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Abstract: Disseminated intravascular coagulation (DIC) is an acquired disorder characterized by systemic activation of blood 
coagulation, which can arise from various causes. Owing to its abrupt onset, rapid progression, and high mortality rate, DIC presents 
a major clinical challenge. Anticoagulant drugs, such as heparin or low-molecular-weight heparin, are the current gold standard of 
treatment; however, these interventions pose considerable bleeding risks. Thus, safer and more effective therapeutic strategies are 
urgently required. Owing to their strong anti-inflammatory and tissue repair capabilities, mesenchymal stem cell-derived exosomes 
(MSC-Exos) have gained considerable attention as novel therapeutic options for numerous disorders, including DIC. Their stability in 
diverse pathological states highlights their potential as promising candidates for DIC therapy. This review presents the latest insights 
on the pathogenesis of DIC and anti-inflammatory and anticoagulant properties of MSC-Exos. We aimed to elucidate the potential 
mechanisms by which MSC-Exos influence DIC pathogenesis. We speculate that MSC-Exos offer a multifaceted approach to DIC 
treatment by attenuating neutrophil extracellular trap formation, modulating M1/M2 macrophage polarization, altering Nrf2/NF-κB 
signalling pathway to downregulate pro-inflammatory factors, and correcting imbalances in the coagulation-fibrinolysis system 
through anticoagulant routes. This suggests that MSC-Exos are a potential paradigm in DIC therapy, offering novel targets and 
treatment modalities for DIC management. 
Keywords: disseminated intravascular coagulation, mesenchymal stem cell-derived exosomes, anticoagulant therapy, neutrophil 
extracellular traps, macrophage polarization

Introduction
Disseminated intravascular coagulation (DIC), a life-threatening systemic condition characterized by widespread activa-
tion of the coagulation cascade, is associated with high morbidity and mortality rates. DIC is caused by a number of 
factors, including infections, trauma, and obstetric complications.1–3 The pathogenesis of DIC is multifaceted, involving 
disruption of the balance between coagulation and fibrinolysis by neutrophil extracellular traps (NETs), mononuclear 
macrophage system abnormalities, and systemic inflammation.

Recent advances in the understanding of DIC and stem cell-derived exosomes have paved the way for the develop-
ment of promising therapeutic strategies. Mesenchymal stem cell (MSC)-derived exosomes (MSC-Exos) are extracellular 
vesicles rich in micro RNAs, lipids, and proteins.4 MSCs are involved in the regulation of inflammation, apoptosis, 
antigen presentation, and immune responses.5 Wang et al6 highlighted the potential of bone marrow MSCs (BMSCs) to 
indirectly modulate coagulation dynamics in DIC through the regulation of pro-inflammatory cytokines, such as tumour 
necrosis factor-α (TNF-α), interferon-γ, and interleukin (IL)-1β. MSC-Exos share the therapeutic capabilities of MSCs, 
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exerting anti-inflammatory and immunomodulatory effects with enhanced safety and efficacy. Therefore, we speculate 
that MSC-Exos are a potential therapeutic tool for the treatment of DIC.

This review aims to discuss the potential mechanisms by which MSC-Exos influence DIC treatment. Herein, we 
explore four key areas: (1) the role of NETs in DIC, (2) the role of the mononuclear macrophage system in DIC, (3) the 
anti-inflammatory effects mediated by the Nrf2/NF-κB signalling pathway, and (4) the promotion of thrombus dissolu-
tion, with the aim of providing fresh insights into DIC management (Graphical abstract).

Definition and Clinical Importance of DIC
DIC is characterized by an imbalance between coagulation and fibrinolysis, along with systemic activation of the 
intravascular coagulation system,7 which presents as a life-threatening condition. DIC is a secondary syndrome that is 
triggered by various clinical conditions (Table 1). Infection is the predominant trigger of DIC, accounting for 30–51% of 
all cases.8 Notably, DIC was observed in 71.4% of coronavirus disease 2019 (COVID-19)-associated fatalities. Al- 
Samkari et al9 reported that critically ill patients with COVID-19 frequently exhibited elevated D-dimer levels, indicating 
significant coagulopathy. Consequently, the prevention and management of DIC are of substantial clinical importance.

Based various hypercoagulable and fibrinolytic markers, DIC is categorized into four types: bleeding (prevalent in 
patients with leukaemia, primarily manifesting as haemorrhage), organ failure (characterized by hypercoagulability, often 
observed in patients with infections), consumptive (occurs in obstetric conditions, typically in patients experiencing 
severe haemorrhage), and non-symptomatic (both hypercoagulation and hyperfibrinolysis markers are relatively mild, 
resulting in no or mild clinical symptoms).7

Graphical Abstract
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As mentioned previously, the pathogenesis of DIC is multifaceted and involves intricate feedback mechanisms of the 
coagulation, immune, and inflammatory pathways.12 A shared characteristic is the synergistic effect of coagulation and 
inflammation, leading to widespread microvascular thrombosis, which impairs blood supply, causing organ failure and 
potentially death.14 Key players in the imbalance of coagulation and fibrinolysis in DIC include NETs, the mononuclear 
macrophage system, and the systemic inflammatory response.

Given its nature as an acquired thrombo-haemorrhagic syndrome with diverse types and complex causes, the clinical 
diagnosis and management of DIC are challenging. The cornerstone of DIC treatment is the treatment of the underlying 
conditions and anticoagulant therapy.7 For anticoagulant therapy, the International Society on Thrombosis and 
Haemostasis guidelines recommend the use of heparin/low-molecular-weight heparin, antithrombin, recombinant 
human activated protein C, recombinant human thrombomodulin (TM), and tissue factor (TF) pathway inhibitors 
(TFPI).7–9 However, anticoagulants are considered high risk medications (Table 2), associated with several risks, 
including bleeding, necessitating the need for safe and effective therapeutic options.

Basic Properties and Therapeutic Potential of MSC-Exos
MSCs exhibit promising application prospects in the treatment of DIC. It can be derived from a variety of sources, 
including the bone marrow, adipose tissue, umbilical cord, amniotic fluid, placenta, dental tissue, endometrium, 
peripheral blood, and Wharton’s jelly.41–47, They exhibit various capabilities, such as self-renewal, multi-lineage 
differentiation, anti-inflammatory properties, and immunomodulatory effects.41,48–50 MSC-Exos are less than 200 nm 
in diameter5 and present in all bodily fluids (blood, saliva, urine, plasma, and amniotic fluid).51 They are rich in bioactive 
molecules, such as mRNA, micro RNAs, long non-coding RNAs, lipids, and proteins,4 and play a role in regulating 
inflammation, apoptosis, antigen presentation, and immune responses.4,5,52

Owing to infusion toxicity, immunogenicity, tumorigenic potential, and ethical issues, the application of stem cells in 
clinical applications is limited.51 In contrast, exosome therapy offers advantages, such as reduced immunogenicity, 
absence of infusion toxicity, and excellent biocompatibility, making it a safer and promising approach for therapeutic 
applications.5,51,53 MSC-Exos modulate NETs, the mononuclear macrophage system, the Nrf2/NF-κB signalling path-
way, and coagulation and fibrinolysis systems in vivo. (Table 3) These mechanisms play a critical role in the onset and 
progression of DIC, which will be elaborated upon in the following sections. The prevailing clinical approach to the 
treatment of DIC predominantly focuses on the anticoagulation pathway,7 and the therapeutic options are relatively 
constrained, while exosomes exhibit relative safety and possess a diverse range of biological functions. Consequently, the 

Table 1 Diseases Complicated with Disseminated Intravascular Coagulation (DIC)

Disease complicated with DIC Reference

Severe infections (sepsis, COVID-19, varicella-zoster virus secondary to anaphylactoid purpura) [1,10,11]

Severe tissue damage (trauma, burns) [2,12]

Sunstroke [13]

Severe allergic and toxic reactions [14]

Severe immune reaction [14]

Malignant tumour, solid tumour, blood cancer [15,16]

Obstetric diseases (amniotic fluid embolism, placental abruption) [3]

Haemolysis, elevated liver enzymes, low platelet (HELLP) syndrome [17]

Severe hypotension of any aetiology (shock) [18]

Kasabach–Merritt syndrome [19]

Iatrogenic disease (transfusion reaction, infusion reaction caused by blood type mismatch) [109]

Abbreviations: COVID-19, coronavirus disease 2019; DIC, disseminated intravascular coagulation.
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Table 2 Summary of Drugs Currently Used to Treat DIC

Medicine Function Disadvantages/side effects Reference

Heparin/low-molecular 
-weight heparin

Anticoagulant effect 
1)Conformational activation of antithrombin to promote the combination of antithrombin and thrombin. 

2)Binds to heparin cofactor (HC-II) to inhibit thrombin. 

3)Stimulates the release of tissue factor pathway inhibitors from the endothelium and inhibits the release of tissue factor, thus 
inhibiting the coagulation cascade 

4)Inhibits the coagulation of leukocyte and promotes fibrinolysis 

5)Inhibits plasminogen activator inhibitor-1 and increases fibrinolysis 
Antithrombotic effect 

6)Inhibition of coagulation factors FXa, IXa, XIa and XII, and inhibition of vWF release, thereby playing an antithrombotic role. 

Anti-inflammatory effect 
7) Competitive displacement of interferon-γ for IL-6 binding, altering IL-6 activity.

Bleeding 
Heparin-thrombocytopenia- 

thrombotic syndrome 

Short duration

[21–24]

RHAPC Anticoagulant effect 
1)Inactivates coagulation factors, FVa and FVIIIa, to inhibit the production of thrombin. 

2)Inhibits the release of tissue factors by endothelial cells and monocytes. 

