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Mesenchymal stem cells (MSCs) are a cornerstone of regenerative medicine,
primarily due to their ability to secrete bioactive factors that modulate
inflammation, promote tissue repair, and support regeneration. Recent research
highlights the importance of preserving the native cellular microenvironment
to optimize MSC function and survival post-transplantation. Preconditioning
strategies, such as hypoxia exposure, have emerged as powerful tools to
enhance MSC therapeutic potential by mimicking physiological conditions
in their natural niche. This perspective article explores the metabolic
adaptations induced by hypoxia in MSCs, focusing on shifts in mitochondrial
function, glycolysis, oxidative phosphorylation, and metabolic intermediates
that enhance cellular survival and bioactivity. We also discuss how these
metabolic changes influence the composition and function of MSC-derived
secreted factors, particularly exosomes and other extracellular vesicles, in
modulating tissue repair. Furthermore, we provide an overview of preclinical
and clinical studies that have evaluated hypoxia-preconditioned MSCs and
their byproducts, assessing their efficacy in various therapeutic contexts.
Special attention is given to the role of hypoxia-induced mitochondrial
adaptations in improving MSC function and the emerging potential of metabolic
inhibitors or respiration modulators as strategies to further refine MSC-
based therapies. By integrating metabolic insights with clinical evidence,
we aim to offer a comprehensive perspective on optimizing MSC culture
conditions to enhance their regenerative properties, acknowledging that
this remains a theoretical standpoint, as conventional culture methods are
generally not conducted under hypoxic conditions. This approach holds
promise for the development of more effective therapeutic strategies that
leverage metabolic modulation to improve MSC-based interventions for a range
of diseases.
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1 Introduction

Regenerative medicine has emerged as a therapeutic
option to repair or replace damaged tissues or organs, using
biomaterials, biomolecules, and cells, particularly adult stem
cells (Armstrong et al., 2020). In the late 90s, a paradigm shift
was necessary to understand that not only hematopoietic cells
were adult stem cells, but that many other sources of adult stem
cells can function by supporting the repair and regeneration of
differentiated cells that naturally expire or are injured, rather than
directly replacing them. These cells known as mesenchymal stem
cells (MSCs), mesenchymal stromal cells or medicinal signaling
cells (Caplan, 2010; Samsonraj et al., 2017) play a vital role in
the field of regenerative medicine because of their multipotent
nature, which allows them to differentiate into the mesodermal
lineage and create new tissue such as bone, muscle, and skin
(Samsonraj et al,, 2017). Other primary functions of MSCs are
immunomodulation, autocrine and paracrine activities, and evasion
of innate immunity (Armstrong et al., 2020). These functions
depend on the level of stimulation the cell receives, which has made
the effects of the cellular microenvironment not only on MSCs
efficacy but also on their ability to secrete factors, an attractive
research field (Lotfy, AboQuella, and Wang, 2023).

In regenerative medicine, particularly cell-based therapies,
maintaining the cellular microenvironment during cell culturing is
one of the major challenges, because consistency in the composition
and viability is needed (Fears et al., 2021), particularly for large
scale production of cell-based products (Terzic et al.,, 2015). The
microenvironment plays a crucial role in regulating stem cell
behavior, including their proliferation, differentiation, and survival.
The conditions under which stem cells are cultured, such as nutrient
supply, oxygen levels, and substrate stiffness, directly influence
their therapeutic potential, and ideally, the physiological niche
should be considered, and efforts should be made to simulate these
conditions in vitro, to enhance the adaptation and functionality of
MSCs when administered, as well as to prevent risks related to the
infusion of poorly characterized cells (Galipeau et al., 2021). In
some cell therapy models, the evaluation of specific surface marker
expression is essential, such as CD142, which has been associated
with a pro-thrombotic effect, therefore, it must be considered
whether the therapeutic use of MSCs will involve venous infusion
(Moll et al., 2022), another example is hypoxic preconditioning and
the selection of an appropriate extracellular matrix, both of which
have been shown to make cell therapy more effective and safer in
in vivo preclinical models (Yang et al., 2022). Despite this evidence,
traditional cell culture methods have typically been optimized for
laboratory conditions, but they often do not faithfully reproduce the
physiological microenvironment in which cells will perform their in
vivo function (Mas-Bargues et al., 2019). Therefore, a shift in focus
from culture methods that mimic tissue function could allow the
production of cells that can target affected sites and induce their
therapeutic effect more effectively.

