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Abstract

Autologous fat transplantation is widely regarded as an increasingly popular method for augmentation or reshaping applica-
tions in soft tissue defects. Although the fat transplantation is of simple applicability, low donor site morbidity and excellent
biocompatibility, the clinical unpredictability and high resorption rates of the fat grafts remain an inevitable problem. In the
sites of fat transplantation, the most essential components are the adipocyte and adipose-derived stem cells (ADSCs).
The survival of adipocytes is the direct factor determining fat retention. The efficacy of fat transplantation is reduced by fat
absorption and fibrosis due to the inadequate blood flow, adipocyte apoptosis and fat necrosis. ADSCs, a heterogeneous
mixture of cells in adipose tissue, are closely related to tissue survival. ADSCs exhibit the ability of multilineage differentiation
and remarkable paracrine activity, which is crucial for graft survival. This article will review the recent existing research on the
mechanisms of adipocytes and ADSCs in fat transplantation, especially including adipocyte apoptosis, mature adipocyte
dedifferentiation, adipocyte browning, ADSCs adipogenic differentiation and ADSCs angiogenesis. The in-depth understanding
of the survival mechanism will be extremely valuable for achieving the desired filling effects.
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Introduction Autologous fat grafting is a widely recognized operation
and well-established utilized to correct the soft tissue con-
tour deformities including breast reconstruction®, facial fill-
ing’, keloid repair®, hair regeneration’, and even to treat
wrinkles®. Autologous fat grafting possesses many advan-
tages, including simple applicability, low donor site morbid-
ity and excellent biocompatibility’. Furthermore, as the
grafted tissue is endogenic derived from the patient, the
side-effects like immune rejection, allergic reactions and
tissue toxicity, do not occur. However, variable absorption

Adipose tissues, composed of mature adipocytes, adipose-
derived stem cells (ADSCs), stromal cells, vascular endothe-
lial cells and various immune cells, attract tons of attention
in medical research recently'. Adipose tissue, classified into
white adipose tissue (WAT) and brown adipose tissue
(BAT), is relatively abundant in the human body®. WAT,
predominately white adipocytes, is most commonly found
as subcutaneous tissue around the abdomen, breast, thighs,
and waist. Multiple studies have indicated that both WAT
and BAT synthesize and secrete numerous bioactive mole-
cules that affect multiple endocrine activities. Adipose tissue
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rates of grafted fat are the biggest problem and lead to
repeated procedures and unpredictable outcomes'®. Thus,
the inevitable fat absorption may confuse physicians and
constrain further application.

The most concerning components in fat transplantation
are the adipocytes and ADSCs. The survival of adipocytes is
the direct factor determining fat graft retention, therefore the
uncertainty of adipocyte survival makes it difficult to predict
postoperative effects''. A portion of adipocytes after fat
transplantation inevitably undergo apoptosis and necrosis
due to ischemia, hypoxia, or excessive stress of the survival
environment. One of the most significant reasons is the lack
of vascular reconstruction in the transplanted adipose tissue.
The sufficient blood supply is able to restore nutritional
support, transmit stem cells and reduce oxygen deficit for
graft tissue. Timely and effective revascularization is bene-
ficial for functional recovery in fat grafting and filling. BAT
can utilize fuel such as fatty acids (FAs) to balance body
temperature by thermogenesis, with the ability to dissipate
energy to produce heat. Interestingly, the induced WAT
browning or BAT is believed to promote graft survival.
Besides, adipocyte dedifferentiation, accompanied by the
downregulation of adipogenic markers, might serve as seed
cells to increase the retention rate of fat grafts.

ADSCs exhibit the abilities of multilineage differentia-
tion and remarkable paracrine activity, which are essential
for fat transplantation. ADSCs can differentiate into adipo-
cytes, endothelial cells, chondrocytes, bone cells and smooth
muscle cells'?. The efficacy of autologous fat transplantation
is reduced by fat absorption and fibrosis due to the inade-
quate blood flow the fat necrosis. However, ADSCs pro-
motes vascular network formation and stabilization
through differentiation'. ADSCs are easily accessible from
various fat depots and show intrinsic plasticity in giving rise
to cell types involved in fat transplantation and angiogenesis.
By common consent, the number of ADSCs in adipose tissue
is closely related to fat graft survival. Therefore, the main-
tenance of ADSCs properties during fat transplantation is of
great importance and remains highly critical to address.

In plastic surgery, the maneuverability and safety of auto-
logous fat transplantation have become increasingly recog-
nized and continuously improved. Unveiling the substantive
characteristics of fat survival remains vital for optimal
effect. This article will review the recent existing research
on the mechanisms of adipocytes and ADSCs in fat trans-
plantation, especially including adipocyte apoptosis, mature
adipocyte dedifferentiation, adipocyte browning, ADSCs
adipogenic differentiation and ADSCs angiogenesis (Fig. 1).
An in-depth understanding of the mechanisms of adipocytes
and ADSCs in fat transplantation will provide better insight
into achieving the desired fat filling in graft remodeling.