3)Regulates the survival and apoptosis of endothelial cells and affects coagulation response 
Anti-inflammatory effect 

4)Inhibits the release of inflammatory factors by neutrophils and monocytes. 

5)Regulates NF-κB in endothelial cells and monocytes.

Bleeding 
Ineffective treatment

[25–29]

AT Anticoagulant and anti-inflammatory effects 

1)Binds to thrombin to form a thrombin-antithrombin complex, inactivating thrombin 
2)Inhibits coagulation factors FIXa, FXa, FXI a, and FXII a, reduces inflammatory infiltration and endothelial injury 

3)Through the cell signal transduction pathway, pro-inflammatory and pro-coagulant factors are down-regulated and 

anticoagulant factors are up-regulated

Bleeding 

Low certainty of efficacy

[18,30–32]

RHTM Anticoagulation effect 

1)Binds to thrombin to promote the activation of protein C into APC, directly inactivating coagulation factors, FV and FVIII, 
inhibiting the expansion of the coagulation system. 

Anti-inflammatory effects 

2)Thrombin activation (also exerting an antifibrinolytic effect). 
3)Inhibits the interaction between thrombin and PAR-1, reduces the proinflammatory effect of thrombin, and inhibits the 

increase of inflammatory cytokines. 

4)Inhibits the activation of monocytes and macrophages, inhibits the release of inflammatory cytokines (TNF-α, IL-1, IL-6), 
restricts the rolling of monocytes and neutrophils on damaged endothelial cells. 

5)Prevents the formation of NETs, reducing the level of inflammatory cytokines in sepsis, isolates and inhibits HMGB1, 

inhibiting the HMGB1/ TLR4/ NF-κB inflammatory signalling pathway. 
6)Binds specifically to lipopolysaccharide (LPS) to reduce LPS-induced inflammation.

Only in patients with sepsis 

associated DIC

[33–36]

TFPI Anticoagulant and anti-inflammatory effects 
1)Combined with TF-VII, it inhibits inflammation and exogenous clotting pathways. 

2)Direct inhibition of FXa and TF-FVIIa in an FXA-dependent manner. 

3)Binds to endotoxin to inhibit endotoxin/cell membrane binding and thus endotoxin target cell information transmission, 
inhibiting the onset of shock and DIC.

Bleeding 
Ineffective treatment

[37–40]

Abbreviations: AT, antithrombin; rhAPC, recombinant human activated protein C; vWF, von Willebrand Factor; HMGB1, high mobility group protein B1; TLR4, toll-like receptor 4; rhTM, recombinant human thrombomodulin; TNF, 
tumour necrosis factor; IL, interleukin; NET, neutrophil extracellular traps; TFPI, tissue factor pathway inhibitor; PAI-1, plasminogen activator inhibitor type 1.
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Table 3 Anti-Inflammatory and Anticoagulant Effects of MSCs-Exos via Interaction with NETs, Macrophages, Nrf2/NF-κB Signalling 
Pathway, and Anticoagulation Pathway

Therapeutic method Mechanism of action Therapeutic effect A treatable 
disease

Reference

Exosomal miR-127-5p 

from BMSCs

Target CD64 and act synergistically with anti- 

CD64 monoclonal antibodies

Reduces tissue damage, inhibits 

the release of inflammatory 
factors, and inhibits the 

formation of NETs

Acute lung injury 

associated with 
sepsis

[54]

MSC-EVs Switch neutrophil death from NETosis to 

apoptosis

Reduces NET release in 

angiotensin II–induced mouse 

models of abdominal aortic 
aneurysm

Abdominal aortic 

aneurysm

[55]

hUC-MSCs-EVs contain 

functional mitochondria 

of neutrophils

Trigger mitochondrial fusion and restores 

mitochondrial status and function in 

neutrophils

Reduces NET formation Ischemia 

reperfusion injury

[56]

MSC-Exos Decrease IL-6 levels and increase IL-10 levels Decreases M1 macrophage 

marker in myocardial tissue, 
and increases M2 macrophage 

marker

—— [57]

Exosome-shuttled miR- 

216a-5p from hypoxic 

preconditioned 
mesenchymal stem cells

Changes the M1/M2 polarization balance of 

microglia

Repairs damage Traumatic spinal 

cord injury

[58]

MSC-Exos Promoting M2 macrophage polarization via 
miR-let7/HMGA2/NF-κB pathway and 

suppressing its infiltration via miR-let7 

/IGF2BP1/PTEN pathway in the plaque.

Decreases macrophages 
infiltration and M1/M2 

macrophage ratio

Atherosclerosis [59]

IL-1β pretreats secreted 

MSC-Exos

miR-21 transfers to macrophages and down- 

regulates programmed cell death 4

Induces M2 macrophage 

polarization, relieves 
inflammation

sepsis [60]

Exosome-shuttled miR- 
150–5p from LPS- 

preconditioned MSCs

Targets Irs1 in macrophages and down- 
regulating the PI3K/Akt/mTOR pathway.

Promote the polarization of M2 
macrophages

Sepsis [61]

HUC-MSC-EXOS Increases the Nrf2 levels and inhibited the 

LPS-induced NF-κB p65 phosphorylation and 

NLRP3 inflammasome activation.

Ameliorates LPS/H2O2- 

induced neuroinflammation and 

oxidative stress

Neuroinflammation [62]

MSC-Exos Decreases activation of the NF-κB/NLRP3 

signalling pathway

Reduces lung inflammation and 

fibrosis

Cytomegalovirus- 

Infected 
Pneumonia

[63]

Adipose-derived stem 
cell exosomes

Regulate Nrf2/ HO-1 expression Relieves LPS-induced 
inflammation

Sepsis [64]

MicroRNA-342-3p 
loaded by hUC-MSCs- 

Exos

Down-regulation of endothelin A receptor Reduces deep vein thrombosis Deep venous 
thrombosis

[65]

MSC-EVs Auxiliary tPA Promotes thrombolysis and 

reduces bleeding complications

Ischemic stroke [53]

Abbreviations: MSC-EVs, mesenchymal stem cell-derived extracellular vesicles; hUC-MSC, umbilical cord mesenchymal stem cell; hUC-MSC-Exo, exosomes derived from 
umbilical cord mesenchymal stem cell; MSC-Exos, mesenchymal stem cell-derived exosomes; BMSC, bone marrow mesenchymal stem cell; tPA, tissue plasminogen activator.
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application of MSC-Exos in the treatment of DIC presents promising prospects and may offer a novel and effective 
therapeutic approach for this condition.

MSC-Exos Inhibit NET Formation
In response to danger signals, neutrophils produce NETs via a specialized form of cell death.66 These NETs include 
depolymerized chromatin, histones, neutrophil elastase, defensin, cathepsin G, myeloperoxidase, and other granular 
proteins.66,67 NETs are crucial in inflammation and clotting, acting as a double-edged sword in human physiology. On the 
positive aspect, the formation of NETs facilitates the neutrophil-mediated eradication of pathogens and limits the spread 
of infection.68 On the other hand, excessive NETs production leads to tissue damage. McDonald et al69 demonstrated that 
NETs contribute to intravascular coagulation and microvascular dysfunction in sepsis. Aldabbous et al70 displayed that 
NETs can induce pro-inflammatory and pro-angiogenic responses in human pulmonary artery endothelial cells via the 
MPO/H pathway. Additionally, excessive NETs formation is closely associated with organ damage, cancer progression, 
autoimmune disorders, and other pathological conditions.71–73

Recent researches suggest that NETs are involved in the initiation and progression of DIC. Stiel et al74 pioneered the 
use of cellular fluorescence to observe circulating NETs in cases of septic shock-induced DIC. Zhang et al13 identified 
a correlation between NET release and DIC in the context of heat stroke, proposing that the overexpression of NETs in 
heat stroke mouse models increases the risk of developing DIC. Furthermore, the fluctuation in NET levels exhibits 
a correlation with biomarker concentrations in the hypercoagulable state DIC. Zhang et al13 identified a positive or 
negative association between NETs and several coagulation-related markers of DIC in a murine model of heat stroke. 
They observed that upon NETs degradation, DIC-related indices such as prothrombin time, D-dimer, and TM decreased, 
whereas platelet counts increased. Mao et al75 demonstrated through statistical analysis that the formation of NETs is 
independently associated with both the incidence and mortality of DIC in the context of sepsis.

NET-induced DIC occurs through several mechanisms (Figure 1). (1) The interaction between neutrophils and 
endothelial cells leads to the release of adhesion factors and TFs by endothelial cells, causing endothelial damage. 
This in turn promotes thrombosis and NET formation,75 activating the coagulation cascade and contributing to the 

Figure 1 Schematic diagram of NET-induced DIC. NETs stimulate endothelial cells to release TF and activate platelet TLR4, leading to increased vWF and D-dimer levels. 
Consequently, fibrinogen-to-fibrin conversion, Factor XII activation, and the coagulation cascade are triggered, while tPA is inhibited and TFPI is degraded, resulting in 
thrombosis and DIC onset. 
Abbreviations: NET, neutrophil extracellular trap; TF, tissue factor; TFPI, tissue factor pathway inhibitor; TLR4, Toll-like receptor 4; vWF, von Willebrand factor; tPA, 
tissue plasminogen activator; FDP, fibrin degradation product.
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hypercoagulable state observed in the early stages of DIC. (2) Histone proteins in NETs interact with Toll-like receptor 4 
(TLR4) on platelets, initiating prothrombotic responses and thrombocytopenia,76 resulting in positive clotting feedback 
and widespread microvascular occlusions. (3) NETs act as scaffolds for red blood cells, facilitating the deposition of von 
Willebrand factor (vWF), fibrinogen, and fibrin, increasing D-dimer levels,75 thereby inducing thrombosis. (4) NETs 
activate coagulation factor XII77 and induce TFPI degradation,78 enhancing the intrinsic coagulation cascade and 
promoting thrombosis. (5) NETs block the activity of tissue plasminogen activator (tPA),79 inhibiting fibrinolysis.

