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Abstract: Adipose-derived mesenchymal stem cells (ADSCs)
and bone marrow-derived mesenchymal stem cells (BMSCs)
have shown great potential in clinical applications. Howev-
er, the similarities and differences between these two cell
types have not been fully elucidated. Recent advances in
transcriptomic and metabolomic research have provided
valuable insight into the characteristics and functions of
ADSCs and BMSCs. In this perspective article, we review
the key findings from these studies, including cellular het-
erogeneity as well as differences in metabolic and secretory
properties. We discuss how these insights can help guide
the selection of the most suitable cell source for the clinic,
and the optimization of preconditioning strategies prior to
clinical deployment. Furthermore, we analyze the current
landscape of products and clinical trials involving ADSCs and
BMSCs, highlighting their therapeutic potential. We propose
that the integration of multi-omics datasets will be crucial
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for establishing a comprehensive understanding of ADSC
and BMSC identity and potency, and the provision of quality-
assured stem cell-derived products for the clinic.
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Biological insights from
transcriptomic studies of ADSCs and
BMSCs

Identifying transcriptomic heterogeneity of
in vitro cultured ADSCs and BMSCs

Recent single-cell studies have shed light on the heterogeneity
within in vitro cultured adipose-derived mesenchymal stem
cells (ADSCs) and bone marrow-derived mesenchymal stem
cells (BMSCs) (Table S1), whereas analyzing the heterogeneity
of ADSCs and BMSCs simultaneously provides a more accurate
reflection of the differences between these two cell types. Our
previous research revealed that ADSCs had lower tran-
scriptomic heterogeneity compared to BMSCs [1]. A cross-tissue
investigation found that ADSCs and BMSCs were made up of
three cell subpopulations: osteo-mesenchymal stem cells
(MSCs), chondro-MSCs, and adipo/myo-MSCs [2]. Another
cross-tissue study conducted by Zheng et al. identified
five tissue source-conserved cell subpopulations, one
BMSC-specific subpopulation, and two ADSC-specific sub-
populations [3]. The conserved subpopulations highly
expressed regulons associated with immunosuppression,
proliferation and stem cell self-renewal, common charac-
teristics of MSCs. The BMSC-specific subpopulation
exhibited high levels of cytokine and chemokine gene
expression, whereas the two ADSC-specific subpopulations
were characterized by cell cycle regulation and extracel-
lular matrix regulation, respectively.
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Identifying transcriptomic heterogeneity of
native ADSCs and BMSCs

In vitro cultured MSCs retain the main characteristics of
their native counterparts. Therefore, the analysis of cell
heterogeneity in the native state is of significance and pro-
vides a greater understanding of cell identity and potency
following their expansion ex vivo. In general, two universal
stem/progenitor subpopulations within adipose tissues
have been identified: ICAM1-expressing committed pre-
adipocytes and multipotential progenitor cells with the
markers CD55, DPP4 and PI16 [4, 5] (Table S2). A comprehen-
sive review of current single-cell transcriptome studies on
native BMSCs revealed two main differentiation trajectories:
osteogenesis and adipogenesis (Table S2). Tikhonova et al.
identified two adipo- and two osteo-primed subpopulations in
their study [6], while Wolock et al. and Zhong et al. reported
higher-definition cellular architectures, including multipotent
stromal cells, adipocyte progenitors, pre-adipocytes, osteo-
blast/chondrocyte progenitors, pre-osteoblast/chondrocytes,
and pro-osteoblasts [7, 8]. In addition, a recent study
identified a group of neural crest progenitor cells in BMSCs
that have the ability to regenerate nerves [9]. These results
indicate that native BMSCs contain multiple lineages, whereas
the native ADSC subpopulations are mainly adipogenic. This
may explain the lower transcriptomic heterogeneity we pre-
viously found in cultured ADSCs [1].

Biological insights from
metabolomic studies of ADSCs and
BMSCs

Identifying metabolic differences between
ADSCs and BMSCs

Cell metabolites can reflect the biochemical phenotype
of the cells. The pattern of endogenous metabolites can
be used to distinguish MSCs from different tissues [10].
Li et al. conducted a more comprehensive investigation
into the metabolic differences between ADSCs and BMSCs
[11]. They found that ADSCs differ from BMSCs in the
components of the linoleic acid pathway, including bovinic
acid, 12,13-EpOME, 13-hydroxyoctadecadienoic acid, and
9,10-epoxyoctadecenoic acid. Metabolites in the linoleic
acid pathway have been shown to protect against cardio-
vascular disease and inflammation by reducing oxidative
stress [12]. Thus, the higher concentration of linoleic acid
pathway metabolites in ADSCs suggests that they may have
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a greater therapeutic potential for treating cardiovascular
disease compared to BMSCs.

