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Abstract: Fat grafting is widely used in plastic surgery to correct soft tissue deformities. A
major limitation of this technique is the poor long-term volume retention of the injected fat
due to tissue remodeling and adipocyte death. To address this issue, various optimizations
of the grafting process have been proposed. This scoping review focuses on preclinical
and clinical studies that investigated the impact of various classes of soluble molecules
on fat grafting outcomes. Globally, we describe that these molecules can be classified as
acting through three main mechanisms to improve graft retention: supporting adipogene-
sis, improving vascularization, and reducing oxidative stress. A variety of 18 molecules
are discussed, including insulin, VEGF, deferoxamine, botulinum toxin A, apocynin, N-
acetylcysteine, and melatonin. Many biomolecules have shown the potential to improve
long-term outcomes of fat grafts through enhanced cell survival and higher volume re-
tention. However, the variability between experimental protocols, as well as the scarcity
of clinical studies, remain obstacles to clinical translation. In order to determine the best
preconditioning method for fat grafts, future studies should focus on dosage optimization,
more sustained delivery of the molecules, and the design of homogenous experimental
protocols and specific clinical trials.

Keywords: fat grafting; adipose tissue; fat graft survival; preconditioning; volume retention;
oxidative stress; angiogenesis; adipogenesis; antioxidant

1. Introduction

Since its origins dating back to the 1800s, when a German surgeon named Gustav
Neuber first transplanted adipose tissue into an orbit, fat grafting has become one of the
most common procedures in plastic and reconstructive surgery [1]. Lipotransfer procedures
are mainly used to correct volume and contour abnormalities for reconstructive purposes
but have also proven useful in reducing post-mastectomy pain [2] and even contributing to
peripheral nerve surgery outcomes [3,4]. This technique is not only a powerful and versatile
reconstructive tool but also has many significant advantages: simplicity, easy access, low
risk, low cost, and non-immunogenicity [3]. However, the main challenge associated with
lipotransfer is the poor volume retention of fat grafts, with current literature reporting a
20 to 80% resorption rate in the following years after transplantation [5]. The literature
describes three areas in the fat graft: peripheral (where surviving adipocytes are found),
intermediate (where the inflammatory process takes place), and central (the necrotic zone,
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where adipocytes are too far to benefit from diffusion) [6]. Many theories have been
proposed to explain fat graft survival. In the graft replacement theory, volume maintenance
depends mainly on the regeneration of fat tissue by the donor cells present in the graft itself
(namely, adipocytes and adipose-derived stem cells from both the recipient site and the
graft). More precisely, the host cell replacement theory suggests that adipose tissue undergoes
necrosis in the initial phase of transplantation and is gradually replaced by cells from the
recipient within the first months after grafting. Following this logic, other studies focused
on molecules that either promote adipogenesis or reduce oxidative stress, all with the
final objective of promoting the survival and function of the replacing cells. The graft
survival theory is the most widely accepted and argues that the survival of fat grafts depends
on the survival of the transplanted adipocytes [7]. These adipocytes survive because of
the revascularization of the graft from the recipient site [8]. Thereby, many molecules
promoting vascularization have been investigated to increase fat graft survival.

It is thus crucial to find ways to optimize fat grafting outcomes and reduce the need
for repetitive interventions. Many strategies aimed at improving fat graft survival have
been investigated throughout the years, with researchers trying to optimize the three main
technical steps of fat grafting: harvesting, processing, and injection [9-11]. An interesting
avenue for enhancing fat graft retention is the pretreatment of said fat with different
additives during the processing phase before injection.

In this manuscript, we review the most studied and promising soluble molecules that
may help improve fat graft survival and volume retention, ranging from growth factors
to neurotoxins and antioxidants. These molecules act on the three main biological pro-
cesses determining adipocyte survival, maintenance, and regeneration after transplantation,
namely, adipogenesis, vascularization, and oxidative stress (Figure 1). We first present
the advances made toward the stimulation of adipogenesis since adipocytes and their
precursors are the foremost cellular targets of molecular preconditioning. Then, the impact
at the tissue level is described since supporting the cells through the surrounding vascular
processes has been the most commonly studied modality in molecular preconditioning.
Finally, we report on the newer studies focusing on the benefit of using soluble molecules
able to globally reduce the impact of oxidative stress.
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Figure 1. Main mechanisms of fat graft survival improvement mediated by types of soluble molecules.
bFGEF: basic fibroblast growth factor; NAC: N-acetylcystein; PDGF: platelet-derived growth factor;
SDF-1: stromal cell-derived factor-1; VEGEF: vascular endothelial growth factor.
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2. Materials and Methods

In March 2025, a retrospective review of the published data was conducted on PubMed,
Cochrane, and Clinicaltrials.gov using the following keywords:

(*Molecule name*) AND/OR (fat graft OR fat grafting OR lipotransfer OR fat transfer
OR lipograft OR lipofilling OR fat transplantation OR autologous fat OR fat graft) AND
(volume retention OR volume maintenance OR graft retention OR viability OR vascu-
larization OR retention OR Maintenance OR survival OR atrophy OR apoptosis OR loss
OR inflammation OR pretreatment OR Mortality OR adipose tissue OR adipocyte OR
adipose cells).

Articles relating to any soluble molecule used to improve fat graft survival were
included, without restriction on the year of publication. Some manuscripts were, however,
excluded based on the following exclusion criteria:

(1) Articles describing only graft survival enhancement techniques that did not involve
growth factors/molecules;

(2) Reviews and meta-analyses;

(38) Studies combining molecules and cell-based therapy.

All articles of potential interest were collected, and titles, abstracts, and/or full articles
were reviewed for eligibility and relevance. Some manuscripts dealt with more than one
molecule of interest, but in total, 48 articles were selected for inclusion in the present
review. Data were extracted and compiled in Appendices A-C (Tables A1-A3). These
tables describe the experimental designs and main findings of a wide range of studies, from
animal models to clinical trials.

3. Discussion
3.1. Stimulating Adipogenesis

In the early stages following fat grafting, adipose tissue undergoes necrosis and
massive cell death due to the lack of appropriate vascularization, which explains why only
a portion of the grafted tissue survives [12]. Following the graft replacement theory, in which
grafted adipose tissue is gradually replaced by cells from the graft and recipient sites [13],
many studies have been focusing on the promotion of adipogenesis to improve graft
survival. Of course, adipogenesis is a cellular process interdependent with the surrounding
angiogenic cues, but six main types of molecules have been reported to act on this process,
during which a precursor/stem cell becomes a lipid-filled mature adipocyte (Table Al,
Appendix A).

3.1.1. Platelet-Derived Growth Factor (PDGF)

PDGF is a potent stimulator of mesenchymal stem cell (MSC) proliferation and pro-
motes angiogenesis in vivo, thus being able to improve wound healing [14]. Importantly,
it has also been shown to stimulate the differentiation of murine preadipocytes and to
prevent apoptosis [15,16]. Fontdevila et al. investigated the impact of PDGF mixed with
platelet-rich plasma (PRP) on the survival of human autologous fat grafts used to treat
patients with facial lipodystrophy secondary to human immunodeficiency virus (HIV)
infection [17] (Table Al). The study showed no difference in volume retention between the
PDGF-treated grafts and the control ones, concluding the possible ineffectiveness of PDGF
treatment of fat grafts in HIV lipodystrophy cases [17]. Despite this rather discouraging
conclusion, one must take some factors into consideration: PRP’s effect, the time since
the diagnosis of lipoatrophy between the different patients, and the fact that HIV (and
associated antiretroviral treatment) can cause adipose tissue dysfunction and inflamma-
tion [18]. These factors thus make it difficult to generalize this conclusion to non-HIV
patients. Importantly, the study used free PDGF mixed with PRP. PDGF, however, has a



Biomolecules 2025, 15, 526

4 of 34

short half-life of two minutes when injected intravenously [19]. It can be easily cleared
by blood circulation [20]. Therefore, different delivery systems, such as microspheres or
hydrogels, have been explored to ensure the controlled delivery of PDGF [20,21]. Craft et al.
used gelatin microspheres as a continuous delivery system of PDGF and mixed it with
human lipoaspirate before injecting it into the scalp of mice [22]. The treatment improved
graft survival, promoted the maintenance of the adipocyte’s architecture, and increased
the number of preadipocytes [22]. Thereby, PDGF improved the survival and quality of
grafts by stimulating adipogenesis and preventing graft degeneration into fibrotic tissue.
Interestingly, this study also included an experimental group receiving free PDGF, which
showed that PDGF without a delivery system such as microspheres is significantly less
efficient, even failing to show significant differences from control groups [22]. Thus, PDGF
is promising, but further human-based studies are needed and should include delivery
systems to ensure more stable and reliable local concentrations of PDGF. Paradoxically,
PDGEF in higher concentrations than those used in Craft’s study has been shown to have an
inhibitory effect on the differentiation of murine preadipocytes in vitro [23]. Therefore, a
dose-response curve needs to be investigated to determine optimal outcomes in the context
of fat grafting.

3.1.2. Insulin

Insulin acts as a key factor of adipogenesis by inducing the differentiation of precursors
into adipocytes [24]. More precisely, the binding of insulin to its receptors leads to an
increase in adipocyte glucose uptake by mobilizing glucose transporter type 4 (GLUT4) [25]
and to an accumulation of lipids into adipocytes through the activation of lipoprotein
lipase [26]. These processes ultimately lead to adipogenesis and adipocyte hypertrophy.
In vivo, it has been reported that the sustained administration of insulin in the abdominal
walls of rodents induced de novo adipose tissue formation [27]. Thus, it was suggested
that insulin may have the potential to help graft retention by promoting adipose tissue
regeneration. Hong et al. observed increased graft retention from 15% to 41% when using a
transfer medium containing insulin during the lipotransfer procedure [28] (Table A1). The
sustained delivery of insulin via polyethylene glycol (PEG) microspheres also mediated
an increase in the volume maintenance of fat grafts when compared to untreated grafts,
but this improvement did not significantly differ from treatment with other agents, such
as bFGF and insulin-like growth factor-1 (IGF-1) [29]. The graft composition did differ
depending on the agent used, with insulin increasing the number of adipocytes, suggesting
that insulin may be better for enhancing adipogenesis [29]. Surprisingly, many studies
reported disappointing results following insulin treatment. A 2019 study by Okyay et al.
showed no significant improvement in the maintenance of fat grafts soaked for five minutes
in an insulin solution before transplantation [30]. However, the soaking time may not have
been long enough. Lu et al. preferred mixing insulin directly with fat before its injection and
obtained limited results since insulin improved weight retention but also increased fibrosis
and necrosis [31]. Similar outcomes were obtained by Ayhan et al., where insulin-treated
grafts had better volume retention and more adipocytes but also featured considerable
levels of inflammation [32]. Other studies from 1988 and 1994 again showed limited
beneficial results, with no histopathologic differences between insulin-treated grafts and
controls [33,34]. However, only qualitative assessments were made, and blood was not
washed from fat grafts, which can increase fat necrosis. In contrast, some studies showed
good outcomes with insulin when combined with other agents. In 2012, Cervelli et al.
showed that PRP increased the proliferation of adipose-derived stem/stromal cells (ASCs)
in vitro and potentiated insulin-induced adipogenic differentiation [35]. In humans, the best
graft retention was obtained when insulin and PRP were used at the same time [35]. Thus,
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the two agents seem to have a synergistic effect, with PRP acting on increasing proliferation
while insulin promotes intracytoplasmic lipid accumulation. Another study performed on
rodents revealed that insulin treatment improved graft maintenance (75%) but not as much
as erythropoietin (EPO) treatment (85%) [36]. However, when the two agents were mixed,
the grafts had the best volume maintenance, reaching 95% [36]. Thereby, insulin could be a
good option, but its effect may need to be potentiated by other agents. In addition, doses
and mixing ratios of insulin with other molecules still need to be investigated.

3.1.3. Beta-Blockers

B-adrenergic signaling has been shown to regulate MSC adipogenesis in a murine
model [37]. In fact, activation of 3-adrenergic receptors decreased adipogenic differentiation
of MSCs, while antagonists promoted adipogenesis [37]. Furthermore, lipolysis of adipose
tissue occurs through activation of 31-adrenergic receptors [38]. Following this logic, beta-
blockers should support adipogenesis and adipocyte metabolic activities. A murine study
conducted by Ayhan et al. showed that fat grafts mixed with metapyrolol, a selective 3;
blocker, had less resorption and more surviving adipose tissue [32] (Table A1). In contrast,
a more recent study using another 3-blocker (metoprolol) failed to show a beneficial impact
of the molecule on the volume retention of fat grafts [30]. However, metoprolol-treated
grafts showed improved adipocyte viability compared to control and grafts treated with
insulin [30]. In 2023, the same team conducted another murine study to investigate the
effect of the metoprolol concentration on fat grafts [39]. The experiment showed that
grafts soaked in metoprolol solution had better tissue viability, higher vascularization,
and lower fibrosis compared to controls. Furthermore, this beneficial effect seems to
be dose-dependent, with higher concentrations of metoprolol giving better results [39].
However, fat graft retention was not measured in the study. Thereby, beta-blockers may be
an interesting avenue for fat graft improvement, but the type of molecule used, as well as
dosages, need to be further studied.

3.1.4. Other Molecules of Interest Impacting Adipogenesis and Adipocytes

Other less-studied molecules should also be mentioned. SDF-1 is a chemokine known
to attract stem cells via its attachment to the CXCR4 receptor. It has proven useful in
promoting heart, brain, and skin wound healing [40-42], and thus, its effect on fat graft
survival has been investigated. In 2012, Hamed et al. conducted a study in which diabetic
mice were injected with autologous lipoaspirate mixed with SDF-1 or phosphate-buffered
saline (PBS) [43] (Table Al). While regular grafts were almost completely resorbed after
15 weeks in diabetic mice, SDF-1 treated grafts had better weight and volume retention
that were, in fact, comparable to those of grafts performed in non-diabetic mice. This
increased retention was associated with a higher migration of endothelial progenitor cells
(EPCs) inside and outside of the grafts, suggesting a systemic effect of locally delivered
SDEF-1 [43]. Decreased cell apoptosis of fat grafts and increased plasma levels of VEGF were
also noticed in SDF-1-treated mice [43].

Indomethacin, a non-steroidal anti-inflammatory drug, has been shown to promote adi-
pogenesis in stem cells in vitro [44]. Indeed, studies found that the molecule up-regulates
the expression of adipogenic genes [44]. Zhan et al. investigated its effect on fat graft
retention in nude mice and found that the drug improved volume retention compared to
lipoaspirate alone (Table Al). It also improved cell viability and promoted the expression of
adipogenic genes by ASCs in vitro [45]. However, no effect was found on vascularization,
suggesting that the mechanism of action of indomethacin is mainly through adipogene-
sis stimulation.
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Salvianolic acid-B (Sal-B) is a molecule found in Salvia miltiorrhiza, a traditional chi-
nese medicinal plant. Studies have shown that it improves the expression of adipogenic
transcription factors in preadipocytes [46]. Sun et al. conducted two studies aimed at
investigating the impact of Sal-B on fat graft retention and adipogenesis (Table A1). In vitro,
Sal-B accelerated the adipogenic differentiation of ASCs, showing that the molecule could
be beneficial in fat graft retention through its action on adipogenesis stimulation [47].
Sal-B also reduced macrophage polarization and inflammation in vitro, suggesting an
anti-inflammatory effect of the molecule [48]. On graft retention, both studies showed an
improved volume maintenance of fat grafts in a murine model [47,48]. More precisely, Sal-B
grafts had 59.36% volume retention, compared to 15.51% for grafts treated with saline [47].

3.2. Improving Vascularization

Adequate blood perfusion has been proven essential to tissue maintenance after
lipotransfer, with adipocytes dying as soon as the first day of ischemia [12,49]. In the
early stages of transplantation, adipocyte survival depends on the plasmatic diffusion
of nutrients from the surrounding tissues until adequate vascularization takes over [12].
According to the graft survival theory, once vascularization is established, grafted adipocytes
can survive in the long term. Stimulating early vascularization and angiogenic processes
through soluble mediators could, therefore, decrease the necrotic area and help maintain the
graft volume. This field has been widely studied through various modalities. The impact
of six molecules of interest is described below and summarized in Table A2, Appendix B.

3.2.1. Vascular Endothelial Growth Factor (VEGF)

VEGEF is an angiogenic growth factor that exists in four isoforms, VEGF165 being the
most physiologically active and most thoroughly studied [50]. VEGEF is known to be the
main stimulatory factor for neovascularization by stimulating endothelial cell proliferation
and migration, as well as promoting vasodilatation and making capillaries more perme-
able [50-52]. However, VEGF’s short half-life (approximately 30 min) is an obstacle [53].
Predictably, the use of VEGF without a delivery system led to rather disappointing results.
Hamed et al. showed no significant difference in the weight and volume of grafts treated
with VEGF when compared to controls treated with PBS, even with repeated injections
every three days [54] (Table A2). Interestingly, different types of microspheres have been
used for the sustained delivery of VEGFE. Chung et al. used polylactic-co-glycolic acid
(PLGA) microspheres containing VEGF to successfully improve graft sustainability and vas-
cularization in a murine model [55]. Other types of VEGF-encapsulating microspheres have
also been explored, with studies mixing fat grafts with chitosan, polylactide acid (PLA),
or calcium alginate microspheres, all leading to higher volume retention and vasculariza-
tion [56-59]. It may be important to note that, at high concentrations, chitosan nanospheres
showed cytotoxic effects on adipocytes [57]. Also, calcium alginate microspheres were
not completely absorbed in some grafts, meaning that the increase in volume and weight
retention may not only be due to improved graft viability or regeneration but also to this
material itself. VEGF microspheres can also be used in recipient site preconditioning. For
example, as described by Topcu et al., enhanced graft retention was achieved by injecting
calcium alginate VEGF microspheres at the recipient site 21 days prior to lipotransfer [58].
Globally, these studies indicate that many strategies aiming at providing early sustained
supplementation of VEGF in the grafts can improve the viability of adipocytes by promot-
ing faster vascularization. Microspheres appear to be a promising approach and should be
studied more extensively.
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3.2.2. Erythropoietin (EPO)

EPO is the main stimulating agent of erythropoiesis. It has also been described as a key
regulator of mesenchymal stem cell endothelial differentiation, making it a good candidate
for graft improvement therapy [60]. It has been shown to have an anti-apoptotic effect on
endothelial cells in addition to inducing a pro-angiogenic phenotype in vitro [61-63]. EPO
also plays an indirect role in vascularization by promoting the expression of VEGE, which,
as mentioned earlier, plays a pivotal role in angiogenesis [64]. This could explain EPO’s
effectiveness in promoting cerebral, bone, and myocardial repair through angiogenesis
in animal models undergoing ischemic damage [65-67]. In vitro, EPO has also been able
to improve ASC migration but had no significant impact on their metabolic activity [68].
Thus, EPO might support graft retention through the promotion of vascularization. Olaru
et al. performed autologous fat grafts in Wistar rats after mixing the adipose tissue with
EPO and/or insulin [36] (Table A2). Compared to untreated grafts, EPO led to increased
vascularization and volume maintenance (85%), even though the best outcome was with
the mix of EPO and insulin (95%), suggesting a synergistic effect of these molecules [36].
Another study by Hamed et al. showed that EPO increased the maintenance of human
fat grafts in a murine model through the stimulation of angiogenesis [54]. This neovas-
cularization occurred due to EPO’s stimulation of a cluster of proangiogenic chemokines,
including VEGF, bFGF, and insulin-like growth factor 1 (IGF-1) [54]. Thus, EPO seems to
stimulate the expression of various growth factors that act in synergy, which makes it an
interesting path of investigation. Indeed, EPO has been used safely in humans for years
for the treatment of conditions like anemia. Further research is, however, needed for dose
optimization before entering clinical trials in the context of fat grafting.

