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4.1  Introduction

Multiple trauma results in a significant blood 
loss and accumulation of necrotic and/or devital-
ized tissue in an ischemic-hypoxic environment, 
both of which will become the origin of coagu-
latory and inflammatory changes. The inflam-
matory response after polytrauma is a major 
part of the host’s molecular danger response. 
The acute posttraumatic phase of inflammation 
consists of two rather synchronically mounted 
columns: the pro-inflammatory response (sys-
temic inflammatory response syndrome, SIRS) 
and the anti- inflammatory response (compen-
satory anti-inflammatory response syndrome, 
CARS) [1]. SIRS includes changes in the heart 
rate, respiratory rate, temperature regulation, 
and immune cell activation (Table 4.1) [2]. In 
the natural course of the inflammatory response 
after trauma, the balance of the pro- and anti- 
inflammatory response is in equilibrium, which 
maintains the biological homeostasis and induces 
controlled regeneration processes, enabling the 
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patient to recover normally without significant 
complications. However, the excessive inflam-
matory response after trauma seems to simul-
taneously and rapidly involve the induction of 
innate (both pro- and anti-inflammatory media-
tors) and suppression of adaptive immunity [1, 3, 
4] all of which decisively contribute to the devel-
opment of the early multi-organ dysfunction syn-
drome (MODS). Furthermore, a prolonged and 
dysregulated immune-inflammatory state is asso-
ciated with delayed recovery and complications, 
 especially the development of late MODS. Based 
on improved intensive care and organ support, 
there is often a progress to the clinically evident 
persistent inflammation, immune suppression, 
and catabolism syndrome (PICS) which might 
have replaced the late MODS, but still is associ-
ated with a poor outcome, appearing as “silent 
death” [5].

The steps of an inflammatory reaction to 
trauma involve fluid phase mediators (cytokines, 
chemokines, coagulation- and complement acti-
vation products, oxygen radicals, eicosanoids, 
and nitric oxide (NO)) and cellular effectors 
(neutrophils, monocytes/macrophages, and endo-
thelial cells) that translate the trauma-induced 
signals into cellular responses. These factors are 
closely interrelated and interconnected by up- 
regulatory and down-regulatory mechanisms. 
The combination of these factors may cause 
severe SIRS, acute respiratory distress syndrome 
(ARDS) and sepsis, acute kidney injury (AKI), 
progressing to MODS, depending on the type of 
injured tissue, the surgical and anesthesiological 
management after injury, age, gender, genetics, 

and most importantly, underlying comorbidities 
and physical conditions (exogenous and endoge-
nous factors) (Fig. 4.1).

4.2  Damage-Associated 
Molecular Patterns

Patient survival after severe trauma requires an 
adequate molecular and cellular danger response. 
The injured tissues release cytosolic molecules 
(e.g., ATP), organelles (e.g., mitochondria), 
histones, nucleosomes, DNA, RNA, matrix, 
and membrane fragments, all functioning as 
damage- associated molecular patterns (DAMPs). 
Furthermore, damage of external and internal 
barriers (e.g., skin, gut-blood barrier, air-blood 
barrier, brain-blood barrier) facilitates inva-
sion of microorganisms, resulting in additional 
exposure to microorganisms-derived pathogen- 
associated molecular patterns (PAMPs). After 
multiple injury, the immune system of the injured 
patient is exposed to both DAMPs (also termed 
alarmins) and PAMPs, which are summarized 
as danger-associated molecular patterns [6]. 
The “3-R-challenge” for the innate and adaptive 
immune system is to recognize, respond to, and 
resolve the “molecular danger”. For recognition 
of the damage, there are effective fluid-phase 
“master alarm systems”, such as the coagulation 
and complement cascade, and effective cellular 
“danger sensors”, such as the pattern recogni-
tion receptors (PRR). These systems transfer the 
damage/danger signals to the cells which in turn 
mount an acute phase reaction and inflammatory 
response to resolve the damaged tissue load [7].

4.3  Acute-Phase Reaction

Within an hour after trauma, inflammation 
resulting from tissue injury induces an increase 
in plasma concentration of a number of liver-
derived proteins (the acute phase proteins, APP). 
Pro- inflammatory cytokines (IL-1β, TNF, IL-6) 
released locally by Kupffer cells can systemi-
cally influence other cell types such as hepato-
cytes to synthesize more APPs. Proactive APPs, 

Table 4.1 Diagnostic criteria for systemic inflammatory 
response syndrome (SIRS)

Parameter Values

Temperature <36 °C (96.8 °F) or >38 °C 
(100.4 °F)

Heart rate >90 min
Respiratory rate >20 breaths/min or 

PaCO2 < 32 mmHg (4.3 kPa)
White blood cell 
count

>12,000 mm3 or <4000 mm3 or 
the presence of >10 % immature 
neutrophils (band forms)

SIRS can be diagnosed when two or more of these criteria 
are present
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such as C-reactive protein (CRP), procalcitonin 
(PCT), serum amyloid A (SAA), complement 
activation products (C3a, C5a), activated coagu-
lation proteins (FVIIa, FXa, FIIa), proteinase 
inhibitors, and metal- binding proteins, are 
increased during this phase [8], whereas the pro-
duction of inhibitory APPs, such as albumin, 
high-density lipoprotein (HDL), protein C, pro-
tein S, and ATIII are decreased [9, 10].

