.

Advantages and
Limitations

Macrofat is effective for volume but poses embolism risk in superficial tissues.
Microfat offers safer and precise enhancements.
Nanofat is particularly useful for therapeutic applications such as scar revisions.

Regenerative Properties

SVF and ADSCs significantly improve skin quality and scar appearance.
Enhance tissue repair through angiogenesis, immune modulation, and ECM remodeling.

Volume Retention

A major challenge, with reductions of up to 70%.
Strategies such as cell-assisted lipotransfer (CAL) and PRP aim to improve graft longevity
and retention.
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Table 1. Cont.

Techniques and Clinical Implication of Autologous Fat Grafting: Key Points

Impact on Fibrosis

AFG reduces fibrosis, improves tissue quality and enhances functional outcomes.
ADSCs play a crucial role in mitigating chronic inflammation and promoting angiogenesis.

Pain Reduction

AFG significantly alleviates pain associated with scar tissue.
ADSCs secrete neurotrophic factors such as BDNF, promoting nerve repair and reducing
neuropathic pain.

The centrifugation process for isolating SVF plays a critical role in ensuring the optimal
separation of cells from adipose tissue, which is pivotal for the regenerative potential of
nanofat grafting. Baptista and colleagues isolated SVF by lysing red blood cells (RBCs)
in lipoaspirate, followed by centrifugation at 900 g for 15 min, and then resuspending
the SVF-rich pellet. They reported obtaining an average of 24.0 & 7.4 x 10* cells per
milliliter, with 1.2 + 0.37 x 10* of these cells exhibiting plastic adherence. The adherent
cells were characterized by the absence and presence of specific markers: CD45—, CD73—,
CD31+, CD44+, CD90+, CD105+, and CD34+. This technique was contrasted with a man-
ual enzymatic method, which yielded higher numbers of both total and plastic-adherent
cells (58.4 + 17.8 x 10* and 8.5 4 6.7 x 10* cells per milliliter, respectively), but required
more time. The cryopreservation of cells at —196 °C was noted to decrease cell yield [66].
Following Baptista et al., Condé-Green and colleagues applied the same mechanical iso-
lation process and observed a higher quantity of MSCs and endothelial cells in the pellet
from centrifuged lipoaspirates compared to decanted ones, though without comparison
to enzymatic methods. They also compared two mechanical methods: centrifugation
and vortexing, followed by centrifugation, finding that centrifugation doubled the cell
yield compared to vortexing, with both methods maintaining high cell viability. Compara-
tively, collagenase digestion resulted in a tenfold increase in SVC yield but with a higher
proportion of hematopoietic cells and fewer ASCs and endothelial cells [67].

Markarian and colleagues introduced three modifications to Baptista’s mechanical iso-
lation method. Their first protocol involved RBC lysis, followed by a 600x g centrifugation
for 10 min. The next two methods added an extra centrifugation step at 800x ¢ and 1280 x g,
respectively, each for 15 min, before repeating the 600x g centrifugation. The cells isolated
by these methods were viable, yet proliferation ceased after 14 days. These techniques were
compared with the collagenase and trypsin isolation methods, with collagenase showing
significantly greater cell yields than trypsin or the mechanical methods. No growth in cell
cultures limited further analysis of the mechanically isolated SVFs [68].