3.2.3. Deferoxamine (DFX)

DFX is an iron-chelating drug that shows great promise in tissue regeneration. In
addition to its antioxidant and immunomodulatory benefits, DFX has a pro-angiogenic
effect by increasing hypoxia-inducible factor-1oc (HIF-1«) levels, which ultimately stim-
ulates VEGF expression [69]. More specifically, by chelating its iron ion cofactor, DEX
inhibits prolyl hydroxylase, an enzyme responsible for HIF-1a degradation [70]. In animal
models, serial DFX injections improved ischemic flap survival through enhanced blood
perfusion and capillary formation [69,71]. Interestingly, DFX’s increase of HIF-1-« lev-
els seems to have a direct effect on ASCs. In vitro, DFX enhanced the survival of ASCs
obtained from human lipoaspirate after exposure to antimycin, an HIF-1« inhibitor [72].
Nevertheless, a 2019 study showed no positive effect of DEX on fat graft retention in a
murine model [30] (Table A2). However, in this study, grafts were only soaked for five
minutes into a DFX solution before transplantation, which may not be enough to exert a
positive effect. Other studies addressed this problem by using serial injections into the fat
grafts after transplantation. Temiz et al. obtained 24% of fat graft weight maintenance in a
murine model when treated with DFX injections every three days for a month, compared
to only 8% of maintenance for control grafts treated with PBS [73]. Graft quality was also
improved since DFX decreased graft fibrosis and inflammation [73]. This is in accordance
with other studies showing that DEX may be able to decrease tissue fibrosis in renal tissue
and irradiated wounds [74,75]. DFX also proved useful when used as a preconditioning
agent at recipient sites. Kim et al. injected rat scalps with DFX every two days for a total
of five treatments before performing autologous fat grafting [76]. This pretreatment led
to improved adipocyte viability and microvascular density as well as increased volume
retention, with DFX-treated grafts maintaining 84% of their volumes compared to only 59%
for untreated grafts [76]. Another study used serial DFX injections for site preconditioning
on irradiated mice scalps before performing fat grafting using human lipoaspirate. DFX
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pretreatment not only increased volume retention (71.75% compared to 49.47% for con-
trols), but it also improved blood perfusion, as measured using laser Doppler analysis [77].
DEFX can thereby help counteract radiation-induced hypovascularity, which is particularly
pertinent for women undergoing breast reconstruction after cancer treatment. Importantly,
no studies have reported an increased oncological risk with DFX administration [77]. On
the contrary, many studies showed an anti-tumor effect [78,79] as well as a sensitivity
of many breast cancer types to iron chelation [80]. A remaining issue is that repeated
injections of DFX may be complicated in a clinical setting and could cause discomfort
for patients. However, transdermal drug delivery of DFX has been used in many studies
and has shown success in improving skin wound healing in diabetic [81] and chronically
irradiated mice [82]. Another study used DFX chitosan-hyaluronic acid microspheres to
achieve a sustained release of DFX over 10 days, which led to increased angiogenesis using
an in vitro model [83]. Thus, DFX seems to have good potential for clinical applications,
especially considering its safe use in patients with chronic iron overload [84]. A synergistic
effect by preconditioning both the fat graft and the recipient site could be possible and
should also be investigated. Finally, dosage also seems to be an important aspect, since Lin
et al. showed that higher concentrations of DFX had less of an impact on graft weight and
volume retention [85]. Thus, dosage should also be studied and optimized.

3.2.4. Basic Fibroblast Growth Factor (bFGF)

bFGE, also known as FGF-2 or FGF-f3, has been proven to be a potent stimulator of
angiogenesis [86,87]. It also seems that bFGF could induce adipogenesis in vivo. Indeed,
Tabata et al. showed de novo adipose tissue formation when bFGF mixed with an extract
of basement membrane protein (Matrigel™) was injected subcutaneously into mice, while
Matrigel™ alone had no effect [88]. Paradoxically, bFGF has also been reported to suppress
pro-adipogenic genes [89] and the adipogenic differentiation of adipose precursors [90,91].
It has thus been suggested that bFGF’s positive impact on adipogenesis is due to its effect
on neovascularization rather than a direct impact on adipocytes. In fact, angiogenesis has
been proven to not only promote adipose precursor migration but also their proliferation
and adipogenic differentiation through the molecular environment secreted by endothelial
cells [92-94]. Kawaguchi et al. showed that when Matrigel ™ was injected subcutaneously
with bFGF, increased vascularization led endogenous precursor cells to migrate to the
injection site within the first week after transplantation [93]. Adipose differentiation of
precursor cells subsequently followed [93]. However, bFGF’s half-life remains an obstacle.
Some studies still showed a positive effect of bFGF on graft retention when used in its free
form, but the growth factor was mixed with insulin [28], which might explain the effect on
graft maintenance (Table A2). Animal studies using fragmin/protamine microspheres [95]
and gelatin microspheres [96] containing bFGF all showed increased graft retention and
vascularization when compared to controls. Mixing of bFGF microspheres with fat grafts
in a canine model also showed that bFGF induced the development of new adipocytes
while preventing cell atrophy [96]. Following these findings, a 2015 clinical trial used a
collagen sponge and bFGF-loaded PLGA microspheres in vocal cord fat grafts, showing an
improvement in graft maintenance and good clinical potential of the growth factor [97].

On the other hand, Yuksel et al. showed that fibrosis was more prominent in grafts
containing bFGF PLGA microspheres compared to grafts treated with other growth factors,
such as insulin [29]. This result is corroborated by other studies using bFGF dextran
microspheres [98-100]. It is, however, important to note that dextran microspheres do
not degrade in vivo [100], which could lead to a foreign body reaction and thus cause
more aberrant collagen formation. Regardless, bFGF seems to act as a cell activator able
to increase collagen matrix production [101]. In vitro, adding bFGF to human lipoaspirate
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resulted in enhanced activity and hyperproliferation of fibroblasts, leading to more collagen
production [101]. Thus, bFGF should be used with caution in tissue regeneration to avoid
fibrous ingrowth. In fact, dose-response curves should be investigated to find optimal
concentrations of bFGEF, since studies showed that higher doses could lead to increased
inflammation and fibrosis [88]. Still, the literature suggests that more fibrous grafts can be
useful in specific cases, since increased density could be judicious in some situations, such
as supraperiosteal augmentation of the facial skeleton, for example [29].

3.2.5. Botulinum Toxin A (BTX)

BTX is a neurotoxin produced by the anaerobic bacterium Clostridium botulinum.
Through its inhibition of acetylcholine release, it leads to muscle paralysis via chemod-
enervation of the motor end plate [102]. This paralyzing effect is particularly interesting
for fat graft maintenance since muscle movement could decrease fat survival after trans-
plantation [103]. Indeed, it has been suggested that the mechanical forces that occur with
mobilization inhibit the sprouting of new blood vessels, reducing vascularization and
increasing ischemia [104]. In addition, mechanical forces are also associated with the inhibi-
tion of adipogenesis [105]. Hence, Cho et al. showed that adipogenesis and vascularization
were both improved with a mechanically stable environment in a murine model [106].
It was thereby hypothesized that decreasing muscle movement could improve fat graft
maintenance. A clinical trial conducted by Liu et al. in 2024 showed that mixing autologous
lipoaspirate with BTX before injecting it into breasts resulted in significantly higher volume
retention compared to lipoaspirate alone (16.43% and 9.62% higher retention at 3 and
6 months, respectively) [107] (Table A2). Similarly, murine studies mixing BTX with autol-
ogous fat before injection resulted in a significantly higher volume and weight retention
of grafts when compared to controls [108,109]. Similar results were obtained when fat
pretreated with BTX was injected into rabbit ears and compared with untreated grafts [110].
However, these studies did not investigate whether the BTX-induced improvement was
due to muscle paralysis or if BTX had other possible effects. Wu et al., therefore, conducted
a similar experiment by performing supramuscular fat graft on mice hindlimbs, adding BTX
to the mixture or not, and analyzing limb movement using a gait analysis system [111]. In
addition to improved graft retention rates and vascularization, limb paralysis was obtained
in the BTX group, suggesting that the toxin’s positive effect is at least partly due to its
induction of temporary paralysis, which lasted up to eight weeks [111]. These results sup-
port data from a previous study, during which femoral nerve sectioning improved fat graft
retention in a rat model [112]. Similarly to DFX use, site preconditioning also represents an
interesting approach with BTX. Wu et al. showed that, at similar doses, injection of BTX
into the recipient site a week before grafting gave similar results to mixing the toxin directly
with the graft [111]. Interestingly, Shi et al. revealed that BTX not only supported and
enhanced vascularization while reducing fibrosis of intramuscular and subcutaneous grafts,
but it even improved the retention of intramuscular fat grafts [113]. This is particularly
pertinent since adipose tissue injected into muscles has lower survival rates [103]. Thereby,
BTX could open a new avenue for fat grafting, especially since some authors suggest that
muscle tissue could be the best recipient site because of its high vasculature [114,115].
Globally, BTX represents an interesting option to improve graft maintenance and is easily
applicable in a clinical setting since the concomitant use of fat grafts and BTX has safely
been used in humans for the treatment of face aging [116] and facial corrections [117].
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3.2.6. Thymosin Beta 4 (TB4)

Thymosin Beta 4 is a peptide that has been shown to promote vascularization. In vivo,
it can stimulate endothelial cell migration and tube formation, thus promoting neovascu-
larization in limb ischemia [118]. TB4 might also have a direct effect on ASCs. In vitro, it
successfully improved ASC proliferation and migration [119,120]. Interestingly, TB4 also
upregulated angiogenic gene expression in ASCs in vivo, thus promoting their endothelial
differentiation potential and leading to neovascularization in an ischemic limb model [121].
In 2020, Qu et al. studied the impact of this peptide on autologous fat graft retention
in rabbits (Table A2). The grafts mixed with TB4 (0.005 mg/mL or 0.010 mg/mL) had
significantly better weight retention compared to the control grafts mixed with saline [122].
The study also showed a dose-dependent response, with the 0.010 mg/mL dose giving
better graft retention. Immunohistochemical staining for CD31 showed more vessels in the
TB4 groups at all time points. Although this molecule has yet to be extensively studied,
TB4 shows promise in promoting graft retention through the promotion of vascularization
and should be investigated further.

3.3. Reducing Oxidative Stress

The Graft replacement theory suggests that graft volume maintenance depends mainly
on the regeneration of fat tissue by cells both from the recipient site and the graft itself [13].
Hence, directly reducing oxidative stress in the graft could promote graft maintenance
through enhanced cell survival and /or regeneration. Thus, a growing number of studies
explore this therapeutic avenue using antioxidant molecules to improve graft retention
(Table A3, Appendix C).

3.3.1. N-Acetylcysteine (NAC)

NAC is an amino acid and antioxidant that decreases oxidative stress by reducing free
radicals [123]. As stated above, following insufficient vascularization in the early stages
after injection, fat grafts enter an ischemic state, with the production of reactive oxygen
species (ROS) leading to oxidative damage. In contrast to VEGF or EPO acting indirectly
on oxidative stress by improving vascularization, NAC could help by directly tackling
ROS [123]. NAC is safely used in humans for many clinical applications, such as the preven-
tion of chronic obstructive pulmonary disease and the treatment of acetaminophen-induced
hepatotoxicity [124,125]. In vitro, Gillis et al. showed that NAC had a protective effect
on ASCs undergoing oxidative stress after exposition to hydrogen peroxide [123]. NAC
supplementation in culture, however, stopped ASC differentiation into mature adipocytes
while increasing their proliferation rate [123]. When added to the tumescent solution
used during autologous fat grafting in a rat model, NAC significantly increased fat graft
retention from 17% to 46% and led to reduced fibrosis, inflammation, and a 33% increase in
adipocyte density when compared to a regular tumescent solution [123] (Table A3). There
was, however, no significant difference in vascularization [123]. Pietruski et al. had a similar
experience in a clinical trial with 15 patients and obtained a 12.9% increase in the retention
rate when using a NAC tumescent solution [126]. There was no difference in the expression
of angiogenic genes, which is consistent with the results of a previous study showing that
NAC has little effect on vascularization [123]. It is important to note that ROS plays an
important role in adipogenesis by inducing the differentiation of adipogenic progenitors
into mature adipocytes [127]. A potential explanation of NAC’s positive effect on graft
retention is that it initially decreases oxidative stress, which prevents ASCs’ differentiation
and increases their proliferation. When the effect of NAC attenuates, the augmentation of
ROS could stimulate the differentiation of a now higher quantity of ASCs, which could
improve graft maintenance [123]. Thus, NAC represents a safe and promising agent for
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improving fat graft retention. However, further clinical trials with larger groups of patients
would be pertinent.

3.3.2. Other Antioxidants of Interest

Despite being less studied, some molecules feature good potential for increasing fat
graft maintenance and should be discussed (Table A3). Melatonin, a hormone synthesized
in the pineal gland, serves as an antioxidant by decreasing the production of ROS [128]
and neutralizing free radicals [129]. Melatonin also regulates signaling pathways involved
in MSC differentiation [130]. In vitro, melatonin protected ASCs against oxidative stress
and decreased apoptosis following exposition to hydrogen peroxide [131]. Pretreatment
of ASCs with melatonin also significantly increased their proliferation, the expression of
prosurvival signaling pathways P-Erk1/2 and P-Akt, and the levels of the antioxidative
enzymes catalase and heme oxygenase (HO)-1 [132]. Melatonin also increased fat browning
and macrophage activation of fat grafts in a murine model, suggesting a possible additional
mechanism of action [133]. However, high doses of melatonin may be ineffective in
graft pretreatment since Dang et al. showed that 20 mg/Kg of melatonin was able to
improve weight retention and reduce inflammation and fibrosis, while 40 mg/Kg had
no impact [133].

Similarly, vitamin E, an antioxidant vitamin, has been reported to reduce adipose
tissue oxidative stress and inflammation [134]. It even decreased radiation-induced fibro-
sis in many studies, including breast cancer patients [135,136]. Using a murine model,
mixing vitamin E with human lipoaspirate improved volume retention of grafts while
also decreasing inflammatory cytokines levels [137]. It also increased VEGF levels, which
supports other studies stating that vitamin E can enhance tissue vascularity [138]. Vitamin
E also seems effective when administered orally, with Cinar et al. showing improved
graft maintenance in rats following daily orogastric gavage of vitamin E and C [139]. In
the same study, zinc, another antioxidant, had similar effects to vitamin E in graft reten-
tion [139]. Comparable effects were seen with vitamin D (calcitriol), for which the systemic
and sustained administration of calcitriol improved the volume and weight retention of
fat grafts in mice [140]. Moreover, vitamin D also increased mitochondrial activity in
adipocytes undergoing hypoxia in vitro [140]. Interestingly, incubation of fat with calcitriol
before transplantation did not have an impact on graft retention, showing once again the
importance of half-life consideration in the preconditioning of lipoaspirate [140].

Another promising antioxidant is apocynin, a natural agent found in the roots of
plants such as Apocynum cannabinum [141]. Apocynin acts by inhibiting the activity of
NADPH oxidase, a major source of ROS [142], thereby decreasing oxidative stress and cell
apoptosis [143]. Apocynin has been a potential agent for the treatment of various conditions
associated with free radicals, such as Parkinson’s [144] and cardiovascular diseases [145].
In a murine model, daily injections of apocynin at the recipient site for 14 days after fat
grafting resulted in better cell viability and increased volume retention (58.6% vs. 22.7%
for controls) [146]. However, in this study, fat was transplanted en bloc instead of being
passed through a cannula, like when performed in a clinical setting. Further studies with a
more standard fat grafting procedure are needed.

Finally, berberine (BBR) is a known antioxidant that has been shown to reduce oxida-
tive stress in smooth muscles and mesangial cells [147]. In an in vitro study, BBR improved
ASC viability and decreased apoptosis under nutrient-deficient conditions [148]. In vitro,
BBR also decreased ROS production by ASCs and regulated their autophagy and apopto-
sis [149]. In a murine model, the molecule significantly improved the volume and weight
retention of fat grafts when they were soaked in a BBR solution and then injected with the
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same solution daily for seven days [149]. These antioxidant effects can thus be beneficial
for fat grafting and should be further investigated.

