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Abstract
Background Fat grafting has been extensively used in plastic surgery practice, yet unstable retention in the recipient 
site remains a significant clinical challenge. The limited tolerance of injected adipose tissue to ischemia has prompted 
strategies aiming at timely enhancing the vascularity of the grafted fat. Various modified fat graft preparations have 
been used, and the mechanically processed tissue stromal vascular fraction (tSVF) derived from fat tissue has garnered 
considerable interest for enhancing rate of fat graft retention. Further enhancement of the graft retention and quality 
through supplements to tSVF is worthy of investigation.

Methods The arteriovenous (AV) shunt in rats has been used to evaluate tSVF in vivo. We employed this animal 
model to investigate the regenerative potential of glycolipid Globo H Ceramide (GHCer) added to tSVF isolated 
from male Lewis rats. Sixty-two rats divided into four groups were studied. Study parameters included gene 
expression of vascular endothelial growth factor A (VEGFA) and fatty acid binding protein 4 (FABP4), percentages 
of the CD45−CD31+ endothelial cell, fat tissue retention and fibrotic changes. In vitro studies on adipose-derived 
mesenchymal stromal cells (AD-MSCs) included angiogenesis by tube formation assay and adipogenesis.

Results The addition of GHCer resulted in superior retention of the tSVF grafts at one-, two-, and eight-week post-
grafting (p < 0.05). Elevated expression VEGFA was observed from one week (p < 0.05), followed by FABP4 at two 
weeks post-grafting in the tSVF + GHCer grafts (p < 0.01). After eight weeks, the numbers of CD45−CD31+ endothelial 
cells and adipocytes were significantly increased in the tSVF + GHCer grafts (p < 0.01), while collagen deposition was 
reduced (p < 0.05). Given that GHCer potentially exerted its effects on tSVF through AD-MSCs within, we performed 
in vitro studies and demonstrated that GHCer promoted AD-MSC differentiation into neovessels (p < 0.05) and 
adipocytes (p < 0.001).
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Background
Fat grafting is a common practice in plastic and recon-
structive surgery to restore soft tissue defects or insuf-
ficiency resulting from trauma, cancer ablation or other 
etiologies. However, whole fat grafting has high resorp-
tion rate, primarily due to the inadequate revasculariza-
tion of the grafted fat within permitted time. Therefore, 
timely increase of vascularization is conceived as a strat-
egy for successful fat grafting [1].

To improve the retention rate, modified fat grafting 
techniques have been developed, including methods to 
process the fat prior to grafting. Tonnard et al. introduced 
a nanofat technique, which involves disrupting mature 
adipocytes and emulsifying fat. This approach has shown 
superior clinical outcomes compared to lipoaspirates 
that contained intact adipocytes [2]. Characterization 
of nanofat revealed that it comprises approximately 5% 
adipocyte-derived stromal cells (AD-MSCs), with adipo-
genic differentiation potential [2]. Furthermore, since the 
preparation is solely through mechanical processing, the 
native extracellular matrix (ECM) and perivascular struc-
tures are not fully disrupted, providing physical support 
for the cells within [3, 4]. This mechanically disrupted 
fat tissue mixture contains AD-MSCs, endothelial cells, 
and native ECM while excluding mature adipocytes, is 
termed tissue stromal vascular fraction (tSVF) [5], a defi-
nition supported by the International Federation for Adi-
pose Therapeutics and Science [6].

tSVF can be conveniently prepared and administered 
to patients in a single surgical procedure. In contrast 
to culture-expanded AD-MSCs, tSVF involves fewer 
manipulation, reduces the risk of contamination, and 
lowers associated costs. The therapeutic potential of 
tSVF has been demonstrated in wound healing [7], knee 
osteoarthritis [8], photoaging [9] both in animal models 
and clinical settings [10].

The in vivo effects of tSVF can be studied via incuba-
tion in a closed artificial tissue engineering chamber 
nurtured by an arteriovenous (AV) shunt. Using a modi-
fied nanofat technology in this system [11], Kim et al. 
observed angiogenesis and adipogenesis of tSVF explants 
after a six-week period [12]. However, certain percentage 
of fibrosis was also observed in these explants, which may 
imply necrosis or reabsorption of the grafted fat tissue 

[13]. On the other hand, studies have demonstrated that 
the survival of fat grafts can be improved with the addi-
tion of bioactive substances such as prostaglandin E2 and 
a specific glycoprotein, potentially through enhancing 
angiogenesis and reduced apoptosis [14, 15]. Enhanced 
angiogenesis can also protect adipose tissue from 
hypoxia and fibrosis [16]. Based on these findings, we 
propose that supplementing tSVF with a pro-angiogenic 
factor can further improve graft outcome.

