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Hemorrhage is the leading cause of death in severe trauma injuries. When

organs or tissues are subjected to prolonged hypoxia, danger

signals—known as damage-associated molecular patterns (DAMPs)—are

released into the intercellular environment. The endothelium is both the

target and a major provider of damage-associated molecular patterns,

which are directly involved in immuno-inflammatory dysregulation and

the associated tissue suffering. Although damage-associated molecular

patterns release begins very early after trauma, this release and its

consequences continue beyond the initial treatment. Here we review a

few examples of damage-associated molecular patterns to illustrate their

pathophysiological roles, with emphasis on emerging therapeutic

interventions in the context of severe trauma. Therapeutic intervention

administered at precise points during damage-associated molecular

patterns release may have beneficial effects by calming the inflammatory

storm triggered by traumatic hemorrhagic shock.
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Introduction

Traumatic hemorrhagic shock is the leading cause of death in individuals with war-

related injuries. Immediate and earlymortality, account for approximatively 60% and 25%

of overall trauma-related mortality and late mortality still accounts for 10%–30% of all

trauma-related deaths. Most of the late deaths are due to multi-organ failure and infection

in a context of Systemic Inflammatory Response Syndrom and secondary

immunosupression. A better understanding of the pathophysiology of this condition

may aid in the development of novel therapeutic interventions, potentially leading to

improved symptom management in patients with combat injuries. Traumatic

hemorrhagic shock is not exclusive to military operations, but also occurs in the

civilian setting, including road traffic trauma and injuries acquired in armed crimes

and terrorist attacks. Death resulting from polytrauma with hemorrhagic shock may

either 1) have an early onset and occur due to neurological injury and/or a massive
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hemorrhage, or 2) have a delayed onset (days to weeks) due to

multiple organ failure and sepsis (Oberholzer et al., 2000; Cohen

et al., 2009).

When an organ or tissue is subjected to prolonged hypoxia,

as occurs with hemorrhagic shock, a switch from aerobic to

anaerobic glucose metabolism is activated. This is associated with

increased lactate production; disturbances in H+, Na+, and Ca2
+

ion exchange across the cellular membrane; and mitochondrial

dysfunction, which pose severe threats to organ function and

homeostasis (Cannistrà et al., 2016). Paradoxically, the

restoration of circulatory blood flow and oxygenation to tissue

that was previously hypoxic does not immediately improve the

lesions caused by ischemia. In fact, reperfusion of ischemic

tissues is associated with aggravation and further tissue

damage through a phenomenon known as ischemia-

reperfusion injury, which is thought to lead to multi-organ

failure and death. Within the damaged tissue, necrotic,

apoptotic, and stressed cells release multiple molecules into

their environment. Danger signals, known as damage-

associated molecular patterns (DAMPs) (Relja and Land,

2020), act locally, systemically, or both. Unlike pathogen-

associated molecular patterns (PAMPs), DAMPs are

endogenous and show extensive range of autocrine, paracrine,

and endocrine actions (Skelton and Purcell, 2020).

Throughout this article, a few examples will be described and

used to illustrate the pathophysiological roles of DAMPs, with

emphasis on emerging therapeutic interventions in the context of

severe trauma.

DAMPs are ubiquitous molecules of
diverse nature

The release of DAMPs can be caused by mechanical

trauma, ischemia-reperfusion, infection, sepsis, and

endotoxemia. Throughout evolution, DAMP-triggered

innate and adaptive immune responses have developed to

counteract tissue damage, eventually leading to restoration of

homeostasis. As an integral part of the innate immune defense

mechanism, DAMP actions are designed to protect against

sterile injuries, which initially overwhelm the system through

a massive release of danger signals, ultimately resulting in

hyperinflammation. DAMPs are released by stressed or

necrotic cells, as well as by immune cells, activated

platelets, and endothelial cells. DAMP activity induces a

“hyperactivated” state in a multitude of cells, which further

drives inflammatory mediator production and exacerbates the

inflammatory response, as seen in severe trauma or sepsis (Fan

et al., 2007). In hemorrhagic shock, the whole body is affected

by ischemia of hypovolemic origin, although regulatory

mechanisms temporarily protect certain organs, such as the

brain and heart. Each tissue or organ is a potential source of

DAMPs. Although new DAMP molecules remain to be

identified, a number of characterized DAMPs are thought

to play vital roles in the pathogenesis of severe trauma. These

include glycosaminoglycans that line the endothelial wall

(syndecans, hyaluronic acid, and heparan sulphate); nuclear

proteins, such as High-Mobility Group Box 1 (HMGB1);

nucleic acids; coagulation factors, such as S proteins; heat

shock proteins (HSP); cytokines; and microvesicles of cellular

origin (Table 1).

Glycosaminoglycans line the endothelium wall, forming

the glycocalyx network. Under physiological conditions, the

glycocalyx moves platelets and leukocytes towards the center

of the vessels and promotes numerous enzymatic interactions,

e.g., those of the blood clotting cascade. Syndecans are core

proteins of the glycosaminoglycans, which are anchored in the

endothelial plasma membrane. Syndecan-1 plays an

important role in regulating inflammation, and its

destruction promotes interaction between endothelium and

leukocytes, and the tissue migration of leukocytes (Reitsma

et al., 2007).

HMGB1 (High-Mobility Group Box 1)

HMGB1 (High-Mobility Group Box 1) is a DNA-associated

nuclear protein that is not part of the histone family (Bianchi and

Agresti, 2005). It facilitates protein–DNA binding, and promotes

transcription, replication, and DNA repair. HMGB1 is a

ubiquitous protein that is naturally present in its nucleus, and

is released into the intercellular space by damaged cells. Certain

activated cells can also secrete HMGB1 during stress (Ueno et al.,

2004). The human HMGB1 protein consists of two consecutive

DNA binding domains (HMG A box and HMG B box) followed

by a C-terminal acidic tail and a short N-terminal region. The

location of HMGB1 depends on two nuclear localization signals

(NLS) and one nuclear export signal (NES). Thus, changes in the

NES and NLS can induce modification of HMGB1 location. Also,

specific residues in the HMGB1 sequence are responsible for the

interaction, binding, activity, and function of HMGB1. Animal

studies demonstrated that oxidative stress can induce the release

of hyperacetylated HMGB1 (Dave et al., 2009). In addition to

acetylation, other modifications, such as methylation,

N-glycosylation, phosphorylation, and oxidation, regulate the

translocation and release of HMGB1 to the extracellular space in

response to various stresses. Depending on the redox conditions

of the environment, three redox forms of HMGB1 are associated

with modulation of its immunologic functions: 1) intracellular

fully reduced HMGB1 can promote the migration of immune

cells; 2) partially reduced HMGB1 triggers inflammatory

responses and 3) fully oxidized HMGB1 has no chemokine or

cytokine activity (Tang et al., 2016).

What is still obscure is how these post-transcriptional

modifications are competitively, cooperatively, or

independently regulated under trauma conditions.

Frontiers in Physiology frontiersin.org02

Dufour-Gaume et al. 10.3389/fphys.2022.999011

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.999011


S100 proteins
Are mainly expressed by cells of the myeloid lineage;

however, they can also be expressed by epithelial and

endothelial cells in an inflammatory situation. This family of

proteins has multiple functions, particularly related to fighting

infection, cell division, inflammation, apoptosis, and energy

metabolism (Relja and Land, 2020). The S100B protein is

thought to stimulate the secretion of E-selectin and vWF by

activated endothelial cells (Dang et al., 2014).

Nucleic acids
Are considered DAMPs because they can reportedly induce

the release of pro-inflammatory cytokines (Lee et al., 2011;

Pottecher et al., 2019). Activated leukocytes may release

nuclear DNA into the plasma, even without cell death.

Circulating DNA exists in the form of nucleosomes, which are

DNA strands wrapped around their histone chaperones.

Nucleosomes are a constituent element of neutrophil

extracellular traps (NETs), which are released into the

extracellular medium by activated neutrophils

(Papayannopoulos and Zychlinsky, 2009). This mechanism is

regarded as an essential component of the innate immune

response, which is activated following the interaction between

HMGB1 and inflammatory cytokines, such as TNF and IL-8.

NETs are web-like structures composed of proteins embedded in

a scaffold of DNA (chromatin), including both DNA originated

from the nucleus and mitochondrial DNA (Granger et al., 2014).

On one hand, NETs can attack the plasma membrane of

pathogenic microorganisms, but on the other hand, they may

have negative effects on the surrounding host tissue—for

example, promoting occlusion of the vasculature and thereby

causing thrombosis (Granger et al., 2014). A new role of

extracellular DNA acting as DAMPS promoting cell necrosis

has been demonstrated in several studies (Peer et al., 2016; Jansen

et al., 2017). Apart from neutrophils, endothelial cells can also

release their DNA into the plasma. In this mechanism,

circulating DNA can interact with platelet and other immune

cells.

Under physiological conditions, low levels of free DNA are

found circulating in the plasma of healthy subjects (Lo et al.,

2000). However, high levels of circulating DNA have been

demonstrated in many pathological situations, such as sepsis,

severe trauma, myocardial infarction, and cancer (Fournie and

Courtin, 1995; Chang et al., 2003; Rainer et al., 2003). While any

cell death results in the release of nucleic acids into the

intercellular medium, their elimination varies depending on

whether apoptosis or necrosis has occurred. For example, the

elimination of DNA takes 5–10 min when released from an

apoptotic cell, compared to several hours when released from

a necrotic cell. This difference is probably due to the absence of

prior DNA degradation by intracellular nucleases in the event of

necrosis (Liaw et al., 2016). Notably, mitochondrial DNA is

characterized by the presence of unmethylated CpG motifs,

identical to those in bacterial DNA. Mitochondria also express

peptides of the N-formyl type, which are similar to bacterial

peptides that bind to the receptors on the surface of neutrophils.

Thus, bacterial and mitochondrial DNA act on the same

neutrophil receptors (Pottecher et al., 2019).

