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Tissue repair is an essential mechanism for restoring damage caused by disease and maintaining life in organisms. Hyperbaric oxygen therapy, as a non-invasive physical treatment, has been utilized to address various tissue damage conditions. Exosomes are nanoscale vesicles released into the extracellular environment by animal cells. Their structure comprises a phospholipid bilayer membrane and includes specific functional active components, such as nucleic acids, lipids, and proteins. It can precisely modulate the behavior of target cells, restore the balance of the microenvironment, and stimulate endogenous regeneration and repair mechanisms, representing a novel tool in regenerative medicine. Evidence indicates that hyperbaric oxygen in conjunction with exosomes can markedly enhance tissue healing. Currently, there is a paucity of research about the synergistic application of the two, however they are intrinsically linked to the principles of tissue repair. Therefore, this article systematically explains the application and mechanism of hyperbaric oxygen and exosomes therapy on tissue repair, the interaction between the two, and the combined application of the two, and analyzes the safety and transformation obstacles of the combined treatment strategy, in order to provide new ideas for future combined research and clinical application.
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1 INTRODUCTION
Nearly all ailments entail tissue injury (Liu et al., 2023). Tissue damage frequently occurs alongside vascular ischemia, inflammation, or insufficient mechanical breathing, resulting in local or systemic hypoxia (Robba et al., 2020). Hypoxia exacerbates mitochondrial structural impairment and dysfunction, activates hypoxia-inducible factor-1α (HIF-1α) along with its downstream glycolytic pathway, prompts infiltrating neutrophils and macrophages to utilize substantial quantities of oxygen and release reactive oxygen species, thereby intensifying tissue oxygen deficit. A detrimental loop of “hypoxia-inflammation” is established (Singer and Chandel, 2019; Wang et al., 2021). Concurrently, hypoxia-induced accumulation of 2-hydroxyglutarate and oxidative release of mitochondrial DNA not only impair the reparative function of regulatory T cells but also activate the NLRP3 inflammasome, hastening the production of proinflammatory mediators such as interleukin (IL)-1β and IL-18, ultimately resulting in the degradation of the extracellular matrix and the compromise of epithelial and endothelial barriers. Severe instances may result in irreparable tissue damage (Singer and Chandel, 2019). Tissue repair is a process in which the body reinstates its structure and function via a series of synergistic physiological processes following tissue injury. The significance of tissue repair is evident in sustaining bodily homeostasis, reinstating functionality, and preventing further injury (Wilkinson and Hardman, 2020). Tissue repair and regeneration is a complex and intricate process characterized by several dynamic events (Fernández-Guarino et al., 2023), including the hemostasis phase, inflammatory phase, proliferation phase, and remodeling phase (Peña and Martin, 2024). Initially, the coagulation cascade is initiated, leading to the accumulation of platelets and coagulation factors near the injury site, which release chemicals that facilitate blood clot formation. Simultaneously, immune cells secrete, invade, and polarize to activate the immune response and eliminate necrotic tissue by the release of inflammatory mediators and other processes. In the proliferative and remodeling stages, basal cells, fibroblasts, myofibroblasts, and vascular endothelial cells undergo proliferation and migration to facilitate tissue healing. Oxygen is essential for the repair of damaged tissues, particularly during the inflammatory phase (providing energy for immune cells), the proliferation phase (facilitating cell proliferation, angiogenesis, and collagen production), and the remodeling phase (assisting in collagen remodeling and death). Oxygen facilitates all facets of restoration by supplying energy and engaging in essential metabolic activities (Castilla et al., 2012; Hunt et al., 2024). Conventional tissue repair methods encompass debridement, growth factor therapy, and similar interventions. As medical technology advances, novel biological techniques have evolved, facilitating a transition from passive repair to active regeneration of tissues (McKinley et al., 2023).
Hyperbaric oxygen treatment is extensively utilized in clinical practice to enhance tissue repair owing to its oxygen-delivery capabilities; nevertheless, problems such as oxygen-induced lung injury constrain its effectiveness (Ortega et al., 2021). Exosomes therapy, an innovative non-cellular treatment in recent years, has demonstrated considerable improvements in tissue restoration (Tan et al., 2024). Recent investigations indicate that exosomes pretreatment can markedly diminish hyperbaric oxygen-induced lung injury, therefore decreasing the incidence of problems (Braun et al., 2018; Shi et al., 2025). Consequently, the integration of the two is anticipated to augment tissue healing efficacy and enhance safety, presenting significant opportunities for clinical revolution. Currently, certain research have demonstrated that the amalgamation of the two treatments exhibits significant synergistic effects in rat models of diabetic wounds, neurological disorders, and vascular diseases, and even surpasses the efficacy of each intervention alone in neurological disorders (Amiri et al., 2025; Cheshmi et al., 2023; Hjazi et al., 2024; Jafari et al., 2023; Shyu et al., 2019; 2020; Yin et al., 2024). Therefore, we hypothesize that potential links may exist between hyperbaric oxygen and exosomes. So, we examine the mechanisms of tissue repair and the potential association between hyperbaric oxygen and exosomes, alongside research in pertinent disease models, while assessing the safety and clinical translation challenges of the combined treatment strategy, with the aim of offering novel insights in the domain of tissue repair.
2 HYPERBARIC OXYGEN
2.1 Overview of hyperbaric oxygen
Hyperbaric oxygen therapy is an innovative treatment modality that involves the breathing of pure oxygen or oxygen at elevated concentrations under atmospheric pressure greater than that of the surrounding environment. The mechanism of action primarily involves creating a high-pressure, high-oxygen environment for the damaged tissue, directly enhancing the hypoxic condition, promoting angiogenesis and collateral circulation, and improving the blood oxygen supply to ischemic tissue (Damineni et al., 2025). It can augment the bactericidal capacity of leukocytes by elevating reactive oxygen species generation (Damineni et al., 2025), and modulate the equilibrium of inflammatory mediators and oxidase activities to exert anti-inflammatory and antioxidant effects (Cannellotto et al., 2024). Moreover, hyperbaric oxygen therapy can stimulate cellular metabolism and regenerative capacity, facilitating tissue remodeling (Mackay et al., 2025). Hyperbaric oxygen therapy, recognized for its high safety, ease of operation, low cost, and non-invasive nature, has been endorsed by the International Society of Underwater and Hyperbaric Medicine for the treatment of 14 clinical conditions, including refractory wounds, thermal burns, gas gangrene, and other tissue damage disorders, establishing it as a significant adjunctive therapy for tissue repair (Ortega et al., 2021).
2.2 The mechanism of hyperbaric oxygen promoting tissue repair
Hyperbaric oxygen therapy facilitates tissue repair via multiple processes, primarily by enhancing cellular function and expediting the healing process through elevated partial pressure of oxygen in the tissue. Hyperbaric oxygen markedly elevates the dissolved oxygen levels in the blood by creating high-pressure and hyperoxic conditions within an enclosed environment. The elevation of dissolved oxygen under high-pressure conditions can enhance the oxygen levels in local wound tissue, including areas not reachable by red blood cells, thereby satisfying cellular oxygen requirements and accelerating tissue metabolic activity, thus facilitating wound healing (Cannellotto et al., 2024). Secondly, hyperbaric oxygen facilitates the healing and regeneration of injured tissues by stimulating angiogenesis and collagen production. Research indicates that hyperbaric oxygen facilitates angiogenesis in wound healing and enhances local oxygen levels, consequently stimulating fibroblast proliferation and collagen synthesis (Gupta and Rathored, 2024). Oxygen serves as a metabolic substrate and a signaling molecule that modulates cellular activity, participating in glycoprotein manufacturing during cell growth (Zoneff et al., 2024). During cell maturation or remodeling, oxygen participates in the synthesis of fibrous collagen as a cofactor for hydroxyproline, followed by the hydroxylation of prolyl, which acts as a cosubstrate under the catalysis of prolyl hydroxylase. Consequently, it facilitates the cross-linking of collagen molecules and improves tissue stability (Salo and Myllyharju, 2021).
Moreover, hyperbaric oxygen can diminish tissue damage by decreasing the adhesion of inflammatory cells, preventing lipid peroxidation, and exhibiting antibacterial capabilities. Research indicates that hyperbaric oxygen can enhance the expression of antioxidant enzymes (such as catalase, superoxide dismutase), anti-apoptotic proteins (such as B-cell lymphoma-2, silent information regulator related enzyme 1), and intercellular junction proteins (such as β-catenin, tight junction protein 1, occludin). Down-regulating inflammatory mediators (such as tumor necrosis factor-alpha (TNF-α) and IL-1β) and apoptosis-related proteins (such as caspase-3) to mitigate the inflammatory response, augment antioxidant capacity, and diminish cell apoptosis has demonstrated beneficial effects in expediting tissue repair (Capó et al., 2023; Ortega et al., 2021; Tejada et al., 2019). Simultaneously, hyperbaric oxygen therapy exhibits enhanced antibacterial activities, particularly against anaerobic bacteria and illnesses associated with biofilms. The body generates reactive oxygen species that are detrimental to bacteria, capable of infiltrating the bacterial cell wall, resulting in cellular damage and bacterial mortality (Cannellotto et al., 2024). The interplay of these systems renders hyperbaric oxygen therapy an excellent complement for enhancing complex wound healing and augmenting the reparative ability of injured tissues.
3 EXOSOMES
3.1 Overview of exosomes
Exosomes are extracellular vesicles released by cells, measuring approximately 40–200 nm in diameter, and containing diverse substances, including complex RNAs and proteins. They exhibit significant potential in intercellular communication, disease diagnosis, and treatment, emerging as a frontier in recent research on non-cellular therapies for regenerative medicine (Krylova and Feng, 2023). In addition to the remarkable regenerative and immunomodulatory capabilities of stem cells, exosomes generated from stem cells have simpler structure, higher stability, larger yield, easier storage and transportation, and lower immunogenicity, which are key carriers to replace stem cell therapy (Tan et al., 2024). Numerous research indicate that exosomes have effective reparative properties on injured tissues in dermatological conditions (including diabetic wounds, psoriasis, and certain dermatitis) and neurological disorders (such as neurodegenerative diseases or spinal cord injuries) (Wang and Yang, 2023; Yu et al., 2024). The latest report indicates that exosomes derived from mesenchymal stem cells can diminish the expression of inflammatory genes in pulmonary oxygen toxicity induced by hyperbaric oxygen, potentially aiding in the development of novel strategies to decelerate or even reverse the progression of hyperbaric oxygen injury in patients (Shi et al., 2025). Exosomes, with their exceptional properties and benefits, exhibit significant potential in tissue repair and regeneration, paving a novel pathway for the treatment of many tissue damage disorders.
3.2 The mechanism of exosomes promoting tissue repair
