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ABSTRACT: Objectives: Despite the considerable regenerative capacity exhibited by adipose-derived mesenchymal
stem cells (ASCs), their genetic and molecular mechanisms remain incompletely understood. Methods: In this study,
we analyzed the global gene expression profile of adipose-derived mesenchymal stem cells (ASCs) using microarray
analysis and compared it with stromal vascular fraction (SVF) cells. Results: Microarray analysis revealed that ASCs
express elevated levels of genes related to the extracellular matrix (ECM; extracellular matrix) and collagen, which
are critical components of tissue remodeling and wound healing. Additionally, genes associated with cell growth,
differentiation, motility, and plasticity were highly expressed. When compared to stromal vascular fraction (SVF)
cells, ASCs demonstrated enrichment of genes involved in anti-inflammatory responses, immune modulation, tissue
repair, cell adhesion, and migration processes. Gene Set Enrichment Analysis (GSEA; Gene Set Enrichment Analysis)
showed activation of pathways related to angiogenesis, such as vascular endothelial growth factor (VEGF), Integrin,
Wnt signaling pathways, transforming growth factor-beta (TGF-β), extracellular matrix (ECM), and matrix metallo-
proteinase (MMP), highlighting the significant angiogenic potential of ASCs. Gene Ontology (GO; Gene Ontology)
analysis further linked ASCs to biological processes associated with the regulation of cell proliferation and muscle
cell differentiation. Conclusion: These findings collectively underscore the suitability of adipose-derived mesenchymal
stem cells (ASCs) as a promising candidate for regenerative medicine, particularly in applications involving tissue repair,
immune modulation, and promotion of angiogenesis.

KEYWORDS: Adipose-derived mesenchymal stem cells; angiogenesis; extracellular matrix; gene expression profiling;
immune modulation

1 Introduction
Adipose-derived mesenchymal stem cells (ASCs) represent a paradigm-shifting cellular resource

in regenerative medicine, distinguished by their unprecedented multipotency, strategic accessibility, and
sophisticated immunomodulatory capabilities [1]. The emergent field of stem cell research has increasingly
highlighted the transformative potential of ASCs across various medical disciplines, positioning them as a
cornerstone for advanced tissue regeneration and precision cellular therapeutics [2].

Cutting-edge single-cell transcriptomics has revolutionized our comprehension of ASC molecular
architecture, exposing a previously unrecognized landscape of genetic and functional heterogeneity [3]. In
addition, single-cell RNA sequencing indicates that ASCs display lower transcriptomic heterogeneity, lower
dependence on mitochondrial respiration for energy production, and enhanced immunosuppressive profile
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compared to bone marrow-derived stem cells, indicating ASCs represent a more reliable and appropriate
stem cell for osteoarthritis treatment [4]. These methodological innovations fundamentally recalibrate our
conceptual framework of stem cell plasticity and functional complexity.

Research on epigenetics has unveiled intricate regulatory systems that shape the purpose of adult stem
cells, producing a richer picture of cellular programming [5]. DNA methylation patterns are essential for
impacting cellular dynamics, which are critical events determining ASC differentiation and therapeutic
capacity [6]. Despite this knowledge, many gaps exist in our molecular understanding of ASCs. Much of
the literature is reductive, analyzing gene clusters or specific sub-populations of cells. In this case, more
integrative studies are needed to holistically delineate the ASC transcriptome.

The present study was conducted to investigate a comprehensive whole-gene expression profile of
human ASCs. By examining the complex regulatory networks that dictate cellular behavior, this study aims
to provide a new high-definition molecular landscape of stem cell behavior through transcriptomic methods
to discover new gene expression signatures associated with regeneration capacity. This study contributes new
knowledge regarding the molecular and functional context of ASCs that exceeds previous reports involving
transcriptomic analysis studies due to the nature of comprehensive global gene expression profiling and
the comparative measurements of the stromal vascular fraction (SVF) cells. This unique approach will help
clarify the complex molecular signatures and functional diversity of stem cell populations and address some
critical knowledge gaps in providing significant insights into stem cellular programming and therapeutic
potential in regenerative medicine.

