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ABSTRACT

Sepsis-induced cardiomyopathy (SICM) is a complex and fatal manifestation of sepsis, characterised by myocardial dysfunction
that exacerbates the clinical prognosis in septic patients. While the pathophysiology of SICM remains incompletely understood,
emerging evidence highlights the multifaceted functions of exosomes, small membrane-bound extracellular vesicles, in mediat-
ing the inflammatory responses and cardiac dysfunction involved in this condition. During sepsis, exosomes are secreted by var-
ious cells, such as cardiomyocytes, endothelial cells and macrophages, which serve as critical messengers, transferring proteins,
lipids and RNA molecules that influence recipient cells, thus affecting cellular functions and disease progression. This review
summarises the pathophysiology of SICM and the basics of exosomes and focuses on exosome-mediated mechanisms in SICM,
including their role in inflammation, oxidative stress, mitochondrial dysfunction and myocardial injury, offering novel insights
into the exosome-based therapeutic strategies in SICM.

1 | Introduction

Sepsis-induced cardiomyopathy (SICM) is a severe complica-
tion of sepsis, characterised by impaired myocardial contrac-
tility, altered haemodynamics and even cardiogenic shock,
which contributes to the high morbidity and mortality in sep-
tic patients [1, 2]. Despite extensive research, the pathophys-
iological mechanisms underlying SICM remain incompletely
understood, with no specific therapeutic strategies yet avail-
able to mitigate or reverse the cardiac dysfunction associated
with sepsis [3, 4]. Recent insights into the role of exosomes

have identified that they function as key mediators of cellu-
lar communication in SICM. Exosomes are small, membrane-
bound vesicles with a diameter of 30-150nm are secreted by
virtually all cell types and carry a diverse array of bioactive
molecules, including proteins, lipids, RNAs like mRNA and
non-coding RNAs and other molecular cargo [5, 6]. These ves-
icles facilitate the transfer of information between cells and
organs, influencing a broad range of physiological processes
such as immune response, inflammation, tissue repair and cel-
lular apoptosis [7, 8]. Importantly, during SICM progression,
exosomes have been implicated in various pathophysiological
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processes, such as inflammation, myocardial injury and car-
diac dysfunction [9, 10].

Exosomes mediate the communication among cardiomyocytes,
endothelial cells, and macrophages during SICM. Exosomes de-
rived from lipopolysaccharide (LPS)-induced cardiomyocytes
exhibit decreased protein expression that is associated with exo-
somal biogenesis, participating in enhanced cardiac cell death
[11]. Simultaneously, exosomes secreted by endothelial cells
influence local cardiac responses and modulate the apoptosis-
related pathway, thereby reducing myocardial injury during
sepsis [12]. Moreover, exosomes derived from LPS-stimulated
macrophages promote the release of pro-inflammatory cyto-
kines and trigger cardiac inflammation and myocardial depres-
sion, indicating the detrimental role of macrophage-derived
exosomes in SICM [13]. Given their role in disease progression,
exosomes have gained attention as novel therapeutic targets in
this disease. Mesenchymal stem cells (MSCs) are multipotent
stromal cells capable of differentiating into various cell types,
including osteocytes, chondrocytes and adipocytes [14]. MSC-
derived exosomes are critical in mediating the therapeutic
effects of MSCs, which play a crucial role in cell-to-cell commu-
nication by transferring bioactive molecules to recipient cells,
influencing their behaviour and function [15, 16]. Exosomes
from MSCs have been demonstrated to exert anti-inflammatory
and anti-apoptotic effects in SICM, which alleviate myocardial
function and inflammation in patients with sepsis-induced
myocardial injury [17, 18].

This review concisely discusses the pathophysiology of SICM
and the basics of exosomes, as well as emphasises the interplay
between exosomes and various origins, including circulating
blood, cardiomyocytes, endothelial cells, macrophages and
platelets during SICM progression. Additionally, it explores the
therapeutic potential of exosomes derived from MSCs, identify-
ing critical knowledge gaps and proposing directions for future
research that may facilitate the translation of exosome-based
strategies into clinical practice for patients with SICM.

2 | Pathophysiology of SICM

The pathogenic mechanisms of SICM are intricate, involving a
confluence of cellular, molecular and hemodynamic changes
that culminate in impaired myocardial performance [19].
As the key elements driving SICM, several pathophysiologi-
cal processes, including inflammatory responses, myocardial
apoptosis, mitochondrial dysfunction, contractile impairment,
endothelial injury and neuroendocrine imbalance, are consid-
ered to cause impairment of cardiac function in septic patients
(Figure 1).

The initial insult in sepsis is typically a microbial infection,
whose pathogen-associated molecular patterns, such as LPS and
lipoteichoic acid, contribute to the activation of pattern recogni-
tion receptors such as Toll-like receptors (TLRs) on immune cells
[20, 21]. This triggers the activation of NF-xB signalling path-
ways, leading to the increased expression of pro-inflammatory
cytokines, such as tumour necrosis factor-alpha (TNF-o),
interleukin-1beta (IL-18) and IL-6 [22]. These inflammatory
factors can initiate the extrinsic apoptotic pathway through the
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FIGURE1 | The pathophysiology of sepsis-induced cardiomyopathy.
Various biological processes are involved in sepsis-induced cardiomy-
opathy, including the release of inflammatory mediators, cardiomyo-
cyte apoptosis, mitochondrial dysfunction, endothelial injury, neuroen-
docrine disturbance and abnormalities in calcium handling.

activation of death receptors on the surface of cardiomyocytes
and further the activation of caspase enzymes, which in turn
dismantle the cellular machinery, leading to cell apoptosis [23].
TNF-a can induce the overproduction of reactive oxygen species
(ROS) and exacerbates oxidative stress in the myocardium, con-
tributing to decreased mitochondrial membrane potential and
impaired ATP synthesis, ultimately resulting in mitochondrial
dysfunction [24, 25]. Cardiomyocyte apoptosis and mitochon-
drial dysfunction impair myocardial integrity and function,
thereby leading to compromised myocardial contractility, which
is characterised by a reduced left ventricular ejection fraction
and impaired systolic and diastolic function, despite the pres-
ence of adequate preload and increased cardiac output [26].
Besides, in response to inflammatory cytokines and oxidative
stress, downregulation of contractile proteins in cardiomyo-
cytes, such as myosin heavy chain and actin, aggravates myo-
cardial dysfunction and contractile impairment [27]. During
sepsis, inflammatory responses alter the expression and func-
tion of calcium-handling proteins in myocardial cells, such as
the sarcoplasmic reticulum calcium ATPase, ryanodine recep-
tors and sodium-calcium exchangers, and disrupt the balance
between calcium influx and efflux, thus causing a decrease in
contractile force and overall cardiac output [28].

Endothelial dysfunction also plays a pivotal role in the patho-
genesis of SICM by impairing myocardial perfusion. In sepsis,
prolonged inflammatory responses affect the endothelial cells
lining the blood vessels in the coronary circulation. Cytokines,
such as TNF-a, IL-1 and IL-6, along with other mediators like
nitric oxide (NO), result in an imbalance between vasodilation
and vasoconstriction [29, 30]. Other factors such as complement
activation and increased expression of cell adhesion molecules
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lead to a state of microvascular vasodilation, causing a distur-
bance between oxygen supply and demand that further exacer-
bates myocardial ischemia and hypoxia [31, 32]. Microvascular
dysfunction is accompanied by increased vascular permeability,
which leads to edema and interstitial fluid accumulation in the
myocardium, further hindering oxygen and nutrient delivery
to cardiomyocytes [33]. This creates a vicious cycle of tissue
hypoxia and damage, which elicits both systolic and diastolic
dysfunction in the septic heart. Moreover, sepsis can induce
dysfunction of the hypothalamic-pituitary-adrenal axis, lead-
ing to autonomic nervous system dysfunction and decreased
myocardial contractility. This neuroendocrine imbalance can
further impair cardiac function by reducing the myocardium's
responsiveness to sympathetic neurotransmitters [34]. Also, NO
and ROS can depress myocardial function by downregulating
the B-adrenergic signalling pathways [35].

The pathophysiology of SICM is complex and multifaceted, in-
volving a combination of inflammatory responses, impaired
myocardial contractility, endothelial dysfunction and neuroen-
docrine disturbance. Further research studies on these patho-
genic mechanisms are crucial for improving treatment strategies
since current therapies targeting a single pathway have not been
effective. Shedding light on the role of exosomes in SICM may
offer new perspectives on the molecular mechanisms underly-
ing this condition.

3 | Overviews of Exosomes
3.1 | Biogenesis

Exosomes are small, membranous vesicles, typically ranging
from 30 to 150nm in diameter, that are secreted by most cell
types into the extracellular space [6]. They play pivotal roles in
intercellular communication through the transfer of bioactive
molecules such as proteins, lipids and nucleic acids. The biogen-
esis of exosomes is an intricate process involving multiple cellu-
lar pathways and molecular mechanisms (Figure 2). Exosome
biogenesis begins with the formation of intracellular multive-
sicular bodies (MVBs) and culminates in the fusion of MVBs
with the plasma membrane, facilitating the release of exosomes
into the extracellular milieu. Endocytosis of cell surface mole-
cules and the internalisation of extracellular material trigger the
formation of early endosomes, which subsequently mature into
late endosomes, whose membrane further invaginates to form
internal vesicles within the lumen, referred to as intraluminal
vesicles (ILVs) that are regarded as the precursors of exosomes
[36, 37]. This process is regulated by several molecular mech-
anisms, including the endosomal sorting complex required for
transport (ESCRT) machinery and ESCRT-independent path-
ways. The ESCRT complexes recognise ubiquitinated proteins
to promote vesicle scission from the membrane, thereby lead-
ing to the formation of ILVs within the late endosome; more-
over, the ESCRT-III complex and ALG-2-interacting protein X
are responsible for the membrane pinching off to release ILVs
into the lumen in the final scission step [38, 39]. Alternatively,
ESCRT-independent pathways, such as tetraspanins CDG63,
CD81 and CD9, which act as scaffolding proteins, organise
lipid microdomains that are implicated in the budding of ILVs;
also, the endosomal membrane lipid composition like ceramide,
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FIGURE2 | Biogenesis of exosomes. Early endosomes are formed by
endocytosis of the parent cell. They then undergo the second invagina-
tion of the plasma membrane, thus forming ILVs, and the endosomes
that enclose the ILVs are MVBs. MVBs can fuse with the plasma mem-
brane and release the ILVs, namely exosomes, which contain various
components, such as nucleic acids, proteins and lipids. ER, endoplasmic
reticulum; ILVs, intraluminal vesicles; MVBs, multivesicular bodies.

sphingomyelin and phosphatidylserine can influence ILV for-
mation through the generation of membrane curvature that fa-
cilitates vesicle budding [40, 41]. During the maturation of late
endosomes into MVBs, the sorting and selective packaging of
cargo into ILVs occur, which ensures that specific proteins, lip-
ids and nucleic acids are concentrated into the vesicles for even-
tual delivery to recipient cells [42]. The composition of exosomal
cargo is dynamic and cell-type specific, depending on various
signals and the cellular context. The final step in exosome bio-
genesis is the fusion of MVBs with the plasma membrane, which
allows the release of ILVs into the extracellular environment as
exosomes. Several key proteins, such as Rab GTPases and solu-
ble N-ethylmaleimide-sensitive factor attachment receptor pro-
teins, regulate vesicle tethering, docking and fusion and mediate
membrane fusion by forming complexes that bring the vesicular
and target membranes into close proximity, facilitating the re-
lease of exosomes [43, 44].

3.2 | Cargo Composition and Function

The typical cargo composition of exosomes contains proteins,
lipids, nucleic acids and other biomolecules, which serve as
vehicles for intercellular communication, influencing diverse
physiological and pathological processes [45, 46]. The cargo
composition of exosomes is dynamic and reflects the cellular en-
vironment and the functional state of the donor cell. Exosomes
are rich in proteins, which include membrane proteins and cyto-
solic proteins that are involved in vesicle formation, trafficking
and intercellular communication [47]. Exosomal membranes
contain various proteins, including receptors, adhesion mole-
cules and transporters, which not only reflect the cellular ori-
gin of the exosomes but also allow exosomes to mediate specific
cellular interactions upon fusion with recipient cells [48]. In ad-
dition, exosomes contain various signalling proteins, including
kinases, phosphatases and proteins involved in cellular stress
responses, by which exosomes transfer signalling information
to affect the behaviour of recipient cells [49]. Besides, exosomes
can carry nucleic acids, including mRNA and non-coding RNA,
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such as microRNA (miRNA), long non-coding RNA (IncRNA)
and circular RNA (circRNA), all of which can be transferred to
recipient cells, influencing gene expression and cellular func-
tions [50-52]. Exosomal mRNAs can be translated into proteins
upon delivery to recipient cells, influencing cellular functions
[53]. Non-coding RNAs in exosomes function in several ways,
such as modulating gene expression at the transcriptional level
and interacting with chromatin, thereby regulating a variety of
biological processes, including cell proliferation, apoptosis, dif-
ferentiation, and immune regulation [54]. Additionally, the lipid
composition of exosomes is crucial for their structural integrity
and function. Exosomal lipids can influence membrane organi-
sation and biological activity, and they also act as signalling mol-
ecules to modulate metabolic pathways of recipient cells [55, 56].

