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A B S T R A C T

Post-Traumatic Stress Disorder (PTSD) represents a significant mental health challenge closely 
associated with the consequences of traumatic experiences. Recently, small extracellular vesicles 
(sEVs) have been recognized as vital elements in the facilitation of intercellular communication. 
This review delves into the potential roles and mechanisms of sEVs in PTSD, concentrating on 
their involvement in neural signaling, immune system reactions, and the modulation of molecular 
biomarkers related to psychological disorders. By integrating recent research outcomes, this ar
ticle aims to provide fresh insights into the pathophysiological aspects of PTSD and investigate 
prospective therapeutic approaches, underlining the significance of sEVs within the broader 
context of stress-related conditions.

Introduction

Post-Traumatic Stress Disorder (PTSD) is a multifaceted psychiatric disorder that occurs following exposure to traumatic ex
periences[1,2], resulting in a variety of debilitating symptoms such as hyperarousal, intrusive thoughts, and avoidance behaviors. 
This condition is particularly common among military veterans and individuals who have endured severe trauma, significantly 
affecting their mental well-being and overall quality of life[3]. The underlying mechanisms of PTSD are complex and not yet fully 
elucidated; however, recent studies underscore the pivotal role of intercellular communication in both the emergence and persistence 
of the disorder[4]. In this regard, small extracellular vesicles (sEVs), which are nano-sized vesicles secreted by cells, have attracted 
interest due to their potential role in transmitting biological signals that may impact the onset and progression of PTSD.[5] This 
review will explore the current insights into the role of sEVs in PTSD, emphasizing their potential utility as biomarkers and ther
apeutic targets, ultimately aiding the formulation of more effective interventions for individuals afflicted by this debilitating con
dition.

Biological characteristics of sEVs

sEVs, especially exosomes, are membrane-enclosed vesicles that range from 30 to 150 nm in diameter and are secreted by various 
types of cells[6]. They are integral to intercellular communication, facilitating the transport of bioactive molecules such as proteins, 
lipids, and nucleic acids among cells. Understanding the biological characteristics of sEVs-including their formation, composition, 
and functional roles-is essential for grasping their implications in both health and disease.
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Mechanisms of formation and secretion of sEVs

The genesis of sEVs entails a sophisticated process(Fig. 1) that commences with the inward budding of the plasma membrane, 
resulting in the formation of early endosomes[7]. These early endosomes may evolve into multivesicular bodies (MVBs), which 
harbor intraluminal vesicles (ILVs)[8]. The biogenesis of sEVs is governed by several molecular pathways, notably the endosomal 
sorting complex required for transport (ESCRT) machinery, which is crucial for the sorting of cargo into ILVs[9]. Once MVBs are 
formed, they can either merge with lysosomes for degradation or with the plasma membrane to release sEVs into the extracellular 
milieu[10]. The release of these vesicles can be modulated by an array of factors, including cellular stress, signaling pathways, and 
environmental stimuli, which can adjust both the quantity and composition of sEVs secreted by cells[11]. Additionally, sEVs can 
emerge via alternative mechanisms such as direct budding from the plasma membrane, a process that is less well understood but has 
been demonstrated to occur under specific circumstances[12].

Major components and functions of sEVs

sEVs are characterized by a lipid bilayer that encapsulates a variety of biomolecules, including proteins, lipids, mRNA, and 
microRNA (miRNA)[6]. The lipid composition of sEVs mirrors that of their parent cells, affecting their stability and interaction with 
recipient cells[13]. The proteins identified within sEVs may encompass tetraspanins, heat shock proteins, and various signaling 
molecules that facilitate communication with target cells[14].

The functional roles of sEVs are varied and depend upon the specific context. They can influence immune responses[15], en
courage angiogenesis[16], and affect cell proliferation and differentiation[17]. For example, sEVs derived from mesenchymal stem 
cells (MSCs) have been demonstrated to promote both angiogenesis and tissue repair through the delivery of pro-angiogenic factors to 
endothelial cells[18]. In the context of cancer, sEVs are capable of transmitting oncogenic signals to adjacent cells, thus facilitating 
tumor growth and metastasis[19]. Furthermore, the presence of specific miRNAs within sEVs enables the modulation of gene ex
pression in recipient cells, which can significantly affect various biological processes, including cancer advancement and immune 
response modulation[20].

Role of sEVs in intercellular signaling

sEVs are integral to intercellular signaling, facilitating communication among cells in both normal and disease contexts[21]. They 
can transfer bioactive molecules to recipient cells, thereby affecting their behavior and functionality. This mode of intercellular 
communication is vital for preserving homeostasis and coordinating responses to environmental shifts[22].

