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Key Points

e The inflammatory reaction is a highly adaptive,
integrated response with a global protective effect
against microbial pathogens or tissue damage. It
provides for the elimination of pathogens, removal
of cellular debris, and promotes tissue repair and
healing.

e Multiple trauma or severe infection causes a wide-
spread inflammatory reaction that causes diffuse
endothelial activation (chemotaxis), damage (permea-
bility edema), and vasodilation (hypotension-shock).

e Inflammation and coagulation are strictly coupled. As
a general rule hyperinflammation means hypercoagu-
lability. Coagulation has beneficial effects when
inflammation is localized, but it becomes catastrophic
when disseminated intravascular coagulation ensues.

* Humoral inflammatory mediators include cytokines,
complement, thrombin, acute phase proteins, kinins,
and PAF. Endothelial cells, monocytes, antigen-
presenting cells (macrophages and dendritic cells),
and neutrophils are the main effector cells.

e Neutrophils are responsible for tissue damage.
Their widespread activation accounts for the nox-
ious effects to innocent tissues with multiple organ
damage.

* A counter-inflammatory response mounts immedi-
ately after the hyperinflammatory reaction. Such
response is proportionate to inflammation along the
whole course of disease.

* An immediate decrease of the acquired (lympho-
cytic) immune response occurs in parallel with
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inflammation leading to dysfunction and progres-
sive immunoparalysis.

e Apoptosis of the cells of the immune system is the
main responsible of immunoparalysis. This exposes
to increased risks for opportunistic infections and
sepsis/septic shock.

2.1 Basic Concepts

The pathophysiology of acute care illnesses is a generalized,
multi-systemic process that invariably activates the immune-
inflammatory and coagulation systems with production of
diffuse tissue and organ damage. The temporal development
of acute care illnesses is quite variable although it usually
evolves as a multiphasic process or more rarely as a single
acute event that the body can’t cope with. For example, mul-
tiple trauma causes the activation of the immune-
inflammatory, coagulation, and neuroendocrine systems.
Thus ischemia-reperfusion that follows severe post-traumatic
hemorrhage with hypotension and tissue hypoperfusion acti-
vates the immune-inflammatory system with adhesion of
polymorphonuclear leukocytes (PMNs) to the endothelium
and increased capillary permeability, plasma fluid leakage,
and tissue edema. The widespread activation of the coagula-
tion creates a prothrombotic milieu with deposition of micro-
thrombi, diffuse capillary obstruction, and further ischemic
damage. Similarly, severe pneumonia challenges the circulat-
ing monocytes and resident tissue macrophages with a broad
spectrum of microbial molecules. The subsequent activation
of the inflammatory and coagulation systems causes the
widespread activation of the endothelium with production of
either local (e.g., ARDS) or distant organ damage (multiple
organ dysfunction syndrome, MODS). However, the immune
system provides a counter-regulatory response that limits the
deleterious effects of the generalized inflammatory activation
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(compensatory anti-inflammatory response syndrome,
CARS) [1]. Although CARS opposes to the systemic inflam-
matory response syndrome (SIRS) [2], this is a double-edged
sword because the risk of septic complications is increased.
If unresolved, SIRS and CARS become the underlying play-
ers of a catabolic syndrome that leads to MODS and ulti-
mately death [3]. In the past SIRS was viewed as an
exaggerated response to inflammatory stimuli, but the latest
experimental and observational data indicate that it is a rather
predictable side effect of especially severe morbid events. In
practice, SIRS and CARS result from the growing sophisti-
cation of ICU care that keeps patients alive during the early
(acute) phase of traumatic and septic diseases. The protracted
survival of formerly rapid lethal conditions makes now
appreciable their natural evolution. Recent acquisitions also
suggest that SIRS and CARS develop simultaneously rather
than in sequence as previously believed. As a result a mixed
antagonist response syndrome (MARS) was coined to reflect
the balance between SIRS and CARS [4] (Fig. 2.1).
However, the phenotypic predominance of the hyperin-
flammatory state is the rule in early sepsis, hypoxia, or
trauma as influenced by antigenic load, microbial virulence,
host genetic factors, age, nutritional status, and comorbidi-
ties [5]. In the past CARS was believed to develop after SIRS
exhaustion by repeated noxious stimuli (second hit theory)
[5, 6]. According to this theory, recurrent morbid insults
augment the inflammatory response by repeated stimulation
of the inflammatory cascade. In this sense, SIRS would no
longer depend by the initial insult but rather by the intensity
and frequency of subsequent hits. However, the continuous
challenge of the inflammatory system mounts an anti-
inflammatory response that ultimately becomes predomi-
nant. So CARS does not develop simultaneously with SIRS,
but only a minimal overlap would exist between the two phe-

nomena. This pathophysiological view is derived from the
observation that CARS prevails in the later stages of disease
when the increased susceptibility to infections is associated
with a weakened pro-inflammatory response (SIRS exhaus-
tion). This concept translated into the linear transition from
acute (early) SIRS to chronic (late) CARS with possible
alternating recurrence of the two phases (MARS), (Fig. 2.2).

However, this view is no longer accepted as the historical
belief of the “cytokine storm” after a catastrophic acute ill-
ness (e.g., meningococcal sepsis) giving the spectacular
inflammatory reaction is not the rule [7]. Instead, the most
common picture is by far a patient over 65 years of age with
sepsis or recovering from multiple trauma/surgery and evi-
dence of immunosuppression without the typical exagger-
ated acute phase inflammatory response [7]. In the past
“cytokine storm” was synonymous of SIRS that is hyperin-
flammation defined by excessive release of classical pro-
inflammatory cytokines including IL1, IL6, IL8, and TNFa.
However, this concept is too narrow as it was quickly noted
that “cytokine storm” is not the typical occurrence in late
(chronic) sepsis or even in acutely septic patients with a
weakened immune system [8, 9]. Similarly, it seems incor-
rect to define CARS on the basis of elevated release of anti-
inflammatory cytokines in the blood. The current concept is
rather that the magnitude of cytokine release depends on the
premorbid immune-inflammatory status of the patient [10].
Otherwise stated the healthier the patient, the stronger will
be the release of cytokines after stimulus. As a corollary, the
more protracted is the disease, the more faded will be the
inflammatory response over time (e.g., recurrent sepsis in
postsurgical or trauma patient). However, an acute inflam-
matory response although typical of the acute phase may
occur at any time of the disease profile if the host is suffi-
ciently immunologically responsive. This view holds for
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Fig. 2.2 Temporal profile of
pro-inflammatory and
anti-inflammatory cytokines
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them
SIRS
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both the pro-inflammatory and anti-inflammatory cytokines,
so it is incorrect to define the patient’s inflammatory status
on the basis of his/her cytokine profile [10]. Therefore, the
mixed cytokine response pattern better represents the
patient’s inflammatory status leading to the paradigm
“Sepsis: Always in MARS” [11]. Thus a hyperinflammatory
status at the onset of sepsis or multiple trauma reflects the
ability of the host to release a great amount of pro-
inflammatory and anti-inflammatory mediators. Such ability
is destined to fade over time with progression to a late
(chronic) inflammatory status. In recent years, the immuno-
competent cells have emerged as a new relevant player for
the appearance of immunosuppression or immunoparalysis
that often characterizes the host’s response during the more
chronic disease stages. At present, the process of immuno-
suppression (decreased T-cell proliferation and production of
IL2, decreased monocyte and macrophage function) is
believed to occur in parallel with the hyperinflammatory sta-
tus of early sepsis of traumatic or surgical origin [12, 13].
Animal studies indicate that in non-survivors, the immune
cell suppression progresses indefinitely up to anergy from
the very beginning to the more chronic stages in a time-
independent manner [10]. As a result, the phenotype of
immunosuppression does not often correspond to the cyto-
kine pattern of peripheral blood.

Prior to early deaths, cellular immunosuppression devel-
ops rapidly together with high pro-inflammatory and anti-
inflammatory  cytokine release (MARS-like) [14].
Conversely, the chronic state is preceded by a progressive
(subacute or chronic) impairment of immune cells function

MARS

CARS

Cytokine Profile
IL-4, IL-10,TGF-B

with robust pre-lethal signs of anergy and a deteriorating but
MARS-like cytokine profile (simultaneous presence of both
pro-inflammatory and anti-inflammatory mediators in the
blood) [10]. The spread of the inflammatory process starting
from a single organ or tissue is by far the most frequent event
in the pathophysiology of acute diseases. The inflammatory
response is a highly coordinated process, which has evolved
to limit the spread of noxious stimuli, eliminates pathogens
and necrotic cellular debris, and promotes the healing of
damaged tissues. It is subjected to multiple activations and
control mechanisms and whose efficiency is largely depen-
dent on genetic predisposition, age, and neurovegetative and
hormonal milieu derived from the stress response. Finally,
inflammation and immunity are tightly related in a complex
network of multiple interconnections and reverberating
loops. However, extremely intense or repeated stimulations
may disturb their tuned response so that the inflammatory
mediators spill over the anatomical barriers and multiple
organs dysfunction syndrome ensues. Cardinal inflammation
phenomena are local vasodilation, increased endothelial per-
meability, and chemotactic cells activation from the natural
(granulocytes and monocytes) and acquired immune system
(Iymphocytes). The vascular mechanisms that lead to the
four cardinal signs of inflammation are resumed in Fig. 2.3.
Neutrophils and monocytes are activated to infiltrate the
site of infection with subsequent phagocytosis and lysis of
bacterial products or cellular debris. In the meanwhile, the
activated coagulation system seals the site of inflammation
and provides a meshwork of fibrin that helps in the repara-
tion process. Therefore, increased membrane permeability,
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Fig. 2.3 Vascular
mechanisms at the origin of
the cardinal signs of
inflammation. Arteriolar
vasodilation and increased
permeability are responsible
for augmentation of blood
flow (redness and heat) and
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capillary vasodilation, chemotaxis, and phagocytosis are
defensive mechanisms that act in concert to ensure the maxi-
mum of protection against any threat or danger. A multiplic-
ity of cell types (e.g., endothelium, monocytes, platelets) as
well as humoral factors (complement, leukotrienes, kinins)
acts following a synergistic and often redundant logic to acti-
vate, propagate, and maintain the inflammation so that the
host defense is guaranteed. Nevertheless, the uncontrolled
diffusion of inflammatory mediators causes hypotension and
tissue edema by generalized vasodilation and increased
endothelial permeability. Furthermore, the diffuse deposition
of microthrombi by disseminated intravascular coagulation
worsens the oxygen supply to tissues this, in turn, contribut-
ing to ischemic cells damage, further inflammation (isch-
emia/reperfusion injury), and MODS. The local action of the
inflammatory system is similar to a well-refined military
strategy. After an enemy attack (e.g., trauma) that engages
the local garrison (resident macrophages and glial cells), the
combat zone is rapidly enclosed and sealed by reinforcement
troops (chemotactic activation of PMNs and intravascular
coagulation). Thereafter, the soldiers get into the battlefield
(increased membrane permeability and leukocytes migra-
tion) and shoot at the enemy destroying him (phagocytosis,

PERMEABILITY

INCREASED
FLUID
FILTRATON

INCREASED
HYDRSTATIC
PRESSURE

proteases, and toxic oxygen products). However, after a
massive attack, the hurried and often disorganized mobiliza-
tion of the reserve troops makes difficult or even impossible
to implement an effective defense. The recruitment of sol-
diers is often chaotic and uncoordinated (widespread chemo-
tactic activation), the effective concentration of troops is
impossible (generalized increase of endothelial permeabil-
ity), and military patrols often shoot at innocent people
(organ damage). Thus, pneumococcal pneumonia can trans-
form into severe sepsis or septic shock if a generalized
inflammatory reaction develops by either cellular (neutro-
phils, monocytes, macrophages, endothelium) or humoral
effectors (complement, contact phase proteins, leukotrienes,
cytokines, chemokines) resulting into increased capillary
permeability (tissue edema), vasodilation (hypotension), and
coagulation activation (ischemic organ damage). Generally,
the pathophysiological mechanisms that lead to a systemic
inflammatory reaction are infections, trauma, and ischemia-
reperfusion damage. Each of them can act by itself or in
combination with the other two. For example, multiple
trauma causes the activation of immune-inflammatory mech-
anisms by itself (tissue necrosis), or as a consequence of
ischemia-reperfusion damage (e.g., gut ischemia by post-
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traumatic mesenteric hematoma or post-ischemic muscular
tissue reperfusion after hemorrhagic shock). Apart from the
abovementioned mechanisms, the uncontrolled activation of
the immune system (autoimmune diseases), massive cyto-
kines production (metastatic cancer, leukemia, or lym-
phoma), and the unrestrained activation of serum proteases
(acute pancreatitis) are less frequent causes of generalized
inflammatory activation.