MSC-Exos can effectively inhibit NET formation. Exosomal miR-127-5p from BMSCs can reduce NET formation 
and alleviate acute lung injury in sepsis by CD64 targeting to induce monoclonal synergies with anti-CD64 and mitigate 
tissue damage and inflammatory factor release.54 MSC-derived extracellular vesicles (EVs) can transform NETosis into 
apoptosis, decreasing NET release, in models of angiotensin II–induced abdominal aortic aneurysm, and reducing the 
incidence of aneurysms.55 Furthermore, EVs from umbilical cord mesenchymal stem cells (hUC-MSCs) contain 
functional mitochondria that can fuse with the mitochondria of neutrophils, improving their function and reducing 
NET formation, thereby alleviating ischemia-reperfusion injury.56 Through these NET inhibiting mechanisms, MSC- 
Exos offer potential therapeutic benefits in DIC treatment.

MSC-Exos Regulate the Polarization Balance of M1/M2 Macrophages
Macrophages play key roles in the development of DIC, and therefore in therapeutic approaches for DIC. Normally, the 
mononuclear macrophage system plays a pivotal role in clearing coagulation and fibrinolysis products, such as thrombin, 
plasminogen, fibrin, and fibrin degradation products from the bloodstream, thereby maintaining equilibrium between 
coagulation and fibrinolysis.80,81 In the context of infection, pattern-recognition receptors, specifically TLR4, located on 
the surface of macrophages, can bind to pathogen-associated molecular patterns (PAMPs) and/or damage-associated 
molecular patterns (DAMPs),82,83 leading to the release of TF that activates endogenous coagulation pathways.84 

Furthermore, polarization dysfunction in macrophages impairs their capacity to clear coagulative agents,85 which may 
contribute to the development of DIC.86,87

Within the inflammatory milieu, macrophages exhibit remarkable plasticity, transitioning between M1 (classically 
activated) and M2 (alternatively activated or inflammation-resolving) phenotypes.65 The dynamic balance between M1 (pro- 
inflammatory) and M2 (anti-inflammatory) macrophages is crucial for modulating inflammation, thrombogenesis and its 
subsequent resolution.85 M1 macrophages can express a series of pro-inflammatory cytokines (IL-1β, IL-6, IL-12, TNF-α, 
inducible nitric oxide synthase etc).88 to initiate inflammatory responses. Excessive M1-driven inflammation may lead to 
tissue damage and activation of the coagulation system.89 M2 macrophages secrete anti-inflammatory cytokines (IL-10, 
arginase 1, transforming growth factor-β, etc). to reduce inflammation and promote tissue repair, while also exhibiting 
fibrinolytic properties.90 Research indicates that thrombin can facilitate the polarization of M1 macrophages, thereby eliciting 
inflammatory responses.91 Proinflammatory cytokines such as IL-6 and IL-8 released by M1 macrophages can stimulate the 
release of TF and enhance thrombosis.92,93 The interplay between coagulation activation and inflammatory activation 
contributes to the development of microvascular thrombosis.94 In addition, Schönfelder et al95 demonstrated that reducing 
the number of inflammatory monocytes could inhibit the growth of thrombus and promote thrombus regression. Consequently, 
altering the balance between M1 and M2 macrophages could potentially enhance thrombus regression,90 suggesting that the 
regulation of macrophage phenotype may serve as a promising therapeutic target for DIC.

The effect of MSC-Exos on macrophages, particularly in regulating the M1/M2 polarization balance, underscores 
their therapeutic potential in DIC treatment (Figure 2). Numerous studies have shown that MSC-Exos can reduce M1 
macrophage polarization and/or facilitate M2 macrophage polarization. Domenis et al96 reported that the stimulation of 
MSCs with interferon gamma and TNF-α resulted in the release of immunosuppressive exosomes, which subsequently 
induced macrophage polarization towards the M2 phenotype. Additionally, other research has indicated that, under 
hypoxic conditions, MSCs secrete a substantial quantity of EVs enriched with proteins and microRNAs. These EVs are 
involved in promoting M2 macrophage polarization and possess angiogenic potential.97

The capacity of MSC-Exos to regulate the balance between M1/M2 macrophage polarization balance is primarily 
employed to suppress inflammation and mitigate tissue damage. In myocardial tissues, MSC-Exos decrease pro- 
inflammatory cytokine levels (IL-6) and increase anti-inflammatory cytokine levels (IL-10), reducing M1 marker 
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expression and elevating M2 marker expression.57 In addition, exosome-shuttled miR-216a-5p from hypoxia- 
preconditioned stem cells can change the M1/M2 polarization balance of microglia and repair traumatic spinal cord 
injury.58 Li et al59 showed that MSC-Exos can promote macrophage M2 polarization, diminish atherosclerotic plaque 
area and macrophage infiltration, and consequently ameliorate atherosclerosis.

Sepsis is a significant contributor to DIC,98 and several studies have indicated that MSC-Exos can mitigate sepsis by 
modulating macrophage phenotype. Yao et al60 demonstrated that, after IL-1β pretreatment, miR-21 within MSC-Exos 
induced macrophage M2 polarization and improved sepsis. Similarly, Zheng et al61 reported that miR-150-5p in MSC- 
Exos, subsequent to lipopolysaccharide (LPS) pretreatment, down-regulates the PI3K/Akt/mTOR pathway, thereby 
enhancing M2 macrophage polarization and providing protective effects against sepsis.

In conclusion, MSC-Exos has the ability to induce polarization of M2 macrophages, which can alleviate inflamma-
tion, reduce tissue damage, and improve sepsis.99,100 However, specific studies directly linking MSC-Exos to the 
modulation of DIC through macrophage polarization are currently lacking. Given the interdependent relationship 
between inflammation and coagulation,101 as well as the function of fibrinolysis in M2 macrophages,90 MSC-Exos is 
a promising candidate for the treatment of DIC.

MSC-Exos Exert Anti-Inflammatory Effects Through the Nrf2/NF-κB Signalling 
Pathway
DIC can be triggered by coagulative and anticoagulative disequilibrium, which is induced by the systemic spread of 
inflammation. There is a two-way relationship between inflammation and coagulation; inflammation initiates coagulation, 

Figure 2 Mesenchymal stem cell-derived exosomes (MSC-Exos) regulate M1/M2 macrophages to alleviate inflammatory cytokine storms. Upon cytokine and LPS 
stimulation, monocytes mainly differentiate into M1 and M2 macrophages. M1 macrophages secrete tumour necrosis factor-α, interleukin (IL)-6, and other pro- 
inflammatory cytokines, and induce inflammatory cytokine storms. To alleviate inflammatory damage, M2 macrophages play an anti-inflammatory role by secreting IL-10, 
transforming growth factor-β, and other anti-inflammatory cytokines. MSC-Exos can inhibit M1-type macrophages, promote M2-type macrophages, restore balance to the 
polarization of M1/M2 macrophages, and exert anti-inflammatory repair functions, with the potential to alleviate DIC. 
Abbreviations: LPS, lipopolysaccharide; TNF, tumour necrosis factor; IL, interleukin; DIC, disseminated intravascular coagulation; TGF, transforming growth factor; INF, 
interferon; Arg-1, arginase 1; FGF, fibroblast growth factor; MSC-Exos, mesenchymal stem cell-derived exosomes.
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and coagulation processes amplify inflammatory responses.102 NF-κB, a pivotal cytokine in mediating inflammatory and 
immune reactions, catalyses the production of various pro-inflammatory cytokines.103 NF-κB is implicated in the 
pathogenesis of DIC through multiple mechanisms. (1) Promote the expression of TF genes,104 thereby promoting the 
coagulation cascade and accelerating the progression of DIC.105 Zhang et al105 showed that miR-19a-3p can inhibit NF- 
κB phosphorylation, directly suppressing TF expression and consequently attenuating the coagulation cascade in DIC. 
Jiang et al104 reported that the translocation of NF-κB and P65 to the nucleus facilitates FXA-induced TF upregulation 
and trigger a coagulation cascade. (2) NF-κB mediates TNF-α-induced activation of the FVIII promoter and gene 
expression,106 leading to clotting activation. (3) Thrombin stimulates NF-κB and enhances NF-κB-dependent gene 
expression,107 establishing a positive feedback loop to amplify coagulation. (4) NF-κB activates the expression of 
plasminogen activator inhibitor type 1 (PAI-1) genes,108 leading to impaired fibrinolysis, further promoting 
coagulation.109 (5) The expression of TM mediated by NF-κB is down-regulated,20 which enhances the procoagulant 
activity of thrombin and inhibits the inactivation of coagulation factors FVa and FVIIIa,110 further aggravates coagulation 
and contributes to the progression of DIC. (6) NF-κB can mediate the transcription of inflammatory genes, thereby 
amplifying inflammatory response,111 and exacerbating tissue damage.

Nrf2, a key transcription factor with antioxidant and anti-inflammatory effects, mitigates oxidative stress by 
modulating numerous protective enzymes.112 A broad spectrum of interactions between Nrf2 and NF-κB has been 
extensively documented, wherein Nrf2 pathway activation can impede the progression of the NF-κB pathway, thereby 
exerting anti-inflammatory and antioxidant effects.113 Research indicates that Nrf2 facilitates the polarization of M2 
macrophages while inhibiting the polarization of M1 macrophages, thus exerting an anti-inflammatory effect.114 In 
addition, Nrf2 has been shown to specifically diminish thrombus activators and confer a protective effect against vascular 
diseases.115 Given the critical role of NF-κB in the pathogenesis of DIC and the inhibitory influence of Nrf2 on NF-κB, it 
is hypothesized that modulating the Nrf2/NF-κB pathway may represent a viable therapeutic target for DIC.