Plasma concentrations of CRP are normally 
below 10 mg/l [11]. Hepatic synthesis of CRP is 
regulated mainly by IL-6. Serum levels of CRP 
can be detected about 12 h after systemic detec-
tion of IL-6. Clinically, the plasma levels of CRP 
are relatively non-specific and may not correlate 
with injury severity and are not predictive of post-
traumatic complications such as infections [12]. In 
the context of trauma, it is also still unclear 

Fig. 4.1 Trauma-induced systemic inflammatory response syndrome (SIRS) and complications; NO nitric oxide, ROS 
reactive oxygen species, NK cells natural killer cells, MOF multiple organ failure
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whether the native pentameric or the denatured 
monomeric form of CRP is responsible for the 
CRP-induced cellular effects [13].

PCT is physiologically produced in the thy-
roid gland as the precursor molecule of calcitonin 
[10]. During sepsis, stimulation by endotoxins or 
pro-inflammatory cytokines such as IL-1β or 
TNF dramatically increases the serum levels of 
PCT up to 1000-fold [14]. In trauma patients, 
PCT has been proposed as a practical biomarker 
for predicting posttraumatic complications such 
as severe SIRS, sepsis, and MODS [14–17].

4.4  Immune Response After 
Multiple Injury

The biological immune response after trauma 
was considered in the past to be divided into an 
early innate phase and a late adaptive response. 
However, since multiple intensive interactions 
between both systems are known (e.g., via the 
complement cascade), a spatial- or time- 
dependent discrimination of both systems in 
regard to pathomechanistic changes after multi-
ple injury is irrational. Both immune mechanisms 
contribute to effective recognition, activation, 
discrimination, regulation, and eradication of 
invading damage- and pathogen- associated sig-
nals [18]. Nevertheless, the innate immune 
response represents the “first line of defense”, 
consisting of a barrier against exogenous non-
self antigens and microorganisms. This includes 
the integrity of epithelial and mucosal cells: skin, 
respiratory tract, alimentary tract, urogenital 
tract, brain, and conjunctiva. Exogenous patho-
gens that escape the first barrier are rapidly rec-
ognized and removed by the multiple components 
of innate immune cells such as neutrophils, 
monocytes/macrophages, natural killer cells, and 
dendritic cells [19]. The innate immune response 
is closely accompanied by the specifically 
acquired immune response after the trauma 
impact. The adaptive immune response is con-
ducted by the interaction of antigen-presenting 
cells (APCs), dendritic cells, monocytes/macro-
phages, T-lymphocytes, and B-lymphocytes. The 
APCs capture invading pathogens and create 

peptide-MHC (major histocompatibility complex) 
protein complexes. T-lymphocytes recognize the 
peptide-MHC protein complex via T-cells 
expressing antigen-binding receptors (TCRs) and 
are thereby activated. In turn, activated 
T-lymphocytes release cytokines to activate and 
amplify further cells of the immune system. 
T-helper lymphocytes (CD4+ T cells) differenti-
ate into two phenotypes according to the cytokine 
release, the Th1 and Th2 lymphocytes. Th1 cells 
promote the pro-inflammatory response through 
the release of IL-2, TNF, and interferon-γ (IFN- γ), 
while Th2 cells produce anti-inflammatory cyto-
kines (IL-4, IL-5, and IL-10), which suppress 
macrophage activity [10]. Attention has been 
focused on the Th1/Th2-ratio. IL-12 secreted 
from monocytes/macrophages promotes the 
differentiation of Th1 cells by increasing the pro-
duction of IFN-γ [20, 21]. Several studies have 
shown that a suppressed IL-12, IL-2, and IFN-γ, 
and elevated IL-4 are observed after major 
trauma, which correlated with a shift of the Th1/
Th2 ratio towards the Th2-type pattern [22, 23]. 
This imbalance in Th1/Th2-type cytokine 
response (from pro- to anti-inflammation) is not 
only a compensatory response but also increases 
the risk of infection by immune suppression [20]. 
However, other reports do not support this view 
and question the clinical relevance of the Th1/
Th2-shift after major tissue injury [24, 25].

4.5  Activation and Dysfunction 
of the Serine Protease 
Systems

4.5.1  The Coagulation System: 
Coagulopathy

Bleeding is a leading cause of death following 
polytrauma, and acute trauma-induced coagu-
lopathy (ATIC) increases both the risk and sever-
ity of bleeding. Clinically, there are several 
routine laboratory parameters which are indica-
tive of coagulopathy development (Table 4.2). 
Around one third of severe polytrauma patients 
are already coagulopathic upon arrival in the 
emergency room [27] and coagulopathy belongs 
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together with acidosis and hypothermia to the 
“lethal triad” of polytrauma. Thus, an important 
diagnostic and therapeutic strategy has been 
developed proposed as the “STOP bleeding cam-
paign” [29] that addresses three major aspects of 
coagulopathy: fast detection and stopping of rel-
evant bleeding sources; estimation and 
 resuscitation of the lost blood volume; and rapid 
monitoring for coagulopathic conditions.