The mechanism of exosomes in tissue repair mainly includes the following aspects. Exosomes can modulate the polarization of immune cells, thereby diminishing the inflammatory response and creating a favorable milieu for the healing of injured tissues (Wang et al., 2025). Studies demonstrate that exosomes produced from adipose-derived mesenchymal stem cells (ADSCs-Exos) promote tissue repair by altering macrophage polarization from the pro-inflammatory M1 phenotype to the anti-inflammatory M2 phenotype (Wang et al., 2025). Secondly, exosomes are abundant in several growth factors that might facilitate angiogenesis and tissue regeneration in injured tissues (Hade et al., 2021). Exosomes generated from bone marrow mesenchymal stem cells (BMSC-Exos) have demonstrated the ability to regulate angiogenesis and facilitate bone tissue regeneration through the release and transfer of miR-29a. BMSC-derived exosomes enhanced tendon-bone healing by facilitating angiogenesis in rotator cuff repair (Chen et al., 2025). Third, exosomes can expedite tissue repair by transporting particular miRNAs or proteins that enhance fibroblast proliferation and collagen formation (Xiong et al., 2023). Research demonstrates that BMSC-Exosomes significantly enhanced the expression of collagen I and III in skin fibroblasts and promoted skin wound healing via the upregulation of miR-542-3p (Xiong et al., 2023). In addition, non-coding RNAs in exosomes play an equally important role in regulating cell proliferation and tissue remodeling (Gowtham and Kaundal, 2025). Fourth, exosomes can also reduce fibrosis and scarring by regulating extracellular matrix synthesis and remodeling (Baral et al., 2021). Research indicates that exosomes produced from mesenchymal stem cells (MSC-Exos) can impede skin fibrosis and diminish tissue scarring in mice through the delivery of miR-196b-5p (Baral et al., 2021). The research revealed that ultrasound-pretreated BMSC-Exosomes modulated chondrogenic and anti-adipogenic pathways, enhanced cartilage matrix regeneration, and facilitated fibrocartilage maturation via the targeted delivery of miR-140 in rotator cuff repair (Wu et al., 2024). Exosomes from human foreskin cells modulate collagen synthesis and fibrocyte differentiation in skin wound healing by stimulating the ERK/MAPK pathway, hence diminishing scar formation (Sağraç et al., 2024). Furthermore, ADSCs-Exosomes facilitated the swift restoration of corneal architecture by diminishing oxidative stress, consequently improving cell viability, decreasing cell apoptosis, and boosting the migration of corneal epithelial cells (Ma et al., 2025).
Exosomes can transport medications across the blood-brain barrier for central nervous system disorders. It has demonstrated significant potential in treating central nervous system disorders by facilitating the regeneration and repair of nerve tissue, positioning it as a promising target for such treatments (Wang and Yang, 2023). In summary, exosomes exhibit significant tissue repair capabilities through multiple pathways, including the modulation of inflammatory responses, facilitation of angiogenesis, regulation of cell proliferation and collagen synthesis, inhibition of fibrosis and scar formation, and targeted medication delivery.
4 BIOLOGICAL MECHANISM OF HYPERBARIC OXYGEN COMBINED WITH EXOSOMES TO PROMOTE TISSUE REPAIR
4.1 Hyperbaric oxygen induced exosomes release
The secretion of exosomes is a multifaceted biological process necessitating several membrane fusions (Krylova and Feng, 2023). A hypoxic environment can enhance the secretion of exosomes from cells. Muñiz-García et al. (2022) demonstrated that the exosomal release from human embryonic kidney cells was markedly elevated following hypoxia induction, correlating with the heightened expression of HIF-1α under hypoxic circumstances. Wang et al. (2014) indicated that HIF-1α enhanced Rab22a expression following hypoxic treatment of breast cancer cells, resulting in an almost twofold increase in released exosomes. A separate study by Dorayappan et al. (2018) indicated that HIF-1α facilitated the upregulation of Rab27a and the downregulation of Rab7, lysosomal membrane-associated proteins 1 and 2, and neuraminidase-1 in ovarian cancer cells subjected to hypoxia. Despite the hyperbaric oxygen environment offering elevated oxygen concentration and partial pressure, which theoretically should suppress HIF-1α activity through prolyl hydroxylase activation resulting in degradation (Fiorini and Schofield, 2024), it frequently elicits a response akin to hypoxic circumstances in practice. As shown in Figure 1, on the one hand, the excessive accumulation of reactive oxygen species produced by hyperbaric oxygen can not only oxidize key cysteine residues in the catalytic domain of prolyl hydroxylase (such as the formation of disulfide bond between Cys201 and Cys208), causing conformational change of the enzyme and inactivation (Bae et al., 2024), but also oxidize Fe2+ to Fe3+ in the active center of prolyl hydroxylase (Chandel et al., 2000). The enzyme loses the reduced cofactor required for catalysis (Chandel et al., 2000), thereby stabilizing HIF-1α. On the other hand, cellular oxygen sensing is based on fluctuations in oxygen concentration rather than absolute values. When hyperbaric oxygen therapy restores cells to normoxia by occasional hyperoxia, the cells will display a condition of relative hypoxia, hence activating regeneration pathways often induced by actual hypoxia. This occurrence is referred to as the “hyperoxia-hypoxia paradox” (Hadanny and Efrati, 2020). Repeated exposure to hyperbaric oxygen enhances the generation of reactive oxygen species and stimulates the synthesis of antioxidant enzymes, including glutathione. The half-life of antioxidant enzymes much exceeds that of reactive oxygen species, leading to a marked decrease in the ratio of reactive oxygen species to antioxidant enzymes upon reestablishment of normoxia following hyperbaric oxygen exposure. The inhibition of prolyl hydroxylase activity prevents the hydroxylation and degradation of HIF-1α, resulting in its buildup. The stability and expression level of HIF-1α facilitate the release of exosomes (Muñiz-García et al., 2022). The “hyperoxia-hypoxia paradox” exemplifies the paradoxical mechanism of exosomes release generated by hyperbaric oxygen. In a hyperoxia exposure model of neonatal lung damage, the transition to normoxia following hyperoxia treatment initiated the creation of multivesicular bodies in mast cells and stimulated exosomes release (Veerappan et al., 2016). Simultaneously, clinical evidence from Siewiera et al. (2024) shown that serum exosomes levels in patients with idiopathic acute sensorineural hearing loss dramatically increased following hyperbaric oxygen treatment (p < 0.05). This study’s results underscore the therapeutic importance of the “hyperoxia-hypoxia paradox” and offer a novel perspective on the mechanism of hyperbaric oxygen, suggesting that it may function via modulating exosomes levels. Consequently, exosomes are implicated in hyperbaric oxygen’s facilitation of illness recovery, and variations in exosomes levels may serve as a possible biomarker for the treatment’s success.
[image: Illustration of a biological process starting with hyperbaric oxygen (HBO) therapy, increasing O2 levels and reactive oxygen species (ROS). This leads to the formation of disulfide bonds and Fe ion conversion, reducing prolyl hydroxylase activity, which increases HIF-1α and triggers exosome release. Repeating the cycle involves 1 ATA oxygen level normalization, ROS increase, antioxidant enzyme elevation, and relative hypoxia.]FIGURE 1 | The excessive generation of reactive oxygen species from hyperbaric oxygen can oxidise critical cysteine residues in the catalytic domain of prolyl hydroxylase, leading to conformational alterations and subsequent inactivation of the enzyme. Additionally, it can oxidise Fe2+ in the active site of prolyl hydroxylase to Fe3+, resulting in the loss of the reduced cofactor necessary for catalysis and stabilisation of HIF-1α. Conversely, persistent exposure to hyperbaric oxygen consistently elevates the production of reactive oxygen species and stimulates the body to generate additional antioxidant enzymes. The half-life of antioxidant enzymes significantly exceeds that of reactive oxygen species, resulting in the “hyperoxia-hypoxia paradox” upon reversion to normoxia following hyperbaric oxygen exposure, which induces a relative hypoxic condition. The inhibition of prolyl hydroxylase activity prevents the hydroxylation and degradation of HIF-1α, resulting in its buildup.4.2 Hyperbaric oxygen affects the contents of exosomes
Prior research has demonstrated that hypoxic treatment of mesenchymal stem cells alters the mix of microRNAs and proteins in exosomes generated by these cells, hence augmenting the therapeutic potential of the exosomes (Zhuo et al., 2024). Shyu et al. (2019) observed alterations in the expression of RNA fragments and angiogenic factors in exosomes from human coronary artery endothelial cells (HCAECs) subjected to hyperbaric oxygen therapy, attributed to the relative hypoxic effects of the “hyperoxa-hypoxia paradox”. Research indicates that hyperbaric oxygen markedly enhances the expression of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) in exosomes produced from HCAECs. MALAT1, a long non-coding RNA, directly targets vascular endothelial growth factor receptor 2, regulates endothelial cell activity, promotes angiogenesis (Liu et al., 2022), and inhibits miR-92a, which is partially complementary to MALAT1 and influences angiogenesis. Consequently enhancing the expression of the angiogenic factor Kruppel-like factor 2 (KLF2) (Kattih et al., 2024). Following exposure of HCAECs to varying levels of absolute atmospheric (ATA) pressure in a hyperbaric oxygen environment, it was shown that at 2.5 ATA, the expression of MALAT1 in both HCAECs and HCAECs-derived exosomes was maximized. The peak effect was observed after 2 days of exposure and returned to baseline levels by day six. The diminished expression of MALAT1 in HCAECs and exosomes produced from HCAECs may result from elevated oxygen partial pressure or a hyperbaric oxygen environment below 2.5 ATA, which fails to sufficiently induce relative hypoxia in the cells.
Moreover, another research has demonstrated that hyperbaric oxygen can influence the expression of inflammation-associated genes in exosomes (refer to Table 1). Yin et al. (2024) utilized PCR to demonstrate that hyperbaric oxygen treatment resulted in the downregulation of several inflammation-related genes in exosomes, including TLR5, FAAH2, SLC11A1, EGR3, and SRPK3 (all P < 0.01) and EGR1 (P < 0.001). Whole genome sequencing was conducted on exosomes obtained from human umbilical vein endothelial cells, both without and with hyperbaric oxygen treatment. Following comparison, functions and pathways of many biological components were identified as enriched in exosomes subsequent to hyperbaric oxygen treatment (refer to Table 1). Engaged in the MHCII biosynthetic process, transport of basic amino acids, development of primary sexual characteristics, synaptic assembly, intrinsic membrane components, DNA alkylation, DNA methylation, and pathways related to the development of primary male sexual characteristics and the reproductive system, the reproductive system development pathway exhibited the highest level of enrichment. Hyperbaric oxygen regulates gene expression and signaling pathways in exosomes, significantly enhancing fibroblast proliferation and expediting the healing of diabetic wounds (Yin et al., 2024).
TABLE 1 | The expression of related contents in exosomes was changed under hyperbaric oxygen.	Effects of hyperbaric oxygen on the contents of exosomes
	Form	Specific changes
	Inflammation-related gene expression	TLR5↓, FAAH2SL↓, C11A1↓, EGR3↓, SRPK3↓, EGR1↓
	Correlation function enrichment analysis	MHC class II biosynthetic processes ↑, basic amino acid transport ↑, development of primary sexual characteristics ↑, synapse assembly ↑, intrinsic membrane components ↑, DNA alkylation ↑, DNA methylation ↑, development of primary male sexual characteristics ↑, developmental pathways of the reproductive system ↑
	RNA fragment	MALAT1↑, miR-92a↓
	transcription factor	KLF2↑