Extracellular vesicles
May be categorized into three different groups based on their

size and composition: apoptotic bodies, microvesicles, and

exosomes. Apoptotic bodies are the largest, with a diameter of

800–5000 nm, and are formed from the plasma membrane of

cells. Microvesicles have a diameter of 100–1000 nm, and are

plasmamembrane fragments produced by activated cells. Finally,

exosomes are the smallest extracellular vesicles, with a diameter

of 40–100 nm. They are formed from bodies that fuse with the

plasma membrane, and release their content into the

extracellular environment, thereby participating in intercellular

communication among other processes (György et al., 2011;

Yamamoto et al., 2016). Vesicles have various cellular origins,

including platelets, leukocytes, erythrocytes, and endothelial

cells. They are composed of phospholipids and contain

nucleic acids, enzymes, and other proteins that play roles in

intercellular communication, inflammation, and coagulation

(Chabert, 2017).

About 25% of blood-derived EVs are from circulating

platelets or platelet precursor cells (i.e., megacaryocytes) which

reside in the bone marrow. Platelet-EVs have thrombogenic

properties but they also act as cargos for several molecules,

including signaling mediators, growth factors, lipids, proteins

and nucleic acids. These elements mediate cell-to-cell

cooperation, immune reaction, inflammatory response, and

reparation (Puhm et al., 2021).

However, the activation process (agonists or mediators,

hemodynamic stress . . . ) mainly affects the final composition

and number of Platelet EVs. Milioli et al. revealed for example

that EVs from platelets activated in vitro by ADP contain

different protein in comparison with those activated by

collagen or collagen and thrombin (Milioli et al., 2015).

Heat shock proteins (HSP)
Are cytosolic proteins that act as chaperones for other

molecules. This family of proteins is produced in response to

various cellular stresses, including hypothermia and

hyperthermia, UV radiation, and pathogens. HSP70 is a well-

described HSP, which stimulates both pro- and anti-

inflammatory effects through numerous membrane receptors

expressed on monocytes/macrophages, microglia, and

dendritic cells. Severe trauma increases the expressions of

HSP27, HSP70, and HSP90 by perineuronal nets (Kim and

Yenari, 2013). Furthermore, Pespeni et al. showed significantly

higher HSP60 levels in patients with post-traumatic lesions in the

lung; however, only one patient presented with direct thoracic

trauma (Pespeni et al., 2005).
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DAMPs interact with several receptors, including the well-

characterized Toll-like receptors (TLRs) and receptor of

advanced glycation end products (RAGE).

DAMP receptors

Toll-like receptors (TLR) are a family of receptors that

recognize patterns of pathogens, termed pattern recognition

receptors (PRR). Initially thought to be specific for their

exogenous ligands (Hunter, 2005), PRRs can actually

recognize a wide range of pathogens that are very different in

appearance. This may be due to the presence of similar motifs

among different organisms, such as bacterial lipopolysaccharide

(LPS) or the unmethylated DNA of bacteria and viruses.

Moreover, it is thought that PRRs can recognize DAMPs

released by sterile tissue damage. TLR-4 recognizes both

bacterial toxins (e.g., LPS) and many endogenous ligands (e.g.,

hyaluronic acid, heparan sulphate, fibrinogen, HMGB1, and

HSPs), and can thus be considered to be at the interface

between infection and sterile inflammation. TLRs are

expressed by innate and adaptive immune cells, as well as by

fibroblasts, epithelial cells, and endothelial cells.

Not only TLRs recognize these DAMPs; the RAGE receptor

is another important receptor for HMGB1 and S100 proteins

(Fan et al., 2007). RAGE is ubiquitous, and shows constitutively

higher expression levels in certain tissues, such as the lungs, and

in endothelial cells, monocytes, macrophages, and neutrophils

(Barbezier et al., 2014). Other important DAMP receptors are the

NOD-like receptors pyrin domain containing (NLRPs). These

ones are intracellular and can be activated by distinct DAMPs,

such as ATP, ROS (reactive Oxygen species), and uric acid.When

activated, NLRP1 and NLRP3 lead to the assembly of

intracellular multiprotein complexes named inflammasomes.

After activation by intracellular DAMPs, inflammasomes allow

the caspase-1 dependent cleavage of pro-IL-1β and pro-IL-

18 into mature forms (Bortolotti et al., 2018).

DAMPs and their receptors, including HMGB1, and TLRs,

are highly conserved in all vertebrates (Fan et al., 2007). HMGB1-

like proteins also exist in invertebrates, plants, protozoa, and

yeasts and possibly in all eukaryotic cells (Ferrari et al., 1994;

Barbezier et al., 2014). Like HMGB1, TLRs are present in

mammals and many vertebrates. Very similar structural forms

are also found in invertebrates and certain plants. Thus, from an

evolutionary perspective, TLRs and DAMPs seem to be among

the oldest components of the immune system, and would have

appeared even before the separation of the animal and plant

kingdoms (Ferrari et al., 1994).

Within the context of DAMP recognition, TLR stimulation

depends on cofactors, which are essential and their inhibition

blocks TLR activation. DAMPs have very different motives from

each other, and likely stimulate TLRs through their different

cofactors. It is unclear whether the activation of TLRs by different

DAMPs and cofactors leads to a stereotyped or adapted response

to different stimulations. The question is further complicated by

the finding that the same DAMPs lead to the combined activation

of several receptors. Other receptors, such as TLR-2, TLR-9, and

RAGE are likely involved, indicating complex signaling

pathways, and potential therapeutic pathways (Canaple et al.,

1997; Keown-Longo and Higgins, 2017). Finally, the response is

affected by the cell type on which receptors are activated by a

DAMP. Thus, for each DAMP, three elements must be

considered: the cell type, receptor, and associated co-

stimulators/inhibitors.

In summary, innate immunity receptors, which are known to

be involved in pathogen recognition, also play an important role

in DAMPs generation. The available data indicate that these two

different responses appear to stimulate the same defense

mechanisms. Extensive numbers of DAMPs, receptors, and

signaling pathways work tirelessly to restore homeostasis and

repair the damage caused by traumatic hemorrhagic shock.

However, side effects of this response may become deleterious.

Therapeutic intervention administered at a precise point during

this response could have beneficial effects by calming the

inflammatory storm triggered by traumatic hemorrhagic

shock. Extensive knowledge about DAMPs is required to

understand their functions in inflammatory responses and

restoration of homeostasis.

Traumatic hemorrhagic shock,
DAMPs, and inflammatory response

DAMPs within the systemic inflammatory
response

The pathophysiological course of severe trauma includes a

massive inflammatory response from the onset of the trauma.

This phenomenon is called systemic inflammatory response

syndrome (SIRS), and involves the release of DAMPs (Relja

and Land, 2020). In traumatic hemorrhagic shock, sterility is a

distinguished feature of SIRS. It clinically mimics sepsis, and

contributes to the development of multi-visceral organ failure

secondary to severe trauma. SIRS is counterbalanced by an

anti-inflammatory compensation syndrome (CARS), which is

also modulated by a series of DAMPs, but with anti-

inflammatory effects. CARS counterbalances SIRS, but

simultaneously plunges the injured person into a state of

immunosuppression, which makes a patient susceptible to

infections and increases the risk of multi-organ failure

(Bandyopadhyay et al., 2007). Chronologically, the onset of

CARS is followed by the commencement of SIRS (Relja and

Land, 2020; Skelton and Purcell, 2020).

Faced with an attack on the body, DAMPs can be viewed as

messengers whose intensity and qualitative composition at any

time can modify the interpretation of the message, and the pro-
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or anti-inflammatory balance of the systemic response. When

immune cells are activated by certain DAMPs, such as HMGB1,

they release pro-inflammatory cytokines, such as IL-1β, TNFα,
IL-6, IL-8, and granulocyte colony-stimulating factor (G-CSF).

Anti-inflammatory cytokines also increase IL-10, IL-1 receptor

antagonist (IL-1ra), and transforming growth factor-β1 (TGF-

β1) (Andersson et al., 2000; Skelton and Purcell, 2020).

Macrophages and other activated PBMCs can also actively

release HMGB1 (Wang et al., 2001), which makes this protein

not only a DAMP but also a cytokine in its own right.

In the same way, concerning inflamasomes. In small

quantities, Caspase-1 is a beneficial protein with cell

protection function against external stimulation, but when

produced in large quantities with inflammasomes in a hyper-

inflammatory context, it activates pyroptotic cell death.

In polytraumatized patients, a switch from the Th1 response

to Th2 is observed with anergy of the regulatory T cells

(Bandyopadhyay et al., 2007; Serve et al., 2018). For example,

when monocytes isolated from polytrauma patients are brought

into contact with bacterial LPS, the supernatant collected 24 h

later shows increased levels of IL-10 (anti-inflammatory), but

decreased concentrations of IL-6 and TNFα (pro-inflammatory)

compared to controls. This is consistent with the notion of

immunosuppression secondary to traumatic hemorrhagic

shock (Timmermans et al., 2016). Thus, high levels of both

pro- and anti-inflammatory cytokines are critical contributors

to the development of multiple organ failure in polytrauma

patients, which may be detected within hours after trauma

(Bogner et al., 2009).

DAMPs and lesion kinetics

DAMPs are not released as a single wave but rather in a

cascade, with each new release of DAMPs potentially causing a

subsequent one. For example, DAMPs released by endothelial

cells and activated leukocytes, such as elastase, cytokines, or

TNF-α, cause degradation of the glycocalyx that lines the vascular
wall. This results in massive release of hyaluronic acid and

heparan sulfate into the bloodstream, which, in turn, act as

DAMPs. Furthermore, HMGB1 synthesis by monocytes is

itself stimulated by TNFα and IL-1, generating a loop of

amplification and propagation of the inflammatory response

(Bogner et al., 2009).