2 Materials and Methods

2.1 SVF Isolation
Human SVF cells were obtained from subcutaneous fat tissue resected from healthy three donors

after obtaining informed consent, following procedures approved by the Institutional Review Board (code:
19-IRB047 and 2019.08.01) of Catholic Kwandong University Hospital. The SVF cells were isolated using
a modified version of a previously described method [7,8]. Briefly, the harvested fat tissue was digested
with 0.075% collagenase (#SCR103, Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered saline (PBS)
solution at 37○C for 1 h. The digested tissue was then centrifuged at 800× g for 10 min at 4○C to separate the
cells. The resulting cell pellet was resuspended in red blood cell lysis buffer (#11814389001, Sigma-Aldrich)and
incubated at 4○C for 10 min. Finally, the suspended cells were filtered through a 100-μm mesh filter (BD, San
Jose, CA, USA), and nucleated cell counts were determined using an automated cell counter (Thermo Fisher
Scientific, Cleveland, OH, USA).

2.2 Isolation and Culture of ASCs
Human adipose tissue samples were also obtained from subcutaneous fat tissue resected from healthy

three donors and processed using a modified protocol based on a previously described modified protocol [9].
The samples were rinsed extensively with Dulbecco’s phosphate-buffered saline (#SH30028.FS, HyClone,
Logan, UT, USA) to remove blood and debris. The extracellular matrix was digested enzymatically with
0.075% collagenase (#SCR103, Sigma-Aldrich, St. Louis, MO, USA) at 37○C for 30 min. Following diges-
tion, this reaction was halted with low-glucose Dubecco’s Modified Eagle’s Medium (#11885084, Thermo
Fisher Scientific), containing 10% fetal bovine serum (FBS; Invitrogen-Gibco) and 100 U/mL penicillin-
streptomycin (PS; Invitrogen-Gibco). The cell suspension was then spun down at 800× g for 10 min, and after
centrifugation, the cell pellet was again washed with DPBS and passed through a 100 μm nylon mesh filter
(Becton Dickinson, Franklin Lakes, NJ, USA) to remove any undigested remnants of tissue. Filtered cells
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were plated in uncoated T25 flasks (Nalge Nunc, Naperville, IL, USA) at a density of 3 × 105 cells/cm2, and
cultured in LG-DMEM with 10% FBS and 100 U/mL PS at 37○C in a humidified incubator containing 5% CO2.
The culture medium was changed every 3 to 4 days, and the cells were expanded to ~70% confluency prior to
freezing. Passage 3 ASCs were used for all experiments in this study. All protocols involving human samples
were approved by the Institutional Review Board (code: 19-IRB047 and 2019.08.01) of Catholic Kwandong
University Hospital.

2.3 Donor Information
The donors of adipose tissue specimens and ASCs consisted of three females and three males, with an

age range of 30~45 years and Body Mass Index (BMI) values ranging from 22.5~29.8.

2.4 Flow Cytometry
Cells were suspended in PBS containing 1% BSA and incubated for 20 min with FITC- or phycoerythrin

(PE)-conjugated monoclonal antibodies specific to CD14 (#567731, 1:20), CD34 (#568294, 1:50), CD45
(#555483, 1:20), CD73 (#550257, 1:50), CD90 (#561970, 1:50) and CD105 (#568552, 1:50). All antibodies were
purchased from BD Pharmingen (San Diego, CA, USA). Proper isotype-matched IgGs were used as controls.
Stained cells were subsequently analyzed using a BD FACSCanto II flow cytometer (Becton Dickinson, San
Jose, CA, USA).

2.5 Preparation of Nucleic Acids for Microarray Analysis
Total RNA was extracted from each cell using the RNeasy Mini Kit (#74104, Qiagen, Hilden, Germany)

following the manufacturer’s instructions. Quantity and purity of RNA were evaluated using the NanoDrop
ND-1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). RNA integrity was evaluated
using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA samples were only
used if the A260/A280 ratio was between 1.8~2.1 and RNA Integrity Number (RIN) was ≥7.0. For microarray
processing, 100 ng of RNA was reverse transcribed and amplified using the Gene Chip WT PLUS Reagent
Kit (#902280, Affymetrix, Santa Clara, CA, USA). The cDNA was then fragmented and labelled according
to the manufacturer’s protocol. Hybridization was performed on the Affymetrix Human Gene 2.0 ST Array,
and the arrays were washed and stained using the GeneChip Fluidics Station 450 (Affymetrix). Arrays were
scanned using Affymetrix GeneChip