One of the most important considerations of the physiological
environment is oxygen concentration, which varies according to
each niche and cellular function, from 1% in the human eye to
14% in the lungs. However, traditional culture methods do not
use devices to control oxygen concentrations and work is done
under normal ambient oxygen conditions of 21% (normoxia),
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which represents a hyperoxia condition considering the hypoxic
origin of most cell lines (Mas-Bargues et al., 2019), which can
have consequences on various functions and stages of the cell
cycle and affect growth, multiplication, differentiation and gene
expression profile (Liu et al., 2017). In recent years, different studies
have pointed out the importance of cell culture under optimal
oxygen conditions for MSCs. However, there is still no consensus,
so below, we will provide some examples of the advantages at the
cellular level of hypoxic cultures and how these may contribute to
greater therapeutic success in the field of regenerative medicine.
Specifically, we will explore how enhancing therapeutic potential
through hypoxia exposure can optimize MSC function. We will also
discuss preclinical and clinical studies on the efficacy of hypoxia-
preconditioned MSCs, highlighting their improved regenerative
properties. Additionally, we will examine the role of hypoxia-derived
exosomes and extracellular vesicles in facilitating tissue repair, and
the impact of hypoxia on mitochondrial modulation in MSCs, which
plays a crucial role in their metabolic adaptation and therapeutic
effectiveness.

2 Enhancing therapeutic potential
through hypoxia exposure

Culturing mesenchymal stem cells (MSCs) in hypoxic
conditions has emerged as a promising strategy to enhance their
therapeutic potential because hypoxia alters MSCs transcriptional
profile, promotes their proliferation, and increases the production
of EVs (Yuan et al.,, 2025). MSCs, are naturally found in tissues
under low oxygen tension, such as bone marrow, adipose tissue, and
other connective tissues (Keith and Simon, n. d.). The physiological
oxygen levels within these niches are typically around 6%-7%
02, which is significantly lower than atmospheric oxygen levels
(21%) (Mas-Bargues et al, 2019). Recent studies reported that
MSCs cultured in a hypoxic environment may enhance the
immunomodulatory capacity of MSCs and elevate the expression of
angiogenic factors, pro-survival proteins, superior vascularization
effects, and anti-apoptotic/anti-aging proteins for enhanced cellular
protection and regeneration (Figure 1). On the other hand, severe
hypoxia (<1% O2) negatively affects the in vitro therapeutic potential
of MSCs and causes their senescence and apoptosis (Khasawneh and
Abu-EIl-Rub, 2022).

On the molecular level, the hypoxia-inducible factor 1-alpha
(HIF-1a) plays a pivotal role in the cellular response to low oxygen
conditions. Under hypoxic conditions, HIF-1a is stabilized and
translocated to the nucleus, where it activates the transcription
of genes involved in cellular adaptation to oxygen deprivation,
including those responsible for angiogenesis, cell survival, and
metabolism (Yusoff et al., 2022). In MSCs, HIF-1a activation has
been shown to enhance the colony-forming potential, self-renewal,
and differentiation capabilities of these cells. Moreover, HIF-1a
promotes the upregulation of VEGF and SDF-1a, which are essential
for both MSC homing to injury sites and the initiation of tissue
repair processes (Yusoff et al., 2022).

