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Soft tissue reconstruction to restore volume to damaged or deficient tissue beneath the skin remains a chal-
lenging endeavor. Current techniques are centered around autologous fat transfer, or the use of synthetic
substitutes, however, a great deal of scientific inquiry has been made into both the molecular mechanisms
involved in, and limitations of, de novo adipogenesis, that is, the formation of new adipose tissue from precursor
cells. To best comprehend these mechanisms, an understanding of defined markers for adipogenic differenti-
ation, and knowledge of both commercially available and primary cell lines that enable in vitro and in vivo
studies is necessary. We review the growth factors, proteins, cytokines, drugs, and molecular pathways that
have shown promise in enhancing adipogenesis and vasculogenesis, in addition to the multitude of scaffolds
that act as delivery vehicles to support these processes. While progress continues on these fronts, equally
important is how researchers are optimizing clinically employed strategies such as autologous fat transfer
through cell-based intervention, and the potential to augment this approach through isolation of preferentially
adipogenic or angiogenic precursor subpopulations, which exists on the horizon. This review will highlight the
novel molecular and synthetic modifications currently being studied for inducing adipose tissue regeneration on
a cellular level, which will expand our arsenal of techniques for approaching soft tissue reconstruction.
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Introduction

Avariety of both acquired and congenital conditions,
including infection, trauma, and tumor resection, can

result in contour irregularity and defects of the soft tissue.
Correction of these defects offers patients significant psy-
chological and social benefits. Contemporary techniques
revolve around the transfer of mature adipose tissue, how-
ever, the practice of autologous fat transfer is still fraught
with unpredictable outcomes; graft retention rates can fall
10% to 90% over time due to necrosis of the graft and
formation of cysts and granulomas.1,2 Understanding the
cellular and molecular processes of de novo adipose tissue
formation will help in the design of implantable matrices,
guide the use of supplemental factors, and help to develop
strategies that exploit adipogenic pathways.

Adipose tissue must not be thought of as an inert cellular
mass, rather a sophisticated and dynamic set of heteroge-

neous populations capable of generating and responding to
hormones, creating vasculature, storing energy, and con-
verting dormant precursor cells to mature cells upon
stimuli. Engineering fat tissue in vivo can be done natu-
rally through manipulating the resident preadipocyte
population. The adipocyte precursor cells are a population
that may diapedese and travel from different tissues, or
exist dormant in situ ready to convert to mature adipocytes
under the correct microenvironmental conditions.3 As
such, harnessing de novo mechanisms provides a valuable
target for natural adipose tissue regeneration. Further-
more, enhanced knowledge of how specific precursor cells
function may help to refine contemporary strategies al-
ready in use clinically to address soft tissue deficit (Fig. 1).
While the studies referenced in this review largely
cover both human and rodent fat models, it is understood
through genome wide maps of histone modifications/
chromatin state maps that the molecular mechanisms that
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govern adipogenesis are largely conserved across mice
and humans.4

De novo Adipose Tissue Formation

Guided differentiation of cell populations into adipo-
cytes is the basis for de novo adipose tissue engineering.
The cellular changes associated with acquisition of an
adipogenic cell fate has been well studied and a multi-
tude of markers for this process have been defined. Terminal
differentiation of preadipocytes into triacylglyceride-containing
adipocytes is dependent on glycerol-3-phosphate dehydro-
genase (GPDH). The presence and activation of this enzyme
leads to accumulation of intracellular lipid droplets,5,6 al-
lowing use of GPDH as a marker for adipogenesis to assess
tissue engineering in vitro. Other commonly used markers
of successful differentiation into adipocytes are perosixome
proliferator-activated receptor gamma (PPAR-g), lipopro-
tein lipase (LPL), and fatty acid binding protein (FABP)-4.7

Paralleling cell commitment along an adipocyte fate is the
ability of cells to create triglycerides de novo. Adipocytes
generally absorb fully formed triglycerides from the mi-
croenvironment using LPL uptake, but are also able to form
fatty acids from nonlipid precursor material. In LPL
knockout mice, adipocytes still retain the capacity for ac-
cumulation of triglycerides through de novo lipid forma-
tion.8 This is reflected in the fact that palmiteoleate, which
comprises less than 4% of all dietary intake, is still the
second most abundant monounsaturated fat in the body, and
it serves in a positive feedback manner on neoadipogenesis.9,10