2.2  How the Systemic Inflammatory

Reaction Develops

The widespread activation of the inflammatory system (sys-
temic inflammatory reaction syndrome, SIRS) originates
from the site of trauma, infection, or hypoxic cell damage
(ischemia/reperfusion). Infection, traumatic or hypoxic
injury, causes the release of a heterogeneous pattern of
endogenous and exogenous molecules that trigger the innate
immune system as chemoattractants and activators of
antigen-presenting cells.

2.2.1 Alarmins

Infection from bacterial, viral, and fungal agents releases
signaling substances that are recognized by the innate
immune system due to their characteristic molecular pat-
tern (pathogen-associated molecular patterns, PAMPs)
[15]. Conversely, traumatic or hypoxic cell injury releases
the so-called damage-associated molecular patterns
(DAMPs) [16, 17] which represent the correlate of PAMP
for danger signals of endogenous origin. PAMPs and
DAMPs are grouped into the larger family of “alarmins” in
assignment to the term danger signals [15]. Otherwise
stated PAMPs and DAMPs constitute a physiologic signal-
ing system that alerts the body to the presence of foreign
invaders or noxious stimuli. “Alarmins” activate specific
receptors of the superfamily of the Toll-like receptors
(TLRs) [18, 19], expressed on endothelial and innate
immune cells like macrophages, dendritic cells (antigen-
presenting cells, APCs), monocytes, and PMNs [20]. APCs
act as an intermediate between innate and acquired immune
system. Their main function is to process antigen material
and to present it to effector T cells of the immune system.
TLR receptors recognize a variety of peptides that are
important signaling molecules for activation and produc-
tion of a multiplicity of inflammatory mediators. In addi-
tion, DAMPs are potent activators of the complement
system [21-23] whose anaphylatoxins attract monocytes
and PMNs on the endothelium. The high mobility group
box protein (HMGB) is one of the most studied “alarmin.”
HMBG is a protein molecule derived from the nucleus of

damaged cells [15, 24]. It is released by activated myeloid
cells (e.g., neutrophils) [20], macrophages, dendritic cells
[25-27], or necrotic cells [26] and acts as a chemoattractant
for monocytes, macrophages, dendritic cells, neutrophils,
and Y8 cells [3]. It also participates to the secretion of pro-
inflammatory cytokines [28] and mediates the monocyte-
endothelial interaction by increasing vascular leakage [24,
29]. Fragments of DNA and histones are other well-known
potent “alarmins.” They originate from damaged tissues
and microbial digestion by resident tissue macrophages or
activated neutrophils. Peptides and mitochondrial DNA are
vigorous alert molecules probably because of their vestigial
origin from intracellular bacteria [3].

2.2.2 Pro-inflammatory Phospholipase
Pathway

In addition to “alarmins,” the release of phospholipids by
damaged cell membranes (cellular hypoxia and trauma) or
exogenous lipopolysaccharides (e.g., LPS-endotoxin) and
polymers (lipoteichoic acid and peptidoglycans) alert the
innate immune system by activating the complement and the
contact phase proteins system (FXII, kallikrein, and kinino-
gen). Phospholipids activate the phospholipases A, and C
[30] with the production of arachidonic acid metabolites as
leukotriene By, prostaglandin E,, and thromboxane A, [31].
The activation pathway of phospholipase A, and C is detailed
in Fig. 2.4.

In addition, mast cells release histamine and bradykinin
with resulting vasodilation and increased capillary permea-
bility and edema [32]. Just 20—30 min after trauma or micro-
bial invasion, the innate immune cells become activated,
Fig. 2.5.

2.2.3 Innate Cellular Inmune Defense

The first line of the innate immune defense is represented by
PMNs, mostly neutrophils, and monocytes. PMNs are che-
moattracted by locally produced cytokines (e.g., TNF-a),
leukotrienes, platelet-activating factor (PAF), and comple-
ment fragments (c5a) [33-36]. These inflammatory media-
tors also activate PMNs to express adhesion surface
molecules for appropriate ligands on the activated endothe-
lium [37]. This receptor-ligand interaction allows for adhe-
sion of leukocytes to the capillary wall. Thereafter PMNs
migrate through the endothelial barrier into the tissues by
opportune signaling receptors on the inner surface of the
endothelium. In the meanwhile, resident macrophages
secrete cytokines (TNFa and IL-1) and chemokines (IL-8)
which help the immune and inflammatory cells in self-
regulating and crosstalking each other.
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Fig. 2.4 Metabolic pathways of phospholipase A, and C. After ligand
binding to the appropriate receptor, G protein is activated, this in turn
activating the membrane phospholipase C to cleave phosphatidylinosi-
tol (PIP2) into diacylglycerol (DAG) and inositol triphosphate. DAG
subsequently activates protein kinase C to promote phosphorylation of

Fig.2.5 Main humoral and
cellular steps of the
hyperinflammatory immune
response
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secrete proteases and other toxic substances. Conversely inositol tri-
phosphate induces the mobilization of calcium ions from storage pools
with subsequent activation of phospholipase A, by a Ca?*-dependent
mechanism. Phospholipase A, catalyzes the synthesis of prostaglandins
and leukotrienes by arachidonic acid
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2.2.4 Pro-inflammatory Cytokines

Cytokines and chemokines are pleiotropic molecules with a
great variety of effects that act in a paracrine and autocrine
fashion. Among the most important cytokines secreted in the
hyper-acute phase, TNF-a and IL-1f act within 1-2 h after
trauma or sepsis, while IL-6, IL-10, and the chemokine IL-8
are subacute mediators [38]. Among the most relevant prop-
erties of cytokines, there is the ability to activate monocytes
(innate immune system) and lymphocytes (acquired immune
system) [39]. Under the appropriate cytokine pattern, the cir-
culating monocytes differentiate into resident macrophages,
while lymphocytes mature into different cell lines having
immune-stimulatory (Th-1), immune-depressant (Th-2), and
immune-modulatory (Treg) action [40]. Pro-inflammatory
cytokines trigger both the recruitment and the phagocytic
activity of leukocytes [41]. They also stimulate the release of
proteases and increase the production of free oxygen radicals
from activated neutrophils [41].

1. One of the best characterized cytokines is TNF which
can produce SIRS when injected experimentally in high
doses [39]. Its actions include the stimulation of many
cell types and survival or apoptosis [42], cytokine secre-
tion (IL-6, IL-8, IFY, IL-10), activation of the arachi-
donic acid pathways (thromboxane A2 and prostaglandin
E2) and nitric oxide, induction of fever and production of
selectins, and PAF (see below). TNF secretion is stimu-
lated by many physiological stresses (hemorrhage,
hypoxemia) as well as ischemia-reperfusion, endotoxin,
and complement system. Macrophages and monocytes
are the main TNF producers, although activated T cells
are also implicated. Tumor necrosis factor acts via its
receptors TNFR1 and TNFR2 with effects that depend
on the specific receptor binding and environmental fac-
tors influence. Binding of TNF-a to TNFR1 leads to tran-
scription of pro-inflammatory genes via the NF-Kb
transcription factor. However, TNFR1 possesses a death
domain at the cytoplasmic tail so that its stimulation also
induces apoptosis via the caspase enzymes cascade (see
below). Although these two effects seem contradictory,
they might represent an adaptive mechanism that has
evolved to protect cells against excessive stimulation
(see below: Kidney Dysfunction). In contrast to the
almost ubiquitous TNFIR, TNFR2 is expressed on
immune and endothelial cells only and becomes acti-
vated by membrane-bound TNF-a [42, 43]. Binding to
TNFR2 leads to activation and proliferation of neutro-
phils and many immune cells as NK cells, B cells, and
peripheral T cells [44].

2. Interleukin-1-beta is the other well-studied cytokine that
acts synergistically with TNF-a. Its actions include fever
induction, cytokine and chemokine secretion [45], T cell
and macrophage stimulation and various inflammatory
mediators (including adhesion molecules), acute phase
proteins, and NO synthesis. It also induces the release of
neutrophils from the bone marrow and stimulates the
expression of proteases and metalloproteases by tissues.
IL-1P is secreted by macrophages, monocytes, and endo-
thelial cells. Stimuli for IL-1p include TNF, complement,
endotoxin, hemorrhage, and ischemia. The effects of
IL-1p are mediated by the type IL-1 receptor (IL-1RI)
which belongs to the IL-1 receptor superfamily. Besides
IL-1p, another molecule that binds IL-1RI is the so-called
soluble IL-1 receptor antagonist (IL1-RA) suggesting a
controlling role in IL-1-mediated immune response.

3. The third important cytokine in the early inflammatory
response is IL-6. Its secretion is induced by TNF and IL-1
[46]. Although it does not induce SIRS when injected into
experimental animals, IL-6 has vasodilatory properties as
it induces the production of nitric oxide by the endothelial
cells. IL-6 is a subacute cytokine with marked regulatory
properties on immune cell growth and differentiation. It
inhibits apoptosis of neutrophils and stimulates the
hepatic acute phase protein synthesis but also exhibits an
anti-inflammatory action [47] by inducing the release of
soluble TNFR and IL-1RA [48]. It seems, therefore, to
play a dual role in the inflammatory response by acting
both as a pro-inflammatory and anti-inflammatory media-
tor [49, 50]. Clinical studies demonstrated increased
plasma levels in non-survivor septic patients so that IL-6
has been proposed as a prognostic marker [51-53].

4. The chemokine IL-8 is the most powerful chemoattractant
for PMNs and monocytes [54]. Chemokines control the
traffic of the immune cells, which are the main effectors of
the immune system. Their binding to G-protein-coupled
receptors leads to dose-dependent effects including che-
motaxis and activation of immune cells. After stimulation
by IL-1, TNF-a, complement, microbial products (e.g.,
LPS), hypoxia, and reperfusion, IL-8 increases neutro-
phils degranulation, adherence, and chemotaxis.
Interestingly, chemokines act as chemoattractants in lower
doses and potent activators of immune cells function in
higher doses. Recently a group of so-called silent chemo-
kine receptors has been described suggesting a role as
decoy or scavenger receptors. The Duffy antigen receptors
for chemokines (DARC), first described as blood group
antigen, have been shown to bind IL-8 and other chemo-
kines thus suggesting a regulatory action against excessive
leukocyte activation in the systemic circulation [39].
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Table 2.1 Main cellular source and effects of pro-inflammatory cytokines
Name  Main source Immune cells activation Immune-inflammatory mediators Apoptosis

TNF-oc Macrophages
Monocytes
T cells (Tyl)
IL-1 Macrophages
Monocytes

Macrophages, monocytes, NK cells

Macrophages, T cells

Cytokines, NO, arachidonic acid metabolites, PAF, Yes
selectins, adhesion molecules

Cytokines, chemokines, acute phase proteins, tissue -
proteases, adhesion molecules

Endothelial
cells

IL-6 Macrophages
Monocytes
Endothelial
cells
T-cells

IL-8 Macrophages ~ Activation and chemotaxis of immune
Monocytes cells
Any somatic
cell

Growth and differentiation of T and B
cells, NK cells

The cellular source and the main effects of pro-inflamma-
tory cytokines are resumed in Table 2.1.