3.3 | Exosome Isolation, Characterisation,
and Storage

Exosome-based research has gained significant attention in
recent years due to their potential as biomarkers and therapeu-
tic targets. The successful application of exosomes in both re-
search and clinical settings heavily relies on efficient isolation,
accurate characterisation and proper storage techniques. The
first and most critical step in exosome-based studies is their
isolation from biological fluids. Ultracentrifugation remains
the gold standard for exosome isolation due to its ability to ef-
ficiently isolate exosomes from complex biological matrices like
plasma, serum and urine. It relies on the differential centrifu-
gation of the sample at high speeds, allowing the precipitation
of exosomes based on their size and density [57]. The process
is time-consuming, requires a high-speed centrifuge and leads
to the co-isolation of non-exosomal particles, such as apoptotic
bodies or microvesicles, resulting in low purity. Additionally,
the method is not scalable for large-volume isolation, which may
limit its application in high-throughput or clinical settings [58].
Size-exclusion chromatography (SEC) has emerged as a promis-
ing alternative to ultracentrifugation, offering high purity and
preservation of exosomal integrity. This technique separates
particles based on their size, effectively isolating exosomes while
removing contaminants like proteins and lipoproteins. Thus,
it has the advantage of being relatively faster and less labour-
intensive compared to ultracentrifugation, making it a suitable
choice for clinical applications where sample turnaround time
is critical [59]. SEC has limitations in terms of throughput and
scalability, especially when large volumes of biological fluid
are required. Additionally, the resolution of SEC may not be as
high as ultracentrifugation in separating very small exosomes
from other nanoparticles, potentially resulting in some contam-
ination [60]. Immunoaffinity-based methods, such as immu-
nomagnetic bead-based isolation, utilise antibodies that target
exosome surface markers to selectively capture exosomes. These
methods allow for high specificity and purity, which is crucial
when studying exosomes from particular cell types or disease
states. Immunoaffinity capture can also be highly quantitative,
providing a better yield of exosomes from small sample volumes
[61]. It relies on surface markers, which may not be universally
expressed across all exosomes, leading to incomplete isolation
of exosomes from certain sources. Furthermore, the isolation
may be biased toward specific subpopulations of exosomes, po-
tentially overlooking important vesicles that lack the targeted

markers [62]. Precipitation methods, such as those utilising
polyethylene glycol or commercial exosome isolation kits, are
simple, cost-effective and require minimal specialised equip-
ment. The main limitation of precipitation methods is their lack
of specificity, leading to contamination from non-vesicular com-
ponents such as proteins, lipoproteins and cellular debris. This
can affect the purity and yield of isolated exosomes and may in-
troduce variability into downstream analyses [63].

After isolation, accurate characterisation of exosomes is es-
sential to ensure their identity and functionality. Nanoparticle
tracking analysis (NTA) is a widely used method for exosome
characterisation, as it allows for the measurement of exosome
size distribution and concentration in real time. By tracking the
Brownian motion of exosomes, NTA provides high-resolution
data regarding particle size and concentration, which are criti-
cal for understanding exosome populations in various biological
fluids [64]. NTA is limited in its ability to differentiate between
exosomes and other particles of similar size, such as apoptotic
bodies and microvesicles. It can be sensitive to sample heteroge-
neity, and the presence of aggregates or debris can skew the re-
sults [65]. Transmission electron microscopy (TEM) is the gold
standard for visualising exosomes at the ultrastructural level. It
provides direct imaging of the vesicular morphology, allowing
for the confirmation of exosome size and shape, typically rang-
ing from 30 to 150nm. TEM also provides detailed insights into
the integrity of the exosomal membrane [66]. However, TEM
is labour-intensive, requires high expertise and is not suitable
for high-throughput analysis. The sample preparation process,
including fixation and staining, may alter the exosome struc-
ture, making it difficult to preserve their natural morphology
[67]. Western blotting is widely used to confirm the presence of
exosome-specific markers and to assess the purity of the isolated
exosomes. This method is highly sensitive and provides valuable
information regarding the protein content of exosomes, but it re-
quires a known antibody to target a specific exosomal marker,
limiting its ability to characterise exosomes from novel sources
or those with uncharacterised markers [68].

Generally, exosomes are stored at —80°C or in liquid nitrogen.
Freezing exosomes at low temperatures preserves their struc-
tural and molecular integrity, including protein and RNA con-
tent, for extended periods. This is essential for maintaining
reproducibility across experiments, especially in long-term
studies [69]. However, the freeze—-thaw process can lead to the
aggregation or degradation of exosomes, particularly if they are
not stored properly or if cycles of freezing and thawing are re-
peated. Moreover, the freezing process itself may alter the exoso-
mal membrane, potentially affecting downstream analyses such
as RNA profiling or protein assays [70].

3.4 | Characteristics of Circulating Exosomes

Plasma is one of the most commonly used sources for exosome
isolation in sepsis research due to its ease of collection and its rich
content of vesicles derived from multiple organs and cell types.
Plasma exosomes reflect a broad spectrum of physiological and
pathological processes, including inflammation, endothelial
dysfunction and myocardial injury, making them particularly
relevant for studying SICM [71]. Additionally, plasma is already
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part of the standard diagnostic workup in clinical settings,
which facilitates its use for biomarker discovery and clinical
diagnostics [72]. However, the presence of large amounts of
proteins, lipoproteins and other contaminants in plasma can
complicate the purification of exosomes. Furthermore, while
plasma exosomes reflect systemic inflammation, their potential
to provide organ-specific information, especially for cardiac in-
jury, is limited due to the dilution effect and the shared nature
of the exosome pool across different organs [73]. Serum, unlike
plasma, is devoid of clotting factors, which makes serum a de-
sirable alternative for exosome analysis, particularly in clinical
settings where clotting factors are a concern. Serum exosomes
are considered to reflect the biological and pathological state
of the individual and can carry valuable biomarkers for SICM,
including specific miRNAs and proteins linked to cardiac in-
jury and inflammation [74]. Serum is also widely used in clin-
ical diagnostics, providing a well-established and minimally
invasive option for exosome-based research and biomarker de-
velopment. However, serum collection involves blood clotting,
which could lead to the release of cellular contents, including
cellular fragments that might contaminate the exosome prepa-
rations, which impacts the purity and reproducibility of results
[75]. Additionally, similar to plasma, serum exosomes may not
provide specific insights into cardiac injury due to the systemic
nature of the samples, limiting their ability to identify localised
organ damage [76]. Urine exosomes could be an attractive alter-
native in the study of SICM due to their potential for reflecting
kidney-related pathophysiological changes associated with sep-
sis, such as acute kidney injury, which frequently co-occurs with
SICM. Urine exosomes are relatively easy to collect and contain
both organ-specific and systemic markers that can be indicative
of sepsis severity and prognosis [77]. Importantly, urine-derived
exosomes offer the possibility of non-invasive, real-time moni-
toring of the disease state, which could be particularly beneficial
in clinical settings [78]. One of the main challenges is the rela-
tively low concentration of exosomes in urine, which requires
highly sensitive techniques for isolation and characterisation.
Additionally, contamination from urinary proteins and debris,
as well as variation in urine composition based on hydration
levels or other physiological factors, can introduce variability in
results [79].

4 | Role of Exosomes Derived From Various
Origins in SICM

Exosomes, derived from circulating blood and various cell
types, can influence cardiac function during SICM progression
(Table 1). They exert dual functions in sepsis, as they can either
exacerbate myocardial injury or offer protective effects, depend-
ing on their origin and molecular content.

4.1 | Circulating Blood

The interaction between blood-borne factors and cardiac tissue
is central to the development of SICM, involving inflammatory
mediators and oxidative stress that contribute to cardiac dys-
function [94]. It is reported that elevated levels of plasma exo-
somes are related to the severity of organ failure and predictive
of mortality in critically ill patients with sepsis [95]. Exosomes

derived from circulating blood during sepsis play a crucial role in
mediating cardiomyopathy. For example, circulating exosomes
collected from septic mice are enriched with high amounts of
ROS, which is transported to endothelial cells, resulting in the
production of podosome, an actin-based dynamic membrane
structure that is responsible for extracellular matrix degradation
and angiogenesis, thereby causing endothelial hyperpermeabil-
ity and cardiac dysfunction through fragmentation of zonula oc-
cludens-1 [80]. Additionally, exosomes from the blood of septic
patients have been shown to promote cardiomyocyte pyroptosis,
a form of programmed cell death associated with inflammation.
Septic rats treated with these exosomes exhibit high levels of
serum inflammatory cytokines like IL-18 and IL-18, which are
associated with increased pyroptosis-related proteins in hearts.
Further mechanistic evaluation revealed that miR-885-5p is
upregulated to inhibit the expression of homeobox containing
1 (HMBOX1), thus leading to overexpression of NOD-like recep-
tor family pyrin domain containing 3 (NLRP3), caspase-1 and
gasdermin (GSDM) and further promoting pyroptosis in cardio-
myocytes [81]. Likewise, exosomes derived from the blood of pa-
tients with sepsis can promote apoptosis in myocardial cells via
the hsa-miR-1262/solute carrier family 2 member 1 (SLC2A1)
axis. Exosomal hsa-miR-1262 is elevated to downregulate the
expression of SLC2A1, a key mediator in energy metabolism,
leading to reduced aerobic glycolysis and increased apoptosis
in cardiomyocytes [82]. Hence, exosomes derived from circu-
lating blood during sepsis induce cardiomyopathy by triggering
apoptosis and pyroptosis in cardiomyocytes and endothelial
dysfunction.

4.2 | Cardiomyocytes

The pathogenesis of SICM involves complex interactions
between inflammatory responses, oxidative stress and mi-
tochondrial dysfunction, all of which contribute to cardio-
myocyte death, a central factor in the disease [96, 97]. Under
stressed conditions, exosomes derived from cardiomyocytes
affect the development of SICM through various molecular
mechanisms. In the cardiac environment, exosomes released
by cardiomyocytes are believed to initiate functional events
in target cells by inducing an array of metabolism-related
processes [98]. Under conditions of glucose deprivation,
cardiomyocyte-derived exosomes are loaded with a broad rep-
ertoire of miRNA and proteins, which are taken in by endo-
thelial cells and promote the transcription of pro-angiogenic
genes, thereby facilitating proliferation and angiogenesis
[83]. These findings suggest cardiomyocyte-derived exosomes
exert a protective function through the induction of local
neovascularisation during acute cardiac injury. Besides, exo-
somal IncRNA KLF3-AS1 derived from cardiomyocytes ex-
posed to ischemia/reperfusion (I/R) injury can be delivered
into MSCs, in which KLF3-AS1 promotes insulin-like growth
factor 1 (IGF-1) production via the miR-23¢/STAT5B axis, thus
enhancing cardiomyocyte viability and alleviating myocar-
dial injury [84]. IGF-1 is closely associated with the develop-
ment and growth of cardiomyocytes by promoting cell growth
and resisting cell death [99]. As a pyrogen, LPS derived from
Gram-negative bacterial infections causes cardiac tissue
death by triggering inflammation and endothelial cell injury
during SICM [100]. Intriguingly, following the treatment of
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TABLE1 | Therole of exosomes in sepsis-induced cardiomyopathy.

Exosomal
components Origin Targets Recipient cells Effects Ref.
ROS Circulating Undefine Endothelial cells Promote endothelial [80]
blood hyperpermeability and
cardiac dysfunction
miR-885-5p Circulating HMBOX1 Cardiomyocytes Induce cardiomyocyte [81]
blood pyroptosis
hsa-miR-1262 Circulating SLC2A1 Cardiomyocytes Promote apoptosis [82]
blood in myocardial cells
miRNAs Cardiomyocytes Pro-angiogenic genes Endothelial cells Facilitate cell [83]
proliferation and
angiogenesis
IncRNA KLF3-AS1 Cardiomyocytes miR-23¢/STATS5B Cardiomyocytes ~ Enhance cardiomyocyte  [84]
viability and alleviate
myocardial injury
HSPA12B Endothelial cells NF-xB Macrophages Decrease inflammatory  [85]
responses and
cardiac injury
miRNAs Endothelial cells BAK1, P53 and PTEN Cardiomyocytes Promote cell [12]
survival and reduce
myocardial injury
Undefine Endothelial cells PI3K/AKT and NF-xB Undefine Ameliorate [86]
inflammation,
cardiomyocyte
dysfunction, and
myocardial injury
Undefine Macrophages Undefine Undefine Reduce cardiac [13]
inflammation and
myocardial depression
TXNIP-NLRP3 Monocytes Caspase-1, IL-1$ and IL-18 Macrophages Exacerbating [87]
cardiovascular
inflammation
IncRNA Snhgl4 M1 macrophage miR-181a-5p/ Cardiomyocytes  Mitigate cardiac damage  [88]
HMGB1/NF-xB
miR-146a Macrophages MAPK4/DRP1 Undefine Inhibit inflammatory [89]
responses and improve
mitochondrial function
miR-24-3p M2 macrophage TNFSF10 Cardiomyocytes Reduce cardiomyocyte [90]
apoptosis and improve
cardiac function
Superoxide Platelets Undefine Vascular cells Induce apoptosis in [91]
vascular cells and
lead to inotropic
dysfunction in the heart
Undefine Platelets Caspase-3 Endothelial cells Contribute to septic [92]
vascular dysfunction
HMGBI1, miR-15b-5p Platelets AKT/mTOR Neutrophil Promote the formation [93]

and miR-378a-3p

of neutrophil
extracellular trap

6 of 17

Journal of Cellular and Molecular Medicine, 2025



cardiomyocytes with LPS, the size and quantity of exosomes
are decreased, along with the reduced expression of exosomal
proteins that are related to exosomal biogenesis, which is as-
sociated with increased cardiac cell death [11]. These results
indicate that cardiomyocyte-derived exosomes play a dual role
in SICM, where they either exacerbate or alleviate myocardial
injury.

