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Fascia-derived stem cells enhance fat graft
retention by promoting vascularization
through the HMOX1-HIF-1a pathway
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Abstract

Background Adipose tissue is a widely used autologous soft tissue filler in plastic surgery, particularly for volumetric
restoration in cases of soft tissue deficiency. However, effectively controlling the retention rate of transplanted fat
remains a major challenge. Therefore, this study aims to explore strategies to enhance fat graft retention. We isolated
fascia-derived stem cells (FDSCs) from human superficial fascia and compared their gene expression profiles with
those of adipose-derived stem cells (ADSCs). Through bioinformatics analysis and functional experiments, we
identified significant differences in the angiogenic potential of the two cell types. Based on sequencing results, we
further investigated the roles of hypoxia-inducible factor-1a (HIF-1a) and heme oxygenase-1 (HMOX1). This study
highlights the critical potential of FDSCs in improving fat graft retention and promoting angiogenesis, offering new
strategies for enhancing graft survival and optimizing tissue regeneration therapies.

Methods We isolated fascia-derived stem cells (FDSCs) from human superficial fascia and compared them with
adipose-derived stem cells (ADSCs). RNA sequencing was performed to analyze gene expression profiles, followed
by bioinformatics analysis to identify differences in angiogenic potential. Functional experiments were conducted to
investigate the roles of HIF-1a and HMOX1 in angiogenesis.

Results RNA sequencing revealed significant gene expression differences related to angiogenesis in FDSCs. The
expression levels of HMOX1, HIF-1a, and VEGFa were significantly higher in FDSCs than in ADSCs, and HMOX1
positively regulated the expression of HIF-1a and VEGFa. In vitro experiments demonstrated that FDSCs promoted
angiogenesis more effectively than ADSCs. In vivo co-transplantation experiments further confirmed that FDSCs
improved fat graft retention and vascularization.
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Conclusions We demonstrated that FDSCs can more effectively promote vascularization both in vitro and in vivo,
and significantly improve graft retention, indicating their broad potential for future applications in tissue repair and

regeneration.
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Background

Adipose tissue is the most commonly used autologous
soft tissue filler in plastic surgery, frequently employed
for volumetric restoration in cases of soft tissue defi-
ciency throughout the body. Once transplanted, adipose
tissue can remain permanently in the body if it survives.
However, controlling the retention rate of transplanted
fat remains challenging, posing a significant obstacle to
its broader clinical use [1]. Therefore, it is both necessary
and urgent to explore methods to enhance the retention
of adipose tissue.

Exploring the physiological, biochemical, and struc-
tural aspects of adipose tissue is crucial for uncov-
ering its functional characteristics and identifying
potential intervention strategies. During early develop-
ment in organisms, mesenchymal stem cells (MSCs) from
the mesoderm differentiate into preadipocytes under the
influence of transcription factors such as PPARy and C/
EBPa. These preadipocytes gradually accumulate lipid
droplets within their cytoplasm and mature into adipo-
cytes [2]. Simultaneously, some MSCs that highly express
Twistl secrete abundant extracellular matrix compo-
nents, such as collagen and elastin, forming dense fibrous
networks [3, 4]. These networks are continuously remod-
eled under the influence of mechanical forces and various
signaling pathways (such as TGF-, Wnt/p-catenin, and
integrin-mediated signaling), eventually forming fascia
that envelops and supports the adipose tissue [5]. In this
context, some partially differentiated MSCs reside within
the fascia and adipose tissue, playing a role in regulating
the development of these tissues. The homology between
these tissues suggests that their functions can influence
one another.

In the study by Zhang et al., an analysis of the superfi-
cial fascia in rats revealed a high concentration of mes-
enchymal stem cells [6]. These cells can differentiate into
functional adipocytes both in vivo and in vitro, actively
participating in the regeneration of adipose tissue. Fur-
thermore, Estéve et al. [7] have identified stem cells in
the fascial interstitium that regulate the dynamic balance
of adipose tissue by limiting adipocyte proliferation and
promoting the renewal of mature adipocytes. The strong
correlation and cellular complementarity between the
stem cells in the fascia and those in adipose tissue pro-
vide essential support for the development and repair
of adipose tissue, positioning the fascia not merely as a
mechanical support structure but as a regulatory tissue

with significant research potential in the field of adipose
tissue regeneration [8—10].

In the early stages of fat transplantation, the trans-
planted area often becomes hypoxic due to the delayed
establishment with the recipient site. In this hypoxic
environment, stem cells are actively recruited to rapidly
establish the necessary blood supply, a process primarily
driven by hypoxia-inducible factors (HIF) [11, 12]. HIF is
a transcription factor that stabilizes and activates under
low oxygen conditions, promoting the expression of vari-
ous angiogenic factors, including vascular endothelial
growth factor (VEGF), thereby stimulating the formation
of new blood vessels. Additionally, heme oxygenase-1
(HMOX1) plays a key role in angiogenesis. HMOX1
degrades heme into carbon monoxide (CO), iron ions,
and biliverdin, with CO promoting vascular relaxation
and new blood vessel formation [13]. Studies have sug-
gested that, in certain cell types, HMOX1 may function
as a downstream factor of HIF. Recent research has also
indicated that HMOX1 may have the potential to nega-
tively regulate HIF [14]. However, the specific roles and
interaction mechanisms of these factors in stem cells still
require further investigation.

Given the significant role of stem cells in promoting
vascularization and improving graft survival, this study
isolated mesenchymal stem cells (MSCs) from human
superficial fascia and, through a combination of bioinfor-
matics analysis and functional experiments, systemati-
cally investigated their mechanisms of action in hypoxic
environments. By comparing these cells with adipose-
derived mesenchymal stem cells, the study provided an
in-depth analysis of the differences in gene expression
and angiogenic capacity between the two cell types and
explored how these differences influence the survival
rate of fat grafts. Furthermore, our research not only
enhances the understanding of the roles of HIF-1a and
HMOX1 in the regulation of angiogenesis by stem cells,
but also offers new strategies and methods to improve
the efficacy of tissue regeneration therapies.

Method

Inclusion and exclusion criteria

Fascia samples were obtained from patients undergo-
ing elective plastic surgery at the Department of Plastic
and Reconstructive Surgery, Xijing Hospital, the Fourth
Military Medical University. The study was approved by
the institutional ethics committee (Approval Number:
KY20222104-F-2). A total of 10 samples were collected,
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including 5 fascia samples and 5 fat samples. Informed
consent was obtained from all participants.

Inclusion criteria

1. Patients aged 18—45 years.

2. Undergoing elective abdominoplasty or liposuction.

3. In good general health, with no known systemic
diseases or infections.

Exclusion criteria
1. History of systemic diseases such as diabetes, hyper-
tension, or autoimmune disorders.

Separation of the fascia

All fascia samples were obtained from the abdominal
walls of adult donors aged between 30 and 50 years.
Written informed consent was secured from each donor
prior to sample collection. The superficial fascia, posi-
tioned between the layers of superficial and deep adipose
tissue, was exposed following the surgical removal of the
deep fat. This fascia was carefully isolated using surgical
forceps and excised with scissors to minimize residual
adipose tissue. Immediately after excision, the samples
were immersed in sterile phosphate-buffered saline (PBS)
to preserve them for subsequent experimental analysis.

Quantification of stromal vascular fraction (SVF) cells

We isolated stromal vascular fraction (SVF) cells from
fascia and adipose tissue using collagenase digestion,
followed by red blood cell lysis. After collagenase treat-
ment, the cell suspension was subjected to centrifugation
to separate the SVF cells. The supernatant was discarded,
and the resulting cell pellet was resuspended in 1 mL
PBS. The number of cells was then quantified using a
hemocytometer.