R©
Scanner 3000 7G (Affymetrix). Data analysis was performed using

the Affymetrix GeneChip
R©

Command Console software. In Tables 1 and 2, the “Avg. (ASC)” values represent
log2-transformed normalized signal intensities, while “Fold Change” values are presented on a linear scale

Table 1: Top 25 genes highly expressed in ASCs

Function Gene symbol Gene name Avg. (ASC)
Extracellular matrix &

Structural
BGN

COL12A1
Biglycan

Collagen Type XII Alpha 1 Chain
12.14
11.07

COL1A2 Collagen Type I Alpha 2 Chain 10.91
FBN1 Fibrillin 1 10.89

Cell adhesion &
Migration

THBS1
POSTN

Thrombospondin 1
Periostin

12.04
11.68

MMP2 Matrix Metallopeptidase 2 11.51
TIMP1 TIMP metallopeptidase inhibitor 1 10.97

(Continued)
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Table 1 (continued)

Function Gene symbol Gene name Avg. (ASC)
Tissue remodeling &

Growth factors
CTGF
CYR61

Connective tissue growth factor
Cysteine-Rich angiogenic inducer 61

11.59
10.84

GREM1 Gremlin 1, DAN Family BMP
Antagonist

10.91

FGF2 Fibroblast growth factor 2 10.75

Regulation of
inflammation & Stress

Response

SERPINE1
HSPB6

Serpin family E member 1
Heat shock protein family B (Small)

Member 6

11.54
10.71

Cytoskeletal &
Contractile proteins

MYL9
CNN2

Myosin light chain 9
Calponin 2

11.68
10.74

Signal transduction &
Transcription regulation

PEA15
SNAI2

Phosphoprotein enriched in astrocytes
15

Snail family transcriptional repressor 2

11.44
11.44

BASP1 Brain abundant membrane attached
signal protein 1

11.12

CCDC80 Coiled-coil domain containing 80 11.09
MXRA8 Matrix remodeling associated 8 10.89

DKK1 Dickkopf WNT signaling pathway
inhibitor 1

10.82

RRAS RAS related 10.81
PTGIS Prostaglandin I2 synthase 10.78

Table 2: List of representative genes highly expressed in ASCs compared to SVF cells

Gene Gene name Fold change
Anti-inflammatory SERPINE1 Serpin Family E Member 1 10.2

TNFRSF12A Tumor necrosis factor receptor
superfamily member 12A

2.4

TGFBI Transforming growth factor beta
induced

4.8

Tissue regeneration FGF2 Fibroblast growth factor 2 17.6
COL1A1 Collagen type I alpha 1 chain 8.2
COL1A2 Collagen type I alpha 2 chain 5.5

LOX Lysyl oxidase 11
CTGF Connective tissue growth factor 8.6

Immune modulation ID1 Inhibitor of DNA binding 1 4.4
CEMIP Cell Migration inducing

hyaluronidase 1
18.6

AXL AXL receptor tyrosine kinase 2.9

(Continued)
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Table 2 (continued)

Gene Gene name Fold change
IGFBP3 Insulin-like growth factor binding

protein 3
5

STAT1 Signal transducer and activator of
transcription 1

2.3

Cell migration & Adhesion ITGA11 Integrin subunit alpha 11 15.4
MMP2 Matrix metallopeptidase 2 2.5
ANXA5 Annexin A5 2.1

Extracellular matrix &
Structural

COL6A1 Collagen type VI alpha 1 chain 2.5

COL3A1 Collagen type III alpha 1 chain 3.8
FNDC1 Fibronectin type III domain

containing 1
4.3

2.6 Quantitative Real-Time (qRT)-PCR
Total RNA was extracted from the cells using RNA-stat (#253-CS-111, Iso-Tex Diagnostics, Friendswood,