Within the tumor microenvironment, sEVs act as essential conduits for communication between cancer cells and neighboring 
stromal cells, including immune cells and fibroblasts[23]. They can modulate immune responses, promote immune evasion, and 

Fig. 1. Schematic diagram of the generation and secretion of exosomes. 
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accelerate tumor progression by delivering oncogenic factors and modifying signaling pathways in the target cells. For instance, sEVs 
derived from tumor cells may convey immunosuppressive molecules that hinder the activation of T cells and natural killer (NK) cells, 
thereby supporting tumor growth and metastasis[24].

In summary, the biological properties of sEVs-encompassing their formation mechanisms, composition, and functional roles- 
underscore their importance in intercellular communication and their prospective applications in diagnostics and therapy. Gaining 
insight into the complex dynamics of sEVs can lead to innovative approaches in disease management and treatment.

Research on the pathogenesis of post-traumatic stress disorder

PTSD is a multifaceted psychiatric disorder that develops following exposure to traumatic events. Its pathogenesis is complex, 
involving an interplay of genetic, neurobiological, psychological, and environmental influences[25]. This section examines the 
various mechanisms that contribute to the onset and persistence of PTSD, emphasizing recent discoveries in the field.

Increasing attention has been directed toward the role of neuroinflammation in the pathogenesis of PTSD[26]. Neuroin
flammation is marked by the activation of microglia and astrocytes—immune cells within the brain that respond to stress and injury. 
Research indicates that individuals diagnosed with PTSD exhibit alterations in inflammatory markers[27]. The activity of immune 
cells indicates that neuroinflammatory mechanisms may play a crucial role in the initiation and persistence of the disorder[28].

The hypothalamic-pituitary-adrenal (HPA) axis, which governs responses to stress, is also associated with PTSD[29]. When the 
HPA axis is dysregulated, it can result in abnormal cortisol levels that impact mood and behavior, correlating with the severity of 
PTSD symptoms[30,31]. Moreover, the interaction between neuroinflammation and HPA axis dysregulation may establish a feedback 
loop that intensifies PTSD symptoms[32].

Another significant research domain focuses on the influence of genetic and epigenetic factors in PTSD[33]. Variants in genes 
associated with the stress response, such as FKBP5, have been correlated with a heightened susceptibility to PTSD[34,35]. Ad
ditionally, epigenetic processes, such as DNA methylation and histone modification, can affect gene expression in reaction to en
vironmental stressors[36]. Recent research has pinpointed specific miRNAs that exhibit differential expression in PTSD patients, 
indicating their possible role as biomarkers for both diagnosis and prognosis[37,38].

The neurobiological foundations of PTSD also encompass neurotransmitter dysregulation. Studies have emphasized the sig
nificance of the dopaminergic system, particularly the ventral tegmental area (VTA), in the pathogenesis of PTSD[39]. Dysregulation 
of dopamine signaling may contribute to the emotional and cognitive symptoms associated with PTSD, such as hyperarousal and 
intrusive memories[40]. Furthermore, extensive research has investigated the serotonergic system, especially the role of serotonin in 
mood regulation concerning PTSD[41]. The use of selective serotonin reuptake inhibitors (SSRIs) in treatment underscores the 
importance of serotonin dysregulation in the disorder[31,42].

Psychological aspects, including cognitive processes and emotional regulation, also play a role in the onset of PTSD. Cognitive 
models propose that maladaptive beliefs and ruminative thought patterns can intensify PTSD symptoms[43]. For instance, intrusive 
thoughts and avoidance behaviors are prevalent in PTSD and may obstruct recovery[44]. The impact of early adverse experiences, 
such as childhood trauma, has been shown to elevate the risk of developing PTSD later in life, underscoring the necessity of com
prehending individual vulnerability[45].

Recent findings further highlight the importance of social and environmental factors in PTSD. Continuous exposure to stressors, 
such as prolonged unemployment or relationship challenges, can aggravate PTSD symptoms and hinder recovery[46]. Additionally, 
the influence of social support and community resources is vital for resilience and recovery from trauma. Research indicates that 
robust social networks can mitigate the risk of developing PTSD and facilitate healing[47].