Isolation of FDSC/ADSC

Fascia or adipose tissue was finely minced and digested
with 0.8 mg/ml type I collagenase in DMEM at 37 °C,
with shaking at 120 rpm for 1 h. The digested mixture
was then filtered through a 100-mesh steel sieve and
centrifuged at 1,000 g for 10 min. The resulting FDSCs/
ADSCs pellets were collected and cultured in high-glu-
cose DMEM (4.5 g/1) supplemented with 10% FBS. The
cultures were maintained at 37 °C in a humidified 5%
CO2 environment. FDSC/ADSC reached confluence
after 1 week of culture, with the medium refreshed every
2 days.

Differentiation of FDSC/ADSC into adipocytes, osteoblasts,
and chondrocytes

FDSC/ADSC were seeded in 6-well plates and cul-
tured until adherence. Adipogenic, osteogenic, and
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chondrogenic differentiation of FDSCs/ADSCs was
induced using specific differentiation kits: the Adipogenic
Differentiation Kit (Oricell-HUXMD-90031), Osteoblast
Differentiation Kit (Oricel-GUXMD-90021), and Chon-
drogenic Differentiation Kit (Oricell-GUXMD-90041).
On day 21 of induction, cells were fixed with parafor-
maldehyde. The medium was replaced every three days
throughout the differentiation process.

Flow cytometry

Flow cytometry was performed on Fascia-Derived Stem
Cells (FDSCs) and Adipose-Derived Stem Cells (ADSCs)
isolated from fascia and adipose tissues. Initially, cell
suspensions from FDSCs and ADSCs were washed once
with PBS and centrifuged for 5 min at 700 g and 900 g,
respectively. The pellets were then resuspended in PBS,
washed again, and centrifuged to prepare for antibody
labeling. For immunophenotyping, the pellets were incu-
bated for 20 min at 4 °C in the dark with fluorochrome-
conjugated monoclonal antibodies from Biolegend:
CD31-PE (303105), CD34-FITC (343603), and CD45-
APC (304037). After incubation, cells were centrifuged
and resuspended in stain buffer (BD Biosciences). For
each sample, 100,000 events were acquired using a BD
Accuri C6 flow cytometer (BD Biosciences). The flow
cytometry analyses were conducted using FlowJo soft-
ware version 10.8.

RNA isolation, quantifcation and quantitative realtime PCR
(qPCR)

FDSCs (Fascia-Derived Stem Cells) and ADSCs (Adi-
pose-Derived Stem Cells) isolated from fascial and adi-
pose tissues underwent adipogenic, osteogenic, and
chondrogenic induction for a period of 21 days. Follow-
ing this, the expression levels of genes associated with
adipogenesis (PPARy, FABP4), osteogenesis (RUNX2,
BMP-2), and chondrogenesis (SOX9, Type II collage)
were quantitatively analyzed using quantitative real-time
polymerase chain reaction (qQPCR). This technique was
utilized to evaluate the differentiation efficiency of these
cells under specific induction conditions. RNA extraction
was conducted using TRIzol reagent. Tissue homogeni-
zation was performed by adding TRIzol, followed by the
collection of cellular debris. Chloroform was added to the
homogenate, and after centrifugation, the aqueous phase
was transferred to a new tube. RNA was precipitated by
adding isopropanol and centrifuging the mixture. The
RNA pellet was washed with 75% ethanol, air-dried, and
then resuspended in enzyme-free water.

For cDNA synthesis, a reverse transcription kit
(11141ES10, Yeasen) was used. Quantitative real-time
PCR was subsequently performed using SYBR Green
reagent (11201ES03, Yeasen) and gene-specific primers
to quantify gene expression accurately.
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The primer sequences for the genes were: Human HIF-
la forward sequence: 5'-AAGTGTACCCTAACTAGCC
G-3', reverse sequence: 5'-CACAAATCAGCACCAAG
C-3'. PPARY forward sequence: 5'-CAAAGTGCAATCA
AAGTGG-3/, reverse sequence: 5'-TGAGGGAGTTGG
AAGGCT-3'. FABP4 forward sequence: 5'-GGAAAGT
CAAGAGCACCA-3/, reverse sequence: 5'-CACCACCA
GTTTATCATCCT-3'. RUNX2 forward sequence 5'- AA
GTTACAGTAGATGGACCTC-3 reverse sequence:5’- C
TCTGTCCTTGTGGATTAA-3 Type II collage forward
sequence: 5- GCTCCCAGAACATCACCTACC -3
reverse sequence: 5- GTGAACCTGCTATTGCCCTCT
-3’ SOX9 forward sequence: 5’- ACCGACCACCAGAA
CTCC -3, reverse sequence: 5'-CTGCGGGATGGAAG
GGAC-3'. GAPDH forward sequence: 5'-ACAACAGCC
TCAAGATCATCAGC-3’, reverse sequence: 5'-GCCAT
CACGCCACAGTTTCC-3'.

RNA-seq

Total RNA was extracted using the Total RNA
Extractor(Trizol)kit (B511311, Sangon, China) accord-
ing to the manufacturer’s protocol, and treated with
RNase-free DNase I to remove genomic DNA contami-
nation. RNA integrity was evaluated with a 1.0% agarose
gel. Thereafter, the quality and quantity of RNA were
assessed using a NanoPhotometer ° spectrophotometer
(IMPLEN, CA, USA) and a Qubit®2.0 Flurometer (Invit-
rogen). The high quality RNA samples were subsequently
submitted to the Sangon Biotech (Shanghai) Co., Ltd. for
library preparation and sequencing.

Library preparation and sequencing

A total amount of 1 ug RNA per sample was used
as input material for the RNA sample preparations.
Sequencing libraries were generated using VAHTSTM
mRNA-seq V2 Library Prep Kit for Illumina® following
manufacturer’s recommendations and index codes were
added to attribute sequences to each sample. Briefly,
mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried
out using divalent cations under elevated temperature in
VAHTSTM First Strand Synthesis Reaction Buffer (5X).
First strand cDNA was synthesized using random hex-
amer primer and M-MuLV Reverse Transcriptase (RNase
H-). Second strand cDNA synthesis was subsequently
performed using DNA polymerase I and RNase H.
Remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. After adenylation of 3’
ends of DNA fragments, adaptor was ligated to prepare
for library. In order to select cDNA fragments of pref-
erentially 150 ~200 bp in length, the library fragments
were purified with AMPure XP system (Beckman Coul-
ter, Beverly, USA). Then 3 pL USER Enzyme (NEB, USA)
was used with size-selected, adaptor-ligated cDNA at
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37 °C for 15 min followed by 5 min at 95 °C before PCR.
Then PCR was performed with Phusion High-Fidelity
DNA polymerase, Universal PCR primers and Index (X)
Primer. At last, PCR products were purified (AMPure XP
system) and library quality was assessed on the Agilent
Bioanalyzer 2100 system. The libraries were then quanti-
fied and pooled. Paired-end sequencing of the library was
performed on the NovaSeq sequencers (Illumina, San
Diego, CA).

Data assessment and quality control

FastQC (version 0.11.2) was used for evaluating the qual-
ity of sequenced data. Raw reads were filtered by Trim-
momatic (version 0.36) according to several steps: 1)
Removing adaptor sequence if reads contains; 2) Remov-
ing low quality bases from reads 3’ to 5 (Q<20); 3)
Removing low quality bases from reads 5’ to 3’ (Q<20);
4) Using a sliding window method to remove the base
value less than 20 of reads tail (window size is 5 bp); 5)
Removing reads with reads length less than 35 nt and its
pairing reads. And the remaining clean data was used for
further analysis.