TX, USA). Following extraction, the RNA was reverse transcribed into complementary DNA (cDNA)
using TaqMan reverse transcription reagents (#N8080234, Applied Biosystems, Foster City, CA, USA) in
accordance with the manufacturer’s protocol. The resulting cDNA was then analyzed through qRT-PCR
using primers and probes specific to human genes. Quantification of RNA levels was carried out with the
ABI PRISM 7000 Sequence Detection System (Applied Biosystems), and relative mRNA expression levels
were normalized to GAPDH as the reference gene [10,11]. The relative gene expression was calculated using
the ΔΔCt method, where the Ct values of the target genes were normalized to those of a housekeeping gene
(ΔCt), and the fold change was determined as 2−ΔΔCt. Absolute quantification, if applicable, was performed
using a standard curve to derive the target gene concentration from known template dilutions. The primers
used for qRT-PCR were shown in Table A1. All primer/probe sets used for qRT-PCR were purchased from
Origene (Rockville, MD, USA).

2.7 Microarray Data Quality Control
Microarray data quality was examined using quality control (QC) metrics, including signal-to-noise

ratio, background intensity, scale factors, and probe performance. Data normalization was performed with
robust multi−array average, and outliers were identified through principal component analysis (PCA) as
well as hierarchical clustering based on gene expression profiles [12]. Arrays were flagged as outliers if they
deviated from their biological or if they did not group with biological replicates in hierarchical clustering.
The researchers then assessed outlier arrays for other technical failures or hybridization issues, and if an
array identified as an outlier had a technical issue, it was excluded from all future analyses. In addition, the
normalization and clustering of the samples were refitted, excluding the outlier samples, and the results were
consistent across the rest of the samples.
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2.8 Gene Analysis
Gene set enrichment analysis (GSEA) was conducted using the GSEA program (http://www.broad.mit.

edu/gsea/msigdb/index.jsp, accessed on 13 August 2025). Gene sets were collected from the Gene Ontology
(GO) database (http://www.geneontology.org/). Categories with an Expression Analysis Systematic Explorer
(EASE) score of less than 0.05 were considered statistically significant.

2.9 Statistical Analysis
Differentially expressed genes (DEGs) were identified based on a fold-change threshold of ≥2 and a

p value cutoff of less than 0.05 using a two-sample t-test. Data are expressed as mean ± standard deviation.
Statistical comparisons between two groups were made using the Student’s t-test, using SPSS version 11.0. A
p-value < 0.05 was considered statistically significant.

3 Results

3.1 Morphology and Gene Expression Analysis of ASCs and SVF Cells
We compared the morphology of ASCs and the SVF cells and found that the cultured ASCs had a

spindle shape while the SVF cells appeared small and round (Fig. 1A). To assess the overall quality of the
microarray data, an M&A plot analysis showed that most of the data points were symmetrically distributed
around the M = 0 axis, indicating there was no apparent systematic bias (Fig. 1B). The overall reproducibility
of the data was assessed with Pearson correlation analysis. Results showed high levels of similarity in sample
groups, exhibiting reliable biospecimen data; however, variability in some samples gave hints of some form
of biological or technical variability (Fig. 1C). The clustering of the samples was again observed in heatmap
analysis, which revealed clear differences between ASCs and SVF cells, including some genes that displayed
differences in expression between the two groups, suggesting some degree of molecular differences in the
types of cells studied (Fig. 1D).

3.2 Cell Characterization
SVF cells were characterized through antigen expression analysis. CD45, a marker of hematopoietic

lineage cells, was expressed on an average of 9.0% of the cells. Similarly, CD14, associated with the monocytic
lineage, was detected on an average of 10.9%. In contrast, CD90, a marker expressed on both hematopoietic
stem cells and connective tissue, was observed on an average of 10.3% of the cell population. ASCs were
identified based on their unique marker expression profiles. ASCs were found to be positive for CD90, CD73,
and CD105, while being negative for the hematopoietic marker CD45.