Cell sources for adipose tissue engineering

A variety of cell lines with the ability to differentiate into
fat have been employed to study the process of adipogen-
esis, many of which are commercially available.11 Pre-
adipocyte lines used for investigations include 3T3-F442A,

3T3-L1, and Ob17 murine lines, and each of these have the
benefit of being homogeneous, well defined, and capable of
extended culture.11,12 These cell lines differentiate sponta-
neously into adipocytes in vitro in the presence of serum
when growth arrest is maintained.13–15 In vivo adipogenesis
has also been demonstrated through subcutaneous im-
plantation of 3T3-F442A and 3T3-L1 adipose precursor
cells into immunocompromised mice.16,17 Within this nat-
ural adipose niche, preadipocytes alone are capable of early
maturation into adipose tissue without addition of exogenous
inductive signals, forming fat pads comprised of both adi-
pocytes and microvessels within 2 weeks.16 However, addi-
tion of fibroblast growth factor (FGF)-2 and Matrigel to 3T3
preadipocytes was found to further potentiate maturation of
adipose tissue, doubling triglyceride content and GPDH ac-
tivity.16,18 With this approach, formation of engineered fat
pads in mice comprised of mature adipocytes has been ob-
served even in ear cartilage or in muscle recipient sites.18

Importantly, cellular behavior of these preadipocyte cell
lines may not necessarily reflect true in vivo cellular be-
havior, and therefore primary cells have also been exten-
sively studied for de novo adipose tissue engineering.
Mesenchymal stem cells (MSCs) isolated from mature adult
tissue represent the most commonly investigated primary
cells, and their ability to undergo adipogenesis has been well
documented.19–23 Adult stem cells derived from bone mar-
row (bMSCs) are among the best studied cellular building
blocks for adipose regenerative strategies. Both rat and
human bMSCs have been demonstrated to undergo adipo-
genic differentiation when cultured ex vivo with fibroblast
growth factor-2 (FGF-2) on polylactide-co-glycolide or
gelatin scaffolds, offering promising results for creation of
in vivo constructs.24,25 Additionally, Choi et al. described
the ability to generate new adipose tissue by pretreating
rabbit bMSCs with adipogenic medium before implantation
in immunocompromised mice.26 Finally, Alhadlaq and Mao

FIG. 1. Strategies for cell-based adipose tissue engineering include de novo adipogenesis (top), combining cellular building
blocks with exogenous growth factors and delivery scaffolds, and cell-assisted lipotransfer (bottom), where lipoaspirate is
enriched with supplemental adipose-derived stromal cells (ASCs), to produce mature adipose tissue.
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employed human bMSCs encapsulated in a poly(ethylene
glycol) dacrylate scaffold and found that subcutaneous im-
plantation into SCID mice after a period of in vitro adipo-
genic differentiation could generate de novo lipid-containing
tissue, as demonstrated by gene analysis and Oil Red O
staining.27,28 While various scaffolds and growth factors
have been employed in these studies, which are discussed in
more detail below, they nonetheless highlight the potential
for use of MSCs in adipose tissue engineering.

Similar to bMSCs, adipose-derived stromal cells (ASCs)
have also been well studied as a potential cellular source for
adipose regenerative strategies. Owing to their relative
abundance and ease of harvest compared to bMSCs, ASCs
represent an attractive alternative for de novo fat tissue
engineering.29 Furthermore, the use of ASCs naturally found
within the stromal vascular fraction (SVF) of adipose tissue
to engineer mature adipose tissue may be a more rational
strategy, particularly given their well-described capacity to
undergo adipogenic differentiation.20,22,23,30,31 Studies have
also suggested these cells may serve as a reservoir for the
generation of new adipocytes.32–35 Reports have shown
human ASCs to be capable of in vitro self-assembly in the
presence of serum, ascorbic acid, and rosiglitazone, forming
dense adipocyte-containing cell sheets with an organized
extracellular matrix.36 In vivo adipose tissue constructs have
also been generated using ASCs predifferentiated with adi-
pogenic medium.37,38 Mouse-derived ASCs cultured in this
setting and then injected into a subcutaneous pocket of
immunocompromised mice were shown to generate mature
lipid containing cells.37 This was similarly described with
human ASCs, where subcutaneous implantation into nude
mice demonstrated formation of mature adipose tissue of
human origin.38 These findings thus reveal that ASCs may
not only function as progenitor cells for natural adipose
tissue homeostasis, but can also induce de novo adipogen-
esis, providing a promising approach to generate autologous
adipose substitutes for a wide range of soft tissue defects.