Alignment with reference genome

Clean reads were mapped to the reference genome by
HISAT2 (version 2.0) with default parameters. RSeQC
(version 2.6.1) was used to statistics the alignment
results. The homogeneity distribution and the genome
structure were checked by Qualimap (version 2.2.1).
BEDTools (version 2.26.0) was used to statistical analysis
the gene coverage ratio.

Expression analysis

Gene expression values of the transcripts were computed
by StringTie (version 1.3.3b). Principal Component Anal-
ysis (PCA) and Principal co-ordinates analysis (PCoA)
were performed to reflect the distance and difference
between samples. The TPM (Transcripts Per Million),
eliminates the influence of gene lengths and sequenc-
ing discrepancies to enable direct comparison of gene
expression between samples. DESeq2 (version 1.12.4)
was used to determine differentially expressed genes
(DEGs) between two samples. Genes were considered
as significant differentially expressed if g-value<0.001
and|FoldChange| = 2. When the normalized expression
of a gene was zero between two samples, its expression
value was adjusted to 0.01 (as O cannot be plotted on a
log plot). If the normalized expression of a certain gene
in two libraries was all lower than 1, further differential
expression analysis was conducted without this gene.
Gene expression differences were visualized by scat-
ter plot, MA plot and volcano plot. The transcriptome
sequencing data are included in the supplementary mate-
rials (Supplementary file 1).
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Functional analysis of differentially expressed genes
Functional enrichment analyses including Gene Ontol-
ogy (GO) was performed to identify which DEGs were
significantly enriched in GO terms or metabolic path-
ways. Gene Ontology (GO) is an international standard
classification system for gene function. DEGs are mapped
to the GO terms (biological functions) in the database,
the number of genes in every term is calculated, and a
hypergeometric test is performed to identify significantly
enriched GO terms in the gene list out of the background
of the reference gene list. GO terms with false discov-
ery rate (q-value) <0.05 were considered as significantly
altered.

Tube formation assay

A Matrigel assay was performed to assess the angio-
genic potential of a coculture system consisting of Fas-
cia-Derived Stem Cells (FDSCs), Adipose-Derived Stem
Cells (ADSCs), and Human Umbilical Vein Endothelial
Cells (HUVECs). Each well of a 24-well plate was coated
with 500 pL of Matrigel (Corning, Kaiserslautern, Ger-
many) and allowed to polymerize. Subsequently, 10,000
HUVECs were seeded into each well. A Transwell insert
was then placed into the well, containing 10,000 FDSCs/
ADSCs, and the setup was incubated for 10 h. Quanti-
tative analysis of angiogenesis was performed using the
Angiogenesis Analyzer plugin for Image] Version 2 (NIH,
Bethesda, MD, USA).

Hypoxia treatment

Cells were transferred to a hypoxia incubator maintained
at 1% O,, 5% CO,, and 94% N, after the hypoxic envi-
ronment was established and stabilized. To minimize
oxygen influx, all manipulations were conducted rap-
idly and using pre-equilibrated medium under hypoxic
conditions.

Induction and inhibition of HMOX1

Following the previously described protocols, FDSCs and
ADSCs were cultured under both normoxic conditions
(21% O,) and hypoxic conditions (1% O,, 5% CO,, 94%
N,) for 24 h. Subsequently, cells were subjected to drug
treatments based on established methodologies from
relevant literature. Specifically, cells were treated with
10 uM CP-312 for 2 h [15] and with 20 uM SnPPIX for
24 h [16] under the same conditions. Upon completion of
the treatments, cell samples were immediately collected
for subsequent analyses. CP-312 and SnPPIX were pur-
chased from TargetMol and prepared according to the
manufacturer’s instructions.
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Lentiviral-mediated knockdown of HMOX1 in FDSCs and
ADSCs

Lentiviral vectors used in this study were purchased
from  GeneCopoeia (Catalog: LPP-CSHCTRO001-
LVRU6GP-500), pseudotyped with VSV-G protein,
driven by the U6 promoter, and containing EGFP as a
reporter gene. The vectors also carry a puromycin resis-
tance gene for selection. Polybrene was used as a trans-
duction enhancer at a final concentration of 5-8 pg/ml
The procedure was performed as follows:

24 h before transduction, FDSCs and ADSCs were
seeded at 5x10° cells per well in a 24-well plate, with
2 ml of DMEM supplemented with 10% heat-inactivated
fetal bovine serum (FBS). Cells were incubated at 37 °C
with 5% CO, until they reached 70-80% confluence. The
culture medium was then replaced with 1 ml of lentivi-
ral suspension at MOI of 5, along with 1 ml of DMEM
containing 10 pg/ml Polybrene (final concentration). For
control wells, only Polybrene-containing medium was
added. After viral infection, the cells were incubated for
48 h at 37 °C with 5% CO,.

Following transduction, the medium was replaced with
2 ml of fresh DMEM containing 10% heat-inactivated
EBS (without Polybrene), and cells were incubated for
an additional 2 days. After the cells recovered, puromy-
cin selection was initiated by adding 2 pug/ml puromycin
in DMEM supplemented with 10% heat-inactivated FBS.
The selection medium was replaced every 3—4 days until
stable cell colonies were formed. Once the cells reached
confluence in the 6-well plate, they were harvested for
subsequent experiments.

Stabilizing HIF-1a in FDSCs/ADSCs using FG-4592

FG-4592 (purchased from TargetMol, T2515) was pre-
pared at a concentration of 25 uM [17] in fresh DMEM
containing 10% heat-inactivated FBS, following the man-
ufacturer’s instructions. The prepared medium was then
added to the cultured FDSCs/ADSCs and incubated for
1 day. Cell samples were collected after incubation for
subsequent experiments.

H&E staining

For histological analysis, tissues were fixed in a 4% para-
formaldehyde solution and embedded in paraffin. Sec-
tions of 8 um thickness were deparaffinized, rehydrated,
and then stained with Hematoxylin and Eosin.

Phalloidin immunofluorescence staining

10,000 FDSCs/ADSCs were uniformly seeded onto a cov-
erslip and allowed to adhere for 6 h, covering approxi-
mately 50% of the coverslip area. The cells were then
fixed with 4% paraformaldehyde for 30 min, followed
by three washes with PBS to remove excess parafor-
maldehyde. Subsequently, the cells were permeabilized
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with 0.4% Triton X-100 in PBS at room temperature for
10 min, and washed three times with PBS. Phalloidin
solution (Uelandy-YP0052S) was then applied according
to the manufacturer’s instructions and incubated at room
temperature for 20 min to stain the cells. After staining,
the coverslips were washed three times with PBS and
examined under a fluorescence microscope.

Immunofluorescence staining

Following deparaffinization, antigen retrieval was per-
formed on the paraffin sections. After air-drying, the
sections were blocked with 3% BSA for 30 min. The sec-
tions were then washed three times with PBST before the
addition of the primary antibody (CD31 1:100, HMOX1
1:250, VEGF 1:200 ). The slides were placed flat in a
humidified chamber and incubated overnight at 4 °C. The
slides were then washed three times on a shaker in PBST,
each for 5 min. The corresponding secondary antibody
was added and incubated in the dark at room tempera-
ture for 50 min. After incubation, the slides were washed
three times on a shaker in PBST, followed by counter-
staining with DAPI to label the nuclei. Finally, the slides
were washed three more times in PBST, mounted, and
observed under a fluorescence microscope to capture
images.

Oil Red O staining

After adipogenic induction, the cells were fixed with
paraformaldehyde for 30 min and then carefully washed
three times with PBS to remove excess paraformalde-
hyde. The fixed samples were stained with 1 mg/ml Nile
Red for 20 min to assess lipid accumulation.