The major mechanism of activation of the 
coagulation cascade following trauma is via the 
extrinsic coagulation system [30]. The extrinsic 
cascade mediates inflammation by tissue factor 
(TF). Exposure of the FVII to TF (e.g., from 
injured cells) results in the conversion of FVII to 
FVIIa. The FVIIa-TF-complexes activate FX to 
FXa, and FXa converts prothrombin to thrombin 
(FIIa). Thrombin activates FV, FVIII, and FXI, 
which results in enhanced thrombin formation. 
Thrombin also cleaves fibrinogen, and the fibrin 
clot is formed following polymerization and sta-
bilization. In normal conditions, small amounts 
of TF are exposed to the circulating blood. 
However, under pathophysiological conditions, 
TF is upregulated on the surface of neutrophils, 
macrophages, and endothelial cells. Endotoxin, 
activated complement (C5a), and cytokines (IL- 
1β, TNF) induce TF expression [31]. TF is highly 
thrombogenic, and its upregulation often results 
in hypercoagulability, leading to an increased 
tendency of thrombosis [32, 33]. Another phylo-
genetically ancient activation pathway is the 
rather unknown FSAP (FVII activating protease) 
pathway that is activated by an autocatalytic 
mechanism promoted by factors released by 
necrotic or post-apoptotic cells such as nucleic 

acids, nucleosomes, and polyamines. FSAP can 
regulate coagulation and fibrinolysis by activat-
ing Factor VII and pro-urokinase, respectively. In 
polytrauma patients, an early and robust activa-
tion of FSAP is seen which in turn contributes to 
the activation of both, the coagulation and com-
plement system [34].

In addition, coagulation mediators (FVIIa, 
FXa, and FIIa) elicit inflammation with expres-
sion of TNF, cytokines, adhesion molecules 
(MCP-1, ICAM-1, VCAM-1, selectins, etc.), and 
growth factors (e.g., VEGF) [33]. Inhibitors to 
prevent a hypercoagulable state include anti- 
thrombin III (ATIII), protein C, protein S and TF 
pathway inhibitor (TFPI). ATIII inhibits FIXa, 
FXa, and thrombin. TFPI suppresses the activity 
of TF/FVIIa/FXa complexes [35]. Protein C is 
activated by the thrombin-thrombomodulin com-
plex on endothelial cells, and activated protein C, 
in combination with free protein S, cleaves and 
inactivates FV and FVIII [36]. Therapeutically 
intervening with the production and/or activity of 
inhibitors could help to improve outcome by mit-
igating complications such as ARDS.

For example, the CRASH2 trial has recently 
revealed that early application of tranexamic acid 
(a synthetic derivative of the amino acid lysine) 
that inhibits fibrinolysis by blocking the lysine 
binding sites on plasminogen significantly 
reduces the risk of death in bleeding trauma 
patients [37].

4.5.2  The Complement System: 
Complementopathy

Almost synchronically to the coagulation 
response, there is an activation of the complement 
cascade immediately after multiple trauma [38, 
39]. The complement system consists of more 
than 30 proteins. In the resting state, complement 
proteins circulate as inactive forms in plasma. 
The activation of the complement system can 
occur through four pathways (alternative, classi-
cal, lectin, and coagulation paths). The classical 
pathway of complement is activated by antigen- 
antibody complexes (immune-globulin M or G) 
or CRP. The alternative pathway is activated by 

Table 4.2 Clinical parameters for acute trauma-induced 
coagulopathy

Trauma-induced coagulopathy

TT >15 s [26]
Prothrombin Time Test  
(Quick)/INR

<70 % [27]/>1.2 [28]

PT <18 s [26]
aPTT >60 s [26]
Platelets <100,000 μl [27]

Modified from Maegele et al. [27], Brohi et al. [26], 
Greuters et al. [28]
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bacterial products such as lipopolysaccharides 
(LPS). The lectin pathway is initiated by lectin 
binding to mannose, glucose, or other sugars of 
microorganisms. Upon activation of the comple-
ment system, there is a generation of biologically 
active peptides. The cleavage of the central com-
plement components C3 and C5 to the anaphyla-
toxins C3a and C5a, respectively, also induces the 
formation of opsonins and the membrane attack 
complexes (MAC, C5b-9) [40, 41]. Early after 
polytrauma, serum levels of the complement acti-
vation products C3a and C5a are significantly ele-
vated and correlate with the severity of the injury 
(e.g., traumatic brain injury), septic complications, 
and mortality [27, 38]. The circulating soluble 
MAC is also enhanced within the first hours after 
polytrauma but almost not detectable between 4 
and 48 h after polytrauma [38, 39]. Regulation 
of complement activation and protection against 
complement- mediated tissue destruction is pro-
vided by a selection of soluble- and membrane- 
bound complement regulatory proteins (CRegs). 
The expression profile of CRegs on leukocytes is 
specifically altered post polytrauma: CD46 (mem-
brane co-factor protein) is significantly reduced in 
neutrophils, monocytes, and lymphocytes. In con-
trast, CD55 (decay accelerating factor) seems to 
be increased on neutrophils early after trauma. A 
delayed up-regulation of CD55 has been observed 
in monocytes from trauma patients. An initial 
enhancement of CD59 (MAC inhibitor) expres-
sion was measured in neutrophils and monocytes 
at the time of admission. Remarkably, C5a recep-
tor (C5aR), CD59 and CD46 expression on neu-
trophils reversely correlated with injury severity 
[42]. The anaphylatoxins C3a and C5a mainly 
play pro-inflammatory roles, which include the 
recruitment and activation of phagocytic cells 
(polymorphonuclear cells, PMNs), monocytes/
macrophages, the enhancement of the hepatic 
acute-phase reaction, stimulation of the release of 
vasoactive mediators (such as histamine), and pro-
moting the adhesion of leukocytes to endothelial 
cells and their permeation through injured tissues. 
C5b forms a complex by the consecutive binding 
of proteins C6–C9, culminating in the formation 
of the MAC (C5b-9), which leads to the formation 
of pores in the cellular membrane causing lysis 

