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Severe orthopedic trauma initiates complex pathophysiological cascades that 
frequently lead to life-threatening complications including acute compartment 
syndrome, fat embolism syndrome, deep vein thrombosis, and fracture non-union. 
Traditional biomarkers provide only retrospective indicators of tissue damage, lacking 
the sensitivity and specificity needed for early complication detection. Exosomes, 
nanoscale extracellular vesicles carrying proteins, lipids, and nucleic acids, have 
emerged as critical mediators of intercellular communication that actively participate 
in trauma pathophysiology. This comprehensive review synthesizes accumulating 
evidence suggesting that exosomes may function as active mediators rather than 
passive biomarkers in orthopedic trauma complications. Studies demonstrate 
that trauma-derived exosomes transfer functional cargo including miR-155 and 
inflammatory proteins that reprogram recipient cell phenotypes and induce 
endothelial dysfunction. In vivo animal models show that mesenchymal stem 
cell-derived exosomes significantly enhance fracture healing in non-union models. 
Based on these findings, we present mechanistic models illustrating how trauma-
induced exosomes may drive disease progression in each major complication 
through distinct molecular pathways. Furthermore, we discuss the diagnostic 
potential of exosomal biomarkers, address current methodological challenges, 
and outline future research directions for clinical translation. The integration of 
exosome-based approaches into trauma care represents a paradigm shift that could 
enable early detection of complications and development of targeted therapeutic 
interventions, ultimately improving patient outcomes through precision medicine.
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1 Introduction

Severe orthopedic trauma represents far more than a simple structural failure of the 
skeletal system; it initiates a complex and often devastating cascade of local and systemic 
cellular events. Beyond the initial mechanical injury, the affected tissues and the body as a 
whole are plunged into a state of profound physiological distress, characterized by localized 
hypoxia, rampant sterile inflammation, and extensive metabolic reprogramming within a 
host of cell types, including myocytes, endothelial cells, and adipocytes (1, 2). These cellular 
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responses involve activation of key signaling pathways, including 
hypoxia-inducible factor-1α (HIF-1α) cascades, nuclear factor-κB 
(NF-κB)-mediated inflammatory responses, and disruption of tissue 
homeostasis networks. This secondary wave of biological responses 
is not merely a byproduct of the injury but rather a critical 
determinant of patient outcomes. The ensuing cellular crosstalk and 
systemic feedback loops are directly responsible for the development 
of life-threatening complications such as acute compartment 
syndrome (ACS), fat embolism syndrome (FES), deep vein 
thrombosis (DVT), and fracture non-union, which collectively 
account for the high rates of morbidity and mortality associated with 
these injuries (3).

For decades, clinicians have relied on a panel of conventional 
serological biomarkers, such as creatine kinase (CK), lactate 
dehydrogenase (LDH), and D-dimer, to gauge the severity of trauma 
and monitor for complications. However, these markers possess 
fundamental mechanistic shortcomings that limit their utility for early 
prognostication. CK and LDH are general indicators of tissue necrosis; 
their elevation signifies that substantial muscle damage has already 
occurred, making them lagging indicators rather than predictive tools 
(4). Similarly, D-dimer, a product of fibrin degradation, is notoriously 
non-specific in the context of polytrauma, as nearly all significant 
injuries trigger a systemic coagulation and fibrinolysis response. This 
renders it incapable of distinguishing between a contained systemic 
reaction and the onset of a specific pathological event like DVT, 
leading to a high rate of false positives (5, 6). More critically, these 
traditional markers fail to capture the dynamic intercellular 
communication networks that orchestrate tissue responses to trauma, 
providing no insight into the molecular crosstalk between different 
cell populations or the temporal evolution of signaling cascades that 
determine tissue fate.

In the search for more dynamic and mechanistically informative 
indicators, exosomes have emerged as a paradigm-shifting class of 
biomarkers. Exosomes are nanoscale (30–160 nm) extracellular 
vesicles actively secreted by virtually all cell types as sophisticated 
vectors for intercellular communication (7). Encased within a stable 
lipid bilayer, they carry a rich cargo of proteins, lipids, and nucleic 
acids (including mRNA and miRNA) that provides a molecular 
snapshot of the originating cell’s real-time physiological or 
pathological state (8). The biogenesis of exosomes through the 
endosomal sorting complex required for transport (ESCRT) 
machinery ensures that their molecular cargo reflects the precise 
metabolic and transcriptional state of parent cells. Under stress 
conditions such as hypoxia or inflammation, cells actively remodel 
their exosomal cargo, enriching for specific microRNAs, metabolic 
enzymes, and signaling proteins that can reprogram recipient cell 
behavior (9). This intrinsic ability to transfer functional information 
makes exosomes fundamental players in how cells and tissues 
respond to duress, positioning them as ideal candidates for a “liquid 
biopsy” that can report on ongoing cellular pathophysiology 
(Figure 1).

Despite the compelling theoretical framework for exosome 
involvement in trauma pathophysiology, current understanding of their 
specific roles in orthopedic complications remains fragmentary. While 
extensive research has characterized exosome functions in cancer and 
cardiovascular disease, the mechanistic contribution of extracellular 
vesicles to ACS, FES, DVT, and fracture healing complications has 
received limited systematic investigation. This review synthesizes current 

mechanistic knowledge of exosome-mediated signaling in these major 
trauma complications, positioning exosomes as active functional 
mediators rather than passive biomarkers. We propose exosome-centric 
mechanistic models for each condition, identify critical knowledge gaps, 
and establish a conceptual framework for future investigations into 
vesicle-mediated intercellular communication during post-traumatic 
tissue responses (Table 1).

2 Exosome-mediated signaling in 
acute compartment syndrome: 
ischemia–reperfusion injury and 
hypoxic cellular communication

2.1 Pathophysiological foundation of acute 
compartment syndrome

Acute compartment syndrome represents a devastating 
orthopedic emergency characterized by elevated pressure within a 
closed fascial compartment, resulting in compromised tissue 
perfusion and subsequent ischemia–reperfusion injury (10, 11). The 
pathophysiology involves a self-perpetuating cascade where trauma-
induced hemorrhage and edema elevate intracompartmental pressure 
beyond venous capillary pressure, impeding venous outflow and 
further exacerbating pressure increases. This progression ultimately 
compromises arterial inflow, creating a state of profound tissue 
hypoxia within the affected compartment (12, 13). The temporal 
progression of ACS follows a biphasic pattern of injury: initial 
ischemic damage followed by reperfusion injury upon surgical 
decompression, which paradoxically exacerbates cellular dysfunction 
through reactive oxygen species generation and sterile inflammation 
(14, 15).

Current diagnostic approaches rely predominantly on clinical 
examination, particularly the hallmark sign of pain disproportionate 
to injury, supplemented by invasive compartment pressure 
measurements (16, 17). However, these clinical manifestations often 
emerge only after significant tissue damage has occurred, highlighting 
the critical need for molecular indicators capable of detecting early 
ischemic changes before irreversible cellular injury ensues. The 
cellular environment during ACS progression involves complex 
intercellular communication networks that orchestrate tissue 
responses to hypoxia, positioning extracellular vesicles as potential 
mediators and reporters of this pathological process.