Western blot

The culture medium was discarded from the culture dish,
which was then washed three times with PBS. A mixture
of RIPA buffer containing 1% protease and phosphatase
inhibitors was added, and the dish was placed on ice. The
cells were disrupted using a sterile pestle for 3 min, fol-
lowed by lysis for 30 min. The lysate was collected into
an EP tube and centrifuged at 12,000 rpm for 10—20 min
at 4 °C, and the supernatant was collected. Protein con-
centration was determined using the BCA method, after
which proteins were denatured by adding loading buffer
and boiling in a water bath for 5 min.

Equal amounts of protein were loaded onto SDS-PAGE
gels, with the gel concentration selected based on the
molecular weight of the target protein (P2011, NCM Bio-
tech, Shanghai, China). The proteins were then electro-
phoresed and transferred onto PVDF membranes. These
membranes were blocked with a TBST solution con-
taining 5% skimmed milk powder for 1 h at room tem-
perature. The PVDF membranes were then washed with
TBST and incubated overnight at 4 °C with the following
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rabbit anti-human primary antibodies: HIF1 (57174-1,
Signalway Antibody, 1:1000); HMOX1(32266-1, Signal-
way Antibody, 1:1000); VEGFa(41552-1, Signalway Anti-
body, 1:1000); GAPDH, (ab8245,abcam,1:1000). The next
day, the membranes were washed with TBST and incu-
bated with Goat anti-rabbit IgG-HRP antibody (CW0103,
Sanying, Wuhan, China, 1:5000) for 2 h at room tempera-
ture. Protein bands were visualized using an ECL devel-
oper (310212, Zeta Life) under a Tanon 4600 instrument.

Adipose transplantation combined with FDSCs

For the fat implantation experiments, a total of 30 nude
mice were utilized. These mice were randomly divided
into two primary groups:

1. ADSCs + Fat Group: Fat grafts combined with
adipose-derived stem cells (ADSCs).

2. FDSCs + Fat Group: Fat grafts combined with fascia-
derived stem cells (FDSCs).

Each primary group was further subdivided based on
three distinct time points for observation: day 7, day
14, and day 30 post-transplantation. This resulted in six
subgroups, with five nude mice (n=5) assigned to each
subgroup.

Adipose tissue was obtained via liposuction and placed
in a centrifuge tube. The samples were centrifuged at 4 °C
and 1000 rpm for 3 min. Following centrifugation, the
upper oil layer and lower blood layer were carefully dis-
carded, retaining only the middle layer of adipose tissue.
Subsequently, 0.5 ml of the purified adipose tissue was
mixed with 1x10” FDSCs or ADSCs, depending on the
group assignment. This cell-adipose mixture was then
transplanted into the dorsal region of each nude mouse
using a 1 ml syringe. Throughout the experimental pro-
cedures, all possible measures were taken to minimize
pain, suffering, and distress in the mice. Prior to the sur-
gical procedures, mice were anesthetized with ketamine
to ensure they did not experience pain during the fat
graft transplantation. Post-transplantation, samples were
collected on days 7, 14, and 30 for subsequent observa-
tion and analysis.

Animal characteristics and husbandry conditions

The animals used in the study were nude mice of the
BALB/c-nu strain, male, 8 weeks old, and weighed
approximately 20 g at the start of the experiment. The
nude mice were housed in a specific pathogen-free (SPF)
facility, with controlled temperature (22—-24 °C), humid-
ity (50-60%), and a 12-hour light/dark cycle. The mice
had ad libitum access to standard rodent chow and water,
and bedding was changed regularly to maintain a clean
environment.
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Animal euthanasia

At the conclusion of the experiment, the animals were
euthanized using an overdose of pentobarbital sodium
administered intraperitoneally. The dosage used was
100 mg/kg to ensure a humane and painless death. Death
was confirmed by the absence of a heartbeat and respira-
tory movement.

Blinding and allocation awareness
At all stages of the experiment, including group alloca-
tion, conduct of the experiment, outcome assessment,
and data analysis, all participants were aware of the group
allocation.

The work has been reported in line with the ARRIVE
guidelines 2.0.

Results

Presence of CD34 + cells in the superficial Fascia

The superficial fascia is a continuous layer of dense con-
nective tissue located between the subcutaneous dermis
and skeletal muscle (Fig. 1a). This tissue appears white
and opaque in the body and is easily separable from both
adipose tissue and skeletal muscle (Fig. 1b). Anatomical
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Deep Adipose Tissue
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observations reveal that the superficial fascia has a pale,
gelatinous appearance, in sharp contrast to the yellow,
soft appearance of adipose tissue (Fig. 1c). H&E staining
of the tissue’s internal structure shows that adipose tissue
is primarily composed of adipocytes, while the superfi-
cial fascia consists mainly of microvasculature, abundant
collagen, and elastic fibers (Fig. 1d). We also observed
smaller adipocytes within the superficial fascia. Com-
paring the quantity of stromal vascular fraction (SVF)
extracted from both fascia and adipose tissue (The details
can be found in the Methods section.), we found a sig-
nificantly higher number of SVF cells in the fascia than
in the adipose tissue, with statistical significance (p <0.05,
Fig. 1e). Next, we used CD34 immunofluorescence stain-
ing to label stem cells (Fig. 1f). The immunofluorescence
results showed widespread expression of CD34 + cells in
adipose tissue. By quantifying the positive fluorescence
area, we observed that the number of CD34 + cells in the
superficial fascia slightly exceeded that in adipose tissue

(Fig. 1g).
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Fig. 1 Morphological Observation and Cytological Analysis of the Superficial Fascia. (a). Schematic diagram illustrating the anatomical location of the
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Differences in stem cells from superficial fascia and
adipose tissue
To ensure that the cells used in the experiment were
fascia-derived stem cells (FDSCs) and adipose-derived
stem cells (ADSCs) rather than other cell types, we cul-
tured the stromal vascular fraction (SVF) from superfi-
cial fascia and adipose tissue to passage 3 (P3) and then
identified the cells using flow cytometry (Fig. 2a). Flow
cytometry analysis revealed that CD34 + cells accounted
for 93.13% + 4.20%, SCA-1 + cells for 99.4% + 0.80%, and
CD29 + cells for 96.8% + 1.63%, all of which are specific
markers for mesenchymal stem cells. Additionally, the
cells exhibited minimal expression of FAP- (98.77% +
0.47%) and CD45- (97.33% + 0.36%) markers, indicating
that they were not fibroblasts or immune cells. Further-
more, CD31- cells were found to be 99.2% + 0.60%, fur-
ther confirming the purity of the mesenchymal stem cell
population. To account for individual variation, all assays
were repeated three times.

In the adipogenic, chondrogenic, and osteogenic dif-
ferentiation experiments (Fig. 2b), after 21 days of differ-
entiation induction, Oil Red O, Alcian Blue, and Alizarin
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Red staining were used to evaluate the differentiation
outcomes. A significant number of ADSCs differentiated
into adipocytes, with bright red lipid droplets stained by
Oil Red O, while FDSCs showed a markedly lower adip-
ogenic capacity. Only a few FDSCs differentiated into
adipocytes, and those that did typically contained mul-
tilocular lipid droplets, which contrasted with the large,
unilocular lipid droplets seen in ADSCs. In contrast,
quantitative analysis using Image] of Alcian Blue-stained
glycosaminoglycans (GAGs) and Alizarin Red S-stained
calcium deposits indicated that FDSCs exhibited slightly
higher chondrogenic and osteogenic differentiation
potential compared to ADSCs.