In summary, the etiology of PTSD is a multifaceted process involving an intricate interplay of neurobiological, genetic, psy
chological, and environmental factors. Ongoing research into biomarkers, neurobiological pathways, and psychosocial factors is 
essential for enhancing our understanding and treatment strategies for PTSD. Continued research is crucial to elucidate the complex 
mechanisms underlying PTSD, which may ultimately contribute to the development of more effective therapeutic strategies.

Research on small extracellular vesicles and post-traumatic stress disorder

sEVs as potential biomarkers

sEVs, particularly exosomes, have attracted considerable interest as potential biomarkers for various conditions, including PTSD. 
Their distinctive characteristics, such as the capacity to encapsulate and convey biomolecules like proteins, lipids, and nucleic acids, 
render them suitable candidates for diagnostic applications. The capacity of sEVs to traverse the blood-brain barrier presents a 
valuable opportunity for non-invasive examination of central nervous system disorders, positioning them as a central focus in PTSD 
research[52,53]. The identification of specific exosomal markers linked to PTSD could pave the way for the creation of targeted 
therapies and personalized treatment regimens, ultimately enhancing patient outcomes.

The detection of specific miRNAs and proteins within sEVs can mirror the physiological and pathological conditions of their originating 
cells, thereby offering insights into the fundamental mechanisms of PTSD[5,48,49,54]. For instance (Table 1), investigations have revealed 
that certain miRNAs exhibit dysregulation in patients with PTSD, indicating their potential utility as biomarkers for diagnosis and assessment 
of treatment efficacy. Studies have shown that exosomal proteins can act as indicators of neurobiological alterations associated with PTSD
[5,34,50]. For example, increased levels of exosomal tau and phosphorylated tau have been correlated with traumatic brain injuries and 
PTSD[51], underscoring their potential involvement in the pathophysiology of these disorders.
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Moreover, the incorporation of cutting-edge technologies such as mass spectrometry and nanomaterial-based biosensors has 
improved the sensitivity and specificity of sEV biomarker detection[55,56]. These advancements facilitate the profiling of exosomal 
components, enabling the identification of novel biomarkers that could distinguish PTSD from other psychiatric disorders. Such 
progress highlights the significance of sEVs in clarifying the intricate biological foundations of PTSD and their potential to transform 
diagnostic and therapeutic approaches in mental health care.

Applications of sEVs in PTSD treatment prospects

The therapeutic potential of sEVs in the context of PTSD represents an emerging field of research with encouraging prospects for 
treatment. Due to their involvement in intercellular communication and their capacity to modulate immune responses, sEVs can be 
utilized for therapeutic applications.

For instance, exosomes derived from mesenchymal stem cells (MSCs) have demonstrated neuroprotective effects and fostered 
recovery in various neurological disorders, indicating a potential pathway for PTSD management[57–59]. The immunomodulatory 
characteristics of these sEVs may alleviate the inflammatory responses commonly observed in PTSD patients, thus addressing one of 
the fundamental pathophysiological aspects of the disorder.

Recent investigations have examined the use of sEVs as delivery systems for therapeutic agents, including miRNAs and proteins 
that can target specific pathways implicated in PTSD[50,60]. Through the engineering of exosomes to transport therapeutic agents, 
scientists strive to improve the effectiveness of treatments while reducing adverse effects. For example, the use of exosomes for the 
delivery of anti-inflammatory miRNAs has the potential to diminish neuroinflammation linked to PTSD, thereby enhancing clinical 
outcomes[61,62]. Additionally, the capacity of sEVs to traverse the blood-brain barrier renders them particularly appealing for the 
direct delivery of therapies to the central nervous system, where conventional treatments may encounter obstacles.

Furthermore, the prospect of utilizing sEVs as biomarkers for treatment response presents an intriguing opportunity. Observing 
exosomal content changes during treatment could yield critical insights into the effectiveness of therapeutic strategies, enabling real- 
time modifications to treatment protocols[63]. This customized approach to PTSD management has the potential to substantially 
enhance patient care by aligning therapies with individual requirements and responses.

In summary, the investigation of small extracellular vesicles as both biomarkers and therapeutic modalities in PTSD is highly 
promising. Ongoing research in this domain may result in groundbreaking diagnostic tools and innovative treatment methodologies 
that effectively tackle the intricate nature of PTSD, ultimately improving the quality of life for those affected. As our comprehension 
of sEV biology expands, it is anticipated that these vesicles will assume an increasingly significant role in the future management and 
treatment of PTSD.

Future research directions and prospects

Investigating the specific mechanisms of sEVs in PTSD

The investigation into the role of sEVs in PTSD represents a burgeoning field of study that offers the potential to elucidate the 
underlying mechanisms of this intricate psychiatric disorder.