Adipocyte Apoptosis

Apoptosis, a highly regulated death-dependent process, is
critical for mammalian tissue homeostasis, and its disruption

has been linked to a wide variety of disorders, including
diabetes, obesity, and fat transplantation'®. The variable
absorption rate is one of the most important issues of fat
grafting and one of the primary causes of fat graft volume
loss is apoptosis. Notably, mechanical damage, ischemia and
hypoxia, cell rupture and death, and the release of numerous
reactive oxygen species can eventually lead to apoptosis,
during adipose tissue extraction and the fat transplantation
process'>. Maintaining apoptosis on a low level in adipo-
cytes, ADSCs and other cells in the fat graft is mandatory
to increase graft survival.

Adipocytes represent the major cell type in absorbed cell
type in the fat graft. In the model of the fat implant to the
dorsal area of rats, Giiney et al. verified that the adipocyte
apoptosis could be inhibited by utilizing minocycline,
thereby increased fat graft survival characterized by bigger
graft volume, better fat structures coupled with more vascu-
lar'®. And this apoptosis could be antagonized by synthetic
glucocorticoid and insulin-like growth factor-1 (IGF-1)'".
TNFa-induced apoptosis and gene expression are critical
in human adipocyte apoptosis. An in vitro study demon-
strated 3T3-L1 adipocyte apoptosis induced by TNF-o was
essentially regulated via controlling NF-kB activation, by
targeting the TANK gene'®. Adiponectin is an important
adipocyte-secreted adipokine. Liu et al. suggested that adi-
ponectin inhibited endoplasmic reticulum stress-induced
adipocyte apoptosis in vivo and in vitro by activating the
AMPK/PPARa/ATF2 pathway'®. It is worth noting that
coenzyme Q10 could rescue the adipocytes collected for
autologous lipofilling from stress-induced apoptotic death,
benefiting for harvesting dynamic adipose tissue?’.
In response to cellular stress, the p38 pathway can lead to
apoptosis and can negatively regulate cell proliferation. Nev-
ertheless, contrary to the result of Filson et al., inhibition of
p38 significantly increased fat graft apoptosis and absorp-
tion?'. It might be of interest that there is a negative feedback
pathway or dose-related response that the inhibitor may act
differently on the numerous different cell types and lineages
making up the fat graft. The metabolic variations in adipose-
specific mevalonate pathway-disrupted (aKO) mice were
dramatically reversed after fat transplantation.
Thus, apoptosis was essential for adipocytes death induced
by HMGCR down-regulation®”. These studies provide per-
suasive evidence that the survival rate of fat transplantation
can be improved by protecting adipocytes from apoptosis,
for better understanding on graft survival theory®>. The clas-
sical graft survival theory considered that certain stubborn
adipocytes in the fat graft receive an early and suitable cir-
culation and continue to survive, whereas the remainder of
the graft degenerates and is gradually eliminated. As a con-
sequence, inhibition of adipocyte apoptosis can significantly
reduce the death of adipocytes and improve the survival rate
of adipocytes after fat transplantation. Understanding more
about the process of adipocyte apoptosis becomes ever more
important in light of newly discovered deregulation of the
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Figure |I. The mechanisms of adipocytes and ADSCs in fat transplantation. Adipocyte apoptosis is the primary causes of fat graft
volume loss, resulted in variable absorption rate; Mature adipocyte dedifferentiation increase the retention rate of fat grafts by acting as seed
cells; Adipocyte browning may better tolerate avascular environments and improve graft survival; ADSCs adipogenic differentiation is
regulated by multiple transcription factors, miRNA and LncRNA; ADSCs have a prominent pro-vascularization effect via vascular endothelial
cell differentiation and pro-angiogenic secret ability; ADSCs, adipose-derived stem cells.

apoptotic program contributing and might be served as a
therapeutic strategy for shaping fat transplantation.
Abundant ADSCs can be obtained during liposuction.
The grafted ADSCs can be replaced by connective tissue
or survive and differentiate at the recipient site. ADSCs
apoptosis is also an early incident that contributes to trans-
planted fat tissue depletion and eventual absorption. Li et al.
concluded that pre-inhibiting autophagy enhanced the
effects of AMPK inhibition on oxygen-glucose
deprivation-induced apoptosis and lowered adipogenesis
ischemia-challenged ADSCs, presuming that ADSCs apop-
tosis may differ contextually depending on the specific sig-
naling alteration®®. Similarly, Shi et al. showed that the
spontaneous apoptosis of ADSCs and apoptosis induced by
oxidative stress was mediated by MEG3. The result high-
lighted the role of MEG3 in the apoptosis of ADSCs for
further improving the survival rate®>. The suppression of
apoptosis of ADSCs may be attributed to decreased

apoptotic rate and increased cell numbers in tissues, thereby
facilitating the survival rate of transplanted adipose tissue.
In total, based on the widespread idea that the number of
viable adipocytes in a graft correlates with the ultimate vol-
ume of persisting fat, an antiapoptotic strategy is essential to
remodel the fat behavior and establish favorable retention.