Another important aspect of hypoxia-preconditioned MSCs
is their enhanced ability to home to injury sites. MSCs exposed
to hypoxic conditions show increased expression of chemokine
receptors, particularly CXCR4, which plays a crucial role in MSC
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HYPOXIC ENVIRONMENT

T Proliferation rate
T Oxidative stress resistance
T Differentiation into mesodermal lineages
Tissue regeneration:
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T SDF-1a, CXCR4
Inmune modulation:
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T IL-1ra, GM-CSF
Reduction of senescence and apoptosis:
{ BCL-2, CASP3
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FIGURE 1

Effects of a hypoxic environment (1%-5% O,) on mesenchymal stem cells (MSCs). Under mild hypoxia, MSCs exhibit increased proliferation, enhanced
oxidative stress resistance, and improved differentiation into mesodermal lineages. Hypoxia promotes tissue regeneration by upregulating key growth
factors (VEGF, FGF, SDF-1a, and CXCR4), which support angiogenesis and repair processes. Additionally, MSCs under hypoxic conditions display

immunomodulatory effects, suppressing pro-inflammatory cytokines (IL-6, IL-8) while increasing anti-inflammatory factors (IL-1ra, GM-CSF). Hypoxia
also reduces senescence and apoptosis by downregulating pro-apoptotic genes (BCL-2, CASP3). However, exposure to extreme hypoxia (<1% O,) can

1-5% O,

induce senescence and apoptosis, compromising MSC viability and therapeutic potential.

migration toward areas of tissue damage. This enhanced homing
ability is attributed to the upregulation of SDF-1a, a chemokine that
is released at injury sites and guides MSCs to the damaged tissues
(Daietal., 2017). This process is essential for the effective delivery of
MSCs to areas of tissue injury, where they can exert their reparative
effects. It is also crucial to control the exposure time of MSCs to
hypoxic conditions. Studies suggest that the optimal exposure time is
less than 48 h, which favors the activation of protective mechanisms
without causing significant cellular damage. Longer exposures can
trigger accelerated cellular aging, thus reducing the therapeutic
efficacy of MSCs (Kwon et al., 2017).

3 Preclinical and clinical studies on
}\I;‘\Secef'ﬁcacy of hypoxia preconditioned
S

In various preclinical models, hypoxia-preconditioned MSCs
have demonstrated superior outcomes compared to their normoxic
counterparts. For example, in a rat model of massive hepatectomy,
hypoxia-preconditioned bone marrow MSCs enhanced liver
regeneration, possibly by upregulating VEGF levels (Wang et al.,
2024). Similarly, in a nonhuman primate model of myocardial
infarction, hypoxia-preconditioned MSCs led to significant
improvements in cardiac function and reduced infarct size
without increasing arrhythmogenic risks, likely due to enhanced
paracrine activity (Song et al., 2022).

While these preclinical findings are promising, clinical
data on the efficacy of hypoxia-preconditioned WJ-MSCs
remain limited (Le et al., 2024). After searching clinicaltrials.
org, one study using Hypoxic Adipose tissue MSCs for the
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treatment of posterior cruciate ligament injury (NCT04889963)
was found, but no results or updates are available. Also, two clinical
trials using conditioned media from hypoxic cultured MSCs for
treating knee osteoarthritis (NCT06688318) and severe COVID-19
(NCT04753476) were also found, both without results.

In a study from China, researchers explored hypoxia-
preconditioned olfactory mucosa mesenchymal stem cells
(hOM-MSC) to improve recovery in Parkinson’s disease (PD).
They discovered that TGF-P1 secreted by these cells enhances
mitochondrial function in dopaminergic neurons by modulating
microglial immune responses and autophagy in the substantia nigra.
Using techniques like scRNA-seq and ATAC-seq, they demonstrated
that hOM-MSC shifts microglia from a pro-inflammatory (M1) to
an anti-inflammatory (M2) state via the PI3K-Akt pathway. In a
PD mouse model, hOM-MSC facilitated functional recovery and
reduced neuronal oxidative stress. In a clinical trial involving five
PD patients, hOM-MSC transplantation also resulted in reduced
medication and improved motor function, as assessed by clinical
scales and biomarkers (Zhuo et al., 2024).

More clinical studies are needed to assess the safety and efficacy
of hypoxia-preconditioned MSCs in regenerative medicine.