Recent research has suggested that sEVs, which are nanoscale vesicles secreted by various cell types, play a pivotal role in 
intercellular communication by facilitating the transfer of bioactive molecules such as proteins, lipids, and RNAs among cells[10]. 
Analyzing sEVs in the context of PTSD could reveal novel insights into the pathophysiology of the condition, particularly regarding 
how these vesicles mediate neuroinflammatory responses and neuronal plasticity, both of which are essential to the onset and 
persistence of PTSD symptoms. A critical focus of this investigation is the identification of specific biomolecules within sEVs that 

Table 1 
Comparison of candidate sEV‐derived miRNAs and proteins with reported clinical correlations in PTSD. 

Biomarker Origin Cell Type PTSD 
Correlation

Sample 
Type

Reference

miRNA (hsa-let-7g−5p, hsa-miR−451a, hsa-miR−125b−5p, hsa- 
miR−935, hsa-miR−16 −5p, hsa-let−7b−5p)

Mixed(neurons, microglia, 
astrocytes)

↓ correlates 
with severity

Plasma 
sEVS

[48]

miR−124 −3p, miR−142 −3p, miR−374 −5p, miR−532 −5p,  
miR−29b−3p and miR−106b−5p

Mixed(neurons, microglia, 
astrocytes)

↑correlates 
with severity

Plasma 
sEVS

[49]

hsa-miR−139–5p Mixed(neurons, microglia, 
astrocytes)

↓ correlates 
with severity

Plasma 
sEVS

[5]

neurofilament light chain (NfL) Mixed(neurons, microglia, 
astrocytes)

↑correlates 
with severity

Plasma 
sEVS

[5]

CXCL8 Mixed(neurons, microglia, 
astrocytes)

↑correlates 
with severity

Plasma 
sEVS

[50]

tau, amyloid-beta 42 and IL−10 Neurons ↑correlates 
with severity

Plasma 
sEVS

[51]

FKBP5-associatedmiRNA signature Mixed(neurons, microglia, 
astrocytes)

↑correlates 
with severity

Plasma 
sEVS

[34]
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correlate with PTSD. For example, exosomal miRNAs have emerged as potential biomarkers for PTSD, with research demonstrating 
variations in the expression of certain miRNAs in individuals diagnosed with PTSD compared to healthy individuals[37]. These 
miRNAs may modulate the expression of genes related to the stress response, neuroinflammation, and synaptic function, thus con
tributing to the clinical manifestations of PTSD. Gaining insights into the distinct roles of these miRNAs within the PTSD framework 
could facilitate the discovery of new therapeutic targets and biomarkers for diagnosis and prognosis.

In addition, the interplay between sEVs and the hypothalamic-pituitary-adrenal (HPA) axis, frequently dysregulated in PTSD, 
warrants further investigation. The dysfunction of the HPA axis is recognized to exacerbate hyperarousal and anxiety symptoms 
characteristic of PTSD[29]. Examining how sEVs affect HPA axis functionality and the resulting neuroendocrine responses could 
provide valuable insights into the biological foundations of PTSD.

Moreover, research has indicated that inflammatory cytokines, commonly elevated in PTSD, may be encapsulated within sEVs, 
contributing to neuroinflammation[26]. Exploring the relationship between exosomes and neuroinflammation may reveal the pa
thogenesis of PTSD from a new perspective.

Formulating sEV-driven therapeutic approaches

The potential of sEVs as therapeutic agents for PTSD represents a promising research frontier that could transform the treatment landscape 
for this condition. Considering that conventional pharmacological treatments frequently exhibit limited efficacy and can induce considerable 
side effects, the emergence of sEV-based therapies offers a novel methodology that may provide more precise and effective treatment 
alternatives. The distinctive characteristics of sEVs, including their capacity to traverse biological barriers, their biocompatibility, and their 
ability to deliver therapeutic agents directly to target cells, render them ideal candidates for therapeutic applications[64].

A particularly promising strategy for employing sEVs in the treatment of PTSD involves the modification of sEVs to augment their 
therapeutic payload. For example, sEVs can be engineered to encapsulate specific miRNAs or therapeutic proteins that modulate 
neuroinflammatory processes or stimulate neurogenesis[65], both of which are crucial for recovery from PTSD. By applying tech
niques such as electroporation or chemical alterations, researchers can enhance the loading efficiency of therapeutic substances into 
sEVs[66], thereby increasing their effectiveness in alleviating PTSD symptoms.