3.3 Analysis of Highly Expressed Genes in ASCs
To characterize the genome of ASCs, a microarray experiment was conducted. Microarray data

revealed that extracellular matrix (ECM) related genes, Biglycan (BGN) and Periostin (POSTN), were highly
expressed (Table 1). This result indicates that ECM plays the most important role in ASCs. In addition,
genes related to collagen, COL12A1 and COL1A2, had high expression, indicating their involvement in
tissue regeneration and healing. Regarding cell growth and differentiation regulation, Thrombospondin 1
(THBS1), Connective Tissue Growth Factor (CTGF), and Fibroblast Growth Factor 2 (FGF2) also highly
expressed. For cell motility and transcriptional regulation, Matrix Metallopeptidase 2 (MMP2) and Snail
Family Transcriptional Repressor 2 (SNAI2) exhibited high expression, suggesting that ASCs have flexibility
and the ability to adapt and migrate through different environments.

http://www.broad.mit.edu/gsea/msigdb/index.jsp
http://www.geneontology.org/
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Figure 1: Cell morphology, pairwise comparison, correlation plot (Array to Array Correlation), and heat map analysis
between ASCs and SVF cells. (A) Morphology of ASCs (passage 3) and SVF cells. Scale bars, 100 μm. (B) M&A (MA)
plot of gene expression comparisons between all ASC (n = 3) and SVF (n = 3) samples. Each panel shows the log2
ratio (M) vs. log2 average intensity for a pairwise comparison. Dots outside the ±1 range indicate ≥2-fold differentially
expressed probes. (C) Correlation Plot (Array to Array Correlation). A diagram illustrating the Pearson correlation
coefficients between arrays in a matrix format. Strong intra-group correlation (>0.97) confirms data consistency after
normalization. (D) Hierarchical clustering heatmap of the top differentially expressed genes (DEGs) between ASC and
SVF groups. Colors represent log2-transformed expression values (red = high, green = low). n = 3 per group

3.4 Comparison of Highly Expressed Genes in ASCs
To determine the multifunctional properties, a comparative gene expression analysis of ASCs and

SVF cells was conducted and further confirmed by qRT-PCR (Fig. A1). The analysis revealed a substantial
upregulation in gene expression levels related to anti-inflammatory responses, tissue regeneration, immune
modulation, and cell adhesion/migration. In the category of anti-inflammatory response, SERPINE1 was
upregulated by 10.2-fold, TNFRSF12A by 2.4-fold, and TGFBI by 4.8-fold, indicating the role of ASCs
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in inflammation modulation and protection of tissues (Table 2). The potential for tissue regeneration
was highlighted by significant upregulation of FGF2 (17.6-fold), COL1A1 (8.2-fold), COL1A2 (5.5-fold),
LOX (11-fold), and CTGF (8.6-fold), indicating ASCs have high regenerative and remodeling capabilities
compared to SVF cells. Concerning immune modulation, CEMIP gene expression was upregulated 18.6-
fold, indicating its role in inflammation modulation and cellular migration. ID1 (4.4-fold), AXL (2.9-fold),
and IGFBP3 (5-fold) were also significantly upregulated, indicating a role in stem cell maintenance and
immune response modulation. Regarding cell adhesion and migration, ITGA11 was upregulated by 15.4-fold,
indicating it could support cellular adhesion to material surfaces and promote cell motility. MMP2 (2.5-fold)
and ANXA5 (2.1-fold) were also upregulated, indicating a role in extracellular matrix (ECM) degradation
and cell membrane stability, respectively.

3.5 Gene Ontology (GO) Analysis
GO analysis was conducted to understand the biological functions and properties of ASCs. GO terms

were related to cellular differentiation, tissue regeneration, immune modulation, and anti-inflammatory
effects. Specifically, GO:0051146 (muscle cell differentiation) and GO:0042692 (muscle tissue differentiation)
were significantly enriched EASE (expression analysis systematic explorer) Score (≤0.05), which indicates
the use of ASCs as a potential regenerative therapy (Table 3). GO:0042127 (regulation of cell proliferation)
and GO:0008285 (negative regulation of cell proliferation) were significantly enriched, which indicates ASC’s
action in up-regulating and down-regulating proliferation status in a specific wound environment, which
contributes to tissue repair and tissue regeneration. In addition, GO:0002683 (negative regulation of immune
system process) and GO:0050854 (regulation of antigen receptor signaling pathway) were significantly
enriched, suggesting that ASCs suppress inflammatory activity and potentially modulate T cell and antigen
receptor signaling pathways to establish and maintain immune homeostasis.