Shah et al. isolated SVF through repeated washing with PBS, vigorous hand shaking,
and centrifugation at 1200 rpm for 5 min. This method, compared to collagenase-based
isolation, resulted in an increase in CD45+ cells and showed significant differences in other
cell markers, indicating changes in the cell phenotype. The mechanically isolated cells,
requiring only a third of the time needed for enzymatic methods, yielded significantly
fewer cells but demonstrated comparable differentiation potential [69]. On the other hand,
Romanov et al. diluted lipoaspirate, vortexed it for 2 to 3 min, and then centrifuged
it at 600x ¢ for 10 min. The cultured cells consistently expressed a-smooth actin and
produced type 1 collagen and fibronectin. They displayed endothelial characteristics
and differentiated into adipogenic, osteogenic, and neurogenic lineages, although no
comparisons with enzymatic isolation were made [70]. Raposio et al. reported isolating
SVF in an operating room by submitting lipoaspirate to 6000 vibrations per minute for
6 min, followed by centrifugation at 1600 rpm for 6 min. This method yielded an average
of 1 x 10”7 SVCs from 80 mL of lipoaspirate, 5% of which were ASCs, but lacked extensive
in vitro characterization or in vivo outcome measurements, limiting conclusions on clinical
benefits [71].

Moreover, the choice of donor site has been a topic of debate, with studies showing
that while there are no significant differences in fat quality or graft survival among common
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sites, such as the abdomen, buttocks, thighs, and knees, the specific choice often depends
on patient-specific factors such as body type and the amount of accessible fat [72]. This
suggests a tailored approach, where the selection of the donor site should consider both
the ease of access and the specific clinical needs of the patient, enhancing the overall
efficacy of the graft [73]. Tonnard et al.’s finding suggests that nanofat may offer superior
regenerative properties, making it particularly useful for therapeutic applications such
as scar revision and chronic wound treatment. Studies on macrofat and microfat have
pointed out limitations primarily associated with the size of the adipose particles used
in these techniques [61]. While macrofat is effective for creating substantial volume, its
larger particles pose a higher risk of embolism, particularly when used in superficial
tissues. Microfat, with its smaller particle size, offers safer and more precise enhancements
for delicate areas such as the eyelids and hands, emphasizing its suitability for detailed
cosmetic improvements [59,74,75].

Further comparative studies have focused on the outcomes based on the harvesting
and processing techniques. The conventional methods of liposuction, often characterized
by higher vacuum pressures, have been shown to induce significant trauma to adipose
tissue of up to 90%, leading to decreased cell viability and increased graft loss [73]. This
contrasts sharply with the tumescent technique, where a large volume of a dilute solution
of local anesthetic and epinephrine is injected into the donor site prior to fat removal,
minimizing tissue trauma and blood loss, thereby preserving the structural integrity of the
adipose tissue [76].

The evolution of fat grafting techniques from macrofat to nanofat represents a signifi-
cant shift towards utilizing adipose tissue not only for aesthetic enhancements but also for
its regenerative potential. Each technique, with its particular method of harvesting and
processing, offers distinct benefits and limitations, necessitating careful consideration of the
patient’s specific needs and the intended clinical outcomes. As the field advances, ongoing
research is essential to further refine these techniques, standardize protocols, and optimize
outcomes, ensuring that autologous fat grafting remains a vital tool in both cosmetic and
reconstructive surgery.

3.1. Effects of Autologous Fat Grafting on Scar

AFG utilizes the unique properties of ADSCs to enhance scar appearance. This
is achieved as ADSCs facilitate the integration of a newly deposited adipocyte matrix
with the existing scar tissue, which serves to smooth out textural anomalies and mitigate
pigmentation variances [77]. The release of growth factors and cytokines by ADSCs, such
as VEGF, HGEF, and FGF, catalyzes tissue repair and regeneration [9,78-87].

The alleviation of itchiness that often accompanies scar tissue is another therapeutic
benefit of AFG. Pruritus, or itching, in scarred areas typically arises from a confluence of
disrupted skin integrity and localized inflammatory processes [6]. ADSCs address these
factors through the modulation of cytokine profiles, dampening the pro-inflammatory
signals that exacerbate itching [80]. Central to this process is the regulation of interleukin-
31 (IL-31), a cytokine associated with the sensation of itch. ADSCs have the ability to alter
the expression or activity of IL-31, among other pruritogenic mediators, contributing to the
reduction of pruritus [88]. Additionally, ADSCs may influence the restoration of the skin
barrier function, which is often compromised in scarred tissue. By improving the barrier,
and thus the microenvironment of the skin, the pathological stimuli that induce pruritus
are lessened [83].