4. Conclusions

In conclusion, several soluble mediators have the potential to improve the outcomes
of fat grafting. While current protocols might remain novel and suboptimal, precondition-
ing strategies are more readily accessible than other modalities, such as those including
gene transfer or the cell enrichment of fat grafts. Indeed, cell-assisted lipotransfer (CAL)
techniques using ASCs or the autologous SVF fraction have been highly investigated in
recent years [5] and recently reviewed [150,151]. Even though these therapies are beyond
the focus of the current review, their importance in improving cellular regeneration and
graft retention is now recognized by many teams [151]. ASCs are not only precursor cells
able to generate mature adipocytes but are also endowed with attractive secretory proper-
ties of therapeutic molecules (such as endogenous proangiogenic factors), in addition to
their ability to act as pericytes and thus regulate the capillary’s size [150]. Many studies
combined SVF or ASCs with soluble factors, namely, melatonin [152], bFGF [106,153],
angiogenin-1 [51], and VEGF [51,56]. These studies combined the sustained delivery of the
molecules with ASCs, using various strategies such as microspheres and a fibrin matrix.
The molecular and cellular treatments not only showed improved graft retention but a
potential synergistic effect. Other teams used CAL to ensure the sustained delivery of
molecules such as VEGF using gene therapy [31,154,155]. Indeed, VEGF-transfected MSCs
have been used in many pioneering studies to increase VEGF expression, vasculariza-
tion, and graft volume retention [31,154,155]. The crucial roles of various pro-angiogenic
therapies applied to fat grafting were recently reviewed, also examining the survival mech-
anisms that are more specific to large-volume fat grafting [11,150]. However, advanced
gene or cell-based therapies are more difficult to transition to the clinic according to each
country’s regulatory process. These techniques show great promise in improving graft
maintenance and have the advantage of not relying on effective delivery systems or carriers
to ensure efficacy, as is the case with molecular preconditioning. However, SVF and ASC
supplementation of fat grafts have other limitations. Cell processing requires harvesting
more tissue and adds time to the surgical procedure, which is not the case with molecular
preconditioning [151]. Moreover, the use of a cell-based therapy is more expensive, and the
optimal cell concentration leading to superior results is still unknown. Most importantly,
the oncological safety of cellular supplementation is not yet guaranteed. For example, stem
cells from the SVF may promote the mobility, proliferation, and recurrence of breast cancer
cells [151]. ASCs could also increase the local vascularization of tumors, thus promoting
cancer growth [151]. Even though similar oncological risks could be present when using
specific growth factors, many molecules described in this review are frequently used safely
as drugs for other disease conditions.

New molecules or techniques have more recently been proposed to potentially improve
graft retention through distinct mechanisms of action than the classical ones described.
Namely, poloxamers such as P188 have been shown to protect the adipocyte membrane,
thus reducing cellular damage and graft reabsorption. P188 successfully improved graft
retention in murine models while reducing fibrosis and inflammation [156,157]. Another
interesting approach consists of reducing the adipocyte size to improve the contact surface
area and the number of adipocytes benefiting from nutrient diffusion [158]. A preclinical
study proposed a new technique of compact fat grafting, during which the use of MLN924,
an enzyme inhibitor controlling intracytoplasmic lipid accumulation, resulted in a reduced
adipocyte size and increased graft retention [158]. The adipocyte size came back to normal
within eight weeks, making this an interesting strategy for graft improvement without
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the risk and costs associated with growth factor usage [158]. Finally, molecules such
as quercetin seemed to favor fat graft maintenance by promoting browning of adipose
tissue [159], a mechanism also suggested for melatonin [133]. Beige or brown adipocytes
usually feature a smaller volume and higher tolerance to a hypoxic microenvironment.
Moreover, the browning of transplanted white fat has been considered as an adaptive
response of the graft associated with better survival [150].

There is no doubt that several avenues show great potential to overcome the challenge
of graft volume retention. Molecular preconditioning holds great promise, and further
studies should be conducted. The key to finding a reliable and efficient molecular-based
treatment lies in ways to ensure sustained delivery of the molecules. Dosage optimization
and the design of studies that are more homogenous between research centers are needed
to reach this goal, in addition to the development of rigorous clinical trials. Importantly,
the safety of the molecules should be first confirmed, especially for growth factors that may
present an oncologic risk [160]. Many mechanisms favoring graft survival are discussed in
this review, but clearly, the future might lie in the investigation of combination therapies
with expected synergistic effects during lipotransfer procedures.
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Appendix A

Table A1. Molecules acting through stimulation of adipogenesis.

Model Reference Injection Site Graft Treatment Graft Analysis Findings
PDGF
A total of 2 groups of HIV patients suffering from o Computed tomography before grafting
i facial lipodystrophy. and 2 and 12 months after grafting. . S .
Human E:)zlt.devﬂa Che.eks Autologous 1ip0a§pirate mixed with PRP rich in e Complications after the gragft wereg PRIP and PDGF dldfrf‘()t mgrfuﬁcan’dy ncrease
patients 2014) [17] (various planes) PDGEF (n = 29 patients) or left untreated assessed (edema, ecchymosis, volume retention of fat grafts.
(n =20 patients). Volumes were specific for each nodules, etc.).
patient.
. Grafts were weighed 12 weeks after . . .
A total of 3 groups (n = 8 mice/group). injection. PDQF delivery w1t.h mlcrosphe_res promoted _
Rodent Craft et al. Scalp A total of 1 mL of human fat was left untreated or o Histological examination using Masson’s mamtfenance of adipocyte architecture and weight
models (2007) [22] (subcutaneous) mixed with free PDGF, PDGF bound to gelatin Trichrome. retenh{)n;gmaaged to all groups. g
microspheres, or blank gelatin microspheres. e Immunohistochemistry using S-100 as EEGF ”i“ ibited degene-ration into cysts an
biomarker of cell differentiation. 1brous tissue.
INSULIN
Visually, injection of insulin increased volume
e  Volume maintenance of grafts was maintenance when compared to grafts with PRP
A total of n = 39 patients. assessed with subjective observations. alone.
Different zones of soft Autologous lipoaspirate mixed with variable ° Objective analysis of images. PRP stimulated ASC proliferation in a
Human  Cervelli et al. tissue defect volumes of PRP. Volumes of lipoaspirate varied . In vitro analysis on human ASCs treated dose-dependent manner.
patients (2012) [35] depending on the between patients. with insulin, PRP, or both. Insulin reduced ASC proliferation in a
patient A total of 10 patients were locally injected with e  Proliferation and adipogenesis were dose-dependent manner in vitro.
insulin 7 and 15 days after fat grafting. measured (bromide assay and ORO When added to insulin, PRP prevented ASC
staining) in vitro. proliferative arrest and improved insulin-induced
lipid accumulation.
Insulin improved graft survival and quality
compared to control.
. Grafts assessed using liquid overflow Combination of insulin and EPO had better
Rodent  Olaru et al Dorsum A total of 4 groups (n = 6 rats/group). method e}ft.er 2 weeks and 1 and 2 months. out}clomes (t>}r11 fVaiculalrlzatlon and survival than
’ A total of 1 mL of fat alone or mixed with EPO, »  H&Estaining, Goldner-Szekely (GS) cach gTOWHh factor aone.
models (2020) [36] (subcutaneous) trichrome, anti-CD68, anti-vimentin, and Retention rates after 2 months:

insulin, or a mix of insulin + EPO.

anti-CK labelings.

Fat alone: 35%.
EPO: 85%.

Insulin: 75%.

EPO + insulin: 95%.

00O
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Table Al. Cont.

Model Reference Injection Site Graft Treatment Graft Analysis Findings
D Regarding graft retention, insulin, metoprolol, and
Aotgstlallné 'f 4 injections A total of 4 groups (n = 22 rats). Grafts were weighed 3 months DEX treatments did not significantly differ from
Okyay et al. ) ! A total of 1 mL of autologous fat injected after post-grafting. control grafts (PBS).

(2019) [30]

1 site for each

being incubated for 5 min in a solution of insulin,

H&E staining, anti-CD34, anti-CD31, and

Angiogenesis (CD31 labeling) was significantly

Hong et al.
(2010) [28]

Ereitmfnt ) metoprolol, deferoxamine (DFX), or PBS. anti-perilipin labelings. higher in DFX and insulin groups, but there was

subcutaneous no significant difference between insulin and DFX.
Pretreatments containing insulin or bFGF resulted
in significantly greater survival of grafts at

Dorsum. 6 months and 1 year (41% survival for insulin

A total of 4 injections,
1 site for each

A total of 4 groups (n = 24 rabbits).
A total of 2 mg of autologous fat injected after
being soaked for 5 min in PBS, DMEM, DMEM +

Rabbits euthanized after 1, 3, 6, and
12 months post-injection.
Fat grafts were weighed.

group vs. 41.5% for bFGF group and 15% for PBS
group).

Luetal.
(2009) [31]

treatment insulin, or DMEM + insulin + bFGE. H&E staining. Insuh.n an('i 1nsul}n + bFGF red}lced cyst f.ormatlon
(subcutaneous) and fibrosis and increased capillary density.
No significant difference between insulin alone
and insulin + bFGE.
Dorsum.

A total of 4 injections,
1 site for each

A total of 4 groups (n = 18 mice).
A total of 0.3 mL of human lipoaspirate was
mixed with adenovirally VEGF transduced ASCs,

Volume of grafts assessed with the liquid
overflow method after 6 months.

Insulin treatment did not substantially improve
the outcome of autologous fat grafts: higher
weight than control, but more fibrosis,

Ayhan et al.
(2001) [32]

H&E staining and CD31 labeling.
treatment . . g g
(zi?)cuf:neous) control ASCs, insulin, or DMEM. inflammation, and necrosis.
Significantly lower resorption in insulin group
Dorsum. A total of 2 groups (n = 10/group). compared to PBS.

A total of 2 injections,
1 site for each

. Group 1: fat graft treated with PBS on one
side and insulin on the other.

Volume of grafts was assessed using
liquid overflow method after 9 months.

Insulin-treated grafts had considerable fibrosis,
inflammation, fat necrosis, and mature adipocytes.

Yuksel et al.
(1999) [29]

treatment ° Group 2: fat graft treated with PBS on one H&E staining. Significantly lower resorption and more surviving

(supramuscular) side and metapyrolol on the other. adipose tissue in grafts treated with metapyrolol
when compared to insulin grafts or PBS grafts.
Long-term local delivery of growth factors by
PLGA microspheres improved fat graft survival
when compared to controls:

in- 0,
A total of 7 groups (n = 6 mice/group). A total of ?(1;513%11111877 953 -
Dorsum 500 mg of autologous fat left untreated or mixed oo

(under the panniculus
€arnosus)

with PLGA containing different growth factors:
insulin or IGF-1 or bFGF or insulin + IGF-1 or
insulin + IGF-1 + bFGF or empty.

Grafts were weighed after 12 weeks.
H&E staining.

bFGE: 72.9%.

Insulin + IGF-1: 87.7%.

Insulin + IGF-1 + bFGF: 68.2%.

Blank spheres: 76.7%.

Fat alone: 77.3%.

Absence of significant difference in graft survival
between treated groups.

(CNCRONCRONORE)
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Table Al. Cont.

Model Reference Injection Site Graft Treatment Graft Analysis Findings
Four groups (n = 3 rats/group):
* é/ittzt?i;{lifo 4mL of autologous fat mixed e  No significant difference in histological
) . . . . characteristics: cell architecture,
Moscona etal.  Cheeks . A tot.al 9f§ to 4 mL of fiutologous fat for . Histological analysis using a neovascularization, and inflammation.
(1994) [33] (subcutaneous) 15 min in insulin solution. semi-quantitative scale at 12 weeks. . Fibrosis was more prominent in untreated fat
e Atotal of 3 to 4 mL of autologous fat d to oth
without treatment. compared to other groups.
. A total of 3 to 4 mL of autologous fat soaked
15 min in control solution (buffer solution).
A total of 2 groups (n = 28 rabbits). ) )
N ¢ al Ear (subcutaneous) A total of 3 to 4 mL of autologous fat mixed with ~ ®  Biopsy specimens taken at 2 Weelfslanc.l No histopathologic differences in the adipocytes
1 ggg e[r;:le ak and rectus muscle insulin and injected into the same animal (ear and after 1,2, 4, @ am? 9 months post-injection.  transplanted with or without insulin in all examined
( ) 1341 (intramuscular) rectus muscle). The other side was used as control ~ ® H&E and Wilder’s silver stainings grafts.
and injected with untreated fat.
BETA-BLOCKERS (Metoprolol/Metapyrolol)
A total of 4 groups (n = 10 rats). A total of 0.5 g of
Dorsum. autologous fat injected after being incubated for ich .. . As the metoprolol dose increased, so did the
A total of 4 injections 5 min in a solution as follows: ¢ H&E and Masson Trichrome stainings at quality and viability of the grafts.
Rodent Okyay et al. 1 site for each ' - 0.99 i i 3 months post-grafting. . Groups 2 and 3 had significantly higher adipocyte
models (2023) [39] ® Group 0: 0.9% sodium chloride. . Immunohistochemical examination by roup gt Yy ugher adipocy
treatment . Group 1: 1 mg/mL of metoprolol. FGF-2 and lipin labeli viability and vascularization with less fibrosis.
(subcutaneous) . Group 2: 2 mg/mL of metoprolol. and pertipin labelings-. Group 3 was superior to all groups.
. Group 3: 3 mg/mL of metoprolol.
Dorsum. _ lof 1 mL of . . . .
A total of 4 injections A total of 4 groups (n=22 rats).. A t‘ota of ImLof Grafts weighed after 3 months. . Insulin, metoprolol, and DFX grafts did not differ
Okyay et al. 1 site for cach ’ autologous fat injected after being incubated for e  H&E staining, anti-CD34, anti-CD31, and significantly from control grafts (PBS).
(2019) [30] eatment 5 min in a solution of insulin, metoprolol, anti-perilipin labelings. . No significant impact of metoprolol on
deferoxamine, or PBS. angiogenesis.
(subcutaneous)
Dorsum. A total of 2 groups (n = 10 rats/group). . Significantly lower resorption in insulin group
Ayhan et al. A t‘otal of 2 injections, e Group 1: Fat graft treated with PBS on one e Volume of grafts assessed using liquid compared to PBS.
(2001) [32] 1 site for each side and insulin on the other. overflow method after 9 months. e  Significantly lower resorption and more surviving
treatment . Group 2: Fat graft treated with PBS on one . H&E staining. adipose tissue in grafts treated with metapyrolol
(supramuscular) side and metapyrolol on the other. when compared to insulin or PBS grafts.
SDF-1
A total of 3 groups (n = 10 mice/group) . Grafts weighed and volumes measured ° Locally delivered SDF-1 increased fat graft
Rodent Hamed et al. Scalp A total of 1 mL of autologous fat mixed with PBS, using the liquid overflow method after retention (same survival as non-diabetic mice).
models (2012) [43] (subcutaneous) SDEF-1, or monoclonal antibody against SDF-1 and 15 weeks. ° SDF-1 increased neovascularization and reduced

injected into diabetic mice.

H&E staining.

fat cell apoptosis.
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Model Reference Injection Site Graft Treatment Graft Analysis Findings
INDOMETHACIN
) . The indomethacin and SVF groups all had
A total of 4 groups (n = 5 mice/group): superior volume retention compared to control at
e A:Autologous fat alone. Vol  usine the liauid a each time points. Retention at 12 weeks:
B: Autol fat + SVF (10,000 cells). olume assessed using the liquid overflow ) N
Rodent Zhan et al. Dorsum . C: Allll t(;l(;g(c))ltllss fE;t +200 r(nM of cells) method after 2, 4, and 12 weeks. O A.. 14.90/0.
models  (2017) [45] (subcutaneous) .y 5o H&E staining, anti-CD31, and O B: 25.7%.
indomethacin. X Timi ’1 beli ! @) C: 28.8%.
. D: Autologous fat + 200 mM of anti-perilipin labelings. e} D: 35.76%.
indomethacin + SVF (10,000 cells). e  Indomethacin groups had better cell viability, but
no effect on vascularization.
SALVIANOLIC ACID B (SAL-B)
A total of 3 groups (n = 15 mice/group): Grafts weighed and volume assessed
. . S . o e  Sal-B groups had significantly better retention
e  A:0.2mL of human lipoaspirate + injection using the liquid overflow method after 2, compared to the control at 12 weeks. Sal-B at
Rodent Sun et al. Dorsum of 0.2 mL of saline every 2 d.ays. L i;lgnd 12 weekcsi. hy (Mi CT 50 mM/L had the best results.
models (2023) [48] (subcutaneous) * B: 0.2 mL of human lipoaspirate + injection 1cro}:orpp ute . tomography (Micro-CT) ° Sal-B groups had lower fibrosis and inflammatory
of 0.2 mL of Sal-B at 10 mM/L every 2 days. at each time point. . cell infiltration. Adipocyte viability was increased
e  C:0.2mL of human lipoaspirate + injection H&E staining, anti-CD11, anti-CD206, and in treatment groups
of 0.2 mL of Sal-B at 50 mM /L every 2 days. anti-perilipin labelings. groups.
e At28days, the 50 mM/L group had better
adipocyte viability and less inflammatory cell
. infiltration. It also had significantly better
Atlor rougs o -omie/goy * Sl mbeletsdenemhuristlat enon o e ok
Dorsum o A:0.2mLof human lipoaspirate + injection staining and anti-perilipin labeling. @) A: 14.510/0.
Sun et al. (subcutaneous). of 0.2 mL of saline every 2 days. Grafts on the right side were scanned by O B: 41.36%.

(2021) [47]

The same injection on
both sides

. B: 0.2 mL of human lipoaspirate + injection

of 0.2 mL of Sal-B at 10 mM/L every 2 days.

. C: 0.2 mL of human lipoaspirate + injection
of 0.2 mL of Sal-B at 50 mM/L every 2 days.

micro-CT then weighed, and their volume
was assessed using the liquid overflow
method.

H&E staining and anti-perilipin labeling.

O C:59.36%.

Sal-B group had significantly better graft retention
compared to the control at 12 weeks. A total of

50 mM/L had the best results.

Sal-B groups had lower fibrosis and inflammatory cell
infiltration. Adipocyte viability was increased in
treatment groups.

ASC: adipose-derived stem/stromal cells; Anti-CK: anti-cytokeratin; DFX: deferoxamine; DMEM: Dulbecco’s modified eagle medium; EPO: Erythropoietin; FGF/bFGF: fibroblast
growth factor; H&E staining: hematoxylin and eosin staining; HIV: human immunodeficiency virus; IGF-1: insulin-like growth factor 1; Micro-CT: microcomputed tomography; ORO:
Oil Red O; PBS: phosphate-buffered saline; PDGF: platelet-derived growth factor; PRP: platelet-rich plasma; Sal-B: salvianolic acid B; SDF-1: Stromal-cell derived factor 1; VEGF: vascular
endothelial growth factor.
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Appendix B

Table A2. Molecules acting through improvement in vascularization.