4.3 Protective effects of exosomes on hyperbaric oxygen-induced injury
Excessive oxygen concentration and partial pressure of breathed oxygen, or prolonged exposure, can result in oxygen toxicity, which may be life-threatening in severe instances (Alva et al., 2023). Despite the extensive application of hyperbaric oxygen in medicine for many ailments, vigilance regarding the potential for medical errors remains essential. Certain investigation by Braun et al. (2018) have demonstrated that intraperitoneal administration of exosomes produced from mesenchymal stromal cells can safeguard the lung from hyperoxia-induced bronchopulmonary dysplasia, with the mechanism manifesting in two facets. As shown in Figure 2, (refer to Table 1) exosomes exert a notable anti-inflammatory effect by suppressing the M1/M2 polarization of macrophages and down-regulating the inflammatory cascade. Conversely, exosomes can stimulate the creation of tubular networks in pulmonary vascular endothelial cells by delivering and targeting vascular endothelial growth factor, thus facilitating neovascularization and enhancing tissue healing and homeostasis restoration. Likewise, as shown in Figure 2, additional study by Yin et al. (2024) indicated that MSC-Exos could diminish the percentage of inflammation-associated lymphocytes (NK cells, B cells, CD8+T cells, and CD4+T cells) and the concentrations of pro-inflammatory cytokines (IL-6 and TNF-α) in lung tissue, thereby effectively suppressing the inflammatory response in a hyperoxic environment. It also facilitates the proliferation of alveolar epithelial cells (AT1/AT2 cells), underscoring its pivotal function in lung tissue regeneration. Together, these mechanisms demonstrate the numerous protective benefits of exosomes in lung function repair through the dual effects of tissue regeneration and immune regulation, and they offer a strong scientific foundation for the potential benefits of exosomes in combination with hyperbaric oxygen.
[image: Diagram illustrating the role of exosomes in reducing inflammatory factors, inhibiting cell differentiation and activation, and promoting tissue regeneration and angiogenesis. Exosomes decrease TNF-α and IL-6 levels and inhibit differentiation of monocytes into M1 and M2, reducing infiltration and activation of CD8+ T cells, CD4+ T cells, B cells, and NK cells. Exosomes support AT1 and AT2 cell activity for tissue regeneration and increase VEGF, enhancing angiogenesis.]FIGURE 2 | Exosomes exert a protective effect against hyperbaric oxygen-induced injury through multiple mechanisms: (1) Inhibition of macrophage M1/M2 polarization downregulates the inflammatory cascade response, thereby exerting a significant anti-inflammatory effect. (2) Exosomes drive neoangiogenesis by carrying and targeting delivery of vascular endothelial growth factor, which activates the tubular network formation potential of pulmonary vascular endothelial cells. (3) Reduces the levels of pro-inflammatory cytokines (IL-6 and TNF-α) in lung tissues, effectively suppressing the inflammatory response in a hyperoxic environment. (4) Reduced the proportion of inflammation-associated lymphocytes (NK cells, B cells, CD8+ T cells and CD4+ T cells). (5) Promoted the recovery of alveolar epithelial cells (AT1/AT2 cells).4.4 Synergistic strengthening effect of hyperbaric oxygen combined with exosomes
4.4.1 Synergistic inhibition of inflammatory response
Following trauma, the infiltration of macrophages and other inflammatory cells into the wounded area, together with their release of proinflammatory cytokines such as TNF-α and IL-1β, can worsen tissue damage and impede injury recovery (Biglari et al., 2015; Boato et al., 2013). Hyperbaric oxygen has a synergistic effect with exosomes’ immunomodulatory action, inhibiting both the infiltration of inflammatory cells and the production of inflammatory factors (Alenazi et al., 2021; Shi et al., 2025). Numerous studies have also demonstrated that the combined anti-inflammatory effects of the two medications are more potent than those of either medication alone. The study by Hjazi et al. (2024) demonstrated that the level of TNF-α following treatment with exosomes derived from human menstrual blood stem cells and hyperbaric oxygen was significantly lower than that of exosomes (p < 0.01) or hyperbaric oxygen (p < 0.05) alone, and the level of IL-1β was significantly lower than that of exosomes alone (p < 0.05). The work by Amiri et al. (2025) also demonstrated that in a rat model of sciatic nerve damage, exosomes derived from human placental mesenchymal stem cells (hpMSCs-Exos) combined with hyperbaric oxygen treatment significantly reduced the levels of TNF-α (p < 0.001 and p < 0.01), IL-1β (p < 0.01 and p < 0.05), and interferon-γ (p < 0.01 and p < 0.05). Compared to exosomes or hyperbaric oxygen alone, the effect is superior.
Together, the two have a synergistic impact that increases the expression of anti-inflammatory factors while also suppressing pro-inflammatory factors. Interferon-γ, TNF-α, and IL-1β expression levels can be markedly downregulated by the anti-inflammatory cytokine IL-10, which has been demonstrated in studies to be one of the most important elements in promoting neuronal survival following damage (Patilas et al., 2024). Cheshmi et al. (2023) and Jafari et al. (2023) demonstrated that hpMSCs-Exos in conjunction with hyperbaric oxygen resulted in a more pronounced elevation of IL-10 gene expression following traumatic spinal cord injury and spinal cord ischemia-reperfusion injury compared to the intervention approach alone (all p < 0.05).
4.4.2 Synergistic reduction of oxidative stress
Early post-traumatic oxidative stress is a significant pathogenic occurrence in the affected region (Yu et al., 2023). The body’s antioxidant system, including glutathione, catalase, and superoxide dismutase, plays a crucial role in mitigating oxidative stress. Excessive production of reactive oxygen species following injury will disrupt the antioxidant system, activate apoptosis-related proteins, and trigger cellular death (Valko et al., 2007). Consequently, regulating oxidative stress is crucial in mitigating the extent of damage. Several research have indicated that hyperbaric oxygen, in conjunction with exosomes, can elevate the biological levels of glutathione, catalase, and superoxide dismutase, hence demonstrating a synergistic effect in augmenting antioxidant capability (Amiri et al., 2025; Cheshmi et al., 2023; Hjazi et al., 2024; Jafari et al., 2023). Conversely, it can diminish the amounts of reactive oxygen species, propylene glycol, and other oxidative agents, demonstrating a synergistic suppression of the oxidative stress response (Amiri et al., 2025; Cheshmi et al., 2023; Hjazi et al., 2024; Jafari et al., 2023). The aforementioned research have established that combination interventions are superior to any singular approach.
4.4.3 Synergetically protect the nervous tissue
Numerous studies indicate that exosomes in conjunction with hyperbaric oxygen therapy can markedly enhance neuronal survival and proliferation. Jafari et al. (2023) indicated that the numerical density of neurones dramatically increased following the administration of hpMSCs-Exos in conjunction with hyperbaric oxygen therapy in a rat model of spinal cord ischemia-reperfusion injury (p < 0.001). Cheshmi et al. (2023) shown that, in the treatment of severe spinal cord injury, the combination of hpMSCs-Exos with hyperbaric oxygen therapy yielded a significantly higher neuronal count compared to either treatment alone (p < 0.05). The stereological evaluation of the spinal cord at the lesion site, employing Cavalier’s method, demonstrated that the average total spinal cord volume in the combined treatment group was approximately double that of the control group, and the total spinal cord volume in the combined treatment group was significantly greater than that of the single treatment group (all p < 0.05). Amiri et al. (2025) also found that, when hyperbaric oxygen combined with hpMSCs-Exos synergistically promoted the recovery of sciatic nerve injury, compared with hyperbaric oxygen or exosomes intervention alone, the sciatic nerve volume after combined treatment was larger (both, p < 0.05), thicker myelin sheath (p < 0.01 and p < 0.05), and more nerve fibers (p < 0.05 and p < 0.01). Furthermore, the study utilising Cavalier’s approach revealed that the overall spinal anterior horn volume was greater with combination therapy compared to exosomes (p < 0.05) or hyperbaric oxygen (statistically insignificant) administered alone. All these studies demonstrated that the mechanism underlying enhanced neuronal proliferation and survival was associated with the reduction of the apoptosis-related protein caspase-3 activity through the combination administration of the two medicines.
5 APPLICATION OF HYPERBARIC OXYGEN COMBINED WITH EXOSOMES IN PROMOTING TISSUE REPAIR
5.1 Diabetic wound
Chronic hyperglycemia in diabetic individuals can cause peripheral nerve and microvascular damage, leading to diminished angiogenesis, heightened oxidative stress, infections, and other risk factors, ultimately resulting in the development of diabetic refractory wounds (Lin et al., 2023). Hyperbaric oxygen is an efficacious treatment for diabetic wounds (OuYang et al., 2024), primarily functioning by enhancing the hypoxic environment, stimulating cell proliferation and angiogenesis, and diminishing oxidative stress and inflammatory responses (Capó et al., 2023). Recent evidence has proved that exosomes are one of the key secreted products that mediate intercellular communication and accelerate wound healing (Hade et al., 2022). A study by Yin et al. (2024) demonstrated that exosomes released from human umbilical vein endothelial cells subjected to hyperbaric oxygen were co-cultured with white adipose tissue in culture medium, resulting in the Browning of white adipose tissue, which transformed into beige adipocytes after phagocytosis of the endothelial cell-derived exosomes. Beige adipocytes can induce M2 polarization in macrophages via elevated release of neuregulin 4, suppress inflammatory responses, and enhance fibroblast proliferation and angiogenesis, thereby facilitating tissue regeneration and enhancing diabetic wound healing (Cai et al., 2024). The in vitro findings of this study indicated that hyperbaric oxygen-induced exosomes from vascular endothelial cells may enhance diabetic wound healing by promoting the browning of adipocytes.
Moreover, exosomes produced from stem cells might expedite the healing of diabetic wounds by transporting therapeutic growth factors and microRNAs (Qiao et al., 2023), however, the hypoxic conditions following injury may impair the transportation effectiveness of exosomes within cells (Tong et al., 2023). Consequently, the concurrent delivery of exosomes and oxygen is notably significant. Numerous research have addressed the constraint of hypoxia by developing a novel method including exosomes-coated oxygen nanoparticles, which have demonstrated significant therapeutic efficacy in improving diabetic wound healing (Han et al., 2024; Zhang, et al., 2023a). This therapy technique necessitates advanced technologies and substantial costs, hindering its widespread clinical implementation. Hyperbaric oxygen, as an economical and straightforward oxygen supply method, has been extensively utilized in clinical settings. Its integration with exosomes presents significant potential for the treatment of diabetic wounds, representing a novel avenue for future research.
5.2 Nervous system diseases
5.2.1 Traumatic spinal cord injury
Traumatic spinal cord injury denotes the impairment of spinal cord architecture and neural function due to external forces, leading to dysfunction in sensory, motor, and autonomic nerves (Grijalva-Otero and Doncel-Pérez, 2024). Following an injury, a series of molecular and cellular processes ensues, including apoptosis, gliosis, oxidative stress, and inflammation (Hu et al., 2023). Secondary injury can aggravate the disease, potentially resulting in the loss of sensory and motor functions at or below the site of spinal cord injury. To avert the propagation of secondary injury, prompt therapy following an injury to facilitate the healing of compromised tissues is the most efficacious strategy for traumatic spinal cord injury (Adegeest et al., 2023). Research has shown that early hyperbaric oxygen treatment following spinal cord injury can markedly diminish the expression of pro-inflammatory proteins (such as TNF-α and IL-1β) and enhance the production of anti-oxidative stress markers (such as superoxide dismutase), while also decreasing neuronal death and gliosis (Sunshine et al., 2023). Stem cell treatment is recognized for its advantageous impact on spinal cord injuries. Yin et al. (2022) investigated a rat model of acute traumatic spinal cord injury using hyperbaric oxygen in conjunction with adipose-derived mesenchymal stem cells, revealing that the combined therapy exhibited a more pronounced effect than individual treatments. This treatment approach markedly diminishes oxidative stress and inflammatory signals by collaboratively down-regulating inflammatory responses and cellular stress pathways, including PI3K/AKT/mTOR, thus safeguarding spinal cord components. Recent research indicates that the advantageous effects of stem cells on spinal cord injury may be facilitated by the paracrine release of exosomes, rather than their capacity to specialize into various cell types (Khalatbary, 2021). Various microRNAs included in stem cell-derived exosomes can significantly diminish neuronal apoptosis, enhance angiogenesis, suppress inflammatory responses, and facilitate axon regeneration by modulating many signaling pathways, consequently augmenting functional recovery following spinal cord injury (Hwang et al., 2023).