Moreover, ADSCs contribute to the modulation of the wound healing process through
the secretion of extracellular vesicles (EVs) [89] that contain a wide array of bioactive
molecules, including microRNAs (miRNAs), growth factors, and cytokines, such as,
TGF-B, VEGF, FGF, PDGF, and IL-10, and chemokines, CCL2 (MCP-1) and CXCL12
(SDF-1) [84,90-92]. Chemokines such as CXCL12 (SDF-1) are central in recruiting stem
cells and other reparative cells to the site of injury, facilitating the repair process [86]. CCL5
(RANTES), another chemokine secreted by ADSCs, helps in recruiting immune cells but
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also plays a role in angiogenesis and cell proliferation, contributing to the complex process
of wound healing [87,93]. These EVs play a significant role in cell-to-cell communica-
tion, influencing the behavior of surrounding cells and thereby promoting tissue repair
and regeneration [94]. The delivery of these miRNAs and proteins can alter gene expres-
sion in recipient cells, facilitating processes such as cell proliferation, differentiation, and
extracellular matrix remodeling, which are essential for scar improvement and healing [95]

The ADSCs’ secretome, which is rich in anti-inflammatory and immunomodulatory
factors, plays a crucial role in this remediation. By secreting molecules that encourage a
shift from a pro-inflammatory to an anti-inflammatory state, ADSCs can change the local
environment to one that favors healing, reducing the chronic inflammation that often leads
to persistent itchiness [96-98]. Beyond cytokine modulation, ADSCs also contribute to the
repair of damaged nerve endings that may be involved in the itch response. Through the
release of neurotrophic factors, ADSCs support the regeneration of neural pathways, which
can help normalize the signaling mechanisms that communicate the sensation of itch to the
brain [99]. ADSCs also have the ability to modulate the senescence-associated secretory
phenotype (SASP) of the senescent cells within scar tissue. They secrete factors that can
reduce the expression of SASP components such as IL-1§3, IL-6, and MMPs, which are
known to contribute to inflammation and matrix degradation. By altering the SASP, ADSCs
help to reduce chronic inflammation and promote a regenerative environment conducive
to scar healing [90,100]. The complex interplay among angiogenic, anti-inflammatory,
immunomodulatory, and neurotrophic factors released by ADSCs positions AFG as a
potent approach for comprehensive scar management. This strategy promotes not just
cosmetic repair but also functional healing, potentially transforming the quality of life for
individuals bearing the physical and psychological burdens of scarring.

3.2. Scar Appearance and Skin Characteristics

Various studies have utilized the Patient and Observer Scar Assessment Scale (POSAS)
to evaluate the outcomes of scar treatments involving autologous fat grafting. This scale
is divided into two parts: one part is completed by patients and the other by observers.
Each version comprises six items. For observers, these items are vascularity, pigmentation,
thickness, relief, and pliability, while patients assess pain, itching, color, stiffness, thick-
ness, and irregularity [101]. Research by Krastev et al. performed a meta-analysis on the
scores derived from patients’ evaluations using the POSAS and observed a statistically
significant overall improvement across the majority of these categories, with the exception
of itching. Notably, the most remarkable improvements were seen in the areas of scar
stiffness, followed by improvements in scar color and irregularity [102]. Complementing
these findings, a systematic review by Negenborn et al. highlighted significant enhance-
ments in the elasticity, pliability, and relief of scars post-autologous fat grafting [103]. The
observed improvements in scar stiffness and pliability, along with the other areas measured
by the POSAS, lend credence to the notion that the regenerative process promoted by AFG
contributes to superior tissue quality and a reduction in fibrosis [104].