4.3 | Endothelial Cells

Endothelial cell dysfunction contributes to sepsis-induced
mortality and organ dysfunction. During sepsis, endothe-
lial cells shift toward a pro-apoptotic and pro-inflammatory
phenotype and are involved in the impairment of microcir-
culatory blood flow and cardiac injury [101, 102]. Exosomes
derived from endothelial cells have been shown to influence
cardiac function and remodelling during the progression
of SICM. Heat shock protein A12B (HSPA12B) in endothe-
lial cells is confirmed to protect against sepsis-induced car-
diac dysfunction by upregulating the expression of miR-126,
which reduces immune cell infiltration in the myocardium
and mitigates cardiac injury via suppressing the expression
of adhesion molecules [103]. Of interest, exosomal HSPA12B
derived from endothelial cells also exerts a protective func-
tion in SICM. Compared with septic mice, HSPA12B~/~septic
mice have higher serum levels of TNF-a and IL-1§, greater
infiltrated macrophages in the myocardium and worsened
cardiac dysfunction, implying the protective role of HSPA12B.
When exosomal HSPA12B from endothelial cells is uptaken
by LPS-stimulated macrophages, HSPA12B reduces the pro-
duction of TNF-a and IL-1f but increases the IL-10 levels via
downregulating NF-xB activation and nuclear translocation,
thus decreasing macrophage-mediated pro-inflammatory re-
sponses and sepsis-induced cardiac injury and mortality [85].
Additionally, LPS binding to endothelial cells elicits endo-
thelial activation and damage, manifested by the expression
of pro-inflammatory cytokines and adhesion molecules that
contribute to sepsis [104]. LPS-mediated endothelial dysfunc-
tion exaggerates inflammation, coagulopathy and vascular
leakage, which increases the morbidity and mortality of pa-
tients with SICM [105]. LPS-stimulated endothelial-derived
exosomes contain miRNAs that are crucial for cardiomyocyte
protection. These miRNAs downregulate apoptosis-related
proteins such as BAK1, P53 and PTEN, thereby promoting
cell survival and reducing myocardial injury in the context
of sepsis [12]. Consistently, in LPS-induced endothelial injury,
anisodamine ameliorated inflammation, cardiomyocyte dys-
function and myocardial injury through exosome-mediated
regulation of the PI3K/AKT and NF-xB signalling pathways
[86]. Accordingly, endothelial-derived exosomes show prom-
ise in protecting cardiomyocytes during sepsis.

4.4 | Macrophages

Macrophages, including M1 and M2 phenotypes, play a cru-
cial role in the pathophysiology of SICM. M1 macrophages are
known for their pro-inflammatory role, which can lead to in-
creased myocardial inflammation and tissue damage by pro-
ducing inflammatory cytokines such as TNF-a and IL-1f [106].

M2 macrophages play a protective role in SICM by promoting
anti-inflammatory responses and tissue repair. They secrete
anti-inflammatory cytokines like IL-10, which help mitigate
myocardial damage [107]. The balance between these macro-
phage phenotypes is critical in determining the progression and
resolution of SICM [108]. Exosomes derived from various mac-
rophage phenotypes influence cardiomyocyte apoptosis, mito-
chondrial function and inflammatory responses. Pre-treatment
with GW4869, an inhibitor of exosome biogenesis, represses the
release of pro-inflammatory cytokines, such as TNF-a, IL-18
and IL-6 in LPS-stimulated macrophages, and reduces cardiac
inflammation and myocardial depression in septic mice, sug-
gesting the pro-inflammatory role of macrophage-derived exo-
somes [13]. The interaction between thioredoxin-interacting
protein (TXNIP) and NLRP3 is crucial for inflammasome ac-
tivation and participates in inflammatory responses associ-
ated with sepsis [109]. In mice with sepsis-induced myocardial
dysfunction, oxidative stress increases the level of exosomal
TXNIP-NLRP3 complex derived from monocytes, which can be
transported into the resident heart macrophages, where it ac-
tivates caspase-1 and cleaves inactive IL-1§ and IL-18, thereby
exacerbating cardiovascular inflammation [87]. Likewise, it is
found that exosomal IncRNA Snhgl4 derived from M1 macro-
phages can be delivered into cardiomyocytes, which promotes
the release of pro-inflammatory cytokines, myocardial apopto-
sis and oxidative stress in LPS-treated cardiomyocytes, as well
as mitigates cardiac damage in septic mice by suppressing miR-
181a-5p and activating the HMGB1/NF-xB signalling pathway
[88]. Thus, these findings indicate that exosomes from macro-
phages accelerate SICM progression. However, macrophage-
derived exosomes also exert a protective function in SICM. For
instance, it has been shown that exosomes from IL-1f stimu-
lated macrophages are enriched with miR-146a, which reduces
myocardial injury by inhibiting inflammatory responses and
improving mitochondrial function through the MAPK4/DRP1
signalling pathway, accompanied by decreased serum myocar-
dial enzymes and oxidative stress, thereby relieving myocardial
injury during sepsis [89]. Coincidentally, M2 macrophage-
derived exosomal miR-24-3p displays cardioprotective effects on
LPS-induced septic mice by reducing cardiomyocyte apoptosis
and improving cardiac function. Further mechanistic investiga-
tion revealed that miR-24-3p can inhibit the expression of tu-
mour necrosis factor superfamily member 10 (TNFSF10), which
is correlated with immune unresponsiveness to secondary het-
erologous bacterial infection after sepsis [90].

4.5 | Platelet

Platelets are not only involved in coagulation and thrombosis
butalso in inflammatory processes that exacerbate myocardial
depression. Platelet activation in sepsisis driven by interactions
with pathogens, leading to the formation of microthrombi that
cause ischemic damage in the heart and thus cardiac dysfunc-
tion [110]. Exosomes released by platelets in septic patients
have been identified as contributors to myocardial depression.
These exosomes produce superoxide and induce apoptosis in
vascular cells, which may lead to inotropic dysfunction in the
heart [91]. During sepsis, exosomes are overproduced in plate-
lets exposed to LPS, and they trigger caspase-3 activation and
apoptosis in endothelial cells by upregulating the expression
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of superoxide, NO and peroxynitrite, thus contributing to sep-
tic vascular dysfunction [92]. Besides, platelets are verified
to be potent activators of neutrophil extracellular trap (NET)
formation during sepsis [111]. It is reported that septic patient-
derived exosomes can increase the NET components, such as
double-stranded DNA and MPO-DNA complexes, which are
associated with disease severity. In septic mice, platelet de-
pletion reduces plasma exosome concentration and NET for-
mation, indicating that platelet-derived exosomes promote the
development of SICM. Mechanistic studies demonstrated that
exosomal molecules, including high-mobility group protein 1
(HMGBI1), miR-15b-5p and miR-378a-3p, are responsible for
the NET formation through the activation of the AKT/mTOR
signalling pathway [93].

4.6 | Other Cells

Cardiac fibroblasts, the most abundant cell type in the heart's
interstitium, are crucial for maintaining the structural integrity
of the myocardium. Under conditions of stress, such as sepsis,
these cells undergo a transformation into myofibroblasts and
secrete exosomes that contain pro-inflammatory cytokines,
growth factors and matrix proteins [22]. Exosomes from cardiac
fibroblasts carry pro-inflammatory molecules, such as TNF-a
and IL-1f3, which contribute to the systemic inflammatory re-
sponse, thus exacerbating myocardial injury and worsening
cardiac dysfunction [112]. These exosomes also influence the
deposition and turnover of extracellular matrix proteins, such
as collagen and fibronectin, contributing to myocardial fibrosis
[113]. Recent studies have identified miR-23a-3p in fibroblast-
derived exosomes that regulate fibrotic processes via the promo-
tion of oxidative stress injury and ferroptosis, thereby enhancing
fibrosis and cardiac remodelling [114].

Cardiac Progenitor Cells (CPCs), which are multipotent cells ca-
pable of differentiating into various cardiac cell types, including
cardiomyocytes, endothelial cells and smooth muscle cells, also
release exosomes with significant therapeutic potential in SICM
[115]. CPC-derived exosomes are rich in growth factors such as
vascular endothelial growth factor and basic fibroblast growth
factor, which stimulate angiogenesis and tissue repair [116].
Additionally, CPC-derived exosomes carrying miR-210, miR-132
and miR-146a-3p have been shown to enhance tube formation
in endothelial cells and protect cardiomyocytes from apoptosis,
thus mitigating cardiac dysfunction [117]. The cardioprotective
properties of exosomes from CPCs are further exemplified in
their ability to reduce oxidative stress and improve mitochon-
drial function. By transferring antioxidant enzymes and pro-
teins involved in cellular energy metabolism, these exosomes
help restore cellular homeostasis and protect cardiac myocytes
from ischemic damage and inflammation [118].

Exosomes from both cardiac fibroblasts and CPCs can modulate
cardiac inflammation, fibrosis and remodelling, which are hall-
mark features of SICM. The delivery of CPC-derived exosomes
to the heart could promote myocardial repair, reduce inflam-
mation and mitigate fibrosis, thereby offering a novel avenue for
treating SICM. Moreover, exosomal miRNAs from these sources
could be exploited as diagnostic or therapeutic biomarkers in
SICM. Their potential to modulate key signalling pathways

involved in inflammation, fibrosis and apoptosis makes them
attractive targets for intervention.

5 | Gender- and Age-Dependent Differences in
Exosome Biology and Their Cardioprotective Effects

Recent research indicates that the biological properties of exo-
somes, including their composition and functional activity, are
influenced by both gender and age [119]. Understanding these
differences is essential for optimising the therapeutic targeting of
exosomes in SICM. Several studies have highlighted significant
gender-based differences in exosome secretion, composition and
functional properties. For instance, female-derived exosomes
have been shown to exhibit a distinct protein and RNA profile
compared to male-derived exosomes, influencing their immu-
nomodulatory and cardioprotective functions. One of the most
notable gender-based differences is related to the hormonal reg-
ulation of exosome production. Oestrogen, which is more abun-
dant in females, has been implicated in the increased secretion
of exosomes from cardiomyocytes, which may enhance their
cardioprotective functions [120]. This effect is thought to be me-
diated through oestrogen receptors, which can modulate exo-
some cargo, including miRNAs involved in anti-inflammatory
and anti-apoptotic pathways [121]. In contrast, male-derived
exosomes tend to exhibit a higher level of pro-inflammatory cy-
tokines and signalling molecules, which may exacerbate inflam-
mation. For example, exosomes from male septic animals have
been shown to carry higher levels of TNF-a and IL-6, which can
potentiate myocardial dysfunction and impair cardiac recovery
[122]. Thus, the differences in exosomal cargo between males
and females could have implications for the progression of SICM
and for the therapeutic targeting of exosomes as a strategy to
mitigate cardiac injury.

Age is another critical factor that influences exosome biol-
ogy, with elderly individuals exhibiting distinct alterations in
exosome composition and function compared to younger in-
dividuals. During sepsis, aged individuals are vulnerable to
cardiovascular dysfunction due to impaired cardiac repair
mechanisms and heightened systemic inflammation. Exosomes
derived from aged individuals show alterations in their protein
and RNA cargo, including decreased levels of miRNAs with car-
dioprotective properties, such as miR-21 and miR-146a, which
have been shown to regulate inflammation and fibrosis in car-
diac tissue [123]. Interestingly, exosomes from aged mice are
confirmed to have diminished cardioprotective effects during
sepsis. These exosomes are less efficient in attenuating inflam-
mation and protecting against cell injury when compared to
exosomes derived from young animals [124]. This suggests that
aging may lead to a decline in the quality and efficacy of exo-
somes as therapeutic agents in SICM. The underlying mecha-
nisms are likely multifactorial, involving age-related changes
in exosome biogenesis, secretion and alterations in the molec-
ular machinery responsible for packaging functional miRNAs
and proteins. Additionally, the mitochondrial dysfunction that
is often seen in aging contributes to altered exosome content.
Mitochondrial-derived damage-associated molecular patterns
present in exosomes from aged individuals may also promote a
pro-inflammatory environment, further impairing cardiopro-
tective effects [125]. Therefore, age-dependent modifications in
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exosome biology represent a critical barrier to their therapeutic
efficacy in older adults, necessitating age-specific strategies for
exosome-based therapies.

Given the profound influence of gender and age on exosome bi-
ology, a better understanding of these differences could enhance
the therapeutic potential of exosome-based interventions for
SICM. Tailoring exosome-based therapies to account for these
factors is essential to maximise their cardioprotective effects.
For example, enhancing the oestrogen-dependent release of pro-
tective exosomes in females or modulating the composition of
male-derived exosomes to reduce pro-inflammatory cargo could
be promising approaches. Similarly, strategies aimed at rejuve-
nating exosome function in aging individuals, such as through
the use of mitochondrial-targeted therapies, could enhance their
therapeutic potential in SICM [126].

6 | Exosomes Derived From MSCS as Potential
Therapeutic Targets in SICM

MSCs are recognised to exist in nearly all postnatal organs and
tissues, such as bone marrow, adipose tissue, umbilical cord
and placenta [127, 128]. Under suitable conditions, MSCs pos-
sess the capacity to differentiate into osteoblasts, adipocytes
and chondroblasts, rendering them promising candidates for
therapeutic interventions owing to their plastic properties [129].
MSC-derived exosomes play a critical role in mediating the ther-
apeutic effects of MSCs. Exosomes released by MSCs facilitate
tissue repair and regeneration by transferring growth factors
and miRNAs that enhance cell proliferation and differentiation
[130]. In SICM, MSC-derived exosomal miRNAs exert anti-
inflammatory effects to halt disease progression. For example,
exosomal miR-223 from MSCs is verified to inhibit cardiomyo-
cyte apoptosis, inflammatory responses and cardiac dysfunction
by downregulating the expression of semaphorin 3a (SEMA3A)
and signal transducer and activator of transcription 3 (STAT3)
in septic mice [131]. Also, miR-146a-5p within MSC-derived
exosomes can be delivered into LPS-induced cardiomyocytes
where it facilitates cell proliferation and represses apoptosis;
moreovet, it inhibits the inflammatory response of myocardial
tissues of septic mice via reducing MYBL1 expression [132].
In addition, it is reported that miR-412-5p-loaded exosomes of
MSCs ameliorate LPS-induced inflammation in cardiomyo-
cytes by inhibiting the expression of inflammatory mediators,
including NO, prostaglandin E2 (PGE2) and ROS and the secre-
tion of pro-inflammatory cytokines like IL-1f8 and IL-6, via in-
activating the MAPK signalling pathway [17]. By inhibiting the
miR-497-5p/MGS53 axis in cardiomyocytes, circRNA RTN4 from
MSC-derived exosomes is verified to lessen the production of in-
flammatory factors, including ROS, IL-1f3, IL-6 and TNF-«, and
increases the activity of superoxide dismutase (SOD) and gluta-
thione (GSH), thereby alleviating myocardial apoptosis and car-
diac injury in LPS-treated cardiomyocytes and septic rats [133].
These studies highlight the significant potential of MSC-derived
exosomes in modulating cardiac inflammation and myocardial
apoptosis in SICM. Intriguingly, MSC-derived exosomes loaded
with sweroside, biologically active natural iridoids with potent
anti-inflammatory and antioxidant activity, decrease the gen-
eration of pro-inflammatory cytokines and oxidative stress in
septic rats, along with suppressed cardiomyocyte apoptosis and

increased myocardial survival, thus impeding sepsis-induced
myocardial injury [18].