Consequently, Cheshmi et al. (2023) conducted the first study on the combined application of hyperbaric oxygen and exosomes in a rat model of traumatic spinal cord injury. Ninety male rats were randomly divided into 5 groups. The rats in the combined treatment group (n = 18) were injected with 200 μ hpMSCs-Exos through the tail vein 30 min after the establishment of traumatic spinal cord injury model and treated with Hyperbaric oxygen (2.5ATA, 90 min, a total of 3 times). The study found that compared with hyperbaric oxygen or exosomes therapy alone, the Basso-Beattie-Bresnehan test scores of rats in the combined treatment group were higher on day 1 (p < 0.05 and p < 0.05), day 3 (p < 0.05 and p < 0.05), day 7 (p < 0.05 and p < 0.05) and day 14 (p < 0.05 and p < 0.05) after injury. The narrow beam walking test had higher scores on day 1 (p < 0.05 and p < 0.05), day 7 (statistically insignificant and p < 0.05), and day 14 (p < 0.05 and p < 0.05) after injury. In addition, the results of electromyography latency test showed that the latency was significantly shorter after combined treatment (p < 0.05 and p < 0.05).
hpMSCs-Exos exhibit minimal immunogenicity and have been utilized in preliminary clinical trials concerning tissue regeneration (Zamanian et al., 2024). The expansion of human placental mesenchymal stem cells is constrained, with a doubling time approximately 40 h. Prolonged culturing may induce persistent alterations in mesenchymal stem cells (Kim and Park, 2017). To address the proliferative problem, Meng et al. (2007) first found human menstrual blood stem cells in 2007. The cells offer benefits such as non-invasive isolation, periodic acquisition, minimal immunological rejection, and the absence of ethical concerns. The characteristic of a rapid proliferation rate, with a doubling period of approximately 19.4 h and a doubling rate double that of human placental mesenchymal stem cells, renders them a prospective therapeutic alternative (Khoury et al., 2014). In this context, Hjazi et al. (2024) examined the effectiveness of human menstrual blood stem cell-derived exosomes in conjunction with hyperbaric oxygen (2.5 ATA, 90 min, 3 sessions) in a rat model of traumatic spinal cord injury, adhering to a methodology aligned with the aforementioned study. The study’s results indicated that the Basso-Beattie-Bresnehan test scores for the combination treatment were considerably superior to those for exosomes treatment alone on day 1 (p < 0.01), day 7 (p < 0.05), and day 14 (p < 0.05) post-injury. In comparison to hyperbaric oxygen therapy alone, the combination treatment demonstrated improvement; nevertheless, the difference was not statistically significant. The combined therapy exhibited a trend towards reduced EMG latency compared to each intervention individually; however, the difference did not achieve statistical significance. Human menstrual blood stem cells do not express MHC-II cell surface proteins that are recognized by CD4+T cells, hence exhibiting minimal immunogenicity and reducing the likelihood of immunological rejection (Khoury et al., 2014). Following injection into rats, exosomes generated from stem cells were able to enhance the expression of MHC-II in response to interferon-γ activation, hence synergistically activating T cells alongside costimulatory molecules (CD80/CD86) (Butticè et al., 2006). Furthermore, hyperbaric oxygen has been shown to enhance MHC-II biosynthesis in exosomes (Yin et al., 2024). Therefore, the above reasons may have resulted in a reduced delivery efficiency of human menstrual blood stem cell-derived exosomes in the rat model, resulting in a statistically insignificant difference after combination treatment. The limited sample size, comprising only 6 out of 18 rats per group for behavioral function testing, constrained the efficacy of Tukey’s one-way analysis of variance (ANOVA) with a post hoc test, potentially resulting in biologic differences not achieving the significance threshold of p < 0.05 due to substantial standard deviations. Consequently, future preclinical trials must be conducted to increase the sample number and assess the efficacy disparities of exosomes derived from various sources in conjunction with hyperbaric oxygen therapy.
5.2.2 Spinal cord ischemia-reperfusion injury
Spinal cord ischemia-reperfusion injury is a non-traumatic spinal cord injury frequently encountered following abdominal aortic surgery. Severe diseases may result in paraplegia; however, existing therapeutic modalities have not produced consistent clinical outcomes (Xie et al., 2024). Jafari et al. (2023) employed a combined therapy strategy to investigate a rat model of spinal cord ischemia-reperfusion injury, building on the efficacy of hyperbaric oxygen in conjunction with exosomes in a model of traumatic spinal cord injury. This study involved the random allocation of 80 rats into five groups. In the combined treatment group (n = 16), spinal cord ischemia-reperfusion injury was caused by aortic occlusion for 60 min, succeeded by hyperbaric oxygen therapy (2.5 ATA, 60 min each, administered twice) during both ischemia and reperfusion phases. hpMSCs-Exos (20 μg) were administered via the tail vein 30 min post-model establishment. The combined treatment markedly reduced oxidative stress and inflammation, and diminished apoptosis during spinal cord ischemia-reperfusion injury. It can significantly enhance neurological performance and collaboratively diminish histopathological damage by safeguarding neuronal viability and suppressing spinal gliosis. The motor deficit index test indicated that the combination treatment resulted in a substantial decrease in the motor deficit index score at 6 h (p < 0.01 and p < 0.05), 12 h (p < 0.05 and p < 0.05), and 48 h (p < 0.05 and p < 0.05) post-operation, in comparison to the individual interventions of exosomes and hyperbaric oxygen. The construction of this rat model fully simulates the unexpected events during abdominal aortic surgery, which is in line with the logic of clinical perioperative intervention. Evaluating its safety is the key direction of future research.
5.2.3 Sciatic nerve injury
Sciatic nerve injury is a form of peripheral nerve injury characterized by structural or functional damage to the sciatic nerve due to trauma, compression, inflammation, or metabolic disorders, leading to sensory, motor, and autonomic dysfunction in the lower extremities (Wang et al., 2024). Numerous studies indicate that hyperbaric oxygen enhances peripheral nerve damage recovery by promoting endogenous neurogenesis via mechanisms including anti-inflammation and oxidative stress reduction (Brenna et al., 2023). Exosomes have demonstrated significant potential in the therapy of peripheral nerve damage (Namini et al., 2023). Considering the synergistic augmentation of hyperbaric oxygen and exosomes in ameliorating central nerve injury (spinal cord injury), Amiri et al. (2025) further investigated the effectiveness of their combination on peripheral nerve injury. Seventy-five rats were randomly allocated into five groups during the trial. In the combined treatment group (n = 15), 200 μg of hpMSCs-Exos was administered into the gastrocnemius muscle of the rats following the completion of sciatic nerve injury, in conjunction with hyperbaric oxygen therapy (2 ATA, 60 min, 7 sessions). Post-intervention, the behavioral assessment indicated that the delay of electromyography was considerably reduced following combination therapy compared to exosomes treatment alone (p < 0.05). In comparison to the administration of exosomes and hyperbaric oxygen independently, the sciatic nerve function index score was elevated following the combination treatment on days 7 (p < 0.001 and p < 0.01), 14 (p < 0.01 and p < 0.05), 21 (p < 0.01 and p < 0.05), and 28 (p < 0.01 and p < 0.05).
The amalgamation of hpMSCs-Exos and hyperbaric oxygen therapy exhibits a substantial therapeutic impact in mitigating inflammation, oxidative stress, and tissue alterations following nerve injury, hence establishing a critical scientific foundation for the clinical use of this approach. Nonetheless, it is crucial to recognize the therapeutic constraints of hyperbaric oxygen therapy. Hyperbaric oxygen therapy may be impractical for patients in intensive care units due to the requirement for specialist equipment and meticulous monitoring. These practical constraints underscore the challenges of implementing this therapy in a clinical environment.
5.3 Vascular diseases
Vascular disease is a significant contributor to morbidity and death globally; thus, identifying effective non-invasive treatment methods is crucial to mitigate adverse outcomes (Balta, 2021). Shyu et al. (2019) initially discovered that hyperbaric oxygen induces exosomes containing MALAT1, which can enhance angiogenesis. In this investigation, HCAECs were subjected to a minor hyperbaric oxygen chamber (2.5 ATA, 60 min, twice) for 2 days, after which exosomes were extracted from the cell culture medium utilizing a whole exosomes isolation reagent. Subsequently, 70 μg of exosomes were transfected into a rat model of right femoral artery ligation wound via a low-pressure accelerated gene gun (n = 6). Post-treatment, laser Doppler perfusion imaging revealed that exosomes induced by hyperbaric oxygen markedly enhanced blood flow in the ischemic hind limb of rats, with the blood flow ratio (ischemic hind limb/normal hind limb) significantly exceeding that of the control group (p < 0.001). Additionally, a unique mechanism was hypothesized, as shown in Figure 3, whereby hyperbaric oxygen stimulates HCAEC-derived exosomes to suppress miR-92a expression by upregulating MALAT1, thereby counteracting the inhibitory effect of miR-92a on KLF2 expression and promoting angiogenesis.
[image: Diagram illustrating the role of cardiomyocyte-derived exosomes containing MALAT1 in reducing infarct size and promoting angiogenesis after acute myocardial infarction (AMI). Exosomes treated with hyperbaric oxygen (HBO) contain MALAT1 and are injected into the heart, reducing infarct size. In human coronary endothelial cells, exosomes increase MALAT1 and reduce miR-92a, enhancing KLF2 and CD31, which promotes angiogenesis. A similar mechanism is shown in hind limb ischemia, where exosome treatment decreases the ischemic area.]FIGURE 3 | Hyperbaric oxygen stimulates HCAECs-derived exosomes to suppress miR-92a expression by upregulating MALAT1, thereby counteracting the inhibitory effect of miR-92a on KLF2 expression and promoting angiogenesis. Hyperbaric oxygen combined with exosomes facilitated the interaction between MALAT1 and miR-92a in rat cardiomyocytes, enhancing the release of KLF2 and the endothelial cell adhesion molecule CD31, which resulted in a substantial decrease in myocardial infarct size.This study’s findings indicate that another investigation by the same research team identified the therapeutic potential of hyperbaric oxygen-induced exosomes containing MALAT1 for myocardial infarction and further elucidated the mechanism of their combined application to enhance angiogenesis (Shyu et al., 2020). In this study, 70 μg of isolated cardiomyocyte-derived exosomes were administered into the peri-infarct region of a rat myocardial infarction model (n = 5) by a low-pressure accelerated gene gun in three separate instances, in conjunction with hyperbaric oxygen therapy (2.5 ATA, 60 min, a total of 14 sessions). As shown in Figure 3, the co-administration of hyperbaric oxygen and exosomes facilitated the interaction between MALAT1 and miR-92a in rat cardiomyocytes, enhancing the release of KLF2 and the endothelial cell adhesion molecule CD31, which resulted in a substantial decrease in myocardial infarct size (p < 0.01). Moreover, the cardiac ejection fraction was increased by 14% on average compared with non-hyperbaric oxygen-induced exosomes. The function of MALAT1 in myocardial infarction, as shown by prior research, is contentious. Certain investigation by Guo et al. (2019) have indicated the advantageous role of MALAT1 following myocardial infarction; nevertheless, another study by Gong et al. (2019) reported that elevated MALAT1 levels induced myocardial cell death in mice with myocardial infarction, and the rationale for this discrepancy remains inadequately elucidated. These findings offer substantial evidence for clarifying the beneficial effects of MALAT1 during myocardial infarction, and the integration of MALAT1-enriched exosomes with hyperbaric oxygen therapy may represent a promising therapeutic approach for enhancing angiogenesis.