3.3. Volume and Scar Contour

Beyond its regenerative capabilities, fat naturally serves as an effective filler, correcting
volume deficits and contour irregularities. Consequently, AFG has become a favored
approach for rectifying post-surgical deformities, congenital anomalies, and, increasingly,
for treating atrophic scars or scars marred by contour disruptions [102,105]. Numerous
studies have reported positive results in mitigating the volume loss associated with scar
tissues [67,106-108]. However, the challenge of volume retention post-AFG has been well-
documented, with reported volume reductions reaching up to 70%—a significant hurdle
in the process [109-111]. Yet, more recent research aligns with observations of volume
preservation ranging from 31% to 90% over follow-up periods of 12 to 18 months [1,106,112].

Forecasting the extent of volume loss remains a complex issue, encouraging recent
initiatives aimed at enhancing the rate of graft take and its longevity. Researchers have
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concentrated on strategies to encourage graft revascularization, thereby improving fat graft
durability. Techniques such as cell-assisted lipotransfer (CAL), which involves the enrich-
ment of the graft with culture-expanded ADSCs, and the incorporation of platelet-rich
plasma (PRP), have been explored [1]. Although CAL has shown promising outcomes, it
also presents challenges, including an increased risk of complications, such as infection or
uneven texture [113]. These methods aim to support angiogenesis within the transplanted
fat through the upregulated secretion of VEGF, enhancing both the survival and functional-
ity of the graft. While AFG stands as a promising intervention for the treatment of atrophic
scars or those with contour irregularities, advancing research in this space is crucial for
refining predictions regarding graft retention rates and optimizing outcomes [112,114,115].

3.4. Fibrosis and Functional Impairment

Fibrosis is a pathological condition, marked by the excessive buildup of fibrous con-
nective tissue in an organ or tissue, typically as a response to injury, inflammation, or
exposure to certain pathological stimuli, such as radiotherapy. This over-accumulation
can significantly impair the functionality of the affected organ or tissue. AFG has been
identified as an effective intervention for mitigating fibrosis and its associated functional
limitations in scarred tissues [116].

The mechanical action of needle injection during AFG has been observed to disrupt
fibrotic tissue, contributing to the reduction of fibrosis [6]. Beyond this mechanical effect,
the beneficial outcomes of AFG in treating fibrosis, particularly following radiotherapy,
are largely attributed to the functional properties of ADSCs through previously discussed
growth factors and cytokines with angiogenic capabilities. Radiotherapy-induced fibrosis,
a delayed adverse effect of radiation treatment, is characterized by the presence of fibro-
necrotic tissue, dystrophic fat lobules, and denser, smaller vascular structures accompanied
by perivascular fibrosis. AFG targets these alterations by reducing necrotic areas and
promoting neoangiogenesis, thereby improving the quality of the skin [10,25]. The positive
impact of AFG on fibrosis, particularly in areas around joints where scar contraction can
severely restrict function, is supported by studies focusing on functional deficits. This
includes limitations in facial movements following burn injuries and reduced joint mobility.
The reported improvements in these areas underscore the efficacy of AFG in enhancing
functional outcomes [115,117,118].

The immunomodulatory properties ADSCS exhibit are critical in the context of fibrotic
disease [119]. By secreting interleukin-10 (IL-10), transforming growth factor-beta (TGF-§3),
and prostaglandin E2 (PGE2), ADSCs can shift the local immune environment from a pro-
inflammatory to an anti-inflammatory state. This modulation helps to attenuate the chronic
inflammation that often precedes and exacerbates fibrosis [120]. TGF-§, in particular, plays
a dual role: while it is implicated in the pathogenesis of fibrosis, ADSC-derived TGF-3
can also promote the conversion of effector T-cells to regulatory T-cells (Tregs), fostering
an anti-inflammatory milieu [121]. Additionally, ADSCs can inhibit the proliferation and
function of pro-inflammatory cells, such as macrophages and T-cells, by engaging with
their receptors and signaling pathways, thus preventing the excessive deposition of ECM
components characteristic of fibrotic tissue [122].