Identifying secretory differences between
ADSCs and BMSCs

Secretomics is an effective strategy for investigating the
interactions between stem cells and their niche, providing
valuable information on cellular properties. Although the
conclusions of these studies are varied, several consistent
patterns emerge (Table S3). The secretome of ADSCs exhibits
neurotrophic, angiogenic, and detoxification properties.
BMSCs, on the other hand, secrete factors that promote
cellular differentiation and proliferation, chemotaxis, and
both pro- and anti-inflammatory processes (Table S3). These
distinct characteristics suggest that ADSCs and BMSCs are
naturally suited to different therapeutic applications: ADSCs
may be more beneficial for treating neurodegenerative
diseases and ischemic conditions, whereas BMSCs may
be more effective in modulating the immune response and
promoting tissue repair through the recruitment and dif-
ferentiation of endogenous cells.

Identifying bioenergetic differences
between ADSCs and BMSCs

The bioenergetic profile is a crucial measure of the metabolic
condition of stem cells. It is widely recognized that as stem
cells differentiate, energy production shifts from anaerobic
to aerobic metabolism. Recent research has highlighted the
distinct metabolic patterns of stem cells as they differentiate
into different lineages [13]. Osteogenically committed BMSCs
exhibit increased oxidative phosphorylation (OXPHOS)
activity but lower glycolysis, whereas adipogenically
committed BMSCs display higher levels of glycolysis. Under
inflammatory stimulation, BMSCs demonstrate impaired
OXPHOS activity with reduced spare respiratory capacity
[13]. In contrast, under similar inflammatory conditions,
ADSCs exhibit more active OXPHOS and increased spare
respiratory capacity [14, 15], which enhances osteoblastic
differentiation but reduces adipogenic and chondrogenic
specification [14]. Our previous research also revealed that,
under identical in vitro culture conditions, ADSCs rely less on
mitochondrial respiration compared to BMSCs, making
them more resistant to hypoxic and serum-deprived envi-
ronments [1]. These studies collectively suggest that ADSCs
may thrive better in harsh in vivo environments, such as
those encountered in tissue ischemia or inflammation.



78 —— Zhou et al.: Research progress of ADSCs and BMSCs

Combining transcriptomic and
metabolomic signatures to
optimize the deployment of stem
cell based therapies

Selecting the suitable source of MSCs for
clinical applications

Studies showed that ADSCs possess superior pro-neurogenic
and pro-angiogenic traits compared to BMSCs, making them
preferable for treating nerve and vascular regeneration
disorders (Table S3). Additionally, the metabolic response of
ADSCs enables them to withstand harsh conditions, poten-
tially increasing their efficacy in repairing tissues affected by
hypoxia and ischemia [1, 14]. Conversely, BMSCs secrete a
higher quantity of substances that promote proliferation,
differentiation, and immunoregulation (Table S3), and
demonstrate a rapid response to changes in the microenvi-
ronment [16], suggesting their suitability for regenerating
parenchymal cells at injury sites. Besides, although both cell
types have immunomodulatory functions, they perform
differently in regulating specific immune responses. ADSCs
are more effective at suppressing T-cell proliferation,
whereas BMSCs excel at inhibiting NK cell growth [17].
Furthermore, ADSCs express high levels of CD55, a cell-
surface complement regulator, making them more effective
at avoiding complement system attacks [17]. The findings
suggest that ADSCs may be more effective at regulating
acquired immune responses, while BMSCs are better suited
for regulating innate immune responses.

Medical conditions are commonly classified as either
acute or chronic. Most acute lesions are accompanied by
acute inflammatory responses and parenchymal cell dam-
age. Treating acute damage necessitates a rapid response to
the inflammatory microenvironment, immune regulation,
and support for the organism’s regenerative functions.
The rapid response to stimulation, immunoregulation, pro-
proliferative and pro-differentiation properties of BMSCs
may make them more advantageous in treating acute in-
juries. Chronic diseases, on the other hand, are character-
ized by progressive, persistent, and irreversible damage to
multiple cells in the tissue, along with local vascular and
nervous system lesions and a micro-environment marked by
high inflammation, ischemia, and hypoxia. This often results
in long-term non-healing ulceration or excessive fibrosis.
ADSCs’ resistance to extreme environments, as well as their
pro-neurogenic and pro-angiogenic properties, may give
them an advantage in treating chronic diseases. Further-
more, since the properties of these two cells complement
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each other well, combining ADSCs and BMSCs may enhance
the overall therapeutic outcome. For chronic disease, ADSCs
can be administered first to promote nerve and blood vessel
reconstruction in the injured area, followed by BMSCs to
stimulate tissue regeneration. For acute injuries, BMSCs
would be applied first to promote tissue healing, and ADSCs
used later to prevent or mitigate the formation of chronic
inflammation.