To further validate these findings, we conducted qRT-
PCR to analyze the expression of adipogenic-related
genes (PPARG, FABP4), chondrogenic-related genes
(RUNX2, BMP2), and osteogenic-related genes (SOX9,
Type II collagen). (Fig. 2c). The qRT-PCR results showed
that the expression of adipogenesis-related genes, such
as Pparg and Fabp4, was significantly lower in FDSCs
than in ADSCs. On the other hand, osteogenesis-
related genes like RUNX2 and BMP2, as well as the
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chondrogenesis-related genes SOX9 and Type II Col-
lagen, were expressed at slightly higher levels in FDSCs
compared to ADSCs.

Next, we used phalloidin staining to label intracellu-
lar actin and observe the cell morphology (Fig. 2d). The
immunofluorescence results revealed that cells from both
sources exhibited a spindle shape. However, the cells
derived from superficial fascia appeared to be longer. To
confirm this observation, we measured the aspect ratio
and counted the number of pseudopodia in multiple cell
samples (Fig. 2e-f). The statistical analysis showed that
FDSCs had a higher aspect ratio than ADSCs and exhib-
ited fewer pseudopodia.

Differential gene expression analysis

The functional differences between cells are driven by
variations in gene expression. To further understand
the functional and gene expression differences between
FDSCs and ADSCs, we collected FDSCs and ADSCs
from five different sample sources, resulting in a total of
ten cell samples. These samples were subjected to RNA-
seq and subsequent visualization analysis. Transcrip-
tomic analysis revealed significant differences in gene
expression between ADSCs and FDSCs. The heatmap
of differentially expressed genes (Fig. 3a) clearly demon-
strates the distinct transcriptional profiles of the two cell
types. Further volcano plot analysis (Fig. 3b) showed that,
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compared to ADSCs, 301 genes were significantly upreg-
ulated and 174 genes were downregulated in FDSCs,
indicating extensive transcriptional reprogramming
in FDSCs. We also ranked all differentially expressed
genes by expression level and selected the top 20 highly
expressed genes for further analysis. Clustering analysis
of these top 20 genes (Fig. 3c) showed that their functions
were mainly enriched in developmental processes, hemo-
proteins, and immune regulation.

To understand the biological functions of these dif-
ferentially expressed genes, we conducted Gene Ontol-
ogy (GO) analysis (Fig. 3d). The results indicated that
these genes were primarily enriched in pathways such
as the endothelial cell apoptotic process, positive regula-
tion of angiogenesis, and positive regulation of vascula-
ture development. These enriched pathways suggest that
FDSCs may play a critical role in regulating endothelial
cell function and promoting tissue repair. The cluster-
ing characteristics of these genes further highlight the
potential role of FDSCs in development and immune
regulation.

To explore potential protein interactions dur-
ing the vascularization process, we performed a pro-
tein-protein interaction (PPI) network prediction
analysis of genes related to vascularization (Fig. 3e). The
PPI network results revealed that the HMOX1 protein
was prominently positioned at the center of the network,
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Fig. 4 Gene expression and functional assays in ADSCs and FDSCs. (a-c) RT-gPCR of ADSCs or FDSCs, for HIF1a, HMOX1, and VEGFa (n=3). (d). HIF1a,
HMOX1 and VEGFa protein expression by Western blotting, Full-length blots/gels are presented in Supplementary Fig. 2. (e-g). Western blot analysis data
for HIF-1a, HMOX1, and VEGF are presented as mean +SEM of the densitometric values (n=3). Statistical significance was determined using two-way
ANOVA (h) Immunofluorescence staining of HMOX1 (green) in FDSCs and ADSCs. (i) Quantification of HMOX1 fluorescent positive area. (j) Tube formation
assay: Effects of FDSCs and ADSCs on endothelial tube formation. (k) Quantification of junction points was performed using ImageJ software. Data are

presented as mean +SEM (n=3)

emphasizing its role as a key regulatory hub. HMOX1
formed highly interconnected interaction patterns with
several downstream effector proteins, such as HIF1A,
RELA, and NFE2L2, suggesting that HMOX1 may play a
central role in regulating angiogenesis and cellular stress
responses. Lastly, to more intuitively display the expres-
sion differences of angiogenesis-related genes between
FDSCs and ADSCs, we generated a bar chart based on
the expression values of the enriched genes (Fig. 3f). The
bar chart clearly shows that the expression levels of genes
such as HMOX1, VEGFA, and ANGPTL4 are signifi-
cantly higher in FDSCs than in ADSCs, further support-
ing the crucial role of FDSCs in promoting angiogenesis.

FDSCs promote angiogenesis in vitro

To validate the results of our visualization analysis, we
first conducted a statistical analysis of the expression lev-
els of HMOX1, VEGFA, and HIF1A in the transcriptomic
data of FDSCs and ADSCs (see supplementary Fig. 1).
The results demonstrated that the expression of these
three genes differed significantly between the two cell
types, further supporting our hypothesis that FDSCs pos-
sess a greater potential to promote angiogenesis. Then
we conducted qPCR experiments. The results (Fig. 4a-
c) showed that the average expression level of HMOX1
in FDSCs was approximately 3.4 times higher than in
ADSCs, with significant statistical relevance (p<0.001).
The expression of HIF-1 in FDSCs was around 2.9 times
higher, and VEGFa expression was approximately 4.8
times higher compared to ADSCs, both with statistical
significance (p <0.05).

Next, Western blot analysis similarly confirmed that
the protein expression levels of HMOX1, HIF-1, and
VEGFa were significantly higher in FDSCs than in ADSCs
(Fig. 4d). After repeating the Western blot experiments
three times, we observed consistent results (Fig. 4e-g).
Additionally, immunofluorescence staining (Fig. 4h-i)
further revealed a visibly higher expression of HMOX1 in
FDSCs compared to ADSCs.

To investigate whether FDSCs can promote angiogen-
esis, we designed an in vitro angiogenesis assay (Fig. 4j)
and quantified the number of junction points (Fig. 4k).
The results showed that, at the same time point, FDSCs
significantly induced more junction points in endothelial
cells compared to ADSCs.

HMOX1 regulates the expression of HIF-1a and VEGFa
Previous studies have shown that HIF-1a is the primary
intracellular regulator under hypoxic conditions. It sta-
bilizes during hypoxia, translocates to the nucleus, and
forms the HIF-1 complex, which activates the expres-
sion of a series of hypoxia-responsive genes, includ-
ing HMOX1 and VEGE. To investigate the interaction
of these three genes in FDSCs, we performed Western
blot experiments. First, we examined the expression of
HMOX1, HIF-1a, and VEGFa in both FDSCs and ADSCs
under different durations of hypoxia. As shown in Fig. 5a,
the expression of HMOX1, HIF-1a, and VEGFa increased
significantly over time in both FDSCs and ADSCs, con-
sistent with previous studies. However, when compar-
ing the results between ADSCs and FDSCs, we observed
that the expression of these three genes was consistently
higher in FDSCs at all time points. This conclusion was
further confirmed by quantifying grayscale values using
Image] (Fig. 5b).

To validate these findings at the cellular level, we con-
ducted immunofluorescence staining for HMOX1 and
VEGFa. As shown in Fig. 5c, the number of VEGFa +and
HMOX1 +cells increased significantly in both ADSCs
and FDSCs as hypoxia duration extended, but FDSCs
exhibited a markedly higher number of positive cells
compared to ADSCs at the same time points. This obser-
vation was further supported by counting the number
of positive cells in fields under the same magnification
(Fig. 5d).

To explore the interaction between HMOX1, HIF-1q,
and VEGFa, we treated FDSCs, and ADSCs after 48 h of
hypoxia, with the HMOX1 inducer CP-312 (Cardiopro-
tectant 312) and the inhibitor SnPPIX (Tin-protoporphy-
rin IX dichloride). Figure 5e and f show that inhibiting
HMOX1 significantly reduced VEGFa expression in both
cell types, consistent with the conclusion that HMOX1
acts as an upstream regulator of VEGFa.