Model Reference Injection Site Graft Treatment Graft Analysis Findings
VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF)
. Addition of LPCGFs to fat grafts reduced their
Dorsum. A total of 4 treatments (n = 12 mice/treatment). Grafts weighed after 15, 30, 45, and absorption by 5 to 15%. &
A total of 4 injections, A total of 0.8 mL of human lipoaspirate mixed 60 d . . .
Rodent Zhang et al. 1 site f h ith diff. t rati f Liquid Phase C trated ays. ) ) ) Significant increase in vessels, VEGF, and TGF-
models (2021) [161] site for eac with difierent ratios of Liquuid Fhase Loncentrate H&E staining and immunohistochemical when compared to PRP and control.
treatment Growth Factors (LPCGFs) or different ratios of labeling. Higher proportions of LPCGFs provided better
(subcutaneous) PRP. results
CA microspheres loaded with VEGF significantly
Dorsum. increased weight retention (29.6 mg at 12th week

Ding et al.
(2015) [59]

A total of 4 injections,
1 site for each

A total of 4 groups (n = 24 mice).
A total of 0.2 mL of human lipoaspirate mixed
with VEGEF calcium alginate (CA) microspheres,

Grafts weighed after 3, 6, and 12 weeks.
Grafts from weeks 3 and 6 observed using
electron microscopy.

vs. 20.5 mg for empty microspheres and 6.5 mg for
DMEM group).

Zhang et al.
(2014) [57]

treatment . H&E staining and CD34 labeling. VEGF CA microspheres promoted vascularization.
(subcutaneous) empty CA microspheres, free VEGF, or DMEM. 8 8 Free VEGF barely exerted its biological function
when applied directly.
Cell viability significantly decreased by chitosan
Mice euthanized at weeks 1, 3, 6, and 12. nanospheres at higher concentrations
Dorsum. Grafts were weighed and VEGF content (100 mg/mL).

Four injections;
one site for each

A total of 4 groups (n = 28 mice).
A total of 0.2 mL of human lipoaspirate mixed
with VEGF chitosan nanospheres, empty

quantified using ELISA at week 1.
H&E staining and CD34 labeling. Electron

VEGEF chitosan nanospheres significantly
promoted fat graft neovascularization and
adipocyte survival.

Topcu et al.
(2012) [58]

treatment microscopy. s . .
(subcutaneous) nanospheres, free VEGF, or DMEM. In vitro studies were conducted to VEGF nanospheres significantly increased weight
determine toxicity of nanospheres. survival on the 12th week.
Free VEGF had no significant impact compared to
controls.
Both VEGF microspheres treatments improved
A total of 4 groups (n = 6 mice/group) weight ;}1.1‘V1x.7a1 corgl;ﬁrlezl 0/tofcontrols (125,3 % for
A total of 0.5 g of autologous fat left untreated or i preconditioning an 6% for concomitant use).
Dorsum ’ Fat grafts were harvested and weighed There was no significant difference between the

(under the panniculus
carnosus)

mixed with VEGF-enriched calcium alginate (CA)
microspheres or empty CA microspheres.
Another group received VEGF microsphere
injection at recipient site 21 days prior to grafting.

after 90 days.
H&E staining.

2 VEGF groups.

VEGF microspheres improved MVD and relative
adipocyte indexes.

Empty microspheres also improved graft weight
survival, which may be due to higher fibrosis.
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A total of 3 groups (n = 6 mice/group). Grafts were welghgd and volumes VEGF microspheres significantly improved graft
. . assessed using liquid overflow method . .
Chung et al. Flank A total of 1 mL of human lipoaspirate untreated after 3 and 6 weeks sustainment (weights and volumes).
(2012) [55] (subcutaneous) or mixed with VEGF-loaded PLGA microspheres .. ’ . VEGF improved the number of blood vessels that
. H&E staining and human CD31 . )
or empty microspheres. . . were formed by human endothelial-derived cells.
immunolabeling.
First experiment
A total of 3 groups (n = 10 mice/group). i
A total of 1 mL of human lipoaspirate mixed with Grafts were welghe.d, and volume was
PBS, EPO, or VEGE. assessed using liquid overflow method Treatment with free VEGF had no effect on graft
Hamed et al Scalp Grafts then received injections of the same after 15 ‘{ve:eks. ) ) survival.
(2010) [54] (subcutaneous) additive every 3 days for 18 days. E ‘Ste }firsltasmmg, anti-CD31 and anti-CD68 VEGEF did not exert an anti-apoptotic effect on the
. & .l lvsi if fat grafts.
Second experiment Western blot analysis was used to quantify
A total of 2 eroups | groups (n = 10 mice/ group). angiogenic and apoptotic factors.
Untreated fat grafts received PBS or VEGF
injections every 3 days for 18 days.
Grafts were harvested and' weighed at 3,7, VEGEF significantly improved graft retention after
A total of 3 groups (n = 16 rats/group). 15, and 30 days after grafting.
. R .. .. X 4 . 7,15, and 30 days.
Lei et al. Dorsum After injection of 0.2 g of autologous fat, recipient H&E staining and immunohistochemical . . . L
. . ¢ . . i Plasmid encoding VEGF induced significantly
(2008) [162] (subcutaneous) sites were injected with normal saline, plasmid labeling. higher expression of VEGF and angiogenesis in fat
DNA encoding rhVEGE, or control plasmid DNA. VEGEF expression was assessed using rg ft p 8108
Western blot. grats.
ERYTHROPOIETIN (EPO)
Combination of insulin and EPO had better
outcomes regarding vascularization and survival
Graft volume was assessed using liquid than iaf:lh gkI;OWth faCtOIi lalfofne, han insuli
A total of 4 groups (n = 6 rats/group) overflow method after 2 weeks, 1 month, EPO ha La .etter overalle e.ct than insulin on
Rodent Olaru et al. Dorsum A total of 1 8 L 1? fat al 8! g : ith EPO and 2 months vascularization and graft maintenance.
otal of 1 mL of fat alone or mixed wi , - . .
models  (2020) [36] (subcutaneous) H&E staining, GS trichrome, anti-CD68, Retention rates after 2 months:

insulin or insulin + EPO.

anti-vimentin, and anti-CK labelings.

Fat alone: 35%.
EPO: 85%.

Insulin: 75%.

EPO + insulin: 95%.

O0O0O0
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First experiment
A total of 3 groups (n = 10 mice/group)
A total of 1 mL of human lipoaspirate mixed with Grafts were weighed and volume assessed
PBS, low-dose EPO (1000 IU/kg), or high-dose using liquid overflow method after 15 EPO improved survival of fat graftin a
EPO (5000 IU/kg). weeks. dose-dependent manner (higher doses of EPO
Hamed et al. Scalp Grafts then received injections of the same H&E staining, anti-CD31, and anti-CD68 were more efficient).
(2010) [54] (subcutaneous) additive every 3 days for 18 days. labelings. EPO improved angiogenesis and apoptosis rates in
. Western blot analysis to quantify a dose-dependent manner.
Second experiment angiogenic and apoptotic factors.
A total of 2 groups (n = 10 mice/group).
Untreated fat grafts receiving PBS or VEGF
injections every 3 days for 18 days.
DEFEROXAMINE (DFX)
The DEX groups all had superior weight and
A total of 4 treatments (n = 25 mice). Graft iohed after 1 and 3 h volume retention compared to control. Group C
A total of 0.3 mL of autologous fat injected after rafts were weighed after 1 and 3 months. had the best retention of all compared to control:
Dorsum. Volume was assessed using the liquid

being mixed with different concentrations of DEX:

O Volume (C vs. A):

Rodent Lin et al. Four injections; one . . . overﬂow n}ethod.. o .
models  (2023) [85] site for each treatment ~ © A 0 mM (m;xec} with PBS). H&E staining, anti-CD31, and 55.75% vs. 29.78%.
(subcutaneous) e B:05mMofde eroxamine. anti-perilipin labelings. ) Weight (C vs. A):
. C: 1 mM of deferoxaml‘ne. Levels of VEGF assessed using PCR. 49.19% vs. 25.06%.
. D: 4 mM of deferoxamine. DEX groups had higher MVD, adipocyte integrity,
and VEGF expression.
Regarding graft retention, insulin, metoprolol, and
Dorsum. A total of 4 groups (n = 22 rats). DEX treatments did not significantly differ from

Okyay et al.
(2019) [30]

Four injections; one
site for each treatment

A total of 0.5 g of autologous fat injected after
being incubated for 5 min in a solution of insulin,

Grafts were weighed after 3 months.
H&E staining, anti-CD34, anti-CD31, and
anti-perilipin labelings.

control grafts (PBS).
Angiogenesis was significantly higher in
deferoxamine and insulin group, with no

(subcutaneous) metoprolol, DFX, or PBS. significant difference between insulin and
deferoxamine.
After last injection, half the rats Rat scalps treated with DFX showed significantly
underwent Doppler analysis to assess increased capillary neoformation and VEGF
perfusion. expression but no difference in SDF-1 and HIF-1
A total of 3 groups (n = 6 rats/ group). The remaining rats underwent fat grafting protein expression.
Kim et al. Scalp Injection site was left untreated (negative controls) (1 mL), and grafts were harvested and MVD and adipocyte viability were increased in the
2019) [76] supramuscular or preconditioned with serial injections of DFX or ; DEX group compared to other groups.
p p J weighed after 8 weeks. group comp group

saline every 2 days (5 treatments in total).

Volume was assessed using liquid
overflow method.
H&E staining and CD31 labeling.

DEFX increased volume retention (84% vs. 59% for
negative controls and 39.8% for saline controls).
No significant difference in weights between
groups.
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Laser Doppler analysis (LDA) at
A total of 2 groups (n = 6 mice/group). irradiated site to measure perfusion 24 h Preconditioning of recipient site with DEX prior to
L Lo after each treatment and every 2 weeks . N
After 6 doses of radiation to the scalp, mice either after transplantation fat grafting enhanced vascularization and graft
Flacco et al. Scalp (irradiated skin)  received DFX injections on the scalp every 2 days Micro-CT ?ma in t(; assess volume of survival (71.75% retention on the 8th week vs.
(2018) [77] (subcutaneous) (7 doses) or PBS injections in the irradiated zone. e dave o o At voeeks 2 49.47% for the PBS group).
A total of 0.2 mL of human lipoaspirate fat % 6. and 8y p P § Treatment with DFX significantly increased tissue
grafting was performed afterwards. H, &,E stair{ing and CD31 labeling on the perfusion.
8th week.
A total of 3 groups (n = 8 rats/group): Significantly higher weights in DFX group
) compared to the 2 control groups. No significant
: i tgt:i 2£ gg § gﬁ :Eigigggzz ﬁzt il%r};(;' Grafts harvested and weighed after difference between control groups. (24% weight
. SO ) 2 monthg. o ) retention for DFX group vs. 8% and 9% for control
Temiz et al. Scalp Repeated injections of PBS every 3 days for Histological analysis via CD31 labeling groups)
(2016) [73] (subcutaneous) amonth. and Sudan black dye. TUNEL method No signiﬁcant difference in apoptosis rates and
e Atotal of 0.5 g of autologous fat + DFX. was used to determine apoptosis rate. vascularity between the 3 groups
Repeated injections of DFX every 3 days for fts with h . f . .
a month Fat grafts with DFX showed significant increase in
’ fatty tissue.
FIBROBLAST GROWTH FACTOR (bFGF or FGF-2)
Vocal fold A total of 2 groups. o R
Human  Tamura et al Ome vocal.cord for Autologous fat alone (n = 36 patients) or mixed Volume assessed using CT imaging (mean Decrease in 1n]ecte.d fat volume S}gnlflcantly lower
e oo, . One vocal cord with a collagen sponge containing bFGF PLGA follow-up time of 8 months). in cases treaoted with I:LFGF (survival rate of bFGF
p (intramuscular) microspheres (N = 8 patients) (mean volume of fat was 32.6% vs. 19.8% for untreated fat).
injection: 0.2 mL).
Volume visually assessed using direct Visually, fat grafts alone showed a significant
Vocal fold laryngosc.opy at 8,12, and 24 weeks (no decrease in volume over time, but volume of bFGF
Canine Tamura et al One vocal‘cor d for A total of 2 groups (n = 12 dogs). quantitative measurement). fat grafts was maintained almost completely.
model (2007) [96] ’ cach treatment A total of 0.5 mL of autologous fat alone or mixed Grafts harvested at weeks 8,12, and 24. At week 12, diameter of adipocytes was 50%
(intramuscular) with bFGF gelatin microspheres. H&E staining. ) . smaller in control grafts compared to bFGE.
At week 8, observation using electron bFGF elicited growth of new adipocytes, and
MICToscopy- grafts remained viable without atrophy or fibrosis.
Pretreatments containing insulin or bFGF resulted
in significantly greater survival of grafts at
. 6 months and 1 year (41% survival for insulin
Dorsum. A total of 4 groups (n = 24 rabbits). Fat grafts were weighed at 1, 3, 6, and 12 group vs. 41.5% for bFGF group and 15% for PBS
Rodent Hong et al. Four injections; one A total of 2 mg of autologous fat injected after months. roup)
models (2010) [28] site for each treatment  being soaked for 5 min in PBS, DMEM, DMEM + group).

(subcutaneous)

insulin, or DMEM + insulin + bFGE.

H&E staining.

No significant difference between insulin alone
and insulin + bFGF.

Insulin and insulin + bFGF reduced cyst formation
and fibrosis and increased capillary density.
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Rats were euthanized after 10, 20, 30, and fts with ty mi hy ignificantl
Dorsum. A total of 2 groups (n = 48 rats). 04 Grafts with empty microspheres were significantly
Nakamura S . . . ays. resorbed at 30 and 120 days, while bFGF grafts
otal. Two injections; one site A total of 0.8 g of autologous fat mixed with Qualitative assessment (no quantitative seemed minimally resorbed.

(2010) [95]

for each treatment

empty fragmin/protamin (FP) microspheres or

weight or volume measurement).

Fat graft combined with FGF-2 microparticles

Yuksel et al.
(1999) [29]

(subcutaneous) bFGF-loaded FP microspheres. H&E and Sudan Il stainings. significantly stimulated revascularization.
Long-term local delivery of growth factors by
PLGA microspheres improved survival when
A total of 7 groups (n = 6 mice/group). A total of compared to controls (96% for bFGF vs. 46.9% for
Dorsum 0.5 g of autologous fat left untreated or mixed fat alone).

(under the panniculus
Carnosus)

with PLGA containing different growth factors:
insulin or IGF-1 or bFGF or insulin + IGF-1 or
insulin + IGF-1 + bFGF or empty.

Grafts were weighed after 12 weeks.
H&E staining.

Absence of significant graft survival between
groups.

bFGF increased the amount of fibrous tissue and
other non-adipocyte components compared to
insulin and IGF-1.

Eppley et al.
(1992) [98]

Dorsum
Four injections; one
site for each treatment

A total of 4 groups (n = 40 rats).

A total of 500 mg of autologous fat left untreated
or mixed with blank dextran microspheres,
dextran microspheres soaked in cytochrome C

Grafts were weighed after 1 and
12 months.
Histological analysis using trichrome

bFGF improved weight maintenance (468.8 mg
after 12 months vs. 243.8 mg for untreated grafts).
bFGF stimulated the formation of fibrous
ingrowth.

Histologically, bFGF had no direct effect on

Eppley et al.
(1992) [100]

(subcutaneous) (control solution), or dextran microspheres soaked staining. adipocyte survival or preadipocyte differentiation.
in bFGF solution for 1 min. Dextran microspheres were not absorbed by the
body and caused more fibrous ingrowth.
After 1 month, there was no significant difference
in graft retention.
Cheeks. A total of 2 groups (n = 20 rats). After 6 months, asymmetrical face with

Two injections; one
side for each treatment

A total of 250 mg of autologous fat mixed with
bEGF solution or dextran microspheres soaked in

Grafts were weighed after 1 and 6 months.

Histological analysis using trichrome
staining.

significantly increased weight in microbeads
group (50.8% weight loss for free bFGF grafts vs.
4.4% for microspheres side).

Eppley et al.
(1991) [99]

(subcutaneous) bFGEF solution for 15 min. Microspheres group had more extensive fibrous
ingrowth, which appeared denser around beads.
No degradation of the microbeads.

Face. A total of 2 groups (n = 15 rats). bFGF microspheres improved graft maintenance.

Two injections; one
side for each treatment
(subcutaneous)

An average of 0.3 g of autologous fat alone or
mixed with dextran microspheres soaked in bFGF
solution for 1 min.

Grafts were weighed after 90 days.
Histological analysis using trichrome
staining.

Fat grafts alone had a 19.2% decrease in weight,
while bFGF grafts had a 42.3% increase in weight.
Dextran microspheres were not absorbed by the
body.
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BOTULINUM TOXIN A (BTX)

A total of 2 groups (n = 16 women patients). . At 3 and 6 months postoperatively, breasts Breast.s with BTX had a statistica{)ly significant
Human Liu et al. Breasts One breast received autologous lipoaspirate alone, were assesseq using 3D photog.r aphy by a Zﬁgeélgé;: (;ltu én ;éitg:)lon (16.43% at 3 months
patients  (2024) [107] and the other breast received autologous blinded planth surgeon and using a Satis fz;\ction scores by pa;tients and plastic surgeons

i i i i atient satisfaction survey.

lipoaspirate mixed with 100 U of BTX. P Y were significantly better for the BTX side.

A total of 4 groups (n = 10 rabbits/group). e  Grafts were weighed, and volume was ;?:a:g:gg w(/)\/fefiart\g;igf/)éifrieasrg PIZIthI;Is
Rodent Yoon et al. Center of the ear A total of 1.5 mL of human lipoaspirate mixed assessed using liquid overflow method at P 11191 ared to c%ntrol &
models (2021) [110] with saline, BTX, prostaglandin E2, or 7,14, 28,42, 56, and 70 days. p .

polydeoxyribonucleotides (PDRNS).

H&E staining and CD31 labeling.

Treatment of fat with BTX, E2, and PDRNs
improved angiogenesis.

Wu et al.
(2020) [111]

Quadriceps
(supramuscular)

A total of 0.3 mL of human lipoaspirate injected
onto the surface of the right quadriceps.
A total of 3 groups (n = 24 mice/group):

° Pre-BTX: injection of BTX on the right
quadriceps femoris 1 week before grafting.

° BTX: saline injection, and a week later,
injection of fat mixed

. BTX Control: No BTX.

Grafts were harvested and volumes
assessed using liquid overflow method at
1,4, 8, and 12 weeks.

H&E staining, anti-CD31, and
anti-perilipin labelings.