Adipocyte Dedifferentiation

Mature adipocytes were long considered to be terminally
differentiated cells that cannot proliferate, and consequently,
their role in the regeneration of adipose tissue was ignored.
Surprisingly, under appropriate conditions, mature adipo-
cytes, mature adipocytes can reversibly change their pheno-
type with fibroblast-like morphology and contain
multilocular lipid droplets, namely, dedifferentiated fat
(DFAT) cells. It was documented that DFAT cells may dif-
ferentiate into multiple cell lineages, such as skeletal and
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smooth muscle cells, cardiomyocytes, osteoblasts, and adi-
pocytes. Additionally, recent studies showed the ability of
isolated mature adipocytes to dedifferentiate in vivo and the
capacity of the progeny cells to differentiate into mature
adipocytes. Adipocytes can be divided into small adipocytes
with a diameter of less than 40 um and large adipocytes with
a diameter of 40—100 pum. Tsurumachi et al. proposed that
small adipocytes have stronger dedifferentiation ability and
could tolerate hypoxia better after fat grafting compared with
large adipocytes®®. Dedifferentiated adipocytes increase the
retention rate of fat grafts by acting as seed cells’.

Many efforts are being made devoted to induced
DFAT cells, including mechanical signal induction, cold
exposure, hypoxia, and stress induction. Duarte et al.
have shown that mechanically separated fat can form
DFAT cells in the body and redifferentiate into mature
adipocytes, increasing fat content*®. Dedifferentiated adi-
pocytes are classically obtained by ceiling culture, in
which cells are placed in a flask filled with medium to
create an air-free environment®. In addition, Deng et al.
found that under cold stimulation, the expression of
adipogenesis-related genes FABP4 and leptin in adipo-
cytes was down-regulated, while the expression of mito-
chondrial uncoupling-related genes UCP1, PGC-1a, and
PRDM16 were up-regulated®. The dedifferentiation effi-
ciency of adipocytes toward multipotent DFAT cells
could be promoted via periodic exposure to cold in
vitro®®. The results of Banyard showed that the expression
of CD34, CD13, CD73, and CD146 related ADSCs mar-
kers of DFAT cells in nanofat increased significantly
under stress induction®'.

A study collected the gene chips for adipogenic cells
and dedifferentiated adipocytes and found that 1590 and
896 kinds of genes were up-regulated and down-
regulated, respectively. This result concluded that genes
related to focal adhesion and actin cytoskeleton regulation
increased significantly during the dedifferentiation of adi-
pocytes”. Ma et al. used tissue expanders to pretreat
adipose flaps, to increase the retention rate after the fat
graft, hereby confirming that mature adipocytes became
smaller and multilocular lipid droplets in morphology and
underwent dedifferentiation in expanded adipose flaps®’.
These dedifferentiated adipocytes might increase the
retention rate of fat grafts functioning as seed cells,
together with increased VEGF expression and wider sur-
viving/regenerating zones. Compared with ADSCs and
bone mesenchymal stem cells (BMSCs), DFAT cells pos-
sess advantages in homogeneity, proliferation ability, adi-
pogenic differentiation ability and lower age requirements
for the donor. The relative low dedifferentiation effi-
ciency of mature adipocytes with the established proto-
cols limits their widespread applications. It is necessary
to establish an efficient extraction and amplification
method for DFAT cells, leading to an increased retention
rate of fat grafts.

Adipocyte Browning

Mammals have two main types of adipose tissue: white
adipose tissue (WAT), and brown adipose tissue (BAT),
each of which possesses unique cell-autonomous proper-
ties>>. WAT mainly accumulates excess energy in the
form of triacylglycerol, while BAT directly dissipates
energy in the form of heat®*. Brown fat cells have unique
thermogenic properties, which can change the balance
between energy intake and energy consumption, thereby
affecting the metabolic state®®. Brown fat is produced
after white fat transplantation adapt to tissue remodeling
after transplantation, and this change can help repair fat
tissue®®. Following transplantation, adipocytes are
exposed to hypoxia and an avascular environment.
Oxygen diffusion is essential to the survival of fat graft,
concerning about surface-to-volume ratio®’. The brown
adipocytes with a higher surface-to-volume ratio that can
facilitate the process of diffusion, resulting in favorable
graft survival*®%.