Glycosphingolipids (GSLs) encompass a diverse group 
of membrane glycolipids characterized by a ceramide 
backbone covalently linked to a glycan moiety. These 
molecules play crucial roles in various cellular processes 
during embryogenesis and differentiation [17–19]. We 
previously demonstrated that globo-series GSLs, such as 
Globo H ceramide (GHCer), exhibit a restricted expres-
sion pattern during early embryonic development and are 
generally absent in mature cells of normal tissues [20–
22]. Furthermore, GHCer can activate human umbilical 
vein endothelial cells (HUVECs) and facilitate formation 
of new blood vessels both in vitro and in vivo [23, 24]. 
These findings suggest potential therapeutic applications 
of GHCer to enhance angiogenesis in ischemic environ-
ments [25].

In this study, we aim to investigate if addition of GHCer 
can enhance the retention of tSVF grafts and its mecha-
nisms through increased angiogenesis and adipogenesis 
while simultaneously reducing fibrosis.

Materials and methods
Rats
The male Lewis rats were purchased from the BioLASCO 
Taiwan CO., Ltd. in Taipei, Taiwan. The rats were housed 
at the Association for Assessment and Accreditation of 
Laboratory Animal Care (AAALAC)-accredited animal 
facility of the Linkou Chang Gung Memorial Hospital, 
Taiwan, with a 12-hour light cycle and free access to 
water and rat chaw. The cages were enriched with ster-
ilized non-toxic toys. Experiments were performed on 
rats with an average weight of 380–420 g and aged 12–14 
weeks. Animal studies adhered to the guidelines for the 
Care and Use of Laboratory Animals and were approved 
by the Institutional Animal Care and Use Committee of 

Conclusions Supplementing GHCer to tSVF effectively reduced fat reabsorption and fibrotic changes of the grafts, 
while enhancing angiogenesis and adipogenesis, potentially through facilitating AD-MSC differentiation within tSVF. 
These findings support the potential clinical application of GHCer to enhance the stability and long-term outcomes of 
fat grafting procedures.
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Linkou Chang Gung Memorial Hospital. This work has 
been reported in line with the ARRIVE guidelines 2.0.

Collection of fat-derived tSVF
We employed a modified nanofat technology to prepare 
tSVF from rats [11, 12]. In the Microsurgery Suite of the 
animal facility at Linkou Chang Gung Memorial Hospital, 
rats were anesthetized by 5% isoflurane for induction, and 
were then placed on their backs. Both inguinal areas and 
legs were clipped and disinfected. One inguinal fat pad 
was en bloc harvested and immediately processed in the 
laboratory according to the protocol published by Kim et 
al. [12]. Briefly, blood vessels and visible connective tissue 
of the fat pad were cautiously removed, and fat was rinsed 
with sterile 0.9% saline solution. Next, the fat was finely 
minced by a scalpel to imitate the fragmentation that fat 
undergoes during the liposuction procedure in humans. 
The minced fat was then shifted through a Luer lock con-
nector with an inner diameter of 1.2 mm (Tulip Medical 
Products) for thirty times. The mechanical force disrupts 
the mature adipocytes, releasing the fat within the cells 
and leading to emulsification. The remaining cells, which 
stayed in the small tissue fragments produced by the 
mechanical force, were concentrated at the bottom when 
the emulsified fat was centrifuged at 1200× g for 5 min. 
The resulting pellet at the bottom of the centrifugation 
tube was the final tSVF. The acquired tSVF volume was 
generally less than 0.3 ml, and phosphate buffered saline 
(PBS) was added to bring the total volume to 0.3 ml. The 
upper layers were discarded.

AV shunt and implantation of tSVF-fibrin hydrogel mix
While the fat was processed, AV shunting was performed 
in parallel. All surgeries were performed under a surgi-
cal microscope in sterile conditions on a heat mat. An AV 
shunt was created by an end-to-end anastomosis between 
the distal ends of the deep femoral artery and inferior epi-
gastric vein with 10/0 nylon. The patency was checked. 
Next, the AV shunt was placed into a PolyJet tissue engi-
neering chamber (total volume of 0.9 mL with a central 
pin to secure the AV shunt) through a small entrance at 
one side, and secured by a central pin inside of the cham-
ber. An tSVF-fibrin hydrogel mix containing 0.3 mL of 
autologous tSVF and 0.3 mL of fibrin hydrogel (10 IU 
thrombin and 12.5  mg/mL fibrinogen, Sigma-Aldrich) 
was filled into the chamber containing the AV shunt. The 
chamber was closed by a lid and secured to the thigh with 
two 4/0 nylon sutures. Skin closure was completed by 
interrupted vicryl 4 − 0 sutures. The explants within the 
chambers were collected after 1, 2, and 8 weeks for fur-
ther analysis. Following the surgery, the rat was returned 
to its cage after recovering from anesthesia. The health 
condition was monitored daily. From the day of surgery, 
prophylactic medication included 15  mg/kg cefazolin 

and 2 mg/kg ketoprofen was administered once daily for 
3 days, and continued if necessary. If the rat exhibited 
symptoms of humane endpoints, such as hunched pos-
ture, labored breathing, severe vomiting or diarrhea, sud-
den 20–25% weight loss, and no improvements following 
treatments, euthanasia was performed using intravenous 
injection of potassium chloride solution under 4–5% iso-
flurane anesthesia.