4 Hypoxia-derived exosomes and
extracellular vesicles

In addition to these cellular and molecular responses, hypoxia-
induced MSCs have been shown to secrete higher levels of
extracellular vesicles (EVs), which are membrane-bound particles
that range in size from 30 to 150 nm, carry a variety of bioactive
molecules, including proteins, lipids, and nucleic acids, which can
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modulate the behavior of neighboring and distant cells. The ability
of exosomes to transfer functional genetic material, such as mRNA
and non-coding RNAs, allows them to influence both intracellular
processes, such as metabolism and signaling, as well as intercellular
interactions, promoting tissue repair and regeneration (Raposo
and Stoorvogel, 2013). Recent studies have highlighted the role of
EVs in facilitating tissue regeneration in various injury models,
such as renal ischemia-reperfusion injury (Yuan et al., 2025) and
acute severe pancreatitis (Hu et al., 2023). The therapeutic potential
of hypoxia-preconditioned MSCs, therefore, extends beyond their
direct differentiation and tissue repair capabilities, as their secreted
factors can modulate the local and distant microenvironment and
facilitate healing processes.

The synergistic effects of combining hypoxia-preconditioned
MSCs and their exosomes in therapeutic applications are significant.
Studies have shown that the combined use of MSCs and exosomes
derived from hypoxic conditions can produce more effective
outcomes in terms of tissue repair, immune modulation, and
cell proliferation. This approach takes advantage of the enhanced
bioactive cargo carried by the exosomes, which not only supports
MSC proliferation and survival but also helps to manage oxidative
stress and promote tissue regeneration (Williams et al., 2023).
Moreover, hypoxia-induced changes in exosomal content can
improve cell homing and migration, which are essential for effective
tissue repair and regeneration.

Wharton’s jelly mesenchymal stem cells (WJ-MSCs) from
umbilical cord tissue are one of the most attractive sources for
use in regenerative medicine, due to their ease of isolation and
in vitro proliferation, the latter being favored by the hypoxic
environment. For this reason, the effects of MSC cultivation under
hypoxic conditions in various disease models have started to be
studied, and one of the most promising results has been observed
in central nervous system diseases, particularly due to the paracrine
activity of WJ-MSCs and the release of neuroregulatory factors
(Teixeira et al., 2015). In this study, Teixeira et al. demonstrated
that the hypoxic environment did not affect cell viability, and
that both under normoxia and hypoxia, WJ-MSCs were able to
differentiate into “human CNS-derived cells”. Similarly, our research
group demonstrated the transdifferentiation of WJ-MSCs into
the ectodermal lineage by cultivating them in cerebrospinal fluid
and measuring neuronal differentiation markers such as MAP2,
NFL, and NeuN (Sanchez-Giraldo et al., 2023).

Additionally, Teixeira etal. demonstrated changes in the
secretome of cells cultured under hypoxic conditions, with one
of the most significant being the increased secretion profile of
neuroregulatory molecules in WJ-MSCs cultured under hypoxia
compared to those cultured under normoxia (Teixeira et al,
2015). Other recent studies also highlight the potential of EVs
derived from various sources of mesenchymal stem cells (MSCs) to
enhance angiogenesis, which could be of great importance in tissue
regeneration and the treatment of cardiovascular diseases (Pulido-
Escribano et al, 2022). However, although studies evaluating
different exposure times and oxygen concentrations exist,
standardization and consensus are necessary, as any variation in
culturing conditions may influence the content and therapeutic
properties of EVs.

Our research has demonstrated that hypoxic conditions
significantly increase the production of exosomes by MSCs,
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particularly in the context of Whartons jelly-derived MSCs
(WJ-MSCs). WJ-MSCs release
approximately one-1.5 billion EVs per liter of conditioned media,

Under normoxic conditions,

while hypoxic cells produce a much larger quantity, ranging from
10 to 17 bil

Lion EVs per liter. This increase in exosome production
under hypoxia is accompanied by an alteration in the size
distribution of the EVs (Franco et al., 2025). In normoxic conditions,
around 70% of the EVs fall within the size range of exosomes
(100-300 nm), whereas hypoxic conditions result in 85% of the
EVs meeting the exosomal size criteria. These findings suggest
that hypoxia not only increases the quantity of exosomes but
also may influence their characteristics, potentially enhancing their
therapeutic efficacy (Williams et al., 2023).