Bone marrow mesenchymal stem cells (BMSCs) are multipotent
stem cells derived from bone marrow and exhibit immunomod-
ulatory capacity that render them appropriate for alleviating
inflammatory and immune-mediated conditions like sepsis-
induced myocardial injury [134]. It has been demonstrated that
exosomes derived from LPS-treated BMSCs can inhibit M1 po-
larisation and promote M2 polarisation by suppressing the NF-
xB but activating the AKT1/AKT2 signalling pathway. In vivo
study further confirms that these exosomes alleviate myocardial
inflammation and cardiomyocyte apoptosis in mice with myo-
cardial infarction [135]. Additionally, exosomal miR-181a-5p
from BMSCs exposed to LPS challenge reduces the expression
of TNF-a and IL-1f and increases the levels of SOD1 and SOD2
in H,O,-stimulated cardiomyocytes by downregulating acti-
vating transcription factor 2 (ATF2), which further attenuates
myocardial inflammation and oxidative stress [136]. Similarly,
exosomes derived from BMSCs, acting as carriers for deliver-
ing miR-141 into myocardial tissues, reduce the production of
creatine kinase MB and lactate dehydrogenase and inhibit in-
flammatory infiltration and cell apoptosis by suppressing the
expression of PTEN and subsequently enhancing the activity
of B-catenin, thereby halting myocardial injury in septic mice
[137]. Thus, BMSC-derived exosomes protect against sepsis-
induced myocardial injury by modulating macrophage polarisa-
tion and cardiomyocyte death.

MSCs obtained from umbilical cord tissue are valued for their
high proliferative capacity and immunomodulatory properties,
positioning them as promising candidates for regenerative and
therapeutic interventions in sepsis-induced myocardial injury
[138, 139]. Exosomes derived from human umbilical cord MSCs
modulate inflammatory responses and myocardial injury,
which are involved in inflammation resolution and tissue repair
in SICM. For instance, exosomes from these MSCs can facili-
tate fibroblast-to-myofibroblast differentiation in cardiac in-
flammatory environments, alleviating inflammatory responses
and cardiomyocyte apoptosis [140]. The cardiac fibroblast-
to-myofibroblast differentiation leads to cardiac remodelling,
characterised by an increase in collagen, fibronectin and elas-
tin, which helps to form a fibrous scar tissue that replaces the
damaged myocardial tissue, providing structural support to the
heart [141]. Consistently, umbilical cord MSC-derived exosomal
PTEN-induced putative kinase 1 (PINK1) mRNA is transferred
to recipient cardiomyocytes to upregulate PINK1 expression,
which promotes mitochondrial calcium efflux and relieves mito-
chondrial calcium overload and myocardial injury by activating
the PKA/NCLX signalling pathway [142].

In conclusion, MSC-derived exosomes can alleviate SICM pro-
gressionviamodulatinginflammatoryresponses and myocardial
injury (Figure 3; Table 2). In this regard, MSC-derived exosomes
have promising potential in SICM treatment. Additionally, engi-
neering exosomes from MSC to deliver therapeutic components
to the heart represents a promising avenue for targeted therapy,
but effective delivery of therapeutic exosomes is critical for their
clinical success. Several delivery methods are being explored
to ensure that exosomes reach their target cells in sufficient
quantities while maintaining their stability and functionality
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[143]. One of the main challenges in developing exosome-related
therapies is ensuring efficient delivery to target cells. Future
research should focus on optimising delivery systems, such as
using nanoparticles or liposomes to enhance the stability and
bioavailability of exosomal components.

7 | Targeting Exosomes by Drugs and Natural
Components for SICM Treatment

A growing body of studies suggests that various drugs and
bioactive natural compounds can influence the secretion and
internalisation of exosomes with cardioprotective properties.
For example, ticagrelor, a P2Y12 receptor antagonist, has been
shown to enhance the release of cardioprotective exosomes from
CPCs. It attenuates hypoxia-induced cell apoptosis through
acute phosphorylation of ERK42/44 [144]. Ticagrelor-pretreated
cardiomyocyte-derived EVs decrease aberrant ROS production,
prevent the development of apoptosis and ER stress and alle-
viate oxidative stress. EVs derived from ticagrelor-pretreated
cardiomyocyte cells enhance endothelial cell migration and
tube formation [145]. Besides, ticagrelor attenuates the release
of prothrombotic EV concentrations in plasma after acute myo-
cardial infarction, thereby contributing to improved cardiac
function [146]. Simvastatin, a potent statin, is verified to upreg-
ulate decorin and downregulate periostin in cardiomyocyte-
derived exosomes, thus protecting against cardiac fibrosis [147].
Moreover, natural compounds like sulforaphane, polyphenols,
omega-3 fatty acids and flavonoids have been reported to en-
hance exosome release from fibroblasts with high tropism for
cardiomyocytes, further supporting their therapeutic potential
in sepsis-induced cardiac injury. For instance, norepinephrine
promotes the release of fibroblast-derived EVs, which further

stimulate the proliferation of vascular smooth muscle cells and
excessive sympathetic activation-related vascular remodelling
[148]. Sulforaphane, an edible compound, enhances the release
of fibroblast-derived cardioprotective exosomes with tropism to-
wards cardiomyocytes, which reduce oxidative stress, hypertro-
phy and scar size and improve contractility, thereby preventing
the onset of heart failure [149]. These agents influence the exo-
somal cargo, including miRNAs, proteins and lipids, which can
modulate cellular processes such as apoptosis, inflammation
and oxidative stress, thus enhancing cardioprotection.

The pharmacological and natural modulation of exosome re-
lease and uptake represents a novel therapeutic strategy in the
treatment of SICM. By targeting the biogenesis, release and
uptake of exosomes, it is possible to reduce myocardial inflam-
mation, fibrosis and injury during SICM. The development of
exosome-based therapies, either as drug delivery systems or as
modulators of endogenous exosome biology, holds great promise
for future clinical applications. However, challenges remain in
translating these preclinical findings into clinical practice, in-
cluding the need for improved targeting and delivery systems for
exosome-based therapies. Additionally, understanding the long-
term effects of exosome modulation on cardiac remodelling and
function is critical to the success of these therapeutic strategies.

8 | Conclusion

This review highlights the multifaceted roles of exosomes de-
rived from circulating blood, cardiomyocytes, endothelial
cells, macrophages and platelets, in modulating inflamma-
tory responses, oxidative stress and cardiomyocyte apoptosis
during SICM progression. Exosomes carry a broad spectrum of
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bioactive molecules, including proteins, lipids, mRNA and miR-
NAs, which facilitate the transmission of signals among these
cell types, influencing the progression of sepsis and its associ-
ated cardiac dysfunction. MSC-derived exosomes loaded with
specific components like miRNAs could offer targeted thera-
pies, reducing inflammatory responses and promoting cardiac
repair. While exosome-based therapies hold promise for treat-
ing SICM, several challenges remain. These include optimising
the isolation and production of exosomes on a large scale, ensur-
ing the stability and efficacy of exosomal cargo and addressing
potential off-target effects. While exosomes from various cell
types appear to harbour opposing effects in SICM, the mecha-
nisms that govern their release, uptake and function within the
heart are not yet fully elucidated. Future research should focus
on a deeper understanding of the molecular mechanisms by
which exosomes affect the pathophysiology of SICM, such as in-
flammatory responses, myocardial contractile impairment and
endothelial dysfunction. Furthermore, the potential therapeutic
applications of exosomes derived from MSCs as vehicles for tar-
geted drug delivery are still in their infancy and require more
rigorous validation in clinical settings. Importantly, the safety
and efficacy of exosome-based therapies must be thoroughly
evaluated, including assessing potential immune reactions and
long-term outcomes. Thus, it is imperative to bridge the ex-
isting knowledge gap between preclinical models and human
clinical data. The incorporation of clinical and human-based
studies into future research efforts will be crucial in establish-
ing the true translational potential of exosome-based therapies
for SICM. Prospective studies in sepsis patients are needed to
identify exosomal biomarkers that could serve as diagnostic
or prognostic tools in SICM. Additionally, longitudinal studies
that track exosome levels in sepsis patients could offer critical
insights into their role in disease progression and recovery.
Clinical trials evaluating the therapeutic efficacy of exosome-
based interventions, such as exosome-mediated drug delivery
and exosomal microRNA targeting, are essential to determine
whether these approaches can be translated into effective treat-
ments for SICM.

Author Contributions

Rui Fan: writing - original draft (equal), writing - review and editing
(equal). Han Liu: writing - original draft (equal), writing - review and
editing (equal). Qun Liang: conceptualization (lead), project adminis-
tration (lead).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

This paper is exempt from data sharing.

References

1. A. Pruszczyk, M. Zawadka, P. Andruszkiewicz, et al., “Mortality in
Patients With Septic Cardiomyopathy Identified by Longitudinal Strain
by Speckle Tracking Echocardiography: An Updated Systematic Review
and Meta-Analysis With Trial Sequential Analysis,” Anaesthesia,
Critical Care & Pain Medicine 43, no. 2 (2024): 101339, https://doi.org/
10.1016/j.accpm.2023.101339.

2.D. Fan and R. Wu, “Mechanisms of the Septic Heart: From
Inflammatory Response to Myocardial Edema,” Journal of Molecular
and Cellular Cardiology 195 (2024): 73-82, https://doi.org/10.1016/j.
yjmec.2024.08.003.

3. D. Hasegawa, Y. Ishisaka, T. Maeda, et al., “Prevalence and Prognosis
of Sepsis-Induced Cardiomyopathy: A Systematic Review and Meta-
Analysis,” Journal of Intensive Care Medicine 38, no. 9 (2023): 797-808,
https://doi.org/10.1177/08850666231180526.

4. N. Ravikumar, M. A. Sayed, C. J. Poonsuph, R. Sehgal, M. M. Shirke,
and A. Harky, “Septic Cardiomyopathy: From Basics to Management
Choices,” Current Problems in Cardiology 46, no. 4 (2021): 100767,
https://doi.org/10.1016/j.cpcardiol.2020.100767.

5.J. Laura Frances, C. Pagiatakis, V. Di Mauro, et al., “Therapeutic
Potential of EVs: Targeting Cardiovascular Diseases,” Biomedicine 11,
no. 7 (2023): 1907, https://doi.org/10.3390/biomedicines11071907.

6. R. Kalluri and V. S. LeBleu, “The Biology, Function, and Biomedical
Applications of Exosomes,” Science 367, no. 6478 (2020): 6977, https://
doi.org/10.1126/science.aau6977.

7.Q.Li,Q.Feng, H. Zhou, et al., “Mechanisms and Therapeutic Strategies
of Extracellular Vesicles in Cardiovascular Diseases,” MedComm 4, no.
6 (2023): e454, https://doi.org/10.1002/mco02.454.

8. P. Chen, L. Wang, X. Fan, et al., “Targeted Delivery of Extracellular
Vesicles in Heart Injury,” Theranostics 11, no. 5 (2021): 2263-2277,
https://doi.org/10.7150/thno.51571.

9. V. V. S. Monteiro, J. F. Reis, R. de Souza Gomes, et al., “Dual Behavior
of Exosomes in Septic Cardiomyopathy,” Advances in Experimental
Medicine and Biology 998 (2017): 101-112, https://doi.org/10.1007/978-
981-10-4397-0_7.

10. T. Gong, Y. T. Liu, and J. Fan, “Exosomal Mediators in Sepsis and
Inflammatory Organ Injury: Unraveling the Role of Exosomes in
Intercellular Crosstalk and Organ Dysfunction,” Military Medical
Research 11, no. 1 (2024): 24, https://doi.org/10.1186/s40779-024-
00527-6.

11.C. R. Bell, L. B. Jones, B. J. Crenshaw, et al.,, “The Role of
Lipopolysaccharide-Induced Extracellular Vesicles in Cardiac Cell
Death,” Biology 8, no. 4 (2019): 69, https://doi.org/10.3390/biolo
gy8040069.

12.Y. Cao, Y. Wang, L. Xiao, et al., “Endothelial-Derived Exosomes
Induced by Lipopolysaccharide Alleviate Rat Cardiomyocytes Injury
and Apoptosis,” American Journal of Translational Research 13, no. 3
(2021): 1432-1444.

13. K. Essandoh, L. Yang, X. Wang, et al., “Blockade of Exosome
Generation With GW4869 Dampens the Sepsis-Induced Inflammation
and Cardiac Dysfunction,” Biochimica et Biophysica Acta 1852, no. 11
(2015): 2362-2371, https://doi.org/10.1016/j.bbadis.2015.08.010.

14. A.Sharma, S. Gupta, S. Archana, and R. S. Verma, “Emerging Trends
in Mesenchymal Stem Cells Applications for Cardiac Regenerative
Therapy: Current Status and Advances,” Stem Cell Reviews and Reports
18, no. 5(2022): 1546-1602, https://doi.org/10.1007/s12015-021-10314-8.

15.Y. Liu, M. Wang, Y. Yu, C. Li, and C. Zhang, “Advances in the Study
of Exosomes Derived From Mesenchymal Stem Cells and Cardiac Cells
for the Treatment of Myocardial Infarction,” Cell Communication and
Signaling: CCS 21, no. 1 (2023): 202, https://doi.org/10.1186/s12964-
023-01227-9.

16. Z. Zhu, P. Zhu, X. Fan, X. Mo, and X. Wu, “Mesenchymal Stem Cell-
Derived Exosomes: A Possible Therapeutic Strategy for Repairing Heart
Injuries,” Frontiers in Cell and Development Biology 11 (2023): 1093113,
https://doi.org/10.3389/fcell.2023.1093113.