and death of the target cells [43]. Furthermore, the 
inflammatory response of complement activation 
leads to the production of free oxygen radicals 
and arachidonic acid metabolites and cytokines.

The complement cascade bridges innate and 
adaptive immunity for defense against microbial 
pathogens. However, excessive consumption of 
complement proteins may also cause tissue dam-
age of the host after trauma. Within the first 24 h 
after multiple injuries, there is a massive reduc-
tion in complement hemolytic activity (CH50), 
which recovers only around 5 days after trauma, 
and can be used to discriminate between lethal 
and non-lethal outcome. This trauma-induced 
reduction of global complement function is 
referred to as trauma-induced “complementopa-
thy” in analogy with “coagulopathy”, both of 
which significantly participate to the impairment 
of the innate immune response after polytrauma 
(Fig. 4.2).

4.5.3  The Kallikrein-Kinin System

The kallikrein-kinin system involves a cascade 
of plasma proteases and is related to the com-
plement and clotting cascade (intrinsic activa-
tion) [44]. This contact system consists of 
plasma  proteins factor XII (Hageman factor; 
FXII), prekallikrein, high molecular weight 
kininogen (HMWK), and FXI. Contact with 
negatively charged surfaces such as foreign 
bodies or the membrane fragments of stimu-
lated platelets activates FXII [44]. The active 
protein FXIIa converts prekallikrein into the 
proteolytic enzyme kallikrein, which in turn 
cleaves the plasma glycoprotein precursor 
HMWK to form bradykinin [45]. Bradykinin 
increases vascular permeability and causes dila-
tion of blood vessels by its action on smooth 
muscle cells. In turn, as a positive feedback 
loop, kallikrein itself accelerates the conversion 
of FXII to FXIIa. Kallikrein can also activate 
fibrinolysis to counterbalance the clotting cas-
cade activated by FXIIa. Furthermore, kallikrein 
also exhibits chemotactic activity, converting 
C3 and C5 into the chemoattractant products 
C3a and C5a, respectively [46].
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4.6  Cytokines

4.6.1  Pro-inflammatory Cytokines

Pro-inflammatory cytokines play key local and 
systemic roles as intercellular messengers to ini-
tiate, amplify, and perpetuate the inflammatory 
response after trauma (Table 4.3). Cytokines are 
produced by many cell types in all organs. They 
have multiple targets and act in a pleiotropic 
manner. Early after trauma, production and 
release of pro-inflammatory cytokines such as 
IL-1β, TNF, IL-6, and IL-8 is initiated by mono-
cytes and macrophages. IL-1β and TNF as well 
as IL-6 and IL-8 are released early after 

 polytrauma [3, 47] and predominantly function 
as pro-inflammatory mediators to repair dam-
aged tissue. The release of IL-1β and TNF is 
mainly stimulated by bacterial endotoxins or 
other microbial products, immune complexes, 
and a variety of inflammatory stimuli. Upon 
release, IL-1β and TNF usually return to base-
line levels within 4 h. TNF increases the activity 
of neutrophils and monocytes by activating the 
underlying endothelium. TNF promotes the 
expression and release of adhesion molecules 
such as ICAM1 or E-selectin, and increases the 
permeability of endothelial cells, which facili-
tates neutrophil migration into the damaged tis-
sue [48]. Some studies have proposed TNF as a 
valid serum marker for complications after 

Fig. 4.2 Posttraumatic activation of the serine protease 
system; PK prekallikrein, TF tissue factor, FSAP Factor 
VII activating protease, MBL mannose-binding lectin, 

MASP-2 mannose-associated serine protease-2, MAC 
membrane attack complex
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trauma. However, the results are inconsistent and 
to date, no data is available indicating whether 
TNF correlates to the severity of trauma or 
trauma outcome [49–54]. Many different cell 
types produce IL-6: In addition to immune cells 
such as monocytes, macrophages, neutrophils, T 
cells, and B cells, it is also produced by endothe-
lial cells, smooth muscle cells, and fibroblasts. 
IL-6 upregulates the hepatic acute-phase 
response, stimulating generation of C-reactive 
protein (CRP), procalcitonin, serum amyloid A, 
fibrinogen, α1-antitrypsin, and complement acti-
vation products (e.g., C5a), which then promote 
neutrophil activation. There is strong evidence 
that serum IL-6 level correlates with the severity 
of trauma, trauma pattern (especially in combi-
nation with chest trauma), and the risk of subse-
quent ARDS, MOF, and lethal outcome [47, 55]. 
Therefore, IL-6 may be considered as a clini-
cally relevant and feasible parameter to estimate 
the severity of injury and prognosis after trauma 
[56, 57]. In addition, for patients requiring sec-
ond or subsequent surgeries following trauma, 
IL-6 may prove to be an important biological 
marker in deciding the correct timing of surgery. 
In trauma patients with high initial levels of IL-6 
(>500 pg/dL), it is recommended to delay 
secondary procedures for more than 4 days [58]. 
The chemokine IL-8 is secreted by monocytes/
macrophages, neutrophils, and endothelial cells. 