6 SAFETY AND TRANSFORMATION BARRIER ANALYSIS OF HYPERBARIC OXYGEN COMBINED WITH EXOSOMES IN PROMOTING TISSUE REPAIR
6.1 Safety analysis of hyperbaric oxygen combined with exosomes to enhance tissue regeneration
The evaluation of the safety of hyperbaric oxygen in conjunction with exosomes to enhance tissue repair is fundamental to clinical application. This combined therapy technique demonstrates evident synergistic effects in anti-inflammatory, anti-oxidative, pro-angiogenic, and neuroprotective domains, alongside minimal toxicity in animal trials; however, potential human hazards must not be overlooked. A systematic review and meta-analysis of the adverse effects of hyperbaric oxygen therapy included 24 randomized controlled trials with 1,497 subjects, revealing an overall adverse effect rate of 30.11%, with ear discomfort being the most prevalent side effect (113 cases). Nonetheless, when the hyperbaric oxygen treatment regimen (≤10 sessions) or chamber pressure (<2.5 ATA) was adequately regulated, the occurrence of adverse effects was markedly diminished (Zhang, et al., 2023b). Therefore, the hyperbaric oxygen dose is particularly important. As nanoscale vesicles, the immunogenicity of exosomes is the key factor. Exosomes derived from autologous cells are generally well tolerated, but allogeneic or xenogeneic sources may trigger immune rejection or allergic reactions. A review of exosomes immunogenicity points to the potential risk that exosomes surface proteins, such as MHC complexes, may activate T cell responses, leading to autoimmune diseases (Théry et al., 2018). In addition, contamination during exosomes extraction and purification, such as viral or bacterial endotoxins, may also introduce infection risk (Théry et al., 2018). Furthermore, in a hyperbaric oxygen environment, the stability of exosomal membranes may be compromised, resulting in the release of contents and the activation of unforeseen cellular signaling pathways, hence exacerbating toxicity. Consequently, while the approach of utilizing hyperbaric oxygen in conjunction with exosomes to enhance tissue healing is interesting, its safety requires additional investigation.
6.2 Analysis of transformation barriers in tissue repair promoted by hyperbaric oxygen combined with exosomes
The effective delivery of exosomes is the major bottleneck in clinical translation. According to pharmacokinetic data, exogenous exosomes have a short residence time in the human circulation and are susceptible to clearance by macrophages associated with organs of the mononuclear phagocytic system (liver, spleen, and lung) (Parada et al., 2021). In the hyperoxic environment created by hyperbaric oxygen, the lipid membrane of exosomes may undergo oxidation and degradation, hence diminishing their bioavailability (Lis et al., 2011). Furthermore, existing delivery methods (including intravenous or topical administration) exhibit inefficiency, with about 10%–20% of exosomes attaining the target regions (Lener et al., 2015). The exosomes delivery protocol for the aforementioned investigation in the myocardial infarction model involves injection into the infarct border zone, which poses challenges for practical translation. To improve stability in tissue repair, it is essential to produce tailored exosomes, including surface-modified targeting ligands, or biomaterial carriers, such as hydrogels (Tran et al., 2020). The pressure gradient of hyperbaric oxygen may disrupt these delivery routes, resulting in non-specific distribution and possible toxicity. Consequently, imaging techniques like fluorescent tagging should be a crucial instrument for evaluating delivery efficacy in clinical trials.
The effective dose of exosomes in animal research (about 109–1010 exosomes per kilogram of body weight) presents challenges for direct scaling to humans (Gupta et al., 2021). Variations in human body size and metabolism may necessitate a 10- to 100-fold augmentation in dosage; nevertheless, excessive dosing poses a danger of immunotoxicity or thrombosis, while insufficient dosing may prove ineffectual. The interplay between hyperbaric oxygen therapy and variations in oxygen partial pressure can influence the kinetics of exosomes release, hence complicating dose optimization. Consequently, clinical translation necessitates pharmacokinetic and pharmacodynamic modeling to replicate human dosages, accompanied by dose-escalation trials to mitigate risk. In addition, there are physiological differences between animal models and humans, including the immune system, oxygen metabolism, and tissue repair mechanisms (Dietz and Schwab, 2017; Nardone et al., 2017). For example, the high metabolic rate in mice may exaggerate the oxygenation benefits of hyperbaric oxygen (Mortola, 2023). Furthermore, the majority of prior studies administered hyperbaric oxygen or exosomes interventions shortly after model building to achieve optimal outcomes. In clinical practice, treatment is typically commenced during the subacute or chronic phase of injury, and this timely approach is constrained by certain objective characteristics that are challenging to mimic in a clinical environment. These discrepancies may result in diminished efficacy or unforeseen adverse outcomes in clinical trials. Consequently, it is imperative to assess the effectiveness of delayed intervention in large animal models (such as non-human primates) prior to translation, optimize the timing of intervention to confirm its efficacy, and incorporate omics data (such as transcriptome analysis) to bridge the interspecies gap.
In conclusion, while hyperbaric oxygen combined with exosomes demonstrates enhanced efficacy in facilitating tissue repair in animal models, the application of this combination in human clinical trials encounters several constraints, including exosomes delivery methods, dosage scaling, interspecies variations, and timing of intervention. These problems must be resolved by meticulous preclinical optimization and phase I/II trials to guarantee a balance between efficacy and safety.
7 DISCUSSION AND OUTLOOK
The investigation of hyperbaric oxygen combined with exosomes for enhancing tissue repair possesses a robust scientific foundation and significant therapeutic applicability. Currently, an increasing number of research indicate that hyperbaric oxygen therapy and exosomes exhibit beneficial synergistic effects in the repair of various forms of tissue damage (refer to Supplementary Material). Hyperbaric oxygen markedly enhances tissue repair by augmenting local oxygen availability, facilitating angiogenesis, and diminishing oxidative stress. Conversely, exosomes facilitate tissue regeneration by modulating immunological responses, enhancing cell proliferation and migration, and expediting wound healing. The mechanisms of action strongly endorse the viability of hyperbaric oxygen in conjunction with exosomes for clinical treatment. Moreover, current research has validated that hyperbaric oxygen therapy, in conjunction with exosomes, exhibits a synergistic enhancement in anti-inflammatory, antioxidant, and neuroprotective effects, demonstrating remarkable efficacy across various disease models, including diabetic wounds, neurological disorders, and vascular diseases. Nonetheless, critical issues remain about safety and translational hurdles, including the prevention of adverse effects from hyperbaric oxygen therapy, the efficacy of exosomes delivery, and interspecies variations. Furthermore, the pathophysiological mechanisms and oxygen requirements of various diseases varies; thus, the specific method for hyperbaric oxygen therapy combined with exosomes treatment should be tailored to the disease’s peculiarities. Future research should concentrate on examining the impacts of various treatment protocols on tissue regeneration and identifying the most effective treatment combinations and dosages. From a clinical translation standpoint, while hyperbaric oxygen therapy is extensively utilized for traumatic conditions, clinical investigations into the combination of hyperbaric oxygen and exosomes have yet to be conducted. A substantial number of clinical trials are required to guarantee its safety and efficacy in clinical application. Moreover, the production costs, quality assurance, and standardized extraction and storage techniques of exosomes are practical challenges that require resolution. Consequently, the establishment of pertinent standardized procedures and norms to guarantee the stability and uniformity of exosomes across various application contexts would be essential for their clinical advancement.
Anticipating the future, the ongoing advancements in bioengineering and nanotechnology, the enhancement of exosomes delivery systems, the innovation of integrated treatment modalities, and the identification of pertinent biomarkers will significantly bolster the clinical application of hyperbaric oxygen therapy in conjunction with exosomes therapy. Treatment strategies founded on personalized medicine will customize optimal treatment plans for patients with various diseases, thereby enhancing therapeutic efficacy and minimizing potential negative effects. Nevertheless, the current evidence predominantly relies on animal models and in vitro studies, with a deficiency of extensive human clinical data. Future research should include randomized controlled trials to assess the long-term efficacy and safety of combination therapy, including tissue healing rates, inflammatory marker levels, and adverse event occurrences. Simultaneously, incorporating multi-omics methodologies, including transcriptomics and proteomics, to clarify the molecular interactions between hyperbaric oxygen and exosomes may aid in uncovering potential synergistic pathways and inform the creation of innovative intervention techniques. Furthermore, given the heterogeneity of exosomes—where exosomes from various cell types exhibit varying repair capabilities—subsequent research should investigate the ideal ratio of distinct exosomes sources to hyperbaric oxygen. This enhances treatment specificity and may possibly diminish the likelihood of allogeneic rejection. Advancing the establishment of international consensus guidelines will guarantee that clinical trials of combination medicines adhere to Good Clinical Practice (GCP) standards and facilitate their uniform implementation globally.
The investigation of hyperbaric oxygen in conjunction with exosomes holds significant potential, particularly in tissue repair, offering novel concepts and treatment approaches. Subsequent study should persist in investigating its mechanisms, refining treatment methodologies, and further validating its efficacy and safety in clinical settings, thereby paving a new avenue for the treatment of associated disorders. This integrated approach, through multidisciplinary collaboration, is anticipated to be a significant advancement in regenerative medicine, expediting the transition from fundamental research to clinical application.
AUTHOR CONTRIBUTIONS
SZ: Writing – original draft, Writing – review and editing. JZ: Writing – original draft, Writing – review and editing. JL: Writing – original draft. TL: Writing – original draft. YL: Conceptualization, Methodology, Supervision, Writing – review and editing. YG: Supervision, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The “Xingliao Talent Plan” Medical Master Project in Liaoning Province (YXMJ-QNMZY-08); Dalian Association of Science and Technology Expert Workstation Project (Dalian Association of Science and Technology [2020]No. 42).
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1639060/full#supplementary-material
REFERENCES
	Adegeest, C. Y., Ter Wengel, P. V., and Peul, W. C. (2023). Traumatic spinal cord injury: acute phase treatment in critical care. Curr. Opin. Crit. Care 29 (6), 659–665. doi:10.1097/MCC.0000000000001110