Several studies have demonstrated that MSC-Exos play a regulatory role in the Nrf2/NF-κB signalling pathway. 
Specifically, MSC-Exos enhance Nrf2 expression while inhibiting LPS-induced NF-κB p65 phosphorylation and NLRP3 
inflammasome activation, significantly attenuating the expression of pro-inflammatory cytokines, such as IL-6 and TNF- 
α.62 Xian et al116 illustrated that MSC-Exos mitigated astrocyte activation induced by inflammation through modulation 
of the Nrf2-NF-κB signalling pathway. Chen et al63 reported that MSC-Exos alleviated pneumonia induced by 
cytomegalovirus infection in murine models via the NF-κB/NLRP3 signalling pathway. Shen et al64 demonstrated that 
exosomes derived from adipose MSCs alleviate LPS-induced inflammation via modulation of Nrf2/HO-1, offering 
protection against sepsis. Thus, we postulate that MSC-Exos could modulate inflammatory markers through the Nrf2/ 
NF-κB signalling pathway, contributing to DIC treatment. (Figure 3)

Mechanism of Action of MSC-Exos in Anticoagulation and Alleviation of Thrombus
In the diseased state, disturbances, such as secondary inhibition or hyperactivity within the body’s fibrinolytic system, 
can precipitate either excessive formation of microthrombi or bleeding. This dysregulation in coagulation and fibrinolytic 
processes is characteristic of DIC.98 The activation of plasmin is regulated by the balanced expression of t-PA and its 
specific inhibitor, PAI-1.83 PAI-1 can significantly impede fibrinolytic activity.109 In DIC, endothelial cells subjected to 
trauma secrete substantial amounts of PAI-1, resulting in thrombin production surpassing that of plasmin, showing 
a procoagulation state.8 Additionally, elevated levels of PAI-1 have been associated with adverse outcomes in DIC.117 

Conversely, tPA represents the principal endogenous fibrinolysis promoter,118 which is capable of systemic plasminogen 
activation to facilitate thrombolysis with minor systemic activation of the fibrinolytic system.119 The concurrent elevation 
of tPA levels and downregulation of PAI-1 levels results in increased fibrinolysis and coagulation factor activation, 
culminating in bleeding risk. Thus, circulating t-PA and PAI-1 levels serve as suboptimal prognostic indicators for 
DIC.120

Thrombin is a pivotal element in DIC pathogenesis, and its production is stimulated either through TF-driven 
exogenous pathways121 or via endogenous routes, such as vascular trauma.122 This triggers immune and endothelial 
cells to produce pro-inflammatory cytokines and chemokines,123 exacerbating inflammation and triggering microvascular 
thrombosis. Modulation of thrombin activation is mediated by innate anticoagulant mechanisms, including TFPI, 
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activated protein C (APC), antithrombin, and vascular endothelial control.14 In DIC, the synthesis of APC is decreased, 
whereas its degradation is accelerated.124 Additionally, there is an increase in TF, vWF, and clotting factors (FXa and 
FVII), which collectively promote thrombotic activity.83 Due to the depletion of blood clotting components, the level of 
anticoagulants is reduced, resulting in uncontrolled coagulation dysfunction.125

MSC-Exos exhibit promising anticoagulation and thrombolytic properties. For instance, Pan et al65 reported that miR- 
342-3p, transferred via exosomes from hUC-MSCs, mitigates deep vein thrombosis via endothelin A receptor down- 
regulation. Further investigations suggest that adjunctive MSC-EV therapy alongside tPA after ischemic stroke may 
diminish the associated bleeding risk while enhancing thrombolysis.88 The anticoagulative and thrombolytic efficacies of 
MSC-Exos predominantly arise from their ability to attenuate inflammatory responses;89 however, the mechanisms 
underlying this effect remain poorly understood.

Summary and Future Prospects
Anticoagulant therapy is the standard treatment modality to counteract the pathological progression of DIC. However, 
anticoagulants, such as heparin, low-molecular-weight heparin, and antithrombin, are associated with significant adverse 
reactions, including bleeding complications. Recent advancements in exosome technology have demonstrated the 
potential of MSC-Exos in alleviating symptoms of DIC. This is achieved through the inhibition of NET formation, 
modulation of macrophage polarization from M1 to M2 phenotypes, and suppression of inflammatory responses via the 
Nrf2/NF-κB signalling pathway. Moreover, MSC-Exos exhibit anticoagulant and thrombolytic properties, highlighting 
their potential in DIC treatment.

However, the mechanisms by which MSC-Exos function in DIC pathogenesis remain poorly understood. The 
pathogenesis of DIC is complex, with the progression of the disease delineated into multiple stages. Currently, it remains 

Figure 3 Schematic diagram of the role of MSC-Exos in Nrf2 pathway activation and NF-κB pathway inhibition. MSC-Exos mitigate inflammation and the coagulation cascade 
through activation of the Nrf2 pathway and inhibition of the NF-κB pathway. 
Abbreviations: MSC-Exos, mesenchymal stem cell-derived exosomes; TF, tissue factor; PAI-1, plasminogen activator inhibitor type 1; TNF, tumour necrosis factor; IL, 
interleukin; TM, thrombomodulin; ROS, reactive oxygen species; ARE, antioxidant response element; DIC, disseminated intravascular coagulation.
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unclear at which specific stage MSC-Exos exert their therapeutic effects in the context of DIC. Furthermore, the 
technology for the extraction and purification of exosomes is complicated and not amenable to large-scale production, 
which brings significant challenges for experimental research. Additionally, their clinical application in the treatment of 
DIC is impeded by various obstacles, including product heterogeneity, rapid clearance from the body, and instability 
during prolonged storage.126 Consequently, further research is necessary to optimize the therapeutic utility of MSC-Exos 
for DIC and improve their stability to facilitate clinical use.

Abbreviations
APC, activated protein C; BMSC, bone marrow mesenchymal stem cell; COVID-19, coronavirus disease 2019; DIC, 
disseminated intravascular coagulation; EVs, extracellular vesicles; HMGB1, high-mobility group box 1; hUC-MSC, 
umbilical cord mesenchymal stem cell; IL, interleukin; MSC, mesenchymal stem cell; MSC-Exos, mesenchymal stem 
cell-derived exosomes; NET, neutrophil extracellular trap; PAI-1, plasminogen activator inhibitor type 1; TM, thrombo-
modulin; TF, tissue factor; TFPI, tissue factor pathway inhibitor; TLR4, Toll-like receptor 4; TNF, tumour necrosis 
factor; tPA, tissue plasminogen activator; vWF, von Willebrand factor; LPS, lipopolysaccharide.

Ethics Approval and Consent to Participate
This paper serves as a review that excludes animal experiments or human subjects, thus eliminating the need for ethics 
approval and consent to participate.

Acknowledgments
We would like to thank Editage (www.editage.cn) for English language editing.

Funding
This work was supported by the National Natural Science Foundation of China (Grant No. 82172230), the Changchun 
Scientific and Technological Development Program (Grant No. 21ZGY29), the Jilin Provincial Scientific and 
Technological Development Program (Grant No. 20240205001YY), Life Spring AKY Pharmaceuticals (Grant 
No. 3R2211489430) and the Jilin Province health service capacity improvement project (Grant No. 2017F014).

Disclosure
The authors report no known conflicts of interest in this work.

References
1. Madoiwa S. Recent advances in disseminated intravascular coagulation: endothelial cells and fibrinolysis in sepsis-induced DIC. J Intensive 

Care. 2015;3:8. doi:10.1186/s40560-015-0075-6
2. Lippi G, Ippolito L, Cervellin G. Disseminated Intravascular Coagulation in Burn Injury. Semin Thromb Hemost. 2010;36(4):429–436. 

doi:10.1055/s-0030-1254051
3. Erez O, Mastrolia SA, Thachil J. Disseminated intravascular coagulation in pregnancy: insights in pathophysiology, diagnosis and management. 

Am J Obstet Gynecol. 2015;213(4):452–463. doi:10.1016/j.ajog.2015.03.054
4. Jin C, Cao Y, Li Y. Bone Mesenchymal Stem Cells Origin Exosomes are Effective Against Sepsis-Induced Acute Kidney Injury in Rat Model. 

Int J Nanomed. 2023;18:7745–7758. doi:10.2147/IJN.S417627
5. Tang Y, Zhou Y, Li HJ. Advances in mesenchymal stem cell exosomes: a review. Stem Cell Res Ther. 2021;12(1):71. doi:10.1186/s13287-021- 

02138-7
6. Wang B, Wu SM, Wang T, et al. Pre-treatment with bone marrow-derived mesenchymal stem cells inhibits systemic intravascular coagulation 

and attenuates organ dysfunction in lipopolysaccharide-induced disseminated intravascular coagulation rat model. Chin Med J. 2012;125 
(10):1753–1759.

7. Wada H, Matsumoto T, Yamashita Y. Diagnosis and treatment of disseminated intravascular coagulation (DIC) according to four DIC 
guidelines. J Intensive Care. 2014;2(1):15. doi:10.1186/2052-0492-2-15

8. Gando S, Levi M, Toh CH. Disseminated intravascular coagulation. Nat Rev Dis Primers. 2016;2:16037. doi:10.1038/nrdp.2016.37
9. Al-Samkari H, Karp Leaf RS, Dzik WH, et al. COVID-19 and coagulation: bleeding and thrombotic manifestations of SARS-CoV-2 infection. 