After trauma, serum levels of IL-8 are elevated 
within 24 h. Its production following trauma 
stimulates leukocyte recruitment to the injured 
and inflammation site. Plasma levels of IL-8 
correlate with the subsequent development of 
ARDS and MOF [57, 59–61].

4.6.2  Anti-inflammatory Cytokines

IL-10 is mainly synthesized by T lymphocytes 
and monocytes/macrophages. It is the pivotal 
role of IL-10 to inhibit the production of mono-
cyte/macrophage-derived TNF, IL-6, IL-8, and 
free oxygen radicals [62]. IL-10 plasma lev-
els are proportional to the severity of trauma 
and to posttraumatic complications [63–67] 
(Table 4.4). In addition to its pro-inflammatory 
role, IL-6 also has anti-inflammatory properties. 
As an immunoregulatory cytokine, IL-6 stimu-
lates macrophages to release anti-inflammatory 
cytokines such as IL-1 receptor antagonists 
and soluble TNF receptors [8]. Moreover, IL-6 
induces macrophages to release prostaglan-
din E2 (PGE2), the most powerful endogenous 
immune suppressant. PGE2 regulates the syn-
thesis of TNF and IL-1β by macrophages and 
induces the release of IL-10 [68–70].

Overall, it has to be emphasized that almost all 
cytokines may not act strictly in either a pro- or 

Table 4.3 Features of the major pro-inflammatory cytokines

Cytokine/chemokine Source Function

TNF Monocytes/macrophages, mast cells,  
T lymphocytes, epithelial cells

Upregulation of adhesion molecules 
and secretion of cytokines, chemokines, 
and NO by endothelial cells
Acute-phase response
Fever

IL-1β Monocytes/macrophages, mast cells,  
T lymphocytes, endothelial cells,  
some epithelial cells

Similar to TNF

IL-6 Monocytes/macrophages, T lymphocytes,  
endothelial cells

Acute-phase response
T and B lymphocyte proliferation
Prognostic marker of complications 
(SIRS, sepsis, MOF) after trauma

IL-8 Macrophages, neutrophils, endothelial cells,  
T lymphocytes, mast cells

Chemotaxis
Leukocyte activation
Diagnostic marker for AIDS

M. Huber-Lang and F. Gebhard



31

anti-inflammatory manner, but rather may exhibit 
a “janus-faced behavior” depending on the under-
lying tissue, local environment, and trauma 
conditions. Furthermore, the categorized pro- and 
anti-inflammatory cytokines follow not a specific 
temporal pattern but are rather synchronically 
and rapidly generated and released [1, 3], mount-
ing the overall inflammatory response. When the 
simultaneous cytokine response is excessive, pro-
longed, and dysregulated, this may lead to severe 
complications, such as organ dysfunctions [1] or 
persistent inflammation, immunosuppression, and 
catabolism syndrome (PICS) [5] (Fig. 4.3).

4.7  Reactive Oxygen 
Species (ROS)

Reactive oxygen species are released by 
leukocytes after exposure to pro- and anti- 
inflammatory cytokines, chemokines, comple-
ment factors, and bacterial products. There are 

several mechanisms of ROS production: mito-
chondrial oxidation, metabolism of arachidonic 
acid, activation of nicotin-adenine-dinucleotide-
phosphate (NADPH) oxidase, and activation of 
xanthine oxidase. With ischemia and subsequent 
reperfusion, reintroduced molecular oxygen 
reacts with hypoxanthine and xanthine oxidase 
generated as the result of ATP consumption 
during the ischemia phase to generate superox-
ide anions (•O2

−). Superoxide anions are further 
reduced to hydrogen peroxide (H2O2) by super-
oxide dismutase (SOD). The initial ROS (super-
oxide anion and H2O2) are relatively low-energy 
oxygen radicals and are not considered to cause 
high levels of cytotoxicity [71]. The most detri-
mental agents of the ROS are hydroxyl radicals 
(•OH) which are generated from superoxide 
anions and H2O2 by the Haber-Weiss reaction: 
•O2

− + H2O2 → •OH + OH− + O2 or from H2O2 by 
the Fenton reaction in the presence of iron (LFeII(
H2O2) → LFeIII + OH + OH−) (Fig. 4.4). ROS cause 
lipid peroxidation, cell membrane disintegration, 

Table 4.4 Features of the major anti-inflammatory cytokines

Cytokine/chemokine Source Function

IL-4 Th2 lymphocytes B cell class switch
IL-6 See Table 4.3 Reduction of TNF and IL-1 synthesis

Release of IL-1 Ra and sTNF-Rs
IL-10 Monocytes/macrophages,  

T lymphocytes
Inhibited secretion of pro-inflammatory cytokines 
and ROS production
Reduced adhesion molecule expression
Enhanced B lymphocyte survival, proliferation,  
and antibody production
Levels correlated with injury severity and outcome

Fig. 4.3 Posttraumatic 
pro- and anti-inflammatory 
immune response; PICS 
persistent inflammation, 
immune suppression, and 
catabolism syndrome
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and DNA damage to endothelial and parenchymal 
cells [72, 73]. Furthermore, ROS secreted by 
polymorphonuclear leukocytes (PMN) induce 
cytokines, chemokines [74], heat shock protein 
(HSP) [75], and adhesion molecules (p-selectin, 
ICAM-1) [76] leading to cell and tissue damage.