As previously discussed, a critical aspect of ADSCs’ therapeutic impact involves
their influence on the ECM [123]. Fibrosis is marked by an aberrant accumulation of
ECM components, such as collagen, fibronectin, and elastin, which contributes to tissue
stiffness and functional impairment [124]. ADSCs can regulate ECM remodeling through
the secretion of matrix metalloproteinases (MMPs) and their inhibitors (TIMPs). MMPs are
enzymes that degrade various ECM proteins, facilitating the removal of excessive fibrous
deposits. Simultaneously, ADSCs can alter ECM composition towards a more physiological
state by modulating fibroblast activity and collagen synthesis, further supporting tissue
repair and reducing fibrotic changes [57].

Beyond these secreted factors, direct interactions between ADSCs and resident cell
types within the fibrotic tissue play a vital role. ADSCs can differentiate into various cell
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lineages, potentially replenishing cells lost to fibrotic injury. Furthermore, through direct
cell—cell contact and paracrine signaling, ADSCs can influence the behavior of fibroblasts,
the primary effector cells in fibrosis, preventing their excessive activation and the resultant
pathological ECM deposition [119].

Thus, the anti-fibrotic effects of AFG, via ADSCs, involve a nuanced orchestration
of angiogenic promotion, immune modulation, ECM remodeling, and direct cellular ef-
fects [125]. These mechanisms collectively contribute to the attenuation of fibrosis and the
restoration of normal tissue architecture and function, highlighting the profound potential
of ADSCs in regenerative medicine and fibrosis treatment.

3.5. Autologous Far Grafting and Pain Reduction

Lipofilling, a process involving the transplantation of autologous fat tissue, has been
documented to significantly mitigate, and in some cases, entirely alleviate pain associated
with scar tissue [106,115,118,126]. Reports indicate both immediate and sustained pain
relief following the procedure. The notable 2017 review by Riyat et al. [6] highlighted an
analgesic effect of lipofilling across a broad spectrum of patients, including those with post-
mastectomy pain, facial scars, perineal post-surgical scars, burns, and vaginal lacerations,
demonstrating a remarkable efficacy in 832 out of 966 cases.

Brain-derived neurotrophic factor (BDNF), a neurotrophin secreted by ADSCs, is
instrumental in nerve regeneration. BDNF promotes the survival and growth of neurons,
enhancing nerve repair and potentially contributing to the alleviation of neuropathic pain
associated with scar tissue [127]. It exerts its effects by binding to the TrkB receptor on nerve
cells, activating intracellular signaling pathways such as the PI3K/Akt and MAPK/ERK,
which are crucial for neuronal survival, growth, and differentiation [128].

Additionally, TGF-§3 is implicated in immunomodulation, specifically in the modula-
tion of T-cell activity. It has a profound effect on the immune system, capable of inducing
T-cell apoptosis, promoting the differentiation of Tregs, and suppressing the activation
and proliferation of effector T-cells. Through these actions, TGF-f3 contributes to reducing
inflammation and immunological activity within scar tissue, mechanisms that are closely
associated with the attenuation of pain [129].

Moreover, the mechanical disruption of fibrotic adhesions during the lipofilling pro-
cedure plays a crucial role in pain reduction. This physical intervention can release en-
trapped nerves within the scar tissue, directly addressing one of the physical causes of
scar-associated pain. The alleviation of nerve entrapment not only contributes to immedi-
ate pain relief but also to the long-term restoration of sensory function and reduction in
neuropathic pain [6]. These elements collectively foster a regenerative microenvironment,
promote nerve repair, modulate immune responses, and mechanically liberate entrapped
nerves, leading to a significant reduction in scar-associated pain.