2.2 Hypoxia-inducible factor-1α and 
exosomal reprogramming

Tissue hypoxia serves as the central pathophysiological trigger in 
ACS and represents a potent stimulus for cellular exosome biogenesis 
and cargo modification (18, 19). Under hypoxic conditions, hypoxia-
inducible factor-1α (HIF-1α) escapes proteasomal degradation, 
accumulates in the nucleus, and activates transcriptional programs 
essential for cellular adaptation to oxygen deprivation (20, 21). Beyond 
its established roles in angiogenesis and metabolic reprogramming, 
HIF-1α directly regulates genes involved in exosome biogenesis and 
cargo sorting, fundamentally altering both the quantity and molecular 
composition of secreted extracellular vesicles (22, 23).
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Recent investigations have demonstrated that hypoxic stress 
significantly enhances exosome secretion rates while profoundly 
restructuring their proteomic and nucleic acid profiles, particularly 
enriching them with hypoxia-responsive microRNAs termed 
“hypoxamiRs” (24, 25). In the context of compartment syndrome, 
skeletal myocytes and vascular endothelial cells represent the primary 
cellular sources of these hypoxia-modified exosomes. Ischemic 
myocytes release exosomes that reflect their metabolic distress and 
structural damage, while endothelial cells, positioned at the interface 
of systemic circulation and tissue perfusion, secrete vesicles carrying 
distinct signatures of vascular dysfunction and inflammatory 
activation (26, 27). This cellular response creates a systemic molecular 
fingerprint of localized tissue hypoxia that can potentially be detected 
in peripheral circulation before clinical symptoms manifest.

2.3 Molecular signatures of hypoxic 
exosomes in ischemia–reperfusion injury

The molecular cargo of exosomes released during ischemia–
reperfusion injury undergoes systematic remodeling that reflects the 
underlying pathophysiological processes. Hypoxia-responsive 

microRNAs constitute a particularly informative component of this 
cargo, with specific hypoxamiRs serving as sensitive indicators of 
cellular oxygen deprivation. HIF-1α-regulated miR-210 represents a 
well-characterized hypoxamir that promotes cellular survival during 
oxygen limitation and is consistently packaged into exosomes from 
hypoxic cells across multiple tissue types (28, 29). Similarly, 
endothelial-specific miR-424 facilitates angiogenic responses by 
stabilizing HIF-α subunits, creating positive feedback loops that 
amplify hypoxic signaling (30). Muscle-specific microRNAs, including 
miR-1 and miR-206, undergo dysregulation during skeletal muscle 
ischemia and are subsequently enriched in circulating exosomes, 
providing tissue-specific indicators of myocyte distress (31, 32).

Proteomic analysis of ischemia–reperfusion-derived exosomes 
reveals systematic alterations in protein cargo that mirror the 
underlying metabolic and inflammatory changes. Studies utilizing 
experimental models of limb ischemia have identified enrichment of 
metabolic enzymes, structural proteins, and inflammatory mediators 
in post-ischemic exosomes, reflecting the cellular stress response and 
tissue degradation processes (33, 34). Recent work using advanced 
proteomics approaches has demonstrated that exosomes from hypoxic 
endothelial cells carry distinct protein signatures related to coagulation 
activation, inflammatory signaling, and vascular repair mechanisms 

FIGURE 1

The biogenesis, secretion, and molecular composition of exosomes. Schematic illustration of exosome biogenesis pathway showing the progression 
from endoplasmic reticulum through the endosomal sorting system to multivesicular body (MVB) formation and subsequent exocytosis. Exosomes 
contain diverse molecular cargo including membrane proteins (CD9, CD63, CD81, Alix, ARF6), nucleic acids (DNA, RNA species), and metabolites. The 
released exosomes mediate intercellular communication through various mechanisms including receptor binding, membrane fusion, and cargo 
transfer to target cells.
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TABLE 1  Comparative analysis of biomarkers in orthopedic trauma: from traditional to emerging approaches.

Feature Traditional 
biomarkers 
(CK, LDH, 
D-dimer)

Cytokines (IL-
6, TNF-α, 
CRP)

Cell-free 
DNA (cfDNA)

Circulating 
free miRNAs

Microvesicles 
(MVs)

Exosomes

Origin

Passive release from 

cell death; systemic 

byproduct

Secreted by 

activated immune 

cells; acute phase 

response

Released from 

dying/damaged 

cells; nuclear/

mitochondrial 

DNA

Released from cells or 

vesicle degradation

Cell membrane budding; 

stress response

Active, regulated 

secretion via 

endosomal pathway 

from living cells

Size
Small molecules 

(<1 kDa)

Small proteins 

(15–25 kDa)

DNA fragments 

(150–200 bp)
Small RNA (18–25 nt) 100–1,000 nm 30–160 nm

Information 

Content

One-dimensional: 

single molecule 

concentration

Limited: protein 

concentration 

reflects 

inflammation

Moderate: quantity 

reflects cell death; 

fragmentation 

patterns

Moderate: specific 

sequences reflect gene 

regulation

Multi-dimensional: 

proteins, RNAs, surface 

markers

Multi-dimensional: 

proteins, mRNAs, 

miRNAs, lipids

Specificity

Low: general indicator 

of tissue damage or 

coagulation

Moderate: 

inflammation-

specific but not 

disease-specific

Low-Moderate: 

elevated in various 

injuries; mtDNA 

more specific

Moderate-High: 

specific sequences can 

indicate tissue origin

Moderate-High: cargo 

varies by cell type and 

state

High: cargo is highly 

specific to parent cell 

type and pathological 

state

Temporal 

Dynamics

Lagging: peaks hours 

to days post-injury

Rapid: peaks within 

hours but transient

Rapid: released 

immediately upon 

cell death

Variable: depends on 

synthesis and release 

kinetics

Intermediate: released 

during ongoing cellular 

stress

Predictive: cargo 

changes reflect real-

time cellular 

responses

Stability in 

Circulation

Variable: enzymatic 

degradation

Low: rapid 

clearance, short 

half-life (minutes-

hours)

Low: susceptible to 

nuclease 

degradation

Moderate: protein-

bound or vesicle-

associated forms 

more stable

Moderate: membrane 

protection but 

heterogeneous stability

High: lipid bilayer 

protects cargo from 

degradation

Functional Activity
None: end products of 

metabolism

Moderate: can 

trigger 

inflammatory 

cascades

Limited: may 

trigger 

inflammation via 

TLR9

High: can enter cells 

and regulate gene 

expression

High: can transfer 

bioactive molecules and 

surface receptors

High: transfers 

functional cargo; can 

reprogram recipient 

cells

Cargo Sorting 

Mechanism
N/A N/A

Random: reflects 

nuclear/

mitochondrial 

content

Limited: selective 

incorporation into 

vesicles

Non-selective: content 

reflects cytoplasmic 

composition

Highly selective: 