GHCer preparation
GHCer was purchased from TCI Chemicals with a purity 
greater than 98%. It was dissolved in PBS to a concentra-
tion of 2 mg/mL (1.3 mM), aliquoted, and stored at 4 °C 
until use. For the tSVF and AD-MSC experiments, a final 
concentration of 20 µM GHCer was used, as this dosage 
has been previously shown to activate angiogenesis [23, 
24].

Study design
A total of sixty-two rats underwent AV shunt surgery 
(Fig.  1A) and were divided into four groups: Group 1 
received tSVF in the chamber (tSVF group), and Group 
2 had GHCer mixed with tSVF before placement into 
the chambers (tSVF + GHCer group). Group 3 received 
hydrogel only without tSVF in the chamber (N = 3), and 
Group 4 contained hydrogel and GHCer (N = 3). Groups 
3 and 4 served as the control groups to evaluate the 
physiological effects of hydrogel and GHCer after in vivo 
incubation. The first two groups were collected at 1 week, 
2 weeks and 8 weeks after surgery, with 8 rats for each 
time points. In the eight-week groups, four rats were pre-
maturely sacrificed due to thrombosis of the AV shunt, 
and additional experiments were performed to compen-
sate for the loss (N = 26 for Groups 1 and 2 each). Addi-
tionally, tSVF from four rats were subjected to RNA 
isolation immediately after preparation, and served as the 
naïve RNA control.

Each experimental rat was attached with an ear tag for 
unique identification. This ear tag system enabled accu-
rate tracking of individual rats throughout the study, 
minimizing the risk of misidentification and ensuring 
that treatments and measurements were applied to the 
correct rats. Additionally, to reduce potential observer 
bias, both the operators conducting the treatments and 
those assessing the outcomes were blinded to the group 
assignments. This was achieved by coding the treatment 
groups, with the code being revealed only after data 
analysis.

Adipose-derived mesenchymal stromal cells
Preparation and expansion of AD-MSCs were performed 
as described previously [26]. Briefly, the inguinal fat pads 
were collected from male Lewis rats aged between 8 and 
10 weeks under anesthesia by isoflurane. The fat tissue 



Page 4 of 13Cheng et al. Stem Cell Research & Therapy          (2025) 16:317 

was then minced and digested with type IV collagenase 
(Life Technologies) and hyaluronidase (Sigma-Aldrich) 
for 1 h at 37 oC. The cell pellet was collected and plated 
in low-glucose Dulbecco’s Modified Eagle’s medium 
(DMEM, Life Technologies) supplemented with 10% fetal 
bovine serum (FBS, Life Technologies) and 1% penicillin-
streptomycin (Life Technologies) and incubated at 37 oC 
in 5% CO2 atmosphere. The media was replaced every 
2–3 days until 80–90% confluence was reached.

Adipogenic differentiation
AD-MSCs were seeded at a density of 1 × 104 cells/cm2. 
Cells were incubated in a humidified incubator at 37  °C 

with 5% CO2. Adipocyte differentiation was induced by 
replacing culture medium with adipogenic induction 
medium (low glucose DMEM supplemented with 1 mM 
dexamethasone (Sigma-Aldrich), 0.5 mM 3-isobutyl-
1-methylxanthine (Sigma-Aldrich), 0.2 mM indometha-
cin (Sigma-Aldrich), 0.01 mg/ml insulin (Sigma-Aldrich), 
10% FBS, and 1% penicillin/streptomycin) in the pres-
ence of 20 µM GHCer or PBS, which served as the con-
trol since it was the buffer used to dissolve GHCer. The 
adipogenic induction medium was changed every other 
day for 14 days.