Limb movement analysis was performed
(using CatWalk XT).

Pre-BTX and BTX groups had significantly higher
volume retention rates.

No significant difference between BTX and
pre-BTX volumes at any time point.

Pre-BTX and BTX groups exhibited better
angiogenesis and adipocyte survival than the
control group.

Shi et al.

Limbs: quadriceps
femoris and

A total of 2 treatments (n = 12 rats).
Rats received 0.2 mL of fat mixed with BTX in one

Electroneuromyography was performed
on limbs 1 week after surgery.

Grafts were weighed and volume assessed
using the liquid overflow method after

Amplitudes of electroneuromyography were
smaller for the BTX-A sides.

Intramuscular BTX grafts had significantly better
retention rate than controls (weights and

(2019) [113] gastrocnemius limb and fat mixed with PBS on the other one. For 12 weeks. volumes).
(subcutaneous and each side, intramuscular and subcutaneous . H&E staining and whole-mount Subcutaneous BTX side did not show a significant
intramuscular) injections were performed. immunofluorescence labeling for improvement in graft retention.
measurement of MVD and adipocyte Significantly higher MVD and number of mature
viability. adipocytes in BTX grafts.
Mean volume and weight of grafts were
e  Grafts weighed and volume assessed with significantly higher in BTX group compared to
A total of 2 groups (n = 6 rats). . . liquid overflow method after 5 weeks. control (1.2 mL vs. 0.9 mL and 1.2 g vs. 0.87 g).
Dorsum. Autologous fat (mean: 1 mL) alone or mixed with

Tang et al.
(2017) [108]

Two injections; one site
for each treatment
(supramuscular)

BTX.

In vitro, ASCs were isolated from fat of other rats
and incubated with various BTX concentrations
for a day.

H&E, Oil Red O (ORO) staining,
anti-CD34, anti-VEGF, and TUNEL
labelings.

In vitro, adipogenic differentiation and
proliferation were assessed.

TUNEL labeling revealed less apoptosis in the BTX
group.

Better adipogenic differentiation, adipogenesis,
and VEGF expression on BTX sides.

In vitro, there was a dose-dependent increase in
ASC proliferation with BTX treatment.
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Dorsum . . Grafts were weighed, and volume was BTX sides had significantly higher volumes (0.37
Baek et al. Two injections; one site 2 totai Oi (2) groipsf(fn :f8 mice). ed with BTX assessed with liquid overflow method 9 mL vs. 0.22 mL for control) and weights compared
(2012) [109] for each treatment tI?];asg P 2 mL ot atfrom ra.t S Hl;lxek wit weeks af.te? injection. to controls (0.35 g vs. 0.18 g).
(supramuscular) or efore injection onto mice backs. e  H&E staining. Cellular integrity was higher in BTX group.
THYMOSIN BETA 4 (TB4)
A total of 3 groups (n = 6 rabbits/group). TB4 groups h.ad si@ificantly better gra.ft .retention
) at all time points, with 0.010 mg/mL giving the
e  A:1.5mL of autologous fat + 0.005 mg/mL best It
Rodent Quetal. Ears of TB4. . Grafts weighed after 2, 4, and 12 weeks. T%Z resu S.h dless infl " d fibrosi
. : ; roups had less inflammation and fibrosis
models (2020) [122] (subcutaneous) . Ef 1T.g4mL of autologous fat + 0.010 mg/mL. ~ ®  H&E staining and anti-CD31 labeling. Comgareclijto controls.
e Ci15 r.nL of autologous fat + saline TB4 groups, especially group B, had significantly
T & : better vascularization compared to controls.
BTX: Botulinum Toxin A; CA: calcium alginate; DNA: Deoxyribonucleic Acid; ELISA: Enzyme-Linked Immunosorbent Assay; HIF-1: Hypoxia-Inducible Factor-1; LDA: laser
Doppler analysis; LPCGFs: Liquid Phase Concentrated Growth Factors; Micro-CT: microcomputed tomography; MVD: microvascular density; PDRNSs: polydeoxyribonucleotides;
PLGA: polylactic-co-glycolic acid; thVEGF: recombinant human Vascular Endothelial Growth Factor; SVF: Stromal Vascular Fraction; TB4: Thymosin Beta 4; TUNEL: Terminal
Deoxynucleotidyl Transferase.
Appendix C
Table A3. Molecules decreasing oxidative stress.
Model Reference Injection Site Graft Treatment Graft Analysis Findings
N-ACETYLCYSTEIN (NAC)
Breasts A total of 2 groups (n = 15 women). * hf‘(fiﬁlﬁ?éetgzgsﬁes?sgltl};rsriter the NAC grafts had 12.9% lower resorption rate than
Human  Pietruskietal.  (each breast receivin A total of 145 mL of autologous lipoaspirate }S)hortl after trans lantatioﬁ adipose control gronp, but not e tistically 51gr.11f1cant.
" crusterat ¢ ¢ & harvested using normal tumescent solution in one . Y les £ P h ,f P Concentration and activity of superoxide
patients  (2021) [126] one of the two thigh and NAC-enriched tumescent solution on tissue samples from each graft were dismutase (antioxidant) were significantly higher
treatments) subjected to biochemical analysis, PCR, in NAC-treated eraft
the other. o m reated grarts.
and flow cytometry (cell viability).
NAC treatment resulted in significantly improved
. Graft volume analysis via micro-CT at fat graft retention compared to control grafts (46%
il A total of 2 groups (n = 15 mice/group). baseline and after 4 days and 1 and vs. 17%).
izigllt (ngilg)itlzlé] (Ss(i?l?zutaneous) A total of 0.2 mL of autologous fat harvested 3 months. Y NAC grafts showed less fibrosis and inflammation

using tumescent solution with or without NAC.

H&E staining and CD31 labeling.

and a 33% increase in adipocyte density compared
with controls.
No significant difference in vascularization.
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MELATONIN

A total of 4 groups (n = 8 rats/group)

After transplantation of autologous fat (volume
varying depending on the amount of fat
collected), rats underwent a specific diet every

doy o monis v Crfswghedmdhmessesed Adpeoteiny vlimosnd et
Rodent Cinar et al Dorsum e (1) Atotal of 10 mg/Kg of melatonin via using the liquid overflow method after . & y g
: tric cavage. antioxidant groups compared to control.
model (2023) [139] (subcutaneous) o R Bes inc vi 3 months. No significant difference between the different
® (2) A total of 2 mg/Kg of elemental zinc via o H&E staining and anti-perilipin labeling. ioxid
orogastric gavage. antioxidant treatments.
° (3) A total of 100 mg/Kg of vitamin C and
100 mg/Kg of vitamin E via orogastric
gavage.
. (4) Regular diet.
e After 12 weeks, graft retention was higher in the
A total of 4 18 mi medium-dose group (41.7%), while there was no
total of 4 groups (n = 18 mice/group) o Grafts were weighed after 2,4, and significant difference between the high-dose and
After transplantation of 0.3 g of autologous fat, 12 weeks. control groups
“Tice were treated every day fo}‘ 2 weeks with ° H&E staining. . Less inflammation, fibrosis, and cysts in the
Dang et al. Scalp different d?ses of oral melatonin. . Immunohistochemical labeling for medium-dose group, but no significant difference
(2023) [133] (subcutaneous) e (1) Highdose: 40 mg/Kg/d. anti-CD31, anti-CD106 (macrophage between the control and high-dose groups.
*  (2) Medium dose: 20 mg/Kg/d. marker), and UCP-1 cells (fat browning e Higher UCP-1 and CD106 expression in
* (B)Low d(ise: 10 rr{g / Kg /d. indicator). medium-dose group, suggesting higher fat
¢ (4) Control: no melatonin. browning possibly mediated by macrophage
activation.
VITAMIN E
A total of 4 groups (n = 8 rats/group).
After transplantation of fat, rats underwent a
specific diet every day for 3 months: ) ) ) ]
e (1) Atotal of 10 mg/Kg of melatonin via e Grafts were weighed and volumes ® Ad%pocyte 1ntegr1ty,.vo%gme, and.welg}.lt
) orogastric gavage. assessed using the liquid overflow maintenance were significantly higher in the
Rodent  Cinar et al. Dorsum ine vi 8 q antioxidant groups compared to control.
del 3 b . (2) A total of 2 mg/Kg of elemental zinc via method
mode (2023) [139] (subcutaneous) tri o L . No significant difference between the different
Orogastric gavage. e  H&E staining and anti-perilipin labeling. N~
e (3) A total of 100 mg/Kg of vitamin C and antioxidant treatments.
100 mg/Kg of vitamin E via orogastric
gavage.

. (4) Regular diet.
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A total of 4 groups (n = 10 mice/group): mice
underwent scalp irradiation and recovered for Volume retention was monitored in vivo
4 weeks. with micro-CT at weeks 0, 1, 2, 4, 6, and Vitamin E improved graft volume retention.
. No fat grafting. 8 post-grafting. Vitamin E decreased inflammation and oxidative
Abbas et al. Scalp e  Fat grafting (0.2 mL of human fat) without After 8 weeks, Masson’s Trichrome stress while increasing VEGF protein levels.
(2022) [137] (subcutaneous) treatment. staining, anti-CD31, and anti-isoprostane Vitamin E outperformed other treatments in
e  Fat grafting (0.2 mL of human fat) treated labelings. vascularization improvement.
with vitamin E. Secretome was also assessed.
. Fat grafting (0.2 mL of human fat) treated
with pentoxifylline (PTX).
VITAMIN D (CALCITRIOL)
A total of 0.3 mL of human lipoaspirate with one
of four different treatments: In vitro, calcitriol improved adipocyte viability
. (A) Fat incubated in a control solution for L ) and mitochondrial reserve capacity. It also
60 min before transplantation. Athymic mice. Grafts were weighed after improved mobilization of endothelial cells.
. (B) Fat incubated in calcitriol solution for 1,4, and .12. weeks: o In vivo, grafts incubated with calcitriol had less
Rodent Loder et al. Dorsum 60 min before transplantation. H&E staining, aptl—perlhpm, and fibrosis and greater adipocyte viability, but there
model (2023) [140] (subcutaneous) e  (C) Systemic injection of PBS (300 uL anti-CD31 labelings. was no difference in weight and volume retention
intraperitoneally) three times weekly after Ex vivo experiments conducted to assess compared to controls at 12 weeks.
transplantation. calcitriol’s effect on adipocyte. In vivo, systemic and sustained delivery of
. (D) Systemic injection of calcitriol (300 uL calcitriol improved weight and volume retention,
intraperitoneally) three times weekly after as well as MVD.
transplantation.
APOCYNIN
Apocynin group had significantly higher weight
and volume maintenance compared to DMSO and
A total of 3 groups (n = 7 rats/group): s]z;lollllr;fniroups.
a total of 0.4 to 0.8 g of autologous fat. After .
grafting, there were 3 groups of treatment. , o Apocynin: 58.60%.
] o ] Grafts were weighed and volumes were o) DMSO: 27.82%.
Rodent Keskin et al. Scalp . Etaaperltoneal saline injection daily for assessed with liquid overflow method o Saline: 20%.
model (2021) [146] (subcutaneous) ays. after 90 days. Weight:

. Intraperitoneal DMSO (concentration of
20%) injection daily for 14 days.

. Intraperitoneal DMSO + apocynin injection
daily for 14 days.

H&E staining.

@) Apocynin: 59.08%.

O DMSO: 31.54%.

@] Saline: 22.70%.

No significant difference between groups in
histological analysis for fibrosis, cyst formation,
vascularization and inflammation.
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BERBERINE (BBR)
A total of 2 groups (n = 10 mice/group): 0.2 mL of e Grafts were weighed and volumes BBR grafts had significantly better volume and
human lipoaspirate. Treated grafts were soaked in assessed with liquid overflow method at weight retention at both time points compared to
Rodent Pang et al. Dorsum and neck BBR for 10 min 14 and 28 days saline control
model (2023) [149] (subcutaneous) : ys- ’

After transplantation, grafts had daily injections
of saline or BBR (4 mM).

H&E staining, anti-CD31, and
anti-perilipin labelings.

BBR grafts had less fibrosis, less inflammatory
cells infiltration, and more vascularization.

BBR: berberine; DMSO: dimethyl sulfoxide; MRI: Magnetic Resonance Imaging; MVD: microvascular density; NAC: N-acetylcysteine; PCR: polymerase chain reaction; PTX: pentoxifylline;
UCP-1: uncoupling protein 1.



Biomolecules 2025, 15, 526 28 of 34

References

1.  Mazzola, RF; Mazzola, I.C. The fascinating history of fat grafting. J. Craniofacial Surg. 2013, 24, 1069-1071.

2. Chappell, A.G,; Yuksel, S.; Sasson, D.C.; Wescott, A.B.; Connor, L.M.; Ellis, M.F. Post-Mastectomy Pain Syndrome: An Up-to-Date
Review of Treatment Outcomes. JPRAS Open 2021, 30, 97-109. [CrossRef] [PubMed]

3. Strong, A.L.; Cederna, P.S.; Rubin, ].P; Coleman, S.R.; Levi, B. The Current State of Fat Grafting: A Review of Harvesting,
Processing, and Injection Techniques. Plast. Reconstr. Surg. 2015, 136, 897-912. [CrossRef] [PubMed]

4.  Saffari, TM.; Saffari, S.; Vyas, K.S.; Mardini, S.; Shin, A.Y. Role of adipose tissue grafting and adipose-derived stem cells in
peripheral nerve surgery. Neural Regen. Res. 2022, 17, 2179-2184. [CrossRef]

5. Laloze, J.; Varin, A.; Bertheuil, N.; Grolleau, J.L.; Vaysse, C.; Chaput, B. Cell-assisted lipotransfer: Current concepts. Ann. Chir.
Plast. Esthet. 2017, 62, 609-616. [CrossRef]

6. Carpaneda, C.A.; Ribeiro, M.T. Study of the histologic alterations and viability of the adipose graft in humans. Aesthetic Plast.
Surg. 1993, 17, 43-47. [CrossRef]

7. Pu, L.L. Mechanisms of Fat Graft Survival. Ann. Plast. Surg. 2016, 77 (Suppl. S1), S84-S86. [CrossRef]

8.  Zhao,],;Yi, C,;Li, L,; Zheng, Y.; Wu, K; Liang, L.; Xia, W.; Guo, S. Observations on the survival and neovascularization of fat
grafts interchanged between C57BL/6-gfp and C57BL/6 mice. Plast. Reconstr. Surg. 2012, 130, 398e—406e. [CrossRef]

9. Lin, Y, Yang, Y.; Mu, D. Fat Processing Techniques: A Narrative Review. Aesthetic Plast. Surg. 2021, 45, 730-739. [CrossRef]

10. Trotzier, C.; Sequeira, I.; Auxenfans, C.; Mojallal, A.A. Fat Graft Retention: Adipose Tissue, Adipose-Derived Stem Cells, and
Aging. Plast. Reconstr. Surg. 2023, 151, 420e-431e. [CrossRef]

11.  Zhang, Y,; Liang, J.; Lu, F; Dong, Z. Survival Mechanisms and Retention Strategies in Large-Volume Fat Grafting: A Comprehen-
sive Review and Future Perspectives. Aesthetic Plast. Surg. 2024, 48, 4178-4193. [CrossRef]

12.  Eto, H.; Kato, H.; Suga, H.; Aoi, N.; Doi, K.; Kuno, S.; Yoshimura, K. The fate of adipocytes after nonvascularized fat grafting:
Evidence of early death and replacement of adipocytes. Plast. Reconstr. Surg. 2012, 129, 1081-1092. [CrossRef]

13.  Molitor, M.; Travni¢kova, M.; Mést'dk, O.; Christodoulou, P,; Sedlé¥, A.; Ba¢dkova, L.; Lucchina, S. The Influence of High and Low
Negative Pressure Liposuction and Various Harvesting Techniques on the Viability and Function of Harvested Cells-a Systematic
Review of Animal and Human Studies. Aesthetic Plast. Surg. 2021, 45, 2379-2394. [CrossRef] [PubMed]

14. Wang, S.; Mo, M.; Wang, J.; Sadia, S.; Shi, B.; Fu, X.; Yu, L.; Tredget, E.E.; Wu, Y. Platelet-derived growth factor receptor beta
identifies mesenchymal stem cells with enhanced engraftment to tissue injury and pro-angiogenic property. Cell. Mol. Life Sci.
2018, 75, 547-561. [CrossRef] [PubMed]

15. Bachmeier, M.; Loffler, G. Influence of growth factors on growth and differentiation of 3T3-L1 preadipocytes in serum-free
conditions. Eur. . Cell Biol. 1995, 68, 323-329. [PubMed]

16. Staiger, H.; Loffler, G. The role of PDGF-dependent suppression of apoptosis in differentiating 3T3-L1 preadipocytes. Eur. J. Cell
Biol. 1998, 77, 220-227. [CrossRef]

17. Fontdevila, J.; Guisantes, E.; Martinez, E.; Prades, E.; Berenguer, J. Double-blind clinical trial to compare autologous fat grafts
versus autologous fat grafts with PDGF: No effect of PDGEF. Plast. Reconstr. Surg. 2014, 134, 219e-230e. [CrossRef]

18.  Guzman, N.; Vijayan, V. HIV-associated Lipodystrophy. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022.

19. Lee, S.J. Cytokine delivery and tissue engineering. Yonsei Med. J. 2000, 41, 704-719. [CrossRef]

20. Zhang, Z.;Li, Z.; Wang, Y.; Wang, Q.; Yao, M.; Zhao, L.; Shi, J.; Guan, F; Ma, S. PDGF-BB/SA /Dex injectable hydrogels accelerate
BMSC-mediated functional full thickness skin wound repair by promoting angiogenesis. ]. Mater. Chem. B 2021, 9, 6176-6189.
[CrossRef]

21. Kang, S.; Yoon, ].S,; Lee, ].Y,; Kim, H.J.; Park, K.; Kim, S.E. Long-term local PDGF delivery using porous microspheres modified
with heparin for tendon healing of rotator cuff tendinitis in a rabbit model. Carbohydr. Polym. 2019, 209, 372-381. [CrossRef]

22. Craft, R.O.; Rophael, J.; Morrison, W.A.; Vashi, A.V,; Mitchell, G.M.; Penington, A.]. Effect of local, long-term delivery of
platelet-derived growth factor (PDGF) on injected fat graft survival in severe combined immunodeficient (SCID) mice. J. Plast.
Reconstr. Aesthetic Surg. 2009, 62, 235-243. [CrossRef] [PubMed]