In terms of pain relief, ADSCs exert a significant immunomodulatory effect within
scar tissue by producing anti-inflammatory cytokines, such as interleukin-10 (IL-10) and
transforming growth factor-beta (TGF-f3). IL-10 counteracts inflammatory signaling by
suppressing the production of pro-inflammatory cytokines, thus potentially dampening the
pain signals emanating from the scarred area [130]. TGF-{3 contributes to this analgesic effect
by regulating immune cell functions, including the mitigation of effector T-cell proliferation,
and by inducing the development of regulatory T-cells, fostering an immunosuppressive
state that can lead to a reduction in nociception [131]. Furthermore, ADSCs promote
neural repair and reduce neuropathic pain via the secretion of neurotrophic factors, such as
BDNF. BDNF acts through TrkB receptors on nerve cells to activate downstream signaling
pathways such as PI3K/Akt and MAPK/ERK, which are vital for nerve cell survival and
regeneration, offering a potential mechanism for the alleviation of neuropathic pain often
associated with scar tissue [132]. Adding to the discussion on BDNEF, the roles of nerve
growth factor (NGF) and glial cell line-derived neurotrophic factor (GDNF) secreted by
ADSCs are also central to these processes. NGF is crucial for the survival and maintenance
of sympathetic and sensory neurons, while GDNF supports the survival of motor neurons
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and promotes axonal growth [133]. These neurotrophic factors play essential roles in
repairing nerve damage associated with scarring, contributing to pain alleviation and the
restoration of sensory function.

4. Clinical Applications

Our current understanding positions AFG as a pivotal intervention for the manage-
ment of a wide spectrum of scar types. This efficacy is largely attributable to the dual
action of AFG: its ability to restore volume and its regenerative capabilities, the latter of
which is enhanced by the presence of ADSCs. These cells provide the graft with properties
that exceed volume augmentation, enabling significant improvements in tissue repair and
functionality [6].

AFG is particularly beneficial for the treatment of depressed scars or those charac-
terized by volume loss, exploiting the inherent volumetric enhancement offered by the
transferred fat to rectify such deficiencies [134]. Furthermore, AFG stands out in its capacity
to address fibrosis—a prevalent challenge in scar management. It proves effective across
a range of scenarios, from scars that result in functional impairment to chronic wounds
and areas of fibrotic tissue sequelae following radiotherapy. The intervention targets the
fibrotic tissue directly, promoting remodeling and reducing the pathological accumulation
of fibrous connective tissue [135]. Additionally, the analgesic properties of AFG, docu-
mented in numerous patient outcomes, underscore its value as a therapeutic option for
painful scars. By alleviating pain, AFG not only addresses the physical aspects of scarring
but significantly enhances the quality of life for individuals affected by post-surgical pain,
burns, or other painful scar conditions.

Beyond these applications, the substantial regenerative potential inherent in autolo-
gous fat grafts positions AFG as a promising approach for the treatment of chronic wounds.
By fostering an environment conducive to wound healing, AFG can play a crucial role in
preventing or minimizing pathological scarring, facilitating the restoration of skin integrity
and function. AFG leverages a multifaceted mechanism of action—encompassing volume
restoration, regenerative enhancement, fibrosis mitigation, pain relief, and wound healing
promotion—to offer a comprehensive solution for scar management [136]. This broad-
spectrum efficacy, underpinned by the biological activities of ADSCs, positions AFG as a
versatile and highly effective modality in the evolving landscape of regenerative medicine
and scar treatment strategies.

5. Limitations of Current Studies and Future Directions

Autologous fat grafting shows considerable promise in treating scars, but there are
several challenges in current clinical research. One major issue is the limited number of
large-scale, randomized controlled trials, which hinders the ability to generalize findings.
Additionally, differences in study designs, patient demographics, and treatment protocols
make it difficult to draw consistent comparisons. The evaluation of therapeutic outcomes
is often complicated by a lack of standardized scar assessment tools. The subjective nature
of patient-reported outcomes, such as changes in pain, itchiness, and appearance, can
introduce variability and potential bias. This reliance on non-standardized questionnaires
and subjective measures can lead to inconsistent results and interpretations. Our study
reflects these broader issues: while we provide valuable insights, our conclusions are
limited by the available literature and the variability in study methodologies. The findings
may not be universally applicable, emphasizing the need for further research with larger,
more diverse participant groups and standardized assessment methods to confirm and
expand on these initial observations.