With the advancement of chemical reprogramming
strategies in human cells [18, 19], the study and application of
chemically induced pluripotent stem cells (CiPSCs) have
received increased attention. This has naturally sparked
discussions in the field about the functional capabilities and
application prospects of CiPSCs compared to adult tissue-
derived MSCs, such as ADSCs and BMSCs. iPSCs are charac-
terized by their unlimited proliferation, rapid growth, and
high differentiation potential. These characteristics endow
iPSCs with inherent advantages in constructing in vitro
disease models, drug screening, establishing off-the-shelf
cell banks, and differentiating into specific cell types.
Additionally, numerous studies have demonstrated that
iPSC-derived MSCs possess immunomodulatory abilities
comparable to those of adult tissue-derived MSCs. However,
the application of CiPSCs is not without challenges [20].
Although the chemically induced approach avoids the po-
tential for adverse effects associated with residual tran-
scription factors, the high proliferation capacity and strong
differentiation potential of CiPSCs present greater risks of
genomic instability and tumorigenesis in vivo compared to
ADSCs and BMSCs. In addition, immune rejection and het-
erogeneity remain issues that need to be addressed. Factors
such as the tissue source of the parent cells, the physiological
state of the donor, the combinations of small molecules, and
subsequent lineage induction methods all influence the
performance of the final cell products. Furthermore, a study
found that the adipogenic and chondrogenic capacities of
iPSC-derived MSCs were lower than those of BMSCs, and
their gene expression profiles are significantly different [21].
Therefore, in practical clinical applications, CiPSCs cannot
yet replace tissue-derived MSCs.

Evaluating the necessity of subpopulation
purification

The presence of senescent and dysfunctional cell sub-
populations significantly impacts the efficacy of stem cell-
based therapies. Stem cells derived from older donors often
contain a substantial number of P21-positive senescent cells,
along with a depletion of the regenerative sub-
populations [22, 23]. In contrast, stem cells derived from
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young donors exhibit a greater capacity for wound repair
and functional restoration [22, 23]. Consequently, the
removal of defective subpopulations has the potential to
improve the safety and efficacy of stem cell therapies,
particularly in the context of autologous transplantation.
Furthermore, distinct subpopulations interact with the
microenvironment in unique ways [24, 25]. Therefore,
identifying and selecting cell subpopulations that favorably
interact with the patient’s tissue holds great promise for
enhancing the efficacy of stem cell-based therapies.

Understanding the impact of
preconditioning on therapeutic outcome

Culture conditions significantly influence stem cell biology.
ADSCs and BMSCs respond differently to the same pre-
conditioning stimuli. For instance, Rapamycin treatment
increases the secretion of prostaglandin E2 in BMSCs,
thereby enhancing the efficacy of multiple sclerosis ther-
apy, but it diminishes the therapeutic effects in ADSC [26].
BMSCs respond to stress by upregulating their metabolic
activity, whereas ADSCs maintain stable metabolic rates
even under hypoxic or inflammatory conditions [27].
Additionally, the sensitivity to preconditioning varies be-
tween the two cell types, with BMSCs displaying enhanced
exosomal activity following short-term hypoxia, whereas
ADSCs require prolonged exposure to achieve similar ef-
fects [16]. These observations support the hypothesis that
ADSCs possess a unique energy metabolism that enables
them to adapt more effectively to harsh environments.
Conversely, BMSCs respond more actively to environ-
mental stimuli, exhibiting unique secretory behaviors.
These variations underscore the importance of appropriate
preconditioning strategies to fine-tune stem cell pop-
ulations prior to their therapeutic use.

Advancements in clinical research involving
ADSCs and BMSCs

Our statistics reveal the existence of 4 ADSC products and
8 BMSC products worldwide, primarily approved for use in
Japan and South Korea (Table S4). However, a comprehen-
sive review of current and forthcoming clinical trials shows
that the number of trials involving ADSCs now outnumbers
those involving BMSCs (Figure 1A). A closer and more
detailed examination of the specific indications targeted by
ADSCs and BMSCs in these trials reveals a notable shift in
trends. Notably, the volume of clinical research investigating
the use of ADSCs for the treatment of osteoarthritis
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significantly exceeds that of BMSCs (Figure 1B). This trend
deviates from the pattern observed in previous clinical trials
[1]. Additionally, ADSCs are more commonly used in clinical
trials to treat conditions like fistulas, ischemia or ulcers,
neurodegenerative diseases, and scars (Figure 1B). This
preference aligns with their unique capabilities in neuro-
vascular regeneration, resistance to extreme environmental
conditions, and advantages in treating chronic conditions.
These findings emphasize the critical role of fundamental
stem cell research in guiding clinical trials. On the other
hand, clinical trials with MSCs for corona virus disease 2019
(COVID-19) have increased dramatically since the pandemic
due to a lack of specific treatments. The data show that there
are slightly more trials using BMSCs to treat COVID-19 or
acute respiratory distress syndrome (ARDS) than ADSCs
(Figure 1B). The characteristics of rapid response to stimu-
lation, regulation of inflammation, and promotion of
regeneration may indeed make BMSCs more effective in
controlling COVID-19 and ARDS in the early stages. However,
due to the heterogeneity and complexity of COVID-19, its
therapeutic efficacy must be further investigated. As basic
research progresses and provides more comprehensive in-
sights into the unique characteristics of ADSCs and BMSCs,
clinical applications are expected to become more focused
and evidence-based in the future.