Next, we investigated the relationship between
HMOX1 and HIF1a. Interestingly, we found that inhibit-
ing HMOX1 also led to a substantial decrease in HIFla
expression, suggesting a positive correlation between
these two proteins. This was further supported by gray-
scale ratio analysis (Fig. 5g).

To further confirm the regulatory relationship, we
treated ADSCs with the HMOX1 inducer CP-312 and
examined the effects on HIFla and VEGFa expression.
As shown in Fig. 5h, CP-312 treatment significantly
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Fig.5 Analysis of gene interactions in FDSCs and ADSCs. (a). HIF 1a, HMOX1 and VEGFa protein expression by Western blotting. Full-length blots/gels are
presented in Supplementary Fig. 3. (b). Western blot analysis data of HIF-1a, HMOX1, and VEGF are presented as mean + SEM. n=3, analyzed by two-way
ANOVA. () Immunofluorescence staining of VEGFa (red) and HMOX1 (green) in FDSCs and ADSCs. (d) Quantification of VEGFa and HMOX1 fluorescent
positive area. (e-f). Western blot analysis of HIF1a, HMOX1, and VEGFa protein expression in FDSCs and ADSCs following SnPPIX treatment. Full-length
blots/gels are presented in Supplementary Figs. 4-5. (g). Western blot data of HIF-1a, HMOX1, and VEGF after SnPPIX treatment, presented as mean + SEM
(n=3), analyzed by two-way ANOVA. (h-i) Western blot analysis of HIF1a, HMOX1, and VEGFa protein expression in FDSCs and ADSCs following CP312
treatment. Full-length blots/gels are presented in Supplementary Figs. 6-7. (j). Western blot data of HIF-1a, HMOX1, and VEGF after CP312 treatment,

presented as mean +SEM (n=3), analyzed by two-way ANOVA

increased HMOX1 expression, accompanied by a rise in
VEGFa levels. Although VEGFa expression under CP-312
treatment was lower than in hypoxic conditions, it
remained higher than in normoxic ADSCs, further prov-
ing that HMOXI1 regulates VEGFa expression. Similarly,
we observed an increase in HIFla expression alongside
the upregulation of HMOXI1, reinforcing the positive
correlation between HMOX1 and HIFla. Grayscale ratio
analysis (Fig. 5j) further confirmed this conclusion.

HMOX1 Knockdown reduces HIF-1a and VEGFa expression
and impairs angiogenesis

To further investigate the upstream and downstream
relationship between HMOX1 and HIF-1a, we used len-
tiviral-mediated knockdown of HMOX1 in FDSCs and
ADSCs to analyze its impact on the expression levels of
HIF-1a and VEGFa, as well as its effect on angiogenic
functionality. Since the lentiviral-transduced cells carried
GFP markers, we first assessed the efficiency of HMOX1
knockdown by observing the expression of green fluores-
cence. As shown in Fig. 6a, all cells exhibited green fluo-
rescence, confirming successful HMOX1 knockdown in
FDSCs and ADSCs.

Subsequently, we analyzed gene and protein expression
levels using qPCR and Western blot. The results demon-
strated that HMOX1 knockdown significantly reduced
HIF-1a and VEGFa expression levels in both FDSCs and
ADSCs (Fig. 6b—f). This finding aligns with the regula-
tory relationship shown in Fig. 5, further confirming that
HMOX1 regulates VEGFa expression by modulating
HIF-1a stability.

To clarify the role of HIF-1a in this process, we treated
HMOX1-knockdown cells with the HIF-la activa-
tor FG-4592. The results showed that FG-4592 partially
restored VEGFa expression levels (Fig. 6b—f), validating
that HIF-1a mediates the downstream regulatory effect
of HMOX1 on VEGFa.

For functional validation, we used the conditioned
media from HMOX1-knockdown FDSCs and HMOX1-
knockdown ADSCs cultured under hypoxic conditions to
treat endothelial cells. The results revealed that endothe-
lial tube-forming ability was significantly impaired within
2 h (Fig. 6g—h). This functional alteration corresponded
with the decreased VEGFa levels, further emphasizing
the critical role of the HMOX1-HIF-1a-VEGFa axis in
maintaining the angiogenic microenvironment.

FDSC co-transplantation enhances graft retention and
vascularization

To investigate whether FDSCs can promote graft reten-
tion and vascularization in vivo, we mixed the obtained
FDSCs and ADSCs with fat and transplanted 0.5 ml
of the mixture into the dorsal region of nude mice
(method). Samples were collected on days 7, 14, and 30
to assess graft outcomes. Gross examination of the har-
vested grafts revealed that the FDSC co-transplantation
group had more extensive microvascular coverage on the
graft surface compared to the ADSC group (Fig. 7a).

When analyzing graft retention rates, we found that
the FDSC co-transplantation group consistently showed
higher retention rates than the ADSC group at all time
points—days 7, 14, and 30 (Fig. 7b). To assess graft viabil-
ity, we performed HE staining on the graft sections. On
day 30, the FDSC group exhibited a greater number of
viable adipocytes, fewer oil cysts, less inflammatory cell
infiltration, and reduced fibrosis compared to the ADSC
group (Fig. 7c).

To evaluate vascularization, we performed CD31
immunofluorescence staining (Fig. 7d). The results dem-
onstrated that, on day 30, the number of CD31 +endo-
thelial cells in the FDSC group was significantly higher
than in the ADSC group. Quantification of the red fluo-
rescent area across different samples revealed a similar
trend (Fig. 7e).

Lastly, to explore the relationship between HMOX1
and VEGF, we performed immunofluorescence staining
on the collected samples at various time points, labeling
HMOX1 in green and VEGF in red (Fig. 7f). The results
indicated that VEGF fluorescence increased over time in
both the FDSC and ADSC groups. However, HMOX1
expression was significantly higher in the FDSC group.
Quantitative analysis of multiple samples confirmed this
finding (Fig. 7g-h).

Discussion

As a widely distributed connective tissue in the human
body, fascia not only provides physical support to adipose
tissue but also plays a key role in fat metabolism, storage,
and distribution [18]. While the relationship between
fascia and adipose tissue is well recognized [19, 20], the
characteristics and specific roles of Fascia-Derived Stem
Cells (FDSCs) under physiological and pathological con-
ditions remain unclear. In this study, we systematically
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Fig. 6 HMOX1 knockdown in FDSCs and ADSCs impairs angiogenic functionality. (a) Efficiency of HMOX1 knockdown in FDSCs and ADSCs was assessed
via GFP expression, indicating successful lentiviral transduction. Scale bars: 500 um. (b—c) Quantitative real-time PCR (gPCR) analysis of HMOX1, HIF-1q,
and VEGFa mRNA levels in FDSCs (b) and ADSCs (c) with or without HMOX1 knockdown, as indicated. Data are normalized to GAPDH and presented as
mean £ SEM (n=3). (d) Western blot analysis of HMOX1, HIF-1a, and VEGFa expression under normoxic conditions in FDSCs and under hypoxic conditions
in ADSCs. Comparisons are shown between control, HMOX1-knockdown cells, and HMOX1-knockdown cells treated with the HIF-1a activator FG-4592.
GAPDH served as the loading control. Full-length blots/gels are presented in Supplementary Fig. 8. (e-f) Densitometric quantification of Western blot
bands for HMOX1, HIF-1q, and VEGFa relative to GAPDH, presented as mean + SEM (n=3). Statistical significance was determined by two-way ANOVA. (g)
Representative phase-contrast images of tube formation by endothelial cells incubated with conditioned media derived from FDSCs and ADSCs under
control conditions, following HMOX1 knockdown, and after HMOX1 knockdown with FG-4592 treatment. Images were captured at 2 h. (h) Quantifica-
tion of total segment length and the number of junction points from the tube formation assay, performed using ImageJ software. Data are presented as

mean + SEM (n=3). Statistical significance was evaluated by ANOVA, with *p <0.05, **p <0.01, and ***p <0.001

describe the cytological and functional characteristics of
FDSCs and conduct a comparative analysis with adipose-
derived mesenchymal stem cells (ADSCs). Our results
show that FDSCs, while originating from distinct ana-
tomical locations, also express multiple stem cell surface
markers. Additionally, FDSCs display significant differ-
ences in gene expression patterns compared to ADSCs.
In an in vivo fat transplantation model, FDSCs signifi-
cantly enhance graft survival and retention by promot-
ing angiogenesis. These findings suggest that FDSCs
may play an important role in adipose tissue repair and
regeneration, offering potential clinical applications in fat
transplantation and tissue regeneration.