17.J. H. Kim and J. H. Lee, “Effect of miR-412-5p-Loaded Exosomes in
H9c2 Cardiomyocytes via the MAPK Pathway,” Iranian Journal of Basic
Medical Sciences 27, no. 6 (2024): 755-760, https://doi.org/10.22038/
1JBMS.2024.75590.16365.

12 of 17

Journal of Cellular and Molecular Medicine, 2025


https://doi.org/10.1016/j.accpm.2023.101339
https://doi.org/10.1016/j.accpm.2023.101339
https://doi.org/10.1016/j.yjmcc.2024.08.003
https://doi.org/10.1016/j.yjmcc.2024.08.003
https://doi.org/10.1177/08850666231180526
https://doi.org/10.1016/j.cpcardiol.2020.100767
https://doi.org/10.3390/biomedicines11071907
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1002/mco2.454
https://doi.org/10.7150/thno.51571
https://doi.org/10.1007/978-981-10-4397-0_7
https://doi.org/10.1007/978-981-10-4397-0_7
https://doi.org/10.1186/s40779-024-00527-6
https://doi.org/10.1186/s40779-024-00527-6
https://doi.org/10.3390/biology8040069
https://doi.org/10.3390/biology8040069
https://doi.org/10.1016/j.bbadis.2015.08.010
https://doi.org/10.1007/s12015-021-10314-8
https://doi.org/10.1186/s12964-023-01227-9
https://doi.org/10.1186/s12964-023-01227-9
https://doi.org/10.3389/fcell.2023.1093113
https://doi.org/10.22038/IJBMS.2024.75590.16365
https://doi.org/10.22038/IJBMS.2024.75590.16365

18.J. Wang, X. Ma, X. Si, and W. Han, “Sweroside Functionalized With
Mesenchymal Stem Cells Derived Exosomes Attenuates Sepsis-Induced
Myocardial Injury by Modulating Oxidative Stress and Apoptosis in
Rats,” Journal of Biomaterials Applications 38, no. 3 (2023): 381-391,
https://doi.org/10.1177/08853282231194317.

19. S. M. Hollenberg and M. Singer, “Pathophysiology of Sepsis-Induced
Cardiomyopathy,” Nature Reviews. Cardiology 18, no. 6 (2021): 424-434,
https://doi.org/10.1038/s41569-020-00492-2.

20.M. R. Lima and D. Silva, “Septic Cardiomyopathy: A Narrative
Review,” Revista Portuguesa de Cardiologia 42, no. 5 (2023): 471-481,
https://doi.org/10.1016/j.repc.2021.05.020.

21. M. J. M. Silvis, S. E. Kaffka Genaamd Dengler, C. A. Odille, et al.,
“Damage-Associated Molecular Patterns in Myocardial Infarction and
Heart Transplantation: The Road to Translational Success,” Frontiers
in Immunology 11 (2020): 599511, https://doi.org/10.3389/fimmu.2020.
599511.

22. 1. Luki¢, D. Mihi¢, S. C. Varzi¢, et al., “Septic Cardiomyopathy,”
Reviews in Cardiovascular Medicine 25, no. 1 (2024): 23, https://doi.org/
10.31083/j.rcm2501023.

23. G. Zhang, D. Dong, X. Wan, and Y. Zhang, “Cardiomyocyte Death
in Sepsis: Mechanisms and Regulation (Review),” Molecular Medicine
Reports 26, no. 2 (2022): 257, https://doi.org/10.3892/mmr.2022.12773.

24.Y. Lin, Y. Xu, and Z. Zhang, “Sepsis-Induced Myocardial
Dysfunction (SIMD): The Pathophysiological Mechanisms and
Therapeutic Strategies Targeting Mitochondria,” Inflammation 43, no.
4(2020): 1184-1200, https://doi.org/10.1007/s10753-020-01233-w.

25. W. Nedel, C. Deutschendorf, and L. V. C. Portela, “Sepsis-Induced
Mitochondrial Dysfunction: A Narrative Review,” World Journal of
Critical Care Medicine 12, no. 3 (2023): 139-152, https://doi.org/10.
5492/wjccm.v12.i3.139.

26. F. Carbone, L. Liberale, A. Preda, T. H. Schindler, and F. Montecucco,
“Septic Cardiomyopathy: From Pathophysiology to the Clinical Setting,”
Cells 11, no. 18 (2022): 2833, https://doi.org/10.3390/cells11182833.

27. A. C. Freitas, M. J. Figueiredo, E. C. Campos, et al., “Activation of
Both the Calpain and Ubiquitin-Proteasome Systems Contributes to
Septic Cardiomyopathy Through Dystrophin Loss/Disruption and
mTOR Inhibition,” PLoS One 11, no. 11 (2016): e0166839, https://doi.
org/10.1371/journal.pone.0166839.

28.L. C. Joseph, D. Kokkinaki, M. C. Valenti, et al., “Inhibition of
NADPH Oxidase 2 (NOX2) Prevents Sepsis-Induced Cardiomyopathy by
Improving Calcium Handling and Mitochondrial Function,” JCI Insight
2, no. 17 (2017): e94248, https://doi.org/10.1172/jci.insight.94248.

29.B. A. Potz, F. W. Sellke, and M. R. Abid, “Endothelial ROS and
Impaired Myocardial Oxygen Consumption in Sepsis-Induced Cardiac
Dysfunction,” Journal of Intensive Care 2, no. 1 (2016): 20, https://doi.
org/10.21767/2471-8505.100020.

30.X. Tang, C. Zhang, T. Tian, et al., “Posttreatment With
Dexmedetomidine Aggravates LPS-Induced Myocardial Dysfunction
Partly via Activating Cardiac Endothelial Alpha(2A)-AR in Mice,”
International Immunopharmacology 116 (2023): 109724, https://doi.
0rg/10.1016/j.intimp.2023.109724.

31. C.D.Raeburn, C. M. Calkins, M. A. Zimmerman, et al., “ICAM-1 and
VCAM-1 Mediate Endotoxemic Myocardial Dysfunction Independent of
Neutrophil Accumulation,” American Journal of Physiology. Regulatory,
Integrative and Comparative Physiology 283, no. 2 (2002): R477-R486,
https://doi.org/10.1152/ajpregu.00034.2002.

32.H. Lin, W. Wang, M. Lee, Q. Meng, and H. Ren, “Current Status of
Septic Cardiomyopathy: Basic Science and Clinical Progress,” Frontiers
in Pharmacology 11 (2020): 210, https://doi.org/10.3389/fphar.2020.
00210.

33.R. Habimana, I. Choi, H. J. Cho, D. Kim, K. Lee, and I. Jeong,
“Sepsis-Induced Cardiac Dysfunction: A Review of Pathophysiology,”

Acute and Critical Care 35, no. 2 (2020): 57-66, https://doi.org/10.4266/
acc.2020.00248.

34.F. Duan, L. Li, S. Liu, et al., “Cortistatin Protects Against Septic
Cardiomyopathy by Inhibiting Cardiomyocyte Pyroptosis Through the
SSTR2-AMPK-NLRP3 Pathway,” International Immunopharmacology
134 (2024): 112186, https://doi.org/10.1016/j.intimp.2024.112186.

35.T. Suzuki, Y. Suzuki, J. Okuda, et al., “Sepsis-Induced Cardiac
Dysfunction and f-Adrenergic Blockade Therapy for Sepsis,” Journal
of Intensive Care 5, no. 1 (2017): 22, https://doi.org/10.1186/s4056
0-017-0215-2.

36.S. Gurung, D. Perocheau, L. Touramanidou, and J. Baruteau,
“The Exosome Journey: From Biogenesis to Uptake and Intracellular
Signalling,” Cell Communication and Signaling: CCS 19, no. 1 (2021): 47,
https://doi.org/10.1186/s12964-021-00730-1.

37.S.B. Arya, S. P. Collie,and C. A. Parent, “The Ins-and-Outs of Exosome
Biogenesis, Secretion, and Internalization,” Trends in Cell Biology 34, no.
2(2024): 90-108, https://doi.org/10.1016/j.tcb.2023.06.006.

38.Y. Ju, H. Bai, L. Ren, and L. Zhang, “The Role of Exosome and the
ESCRT Pathway on Enveloped Virus Infection,” International Journal
of Molecular Sciences 22, no. 16 (2021): 9060, https://doi.org/10.3390/
1jms22169060.

39. T. Inuzuka, A. Inokawa, C. Chen, et al., “ALG-2-Interacting Tubby-
Like Protein Superfamily Member PLSCR3 Is Secreted by an Exosomal
Pathway and Taken Up by Recipient Cultured Cells,” Bioscience Reports
33, no. 2 (2013): €00026, https://doi.org/10.1042/BSR20120123.

40.J. Larios, V. Mercier, A. Roux, and J. Gruenberg, “ALIX- and
ESCRT-III-Dependent Sorting of Tetraspanins to Exosomes,” Journal of
Cell Biology 219, no. 3 (2020): €201904113, https://doi.org/10.1083/jcb.
201904113.

41.K. Xu, H. Feng, R. Zhao, and Y. Huang, “Targeting Tetraspanins
at Cell Interfaces: Functional Modulation and Exosome-Based Drug
Delivery for Precise Disease Treatment,” ChemMedChem 20, no. 2
(2024): €202400664, https://doi.org/10.1002/cmdc.202400664.

42. H. Wei, Q. Chen, L. Lin, et al., “Regulation of Exosome Production
and Cargo Sorting,” International Journal of Biological Sciences 17, no. 1
(2021): 163-177, https://doi.org/10.7150/ijbs.53671.

43. M. Ostrowski, N. B. Carmo, S. Krumeich, et al., “Rab27a and Rab27b
Control Different Steps of the Exosome Secretion Pathway,” Nature Cell
Biology 12, no. 1 (2010): 19-30, https://doi.org/10.1038/ncb2000.

44. C. Liu, D. Liu, S. Wang, L. Gan, X. Yang, and C. Ma, “Identification
of the SNARE Complex That Mediates the Fusion of Multivesicular
Bodies With the Plasma Membrane in Exosome Secretion,” Journal of
Extracellular Vesicles 12, no. 9 (2023): e12356, https://doi.org/10.1002/
jev2.12356.

45.R. N. Hamzah, K. M. Alghazali, A. S. Biris, and R. J. Griffin,
“Exosome Traceability and Cell Source Dependence on Composition
and Cell-Cell Cross Talk,” International Journal of Molecular Sciences
22, no. 10 (2021): 5346, https://doi.org/10.3390/ijms22105346.

46. D. Burtenshaw, B. Regan, K. Owen, et al., “Exosomal Composition,
Biogenesis and Profiling Using Point-of-Care Diagnostics-Implications
for Cardiovascular Disease,” Frontiers in Cell and Development Biology
10 (2022): 853451, https://doi.org/10.3389/fcell.2022.853451.

47.X. X. Li, L. X. Yang, C. Wang, H. Li, D. S. Shi, and J. Wang, “The
Roles of Exosomal Proteins: Classification, Function, and Applications,”
International Journal of Molecular Sciences 24, no. 4 (2023): 3061,
https://doi.org/10.3390/ijms24043061.

48. F.Xu, S. Luo, P. Lu, C. Cai, W. Li, and C. Li, “Composition, Functions,
and Applications of Exosomal Membrane Proteins,” Frontiers in
Immunology 15 (2024): 1408415, https://doi.org/10.3389/fimmu.2024.
1408415.

49. X. Wang, J. Huang, W. Chen, G. Li, Z. Li, and J. Lei, “The Updated
Role of Exosomal Proteins in the Diagnosis, Prognosis, and Treatment

13 of 17


https://doi.org/10.1177/08853282231194317
https://doi.org/10.1038/s41569-020-00492-2
https://doi.org/10.1016/j.repc.2021.05.020
https://doi.org/10.3389/fimmu.2020.599511
https://doi.org/10.3389/fimmu.2020.599511
https://doi.org/10.31083/j.rcm2501023
https://doi.org/10.31083/j.rcm2501023
https://doi.org/10.3892/mmr.2022.12773
https://doi.org/10.1007/s10753-020-01233-w
https://doi.org/10.5492/wjccm.v12.i3.139
https://doi.org/10.5492/wjccm.v12.i3.139
https://doi.org/10.3390/cells11182833
https://doi.org/10.1371/journal.pone.0166839
https://doi.org/10.1371/journal.pone.0166839
https://doi.org/10.1172/jci.insight.94248
https://doi.org/10.21767/2471-8505.100020
https://doi.org/10.21767/2471-8505.100020
https://doi.org/10.1016/j.intimp.2023.109724
https://doi.org/10.1016/j.intimp.2023.109724
https://doi.org/10.1152/ajpregu.00034.2002
https://doi.org/10.3389/fphar.2020.00210
https://doi.org/10.3389/fphar.2020.00210
https://doi.org/10.4266/acc.2020.00248
https://doi.org/10.4266/acc.2020.00248
https://doi.org/10.1016/j.intimp.2024.112186
https://doi.org/10.1186/s40560-017-0215-2
https://doi.org/10.1186/s40560-017-0215-2
https://doi.org/10.1186/s12964-021-00730-1
https://doi.org/10.1016/j.tcb.2023.06.006
https://doi.org/10.3390/ijms22169060
https://doi.org/10.3390/ijms22169060
https://doi.org/10.1042/BSR20120123
https://doi.org/10.1083/jcb.201904113
https://doi.org/10.1083/jcb.201904113
https://doi.org/10.1002/cmdc.202400664
https://doi.org/10.7150/ijbs.53671
https://doi.org/10.1038/ncb2000
https://doi.org/10.1002/jev2.12356
https://doi.org/10.1002/jev2.12356
https://doi.org/10.3390/ijms22105346
https://doi.org/10.3389/fcell.2022.853451
https://doi.org/10.3390/ijms24043061
https://doi.org/10.3389/fimmu.2024.1408415
https://doi.org/10.3389/fimmu.2024.1408415

of Cancer,” Experimental & Molecular Medicine 54, no. 9 (2022): 1390-
1400, https://doi.org/10.1038/512276-022-00855-4.