Manipulation of adipocytes functions with a bona fide
angiogenic factor, such as VEGF-A, can significantly
improve the survival rate and volume retention of fat grafts
and can convey metabolically favorable properties on the
recipient*. Park’s results indicated that the transfer of sub-
cutaneous adipose tissues taken from VEGF-A overexpres-
sing mice into diet-induced obese mice resulted in systemic
metabolic benefits, which were associated with improved
survival of adipocytes and a concomitant reduced inflamma-
tory response™’. This opens up new research areas in exploit-
ing fat grafting in metabolic diseases. Hoppela et al.
transplanted inactive white fat into muscles, founding that
grafting of metabolically inactive fat intramuscularly may
induce browning of fat grafts toward more active beige adi-
pose tissue®'. Cai et al. showed that by using the tamoxifen
pre-treated adipocytes in subcutaneous fat transplantation,
the adipocytes exhibited the brown fat characteristics with
smaller volume, multi-room lipid droplets, and up-regulated
UCP-1 expression, which greatly improved fat graft
survival®®.

It is recently reported that transplantation of brown
adipocytes mixing with matrigel into mice resulted in
surprisingly good survival of adipocytes and affected glu-
cose homeostasis*?>. Therefore, pro-angiogenic conditions
drive the proliferation of human beige adipocytes pro-
genitors. Thus, white adipocytes browning may better
tolerate avascular environments and improve graft sur-
vival. Although the current animal researches have high-
lighted the contribution of beige adipocytes in the repair
of adipose tissue after transplantation, it is still necessary
to conduct clinical verification to prove whether this is a
general trend of fat response to grafting. Additionally,
future studies discovering the cellular dynamics of the
browning process and its role in the postoperative sur-
vival of fat, which will provide further clues to therapeu-
tic targets.
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Table |. Effects of Non-Coding RNAs on Adipogenic Differentiation of ADSCs.
ncRNAs Mechanism Model system Ref.
miR-150 miR-150 regulated adipogenic differentiation of ADSCs, likely mediated miR-150 knockout mice 49
by the downregulation of Notch3
miR-378 MiR-378 could promote the subcutaneous lipogenesis miRNA microarray of 50
human
MiRNAs miR-143 MiR-143 played the modulational role of ADSCs adipogenic Rat ADSCs 51
differentiation by directly repressing MAP2K5
miR-31, miR-125b-5p The expression of miR-31, miR-125b-5p, and miR-326 were Rat ADSCs 52

and miR-326 downregulation in the adipogenic differentiation process
miR-450a-5p MiR-450a-5p promoted lipogenesis by inhibiting the expression of WISP2 Rat ADSCs 53
LncRNAs IncRNA-Adi LncRNA-Adi was highly expressed in ADSCs and promoted adipogenic Rat ADSCs 54
differentiation of ADSCs
LncRNA TINCR LncRNA TINCR promoted adipose differentiation of hRADSCs by Human ADSCs 55
inhibiting miR-3 |
LncRNA HI19 LncRNA H19 knockdown suppressed while miR-30a inhibition promoted Human ADSCs 56

the mRNA expression and the protein levels of C8orf4 and adipogenic

differentiation

ncRNAs, non-coding RNAs; ADSCs, adipose-derived stem cells; miRNA, microRNA; LncRNA, long non-coding RNA; MAP2KS5, mitogen-activated protein
kinase 5, also named MEKS5; WISP2, WNTI inducible signaling pathway protein 2.

ADSCs Adipogenic Differentiation

The fat formation is essential for the long-term retention of
fat graft. The classical “three-zone” theory emphasizes the
significance that the optimal survival of fat graft depends
largely on adipose tissue regeneration after fat grafting®’.
It is noteworthy that mesenchymal stem cells (MSCs), such
as ADSCs and BMSCs, are probably the seed cells for adi-
pogenesis, attributing to their directional differentiation to a
wide variety of cell lineages by adjusting cultivating meth-
ods**. As a critical MSC-specific property, differentiation
potential fate is synergistically influenced by the transcrip-
tome, proteome, immunophenotype, and immunomodula-
tory activities®>. MSCs, possessing a fibroblastic
morphology, is a heterogeneous population derived from
multiple tissues, including peripheral blood, synovium, bone
marrow, and adipose tissue. Most remarkably, ADSCs are of
multilineage differentiation with abundant source, high
yield, easy obtainment, and paracrine function, raising prac-
tical advantages in clinical medicine, particularly in fat
transplantation*®. Cell-assisted lipotransfer (CAL) is a pro-
cess in which fat grafting is supplemented with autologous
ADSCs, benefiting for the improved survival rate of the fat
graft with less fat resorption and a marked decrease in the
adverse effects of lipo injection*”. The mechanism of CAL is
concerning lipogenic differentiation, angiogenesis ability
and endocrine function of ADSCs. As the excellent adipo-
genic differentiation potential, ADSCs and BMSCs have
attracted increasing attention in fat transplantation.
Epigenetics, represented by miRNAs and LncRNAs, are
an important factor in regulating ADSC adipogenic differ-
entiation (Table 1). miRNAs are members of the non-coding
small RNA family, which regulates gene expression by inhi-
biting mRNA translation or promoting miRNA degradation