ESCRT-dependent 

and -independent 

pathways

Quantification 

Complexity

Simple: standard 

clinical assays

Simple: ELISA, 

immunoassays

Moderate: qPCR, 

digital PCR

Moderate: qPCR, 

sequencing

Complex: requires flow 

cytometry, nanoparticle 

tracking

Complex: requires 

isolation, 

characterization, 

cargo analysis

Clinical Validation
Extensive: decades of 

clinical use

Extensive: widely 

used in clinical 

practice

Moderate: 

increasing use in 

oncology and 

sepsis

Emerging: limited 

clinical 

standardization

Limited: mostly research 

applications

Emerging: rapidly 

growing evidence 

base

Cost
Low: routine clinical 

tests

Low-Moderate: 

standard 

immunoassays

Moderate: 

molecular assays 

required

Moderate-High: 

specialized RNA 

analysis

High: specialized 

equipment needed

High: isolation and 

multi-omics analysis

Therapeutic 

Potential

None: purely 

diagnostic

Limited: anti-

cytokine therapies 

exist but not 

biomarker-based

None: diagnostic 

only

Moderate: 

oligonucleotide 

therapeutics under 

development

Moderate: potential 

engineered delivery 

vehicles

High: natural drug 

delivery vehicles; can 

be engineered for 

targeted therapy

(Continued)
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(35, 36). These findings establish that ischemia–reperfusion injury 
induces systematic changes in exosomal molecular composition that 
can serve as proximal indicators of tissue-level pathophysiology, 
offering advantages over traditional damage markers that reflect 
terminal cellular injury events.

2.4 A mechanistic model: exosomes as 
propagators of injury in ACS

Based on the evidence, we propose a mechanistic model wherein 
exosomes are not merely passive reporters but active participants in 
the progression of ACS. In the initial ischemic phase, distressed 
myocytes and endothelial cells release a primary wave of exosomes 
carrying a HIF-1α-driven hypoxic signature. These exosomes function 
as nanoscale danger-associated molecular patterns (DAMPs) upon 
entering the local tissue microenvironment and systemic circulation. 
They can signal to adjacent, less-affected cells, propagating the injury 
signal and priming them for subsequent damage. Furthermore, they 
can recruit and activate inflammatory leukocytes, such as neutrophils 
and macrophages, amplifying the sterile inflammatory response that 
is a hallmark of ischemia–reperfusion injury (IRI). This exosome-
mediated propagation of danger signals creates a feed-forward loop 
that accelerates the progression toward irreversible tissue damage. 
This model reframes exosomes as central players in the ACS cascade, 
offering a unique window to monitor the otherwise invisible, early-
stage molecular pathology and providing a compelling rationale for 
their development as next-generation diagnostic tools.

3 Adipocyte-derived exosomes: 
mediators of endothelial dysfunction 
in fat embolism syndrome

3.1 FES as a pathology of ectopic adipose 
signaling

Fat Embolism Syndrome (FES) is a rare but life-threatening 
complication predominantly associated with long-bone fractures, 
characterized by a triad of respiratory distress, neurological 
impairment, and petechial rash (37, 38). Historically, its 
pathophysiology was primarily attributed to the “mechanical theory,” 

which posits that large fat globules liberated from the disrupted bone 
marrow physically obstruct the pulmonary and systemic 
microvasculature (39). While mechanical occlusion undoubtedly 
contributes to the initial insult, this theory alone fails to adequately 
explain the delayed onset of symptoms and the profound systemic 
inflammatory response that defines the clinical syndrome. A more 
comprehensive understanding is offered by the “biochemical theory,” 
which reframes FES as a systemic pathology driven by the toxic effects 
of fat-derived mediators (37, 40). Following trauma, intramedullary 
fat enters the venous circulation, where it is hydrolyzed by lipoprotein 
lipase into free fatty acids (FFAs). These FFAs exert direct cytotoxic 
effects on the pulmonary endothelium, disrupting alveolar-capillary 
membrane integrity and promoting the development of 
non-cardiogenic pulmonary edema, a condition clinically similar to 
Acute Respiratory Distress Syndrome (ARDS) (37, 41). This 
biochemical injury cascade, which triggers a systemic inflammatory 
response syndrome (SIRS), is now considered the central driver of FES 
pathology. This perspective shifts the focus from simple mechanical 
blockade to a complex process of ectopic adipose signaling, where 
mediators released from fat tissue orchestrate a systemic 
disease process.

3.2 Adipocyte-to-endothelial 
communication via exosomes

In this context of ectopic adipose signaling, adipocyte-derived 
exosomes (ADEs) are emerging as critical mediators. Adipose tissue 
is no longer viewed as a passive energy reservoir but as a highly active 
endocrine organ that communicates with distant tissues via secreted 
factors, including exosomes (42, 43). Following a major fracture, the 
massive disruption of bone marrow adipocytes releases not only lipid 
droplets but also a profound bolus of ADEs into the circulation. These 
vesicles serve as sophisticated carriers of bioactive cargo, capable of 
modulating the function of recipient cells, with the vascular 
endothelium being a primary target (44).

A growing body of evidence, largely from studies on metabolic 
diseases such as obesity and type 2 diabetes, demonstrates that ADEs 
from pathological adipose tissue can potently induce endothelial 
dysfunction. For instance, experimental studies have shown that 
extracellular vesicles from inflamed and hypoxic adipocytes 
significantly impair endothelial cell function, with inflammatory 

TABLE 1  (Continued)

Feature Traditional 
biomarkers 
(CK, LDH, 
D-dimer)

Cytokines (IL-
6, TNF-α, 
CRP)

Cell-free 
DNA (cfDNA)

Circulating 
free miRNAs

Microvesicles 
(MVs)

Exosomes

Limitations

Non-specific; late 

indicators; cannot 

identify injury source

Transient elevation; 

influenced by 

multiple factors; 

poor specificity

Short half-life; 

requires rapid 

processing; 

background noise

Lack of 

standardization; 

multiple sources; 

stability issues

Heterogeneous 

population; difficult to 

distinguish from 

exosomes

Isolation challenges; 

standardization 

needed; cost and 

expertise barriers

Advantages in 

Trauma

Widely available; 

cost-effective; 

established reference 

ranges

Reflects acute 

inflammation; rapid 

response

Quantifies cell 

death; differentiates 

necrosis from 

apoptosis

Stable in biofluids; 

tissue-specific 

signatures

Procoagulant activity 

measurable; reflects 

cellular activation

Comprehensive 

molecular snapshot; 

predictive value; 

therapeutic target and 

vehicle
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ADEs causing up to 4.2-fold increases in vascular cell adhesion 
molecule-1 (VCAM-1) expression compared to basal levels (45). 
Mechanistically, these ADEs can transfer specific microRNAs that 
suppress key endothelial protective pathways, such as the nitric oxide 
(NO) signaling cascade, thereby compromising vasodilation (46). 
Recent investigations have demonstrated that exosomes derived from 
diabetic brown adipose tissue significantly downregulate the calcium/
calmodulin-dependent protein kinase II (CaMKII)/endothelial nitric 
oxide synthase (eNOS) pathway, resulting in diminished NO 
production and impaired endothelium-dependent relaxation (47). 
Thus, the communication pathway from adipocyte to endothelium via 
exosomes represents a crucial, yet previously overlooked, axis in the 
pathogenesis of trauma-induced endotheliopathy.