	Alenazi, N., Alsaeed, H., Alsulami, A., and Alanzi, T. (2021). A review of hyperbaric oxygen therapy for inflammatory bowel disease. Int. J. Gen. Med. 14, 7099–7105. doi:10.2147/IJGM.S336678

	Alva, R., Mirza, M., Baiton, A., Lazuran, L., Samokysh, L., Bobinski, A., et al. (2023). Oxygen toxicity: cellular mechanisms in normobaric hyperoxia. Cell Biol. Toxicol. 39 (1), 111–143. doi:10.1007/s10565-022-09773-7

	Amiri, F. T., Jafari, A., Ahmadi, F., Mokhtari, H., Raoofi, A., Moharrami Kasmaie, F., et al. (2025). Exosomes derived from human placental mesenchymal stem cells in combination with hyperbaric oxygen therapy enhance neuroregeneration in a rat model of sciatic nerve crush injury. Regen. Ther. 28, 30–40. doi:10.1016/j.reth.2024.11.021

	Bae, T., Hallis, S. P., and Kwak, M.-K. (2024). Hypoxia, oxidative stress, and the interplay of HIFs and NRF2 signaling in cancer. Exp. Mol. Med. 56 (3), 501–514. doi:10.1038/s12276-024-01180-8

	Balta, S. (2021). Endothelial dysfunction and inflammatory markers of vascular disease. Curr. Vasc. Pharmacol. 19 (3), 243–249. doi:10.2174/1570161118666200421142542

	Baral, H., Uchiyama, A., Yokoyama, Y., Sekiguchi, A., Yamazaki, S., Amalia, S. N., et al. (2021). Antifibrotic effects and mechanisms of mesenchymal stem cell-derived exosomes in a systemic sclerosis mouse model: possible contribution of miR-196b-5p. J. Dermatol Sci. 104 (1), 39–47. doi:10.1016/j.jdermsci.2021.08.006

	Biglari, B., Swing, T., Child, C., Büchler, A., Westhauser, F., Bruckner, T., et al. (2015). A pilot study on temporal changes in IL-1β and TNF-α serum levels after spinal cord injury: the serum level of TNF-α in acute SCI patients as a possible marker for neurological remission. Spinal Cord. 53 (7), 510–514. doi:10.1038/sc.2015.28

	Boato, F., Rosenberger, K., Nelissen, S., Geboes, L., Peters, E. M., Nitsch, R., et al. (2013). Absence of IL-1β positively affects neurological outcome, lesion development and axonal plasticity after spinal cord injury. J. Neuroinflammation 10, 792. doi:10.1186/1742-2094-10-6

	Braun, R. K., Chetty, C., Balasubramaniam, V., Centanni, R., Haraldsdottir, K., Hematti, P., et al. (2018). Intraperitoneal injection of MSC-derived exosomes prevent experimental bronchopulmonary dysplasia. Biochem. Biophys. Res. Commun. 503 (4), 2653–2658. doi:10.1016/j.bbrc.2018.08.019

	Brenna, C. T., Khan, S., Katznelson, R., and Brull, R. (2023). The role of hyperbaric oxygen therapy in the management of perioperative peripheral nerve injury: a scoping review of the literature. Reg. Anesth. Pain Med. 48 (9), 443–453. doi:10.1136/rapm-2022-104113

	Butticè, G., Miller, J., Wang, L., and Smith, B. D. (2006). Interferon-gamma induces major histocompatibility class II transactivator (CIITA), which mediates collagen repression and major histocompatibility class II activation by human aortic smooth muscle cells. Circ. Res. 98 (4), 472–479. doi:10.1161/01.RES.0000204725.46332.97

	Cai, J., Quan, Y., Zhu, S., Jiayan, L., Zhang, Q., Liu, J., et al. (2024). The browning and mobilization of subcutaneous white adipose tissue supports efficient skin repair. Cell Metab. 36 (6), 1287–1301.e7. doi:10.1016/j.cmet.2024.05.005

	Cannellotto, M., Yasells García, A., and Landa, M. S. (2024). Hyperoxia: effective mechanism of hyperbaric treatment at mild-pressure. Int. J. Mol. Sci. 25 (2), 777. doi:10.3390/ijms25020777

	Capó, X., Monserrat-Mesquida, M., Quetglas-Llabrés, M., Batle, J. M., Tur, J. A., Pons, A., et al. (2023). Hyperbaric oxygen therapy reduces oxidative stress and inflammation, and increases growth factors favouring the healing process of diabetic wounds. Int. J. Mol. Sci. 24 (8), 7040. doi:10.3390/ijms24087040

	Castilla, D. M., Liu, Z.-J., and Velazquez, O. C. (2012). Oxygen: implications for wound healing. Adv. Wound Care (New Rochelle) 1 (6), 225–230. doi:10.1089/wound.2011.0319

	Chandel, N. S., McClintock, D. S., Feliciano, C. E., Wood, T. M., Melendez, J. A., Rodriguez, A. M., et al. (2000). Reactive oxygen species generated at mitochondrial complex III stabilize hypoxia-inducible factor-1alpha during hypoxia: a mechanism of O2 sensing. J. Biol. Chem. 275 (33), 25130–25138. doi:10.1074/jbc.M001914200

	Chen, J., Wang, Z., Yi, M., Yang, Y., Tian, M., Liu, Y., et al. (2025). Regenerative properties of bone marrow mesenchymal stem cell derived exosomes in rotator cuff tears. J. Transl. Med. 23 (1), 47. doi:10.1186/s12967-024-06029-2

	Cheshmi, H., Mohammadi, H., Akbari, M., Nasiry, D., Rezapour-Nasrabad, R., Bagheri, M., et al. (2023). Human placental mesenchymal stem cell-derived exosomes in combination with hyperbaric oxygen synergistically promote recovery after spinal cord injury in rats. Neurotox. Res. 41 (5), 431–445. doi:10.1007/s12640-023-00649-0

	Damineni, U., Divity, S., Gundapaneni, S. R. C., Burri, R. G., and Vadde, T. (2025). Clinical outcomes of hyperbaric oxygen therapy for diabetic foot ulcers: a systematic review. Cureus 17 (2), e78655. doi:10.7759/cureus.78655

	Dietz, V., and Schwab, M. E. (2017). From the rodent spinal cord injury model to human application: promises and challenges. J. Neurotrauma 34 (9), 1826–1830. doi:10.1089/neu.2016.4513

	Dorayappan, K. D. P., Wanner, R., Wallbillich, J. J., Saini, U., Zingarelli, R., Suarez, A. A., et al. (2018). Hypoxia-induced exosomes contribute to a more aggressive and chemoresistant ovarian cancer phenotype: a novel mechanism linking STAT3/Rab proteins. Oncogene 37 (28), 3806–3821. doi:10.1038/s41388-018-0189-0

	Fernández-Guarino, M., Hernández-Bule, M. L., and Bacci, S. (2023). Cellular and molecular processes in wound healing. Biomedicines 11 (9), 2526. doi:10.3390/biomedicines11092526

	Fiorini, G., and Schofield, C. J. (2024). Biochemistry of the hypoxia-inducible factor hydroxylases. Curr. Opin. Chem. Biol. 79, 102428. doi:10.1016/j.cbpa.2024.102428

	Gong, X., Zhu, Y., Chang, H., Li, Y., and Ma, F. (2019). Long noncoding RNA MALAT1 promotes cardiomyocyte apoptosis after myocardial infarction via targeting miR-144-3p. Biosci. Rep. 39 (8), BSR20191103. doi:10.1042/BSR20191103

	Gowtham, A., and Kaundal, R. K. (2025). Exploring the ncRNA landscape in exosomes: insights into wound healing mechanisms and therapeutic applications. Int. J. Biol. Macromol. 292, 139206. doi:10.1016/j.ijbiomac.2024.139206

	Grijalva-Otero, I., and Doncel-Pérez, E. (2024). Traumatic human spinal cord injury: are single treatments enough to solve the problem?Arch. Med. Res. 55 (1), 102935. doi:10.1016/j.arcmed.2023.102935

	Guo, X., Wu, X., Han, Y., Tian, E., and Cheng, J. (2019). LncRNA MALAT1 protects cardiomyocytes from isoproterenol-induced apoptosis through sponging miR-558 to enhance ULK1-mediated protective autophagy. J. Cell Physiol. 234 (7), 10842–10854. doi:10.1002/jcp.27925

	Gupta, M., and Rathored, J. (2024). Hyperbaric oxygen therapy: future prospects in regenerative therapy and anti-aging. Front. Aging 5, 1368982. doi:10.3389/fragi.2024.1368982

	Gupta, D., Zickler, A. M., and El Andaloussi, S. (2021). Dosing extracellular vesicles. Adv. Drug Deliv. Rev. 178, 113961. doi:10.1016/j.addr.2021.113961

	Hadanny, A., and Efrati, S. (2020). The hyperoxic-hypoxic paradox. Biomolecules 10 (6), 958. doi:10.3390/biom10060958

	Hade, M. D., Suire, C. N., and Suo, Z. (2021). Mesenchymal stem cell-derived exosomes: applications in regenerative medicine. Cells 10 (8), 1959. doi:10.3390/cells10081959

	Hade, M. D., Suire, C. N., Mossell, J., and Suo, Z. (2022). Extracellular vesicles: emerging frontiers in wound healing. Med. Res. Rev. 42 (6), 2102–2125. doi:10.1002/med.21918