Growth Factors and Cytokines
Supporting Adipogenesis

Many studies have also involved the use of added factors
and proteins to enhance the process of adipogenesis. These
have included FGF-2, insulin and insulin-like growth fac-
tor (IGF)-1, matrix metalloproteinases (MMPs), glucocor-
ticoids such as dexamethasone, thyroid hormone, epidermal
growth factor (EGF), transforming growth factor (TGF)-b,
platelet-derived growth factor (PDGF), and tumor necrosis
factor alpha (TNF-a). While the breadth of these factors
precludes an in-depth discussion of each within the scope of
this review, the cellular physiology of healthy fat points to
many of these potential growth factors and cytokines as
promising strategies for adipose tissue engineering.

FGF-2 is naturally expressed in adipose tissue, and local
production by adipocytes may regulate both subcutaneous
and omental fat tissue mass.39 In combination with Matrigel,
exogenous FGF-2 has proven to be a potent proadipogenic
growth factor. When injected subcutaneously in mice with
gelatin microspheres and Matrigel, FGF-2 has been shown
to induce de novo formation of adipose tissue accompa-
nied by microvasculature.40 Similar studies by Kimura
et al. demonstrated FGF-2 injection to result in significantly

greater novel adipose tissue volume generated in mice when
compared to Matrigel implantation alone.41 Further detailed
investigations with electron microscopy have suggested
FGF-2 with Matrigel to promote a primary fibrotic response,
with subsequent digestion of the scaffold stimulating adi-
pogenic differentiation and accumulation of lipid droplets
by local cells.42 These findings thus demonstrate the clinical
potential for using FGF-2 to guide both adipogenesis and
angiogenesis to generate stable soft tissue constructs.

Nearly 75% of IGF-1 found in fat is made locally in
mature adipose tissue, specifically, by resident adipose tis-
sue macrophages.43,44 IGF-1 has a significant impact on
homeostatic regulation of fat tissue, and can promote the
conversion of existing preadipocytes into mature adipocytes.
IGF-1 has also been shown to be involved in glucocorticoid-
mediated stimulation of adipocyte differentiation through
small G protein Dexras1.45 Soluble IGF-1 bound to poly(lactic-
co-glycolic) acid (PLGA)/PEG microspheres and injected
subcutaneously in the deep muscular fascia of the abdomi-
nal muscle wall has been found to induce de novo adipocyte
formation from within nonadipocyte cell depots 4 weeks
after injection,46 making this growth factor a potential target
for use in adipose tissue regenerative strategies.

MMPs are expressed in human adipocytes, and have
been shown to drive preadipocyte differentiation into ma-
ture adipocytes.47 Congruently, TIMP-1 (tissue inhibitors
of metalloproteinases-1), when supplied to adipose tissue,
leads to a decrease in the formation of healthy, unilocular
adipocytes in vivo, indicating a significant role of MMPs in
native adipose tissue engineering. Captopril and batimastat
are MMP inhibitors used to treat cancer via angiogene-
sis inhibition. Treatment of preadipocytes with these com-
pounds markedly decreases lipogenesis and differentiation
when compared to an untreated preadipocytes.47 Similarly,
CP-544439, a pharmacological inhibitor of MMP-13, has
also been shown to reduce adipocyte differentiation.48 In
contrast, several gene expression studies have found multi-
ple MMPs (e.g., MMP-2 and MMP-9) to be differentially
upregulated during adipocyte differentiation,47,49,50 and their
role as key regulators of adipocyte maturation may make
them viable therapeutics to promote adipose tissue growth.