In the comparative analysis of the cytological and
functional characteristics of FDSCs and ADSCs, we first
analyzed third-passage cells for mesenchymal stem cell-
specific markers, including CD34, SCA-1, and CD29, and
evaluated their trilineage differentiation potential [21,
22]. The results confirmed that these cells exhibit typi-
cal mesenchymal stem cell characteristics, demonstrating
their multipotency and differentiation capabilities. Nota-
bly, in our adipogenic differentiation experiments, we
observed that FDSCs exhibit weaker adipogenic potential
compared to ADSCs. Similar findings were reported in
the study by Hing-Lok Wong et al. [23], which demon-
strated that while FDSCs have a relatively lower adipo-
genic capacity, their chondrogenic potential is stronger
than that of ADSCs. This difference may be attributed
to the tissue origin of FDSCs, as fascia is a collagen-rich
structure, similar to cartilage in composition, than a fat
storage tissue. Consequently, the adipogenic capacity of
FDSCs may be constrained by these structural charac-
teristics. On the other hand, Naoki Ishiuchi et al. [24]
provided an alternative explanation, suggesting that the
lower adipogenic capacity of FDSCs could be related to
differences in the expression of genes involved in cell
cycle and division, such as CENPF, BUB1B, and ANLN.
Additionally, other studies [25] have proposed that stem
cells derived from fascia express higher levels of fibrosis-
related genes, such as TGFB, and fibrosis and adipogen-
esis are biologically opposing processes. These varying
hypotheses highlight the current lack of a unified expla-
nation for the reduced adipogenic potential of FDSCs,

and further research is needed to elucidate this mecha-
nism. Nonetheless, it appears that lower adipogenic
capacity is a characteristic feature of fascia-derived stem
cells. To ensure the accuracy of our findings, we used flow
cytometry to exclude interference from fibroblasts, leu-
kocytes, and endothelial cells during cell identification,
focusing on the markers FAP, CD45, and CD31. FFAD, a
transmembrane glycoprotein, is mainly expressed in acti-
vated fibroblasts and is closely associated with fibrotic
potential [26]. It promotes fibroblast phenotype changes
by regulating key signaling molecules such as MMPs,
thereby affecting the fibrotic process. Thus, determining
FAP expression effectively excludes fibroblasts. CD45,
a specific leukocyte marker, is broadly expressed across
all leukocytes and serves as a key marker for identifying
immune cells [27]. Using CD45 helps eliminate immune
cells, allowing for more precise analysis of non-immune
cells. CD31, a specific endothelial marker, is crucial in
vascular biology and helps identify vascular endothelial
cells [28]. Our analysis showed that the cells we examined
expressed minimal levels of FAP, CD45, and CD31, indi-
cating they were not fibroblasts, immune cells, or endo-
thelial cells. This confirms the purity of the mesenchymal
stem cell population used in our study.

In our morphological analysis, we used phalloidin
staining to examine the cytoskeleton and found that
FDSCs had a significantly greater aspect ratio compared
to ADSCs. In studies on the relationship between stem
cell morphology and function, cells with larger spread-
ing areas and more adhesion points tend to have smaller
aspect ratios, which confers higher survival potential,
particularly in adverse environments such as hypoxia. In
contrast, spindle-shaped cells with larger aspect ratios,
like FDSCs, tend to exhibit greater sensitivity to envi-
ronmental changes and may possess enhanced migratory
capacity under stress conditions [29]. These morphologi-
cal differences suggest important biological functional
distinctions between FDSCs and ADSCs.

To further explore the functional differences and
potential mechanisms between FDSCs and ADSCs,
we conducted transcriptome sequencing analysis. This
aimed to uncover differences in gene expression and
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Fig. 7 Co-transplantation of FDSCs with adipose tissue enhances graft retention and vascularization. (@) Macroscopic view of grafts at days 7, 14, and 30,
from left to right. (b). Line graph of graft volume over time. (c). H&E staining of grafts. (d). Immunofluorescence staining of CD31, with CD31 in red and
DAPI in blue. (e). Quantification of the CD31 +fluorescent area. (f). Immunofluorescence images of HMOX1 (green) and VEGFa (red), with DAPI in blue.
(g-h). Quantification of VEGF +and HMOX1 +fluorescent areas. (i) Western blot analysis of HMOX1 and VEGFa protein expression in grafts at different time
points. Full-length blots/gels are presented in Supplementary Fig. 9. (j-k) Densitometric quantification of Western blot bands for HMOX1 and VEGFa rela-
tive to GAPDH, presented as mean +SEM (n=3). Statistical significance was determined by two-way ANOVA

provide insights into their unique functional characteris-
tics and adaptive responses.

Through the visualization of sequencing results, we
found that compared to ADSCs, FDSCs exhibited 301
upregulated genes and 174 downregulated genes, indi-
cating distinct gene expression patterns between the two
cell types. To gain deeper insights into the functional
implications of these differentially expressed genes, we
conducted Gene Ontology (GO) analysis. The results
revealed that these genes were primarily enriched in bio-
logical processes such as endothelial cell development
and cell growth, strongly suggesting that FDSCs may play
a key role in maintaining and regulating endothelial cell
activity and function.

We then performed clustering analysis on the top
20 genes with the greatest differential expression. The
results showed that these genes were mainly associated
with functions such as developmental processes and
hemoprotein regulation. This gene regulation pattern
highlights FDSCs’” unique advantage in promoting angio-
genesis. Additionally, through protein-protein interac-
tion (PPI) network prediction analysis, we identified
HMOX1 as a central protein in the network, underscor-
ing its pivotal regulatory role in angiogenesis and cellular
stress responses.

Notably, several genes associated with hypoxia
response and angiogenesis were significantly upregulated
in FDSCs, including HIF-1a, HMOX1, NR4A1, ETSI,
and VEGFa. Given that HIF-1a was also identified as a
central node in the PPI network prediction analysis, we
focused our attention on this gene. HIF-1a is a transcrip-
tion factor first described by Gregg L. Semenza and col-
leagues while investigating the regulatory mechanisms
of erythropoietin (EPO), including HIF-1a and HIF-1p
[30]. Specifically, HIF-1a, as a key transcription factor
under hypoxic conditions, stabilizes in low-oxygen envi-
ronments and translocates to the nucleus, where it binds
with HIF-1B to form a functional transcription factor
complex. This complex activates the expression of angio-
genesis-related genes, including VEGE, to promote the
formation of new blood vessels [31].

Interestingly, research has shown that after the HIF-1
complex binds to the hypoxia response element (HRE),
it recruits transcriptional co-activators, such as p300
and CBP. These co-activators enhance the expression of
downstream genes like HMOX1 by acetylating histones,
further promoting angiogenesis.