at the post-transcriptional level*®. Notably, an increasing
number of miRNAs have been revealed to play a pivotal role
in the maintenance of stemness and modulation of mobiliza-
tion, proliferation, and differentiation of ADSCs, either pro-
moting or inhibiting adipogenesis. Li et al. investigated the
mechanism of miR-150 in adipogenic differentiation of
ADSCs*. The experiment results indicated that miR-150
was expressed in ADSCs and was critical for adipogenesis
by targeting Notch3. Yu et al. Performed micro-array anal-
ysis of miRNAs regulated by peroxisome proliferator-
activated receptor gamma (PPARY) in human adipocytes,
and found that the expression of 27 miRNAs changed.
Among them, miR-378 could promote the adipogenesis of
subcutaneous adipocytes but not visceral adipocytes® % Chen
et al. pointed out that miR-143 exerted its adipogenic effect
by regulating MAP2KS. The increased expression of miR-
143 during cell expansion could inhibit adipogenic differen-
tiation of ADSCs, while overexpression during growth arrest
or terminal differentiation promotes differentiation®'. In
addition, the expression of miR-31, miR-125b-5p, and
miR-326 was deregulated in rat ADSCs during adipogenic
differentiation, indicating their potential role in adipogenic
differentiation®>. Patel showed that adipose tissue-derived
exosomes contain 45 kinds of miRNAs, of which miR-
450a-5p was one of the most abundant miRNAs, which pro-
moted lipogenesis by inhibiting the expression of WISP2>*.
Regulating specific miRNAs can promote ADSCs lipogen-
esis, which may be a novel and effective method to increase
the retention rate of fat transplantation.

The concept that LncRNAs play an indispensable func-
tion in adipogenesis processes has been gradually verified.
Chen et al. found the high expression of IncRNA-Adi in
adipogenic-induced ADSCs>*. LncRNA-Adi could
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competitively interact with miR-449a to influence
CDK6-pRb-E2F1 axis activation, which was crucial in the
regulation of cell division and PPARYy expression during
adipogenesis®®. Another research also revealed that the
LncRNA TINCR served as a ceRNA for miR-31 in hADSCs
to downregulate miR-31 and upregulate miR-31 downstream
target C/EBP-a and thereby formed a feedback loop, ulti-
mately leading to modulate adipogenic differentiation in
human ADSCs>. LncRNA H19 was related to multiple cel-
lular differentiation, including modulating adipogenic differ-
entiation, the mechanism of which was the role of H19
serving as a ceRNA to compete with C8orf4 for miR-30a
binding®®. From the perspective of LncRNA-miRNA-
mRNA regulation, it provides a novel regulatory mechanism
of ADSCs adipogenic differentiation.

Autophagy, a highly conserved homeostatic mechanism
necessary for cell survival, is involving autolysosomal
degradation of cellular components, such as protein aggre-
gates, damaged organelles and even various pathogens’’.
Autophagy plays a vital role in ADSCs adipogenic differen-
tiation and is implicated in the fat transplantation. Obese
people have a lot of fat, and liposuction parts are usually
fat-rich parts>®. Therefore, the fat environment is an influen-
cing factor for fat transplantation. For example, the hyper-
trophic adipocytes of obese patients, exposed to a mildly
inflammatory environment, is adjusting the cellular function
in response to numerous cellular stressors. Evidence sug-
gests that the level of adipocyte autophagy was increased
in obese and high-fat environments. In an in vitro model
used 3T3-L1 adipocytes, Yin et al. found that the JNK-
dependent activation of autophagy diminished palmitate-
induced inflammation by inhibiting the expression of
monocyte chemoattractant protein-1 (MCP-1) and IL-6°.

The autophagy level of donor adipocytes is influenced to
a certain extent under the circumstance of fat transplantation
with ischemia, hypoxia, and inflammatory features.
Although at present, few studies have reported the autophagy
role in fat transplantation, we speculate that autophagy can
impact on the fat transplantation by intervene the behavior of
ADSCs and adipocytes. Ischemia is one of the main causes
of the high rate of absorption of transplanted autologous
fat®. The apoptosis and autophagy of ADSCs are involved
in the process of programmed cell death induced by the
ischemic and mitogen-deprived microenvironments®’.
Li et al. treated the ADSCs exposed to oxygen-glucose
deprivation (OGD), which was a simulated ischemic micro-
environment®®. During adipogenesis, autophagy inhibition
decreased the expression of oil droplet accumulation, lipo-
protein lipase, and PPARY protein in ADSCs with or without
the OGD challenge®®. Upregulating autophagy may promote
the survival and adipogenesis of ischemia-challenged
ADSCs. As autophagy has well-established properties in
ADSCs adipogenic differentiation, understanding the com-
plex relationships of autophagy and how ADSCs and adipo-
cytes are affected by autophagy would attenuate adipocytes

dysfunction and inflammation, potentially benefiting for the
efficacy of fat transplantation.