HMGB1 is released not only in trauma, but also in sepsis

and endotoxemia. HMGB1 is a DAMP that is released late in

endotoxemia, but early in trauma. In humans, HMGB1 levels

in septic shock are correlated with the severity of the

condition, and significantly increase from day three post-

admission in non-survivors, which is quite late in the

disease evolution (Wang et al., 1999). On the other hand,

in cases of isolated hemorrhage, the HMGB1 kinetics are

much faster, with a plasmatic peak as early as 24 h in

murine models of blood loss (Kim et al., 2005). In patients

with trauma associated with hemorrhagic shock, the increase

of plasma HMGB1 is even earlier, observed from 30 to 60 min

following the injury, with a peak occurring between 2 and 6 h

(Cohen et al., 2009). Other studies have measured DAMP and

cytokine levels in the hours and days following polytrauma

(Bogner et al., 2009; Jastrow et al., 2009; Timmermans et al.,

2016). Timmermans et al. reported significant increases of

nDNA, mtDNA, and HSP 70 as soon as treatment was

administered at the site of the accident, i.e., less than

30–45 min after the injury. IL-6, IL-8, and the anti-

inflammatory cytokine IL-10 were significantly increased

upon arrival at the emergency room, i.e., an average of

1 hour after the injury. Therefore, the release of DAMPs

and cytokines is very rapid after the injury, and continues

for up to several days, depending on the measured molecules.

Furthermore, the levels of cytokines IL-6, IL-8, and IL-10 are

directly proportional to the levels of nDNA and HSP70 (Tang

et al., 2012). Studies have described the interactions between

immune cells and DAMPs during the inflammatory process.

Other cells, including endothelial cells, are also thought to

interact with DAMPs.

Vascular endothelium is a target and
major source of DAMPs

Molecular and cellular components of whole blood interact

with vascular endothelium. Present in all tissues and organs, the

endothelial cells that line the innermost layer of blood vessels are

both a target and a major source of DAMPs in traumatic

hemorrhagic shock.

DAMPs and endotheliopathy

The endothelium responds to physical, chemical, and

humoral changes in its environment. In response to these

changes, it can secrete many factors involved in inflammation,

hemostasis, vasomotion, and vascular permeability. These

actions involve certain TLR and RAGE receptors (Cohen

et al., 2009; Relja and Land, 2020). Through the endothelial

cell RAGE receptor, HMGB1 and S proteins participate in the

activation and endothelial secretion of pro-inflammatory

cytokines, such as S100B, TNFα, IL-8, and monocyte

chemotactic protein-1 (MCP-1) (Relja and Land, 2020). They

also enable the phenomenon of immune cell extravasation at the

origin of tissue inflammation. Activated endothelial cells increase

expressions of the cell adhesion molecules ICAM-1 and VCAM-

1, which are necessary for leukocyte margination in tissues, and

of RAGE itself (Fiuza et al., 2003). The increased number of

RAGE receptors causes a loop of signal amplification and

worsening of the endothelial disease. Moreover, endothelial
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cell hyperexpression of the S100B protein in culture is

accompanied by an increased number of apoptotic cells.4

Other DAMPs of the S protein family act on endothelial

disease by decreasing expression of intercellular adhesion

proteins, which increases vascular permeability (Viemann

et al., 2005).

DNA circulating in the form of nucleosomes is an

important DAMP, capable of inducing cell death. It has

been hypothesized that DNA-chaperoning histones are

DAMPs that interact with the negative charges on

glycosaminoglycans of the endothelial glycocalyx (Xu et al.,

2009; Ammollo et al., 2011). Xu et al. have demonstrated that

TABLE 1 Damage-associated molecular patterns (DAMPs): physiological activities and pathological activities during traumatic hemorrhagic shock.

Molecule Normal cellular activity Actions as DAMPs

Syndecans -Core proteins in the glycocalyx network (Reitsma et al., 2007) -Degradation of syndecans promotes inflammation and
leukocyte tissue migration (Reitsma et al., 2007; Wang et al.,
2014)

-Enzymatic interactions (Reitsma et al., 2007) -Syndecan-1 level ≥40 ng/ml is a sign of unfavorable outcome
(Wang et al., 2014)

-Keeping platelets and leukocytes towards the center of the
vessels (Reitsma et al., 2007)

HMGB1 (High-Mobility Group
Box 1)

-Nucleic protein -Release of cytokines (Bandyopadhyay et al., 2007; Skelton and
Purcell, 2020)

-Protein–DNA binding, transcription, replication, and DNA
repair (Bianchi and Agresti, 2005)

-Activation of leukocytes, platelets, and endothelial cells (Tang
et al., 2012)

-Stimulation of platelet aggregation and thrombus formation
(Pérez-Casal et al., 2005)

-Coagulation disturbances: PAI-1, thrombomodulin, tPA, and
INR (Cohen et al., 2009)

S100 proteins -Fight against infection, cell division, inflammation, apoptosis,
and energy metabolism (Relja and Land, 2020)

-Stimulation of the secretion of E-selectin and vWF by activated
endothelial cells (Ueno H, et al., 2004)

-Increase of apoptotic endothelial cells in vivo (Relja and Land,
2020)

-Increase of vascular permeability (Fiuza C, et al., 2003)

Nucleic acids -Nuclear DNA, RNA, and mitochondrial DNA -Release of pro-inflammatory cytokines (Dang et al., 2014;
Pottecher et al., 2019)

-Neutrophil extracellular traps (NETs) (Papayannopoulos and
Zychlinsky, 2009)

-Activation of proteases of the cascade coagulation (Shibamiya
A, et al., 2007)

Histones -Nucleosomes -Endothelial cell toxicity (Viemann et al., 2005; Xu et al., 2009)

-Inhibition of protein C activation (Viemann et al., 2005; Xu
et al., 2009)

-Microthrombi (Viemann et al., 2005; Xu et al., 2009)

-Increase of thrombin–antithrombin complex (TAT)
(Viemann et al., 2005)

Extracellular vesicles -Same composition as membrane of their cellular origin (Liaw
PC, et al., 2016)

-Promotion of a procoagulant state of the endothelium
(Kannemeier C, et al., 2007)

-Containing intracellular components (György et al., 2011)

Heat shock proteins (HSP) -Chaperones for other molecules -High levels of HSP70 in severe trauma patients (Chabert, 2017)

-Fight against stresses, including hypo and hyperthermia, UV
radiation, and pathogens (Chabert, 2017)

-Ligand of TLR4 (Toll-like receptor) (Chabert, 2017)

-Correlation between HSP60 and development of acute lung
injury after trauma (Kim and Yenari, 2013)

Shown are examples of some molecules known to have DAMP, activity during traumatic hemorrhagic shock. All of these molecules have physiological activities in the absence of trauma.

Faced with an attack on the body, high levels of DAMPs, can modify the pro- or anti-inflammatory balance of the systemic response.
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extracellular histones are cytotoxic towards endothelial cells,

with a dose-dependent effect in vitro. Lesions are caused by

the entry of calcium into the cell, and are accompanied by

increased endothelial permeability, a sign of intercellular

dysjunction and suffering. Similarly, in vivo, the injection

of a high dose of histones into mice causes 100% death

within a few hours (Xu et al., 2009; Ammollo et al., 2011).

Histologically, the animals present lung lesions with signs of

endotheliopathy and its direct complications, including

endothelial vacuolation, microthrombi, accumulation of

neutrophils in the microvessels, and alveolar hemorrhages.

Notable, the authors of this study demonstrated that activated

protein C is a powerful inhibitor of histone cytotoxicity.

Indeed, this protein, which is involved in fibrinolysis, is

also known for its cytoprotective and anti-inflammatory

effects. However, histones are also inhibitors of protein C

activation via endothelial thrombomodulin. Indeed, they

essentially bind to the N-terminal domain containing

carboxyglutamic acid of protein C, thereby preventing its

thrombomodulin-activated cleavage into protein C

(Ammollo et al., 2011). Thus, during a traumatic

hemorrhagic shock, depending on which component of this

fragile balance predominates, the balance can favor a return to

endothelial homeostasis or aggravation of the lesions. Free

histones are therefore particularly toxic DAMPs. Studies have

also shown correlations between lesion severity in polytrauma

patients, secondary development of organ failure, and blood

levels of extracellular histones, particularly for levels >50 μg/
ml (Ammollo et al., 2011; Abrams et al., 2013).

DAMPs and coagulopathy

Certain DAMPs can have actions affecting molecules

involved in the coagulation cascade and its regulatory

mechanisms. Notably, in addition to their inhibitory action on

protein C, histones can trigger increased thrombin–antithrombin

levels and the formation of pulmonary microthrombi (Xu et al.,

2009). At the same time, high HMGB1 levels are associated with

disturbances of various coagulation proteins, such as PAI-1,

thrombomodulin, tPA and, finally, the INR, which increases

in parallel to HMGB1 (Cohen et al., 2009). Furthermore, high

S100B protein levels are associated with those of vWF secreted by

endothelial cells. Studies show that circulating DNA degradation

is controlled by a factor VII-activating protease (FSAP)

(Nakazawa et al., 2005; Shibamiya et al., 2007), which exists in

plasma in the form of a zymogen, and is activated upon contact

with apoptotic or necrotic cells via histones, glycosaminoglycans,

RNA, and DNA. However, activated FSAP is also blocked by

several inhibitors, which are also involved in coagulation and

fibrinolysis, including α2-antiplasmin (AP), antithrombin III

(AT-III), plasminogen activator inhibitor-1 (PAI-1), and the

FIGURE 1
Impact of massive release of DAMPs on the blood endothelial system during traumatic hemorrhagic shock.
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C1-inhibitor (C1-inh) of complement (Nakazawa et al., 2005;

Shibamiya et al., 2007). These molecules are involved in several

processes, providing evidence for the linkage between cell death,

inflammation, and coagulation. This linkage was confirmed by in

vivo observation that DNA, and even more so circulating RNA,

can activate proteases that, in turn, activate factors XI and XII of

the coagulation cascade (Kannemeier et al., 2007). Finally, with

regards to microvesicles, in an inflammatory situation, the

quantity of phosphatidyl-serine present on their surface is

significantly greater than the basal expression of phosphatidyl-

serine by the plasma membranes from the same cell types.