4.8  Cells Implicated in Multiple 
Trauma

4.8.1  Neutrophils

Early after severe tissue trauma, neutrophils 
migrate along the chemoattractant gradient of 
complement activation products, interleukins, 
and ROS to the site of tissue damage and to 
remote organ tissue. Neutrophil mobilization 
is important for wound healing and protec-
tion against invading microorganisms, but their 
immigration to remote organ tissue contributes 
to SIRS [77]. Neutrophil migration is composed 
of four steps: The first step, generation of leu-
kocyte selectins (e.g., L-selectins) and E- and 
P-selectins on the endothelium is induced by 
anaphylatoxins (e.g., C5a), cytokines (e.g., 
IL-6), and toxins [78]. These adhesion molecules 
are responsible for the rolling of neutrophils. 
The second step involves expression of inte-
grins on neutrophils such as CD11 and CD18, 

and intercellular adhesion molecules (ICAM-1) 
and vascular cell adhesion molecules (VCAM-1) 
on the surface of endothelial cells, all of which 
are strongly induced by C5a [79–81]. The inter-
action of these upregulated molecules activate 
neutrophils to reinforce the contact between 
neutrophils and endothelial cells (sticking). In 
the next step, migration and accumulation into 
tissues occur, mediated by chemokines and 
complement anaphylatoxins. To migrate through 
cellular barriers, neutrophils undergo signifi-
cant deformational changes to permeate through 
small cellular gaps with the help of locally 
released matrix metalloproteinases. In the final 
step, activation of neutrophils occurs to protect 
against dangerous molecules, microorganisms, 
and cells. Neutrophils utilize a large arsenal for 
forming the “first line of defense” after trauma: 
chemotaxis, phagocytosis, oxidative burst reac-
tion with release of ROS and myeloperoxidase 
(MPO), generation of NO, leukotriens, platelet-
activating factor (PAF), tissue factor (TF), prote-
ases, and multiple pro-inflammatory cytokines. 
However, the active substances released from 
neutrophils may not only harm the invading 
microorganisms or injured cells but also healthy 
host cells, especially since neutrophils become 
“long-lived” after trauma by significant inhibi-
tion of neutrophil apoptosis. Thus, neutrophils 
after trauma function as “friend and foe”.

Fig. 4.4 Production of reactive oxygen species (ROS)
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4.8.2  Monocytes/Macrophages

Monocytes/macrophages and neutrophils play 
a central role for the innate host defense, tissue 
repair, and remodelling, and for the intermediaries 
to the antigen-specific adaptive immune response. 
Monocytes are circulating precursors of macro-
phages. Monocytes migrate into the different tis-
sues (liver, spleen, lungs, etc.) even in absence 
of local inflammation and become tissue macro-
phages. When monocytes/macrophages are acti-
vated by various phagocytotic events in response 
to trauma, they regulate the activation of T and B 
lymphocytes, which induce antigen presentation by 
the major histocompatibility complex II (MHC II).  
Monocytes/macrophages also release chemokines, 
cytokines (IL-6, TNF, IL-10, IL-12, TGF-β), and 
various growth factors (fibroblast growth factor 
[FGF], epidermal growth factor [EGF], and plate-
let-derived growth factors [PDGF]) that initiate 
the formation of new extracellular matrix and pro-
mote angiogenesis and generation of new tissue at 
the site of injury. The functional phenotype shifts 
from a pronounced pro-inflammatory M1 type to a 
more anti-inflammatory and regenerative M2-type 
macrophage. The monocyte/macrophage cellular 
response after minor trauma embodies several ben-
eficial effects for the host. However, major trauma 
induces massive monocyte/macrophage activation. 
In this state, the effects of the monocyte/macrophage 
response become systemic and may also induce 
detrimental effects. Systemically, the macrophage- 
modulated immune response influences microcircu-
lation, metabolism, and triggering and progression 
of remote organ injury. Deactivation of monocytes 
and decreased expression of MHC II on their surface 
are observed after major trauma correlating with the 
severity of injury [82].