Besides, the adipogenic differentiation process of ADSCs
is governed by various transcription factors (TFs), such as
EBF family (EBF1, EBF2, EBF3), PPARs, C/EBPo, CREB,
KLF5, KLF15, STAT5a, and ATF4%**, Huang et al. inves-
tigated underlying mechanisms on adipogenic differentia-
tion using rat ADSCs and the mouse pre-adipocyte cell
line 3T3-L1, showing that adipogenic differentiation was pro-
moted with PEDF knockdown by modulating downstream
effector CD36 through ATGL, in a PPARy-dependent man-
ner®. More interestingly, the results of an animal study of fat
transplantation with ADSCs, insulin could enhance the sur-
vival and differentiation of ADSCs within nonvascularized fat
grafts®®. Wang et al. indicated that exogenous IGF2 supple-
mentation enhanced proliferation and multilineage differen-
tiation of ADSCs accompanied by the expression of the
stemness-related markers NANOG, OCT4, and SOX2. This
proposed a new insight into the method for culturing
ADSCs and may facilitate the ADSCs based tissue engi-
neering and therapy®’. At present, three theories (Fig. 2)
have been proposed to describe how fat grafts survive avas-
cular graft surgery, including graft survival theory, graft
replacement theory and host cell replacement theory®’.
Meanwhile, both graft replacement theory and host replace-
ment theory claim that very few donor adipocytes survive
the grafting process. Graft replacement theory stated that
grafted adipocytes were largely replaced by the donor
ADSCs that were concurrently transferred in the graft.
Instead, according to host cell replacement theory, no
grafted cells survived, and all the cells were replaced by
recipient cells®®. Conformably, the mechanisms of fat graft
survival are closely related to ADSCs, which highlighted
the importance of ADSCs in the grafted fat for adipocytes
regeneration. Thus mechanistically, miRNA, LncRNA,
TFs, and autophagy are engaged in influencing the adipo-
genic differentiation capabilities of ADSCs, representing
attractive targets for satisfactory fat morphology.

BMSCs, defined as a class of adult stem cells with self-
renewal and multidirectional differentiation potential, plays
an important role in regulating the homeostasis and mainte-
nance of stem cells in the microenvironment. The adipogenic
and osteogenic function of BMSCs have always been the
focus of research in the field of cell transplantation and tissue
engineering. Current data supported that miR-199a-3p
improved the adipogenic differentiation of BMSCs by inhi-
biting KDM6A and sequential downstream inactivation of
the WNT signaling pathway, uncovering a novel mechanism
underlying adipogenic differentiation and highlighting a
potential target for osteoporotic disease therapy®®. In a CAL
rabbit model, Xing et al. proposed an interesting method
using bone marrow aspirate and bone marrow concentrate
including BMSCs, confirmed the implanted BMSCs contrib-
ute to fat graft survival by multilineage differentiation, adi-
pogenesis and angiogenesis’’. BMSC-assisted fat graft is
effective and safe for soft tissue augmentation and may be
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Figure 2. Theories of fat graft survival. (A) The body fat distribution differs from respective zones coupled with different cell viability.
(B) Graft survival theory: certain stubborn adipocytes in the fat graft receive an early and suitable circulation and continue to survive,
whereas the remainder of the graft degenerates and is gradually eliminated. (C) Graft replacement theory: most of the adipocytes die after
transplantation and adipocytes in the regenerative area do survive through graft-derived ADSCs adipogenic differentiation. (D) Host cell
replacement theory: transplanted fat is completely necrotic and is replaced by fibrous tissue or newly formed metaplastic fat. Adipose-

derived stem cells, ADSCs.

superior to conventional lipo-injection’'. Previous studies
have also demonstrated that BMSC-derived extracellular
vesicles (BMSC-EVs) may promote neovascularization by
stimulating the secretion of proangiogenic factors for
improving the long—term retention and quality of trans-
planted fat’?.

Existing studies have shown that the adipogenic differen-
tiation function of MSCs can effectively improve the sur-
vival rate of transplants, but ADSCs are applied much more
frequently than BMSCs. However, in lean or elderly people
and patients with autoimmune-related diseases, the biologi-
cal activity of ADSCs is affected by these factors and the
quantity of ADSCs is also sharply declined due to the
reduced fat tissue, which limits the utilization of ADSCs in
fat transplantation. Therefore, under some circumstances,
BMSCs are potential alternatives in CAL, complemented
by ADSCs.