Table 3: Gene ontology (GO) analysis in ASCs

GO term EASE score Gene count
GO:0042127~regulation of cell proliferation 6.19E–09 112

GO:0008285~negative regulation of cell proliferation 0.00048 52
GO:0002683~negative regulation of immune system process 0.00152 16

GO:0050854~regulation of antigen receptor-mediated signaling 0.0104 5
GO:0051146~striated muscle cell differentiation 0.0168 14

GO:0042692~muscle cell differentiation 0.0232 17
GO:0050856~regulation of T cell receptor signaling 0.0363 4

3.6 Analysis of Angiogenesis-Related Gene Expression
To examine the angiogenic potential of ASCs, we performed a Gene Set Enrichment Analysis (GSEA)

comparing ASCs with SVF cells. Our results showed a significant activation of angiogenesis-related signaling
pathways, including the VEGF, Integrin, Wnt, TGF-β, ECM, and MMP pathways (Fig. 2). These data indicate
that ASCs have a substantial potential for promoting vascularization, a key component in tissue engineering
and regenerative medicine applications.
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Figure 2: GSEA for angiogenesis-related pathways. The bar graph shows significantly enriched angiogenesis-related
pathways based on GSEA using pre-ranked log2 fold-change gene lists. The x-axis indicates enrichment score (ES), and
p-values are shown next to each bar. VEGF signaling (ES = 0.78, p = 0.001) and ECM organization (ES = 0.73, p = 0.003)
were among the most enriched pathways. Analysis was based on ASC (n = 3) and SVF (n = 3) expression profiles

4 Discussion
This study comprehensively examined the global gene expression profile of human ASCs and offered

an in-depth discussion regarding their possibilities for cell therapy. The study not only examined many gene
expression profiles, thereby elucidating many previously unexplored gene properties, but also discussed gene
networks related to cell proliferation and differentiation of muscle cells. These genes were also re-examined
at the molecular biological level to underscore their significance for the development of cell-based therapy.

Microarray analysis outlined in this study provides valuable information about the genetic makeup
of ASCs, specifically highlighting a high expression of Biglycan (BGN) and Periostin (POSTN), which
hints at their important contributions to tissue regeneration and remodeling [13,14]. In addition, increased
expression of collagen-related genes (COL12A1, COL1A2) emphasizes the contribution of ASCs in cell
therapy regarding tissue regeneration and wound healing [15]. COL1A2 has been shown to have an important
role in the stimulation of fibroblast growth and structural recovery of an area of injury [16]. This data proves
the potential clinical relevance of ASCs in skin regeneration and wound healing. Interestingly, there is high
expression of genes related to regulating cell proliferation and differentiation (THBS1, CTGF, FGF2). CTGF
is a multifunctional protein that helps regulate cellular growth and differentiation [17]. Fibroblast Growth
Factor 2 (FGF2) is a notable regenerative factor of significance in neural and cardiovascular therapies, as
well [18]. Lastly, the data of this study featured significant expressions of MMP2 and SNAI2, suggesting
cellular migratory and transcriptional regulator capacities of ASCs. In fact, MMP2 is known to have a key role
in cellular migration and extracellular matrix (ECM) remodeling [19]. Within the context, it would appear
that ASCs can function actively within an area of injury.

In this study, we briefly examined the possible therapeutic implications of ASCs through a comparison
of the GO data with previous work. First, with respect to cancer treatment, the GO term of GO:0008285
(Negative regulation of cell proliferation) could suggest that ASCs might have the ability to regulate the
proliferation of cancer cells, consistent with the previous data [20]. In their study, they suggested that ASCs
release immunomodulatory factors such as TGF-β and IL-10 within the tumor microenvironment, which
may have inhibited tumor development [21]. Second, in the context of muscle regeneration, aspects of the
GO data, such as GO:0051146 (Striated muscle cell differentiation), might demonstrate the possibility of
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ASCs being involved in muscle differentiation and remodeling. This aligns with the findings of a recent
report, which suggested that ASCs can induce muscle cell regeneration through the regulation of Myogenic
Regulatory Factors (MRFs) [22]. Other studies further support the potential efficacy of ASCs for muscular
dystrophy and other applications related to muscle repair, as they could provide at least one mechanism for
the apparent therapeutic effectiveness of ASCs in muscle tissue [23]. Finally, in terms of autoimmune therapy,
the terms GO:0002683 (Negative regulation of immune system process) and GO:0050856 (Regulation of
T cell receptor signaling) indicate the potential for ASCs to regulate inflammatory immune environments.
This also aligns with recent reports, which reported that ASCs could suppress inflammatory T cells while
promoting regulatory T cells (Tregs), by secreting Indoleamine 2,3-dioxygenase (IDO) and prostaglandin
E2 (PGE2) to regulate autoimmune responses [24,25].