50. F. Fabbiano, J. Corsi, E. Gurrieri, C. Trevisan, M. Notarangelo,
and V. G. D'Agostino, “RNA Packaging Into Extracellular Vesicles: An
Orchestra of RNA-Binding Proteins?,” Journal of Extracellular Vesicles
10, no. 2 (2020): 12043, https://doi.org/10.1002/jev2.12043.

51. M. Hegde, A. Kumar, S. Girisa, et al., “Exosomal Noncoding RNA-
Mediated Spatiotemporal Regulation of Lipid Metabolism: Implications
in Immune Evasion and Chronic Inflammation,” Cytokine & Growth
Factor Reviews 73 (2023): 114-134, https://doi.org/10.1016/j.cytogfr.
2023.06.001.

52.H. Wang, X. Ye, M. Spanos, et al., “Exosomal Non-Coding RNA
Mediates Macrophage Polarization: Roles in Cardiovascular Diseases,”
Biology 12, no. 5 (2023): 745, https://doi.org/10.3390/biology12050745.

53.Z. Igbal, K. Rehman, A. Mahmood, et al., “Exosome for mRNA
Delivery: Strategies and Therapeutic Applications,” Journal of
Nanobiotechnology 22, no. 1 (2024): 395, https://doi.org/10.1186/s1295
1-024-02634-x.

54.C.Li, Y.Q.Ni, H. Xu, et al., “Roles and Mechanisms of Exosomal Non-
Coding RNAs in Human Health and Diseases,” Signal Transduction
and Targeted Therapy 6, no. 1 (2021): 383, https://doi.org/10.1038/s4139
2-021-00779-x.

55. F. Hullin-Matsuda, P. Colosetti, M. Rabia, C. Luquain-Costaz, and I.
Delton, “Exosomal Lipids From Membrane Organization to Biomarkers:
Focus on an Endolysosomal-Specific Lipid,” Biochimie 203 (2022): 77-
92, https://doi.org/10.1016/j.biochi.2022.09.016.

56. T. Skotland, N. P. Hessvik, K. Sandvig, and A. Llorente, “Exosomal
Lipid Composition and the Role of Ether Lipids and Phosphoinositides
in Exosome Biology,” Journal of Lipid Research 60, no. 1 (2019): 9-18,
https://doi.org/10.1194/jlr.R084343.

57.C. Thery, S. Amigorena, G. Raposo, et al., “Isolation and
Characterization of Exosomes From Cell Culture Supernatants and
Biological Fluids,” Current Protocols in Cell Biology Chapter 3 (2006):
22, https://doi.org/10.1002/0471143030.cb0322s30.

58.R. J. Lobb, M. Becker, S. W. Wen, et al., “Optimized Exosome
Isolation Protocol for Cell Culture Supernatant and Human Plasma,”
Journal of Extracellular Vesicles 4, no. 1 (2015): 27031, https://doi.org/
10.3402/jev.v4.27031.

59.K. Sidhom, P. O. Obi, and A. Saleem, “A Review of Exosomal
Isolation Methods: Is Size Exclusion Chromatography the Best Option?,”
International Journal of Molecular Sciences 21, no. 18 (2020): 6466,
https://doi.org/10.3390/ijms21186466.

60. G. Diaz, C. Bridges, M. Lucas, et al., “Protein Digestion, Ultrafiltration,
and Size Exclusion Chromatography to Optimize the Isolation of
Exosomes From Human Blood Plasma and Serum,” Journal of Visualized
Experiments 134 (2018): 57467, https://doi.org/10.3791/57467.

61.F. Yang, X. Liao, Y. Tian, et al.,, “Exosome Separation Using
Microfluidic Systems: Size-Based, Immunoaffinity-Based and Dynamic
Methodologies,” Biotechnology Journal 12, no. 4 (2017): 1600699, https://
doi.org/10.1002/biot.201600699.

62.P. Sharma, S. Ludwig, L. Muller, et al., “Immunoaffinity-Based
Isolation of Melanoma Cell-Derived Exosomes From Plasma of Patients
With Melanoma,” Journal of Extracellular Vesicles 7, no. 1 (2018):
1435138, https://doi.org/10.1080/20013078.2018.1435138.

63. F. J. Ansari, H. A. Tafti, A. Amanzadeh, et al., “Comparison of the
Efficiency of Ultrafiltration, Precipitation, and Ultracentrifugation
Methods for Exosome Isolation,” Biochemistry and Biophysics Reports
38 (2024): 101668, https://doi.org/10.1016/j.bbrep.2024.101668.

64.C.Y. Soo, Y. Song, Y. Zheng, et al., “Nanoparticle Tracking Analysis
Monitors Microvesicle and Exosome Secretion From Immune Cells,”
Immunology 136, no. 2 (2012): 192-197, https://doi.org/10.1111/j.1365-
2567.2012.03569.x.

65. E. van der Pol, F. A. Coumans, A. E. Grootemaat, et al., “Particle
Size Distribution of Exosomes and Microvesicles Determined by
Transmission Electron Microscopy, Flow Cytometry, Nanoparticle
Tracking Analysis, and Resistive Pulse Sensing,” Journal of Thrombosis
and Haemostasis 12, no. 7 (2014): 1182-1192, https://doi.org/10.1111/
jth.12602.

66. M. K. Jung and J. Y. Mun, “Sample Preparation and Imaging of
Exosomes by Transmission Electron Microscopy,” Journal of Visualized
Experiments 131 (2018): 56482, https://doi.org/10.3791/56482.

67.J. Wen, Z. Zhang, G. Feng, et al., “Transmission Electron Microscopy
Assessment of a Novel Method for Isolating Pure Exosomes From
Serum,” Biotechnic & Histochemistry 98, no. 6 (2023): 391-395, https://
doi.org/10.1080/10520295.2023.2202415.

68. K.Ono, Y. Okusha, M. T. Tran, K. Umemori, and T. Eguchi, “Western
Blot Protocols for Analysis of CCN Proteins and Fragments in Exosomes,
Vesicle-Free Fractions, and Cells,” Methods in Molecular Biology 2582
(2023): 39-57, https://doi.org/10.1007/978-1-0716-2744-0_5.

69.Y. Zhang, J. Bi, J. Huang, Y. Tang, S. Du, and P. Li, “Exosome: A
Review of Its Classification, Isolation Techniques, Storage, Diagnostic
and Targeted Therapy Applications,” International Journal of
Nanomedicine 15 (2020): 6917-6934, https://doi.org/10.2147/1JN.
S264498.

70. R. Maroto, Y. Zhao, M. Jamaluddin, et al., “Effects of Storage
Temperature on Airway Exosome Integrity for Diagnostic and
Functional Analyses,” Journal of Extracellular Vesicles 6, no. 1 (2017):
1359478, https://doi.org/10.1080/20013078.2017.1359478.

71. A. Mebazaa, “Are Platelets a ‘Forgotten’ Source of Sepsis-Induced
Myocardial Depressing Factor(s)?,” Critical Care 12, no. 1 (2008): 110,
https://doi.org/10.1186/cc6220.

72.B. Shin, J. Y. Lee, Y. Im, et al., “Prognostic Implication of
Downregulated Exosomal miRNAs in Patients With Sepsis: A Cross-
Sectional Study With Bioinformatics Analysis,” Journal of Intensive
Care 11, no. 1 (2023): 35, https://doi.org/10.1186/s40560-023-00683-2.

73.W. Hwang, M. Shimizu, and J. W. Lee, “Role of Extracellular
Vesicles in Severe Pneumonia and Sepsis,” Expert Opinion on Biological
Therapy 22, no. 6 (2022): 747-762, https://doi.org/10.1080/14712598.
2022.2066470.

74.L. Li, L. Huang, C. Huang, et al., “The Multiomics Landscape
of Serum Exosomes During the Development of Sepsis,” Journal of
Advanced Research 39 (2022): 203-223, https://doi.org/10.1016/j.jare.
2021.11.005.

75.R. Nieuwland and P. R. Siljander, “A Beginner's Guide to Study
Extracellular Vesicles in Human Blood Plasma and Serum,” Journal of
Extracellular Vesicles 13, no. 1 (2024): e12400, https://doi.org/10.1002/
jev2.12400.

76. C. Backes, E. Meese, and A. Keller, “Specific miRNA Disease
Biomarkers in Blood, Serum and Plasma: Challenges and Prospects,”
Molecular Diagnosis & Therapy 20, no. 6 (2016): 509-518, https://doi.
org/10.1007/s40291-016-0221-4.

77.T. Panich, W. Chancharoenthana, P. Somparn, J. Issara-Amphorn,
N. Hirankarn, and A. Leelahavanichkul, “Urinary Exosomal Activating
Transcriptional Factor 3 as the Early Diagnostic Biomarker for Sepsis-
Induced Acute Kidney Injury,” BMC Nephrology 18, no. 1 (2017): 10,
https://doi.org/10.1186/s12882-016-0415-3.

78. M. Li, E. Zeringer, T. Barta, J. Schageman, A. Cheng, and A. V.
Vlassov, “Analysis of the RNA Content of the Exosomes Derived From
Blood Serum and Urine and Its Potential as Biomarkers,” Philosophical
Transactions of the Royal Society of London. Series B, Biological Sciences
369, no. 1652 (2014): 20130502, https://doi.org/10.1098/rstb.2013.0502.

79. D.Li,H.Luo, H.Ruan, et al., “Isolation and Identification of Exosomes
From Feline Plasma, Urine and Adipose-Derived Mesenchymal Stem
Cells,” BMC Veterinary Research 17, no. 1 (2021): 272, https://doi.org/10.
1186/s12917-021-02960-4.

14 of 17

Journal of Cellular and Molecular Medicine, 2025


https://doi.org/10.1038/s12276-022-00855-4
https://doi.org/10.1002/jev2.12043
https://doi.org/10.1016/j.cytogfr.2023.06.001
https://doi.org/10.1016/j.cytogfr.2023.06.001
https://doi.org/10.3390/biology12050745
https://doi.org/10.1186/s12951-024-02634-x
https://doi.org/10.1186/s12951-024-02634-x
https://doi.org/10.1038/s41392-021-00779-x
https://doi.org/10.1038/s41392-021-00779-x
https://doi.org/10.1016/j.biochi.2022.09.016
https://doi.org/10.1194/jlr.R084343
https://doi.org/10.1002/0471143030.cb0322s30
https://doi.org/10.3402/jev.v4.27031
https://doi.org/10.3402/jev.v4.27031
https://doi.org/10.3390/ijms21186466
https://doi.org/10.3791/57467
https://doi.org/10.1002/biot.201600699
https://doi.org/10.1002/biot.201600699
https://doi.org/10.1080/20013078.2018.1435138
https://doi.org/10.1016/j.bbrep.2024.101668
https://doi.org/10.1111/j.1365-2567.2012.03569.x
https://doi.org/10.1111/j.1365-2567.2012.03569.x
https://doi.org/10.1111/jth.12602
https://doi.org/10.1111/jth.12602
https://doi.org/10.3791/56482
https://doi.org/10.1080/10520295.2023.2202415
https://doi.org/10.1080/10520295.2023.2202415
https://doi.org/10.1007/978-1-0716-2744-0_5
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.2147/IJN.S264498
https://doi.org/10.1080/20013078.2017.1359478
https://doi.org/10.1186/cc6220
https://doi.org/10.1186/s40560-023-00683-2
https://doi.org/10.1080/14712598.2022.2066470
https://doi.org/10.1080/14712598.2022.2066470
https://doi.org/10.1016/j.jare.2021.11.005
https://doi.org/10.1016/j.jare.2021.11.005
https://doi.org/10.1002/jev2.12400
https://doi.org/10.1002/jev2.12400
https://doi.org/10.1007/s40291-016-0221-4
https://doi.org/10.1007/s40291-016-0221-4
https://doi.org/10.1186/s12882-016-0415-3
https://doi.org/10.1098/rstb.2013.0502
https://doi.org/10.1186/s12917-021-02960-4
https://doi.org/10.1186/s12917-021-02960-4

80. X. Mu, X. Wang, W. Huang, et al., “Circulating Exosomes Isolated
From Septic Mice Induce Cardiovascular Hyperpermeability Through
Promoting Podosome Cluster Formation,” Shock 49, no. 4 (2018): 429-
441, https://doi.org/10.1097/SHK.0000000000000928.

81. G. W. Tu, J. F. Ma, J. K. Li, et al., “Exosome-Derived From Sepsis
Patients’ Blood Promoted Pyroptosis of Cardiomyocytes by Regulating
miR-885-5p/HMBOX1,” Frontiers in Cardiovascular Medicine 9 (2022):
774193, https://doi.org/10.3389/fcvm.2022.774193.

82. F. Sun, H. Geng, Y. Sun, et al., “Exosomes Derived From the Blood
of Patients With Sepsis Regulate Apoptosis and Aerobic Glycolysis in
Human Myocardial Cells via the Hsa-miR-1262/SLC2A1 Signaling
Pathway,” Molecular Medicine Reports 25, no. 4 (2022): 119, https://doi.
0rg/10.3892/mmr.2022.12635.

83.N. A. Garcia, I. Ontoria-Oviedo, H. Gonzalez-King, et al., “Glucose
Starvation in Cardiomyocytes Enhances Exosome Secretion and
Promotes Angiogenesis in Endothelial Cells,” PLoS One 10, no. 9 (2015):
€0138849, https://doi.org/10.1371/journal.pone.0138849.

84.G. Chen, A. Yue, M. Wang, Z. Ruan, and L. Zhu, “The Exosomal
IncRNA KLF3-AS1 From Ischemic Cardiomyocytes Mediates IGF-1
Secretion by MSCs to Rescue Myocardial Ischemia-Reperfusion Injury,”
Frontiers in Cardiovascular Medicine 8 (2021): 671610, https://doi.org/
10.3389/fcvm.2021.671610.

85.F. Tu, X. Wang, X. Zhang, et al., “Novel Role of Endothelial
Derived Exosomal HSPA12B in Regulating Macrophage Inflammatory
Responses in Polymicrobial Sepsis,” Frontiers in Immunology 11 (2020):
825, https://doi.org/10.3389/fimmu.2020.00825.