	Han, X., Saengow, C., Ju, L., Ren, W., Ewoldt, R. H., and Irudayaraj, J. (2024). Exosome-coated oxygen nanobubble-laden hydrogel augments intracellular delivery of exosomes for enhanced wound healing. Nat. Commun. 15 (1), 3435. doi:10.1038/s41467-024-47696-5

	Hjazi, A., Alghamdi, A., Aloraini, G. S., Alshehri, M. A., Alsuwat, M. A., Albelasi, A., et al. (2024). Combination use of human menstrual blood stem cell-derived exosomes and hyperbaric oxygen therapy, synergistically promote recovery after spinal cord injury in rats. Tissue Cell 88, 102378. doi:10.1016/j.tice.2024.102378

	Hu, X., Xu, W., Ren, Y., Wang, Z., He, X., Huang, R., et al. (2023). Spinal cord injury: molecular mechanisms and therapeutic interventions. Signal Transduct. Target Ther. 8 (1), 245. doi:10.1038/s41392-023-01477-6

	Hunt, M., Torres, M., Bachar-Wikstrom, E., and Wikstrom, J. D. (2024). Cellular and molecular roles of reactive oxygen species in wound healing. Commun. Biol. 7 (1), 1534. doi:10.1038/s42003-024-07219-w

	Hwang, J., Jang, S., Kim, C., Lee, S., and Jeong, H.-S. (2023). Role of stem cell-derived exosomes and microRNAs in spinal cord injury. Int. J. Mol. Sci. 24 (18), 13849. doi:10.3390/ijms241813849

	Jafari, A., Khalatbary, A. R., Taghiloo, S., Mirzaie, M. S., Nazar, E., Poorhassan, M., et al. (2023). Exosomes derived from human placental mesenchymal stem cells in combination with hyperbaric oxygen synergically alleviates spinal cord ischemia-reperfusion injury. Regen. Ther. 24, 407–416. doi:10.1016/j.reth.2023.09.003

	Kattih, B., Fischer, A., Muhly-Reinholz, M., Tombor, L., Nicin, L., Cremer, S., et al. (2024). Inhibition of miR-92a normalizes vascular gene expression and prevents diastolic dysfunction in heart failure with preserved ejection fraction. J. Mol. Cell Cardiol. 198 (24), 89–98. doi:10.1016/j.yjmcc.2024.11.004

	Khalatbary, A. R. (2021). Stem cell-derived exosomes as a cell free therapy against spinal cord injury. Tissue Cell 71, 101559. doi:10.1016/j.tice.2021.101559

	Khoury, M., Alcayaga-Miranda, F., Illanes, S. E., and Figueroa, F. E. (2014). The promising potential of menstrual stem cells for antenatal diagnosis and cell therapy. Front. Immunol. 5, 205. doi:10.3389/fimmu.2014.00205

	Kim, H. J., and Park, J.-S. (2017). Usage of human mesenchymal stem cells in cell-based therapy: advantages and disadvantages. Dev. Reprod. 21 (1), 1–10. doi:10.12717/DR.2017.21.1.001

	Krylova, S. V., and Feng, D. (2023). The machinery of exosomes: biogenesis, release, and uptake. Int. J. Mol. Sci. 24 (2), 1337. doi:10.3390/ijms24021337

	Lener, T., Gimona, M., Aigner, L., Börger, V., Buzas, E., Camussi, G., et al. (2015). Applying extracellular vesicles based therapeutics in clinical trials - an ISEV position paper. J. Extracell. Vesicles 4, 30087. doi:10.3402/jev.v4.30087

	Lin, S., Wang, Q., Huang, X., Feng, J., Wang, Y., Shao, T., et al. (2023). Wounds under diabetic milieu: the role of immune cellar components and signaling pathways. Biomed. Pharmacother. 157, 114052. doi:10.1016/j.biopha.2022.114052

	Lis, M., Wizert, A., Przybylo, M., Langner, M., Swiatek, J., Jungwirth, P., et al. (2011). The effect of lipid oxidation on the water permeability of phospholipids bilayers. Phys. Chem. Chem. Phys. 13 (39), 17555–17563. doi:10.1039/c1cp21009b

	Liu, H., Wei, Z., Sun, X., and Wang, Z. (2022). MALAT1 improves functional recovery after traumatic brain injury through promoting angiogenesis in experimental mice. Brain Res. 1775, 147731. doi:10.1016/j.brainres.2021.147731

	Liu, S., Hur, Y. H., Cai, X., Cong, Q., Yang, Y., Xu, C., et al. (2023). A tissue injury sensing and repair pathway distinct from host pathogen defense. Cell 186 (10), 2127–2143.e22. doi:10.1016/j.cell.2023.03.031

	Ma, C., Li, Y., Liu, B., Deng, J., Gao, X., Zhang, H., et al. (2025). Exosomes derived from adipose mesenchymal stem cells promote corneal injury repair and inhibit the formation of scars by anti-apoptosis. Colloids Surf. B Biointerfaces 247, 114454. doi:10.1016/j.colsurfb.2024.114454

	Mackay, K., Thompson, R., Parker, M., Pedersen, J., Kelly, H., Loynd, M., et al. (2025). The role of hyperbaric oxygen therapy in the treatment of diabetic foot ulcers - a literature review. J. Diabetes Complicat. 39 (3), 108973. doi:10.1016/j.jdiacomp.2025.108973

	McKinley, K. L., Longaker, M. T., and Naik, S. (2023). Emerging frontiers in regenerative medicine. Science 380 (6647), 796–798. doi:10.1126/science.add6492

	Meng, X., Ichim, T. E., Zhong, J., Rogers, A., Yin, Z., Jackson, J., et al. (2007). Endometrial regenerative cells: a novel stem cell population. J. Transl. Med. 5, 57. doi:10.1186/1479-5876-5-57

	Mortola, J. P. (2023). The mouse-to-elephant metabolic curve: historical overview. Compr. Physiol. 13 (2), 4513–4558. doi:10.1002/cphy.c220003

	Muñiz-García, A., Romero, M., Falcόn-Perez, J. M., Murray, P., Zorzano, A., and Mora, S. (2022). Hypoxia-induced HIF1α activation regulates small extracellular vesicle release in human embryonic kidney cells. Sci. Rep. 12 (1), 1443. doi:10.1038/s41598-022-05161-7

	Namini, M. S., Daneshimehr, F., Beheshtizadeh, N., Mansouri, V., Ai, J., Jahromi, H. K., et al. (2023). Cell-free therapy based on extracellular vesicles: a promising therapeutic strategy for peripheral nerve injury. Stem Cell Res. Ther. 14 (1), 254. doi:10.1186/s13287-023-03467-5

	Nardone, R., Florea, C., Höller, Y., Brigo, F., Versace, V., Lochner, P., et al. (2017). Rodent, large animal and non-human primate models of spinal cord injury. Zool. (Jena) 123, 101–114. doi:10.1016/j.zool.2017.06.004

	Ortega, M. A., Fraile-Martinez, O., García-Montero, C., Callejón-Peláez, E., Sáez, M. A., Álvarez-Mon, M. A., et al. (2021). A general overview on the hyperbaric oxygen therapy: applications, mechanisms and translational opportunities. Med. Kaunas. 57 (9), 864. doi:10.3390/medicina57090864

	OuYang, H., Yang, J., Wan, H., Huang, J., and Yin, Y. (2024). Effects of different treatment measures on the efficacy of diabetic foot ulcers: a network meta-analysis. Front. Endocrinol. (Lausanne) 15, 1452192. doi:10.3389/fendo.2024.1452192

	Parada, N., Romero-Trujillo, A., Georges, N., and Alcayaga-Miranda, F. (2021). Camouflage strategies for therapeutic exosomes evasion from phagocytosis. J. Adv. Res. 31, 61–74. doi:10.1016/j.jare.2021.01.001

	Patilas, C., Varsamos, I., Galanis, A., Vavourakis, M., Zachariou, D., Marougklianis, V., et al. (2024). The role of Interleukin-10 in the pathogenesis and treatment of a spinal cord injury. Diagn. (Basel) 14 (2), 151. doi:10.3390/diagnostics14020151

	Peña, O. A., and Martin, P. (2024). Cellular and molecular mechanisms of skin wound healing. Nat. Rev. Mol. Cell Biol. 25 (8), 599–616. doi:10.1038/s41580-024-00715-1

	Qiao, Z., Wang, X., Zhao, H., Deng, Y., Zeng, W., Yang, K., et al. (2023). The effectiveness of cell-derived exosome therapy for diabetic wound: a systematic review and meta-analysis. Ageing Res. Rev. 85, 101858. doi:10.1016/j.arr.2023.101858

	Robba, C., Battaglini, D., Samary, C. S., Silva, P. L., Ball, L., Rocco, P. R. M., et al. (2020). Ischaemic stroke-induced distal organ damage: pathophysiology and new therapeutic strategies. Intensive Care Med. Exp. 8 (Suppl. 1), 23. doi:10.1186/s40635-020-00305-3

	Sağraç, D., Aydın, S., Kırbaş, O. K., Öztürkoğlu, D., and Şahin, F. (2024). Extracellular vesicles derived from human foreskin cells (hFS-Exo) accelerate cell migration and angiogenesis through MAPK pathway: an in vitro study. Mol. Biol. Rep. 51 (1), 471. doi:10.1007/s11033-024-09378-9

	Salo, A. M., and Myllyharju, J. (2021). Prolyl and lysyl hydroxylases in collagen synthesis. Exp. Dermatol 30 (1), 38–49. doi:10.1111/exd.14197

	Shi, J., Li, Y., Zhao, H., Yan, C., Cui, R., Wen, Y., et al. (2025). Single-Cell transcriptomics reveals stem cell-derived exosomes attenuate inflammatory gene expression in pulmonary oxygen toxicity. Int. J. Mol. Sci. 26 (9), 4462. doi:10.3390/ijms26094462

	Shyu, K.-G., Wang, B.-W., Pan, C.-M., Fang, W.-J., and Lin, C.-M. (2019). Hyperbaric oxygen boosts long noncoding RNA MALAT1 exosome secretion to suppress microRNA-92a expression in therapeutic angiogenesis. Int. J. Cardiol. 274, 271–278. doi:10.1016/j.ijcard.2018.09.118

	Shyu, K.-G., Wang, B.-W., Fang, W.-J., Pan, C.-M., and Lin, C.-M. (2020). Hyperbaric oxygen-induced long non-coding RNA MALAT1 exosomes suppress MicroRNA-92a expression in a rat model of acute myocardial infarction. J. Cell Mol. Med. 24 (22), 12945–12954. doi:10.1111/jcmm.15889

	Siewiera, J., Smoleński, M., Jermakow, N., Kot, J., Reichert, T. E., Miśkiewicz, P., et al. (2024). Levels of small extracellular vesicles in patients treated with hyperbaric oxygenation. Arch. Med. Sci. 20 (2), 476–484. doi:10.5114/aoms/169382

	Singer, B. D., and Chandel, N. S. (2019). Immunometabolism of pro-repair cells. J. Clin. Invest 129 (7), 2597–2607. doi:10.1172/JCI124613