ADSCs Angiogenesis

Adipose tissue has a special tissue structure and blood supply
system. In the mature adipose tissue, only a few monocel-
lular fat cells, like grape clusters, are arranged on the vas-
cular scaffold, but they occupy most of the space and
volume, which requires high energy consumption and high
blood supply. In the early stage of fat transplantation, the
adipose tissue mainly relies on infiltration and osmosis to
maintain the nutrition supply’>. The presence of more fat

droplets than capillary recipient sites will lead to insufficient
neoangiogenesis. However, emerging evidence has shown
that the efficacy of fat transplantation is reduced by fat
absorption and fibrosis that are closely related to insufficient
vascularization. ADSCs are considered to be a class of
MSCs derived from vascular matrix components in adipose
tissue, with self-renewal, multiple differentiation potentials,
and powerful paracrine functions. In fat transplantation,
ADSCs have a prominent pro-vascularization effect via vas-
cular endothelial cell differentiation and pro-angiogenic
secret ability.

ADSCs can directly or indirectly differentiate into
endothelial cells, smooth muscle cells, and pericytes to pro-
mote the formation and stabilization of vascular networks
and improve the survival rate of fat transplantation. Increas-
ing evidence suggests that ADSCs with other types of MSCs,
are anatomically and functionally associated with vascular
and perivascular habitats in various tissues. Harris et al.
confirmed that the co-implantation of fat lipoaspirate with
ADSCs differentiated toward an endothelial phenotype
observably improved both survival and neovascularization
of the transplanted fat lipoaspirate’®. An interesting study
demonstrated that CD146 positive cells selected from a het-
erogeneous mixture of ADSCs expressed higher levels of the
adipocyte markers adiponectin and leptin, and possessed
more favorable angiogenic and adipogenic properties, which
might provide significant benefits for reconstructive and

tissue-engineering applications in fat transplantation’”.
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Hong et al. showed that newly differentiated fat from donor
ADSCs and recipient tissue integrated with survived donor
fat resulted in a quantitative difference in angiogenesis and
adipogenesis during adipose remodeling according to the
concentration of ADSCs’®,

Interestingly, Yuan et al. proposed that early vascular-
ization of ADSCs mainly relies on secretion to produce
various vascularization factors, rather than differentiation
to produce functional cells’’. As also confirmed by Yi
et.al., the role of exogenous ADSCs in free fat transplan-
tation may not directly participate in angiogenesis and
adipogenesis but may promote the survival ratio of the
graft-resident interstitial cells, which are involved in
angiogenesis and adipogenesis, via a paracrine effect’®.
Importantly, ADSCs also participate in enhancing neovas-
cularization via the autocrine and paracrine effect of
angiogenic cytokines, including VEGF, bFGF, EGF,
IGF-1, HGF, PDGF, and thereby increase the survival
rate of fat grafts. VEGF, which stimulates endothelial cell
migration and proliferation, regulates graft angiogenesis
during fat transplantation. it was consistent with the
research of Chen et al. that the VEGF production signif-
icantly stimulated by CRP, mainly by activating HIF-1a
via the CD64/PI3K/Akt and MAPK/ERK signal pathways
in ADSCs, implicating that CRP might have a significant
effect on vasa vasorum growth by activating the proan-
giogenic function of ADSCs’’. Besides, another possible
mechanism of promoting the ADSCs angiogenesis, was
that HIF1A suppressed the expression of miR-20a via
targeting its promoter region®”

Growing evidence has revealed that ADSCs possess
the ability to enhance vascularization, partly due to extra-
cellular vesicles (EVs). In a long-term nude mouse fat
transplantation model, Mou et al. demonstrated that
ADSCs-derived EVs could enhance the volume retention
of fat grafts by improving angiogenesis and regulating
immune responses®'. Furthermore, the study found that
ADSC-Exos can effectively promote the survival of graft,
neovascularization and attenuated inflammation in the fat
grafts. Hypoxia treatment could further enhance the ben-
eficial effect of ADSC-Exos®”. Hoseini et al. transfected
plasmids encoding FGF-1 into ADSCs for transplantation
and culture, demonstrating that FGF-1 can promote vas-
cular proliferation and tube formation in fat transplanta-
tion®. Thus, as the unsatisfactory blood supply is a very
important obstacle for fat graft survival, utilize the prop-
erties of vascular angiogenic differentiation and pro-
angiogenic secret ability, which will be a benefit for
protecting fat grafted from the inadequate blood supply.
These findings, based on ADSCs-derived extracellular
vesicles, could offer a promising addition or alternative
to autologous fat grafting once the clinical translation to
the patient shows sufficient effectiveness, and may poten-
tially show its regenerative potential for future clinical
applications.