2.2.5 Local and Systemic Inflammatory
Mediators

Apart from cytokines, other important mediators of the
hyper-acute phase are the arachidonic acid metabolites (leu-
kotrienes, prostaglandins, and thromboxane). They are
responsible for the activation of PMNs and endothelium and
platelet aggregation. These substances are generated by acti-
vation of the phospholipases A2 and C (PLA, and PLC)
which follows the entry of Ca®* ions into damaged cells.
PLA, also induces the release of PAF from the endothelium.
PAF is an important inflammatory mediator with marked
effects on macrophages, endothelial cells, and platelets
aggregation. The inflammatory response is promptly propa-
gated and amplified by important circulating mediators as
the complement system, the contact phase proteins
(kallikrein-kinins), and the coagulation cascade.

1. The complement cascade is a series of enzymatic cleavage
reactions that are activated via the classical route by anti-
gen-antibody complexes (IgM and IgG) or alternatively by
bacterial degradation products (e.g., LPS, endotoxin) [32,
55, 56]. The latter pathway does not require prior immuni-
zation and thus represents an immediate defense mecha-
nism against microbes. Conversely, the “natural antibodies”
activate the complement by forming antigen-antibody com-
plexes with different molecular species from exogenous
(microbial) or endogenous (necrotic cells) origin [57-59].
“Natural antibodies” are physiologically circulating anti-
bodies that arise in serum independently from prior host
immunization [60]. They are mainly produced by a subpop-
ulation of CD5* B cells and are poly-reactive with different

Release of TNFR and IL-1RA, acute phase proteins

Inhibited

Leukotrienes, PAF -

antigens as peptides, phospholipids, and polysaccharides
[60-62]. In musculoskeletal trauma and ischemia-reperfu-
sion injury, the intense antigenic stimulation leads to bind-
ing of natural IgM antibodies and development of
post-traumatic “innate autoimmunity” [63]. Complement
activation leads to the formation of opsonins, anaphylatox-
ins, and the membrane attack complex, a multiprotein com-
plex responsible for the increased capillary permeability
[32]. Anaphylatoxins and opsonins are involved in impor-
tant inflammatory processes such as opsonization, chemo-
taxis, and neutrophils degranulation. Complement also
promotes the synthesis of acute phase proteins by the liver
and stimulates the degranulation of mast cells with hista-
mine release (vasodilation) [32, 64]. In practice, the acti-
vated complement is involved in all the most relevant
inflammatory processes as immune cells attraction to the
site of trauma or infection, microbial phagocytosis and
lysis, antigens opsonization, platelets activation, and hista-
mine release. The complement cascade is, therefore, a fun-
damental component of the innate host defense as it can be
rapidly activated in a non-specific manner after injury or
infection. It is phylogenetically ancient due to its basic role
in the host response to bacterial pathogens. However, the
systemic activation of the complement leads to severely del-
eterious effects such as shock and tissue edema due to mas-
sive vasodilation and increased membrane permeability.

. Coagulation factor XII and kallikrein, together with

kininogen, represent the contact phase system. These pro-
teins activate each other by forming an integrated, highly
amplified system for activation of the coagulation cas-
cade. Kallikrein also stimulates the formation of the vaso-
dilator bradykinin from kininogen. Kinins are potent
vasodilators and vigorous effectors of increased vascular
permeability [65]. A close interconnection exists between
hemostasis and the inflammatory system. For example,
the activated platelets aggregate with circulating leuko-
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cytes to stimulate the immune cells system with produc-
tion of endothelial damage [66]. Platelets also release
pro-inflammatory mediators that excite the immune sys-
tem [67] thus creating a vicious circle that produces more
and more SIRS. The activated coagulation cascade after
trauma or infection is primarily intended to stop the loss
of blood and to seal the lesion. Thereafter, phagocytic and
immune cells eliminate necrotic cells and invading
microbes. However, the uncontrolled activation of the
coagulation cascade causes the widespread deposition of
microthrombi, this in turn causing hypoxic cellular dam-
age and increased risk for hemorrhagic complications due
to consumption of platelets and coagulation factors [68—
71]. Disseminated intravascular coagulation (DIC) is a
pathophysiological mechanism that frequently occurs
after multiple trauma [68, 70, 71] and severe infections
[68, 70]. DIC is responsible for diffuse microthrombi
deposition, capillary blockade with heterogeneous micro-
circulatory perfusion, tissue ischemia, and production of
hypoxic cellular damage [68, 72].

3. Acute phase proteins are synthesized in the liver by induc-
tion of the locally (Kupffer cells) produced cytokines
(TNF-a, IL1-B, and IL6). This process is amplified by cir-
culating cytokines that spillover from injured or infected
tissue (overflow theory). Acute phase proteins include
C-reactive  protein  (CRP), a-l-antitrypsin, o-2-
macroglobulin, ceruloplasmin, lipopolysaccharide-binding
protein (LPB), fibrinogen, and prothrombin [73]. These
proteins have several inflammatory and anti-inflammatory
properties. For example, CRP increases the surface expres-
sion of tissue factor (TF) [74], a procoagulant membrane-
bound 4.5 kD protein on PMNs, monocytes, and tissue

Fig. 2.6 Mechanism of
phagocytic-cell destruction of
bacteria. Opsonized bacteria
bind to complement receptors
(CRs) and FC receptors
(FCRs) on the surface of
phagocytic cells. Thereafter
the bacterium is taken into the
cytoplasm and included into a
phagosome. The fusion of :
phagosome with specific and
azurophilic granules gives a
phagolysosome that destroys
the bacterium by toxic and
enzymatic digestion
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Azurophilic
Granules

-
e
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macrophages (see below). Conversely, a-1-antitrypsin neu-
tralizes leukocyte proteases and free oxygen radicals, while
a-2-macroglobulin and ceruloplasmin are inhibitory cofac-
tors for the synthesis of cytokines [74]. Finally, high con-
centrations of LPB suppress LPS activity [75].

2.2.6 Phagocytosis

At this step of the inflammatory process, the injured or
infected tissue is invaded by activated PMNs, mainly neutro-
phils that release proteases (elastase), exert their phagocytic
and digestive properties (phagolysosomes), and produce free
oxygen radicals (e.g., hydrogen peroxide) [76] and reactive
NO species (e.g., peroxynitrite) [77]. Both neutrophils and
macrophages kill bacteria. The first step involves phagocyto-
sis of opsonized microbes. Opsonization means that bacteria
are covered with host proteins (e.g., antibodies and comple-
ment fragments) and appropriately recognized by cell sur-
face receptors such as TLR and receptors for the Fc portion
of the immunoglobulins. The phagocytosed bacteria are typi-
cally inserted into a vacuole, the phagosome, which fuses
with primary (azurophilic) or secondary granules to form
phagolysosomes. Azurophilic granules contain antimicrobial
proteases such as elastase and bactericidal/permeability
increasing proteins, while secondary granules contain anti-
septic peptides as lysozyme, lactoferrin, and metalloprote-
ases. Fusion of granules with phagosomes creates a hostile
environment that kills the pathogen (Fig. 2.6).

At the same time, the resident macrophages and circulat-
ing monocytes begin to phagocyte cellular and microbial
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debris. These cells produce cytokines and express membrane
surface antigens that originate from the digestion process
(see Fig. 2.7 for details).

Such molecules activate the endothelium to express adhe-
sion molecules for further neutrophils chemoattraction. In
the meanwhile, macrophages interact with T helper cells
(CD4%) that secrete interferon Y (IFY’) and other cytokines
for phagocytic cells activation. Finally, their interaction with
B lymphocytes produces antimicrobial antibodies. This is a
highly coordinated process, able to eliminate foreign bodies
or cellular debris so ensuring the most effective protection
against any insult of whatever origin.

2.3  The Anti-inflammatory Response

Besides the plethora of pro-inflammatory mediators, many
anti-inflammatory substances play a counter-regulatory role
in the development of CARS. IL-4, IL-10, IL-13, and
transforming-growth-factor f (TGF-f) are among the most

Fig.2.7 Antigen presenting
cells recognize microbial
infection by binding of
pathogen-associated
molecular patterns (PAMPs)
to pattern recognition
receptors (PRRs) as well as
by phagocytosis of bacteria.
Thereafter IL-12 is produced,
and opportune co-stimulatory
molecules (CD80/86) are
expressed together with
MHCII antigens that bind to
corresponding T-cell ligands.
This binding results into
T-cell activation and
proliferation. The production
of interferon y stimulates the
macrophages to kill
intracellular bacteria

BACTERIUM

important anti-inflammatory and immunosuppressant medi-
ators. The main actions of anti-inflammatory cytokines are
shown in Table 2.2.

Besides these anti-inflammatory cytokines, several
immune effector cells develop their actions immediately
after the onset of the acute inflammatory response. The
nature of their response is largely determined by the
expressed membrane antigenic pattern as it determines their
subsequent cellular interactions and biochemical reactions.
From the native, multipotent CD4* T helper 0 cell (ThO0), two
main cell lines differentiate depending on cytokine environ-
ment, either into Th1 helper cell by IL-12 or Th2 helper cell
by IL-4 [78].

1. The Thl helper lymphocytes initiate and augment the
delayed immune response by macrophage and neutrophil
activation, promoting the production of opsonizing anti-
bodies and stimulating the development of cytotoxic T
cells. Their cytokines secretion includes IL-2, IFY’, and
TNFa. IFY activates macrophages and iNOS to produce

Table 2.2 Main cellular source and effects of anti-inflammatory cytokines

Cytokine Source

1L-4 T cells (Ty2), basophils, mast cells

IL-10 Monocytes/macrophages, T cells (Ty2, T,.,)
1L-13 T cells (Ty2)

TGF-f Monocytes, T cells (Ty2, Ty,)

IL-1RA Hepatocytes, monocytes/macrophages, PMNs

Actions

T and B cells

Inhibits monocyte/macrophage activation

Inhibits monocyte/macrophage cytokine production
Inhibits monocyte/macrophage proliferation and activation
Inhibits IL-1 action by blocking the IL-1 receptor
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NO free radicals [79]. Thl helper cells are therefore
involved in the classical inflammatory response.
Overactivation of Th1-type cells produces type 4 delayed
hypersensitivity. CYTOKINES
2. Conversely, Th2-type lymphocytes show marked anti- SOLUBLE MEDIATORS SIRS
. . . .. MODS
inflammatory properties by producing anti-inflammatory R, Pty (eI, (217
cytokines as IL-4, IL-5, IL-10, and IL-13 [80]. COMPLEMENT— COAGULATION
Overactivation causes type 1 IgE-mediated allergy and ENDOTHELIAL ACTIVATION/DAMAGE
hypersensitivity.
Other ?mportant players gf the cell-mediated immune DECREASED IMMUNITARY RESPONSE
response in trauma and sepsis are the regulatory T (Treg- IMMUNOPARALYSIS
type) cells and T17-type cells. APOPTOSIS (Opportunisti
3. Treg-type cells formerly known as suppressor T cells are Th1-TYPE— Tha-TYPE '";/TSB"SS)
modulator and deactivator of the immune response. They CARS
are immunosuppressive and generally downregulate the ANTI-INFLAMMATORY,
activation and proliferation of effector T cells (T cells that CYTOKINES

responds to a stimulus including helper and killer lym-
phocytes). Treg-type cells produce IL-10 and TGFp a
potent anti-inflammatory cytokine. Elevated levels of cir-
culating Treg cells have been observed in the blood of
immune-paralyzed infected patients [81, 82].