23. Artemenko, Y.; Gagnon, A.; Aubin, D.; Sorisky, A. Anti-adipogenic effect of PDGEF is reversed by PKC inhibition. J. Cell. Physiol.
2005, 204, 646—653. [CrossRef]

24. Bliher, S.; Kratzsch, J.; Kiess, W. Insulin-like growth factor I, growth hormone and insulin in white adipose tissue. Best Pract. Res.
Clin. Endocrinol. Metab. 2005, 19, 577-587. [CrossRef]

25. Thong, ES.; Dugani, C.B.; Klip, A. Turning signals on and off: GLUT4 traffic in the insulin-signaling highway. Physiology 2005,
20, 271-284. [CrossRef]

26. Mead, ].R; Irvine, S.A.; Ramji, D.P. Lipoprotein lipase: Structure, function, regulation, and role in disease. ]. Mol. Med. 2002,
80, 753-769. [CrossRef]

27.  Yuksel, E.; Weinfeld, A.B.; Cleek, R.; Waugh, ].M.; Jensen, ].; Boutros, S.; Shenaq, S.M.; Spira, M. De novo adipose tissue generation

through long-term, local delivery of insulin and insulin-like growth factor-1 by PLGA /PEG microspheres in an in vivo rat model:
A novel concept and capability. Plast. Reconstr. Surg. 2000, 105, 1721-1729. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jpra.2021.07.006
https://www.ncbi.nlm.nih.gov/pubmed/34522756
https://doi.org/10.1097/prs.0000000000001590
https://www.ncbi.nlm.nih.gov/pubmed/26086386
https://doi.org/10.4103/1673-5374.336870
https://doi.org/10.1016/j.anplas.2017.03.011
https://doi.org/10.1007/bf00455048
https://doi.org/10.1097/sap.0000000000000730
https://doi.org/10.1097/PRS.0b013e31825dbfd3
https://doi.org/10.1007/s00266-020-02069-3
https://doi.org/10.1097/prs.0000000000009918
https://doi.org/10.1007/s00266-024-04338-x
https://doi.org/10.1097/PRS.0b013e31824a2b19
https://doi.org/10.1007/s00266-021-02249-9
https://www.ncbi.nlm.nih.gov/pubmed/33876289
https://doi.org/10.1007/s00018-017-2641-7
https://www.ncbi.nlm.nih.gov/pubmed/28929173
https://www.ncbi.nlm.nih.gov/pubmed/8603685
https://doi.org/10.1016/s0171-9335(98)80110-6
https://doi.org/10.1097/prs.0000000000000409
https://doi.org/10.3349/ymj.2000.41.6.704
https://doi.org/10.1039/d1tb00952d
https://doi.org/10.1016/j.carbpol.2019.01.017
https://doi.org/10.1016/j.bjps.2007.11.017
https://www.ncbi.nlm.nih.gov/pubmed/18178534
https://doi.org/10.1002/jcp.20314
https://doi.org/10.1016/j.beem.2005.07.011
https://doi.org/10.1152/physiol.00017.2005
https://doi.org/10.1007/s00109-002-0384-9
https://doi.org/10.1097/00006534-200004050-00018
https://www.ncbi.nlm.nih.gov/pubmed/10809103

Biomolecules 2025, 15, 526 29 of 34

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Hong, S.J.; Lee, ].H.; Hong, S.M.; Park, C.H. Enhancing the viability of fat grafts using new transfer medium containing insulin and
beta-fibroblast growth factor in autologous fat transplantation. J. Plast. Reconstr. Aesthetic Surg. 2010, 63, 1202-1208. [CrossRef]
[PubMed]

Yuksel, E.; Weinfeld, A.B.; Cleek, R.; Wamsley, S.; Jensen, J.; Boutros, S.; Waugh, ].M.; Shenaq, S.M.; Spira, M. Increased free
fat-graft survival with the long-term, local delivery of insulin, insulin-like growth factor-I, and basic fibroblast growth factor by
PLGA /PEG microspheres. Plast. Reconstr. Surg. 2000, 105, 1712-1720. [CrossRef]

Okyay, M.F,; Kémtircii, H.; Baghaki, S.; Demiroz, A.; Aydin, O.; Arslan, H. Effects of Insulin, Metoprolol and Deferoxamine on Fat
Graft Survival. Aesthetic Plast. Surg. 2019, 43, 845-852. [CrossRef]

Lu, E; Li, J.; Gao, J.; Ogawa, R.; Ou, C.; Yang, B.; Fu, B. Improvement of the survival of human autologous fat transplantation by
using VEGF-transfected adipose-derived stem cells. Plast. Reconstr. Surg. 2009, 124, 1437-1446. [CrossRef]

Ayhan, M.; Senen, D.; Adanali, G.; Gorgti, M.; Erdogan, B.; Albayrak, B. Use of beta blockers for increasing survival of free fat
grafts. Aesthetic Plast. Surg. 2001, 25, 338-342. [CrossRef] [PubMed]

Moscona, R.; Shoshani, O.; Lichtig, H.; Karnieli, E. Viability of adipose tissue injected and treated by different methods: An
experimental study in the rat. Ann. Plast. Surg. 1994, 33, 500-506. [CrossRef]

Nguyen, A ; Pasyk, K.A.; Bouvier, T.N.; Hassett, C.A.; Argenta, L.C. Comparative study of survival of autologous adipose tissue
taken and transplanted by different techniques. Plast. Reconstr. Surg. 1990, 85, 378-386; discussion 387-379. [CrossRef] [PubMed]
Cervelli, V.; Scioli, M.G.; Gentile, P.; Doldo, E.; Bonanno, E.; Spagnoli, L.G.; Orlandi, A. Platelet-rich plasma greatly potentiates
insulin-induced adipogenic differentiation of human adipose-derived stem cells through a serine/threonine kinase Akt-dependent
mechanism and promotes clinical fat graft maintenance. Stem Cells Transl. Med. 2012, 1, 206-220. [CrossRef]

Olaru, L; Sava, A.; Tamas, C.; Costea, C.F.; Dumitrescu, G.F; Pasca, A.S.; Olaru, F.; Stamate, T. The significance of erythropoietin
and insulin administration on survival of fat tissue after autologous fat transplantation in Wistar rats. An experimental study.
Rom. J. Morphol. Embryol. 2020, 61, 1143-1151. [CrossRef] [PubMed]

Li, H.; Fong, C.; Chen, Y,; Cai, G.; Yang, M. Beta-adrenergic signals regulate adipogenesis of mouse mesenchymal stem cells via
cAMP /PKA pathway. Mol. Cell. Endocrinol. 2010, 323, 201-207. [CrossRef]

Louis, S.N.; Jackman, G.P.; Nero, T.L.; Iakovidis, D.; Louis, W.J. Role of beta-adrenergic receptor subtypes in lipolysis. Cardiovasc.
Drugs Ther. 2000, 14, 565-577. [CrossRef]

Okyay, M.E; Oztermeli, A. Evaluation of the Effect of Metoprolol Dosage on Fat Graft Survival. Aesthetic Plast. Surg. 2023,
47,1598-1608. [CrossRef]

Penn, M.S.; Pastore, J.; Miller, T.; Aras, R. SDF-1 in myocardial repair. Gene Ther. 2012, 19, 583-587. [CrossRef]

Ji,].E; He, B.P,; Dheen, S.T.; Tay, S.S. Interactions of chemokines and chemokine receptors mediate the migration of mesenchymal
stem cells to the impaired site in the brain after hypoglossal nerve injury. Stem Cells 2004, 22, 415-427. [CrossRef]

Guo, R;; Chai, L.; Chen, L.; Chen, W.; Ge, L.; Li, X;; Li, H.; Li, S.; Cao, C. Stromal cell-derived factor 1 (SDF-1) accelerated skin
wound healing by promoting the migration and proliferation of epidermal stem cells. I Vitro Cell. Dev. Biol. Anim. 2015, 51, 578-585.
[CrossRef] [PubMed]

Hamed, S.; Egozi, D.; Dawood, H.; Keren, A.; Kruchevsky, D.; Ben-Nun, O.; Gilhar, A.; Brenner, B.; Ullmann, Y. The chemokine
stromal cell-derived factor-1« promotes endothelial progenitor cell-mediated neovascularization of human transplanted fat tissue
in diabetic immunocompromised mice. Plast. Reconstr. Surg. 2013, 132, 239e-250e. [CrossRef] [PubMed]

Styner, M.; Sen, B.; Xie, Z.; Case, N.; Rubin, J. Indomethacin promotes adipogenesis of mesenchymal stem cells through a
cyclooxygenase independent mechanism. J. Cell. Biochem. 2010, 111, 1042-1050. [CrossRef]

Zhan, W.; Tan, S.S.; Han, X.; Palmer, J.A.; Mitchell, G.M.; Morrison, W.A. Indomethacin Enhances Fat Graft Retention by
Up-Regulating Adipogenic Genes and Reducing Inflammation. Plast. Reconstr. Surg. 2017, 139, 1093e-1104e. [CrossRef] [PubMed]
Pan, Y,; Zhao, W.; Zhao, D.; Wang, C.; Yu, N.; An, T.; Mo, F;; Liu, J.; Miao, ].; Lv, B.; et al. Salvianolic Acid B Improves Mitochondrial
Function in 3T3-L1 Adipocytes Through a Pathway Involving PPARy Coactivator-1«x (PGC-1«). Front. Pharmacol. 2018, 9, 671.
[CrossRef]

Sun, J.M.; Ho, CK,; Gao, Y.; Chong, C.H.; Zheng, D.N.; Zhang, Y.F; Yu, L. Salvianolic acid-B improves fat graft survival by
promoting proliferation and adipogenesis. Stem Cell Res. Ther. 2021, 12, 507. [CrossRef]

Sun, ].M.; Ho, CK,; Gao, Y.; Chong, C.H,; Liu, Y.D,; Liu, Y.X.; Zheng, D.N.; Zhang, Y.F; Yu, L. Salvianolic Acid B Reduces the
Inflammation of Fat Grafts by Inhibiting the NF-Kb Signalling Pathway in Macrophages. Aesthetic Surg. J. 2023, 43, Np372-Np390.
[CrossRef]

Yamaguchi, M.; Matsumoto, E; Bujo, H.; Shibasaki, M.; Takahashi, K.; Yoshimoto, S.; Ichinose, M.; Saito, Y. Revascularization
determines volume retention and gene expression by fat grafts in mice. Exp. Biol. Med. 2005, 230, 742-748. [CrossRef]
Gurunluoglu, R.; Ozer, K.; Skugor, B.; Lubiatowski, P.; Carnevale, K.; Siemionow, M. Effect of transfection time on the survival of
epigastric skin flaps pretreated with adenovirus encoding the VEGF gene. Ann. Plast. Surg. 2002, 49, 161-169. [CrossRef]

He, Y;; Yu, X,; Chen, Z.; Li, L. Stromal vascular fraction cells plus sustained release VEGF/Ang-1-PLGA microspheres improve fat
graft survival in mice. J. Cell. Physiol. 2019, 234, 6136-6146. [CrossRef]


https://doi.org/10.1016/j.bjps.2009.05.040
https://www.ncbi.nlm.nih.gov/pubmed/19556175
https://doi.org/10.1097/00006534-200004050-00017
https://doi.org/10.1007/s00266-019-01363-z
https://doi.org/10.1097/PRS.0b013e3181babbb6
https://doi.org/10.1007/s002660010145
https://www.ncbi.nlm.nih.gov/pubmed/11692246
https://doi.org/10.1097/00000637-199411000-00007
https://doi.org/10.1097/00006534-199003000-00007
https://www.ncbi.nlm.nih.gov/pubmed/2304989
https://doi.org/10.5966/sctm.2011-0052
https://doi.org/10.47162/rjme.61.4.16
https://www.ncbi.nlm.nih.gov/pubmed/34171063
https://doi.org/10.1016/j.mce.2010.03.021
https://doi.org/10.1023/a:1007838125152
https://doi.org/10.1007/s00266-023-03271-9
https://doi.org/10.1038/gt.2012.32
https://doi.org/10.1634/stemcells.22-3-415
https://doi.org/10.1007/s11626-014-9862-y
https://www.ncbi.nlm.nih.gov/pubmed/25636237
https://doi.org/10.1097/PRS.0b013e31829587e9
https://www.ncbi.nlm.nih.gov/pubmed/23897352
https://doi.org/10.1002/jcb.22793
https://doi.org/10.1097/prs.0000000000003255
https://www.ncbi.nlm.nih.gov/pubmed/28445363
https://doi.org/10.3389/fphar.2018.00671
https://doi.org/10.1186/s13287-021-02575-4
https://doi.org/10.1093/asj/sjac334
https://doi.org/10.1177/153537020523001007
https://doi.org/10.1097/00000637-200208000-00009
https://doi.org/10.1002/jcp.27368

Biomolecules 2025, 15, 526 30 of 34

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Murohara, T.; Horowitz, J.R; Silver, M.; Tsurumi, Y.; Chen, D.; Sullivan, A.; Isner, ].M. Vascular endothelial growth factor/vascular
permeability factor enhances vascular permeability via nitric oxide and prostacyclin. Circulation 1998, 97, 99-107. [CrossRef]
Simén-Yarza, T.; Formiga, F.R.; Tamayo, E.; Pelacho, B.; Prosper, E; Blanco-Prieto, M.]. Vascular endothelial growth factor-delivery
systems for cardiac repair: An overview. Theranostics 2012, 2, 541-552. [CrossRef]

Hamed, S.; Egozi, D.; Kruchevsky, D.; Teot, L.; Gilhar, A.; Ullmann, Y. Erythropoietin improves the survival of fat tissue after its
transplantation in nude mice. PLoS ONE 2010, 5, e13986. [CrossRef] [PubMed]

Chung, C.W.; Marra, K.G; Li, H.; Leung, A.S.; Ward, D.H.; Tan, H.; Kelmendi-Doko, A.; Rubin, ].P. VEGF microsphere technology
to enhance vascularization in fat grafting. Ann. Plast. Surg. 2012, 69, 213-219. [CrossRef]

Li, L,; Pan, S.; Ni, B,; Lin, Y. Improvement in autologous human fat transplant survival with SVF plus VEGF-PLA nano-sustained
release microspheres. Cell Biol. Int. 2014, 38, 962-970. [CrossRef]

Zhang, M.Y,; Ding, S.L.; Tang, S.J.; Yang, H.; Shi, H.E,; Shen, X.Z.; Tan, W.Q. Effect of chitosan nanospheres loaded with VEGF on
adipose tissue transplantation: A preliminary report. Tissue Eng. Part A 2014, 20, 2273-2282. [CrossRef] [PubMed]

Topcu, A.; Aydin, O.E,; Unlii, M.; Barutcu, A; Atabey, A. Increasing the viability of fat grafts by vascular endothelial growth
factor. Arch. Facial Plast. Surg. 2012, 14, 270-276. [CrossRef]

Ding, S.L.; Zhang, M.Y,; Tang, S.J.; Yang, H.; Tan, W.Q. Effect of Calcium Alginate Microsphere Loaded with Vascular Endothelial
Growth Factor on Adipose Tissue Transplantation. Ann. Plast. Surg. 2015, 75, 644-651. [CrossRef] [PubMed]

Tsiftsoglou, A.S. Erythropoietin (EPO) as a Key Regulator of Erythropoiesis, Bone Remodeling and Endothelial Transdifferentiation
of Multipotent Mesenchymal Stem Cells (MSCs): Implications in Regenerative Medicine. Cells 2021, 10, 2140. [CrossRef]
Chong, Z.Z.; Kang, ].Q.; Maiese, K. Erythropoietin: Cytoprotection in vascular and neuronal cells. Curr. Drug Targets Cardiovasc.
Haematol. Disord. 2003, 3, 141-154. [CrossRef]

Warren, J.S.; Zhao, Y.; Yung, R.; Desai, A. Recombinant human erythropoietin suppresses endothelial cell apoptosis and reduces
the ratio of Bax to Bcl-2 proteins in the aortas of apolipoprotein E-deficient mice. . Cardiovasc. Pharmacol. 2011, 57, 424-433.
[CrossRef]

Ribatti, D.; Presta, M.; Vacca, A.; Ria, R.; Giuliani, R.; Dell’Era, P; Nico, B.; Roncali, L.; Dammacco, F. Human erythropoietin induces a
pro-angiogenic phenotype in cultured endothelial cells and stimulates neovascularization in vivo. Blood 1999, 93, 2627-2636.
Nakano, M.; Satoh, K.; Fukumoto, Y.; Ito, Y.; Kagaya, Y.; Ishii, N.; Sugamura, K.; Shimokawa, H. Important role of erythropoietin
receptor to promote VEGF expression and angiogenesis in peripheral ischemia in mice. Circ. Res. 2007, 100, 662—-669. [CrossRef]
[PubMed]

Kawachi, K; Iso, Y.; Sato, T.; Wakabayashi, K.; Kobayashi, Y.; Takeyama, Y.; Suzuki, H. Effects of erythropoietin on angiogenesis
after myocardial infarction in porcine. Heart Vessel. 2012, 27, 79-88. [CrossRef]

Wan, L.; Zhang, E; He, Q.; Tsang, W.P; Lu, L.; Li, Q.; Wu, Z.; Qiu, G.; Zhou, G.; Wan, C. EPO promotes bone repair through
enhanced cartilaginous callus formation and angiogenesis. PLoS ONE 2014, 9, e102010. [CrossRef]

Undén, J.; Sjolund, C.; Lansberg, ].K.; Wieloch, T.; Ruscher, K.; Romner, B. Post-ischemic continuous infusion of erythropoeitin
enhances recovery of lost memory function after global cerebral ischemia in the rat. BMIC Neurosci. 2013, 14, 27. [CrossRef]
Kiikrek, H.; Aitzetmdiiller, M.; Vodiskar, M.; Moog, P.; Machens, H.G.; Duscher, D. Erythropoetin can partially restore cigarette
smoke induced effects on Adipose derived Stem Cells. Clin. Hemorheol. Microcirc. 2021, 77, 27-36. [CrossRef]

Wang, C.; Cai, Y.; Zhang, Y.; Xiong, Z.; Li, G.; Cui, L. Local injection of deferoxamine improves neovascularization in ischemic
diabetic random flap by increasing HIF-1«x and VEGF expression. PLoS ONE 2014, 9, e100818. [CrossRef]