Phosphatidyl-serine interacts with the endothelium and

promotes a procoagulant state, with decreased clotting time

and increased activated factor X levels and thrombin

generation (Zhang et al., 2016). In contrast, other endothelial

microvesicles released after stimulation by C-activated protein

diffuse an antithrombotic potential that likely inhibits the

amplification of coagulation. Indeed, the activated protein

endothelial protein C receptor (C-EPCR) complex is intact

and still active on the membrane of the endothelial

microvesicles formed in this manner, unlike the vesicles

formed via metalloproteinases, which partially degrade the

EPCR (Pérez-Casal et al., 2005).

DAMPs and platelets

TLR-4 is a receptor present on the surface of immune cells,

as well as platelets. This allows HMGB1 to participate in platelet

activation, involving release of their granules, aggregation, and

formation of a thrombus. Platelets activated in this manner will

themselves release large quantities of HMGB1. In a mouse

model of severe trauma, Vogel et al. showed that platelets

are the main source of HMGB1 in thrombi found in the

liver and lungs (Vogel et al., 2015). In this same model,

transgenic mice lacking platelet HMGB1 exhibited

significantly lower plasma levels of the cytokines TNFα, IL-6,
and MCP-1 and transaminases compared to wild-type mice

(Vogel et al., 2015). In another set of experiments of this study,

the authors examined platelet spreading on collagen and vWF

using scanning ion conductance microscopy, with or without

the addition of recombinant HMGB1, and found that

HMGB1 significantly increased the platelet surface area and

the speed of platelet spreading (Vogel et al., 2015). These

findings confirm the primordial role of HMGB1 in the

platelet response. Other DAMPs, the S100A8 and

S100A9 proteins, induce thrombogenic and inflammatory

responses of endothelial cells by stimulating the expression

of thombospondin 1. Thus, the endothelial cell reaction to the

presence of S100A8 and S100A9 results in local platelet

adhesion and aggregation.

Even if they are anucleated, platelets are also capable of

assembling functional NLRP3 inflammasomes leading to the

synthesis of IL-1β that is secreted in the extracellular

environment, in soluble form and in EVs. In vitro studies of

vascular injury or thrombin-induced platelet activation showed

that inflammasome-mediated IL-1β secretion activates

endothelial cells, with subsequent increase in endothelial

permeability, neutrophil adhesion, and endothelial

transmigration (Hottz et al., 2015). Beyond dengue virus

infection (Hottz et al., 2013), platelets mediate increased

endothelium permeability through NLRP3-inflammasome

activation. The platelet NLRP3 inflammasome has also been

described in the context of various other diseases and has

been shown to promote platelet activation, platelet

aggregation, and platelet-dependent thrombus formation

(Murthy et al., 2017; Vogel et al., 2018).

Discussion

The above examples of interactions between DAMPs, the

blood–endothelial system, and immuno-inflammatory responses

show the complexity of the body’s response to traumatic

hemorrhagic shock (Figure 1). Further research is needed to

determine how this knowledge can be translated into clinical use

for injured patients. For example, we have previously seen that

mitochondrial DNA and peptides contain motifs recognized as

DAMPs by neutrophil receptors. However, mitochondria are

organelles present in all tissues. Thus, a direct traumatic lesion or

cellular hypoxia at any location in an organism can cause the

real-time release of mitochondrial DAMPs. Additionally,

HMGB1 and the S100 proteins are also ubiquitous, and are

capable of activating neutrophils, as well as endothelial cells and

platelets. The plasma levels of all these DAMPs, and of the pro-

inflammatory cytokines and other proteins expressed by the

activated endothelium, rapidly increase after hemorrhagic

trauma, and thereby participate in activation of the systemic

inflammatory response and aggravation of tissue damage. These

processes are of interest for several purposes in medical practice:

indicating the overall level of seriousness of an injury, marking

the specific suffering of certain organs, and potentially being the

target of innovative therapeutic methods.

DAMPs as markers of global severity

In polytraumatized patients, high levels of microvesicles,

HMGB1, or S100B are correlated with the injury severity (ISS

score), and with a fatal evolution (Cohen et al., 2009; Vogel et al.,

2015; Skelton and Purcell, 2020). There is also a proven

correlation between plasma levels of HMGB1 and the

importance of tissue hypoperfusion and traumatic

coagulopathy. Blood levels of HMGB1 are correlated not only

with the initial severity of the injury but also with the secondary

development of sepsis or multiorgan failure, particularly
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pulmonary and renal (Cohen et al., 2009; Wang et al., 2014). The

same correlations are found with histones and histone-DNA

complexes. It is possible that the measurement of DAMPs in

hospitalized injured patients could help in patient care by

distinguishing those who present high levels compatible with

the development of multi-organ failure. In polytraumatized

patients, a syndecan-1 level ≥40 ng/mL has been identified as

a sign of unfavorable evolution (Gonzalez Rodriguez et al., 2017).

Similarly, a vWF antigen assay is currently used to look for innate

or acquired deficits, but could also be used to detect an increased

plasma level of vWF, as identified in several studies of

hemorrhagic shock (Claus et al., 2010).

DAMPs as markers of specific tissue
damage

Apart from general severity, some DAMPs are also

markers of more specific tissue damage. Acute renal failure

of ischemic origin has extremely serious consequences,

potentially including death of the patient. Blood urea and

serum creatinine are functional markers, increases of which

reflect (sometimes too late) underlying tissue damage. In

recent years, new DAMP markers of tissue damage have

been identified. Among these, NGAL is a promising

biomarker for patient management. A mouse model of

sepsis exhibited overexpression of the NGAL gene within

the first hours following renal ischemia (Mishra et al.,

2003). Han et al. further demonstrated that the cellular

synthesis of NGAL increased fairly rapidly. Additionally,

blocking NGAL synthesis with siRNA causes a worsening

of apoptosis. Therefore, this poorly understood DAMP

seems to be produced by cells in danger as a means of

protection from apoptosis (Kjeldsen, 1993). In 2014,

Mishra’s team (Mishra et al., 2003) highlighted that an

NGAL assay could be of interest for the management of

patients with acute renal suffering. In a mouse model of

renal ischemia-reperfusion, they showed a 3-fold increase

in the tissue expression of NGAL from 3 h post-ischemia,

with a peak exceeding 12-fold at 24 h, and a return to basal

values at 72 h. In the event of short-term ischemia (5–20 min),

the blood creatinine level remained stable while NGAL

expression detectably increased, with an intensity that

decreased proportionally to the ischemia duration. Finally,

a study of patients with acute renal failure treated in intensive

care confirmed the usefulness of measuring this DAMP for

evaluating the severity of this specific tissue suffering. On

admission, the patients exhibited similar blood urea and

creatinine levels, while the blood NGAL level was

significantly higher in patients who showed an unfavorable

evolution at 3 days. The kinetics of blood NGAL levels were

also interesting: patients with a favorable evolution at 3 days

saw a decreasing level of this DAMP, while those with an

unfavorable evolution exhibited a significantly increased

NGAL level at day 3 post-intake (Han et al., 2018;

Mahmoodpoor et al., 2018).

The lung is another interesting organ in terms of DAMPs.

Lungs comprise several cell types along the airways: pneumocyte,

ciliated, basal, goblet, and Clara cells. The Clara cell is a non-

ciliated cell located at the level of the pre-alveolar terminal

bronchioles, which excretes lipids and proteins that enter the

composition of the surfactant. Upon secretion by Clara cells, CC-

16 passively diffuses across the alveolocapillary barrier into the

systemic bloodstream, following a concentration gradient. It

appears to exert anti-inflammatory and immunosuppressive

effects. Intratracheal instillation of recombinant CC-16

reduces lung inflammation, and CC-16-deficient mice show

increased sensitivity to hyperoxic ventilation or ozone (Leclair

et al., 2008). The acute respiratory distress syndrome (ARDS)

encountered in severely traumatized patients is characterized by

elevated blood levels of several proteins that are secreted by the

distal pulmonary epithelium, which significantly increase after

alteration of the alveolar–air barrier capillary (Lesur et al., 2006).

This is the case for CC-16, and Lesur et al. demonstrated that the

blood level of CC-16 has a prognostic role in ARDS. In ARDS, an

early high serum CC-16 concentration is associated with a

prolonged duration of mechanical ventilation, and a greater

number of associated organ failures (Lesur et al., 2006).

DAMPs as actors in pulmonary lesions
secondary to trauma

Apart from any pre-existing pulmonary pathology,

respiratory distress can develop following direct or indirect

pulmonary aggression. This pulmonary attack then causes

damage to the blood–pulmonary barrier, with the formation

of pulmonary edema characterized by presence in the alveoli

of plasmatic fluid, as well as epithelial and inflammatory cells.

The causes of this so-called lesional lung are generally physical

(closed or open trauma) or chemical (intoxication). Lung

injury is a classic complication of hemorrhagic shock,

traumatic or not. Indeed, even without any direct

pulmonary trauma, hemorrhagic shock itself can damage

the blood–pulmonary barrier with the edema and

inflammatory reaction characteristic of the injured lung

(Ciesla et al., 2005; Nasr and Laidi, 2015). In traumatic

hemorrhagic shock, the clinical importance of this

pulmonary failure is strongly correlated with the severity of

the secondary organ failures. Histological signs associated

with post-hemorrhagic lung injury include neutrophil

infiltration, pulmonary edema, vascular microthrombi, and

tissue hemorrhages (Martin et al., 1968). Apart from ischemic

lesions and complications directly related to patient

resuscitation, several studies reveal that DAMPs are a

strong link between hemorrhage and lung injury.
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HMGB1 is naturally present in small quantities in the

airways. Experimentally, intratracheal instillation of

HMGB1 is accompanied by tissue damage with localized

hemorrhagic signs and neutrophil infiltration. Notably, the

clinical importance of the HMGB1-associated lesions observed

in animals is dose-dependent. Such lesions were observed with

HMGB1 values greater than the levels found in broncho-alveolar

liquid (BAL) in the physiological state (Ueno et al., 2004).