3.3 The pro-inflammatory and bioactive 
cargo of ADEs

The capacity of ADEs to induce endothelial dysfunction is 
encoded within their specific molecular cargo, which is actively sorted 
and packaged based on the state of the parent adipocyte. This cargo 
includes a diverse array of proteins, lipids, and nucleic acids that can 
collectively trigger an inflammatory and injurious response in 
endothelial cells. Among the most studied components are 
microRNAs, particularly miR-155, a well-characterized 
pro-inflammatory miRNA that has been found to be  enriched in 
ADEs from obese adipose tissue macrophages. Upon delivery to 
endothelial cells or macrophages, exosomal miR-155 can promote a 
pro-inflammatory phenotype and contribute to insulin resistance 
through modulation of peroxisome proliferator-activated receptor 
gamma (PPARγ) pathways, exacerbating vascular inflammation 
(48–50).

Beyond miRNAs, ADEs can also transport pro-inflammatory 
cytokines such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 
(IL-6), which can directly activate inflammatory signaling pathways like 
nuclear factor-κB (NF-κB) in recipient endothelial cells (51, 52). 
Furthermore, ADEs facilitate the upregulation of intercellular adhesion 
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) 
on endothelial surfaces. This heightened expression of adhesion 
molecules facilitates the recruitment and transmigration of leukocytes, 
a critical step in initiating and amplifying the local and systemic 
inflammation characteristic of FES (53, 54). The lipid composition of the 
exosomal membrane itself, particularly the exposure of certain bioactive 
lipids and the coordinated action of inflammatory mediators including 
inducible nitric oxide synthase (iNOS), can also contribute to the 
inflammatory cascade (55). This complex payload ensures that ADEs 
released from a trauma site act as potent, multi-pronged signaling 
packages that deliver a concentrated pro-inflammatory and 
pro-thrombotic signal directly to the vascular endothelium.

3.4 A mechanistic model: adipocyte 
exosomes as the “first hit” in FES 
pathogenesis

Integrating these findings, we propose a refined, exosome-centric 
mechanistic model for the pathogenesis of FES. In this model, ADEs act 
as the “first hit” in a multi-step injury process. Immediately following 

fracture, the massive release of ADEs from the bone marrow precedes 
the bulk hydrolysis of fat globules into FFAs. These ADEs travel rapidly 
through the circulation to the lungs, where they encounter and are 
taken up by the pulmonary capillary endothelium. The delivery of their 
pro-inflammatory cargo primes the endothelium, shifting it to an 
activated, dysfunctional state characterized by increased permeability, 
heightened expression of adhesion molecules, and a pro-coagulant 
surface. This “first hit” renders the pulmonary microvasculature hyper-
susceptible to subsequent insults. The “second hit” arrives as the large 
neutral fat emboli are progressively hydrolyzed, leading to a surge in 
circulating FFAs. These toxic FFAs inflict direct chemical injury upon 
the already-primed and vulnerable endothelium. This two-hit sequence, 
initiated by ADEs and exacerbated by FFAs, culminates in a catastrophic 
failure of the alveolar-capillary barrier, massive leukocyte infiltration, 
and the full clinical manifestation of FES. This model positions ADEs 
not merely as markers, but as critical early instigators of the disease 
cascade, offering a novel conceptual framework and identifying a new 
set of potential targets for therapeutic intervention.

4 Exosomes in trauma-induced 
hypercoagulability and deep vein 
thrombosis

4.1 The cellular basis of trauma-induced 
coagulopathy

Deep vein thrombosis (DVT) and its potentially fatal sequela, 
pulmonary embolism (PE), remain among the most feared 
complications following major orthopedic trauma. The elevated risk 
in this patient population represents a classic clinical manifestation of 
Virchow’s triad: venous stasis, endothelial injury, and a systemic 
hypercoagulable state (56). Trauma-induced coagulopathy (TIC) 
describes a complex biological response that evolves through distinct 
temporal phases, with early hypocoagulability typically transitioning 
to late hypercoagulability within 24 h post-injury (57). This late 
hypercoagulable state is characterized by a systemic prothrombotic 
potential that dramatically increases the risk of venous 
thromboembolism and multiple organ failure (58).

The pathophysiology of TIC originates from severe tissue damage 
combined with hemorrhagic shock, resulting in widespread endothelial 
cell activation and dysfunction (59). Extensive tissue injury causes loss 
of the endothelial glycocalyx and increased tissue factor (TF) expression, 
which collectively activate coagulation cascades (60). Simultaneously, 
dying cells release damage-associated molecular patterns (DAMPs), 
including cell-free DNA, histones, and high mobility group box protein 
1 (HMGB-1), that signal tissue injury and trigger systemic inflammatory 
responses intrinsically linked to coagulation activation (61). This process, 
termed thromboinflammation, establishes the cellular foundation for 
trauma-induced hypercoagulability through the coordinated activation 
of platelets, endothelial cells, and immune system components.

4.2 Prothrombotic surfaces on the 
nanoscale

Following traumatic stress, activated platelets and endothelial cells 
release substantial quantities of extracellular vesicles into the 
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circulation, creating mobile prothrombotic platforms that dramatically 
amplify coagulation potential (62). Platelet-derived extracellular 
vesicles (PEVs) represent the most abundant circulating vesicles in 
human blood and exhibit significantly enhanced prothrombotic 
activity compared to their parent cells (63). Recent investigations 
demonstrate that trauma results in a massive systemic surge of PEVs 
that contribute to both enhanced hemostasis and pathological 
thrombosis (62).

The prothrombotic potency of these vesicles derives from two 
critical molecular features. First, their outer membrane leaflet 
becomes enriched with phosphatidylserine (PS), providing an ideal 
anionic surface for assembly of tenase and prothrombinase 
coagulation complexes (64). Experimental evidence demonstrates that 
PS exposure on platelet-derived vesicles serves as the primary 
mechanism for thrombin generation, with this activity efficiently 
blocked by annexin V but not by anti-tissue factor antibodies (65). 
Second, extracellular vesicles can carry tissue factor (TF), the primary 
physiological initiator of the extrinsic coagulation cascade (66). While 
platelets themselves do not constitutively express TF, they can acquire 
it from TF-bearing vesicles through fusion mechanisms, creating 
circulating platforms capable of initiating coagulation throughout the 
vasculature (67).

4.3 Exosome-mediated crosstalk in 
thrombogenesis

The role of extracellular vesicles extends beyond providing 
catalytic surfaces to include active participation in complex 
intercellular communication networks that sustain 
thromboinflammation. Platelet-derived exosomes can transfer specific 
cargo, including microRNAs and inflammatory proteins, to 
endothelial cells, inducing procoagulant phenotypes and promoting 
expression of adhesion molecules such as ICAM-1 (68). This enables 
activated platelets to remotely “instruct” distant, uninjured 
endothelium to become prothrombotic, amplifying the initial local 
response into a systemic phenomenon.