Proteomic analysis of exosomes derived from hypoxic WJ-
MSCs revealed differential expression of proteins associated with
various biological processes, including inflammation, cell growth,
collagen organization, and neurogenesis. Specifically, we identified
17 proteins that were significantly upregulated or downregulated in
exosomes from hypoxic conditions compared to those derived from
normoxic cells. These proteins are involved in key processes such as
actin fiber organization, which is crucial for cell motility and tissue
remodeling, and the regulation of neurogenesis, which is important
for repairing nervous tissue (Franco et al., 2025). The presence of
these proteins in exosomes highlights their potential for enhancing
the regenerative capacity of MSC-based therapies, particularly in
the context of tissue injuries where inflammation and cell migration
are pivotal (Mu et al., 2022).

5 Hypoxia and mitochondrial
modulation in MSCs

Mitochondria are often called the powerhouses of the
cell because they generate the majority of the cell's energy
through cellular respiration, playing a crucial role in preserving
overall cell health (Glancy et al, 2020). Dysfunction in
mitochondria has been linked to cellular aging and several
human diseases (Mohammadalipour, Dumbali, and Wenzel,
2020) like Mitochondrial Encephalopathy, Lactic Acidosis, and
Stroke-like Episodes (MELAS) Syndrome, Leigth Syndrome
and other such diabetes, Parkinson’s and Alzheimer’ diseases.
Mitochondria also regulate a range of cellular functions, including
apoptosis, autophagy, cell cycle regulation, differentiation, and
aging (Rodriguez et al., 2018) becoming the mitochondria
and key organelle for cellular adaptation to physiological and
pathological microenvironments (Mohammadalipour, Dumbali,
and Wenzel, 2020).

The transfer of mitochondria between cells, a mechanism
through which damaged or dysfunctional cells signal mesenchymal
stem cells to supply healthy mitochondria, has been found
to restore mitochondrial function in tissues such as neurons,
cardiomyocytes, renal tubular epithelial cells and corneal
epithelium (Thomas et al., 2022). The intercellular mitochondrial
transport occurs through several mechanisms,
tunneling nanotubes (TNTs), gap junction channels, cell
adhesion-mediated, cell fusion and EVs (Mukkala et al., 2023,

Malekpour et al., 2023).

including
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As mentioned before, hypoxia alters MSCs transcriptional
profile, promotes their proliferation, and increases the production
of EVs (Yuan et al, 2025). Since hypoxia increases EVs and
EVs contain mitochondria we hypothesize that preconditioning
of MSCs could release more mitochondria that can be used by
damaged cells in tissues to be repair. Indeed, a study of acute
severe pancreatitis (SAP), hypoxic preconditioning MSCs (5%
02, Hypo-MSCs) showed that the EVs had mitochondria. The
therapeutic effect of EVs was significantly diminished after the
inhibition of mitochondrial function with rhodamine 6G. This
suggests a critical role for mitochondrial function in MSC-EV's for
the treatment of SAP (Hu et al., 2023).

An emerging benefit of mesenchymal stem cells (MSCs)
their
injured tissues by promoting efficient mitochondrial quality
control (MQC) (Mukkala et al, 2023). Further research is
required to elucidate whether modifications in the preconditioning

is ability to enhance mitochondrial function in

culture of MSCs, such as hypoxia, can effectively enhance
mitochondrial quality.

6 Discussion

Culture conditions and the cellular microenvironment can
help enhance the effects of cell therapy. However, simulating
and adequately maintaining physiological characteristics remains a
significant challenge in the laboratory, as molecular-level changes
can occur that favor signaling pathways that enhance cellular
attributes and their regenerative potential, or conversely, stress
signals and cell death may be triggered (Khasawneh and Abu-El-
Rub, 2022).

In recent years, the hypoxic microenvironment (1%-5% O,)
has been investigated for the cultivation of MSCs, with favorable
outcomes observed in terms of immunomodulatory activity, cell
viability, and proliferation. Nevertheless, these observations remain
primarily limited to in vitro studies, and hypoxia has not yet
been adopted as a routine culture condition in the preparation of
advanced therapy medicinal products. However, hypoxic conditions
also promote changes in metabolic activity by inducing the Cori
cycle, in which pyruvate and lactate are metabolized to generate
two molecules of ATP and mitochondrial reactive oxygen species
(mtROS). These mtROS can have a beneficial effect by helping to
combat stress during adaptation to the hypoxic environment and
promoting signaling cascades via PI3K/Akt/mTOR, which increase
cell proliferation (Liu et al., 2017).