In ARDS, during the final stage of the lesional lung, HMGB1

(which is usually absent from the blood circulation) appears in

the plasma with concentrations reflecting the severity of the

lesion. Kim et al (Kim et al., 2005) showed that HMGB1 is an

effector of lesional lung secondary to hemorrhagic shock. In their

mouse model, immunohistological analyses show that HMGB1 is

secreted by endothelial cells and pulmonary macrophages, as well

as by neutrophils that have infiltrated the tissue. In terms of

kinetics, the pulmonary level of HMGB1 increases from the

fourth hour post-hemorrhage, when the plasma level has not

yet increased. Therefore, chronologically, the increase occurs first

in the lungs and then in the blood. The same is true for the

pulmonary cytokines IL-1β and IL-6. In this model,

administration of anti-HMGB1 antibodies 1 hour after

hemorrhage strongly reduces the histological signs of lesioned

lung, and the local levels of pro-inflammatory cytokines.

Similarly, neutropenic mice do not show increased HMGB1 in

the lung. Furthermore, while pulmonary cytokines returned to

normal values at 24 h, HMGB1 remains elevated up to 72 h post-

trauma. Notably, the lung lesions also continue to worsen beyond

4 h post-hemorrhage. These findings are consistent with

observations in sepsis, where HMGB1 levels remain elevated

above those of pro-inflammatory cytokines, and are correlated

with worsening of the patient’s clinical condition. Thus, as a

DAMP, HMGB1 is not only a passive marker of lung injury but

also a deleterious effector.

HMGB1 is not the only DAMP implicated in post-

traumatic ARDS. Animal studies also report that after

hemorrhagic shock, NLRP3 inflammasome activation in

lung endothelial cells and alveolar macrophages contributes

to endothelial damage associated with vascular leakage,

edema, increased leukocyte infiltration, and cytokine release

in the lungs. Inhibition of the NLRP3 inflammasome

attenuates acute lung injury (Yang et al., 2016). In all cases,

in both animal models and patients, the lungs are the most

sensitive organ—showing earlier and more significant signs of

suffering than the kidney or the liver (Ciesla et al., 2005;

Pespeni et al., 2005; Abrams et al., 2013).

DAMP and therapeutic interventions

DAMPs clearly have the potential to be useful markers of

injury severity or of patients’ clinical evolution. They are also

actors in the complications of trauma hemorrhage, and thus

should be included in the biological monitoring of injured

patients. In the management of hemorrhagic shock combat-

related injuries, the emergency is the etiological treatment of

hemorrhage, most often by surgical hemostasis. This is

accompanied by measures of vascular filling, regulation of

the average arterial pressure, O2 supply, and fighting against

the phenomena of coagulopathy (Evans et al., 2001;

Schlotman et al., 2019). Despite numerous studies of the

pathophysiological mechanisms involving DAMPs, and the

dysregulation of immuno-inflammatory and endothelial

homeostasis, the only current targeted treatment is the use

of corticosteroids. These are already applied in the form of

hydrocortisone against septic shock with adrenal

insufficiency, which reduces hyper-inflammation in these

patients without risk of immunosuppression (Annane,

2010). Although the underlying cause is different, septic

shock has common elements with hemorrhagic shock. In

particular, it is accompanied by hypothalamic-pituitary-

adrenal axis dysfunction, which contributes to perpetuation

of the inflammatory process due to a lack of cortisol and its

anti-inflammatory and immunomodulatory effects. The same

abnormalities are present in trauma patients, with initial stress

hypercorticism, followed by adrenal insufficiency in half of

trauma patients (Hoen et al., 2002). As with septic shock, the

HYPOLYTE clinical study has shown that low doses of

hydrocortisone can be beneficial in multiple trauma

patients with adrenal insufficiency (Roquilly et al., 2011).

Apart from hydrocortisone, several studies have tested the

use of different immunomodulatory molecules for

hemorrhagic shock and sepsis in animal models or even in

humans—including granulocyte-macrophage colony-

stimulating factor (GM-CSF) and granulocyte colony-

stimulating factor (G-CSF), IFN-γ, intravenous

immunoglobulins, IL-10, TGF-β, IL-7, Thymosin α1, and

others (Thompson et al., 2019). Despite some encouraging

results, none of these molecules is now commonly used in the

management of traumatic hemorrhagic shock.

Other existing treatments have been tested for their potential

protective effect in the management of polytrauma. For example,

artesunate is an artemisinin derivative widely used for malaria

treatment. In addition to its anti-parasitic activity, it has powerful

anti-inflammatory and cell protection effects. In a study of

hemorrhagic shock in rats, artesunate-treated animals

exhibited a better survival rate, associated with reduced signs

of tissue damage (creatinine, transaminases, amyloidosis, CPK,

and lactates). This suggests that artesunate acts on the NFκ-B
pathway, which is common to DAMPs and cytokines (Sordi

et al., 2017). However, it is not currently a recommended

treatment in humans for the indication of traumatic

hemorrhagic shock.

Liu et al showed that the Bruton Tyrosine Kinase (BTK) is a

critical regulator of NLRP3 inflammasome activation.

Pharmacologic BTK ablation by an inhibitor (ibrutinib) in
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primary immune cells led to reduced IL-1b, which could be a

path for reduction of inflammasome and IL-1b production

during trauma hemorrhage (Liu et al., 2017).

The nutrient-rich composition of plasma may make plasma

transfusion an effective therapeutic intervention, as its components

have the potential to interact with key regulators of inflammation.

Among several studies of hemorrhagic shock in severely traumatized

patients, the COMBAT and PROMMT studies have shown the

benefit of plasma transfusion in association with red blood cells

(RCCs), or as a first-line treatment, pending transfusion (Chapman

et al., 2015; Wei et al., 2018). Other studies have shown that the

administration of glycosaminoglycans—natural components of the

endothelial glycocalyx—have a positive effects on its reconstruction

in vitro and in vivo (Zeng et al., 2015; Cannistrà et al., 2016).

Similarly, the contribution of albumin seems to limit erosion of the

glycocalyx. Other elements of the glycocalyx, endothelial wall, and

circulating plasma are also probably involved (Betteridge et al.,

2017).

All of these studies have focused on the initial management

of hemorrhagic shock. However, the endothelium is both the

target and a major provider of DAMPs, and the released

DAMPs are directly involved in immuno-inflammatory

dysregulation and the associated tissue suffering. Although

they are initially released very early after trauma, the release

and the consequences of DAMPs continue beyond the initial

treatment. Therefore, it seems valid to hope that plasma may

have beneficial effects beyond its current acute use. With the use

of DAMPs as biological markers of the kinetics of endothelial

and immuno-inflammatory disorders and of specific tissue

suffering, it could be interesting to test post-surgical plasma

administration, during the resuscitation phase of

polytraumatized patients.

Author contributions

FD-G wrote the first draft of the manuscript, NF and VC

contributed to manuscript revision, NP contributed to

manuscript revision, read, and approved the submitted version.

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.

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.

References

Abrams, S. T., Zhang, N., andManson, J. (2013). Circulating histones are mediators of
trauma-associated lung injury. Am. J. Respir. Crit. Care Med. 187 (2), 160–169.

Ammollo, C. T., Semeraro, F., Xu, J., Esmon, N. L., and Esmon, C. T. (2011).
Extracellular histones increase plasma thrombin generation by impairing
thrombomodulin-dependent protein C activation. J. Thromb. Haemost. 9 (9),
1795–1803.

Andersson, U., Wang, H., Palmblad, K., Aveberger, A. C., Bloom, O., Erlandsson-
Harris, H., et al. (2000). High mobility group 1 protein (HMG-1) stimulates
proinflammatory cytokine synthesis in human monocytes. J. Exp. Med. 192 (4),
565–570. doi:10.1084/jem.192.4.565

Annane, D. (2010). Place des corticoi€des dans le sepsis grave. Sess. commune
SFMU/SRLF.Chapitre 65, p737–p743.

Bandyopadhyay, G., De, A., Laudanski, K., Li, F., Lentz, C., Bankey, P., et al.
(2007). Negative signaling contributes to T-cell anergy in trauma patients.Crit. Care
Med. 35 (3), 794–801. doi:10.1097/01.CCM.0000256847.61085.A5

Barbezier, N., Tessier, F. T., and Chango, A. (2014). Receptor of advanced
glycation endproducts RAGE/AGER: An integrative view for clinical
applications. Ann. Biol. Clin. 72 (6), 669–680. doi:10.1684/abc.2014.1010

Betteridge, K. B., Arkill, K. P., Neal, C. R., Harper, S. J., Foster, R. R., Satchell, S. C.,
et al. (2017). Sialic acids regulate microvessel permeability, revealed by novel in vivo
studies of endothelial glycocalyx structure and function: Endothelial glycocalyx
sialic acids regulate microvessel permeability. J. Physiol. 1 août 595 (15), 5015–5035.
doi:10.1113/JP274167

Bianchi, M. E., and Agresti, A. (2005). HMG proteins: Dynamic players in gene
regulation and differentiation. Curr. Opin. Genet. Dev. 15 (5), 496–506. doi:10.1016/
j.gde.2005.08.007

Bogner, V., Keil, L., Kanz, K. G., Kirchhoff, C., Leidel, B. A., Mutschler, W., et al.
(2009). Very early post-traumatic serum alterations are significantly associated to

initial massive RBC substitution, injury severity, multiple organ failure and adverse
clinical outcome in multiple injured patients. Eur. J. Med. Res. 14 (7), 284–291.
doi:10.1186/2047-783x-14-7-284

Bortolotti, P., Faure, E., and Kipnis, E. (2018). Inflammasomes in tissue damages
and immune disorders after trauma. Front. Immunol. 9, 1900. doi:10.3389/fimmu.
2018.01900

Canaple, L., Decoville,M., Leng,M., and Locker, D. (1997). TheDrosophila DSP1 gene
encoding an HMG 1-like protein: Genomic organization, evolutionary conservation and
expression. Gene 184, 285–290. doi:10.1016/s0378-1119(96)00616-6

Cannistrà, M., Ruggiero, M., Zullo, A., Gallelli, G., Serafini, S., Maria, M., et al.
(2016). Hepatic ischemia reperfusion injury: A systematic review of literature and
the role of current drugs and biomarkers. Int. J. Surg. 33-1, S57–S70. doi:10.1016/j.
ijsu.2016.05.050

Chabert, A. (2017). Rôle inflammatoire des plaquettes sanguines lors du sepsis.
thèse. Lyon, France: Université de Lyon.