A particularly compelling example of this crosstalk involves the 
formation of neutrophil extracellular traps (NETs), web-like 
structures composed of DNA filaments coated with histones and 
granule proteins that provide scaffolds for thrombus formation (69). 
Recent evidence demonstrates that extracellular vesicles can 
promote NET formation (NETosis), while NET components, 
particularly histones H3 and H4, can further activate platelets and 
endothelial cells, creating self-perpetuating feedback loops (70, 71). 
Studies in trauma patients reveal that NETs are abundant within 
both arterial and venous thrombi, with NET components serving as 
both structural scaffolds and activators of the coagulation 
cascade (72).

The interaction between extracellular vesicles and NETs creates a 
particularly potent prothrombotic environment. NETs provide 
physical scaffolds that capture platelets, red blood cells, and 
coagulation factors, while simultaneously presenting concentrated 
amounts of histones and DNA that can activate circulating platelets 
and promote further vesicle release (73). This intricate, vesicle-
mediated intercellular dialogue ensures that the initial local response 
to trauma amplifies into a systemic and self-sustaining 
prothrombotic state.

4.4 A mechanistic model: an 
exosome-driven “systemic prothrombotic 
potential”

Based on current evidence, we propose an extracellular vesicle-
centric mechanistic model for trauma-induced DVT. Major 
orthopedic trauma triggers a massive systemic surge of highly 
procoagulant extracellular vesicles, primarily from activated platelets 
and endothelial cells, establishing a state of “systemic prothrombotic 
potential” (74). This state is characterized by elevated circulating 
concentrations of PS- and TF-bearing vesicles that dramatically lower 
the threshold for coagulation activation throughout the vasculature.

While this prothrombotic potential does not cause spontaneous 
thrombosis in high-flow arterial systems, it renders the venous 
circulation, particularly deep veins with sluggish flow, exquisitely 
vulnerable to thrombus formation. In areas of venous stasis, 
circulating procoagulant vesicles have sufficient residence time to 
initiate and amplify thrombin generation, leading to fibrin deposition 
and clot propagation (75). This model elegantly explains how localized 
orthopedic injury can predispose to distant thrombotic events.

Experimental evidence supporting this model comes from studies 
demonstrating that trauma-derived extracellular vesicles exhibit 
unique proteomic signatures. Analysis of vesicles from trauma 
patients who developed DVT revealed profound enrichment with 
proteins indicative of neutrophil-driven thromboinflammation, 
including myeloperoxidase (MPO) and histone H4, with levels 
exceeding 150-fold and 100-fold higher than controls, respectively 
(76). These proteins represent key components of NETs and serve as 
direct indicators of the pathogenic cellular processes driving thrombus 
formation. Rather than measuring downstream products of 
fibrinolysis like D-dimer, detection of these vesicle-associated proteins 
offers the potential for mechanism-based diagnostic approaches that 
directly quantify the upstream drivers of thrombogenesis.

5 Exosome-mediated regulation of 
fracture healing and the pathogenesis 
of non-union

5.1 Fracture repair as a coordinated 
intercellular dialogue

Fracture healing represents a complex, orchestrated biological 
process that recapitulates elements of embryonic bone development 
to restore skeletal integrity (76). This regenerative cascade proceeds 
through distinct yet overlapping phases, beginning with an 
inflammatory response, followed by soft callus formation, hard callus 
formation, and finally bone remodeling (77). The success of this 
process depends on meticulously coordinated intercellular 
communication between diverse cell populations, including 
mesenchymal stem cells (MSCs), osteoblasts, osteoclasts, and 
endothelial cells (78). This communication network ensures timely 
recruitment and differentiation of progenitor cells, formation of a 
vascularized callus, and the delicate balance between bone formation 
and bone resorption.

Recent advances have revealed that extracellular vesicles, 
particularly exosomes, serve as critical mediators in this intercellular 
dialogue, acting as nanoscale messengers that transfer functional 
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cargo to coordinate key events of bone repair (79). When this intricate 
communication network fails, the healing process stalls, leading to 
delayed union or atrophic non-union, complications that affect 5–10% 
of the six million annual fractures in the United States (80). Non-union 
can thus be  fundamentally viewed as a breakdown in the crucial 
intercellular signaling that governs the entire regenerative process (81).

5.2 Exosomal control of osteogenesis and 
angiogenesis

5.2.1 Pro-osteogenic exosomal signals
The recruitment and differentiation of MSCs into bone-forming 

osteoblasts represents the cornerstone of fracture repair, and bone 
marrow mesenchymal stem cell-derived exosomes (BMSC-Exos) have 
emerged as powerful mediators of this process (82). Experimental 
evidence demonstrates that BMSC-Exos significantly enhance fracture 
healing through promotion of both osteogenesis and angiogenesis in 
animal models of non-union (82). These vesicles carry pro-osteogenic 
cargo that activates critical signaling pathways in recipient cells 
through well-characterized molecular mechanisms.

BMSC-Exos promote osteogenesis primarily through activation 
of the bone morphogenetic protein-2 (BMP-2)/Smad1/runt-related 
transcription factor 2 (RUNX2) signaling pathway (82). RUNX2 
serves as the master transcription factor for osteoblast differentiation, 
and its expression and activity are tightly regulated by multiple 
mechanisms, including post-translational modifications and 
microRNA-mediated control (83). Recent studies have identified 
specific exosomal microRNAs that regulate RUNX2 function. For 
example, exosomal miR-25 from BMSCs promotes fracture healing by 
inhibiting SMURF1-mediated ubiquitination and degradation of 
RUNX2, thereby enhancing osteoblast differentiation, proliferation, 
and migration (84).

Conversely, inhibitory microRNAs can impair fracture healing 
through targeting of osteogenic pathways. Clinical studies have 
identified that miR-628-3p is upregulated in patients with atrophic 
non-union and directly targets RUNX2, leading to suppressed 
osteoblast differentiation (85). Similarly, miR-133a has been shown to 
inhibit fracture healing through targeting of the RUNX2/BMP2 
signaling pathway, with higher expression levels observed in 
non-union patients compared to those with normal healing (86). 
These findings establish exosomal microRNAs as critical regulators of 
the osteogenic response during fracture repair.

5.2.2 Angiogenic coupling
Successful fracture healing requires tight coupling between 

angiogenesis and osteogenesis, as the formation of new blood vessels 
is essential for supplying oxygen and nutrients to the developing callus 
(87). Hypoxic preconditioning of MSCs enhances the pro-angiogenic 
capacity of their derived exosomes, with hypoxia-conditioned 
exosomes (Hypo-Exos) demonstrating superior effects on bone 
fracture healing compared to normoxic exosomes (88). This enhanced 
functionality is mediated through enrichment of specific microRNAs, 
particularly miR-126, which promotes endothelial cell proliferation, 
migration, and angiogenesis through suppression of SPRED1 and 
activation of the Ras/ERK pathway (88).