Regarding culture conditions, traditional 2D surfaces have been
the preferred choice due to the adherent phenotype of MSCs.
However, there has been a recent shift towards the use of 3D
culture methods, in which cells can grow in agitation, adhering
to microspheres made of various materials, which may or may
not be biodegradable, or as spheroids (Toghiani et al., 2024).
These 3D methods offer two main advantages: one related to the
production and large-scale expansion required for therapeutic use,
and another related to the ease of collecting conditioned media, thus
facilitating the purification of extracellular vesicles (EVs). Toghiani
etal. reported a 3D culture model using spheroids under hypoxic
conditions, finding that these conditions improved EV production,
particularly those containing active molecules such as miRNAs.
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These miRNAs demonstrated a protective effect by enhancing
survival, reducing apoptosis, and decreasing ROS accumulation in
an acute kidney injury model (Toghiani et al., 2024). Similarly, in
a study by Tscherrig et al. (Tscherrig et al., 2024), Wharton’s jelly
mesenchymal stromal cell-derived small extracellular vesicles (WJ-
MSC-sEVs) microRNAs (miRNAs) were shown to have a protective
effect in an animal model of white matter injury when administered
intranasally. However, in this study, the cells were not cultured under
hypoxic conditions, despite the animal model being based on this
condition. This again highlights the need for standardizing culture
conditions if the therapeutic use of MSCs and their derivatives is to
be optimized.

In relation to clinical findings, it is important to highlight that,
despite promising preclinical results, clinical data on the efficacy
of hypoxia-preconditioned MSCs remains limited. A search on
clinicaltrials.org identified one study using hypoxic adipose tissue
MSCs for the treatment of a posterior cruciate ligament injury,
as well as two clinical trials employing conditioned media from
hypoxic cultured MSCs to treat knee osteoarthritis and severe
COVID-19; however, no results were available for any of these
studies. This scarcity of data underscores that the full translation
of preclinical findings into clinical practice still requires extensive
research and validation. Nevertheless, a study on Parkinsons
disease (PD) in China presents promising results for clinical
translation (Zhuo et al, 2024). This study demonstrated that
hypoxia-preconditioned olfactory mucosa mesenchymal stem cells
(hOM-MSC) improved functional recovery and reduced neuronal
oxidative stress in a PD mouse model. Notably, in the translation
clinical trial involving five PD patients, hOM-MSC transplantation
resulted in a reduction in medication and improvement in motor
function, as assessed by clinical scales and biomarkers. This
case serves to illustrate the translational potential of the hypoxia
preconditioning strategy and the modulation of key pathways.
Despite these hopeful results in a clinical context, the need to
conduct more clinical studies is emphasized to comprehensively
evaluate the safety and efficacy of hypoxia-preconditioned MSCs in
the field of regenerative medicine for various indications.

In conclusion, culturing MSCs under hypoxic conditions has
emerged as a promising strategy to enhance their therapeutic
by their
immunomodulatory properties, and ability to migrate to injury sites.

potential improving proliferation, differentiation,
The molecular mechanisms underlying these effects, particularly the
activation of HIF-1a and the upregulation of key growth factors and
cytokines, provide valuable insights into how hypoxia can optimize
MSC-based therapies. In parallel, exosomes derived from hypoxia-
preconditioned MSCs offer a similarly promising strategy for
enhancing regenerative therapies. The ability of exosomes to deliver
bioactive molecules that regulate inflammation, promote tissue
repair, and modulate cellular processes makes them an attractive
alternative to traditional cell therapies. The synergistic effects of
combining MSCs with hypoxia-derived exosomes further enhance
the therapeutic potential of this approach, providing a powerful
tool for treating a wide range of tissue injuries and degenerative
diseases. As research in this field progresses, understanding the
molecular mechanisms behind exosome production and cargo
composition will be crucial for optimizing the use of these vesicles
in clinical settings.
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