4. The Thl7-type cells are a subset of T helper cells so
named because of production of the cytokine IL-17. They
exert protective effects on the gastrointestinal mucosal
barrier function [83]. There is general agreement that
Thl7-type lymphocytes are protective  against
extracellular bacterial and fungal infections [84, 85]. The
decrease of Th17 cells population contributes to immuno-
paralysis [86].

It is widely accepted that the development of a successful
immune response requires the balance between Thl and
Th2 helper cells. In the early stage of sepsis and trauma, a
phenotypic Thl-type cells profile predominates with IFY
production which activates the bactericidal action of macro-
phages and induces B cell production of opsonizing and
complement-fixing antibodies. Conversely, later (chronic)
stages are characterized by a shift from the Th1-type profile
into a predominantly Th2-type response leading to immuno-
paralysis, reduced antigen recognition and cellular anergy
(see below) [87]. Other more complex anti-inflammatory
actions include the decreased production of monocyte-
derived cytokines by reduced transcriptional factors (NF-
kB) for the encoding genes [88]. Also, the reduced
expression of membrane surface receptor CD14 on mono-
cytes (LPS-receptor) blunts their pro-inflammatory activity.
Also the expression of MHC (major histocompatibility
complex) class II molecules HLA-DR (human leukocyte
antigen) is downregulated [89] with interference in the elim-
ination of infected cells and maturation of several immune
cell lines. These anti-inflammatory effects play an important
compensatory role in the development of the counter anti-
inflammatory response syndrome (CARS). Ideally CARS is

Fig. 2.8 Main steps of SIRS and CARS development with subsequent
production of multiple organs dysfunction (MODS)

the physiological response to the risks of tissue damage by
uncontrolled inflammation. The main SIRS and CARS
events are summarized in Fig. 2.8.

The highly integrated, redundant, and coordinated
immune-inflammatory system makes easy its comparison
with a great classical orchestra. As a classical orchestra,
there are players (neutrophils), soloists (monocytes and mac-
rophages), and the musical score (humoral mediators). This
score may be harmoniously classical (locally coordinated
inflammatory response) or dissonantly dodecaphonic (SIRS).
But who is the conductor?

2.4  The Endothelium

This fundamental role is covered by the endothelium. The
acquisition that the endothelium orchestrates a complex,
often redundant network of the immune-inflammatory play-
ers is quite recent. The endothelium is the interface between
coagulation and inflammation in sepsis and trauma.
Endothelial cells line the vessels in every organ by forming a
barrier with organ-specific properties. So the vascular per-
meability is virtually null in capillaries of the brain and
almost complete in the kidney with intermediate levels in the
liver, muscle, and lung. The main properties of the endothe-
lium are:

1. Lining the vascular system thus separating the blood from
the cells and interstitium

2. Regulating the vascular tone with a net vasodilatory
effect
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Fig. 2.9 Coagulation profile of endothelial surface during normal (left
panel) and activated state (right panel). The anticoagulant profile is nor-
mally obtained by inhibition of thrombin (TR) activation of factor X by
thrombomodulin (TM) expression on endothelial surface with forma-
tion of the activated protein C complex (APC). Antithrombin III (ATIII)
further inhibits Thrombin activity by preventing its binding with recep-
tor (TRr). Also tissue factor (TF) is not expressed on the endothelium,
while its main physiological inhibitor, tissue factor pathway inhibitor
(TFPI), is normally released by the intact endothelium. Finally the tis-

3. Promoting anticoagulation by anti-thrombotic and profi-
brinolytic effects

4. Inhibiting the endothelial adhesion of platelets and leuko-
cytes thus keeping the vessel clear

After trauma, hypoxic damage, or sepsis, the injured
endothelium becomes prothrombotic and anti-fibrinolytic
(Fig. 2.9).

2.4.1 Endothelial-Mediated Procoagulant

State

The endothelium is involved in all the three major patho-
genic pathways of septic and traumatic coagulopathy: tissue
factor-mediated thrombin generation, dysfunctional antico-
agulation, and fibrinolysis impairment [90]. Moreover, its
activation by inflammatory stimulus leads to platelet and

SEPSIS/HYPOXIA/INJURY
ACTIVATOR INHIBITOR
TTF L TFPI
J APC
J AT
JtPA T tPAI

PRO-COAGULANT PROFILE

sue plasminogen activator (tPA) catalyzes the zymogen plasminogen
into plasmin, while tissue plasminogen activator inhibitor type-1 (tPAI-
1) is reduced. After hypoxia, injury, or sepsis, the damaged endothelium
expresses large amounts of TF, while TFPI release is inhibited. Also
thrombomodulin receptor is internalized thus reducing APC formation,
while decreased ATIII synthesis and degradation by serine protease
increases the activity of thrombin. Finally tPAI-1 synthesis and release
are increased thus reducing the formation of plasmin

leukocyte adhesion and inhibition of vasodilation.
Endothelial injury can be documented microscopically by a
visible change of cell shape or damage and defects of endo-
thelial lining. Indirect evidence of the damaged endothelium
is the finding of elevated soluble markers of cell injury nota-
bly thrombomodulin, intercellular adhesion molecule, and
E-selectin and von Willebrand factor [91, 92]. After endothe-
lial damage, inflammatory fluids and cells can shift from the
blood into the interstitial space. Endothelial injury is sus-
tained over time so that its property loss is long-standing [93,
94]. Experimental animal and human studies demonstrated
that after injury, the full recovery of endothelial lining occurs
within 21 days [93]. The denudation of the vessel wall
exposes tissue factor (TF), the principal activator of the
extrinsic coagulation pathway with the risk of intravascular
coagulation [93, 94]. Normally the outer endothelium
expresses various membrane-bound molecules with antico-
agulants properties among which are cell surface heparin-
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like molecules [95] and thrombin-binding protein
thrombomodulin (TM). Heparin-like molecules are sup-
ported by glycosaminoglycans which cover the endothelial
surface [90]. They act as cofactors for the antithrombin-
mediated inhibition of thrombin and activate factor X (Stuart-
Power factor) [95]. TM is the major responsible for thrombin
inactivation as when bound to thrombin, forms a potent pro-
tein C (PC) activator complex that equips the endothelium
with anticoagulant properties. However, the inflammatory or
septic stimuli decrease the anticoagulant properties of the
endothelial cells by loss or internalization of TM [96], while
the contemporaneous stimulation of the thrombin receptor
increases the inflammatory pathways. Finally, the action of
neutrophil proteases also contributes to reduced TM expres-
sion. Moreover, the release of tissue plasminogen activator
(TPa) is decreased, while its main physiological inhibitor,
the plasminogen activator inhibitor-1 (PAI-1), increases so
that the profibrinolytic properties of the endothelium are
diminished. TF is increasingly expressed on both monocyte
and macrophage membranes as well as on other cell types,
while the function of its main physiological inhibitor, the tis-
sue factor pathway inhibitor (TFPI), is decreased by reduced
synthesis of glycosaminoglycans on endothelial surface [97].
In practice, any single procoagulant or profibrinolytic has its
physiological inhibitor. Thus, TF is inhibited by TFPI [98],
the coagulation system is counteracted by the activated pro-
tein C system [99], and tissue plasminogen activator (TPA) is
coupled with tissue plasminogen activator inhibitor (TPA1)
[100]. The imbalance between these systems results in a net
procoagulant state with increased fibrin deposition, micro-
vascular thrombotic occlusion, and risk for tissue ischemia
[101]. Direct endothelial damage as occurs after trauma or
ischemia-reperfusion injury contributes to activation of
coagulation by decreased production of endothelial-derived
substances as PGI and NO. The anti-adhesive properties of
such molecules reduce leukocytes and platelets aggregation
and counteract the procoagulant effectors. Localized coagu-
lation has protective effects in discrete traumatic injuries, but
its widespread activation is deleterious to the host with risk
for multiple organ dysfunction and death [102, 103].

2.4.2 Endothelial Pro-adhesive Activation

Endothelial activation refers to the increased expression of
adhesion molecules on endothelium surface. Complementary
molecules are also expressed on the outer membrane of neutro-
phil and monocyte cells [104]. The surface expression, modu-
lation, and activity of these molecules are highly regulated by
locally produced cytokines (endothelial and monocyte cells) as
the chemokine IL8 or PAF, IL1-f, and TNFa. The first step of
the adhesion process consists of a “rolling” of leukocytes on

the endothelial surface. This process involves selectins which
are molecules expressed on leukocytes (L-selectin), endothelial
cells (E-selectin), and platelets (P-selectin). Selectins act as
receptors that permit a loose binding with the endothelial sur-
face thus allowing for leukocyte rolling in proximity of oppor-
tune signaling molecules expressed on the endothelium. The
second step involves the linkage of integrins with receptors of
the immunoglobulins superfamily expressed on the endothe-
lium surface. Integrins are a group of three heterodimer pro-
teins expressed on the outer surface of activated leukocytes and
collectively termed the CD11/CD18 complex. Adhesion mol-
ecules include ICAMs, E-selectins, PECAM (platelet endothe-
lial cell adhesion molecules), and VECAM (vascular
endothelial cell adhesion molecules). The final step consists of
migration of activated leukocytes to the borders of endothelial
cells and interaction with the endothelial-expressed adhesion
molecules ICAM, PECAM, E-selectin, and VECAM [105].
Adhesion can occur without intervention of adhesion mole-
cules in the lung and liver. It has been suggested that actin-
containing stress fibers increase at the leukocyte periphery, this,
in turn, causing decreased PMNs deformability and sequestra-
tion into the pulmonary and hepatic capillary beds [106]. The
main effects of endothelial cells activation are summarized in
Fig. 2.10.

2.4.3 Dysfunctional Endothelial Permeability

Thrombin is the main effector of increased endothelial per-
meability thus reaffirming the bidirectional interplay between
the coagulation and the inflammatory cascade (Fig. 2.11).
Thrombin can cleave a set of protease-activated receptors
(PAR1-4) expressed on the endothelium [90, 107] that
induces Rho-dependent cytoskeletal derangement in endo-
thelial cells [108, 109].

PARI receptor activates Rho kinase which inhibits the
dephosphorylation of myosin light chains (MLC) [110].
Phosphorylated MLC causes the actin-myosin interaction at
the cell-to-cell contacts with contraction and rounding of
endothelial cells and increased of vascular permeability.

This facilitates the passage of protein molecules and leu-
kocytes from the blood into the interstitial space (Fig. 2.12).

Furthermore, the formation of gaps in the endothelial bar-
rier exposes the proteins of the external coagulation pathway
to the abundant TF amount expressed by the basement mem-
brane and vessel adventitia. Clot formation is thus initiated,
while collagen fibers from the extracellular matrix prompt
vWT{ to polymerize and platelets to adhere.