Blood. 2020;136(4):489–500. doi:10.1182/blood.2020006520
10. Asakura H, Ogawa H. COVID-19-associated coagulopathy and disseminated intravascular coagulation. Int J Hematol. 2021;113(1):45–57. 

doi:10.1007/s12185-020-03029-y

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S467158                                                                                                                                                                                                                       

DovePress                                                                                                                      
11967

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

http://www.editage.cn
https://doi.org/10.1186/s40560-015-0075-6
https://doi.org/10.1055/s-0030-1254051
https://doi.org/10.1016/j.ajog.2015.03.054
https://doi.org/10.2147/IJN.S417627
https://doi.org/10.1186/s13287-021-02138-7
https://doi.org/10.1186/s13287-021-02138-7
https://doi.org/10.1186/2052-0492-2-15
https://doi.org/10.1038/nrdp.2016.37
https://doi.org/10.1182/blood.2020006520
https://doi.org/10.1007/s12185-020-03029-y
https://www.dovepress.com
https://www.dovepress.com


11. Jiang J, Liao K, Guo H, Chen XY. Varicella-associated disseminated intravascular coagulation secondary to Henoch-Schönlein purpura with 
renal and gastrointestinal system involvement in a child: a case report. Medicine. 2023;102(46):e36203. doi:10.1097/MD.0000000000036203

12. Toh CH, Alhamdi Y. Current consideration and management of disseminated intravascular coagulation. Hematology Am Soc Hematol Educ 
Program. 2013;2013:286–291. doi:10.1182/asheducation-2013.1.286

13. Zhang Y, Deng X, Zhang J, et al. A Potential Driver of Disseminated Intravascular Coagulation in Heat Stroke Mice: neutrophil Extracellular 
Traps. Int J Environ Res Public Health. 2022;19(19):12448. doi:10.3390/ijerph191912448

14. Levi M, van der Poll T. Disseminated intravascular coagulation: a review for the internist. Intern Emerg Med. 2013;8(1):23–32. doi:10.1007/ 
s11739-012-0859-9

15. Franchini M, Di Minno MND, Coppola A. Disseminated intravascular coagulation in hematologic malignancies. Semin Thromb Hemost. 
2010;36(4):388–403. doi:10.1055/s-0030-1254048

16. Feinstein DI. Disseminated intravascular coagulation in patients with solid tumors. Oncology. 2015;29(2):96–102.
17. Haram K, Mortensen JH, Mastrolia SA, Erez O. Disseminated intravascular coagulation in the HELLP syndrome: how much do we really 

know? J Matern Fetal Neonatal Med. 2017;30(7):779–788. doi:10.1080/14767058.2016.1189897
18. Papageorgiou C, Jourdi G, Adjambri E, et al. Disseminated Intravascular Coagulation: an Update on Pathogenesis, Diagnosis, and Therapeutic 

Strategies. Clin Appl Thromb Hemost. 2018;24(9 Suppl):8S–28S. doi:10.1177/1076029618806424
19. Reap L, McDonald K, Balakrishnan A, Vakhariya C. Kasabach-Merritt-like phenomenon in a massive uterine leiomyoma presenting with 

chronic disseminated intravascular coagulation: a case report. Case Rep Women’s Health. 2020;28:e00262. doi:10.1016/j.crwh.2020.e00262
20. Sohn RH, Deming CB, Johns DC, et al. Regulation of endothelial thrombomodulin expression by inflammatory cytokines is mediated by 

activation of nuclear factor-kappa B. Blood. 2005;105(10):3910–3917. doi:10.1182/blood-2004-03-0928
21. Tang N, Bai H, Chen X, Gong J, Li D, Sun Z. Anticoagulant treatment is associated with decreased mortality in severe coronavirus disease 2019 

patients with coagulopathy. J Thromb Haemost. 2020;18(5):1094–1099. doi:10.1111/jth.14817
22. Litov L, Petkov P, Rangelov M, et al. Molecular Mechanism of the Anti-Inflammatory Action of Heparin. Int J Mol Sci. 2021;22(19):10730. 

doi:10.3390/ijms221910730
23. Qiu M, Huang S, Luo C, et al. Pharmacological and clinical application of heparin progress: an essential drug for modern medicine. Biomed 

Pharmacother. 2021;139:111561. doi:10.1016/j.biopha.2021.111561
24. Omidkhoda N, Abedi F, Ghavami V, et al. The Effect of Heparin and Its Preparations on Disseminated Intravascular Coagulation Mortality and 

Hospitalization: a Systematic Review. Int J Clin Pract. 2022;2022:2226761. doi:10.1155/2022/2226761
25. Grinnell BW, Joyce D. Recombinant human activated protein C: a system modulator of vascular function for treatment of severe sepsis. Crit 

Care Med. 2001;29(7):S53.
26. Joyce DE, Grinnell BW. Recombinant human activated protein C attenuates the inflammatory response in endothelium and monocytes by 

modulating nuclear factor-κB. Crit Care Med. 2002;30(5):S288.
27. Derhaschnig U, Reiter R, Knöbl P, Baumgartner M, Keen P, Jilma B. Recombinant human activated protein C (rhAPC; drotrecogin alfa 

[activated]) has minimal effect on markers of coagulation, fibrinolysis, and inflammation in acute human endotoxemia. Blood. 2003;102 
(6):2093–2098. doi:10.1182/blood-2003-02-0416

28. Bernard GR, Vincent JL, Laterre PF, et al. Efficacy and Safety of Recombinant Human Activated Protein C for Severe Sepsis. N Engl J Med. 
2001;344(10):699–709. doi:10.1056/NEJM200103083441001

29. Plataki M, Vaporidi K, Georgopoulos D. Is there increasing evidence that the risks of rhAPC may outweigh its benefits? Intensive Care Med. 
2007;33(8):1485–1486. doi:10.1007/s00134-007-0707-y

30. Rezaie AR, Giri H. Anticoagulant and signaling functions of antithrombin. J Thromb Haemost. 2020;18(12):3142–3153. doi:10.1111/jth.15052
31. Wada T, Shiraishi A, Gando S, et al. Association of antithrombin with development of trauma-induced disseminated intravascular coagulation 

and outcomes. Front Immunol. 2022;13:1026163. doi:10.3389/fimmu.2022.1026163
32. Wiedermann CJ. Clinical review: molecular mechanisms underlying the role of antithrombin in sepsis. Crit Care. 2006;10(1):209. doi:10.1186/ 

cc4822
33. Zhang C, Wang H, Yang H, Tong Z. Recombinant human soluble thrombomodulin and short-term mortality of infection patients with DIC: a 

meta-analysis. Am J Emergency Med. 2016;34(9):1876–1882. doi:10.1016/j.ajem.2016.06.001
34. Yamakawa K, Aihara M, Ogura H, Yuhara H, Hamasaki T, Shimazu T. Recombinant human soluble thrombomodulin in severe sepsis: 

a systematic review and meta-analysis. J Thromb Haemost. 2015;13(4):508–519. doi:10.1111/jth.12841
35. Li YH, Kuo CH, Shi GY, Wu HL. The role of thrombomodulin lectin-like domain in inflammation. J Biomed Sci. 2012;19(1):34. doi:10.1186/ 

1423-0127-19-34
36. Yamakawa K, Fujimi S, Mohri T, et al. Treatment effects of recombinant human soluble thrombomodulin in patients with severe sepsis: 

a historical control study. Crit Care. 2011;15(3):R123. doi:10.1186/cc10228
37. Maroney SA, Mast AE. Expression of Tissue Factor Pathway Inhibitor by Endothelial Cells and Platelets. Transfus Apher Sci. 2008;38(1):9–14. 

doi:10.1016/j.transci.2007.12.001
38. Mast AE, Ruf W. Regulation of coagulation by tissue factor pathway inhibitor: implications for hemophilia therapy. J Thromb Haemost. 

2022;20(6):1290–1300. doi:10.1111/jth.15697
39. Kobayashi H, Matsubara S, Imanaka S. The role of tissue factor pathway inhibitor 2 in the coagulation and fibrinolysis system. J Obstetrics 

Gynaecol Res. 2023;49(7):1677–1683. doi:10.1111/jog.15660
40. Lwaleed BA, Bass PS. Tissue factor pathway inhibitor: structure, biology and involvement in disease. J Pathol. 2006;208(3):327–339. 

doi:10.1002/path.1871
41. Vélez-Pinto JF, Garcia-Arranz M, García-Bernal D, et al. Therapeutic effect of adipose-derived mesenchymal stem cells in a porcine model of 

abdominal sepsis. Stem Cell Res Ther. 2023;14:365. doi:10.1186/s13287-023-03588-x
42. Crisan M, Yap S, Casteilla L, et al. A Perivascular Origin for Mesenchymal Stem Cells in Multiple Human Organs. Cell Stem Cell. 2008;3 

(3):301–313. doi:10.1016/j.stem.2008.07.003
43. In ‘t Anker PS, Scherjon SA, Kleijburg-van DKC, et al. Amniotic fluid as a novel source of mesenchymal stem cells for therapeutic 

transplantation. Blood. 2003;102(4):1548–1549. doi:10.1182/blood-2003-04-1291

https://doi.org/10.2147/IJN.S467158                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 11968