This research employed GSEA and uncovered important activations of multiple angiogenesis-related
signaling pathways, including VEGF, Integrin, TGF-β, Wnt, ECM, and MMP pathways. Of those pathways,
the VEGF pathways presented as a key pathway that promoted endothelial cell proliferation, migration,
survival, and angiogenesis [26]. Our results showed that ASCs might enhance tissue regeneration by
increasing the expression of VEGF. Similarly, the integrin pathway, which facilitates interactions between
endothelial cells and the ECM, was significantly activated and played a key role in vascular stabilization and
maturation [27]. Another pathway that demonstrated significant activation in ASCs was the TGF-β signaling
pathway, which was another important mechanism that highlights the contribution of ASCs-based treatment
to vascular stability, inflammation inhibition, and ECM remodeling [28]. Furthermore, ASCs have been
shown to activate the Wnt signaling pathway, which is critical in promoting endothelial cell proliferation
and function [29]. In turn, ASCs might promote immune regulation and facilitate ideal vascular networks
to promote tissue regeneration. This study also highlights the essential contributions of the ECM and MMP
pathways to ASCs-mediated angiogenesis and tissue repair [30]. The ECM provides structural scaffolding
for neovascularization, while MMPs remodel the ECM constituents to support early angiogenesis and tissue
remodeling. Notably, the study indicated that ASCs significantly promoted MMP-2 and MMP-9, which
are critical for restructuring the ECM, and provided a reparative environment that induces cell migration,
angiogenesis, and overall tissue recovery.

5 Conclusion
In summary, this study highlights the important role of ASCs in regenerative events, showing their abil-

ity to produce ECM components, regulate cell differentiation and proliferation, and promote cell migratory
capacity, and these properties indicate the usefulness of ASCs as an attractive therapeutic option for a variety
of clinical applications including autoimmune disorders, tissue regeneration, wound healing, muscular and
vascular interventions, etc. However, to use ASCs to their full capacity in clinical situations, more evidence
is needed to define mechanisms of regulation on gene expression, trial culture and preconditioning methods
to facilitate ASCs, study sightings of performance in disease- and tissue-specific instances, as well as to
conduct investigations of long-term efficacy (stability, safety, immunogenicity) to ensure reliable treatment
modalities using ASCs. Filling these research areas can, over time, help make ASCs a legitimate part of
turning regenerative medicine practices into reality, to advance newer treatments or cures for such complex
medical complications.
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Appendix A

Figure A1: Gene expression analysis. qRT-PCR was used to measure gene expression patterns of multiple factors.
n = 3 per group

Table A1: Primers for qRT-PCR

Gene Product name & supplier Primer sequences (forward/reverse)
GAPDH GAPDH Human qPCR Primer Pair

(OriGene, CAT#: HP200064)
GGTGTGAACCATGAGAAGTATGA/

GAGTCCTTCCACGATACCAAAG
ITGA11 ITGA11 Human qPCR Primer Pair

(OriGene, CAT#: HP201384)
GCCTCCAGTATTTTGGCTGCAG/
GCTCAAAGTGGAGGCTGGCATT

FGF2 FGF2 Human qPCR Primer Pair (OriGene,
CAT#: HP205762)

AGCGGCTGTACTGCAAAAACGG/
CCTTTGATAGACACAACTCCTCTC

SERPINE1 SERPINE1 Human qPCR Primer Pair
(OriGene, CAT#: HP200569)

CTCATCAGCCACTGGAAAGGCA/
GACTCGTGAAGTCAGCCTGAAAC
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