PDGF has been identified as an important factor in pro-
moting formation of excess adipose tissue in the pathogen-
esis of Grave’s ophthalmopathy, and inhibition of PDGF has
been actively investigated to block adipogenesis in these
patients.51 Treatment of fibroblasts in vitro with PDGF-BB
induces the formation of adipose tissue, which highlights a
potential for this growth factor in adipose tissue engineering
strategies.51 Ting et al. also found use of PDGF-BB, in
concert with other growth factors, to significantly increase
creation of adipose tissue within subcutaneously implanted
silicone chambers in immunocompromised mice.52 Inter-
estingly, once preadipocytes are differentiated using PDGF,
PDGF receptors on the cell surface have been found to
downregulate. This may indicate a role for PDGF in the
acquisition of an adipogenic fate, but this may not be as
important for subsequent long-term adipose tissue mainte-
nance.53 Other projects cite the importance of PDGF in
adipose tissue growth, as hypertrophy of adipocytes is cor-
related directly with duration of PDGFR-a expression.54

Like several other growth factors, TNF-a has also
been found to be an important regulator of adipogenesis.
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Specifically, studies have shown TNF-a to downregulate
a series of genes responsible for de novo fat formation in
white adipose tissue.55 Upregulation of TNF-a is also as-
sociated with adipocyte dysfunction and insulin resistance
in the diabetic state.56 Controlling the inhibitory effects of
TNF-a can be achieved using thiazolidinediones (TZD), a
commonly used class antidiabetic drugs used in type II
diabetes. TZD treated adipocytes in vitro showed rescue
of adipocyte wasting induced by TNF-a.57 Furthermore,
treatment of mice with rosiglitazone, a member of the TZD
class of drugs, has been found to cause robust expression of
proadipogenic transcripts including PPAR-g, and this has
been associated with higher bone marrow adiposity and
ectopic adipogenesis.58

Finally, recent studies have identified the WNT family of
autocrine and paracrine growth factors to be critical for
adult adipose tissue maintenance and remodeling, and sev-
eral reports have implicated WNT signaling in homeostatic
regulation of adipogenesis.59,60 Wnt10b has been shown
to have high expression in preadipocytes, which declines
rapidly after induction of differentiation,61,62 and over-
expression can block adipogenesis in mesenchymal stem
cells.62 Disruption of WNT signaling with recombinant se-
creted frizzled-related proteins, or through constitutive ex-
pression of Axin, has been shown to result in spontaneous
adipocyte differentiation.59,61,62 Additionally, studies have
also shown Wnt10b anti-sera to promote adipocyte differ-
entiation.63 These findings thus support manipulation of
WNT signaling to enhance de novo adipogenesis strategies.

Importantly, although studies have shown manipulation
of growth factors to be successful in enhancing adi-
pose regeneration, well-known limitations of this ap-
proach include the high cost of production, and the
requirement for supraphysiological concentration for ef-
ficacy, which can result in unwanted adverse effects in
patients. These considerations have resulted in significant
financial and regulatory hurdles that have limited the
translational potential of growth factors for use in adipose
tissue engineering.

Scaffolds for Adipose Regenerative Strategies

While multiple growth factors and cytokines have been
evaluated to guide undifferentiated cells toward adipocyte
lineage, there are still unaddressed concerns regarding
tissue shape, volume, vascularity, and survival. Synthetic
scaffolds, decellularized tissues, and use of more specific
cell populations may provide ways of circumventing these
issues. Scaffolds are three-dimensional (3D) constructs
that can deliver live preadipocytes or supportive cells,
growth factors, cytokines, or small molecules to promote
formation of mature adipose tissue. Scaffolds can increase
cellular viability and adhesion, guide cells toward de novo
adipogenesis or vasculogenesis, and be used as a model
to study complex cell–cell interactions. Scaffolds have
been fabricated using a variety of different substrates,
including decellularized adipose tissue (DAT) matrix,
hydrogels, silk composites, and synthetically made ‘‘3D
printed’’ scaffolds. They can exist as powders, sheets,
injectable hydrogels, nanoparticles, beads, and macro-
porous foams, and encompass an array of different de-
livery methods.