Endothelial dysfunction refers to decreased NO release and
reduced expression or synthesis of the constitutive NO syn-
thase enzyme (eNOS). Abnormality of endothelial relaxation
properties lasts for many days after the acute insult (endothe-
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Fig. 2.10 Macrophage secretion of chemokines and cytokines stimu-
lates the synthesis of adhesion molecules on the surface of endothelial
cells. Neutrophils are recruited through the vascular wall to the site of
inflammation. Monocytes are also stimulated to produce chemokines

lial stunning) [111]. The impairment of NO and PGI release
by endothelial dysfunction have a profound impact upon cel-
lular oxygenation with direct effects on tissues and organs
well-being (Fig. 2.10). According to the concept of intrinsic
metabolic regulation, oxygen supply and demand are con-
stantly matched. Local vascular relaxation is therefore in
dynamic equilibrium with the nervous-mediated vasoconstric-
tion so that capillary blood flow is finely tuned to peripheral
requirements. The endothelium plays a crucial role as a sensor
of the local blood flow because of functional and structural
coupling with the smooth muscle of arterioles and arteries.
Sensing is realized by depolarization/hyperpolarization of
the endothelial cells, while communication involves elec-
tronic spread via endothelium/muscle cell-cell gap junctions
[112]. Therefore, the hyperpolarization of the capillary endo-

Increased
Permeability

Monocyte

‘ ‘ IL-1

(mainly IL-8). The activated endothelium maintains inflammation by
producing cytokines and other pro-inflammatory mediators. Finally
nitric oxide synthesis is induced with vasodilation and loss of autoregu-
lation of microcirculatory blood flow

thelium induces the upstream vasodilation of the feeding
arterioles and arteries [113, 114]. When inflammation
impairs this finely tuned cell-cell communication, a “malig-
nant intravascular inflammation” ensues [115]. The abnor-
mal vascular reactivity, increased fibrin deposition, and cells
adhesion may well account for heterogeneity of intra-organ
perfusion and impaired oxygen delivery. The relationship
between organ perfusion heterogeneity, impaired organ oxy-
gen supply, and development of metabolic acidosis has been
demonstrated in an animal model of endotoxic shock [116].
In an in vivo model of septic shock, a 36% reduction of per-
fused capillary density with increased perfusion heterogene-
ity and mean intercapillaries distance contributed to
functional shunting [117] with impaired oxygen extraction
after endotoxin challenge or fecal peritonitis [118, 119].
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Fig.2.11 Crosstalk between
coagulation, fibrinolysis, and
inflammation. (1) After its
activation, thrombin
stimulates tissue plasminogen
activator (tPA) to catalyze the
activation of plasmin that in
turn stimulates the
complement cascade.
Thrombin also activates
platelets to form arachidonic
acid metabolites by
membrane-bound
phospholipases. (2) Also the
Hageman factor (factor XII)
stimulates the cleavage of
prekallikrein into kallirein
and subsequent kinins
formation. This effect is
potentiated by the positive
feedback of plasmin and
kallirein with the Hageman
factor
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Fig.2.12 Main pathways of
increased vascular
permeability. Myosin
light-chain phosphorylation
induces the reorganization of
the actin cytoskeleton with
acton-non-muscle-myosin
interaction and subsequent
loss of tight junctions and
adherence junction stability
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The Monocyte and Macrophage Cell

and dendritic cells. Resident macrophages can be found in the
liver (Kupffer cells), lung (alveolar macrophages), lymphoid

The other fundamental player of the systemic immune-
inflammatory activation after trauma and ischemia-
reperfusion or sepsis is the monocyte/macrophage cell.
Monocytes are the circulating form of resident macrophages

tissue (spleen and lymph nodes), and kidney (intra-glomerular
mesangial macrophages). All these cells are very active in the
synthesis of cytokines and removal of particulate antigens. In
addition, they play a central role in antigen presentation to the
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innate Th1-type cells. APCs are fundamental for the eradica-
tion of pathogens, foreign antigens, or autologous cellular
debris. Their key functions include the recognition, uptake,
and killing of invading organisms. Tissue macrophages are
initially activated after tissue injury by ischemic necrosis of
mesenchymal cells in an IL1-a-dependent process. After the
necrotic insult IL1-a is released from the dying cells with
subsequent binding to the IL.-1 macrophage surface receptors.
IL1-a activates the assembly of inflammasome within the
macrophage cytosol. Inflammasomes are multiprotein cyto-
plasmic complex that cooperate with the Toll-like receptors to
respond to various insults by processing cytokines and pro-
moting the inflammatory response. In the presence of patho-
genic stimuli (e.g., alarmins), the inflammasome opens up so
triggering the conversion of immature pro-inflammatory
cytokines (e.g., IL1-p) into mature forms and activating pro-
apoptotic enzymes (e.g., caspases). Thereafter, the extracel-
lular IL1-p secretion and upregulation of IL1-B-induced
chemokines, together with the increased expression of adhe-
sion molecules, and cytokines secretion on the nearby endo-
thelium [120, 121] allow for recruitment of circulating
neutrophils and monocyte. NO synthesis is activated with
resulting vasodilation, opening of endothelial gaps, and loos-
ening of endothelial barrier properties [122] (Fig. 2.8).
Monocytes and macrophages are also pivotal cells for the
interaction between myeloid and endothelial cells. After the
expression of chemoattractant molecules (IL8, monocyte
chemoattractant protein-1 MCP-1, or macrophage inhibitory
protein-1 MIP-1), the endothelium attracts monocytes to the
inflammatory focus where they migrate into the tissue and
become macrophages. Finally, the activated monocytes
express large amounts of TF to propagate the procoagulant
activity. After major uncomplicated trauma, the ability of
APCs to express MHCII surface antigens is reduced [122]
and returns to normal within a week [123]. After severe inju-
ries, the APCs show a continuously decreased function. This
deactivation leads to reduced expression of MHCII surface
antigens and decreased ability to secrete cytokines which
result into the increased susceptibility to infections [124].

2.6 Apoptosis

Many research findings have focused on the existence of pre-
mature programmed cell death (apoptosis) after injury,
ischemia-reperfusion, and sepsis [125, 126]. Although apop-
tosis is an adaptive mechanism in several tissue and organs,
namely, the lymphoid tissue and gut, its role seems deleteri-
ous in acute inflammatory states. Several studies suggest that
the programmed cell death contributes to the derangement of
cellular homeostasis in parenchymal (lung endothelial cells,
kidney tubular cells, and skeletal muscle cells) and lymphoid
organs with increased risk for sepsis and development of
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Fig.2.13 The two main pathways of apoptosis are extrinsic and intrin-
sic pathway. Each requires specific triggering signals and activates its
own initiator caspase which in turn activate the executioner caspase-3.
The execution pathway includes cell shrinkage, chromatin condensa-
tion, cytoplasmic blebbing, and formation of apoptotic bodies. Finally
phagocytosis of apoptotic bodies is performed by adjacent parenchymal
cells or macrophages

multiple organ dysfunction [87]. Accelerated apoptosis
induces lymphocytopenia [127] and decreased monocyte
survival as reflected by loss of monocyte CD14 expression
(co-receptor for the detection of bacterial lipopolysaccharide-
LPS) [82]. Autoactivation of cytosolic and mitochondrial
caspases are the two major pathways involved in apoptosis
[128] (Fig. 2.13). Briefly, the extrinsic pathways activate cas-
pases via binding to members of the TNF-receptor superfam-
ily, while the mitochondrial induced pathway requires the
emission of cytochrome c, otherwise essential for mitochon-
drial survival, into the cytosol with subsequent caspases acti-
vation [129]. Caspases are a family of proteolytic enzymes
synthesized as inactive zymogens and activated by appropri-
ate stimuli to express a death effector domain [130].
Apoptosis is a series of coordinated processes [131] that lead
to DNA fragmentation, chromatin condensation, and blebs
formation in the plasma membranes. Most important this
controlled form of cellular degradation carries out with mini-
mal effects on surrounding tissues. Therefore, apoptosis in a
crucial physiological process during fetal development and
throughout life as it maintains the normal development and
regulation of cellular proliferation.

For example, during organ development apoptosis elimi-
nates those cells that are no longer necessary. It has been
estimated that without apoptosis, about 2 tons of bone mar-
row and lymphoid tissue would accumulate in the body
[132]! Conversely accelerated apoptosis of lymphocytes is
as detrimental as delayed apoptosis in neutrophils. Neutrophil
cells are constitutively apoptotic as this ensures a tight con-
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trol of the inflammatory response, but upon delayed apop-
totic stimuli (cytokines), neutrophils become persistently
activated and contributes to extensive organ damage by con-
tinuous release of toxic products (protease enzymes and
reactive oxygen species) [133].

2.7 Immunoparalysis and Chronic

Inflammatory States

Apoptosis causes a profound depression of immune functions
with immunoparalysis and depletion of several immune cells
including helper (CD4*) and suppressor (CD8*) T cells, B
lymphocytes, and APCs (antigen presenting cells) [134].
Postmortem studies have confirmed immune cells apoptosis
in all age groups [134, 135]. It can be speculated that apopto-
sis of gut-associated lymphoid tissue (GALT) [136] may be
involved in bacterial translocation (see below). Several find-
ings support the current view of immunoparalysis as a domi-
nant feature of patients surviving the early hyperinflammatory
phase. Although focal regions of inflammation ischemia and
necrosis undoubtedly occur and contribute to the develop-
ment of multiple organ dysfunction, death is the consequence
of failure to control the primary infection or the development
of new hospital-acquired infections often with opportunistic
pathogens. This does not necessarily mean that infection is
the main responsible for the patient’s death and in fact many
postmortem results are inconclusive. However, the severe
decrease of innate immune function and the widespread
hibernation of nonimmune cell type (cellular hibernation
response) [137, 138] make apoptosis a primary mechanism
for multiple organ dysfunction and ultimately death.
Interestingly cancer and sepsis show similar immune defects
[139], and increased survival after improving host immunity
in cancer patients is encouraging to the field of sepsis. The
most frequent manifestations of immunoparalysis include
profound and persistent lymphopenia, loss of delayed type 4
hypersensitivity reaction [140], reactivation of latent viruses
infections (herpes simplex virus and cytomegalovirus) [141,
142], and infection by low-virulent pathogens (e.g.,
Stenotrophomonas spp., Candida spp., Acinetobacter spp.)
[143, 144]. Decreased pro-inflammatory cytokines produc-
tion including IFY’, TNF, and IL-2, increased IL-10 and other
anti-inflammatory cytokines, decreased monocyte/macro-
phage and dendritic cells function with increased expression
of apoptotic surface markers, and decreased cell survival are
the hallmarks of immunoparalysis. Dendritic cells and mono-
cytes play a pivotal role in the development of decreased
immune function. Their reduced survival (apoptosis suscepti-
bility) and function abnormalities (reduced HLA-DR expres-
sion and increased production of IL-10) induces T helper cell
anergy and Treg cell proliferation. The reduced capacity of
monocytes to release pro-inflammatory cytokines (e.g., TNF,

IL-1, IL-6, IL-12), whereas the release of anti-inflammatory
mediators (e.g., IL-10, IL-1RA) is not impaired or
even enhanced [145] suggest for cellular reprogramming
toward the anti-inflammatory pathway [146]. Monocyte dys-
function is known as endotoxin tolerance that is reduced cel-
lular response to an endotoxin challenge. The main
consequence of endotoxin tolerance is the increased suscepti-
bility to nosocomial infections and death. Decreased immune
T-cell function and T-cell exhaustion are the other leading
causes of immunoparalysis.

1. The high antigenic load and the elevated pro- and anti-
inflammatory cytokine profile of the early phase of trauma
and sepsis are ideal for the development T-cell exhaus-
tion. Phenotypic features of exhausted T cells are a
decreased production of pro-inflammatory cytokines,
mainly IFY and TNF, decreased cellular proliferation and
cytotoxic function by excessive expression of PD-1
inducible co-stimulatory molecule and programmed cell
death ligand PDL-1, and decreased expression of the IL-7
receptor [148]. IL-7 is a multipotential cytokine that acts
to reverse immunosuppression by multiple mechanisms.
It has shown to induce the two- to threefold increase of
both naive (ThO-type) and CD4/CDS cells in cancer [149]
and HIV patients [150] so reversing their major patho-
logical abnormality, i.e., profound lymphopenia. Other
effects include blockade of apoptosis [151], reversal of
T-cell exhaustion [152], increased IFY [152] production
leading to macrophage activation, and increased adhesion
molecules expression on activated T lymphocytes [153].