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1097/MD.0000000000036203
https://doi.org/10.1182/asheducation-2013.1.286
https://doi.org/10.3390/ijerph191912448
https://doi.org/10.1007/s11739-012-0859-9
https://doi.org/10.1007/s11739-012-0859-9
https://doi.org/10.1055/s-0030-1254048
https://doi.org/10.1080/14767058.2016.1189897
https://doi.org/10.1177/1076029618806424
https://doi.org/10.1016/j.crwh.2020.e00262
https://doi.org/10.1182/blood-2004-03-0928
https://doi.org/10.1111/jth.14817
https://doi.org/10.3390/ijms221910730
https://doi.org/10.1016/j.biopha.2021.111561
https://doi.org/10.1155/2022/2226761
https://doi.org/10.1182/blood-2003-02-0416
https://doi.org/10.1056/NEJM200103083441001
https://doi.org/10.1007/s00134-007-0707-y
https://doi.org/10.1111/jth.15052
https://doi.org/10.3389/fimmu.2022.1026163
https://doi.org/10.1186/cc4822
https://doi.org/10.1186/cc4822
https://doi.org/10.1016/j.ajem.2016.06.001
https://doi.org/10.1111/jth.12841
https://doi.org/10.1186/1423-0127-19-34
https://doi.org/10.1186/1423-0127-19-34
https://doi.org/10.1186/cc10228
https://doi.org/10.1016/j.transci.2007.12.001
https://doi.org/10.1111/jth.15697
https://doi.org/10.1111/jog.15660
https://doi.org/10.1002/path.1871
https://doi.org/10.1186/s13287-023-03588-x
https://doi.org/10.1016/j.stem.2008.07.003
https://doi.org/10.1182/blood-2003-04-1291
https://www.dovepress.com
https://www.dovepress.com


44. Wagner W, Wein F, Seckinger A, et al. Comparative characteristics of mesenchymal stem cells from human bone marrow, adipose tissue, and 
umbilical cord blood. Exp Hematol. 2005;33(11):1402–1416. doi:10.1016/j.exphem.2005.07.003

45. Cai J, Li W, Su H, et al. Generation of human induced pluripotent stem cells from umbilical cord matrix and amniotic membrane mesenchymal 
cells. J Biol Chem. 2010;285(15):11227–11234. doi:10.1074/jbc.M109.086389

46. Ullah I, Subbarao RB, Rho GJ. Human mesenchymal stem cells - current trends and future prospective. Biosci Rep. 2015;35(2):e00191. 
doi:10.1042/BSR20150025

47. Huang GTJ, Gronthos S, Shi S. Mesenchymal stem cells derived from dental tissues vs. those from other sources: their biology and role in 
regenerative medicine. J Dent Res. 2009;88(9):792–806. doi:10.1177/0022034509340867

48. Zhou Z, Zhang X, Wang S, Wang X, Mao J. A Powerful Tool in the Treatment of Myocardial Ischemia-Reperfusion Injury: natural and 
Nanoscale Modified Small Extracellular Vesicles Derived from Mesenchymal Stem Cells. Int J Nanomed. 2023;18:8099–8112. doi:10.2147/ 
IJN.S443716

49. Hua T, Yang M, Song H, et al. Huc-MSCs-derived exosomes attenuate inflammatory pain by regulating microglia pyroptosis and autophagy via 
the miR-146a-5p/TRAF6 axis. J Nanobiotechnology. 2022;20:324. doi:10.1186/s12951-022-01522-6

50. Liu H, Wang J, Yue G, Xu J. Placenta-derived mesenchymal stem cells protect against diabetic kidney disease by upregulating 
autophagy-mediated SIRT1/FOXO1 pathway. Ren Fail. 46(1):2303396. doi:10.1080/0886022X.2024.2303396

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

52. Chang CL, Chen HH, Chen KH, et al. Adipose-derived mesenchymal stem cell-derived exosomes markedly protected the brain against sepsis 
syndrome induced injury in rat. Am J Transl Res. 2019;11(7):3955–3971.

53. Eshghi F, Tahmasebi S, Alimohammadi M, et al. Study of immunomodulatory effects of mesenchymal stem cell-derived exosomes in a mouse 
model of LPS induced systemic inflammation. Life Sci. 2022;310:120938. doi:10.1016/j.lfs.2022.120938

54. Zheng XL, Gu WJ, Zhang F, et al. Exosomal miR-127-5p from BMSCs alleviated sepsis-related acute lung injury by inhibiting neutrophil 
extracellular trap formation. Int Immunopharmacol. 2023;123:110759. doi:10.1016/j.intimp.2023.110759

55. Chen L, Liu Y, Wang Z, et al. Mesenchymal stem cell-derived extracellular vesicles protect against abdominal aortic aneurysm formation by 
inhibiting NET-induced ferroptosis. Exp Mol Med. 2023;55(5):939–951. doi:10.1038/s12276-023-00986-2

56. Lu T, Zhang J, Cai J, et al. Extracellular vesicles derived from mesenchymal stromal cells as nanotherapeutics for liver ischaemia-reperfusion 
injury by transferring mitochondria to modulate the formation of neutrophil extracellular traps. Biomaterials. 2022;284:121486. doi:10.1016/j. 
biomaterials.2022.121486

57. Shen D, He Z. Mesenchymal stem cell-derived exosomes regulate the polarization and inflammatory response of macrophages via miR-21-5p to 
promote repair after myocardial reperfusion injury. Ann Transl Med. 2021;9(16):1323. doi:10.21037/atm-21-3557

58. Liu W, Rong Y, Wang J, et al. Exosome-shuttled miR-216a-5p from hypoxic preconditioned mesenchymal stem cells repair traumatic spinal 
cord injury by shifting microglial M1/M2 polarization. J Neuroinflammation. 2020;17:47. doi:10.1186/s12974-020-1726-7

59. Li J, Xue H, Li T, et al. Exosomes derived from mesenchymal stem cells attenuate the progression of atherosclerosis in ApoE−/- mice via miR- 
let7 mediated infiltration and polarization of M2 macrophage. Biochem Biophys Res Commun. 2019;510(4):565–572. doi:10.1016/j. 
bbrc.2019.02.005

60. Yao M, Cui B, Zhang W, Ma W, Zhao G, Xing L. Exosomal miR-21 secreted by IL-1β-primed-mesenchymal stem cells induces macrophage 
M2 polarization and ameliorates sepsis. Life Sci. 2021;264:118658. doi:10.1016/j.lfs.2020.118658

61. Zheng T, Li S, Zhang T, et al. Exosome-shuttled miR-150–5p from LPS-preconditioned mesenchymal stem cells down-regulate PI3K/Akt/ 
mTOR pathway via Irs1 to enhance M2 macrophage polarization and confer protection against sepsis. Front Immunol. 2024;15:1397722. 
doi:10.3389/fimmu.2024.1397722

62. Che J, Wang H, Dong J, et al. Human umbilical cord mesenchymal stem cell-derived exosomes attenuate neuroinflammation and oxidative 
stress through the NRF2/NF-κB/NLRP3 pathway. CNS Neurosci Ther. 2023;30(3):e14454. doi:10.1111/cns.14454

63. Chen F, Chen Z, Wu HT, et al. Mesenchymal Stem Cell-Derived Exosomes Attenuate Murine Cytomegalovirus-Infected Pneumonia via NF-κB/ 
NLRP3 Signaling Pathway. Viruses. 2024;16(4):619. doi:10.3390/v16040619

64. Shen K, Jia Y, Wang X, et al. Exosomes from adipose-derived stem cells alleviate the inflammation and oxidative stress via regulating Nrf2/ 
HO-1 axis in macrophages. Free Radic Biol Med. 2021;165:54–66. doi:10.1016/j.freeradbiomed.2021.01.023

65. Muñoz J, Akhavan NS, Mullins AP, Arjmandi BH. Macrophage Polarization and Osteoporosis: a Review. Nutrients. 2020;12(10):2999. 
doi:10.3390/nu12102999

66. Brinkmann V, Reichard U, Goosmann C, et al. Neutrophil Extracellular Traps Kill Bacteria. Science. 2004;303(5663):1532–1535. doi:10.1126/ 
science.1092385

67. de Buhr N, von Köckritz-Blickwede M. Detection Visualization, and Quantification of Neutrophil Extracellular Traps (NETs) and NET 
Markers. Methods Mol Biol. 2020;2087:425–442. doi:10.1007/978-1-0716-0154-9_25

68. Hidalgo A, Libby P, Soehnlein O, Aramburu P IV, V Silvestre-Roig C. Neutrophil extracellular traps: from physiology to pathology. Cardiovasc 
Res. 2021;118(13):2737–2753. doi:10.1093/cvr/cvab329

69. McDonald B, Davis RP, Kim SJ, et al. Platelets and neutrophil extracellular traps collaborate to promote intravascular coagulation during sepsis 
in mice. Blood. 2017;129(10):1357–1367. doi:10.1182/blood-2016-09-741298

70. Aldabbous L, Abdul-Salam V, McKinnon T, et al. Neutrophil Extracellular Traps Promote Angiogenesis. Arteriosclerosis Thrombosis Vasc Biol. 
2016;36(10):2078–2087. doi:10.1161/ATVBAHA.116.307634

71. Wigerblad G, Kaplan MJ. Neutrophil extracellular traps in systemic autoimmune and autoinflammatory diseases. Nat Rev Immunol. 2023;23 
(5):274–288. doi:10.1038/s41577-022-00787-0

72. L X, X S, F N, et al. Role and Therapeutic Targeting Strategies of Neutrophil Extracellular Traps in Inflammation. Int j Nanomed. 2023:18. 
doi:10.2147/IJN.S418259

73. Jm A, Sac M, Xy H, Df Q, E M. NETworking with cancer: the bidirectional interplay between cancer and neutrophil extracellular traps. Cancer 
Cell. 2023;41(3). doi:10.1016/j.ccell.2023.02.001