Synthetic scaffolds

Biodegradable synthetic polymers are among the most
widely investigated scaffolding materials for adipose tis-
sue engineering due to the ability to modify their physical
properties, scalability of production, and the fact that many
are already FDA approved for clinical use (e.g., sutures,
mesh). Poly(a-hydroxyacids) have been fabricated to mimic
the physical architecture of natural collagen, and studies
have shown their ability to enhance cell adhesion and guide
differentiation. Rat preadipocytes have been seeded on
PLGA, and when implanted into the dorsa of rats, early
differentiated adipocytes could be detected by 5 weeks.64

Furthermore, PLGA modifications have been described with
creation of PLGA-polyethylene glycol microspheres and
PLGA (75:25) foam to serve as drug delivery vehicles for
insulin, IGF-1, or FGF-2 to enhance de novo adipogen-
esis.24,65 However, as PLGA is degradable, some studies
have noted degeneration of engineered adipose tissue over
time and partially attribute this to resorption of the scaf-
fold.66 Alternative nondegradable polymeric scaffolds have
also been investigated, with fibronectin-coated polytetra-
fluoroethylene mesh examined. This scaffold has been
shown to support both rat and human ASC attachment and
differentiation into adipocytes for soft-tissue reconstruction
purposes.67 These findings thus demonstrate that a variety of
synthetic polymeric scaffolds may be potentially employed
for adipose tissue engineering, each with their associated
strengths. However, the number of available options also
hints at their inherent limitations, as synthetic scaffolds can
induce fibrous encapsulation, be extruded, or can result in a
large inflammatory response, with associated cyst formation
and overlying skin ulceration.68

Decellularized adipose tissue

The utility of DAT matrix as a substrate for tissue engi-
neering revolves around its ability to closely mimic the ar-
chitecture, mechanical, and biochemical properties of native
adipose extracellular matrix. Thus, DAT scaffolds have
been applied widely for studying adipogenesis.69–72 DAT
matrices are typically derived through a decellularization
process converting donor adipose tissue (e.g., subcutaneous
abdominal wall adipose tissue) into acellular scaffolds us-
ing multiple freeze-thaw cycles, lyophilization, and etha-
nol sterilization.73 DAT scaffolds loaded with ASCs have
shown improved volume retention in vivo as compared to
hyaluronic acid fillers, and studies have revealed durable adi-
pogenesis and neovascularization at 1 month.74 DAT scaffolds
have also been delivered with various growth factors and
cytokines. For instance, heparinized DAT loaded with FGF-2
was noted to significantly promote adipogenesis and neo-
vascularization after 6 and 12 weeks, as compared to DAT
scaffolds without FGF-2.75 Similarly, pretreatment of DAT
with fibronectin has shown greater retention of ASCs in vivo
in a rat hernia repair model,76 and this strategy may be
similarly applied for adipose tissue regeneration.

Recent studies have now further modified DAT scaffolds
to enhance their adipocyte-inductive ability and deliver-
ability. Both DAT amalgamated with injectable hydrogel
and enzyme-solubilized DAT to generate a microporous
foam-beads have been designed for minimally invasive
delivery.74,77 Similarly, interconnected networks of porous
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DAT beads fused through controlled freeze-thawing and
lyophilization have generated bead foams capable of en-
hancing cell–cell interactions of seeded ASCs, which may
further promote their capacity to undergo adipogenesis.
Furthermore, DAT particles of smaller size, seeded with
higher densities of ASCs have been found to potentially
support more adipogenesis compared to larger DAT parti-
cles.78 These injectable DAT formulations have been found
to be well tolerated in animal studies, with subcutaneous
injection of these scaffolds in rats promoting a strong an-
giogenic and adipogenic response. Finally, DAT scaffolds
have also been noted to have a proadipogenic effect on
resident cells at the implant site. In terms of promoting
native cell populations to create fat, DAT scaffolds seeded
with ASCs have been found to enhance adipogenesis and
angiogenesis by host-derived cells in rats. Han et al. found
that the combination of ASCs with a natural adipose extra-
cellular matrix could provide an inductive environment for
adipose regeneration by infiltrating host cell populations.79