The decrease of Th1-type, Th2-type [86, 154—156], and
Th17-type cells [86, 157] with maintenance of the number
of Treg cells leads to the relative increase of regulatory
functions and downregulation of effector T-cell response
[86, 157]. The reduction of Th17-type cells contributes to
the increased susceptibility to fungal infection due to their
important role in protecting against extracellular bacterial
and fungal invasion [158]. The relative increase of Treg
cells is deleterious as being is associated with decreased
effector T-cell proliferation and function. Their increased
resistance to apoptosis with respect to the other T-cell type
is probably responsible for their increased proportion [159,
160]. Treg cells can also suppress innate immune cells thus
inhibiting myeloid-derived cell function [161]. Therefore,
increased Treg cells impair the immune function by acting
both on innate and adaptive immunity. Neutrophils, NK
cells, and YO T cells are other effectors whose function is
decreased or impaired during immunoparalysis.

2. Briefly circulating neutrophils are markedly increased
during the hyperinflammatory phase due to delayed
apoptosis and release of immature cellular forms [162,
163]. Loss of chemotactic activity is their most fre-
quently encountered dysfunction [164, 165]. A subset of
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Fig.2.14 Main effects of
chronic sepsis (inflammation)
on innate immune cells.
Sepsis rapidly triggers
extensive apoptosis in
dendritic cells, monocytes,
and natural killer (NK) cells,

neutrophils with suppressive properties similar to the
myeloid-derived suppressor cells (MDSCs) contributes to
the development of immunoparalysis by production of
large amounts of IL-10 [166] and interference in prolif-
eration and function of effector T cells [167]. MDSCs are
a heterogeneous group of myeloid cells that expand dur-
ing chronic inflammatory states and cancer as a result of
altered hematopoiesis. MDSCs possess strong immuno-
suppressive properties of both humoral and cellular type
[168].

. NK cells are markedly reduced both in peripheral blood

and tissues where they are most abundant [169]. Impaired
IFY by NK cells increases the host susceptibility to viral
infections and reactivation of latent viruses, notably her-
pes simplex and cytomegalovirus [141, 142].

Y3 T cells are a subset of lymphocytes that possess func-
tions common to the innate and adaptive immune sys-
tems. They are particularly abundant in the intestinal
mucosa with innate-like defense mechanism (IFY and
IL-17 cytokines production). Intestinal Y8 T cells are a

while neutrophils apoptosis is

first-line defense against infections [170], and their
decreased number exposes to the risk of microbial inva-
sion of the blood and peritoneal cavity.

The main effects of chronic inflammation upon innate and
acquired immune cells are shown in Figs. 2.14 and 2.15.

2.8 How Multiple Organ Dysfunction
(MODS) Develops

Multiple organ dysfunction syndrome (MODS) is defined as
“the presence of altered organ function in an acutely ill
patient such that homeostasis cannot be maintained without
intervention” [2]. The mechanisms implicated in the devel-
opment of MODS include:

1. Induction of cellular apoptosis
2. Translocation of microbes or microbial cellular debris
from the gastrointestinal tract
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Fig.2.15 Main effects of
chronic sepsis (inflammation)
on acquired immune cells.
Lymphocytopenia results
from massive loss of T helper
and T suppressor
lymphocytes. T regulatory
cells are more resistant to
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3. Immune system dysregulation
4. Mitochondrial dysfunction

Although the above mechanisms can interact in a variety of
ways and combinations, immune system dysregulation and
mitochondrial dysfunction seem to play a prevalent role. As
detailed above, the immune system dysregulation is the
imbalance between pro-inflammatory and anti-inflammatory
mechanisms. CARS is a coordinated anti-inflammatory
response to severe inflammatory stimuli that allows for the
maintenance of immune system homeostasis. The “purpose”
of CARS is to limit the noxious effects of SIRS while not
interfering with pathogen elimination or healing of the
injured tissue. However, CARS may be dangerous when its
effects lead to a condition known as “immunoparalysis” with
an increased risk of nosocomial sepsis and septic shock.
Mitochondrial dysfunction with its hypoxic cellular implica-
tions is also important in the pathogenesis of MODS. PMNs
production of reactive oxygen species (superoxide and per-
oxynitrite) and inflammatory cytokines induces oxidative
stress that leads to uncoupling of oxidative phosphorylation.
The derangement in cellular energy metabolism is known as
cytophathic hypoxia, a functional concept that points out the
imbalance between adequate oxygen delivery and poor oxy-
gen utilization at the mitochondrial level. When cytophathic
hypoxia develops, the result is cellular dysfunction and
death. Although “bad” from a clinical point of view, cytopha-
thic hypoxia may be a cellular adaptive response [171] as it
can be viewed as a cellular hibernation-like state. However,
if this phenomenon occurs for too long, irreversible cellular
damage may result [172].

Bacterial translocation is another proposed mechanism
for sustained inflammation and development of multiple
organ dysfunctions. Although the “sustained-hit model”
[173] predicts that the persistent stimulation of natural and
acquired immune system by noxious stimuli is responsible
for the maintenance of the inflammatory status, recent acqui-
sitions implicate the apoptotic loss of Y T cells in the intes-
tinal mucosa [170]. There is good evidence that
ischemia-reperfusion injury is the main mechanism for loss
of gut barrier function [174]. As oxygenation of the villi is
dependent on a counter-current mechanism such that O, ten-
sion at the tip of the villi is lower than that of arterial blood,
any decrease in splanchnic blood flow may be associated
with bacterial translocation. At this point endotoxin, bacte-
ria, or gut ischemia can stimulate the gut-associated lym-
phoid tissue to generate an immune-inflammatory response
that affects distant organs. Otherwise stated the gut becomes
a pro-inflammatory organ, releasing cytokines and other
inflammatory mediators which give origin to sepsis and
MODS.

According to the point of view of the intensive care medi-
cine, the whole body is constituted by seven physiologically

interdependent organ systems: nervous, respiratory, cardio-
vascular, hepatic biliary, renal, digestive, and coagulation
system. Although many of them can be involved, the respira-
tory and cardiovascular systems are most frequently dam-
aged with acute lung injury (ALI)/acute respiratory distress
syndrome (ARDS) and sepsis-induced hypotension being
the commonest clinical presentations. It is well established
that the number or dysfunctional organs affects the progno-
sis. Thus the probability to die with only one single dysfunc-
tional organ is fairly less than half with respect to two or
more organ dysfunction [175]. Moreover, a multicenter study
established that the mortality increases almost linearly from
21.2 to 76.2% when organ dysfunction increases from 1 to
>4 organ systems [176]. Mortality is also influenced by
comorbidities notably chronic renal failure, diabetes, and
cancer [176, 177]. Cumulative comorbidities also increase
the risk for the development of MODS with the highest mor-
tality rate [178]. By converse, survivors suffer from a persis-
tent chronic illness that may last for months or even years.
This illness is characterized by prolonged ICU stay, slow
recovery from organs dysfunction, recurrent infections, pro-
gressive or permanent cognitive deficit, and loss of overall
sense of well-being and function [179, 180]. So the duration
of healthy life expectancy is reduced although the patient’s
overall life span is intact.

The common pathophysiological denominator of MODS
is the loss of cell membrane barrier function. This finding is
strikingly evident from the autopsies of patients who die as a
result of multiple organs dysfunction syndrome. Despite the
clinical evidence of acute myocardial dysfunction, progres-
sive cholestatic jaundice, continuing impairment of renal
function, and similar dysfunction of other organ systems, the
histopathological findings are remarkably normal or limited
to mild tissue edema. Therefore, the preserved organ mor-
phology is strikingly in contrast with the impairment of
organ function. The loss of cellular and tissue (endothelial)
barrier function seems the cornerstone for this sort of hiber-
nation that prevents the multiplicity of organ expression,
variability, and communication. The commonest clinical pre-
sentations of single organ system dysfunctions are shown
below.

2.8.1 Nervous System

Recent acquisitions indicate that the brain is often involved
in sepsis and MODS as it is one target of SIRS either by
direct activation of resident pro-inflammatory cells (neuro-
glia) or by mediators generated elsewhere (complement,
cytokines). Although the CNS is considered an immune-
protected organ due to the blood-brain barrier, the abundance
of glial cells with their signaling receptors makes the brain
one of the preferred target for organ system dysfunction.
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Therefore, the local inflammatory reaction that follows trau-
matic or hypoxic (e.g., post-cardiac arrest) brain damage can
spread outside the CNS thus exacerbating SIRS. Conversely,
the circulating cytokines and other inflammatory mediators
may increase the permeability of the blood-brain barrier thus
causing brain damage [181]. Cytokines activate monocytes
to transform into glial cells (equivalent to resident macro-
phages in extra-cerebral tissues) so that inflammation contin-
ues in the nervous tissue [182]. Circulating cytokines also
can stimulate the afferent fibers of the vagus nerve that acti-
vate the central nervous system. After stimulation of vagus
nerve endings, cerebral endothelial cells are activated result-
ing in the breakdown of the blood-brain barrier [183, 184].
The activation of cerebral endothelium also induces micro-
vascular dysfunction, loss of cerebral vascular tone (auto-
regulation), and coagulopathy (microthrombi deposition)
[185]. Receptors for the commonest cytokines have been
found in the hippocampus, one of the most involved regions
for mnemonic elaboration and neuroplasticity [181]. Chronic
inflammation of the hippocampus can lead to irreversible
cognitive decline, especially in the elderly. Histopathologic
lesions of the brain in sepsis include cerebral edema, infarct
and ischemic lesions, and microabscesses [185]. Sepsis-
associated encephalopathy has been reported in 23% of peo-
ple in the ICU [186]. However, the true incidence is difficult
to estimate because of lack of clear definition and subjective
nature of its assessment. Moreover, sedative drugs may blunt
the symptoms thus making the diagnosis difficult. Symptoms
include changes in consciousness, awareness, cognition, and
behavior. Symptoms seem correlated with the global severity
of illness as assessed by the Acute Physiology and Chronic
Health Evaluation II score (APACHE II score).