Open questions and future
directions

Despite advances in the application of transcriptomic
and metabolomic technologies to the study of ADSCs and
BMSCs, significant challenges persist. In the realm of tran-
scriptomics, there is a lack of standardization in cell sorting
strategies and bioinformatics algorithms across different
studies. A key direction for future research is the creation of
a comprehensive database that integrates all available
single-cell transcriptomic data for ADSCs and BMSCs.
Recently, some studies have presented a more comprehen-
sive composition and interaction pattern of adipose tissue
cell subpopulations by integrating published single-cell
data [28, 29]. By integrating, normalizing, and reanalyzing
this resource, researchers could better clarify subpopulation
composition, discover novel subpopulations, and under-
stand their therapeutic potential. Additionally, the identity
of ADSCs and BMSCs following in vitro culture and subse-
quent in vivo transplantation remains underexplored. To
address this knowledge gap, future research could combine
cell tagging and single-cell technologies to track the fate of
transplanted cells within the niche in vivo [30]. This



80 —— Zhou et al.: Research progress of ADSCs and BMSCs

DE GRUYTER

A Number of ongoing ADSCs and BMSCs clinical trials
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Figure 1: Ongoing ADSCs and BMSCs clinical trials. (A) Total number of ongoing ADSCs and BMSCs clinical trials. (B) Distribution of indications in ADSCs
and BMSCs clinical trials. Data from ClinicalTrials.gov. We searched in the “Intervention/Treatment” section as follow: (Adipose-Derived Mesenchymal
Stem Cells) OR (Adipose-Derived stem cells) OR (Adipose stromal cells) OR (Adipose Stromal Vascular Fraction) OR (Adipose stem cells) for ADSCs clinical
trials, (Bone marrow mesenchymal stem cells) OR (Bone marrow stromal cells) OR (Bone marrow stem cells) for BMSCs clinical trials, records with the
status “not yet recruiting”, “recruiting” and “active not recruiting” are kept for analysis, and records of non-compliance with MSC therapy from the
retrieval results are moved. Other indications indicates that the percentage of the indications is 2 % or less in both ADSCs and BMSCs clinical trials. ADSC,
adipose-derived mesenchymal stem cell; BMSC, bone marrow-derived mesenchymal stem cell.

approach would provide valuable insights into the stability
and plasticity of stem cell subpopulations in response to
different microenvironments.

Another promising avenue for future research is the
application of single-cell metabolomics to the study of
cellular heterogeneity. While this technology has been
developed for other cell types [31], its application in ADSCs
and BMSCs has been limited. Combining single-cell tran-
scriptomics and metabolomics has the potential to reveal the
complex interplay between gene expression and metabolic
states at the individual cell level, thereby enabling a more
comprehensive understanding of stem cell biology and
function.

The integration and analysis of multi-omics data using
artificial intelligence (AI) technologies, such as machine
learning and deep learning algorithms, is an emerging and
promising area of stem cell research. Some studies have
employed machine learning to predict the differentiation of

MSCs in the early stages of culture or to forecast the efficacy
of MSC therapies for specific diseases [32, 33]. Future
research can incorporate information on donor status, tissue
source, cell morphology, and multi-omics data to enhance
MSC quality control, and streamline quality control in-
dicators. Additionally, analyzing the omics data of MSCs
treated under different preconditioning conditions may
contribute to the development of customized culture pro-
tocols for MSCs with specific functions, thereby further
improving their efficacy.

Conclusions

In this article, we have provided an overview of recent
achievements in the transcriptomic and metabolomic
profiling of ADSCs and BMSCs. We provide a summary of new
insights into the identity, properties, and function of these
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cells. Additionally, we have examined the current landscape
of ADSC and BMSC products and clinical trials, highlighting
the important relationship between fundamental research
and clinical applications. We hope that our article will serve
as a valuable resource for researchers, clinicians, and in-
dustry partners interested in the current state and future
directions of ADSC and BMSC research and application.
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