Though DAT scaffolds hold promise for adipose tissue
engineering, as a decellularized material, it may still contain
epitopes that may elicit an undesired immune response. The
process of decellularization can also strip away more than
just cells from the extracellular matrix, leaving a suboptimal
environment to repopulate with functional cells. Finally,
total removal of all cellular material is also difficult to en-
sure in the context of industrial mass production. Despite
this, other forms of decellularized matrices are already in
use clinically, and adoption of DAT scaffolds for soft tissue
reconstruction may be forthcoming.

Hydrogels

Similar to DAT, hydrogels have been actively studied as a
cellular delivery vehicle for adipose tissue regenerative
strategies. However, a number factors need to be considered
when creating a hydrogel for stabilizing cellular building
blocks in soft tissue reconstruction, particularly, the ability
of the hydrogel to bind and retain cell populations. For in-
stance, PEG hydrogels loaded with YIGSR (a laminin-derived
binding protein) can increase preadipocyte cell attachment
to the hydrogel, and differentiation into mature unilocular
adipocytes.80 Various other hydrogel/scaffold amalgams
have been investigated to allow maximal cell attachment,
viability, and differentiation. These have included collagen/
alginate microspheres, fibrous-structures atelocollagen scaf-
folds, and honeycomb atelocollagen scaffolds. Hydrogels
can also be converted to a foam-like state with hierarchi-
cal porosity and high water capacity. Examples of such
foams are poly(amidoamine) oligomer macroporous foam
(OPAAF). These foams contain high concentrations of RGD
sites, meant to encourage integrin-mediated preadipocyte/
mesenchymal cell binding.72,81,82 These scaffolds contain-
ing RGD-integrin sequences have been found to promote
enhanced in vitro adipogenesis by SVF cells.83

Hydrogel scaffold modifications have also revolved around
manipulation of 3D cellular interactions among seeded cells
to promote adipogenesis. For example, macro-molecular
crowding created by use of high molecular weight sucrous
polymers to engender high volume cellular occupancy has
been described to increase rates of microenvironmental
biochemical reactions that can favor adipogenic differenti-

ation through greater deposition of extracellular matrix
proteins such as collagen type IV and perlecan.84 Hydrogel
scaffolds that also allow growth of multipotent cells in the
geometry of ‘‘small circular islands’’ have also been shown
to enhance expression of adipogenic markers when compared
to cells cultured in random geometries.85 Finally, sliding
hydrogels with mobile molecular ligands allowing for re-
organization of stem cells within the microenvironmental
niche by flexible ligand cross-linkage can help to support
more efficient differentiation along an adipogenic lineage.86

Scaffold mechanobiology

Apart from varying the actual hydrogel material, other
important factors in designing these scaffolds include sta-
bilization and stiffness of the gel. The degree of cross-
linking is one variable that can be manipulated to control
hydrogel stiffness. Interestingly, ASCs seeded on noncross-
linked hyaluronic acid have been found to exhibit increased
formation of adipocyte cellular spheroids, indicating some
noncross-linked hydrogels to favor adipogenesis.87,88 Hy-
drogel stabilization using dexamethasone has been actively
investigated, and is a noncytotoxic method for introducing a
cell-laden gel to engineer adipose tissue.89 Furthermore,
studies with DAT scaffolds and hydrogels evaluating stiff-
ness have revealed that gels with stiffness most similar
to adipose tissue (2 kPa) significantly increase adipogenic
marker expression by seeded cells in the absence of any
additional exogenous biochemical aid.90 Hyaluronic acid
hydrogels with elastic moduli that also restrict cell-mediated
degradation exhibit low cell spreading and low traction,
favoring adipogenesis over osteogenesis, and switching per-
missive hydrogels to those with less traction caused a switch
from osteogenesis to adipogenesis.91