International Journal of Nanomedicine 2024:19                                                                                   https://doi.org/10.2147/IJN.S467158                                                                                                                                                                                                                       

DovePress                                                                                                                      
11969

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.exphem.2005.07.003
https://doi.org/10.1074/jbc.M109.086389
https://doi.org/10.1042/BSR20150025
https://doi.org/10.1177/0022034509340867
https://doi.org/10.2147/IJN.S443716
https://doi.org/10.2147/IJN.S443716
https://doi.org/10.1186/s12951-022-01522-6
https://doi.org/10.1080/0886022X.2024.2303396
https://doi.org/10.1038/s41392-023-01704-0
https://doi.org/10.1016/j.lfs.2022.120938
https://doi.org/10.1016/j.intimp.2023.110759
https://doi.org/10.1038/s12276-023-00986-2
https://doi.org/10.1016/j.biomaterials.2022.121486
https://doi.org/10.1016/j.biomaterials.2022.121486
https://doi.org/10.21037/atm-21-3557
https://doi.org/10.1186/s12974-020-1726-7
https://doi.org/10.1016/j.bbrc.2019.02.005
https://doi.org/10.1016/j.bbrc.2019.02.005
https://doi.org/10.1016/j.lfs.2020.118658
https://doi.org/10.3389/fimmu.2024.1397722
https://doi.org/10.1111/cns.14454
https://doi.org/10.3390/v16040619
https://doi.org/10.1016/j.freeradbiomed.2021.01.023
https://doi.org/10.3390/nu12102999
https://doi.org/10.1126/science.1092385
https://doi.org/10.1126/science.1092385
https://doi.org/10.1007/978-1-0716-0154-9_25
https://doi.org/10.1093/cvr/cvab329
https://doi.org/10.1182/blood-2016-09-741298
https://doi.org/10.1161/ATVBAHA.116.307634
https://doi.org/10.1038/s41577-022-00787-0
https://doi.org/10.2147/IJN.S418259
https://doi.org/10.1016/j.ccell.2023.02.001
https://www.dovepress.com
https://www.dovepress.com


74. Stiel L, Mayeur-Rousse C, Helms J, Meziani F, Mauvieux L. First visualization of circulating neutrophil extracellular traps using cell 
fluorescence during human septic shock-induced disseminated intravascular coagulation. Thrombosis Research. 2019;183:153–158. 
doi:10.1016/j.thromres.2019.09.036

75. Mao JY, Zhang JH, Cheng W, Chen JW, Cui N. Effects of Neutrophil Extracellular Traps in Patients With Septic Coagulopathy and Their 
Interaction With Autophagy. Front Immunol. 2021;12:757041. doi:10.3389/fimmu.2021.757041

76. Semeraro F, Ammollo CT, Morrissey JH, et al. Extracellular histones promote thrombin generation through platelet-dependent mechanisms: 
involvement of platelet TLR2 and TLR4. Blood. 2011;118(7):1952–1961. doi:10.1182/blood-2011-03-343061

77. Park HS, Gu J, You HJ, Kim JE, Kim HK. Factor XII-mediated contact activation related to poor prognosis in disseminated intravascular 
coagulation. Thrombosis Research. 2016;138:103–107. doi:10.1016/j.thromres.2015.12.011

78. Massberg S, Grahl L, von Bruehl ML, et al. Reciprocal coupling of coagulation and innate immunity via neutrophil serine proteases. Nat Med. 
2010;16(8):887–896. doi:10.1038/nm.2184

79. Xu X, Xu S, Zhang Y, et al. Neutrophil extracellular traps formation may be involved in the association of propranolol with the development of 
portal vein thrombosis. Thrombosis Research. 2024;238:208–221. doi:10.1016/j.thromres.2024.04.030

80. Nosaka M, Ishida Y, Kimura A, et al. Absence of IFN-γ accelerates thrombus resolution through enhanced MMP-9 and VEGF expression in 
mice. J Clin Invest. 2011;121(7):2911–2920. doi:10.1172/JCI40782

81. Nosaka M, Ishida Y, Kimura A, et al. Crucial Involvement of IL-6 in Thrombus Resolution in Mice via Macrophage Recruitment and the 
Induction of Proteolytic Enzymes. Front Immunol. 2020;10:3150. doi:10.3389/fimmu.2019.03150

82. S A S P. Regulation of sterile inflammation in the natural resolution of venous thrombosis. Thrombosis and Haemostasis. 2015;114(5). 
doi:10.1160/TH15-09-0750

83. Popescu NI, Lupu C, Lupu F. Disseminated intravascular coagulation and its immune mechanisms. Blood. 2022;139(13):1973–1986. 
doi:10.1182/blood.2020007208

84. Ito T. PAMPs and DAMPs as triggers for DIC. J Intensive Care. 2014;2(1):67. doi:10.1186/s40560-014-0065-0
85. Lu MJ, Zhang JQ, Nie ZY, et al. Monocyte/macrophage-mediated venous thrombus resolution. Front Immunol. 2024;15:1429523. doi:10.3389/ 

fimmu.2024.1429523
86. Grover SP, Mackman N. Tissue Factor: an Essential Mediator of Hemostasis and Trigger of Thrombosis. Arterioscler Thromb Vasc Biol. 

2018;38(4):709–725. doi:10.1161/ATVBAHA.117.309846
87. Popescu NI, Girton A, Burgett T, Lovelady K, Coggeshall KM. Monocyte procoagulant responses to anthrax peptidoglycan are reinforced by 

proinflammatory cytokine signaling. Blood Adv. 2019;3(16):2436–2447. doi:10.1182/bloodadvances.2019000513
88. Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage Polarization: different Gene Signatures in M1(LPS+) vs. Classically and M2 

(LPS–) vs. Alternat Activ Macrophages Front Immunol. 2019;10:1084. doi:10.3389/fimmu.2019.01084
89. Italiani P, Boraschi D. From Monocytes to M1/M2 Macrophages: phenotypical vs. Funct Diffe Front Immuno. 2014;5:514. doi:10.3389/ 

fimmu.2014.00514
90. Gallagher KA, Obi AT, Elfline MA, et al. Alterations in macrophage phenotypes in experimental venous thrombosis. J Vasc Surg Venous Lymph 

Disord. 2016;4(4):463–471. doi:10.1016/j.jvsv.2016.03.005
91. López-Zambrano M, Rodriguez-Montesinos J, Crespo-Avilan GE, Muñoz-Vega M, Preissner KT. Thrombin Promotes Macrophage Polarization 

into M1-Like Phenotype to Induce Inflammatory Responses. Thrombosis and Haemostasis. 2020;120:658–670. doi:10.1055/s-0040-1703007
92. Matos MF, Lourenço DM, Orikaza CM, Bajerl JAH, Noguti MAE, Morelli VM. The role of IL-6, IL-8 and MCP-1 and their promoter 

polymorphisms IL-6 −174GC, IL-8 −251AT and MCP-1 −2518AG in the risk of venous thromboembolism: a case-control study. Thrombosis 
Research. 2011;128(3):216–220. doi:10.1016/j.thromres.2011.04.016

93. Stouthard JM, Levi M, Hack CE, et al. Interleukin-6 stimulates coagulation, not fibrinolysis, in humans. Thromb Haemost. 1996;76(5):738–742.
94. Levi M, Keller TT, van Gorp E, ten Cate H. Infection and inflammation and the coagulation system. Cardiovasc Res. 2003;60(1):26–39. 

doi:10.1016/s0008-6363(02)00857-x
95. Schönfelder T, Brandt M, Kossmann S, et al. Lack of T-bet reduces monocytic interleukin-12 formation and accelerates thrombus resolution in 

deep vein thrombosis. Sci Rep. 2018;8:3013. doi:10.1038/s41598-018-21273-5
96. Domenis R, Cifù A, Quaglia S, et al. Pro inflammatory stimuli enhance the immunosuppressive functions of adipose mesenchymal stem 

cells-derived exosomes. Sci Rep. 2018;8:13325. doi:10.1038/s41598-018-31707-9
97. Lo Sicco C, Reverberi D, Balbi C, et al. Mesenchymal Stem Cell-Derived Extracellular Vesicles as Mediators of Anti-Inflammatory Effects: 

endorsement of Macrophage Polarization. Stem Cells Transl Med. 2017;6(3):1018–1028. doi:10.1002/sctm.16-0363
98. Iba T, Connors JM, Nagaoka I, Levy JH. Recent advances in the research and management of sepsis-associated DIC. Int J Hematol. 2021;113 

(1):24–33. doi:10.1007/s12185-020-03053-y
99. Arabpour M, Saghazadeh A, Rezaei N. Anti-inflammatory and M2 macrophage polarization-promoting effect of mesenchymal stem 

cell-derived exosomes. Int Immunopharmacol. 2021;97:107823. doi:10.1016/j.intimp.2021.107823
100. Deng H, Wu L, Liu M, et al. Bone Marrow Mesenchymal Stem Cell-Derived Exosomes Attenuate LPS-Induced ARDS by Modulating 

Macrophage Polarization Through Inhibiting Glycolysis in Macrophages. Shock. 2020;54(6):828. doi:10.1097/SHK.0000000000001549
101. Levi M, van der Poll T. Inflammation and coagulation. Crit Care Med. 2010;38:S26. doi:10.1097/CCM.0b013e3181c98d21
102. van Deventer SJH, Büller HR, ten Cate JW, Aarden LA, Hack CE, Sturk A. Experimental Endotoxemia in Humans: analysis of Cytokine 