	Sunshine, M. D., Bindi, V. E., Nguyen, B. L., Doerr, V., Boeno, F. P., Chandran, V., et al. (2023). Oxygen therapy attenuates neuroinflammation after spinal cord injury. J. Neuroinflammation 20 (1), 303. doi:10.1186/s12974-023-02985-6

	Tan, F., Li, X., Wang, Z., Li, J., Shahzad, K., and Zheng, J. (2024). Clinical applications of stem cell-derived exosomes. Signal Transduct. Target Ther. 9 (1), 17. doi:10.1038/s41392-023-01704-0

	Tejada, S., Batle, J. M., Ferrer, M. D., Busquets-Cortés, C., Monserrat-Mesquida, M., Nabavi, S. M., et al. (2019). Therapeutic effects of hyperbaric oxygen in the process of wound healing. Curr. Pharm. Des. 25 (15), 1682–1693. doi:10.2174/1381612825666190703162648

	Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., et al. (2018). Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the international society for extracellular vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 7 (1), 1535750. doi:10.1080/20013078.2018.1535750

	Tong, B., Liao, Z., Liu, H., Ke, W., Lei, C., Zhang, W., et al. (2023). Augmenting intracellular cargo delivery of extracellular vesicles in hypoxic tissues through inhibiting hypoxia-induced endocytic recycling. ACS Nano 17 (3), 2537–2553. doi:10.1021/acsnano.2c10351

	Tran, P. H. L., Xiang, D., Tran, T. T. D., Yin, W., Zhang, Y., Kong, L., et al. (2020). Exosomes and nanoengineering: a match made for precision therapeutics. Adv. Mater 32 (18), e1904040. doi:10.1002/adma.201904040

	Valko, M., Leibfritz, D., Moncol, J., Cronin, M. T. D., Mazur, M., and Telser, J. (2007). Free radicals and antioxidants in normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 39 (1), 44–84. doi:10.1016/j.biocel.2006.07.001

	Veerappan, A., Thompson, M., Savage, A. R., Silverman, M. L., Chan, W. S., Sung, B., et al. (2016). Mast cells and exosomes in hyperoxia-induced neonatal lung disease. Am. J. Physiol. Lung Cell Mol. Physiol. 310 (11), L1218–L1232. doi:10.1152/ajplung.00299.2015

	Wang, J., and Yang, L. (2023). The role of exosomes in central nervous system tissue regeneration and repair. Biomed. Mater 18 (5), 052003. doi:10.1088/1748-605X/ace39c

	Wang, T., Gilkes, D. M., Takano, N., Xiang, L., Luo, W., Bishop, C. J., et al. (2014). Hypoxia-inducible factors and RAB22A mediate formation of microvesicles that stimulate breast cancer invasion and metastasis. Proc. Natl. Acad. Sci. U. S. A. 111 (31), E3234–E3242. doi:10.1073/pnas.1410041111

	Wang, Q., Wang, P., Qin, Z., Yang, X., Pan, B., Nie, F., et al. (2021). Altered glucose metabolism and cell function in keloid fibroblasts under hypoxia. Redox Biol. 38, 101815. doi:10.1016/j.redox.2020.101815

	Wang, Y., Wang, Y., Pei, F., Wang, Y., Lv, L., Li, T., et al. (2024). Sciatic nerve injury treated by acupuncture: a bibliometric study and visualization analysis. Front. Neurol. 15, 1432249. doi:10.3389/fneur.2024.1432249

	Wang, Y., Ding, H., Bai, R., Li, Q., Ren, B., Lin, P., et al. (2025). Exosomes from adipose-derived stem cells accelerate wound healing by increasing the release of IL-33 from macrophages. Stem Cell Res. Ther. 16 (1), 80. doi:10.1186/s13287-025-04203-x

	Wilkinson, H. N., and Hardman, M. J. (2020). Wound healing: cellular mechanisms and pathological outcomes. Open Biol. 10 (9), 200223. doi:10.1098/rsob.200223

	Wu, B., Zhang, T., Chen, H., Shi, X., Guan, C., Hu, J., et al. (2024). Exosomes derived from bone marrow mesenchymal stem cell preconditioned by low-intensity pulsed ultrasound stimulation promote bone-tendon interface fibrocartilage regeneration and ameliorate rotator cuff fatty infiltration. J. Orthop. Transl. 48, 89–106. doi:10.1016/j.jot.2024.07.009

	Xie, L., Wu, H., He, Q., Shi, W., Zhang, J., Xiao, X., et al. (2024). A slow-releasing donor of hydrogen sulfide inhibits neuronal cell death via anti-PANoptosis in rats with spinal cord ischemia‒reperfusion injury. Cell Commun. Signal 22 (1), 33. doi:10.1186/s12964-023-01457-x

	Xiong, Q.-H., Zhao, L., Wan, G.-Q., Hu, Y.-G., and Li, X.-L. (2023). Engineered BMSCs-Derived exosomal miR-542-3p promotes cutaneous wound healing. Endocr. Metab. Immune Disord. Drug Targets 23 (3), 336–346. doi:10.2174/1871530322666220523151713

	Yin, T.-C., Shao, P.-L., Chen, K.-H., Lin, K.-C., Chiang, J. Y., Sung, P.-H., et al. (2022). Synergic effect of combined therapy of hyperbaric oxygen and adipose-derived mesenchymal stem cells on improving locomotor recovery after acute traumatic spinal cord injury in rat mainly through downregulating inflammatory and cell-stress signalings. Cell Transpl. 31, 09636897221133821. doi:10.1177/09636897221133821

	Yin, Y., Wang, S.-Y., Xie, D., Pan, S.-M., Fu, H.-M., Feng, Z.-H., et al. (2024). Hyperbaric oxygen therapy promotes the browning of white fat and contributes to the healing of diabetic wounds. Int. Wound J. 21 (4), e14867. doi:10.1111/iwj.14867

	Yu, M., Wang, Z., Wang, D., Aierxi, M., Ma, Z., and Wang, Y. (2023). Oxidative stress following spinal cord injury: from molecular mechanisms to therapeutic targets. J. Neurosci. Res. 101 (10), 1538–1554. doi:10.1002/jnr.25221

	Yu, H., Feng, H., Zeng, H., Wu, Y., Zhang, Q., Yu, J., et al. (2024). Exosomes: the emerging mechanisms and potential clinical applications in dermatology. Int. J. Biol. Sci. 20 (5), 1778–1795. doi:10.7150/ijbs.92897

	Zamanian, M. H., Norooznezhad, A. H., Hosseinkhani, Z., Hassaninia, D., Mansouri, F., Vaziri, S., et al. (2024). Human placental mesenchymal stromal cell-derived small extracellular vesicles as a treatment for severe COVID-19: a double-blind randomized controlled clinical trial. J. Extracell. Vesicles 13 (7), e12492. doi:10.1002/jev2.12492

	Zhang, Y., Fang, M., Xie, W., Zhang, Y.-A., Jiang, C., Li, N., et al. (2023a). Sprayable alginate hydrogel dressings with oxygen production and exosome loading for the treatment of diabetic wounds. Int. J. Biol. Macromol. 242 (Pt 3), 125081. doi:10.1016/j.ijbiomac.2023.125081

	Zhang, Y., Zhou, Y., Jia, Y., Wang, T., and Meng, D. (2023b). Adverse effects of hyperbaric oxygen therapy: a systematic review and meta-analysis. Front. Med. (Lausanne) 10, 1160774. doi:10.3389/fmed.2023.1160774

	Zhuo, H., Chen, Y., and Zhao, G. (2024). Advances in application of hypoxia-preconditioned mesenchymal stem cell-derived exosomes. Front. Cell Dev. Biol. 12, 1446050. doi:10.3389/fcell.2024.1446050

	Zoneff, E., Wang, Y., Jackson, C., Smith, O., Duchi, S., Onofrillo, C., et al. (2024). Controlled oxygen delivery to power tissue regeneration. Nat. Commun. 15 (1), 4361. doi:10.1038/s41467-024-48719-x


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Zhang, Zhou, Liu, Li, Liu and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-13-1639060-g003.jpg
Reduced infarct size

Cardiomyocytes

Angiogenesis

. MALAT1

sees UL
miR-92a —

Human coronary \ Hind limb Decrease in
ischemia ischemic area

endothelial cells

&





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Hyperbaric oxygen in combination with exosomes: a new strategy to promote tissue repair		1 INTRODUCTION

		2 HYPERBARIC OXYGEN		2.1 Overview of hyperbaric oxygen

		2.2 The mechanism of hyperbaric oxygen promoting tissue repair





		3 EXOSOMES		3.1 Overview of exosomes

		3.2 The mechanism of exosomes promoting tissue repair





		4 BIOLOGICAL MECHANISM OF HYPERBARIC OXYGEN COMBINED WITH EXOSOMES TO PROMOTE TISSUE REPAIR		4.1 Hyperbaric oxygen induced exosomes release

		4.2 Hyperbaric oxygen affects the contents of exosomes

		4.3 Protective effects of exosomes on hyperbaric oxygen-induced injury

		4.4 Synergistic strengthening effect of hyperbaric oxygen combined with exosomes		4.4.1 Synergistic inhibition of inflammatory response

		4.4.2 Synergistic reduction of oxidative stress

		4.4.3 Synergetically protect the nervous tissue









		5 APPLICATION OF HYPERBARIC OXYGEN COMBINED WITH EXOSOMES IN PROMOTING TISSUE REPAIR		5.1 Diabetic wound

		5.2 Nervous system diseases		5.2.1 Traumatic spinal cord injury

		5.2.2 Spinal cord ischemia-reperfusion injury

		5.2.3 Sciatic nerve injury





		5.3 Vascular diseases





		6 SAFETY AND TRANSFORMATION BARRIER ANALYSIS OF HYPERBARIC OXYGEN COMBINED WITH EXOSOMES IN PROMOTING TISSUE REPAIR		6.1 Safety analysis of hyperbaric oxygen combined with exosomes to enhance tissue regeneration

		6.2 Analysis of transformation barriers in tissue repair promoted by hyperbaric oxygen combined with exosomes





		7 DISCUSSION AND OUTLOOK

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Hyperbaric oxygen in
combination with exosomes: a
new strategy to promote tissue
repair





OPS/images/fbioe-13-1639060-g001.jpg
oVe

m;lu f é%g _» Disulfidebonds -

. oﬂ O
HBO ROS1 S Y -~ |

Repeat / \

the cycle /

1ATA ROS T Antioxidant enzymes T Relative hypoxia Exosomes release






OPS/images/fbioe-13-1639060-g002.jpg
AT2 cells T

—l”’ AR Anglogene3|s
AT cellst 7. o %p

\ ~’ A )
®

Tissue regeneration

Inflammatory factors !

@ =i | CD8*Tcellsl  CD4*T cells |
Monocyte M1l @

Bcells! NKcells!

Inhibits infiltration and activation of
inflammatory cells









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