Wang, K,; Jing, Y.; Xu, C.; Zhao, J.; Gong, Q.; Chen, S. HIF-1x and VEGF Are Involved in Deferoxamine-Ameliorated Traumatic
Brain Injury. J. Surg. Res. 2020, 246, 419-426. [CrossRef]

Weinstein, G.S.; Maves, M.D.; McCormack, M.L. Deferoxamine decreases necrosis in dorsally based pig skin flaps. Otolaryngol.
Head Neck Surg. 1989, 101, 559-561. [CrossRef]

Morselli, P.G.; Sorbi, G.; Feliziani, C.; Muscari, C. Deferoxamine Protects Stromal/Stem Cells of “Lull pgm System”-Processed
Lipoaspirates Against Damages Induced by Mitochondrial Respiration Inhibition. Aesthetic Plast. Surg. 2020, 44, 168-176.
[CrossRef] [PubMed]

Temiz, G.; Sirinoglu, H.; Yesiloglu, N.; Filinte, D.; Kagmaz, C. Effects of Deferoxamine on Fat Graft Survival. Facial Plast. Surg.
2016, 32, 438-443. [CrossRef] [PubMed]

Tevlin, R.; Longaker, M.T.; Wan, D.C. Deferoxamine to Minimize Fibrosis During Radiation Therapy. Adv. Wound Care 2022,
11, 548-559. [CrossRef]

Ikeda, Y.; Ozono, I; Tajima, S.; Imao, M.; Horinouchi, Y.; Izawa-Ishizawa, Y.; Kihira, Y.; Miyamoto, L.; Ishizawa, K.; Tsuchiya, K,;
et al. Iron chelation by deferoxamine prevents renal interstitial fibrosis in mice with unilateral ureteral obstruction. PLoS ONE
2014, 9, e89355. [CrossRef]

Kim, J.; Park, M.; Jeong, W.; Lee, HW.; Lee, G.; Suk Lee, K.; Park, S.W.; Choi, . Recipient-Site Preconditioning with Deferoxamine
Increases Fat Graft Survival by Inducing VEGF and Neovascularization in a Rat Model. Plast. Reconstr. Surg. 2019, 144, 619e-62%.
[CrossRef]


https://doi.org/10.1161/01.CIR.97.1.99
https://doi.org/10.7150/thno.3682
https://doi.org/10.1371/journal.pone.0013986
https://www.ncbi.nlm.nih.gov/pubmed/21085572
https://doi.org/10.1097/SAP.0b013e3182573827
https://doi.org/10.1002/cbin.10284
https://doi.org/10.1089/ten.tea.2012.0766
https://www.ncbi.nlm.nih.gov/pubmed/24559057
https://doi.org/10.1001/archfaci.2011.1633
https://doi.org/10.1097/SAP.0000000000000201
https://www.ncbi.nlm.nih.gov/pubmed/25180953
https://doi.org/10.3390/cells10082140
https://doi.org/10.2174/1568006033481483
https://doi.org/10.1097/FJC.0b013e31820d92fd
https://doi.org/10.1161/01.RES.0000260179.43672.fe
https://www.ncbi.nlm.nih.gov/pubmed/17293480
https://doi.org/10.1007/s00380-011-0197-2
https://doi.org/10.1371/journal.pone.0102010
https://doi.org/10.1186/1471-2202-14-27
https://doi.org/10.3233/ch-200852
https://doi.org/10.1371/journal.pone.0100818
https://doi.org/10.1016/j.jss.2019.09.023
https://doi.org/10.1177/019459988910100508
https://doi.org/10.1007/s00266-019-01544-w
https://www.ncbi.nlm.nih.gov/pubmed/31741067
https://doi.org/10.1055/s-0036-1584236
https://www.ncbi.nlm.nih.gov/pubmed/27494589
https://doi.org/10.1089/wound.2021.0021
https://doi.org/10.1371/journal.pone.0089355
https://doi.org/10.1097/prs.0000000000006036

Biomolecules 2025, 15, 526 31 of 34

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Flacco, J.; Chung, N.; Blackshear, C.P; Irizarry, D.; Momeni, A; Lee, G.K,; Nguyen, D.; Gurtner, G.C.; Longaker, M.T.; Wan, D.C.
Deferoxamine Preconditioning of Irradiated Tissue Improves Perfusion and Fat Graft Retention. Plast. Reconstr. Surg. 2018, 141, 655-665.
[CrossRef] [PubMed]

Yu, Y,; Gutierrez, E.; Kovacevic, Z.; Saletta, F; Obeidy, P.; Suryo Rahmanto, Y.; Richardson, D.R. Iron chelators for the treatment of
cancer. Curr. Med. Chem. 2012, 19, 2689-2702. [CrossRef]

Komoto, K.; Nomoto, T.; El Muttaqien, S.; Takemoto, H.; Matsui, M.; Miura, Y.; Nishiyama, N. Iron chelation cancer therapy using
hydrophilic block copolymers conjugated with deferoxamine. Cancer Sci. 2021, 112, 410-421. [CrossRef]

Ozer, U. The role of Iron on breast cancer stem-like cells. Cell. Mol. Biol. 2016, 62, 25-30.

Duscher, D.; Neofytou, E.; Wong, VW.; Maan, Z.N.; Rennert, R.C.; Inayathullah, M.; Januszyk, M.; Rodrigues, M.; Malkovskiy,
A.V; Whitmore, A J.; et al. Transdermal deferoxamine prevents pressure-induced diabetic ulcers. Proc. Natl. Acad. Sci. USA 2015,
112, 94-99. [CrossRef]

Lintel, H.; Abbas, D.B.; Lavin, C.V,; Griffin, M.; Guo, J.L.; Guardino, N.; Churukian, A.; Gurtner, G.C.; Momeni, A.; Longaker,
M.T,; et al. Transdermal deferoxamine administration improves excisional wound healing in chronically irradiated murine skin. J.
Transl. Med. 2022, 20, 274. [CrossRef]

Vignesh, S.; Sivashanmugam, A.; Mohandas Annapoorna Janarthanan, R.; Iyer Subramania Nair Shantikumar, V.; Jayakumar, R.
Injectable deferoxamine nanoparticles loaded chitosan-hyaluronic acid coacervate hydrogel for therapeutic angiogenesis. Colloids
Surf. B Biointerfaces 2018, 161, 129-138. [CrossRef]

Takpradit, C.; Viprakasit, V.; Narkbunnam, N.; Vathana, N.; Phuakpet, K.; Pongtanakul, B.; Sanpakit, K.; Buaboonnam, J. Using of
deferasirox and deferoxamine in refractory iron overload thalassemia. Pediatr. Int. 2021, 63, 404-409. [CrossRef] [PubMed]

Lin, Y;; Zhang, X.; Li, H.; Mu, D. Deferoxamine Mesylate Improves the Survival Rate of Transplanted Fat by Promoting
Angiogenesis. Aesthetic Surg. J. 2023, 43, 789-798. [CrossRef] [PubMed]

Khouri, RK.; Brown, D.M.; Leal-Khouri, S.M.; Tark, K.C.; Shaw, W.W. The effect of basic fibroblast growth factor on the
neovascularisation process: Skin flap survival and staged flap transfers. Br. ]. Plast. Surg. 1991, 44, 585-588. [CrossRef]

Yan, L.; Wu, W,; Wang, Z; Li, C.; Lu, X.; Duan, H.; Zhou, J.; Wang, X.; Wan, P,; Song, Y.; et al. Comparative study of the effects
of recombinant human epidermal growth factor and basic fibroblast growth factor on corneal epithelial wound healing and
neovascularization in vivo and in vitro. Ophthalmic Res. 2013, 49, 150-160. [CrossRef]

Tabata, Y.; Miyao, M.; Inamoto, T.; Ishii, T.; Hirano, Y.; Yamaoki, Y.; Ikada, Y. De novo formation of adipose tissue by controlled
release of basic fibroblast growth factor. Tissue Eng. 2000, 6, 279-289. [CrossRef]

Navre, M.; Ringold, G.M. A growth factor-repressible gene associated with protein kinase C-mediated inhibition of adipocyte
differentiation. J. Cell Biol. 1988, 107, 279-286. [CrossRef]

Inoue, S.; Imamura, M.; Tabata, Y. Adipogenic differentiation of adipo-stromal cells incubated with basic fibroblast growth factor
in solution and coated form. J. Biomater. Sci. Polym. Ed. 2009, 20, 483-494. [CrossRef]

Quang, T.; Marquez, M.; Blanco, G.; Zhao, Y. Dosage and cell line dependent inhibitory effect of bFGF supplement in human
pluripotent stem cell culture on inactivated human mesenchymal stem cells. PLoS ONE 2014, 9, e86031. [CrossRef]

Aoki, S.; Toda, S.; Sakemi, T.; Sugihara, H. Coculture of endothelial cells and mature adipocytes actively promotes immature
preadipocyte development in vitro. Cell Struct. Funct. 2003, 28, 55-60. [CrossRef] [PubMed]

Kawaguchi, N.; Toriyama, K.; Nicodemou-Lena, E.; Inou, K,; Torii, S.; Kitagawa, Y. De novo adipogenesis in mice at the site of
injection of basement membrane and basic fibroblast growth factor. Proc. Natl. Acad. Sci. USA 1998, 95, 1062-1066. [CrossRef]
Fukumura, D.; Ushiyama, A.; Duda, D.G.; Xu, L.; Tam, J.; Krishna, V.; Chatterjee, K.; Garkavtsev, L; Jain, R.K. Paracrine regulation
of angiogenesis and adipocyte differentiation during in vivo adipogenesis. Circ. Res. 2003, 93, e88-e97. [CrossRef] [PubMed]
Nakamura, S.; Ishihara, M.; Takikawa, M.; Murakami, K.; Kishimoto, S.; Nakamura, S.; Yanagibayashi, S.; Mori, Y.; Fujita,
M.; Kubo, S.; et al. Increased survival of free fat grafts and vascularization in rats with local delivery of fragmin/protamine
microparticles containing FGF-2 (F/P MP-F). |. Biomed. Mater. Res. B Appl. Biomater. 2011, 96, 234-241. [CrossRef]

Tamura, E.; Fukuda, H.; Tabata, Y. Adipose tissue formation in response to basic fibroblast growth factor. Acta Otolaryngol. 2007,
127,1327-1331. [CrossRef]

Tamura, E.; Tabata, Y.; Yamada, C.; Okada, S.; lida, M. Autologous fat augmentation of the vocal fold with basic fibroblast growth
factor: Computed tomographic assessment of fat tissue survival after augmentation. Acta Otolaryngol. 2015, 135, 1163-1167.
[CrossRef] [PubMed]

Eppley, B.L; Sidner, R.A.; Platis, ].M.; Sadove, A.M. Bioactivation of free-fat transfers: A potential new approach to improving
graft survival. Plast. Reconstr. Surg. 1992, 90, 1022-1030. [CrossRef]

Eppley, B.L.; Sadove, A.M. A physicochemical approach to improving free fat graft survival: Preliminary observations. Aesthetic
Plast. Surg. 1991, 15, 215-218. [CrossRef]

Eppley, B.L.; Snyders, R.V,, Jr.; Winkelmann, T.; Delfino, ].J. Autologous facial fat transplantation: Improved graft maintenance by
microbead bioactivation. J. Oral Maxillofac. Surg. 1992, 50, 477-482; discussion 482—483. [CrossRef]


https://doi.org/10.1097/prs.0000000000004167
https://www.ncbi.nlm.nih.gov/pubmed/29135894
https://doi.org/10.2174/092986712800609706
https://doi.org/10.1111/cas.14607
https://doi.org/10.1073/pnas.1413445112
https://doi.org/10.1186/s12967-022-03479-4
https://doi.org/10.1016/j.colsurfb.2017.10.033
https://doi.org/10.1111/ped.14444
https://www.ncbi.nlm.nih.gov/pubmed/32856363
https://doi.org/10.1093/asj/sjad066
https://www.ncbi.nlm.nih.gov/pubmed/36952294
https://doi.org/10.1016/0007-1226(91)90094-Z
https://doi.org/10.1159/000343775
https://doi.org/10.1089/10763270050044452
https://doi.org/10.1083/jcb.107.1.279
https://doi.org/10.1163/156856209X416494
https://doi.org/10.1371/journal.pone.0086031
https://doi.org/10.1247/csf.28.55
https://www.ncbi.nlm.nih.gov/pubmed/12655151
https://doi.org/10.1073/pnas.95.3.1062
https://doi.org/10.1161/01.res.0000099243.20096.fa
https://www.ncbi.nlm.nih.gov/pubmed/14525808
https://doi.org/10.1002/jbm.b.31757
https://doi.org/10.1080/00016480701258689
https://doi.org/10.3109/00016489.2015.1064544
https://www.ncbi.nlm.nih.gov/pubmed/26143653
https://doi.org/10.1097/00006534-199212000-00013
https://doi.org/10.1007/BF02273860
https://doi.org/10.1016/S0278-2391(10)80319-2

Biomolecules 2025, 15, 526 32 of 34

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Park, H.; Williams, R.; Goldman, N.; Choe, H.; Kobler, J.; Lopez-Guerra, G.; Heaton, ].T.; Langer, R.; Zeitels, S.M. Comparison of
effects of 2 harvesting methods on fat autograft. Laryngoscope 2008, 118, 1493-1499. [CrossRef]

Lo, C.; Cao, L,; Lin, Y.; Wang, H. The Effect of Botulinum Toxin Type A in the Autologous Fat Grafting: A Review. J. Cosmet.
Dermatol. 2024, 23, 3828-3835. [CrossRef] [PubMed]

Shi, Y;; Yuan, Y.; Dong, Z.; Gao, J.; Lu, F. The Fate of Fat Grafts in Different Recipient Areas: Subcutaneous Plane, Fat Pad, and
Muscle. Dermatol. Surg. 2016, 42, 535-542. [CrossRef]

Ratner, D. Skin grafting: From here to there. Dermatol. Clin. 1998, 16, 75-90. [CrossRef]

Li, G.; Fu, N,; Yang, X,; Li, M.; Ba, K.; Wei, X,; Fu, Y.; Yao, Y.; Cai, X;; Lin, Y. Mechanical compressive force inhibits adipogenesis of
adipose stem cells. Cell Prolif. 2013, 46, 586-594. [CrossRef]

Cho, S.W.; Song, K.W.; Rhie, ] W.; Park, M.H.; Choi, C.Y.; Kim, B.S. Engineered adipose tissue formation enhanced by basic
fibroblast growth factor and a mechanically stable environment. Cell Transpl. 2007, 16, 421-434. [CrossRef] [PubMed]

Liu, T,; Qiang, S.; Wang, N.; Wei, S.; Qiu, L.; Xiong, S.; Ma, X.; Zhang, Z.; Yi, C. Improving the Retention Rate of Fat Grafting by
Botulinum Toxin A: A Randomized, Self-controlled, Clinical Trial. Aesthetic Plast. Surg. 2024, 48, 5342-5349. [CrossRef] [PubMed]
Tang, Q.; Chen, C.; Wang, X,; Li, W.; Zhang, Y.; Wang, M.; Jing, W.; Wang, H.; Guo, W.; Tian, W. Botulinum toxin A improves
adipose tissue engraftment by promoting cell proliferation, adipogenesis and angiogenesis. Int. J. Mol. Med. 2017, 40, 713-720.
[CrossRef]

Baek, R.M.; Park, S.0.; Jeong, E.C.; Oh, H.S,; Kim, S.W.; Minn, K.W.; Lee, S.Y. The effect of botulinum toxin A on fat graft survival.
Aesthetic Plast. Surg. 2012, 36, 680-686. [CrossRef]

Hoon, S.Y; Gao, J.; Xu, L,; Yu, Z,; Jiang, T.; Kang, B.K.; Zhang, R.; Cao, D. Effect of additive-assisted fat transplantation on fat
graft survival rate: A preliminary experimental study based on a rabbit animal model. Ann. Chir. Plast. Esthet. 2021, 66, 440-446.
[CrossRef]

Wu, M,; Li, Y.; Wang, Z.; Feng, ].; Wang, J.; Xiao, X.; Lu, F; Dong, Z. Botulinum Toxin A Improves Supramuscular Fat Graft
Retention by Enhancing Angiogenesis and Adipogenesis. Dermatol. Surg. 2020, 46, 646—652. [CrossRef]

Shi, N.; Guo, S.; Su, Y.; Zhang, Z.; Qiu, L.; Yu, Z.; Yang, Q.; Wang, N.; Yi, C. Improvement in the Retention Rate of Transplanted
Fat in Muscle by Denervation. Aesthetic Surg. J. 2018, 38, 1026-1034. [CrossRef]

Shi, N.; Su, Y.; Guo, S.; Zhang, Z.; Qiu, L.; Yi, C. Improving the Retention Rate of Fat Grafts in Recipient Areas via Botulinum
Toxin A Treatment. Aesthetic Surg. J. 2019, 39, 1436-1444. [CrossRef]

Baran, C.N.; Celebioglu, S.; Sensoz, O.; Ulusoy, G.; Civelek, B.; Ortak, T. The behavior of fat grafts in recipient areas with enhanced
vascularity. Plast. Reconstr. Surg. 2002, 109, 1646-1650. [CrossRef]

Aygit, A.C.; Sarikaya, A.; Doganay, L.; Top, H.; Cakir, B.; Firat, M.F. The fate of intramuscularly injected fat autografts: An
experimental study in rabbits. Aesthetic Plast. Surg. 2004, 28, 334-339. [CrossRef] [PubMed]

Wise, ].B.; Greco, T. Injectable treatments for the aging face. Facial Plast. Surg. 2006, 22, 140-146. [CrossRef]

Zheng, 7Z.; Hao, Y.; Yin, ].; Lei, X.; Cheng, B.; Huang, W. Autogenous Fat Transplantation and Botulinum Toxin Injection Into the
Masseter Muscle to Create an Ideal Oval Face. Aesthetic Surg. |. 2021, 41, Np579-Np588. [CrossRef]

Lv, S.; Cai, H.; Xu, Y; Dai, J.; Rong, X.; Zheng, L. Thymosin-f 4 induces angiogenesis in critical limb ischemia mice via regulating
Notch/NF-«kB pathway. Int. ]. Mol. Med. 2020, 46, 1347-1358. [CrossRef]

Jeon, B.J,; Yang, Y.; Kyung Shim, S.; Yang, H.M.; Cho, D.; Ik Bang, S. Thymosin beta-4 promotes mesenchymal stem cell
proliferation via an interleukin-8-dependent mechanism. Exp. Cell Res. 2013, 319, 2526-2534. [CrossRef]

Wu, S.; Zhou, R.; Zhou, F; Streubel, PN.; Chen, S.; Duan, B. Electrospun thymosin Beta-4 loaded PLGA /PLA nanofiber/
microfiber hybrid yarns for tendon tissue engineering application. Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 106, 110268.
[CrossRef]

Kim, J.H.; Lim, LR,; Park, C.Y.; Joo, H.J.; Noh, ].M.; Choi, S.C.; Hong, S.J.; Lim, D.S. Thymosin 34-Enhancing Therapeutic Efficacy
of Human Adipose-Derived Stem Cells in Mouse Ischemic Hindlimb Model. Int. ]. Mol. Sci. 2020, 21, 2166. [CrossRef]

Qu, Y,; Wang, Q.; Fu, S.; Guo, X,; Luan, J.; Mu, D. The Effect of Thymosin beta4 on the Survival of Autologous Fat Grafting: A
Preliminary Study. Aesthetic Surg. J. 2020, 40, Np519-Np529. [CrossRef]

Gillis, J.; Gebremeskel, S.; Phipps, K.D.; MacNeil, L.A ; Sinal, C.J.; Johnston, B.; Hong, P.; Bezuhly, M. Effect of N-Acetylcysteine
on Adipose-Derived Stem Cell and Autologous Fat Graft Survival in a Mouse Model. Plast. Reconstr. Surg. 2015, 136, 179e—188e.
[CrossRef]

Millea, PJ. N-acetylcysteine: Multiple clinical applications. Am. Fam. Physician 2009, 80, 265-269. [PubMed]

Kelly, G.S. Clinical applications of N-acetylcysteine. Altern. Med. Rev. 1998, 3, 114-127.