4.8.3  Natural Killer Cells

Natural killer (NK) cells are antigen-non-specific 
lymphocytes that recognize pathogen-associated 
molecular patterns (PAMPs) of invading microor-
ganisms [83] as well as damaged, transformed, or 
virus-infected host cells [84]. Since they are not 
dependent on pre-sensitization [85] to mediate 
their cytotoxic effects and to release excessive 

amounts of pro- and anti-inflammatory cytokines 
within minutes of stimulation, NK cells are 
regarded as part of the “first line of defense” [86]. 
Their ability to release immune-modulatory cyto-
kines may provide important regulatory functions 
during immune response, especially following 
severe injury. However, studies addressing the role 
of human NK cells after severe tissue trauma are 
rare and contradictory. Some studies revealed an 
increase of NK cells in the early stage after severe 
trauma [77], whereas NK cell function is greatly 
depressed by traumatic injury. However, there was 
no correlation between the NK cell count or activ-
ity and injury severity [85, 87]. Concerning the 
effect of plasma samples from trauma patients on 
the cytotoxic activity of healthy NK cells in vitro, it 
has been shown that incubation times of more than 
40 h lead to suppressed NK cell function, suggest-
ing that posttraumatic immune suppression is asso-
ciated with suppression of NK cell activity [85]. 
Vice versa, murine experiments have collectively 
shown that NK cells as a key source of interferon γ 
exert harmful pro-inflammatory effects in the post-
traumatic immune response and during the patho-
genesis of sepsis [88, 89]. In support, early 
depletion of NK cells results in reduction of liver 
IL-6 expression and a 50 % improved survival rate 
in a murine polytrauma model. Lymphocyte apop-
tosis in spleen as well as neutrophil infiltration into 
lungs and liver is also attenuated [88]. Furthermore, 
in various mouse models of sepsis, depletion of NK 
cells leads to improved survival [89, 90] suggesting 
that early posttraumatic activation of NK cells pro-
motes amplification of the inflammatory response, 
and the subsequent loss of cellular functions might 
contribute to immune suppression manifested in 
later stages after trauma [87].

4.9  Mechanisms 
of the Development 
of Organ Dysfunction

4.9.1  Severity of Initial Injury 
(First Hit)

The initial trauma insult activates an inflammatory 
cascade that stimulates the host immune system. 
Massive initial trauma impact (first hit) causes severe 
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SIRS. In this situation, the overwhelming production 
and release of pro- and anti-inflammatory mediators 
result in rapid MODS and early death.

An initial trauma insult of lower severity 
induces a moderate state of SIRS/CARS. In this 
instance, inflammatory and immune cells undergo 
some “priming”. However, some patients develop 
posttraumatic complications, such as sepsis, AKI, 
ARDS, and MODS. The development of these 
complications is regulated by various exogenous 
and endogenous factors. Among these factors, it is 
important to understand the relationship between 
the biological changes and the anatomical region 
of initial injury. The central nervous system is a 
rich source of inflammatory mediators. Traumatic 
brain injuries (TBI) with the disruption of the 
blood-brain barrier (BBB) allow immune cells to 
migrate into the subarachnoid space, leading to an 
accumulation of leukocytes from the periphery 
[10, 91–93]. Trauma to the chest area, particularly 
lung contusions, leads to an early increase in 
plasma mediators, which is associated with sys-
temic inflammatory and anti- inflammatory reac-
tions, such as pneumonia, ARDS, and MODS 
[94–96]. Patients with severe soft tissue injuries to 
the extremities with resulting hemorrhagic shock 
or severe muscle crush syndrome are at risk of 
developing more serious remote organ injury 
(e.g., AKI). Ischemia/reperfusion injury (I/R) 
leads to the production of large quantities of 
ROS. Femoral fractures with soft tissue injuries 
usually result in alteration of hemodynamic 
parameters such as increased cardiac output, 
tachycardia, decreased systemic vascular resis-
tance, and decreased hepatic blood flow [97]. 
Long bone fractures and unstable pelvic fractures 
are characterized by high blood loss and are asso-
ciated with severe soft tissue injury, which initiate 
both a local and systemic inflammatory response 
[65, 98–102]. These bodies of evidence suggest 
that the initial trauma itself predisposes trauma 
patients to posttraumatic complications.

4.9.2  Two-Hit Theory

Traumatized patients who survive the initial 
injury (“first hit”) may still be at risk of death 
from sepsis and multiple organ failure. Secondary 

insults following the initial injury amplify the 
systemic inflammatory response and upset the 
balance of pro- and anti-inflammatory media-
tors, pro- and anti-coagulatory factors, pro- and 
anti- apoptotic events, and pro- and anti-regener-
ative processes. Secondary insults (“second 
hits”) are compounded by endogenous and exog-
enous factors. Endogenous secondary insults 
include respiratory distress, cardiovascular 
instability, ischemia and reperfusion injury, and 
infection. Exogenous secondary insults include 
surgical and anesthesiological interventions 
[103–105], blood transfusions, and – not to for-
get – missed injuries.

Clinical studies have revealed that orthopedic 
surgical intervention can also cause major 
changes in the inflammatory response, and these 
changes are in proportion to the magnitude of 
surgery. For instance, femoral nailing induces an 
increase in systemic plasma levels of IL-6 and 
IL-10. In these patients, human leukocyte anti-
gen- DR expression on monocytes is reduced as 
well [106, 107]. Furthermore, reamed femoral 
nailing appears to be associated with greater 
impairment of immune reactivity than un-reamed 
nailing [107].

Blood transfusions are a paramount therapy in 
the management of trauma/hemorrhagic shock 
patients. However, various studies have demon-
strated that blood transfusions are associated 
with infection, SIRS, ARDS, and MODS after 
trauma [108–113], also representing a “second 
hit” for the multiply injured patient.