2.8.2 Respiratory System

It is by far the commonest organ system involved. ALI and
ARDS are the two clinical manifestations of respiratory dys-
function. ALI is defined as the presence of bilateral pulmo-
nary infiltrates on chest radiograph and arterial hypoxemia
(PaO,/FiO, < 300). If the PaO,/FiO, drops below 200, the
condition is classified as ARDS [187]. ARDS can originate
from two distinct pathways:

1. Direct pulmonary damage as occurs after trauma, infec-
tion, aspiration, or inhalation injury

2. Indirect damage as occurs with sepsis, pancreatitis, extra-
pulmonary trauma and burns, blood transfusions, and fat
embolism [188, 189]

Respiratory dysfunction span from extremely severe forms
requiring immediate tracheal intubation, mechanical ventila-
tion, and paralysis to milder forms with mild hypoxia and

tachypnea. The lung is the most frequent organ involved in
sepsis and trauma probably because it is the single organ
with the largest vascular bed and it harbors one of the largest
populations of resident macrophages. ARDS is characterized
by neutrophil infiltration, alveolar-capillary barrier disrup-
tion, pulmonary vascular leakage, and edema. In most severe
forms the alveoli contain eosinophilic protein-rich exudate
with presence of hyaline membrane [190]. Electron micro-
scopic examination reveals extensive damage to type I alveo-
lar pneumocytes with cellular swelling and blebbing of the
plasma membranes [190]. Pulmonary edema and absorption
atelectasis decrease the pulmonary volume with the occur-
rence of refractory hypoxia by increased pulmonary shunt.
Moreover, the widespread deposition of microthrombi and
hypoxic pulmonary vasoconstriction impose a pressure over-
load upon the right ventricle with myocardial dysfunction
and failure. The initial clinical presentation is often subtle
with tachypnea, dyspnea, dry cough, and agitation. Hypoxia
with hypocapnia is the most prominent laboratory feature.
The magnitude of hypoxia is often unexplained by the mild
or absent roentgenographic signs. CT scan reveals diffuse
but nonuniform ground-glass consolidations often with a
non-conformal gravitational distribution [191]. In more
severe forms, multiple patchy areas of lung consolidation
coalesce in massive airspace consolidation [191].
Characteristically the distribution is uniform and affects all
lung zones extending to the extreme periphery of the lung
fields. Hypoxia and interstitial/alveolar edema stimulate the
carotid body chemoreceptors and intraparenchymal lung
mechanoreceptors to hyperventilate with decreased arterial
carbon dioxide tension. In the latest phases, normocapnia
ensues mainly as result of increased respiratory work due to
alveolar collapse, decreased pulmonary volume, and respira-
tory compliance. The mechanical disadvantage of decreased
pulmonary compliance causes the abnormal increase of
trans-pulmonary pressure (the pressure across the alveoli)
that is the driving force for pulmonary expansion. The shear
stress upon the delicate alveolar and interstitial structure
causes further inflammation as a vicious cycle ensue with
endothelial activation and worsening of pulmonary function
that influences each other. Mortality from ARDS ranges
from 15 to 80% [189, 192] with average values of about 30%
according to most recent ventilatory strategies [193].

2.8.3 Cardiovascular Dysfunction

It is one of the commonest organ dysfunction of septic and/
or traumatic origin. Some studies report an incidence of up to
66% [194, 195] with a mortality rate as high as 70% [195,
196]. The cardiovascular dysfunction has long been recog-
nized as a consequence of the generalized inflammatory
reaction [197]. Its most prominent clinical features are (1)
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myocardial dysfunction with biventricular dilation and
reduced ejection fraction [198] and (2) arterial hypotension
despite fluid volume infusion and decreased response to
vasoactive drugs. It generally accepted that the decreased
cardiac function is the product of circulating myocardial
depressant factors (endotoxin, IL1f, TNFa, IL6, PAF, and
others) and mitochondrial damage [199-201]. Some experi-
mental evidence indicates that endotoxin acts by inducing an
inflammatory response through heart tissue macrophage,
mast cells, and infiltrating blood leukocytes. The clinical pic-
ture includes the following: arterial hypotension, mental
impairment, warm and dry skin, oliguria, elevated arterial
blood lactates, and higher than normal mixed or central
venous saturation. The hemodynamic pattern shows a high
cardiac output and decreased peripheral vascular resistance
[202, 203]. The picture of low cardiac output state (pale and
wet skin, oliguria, and hypotension) is rarely seen and indi-
cates a more severe form of cardiac depression [202, 203].
When examined in detail, the cardiac function appears
depressed as, despite the high output state, the ejected vol-
ume is lower than normal (reduced stroke volume), the ven-
tricle is dilated (increased diastolic volume), and its
contractile state is impaired with reduced ejection fraction
(increased end-systolic volume). These changes are often
masked by the decreased peripheral vascular resistance. The
reduced afterload allows for the maintenance of a high out-
put state as the dysfunctional ventricle pump blood against a
dilated arterial system. When the ventricular dysfunction is
severe, the clinical picture resembles that of cardiogenic
shock with low cardiac output, high arterial lactates, and
intense peripheral vasoconstriction. Several studies have
shown that cardiac dysfunction is biventricular in origin and
that is potentially reversible by 7-10 days [204].

The other essential feature of cardiovascular dysfunction
is arterial hypotension by decreased peripheral arterial resis-
tance. Because a major fraction of peripheral vascular resis-
tance is located in peripheral arteries, this segment is
designated as the resistance vessels. Resistance vessels con-
trol the blood flow to organs, and it is under the control of
either intrinsic (e.g., metabolic) or extrinsic (e.g., neural and
humoral) factors. Intrinsic regulation plays a fundamental
role in pressure-flow autoregulation (ability of an organ to
keep constant the blood flow despite fluctuations in arterial
pressure), reactive hyperemia (ability to increase the blood
flow after relief of a vascular obstruction), and functional
hyperemia (ability to cope the organ blood flow in accor-
dance with local metabolic needs) [205, 206]. In sepsis,
intrinsic regulation is compromised in all the vascular beds
with the exception of the cerebral vasculature [207, 208].
This can explain the mismatch between whole oxygen sup-
ply and metabolic demands of septic shock. The increased
cardiac output does not cope with the cellular energy require-
ments so that hypoxia and increased acid production develop.

By converse, the extrinsic regulation of resistance vessels is
responsible for maintenance of arterial pressure and blood
flow to the whole organs. During sepsis and after trauma or
ischemia-reperfusion injury, a marked hypo-responsiveness
to vasopressor agents is a frequent finding with development
of arterial hypotension and tissue hypoperfusion. It is gener-
ally accepted that the decreased responsiveness to vasocon-
strictor stimuli is consequent to increased production of
endothelial nitric oxide (NO) by the induced nitric oxide
synthase (iNOS) [209]. In normal arterioles, a small amount
of NO is produced by endothelial NOS (eNOS) as mainte-
nance of cardiovascular homeostasis [209]. However, cyto-
kines and endotoxins induce iNOS to produce large quantities
of NO [209, 210]. Although iNOS induction can be viewed
as an adaptive response to noxious stimuli, the resulting
hypotension by massive NO production is deleterious for
organs and tissues. Also, there is some evidence that vascular
smooth muscle can be another relevant source of NO produc-
tion. In smooth muscle, neural NOS (nNOS) is upregulated
thus contributing to NO generation in septic animals [211].
Another factor implicated in arteriolar hypo-responsiveness
may be the complex of morphological alterations of the
endothelial lining of the arterioles. Experimental studies
show that the endotoxin challenge results into endothelium
disruption with cell swelling, pseudopod formation, and
frank denudation of the endothelial lining [212, 213]. Finally,
the loss of capillary to arteriolar signaling may induce the
hypo-responsiveness of arterioles to vasopressor stimuli. In
normal conditions, capillaries may regulate the arteriolar
tone by the upstream spread of electronic signaling along the
endothelium. In sepsis, the cell-to-cell communication is
impaired so that the modulation of blood flow delivery to
capillaries is severely compromised [214]. Taken all together
the above mechanisms may lead to the inappropriate redistri-
bution of blood flow to tissues and organs [215, 216].
Because the arterial control of blood flow is responsible for
the convective flux of oxygen to capillaries, the alteration of
arterial tone may cause regional hypoxia [215] and ulti-
mately multiple organ dysfunction. Treatment principles of
hyperdynamic shock are briefly outlined in Chap. 3.

2.8.4 Coagulation Dysfunction

The coagulation system is designed:

1. To stop active blood loss

2. To seal the site of lesion, thus allowing for pathogens
destruction and removal of debris

3. To initiate the healing process

The most severe form of coagulation disorder is the dis-
seminated intravascular coagulation (DIC). This pathophysio-
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logic mechanism results from the imbalance between
coagulation and fibrinolysis with upregulation of the procoagu-
lant pathway, downregulation of anticoagulant pathway
(namely, ATIII, protein C, and S system), and decreased fibri-
nolysis. Coagulation is regulated by three main anticoagulant
mechanisms: antithrombin, the protein C system, and the tissue
factor pathway inhibitor (TFPI). The loss of physiologic anti-
coagulation in sepsis results from the action of several humoral
(IL1-B, TNF-a, and IL6, C-reactive protein) and cellular (vas-
cular endothelial cells, monocytes, macrophages, and platelet)
pro-inflammatory mediators. Furthermore, monocytes and
macrophages are the main source of tissue factor (TF) a potent
thrombin generator via the VII (extrinsic) pathway. The wide-
spread fibrin deposition causes the formation of microthrombi
with diffuse microcirculatory flow disturbance. TF is a mem-
brane-bound protein that possesses the most important proco-
agulant activity [217]. After its expression on the cellular
membranes, it forms complexes with the circulating factor VII
of the coagulation cascade (extrinsic pathway) thus activating
the formation of thrombin [218]. TF is abundant in the subcu-
taneous tissue and virtually in all blood-tissue barrier [219]. As
seen above, TF is also inducible on monocyte and macrophage
surfaces. In meningococcal septicemia, large quantities of TF
have been localized in microparticles (MPs) shed from plate-
lets and leukocyte aggregates [220]. After trauma or infection,
large amount of TF can be expressed by the denuded endothe-
lium, damaged subcutaneous, and muscular tissues with prim-
ing of the coagulation cascade. Similarly, sepsis can induce
disseminated intravascular coagulation by cytokines produc-
tion and monocyte adhesion to the activated endothelium with
further TF expression. After thrombin formation, the von
Willebrand factor (vWf) is released from the Weibel-Palade
bodies of endothelial cells. vWT binds to platelet glycoprotein
IIb to stabilize the adhesion of platelets and entrapped white
blood cells aggregates to the injured endothelium [221].
Normally vWf multimers are cleaved by the protein complex
ADAMTS13, and this process is stimulated under conditions
of shear stress. Sepsis is associated with decreased circulating
ADAMTSI13 levels resulting in increased levels of ultra-large
vWIf multimers [221]. After adhesion to the endothelium (white
thrombus formation), platelets enhances the inflammatory and
coagulation cascade by expression of TF on activated mono-
cytes and endothelial cells [222]. Clinical conditions associated
with overt DIC are summarized in Table 2.3.

The role of DIC in the pathogenesis of MODS is widely
supported by experimental and postmortem findings. Firstly,
the demonstration of intravascular thrombi at autopsy
appears related to the clinical dysfunction of the organ [223].
Secondly, experimental studies demonstrated the deposition
of intravascular and extravascular fibrin in the kidneys, lung,
liver, and brain [223]. Finally, clinical studies demonstrated
the prognostic importance of DIC as being an independent
predictor of death [224].

Table 2.3 Clinical pictures often associated with overt DIC

e Sepsis/severe infection (any microorganism)

e Trauma

e Serine protease activation (e.g., pancreatitis)

e Malignancy (solid or myeloproliferative/lymphoproliferative
tumors)

e Obstetrical catastrophes (amniotic fluid embolism, abruptio
placentae)

* Vascular abnormalities (aneurysms, giant hematomas)

e Severe hepatic failure

* Toxic reactions (snake venoms, drugs)

* Immunological reactions (transplant rejection and transfusion
reactions)

The clinical diagnosis of DIC relies upon the simultane-
ous presence of:

1. Consumption of coagulation factors (prolonged clotting
times)

2. Consumption of coagulation inhibitors (e.g., decreased
AT activity)

3. Platelets consumption or count of less than 100,000/mm?

4. Presence of fibrin degradation products (increased
D-dimer)

5. Presence of a condition known to be associated with
DIC

In the past decade, clinical simple scoring systems for
DIC were introduced (Table 2.4).

They have individual strengths (JAAM has the highest
sensitivity, while ISTH is the most specific) and collective
weaknesses (poor diagnostic sensitivity for late-onset DIC)
[228]. Fibrinogen levels are not sensitive indicators of DIC
as fibrinogen synthesis is increased during SIRS as occurs in
the acute phase protein reaction. Finally, the diagnosis of
DIC can be difficult in the presence of hepatic dysfunction or
portal vein thrombosis as many of diagnostic clues of DIC
are present in these pathologic conditions. Coagulation dys-
function affects up to 30% of patients with sepsis [229],
while thrombocytopenia (<107 platelets/mm?) occurs in up to
60% with an inverse relationship between platelet count and
severity of disease [230, 231].