3D printed scaffolds

Emerging technology has now led to the development of
3D printed DAT matrix constructs, which can be seeded
with cells for tissue regenerative purposes. Such an ap-
proach allows the fabrication of customizable anatomically
relevant tissue constructs comprised of suitable matrix ma-
terials and living cells. Pati et al. have demonstrated the
utility of this method through their development of a DAT
matrix bioink, which can be precisely printed into flexible
3D structures encapsulating ASCs.92,93 With this technique,
ASCs have shown high cell viability and expression of
standard adipogenic genes.92 Also of importance, this DAT
matrix bioink was found to support positive tissue infiltra-
tion with minimal chronic inflammation and to promote
mature adipose tissue formation when implanted subcuta-
neously in mice.92 Studies have also employed 3D printing
with various hydrogel scaffolds, and the conformation and
mechanical properties of 3D printed hydrogel scaffolds have
been shown to be important for promoting adipogenesis.94

Nonetheless while the microstructure of 3D printed scaf-
folds is important for differentiation, translation to larger,
clinically relevant macroscopic structures remains chal-
lenging. At the present time, application of this strategy to
reconstruct smaller facial deformities may thus be more
feasible than for larger soft tissue deficits as seen after
cancer resection.
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Emerging Developments in Autologous Fat Transfer

While efforts continue to refine strategies for de novo
adipose tissue engineering with studies on adipocyte pre-
cursors, growth factor supplements, and development of
scaffolds, studies have also focused on contemporary ap-
proaches to reconstruct soft tissue defects with transfer of
autologous fat. Recent investigations have also begun to
evaluate how this approach may be improved through the
incorporation of progenitor cells, namely ASCs. Autologous
fat grafting has emerged over the past two and half decades
as popular means to address tissue deficits secondary to
trauma, cancer resection, or congenital malformations. How-
ever, clinical outcomes with fat grafting alone have varied
widely, and reported retention rates remain inconsistent.95–100

To address variability in fat graft retention, enrichment of
fat before injection with ASCs has been promoted (cell-
assisted lipotransfer [CAL]).101,102 This approach was de-
veloped based on the relative paucity of ASCs found in
lipoaspirate relative to excised whole fat, which may con-
tribute to long-term atrophy of fat grafts.78,103 Both pre-
clinical and clinical studies have reported enhanced fat graft
retention when enriched with ASCs,78,101,102,104 and inves-
tigations have demonstrated as little as 5 · 104 supplemental
ASCs per milliliter of transferred fat to be necessary to
enhance outcomes.105 How cellular supplementation pro-
motes graft survival, however, remains actively investi-
gated, and as discussed above, the known capacity for ASC
adipogenesis along with their well-described angiogenic
function have been proposed for their role in CAL (Fig. 2).

Autologous fat is transferred under ischemic conditions,
predisposing adipocytes to cell death. Early studies, how-
ever, have suggested a process of dynamic remodeling of
adipose tissue after nonvascularized grafting, with resident
ASCs participating in adipocyte regeneration.32,35 This was

similarly suggested by findings of CD34+/Ki67+ prolifer-
ating ASCs associated with perilipin-positive small new
adipocytes after fat grafting in mice.33 In concert with these
findings, Fu et al. supplemented wild-type mouse inguinal
fat pad adipose tissue with green fluorescence protein
(GFP)-positive ASCs and noted development of labeled
adipocytes by immunofluorescence 7 days after implanta-
tion.106 However, fluorescence signal intensity was also
noted to fall drastically after 14 days, raising questions re-
garding the durability of these new adipocytes.