86. F. Tang,J. N. Zhang, L. Y. Xu, et al., “Endothelial-Derived Exosomes:
A Novel Therapeutic Strategy for LPS-Induced Myocardial Damage
With Anisodamine,” International Journal of Biological Macromolecules
282 (2024): 136993, https://doi.org/10.1016/j.ijbiomac.2024.136993.

87.L. Wang, H. Zhao, H. Xu, et al., “Targeting the TXNIP-NLRP3
Interaction With PSSM1443 to Suppress Inflammation in Sepsis-
Induced Myocardial Dysfunction,” Journal of Cellular Physiology 236,
no. 6 (2021): 4625-4639, https://doi.org/10.1002/jcp.30186.

88. C. Bi, D. Wang, B. Hao, and T. Yang, “Snhgl4/miR-181a-5p Axis-
Mediated “M1” Macrophages Aggravate LPS-Induced Myocardial Cell
Injury,” Heliyon 10, no. 18 (2024): €37104, https://doi.org/10.1016/j.heliy
on.2024.e37104.

89.C. Ma, Z. Yang, J. Wang, et al., “Interleukin-lbeta Stimulated
Macrophage Derived Exosomes Improve Myocardial Injury in Sepsis
via Regulation of Mitochondrial Homeostasis: Experimental Research,”
International Journal of Surgery 111, no. 1 (2024): 283, https://doi.org/
10.1097/JS9.0000000000001915.

90. X. Sun, Y. Liu, J. Wang, M. Zhang, and M. Wang, “Cardioprotection
of M2 Macrophages-Derived Exosomal microRNA-24-3p/Tnfsf10 Axis
Against Myocardial Injury After Sepsis,” Molecular Immunology 141
(2022): 309-317, https://doi.org/10.1016/j.molimm.2021.11.003.

91. L. C. Azevedo, M. JaniszewsKki, V. Pontieri, et al., “Platelet-Derived
Exosomes From Septic Shock Patients Induce Myocardial Dysfunction,”
Critical Care 11, no. 6 (2007): R120, https://doi.org/10.1186/cc6176.

92. M. H. Gambim, O. do Carmo Ade, L. Marti, et al., “Platelet-Derived
Exosomes Induce Endothelial Cell Apoptosis Through Peroxynitrite
Generation: Experimental Evidence for a Novel Mechanism of Septic
Vascular Dysfunction,” Critical Care 11, no. 5 (2007): R107, https://doi.
org/10.1186/cc6133.

93.Y. Jiao, W. Li, W. Wang, et al., “Platelet-Derived Exosomes Promote
Neutrophil Extracellular Trap Formation During Septic Shock,” Critical
Care 24, no. 1 (2020): 380, https://doi.org/10.1186/s13054-020-03082-3.

94. M. A. Flierl, D. Rittirsch, M. S. Huber-Lang, J. V. Sarma, and P. A.
Ward, “Molecular Events in the Cardiomyopathy of Sepsis,” Molecular
Medicine 14, no. 5-6 (2008): 327-336, https://doi.org/10.2119/2007-
00130.Flierl.

95.Y.Im, H. Yoo, J. Y. Lee, J. Park, G. Y. Suh, and K. Jeon, “Association
of Plasma Exosomes With Severity of Organ Failure and Mortality in
Patients With Sepsis,” Journal of Cellular and Molecular Medicine 24,
no. 16 (2020): 9439-9445, https://doi.org/10.1111/jcmm.15606.

96.X. R. Xing, L. P. Luo, Y. L. Li, Y. W. Guo, J. Wang, and J. Qin,
“Role of Activating the Nuclear Factor Kappa B Signaling Pathway
in the Development of Septic Cardiomyopathy in Rats With Sepsis,”
Technology and Health Care 31, no. 5 (2023): 1671-1681, https://doi.org/
10.3233/THC-220471.

97. V. Tsolaki, D. Makris, K. Mantzarlis, and E. Zakynthinos, “Sepsis-
Induced Cardiomyopathy: Oxidative Implications in the Initiation and
Resolution of the Damage,” Oxidative Medicine and Cellular Longevity
2017 (2017): 7393525, https://doi.org/10.1155/2017/7393525.

98. A. Waldenstrom, N. Genneback, U. Hellman, et al., “Cardiomyocyte
Microvesicles Contain DNA/RNA and Convey Biological Messages to
Target Cells,” PLoS One 7, no. 4 (2012): e34653, https://doi.org/10.1371/
journal.pone.0034653.

99. G. A. Aguirre, J. L. Gonzalez-Guerra, L. Espinosa, and I. Castilla-
Cortazar, “Insulin-Like Growth Factor 1 in the Cardiovascular System,”
Reviews of Physiology, Biochemistry and Pharmacology 175 (2018): 1-45,
https://doi.org/10.1007/112_2017_8.

100. T. M. Balija and S. F. Lowry, “Lipopolysaccharide and Sepsis-
Associated Myocardial Dysfunction,” Current Opinion in Infectious
Diseases 24, no. 3 (2011): 248-253, https://doi.org/10.1097/QC0.0b013
€32834536¢e.

101.J. Joffre, J. Hellman, C. Ince, and H. Ait-Oufella, “Endothelial
Responses in Sepsis,” American Journal of Respiratory and Critical Care
Medicine 202, no. 3 (2020): 361-370, https://doi.org/10.1164/rccm.20191
0-1911TR.

102.J. Joffre and J. Hellman, “Oxidative Stress and Endothelial
Dysfunction in Sepsis and Acute Inflammation,” Antioxidants & Redox
Signaling 35, no. 15 (2021): 1291-1307, https://doi.org/10.1089/ars.
2021.0027.

103. X. Zhang, X. Wang, M. Fan, et al., “Endothelial HSPA12B Exerts
Protection Against Sepsis-Induced Severe Cardiomyopathy via
Suppression of Adhesion Molecule Expression by miR-126,” Frontiers in
Immunology 11 (2020): 566, https://doi.org/10.3389/fimmu.2020.00566.

104. R. S. Gabarin, M. Li, P. A. Zimmel, J. C. Marshall, Y. Li, and H.
Zhang, “Intracellular and Extracellular Lipopolysaccharide Signaling
in Sepsis: Avenues for Novel Therapeutic Strategies,” Journal of Innate
Immunity 13, no. 6 (2021): 323-332, https://doi.org/10.1159/000515740.

105.M. Wang, J. Feng, D. Zhou, and J. Wang, “Bacterial
Lipopolysaccharide-Induced Endothelial Activation and Dysfunction:
A New Predictive and Therapeutic Paradigm for Sepsis,” European
Journal of Medical Research 28, no. 1 (2023): 339, https://doi.org/10.
1186/s40001-023-01301-5.

106. X. S. Chen, S. H. Wang, C.Y. Liu, et al., “Losartan Attenuates Sepsis-
Induced Cardiomyopathy by Regulating Macrophage Polarization
via TLR4-Mediated NF-xB and MAPK Signaling,” Pharmacological
Research 185(2022): 106473, https://doi.org/10.1016/j.phrs.2022.106473.

107.D. Ma, X. Qin, Z. A. Zhong, H. Liao, P. Chen, and B. Zhang,
“Systematic Analysis of Myocardial Immune Progression in
Septic Cardiomyopathy: Immune-Related Mechanisms in Septic
Cardiomyopathy,” Frontiers in Cardiovascular Medicine 9 (2022):
1036928, https://doi.org/10.3389/fcvm.2022.1036928.

108. G. B. Lim, “Cardiac-Resident Macrophages Protect Against Sepsis-
Induced Cardiomyopathy,” Nature Reviews. Cardiology 20, no. 3 (2023):
141, https://doi.org/10.1038/s41569-023-00837-7.

109. F. Cheng and N. Wang, “N-Lobe of TXNIP Is Critical in the
Allosteric Regulation of NLRP3 via TXNIP Binding,” Frontiers in Aging
Neuroscience 14 (2022): 893919, https://doi.org/10.3389/fnagi.2022.
893919.

150f 17


https://doi.org/10.1097/SHK.0000000000000928
https://doi.org/10.3389/fcvm.2022.774193
https://doi.org/10.3892/mmr.2022.12635
https://doi.org/10.3892/mmr.2022.12635
https://doi.org/10.1371/journal.pone.0138849
https://doi.org/10.3389/fcvm.2021.671610
https://doi.org/10.3389/fcvm.2021.671610
https://doi.org/10.3389/fimmu.2020.00825
https://doi.org/10.1016/j.ijbiomac.2024.136993
https://doi.org/10.1002/jcp.30186
https://doi.org/10.1016/j.heliyon.2024.e37104
https://doi.org/10.1016/j.heliyon.2024.e37104
https://doi.org/10.1097/JS9.0000000000001915
https://doi.org/10.1097/JS9.0000000000001915
https://doi.org/10.1016/j.molimm.2021.11.003
https://doi.org/10.1186/cc6176
https://doi.org/10.1186/cc6133
https://doi.org/10.1186/cc6133
https://doi.org/10.1186/s13054-020-03082-3
https://doi.org/10.2119/2007-00130.Flierl
https://doi.org/10.2119/2007-00130.Flierl
https://doi.org/10.1111/jcmm.15606
https://doi.org/10.3233/THC-220471
https://doi.org/10.3233/THC-220471
https://doi.org/10.1155/2017/7393525
https://doi.org/10.1371/journal.pone.0034653
https://doi.org/10.1371/journal.pone.0034653
https://doi.org/10.1007/112_2017_8
https://doi.org/10.1097/QCO.0b013e32834536ce
https://doi.org/10.1097/QCO.0b013e32834536ce
https://doi.org/10.1164/rccm.201910-1911TR
https://doi.org/10.1164/rccm.201910-1911TR
https://doi.org/10.1089/ars.2021.0027
https://doi.org/10.1089/ars.2021.0027
https://doi.org/10.3389/fimmu.2020.00566
https://doi.org/10.1159/000515740
https://doi.org/10.1186/s40001-023-01301-5
https://doi.org/10.1186/s40001-023-01301-5
https://doi.org/10.1016/j.phrs.2022.106473
https://doi.org/10.3389/fcvm.2022.1036928
https://doi.org/10.1038/s41569-023-00837-7
https://doi.org/10.3389/fnagi.2022.893919
https://doi.org/10.3389/fnagi.2022.893919

110. O. Shannon, “The Role of Platelets in Sepsis,” Research and Practice
in Thrombosis and Haemostasis 5, no. 1 (2021): 27-37, https://doi.org/10.
1002/rth2.12465.

111. M. Su, C. Chen, S. Li, et al., “Gasdermin D-Dependent Platelet
Pyroptosis Exacerbates NET Formation and Inflammation in Severe
Sepsis,” Nature Cardiovascular Research 1, no. 8 (2022): 732-747, https://
doi.org/10.1038/s44161-022-00108-7.

112.Y. Zhao, Y. Hu, Y. Wang, et al.,, “Cardiac Fibroblast-Derived
Mitochondria-Enriched sEVs Regulate Tissue Inflammation and
Ventricular Remodeling Post-Myocardial Infarction Through NLRP3
Pathway,” Pharmacological Research 214 (2025): 107676, https://doi.
0rg/10.1016/j.phrs.2025.107676.

113.J. Hohn, W. Tan, A. Carver, H. Barrett, and W. Carver, “Roles of
Exosomes in Cardiac Fibroblast Activation and Fibrosis,” Cells 10, no.
11 (2021): 2933, https://doi.org/10.3390/cells10112933.

114.D. Liu, M. Yang, Y. Yao, et al., “Cardiac Fibroblasts Promote
Ferroptosis in Atrial Fibrillation by Secreting Exo-miR-23a-3p
Targeting SLC7A11,” Oxidative Medicine and Cellular Longevity 2022
(2022): 3961495, https://doi.org/10.1155/2022/3961495.

115. R. Bryl, M. Kulus, A. Bryja, et al., “Cardiac Progenitor Cell Therapy:
Mechanisms of Action,” Cell & Bioscience 14, no. 1 (2024): 30, https://
doi.org/10.1186/s13578-024-01211-x.

116. E. A. Mol, M. J. Goumans, and J. P. G. Sluijter, “Cardiac Progenitor-
Cell Derived Exosomes as Cell-Free Therapeutic for Cardiac Repair,”
Advances in Experimental Medicine and Biology 998 (2017): 207-219,
https://doi.org/10.1007/978-981-10-4397-0_14.

117. L. Barile, V. Lionetti, E. Cervio, et al., “Extracellular Vesicles From
Human Cardiac Progenitor Cells Inhibit Cardiomyocyte Apoptosis and
Improve Cardiac Function After Myocardial Infarction,” Cardiovascular
Research 103, no. 4 (2014): 530-541, https://doi.org/10.1093/cvr/cvul67.

118. F. Pagano, V. Picchio, F. Angelini, et al, “The Biological
Mechanisms of Action of Cardiac Progenitor Cell Therapy,” Current
Cardiology Reports 20, no. 10 (2018): 84, https://doi.org/10.1007/s1188
6-018-1031-6.

119. G. Ronan, G. Bahcecioglu, J. Yang, and P. Zorlutuna, “Cardiac
Tissue-Resident Vesicles Differentially Modulate Anti-Fibrotic
Phenotype by Age and Sex Through Synergistic miRNA Effects,”
Biomaterials 311 (2024): 122671, https://doi.org/10.1016/j.biomaterials.
2024.122671.

120. R. Bzk, K. Varming, and M. M. Jergensen, “Does Smoking, Age
or Gender Affect the Protein Phenotype of Extracellular Vesicles in
Plasma?,” Transfusion and Apheresis Science 55, no. 1 (2016): 44-52,
https://doi.org/10.1016/j.transci.2016.07.012.

121. N. Noren Hooten, A. M. Byappanahalli, M. Vannoy, V. Omoniyi,
and M. K. Evans, “Influences of Age, Race, and Sex on Extracellular
Vesicle Characteristics,” Theranostics 12, no. 9 (2022): 4459-4476,
https://doi.org/10.7150/thno.72676.

122.J. Fafian-Labora, I. Lesende-Rodriguez, P. Fernandez-Pernas,
et al.,, “Effect of Age on Pro-Inflammatory miRNAs Contained in
Mesenchymal Stem Cell-Derived Extracellular Vesicles,” Scientific
Reports 7 (2017): 43923, https://doi.org/10.1038/srep43923.