Chang, C. P., Chia, R. H., Wu, T. L., Tsao, K. C., Sun, C. F., and Wu, J. T. (2003).
Elevated cell-free serum DNA detected in patients with myocardial infarction. Clin.
Chim. Acta 327, 95–101. doi:10.1016/s0009-8981(02)00337-6

Chapman, M. P., Moore, E. E., Chin, T. L., Ghasabyan, A., Chandler, J.,
Stringham, J., et al. (2015). Combat: Initial experience with a randomized
clinical trial of plasma-based resuscitation in the field for traumatic
hemorrhagic shock. Shock 44 (10 1), 63–70. doi:10.1097/SHK.
0000000000000376

Ciesla, D. J., Moore, E. E., Johnson, J. L., Burch, J. M., Cothren, C. C., and Sauaia,
A. (2005). The role of the lung in postinjury multiple organ failure. Surgery 138 (4),
749–757. doi:10.1016/j.surg.2005.07.020

Claus, R. A., Bockmeyer, C. L., Sossdorf, M., and Losche, W. (2010). The balance
between von-willebrand factor and its cleaving protease ADAMTS13: Biomarker in

Frontiers in Physiology frontiersin.org11

Dufour-Gaume et al. 10.3389/fphys.2022.999011

https://doi.org/10.1084/jem.192.4.565
https://doi.org/10.1097/01.CCM.0000256847.61085.A5
https://doi.org/10.1684/abc.2014.1010
https://doi.org/10.1113/JP274167
https://doi.org/10.1016/j.gde.2005.08.007
https://doi.org/10.1016/j.gde.2005.08.007
https://doi.org/10.1186/2047-783x-14-7-284
https://doi.org/10.3389/fimmu.2018.01900
https://doi.org/10.3389/fimmu.2018.01900
https://doi.org/10.1016/s0378-1119(96)00616-6
https://doi.org/10.1016/j.ijsu.2016.05.050
https://doi.org/10.1016/j.ijsu.2016.05.050
https://doi.org/10.1016/s0009-8981(02)00337-6
https://doi.org/10.1097/SHK.0000000000000376
https://doi.org/10.1097/SHK.0000000000000376
https://doi.org/10.1016/j.surg.2005.07.020
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.999011


systemic inflammation and development of organ failure? Curr. Mol. Med. 10,
236–248. doi:10.2174/156652410790963367

Cohen, M. J., Brohi, K., Calfee, C. S., Rahn, P., Chesebro, B. B., Christiaans, S. C.,
et al. (2009). Early release of high mobility group box nuclear protein 1 after severe
trauma in humans: Role of injury severity and tissue hypoperfusion. Crit. Care 13,
R174. doi:10.1186/cc8152

Dang, Xingbo, Guan, L., Hu, W., and Du, G. (2014). S100B ranks as a new
marker of multiple traumas in patients and may accelerate its development by
regulating endothelial cell dysfunction. Int. J. Clin. Exp. Pathol. 7 (77),
3818–3826.

Davé, S. H., Tilstra, J. S., Matsuoka, K., Li, F., DeMarco, R. A., Beer-Stolz, D., et al.
(2009). Ethyl pyruvate decreases HMGB1 release and ameliorates murine colitis.
J. Leukoc. Biol. 86 (3), 633–643. doi:10.1189/jlb.1008662

Evans, R. G., Ventura, S., Dampney, R. A., and Ludbrook, J. (2001). Neural
mechanisms in the cardiovascular responses to acute central hypovolaemia. Clin.
Exp. Pharmacol. Physiol. 28, 479–487. doi:10.1046/j.1440-1681.2001.03473.x

Fan, J., Li, Y., Levy, R. M., Hackam, D. J., and Vodovotz, Y. (2007).
Hemorrhagic shock induces NAD(P)H oxidase activation in neutrophils: Role
of HMGB1-TLR4 signaling. J. Immunol. 178 (10), 6573–6580. doi:10.4049/
jimmunol.178.10.6573

Ferrari, S., Ronfani, C., Calogero, S., and Bianchi, M. E. (1994). The mouse gene
coding for high mobility group 1 protein (HMG1). J. Biol. Chem. Dec 269 (46),
28803–28808. doi:10.1016/s0021-9258(19)61977-0

Fiuza, C., Bustin, M., Talwar, S., Tropea, M., Gerstenberger, E., Shelhamer, J. H.,
et al. (2003). Inflammation-promoting activity of HMGB1 on humanmicrovascular
endothelial cells. Blood 101 (7), 2652–2660. doi:10.1182/blood-2002-05-1300

Fournie, G. J., CourtinJP, LavalF., Chale, J. J., Pourrat, J. P., Pujazon, M. C., et al.
(1995). Plasma DNA as a marker of cancerous cell death. Investigations in patients
suffering from lung cancer and in nude mice bearing human tumours. Cancer Lett.
91, 221–227. doi:10.1016/0304-3835(95)03742-f

Gonzalez Rodriguez, E., Ostrowski, S. R., Cardenas, J. C., Baer, L. A., Tomasek,
J. S., Henriksen, H. H., et al. (2017). Syndecan-1: A quantitative marker for the
endotheliopathy of trauma. J. Am. Coll. Surg. 225 (3), 419–427. doi:10.1016/j.
jamcollsurg.2017.05.012

Granger, V., de Chaisemartin, L., and Chollet-Martin, S. (2014). Miraculous catch
by neutrophils NETs. Med. Sci. Paris. 30 (5), 544–549. doi:10.1051/medsci/
20143005018

György, B., Szabó, T. G., Pásztói, M., Pal, Z., Misjak, P., Aradi, B., et al. (2011).
Membrane vesicles, current state-of-the-art: Emerging role of extracellular vesicles.
Cell. Mol. Life Sci. 68 (16), 2667–2688. doi:10.1007/s00018-011-0689-3

Han, M., Li, Y., Wen, D., Liu, M., Ma, Y., and Cong, B. (2018). NGAL protects
against endotoxin-induced renal tubular cell damage by suppressing apoptosis.
BMC Nephrol. 19 (1), 168. doi:10.1186/s12882-018-0977-3

Hoen, S., Asehnoune, K., Brailly-Tabard, S., Mazoit, J. X., Benhamou, D., Moine,
P., et al. (2002). Cortisol response to corticotropin stimulation in trauma patients:
Influence of hemorrhagic shock. Anesthesiology 97 (4), 807–813. doi:10.1097/
00000542-200210000-00010

Hottz, E. D., Lopes, J. F., Freitas, C., Valls-de-Souza, R., Oliveira, M. F., Bozza, M.
T., et al. (2013). Platelets mediate increased endothelium permeability in dengue
through NLRP3-inflammasome activation. Blood 122 (20), 3405–3414. doi:10.1182/
blood-2013-05-504449

Hottz, E. D., Monteiro, A. P., Bozza, F. A., and Bozza, P. T. (2015). Inflammasome
in platelets: Allying coagulation and inflammation in infectious and sterile diseases?
Mediat. Inflamm. 2015, 435783. doi:10.1155/2015/435783

Hunter, P. (2005). Common defences. EMBO Rep. 6, 504–507. doi:10.1038/sj.
embor.7400439

Jansen, M. P., Emal, D., Teske, G. J., Dessing, M. C., Florquin, S., and Roelofs, J. J.
(2017). Release of extracellular DNA influences renal ischemia reperfusion injury by
platelet activation and formation of neutrophil extracellular traps. Kidney Int. 91
(2), 352–364. doi:10.1016/j.kint.2016.08.006

Jastrow, K. M., 3rd, Gonzalez, E. A., McGuire, M. F., Suliburk, J. W., Kozar, R. A.,
Iyengar, S., et al. (2009). Early cytokine production risk stratifies trauma patients for
multiple organ failure. J. Am. Coll. Surg. 209 (3), 320–331. doi:10.1016/j.
jamcollsurg.2009.05.002

Kannemeier, Christian, Shibamiya, Aya, Nakazawa, Fumie, Trusheim, Heidi,
Ruppert, Clemens, Markart, Philipp, et al. (2007). Extracellular RNA constitutes a
natural procoagulant cofactor in blood coagulation. PNAS 104 (15), 6388–6393.
doi:10.1073/pnas.0608647104

Kim, J. Y., Park, J. S., Strassheim, D., Douglas, I., Diaz del Valle, F., Asehnoune, K.,
et al. (2005). HMGB1 contributes to the development of acute lung injury after
hemorrhage. Am. J. Physiol. Lung Cell. Mol. Physiol. 288 (5), L958–L965. doi:10.
1152/ajplung.00359.2004

Kim, J. Y., and Yenari, M. A. (2013). The immune modulating properties of the
heat shock proteins after brain injury. Anat. Cell. Biol. 46 (1), 1–7. doi:10.5115/acb.
2013.46.1.1

Kjeldsen, L., Johnsen, A. H., Sengelov, H., and BorregaardN. (1993). Isolation and
primary structure ofNGAL, a novel protein associatedwith human neutrophil gelatinase.
J. Biol. Chem. 268 (14), 10425–10432. doi:10.1016/s0021-9258(18)82217-7

Leclair, M. A., Poulin, Y., Bernard, A., and Lesur, O. (2008). La protéine des
cellules de Clara (CC-16) : Un nouveau marqueur pour le SDRA. Réanimation 17
(1), 28–35. doi:10.1016/j.reaurg.2007.11.010

Lee, J., Sohn, J. W., Zhang, Y., Leong, K. W., Pisetsky, D., and Sullenger, B. A.
(2011). Nucleic acid-binding polymers as anti-inflammatory agents. Proc. Natl.
Acad. Sci. U. S. A. 108 (34), 14055–14060. doi:10.1073/pnas.1105777108

Lesur, O., Langevin, S., Berthiaume, Y., Legare, M., Skrobik, Y., Belle- mare, J. F.,
et al. (2006). Outcome value of Clara cell protein in serum of patients with acute
respiratory distress syndrome. Intensive Care Med. 32, 1167–1174. doi:10.1007/
s00134-006-0235-1