Conclusions and Perspectives

Adipose tissue transplantation is regarded as a safe and
advantageous procedure for augmentation or reshaping
applications in different clinical situations. In summary, the
adipocytes and ADSCs are extremely involved in the sur-
vival process of fat graft, including adipocyte apoptosis,
dedifferentiation of mature adipocytes, white adipocyte
browning, ADSCs adipogenic differentiation and ADSCs
angiogenesis. These lately theoretical studies will support
to solve the problem of fat regeneration and absorption.
As these mechanisms are explored, fat transfer techniques
are being innovated. The understanding of the ischemia and
hypoxia microenvironment of adipocytes after transplanta-
tion will be beneficial to improve the details of approaches
of fat transplantation, involving in liposuction methods, fat
pre-treatments, injection site and frequency, for the purpose
of sustaining high adipocytes viability. The properties of
ADSCs with self-renewal and multilineage differentiation,
make ADSCs to be attractive candidates fat transplantation
and ADSCs-based engineering biomaterials®*.

Nowadays, as the fat absorption is an inevitable event, the
filling effect of fat transplantation is still not fairly satisfac-
tory. The reduction in tissue volume often leads to depres-
sions, asymmetric morphology and even failure of the
surgical filling. The reasons may attribute to the following
issues: (i) The clinical unpredictability of autologous fat
grafting originates partially from the unique characteristics
of adipose tissue. The adipose tissues from different parts of
the body are not equivalent. Besides, the character of the
same site of fat also differs from a different individual®.
To a certain extent, these factors determine the ending of
adipocytes and the effect of graft remodeling. (ii) The net-
work of the graft is rather complex, which influence on the
adipocytes survival. Firstly, a variety of immune cells such
as neutrophils and macrophages are capable of promoting fat
graft survival, such as removing dead cells, grease, promot-
ing angiogenesis, regulating adipocytes metabolism and so
on®*7_ Secondly, the graft cells, like ADSCs, can secrete
various cytokines involved in the regulation of immune cell
function and adipocytes viability. These multiple cytokines
can stimulate diverse biological effects synergistically rather
than independently in fat transplantation®®. Thus, immune
regulation is not the sole function of any cell, and all these
cells collectively establish a complex regulatory network
through mutual promotion or restriction, resulting in signif-
icant individual differences in the effect of fat transplanta-
tion. (iii) The clinical fat transplantation is not strictly
standardized. The fat retention rate also depends on the tech-
nology, experience of physicians and equipments. Several
standard protocols are available for fat grafting based on
simple procedures such as lipoaspirate, gravity separation,
and filtration or centrifugation to remove impurities and
obtain relatively pure adipocytes. However, the lack of stan-
dardization in harvesting and injection protocols, combined
with the unpredictability of the resorption rate, pose a
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significant limitation for graft retention. New and standar-
dized approaches are needed to make fat cells not only
accessible functional, but also more efficient and functional.

There are still some problems remained to be an urgent
clinical challenge of fat transplantation. It is an interesting
issue that generally, the grafted adipocytes injected in facial
sites manifest higher survival that in the breast. This fact
proposes a research point that the fat transplantation with
smaller fragments is better than that with larger fat volume.
The methods to sustain the optimal morphologic change in
the face and ameliorate the graft survival in breast, will be of
considerable value. Another important issue is the safety of
fat transplantation. Although autologous fat grafting is
becoming a widely popularized technique for breast recon-
struction in breast cancer patients who have undergone a
mastectomy, the emerging evidence of cancer-associated
adipocytes involved in oncological safety still deserves con-
sideration. Due to fat necrosis and calcification in breast
tissue, fat transplantation may complicate breast imaging
and breast cancer surveillance. It is necessary to conduct
clinical trials on a large scale and with long-term follow-
up in order to ensure the oncologic safety of fat grafting after
mastectomy. More significantly, after autologous fat trans-
plantation, the fat tissue undergoes necrotic and is reab-
sorbed over time, with the unpredictable survival rate of
autologous adipocytes of the intraoperative filling volume®.
There will still be an urgent requirement of avoiding adipo-
cytes absorption. By the combination of multiple assisted
technology, such as platelet rich plasma (PRP), platelet rich
fibrin (PRF), nanofat, CAL, exposure of physical factors or
cytokine stimulation, or nano-materials, it will contribute to
the optimal morphological adjustment.

In conclusion, adipose tissue is a relatively safe tissue of
filling substance in conformance with that fat transplantation
is a relatively safe, efficient, common procedure in plastic
surgery, but still with a major limitation in its unpredictable
graft retention. There will still be a matter of implementing
mechanisms and technology studies in depth for achieving
the desired filling effects of fat.
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