Fig. 1 GHCer enhances the retention of tSVF. (A) Fat tissue from right groin was harvested for preparation of tSVF, as described in Materials and methods. 
On the experimental side (left side), the deep femoral artery and inferior epigastric vein were anastomosed. The AV shunt was then placed into a Poly-
Jet tissue engineering chamber, which was filled with a tSVF-fibrin hydrogel mixture and covered by a full lid. Hydrogel was mixed with tSVF, GHCer or 
tSVF + GHCer respectively, and afterwards engrafted on the left side (N = 3–8). The hydrogels were dissected at weeks 1, 2, and 8 following engraftments. 
(B) Photographs of the tSVF/hydrogel mixtures were taken after preparation (0 week) and 8 weeks after engraftment. (C) The hydrogels containing speci-
fied components were dissected and weighed at 8 weeks after engraftment. (D) Percentage change in weight of the tSVF /hydrogel mixture, normalized 
to the weight measured when freshly prepared at week 0. Except for the tSVF collected at 8 weeks after surgery, which had N = 7, all other time points 
for both the tSVF and tSVF + GHCer groups had N = 8. The data are shown as mean ± SD. Statistical significance was assessed using one-way ANOVA with 
Tukey correction for multiple comparisons or Student’s t-test. * p < 0.05, *** p < 0.001, **** p < 0.0001
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Oil Red O staining
Frozen sections of grafts or AD-MSC-differentiated adi-
pocytes were fixed in 10% formaldehyde for 30  min at 
room temperature and washed thrice with distilled water, 
followed by incubation with Oil Red O working solution 
(mixed 3 mL of stock solution that contains 5 mg Oil Red 
O (Sigma-Aldrich) per mL of 60% isopropanol with 2 mL 
distilled water, and filtered through Whatman filter paper 
No. 1) for 10 min at room temperature and then washed 
thrice with distilled water. Cells were examined under the 
microscope, and images were captured at 10x magnifica-
tions using a microscope (DMI 3000, Leica) and analyzed 
by a StrataQuest software (TissueGnostics). For quantita-
tion of lipid accumulation, cells in each well of the 24-well 
plate were extracted with 200 µL isopropanol for 10 min, 
and absorbance at 500 nm was measured using an ELISA 
plate reader (Thermo Scientific Multiskan Spectrum).

Masson’s trichrome staining
Paraffin-embedded tissues were sectioned at 8 μm, rehy-
drated by a series of incubations in xylene and ethanol 
solutions and then stained with the Masson’s Trichrome 
staining kit (Sigma-Aldrich) according to the procedures 
of the manufacturer. The muscle fibers, nuclei, and col-
lagen were stained in red, black, and blue, respectively. 
Images were acquired using an Aperio digital pathology 
slide scanner (Leica). Fibrotic area quantification was 
performed by the StrataQuest software (TissueGnostics). 
The area of fibrosis was expressed as the percentage of 
the total specimen areas.

Flow cytometry
To study the cellular composition of the tSVF at the des-
ignated endpoint, we minced and digested the tSVF with 
type IV collagenase (Life Technologies), DNase I (Sigma-
Aldrich), and hyaluronidase (Sigma-Aldrich) for 1  h at 
37 °C. The resulting cell suspension was centrifuged and 
the pelleted cells were incubated with anti-CD31 (BD 
Biosciences) and anti-CD45 (BioLegend) antibodies for 
30  min to stain cell-surface antigens. The forward scat-
ter (FSC) versus the side scatter (SSC) plot was applied 
to gate live cells, excluding cell debris. The CD45 marker 
was used to detect stromal cells (CD45−), and from these 
cells to identify the endothelial cells with the phenotype 
of CD45−CD31+. Flow cytometric analysis was per-
formed using the SA3800 Spectral Analyzer (SONY), and 
the data were analyzed with FlowJo software (BD).

Tube formation assay
The growth factor-reduced Matrigel (BD) was placed 
in 24-well plates and allowed to polymerize for 30  min 
at 37  °C. Next, AD-MSCs (6 × 104 cells per well) were 
seeded on the Matrigel and stimulated overnight with the 
growth factor-enriched EGM2 medium (Lonza) in the 

presence of GHCer or PBS. After culture for 16 h, images 
were taken under the microscope (DMI3000, Leica) in 
5–8 fields per well. The total length of the tube-like struc-
tures, number of branches, nodes (where the branches 
end or meet) and meshes in the images were quantified 
by the Angiogenesis Analyzer tool within the Image J 
software (NIH) [23, 24, 27].

Quantitative real-time RT-PCR
Total RNAs were isolated using Tri-reagent (Invitrogen) 
according to the manufacturer’s instructions. Reverse 
transcription was performed using the cDNA synthesis 
Kit (Applied Biosystems). cDNAs were amplified using 
random primers. Quantitative real-time PCR was per-
formed using SYBR Green Supermix (Applied Biosys-
tems). Primer sequences were listed as follows: VEGFA 
forward:  G A A G A C A C A G T G G T G G A A G A A G; VEGFA 
reverse:  A C A A G G T C C T C C T G A G C T A T A C; FABP4 for-
ward: GTCCT  G G T A C A T G T G C A G A A; FABP4 reverse:  
C T C T T G T A G A A G T C A C G C C T. Samples were run in 
triplicate in a 96 well Optical Reaction plate (Applied 
Biosystems). The PCR reaction conditions were 50 °C for 
2 min, 95 °C for 5 min, 35 cycles of 95 °C for 30 s, 59 °C 
for 1 min, 72 °C for 1 min, followed by a dissociation step. 
Results were analyzed using 7500 fast system Software 
(Applied Biosystems).