Release and Coagulation, Fibrinolytic, and Complement Pathways. Blood. 1990;76(12):2520–2526. doi:10.1182/blood.V76.12.2520.2520
103. Lawrence T. The Nuclear Factor NF-κB Pathway in Inflammation. Cold Spring Harb Perspect Biol. 2009;1(6):a001651. doi:10.1101/ 

cshperspect.a001651
104. Jiang R, Wang NP, Tanaka KA, et al. Factor Xa Induces Tissue Factor Expression in Endothelial Cells by P44/42 MAPK and NF-κB-Dependent 

Pathways. J Surg Res. 2011;169(2):319–327. doi:10.1016/j.jss.2010.01.041
105. Zhang R, Lu S, Yang X, et al. miR-19a-3p downregulates tissue factor and functions as a potential therapeutic target for sepsis-induced 

disseminated intravascular coagulation. Biochem. Pharmacol. 2021;192:114671. doi:10.1016/j.bcp.2021.114671
106. Pahl HL. Activators and target genes of Rel/NF-κB transcription factors. Oncogene. 1999;18(49):6853–6866. doi:10.1038/sj.onc.1203239
107. R A, Kn A, Al T, Ab M. Thrombin-induced p65 homodimer binding to downstream NF-kappa B site of the promoter mediates endothelial 

ICAM-1 expression and neutrophil adhesion. J Iimmunol. 1999;162(9).

https://doi.org/10.2147/IJN.S467158                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 11970

Wang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1016/j.thromres.2019.09.036
https://doi.org/10.3389/fimmu.2021.757041
https://doi.org/10.1182/blood-2011-03-343061
https://doi.org/10.1016/j.thromres.2015.12.011
https://doi.org/10.1038/nm.2184
https://doi.org/10.1016/j.thromres.2024.04.030
https://doi.org/10.1172/JCI40782
https://doi.org/10.3389/fimmu.2019.03150
https://doi.org/10.1160/TH15-09-0750
https://doi.org/10.1182/blood.2020007208
https://doi.org/10.1186/s40560-014-0065-0
https://doi.org/10.3389/fimmu.2024.1429523
https://doi.org/10.3389/fimmu.2024.1429523
https://doi.org/10.1161/ATVBAHA.117.309846
https://doi.org/10.1182/bloodadvances.2019000513
https://doi.org/10.3389/fimmu.2019.01084
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.1016/j.jvsv.2016.03.005
https://doi.org/10.1055/s-0040-1703007
https://doi.org/10.1016/j.thromres.2011.04.016
https://doi.org/10.1016/s0008-6363(02)00857-x
https://doi.org/10.1038/s41598-018-21273-5
https://doi.org/10.1038/s41598-018-31707-9
https://doi.org/10.1002/sctm.16-0363
https://doi.org/10.1007/s12185-020-03053-y
https://doi.org/10.1016/j.intimp.2021.107823
https://doi.org/10.1097/SHK.0000000000001549
https://doi.org/10.1097/CCM.0b013e3181c98d21
https://doi.org/10.1182/blood.V76.12.2520.2520
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1016/j.jss.2010.01.041
https://doi.org/10.1016/j.bcp.2021.114671
https://doi.org/10.1038/sj.onc.1203239
https://www.dovepress.com
https://www.dovepress.com


108. Hou B, Eren M, Painter CA, et al. Tumor necrosis factor alpha activates the human plasminogen activator inhibitor-1 gene through a distal 
nuclear factor kappaB site. J Biol Chem. 2004;279(18):18127–18136. doi:10.1074/jbc.M310438200

109. Matsuura Y, Yamashita A, Iwakiri T, et al. Vascular wall hypoxia promotes arterial thrombus formation via augmentation of vascular 
thrombogenicity. Thrombosis and Haemostasis. 2017;114:158–172. doi:10.1160/TH14-09-0794

110. B D, Bo V. The anticoagulant protein C pathway. FEBS Lett. 2005;579(15). doi:10.1016/j.febslet.2005.03.001
111. Liu T, Zhang L, Joo D, Sun SC. NF-κB signaling in inflammation. Signal Transdu Targ Ther. 2017;2:17023. doi:10.1038/sigtrans.2017.23
112. Tang Y, Ding F, Wu C, Liu B. hucMSC Conditioned Medium Ameliorate Lipopolysaccharide-Induced Acute Lung Injury by Suppressing 

Oxidative Stress and Inflammation via Nrf2/NF-κB Signaling Pathway. Anal Cell Pathol. 2021;2021:6653681. doi:10.1155/2021/6653681
113. Liu GH, Qu J, Shen X. NF-κB/p65 antagonizes Nrf2-ARE pathway by depriving CBP from Nrf2 and facilitating recruitment of HDAC3 to 

MafK. Biochimica et Biophysica Acta. 2008;1783(5):713–727. doi:10.1016/j.bbamcr.2008.01.002
114. Luo J, Wang J, Zhang J, et al. Nrf2 Deficiency Exacerbated CLP-Induced Pulmonary Injury and Inflammation through Autophagy- and NF-κB/ 

PPARγ-Mediated Macrophage Polarization. Cells. 2022;11(23):3927. doi:10.3390/cells11233927
115. Cheng X, Siow RCM. Impaired Redox Signaling and Antioxidant Gene Expression in Endothelial Cells in Diabetes: a Role for Mitochondria 

and the Nuclear Factor-E2-Related Factor 2-Kelch-Like ECH-Associated Protein 1 Defense Pathway. Antioxid. Redox Signaling. 2011;14 
(3):469–487. doi:10.1089/ars.2010.3283

116. Xian P, Hei Y, Wang R, et al. Mesenchymal stem cell-derived exosomes as a nanotherapeutic agent for amelioration of inflammation-induced 
astrocyte alterations in mice. Theranostics. 2019;9(20):5956. doi:10.7150/thno.33872

117. Gando S, Nakanishi Y, Tedo I. Cytokines and plasminogen activator inhibitor-1 in posttrauma disseminated intravascular coagulation: 
relationship to multiple organ dysfunction syndrome. Crit Care Med. 1995;23(11):1835.

118. Mantuano E, Azmoon P, Brifault C, et al. Tissue-type plasminogen activator regulates macrophage activation and innate immunity. Blood. 
2017;130(11):1364–1374. doi:10.1182/blood-2017-04-780205

119. Collen D, Lijnen HR, Todd PA, Goa KL. Tissue-Type Plasminogen Activator. Drugs. 1989;38(3):346–388. doi:10.2165/00003495-198938030- 
00003

120. Asakura H, Ontachi Y, Mizutani T, et al. An enhanced fibrinolysis prevents the development of multiple organ failure in disseminated 
intravascular coagulation in spite of much activation of blood coagulation. Crit Care Med. 2001;29(6):1164.

121. Pawlinski R, Wang JG, Owens AP III, et al. Hematopoietic and nonhematopoietic cell tissue factor activates the coagulation cascade in 
endotoxemic mice. Blood. 2010;116(5):806. doi:10.1182/blood-2009-12-259267

122. Swieringa F, Spronk HM, Heemskerk JW, van der MPE. Integrating platelet and coagulation activation in fibrin clot formation. Res Pract 
Thromb Haemost. 2018;2(3):450. doi:10.1002/rth2.12107

123. Posma JJN, Posthuma JJ, Spronk HMH. Coagulation and non-coagulation effects of thrombin. J Thromb Haemost. 2016;14(10):1908–1916. 
doi:10.1111/jth.13441

124. Takahashi H, Takakuwa E, Yoshino N, Hanano M, Shibata A. Protein C levels in disseminated intravascular coagulation and thrombotic 
thrombocytopenic purpura: its correlation with other coagulation parameters. Thromb Haemost. 1985;54(2):445–449.

125. Lupu F, Kinasewitz G, Dormer K. The role of endothelial shear stress on haemodynamics, inflammation, coagulation and glycocalyx during 
sepsis. J Cell & Mol Med. 2020;24(21):12258. doi:10.1111/jcmm.15895

126. Lotfy A, AboQuella NM, Wang H. Mesenchymal stromal/stem cell (MSC)-derived exosomes in clinical trials. Stem Cell Res Ther. 2023;14:66. 
doi:10.1186/s13287-023-03287-7

International Journal of Nanomedicine                                                                                             Dovepress 

Publish your work in this journal 
The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics, 
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®, 
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The 
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:// 
www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2024:19                                                                            DovePress                                                                                                                      11971

Dovepress                                                                                                                                                            Wang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1074/jbc.M310438200
https://doi.org/10.1160/TH14-09-0794
https://doi.org/10.1016/j.febslet.2005.03.001
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1155/2021/6653681
https://doi.org/10.1016/j.bbamcr.2008.01.002
https://doi.org/10.3390/cells11233927
https://doi.org/10.1089/ars.2010.3283
https://doi.org/10.7150/thno.33872
https://doi.org/10.1182/blood-2017-04-780205
https://doi.org/10.2165/00003495-198938030-00003
https://doi.org/10.2165/00003495-198938030-00003
https://doi.org/10.1182/blood-2009-12-259267
https://doi.org/10.1002/rth2.12107
https://doi.org/10.1111/jth.13441
https://doi.org/10.1111/jcmm.15895
https://doi.org/10.1186/s13287-023-03287-7
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Definition and Clinical Importance of DIC
	Basic Properties and Therapeutic Potential of MSC-Exos
	MSC-Exos Inhibit NET Formation
	MSC-Exos Regulate the Polarization Balance of M1/M2 Macrophages
	MSC-Exos Exert Anti-Inflammatory Effects Through the Nrf2/NF-κB Signalling Pathway
	Mechanism of Action of MSC-Exos in Anticoagulation and Alleviation of Thrombus

	Summary and Future Prospects
	Abbreviations
	Ethics Approval and Consent to Participate
	Acknowledgments
	Funding
	Disclosure