BMSC-derived exosomes also promote angiogenesis through the 
hypoxia-inducible factor-1α (HIF-1α)/vascular endothelial growth 

factor (VEGF) signaling pathway (82). Additionally, exosomal 
miR-29a has been identified as a key mediator of the angiogenic-
osteogenic coupling process. BMSC-derived exosomal miR-29a 
promotes both angiogenesis and osteogenesis by targeting VASH1 
(vasohibin 1), leading to enhanced endothelial cell proliferation, 
migration, and tube formation, as well as increased osteoblast function 
(89). This dual functionality demonstrates how single exosomal 
components can coordinate multiple aspects of the fracture 
healing process.

5.3 Exosomal control of osteoclastogenesis 
and bone remodeling

The final phase of fracture healing involves remodeling of the hard 
callus into mature lamellar bone, a process requiring precisely 
controlled balance between bone formation by osteoblasts and bone 
resorption by osteoclasts (90). This balance is regulated through the 
well-characterized RANKL (receptor activator of nuclear factor κB 
ligand)/RANK/osteoprotegerin (OPG) signaling axis, where 
osteoblasts secrete RANKL to stimulate osteoclast differentiation and 
activation (91).

Recent evidence indicates that this classical communication 
pathway is supplemented by extracellular vesicle-mediated signaling. 
Osteoblast-derived vesicles can carry RANKL and deliver it directly 
to osteoclast precursors, while osteoclasts can release vesicles 
containing RANK that may activate reverse signaling pathways in 
osteoblasts (92). Furthermore, osteoclast-derived extracellular vesicles 
contain specific microRNAs that can influence osteoblast behavior. 
For instance, miR-324 present in osteoclast-derived vesicles promotes 
osteogenic differentiation through downregulation of ARHGAP1 and 
activation of RhoA/ROCK signaling (93).

During fracture healing, endogenous parathyroid hormone 
(PTH) signaling demonstrates the complex regulation of osteoclast–
osteoblast communication. PTH deficiency affects osteoclast activity 
by reducing RANKL expression in osteoblasts through the PI3K/
AKT/STAT5 pathway (94). This illustrates how systemic hormonal 
signals can modulate local exosomal communication networks to 
influence fracture healing outcomes.

5.4 A mechanistic model for non-union: 
the “inhibitory exosomal signature”

Based on accumulating evidence, we  propose a mechanistic 
model for atrophic non-union centered on dysregulated exosomal 
communication networks. In normal fracture healing, the circulating 
and local exosome populations undergo dynamic temporal changes 
that reflect and drive the healing process. Following the initial 
inflammatory phase, successful healing requires establishment of a 
“pro-regenerative exosomal signature” characterized by high levels of 
exosomes carrying pro-osteogenic and pro-angiogenic cargo from 
MSCs, osteoblasts, and other supportive cell types (95).

Atrophic non-union may arise from failure to establish and 
maintain this pro-regenerative exosomal environment. Clinical 
evidence supporting this hypothesis comes from studies 
demonstrating that plasma exosomes derived from infected fracture 
non-union patients delay fracture repair in experimental models by 
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inhibiting osteogenic differentiation of bone marrow stromal cells 
(96). These pathological exosomes exhibit distinct microRNA profiles, 
including overexpression of miR-708-5p, which targets structure-
specific recognition protein 1 (SSRP1) and suppresses the Wnt/β-
catenin signaling pathway, thereby impairing osteogenic 
differentiation (96).

This model suggests that the molecular signature of circulating 
exosomes could serve as a dynamic biomarker for monitoring fracture 
healing progression. Early detection of inhibitory exosomal 
signatures—such as persistent elevation of anti-osteogenic microRNAs 
or failure to detect rising levels of pro-regenerative factors—could 
provide mechanism-based early warning signs for impending 
non-union, enabling intervention before radiological evidence of 
healing failure becomes apparent.

The therapeutic implications of this model extend beyond 
biomarker development to direct intervention strategies. Exosome-
based therapies, including BMSC-derived exosomes loaded with 
specific pro-osteogenic microRNAs or growth factors, have 
demonstrated efficacy in preclinical fracture healing models and 
represent promising cell-free therapeutic approaches that avoid the 
complications associated with direct stem cell transplantation (97–99) 
(Table 2; Figure 2).

6 Fundamental challenges and future 
research directions

Despite the compelling theoretical framework and emerging 
evidence supporting exosomes as functional mediators in 
orthopedic trauma, the field faces critical methodological and 
conceptual challenges that must be addressed to advance clinical 
translation. This section examines these challenges systematically 
and outlines strategic research priorities necessary to unlock the 
full potential of exosome-based diagnostics and therapeutics 
(Figure 3).

6.1 Methodological standardization and 
reproducibility

The greatest impediment to exosome research advancement lies 
in the fundamental lack of methodological standardization across 
isolation, characterization, and analysis protocols. Current practices 
encompass diverse approaches including ultracentrifugation, size-
exclusion chromatography, polymer-based precipitation, and 
immunoaffinity capture, each yielding preparations with varying 
purity, yield, and contamination profiles (100). This methodological 
heterogeneity severely compromises inter-study reproducibility and 
prevents meaningful meta-analyses of existing literature.

The International Society for Extracellular Vesicles has addressed 
this challenge through the recently updated Minimal Information for 
Studies of Extracellular Vesicles (MISEV2023) guidelines, which 
represent a consensus from over 1,000 researchers worldwide (101). 
These guidelines establish rigorous criteria for vesicle characterization, 
emphasizing the need for multiple orthogonal approaches to confirm 
vesicle identity and purity. Adherence to MISEV2023 standards is no 
longer optional but represents a prerequisite for generating 
scientifically valid and clinically relevant data.

Beyond standardization, the field urgently requires 
development of high-throughput, clinically feasible isolation 
methods that can process large patient cohorts without 
compromising vesicle integrity or introducing systematic biases. 
Current gold-standard techniques such as differential 
ultracentrifugation, while effective for research applications, lack 
the scalability and standardization necessary for clinical 
implementation (102).

6.2 Addressing vesicle heterogeneity 
through single-particle analysis

Blood plasma contains an extraordinarily complex mixture of 
extracellular vesicles originating from diverse cellular sources 
throughout the body. This inherent heterogeneity presents a 
fundamental challenge for identifying pathologically relevant vesicle 
populations within the total circulating pool. Traditional bulk analysis 
approaches provide only averaged signals across entire populations, 
obscuring critical information about specific subsets that may carry 
disease-relevant molecular signatures (103).

The solution lies in emerging single-vesicle analysis technologies 
that enable phenotypic characterization of individual vesicles. 
Advanced flow cytometric approaches, including imaging flow 
cytometry and high-sensitivity instruments optimized for submicron 
particle detection, now permit multiparametric analysis of individual 
vesicles in complex biological fluids (104, 105). These platforms can 
simultaneously assess vesicle size, membrane composition, and 
surface marker expression, enabling identification and quantification 
of specific vesicle subpopulations.