123. L.R. Cechinel, R. A. Batabyal, G. Blume Corssac, et al., “Circulating
Total Extracellular Vesicles Cargo Are Associated With Age-Related
Oxidative Stress and Susceptibility to Cardiovascular Diseases:
Exploratory Results From Microarray Data,” Biomedicine 11, no. 11
(2023): 2920, https://doi.org/10.3390/biomedicines11112920.

124. E. Caparrés, I. Garcia-Martinez, Z. Pedro, et al.,, “An Altered
Expression of miR-376a-3p and miR-20a-5p in Peripheral Blood
Exosomes Regulates the Autophagy and Inflammatory Systemic
Substrates, and Relates to the Smoking Habit and Age in Crohn's
Disease,” FASEB Journal 38, no. 2 (2024): e23418, https://doi.org/10.
1096/fj.202301761R.

125. S. Lazo, N. Noren Hooten, J. Green, et al., “Mitochondrial DNA in
Extracellular Vesicles Declines With Age,” Aging Cell 20, no. 1 (2021):
€13283, https://doi.org/10.1111/acel.13283.

126. X. Chen, Y. Luo, Q. Zhu, et al., “Small Extracellular Vesicles From
Young Plasma Reverse Age-Related Functional Declines by Improving
Mitochondrial Energy Metabolism,” Nature Aging 4, no. 6 (2024): 814-
838, https://doi.org/10.1038/s43587-024-00612-4.

127. C. M. Trigo, J. S. Rodrigues, S. P. Camoes, et al., “Mesenchymal
Stem Cell Secretome for Regenerative Medicine: Where Do We Stand?,”
Journal of Advanced Research 70 (2024): 103-124, https://doi.org/10.
1016/j.jare.2024.05.004.

128. M. van Griensven and E. R. Balmayor, “Extracellular Vesicles Are
Key Players in Mesenchymal Stem Cells’ Dual Potential to Regenerate
and Modulate the Immune System,” Advanced Drug Delivery Reviews
207 (2024): 115203, https://doi.org/10.1016/j.addr.2024.115203.

129.B. C. Galgaro, L. R. Beckenkamp, M. van den Nunnenkamp,
et al., “The Adenosinergic Pathway in Mesenchymal Stem Cell Fate
and Functions,” Medical Research Reviews 41, no. 4 (2021): 2316-2349,
https://doi.org/10.1002/med.21796.

130. E. Oveili, S. Vafaei, H. Bazavar, et al., “The Potential Use of
Mesenchymal Stem Cells-Derived Exosomes as microRNAs Delivery
Systems in Different Diseases,” Cell Communication and Signaling: CCS
21, no. 1 (2023): 20, https://doi.org/10.1186/s12964-022-01017-9.

131. X. Wang, H. Gu, D. Qin, et al., “Exosomal miR-223 Contributes
to Mesenchymal Stem Cell-Elicited Cardioprotection in Polymicrobial
Sepsis,” Scientific Reports 5 (2015): 13721, https://doi.org/10.1038/
srepl3721.

132. C. Liu, J. Xue, B. Xu, et al., “Exosomes Derived From miR-146a-
5p-Enriched Mesenchymal Stem Cells Protect the Cardiomyocytes and
Myocardial Tissues in the Polymicrobial Sepsis Through Regulating
MYBL1,” Stem Cells International 2021 (2021): 1530445, https://doi.org/
10.1155/2021/1530445.

133.J. Li, R. Jiang, Y. Hou, and A. Lin, “Mesenchymal Stem Cells-
Derived Exosomes Prevent Sepsis-Induced Myocardial Injury by a
CircRTN4/miR-497-5p/MG53 Pathway,” Biochemical and Biophysical
Research Communications 618 (2022): 133-140, https://doi.org/10.
1016/j.bbrc.2022.05.094.

134. Z. Cetin, E. I. Saygili, G. Gorgisen, et al., “Preclinical Experimental
Applications of miRNA Loaded BMSC Extracellular Vesicles,” Stem Cell
Reviews and Reports 17, no. 2 (2021): 471-501, https://doi.org/10.1007/
$12015-020-10082-x.

135.R. Xu, F. Zhang, R. Chai, et al., “Exosomes Derived From Pro-
Inflammatory Bone Marrow-Derived Mesenchymal Stem Cells Reduce
Inflammation and Myocardial Injury via Mediating Macrophage
Polarization,” Journal of Cellular and Molecular Medicine 23, no. 11
(2019): 7617-7631, https://doi.org/10.1111/jcmm.14635.

136.H. Y. Liu, L. F. Yu, T. G. Zhou, et al.,, “Lipopolysaccharide-
Stimulated Bone Marrow Mesenchymal Stem Cells-Derived Exosomes
Inhibit H,O,-Induced Cardiomyocyte Inflammation and Oxidative
Stress via Regulating miR-181a-5p/ATF2 Axis,” European Review for
Medical and Pharmacological Sciences 24, no. 19 (2020): 10069-10077,
https://doi.org/10.26355/eurrev_202010_23224.

137.Y. Pei, S. Xie, J. Li, and B. Jia, “Bone Marrow-Mesenchymal
Stem Cell-Derived Exosomal microRNA-141 Targets PTEN and
Activates {3-Catenin to Alleviate Myocardial Injury in Septic Mice,”
Immunopharmacology and Immunotoxicology 43, no. 5 (2021): 584-593,
https://doi.org/10.1080/08923973.2021.1955920.

138. M. R. Abouzid, K. Ali, I. Kamel, S. Esteghamati, A. Saleh, and M.
Ghanim, “The Safety and Efficacy of Human Umbilical Cord-Derived
Mesenchymal Stem Cells in Patients With Heart Failure and Myocardial
Infarction: A Meta-Analysis of Clinical Trials,” Cureus 15, no. 11 (2023):
€49645, https://doi.org/10.7759/cureus.49645.

16 of 17

Journal of Cellular and Molecular Medicine, 2025


https://doi.org/10.1002/rth2.12465
https://doi.org/10.1002/rth2.12465
https://doi.org/10.1038/s44161-022-00108-7
https://doi.org/10.1038/s44161-022-00108-7
https://doi.org/10.1016/j.phrs.2025.107676
https://doi.org/10.1016/j.phrs.2025.107676
https://doi.org/10.3390/cells10112933
https://doi.org/10.1155/2022/3961495
https://doi.org/10.1186/s13578-024-01211-x
https://doi.org/10.1186/s13578-024-01211-x
https://doi.org/10.1007/978-981-10-4397-0_14
https://doi.org/10.1093/cvr/cvu167
https://doi.org/10.1007/s11886-018-1031-6
https://doi.org/10.1007/s11886-018-1031-6
https://doi.org/10.1016/j.biomaterials.2024.122671
https://doi.org/10.1016/j.biomaterials.2024.122671
https://doi.org/10.1016/j.transci.2016.07.012
https://doi.org/10.7150/thno.72676
https://doi.org/10.1038/srep43923
https://doi.org/10.3390/biomedicines11112920
https://doi.org/10.1096/fj.202301761R
https://doi.org/10.1096/fj.202301761R
https://doi.org/10.1111/acel.13283
https://doi.org/10.1038/s43587-024-00612-4
https://doi.org/10.1016/j.jare.2024.05.004
https://doi.org/10.1016/j.jare.2024.05.004
https://doi.org/10.1016/j.addr.2024.115203
https://doi.org/10.1002/med.21796
https://doi.org/10.1186/s12964-022-01017-9
https://doi.org/10.1038/srep13721
https://doi.org/10.1038/srep13721
https://doi.org/10.1155/2021/1530445
https://doi.org/10.1155/2021/1530445
https://doi.org/10.1016/j.bbrc.2022.05.094
https://doi.org/10.1016/j.bbrc.2022.05.094
https://doi.org/10.1007/s12015-020-10082-x
https://doi.org/10.1007/s12015-020-10082-x
https://doi.org/10.1111/jcmm.14635
https://doi.org/10.26355/eurrev_202010_23224
https://doi.org/10.1080/08923973.2021.1955920
https://doi.org/10.7759/cureus.49645

139. L. Raposo, A. P. Lourenco, D. S. Nascimento, R. Cerqueira, N.
Cardim, and A. Leite-Moreira, “Human Umbilical Cord Tissue-Derived
Mesenchymal Stromal Cells as Adjuvant Therapy for Myocardial
Infarction: A Review of Current Evidence Focusing on Pre-Clinical
Large Animal Models and Early Human Trials,” Cytotherapy 23, no. 11
(2021): 974-979, https://doi.org/10.1016/j.jcyt.2021.05.002.

140.Y. Shi, Y. Yang, Q. Guo, et al., “Exosomes Derived From Human
Umbilical Cord Mesenchymal Stem Cells Promote Fibroblast-to-
Myofibroblast Differentiation in Inflammatory Environments and
Benefit Cardioprotective Effects,” Stem Cells and Development 28, no.
12 (2019): 799-811, https://doi.org/10.1089/scd.2018.0242.

141. C. Sun, X. Tian, Y. Jia, M. Yang, Y. Li, and D. G. Fernig, “Functions
of Exogenous FGF Signals in Regulation of Fibroblast to Myofibroblast
Differentiation and Extracellular Matrix Protein Expression,” Open
Biology 12, no. 9 (2022): 210356, https://doi.org/10.1098/rso0b.210356.

142. Q. Zhou, M. Xie, J. Zhu, et al.,, “PINK1 Contained in huMSC-
Derived Exosomes Prevents Cardiomyocyte Mitochondrial Calcium
Overload in Sepsis via Recovery of Mitochondrial Ca?* Efflux,” Stem
Cell Research & Therapy 12, no. 1 (2021): 269, https://doi.org/10.1186/
$13287-021-02325-6.

143.L. Mao, S. Liu, Y. Chen, H. Huang, F. Ding, and L. Deng,
“Engineered Exosomes: A Potential Therapeutic Strategy for Septic
Cardiomyopathy,” Frontiers in Cardiovascular Medicine 11 (2024):
1399738, https://doi.org/10.3389/fcvm.2024.1399738.

144. V. Casieri, M. Matteucci, E. M. Pasanisi, et al., “Ticagrelor Enhances
Release of Anti-Hypoxic Cardiac Progenitor Cell-Derived Exosomes
Through Increasing Cell Proliferation In Vitro,” Scientific Reports 10,
no. 1 (2020): 2494, https://doi.org/10.1038/s41598-020-59225-7.

145.C. V. Bitirim, Z. B. Ozer, D. Aydos, et al., “Cardioprotective
Effect of Extracellular Vesicles Derived From Ticagrelor-Pretreated
Cardiomyocyte on Hyperglycemic Cardiomyocytes Through Alleviation
of Oxidative and Endoplasmic Reticulum Stress,” Scientific Reports 12,
no. 1(2022): 5651, https://doi.org/10.1038/s41598-022-09627-6.

146. A. Gasecka, R. Nieuwland, M. Budnik, et al., “Ticagrelor Attenuates
the Increase of Extracellular Vesicle Concentrations in Plasma After
Acute Myocardial Infarction Compared to Clopidogrel,” Journal of
Thrombosis and Haemostasis 18, no. 3 (2020): 609-623, https://doi.org/
10.1111/jth.14689.

147. H. F. Kuo, C. C. Hsieh, S. C. Wang, et al., “Simvastatin Attenuates
Cardiac Fibrosis via Regulation of Cardiomyocyte-Derived Exosome
Secretion,” Journal of Clinical Medicine 8, no. 6 (2019): 794, https://doi.
0rg/10.3390/jcm8060794.

148. C. Ye, F. Zheng, T. Xu, et al., “Norepinephrine Acting on Adventitial
Fibroblasts Stimulates Vascular Smooth Muscle Cell Proliferation via
Promoting Small Extracellular Vesicle Release,” Theranostics 12, no. 10
(2022): 4718-4733, https://doi.org/10.7150/thno.70974.

149. G. Papini, G. Furini, M. Matteucci, et al., “Cardiomyocyte-
Targeting Exosomes From Sulforaphane-Treated Fibroblasts Affords
Cardioprotection in Infarcted Rats,” Journal of Translational Medicine
21, no. 1 (2023): 313, https://doi.org/10.1186/s12967-023-04155-x.

17 of 17


https://doi.org/10.1016/j.jcyt.2021.05.002
https://doi.org/10.1089/scd.2018.0242
https://doi.org/10.1098/rsob.210356
https://doi.org/10.1186/s13287-021-02325-6
https://doi.org/10.1186/s13287-021-02325-6
https://doi.org/10.3389/fcvm.2024.1399738
https://doi.org/10.1038/s41598-020-59225-7
https://doi.org/10.1038/s41598-022-09627-6
https://doi.org/10.1111/jth.14689
https://doi.org/10.1111/jth.14689
https://doi.org/10.3390/jcm8060794
https://doi.org/10.3390/jcm8060794
https://doi.org/10.7150/thno.70974
https://doi.org/10.1186/s12967-023-04155-x

	Roles and Therapeutic Targeting of Exosomes in Sepsis-Induced Cardiomyopathy
	ABSTRACT
	1   |   Introduction
	2   |   Pathophysiology of SICM
	3   |   Overviews of Exosomes
	3.1   |   Biogenesis
	3.2   |   Cargo Composition and Function
	3.3   |   Exosome Isolation, Characterisation, and Storage
	3.4   |   Characteristics of Circulating Exosomes

	4   |   Role of Exosomes Derived From Various Origins in SICM
	4.1   |   Circulating Blood
	4.2   |   Cardiomyocytes
	4.3   |   Endothelial Cells
	4.4   |   Macrophages
	4.5   |   Platelet
	4.6   |   Other Cells

	5   |   Gender- and Age-Dependent Differences in Exosome Biology and Their Cardioprotective Effects
	6   |   Exosomes Derived From MSCS as Potential Therapeutic Targets in SICM
	7   |   Targeting Exosomes by Drugs and Natural Components for SICM Treatment
	8   |   Conclusion
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	References