Pietruski, P; Paskal, W.; Paluch, L.; Paskal, A.M.; Nitek, Z.; Wtodarski, P.; Walecki, J.,; Noszczyk, B. The Impact of N-Acetylcysteine
on Autologous Fat Graft: First-in-Human Pilot Study. Aesthetic Plast. Surg. 2021, 45, 2397-2405. [CrossRef] [PubMed]

Atashi, F.; Modarressi, A.; Pepper, M.S. The role of reactive oxygen species in mesenchymal stem cell adipogenic and osteogenic
differentiation: A review. Stem Cells Dev. 2015, 24, 1150-1163. [CrossRef]


https://doi.org/10.1097/MLG.0b013e3181735634
https://doi.org/10.1111/jocd.16550
https://www.ncbi.nlm.nih.gov/pubmed/39305094
https://doi.org/10.1097/DSS.0000000000000615
https://doi.org/10.1016/S0733-8635(05)70488-5
https://doi.org/10.1111/cpr.12053
https://doi.org/10.3727/000000007783464795
https://www.ncbi.nlm.nih.gov/pubmed/17658132
https://doi.org/10.1007/s00266-024-04342-1
https://www.ncbi.nlm.nih.gov/pubmed/39285055
https://doi.org/10.3892/ijmm.2017.3073
https://doi.org/10.1007/s00266-011-9864-z
https://doi.org/10.1016/j.anplas.2021.03.007
https://doi.org/10.1097/DSS.0000000000002106
https://doi.org/10.1093/asj/sjy104
https://doi.org/10.1093/asj/sjz073
https://doi.org/10.1097/00006534-200204150-00023
https://doi.org/10.1007/s00266-004-3121-7
https://www.ncbi.nlm.nih.gov/pubmed/15666051
https://doi.org/10.1055/s-2006-947720
https://doi.org/10.1093/asj/sjaa324
https://doi.org/10.3892/ijmm.2020.4701
https://doi.org/10.1016/j.yexcr.2013.04.014
https://doi.org/10.1016/j.msec.2019.110268
https://doi.org/10.3390/ijms21062166
https://doi.org/10.1093/asj/sjaa062
https://doi.org/10.1097/prs.0000000000001443
https://www.ncbi.nlm.nih.gov/pubmed/19621836
https://doi.org/10.1007/s00266-020-01633-1
https://www.ncbi.nlm.nih.gov/pubmed/32221675
https://doi.org/10.1089/scd.2014.0484

Biomolecules 2025, 15, 526 33 of 34

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Luchetti, F.; Canonico, B.; Betti, M.; Arcangeletti, M.; Pilolli, F; Piroddi, M.; Canesi, L.; Papa, S.; Galli, F. Melatonin signaling and
cell protection function. FASEB J. 2010, 24, 3603-3624. [CrossRef]

Tan, D.X.; Manchester, L.C.; Reiter, R.].; Qi, W.B.; Karbownik, M.; Calvo, J.R. Significance of melatonin in antioxidative defense
system: Reactions and products. Biol. Signals Recept. 2000, 9, 137-159. [CrossRef]

Luchetti, F.; Canonico, B.; Bartolini, D.; Arcangeletti, M.; Ciffolilli, S.; Murdolo, G.; Piroddi, M.; Papa, S.; Reiter, R.J.; Galli, F.
Melatonin regulates mesenchymal stem cell differentiation: A review. . Pineal. Res. 2014, 56, 382-397. [CrossRef]

Tan, S.S.; Han, X.; Sivakumaran, P; Lim, S.Y.; Morrison, W.A. Melatonin Protects Human Adipose-Derived Stem Cells from
Oxidative Stress and Cell Death. Arch. Plast. Surg. 2016, 43, 237-241. [CrossRef]

Zhao, J.; Young, Y.K.; Fradette, ].; Eliopoulos, N. Melatonin pretreatment of human adipose tissue-derived mesenchymal stromal
cells enhances their prosurvival and protective effects on human kidney cells. Am. J. Physiol. Renal. Physiol. 2015, 308, F1474-F1483.
[CrossRef] [PubMed]

Dang, J.; Yu, Z.; Wang, T.; Jiao, Y.; Wang, K.; Dou, W.; Yi, C.; Song, B. Effects of Melatonin on Fat Graft Retention Through
Browning of Adipose Tissue and Alternative Macrophage Polarization. Aesthetic Plast. Surg. 2023, 47, 1578-1586. [CrossRef]
[PubMed]

Alcald, M.; Sanchez-Vera, L; Sevillano, J.; Herrero, L.; Serra, D.; Ramos, M.P.; Viana, M. Vitamin E reduces adipose tissue fibrosis,
inflammation, and oxidative stress and improves metabolic profile in obesity. Obesity 2015, 23, 1598-1606. [CrossRef]

Chiao, T.B.; Lee, A.]J. Role of pentoxifylline and vitamin E in attenuation of radiation-induced fibrosis. Ann. Pharmacother. 2005,
39, 516-522. [CrossRef] [PubMed]

Kaidar-Person, O.; Marks, L.B.; Jones, E.L. Pentoxifylline and vitamin E for treatment or prevention of radiation-induced fibrosis
in patients with breast cancer. Breast |. 2018, 24, 816-819. [CrossRef]

Abbas, D.B.; Lavin, C.V.; Fahy, EJ.; Griffin, M.; Guardino, N.J.; Nazerali, R.S.; Nguyen, D.H.; Momeni, A.; Longaker, M.T.; Wan, D.C.
Fat Grafts Augmented with Vitamin E Improve Volume Retention and Radiation-Induced Fibrosis. Aesthetic Surg. ]. 2022, 42, 946-955.
[CrossRef]

Zingg, ] M.; Meydani, M.; Azzi, A. x-Tocopheryl phosphate--an activated form of vitamin E important for angiogenesis and
vasculogenesis? Biofactors 2012, 38, 24-33. [CrossRef]

Cinar, F; Yalcin, C.E.; Ayas, G.; Celik, U.; Okyay, M.F; Demiroz, A.; Baghaki, S.; Cetinkale, O. Increased Total Antioxidant
Capacity Value Improves Survival of Fat Grafts in a Rat Model. Plast. Reconstr. Surg. 2023, 153, 1307-1316. [CrossRef]

Loder, S.; Wang, S.; Amurgis, C.; DeSanto, M.; Stavros, A.G.; Patadji, S.; Olevian, D.; Lee, P.; Guerrero, D.; Gusenoff, ].A.; et al.
Active Vitamin D3 (Calcitriol) Increases Adipose Graft Retention in a Xenograft Model. Aesthetic Surg. J. 2023, 43, Np449-Np465.
[CrossRef]

Savla, S.R.; Laddha, A.P,; Kulkarni, Y.A. Pharmacology of apocynin: A natural acetophenone. Drug Metab. Rev. 2021, 53, 542-562.
[CrossRef]

Chocry, M.; Leloup, L. The NADPH Oxidase Family and Its Inhibitors. Antioxid. Redox Signal. 2020, 33, 332-353. [CrossRef]

Du, ZD,; Yu, S; Qi, Y,; Qu, TFE; He, L.; Wei, W,; Liu, K.; Gong, S.5. NADPH oxidase inhibitor apocynin decreases mitochondrial
dysfunction and apoptosis in the ventral cochlear nucleus of D-galactose-induced aging model in rats. Neurochem. Int. 2019, 124, 31-40.
[CrossRef] [PubMed]

Hou, L,; Sun, F; Huang, R.; Sun, W.; Zhang, D.; Wang, Q. Inhibition of NADPH oxidase by apocynin prevents learning and
memory deficits in a mouse Parkinson’s disease model. Redox Biol. 2019, 22, 101134. [CrossRef]

Yu, J.; Weiwer, M; Linhardt, R.J.; Dordick, J.S. The role of the methoxyphenol apocynin, a vascular NADPH oxidase inhibitor, as a
chemopreventative agent in the potential treatment of cardiovascular diseases. Curr. Vasc. Pharmacol. 2008, 6, 204-217. [CrossRef]
[PubMed]

Keskin, E.R.; Cakan, D. The Effect of Apocynin on Fat Graft Survival. Aesthetic Plast. Surg. 2021, 45, 1843-1852. [CrossRef]
[PubMed]

Purwaningsih, I.; Maksum, I.P.; Sumiarsa, D.; Sriwidodo, S. A Review of Fibraurea tinctoria and Its Component, Berberine, as an
Antidiabetic and Antioxidant. Molecules 2023, 28, 1294. [CrossRef]

Ghorbani, A.; Baradaran Rahimi, V.; Sadeghnia, H.R.; Hosseini, A. Effect of berberine on the viability of adipose tissue-derived
mesenchymal stem cells in nutrients deficient condition. Nat. Prod. Res. 2018, 32, 592-595. [CrossRef]

Pang, H.; Zhou, Y.; Wang, J.; Wu, H.; Liu, X; Gao, F; Xiao, Z. Berberine Influences the Survival of Fat Grafting by Inhibiting
Autophagy and Apoptosis of Human Adipose Derived Mesenchymal Stem Cells. Drug Des. Devel. Ther. 2021, 15, 4795-4809.
[CrossRef]

Xining, Z.; Sai, L. The Evolving Function of Vasculature and Pro-angiogenic Therapy in Fat Grafting. Cell Transpl. 2024,
33, 9636897241264976. [CrossRef]

Debuc, B.; Gendron, N.; Cras, A.; Rancic, J.; Philippe, A.; Cetrulo, C.L., Jr.; Lellouch, A.G.; Smadja, D.M. Improving Autologous
Fat Grafting in Regenerative Surgery through Stem Cell-Assisted Lipotransfer. Stem Cell Rev. Rep. 2023, 19, 1726-1754. [CrossRef]


https://doi.org/10.1096/fj.10-154450
https://doi.org/10.1159/000014635
https://doi.org/10.1111/jpi.12133
https://doi.org/10.5999/aps.2016.43.3.237
https://doi.org/10.1152/ajprenal.00512.2014
https://www.ncbi.nlm.nih.gov/pubmed/25904702
https://doi.org/10.1007/s00266-022-03242-6
https://www.ncbi.nlm.nih.gov/pubmed/36633654
https://doi.org/10.1002/oby.21135
https://doi.org/10.1345/aph.1E186
https://www.ncbi.nlm.nih.gov/pubmed/15701781
https://doi.org/10.1111/tbj.13044
https://doi.org/10.1093/asj/sjac066
https://doi.org/10.1002/biof.198
https://doi.org/10.1097/prs.0000000000010873
https://doi.org/10.1093/asj/sjad001
https://doi.org/10.1080/03602532.2021.1895203
https://doi.org/10.1089/ars.2019.7915
https://doi.org/10.1016/j.neuint.2018.12.008
https://www.ncbi.nlm.nih.gov/pubmed/30578839
https://doi.org/10.1016/j.redox.2019.101134
https://doi.org/10.2174/157016108784911984
https://www.ncbi.nlm.nih.gov/pubmed/18673160
https://doi.org/10.1007/s00266-021-02180-z
https://www.ncbi.nlm.nih.gov/pubmed/33649924
https://doi.org/10.3390/molecules28031294
https://doi.org/10.1080/14786419.2017.1324965
https://doi.org/10.2147/dddt.s337215
https://doi.org/10.1177/09636897241264976
https://doi.org/10.1007/s12015-023-10568-4

Biomolecules 2025, 15, 526 34 of 34

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Tan, S.S.; Zhan, W.; Poon, C.J.; Han, X.; Marre, D.; Boodhun, S.; Palmer, J.A.; Mitchell, G.M.; Morrison, W.A. Melatonin promotes
survival of nonvascularized fat grafts and enhances the viability and migration of human adipose-derived stem cells via
down-regulation of acute inflammatory cytokines. J. Tissue Eng. Regen. Med. 2018, 12, 382-392. [CrossRef] [PubMed]

Jiang, A.; Li, M.; Duan, W.; Dong, Y.; Wang, Y. Improvement of the survival of human autologous fat transplantation by
adipose-derived stem-cells-assisted lipotransfer combined with bFGE. Sci. World J. 2015, 2015, 968057. [CrossRef]

Zhang, Y,; Xiao, L.L.; Li, ].X,; Liu, HW.,; Li, S.H.; Wu, Y.Y,; Liao, X.; Rao, C.Q. Improved fat transplantation survival by using the
conditioned medium of vascular endothelial growth factor transfected human adipose-derived stem cells. Kaohsiung J. Med. Sci.
2017, 33, 379-384. [CrossRef]

Chang, L.; Wang, J.; Zheng, D.; Zhang, B.; Fan, Q.; Zhu, C.; Yu, L. Improvement of the survival of autologous free-fat transplants
in rats using vascular endothelial growth factor 165-transfected bone mesenchymal stem cells. Ann. Plast. Surg. 2014, 72, 355-362.
[CrossRef]

Liu, M.; Wang, G.; Jin, W.; Wu, H.; Liu, N.; Zhen, Y.; An, Y. Poloxamer 188 washing of lipoaspirate improves fat graft survival: A
comparative study in nude mice. |. Plast. Reconstr. Aesthetic Surg. 2024, 95, 357-367. [CrossRef]

Medina, M.A., 3rd; Nguyen, ].T.; Kirkham, J.C.; Lee, ].H.; McCormack, M.C.; Randolph, M.A.; Austen, W.G., Jr. Polymer therapy:
A novel treatment to improve fat graft viability. Plast. Reconstr. Surg. 2011, 127, 2270-2282. [CrossRef] [PubMed]

Kim, LK,; Hong, K.Y.; Ju, U.L; Choi, B.G.; Jin, U.S.; Chun, Y.S.; Chang, H. Compact Fat Grafting: A Novel Method to Improve
Graft Retention Through Modulation of Adipocyte Size. Aesthetic Surg. J. 2021, 41, Np653-Np661. [CrossRef]

Yu, P; Yang, Z.; Lu, H,; Jin, X.; Yang, X.; Qi, Z. Quercetin May Improve Fat Graft Survival by Promoting Fat Browning Peripherally.
Aesthetic Plast. Surg. 2022, 46, 2517-2525. [CrossRef] [PubMed]

Zhou, Y.; Cao, H.B.; Li, WJ.; Zhao, L. The CXCL12 (SDF-1)/CXCR4 chemokine axis: Oncogenic properties, molecular targeting,
and synthetic and natural product CXCR4 inhibitors for cancer therapy. Chin. J. Nat. Med. 2018, 16, 801-810. [CrossRef]

Zhang, T.; Dai, J.; Xu, Y.; Yu, L.; Wang, X. Liquid Phase Concentrated Growth Factor Improves Autologous Fat Graft Survival In
Vivo in Nude Mice. Aesthetic Plast. Surg. 2021, 45, 2417-2422. [CrossRef]

Lei, M,; Liu, S.Q.; Peng, H.; Liu, Y.L. Effect of rhVEGF gene transfection on survival of grafts after autologous free granular fat
transplantation in rats. Chin. J. Traumatol. 2008, 11, 49-53. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/term.2463
https://www.ncbi.nlm.nih.gov/pubmed/28486770
https://doi.org/10.1155/2015/968057
https://doi.org/10.1016/j.kjms.2017.05.009
https://doi.org/10.1097/SAP.0b013e3182592db1
https://doi.org/10.1016/j.bjps.2024.06.003
https://doi.org/10.1097/PRS.0b013e3182139fc1
https://www.ncbi.nlm.nih.gov/pubmed/21617461
https://doi.org/10.1093/asj/sjaa401
https://doi.org/10.1007/s00266-022-02857-z
https://www.ncbi.nlm.nih.gov/pubmed/35325306
https://doi.org/10.1016/S1875-5364(18)30122-5
https://doi.org/10.1007/s00266-021-02336-x
https://doi.org/10.1016/S1008-1275(08)60011-5
https://www.ncbi.nlm.nih.gov/pubmed/18230293

	Introduction 
	Materials and Methods 
	Discussion 
	Stimulating Adipogenesis 
	Platelet-Derived Growth Factor (PDGF) 
	Insulin 
	Beta-Blockers 
	Other Molecules of Interest Impacting Adipogenesis and Adipocytes 

	Improving Vascularization 
	Vascular Endothelial Growth Factor (VEGF) 
	Erythropoietin (EPO) 
	Deferoxamine (DFX) 
	Basic Fibroblast Growth Factor (bFGF) 
	Botulinum Toxin A (BTX) 
	Thymosin Beta 4 (TB4) 

	Reducing Oxidative Stress 
	N-Acetylcysteine (NAC) 
	Other Antioxidants of Interest 


	Conclusions 
	Appendix A
	Appendix B
	Appendix C
	References