Liaw, P. C., Ito, T., Iba, T., Thachil, J., and Zeerleder, S. (2016). DAMP and DIC:
The role of extracellular DNA and DNA-binding proteins in the pathogenesis of
DIC. Blood Rev. 30 (4), 257–261. doi:10.1016/j.blre.2015.12.004

Liu, X., Pichulik, T., Wolz, O. O., Dang, T. M., Stutz, A., Dillen, C., et al. (2017).
Human NACHT, LRR, and PYD domain-containing protein 3 (NLRP3)
inflammasome activity is regulated by and potentially targetable through Bruton
tyrosine kinase. J. Allergy Clin. Immunol. 140 (4), 1054–1067. doi:10.1016/j.jaci.
2017.01.017.e10

Lo, Y. M., Rainer, T. H., Chan, L. Y., Hjelm, N. M., and Cocks, R. A. (2000).
Plasma DNA as a prognostic marker in trauma patients. Clin. Chem. 46, 319–323.
doi:10.1093/clinchem/46.3.319

Mahmoodpoor, A., Hamishehkar, H., Fattahi, V., Sanaie, S., Arora, P., and Nader,
N. D. (2018). Urinary versus plasma neutrophil gelatinase-associated lipocalin
(NGAL) as a predictor of mortality for acute kidney injury in intensive care unit
patients. J. Clin. Anesth. 44, 12–17. doi:10.1016/j.jclinane.2017.10.010

Martin, A. M., Jr, Soloway, H. B., and Simmons, R. L. (1968). Pathologic anatomy
of the lungs following shock and trauma. J. Trauma 8 (5), 687–699. doi:10.1097/
00005373-196809000-00007

Mc Keown-Longo, P. J., and Higgins, P. J. (2017). Integration of canonical and
noncanonical pathways in TLR4 signaling: Complex regulation of the wound repair
program. Adv. Wound Care (New Rochelle) 6 (10), 320–329. doi:10.1089/wound.
2017.0736

Milioli, M., Ibáñez-Vea, M., Sidoli, S., Palmisano, G., Careri, M., and Larsen, M. R.
(2015). Quantitative proteomics analysis of platelet-derived microparticles reveals
distinct protein signatures when stimulated by different physiological agonists.
J. Proteomics 121, 56–66. doi:10.1016/j.jprot.2015.03.013

Mishra, J., Ma, Q., Prada, A., Mitsnefes, M., Zahedi, K., Yang, J., et al. (2003).
Identification of neutrophil gelatinase-associated lipocalin as a novel early urinary
biomarker for ischemic renal injury. J Am Soc Nephrol. 14 (10), 2534–2543. doi:10.
1097/01.asn.0000088027.54400.c6

Murthy, P., Durco, F., Miller-Ocuin, J. L., Takedai, T., Shankar, S., Liang, X., et al.
(2017). The NLRP3 inflammasome and bruton’s tyrosine kinase in platelets co-
regulate platelet activation, aggregation, and in vitro thrombus formation. Biochem.
Biophys. Res. Commun. 483 (1), 230–236. doi:10.1016/j.bbrc.2016.12.161

Nakazawa, F., Kannemeier, C., Shibamiya, A., Song, Y., Tzima, E., Schubert, U., et al.
(2005). Extracellular RNA is a natural cofactor for the (auto-)activation of Factor VII-
activating protease (FSAP). Biochem. J. 385, 831–838. doi:10.1042/BJ20041021

Nasr, L. B., Ben Marzouk, S., Kehila, M., Jabri, H., Thamleoui, S., and Maghrebi,
H. (2015). Severe hemorrhage in the peripartum in intensive care unit in a level
3 Tunisian University center: Epidemiology and risk factors for maternal mortality.
Pan Afr. Med. J. 21, 277. doi:10.11604/pamj.2015.21.277.6147

Oberholzer, A., Keel, M., Zellweger, R., Steckholzer, U., Trentz, O., Ertel, W., et al.
(2000). Incidence of septic complications and multiple organ failure in severely
injured patients is sex specific. J. Trauma 48 (5), 932–937. doi:10.1097/00005373-
200005000-00019

Papayannopoulos, V., and Zychlinsky, A. (2009). NETs: A new strategy for using
old weapons. Trends Immunol. 30, 513–521. doi:10.1016/j.it.2009.07.011

Peer, V., Abu Hamad, R., Berman, S., and Efrati, S. (2016). Renoprotective effects
of DNAse-I treatment in a rat model of ischemia/reperfusion-induced acute kidney
injury. Am. J. Nephrol. 43 (3), 195–205. doi:10.1159/000445546

Pérez-Casal, M., Downey, C., Fukudome, K., Marx, G., and Toh, C. H. (2005).
Activated protein C induces the release of microparticle-associated endothelial
protein C receptor. Blood 105 (4), 1515–1522. doi:10.1182/blood-2004-05-1896

Pespeni, M., Mackersie, R. C., Lee, H., Morabito, D., Hodnett, M., Howard, M.,
et al. (2005). Serum levels of Hsp60 correlate with the development of acute lung
injury after trauma. J. Surg. Res. 126 (1), 41–47. doi:10.1016/j.jss.2005.01.012

Frontiers in Physiology frontiersin.org12

Dufour-Gaume et al. 10.3389/fphys.2022.999011

https://doi.org/10.2174/156652410790963367
https://doi.org/10.1186/cc8152
https://doi.org/10.1189/jlb.1008662
https://doi.org/10.1046/j.1440-1681.2001.03473.x
https://doi.org/10.4049/jimmunol.178.10.6573
https://doi.org/10.4049/jimmunol.178.10.6573
https://doi.org/10.1016/s0021-9258(19)61977-0
https://doi.org/10.1182/blood-2002-05-1300
https://doi.org/10.1016/0304-3835(95)03742-f
https://doi.org/10.1016/j.jamcollsurg.2017.05.012
https://doi.org/10.1016/j.jamcollsurg.2017.05.012
https://doi.org/10.1051/medsci/20143005018
https://doi.org/10.1051/medsci/20143005018
https://doi.org/10.1007/s00018-011-0689-3
https://doi.org/10.1186/s12882-018-0977-3
https://doi.org/10.1097/00000542-200210000-00010
https://doi.org/10.1097/00000542-200210000-00010
https://doi.org/10.1182/blood-2013-05-504449
https://doi.org/10.1182/blood-2013-05-504449
https://doi.org/10.1155/2015/435783
https://doi.org/10.1038/sj.embor.7400439
https://doi.org/10.1038/sj.embor.7400439
https://doi.org/10.1016/j.kint.2016.08.006
https://doi.org/10.1016/j.jamcollsurg.2009.05.002
https://doi.org/10.1016/j.jamcollsurg.2009.05.002
https://doi.org/10.1073/pnas.0608647104
https://doi.org/10.1152/ajplung.00359.2004
https://doi.org/10.1152/ajplung.00359.2004
https://doi.org/10.5115/acb.2013.46.1.1
https://doi.org/10.5115/acb.2013.46.1.1
https://doi.org/10.1016/s0021-9258(18)82217-7
https://doi.org/10.1016/j.reaurg.2007.11.010
https://doi.org/10.1073/pnas.1105777108
https://doi.org/10.1007/s00134-006-0235-1
https://doi.org/10.1007/s00134-006-0235-1
https://doi.org/10.1016/j.blre.2015.12.004
https://doi.org/10.1016/j.jaci.2017.01.017.e10
https://doi.org/10.1016/j.jaci.2017.01.017.e10
https://doi.org/10.1093/clinchem/46.3.319
https://doi.org/10.1016/j.jclinane.2017.10.010
https://doi.org/10.1097/00005373-196809000-00007
https://doi.org/10.1097/00005373-196809000-00007
https://doi.org/10.1089/wound.2017.0736
https://doi.org/10.1089/wound.2017.0736
https://doi.org/10.1016/j.jprot.2015.03.013
https://doi.org/10.1097/01.asn.0000088027.54400.c6
https://doi.org/10.1097/01.asn.0000088027.54400.c6
https://doi.org/10.1016/j.bbrc.2016.12.161
https://doi.org/10.1042/BJ20041021
https://doi.org/10.11604/pamj.2015.21.277.6147
https://doi.org/10.1097/00005373-200005000-00019
https://doi.org/10.1097/00005373-200005000-00019
https://doi.org/10.1016/j.it.2009.07.011
https://doi.org/10.1159/000445546
https://doi.org/10.1182/blood-2004-05-1896
https://doi.org/10.1016/j.jss.2005.01.012
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.999011


Pottecher, J., Meyer, A., Wenceslau, C. F., Timmermans, K., Hauser, C. J., and
Land, W. G. (2019). Editorial: Trauma-Induced DAMP-mediated remote organ
injury, and immunosuppression in the acutely ill patient. Front. Immunol. 10, 1971.
doi:10.3389/fimmu.2019.01971

Puhm, F., Boilard, E., and Machlus, K. R. (2021). Platelet extracellular vesicles:
Beyond the blood. Arterioscler. Thromb. Vasc. Biol. 41 (1), 87–96. doi:10.1161/
ATVBAHA.120.314644

Rainer, T. H., Wong, L. K., Lam, W., Yuen, E., Lam, N. Y. L., Metreweli, C., et al.
(2003). Prognostic use of circulating plasma nucleic acid concentrations in patients
with acute stroke. Clin. Chem. 49, 562–569. doi:10.1373/49.4.562

Reitsma, S., Slaaf, D. W., Vink, H., van Zandvoort, M. A. M. J., and oude Egbrink,
M. G. A. (2007). The endothelial glycocalyx: Composition, functions, and
visualization. Pflugers Arch. - Eur. J. Physiol. juin 454 (3), 345–359. doi:10.1007/
s00424-007-0212-8

Relja, B., and Land, W. G. (2020). Damage-associated molecular patterns in
trauma. Eur. J. Trauma Emerg. Surg. 46, 751–775. doi:10.1007/s00068-019-01235-w