Complementing flow cytometric approaches, immunoaffinity 
capture using cell-type-specific surface markers offers targeted 
enrichment strategies for isolating vesicles from pathologically 
relevant sources (106). For orthopedic trauma applications, markers 
specific for myocytes (e.g., myosin), endothelial cells (e.g., CD31), 
platelets (e.g., CD61), and osteoblasts (e.g., alkaline phosphatase) 
enable selective analysis of vesicles from tissues most directly involved 
in trauma pathophysiology.

6.3 Integrative multi-omics approaches for 
comprehensive characterization

The biological significance of exosomes cannot be  captured 
through single-molecule analysis but requires comprehensive 
characterization of their entire molecular cargo. The field must 
transition from reductive approaches focusing on individual 
biomarkers toward integrative multi-omics platforms that 
simultaneously profile proteomes, transcriptomes, and lipidomes 
within the same vesicle populations (107, 108).

Recent technological advances have demonstrated the feasibility 
of such integrative approaches. Combined proteomic and lipidomic 
analysis of COVID-19 patient exosomes revealed disease stage-
specific molecular signatures that reflected both parent cell 
pathophysiology and vesicle functional capacity (109). Similarly, 
comprehensive proteomic analysis of mesenchymal stem cell-derived 
exosomes from different tissue sources identified distinct functional 
profiles that correlated with their therapeutic efficacy (110).
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TABLE 2  Key exosomal biomarker candidates and their roles in orthopedic trauma complications.

Complication Cellular origin Biomarker 
candidate

Molecular mechanism Clinical implication Study type Animal model Key 
references

Acute compartment 

syndrome (ACS)

Skeletal Myocytes, 

Endothelial Cells
miR-210 Key mediator of cellular adaptation to hypoxia.

Direct indicator of severe tissue 

hypoxia.
In vitro (renal cells) Not specified (28, 29)

miR-424 Promotes angiogenesis by stabilizing HIF-α.
Marker of endothelial response to 

ischemia.

In vitro (human 

endothelial cells)
Not specified (30)

Skeletal Myocytes
miR-1, miR-206 

(MyomiRs)

Myo-specific miRNAs released upon cellular 

distress.

Tissue-specific marker of muscle 

damage.

Clinical (serum from 

patients)
Not applicable (31, 32)

Fat embolism syndrome 

(FES)

Adipocytes, 

Macrophages
miR-155

Promotes a pro-inflammatory M1 macrophage 

phenotype.

Indicator of systemic inflammatory 

potential.
In vitro and in vivo Mice (48–50)

TNF-α, IL-6
Pro-inflammatory cytokines that activate NF-κB 

pathways.

Direct measure of the 

inflammatory payload.
Review/mechanistic Not applicable (51, 52)

Deep vein thrombosis 

(DVT)

Platelets, Endothelial 

Cells
PS & TF (Surface)

Provides catalytic surface & initiates coagulation 

cascade.

Direct measure of systemic 

procoagulant potential.
In vitro and in vivo Mice (64–67)

Neutrophils MPO, Histone H4
Key components of Neutrophil Extracellular Traps 

(NETs).

Specific markers of active 

thromboinflammation.

Clinical (trauma 

patients)
Not applicable (76)

Neutrophils, Monocytes S100-A9
DAMP that promotes inflammation and 

thrombosis.

Indicator of a heightened 

thromboinflammatory state.

Clinical (trauma 

patients)
Not applicable (76)

Fracture non-union

Bone Marrow MSCs miR-25
Promotes osteogenesis via inhibition of RUNX2 

degradation.

Positive predictor of bone healing 

potential.
In vivo Mice (84)

Hypoxic MSCs miR-126 Promotes angiogenesis via the Ras/ERK pathway.
Marker of a pro-regenerative 

angiogenic response.
In vitro and in vivo Mice (88)

BMSCs miR-29a
Promotes both angiogenesis & osteogenesis by 

targeting VASH1.

Indicator of angiogenic-osteogenic 

coupling.
In vitro AND in vivo Mice (C57BL/6 J) (89)

Inflammatory cells; 

Pathological tissue

miR-628-3p / 

miR-133a

Suppresses osteoblast differentiation by targeting 

RUNX2.

Negative predictors; markers of 

healing inhibition.
Clinical + in vitro

Not applicable 

(human study)
(85, 86)

Infected tissue miR-708-5p
Inhibits osteogenesis by suppressing the Wnt/β-

catenin pathway.

Specific marker for infected non-

union pathology.
In vivo (mouse model) Mice (96)

DAMP, damage-associated molecular pattern; MSCs, mesenchymal stem cells; SEC, size-exclusion chromatography.
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For trauma applications, multi-omics characterization could 
reveal the dynamic molecular evolution of exosomal cargo throughout 
the post-injury timeline, identifying early signatures predictive of 
complications before clinical manifestation. Advanced bioinformatics 
approaches, including machine learning algorithms and network 
analysis, are essential for extracting meaningful biological insights 
from these high-dimensional datasets (111).

6.4 Functional validation and mechanistic 
proof-of-concept

The majority of current exosome research establishes correlative 
relationships between vesicle cargo and clinical outcomes without 
demonstrating direct causal mechanisms. Advancing the field requires 
rigorous functional validation demonstrating that specific exosome 
populations can directly induce the pathophysiological changes they 
are proposed to mediate (112).

This necessitates sophisticated experimental designs that 
isolate specific vesicle populations from trauma models and test 
their biological effects in relevant in  vitro systems. For 
compartment syndrome research, this might involve applying 
hypoxic myocyte-derived exosomes to endothelial barrier 
function assays or ischemia–reperfusion injury models. For 
thrombosis studies, platelet-derived vesicles from trauma patients 

could be  tested for their capacity to initiate coagulation in 
controlled systems (113).

The ultimate validation requires in vivo proof-of-concept studies 
demonstrating that exosomes isolated from trauma conditions can 
reproduce pathological changes when administered to naive animal 
models. Such studies would establish definitively whether exosomes 
function as active disease mediators rather than passive 
biomarkers (114).

6.5 Advanced bio-imaging for in vivo 
vesicle tracking

Understanding the physiological roles of trauma-induced 
exosomes requires direct visualization of their biodistribution, target 
cell interactions, and cargo transfer in living systems. Recent advances 
in exosome labeling and molecular imaging technologies have made 
such studies increasingly feasible (115, 116).

Multiple labeling strategies are now available, including 
fluorescent membrane dyes (e.g., DiD, PKH67), genetic reporters (e.g., 
CD63-GFP fusions), and radiotracers for PET/SPECT imaging (117, 
118). Each approach offers distinct advantages: fluorescent labeling 
enables high-resolution visualization of vesicle-cell interactions, while 
radioisotope labeling permits quantitative whole-body biodistribution 
studies over extended timeframes.