Considering these findings, a number of other studies
have instead suggested supplemental ASCs to enhance au-
tologous fat graft retention through promotion of early re-
vascularization. This is supported by the Garza et al. who
noted only transient retention of GFP-labeled human ASCs
in a mouse model of human fat grafting.107 Single cell gene
analysis of retrieved ASCs primarily demonstrated upregu-
lation of proangiogenic factors in conjunction with low of
expression for markers of adipogenic differentiation. Fur-
thermore, Lu et al. observed enhanced fat graft outcomes
when supplementation was performed with ASCs induced to
overexpress vascular endothelial growth factor instead of
untransfected ASCs, findings that are also in agreement with
a paracrine role promoting graft revascularization. It has
even been suggested that supplemental ASCs may improve
vascularity through direct incorporation into new blood
vessels, although a robust contribution has yet to be dem-
onstrated.106,108,109

With an improved understanding of how ASCs may be
used to enhance contemporary soft tissue reconstruction
strategies, emerging studies have now begun to evaluate
how this may be optimized. It is well known that ASCs,
isolated from the SVF, are a heterogeneous population and
functionally distinct subpopulations can be defined through
cell surface marker profiles.110 This has already been well

FIG. 2. Proposed roles supplemental ASCs play in cell-assisted lipotransfer include contribution to adipose tissue through
adipogenic differentiation, paracrine regulation of angiogenesis, and direct vascular support.
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demonstrated in bone where a multitude of markers have
been defined, which successfully enrich for cells with en-
hanced osteogenic potential (e.g., CD105, CD90, bone
morphogenetic protein receptor [BMPR]-IB).111–113 In simi-
lar fashion, isolation of proadipogenic cell populations may
also help to facilitate improved soft tissue reconstructive
strategies. Gierloff and colleagues noted CD29-negative rat
ASCs to have enhanced in vitro adipogenic potential114

compared to other fractions. Expression of BMPR-IA was
also recently found to identify a subpopulation of human
ASCs with a preferential adipogenic fate.31 Transplanting
GFP-positive ASCs enriched for BMPR-IA into the inguinal
fat pads of immunocompromised mice, Zielins et al. noted
significantly greater formation of labeled, matured adipo-
cytes after 4 weeks.31 Finally, CD24 and CD271 have both
been employed to identify murine ASCs with enhanced
in vitro and in vivo adipogenic capacity. However, it is
prudent to recognize that the low frequency of these popu-
lations may blunt their translational application.115,116

Nonetheless, these studies have potential implications for
future strategies involving de novo adipogenesis, as previ-
ously discussed, and for enhancing current fat grafting out-
comes through enrichment with specific ASC subpopulations.

Identification of angiogenic ASC subpopulations may
also enhance current approaches to soft tissue reconstruc-
tion, as supplementation of autologous adipose tissue with
these functionally distinct ASCs may promote earlier re-
vascularization of ischemic grafts. Importantly, studies in
diabetes have revealed depletion of specific ASCs with a
highly angiogenic profile. Distribution analysis of ASCs
from diabetic or wild-type mice demonstrated loss of specific
ASCs characterized by a transcriptional profile with high
expression of vascular-related genes such as angiopoietin-1,
stromal cell-derived factor-1, and MMP-3.117 Analogous
findings have also been reported with aging, where age-
related depletion of a subpopulation of ASCs character-
ized by a provascular transcriptional profile has been
observed.118 These data suggest that subpopulations of
ASCs exist, which may be primed to support angiogenesis
and depletion in the diabetic and aged state may corre-
late with impairment of vascular potential. In more recent
studies, preliminary findings by our own group using sin-
gle cell transcriptional analysis and linear regression have
identified CD146 and CD248 as candidate cell surface
markers for isolation of proangiogenic human ASCs. On-
going studies will determine whether these subpopulations
of ASCs may be incorporated into CAL strategies to further
enhance reconstructive approaches to soft tissue defects.

Conclusion

The creation of adipose tissue can be optimized through
multiple different methods. Choosing to supply cellular
populations to enhance de novo adipogenesis in early animal
studies has certainly been proven to be a promising ap-
proach, but obtaining these populations may require ex vivo
expansion and/or flow cytometric isolation, which raises
certain regulatory hurdles. Supplying growth factors or small
molecule agonists/antagonists in concert with carefully de-
signed scaffolds to augment proadipogenic pathways rep-
resents another promising avenue to enhance cell-based
approaches to adipose tissue engineering. Finally, with en-

hanced understanding of progenitor cell function, contem-
porary techniques to address soft tissue reconstruction may
be further refined to yield improved outcomes in the treat-
ment of patients with deficient soft tissue.
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