Roquilly, A., Mahe, P. J., Seguin, P., Guitton, C., Floch, H., Tellier, A. C., et al. (2011).
Hydrocortisone therapy for patients with multiple trauma: The randomized controlled
HYPOLYTE study. JAMA 305 (12), 1201–1209. doi:10.1001/jama.2011.360

Schlotman, T. E., Lehnhardt, K. R., Abercromby, A. F., Easter, B. D., Downs, M.
E., Akers, L. T. C. K. S., et al. (2019). Bridging the gap between military prolonged
field care monitoring and exploration spaceflight: The compensatory reserve.
NPJ Microgravity 5 (1), 29. doi:10.1038/s41526-019-0089-9

Serve, R., Sturm, R., Schimunek, L., Stormann, P., Heftrig, D., Teuben, M. P. J.,
et al. (2018). Comparative analysis of the regulatory T cells dynamics in peripheral
blood in Human and porcine polytrauma. Front. Immunol. 9, 435. doi:10.3389/
fimmu.2018.00435

Shibamiya, A., Muhl, L., Tannert-Otto, S., Preissner, K. T., and Kanse, S. M.
(2007). Nucleic acids potentiate Factor VII-activating protease (FSAP)-mediated
cleavage of platelet-derived growth factor-BB and inhibition of vascular smooth
muscle cell proliferation. Biochem. J. 404, 45–50. doi:10.1042/BJ20070166

Skelton, J. K., and Purcell, R. (2020). Preclinical models for studying immune
responses to traumatic injury. Immunology 162, 377–388. doi:10.1111/imm.13272

Sordi, R., Nandra, K. K., Chiazza, F., Johnson, F. L., Cabrera, C. P., Torrance, H.
D., et al. (2017). Artesunate protects against the organ injury and dysfunction
induced by severe hemorrhage and resuscitation. Ann. Surg. 265 (2), 408–417.
doi:10.1097/SLA.0000000000001664

Tang, Y., Xia, X. F., Zhang, Y., Huang, B. F., Ma, T., Chen, W., et al. (2012).
Establishment of an experimental mouse model of trauma-hemorrhagic shock.
Exp. Anim. 61 (4), 417–425. doi:10.1538/expanim.61.417

Tang, Y., Zhao, X., Antoine, D., Xiao, X., Wang, H., Andersson, U., et al. (2016).
Regulation of posttranslational modifications of HMGB1 during immune
responses. Antioxid. Redox Signal 24 (12), 620–634. doi:10.1089/ars.2015.6409

Thompson, K. B., Krispinsky, L. T., and Stark, R. J. (2019). Late immune consequences
of combat trauma: A review of trauma-related immune dysfunction and potential
therapies. Mil. Med. Res. 6, 11. doi:10.1186/s40779-019-0202-0

Timmermans, K., Kox, M., Vaneker, M., van den Berg, M., John, A., van
Laarhoven, A., et al. (2016). Plasma levels of danger-associated molecular

patterns are associated with immune suppression in trauma patients. Intensive
Care Med. 42 (4), 551–561. doi:10.1007/s00134-015-4205-3

Ueno, H., Matsuda, T., Hashimoto, S., Amaya, F., Kitamura, Y., Tanaka, M., et al.
(2004). Contributions of high mobility group box protein in experimental and
clinical acute lung injury. Am. J. Respir. Crit. Care Med. 170 (12), 1310–1316. doi:10.
1164/rccm.200402-188OC

Viemann, D., Strey, A., Janning, A., Jurk, K., Klimmek, K., Vogl, T., et al. (2005).
Myeloid-related proteins 8 and 14 induce a specific inflammatory response in
human microvascular endothelial cells. Blood 105 (7), 2955–2962. doi:10.1182/
blood-2004-07-2520

Vogel, S., Arora, T., Wang, X., Mendelsohn, L., Nichols, J., Allen, D., et al. (2018).
The platelet NLRP3 inflammasome is upregulated in sickle cell disease via HMGB1/
TLR4 and Bruton tyrosine kinase. Blood Adv. 2 (20), 2672–2680. doi:10.1182/
bloodadvances.2018021709

Vogel, S., Bodenstein, R., Chen, Q., Feil, S., Feil, R., Rheinlaender, J., et al. (2015).
Platelet-derived HMGB1 is a critical mediator of thrombosis. J. Clin. Investig. 125
(12), 4638–4654. doi:10.1172/JCI81660

Wang, H., Bloom, O., Zhang, M., Vishnubhakat, J. M., Ombrellino, M., Che, J.,
et al. (1999). HMG-1 as a late mediator of endotoxin lethality in mice. Science 285
(5425), 248–251. doi:10.1126/science.285.5425.248

Wang, H., Yang, H., Czura, C. J., Sama, A. E., and Tracey, K. J. (2001). HMGB1 as
a late mediator of lethal systemic inflammation. Am. J. Respir. Crit. Care Med. 164,
1768–1773. doi:10.1164/ajrccm.164.10.2106117

Wang, X-W., Karki, A., Zhao, X-J., Xiang, X-Y., and Lu, Z-Q. (2014). High plasma
levels of high mobility group box 1 is associated with the risk of sepsis in severe
blunt chest trauma patients: A prospective cohort study. J. Cardiothorac. Surg. 9,
133. doi:10.1186/s13019-014-0133-5

Wei, S., Gonzalez Rodriguez, E., Chang, R., Holcomb, J. B., Kao, L. S., Wade, C. E.,
et al. (2018). Elevated syndecan-1 after trauma and risk of sepsis: A secondary
analysis of patients from the pragmatic, randomized optimal platelet and plasma
ratios (proppr) trial. JACS dec 227 (6), 587–595. doi:10.1016/j.jamcollsurg.2018.
09.003

Xu, J., Zhang, X., Pelayo, R., Monestier, M., Ammollo, C. T., Semeraro, F., et al.
(2009). Extracellular histones are major mediators of death in sepsis. Nat. Med. 15
(11), 1318–1321. doi:10.1038/nm.2053

Yamamoto, S., Azuma, E., Muramatsu, M., Hamashima, T., Ishii, Y., and
Sasahara, M. (2016). Significance of extracellular vesicles: Pathobiological roles
in disease. Cell. Struct. Funct. 41 (2), 137–143. doi:10.1247/csf.16014

Yang, J., Zhao, Y., Zhang, P., Li, Y., Yang, Y., Yang, Y., et al. (2016). Hemorrhagic
shock primes for lung vascular endothelial cell pyroptosis: Role in pulmonary
inflammation following LPS. Cell. Death Dis. 7 (9), e2363. doi:10.1038/cddis.
2016.274

Zeng, Y., Liu, X-H., Tarbell, J., and Fu, B. (2015). Sphingosine 1-phosphate
induced synthesis of glycocalyx on endothelial cells. Exp. Cell. Res. Nov. 339 (1),
90–95. doi:10.1016/j.yexcr.2015.08.013

Zhang, Y., Meng, H., Ma, R., He, Z., Wu, X., Cao, M., et al. (2016). Circulating
Microparticles, blood cells, and endothelium induce procoagulant activity in sepsis
through phosphatidyl-serine exposure. Shock 45 (3), 299–307. doi:10.1097/SHK.
0000000000000509

Frontiers in Physiology frontiersin.org13

Dufour-Gaume et al. 10.3389/fphys.2022.999011

https://doi.org/10.3389/fimmu.2019.01971
https://doi.org/10.1161/ATVBAHA.120.314644
https://doi.org/10.1161/ATVBAHA.120.314644
https://doi.org/10.1373/49.4.562
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1007/s00424-007-0212-8
https://doi.org/10.1007/s00068-019-01235-w
https://doi.org/10.1001/jama.2011.360
https://doi.org/10.1038/s41526-019-0089-9
https://doi.org/10.3389/fimmu.2018.00435
https://doi.org/10.3389/fimmu.2018.00435
https://doi.org/10.1042/BJ20070166
https://doi.org/10.1111/imm.13272
https://doi.org/10.1097/SLA.0000000000001664
https://doi.org/10.1538/expanim.61.417
https://doi.org/10.1089/ars.2015.6409
https://doi.org/10.1186/s40779-019-0202-0
https://doi.org/10.1007/s00134-015-4205-3
https://doi.org/10.1164/rccm.200402-188OC
https://doi.org/10.1164/rccm.200402-188OC
https://doi.org/10.1182/blood-2004-07-2520
https://doi.org/10.1182/blood-2004-07-2520
https://doi.org/10.1182/bloodadvances.2018021709
https://doi.org/10.1182/bloodadvances.2018021709
https://doi.org/10.1172/JCI81660
https://doi.org/10.1126/science.285.5425.248
https://doi.org/10.1164/ajrccm.164.10.2106117
https://doi.org/10.1186/s13019-014-0133-5
https://doi.org/10.1016/j.jamcollsurg.2018.09.003
https://doi.org/10.1016/j.jamcollsurg.2018.09.003
https://doi.org/10.1038/nm.2053
https://doi.org/10.1247/csf.16014
https://doi.org/10.1038/cddis.2016.274
https://doi.org/10.1038/cddis.2016.274
https://doi.org/10.1016/j.yexcr.2015.08.013
https://doi.org/10.1097/SHK.0000000000000509
https://doi.org/10.1097/SHK.0000000000000509
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.999011

	Danger signals in traumatic hemorrhagic shock and new lines for clinical applications
	Introduction
	DAMPs are ubiquitous molecules of diverse nature
	HMGB1 (High‐Mobility Group Box 1)
	S100 proteins
	Nucleic acids
	Extracellular vesicles
	Heat shock proteins (HSP)

	DAMP receptors

	Traumatic hemorrhagic shock, DAMPs, and inflammatory response
	DAMPs within the systemic inflammatory response
	DAMPs and lesion kinetics

	Vascular endothelium is a target and major source of DAMPs
	DAMPs and endotheliopathy
	DAMPs and coagulopathy
	DAMPs and platelets

	Discussion
	DAMPs as markers of global severity
	DAMPs as markers of specific tissue damage
	DAMPs as actors in pulmonary lesions secondary to trauma
	DAMP and therapeutic interventions

	Author contributions
	Conflict of interest
	Publisher’s note
	References