Statistical analysis
Statistical analysis was performed using Prism (GraphPad 
Software). All values are presented as means ± SD. Three 
independent experiments were performed for each study, 
and representative results were shown. Comparison 
between groups were performed by the Student’s t-test or 
one-way Analysis of Variance (ANOVA) following Sha-
piro-Wilk’s normality test. The asterisk signs designated 
the probability value reaching statistical significance (*: 
p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001)

Results
GHCer enhanced the retention of tSVF grafts
All the rats had two wounds in the groin area (Fig.  1A 
left), one was from fat harvest, and the other was from 
the surgery of AV-shunt and tissue chamber implantation 
(Fig. 1A right). For the tSVF and tSVF + GHCer groups, 
the initial wet weight of the tSVF and fibrin hydrogel 
was approximately 400  mg before being placed to the 
chamber. Explants were collected at intervals of one, 
two, and eight weeks after surgery. During the first week 
postoperatively, it was observed that there were no sig-
nificant differences in the size of fat grafts between tSVF 
and tSVF + GHCer groups (Fig.  1B). However, at eight 
weeks, the graft volume in the tSVF + GHCer group was 
notably larger than that in the tSVF group (Fig. 1B). As 
shown, the graft in the tSVF + GHCer group exhibited 
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soft, fat-like appearance with rich blood supply, while 
the graft of the tSVF group displayed a hard, grayish, and 
lackluster texture (Fig. 1B). Furthermore, the grafts in the 
GHCer group weighed significantly more than those in 
the tSVF group (p < 0.001, Fig. 1C and D). On the other 
hand, the two control groups, which contained either 
hydrogel or hydrogel with GHCer, showed minimal rem-
nants after eight weeks, suggesting that neither hydrogel 
nor GHCer induced physiological effects in our system 
(Fig.  1C). Moreover, the GHCer group exhibited higher 
graft weight than the tSVF group at one- and two-weeks 
post-implantation (p < 0.05). This trend persisted when 
measuring implanted tSVF eight weeks after surgery 
(p < 0.0001) (Fig. 1D). One data point in the tSVF group 
collected at 8 weeks post-surgery was excluded because it 
was an outlier, deviating from the third quartile value by 
more than 1.5 times the interquartile range of the group’s 
data.

GHCer increased the endothelial cells and adipogenesis, 
but reduced fibrosis
To further investigate the impact of GHCer in tSVF on 
angiogenesis, single cells were prepared from the grafts 
after eight weeks in vivo and analyzed with flow cytom-
etry using CD31 as endothelial cell marker and CD45 as 
hematopoietic cell marker. As shown in one representa-
tive experiment in Fig.  2A, the CD31+ cells within the 
CD45− population (thus CD45−CD31+ phenotype) was 
defined as the endothelial cells. With a total of 8 experi-
ments, we found a substantial increase in endothelial 
cells from 0.5 ± 0.7% in the tSVF group to 1.7 ± 0.8% in 
the tSVF + GHCer group (p < 0.01), strongly supporting 
the notion that GHCer enhances angiogenesis in grafted 
tSVF (Fig. 2B).

Secondly, Oil Red O staining was performed to access 
the lipid content within the grafts (Fig.  3A). The analy-
sis revealed that the tSVF group exhibited an aver-
age lipid area of 16.6 ± 4.7%, whereas the tSVF + GHCer 
group displayed a significantly higher average lipid 
area of 25.16 ± 5.1% (n = 8, p < 0.01) (Fig.  3B). As mature 

Fig. 2 GHCer increased the percentage of endothelial cells in the engrafted tSVF in vivo. tSVF was mixed with hydrogel either alone or in combination 
with GHCer, and engrafted into the rats for a total of eight weeks before being dissected. (A) The dissected mixture was processed to acquire single cell 
suspension for examination of the CD45−CD31+ population by flow cytometry. The major live cell population was gated in SSC versus FSC plot for analysis 
(upper left). Since the percentages of CD45−CD31+ cells were low, we applied a two-stage gating strategy by first selecting the CD45− population in the 
SSC versus CD45 plot (the square in the lower left plot), and then gating the CD31+ population from these CD45− cells (right panel). The numbers within 
the squares represent the ratio of CD45−CD31+ cells in total cell population. (B) The percentages of endothelial cells (CD45−CD31+) among total cells in 
individual tSVF/hydrogel mixture are presented (N = 8). Statistical significance was calculated using Student’s t test. ** p < 0.01
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adipocytes have been disrupted during preparation 
of tSVF, our findings support the notion that GHCer 
enhances adipogenesis in grafted tSVF.