Furthermore, enhanced understanding and innovative approaches are crucial to fully
harness the potential of AFG. A pivotal area of future investigation involves the cellular
and molecular biology of adipocytes ADSCs post-transplantation. Studies should aim
to dissect the survival pathways activated in transplanted fat cells and the role of the
extracellular matrix in supporting these cells. This includes examining how ADSCs interact
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with their new environment, particularly focusing on the signaling pathways, such as
P13K/Akt, Wnt/ 3-catenin, and HIPPO, which are crucial for cell survival, proliferation,
and differentiation. By understanding these mechanisms, researchers can develop targeted
interventions to enhance cell viability, such as genetically modifying ADSCs to overexpress
specific survival or angiogenic factors.

The method by which fat is processed before transplantation affects the quality and
outcomes of AFG. Future directions should include optimizing centrifugation settings to
balance between removing excess oil and free lipid, which can cause inflammation, and
preserving the structural integrity of the adipose tissue. Advanced techniques, such as
the cryopreservation of adipose tissue, might also be explored for its potential to allow
off-the-shelf availability of pre-processed fat, ensuring consistent quality and reducing
operative times.

Further, combining AFG with other regenerative techniques offers a promising route to
maximize therapeutic outcomes. For example, the integration of AFG with microneedling
could be further explored to determine optimal needling depths and patterns that best
enhance graft take. Additionally, leveraging laser therapy pre- or post-AFG could help
modulate inflammatory responses or stimulate collagen remodeling, enhancing both the
aesthetic and functional outcomes of scar treatment. The adjunct use of PRP with AFG
should be studied more extensively to understand its effects on graft survival and angio-
genesis. Future studies could investigate the optimal concentration and activation method
of PRP that best supports the survival and integration of the fat graft, possibly customizing
PRP preparation based on patient-specific factors.

Research into how AFG can be tailored to treat different types of scars, such as atrophic
versus hypertrophic scars, could lead to more personalized and effective treatments. This
could involve varying the size of the fat graft particles or the depth of placement depending
on the scar characteristics and the desired outcome. Additionally, there is a need for
more longitudinal studies to track the long-term outcomes and safety of AFG, as well as
comparative studies that pit AFG against other scar treatment modalities. These studies
could provide valuable data on the efficacy of AFG in various clinical scenarios and help
standardize treatment protocols.

The development and application of advanced imaging technologies such as MRI or
OCT (Optical Coherence Tomography) to monitor the transplanted fat could significantly
enhance the precision of AFG procedures. Real-time monitoring techniques could assist
in optimizing the placement of grafts and immediately evaluating the success of the
transplantation process. By addressing these key areas, future research can substantially
refine the application of AFG, enhance its effectiveness, and expand its use in clinical
practice, providing patients with improved outcomes in scar treatment and tissue repair.

6. Conclusions

AFG, enhanced by ADSCs, offers a superior approach to scar management by providing
both aesthetic and functional benefits. ADSCs improve scarred tissues through angiogenesis,
immunomodulation, cellular differentiation, and extracellular matrix remodeling. AFG'’s
effectiveness spans various scar conditions, including volume loss, fibrosis, and chronic pain,
and also aids in healing chronic wounds and reducing pathological scarring.

Advancements in ADSC biology and fat grafting are paving the way for personalized
treatments tailored to individual needs, maximizing outcomes and minimizing risks. Future
integration of bioengineering, 3D printing, and gene editing with AFG and ADSCs could
revolutionize regenerative therapies, enhancing aesthetic improvements and the quality of
life for those affected by scars.
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