4.9.3  Ischemia/Reperfusion Injury

Ischemia/reperfusion (I/R) injury is a common 
and important event in clinical situations such 
as trauma, hemorrhagic shock, cardiac arrest 
(hypoxemia, hypotension of systemic tissue), 
contusions, lacerations, vascular injuries, and 
compartment syndrome (increased pressure in a 
preformed anatomical compartment with result-
ing hypoperfusion and hypoxemia of local tis-
sue). Inadequate microvascular flow results in 
the activation of leukocytes and converts local 
endothelial cells into a pro-inflammatory and 
pro- thrombotic phenotype. I/R injury consists of 
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two specific stages. During the first stage of isch-
emia and hypoxemia, oxygen and nutrients are 
deprived from tissues temporarily by the disrup-
tion of blood supply. During the ischemic phase, 
the lack of oxygen leads to decreased production 
as well as consumption of adenosine triphos-
phate (ATP). As consumption of ATP continues, 
it is degraded into adenosine diphosphate (ADP) 
and adenosine monophosphate (AMP), which 
is further degraded to inosine and hypoxanthine 
[114]. ATP depletion leads to an alteration in 
intercellular calcium and sodium concentra-
tion. It also results in the activation of cytotoxic 
enzymes such as proteases or phospholipases, 
all cumulating to reversible or irreversible cel-
lular damage. The second stage of reperfusion 
is the revascularization or reestablished supply 
of oxygen to the ischemic tissue. The hallmark 
of the reperfusion phase is the generation of by-
products of neutrophil activation, which induces 
secondary tissue damage and organ dysfunc-
tion. On reperfusion with the reintroduction of 
molecular oxygen into the ischemic tissue, oxy-
gen reacts with leukocytes and endothelial cells 
promoting the generation of reactive oxygen 
species and platelet-activation factor. The inter-
actions of neutrophils and endothelial cells have 
been shown to contribute to massive interstitial 
edema caused by microvascular capillary leak-
age after reperfusion injury.

4.9.4  Barrier Breakdown

The ischemia and reperfusion injury with ATP 
depletion is a major cause for breakdown of phys-
iological organ-blood barriers, such as blood-
brain, blood-gut, and blood-alveolus barrier. 
Broken barriers characterized by diffuse micro-
vascular leakage and tissue edema are thought to 
be main drivers of bacterial translocation (BT) 
and sepsis [115]. Bacterial translocation is defined 
as the phenomenon of both viable and nonviable 
bacteria as well as their products (bacterial cell 
wall components, LPS, and peptidoglycan) cross-
ing the intestinal barrier to external sites such as 
the mesenteric lymph nodes, liver, and spleen. BT 
occurs as a result of a loss of integrity of the gut 

barrier function after trauma, hemorrhagic shock, 
and burns [116], and may be associated with post-
traumatic complications [117, 118]. Although 
most data on BT and its complications have 
shown consistent results in animal models of 
hemorrhagic shock, trauma, and severe burns, its 
importance in humans is questionable, with vari-
able results in clinical studies. In addition, it is 
still debatable whether BT is an important patho-
physiologic event or simply an epiphenomenon of 
severe disease [119].

 Conclusion

Following trauma, acute inflammatory reactions 
may be triggered by infections (bacterial, viral, 
fungal, parasitic) and microbial toxins, or by 
any of several molecules released from necrotic 
tissue (HMGB1, hyaluronic acid, etc.). Pattern 
 recognition receptors (PRRs), including toll-
like receptors, can detect these stimuli and trig-
ger a signaling pathway that leads to the 
production of various mediators. In the acute 
phase of trauma, vasodilatation is induced by 
vasodilatatory mediators (NO, prostaglandins), 
quickly followed by increased permeability of 
the microvasculature. Vasodilatation and extrav-
asation of plasma result in hemoconcentration, 
facilitating the peripheral migration of neutro-
phils. Neutrophil migration from the blood 
stream into interstitial tissue is divided into sev-
eral steps, which are mediated by endothelial 
cell adhesion molecules, cytokines produced by 
monocytes/macrophages and various other 
cells, chemokines, the complement system, and 
arachidonic acid. Migrated neutrophils produce 
several mediators such as neutral protease, reac-
tive oxygen species (ROS), lipids (leukotriene, 
PAF), and tissue factor (TF). These mediators 
act as secondary tissue damage mediators and 
pro-coagulatory factors depending on the degree 
of initial injury as well as additional insults. 
During inflammation, the plasmaic cascade, 
consisting of the complement cascade, the kalli-
krein-kinin system, and the coagulation cascade, 
is activated by toxins and inflammatory media-
tors. Activation of the complement system 
induces generation and  depletion of comple-
ment activation products, causing an increase 
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in vascular permeability, chemotaxis, opsoniza-
tion, activation of the coagulation cascade, and 
trauma-induced complementopathy. Excessive 
activation of the coagulation system results in a 
hypercoagulable state, leading to an acute 
trauma-induced coagulopathy (ATIC). 
Activation of the kallikrein- kinin system results 
in kinins with vasoactive properties. In addition 
to its role in stimulating inflammation, the 
immune system (innate and adaptive) is a main 
driver for the barrier breakdown, clinically evi-
dent as diffuse microvascular leakage syndrome 
and organ failure. The exact knowledge of the 
pathophysiological changes after polytrauma is 
a prerequisite for effective, targeted, and patient-
tailored future therapies to support the immune 
and organ functions after severe tissue trauma.
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