Finally, as angiogenesis and adipose cluster sizes are 
inversely correlated with extracellular matrix (ECM) 

deposition [28, 29], we evaluated ECM deposition in the 
explants. Masson’s trichrome staining which analyzed the 
degree of fibrosis (Fig. 4A) showed that the fibrosis area 
was 12.1 ± 3.7% and 9.0 ± 1.8% of the total area for the 
tSVF and the tSVF + GHCer groups, respectively (n = 8, 

Fig. 4 GHCer reduced fibrosis in the engrafted tSVF in vivo. tSVF was mixed with hydrogel either alone or in combination with GHCer, and engrafted into 
the rats for eight weeks before being dissected (N = 8). (A) Paraffin sections of the dissected grafts were subjected to Masson’s trichrome staining to ana-
lyze degree of fibrosis (scale bar = 200 μm). (B) Quantification of degree of fibrosis based on the connective tissue and abnormal deposition of extracellu-
lar matrix staining (blue) was performed and normalized to the total area accordingly. Statistical significance was acquired using Student’s t-test. * p < 0.05

 

Fig. 3 GHCer increased adipogenesis of engrafted tSVF in vivo. tSVF was mixed with hydrogel either alone or in combination with GHCer, and engrafted 
into the rats for eight weeks before being dissected (A) Frozen sections of the dissected grafts were subjected to Oil Red O staining to visualize the lipids 
(red, scale bar = 200 μm). (B) Quantification of lipid areas was conducted and normalized to the total area accordingly (N = 8). Statistical significance was 
acquired using Student’s t-test. ** p < 0.01
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p < 0.05) (Fig. 4B). In consequence, the addition of GHCer 
in the fat graft significantly reduced the degree of fibro-
sis, a major complication which leads to dysfunction of 
grafted fat tissue.

Therefore, GHCer promotes angiogenesis and adipo-
genesis while reducing the degree of fibrosis in grafted 
tSVF. Our data demonstrate that GHCer enhances the 
survival and quality of the grafted tSVF.

GHCer promoted angiogenic and adipogenic signals in 
tSVF in vivo
During fat grafting, neovascularization and adipogenesis 
are linked intricately through paracrine signaling path-
ways [30]. To study this relationship, we examined the 
expression of two pivotal genes crucial for the regenera-
tion of vascular and adipose tissues, the vascular endo-
thelial growth factor A (VEGFA) and fatty acid binding 
protein 4 (FABP4), during the early stage after tSVF 
implantation (Fig.  5). Compared to ”naive tSVF” which 
had not been grafted into the animal, tSVF increased 
13.8 ± 4.5 fold VEGFA mRNA expression after one week 
of grafting (p = 0.75). Remarkably, the addition of GHCer 
further enhanced VEGFA expression in tSVF to 23.9 ± 5.7 
fold (p < 0.05). This trend became even more prominent 
when analyzing the grafted tSVF after two weeks, with 
VEGFA expression reaching 19.3 ± 3.6 and 34.3 ± 7.6 

folds in the tSVF and tSVF + GHCer groups, respectively 
(Fig. 5A).

In contrast, the expression of FABP4 in the tSVF 
treated with/without GHCer remained unchanged in 
the first week after implantation. However, by the sec-
ond week, the expression was up-regulated to 5.3 ± 2.0 
fold (p = 0.0892) in the tSVF group and 12.1 ± 1.9 fold 
(p < 0.01) in the tSVF + GHCer group (Fig. 5B) when com-
pared to “naïve tSVF”.

These findings suggest that GHCer enhances angiogen-
esis and adipogenesis in tSVF by upregulating the expres-
sion of the VEGFA and FABP4 genes. Furthermore, the 
upregulation of VEGFA preceding FABP4 suggests that 
GHCer initiates an angiogenic signal after tSVF implan-
tation, and the newly formed vessels, in turn, promote 
adipogenesis.

GHCer enhanced vasculogenic and adipogenic 
differentiation of AD-MSCs
tSVF encompasses diverse cell types, prominently 
enriched with AD-MSCs which possess versatile pre-
cursor capabilities and demonstrate multilineage differ-
entiation potential [2, 3]. We hypothesized that GHCer 
mediates angiogenic, adipogenic and anti-fibrotic effects 
on tSVF through influencing AD-MSCs. To test this 
hypothesis, we employed the tube formation assay, which 
is widely used as an in vitro model of angiogenesis, on 