2.8.5 Renal Dysfunction

Acute kidney injury (AKI) is defined as an absolute increase
in serum creatinine of 1.5-fold from baseline or a urine out-
put <0.5 mL/Kg/h for 6 h [232]. Overall AKI frequency was
reported over 20% in a large cohort study of 325,395 patients
admitted to ICU with odds of death increasing in parallel
with increased severity of acute kidney injury [233]. Crude
mortality has been found ranging between 28 and 82% [234,
235].
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Table 2.4 Most popular DIC scoring systems

JMHW ISTH JAAM
Underlying ~ Absent 0  Required Required
disease Present 1
Clinical 0 No O
presentation ~ 1* SIRS 1
No Bleeding 0 SIRS
Bleeding 1
No MODS
MODS
Platelet >120 0 >100 0 >120 0
count 80-120 1* 50-100 1 80-120 or 1
50-80 2¢ <50 2 —-30% 2
<50 32 reduction in
24 h
<80 or
—-50%
reduction in
24 h
FDP <10 0 <10 0
10-20 1 10-25 1
2040 2 >25 2
>40 3
Fibrin- Normal 0
related Moderate 2
marker (e.g., Strong 3
soluble fibrin
monomer,
FDP)
Fibrinogen >1.5 0 >10 0
1.0-1.5 1 <10 1
<1 2
PT ratio <1.25 0 <l.2 0
1.25-1.67 1 >1.2 1
>1.67 2
Prolonged <3.0s 0
prothrombin 3.0-6.0s 1
time >6.0 s 2
Diagnosis >7 >5 >4

JMHW Japanese Ministry of Health and Welfare [225], ISTH
International Society of Thrombosis and Haemostasis [226], JAAM
Japanese Association of Acute Medicine [227]

4If hematologic malignancy, O pts for bleeding and platelets and add 3
pts to the total score

The severity of AKI is classified using the risk, injury,
failure, loss and end-stage renal disease (RIFLE) criteria
listed in Table 2.5, [236].

Two main pathways are responsible for AKI: one is char-
acterized by acute tubular necrosis, renal hypoperfusion, and
ischemia—despite common belief, this form accounts for
only 22% of sepsis-induced AKI [237]—and the second
form is specific to MODS, and its predominant mechanism is
apoptosis induced by inflammatory cytokines [238]. This
pathogenic mechanism is more adherent to the hyperdy-
namic circulatory state that follows post-traumatic SIRS and
sepsis [239]. Experimental studies suggest that the decrease
in glomerular filtration rate in AKI is the result of a dispro-
portionate vasodilation of the efferent than the afferent glo-
merular arterioles [240]. In normal condition, the vascular

Table 2.5 Criteria for acute kidney injury

Risk (R) Serum creatinine increased >1.5 over
baseline
Injury (I) Serum creatinine increased >2 over

baseline

Failure (F) Serum creatinine increased >3 over

baseline
Loss (L) Loss of renal function >4 weeks
End-stage renal disease (E) Loss of renal function >3 months

Modified from [236]

tone of afferent and efferent vessels is regulated by humoral
intra-glomerular factors (mainly angiotensin, thromboxane
A2, and PGI2). The interplay between vasoconstrictor
(angiotensin and thromboxane A2) and vasodilator (PGI2)
factors causes the tone of efferent vessels to increase with
respect to the afferent arterioles. This allows for the glomeru-
lar capillary pressure to ensure normal filtration. During
SIRS or sepsis, the dilation of the efferent arterioles decreases
the glomerular pressure and hence the filtration rate [241].
This pathophysiologic mechanism can explain the positive
effects of norepinephrine or vasopressin infusion in patients
with SIRS and oliguria. Despite the common belief, norepi-
nephrine and vasopressin have been reported to increase the
urinary output in patients with hyperdynamic shock. Their
vasoconstrictor effect is probably helpful in restoring the
tone of the efferent arteriole with resulting increase of capil-
lary perfusion pressure. In addition to glomerular hemody-
namic changes, circulating or locally (mesangial cells)
produced TNF« induces tubular cell apoptosis with imbal-
ance in water and electrolytes homeostasis [242]. AKI is an
important form of organ dysfunction because of its associa-
tion with high mortality rates. In a multinational, multicenter
study, the prevalence of AKI has been estimated to be 5-6%
of people with only 40% of them discharged alive [243].
Septic shock is the most common cause of AKI with a preva-
lence of 65% [244]. Trauma patients who developed AKI
showed 29% of mortality rate as compared with 9% of the
overall mortality rate [245].

2.8.6 Hepatic and Gut Dysfunction

The gut has long been recognized as the “motor” of MODS
due to its capability of amplifying the SIRS response during
shock and gut hypoperfusion. The incidence of gastrointesti-
nal dysfunction is difficult to estimate due to the subjective
nature of diagnosis and the lack of a clear diagnostic defini-
tion. Symptoms and signs of intestinal dysfunction include
hyporexia, anorexia, inability to tolerate enteral feeding,
decreased intestinal motility, and diarrhea often of hemor-
rhagic type [246, 247]. After a catastrophic hypoperfusion of
the gut as occurs with cardiac arrest or severe multiple
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trauma, the normal intestinal flora is destroyed and substi-
tuted by an increasing number of pathogens [248]. This phe-
nomenon is detrimental because the normal flora protects
against the colonization of microbial pathogens thus prevent-
ing bacterial translocation (see above) [249]. However, the
change of normal flora together with reduced intestinal
motility and disruption of normal gut mucosal barrier
increase the risk for bacterial translocation and development
of MODS. The loss of mucosal barrier function is the result
of endotoxin, inflammatory cytokines, and decreased pro-
duction of tight junction proteins [250].

Hepatic dysfunction is schematically divided into two clin-
ical forms: hypoxic hepatitis (HH) and jaundice-induced cho-
lestasis (JIC). HH can result from absolute (e.g., cardiogenic)
or relative decrease in cardiac output with reduced oxygen
supply to the liver. During septic shock, cardiac output and
oxygen delivery are increased albeit not enough to cope with
the high oxygen requirement of the liver and the inability of
cells to extract oxygen [45]. Moreover, the hepatic arterial buf-
fer response and other vascular mechanisms of defense against
portal blood flow reduction are impaired [251]. HH is also the
product of oxidative stress after ischemia/reperfusion injury
and the action of endotoxin and other inflammatory mediators
which lead to activation of Kupffer cells and activation and
recruitment of leukocytes. The diagnosis of HH requires:

1. A clinical setting of impaired oxygen delivery (usually
due to cardiac and/or respiratory failure)

2. A greater than 20-fold increase in serum aminotransfer-
ase activity

3. The exclusion of other causes of liver cell necrosis
[252, 253]

Another landmark of HH is the acute drop of prothrombin
levels which gives origin to a hemorrhagic syndrome [254].
These acute biochemical changes, especially those reflecting
acute liver cells necrosis, decrease rapidly within 2 or 3 days
and normalize within approximately 2 weeks. The delayed
elevation of serum bilirubin is often seen but without apparent
jaundice. Jaundice-induced cholestasis is a more subtle form
of hepatic jaundice usually associated with severe infections
[255, 256]. The increase of bilirubin is a late event in these
septic patients [257], and histological studies reveal the intra-
hepatic origin of the cholestasis [258]. The reduction of bile
salt excretion in the gut is responsible for the atrophy of the
mucosal gut barrier [259] with loss of integrity and increased
risk of bacterial translocation. Moreover, the gut is deprived
by the bacteriostatic action of bile salts with proliferation of
pathogens and increased production of endotoxin [260, 261].
This creates a vicious circle that perpetuates the infection and
hence further cholestatic liver damage. The production and
transport of bile salts are a complex, highly coordinated, and
energy-dependent mechanism. During sepsis many of these

mechanisms are impaired because of a lack of energy due to
hypoxia or hypoperfusion or both [262]. The major limiting
factor for the bile flow at the canalicular level is the ATP-
dependent bile salt export pump that is severely impaired in
the septic liver [262]. The severity of hyperbilirubinemia
appears directly related to the severity of impairment in the
various steps of bile formation. No specific therapies can be
recommended for acute liver dysfunction. The most recom-
mended measures are merely supportive including the nor-
malization of perfusion pressure and restoration of oxygen
delivery [263], the maintenance of normal oxygen tension,
and serum glucose levels. The early use of enteral nutrition is
also helpful in counteracting the atrophy of gut mucosal bar-
rier and reducing the intestinal pathogens [264].

Case Scenario

A high-impact trauma victim was admitted to ED with
head trauma and severe hemorrhagic shock by rup-
tured spleen and multiple bone fractures. The patient
was unconscious; his blood pressure was 85/55 mmHg
with 135 bpm pulse rate. Metabolic acidosis (pH 7.27,
PaCO2 32 mmHg) and hyperlactacidemia (7.5 mmol/L)
were also present. Splenectomy and external fixation
of bone fractures were quickly performed. During sur-
gery, the blood pressure remained at about 100/60 with
an average 120 bpm pulse rate. Despite several liters of
crystalloids and transfusion of blood products (4 PRC
and 4 FFP), an infusion of norepinephrine up to
0.15 pg/Kg/min was started. At ICU admission, the
patient had stable vital signs (AP 115/50 mmHg) a
mild tachicardia (HR 115 bpm), and compensated met-
abolic acidosis (pH 7.37, PaCO2 30 mmHg) with ele-
vated arterial blood lactates (7 mmol/L). After 12 h
from ICU admission, the resuscitation phase appeared
complete. At 24 h, fever of 38.8 °C, leukocytosis
21,000 cells/mm?, respiratory alkalosis, and tachycar-
dia prompted the execution of a total body CT scan.

1. What is the most probable diagnosis?
A. Sepsis
B. SIRS
C. Intra-abdominal abscess
D. Fever of CNS origin

2. Which are the cytokines involved in the onset of
fever and leukocytosis?
A. IL-4 and IL-10
B. IL-1 and TNF
C. IL-6 and IL-7
D. None of the above answers
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The CT scan excluded intra-abdominal abscesses and
revealed large bilateral psoas muscle and pelvic hema-
tomas. Microbiological cultures from urine, bronchial
tube drainage fluids were negative. Within 5 days fever
and tachycardia disappeared so that the definitive fixa-
tion of bone fractures was scheduled for the following
week.

At day 10, a new appearance of fever and leukocy-
tosis occurred.

3. What is the most probable origin of fever in this

patient?

A. Infection

B. SIRS

C. Drugs-induced fever

D. Fever of unknown origin
The chest roentgenogram showed a right perihilar
infiltrate and purulent bronchial secretions. Broad
spectrum antibiotics were started, but 24 h thereafter
the patient develops hypotension, oliguria, metabolic
acidosis, altered mental status, and decreased platelet
count.

4. What is the most probable cytokines profile?
A. Increased pro-inflammatory and decreased
anti-inflammatory cytokines (SIRS)
B. Predominance of anti-inflammatory upon pro-
inflammatory cytokine profile (CARS)
C. Balanced pro- and anti-inflammatory cyto-
kines profile (MARS)
D. None of the above answers
A multi-sensitive Klebsiella pneumoniae was isolated
from blood cultures, and antimicrobial therapy allows
for rapid control of the septic source and resolution of
the clinical picture. The patient was discharged from
intensive care after 15 days and returned at home
within 60 days from the hospital admission.
Please see Chap. 58 for the correct answer.
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