HMOX1 encodes the enzyme heme oxygenase-1
(HO-1), which catalyzes the breakdown of heme into
iron, carbon monoxide (CO), and biliverdin. This pro-
cess helps degrade excess heme to prevent its potential
toxicity, while also regulating inflammatory and oxida-
tive stress responses. Additionally, HMOXI1 plays a key
role in promoting vascularization. As a stress-induced
enzyme, it degrades heme into CO, ferrous iron (Fe*),
and biliverdin, with biliverdin exerting anti-inflammatory
effects by inhibiting the production and release of pro-
inflammatory cytokines, such as TNF-a, IL-1p, and IL-6.
This reduction in inflammation alleviates its detrimental
effects on endothelial cells and enhances VEGF expres-
sion, further promoting angiogenesis.

Subsequently, through qPCR, Western blot, and immu-
nofluorescence experiments, we further validated the
expression of these genes at both the transcriptome and
protein levels, supporting the reliability of our sequenc-
ing results. Finally, the tube formation assay results dem-
onstrated that FDSCs significantly promoted endothelial
cell tubule formation compared to ADSCs, further con-
firming the effectiveness of FDSCs in promoting angio-
genesis. This finding provides strong support for utilizing
the vascularization potential of FDSCs to enhance graft
retention in subsequent animal studies.

Notably, the Western blot experiments not only veri-
fied the expression of relevant genes in FDSCs but also,
through the use of the HMOX1 inducer CP-312 [32] and
inhibitor SnPPIX [16], revealed the dual regulatory role
of HMOXI1. Specifically, our experiments showed that
HMOX1 not only regulates VEGFa expression but also
has a positive correlation with HIF-1a expression. While
most studies suggest that HIF-1a acts as an upstream fac-
tor of HMOX]1, stabilizing and activating under hypoxic
conditions and directly binding to the hypoxia response
element (HRE) in the HMOXI1 promoter region to pro-
mote its transcription—a well-established regulatory
pathway—our research suggests that HMOX1 also has
the potential to positively regulate HIF-1q, influencing its
stability and function through a different mechanism [33]
(Fig. 8).

Louise L. Dunn and her colleagues’ research also sup-
ports this view [14]. They found that carbon monoxide
(CO), produced during the heme degradation process
by HMOX1, can directly stabilize HIF-1a and prevent
its rapid degradation. Therefore, we hypothesize that the
mechanism by which HMOX1 regulates HIF-1a involves
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CO acting as a critical signaling molecule in the regula-
tion of HIF-1a [34].

The PHD (prolyl hydroxylase) family, particularly
PHD?2, is a key enzyme responsible for the hydroxyl-
ation of HIF-1a [35]. PHDs add hydroxyl groups to spe-
cific sites on HIF-1a (such as P402 and P564), marking
it for recognition and degradation by the ubiquitin-pro-
teasome pathway. Under normoxic conditions, PHDs are
active, promoting the rapid degradation of HIF-1a and
maintaining low intracellular levels of HIF-1a. However,
under hypoxic or oxidative stress conditions, the activity
of PHD2 is inhibited, allowing HIF-1a to accumulate and
function as a transcription factor.

In the context of high HMOX1 expression, the increase
in CO binds to cytochrome aa3 in the mitochondria, pro-
moting the production of more H,0,. H,O, facilitates the
formation of PHD2 dimers through disulfide bonds, and
these dimers exhibit lower enzymatic activity compared
to their monomeric forms. Specifically, H,O, modulates
the dimerization state of PHD2, reducing its hydroxyl-
ation of HIF-1a and thereby inhibiting the degradation of
HIF-1a [36]. This results in a significant increase in the
stability and expression levels of HIF-1a. Consequently,

H,O, indirectly promotes the accumulation and func-
tional activity of HIF-1a by inhibiting the activity of
PHD2.

Therefore, HMOX1 stabilizes and enhances the expres-
sion of HIF-1a by producing CO, which in turn increases
the levels of H,0,, leading to the inhibition of PHD2
activity. However, this unconventional mechanism of
HIF-1a stabilization still requires further investigation.

In summary, our study not only uncovers the molecular
mechanisms by which FDSCs regulate HIF-1a and VEGFE
expression through HMOX1 under hypoxic conditions
but also provides theoretical support for early angiogen-
esis following fat transplantation. Given the potential
advantages of FDSCs in promoting vascularization and
improving the hypoxic microenvironment, we further
explored their potential application in fat transplantation.

After fat transplantation, the graft often remains in a
hypoxic and nutrient-deficient state due to incomplete
integration with the host’s blood supply [37]. This unfa-
vorable microenvironment leads to the rapid death of
various cells, including adipocytes, resulting in a high
rate of necrosis and resorption following fat transplan-
tation. However, under hypoxic conditions, stem cells
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surrounding the graft are activated and secrete a range of
pro-angiogenic factors and chemokines, rapidly promot-
ing the formation of new blood vessels and improving
the hypoxic state [38]. This process is crucial for the early
survival of ischemic fat grafts. Consequently, the addition
of stem cells to grafts, a strategy known as cellassisted
lipotransfer (CAL), has emerged as an effective approach
[39].

Although ADSCs are commonly used to support tra-
ditional fat transplantation, this method still faces chal-
lenges of insufficient vascularization and suboptimal
graft quality [40]. Given our findings that FDSCs exhibit
significant advantages in promoting angiogenesis, we
explored the potential of FDSCs to enhance vasculariza-
tion in fat transplantation. By comparing grafts supple-
mented with FDSCs to those with ADSCs, we found
that FDSCs significantly improved early post-transplant
survival rates, structural integrity of adipose tissue, and
density of newly formed blood vessels. These results were
further confirmed by HE staining and CD31 immunoflu-
orescence imaging.

Additionally, we focused on the role of the HMOX1
gene in FDSC-mediated angiogenesis. By co-staining
for HMOX1 and VEGF and performing immunofluo-
rescence staining on graft samples at different time
points, we revealed a strong positive correlation between
HMOX1 and VEGE. This finding also corroborated the
results from our Western blot experiments.

Overall, this discovery not only highlights the poten-
tial of FDSCs in fat transplantation but also points to a
potential mechanism in which HMOX1-high FDSCs pro-
mote angiogenesis in stem cell-assisted transplantation
therapies.

In conclusion, the superficial fascia is widely distrib-
uted throughout the body and serves as an important
source of mesenchymal stem cells. Similar to stem cells
derived from other tissues, FDSCs from the superficial
fascia exhibit great potential in tissue engineering, par-
ticularly in areas such as wound healing and aesthetic
surgery. As an alternative therapeutic approach, FDSCs
show promising prospects, especially due to their strong
angiogenic capabilities. Given these advantages, further
research will help optimize their clinical applications,
providing more effective solutions for tissue repair and
regeneration. However, it is important to acknowledge
that due to the limited availability of human specimens
and the necessity of obtaining donor consent, we were
unable to isolate FDSCs from distinct anatomical loca-
tions in this study. In future research, we will explore
FDSCs from various anatomical sites to further under-
stand their diverse properties.
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Conclusion

Our study demonstrates that fascia-derived stem cells
(FDSCs) possess distinct characteristics and offer signifi-
cant advantages in promoting angiogenesis compared to
adipose-derived stem cells (ADSCs). Through a combi-
nation of transcriptome analysis, functional assays, and
in vivo experiments, we confirmed that FDSCs exhibit
enhanced angiogenic capabilities, which are likely regu-
lated by the HMOX1-HIF-1a-VEGF signaling pathway.
The ability of FDSCs to improve graft survival and reten-
tion, particularly in hypoxic environments, highlights
their potential as a promising therapeutic tool in fat
transplantation and tissue regeneration. Further research
into the mechanisms underlying their reduced adipo-
genic capacity and their strong pro-angiogenic function
will help optimize their clinical applications for more
effective tissue repair and regeneration strategies.
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