Fig. 5 GHCer increased expression of angiogenic and adipogenic factors in tSVF in vivo. tSVF was mixed with hydrogel in the presence or absence of 
GHCer and engrafted into the rats. Total RNA was extracted from tSVF dissected at the specified time after engraftment to evaluate the gene expression 
of (A) VEGFA and (B) FABP4 by real-time quantitative PCR (N = 4). The mRNA levels were normalized to those of GADPH and shown as fold changes of the 
freshly prepared tSVF (naïve tSVF) which had not been grafted into the rat. The data are presented as mean ± SD. Statistical significance was calculated 
using one-way ANOVA with Tukey correction for multiple comparisons. * p < 0.05, ** p < 0.01
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rat AD-MSCs in the presence or absence of GHCer. It 
was shown that when cultured in the growth factor-rich 
EGM2 medium, AD-MSCs showed the formation of ves-
sel-like structures (Fig.  6A). Addition of GHCer further 
augmented the tube formation capacities of AD-MSCs, 
leading to the elongated tubes and the increased num-
bers of branches and nodes (Fig. 6B).

We then investigated the potential of GHCer to facili-
tate the differentiation of AD-MSCs into adipocytes by 
Oil Red O staining of lipid in cells. In a two-week cul-
ture of AD-MSCs in adipogenic differentiation medium, 
the percentage of Oil Red O positive cells was approxi-
mately 5.3 ± 4.3% (Fig. 7A and B). However, the addition 
of 20 µM GHCer to the medium significantly increased 
the number of Oil Red O positive cells to 35.3 ± 6.7%. This 
outcome was further validated by extracting Oil Red O 
using isopropanol and measuring the absorbance of the 
solution at 500 nm with a microplate reader. The OD500 
of the GHCer group (0.40 ± 0.04) was significantly higher 
than that of the control group (0.13 ± 0.02) (Fig. 7B).

Collectively, our data provides evidence that GHCer 
significantly improves the retention and quality of grafted 
tSVF following implantation, with increase of angiogen-
esis and adipogenesis and decrease of tissue fibrosis. Our 
data also supports that the supplementation of GHCer to 

AD-MSC culture promotes vasculogenic and adipogenic 
differentiation. Taken together, the data highlight the 
potential of GHCer as one supplement to enhance the 
tissue regenerative effects of tSVF.

Discussion
The success of fat graft retention at the recipient site 
requires adequate oxygen and nutrients supply to the adi-
pocytes, which depends on the density of vessels grow-
ing into the graft [31, 32]. Conversely, the inhibition of 
angiogenesis reduces graft retention and impairs adipo-
cyte function [33]. While the strategy of mechanical dis-
ruption for tSVF preparation offers advantages, the lower 
percentage of AD-MSCs in graft may compromise tSVF’s 
proangiogenic potential [34], which may be restored with 
proper supplements.

Our previous studies on the pro-angiogenic effects of 
GHCer in human umbilical endothelial cells (HUVECs) 
[18, 19], together with current findings, affirm its broad 
angiogenic potential across diverse cell types. Notably, 
the stable expression of VEGFA in the tSVF + GHCer 
group during the first two weeks post-implantation sug-
gests that growth factor-associated effects of GHCer 
can contribute to vascularization of the tSVF graft over 
time. These findings imply the potential of GHCer as a 

Fig. 6 GHCer enhances angiogenic differentiation of AD-MSCs. (A) AD-MSCs were incubated with GHCer or PBS (buffer to dissolve GHCer, served as 
the control) in growth factor enriched media EGM2 for overnight, and the tube formation was observed using a phase-contrast microscope (scale bar 
= 100 μm). The bright field photos were transformed to binary images using ImageJ (middle panels) for analyzing the angiogenesis parameters by the 
Angiogenesis Analyzer plugin in ImageJ. This plugin traced the cells and cell processes from the binary images (bottom panels) and calculated the rel-
evant parameters including numbers of branches (tubes) and nodes (where the branches end or meet), as well as the length of tubes. Each experimental 
condition was assayed in triplicate and the representative data are shown. (B) The total tube length in pixels, number of branches, and number of nodes 
from the tubes induced by PBS or GHCer were calculated based on four random areas of each well. Values are presented as mean ± SD. Statistical signifi-
cance was calculated using the Student’s t-test. * p < 0.05, ** p < 0.01
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pro-angiogenic agent in clinical applications. By promot-
ing angiogenesis, the grafted tSVF receives more oxygen 
and nutrients to improve survival and integration into 
the surrounding environment. Therefore, pro-angiogenic 
factors like GHCer holds potentials in regenerative medi-
cine and tissue engineering, where augmented angiogen-
esis is important for successful therapeutic outcomes [35, 
36].

Neovascularization and adipogenesis are intricately 
linked processes [37]. Extensive evidence supports that 
angiogenesis promotes fat survival and formation [38], 
while surviving fat promotes revascularization in isch-
emic tissues [39, 40]. At the cellular level, capillary endo-
thelial cells have been shown to interact with adipocytes 
and promote adipogenesis [41, 42]. Additionally, the 
angiogenic growth factors such as VEGFA, have been 
demonstrated to induce adipogenesis [43–47].