FIGURE 2

Exosome-mediated complications in orthopedic trauma. Schematic showing exosome-mediated mechanisms in four orthopedic trauma 
complications: ACS (ischemia–reperfusion, HIF-1α pathway), FES (adipocyte exosomes, endothelial dysfunction), DVT (hypercoagulable state, platelet 
activation), and fracture non-union (bone repair dysregulation, osteogenic signaling). Exosomes function as active mediators rather than passive 
biomarkers in trauma-related pathophysiology.
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For trauma research, such studies could address fundamental 
questions about exosome pathophysiology: Do platelet-derived 
vesicles preferentially accumulate in venous beds prone to thrombosis? 
How long do myocyte-derived vesicles persist in circulation following 
muscle injury? Which organs take up adipocyte-derived vesicles 
following fat embolism, and how does this correlate with clinical 
symptom onset? (119, 120).

6.6 Translation toward clinical 
implementation

The ultimate goal of exosome research in orthopedic trauma is 
clinical translation for improved patient care. This requires addressing 
practical considerations including assay standardization, regulatory 
approval pathways, and health economic evaluation. Point-of-care 
diagnostic platforms capable of rapid exosome analysis in emergency 
settings represent a critical technological need (121). Furthermore, the 
field must establish reference standards and quality control materials for 
exosome-based assays, similar to those used for conventional 
biomarkers. This includes defining normal ranges, inter-assay variability, 
and clinical decision thresholds for different trauma complications (122).

7 Conclusions and future perspectives

This comprehensive review has established exosomes as critical 
functional mediators rather than passive biomarkers in the 
pathophysiology of major orthopedic trauma complications. Through 

systematic examination of their roles in acute compartment syndrome, 
fat embolism syndrome, trauma-induced coagulopathy, and fracture 
non-union, we have demonstrated that exosomes actively participate in 
intercellular communication networks that determine patient outcomes. 
The mechanistic models presented herein reframe these nanoscale 
vesicles as active participants in injury propagation and tissue response 
coordination, offering unprecedented insights into the molecular basis 
of post-traumatic complications. In acute compartment syndrome, 
hypoxia-driven exosomal cargo facilitates ischemia–reperfusion injury 
through HIF-1α-mediated molecular reprogramming. Fat embolism 
syndrome emerges as a two-hit process where adipocyte-derived 
exosomes prime pulmonary endothelium for subsequent free fatty acid 
injury. Trauma-induced coagulopathy involves massive systemic release 
of prothrombotic vesicles that establish a state of heightened thrombotic 
potential throughout the circulation. Fracture non-union reflects 
dysregulated exosomal communication networks that fail to maintain 
the pro-regenerative molecular environment necessary for successful 
bone healing. These mechanistic insights position exosomes as both 
diagnostic windows into ongoing pathophysiology and potential 
therapeutic targets for intervention strategies that could fundamentally 
alter trauma care paradigms.

Future Perspectives in exosome research for orthopedic trauma 
must address three critical priorities to achieve clinical translation and 
maximize therapeutic impact. First, the field requires establishment of 
standardized, high-throughput platforms for exosome isolation and 
multi-omics characterization that meet stringent clinical requirements 
for speed, reproducibility, and cost-effectiveness. This technological 
advancement will enable routine integration of exosome analysis into 
emergency care protocols, facilitating early detection of complications 

FIGURE 3

Exosome-based liquid biopsy workflow for trauma complications. Schematic workflow of exosome-based liquid biopsy showing three sequential 
steps: sample collection from blood/plasma, exosome isolation using standard methods (ultracentrifugation, immunocapture, size exclusion), and 
molecular analysis including proteomics, miRNA profiling, and surface markers (CD9, CD63, CD81). Clinical applications encompass four trauma 
complications: ACS detection, FES prediction, DVT risk assessment, and fracture healing monitoring. This approach enables non-invasive, real-time 
monitoring with functional insights for personalized trauma management across acute, subacute, and chronic phases.

https://doi.org/10.3389/fmed.2025.1707928
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Gan et al.� 10.3389/fmed.2025.1707928

Frontiers in Medicine 13 frontiersin.org

before clinical manifestation. Second, mechanistic understanding 
must be deepened through rigorous functional validation studies that 
definitively establish causal relationships between specific exosome 
populations and trauma complications, moving beyond correlative 
observations to demonstrate direct pathophysiological roles. Such 
studies will validate exosomes as legitimate therapeutic targets and 
guide development of intervention strategies. Third, advancement of 
in vivo imaging capabilities to visualize exosome behavior in real-time 
will enable optimization of timing, dosing, and targeting strategies for 
future therapeutic applications, while providing fundamental insights 
into vesicle biodistribution and clearance mechanisms. Success in 
these research priorities will position exosome-based approaches as 
transformative tools for both understanding and managing the 
complex pathophysiology of orthopedic trauma, ultimately improving 
patient outcomes through precision medicine approaches that target 
the molecular mediators of post-traumatic complications. The 
integration of these advances promises to revolutionize trauma care 
by providing clinicians with molecular-level insights that enable 
proactive, mechanism-based interventions rather than reactive 
treatments of established complications.
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Glossary

ACS - Acute Compartment Syndrome

ADEs - Adipocyte-Derived Exosomes

ARDS - Acute Respiratory Distress Syndrome

BMP-2 - Bone Morphogenetic Protein-2

BMSC-Exos - Bone Marrow Mesenchymal Stem Cell-Derived  
Exosomes

CaMKII - Calcium/Calmodulin-Dependent Protein Kinase II

CK - Creatine Kinase

DAMPs - Danger-Associated Molecular Patterns

DVT - Deep Vein Thrombosis

eNOS - Endothelial Nitric Oxide Synthase

ESCRT - Endosomal Sorting Complex Required for Transport

FES - Fat Embolism Syndrome

FFAs - Free Fatty Acids

HIF-1α - Hypoxia-Inducible Factor-1α

HMGB-1 - High Mobility Group Box Protein 1

Hypo-Exos - Hypoxia-Conditioned Exosomes

ICAM-1 - Intercellular Adhesion Molecule-1

IL-6 - Interleukin-6

iNOS - Inducible Nitric Oxide Synthase

IRI - Ischemia–Reperfusion Injury

LDH - Lactate Dehydrogenase

MISEV2023 - Minimal Information for Studies of Extracellular 
Vesicles 2023

MPO - Myeloperoxidase

MSCs - Mesenchymal Stem Cells

NETs - Neutrophil Extracellular Traps

NF-κB - Nuclear Factor-κB

NO - Nitric Oxide

OPG - Osteoprotegerin

PE - Pulmonary Embolism

PEVs - Platelet-Derived Extracellular Vesicles

PPARγ - Peroxisome Proliferator-Activated Receptor Gamma

PS - Phosphatidylserine

PTH - Parathyroid Hormone

RANK - Receptor Activator of Nuclear Factor κB

RANKL - Receptor Activator of Nuclear Factor κB Ligand

RUNX2 - Runt-Related Transcription Factor 2

SIRS - Systemic Inflammatory Response Syndrome

SSRP1 - Structure-Specific Recognition Protein 1

TF - Tissue Factor

TIC - Trauma-Induced Coagulopathy

TNF-α - Tumor Necrosis Factor-Alpha

VASH1 - Vasohibin 1

VCAM-1 - Vascular Cell Adhesion Molecule-1

VEGF - Vascular Endothelial Growth Factor
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