Additionally, the versatility of sEVs derived from diverse cell types, including mesenchymal stem cells (MSCs) and immune cells, 
facilitates the customization of sEV therapies to meet the unique requirements of PTSD patients. For instance, sEVs originating from 
MSCs have demonstrated anti-inflammatory properties and the ability to promote tissue regeneration[67,68], which could be ad
vantageous in addressing the neurobiological impairments associated with PTSD. The capacity to tailor the source and composition of 
sEVs presents an extensive array of opportunities for creating personalized therapeutic strategies that resonate with the distinct 
biological and psychological characteristics of individuals suffering from PTSD.

Moreover, the investigation of combination therapies that incorporate sEVs alongside established treatment modalities, such as 
cognitive behavioral therapy (CBT) or pharmacological treatment, could lead to improved therapeutic outcomes for PTSD. For 
example, administering sEVs concurrently with psychotherapy may encourage neurobiological adaptations that enhance therapeutic 
engagement and resilience[69]. This integrative strategy not only aims to improve symptom management but also seeks to address 
the fundamental neurobiological factors that contribute to PTSD.

In summary, future research initiatives targeting the specific mechanisms of sEVs in PTSD and the formulation of sEV-based 
therapeutic strategies hold considerable promise for enhancing our comprehension and treatment of this multifaceted disorder. By 
harnessing the unique attributes of sEVs and their potential for targeted therapy delivery, researchers may lay the groundwork for 
groundbreaking interventions that elevate the quality of life for individuals grappling with PTSD. Ongoing exploration in this domain 
will be vital to unlock the full potential of these therapeutic approaches.

Conclusion

Recent investigations into sEVs within the framework of PTSD have unveiled substantial potential, signaling a transformative 
advancement in our comprehension of the neurobiological foundations of this intricate condition. The diverse functions of sEVs in 
neural communication and immune responses, along with their prospective use as biomarkers, highlight their significance in both 
research and clinical domains. This review has demonstrated that sEVs are not merely passive components in the pathological 
mechanisms associated with PTSD; rather, they act as active mediators that may shape the course and presentation of the disorder.

From an expert viewpoint, reconciling various research outcomes regarding the roles of sEVs necessitates a sophisticated ap
proach. The amalgamation of differing methodologies, spanning molecular biology to sophisticated imaging techniques, will be 
essential for clarifying the specific mechanisms by which sEVs exert their influence in PTSD. As the body of literature progresses, it is 
crucial to remain alert to the potential for contradictory findings. Such discrepancies may emerge from variations in experimental 
designs, the populations examined, or the technologies utilized to analyze sEVs. Therefore, a unified effort to standardize protocols 
and disseminate findings among research groups will bolster the reliability of conclusions regarding the function of sEVs in PTSD. 
Additionally, the prospect of utilizing sEVs as biomarkers for PTSD brings forth both opportunities and challenges. While identifying 
distinct sEV profiles linked to various PTSD phenotypes could revolutionize diagnostic and therapeutic approaches, it simultaneously 
raises concerns regarding the specificity and sensitivity of these markers. Future research must prioritize the validation of sEV-based 
biomarkers across diverse cohorts to confirm their clinical relevance. Furthermore, the possibility of employing sEVs as therapeutic 
agents-either through modulation of the immune response or enhancement of neuroprotection-opens new pathways for interventions 
that warrant additional investigation.
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The clinical management of PTSD is inherently intricate, characterized by its diverse presentations and the differential treatment 
responses among individuals. Insights gleaned from sEV studies could facilitate more personalized treatment strategies, customizing 
interventions based on the underlying biological mechanisms present in each individual. However, translating these findings into 
clinical practice will necessitate interdisciplinary collaboration among neuroscientists, clinicians, and experts in molecular biology 
and immunology.

In summary, while research on small extracellular vesicles in PTSD remains in its nascent stages, the evidence amassed thus far 
indicates a promising direction for understanding and addressing this complex disorder. By continuing to explore the intricate roles of 
sEVs in neural and immune interactions, as well as their potential as biomarkers, we can devise innovative strategies for the diag
nosis, treatment, and management of PTSD. Ultimately, the objective is to improve patient outcomes and deepen our understanding 
of the etiology and progression of PTSD, laying the groundwork for future research that can expand upon these foundational insights. 
As we enhance our understanding, a collaborative and integrative approach will be essential to fully leverage the potential of sEVs in 
altering the landscape of PTSD research and treatment.
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