In this study, we demonstrate that GHCer promotes 
adipogenesis, as evidenced by the upregulation of the 
adipogenesis marker gene FABP4 two weeks post-
implantation and the presence of Oil Red O positive 
cells resembling adipocytes at eight weeks. Notably, this 
is the first report showing GHCer’s capability to induce 
adipogenesis. Our previous findings indicated that the 

angiogenic activity of GHCer is mediated through its 
interaction with translin-associated protein X [18, 19] 
and adenosine receptor 2A (A2AR), leading to activa-
tion of A2AR and the downstream events (manuscript in 
preparation). As adenosine has been shown to influence 
the adipogenic differentiation of bone marrow-derived 
MSCs [48, 49], it is plausible that the adipogenic activity 
of GHCer is also mediated by adenosine and A2AR.

Fat grafting outcomes can be compromised by recipient 
site conditions such as degeneration by aging, trauma, or 
radiation damage. These factors, along with tissue inju-
ries, edema and hemorrhage that commonly associated 
with grafting procedure, can trigger proinflammatory 
responses, leading to chronic inflammation, impaired 
tissue remodeling and ultimately causing grafted tissue 
fibrosis [50]. Our data demonstrates that GHCer signifi-
cantly reduces fibrotic changes of the tSVF graft, making 
the first report of its anti-fibrosis activity. However, the 
mechanism through which GHCer modulates fibrosis 
remains unclear. Since fibrosis often stems from chronic 
and persistent inflammation, it is reasonable to hypoth-
esize that GHCer helps to create an immunosuppres-
sive microenvironment. As GHCer exhibits significant 
immunosuppressive activity on T cells [51], potentially 

Fig. 7 GHCer enhanced adipogenic differentiation of AD-MSCs. (A) AD-MSCs were induced to differentiate into adipocytes for 14 days. The GHCer group 
was supplemented with 20 µM GHCer in the adipogenic media. These cells were then stained with Oil Red O, and were photographed in 4 fields of each 
condition under microscope (Scale bar = 100 μm). Each experimental condition was assayed in triplicate and the representative data are shown. (B) The 
percentages of Oil Red O-positive cells in total cell population are presented (upper panel). The accumulated lipids, stained with Oil Red O, were extracted 
with isopropanol and were quantified with a spectrometer measuring absorbance at the wavelength of 500 nm. Values are reported as mean ± SD. Sta-
tistical significance was calculated using the Student’s t-test. *** p < 0.001, **** p < 0.0001
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its anti-fibrogenic effects are contingent on these proper-
ties. Further experiments are necessary to fully elucidate 
the exact mechanisms involved.

While the inclusion of GHCer significantly increased 
tSVF graft retention, we observed a reduction in the total 
volume of tSVF explants. This decrease could partially 
result from fibrin hydrogel degradation, as well as insuffi-
cient compensation by adipogenesis induced by tSVF and 
GHCer. Potential modification could involve combining 
tSVF, GHCer with fat tissues to increase initial graft vol-
ume, followed by enhanced angiogenesis and adipogen-
esis while reducing fibrosis.

It is important to consider the differences in fat compo-
sition between humans and rodents when evaluating the 
clinical applicability of these findings. Many studies have 
addressed this issue [52], and the rodent inguinal fat pad 
is considered comparable to human abdominal subcuta-
neous fat [53]. Additionally, human and rat tSVF share 
common cellular components, including MSCs, endo-
thelial progenitor cells, and leukocytes, although propor-
tion of each cell type varies with factors such as fat depot, 
age, sex, and isolation technique [34, 54, 55]. The shared 
presence of MSCs in both human and rodent tSVF sug-
gest that GHCer may exert similar effects on both. This 
hypothesis could be further validated with similar experi-
mental setups using human-derived tSVF in immunode-
ficient rats [56, 57].

Although we have established an animal model to 
track changes in angiogenesis, adipogenesis and fibrosis 
of tSVF over a two-month period in vivo, the actual vol-
ume changes of the tSVF are limited by the chamber size, 
which needs to fit in the rat’s groin area. Adjustments to 
the model are necessary to observe real volume changes 
of the tSVF grafts over an extended period.

Conclusions
Clinical fat grafting faces the challenge of unstable reten-
tion due to ischemia resulting from inadequate and 
timely revascularization within the graft. In this study, 
we demonstrated that supplementing the tSVF with the 
glycolipid GHCer significantly enhances both angiogen-
esis and adipogenesis, while reducing tissue fibrosis. This 
effect is likely mediated by the function of GHCer to pro-
mote the angiogenic and adipogenic differentiation of 
the AD-MSCs within the tSVF. These findings present a 
promising strategy to improve the clinical outcome of fat 
grafting.
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